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This article has been retracted by Hindawi following an
investigation undertaken by the publisher [1]. This investi-
gation has uncovered evidence of one or more of the follow-
ing indicators of systematic manipulation of the publication
process:

(1) Discrepancies in scope

(2) Discrepancies in the description of the research
reported

(3) Discrepancies between the availability of data and
the research described

(4) Inappropriate citations

(5) Incoherent, meaningless and/or irrelevant content
included in the article

(6) Manipulated or compromised peer review

The presence of these indicators undermines our confi-
dence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice
is intended solely to alert readers that the content of this arti-
cle is unreliable. We have not investigated whether authors
were aware of or involved in the systematic manipulation
of the publication process.

Wiley and Hindawi regrets that the usual quality checks
did not identify these issues before publication and have
since put additional measures in place to safeguard research
integrity.

We wish to credit our own Research Integrity and
Research Publishing teams and anonymous and named
external researchers and research integrity experts for con-
tributing to this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their
agreement or disagreement to this retraction. We have kept
a record of any response received.
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Vascular dysfunction and hyperlipidemia are essential risk factors contributing to essential hypertension (EH). The plasmacytoma
variant translocation 1 (PVT1) is involved in modulating angiogenesis in tumor tissues and plays an important role in fat
differentiation in the progress of obesity. Therefore, we selected two tagSNPs of PVT1 (rs10956390 and rs80177647) to
investigate whether they are contributing to the risk of hypertension in Chinese patients. In total, 524 adult patients with EH
and 439 matched healthy controls were enrolled for two central of China. Results. PVT1 rs10956390 and rs80177647
polymorphisms were genotyped by using TaqMan assay. PVT1 rs10956390 TT genotype was associated with a decreased risk
of EH (OR = 0:561, 95% CI = 0:372-0.846, P = 0:006), while rs80177647 TA genotype was associated with an increased risk
(OR = 2:236, 95% CI = 1:515-3.301, P < 0:001). Rs10956390 T allele was associated with lower triglyceride levels in the plasma
both from healthy and EH donors. What is more, there is an association between rs10956390 polymorphism and HDL-C level,
as well as LDL-C. Conclusion. PVT1 rs10956390 and rs80177647 polymorphisms may contribute to the risk of EH in Chinese
population by regulating blood lipid levels.

1. Introduction

Essential hypertension (EH), a noninfectious multifactorial
disease, is a crucial risk factor for the morbidity and mortal-
ity of cardiovascular disease worldwide [1]. For the low
treatment rate, control rate, and poor prognosis in EH
patients, there is an urgent need to reveal the complex mech-
anism of EH. Over decades, accumulating evidence has con-
firmed that the factors causing hypertension include gene-
gene and gene-environment interactions as well as biological
systems [2].

Long noncoding RNAs (lncRNAs) are a class of noncod-
ing RNAs longer than 200nt. After long-time defined as “gene
desert” for a long time, it has been recognized that lncRNAs
play a pivotal role in diseases including cardiovascular diseases
in a delicate and sophisticated network modulation manner

[3–6]. The plasmacytoma variant translocation 1 (PVT1) is
located at cancer risk region 8q24.21 [7], which has been iden-
tified to aberrantly expressed in various cancers including
pancreatic [8], prostate [9, 10], bladder [11] cancers, and hepa-
tocellular carcinoma [12]. Zhao et al. found that PVT1 acti-
vates STAT3/VEGFA signaling axis to boost angiogenesis in
gastric cancer [13]. Similarly, Zheng et al. revealed that
PVT1 orchestrates the angiogenesis of vascular endothelial
cells by evoking connective tissue growth factor (CTGF) and
angiopoietin 2 (ANGPT2) expression in a miR-26b dependent
manner [14]. Sun et al. found that PVT1 reduces the expres-
sion of miR-190a-5p in vascular endothelial cells (ECs), result-
ing in proliferation [15]. Guo et al. unraveled that PVT1
knockdown ameliorates ox-LDL-induced vascular endothelial
cell injury and atherosclerosis through the miR-153-3p/GRB2
axis [16]. Furthermore, recent studies have shown that PVT1
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was found to be a potential biomarker for obesity treatment
[17]. The potential mechanism in the interaction between obe-
sity, atherosclerosis, and hypertension is elaborated and
sophisticated, which contains activation of the sympathetic
nervous system, epithelial dysfunction and oxidative stress,
leptin, and adiponectin [18]. In the light of all the above, we
assume that PVT1 may regulate biological processes of angio-
genesis abnormality-associated diseases including diabetes,
obesity, and hypertension. However, it is not clear whether
PVT1 can regulate hypertension by affecting the blood lipid
levels in the human plasma.

Accumulating evidence has shown that genetic polymor-
phism may be a novel treatment strategy to improve the con-
trol and management of diseases. Notably, in a recent study,
Yan et al. revealed that PVT1 rs4410871 was a protective
factor for coronary heart disease (CHD) susceptibility in Chi-
nese population and influenced the complications (hyperten-
sion or diabetes) [19]. Considering the key role of PVT1 in
affecting angiogenesis and regulating obesity, PVT1 may be a
potential candidate gene related to EH risk. However, there
is no report on the correlation between PVT1 polymorphism
and EH risk. To clarify the clinical relevance of PVT1 poly-
morphisms, we conducted a case-control study in this article
to investigate the association between PVT1 polymorphisms
and the risk of EH in Chinese population. Meanwhile, we
are trying to provide a promising biomarker in the subsequent
occurrence mechanism of EH and improve the prognosis for
patients.

2. Materials and Methods

2.1. Subjects. 261 EH patients and 294 healthy controls were
consecutively recruited between January 2021 and March
2021 from the second affiliated hospital of south China. 263
EH patients and 145 control individuals were enrolled
between January 2018 and December 2019 from the First Peo-
ple’s Hospital of Jining City, Shandong Province, in the north
of China. The information of all participants including gender,
age, BMI, smoking history, blood pressure, triglyceride (TG),
total cholesterol (TC), high-density lipoprotein (HDL), low-
density lipoprotein (LDL), and blood glucose was obtained.
The presence of hypertension was clinically defined as having
a systolic blood pressure (SBP) of at least 140mmHg and a
diastolic blood pressure (DBP) of at least 90mmHg (without
any antihypertensive medication), 30 years ≤ age ≤ 70 years,
and the course of hypertension between 1 year and 15 years.
The exclusion criteria were as follows: severe organic lesions,
with other malignancies, secondary hypertension, and recent
history of glucocorticoid use. The healthy subjects undergoing
routine healthy examinations were enrolled in the same
period. This study protocol was approved by the Medical
Ethics Committee of hospital involved in the study, and the
written informed consent was gained from all participants or
their first-degree relatives.

2.2. Genomic DNA Extraction and Genotyping. EDTA anti-
coagulation tubes were used to collect the peripheral blood
samples of the subjects and stored at -20°C until analysis.
Use the E.Z.N.A.TM Blood DNA Midi kit (D3494, Omega)

to extract and purify the genomic DNA following the stan-
dard protocol of the kit.

Genetic polymorphisms were screened by the 1000
Genomes Project (http://www.internationalgenome.org/).
Haploview 4.2 was used to select according to CHB and
CHS, and the minimum allele frequency (Minor Allele Fre-
quency (MAF)) was greater than 5%. At last, we selected
two PVT1 tagSNPs (rs10956390 and rs80177647).

Genomic DNA was diluted to working concentrations of
20ng/L for genotyping. The assay was performed utilizing
TaqMan™GenotypingMaster Mix (4371355, Thermo) as rec-
ommended by the manufacturer. Assay ID for rs10956390 is
C__317048_10 (Thermo), and assay ID for rs80177647 is
C__101092625_10 (Thermo). SNP genotyping was performed
by TaqMan real-time PCR system as reported elsewhere. And
the reaction was conducted under the following conditions:
95°C for 10min, followed by 45 two-step cycles of 95°C for
15 s and 60°C for 1min.

2.3. Statistical Assay. Statistical analysis was performed using
SPSS 19.0 (version 19.0 for Windows; Chicago, IL, USA).
Continuous variables were presented as mean ± standard
deviation (SD) or the mean ± standard error of the mean
(SEM). Student t-tests were conducted to analyze the differ-
ences between two groups, while the significance of differ-
ences among multiple groups was evaluated using
ANOVA. Hardy-Weinberg Equilibrium (HWE) was done
by using χ2 test to validate the genotype frequency. Logistic
regression was used to determine the association between
PVT1 polymorphism and the risk of EH adjusting for mul-
tiple EH risk factors, such as the smoking history and blood
glucose. In genetic association analysis, we used additive,
dominant, and recessive genetic models. A two-tailed P
value < 0.05 was considered as statistically significant.

3. Results

3.1. The Baseline Characteristics of the Subjects. The demo-
graphic and clinical characteristics of EH and control subjects
were shown in Table 1. A total of 963 subjects (535 males, 428
females), with a mean age of 53 ± 8 years old, were selected
including 524 EH patients and 439 control subjects. In cases,
there are 261 and 263 EH patients from the south and north
of China, respectively. The distribution of smoking history
and the mean of body mass index (BMI, P < 0:001), fasting
blood glucose (FBG, P < 0:001), serum low-density lipopro-
tein cholesterol (LDL-C, P < 0:001), systolic blood pressure
(SBP, P < 0:001), diastolic blood pressure (DBP, P < 0:001),
and total cholesterol (TC, P < 0:001) were also significantly
different between cases and controls. However, triglyceride
(TG, P = 0:412) is no significant association between cases
and controls in the north of China, and high-density lipopro-
tein cholesterol (HDL-C, P = 0:714) is no significant associa-
tion between cases and controls in the south of China.

Genotype distribution of the PVT1 rs10956390 and
rs80177647 polymorphisms in both controls and EH patients
were in agreement with the Hardy-Weinberg Equilibrium
(Table 2).
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3.2. Association of PVT1 rs10956390 C>T and rs80177647
T>A Polymorphisms and Risk for EH in the South of
China. Table 3 shows the association between PVT1 poly-
morphisms and EH risk in the south of China. Logistic
regression analysis showed that rs10956390 CT and TT
genotypes were associated with decreased risk of EH (addi-
tive model: CT: odds ratio ðORÞ = 0:657, 95% confidence
interval ðCIÞ = 0:445-0.968, P = 0:034; TT: OR = 0:571, 95%
CI = 0:355-0.918, P = 0:021; dominant model: OR = 0:629,
95% CI = 0:437-0.906, P = 0:013). However, no significant
association was observed after adjustment for age, gender,
BMI, smoking history, FBG, and dyslipidemia.

In addition, we also found that rs80177647 A allele was
associated with increased risk of EH (additive model: TA:
OR = 1:855, 95% CI = 1:181-2.914, P = 0:007; recessive
model: OR = 1:842, 95% CI = 1:188-2.855, P = 0:006). More-
over, the adjusted result was also significant (additive model:
TA: OR = 1:950, 95% CI = 1:023-3.781, P = 0:042; dominant
model: OR = 1:956, 95% CI = 1:041-3.676, P = 0:037).

3.3. Association of PVT1 rs10956390 C>T and rs80177647
T>A Polymorphisms and Risk for EH in the North of
China. Logistic regression analyses revealed that EH risk
was decreased significantly in carriers of T allele of
rs10956390 polymorphism than CC genotype (additive
model: CT: OR = 0:525, 95% CI = 0:321-0.860, P = 0:010;
TT: OR = 0:402, 95% CI = 0:228-0.712, P = 0:002; dominant
model: OR = 0:480, 95% CI = 0:303-0.762, P = 0:002; reces-
sive model: OR = 0:595, 95% CI = 0:370-0.957, P = 0:032)
as shown in Table 4. And after adjustment, the association
was still significant (additive model: CT: OR = 0:409, 95%
CI = 0:221-0.757, P = 0:004; TT: OR = 0:341, 95% CI =
0:168-0.693, P = 0:003; dominant model: OR = 0:384, 95%
CI = 0:216-0.684, P = 0:001).

While compared with TT genotype of rs80177647, A
allele carriers have increased EH risk (additive model: TA:

OR = 2:119, 95% CI = 1:210-3.711, P = 0:009; dominant
model: OR = 2:100, 95% CI = 1:226-3.596, P = 0:007). How-
ever, no significant association was observed after adjustment.

3.4. Association of PVT1 Polymorphisms and Risk for EH in
China. Then, we aggregated and analyzed all the data from
the two centers in southern and northern China. We found
that the polymorphisms of the two SNPs of PVT1 were asso-
ciated with the risk of EH. Logistic regression analysis showed
that rs10956390 CT and TT genotypes were associated with
decreased risk of EH (additive model: CT: OR = 0:596, 95%
CI = 0:442-0.804, P = 0:001; TT: OR = 0:502, 95% CI = 0:350
-0.718, P < 0:001; dominant model: OR = 0:564, 95% CI =
0:426-0.747, P < 0:001; recessive model: OR = 0:688, 95% CI
= 0:506-0.936, P = 0:017, Table 5). And after adjustment,
the association was still significant (additive model: CT: OR
= 0:488, 95% CI = 0:326-0.729, P < 0:001; TT: OR = 0:460,
95% CI = 0:286-0.740, P = 0:001; dominant model: OR =
0:478, 95% CI = 0:328-0.698, P < 0:001).

Rs80177647 has similar results. The TA genotype and
the dominant model showed stronger relations with higher
EH risk (P < 0:001, OR = 1:993, 95% CI = 1:410-2.816; P <
0:001, OR = 1:986, 95% CI = 1:422-2.774, respectively).
When adjusted for EH risk factors, including age, gender,
BMI, smoking history, FBG, and dyslipidemia, the signifi-
cant association between PVT1 rs80177647 was also

Table 1: General characteristics of the EH case and control population.

Characteristics
The south of China The north of China Total

Control EH P Control EH P Control EH P

Gender 294 261 145 263 439 524

Male (%) 173 (46.6%) 157 (60.2%) 75 (51.7%) 130 (49.4%) 248 (56.5%) 287 (54.8%)

Female (%) 121 (53.4%) 104 (39.8%) 0.754 70 (48.3%) 133 (50.6%) 0.658 191 (43.5%) 237 (45.2%) 0.593

Age (years) 52 ± 8 54 ± 8:0 0.098 53 ± 9 53 ± 8 0.844 53 ± 8 53 ± 8 0.223

BMI (kg/m2) 22:20 ± 1:63 24:76 ± 2:71 < 0.001 22:64 ± 1:84 24:94 ± 3:34 < 0.001 22:35 ± 1:71 24:85 ± 3:04 < 0.001

SBP (mmHg) 120 ± 12 136 ± 20 < 0.001 122 ± 10 138 ± 19 < 0.001 120 ± 11 137 ± 19 < 0.001

DBP (mmHg) 76 ± 8 85 ± 13 < 0.001 75 ± 9 80 ± 13 < 0.001 76 ± 8 83 ± 13 < 0.001

Smoking history (%) 38 (12.9%) 63 (24.1%) 0.001 20 (13.8%) 80 (30.4%) < 0.001 58 (13.2%) 143 (27.3%) < 0.001

FBG, mmoL/L 4:54 ± 0:48 5:4 ± 1:17 <0.001 4:75 ± 1:49 5:5 ± 0:87 <0.001 4:61 ± 0:95 5:45 ± 1:03 <0.001
TG, mmol/L 1:30 ± 0:46 1:86 ± 1:99 <0.001 1:36 ± 0:43 1:41 ± 0:72 0.412 1:32 ± 0:45 1:64 ± 0:89 <0.001
TC, mmol/L 4:42 ± 0:62 4:83 ± 0:92 <0.001 4:22 ± 0:63 4:57 ± 0:97 <0.001 4:36 ± 0:63 4:70 ± 0:95 <0.001
HDL-C, mmol/L 1:27 ± 0:35 1:28 ± 0:41 0.741 1:26 ± 0:33 1:36 ± 0:52 0.013 1:26 ± 0:34 1:32 ± 0:47 0.032

LDL-C, mmol/L 2:52 ± 0:62 2:74 ± 0:81 <0.001 2:19 ± 0:52 2:41 ± 0:75 <0.001 2:41 ± 0:61 2:58 ± 0:80 <0.001
EH: essential hypertension; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; FBG: fasting blood glucose; TC: total
cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol.

Table 2: Test results of Hardy-Weinberg Equilibrium among all
PVT1 gene sites.

Site
South of China North of China

Control EH Control EH
χ2 P χ2 P χ2 P χ2 P

rs10956390 0.06 0.81 0.78 0.38 0.05 0.83 3.09 0.08

rs80177647 1.30 0.25 0.001 0.96 1.53 0.22 0.11 0.74
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observed (additive model: TA: OR = 1:768, 95% CI = 1:144
-2.731, P = 010; dominant model: OR = 1:723, 95% CI =
1:128-2.631, P = 0:012).

3.5. Influence of PVT1 rs10956390 C>T and rs80177647 T>A
Polymorphisms of Lipid Levels in Subjects. Lipid levels, such as
triglyceride, total cholesterol, high-density lipoprotein, and
low-density lipoprotein were determined in 963 EH patients
and normal controls. Moreover, the effects of rs10956390 and

rs80177647 of PVT1 genotypes on lipid levels were analyzed.
In controls, TG levels in CT and TT genotypes were signifi-
cantly lower than those in subjects for rs10956390 CC genotype
(∗P < 0:05, Figure 1(a)). And in EH patients, TG levels in TT
genotype were lower than CT genotype (#P < 0:05,
Figure 1(a)). More interestingly, we found that HDL-C levels
in CT and TT genotypes were higher than CC genotype in con-
trol and EH patients, respectively (∗P < 0:05, ∗∗P < 0:01,
Figure 1(c)). What is more, the levels of LDL-C were lower in

Table 3: Association between lncRNA PVT1 polymorphisms and EH risk in the south of China.

Models Genotypes
Control, n = 294

(%)
EH, n = 261

(%)
Unadjusted OR (95% CI) P value ∗Adjusted OR (95% CI) ∗Adjusted P value

rs10956390

Additive

CC 75 (25.5) 92 (35.2) 1.00 (reference) 1.00 (reference)

CT 149 (50.7) 120 (46.0) 0.657 (0.445-0.968) 0.034 0.610 (0.340-1.094) 0.097

TT 70 (23.8) 49 (18.8) 0.571 (0.355-0.918) 0.021 0.657 (0.319-1.354) 0.254

Dominant
CC 75 (25.5) 92 (35.2) 1.00 (reference) 1.00 (reference)

CT/TT 119 (74.5) 169 (64.8) 0.629 (0.437-0.906) 0.013 0.623 (0.357-1.085) 0.094

Recessive
CC/CT 224 (76.2) 212 (81.2) 1.00 (reference) 1.00 (reference)

TT 70 (23.8) 49 (18.8) 0.740 (0.491-1.115) 0.150 0.911 (0.494-1.680) 0.766

rs80177647

Additive

TT 253 (86.1) 201 (77.0) 1.00 (reference) 1.00 (reference)

TA 38 (12.9) 56 (21.5) 1.855 (1.181-2.914) 0.007 1.950 (1.023-3.718) 0.042

AA 3 (1.0) 4 (1.5) 1.678 (0.371-7.585) 0.501 2.063 (0.183-23.305) 0.558

Dominant
TT 253 (86.1) 201 (77.0) 1.00 (reference) 1.00 (reference)

TA/AA 41 (13.9) 60 (23.0) 1.842 (1.188-2.855) 0.006 1.956 (1.041-3.676) 0.037

Recessive
TT/TA 291 (99.0) 257 (98.5) 1.00 (reference) 1.00 (reference)

AA 3 (1.0) 4 (1.5) 1.510 (0.335-6.809) 0.592 1.843 (0.163-20.785) 0.621

OR: odd ratio; CI: confidence interval; EH: essential hypertension. ∗Adjusted for age, gender, BMI, smoking history, FBG, and dyslipidemia.

Table 4: Association between lncRNA PVT1 polymorphisms and EH risk in the north of China.

Models Genotypes
Control, n = 145

(%)
EH, n = 263

(%)
Unadjusted OR (95% CI) P value ∗Adjusted OR (95% CI) ∗Adjusted P value

rs10956390

Additive

CC 33 (22.8) 100 (38.0) 1.00 (reference) 1.00 (reference)

CT 71 (48.3) 113 (43.0) 0.525 (0.321-0.860) 0.010 0.409 (0.221-0.757) 0.004

TT 41 (28.3) 50 (19.0) 0.402 (0.228-0.712) 0.002 0.341 (0.168-0.693) 0.003

Dominant
CC 33 (22.8) 100 (38.0) 1.00 (reference) 1.00 (reference)

CT/TT 112 (77.2) 163 (62.0) 0.480 (0.303-0.762) 0.002 0.384 (0.216-0.684) 0.001

Recessive
CC/CT 104 (71.7) 223 (81.0) 1.00 (reference) 1.00 (reference)

TT 41 (28.3) 50 (19.0) 0.595 (0.370-0.957) 0.032 0.598 (0.333-1.072) 0.084

rs80177647

Additive

TT 124 (85.5) 194 (73.8) 1.00 (reference) 1.00 (reference)

TA 19 (13.1) 63 (24.0) 2.119 (1.210-3.711) 0.009 1.535 (0.802-2.938) 0.196

AA 2 (1.4) 6 (2.3) 1.918 (0.381-9.652) 0.430 0.734 (0.109-4.944) 0.751

Dominant
TT 124 (85.5) 194 (73.8) 1.00 (reference) 1.00 (reference)

TA/AA 21 (14.5) 69 (26.3) 2.100 (1.226-3.596) 0.007 1.449 (0.775-2.710) 0.246

Recessive
TT/TA 143 (98.6) 257 (97.7) 1.00 (reference) 1.00 (reference)

AA 2 (1.4) 6 (2.3) 1.669 (0.333-8.379) 0.534 0.664 (0.098-4.483) 0.674

OR: odd ratio; CI: confidence interval; EH: essential hypertension. ∗Adjusted for age, gender, BMI, smoking history, FBG, and dyslipidemia.
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Table 5: Association between lncRNA PVT1 polymorphisms and EH risk in China.

Models Genotypes
Control, n = 439

(%)
EH, n = 524

(%)
Unadjusted OR (95% CI) P value ∗Adjusted OR (95% CI) ∗Adjusted P value

rs10956390

Additive

CC 108 (24.6) 192 (36.6) 1.00 (reference) 1.00 (reference)

CT 220 (50.1) 233 (44.5) 0.596 (0.442-0.804) 0.001 0.488 (0.326-0.729) <0.001
TT 111 (25.3) 99 (18.9) 0.502 (0.350-0.718) <0.001 0.460 (0.286-0.740) 0.001

Dominant
CC 108 (24.6) 192 (36.6) 1.00 (reference) 1.00 (reference)

CT/TT 331 (75.4) 332 (63.4) 0.564 (0.426-0.747) <0.001 0.478 (0.328-0.698) <0.001

Recessive
CC/CT 328 (74.7) 425 (81.1) 1.00 (reference) 1.00 (reference)

TT 111 (25.3) 99 (18.9) 0.688 (0.506-0.936) 0.017 0.721 (0.483-1.077) 0.110

rs80177647

Additive

TT 377 (85.9) 395 (75.4) 1.00 (reference) 1.00 (reference)

TA 57 (13.0) 119 (22.7) 1.993 (1.410-2.816) <0.001 1.768 (1.144-2.731) 0.010

AA 5 (1.1) 10 (1.9) 1.909 (0.646-5.636) 0.242 1.170 (0.250-5.40) 0.842

Dominant
TT 377 (85.9) 395 (75.4) 1.00 (reference) 1.00 (reference)

TA/AA 62 (14.1) 129 (24.6) 1.986 (1.422-2.774) <0.001 1.723 (1.128-2.631) 0.012

Recessive
TT/TA 434 (98.9) 514 (98.1) 1.00 (reference) 1.00 (reference)

AA 5 (1.1) 10 (1.9) 1.689 (0.573-4.978) 0.342 1.045 (0.221-4.927) 0.956

OR: odd ratio; CI: confidence interval; EH: essential hypertension. ∗Adjusted for age, gender, BMI, smoking history, FBG, and dyslipidemia.
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Figure 1: Influence of PVT1 rs10956390 polymorphism on lipid level of subjects: (a) TG; (b) TC; (c) HDL-C; (d) LDL-C. (Data are
expressed as the mean ± SEM. Control: CC, n = 108, CT, n = 220, TT, n = 111; EH: CC, n = 192, CT, n = 233, TT, n = 99. ∗P < 0:05, ∗∗P
< 0:01, as compared with CC genotype in interclass; #P < 0:05, as compared with CT genotype in interclass).
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CT and TT genotypes in EH patients (∗∗P < 0:01, compared
with CC genotype, Figure 1(c)). However, by comparing the
correlation between rs80177647 and lipid level in different sub-
jects, we did not find significant differences between lipid levels
and genotypes (Figure 2).

3.6. Association of PVT1 rs10956390 and rs80177647
Polymorphisms with PVT1 Expression. The Genotype-Tissue
Expression (GTEx) project is one of the most widely used
resources for studying the relationship between genetic varia-

tion and gene expression. This dataset contains genotype data
from 838 postmortem donors and 17,382 RNA-seq samples
across 54 tissue sites and 2 cell lines. We accessed the database
to determine whether rs10956390 and rs80177647 polymor-
phisms were associated with PVT1 expression in multitissue
through the GTEx eQTL Dashboard (https://www.gtexportal
.org/home/eqtlDashboardPage). As shown in Figure 3(a),
rs10956390 T allele was associated with decreased PVT1
mRNA in whole blood from 670 healthy donors (the relative
expression median: TT: -0.04297, TC: -0.05181, CC: 0.02802,
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Figure 2: Influence of PVT1 rs80177647 polymorphism on lipid level of subjects: (a) TG; (b) TC; (c) HDL-C; (d) LDL-C. (Data are
expressed as the mean ± SEM. Control: TT, n = 377, TA, n = 57, AA, n = 5; EH: TT, n = 395, TA, n = 119, AA, n = 10.).
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Figure 3: Effect of PVT1 mRNA expression in whole blood from healthy normal donors: (a) rs10956390; (b) rs80177647.
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P = 0:0346). But there was no significant difference between
rs80177647 polymorphism and PVT1 mRNA expression
(Figure 3(b), P = 0:427).

4. Discussion

This study reveals, for the first time, there is an association
between rs80177647 and rs10956390 gene polymorphisms
of PVT1 and the risk of essential hypertension in two popu-
lations in southern and northern China. Our results demon-
strated that EH risk was significantly decreased in carriers of
T allele of rs10956390 polymorphism than those with the
CC genotype. In addition, we also found that EH risk was
significantly increased in carriers of A allele of rs80177647
polymorphism than those with TT.

The majority of studies in the past have focused on the
relationship between PVT1 and the occurrence and develop-
ment of various cancers. It is reported that PVT1 is typically
upregulated in many types of cancer samples [20]. Some of
those have found that PVT1 was involved in the regulation
of angiogenesis in tumor tissues. Ma et al. showed that
PVT1 overexpression promoted the proliferation, migration,
and angiogenesis of glioma vascular endothelial cells [21].
However, a few recent studies have implied that PVT1 was
involved in cardiovascular diseases. For instance, PVT1
acted as a sponge for miR-128-3p to facilitate Sp1 expres-
sion, resulting in activating the TGF-β1/Smad signaling
pathway and regulating the development of atrial fibrosis
[22]. Zhang et al. also found that PVT1 expression was
significantly upregulated in abdominal aortic tissues from
AAA patients, and knockdown PVT1 in AngII-induced
AAA murine model suppresses VSMC apoptosis, ECM dis-
ruption, and serum proinflammatory cytokine level [23].
Strikingly, Quan et al. revealed that PVT1 was proved to
be an independent risk factor for coronary atherosclerosis
disease [24]. Thus, all those researches indicated the role of
PVT1 involved in diseases is related to angiogenesis and
endothelial dysfunction.

Previous studies in the association between PVT1 poly-
morphisms and diseases were only reported in the field of can-
cer and kidney disease. Our present data found two new SNP
loci, rs10956390 and rs80177647, which polymorphisms were
related to the risk of EH in Chinese population. However, the
underlying mechanism is still unclear. lncRNAs play crucial
roles in many human diseases; their structure and subcellular
localization determine their functions [25]. A large amount of
evidence has been demonstrated that the causality relationship
between higher grade disequilibrium in endothelial homeosta-
sis and diabetes or hypertension. The risky factors from
vascular endothelial cell including reduced plasma nitric oxide
level, suppressed L-arginine/endothelial nitric oxide synthase
(eNOS) pathway, generation of reactive oxygen species
(ROS), and enhanced leukocyte adhesion to the vascular wall
may cooperatively contribute to the pathogenesis and progress
of EH [26]. In our study, there were significant differences in
TG, LDL-C, and HDL-C levels among rs10956390. Similarly,
Wang et al. revealed that APOE-E3 homozygote and APOE-
E4 allele were related to elevated triglycerides level; in addition,
APOE-E2 allele was correlated with increased serum UA level

in patients with hypertension or coronary heart disease [27].
Pan et al. found that ACE2 rs4646188 and rs879922 were asso-
ciated with increased LDL-C level, while rs2106809 and
rs4646188 were associated with hypertriglyceridemia [28].
The evidence we mentioned above demonstrates that different
alleles in one gene may affect blood lipids differently. Most
importantly, numerous studies have been revealed that there
is a positive correlation between dyslipidemia and hyperten-
sion [29, 30]. A newly published study found that PVT1 was
upregulated in the adipose tissue of obese mice and accelerated
lipid accumulation by increasing the expression of peroxisome
proliferator-activated receptor γ, CCAAT/enhancer-binding
protein α, and adipocyte protein 2. In addition, PVT1 pro-
moted fatty acid synthesis and inhibited fatty acid oxidation
[17]. Based on all those studies and our data, we speculate that
PVT1 may affect the risk of EH by regulating human blood
lipid levels.

Several limitations of this study should be considered.
Firstly, a limited number of samples were chosen in this study.
Secondly, only the association between the PVT1 polymor-
phisms of the two loci, the risks of EH and plasma lipid levels
have been investigated. However, the precise mechanism of
how PVT1 influences lipid level in vivo or in vitro has not been
studied. Further mechanism studies and larger population-
based prospective studies are required.

5. Conclusion

In summary, our study demonstrates firstly that the PVT1
rs10956390 and rs80177647 polymorphisms are associated
with the risk of EH in Chinese population. We speculate that
the rs10956390 polymorphism is responsible for dyslipid-
emia. PVT1 is a potential biomarker and target for therapeu-
tic strategies in EH. Further investigations in larger cohorts
are needed to confirm our findings. More functional experi-
ments are also required to illuminate the function role of
rs10956390 and rs80177647 polymorphisms.
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Background. Constitution in traditional Chinese medicine (TCM) plays a key role in the genesis, development, and prognosis of
diseases. Phlegm-dampness constitution (PDC) is one of the nine constitutions in TCM, susceptible to metabolic disorders, which
is mainly manifested by profuse phlegm, loose abdomen, and greasy face. Epidemiologic, genomic, and epigenetic studies have
been carried out in previous works, confirming that PDC represents a distinctive population with microcosmic changes related
to metabolic disorders. However, whether long noncoding RNAs (lncRNAs) play a regulatory role in metabolic disease in
subjects with PDC remains largely unknown. We aimed to investigate distinct lncRNA and mRNA expression signatures and
lncRNA-mRNA regulatory networks in the phlegm-dampness constitution (PDC). Methods. The peripheral blood
mononuclear cells (PBMCs) were isolated from the subjects with PDC (n = 13) and balanced constitution (BC) (n = 9). The
profiles of lncRNAs and mRNAs in PBMCs were analyzed using microarray and further validated with RT-qPCR.
Subsequently, pathway analysis was performed to investigate the function of differentially expressed mRNAs by using
Ingenuity Pathway Analysis (IPA). Results. Results suggested that some mRNAs, which were regulated by the differentially
expressed lncRNAs, were mainly enriched in lipid metabolism and immune inflammation-related pathways. This was
consistent with the molecular characteristics of previous studies, indicating that the clinical characteristics of metabolic
disorders in PDC might be regulated by lncRNAs. Furthermore, by making coexpression network construction as well as cis-
regulated target gene analysis, several lncRNA-mRNA pairs with potential regulatory relationships were identified by
bioinformatic analyses, including RP11-317J10.2-CA3, RP11-809C18.3-PIP4K2A, LINC0069-RFTN1, TTTY15-ARHGEF9, and
AC135048.13-ORAI3. Conclusions. This study first revealed that the expression characteristics of lncRNAs/mRNAs may be
potential biomarkers, indicating that the distinctive physical and clinical characteristics of PDC might be partially attributed to
the specific expression signatures of lncRNAs/mRNAs.

1. Background

Constitution in traditional Chinese medicine (TCM) plays
an important role in the initiation, development, and prog-
nosis of diseases. The term “constitution” is coined to indi-
cate the distinct TCM entity or “type.” Based on clinical
presentations, healthy people can be classified into nine con-
stitutions according to the concept of TCM, including one

balanced constitution (BC) and eight biased constitutions
[1–3]. Each constitution exhibits specific physical features
and psychological characteristics, and each biased constitu-
tion demonstrates a specific predisposition to certain dis-
eases and should be treated differently. Phlegm-dampness
constitution (PDC), which is one of the biased constitutions,
is a group of individuals who tend to develop diseases, or
those in a dysfunctional/subhealth status but do not reach
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the diagnostic criteria for a specified disorder, and these sub-
jects with PDC are usually obese and not considered healthy
in modern medicine [4, 5]. Moreover, through years of clin-
ical practice, we summarized the common characteristics of
the PDC, including obesity, abundant sputum, greasy and
soft lower abdomen, oily skin in the face, chest distress,
sticky and sweet taste in the mouth, and slippery pulse [6].
Accumulating evidence has suggested that PDC plays an
important role in the prevention stage of multiple metabolic
diseases [7, 8]. Therefore, it is necessary to identify which
population tends to have the potential risk of metabolic dis-
orders and what molecular markers can be used to identify
subjects with PDC.

The epidemiological investigation, single-nucleotide
polymorphisms (SNPs), genomics, and methylation investi-
gation have previously confirmed that subjects with PDC
belong to a population with clinical features of microcos-
mic changes related to metabolic disorders [8–10]. A previ-
ous study demonstrated that certain differentially expressed
genes in the peripheral blood mononuclear cells (PBMCs)
of individuals with PDC were associated with the adipocy-
tokine signaling pathway, insulin signaling pathway, and
fatty acid elongation in mitochondria [11–13]. In a sepa-
rate report, methylation in the SQSTM1, DLGAP2,
DAB1, HOXC4, and SMPD3 genes were shown to be asso-
ciated with specific constitution types (diabetes mellitus,
obesity, and so on), and differentially methylated genes
are abundantly enriched in multiple metabolic pathways
[14, 15]. In addition, individuals with PDC, who have spe-
cific gene expression signatures (such as SOCS3, ACSL4,
CLU, and ABCG1), are more susceptible to metabolic dis-
orders [16].

These previous reports have provided insights into the
molecular basis of individuals with PDC; however, the roles
of long noncoding RNAs (lncRNAs) in metabolic disorders
in the PDC remain poorly understood. lncRNAs are a large
group of noncoding transcripts that are more than 200
nucleotides in length [17]. lncRNAs have been extensively
reported to be involved in gene regulation and cellular pro-
cesses through a diversity of mechanisms, such as epigenetic,
transcriptional, and posttranscriptional levels [18–20].
Numerous studies have indicated that dysregulation of
lncRNAs is highly associated with a wide variety of diseases,
such as heart failure, myocardial infarction (MI), cardiovas-
cular disease, and diabetes [21–23]. For example, lncRNAs
Gadd7 is necessary for lipid- and general oxidative stress-
mediated cell death and its depletion or suppression may
be a promising approach to treat or prevent heart failure
[24]. A previous study has demonstrated that a small SNP
mutation (rs2301523) in MIAT can upregulate the expres-
sion of MIAT, leading to a high risk of MI [25]. Besides,
Shi and coworkers have reported that lncRNA GAS5 is a
target for therapeutic intervention in the management of
type 2 diabetes [26]. These previous reports have confirmed
that lncRNAs play a crucial role in metabolic disorders.
However, the expression patterns, potential targets, and
functions of lncRNAs in the development and pathogenesis
of the metabolic disorders in subjects with PDC remain
largely unexplored.

In the present study, we analyzed the expression profiles
of lncRNAs and mRNAs in PBMCs. The key lncRNAs and
target genes have the molecular characteristics of metabolic
disorder tendency in the PDC, which were verified by RT-
qPCR in independent samples. Besides, bioinformatic analy-
ses were performed to reveal the regulatory role of lncRNAs
in metabolic disorders of subjects with PDC. Collectively,
our study first pointed out which populations with PDC
were susceptible to metabolic disease from the perspective
of lncRNA.

2. Materials and Methods

2.1. Study Subjects. Subjects in this study were recruited from
the Physical Examination Center, Hong Yi Tang of Tradi-
tional Chinese Medicine, in March 2014. This study was per-
formed in compliance with the Declaration of Helsinki, and
the research protocol was approved by the ethics committee
of the Beijing University of Traditional Chinese Medicine
(2012BZHYLL0301). Written informed consent was
obtained from all participants. Individuals with BC (n = 9)
and PDC (n = 13) were chosen using a standardized ques-
tionnaire (Wang Qi’s Body Constitution Classification
Questionnaire-Chinese version, frequent code: ZYYXH/T
157-2009) (Table 1) issued by the Chinese Association of
Traditional Chinese Medicine and confirmed by Chinese
medicine clinical practitioners (n = 15). Any differences in
the opinions of these practitioners were resolved after careful
discussion. The criteria for inclusion and exclusion of
patients are as follows:

(1) The inclusion criteria include the following: (1) nat-
ural population aged 18-65 in Beijing; (2) according
to the “TCM Constitution Classification and Judg-
ment Standard” approved by the Chinese Academy
of Traditional Chinese Medicine, those who meet
the judgment criteria of all constitutions and
peaceful constitutions; (3) signed informed consent;
(4) have no medical diseases, and (5) not taking
medication.

(2) The exclusion criteria include the following: (1) fail-
ure to meet diagnostic criteria or inclusion criteria;
(2) people with mixed physique; (3) those who have
been diagnosed with a chronic disease; and (4) preg-
nant women.

2.2. RNA Extraction. Peripheral blood (6mL) was collected
by phlebotomy and stored in sodium citrate vacuum tubes.
The isolation of PBMCs was performed within 4 h after the
blood collection by density-gradient centrifugation using
Lymphoprep (Sigma, Life Science, USA). The isolated
PBMCs were treated with TRIzol reagent (Invitrogen, Carls-
bad, CA, USA) to avoid RNA degradation and then stored at
-80°C. Total RNA was extracted and purified from each
sample in blood in 2014, according to the manufacturer’s
instructions. The RNA concentration was determined using
a NanoDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, USA), and the RNA integrity was analyzed by agarose
gel electrophoresis.
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2.3. Microarray Analysis. This experiment was performed
technically as a dual channel. Total RNA was hybridized to
lncRNA+mRNA Human Gene Expression Microarray V4.0
(4 ∗ 180K) (CapitalBio). An improved Eberwine’s linear
RNA amplification approach and enzymatic reaction men-
tioned in a CapitalBio cRNA Amplification and Labeling
Kit from CapitalBio were utilized to get greater yields of
cDNA labeled with a fluorescent dye (Cy3-dCTP and Cy5-
dCTP) [27]. Feature Extraction software (version10.7.1.1)
from Agilent Technologies was adopted to produce raw data
from array images. The quality control, normalization, and
summarization of mRNA and lncRNA data were carried
out by using GeneSpring software (v13.0) from Agilent.
The differentially expressed lncRNAs (DElncRNAs) and
mRNAs (DEmRNAs) were identified based on the fold
change and the “limma” package in R software. The mRNAs
and lncRNAs with a P < 0:05 and ∣fold change ∣ ≥1:5 were
considered differentially expressed in populations with
PDC and BC.

2.4. Coexpression Network of lncRNAs with mRNAs and
Associated Functional Prediction. To explore the potential
functions of lncRNAs, a coexpression network was con-
structed between the expression values of mRNAs and
lncRNAs based on the correlation analysis. An absolute
value of Pearson’s correlation coefficient (|PCC ∣ >0:7 and a
P < 0:05) was considered statistically significant. A strong
correlation (∣PCC ∣ >0:7) is a commonly selected threshold
in research [28, 29]. Subsequently, the enriched functions
of mRNAs could be used to predict the functions of
lncRNAs that were coexpressed with these mRNAs. Datasets
of target genes of lncRNAs were analyzed as input data to
identify enriched signaling pathways and biological func-
tions using Ingenuity Pathway Analysis (IPA) (Ingenuity
System Inc., USA). The threshold of significance of pathways
was defined by the P value, and the selection criterion for
significant IPA pathway terms was P < 0:05. The enriched
functional terms were used as the predicted functional terms
of given lncRNAs. The interactions between lncRNAs and
mRNAs were analyzed, and the coding-noncoding gene
coexpression network (CNC) was constructed with Cytos-
cape (version 3.7.0) software.

2.5. Prediction of lncRNA Target Genes. Target genes of
lncRNAs were predicted including two aspects as follows:

(a) the CNC (∣PCC ∣ >0:7) of DElncRNAs and DEmRNAs
was constructed; (b) coding genes, 300 kb upstream and
downstream of DElncRNAs, were used to predict the func-
tions of lncRNAs. We choose 300 kb upstream and down-
stream of lncRNAs as criteria that are a commonly selected
threshold in research (see references as follows for details
[30, 31]). The intersection of the DElncRNA-DEmRNA
pairs was obtained, and these DEmRNAs were the target
genes of DElncRNAs. The expression levels of the DElncR-
NAs and coding genes were used to analyze their co-
expression relationships. ∣PCC ∣ >0:7 and P < 0:05 were con-
sidered to be correlated expression. We applied Cytoscape
(version 3.7.2) to visualize the networks. The degree was per-
formed using the CentiScaPe in Cytoscape to illuminate the
most important nodes in the network [32].

2.6. Validation by RT-qPCR of Key lncRNAs and mRNAs in
Independent Samples. According to the inclusion and exclu-
sion criteria, nine subjects with PDC and 12BC were incor-
porated in our study in June 2019. Clinical information of
these 21 subjects is presented in Table S3. All patients
provided informed consent to participate in this study.
Quantification was performed with a reaction process
consisting of two steps, including reverse transcription
(RT) and RT-qPCR, to confirm the microarray results. RT-
qPCR for lncRNAs and mRNAs was performed as
previously described [33]. Primers used for RT-qPCR are
listed in Table S1. Moreover, β-actin was selected as the
housekeeping gene. The relative expressions of target genes
were calculated using the 2-ΔΔCt method [34].

2.7. Statistical Analysis. The numerical data were expressed
as the mean ± standard deviation (SD). Statistical compari-
sons between groups of normalized data were performed
using the “limma” package of R software, t-test, or Mann–
Whitney U test when appropriate. Statistical comparisons
between paired PDC and BC were performed using a paired
t-test. A P < 0:05 was considered statistically significant with

Table 1: Diagnostic standards for the phlegm-dampness constitution (PDC) and balanced constitutions (BC).

Variables PDC BC

Main characteristics Profuse phlegm Energetic

Secondary characteristics

Fat body Without any symptoms or characteristics of other constitutions

Loose abdomen Eat well

Greasy face Sleep well

Chest distress Good posture

Sticky and sweet taste in the mouth
Slippery pulse

The tongue is pale red with thin white coating

The tongue is fat and white with coating

Table 2: Demographic and clinical characteristics of subjects.

Variables PDC (n = 13) BC (n = 9) P-value

Male, n (%) 46.15 44.44 0.94

Age (years), mean (SD) 37 ± 6:78 37 ± 7:38 0.78

Body mass index (kg/m2) 23:27 ± 1:26 22:86 ± 3:05 0.12
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a 95% confidence level. Statistical analyses were performed
using SPSS software 25.0, and mappings were performed
using the R 3.3.1 software (the R Foundation of Statistical
Computing).

3. Results

3.1. Differentially Expressed lncRNAs and mRNAs in the
PDC. To determine the transcriptome characteristics and
which lncRNAs could be used to PDC from those with BC,
we surveyed the lncRNA and mRNA expression profiles of
subjects with a total of 22 samples from PDC (n = 13) and
BC (n = 9) using microarray analysis (NCBI GEO accession

number GSE158042). The purity and integrity of Total RNA
were good, and these samples were used for the microarray
analysis in 2014. The distributions of lncRNAs and mRNAs
are shown in Fig. S1. All subjects were Chinese Han individ-
uals, 20-53 years old, including both genders. There was no
significant difference in age (P = 0:78), sex (P = 0:94), and
body mass index (BMI) (P = 0:12) between the two groups
of subjects. Table 2 summarizes the main clinical character-
istics of enrolled patients with no medical records of diag-
nosed diseases.

After the microarray analysis, the raw total count of
lncRNA and mRNA after normalization is 22,621 and
31,860, respectively. A total of 398 differentially expressed
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Figure 1: The hierarchical clustering heatmaps and volcano plots of differentially expressed lncRNAs and mRNAs. The row and column
represent differentially expressed lncRNAs (a and c)/mRNAs (b and d) and samples, respectively, in the heatmaps (P < 0:05, ∣fold change
∣ ≥1:5) in phlegm-dampness constitution (PDC) compared with balanced constitution (BC). Red and blue indicate up- and
downregulation, respectively. -3, -1, 0, 1, and 3 represent fold changes in the corresponding spectrum.
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lncRNAs and 437 differentially expressed mRNAs were
identified based on |fold change ∣ ≥1:5 and P < 0:05 in the
PDC compared with the BC. The volcano plot, respectively,
is shown in Figure 1(a) and 1(b). The sample grouping was
largely consistent when using DElncRNAs (Figure 1(c))
or DEmRNAs (Figure 1(d)). Among them, it is known that
TMPO is associated with the progression of type 1 diabetes
[35]. ACSL3 plays a key role in lipid biosynthesis and fatty
acid degradation [36]. Among the dysregulated lncRNAs,
suppression of TTTY15 attenuates hypoxia-induced car-
diomyocyte injury by targeting miR-455-5p [37]. The
above-mentioned genes are related to metabolic disorders,
which are consistent with previous studies, [10, 12, 14],
and they were significantly expressed in subjects with
PDC in this study.

3.2. Functional Analysis of Differentially Expressed mRNAs in
the PDC. The differentially expressed mRNA-lncRNA
formed coexpression network (CNC) (∣PCC ∣ >0:7 and P <
0:05) consists of 421 DEmRNAs and 357 DElncRNAs
(Table S2). These were 421 DEmRNAs (102 upregulated
and 319 downregulated) in CNC subjected to the Ingenuity
Pathway Analysis (IPA). The 102 upregulated mRNAs
generated 33 significantly enriched pathways (P < 0:05)
(Figure 2(a)), which were involved in metabolic regulation
and immunizing inflammatory reaction, such as the T cell

receptor signaling (P = 0:01), retinol biosynthesis (P = 0:02
), and triacylglycerol degradation (P = 0:02). Meanwhile,
we identified 20 IPA pathways (P < 0:05) from 319
downregulated mRNAs (Figure 2(b)), most of which were
associated with the metabolism of lipids/lipoproteins (such
as 3-phosphoinositide degradation, acyl carrier protein
metabolism, and D-myo-inositol-5-phosphate metabolism).
We subsequently classified these 20 pathways into
functional groups that were the metabolism (12/20), signal
transduction (5/20) pathways, and so on. These data
indicated that individuals with PDC showed specific gene
expression profiles and lncRNA expression features in
peripheral blood. Among them, ARHGAP9 has been found
to lead to endothelial dysfunction in patients with coronary
spastic angina [38]. These results suggest that the majority
of pathways with DElncRNAs were consistent with these
pathways of DEmRNAs.

Next, we explored which key lncRNAs regulated the
mRNA of the above-mentioned. According to the correla-
tion coefficient analysis in Table S2, in order to further
focus on these lncRNAs and their target genes, lncRNA-
mRNA coexpression network showed that 58 lncRNAs (10
upregulated and 48 downregulated lncRNAs), which were at
the central positions of the network (degree centrality > 60),
might play key roles in regulating metabolism pathways
(Figure 3(a)). There are 38 DEmRNAs (5 upregulated and
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Figure 2: Ingenuity Pathway Analysis (IPA) annotates the canonical pathway analysis of differentially expressed mRNAs. These
differentially expressed mRNAs were regulated by differentially expressed lncRNAs between PDC and BC (Pearson’s correlation
coefficient ∣PCC ∣ >0:7 and P < 0:05) ((a) 115 upregulated mRNAs; (b) 321 downregulated mRNAs).
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Figure 3: Continued.
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33 downregulated), which were regulated by these 58
lncRNAs, which were mostly related to metabolic pathways
(such as lipid metabolism and fatty acid metabolism).
Especially, nearly half of the pathways (12/35) were related
to metabolic regulation in the downregulated genes, which
was consistent with the proportion of lipid metabolic
pathways in Figure 2(b) (12/20). Among them, GYPA is the
high-degree gene (it is regulated by multiple lncRNAs) that
affects the expression of glycophorin A, and it is an
important indicator of carotid atherosclerotic lesions [39].

If the genome position of the mRNA-encoding genes is
adjacent to that of the coexpressed lncRNA-encoding gene,
it suggests that the lncRNA regulates the expression of the
mRNA. By combining the lncRNA-mRNA coexpression
network and the targets of lncRNA in upstream or
downstream 300 kb of lipid metabolism and immune
inflammation-related pathways, we identified a total of 12
lncRNA transcripts and their predicted regulatory protein-
coding genes (<300 kb and ∣PCC ∣ >0:7) (Figure 3(b)).
Among these 12 lncRNA-mRNA pairs, these data provided
valuable clues about these lncRNAs and their nearby coding
genes in metabolic disorders of subjects with PDC
(Figures 3(a) and 3(b)).

3.3. The Target Gene Prediction of lncRNAs in the Lipid
Metabolism Pathway of PDC. Figure 3 reveals that lipid
metabolism accounted for a large proportion of these path-
ways. To find out which lncRNAs regulated these genes in

the lipid metabolism pathway, we constructed a coexpres-
sion network for these mRNAs and corresponding lncRNAs
in subjects with PDC. Next, we selected the top 30 pairs of
lncRNA-mRNA with the lowest P to map the coexpression
network, including nine mRNAs and 25 lncRNAs
(Figure 4(a)). The functions of these mRNAs were mostly
related to pathways of metabolism of lipids and/or lipopro-
teins. It indicated that these nine mRNAs (two upregulated
and seven downregulated mRNAs) in the lipid metabolism
pathway were mainly regulated by these DElncRNAs (25
genes). However, little is known about the functions of
lncRNAs and lncRNA-mRNA interactions, which should
be further studied in the future.

Then, we further analyzed how these dysregulated
lncRNAs regulate mRNAs in the lipid metabolism pathway
[22]. We chose 26 DEmRNAs to hunt their nearby DElncR-
NAs in the lipid metabolism pathway in the PDC. The coex-
pressed protein-coding genes were defined as target genes
with one DElncRNA within 300 kb upstream and down-
stream on the same chromosome. The filtering results are
shown in Figure 4(b) (including seven lncRNA transcripts
and their predicted regulatory protein-coding genes). Each
lncRNA had a different number of neighboring coding
genes. For example, RP11-317J10.2 had only one nearby
coding gene. In contrast, lncRNAs TTTY15 and RP11-
809C18.3, respectively, had two nearby coding genes
(Figure 4(b)). It indicated that these neighboring genes
might be regulated by lncRNAs.
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Figure 3: Target gene prediction of differentially expressed lncRNAs between PDC and BC. (a) The differentially expressed mRNAs and
lncRNAs from Figure 2 were constructed into the coding-noncoding gene network (degree > 60). Red represents upregulated and blue
represents downregulated genes. Size represents the importance of a node (degree). The edge denotes the interaction strength. Circles
and inverted triangles represent genes and lncRNAs, respectively. (b) Distances between lncRNAs and their predicted target genes
(<300 kb). The left vertical axis shows the gene symbol of the coding genes, on the right side of each row, that is, the corresponding gene
symbol of lncRNA. The pathways of these mRNAs might mainly be related to lipid metabolism.
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3.4. Validation of Deregulated lncRNAs and mRNAs by RT-
qPCR in Independent 21 Subjects of PDC and BC. To verify
the reliability of the microarray data, some key functional
genes of metabolic disorders, including five DElncRNAs

and five DEmRNAs from Figures 3(b) and 4(b), were con-
firmed in 21 subjects with PDC and BC by RT-qPCR, as
shown in Figure 5. The relative expressions of CA3, ORAI3,
PIP4K2A, RP11-317J10.2, LINC00690, and AC135048.13
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Figure 4: Target gene prediction of lncRNAs in the lipid metabolism pathway. (a) Coexpression network of the differentially expressed
lncRNAs and genes in the lipid metabolism pathway. Red represents upregulated and blue represents downregulated genes. Circles and
inverted triangles represent genes and lncRNAs, respectively. (b) Regulation of differentially expressed lncRNAs to nearby coding genes
in the lipid metabolism pathway (<300 kb). The left vertical axis shows the gene symbol of the coding genes, on the right side of each
row, that is, the corresponding gene symbol of lncRNA.
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were significantly downregulated (P < 0:05) in the blood of
the subjects with PDC, compared to those with BC. In con-
trast, the relative expressions of RFTN1, ARHGEF9,
TTTY15, and RP11-809C18.3 were upregulated in the blood
of the subjects with PDC. Therefore, the RT-qPCR data ver-
ified the veracity of microarray results (Figures 5(a) and
5(b)). The finding provided reliable evidence that these
lncRNAs and mRNAs could be implicated in the pathogen-
esis of metabolic diseases in PDC. A biomarker means a
panel that could distinct case and control with as few fea-
tures as possible. These 5 lncRNA-mRNA pairs could be
used as potential biomarkers that they distinct BC and
PDC. The heatmap of 5 lncRNA-mRNA pairs is of the
expression of significant transcripts by quantitative RT-
qPCR (Figure 6).

4. Discussion

In the present study, we identified several interaction pairs
of lncRNA-nearby targeted mRNAs, such as RP11-
317J10.2-CA3, RP11-809C18.3-PIP4K2A, LINC0069-
RFTN1, TTTY15-ARHGEF9, and AC135048.13-ORAI3.
Meanwhile, individuals with PDC exhibited transcriptional
characteristics regarding lipid metabolism and immune
inflammation-related pathways. These findings were consis-
tent with the observations of profuse phlegm, fat body,
loose abdomen, and greasy face in individuals with PDC.
In short, our study first identified several differentially
expressed lncRNAs and mRNAs and suggested that their
interactions played a crucial role in the process of metabolic
dysregulation in the PDC.
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Figure 5: Validation for the expression of significant transcripts by quantitative RT-qPCR. (a) RT-qPCR verification of the expression
profiles of differentially expressed lncRNAs/mRNAs. PDC and BC represent the phlegm-dampness constitution and balanced
constitution, respectively. (b) Comparison of RT-qPCR and microarray analysis data. The x-axis and y-axis present mRNA/lncRNA
name and relative expression (fold change), respectively. Fold change > 0 and <0 represents the upregulation and downregulation,
respectively. ∗P < 0:05; ∗∗P < 0:01.
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RP11-317J10.2 is identified in human blood as an anti-
sense lncRNA [40]. In our study, we found that RP11-
317J10.2 was the most downregulated lncRNA in the blood
of the subjects with PDC. Furthermore, downregulated
CA3 was the nearby targeted mRNA of RP11-317J10.2. It
is well known that CA3 is one of the diagnostic markers of
perioperative MI during coronary bypass surgery [41]. Our
results indicated that the downregulation of CA3 and
RP11-317J10.2 might be involved in lipid metabolism, which
could provide a new therapeutic regimen of metabolic dis-
eases in the PDC.

It is found that RP11-809C18.3 is an antisense lncRNA
in the PDC [42]. In the present study, we first found the
upregulation of RP11-809C18.3 in the blood of the subjects
with PDC. Besides, upregulated PIP4K2A was the nearby
targeted mRNA of RP11-809C18.3. It has been observed that
the expression of PIP4K2A is significantly increased in sub-
jects with PDC, which regulates intracellular cholesterol
transport through modulating PI(4,5)P2 homeostasis [43].
Additionally, noncoding RNA RP11-809C18.3 regulates
PIP4K2A, which is related to phospholipid metabolism by
modulating PI(4,5)P2 homeostasis [44, 45]. It has been pro-
posed that increased expressions of RP11-809C18.3 and

PIP4K2A may promote inositol phosphate metabolism,
which contributes to the process of PDC.

Up to now, only a few articles have investigated
LINC00690 in the PDC. Herein, we found that LINC00690
was downregulated in the blood of the subjects with PDC.
Furthermore, upregulated RFTN1 was the nearby targeted
mRNA of LINC00690. It is pointed out that RFTN1 is
involved in controlling lipopolysaccharide-induced TLR4
internalization and TICAM-1 signaling in a cell type-
specific manner [46]. A relevant study of RFTN1 has
revealed that common body mass index-associated variants
confer the risk of extreme obesity [47]. Our findings indi-
cated that the downregulation of LINC00690 and the upreg-
ulation of RFTN1 played a key role in the metabolic
disorders of PDC. However, further research is required to
validate the deeper function of LINC00690 and RFTN1 in
the PDC.

Among the dysregulated mRNAs, ARHGAP9 was the
nearby targeted mRNA of TTTY15. It has been demon-
strated that TTTY15 plays an important role in regulating
hypoxia-induced vascular endothelial cell injury [48].
Knockdown of long noncoding RNA TTTY15 helps protect
cardiomyocytes in case of hypoxia-induced apoptosis and
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mitochondrial energy metabolism dysfunction via TTTY15/
let-7i-5p and TLR3/NF-κB pathways [49]; and TTTY15
knockdown also protects cardiomyocytes from hypoxia-
induced injury by regulating the let-7b/MAPK6 axis [50]
or by regulating the miR-98-5p/CRP pathway [51]. More-
over, the polymorphism of ARHGAP9 is associated with
coronary artery spasm [38]. Herein, we found the interac-
tion between TTTY15 and ARHGAP9 in the PDC. Our
result suggested that upregulated TTTY15 and ARHGAP9
may play a vital role in metabolic disease, which could be
used as PDC biomarkers to assist in clinical diagnosis.

AC135048.13 is associated with the occurrence and
recurrence of myocardial infarction [52]. In this study, we
first found the top 10 downregulated expressions of
AC135048.13 in the blood of the subjects with PDC. Besides,
downregulated ORAI3 is associated with the changes in
cerebrovascular contractile responses in high-salt intake-
induced hypertension. The expression of ORAI3 proteins
has been linked to vascular and airway pathologies, includ-
ing restenosis, hypertension, and atopic asthma [53]. ORAI3
was the nearby targeted mRNA of AC135048.13. It has been
demonstrated that ORAI3 plays an important role in
patients with cardiac hypertrophy [54]. Herein, the interac-
tion between AC135048.13 and ORAI3 suggested that
decreased expression of AC135048.13 and ORAI3 was
involved in the lipid metabolism of the PDC. These findings
provided solid evidence that these lncRNAs and mRNAs
could be implicated in the pathogenesis of metabolic disor-
ders with the PDC. Furthermore, we speculated that these
lncRNAs played a potential regulatory role in the metabolic
regulation of phlegm-dampness-susceptible diseases.

Previous studies have found that subjects with PDC have
specific mRNA expression signatures and methylation pro-
files [12, 14]. As indicated in Fig. S2, the reproducibility of
the pathway was studied between this study and a previous
study by IPA. It showed that metabolism-related pathways
accounted for a large proportion of the two studies. Consis-
tent with the clinical observation that subjects with PDC
tend to develop a metabolic disorder, series-clustering anal-
ysis detected several key lipid metabolic genes (PRKAR1A,
ACSL4, SMPD3, etc.) [10, 12]. This study also confirmed
that subjects with PDC were a population with a dysregula-
tion tendency of metabolic disorder-related mRNAs
(Figure 2).

Nowadays, most studies have focused on the pathologi-
cal study of metabolic disease, while only a few have been
carried out on the prevention of metabolic diseases [55,
56]. Previously, Ma and coworkers have reported that
lncRNAs may regulate diverse gene expressions, which are
roughly summarized to epigenetic, transcriptional, and post-
transcriptional levels in cardiovascular diseases [22]. One of
the principles for “P4 medicine” is the preventive treatment
of disease. The “P4 medicine” plays an important role in the
diagnosis, prevention, and treatment of metabolic disease
[5]. This study explains which people are more likely to have
metabolic diseases, indicating that the research of the PDC is
a good pointcut to explore the undiseased state of metabolic
disorders. When PDC develops to metabolic diseases, it will
still have the characteristics of PDC. The PDC is a suscepti-

bility factor for metabolic diseases and coexists with meta-
bolic diseases. According to the results of epidemiological
studies, the occurrence of metabolic diseases is related to
the phlegm-dampness constitution (PDC) (P < 0:001) [57],
which is positively associated with the level of PDC
(P < 0:001) [9]. Compared with the balanced constitution
(BC), the patients of PDC are more likely to have hyperten-
sion and hyperlipidemia. Moreover, the use of peripheral
blood is a suitable method to identify surrogate markers in
TCM constitutions. Liew et al. have compared the peripheral
blood transcriptome with genes expressed in nine different
human tissue types [58]. They have found that expression
of over 80% is shared in any given tissue, and tissue-
specific gene transcripts can be detected in circulating blood
cells. Another advantage of peripheral blood is that it can be
dynamically monitored in real time, which is very conve-
nient. Furthermore, there are several limitations in the pres-
ent study. First, we need further experiments to gain
mechanistic insights. Related research should be viewed in
the future. Second, a larger sample size is necessary for fur-
ther in vivo and in vitro validation of identified differentially
lncRNAs and mRNAs. Third, lncRNAs and mRNAs in exo-
somes might be a better choice in the future.

5. Conclusions

Our study identified five pairs of lncRNA and mRNA that
could be used as potential biomarkers for the PDC, including
RP11-317J10.2-CA3, RP11-809C18.3-PIP4K2A, LINC0069-
RFTN1, TTTY15-ARHGEF9, and AC135048.13-ORAI3.
And lipid metabolic disorders could be associated with the
PDC. In conclusion, these results indicated several dysregu-
lated lncRNAs that were potentially associated with the
development and progression of metabolic diseases in the
PDC. These findings provided valuable insights into novel
therapeutic strategies for the prevention and treatment of met-
abolic disorders.
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Endothelial inflammation and vascular damage are essential risk factors contributing to hypertension. Suppressor of cytokine
signaling 3 (SOCS3) is involved in the regulation of multiple inflammatory pathways. A large number of studies have shown
that the anti-inflammatory effect of SOCS3 in hypertension, obesity, and allergic reactions has brought more insights into the
inhibition of inflammation. Therefore, we selected a tagSNP of SOCS3 (rs8064821) to investigate whether they are contributing
to the risk of hypertension in the Chinese population. In total, 532 patients with hypertension and 569 healthy controls were
enrolled for two central of China. SOCS3 rs8064821 C>A polymorphism was genotyped using TaqMan assay. SOCS3
rs8064821 CA genotype was associated with an increased risk of hypertension (OR = 1:821, 95%CI = 1:276-2.600, P = 0:001).
Rs8064821 A allele was associated with higher SOCS3 mRNA level in PBMCs from healthy donors. SOCS3 rs8064821 C>A
polymorphism may contribute to the risk of hypertension in the Chinese population by regulating the expression of SOCS3.

1. Introduction

Hypertension is the leading contributing factor to all-cause
global mortality Manosroi & Williams [1]. To date, hyperten-
sion affects over 1.2 billion individuals worldwide and has
become the most critical and expensive public health problem
Durham & Palmer [2]; Manosroi & Williams [1]; Rossier,
Bochud, & Devuyst [3]; Samson, Ayinapudi, Le Jemtel, &
Oparil [4]. It is the main risk factor for stroke (ischemic and
hemorrhagic) and coronary artery disease Manosroi & Wil-
liams [1]; Rossier et al. [3]. In the past decades, considerable
progress has been made in understanding that hypertension
is not a disease but a syndrome. Studies have shown that most
cases of hypertension are affected by environmental and dis-
ease factors, including drinking, smoking, changes in daily
habits, hyperlipidemia, atherosclerosis, and diabetes. At the
same time, genetic association studies have shown that genetic
susceptibility has a great influence on the risk and prognosis of

hypertension Kolifarhood et al. [5]. However, the genetic fac-
tors affecting hypertension are too complicated. Current
research shows that it is a multigene-regulated disease. Identi-
fying new risk sites for hypertension may help promote early
diagnosis and therapeutic intervention of the disease.

Suppressor of cytokine signaling 3 (SOCS3) maps to
chromosome 17q25.3 and consists of two exons Rancourt
et al. [6]. SOCS3 is one of the suppressors of the cytokine
signaling (SOCS) protein family. It modulates the outcome
of infections and autoimmune diseases. And it has been
shown to be involved in regulating signal transduction
through a variety of cytokines, including insulin signaling
and leptin signaling Carow & Rottenberg [7]. Recent studies
have found that SOCS1 and SOCS3 are strong negative feed-
back regulators of cytokine signaling mediated by Janus
kinase (JAK) signal transduction and transcription signal
pathway activators and can play a key role in the develop-
ment and progression of cancer and cardiovascular disease.
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The abnormal expression of SOCS3 in cancer cells, such as
breast cancer Sun et al. [8], gastric cancer Zhou, Peng, &
Xu [9], and small-cell lung cancer Zhao et al. [10], is related
to the disorder of cell growth, migration, and death induced
by a variety of cytokines and hormones in human cancers. It
has been reported that inflammatory activation can upregu-
late SOCS3 expression and induce cardiovascular diseases
Gan et al. [11]; Park et al. [12]; Wiejak, Dunlop, Mackay,
& Yarwood [13]. However, some researches also confirmed
that SOCS3 has a protective effect in limiting vascular
inflammation. SOCS3 can reduce the ability of IL-6 signal
transduction, thereby preventing vascular inflammatory dis-
eases, such as atherosclerosis Ortiz-Munoz et al. [14]. And
decreased SOCS3 leads to excessive production of inflamma-
tory molecules in VSMC, which leads to enhanced vascular
remodeling and vasoconstriction Tian et al. [15], while the
mechanism of how SOCS3 affects hypertension remains
unclear.

Obesity and chronic inflammation are key factors in the
occurrence of hypertension, and they mutually cause and
influence each other Mouton, Li, Hall, & Hall [16]. There is
no report that the polymorphism of SOCS3 is associated with
the risk of hypertension. Currently, Cid-Soto et al. found that
the CAT haplotype in SOCS3 is associated with metabolic syn-
drome inMestizos and correlated with protection against high
blood pressure Cid-Soto et al. [17]. However, many studies
have found that the polymorphisms of SOCS3 are related to
obesity and serum lipid levels. Obesity is strongly associated
with hypertension and cardiovascular disease Rahmouni, Cor-
reia, Haynes, & Mark [18]. Tessier et al. found that SOCS3
rs6501199, rs12944581, rs4969172, and rs4436839 polymor-
phisms affected the BMI of various ethnic groups Tessier, Fon-
taine-Bisson, Lefebvre, El-Sohemy, & Roy-Gagnon [19]. And
another study has found that rs4969170 in SOCS3 was signif-
icantly associated with BMI positively Li et al. [20]. Previous
studies have also found that rs4969168 Talbert et al. [21] and
rs12953258 Yao et al. [22] polymorphisms are related to dys-
lipidemia in different populations.

However, whether the SOCS3 gene polymorphism is
associated with the risk of hypertension has not been stud-
ied. The purpose of this study is to determine the predictive
biomarkers of hypertension risk in the Chinese population
and establish an experimental basis to improve the under-
standing of the causes and mechanisms of hypertension.

2. Materials and Methods

2.1. Study Participants. We recruited a total of 532 patients
with hypertension and 569 healthy controls from 2 hospitals
in 2 provinces of China. Among them, there are 274 hyper-
tension patients and 285 control individuals included
between January 2018 and December 2020 from the First
People’s Hospital of Jining City, Shandong Province. And
there are 248 hypertension patients and 279 control individ-
uals included between January 2020 and April 2021 from the
People’s Hospital of Guangxi Zhuang Autonomous Region.
Eligible patients were men and women aged 18-80 years,
with clinical evidence of hypertension as demonstrated by
the World Health Organization that stipulates systolic blood

pressure ðSBPÞ ≥ 140mmHg and/or diastolic blood pressure ð
DBPÞ ≥ 90mmHg. Major exclusion criteria covered tumors
or malignant diseases, severe hepatic or renal dysfunctions,
and pregnancy. Control individuals with similar age and gen-
der were selected from the physical examination center of the
same hospital. The study protocols received approval from the
People’s Hospital of Guangxi Zhuang Autonomous Region.
Informed consent was obtained from each participant or their
guardian before the research.

2.2. Polymorphism Selection. Genetic polymorphisms were
screened by the 1000 Genomes Project (http://www
.internationalgenome.org/). Haploview 4.2 was used to
select, and according to CHB and CHS, an unbalanced R2

value is more than 0.8, and the minimum allele frequency
(MAF) was greater than 5%. F-SNP software (http://
compbio.cs.queensu.ca/F-SNP/) was used to predict the pos-
sible functions of these selected sites. At last, we selected one
site (rs8064821 C>A) of SOCS3 tagSNPs based on the above
screening results and combined with the literature.

2.3. Genomic DNA Extraction and Genotyping. Genomic
DNA was extracted from whole blood using the E.Z.N.A.™
Blood DNAMidi Kit (D3494, Omega) according to the stan-
dard protocol. DNAs were stored at −80°C until analysis.
Genotype analysis was undertaken using TaqMan SNP
Genotyping Assay from Applied Biosystems using 7500
Real-Time PCR System. And genotyping was performed uti-
lizing TaqMan™ Genotyping Master Mix (4371355,
Thermo) and TaqMan probes (C_43672951_10, Thermo)
as recommended by the manufacturer.

2.4. Isolation of Peripheral Blood Mononuclear Cells
(PBMCs). 30 healthy control subjects were recruited from
the People’s Hospital of Guangxi Zhuang Autonomous
Region. An EDTA anticoagulant tube was used to obtain
5mL of peripheral venous blood from each subject. The
blood sample was diluted with an equal volume of
phosphate-buffered saline (PBS). PBMCs were stratified
using an equal volume of Histopaque-1077 (Sigma-Aldrich,
St. Louis, MO) and separated by centrifugation (400 × g)
for 30 minutes at room temperature.

2.5. RNA Isolation and Real-Time PCR. RNAiso Plus reagents
(9109, TAKARA) were utilized to extract the total RNA from
PBMCs. The absorbance of the extracted RNA was measured
on a spectrophotometer. Subsequently, the RNA samples were
converted to cDNA using PrimeScript RT Reagent Kit
(RR036A, TAKARA) according to the manufacturer’s instruc-
tion. The mRNA levels of SOCS3 in the samples were quanti-
fied with ABI 7500 Real-Time PCR System using SYBR
Premix EX Taq System (RR820A, TAKARA) following the
manufacturer’s instruction. The primer sequences involved in
the experiment were as follows: SOCS3, forward, 5′-CACA
TGGCACAAGCACAAGA-3′; reverse, 5′-AAGTGTCCCCT
GTTTGGAGG-3′; GAPDH, forward, 5′-CTGCACCACCA
ACTGCTTAG-3′, reverse, 5′-AGGTCCACCACTGACA
CGTT-3′. The expression of target genes was analyzed using
the 2-ΔΔCt method.
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2.6. Statistical Assay. All data are expressed as mean ± SD.
SPSS 19.0 (version 19.0 for Windows; Chicago, IL, USA) was
used for statistical analysis. Hardy–Weinberg equilibrium
was compared by the χ2 test. Unpaired two-tailed Student’s t
-test was used to determine statistical significance between
two groups’ normally distributed continuous variables. And
for multiple group comparison, one-way ANOVA analysis
was used. Logistic regression method was used to analyze the
effect of SOCS3 polymorphism on the risk of hypertension
adjusting for multiple cardiovascular risk factors. ORs and
95% CIs calculated from the logistic regression analysis were
used to assess the strength of association between SOCS3 poly-
morphisms and hypertension risk. A two-sided P value < 0.05
was considered statistically significant.

3. Results

3.1. Population Characteristics. The basic clinical character-
istics of the 532 hypertension patients and 569 healthy con-
trols are shown in Table 1. Patients with hypertension
showed significantly higher BMI, SBP, DBP, fasting blood
glucose (FBG), total cholesterol (TC), high-density lipopro-
tein cholesterol (HDL-C), and low-density lipoprotein cho-
lesterol (LDL-C) compared to the controls. Hypertension
patients also showed a higher prevalence of smoking. No sig-
nificant differences in gender and age were observed
between patients and controls (P > 0:05).

3.2. Association of SOCS3 rs8064821 C>A Polymorphisms
and Risk for Hypertension in the South of China. Genotype
distribution of the SOCS3 rs8064821 polymorphisms in both
controls and hypertension patients was in agreement with
the Hardy-Weinberg equilibrium (HWE) (control: HWE =
0:347, and hypertension: HWE = 0:812). Table 2 shows the
association between SOCS3 polymorphisms and hyperten-
sion risk in the south of China. Logistic regression analysis

showed that the rs8064821 TT genotypes were associated with
increased risk of hypertension (additive model: AA: odds
ratio ðORÞ = 2:558, 95%confidence interval ðCIÞ = 1:150
-5.690, P = 0:021; dominant model: OR = 1:509, 95%CI =
1:067-2.133, P = 0:020; and recessive model: OR = 2:232, 95
%CI = 1:017-4.897, P = 0:045). And after adjustment for age,
gender, BMI, smoking history, FBG, and dyslipidemia, the
result was also significant (additive model: CA: odds ratio ð
ORÞ = 2:647, 95%confidence interval ðCIÞ = 1:391-5.038, P =
0:003; AA: odds ratio ðORÞ = 5:776, 95%confidence interval ð
CIÞ = 1:613-20.682, P = 0:007; dominant model: OR = 2:943,
95%CI = 1:584-5.466, P = 0:001; and recessive model: OR =
3:729, 95%CI = 1:119-12.426, P = 0:032).

3.3. Association of SOCS3 rs8064821 C>A Polymorphisms
and Risk for Hypertension in the North of China. Similar to
the south of China, genotype distribution of the SNP was
in accordance with HWE in the controls and patients (con-
trol: HWE = 0:607, and hypertension: HWE = 0:654, respec-
tively). Logistic regression analyses revealed that
hypertension risk was increased significantly in the CA
genotype of rs8064821 polymorphism than the CC genotype
(additive model: CA: OR = 1:565, 95%CI = 1:100-2.228, P
= 0:013; dominant model: OR = 1:592, 95%CI = 1:135
-2.232, P = 0:007) as shown in Table 3. And after adjust-
ment, the association was still significant (additive model:
CA: OR = 1:965, 95%CI = 1:210-3.191, P = 0:006; dominant
model: OR = 1:854, 95%CI = 1:166-2.947, P = 0:009).

3.4. Association of SOCS3 rs8064821 C>A Polymorphisms
and Risk for Hypertension in Combined Subjects. Then, we
aggregated and analyzed all the data from the two centers
in Guangxi and Shandong Province. We found that the
polymorphism of rs8064821 was associated with the risk of
hypertension. Logistic regression analysis showed that the
rs8064821 CA and AA genotypes were associated with

Table 1: General characteristics of the hypertension patients and controls.

Characteristics
Guangxi Province Shandong Province Combined subjects

Control Hypertension P Control Hypertension P Control Hypertension P

Gender 279 248 290 274 569 522

Male (%) 168 (60.2%) 152 (61.3%) 159 (54.8%) 135 (49.3%) 327 (57.5%) 287 (55.0%)

Female (%) 111 (39.8%) 96 (38.7%) 0.801 131 (45.2%) 139 (50.7%) 0.187 242 (42.5%) 235 (45.0%) 0.408

Age (years) 53 ± 8 53 ± 8 0.231 53 ± 7 53 ± 8 0.394 53 ± 8 53 ± 8 0.146

BMI (kg/m2) 22:67 ± 1:52 25:27 ± 2:77 <0.001 23:40 ± 2:70 24:81 ± 3:61 <0.001 23:04 ± 2:23 25:02 ± 3:24 <0.001
SBP (mmHg) 121 ± 12 136 ± 20 <0.001 121 ± 11 139 ± 18 <0.001 121 ± 11 138 ± 19 <0.001
DBP (mmHg) 75 ± 7 84 ± 12 <0.001 76 ± 8 81 ± 13 <0.001 76 ± 8 82 ± 13 <0.001
Smoking history (%) 34 (12.2%) 61 (24.6%) <0.001 46 (15.9%) 77 (28.1%) <0.001 83 (14.6%) 138 (26.4%) <0.001
FBG (mmol/L) 4:58 ± 0:47 5:5 ± 1:19 <0.001 4:91 ± 0:65 5:44 ± 0:83 <0.001 4:75 ± 0:59 5:46 ± 1:01 <0.001
TG (mmol/L) 1:18 ± 0:40 2:04 ± 1:32 <0.001 1:33 ± 0:79 1:45 ± 0:95 0.127 1:26 ± 0:64 1:73 ± 1:18 <0.001
TC (mmol/L) 4:56 ± 0:61 5:00 ± 0:94 <0.001 4:21 ± 1:11 4:70 ± 1:10 <0.001 4:38 ± 0:92 4:85 ± 1:04 <0.001
HDL-C (mmol/L) 1:24 ± 0:35 1:24 ± 0:51 1 1:23 ± 0:32 1:42 ± 0:57 <0.001 1:24 ± 0:33 1:33 ± 0:55 <0.001
LDL-C (mmol/L) 2:55 ± 0:64 3:07 ± 1:64 <0.001 2:17 ± 0:86 2:40 ± 0:76 0.001 2:36 ± 0:78 2:72 ± 1:30 <0.001
BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; FBG: fasting blood glucose; TC: total cholesterol; TG: triglyceride; HDL-C:
high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol.
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increased risk of hypertension (additive model: CA: OR =
1:479, 95%CI = 1:150-1.902, P = 0:002; AA: OR = 2:110, 95
%CI = 1:225-3.634, P = 0:007; dominant model: OR = 1:548
, 95%CI = 1:215-1.971, P < 0:001; and recessive model: OR
= 1:811, 95%CI = 1:061-3.091, P = 0:029, Table 4). How-
ever, no significant association was observed after adjust-
ment for the recessive model, while the associations for
additive and dominant models were still significant (additive
model: CA: OR = 1:821, 95%CI = 1:276-2.600, P = 0:001;
AA: OR = 2:143, 95%CI = 1:042-4.410, P = 0:038; dominant
model: OR = 1:836, 95%CI = 1:326-2.619, P < 0:001).

3.5. Association of SOCS3 rs8064821 C>A Polymorphism
with SOCS3 Expression. In order to explore whether the
genetic polymorphism of rs8064821 is associated with the
mRNA expression level of SOCS3, we analyzed the relevant
information in the Genotype-Tissue Expression (GTEx)
database. As shown in Figure 1, rs8064821 A allele was asso-
ciated with increased SOCS3 mRNA in adipose tissue, such

as adipose subcutaneous and adipose visceral (the relative
expression median: CC: -0.09489, CA: 0.2325, AA: 0.4881,
P = 2:21e − 8; CC: -0.07741, CA: 0.2782, AA: -0.02204, P =
4:99e − 8, respectively). Similarly, in artery tissues, the
mRNA expression level of SOCS3 has the same correlation
with the rs8064821 genotype (artery aorta: CC: -0.08084,
CA: 0.4946, AA: 0.05818, P = 1:33e − 5; artery coronary:
CC: -0.08208, CA: 0.2727, AA: 0.6382, P = 1:02e − 2; and
artery tibial: CC: -0.1052, CA: 0.2445, AA: 0.2314, P = 1:54
e − 7, respectively). And in whole blood, the relative expres-
sion level of SOCS3 was higher in the CA and AA genotypes
than in the AA genotype (CC: -0.1179, CA: 0.2184, AA:
0.3954, P = 4:1e − 8).

To further verify the analysis results of the database, we
determined the mRNA expression level of SOCS3 in 30 ran-
domly selected healthy controls. PBMCs from 21 subjects
carrying the rs8064821 CC genotype were collected, the
others (n = 9) bearing the rs8064821 CA genotype. No
PBMCs from individuals with the rs8064821 AA genotype

Table 2: Association between SOCS3 rs8064821 C>A polymorphism and hypertension risk in Guangxi Province.

Models Genotypes
Control,

n = 279 (%)
Hypertension,
n = 248 (%)

Unadjusted OR
(95% CI)

P value
Adjusted OR∗

(95% CI)
Adjusted
P value∗

rs8064821
C>A HWE = 0:374 HWE = 0:812

Additive

CC 171 (61.3) 127 (51.2) 1.00 (reference) 1.00 (reference)

CA 98 (35.1) 102 (41.1)
1.401 (0.978-

2.009)
0.066 2.647 (1.391-5.038) 0.003

AA 10 (3.6) 19 (7.7)
2.558 (1.150-

5.690)
0.021

5.776 (1.613-
20.682)

0.007

Dominant
CC 171 (61.3) 127 (51.2) 1.00 (reference) 1.00 (reference)

CA/AA 108 (38.7) 121 (48.8)
1.509 (1.067-

2.133)
0.020 2.943 (1.584-5.466) 0.001

Recessive
CC/CA 269 (96.4) 229 (92.3) 1.00 (reference) 1.00 (reference)

AA 10 (3.6) 19 (7.7)
2.232 (1.017-

4.897)
0.045

3.729 (1.119-
12.426)

0.032

OR: odds ratio; CI: confidence interval. ∗Adjusted for age, gender, BMI, smoking history, FBG, and dyslipidemia.

Table 3: Association between S0CS3 rs8064821 C>A polymorphism and hypertension risk in Shandong Province.

Models Genotypes
Control,

n = 290 (%)
Hypertension,
n = 274 (%)

Unadjusted OR
(95% CI)

P value
Adjusted OR∗

(95% CI)
Adjusted
P value∗

rs8064821
C>A HWE = 0:607 HWE = 0:654

Additive

CC 187 (64.5) 146 (53.3) 1.00 (reference) 1.00 (reference)

CA 90 (31.0) 110 (40.1)
1.565 (1.100-

2.228)
0.013

1.965 (1.210-
3.191)

0.006

AA 13 (4.5) 18 (6.6)
1.773 (0.841-

3.738)
0.132

1.264 (0.456-
3.502)

0.653

Dominant
CC 187 (64.5) 100 (38.0) 1.00 (reference) 1.00 (reference)

CA/AA 103 (35.5) 163 (62.0)
1.592 (1.135-

2.232)
0.007

1.854 (1.166-
2.947)

0.009

Recessive
CC/CA 277 (95.5) 256 (93.4) 1.00 (reference) 1.00 (reference)

AA 13 (4.5) 18 (6.6)
1.498 (0.720-

3.119)
0.280

0.979 (0.361-
2.659)

0.967

OR: odds ratio; CI: confidence interval. ∗Adjusted for age, gender, BMI, smoking history, FBG, and dyslipidemia.
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were collected. As compared with PBMCs carrying the
rs8064821 CC genotype, the CA genotype showed signifi-
cantly higher levels of SOCS3 mRNA expression (P < 0:05,
Figure 2).

4. Discussion

In this study, we investigated whether SOCS3 gene polymor-
phism was involved in the risk of hypertension in the Chi-
nese population using individuals from two centers. The
results presented here represent that rs8064821 C>A poly-
morphism contributed to the risk of hypertension. Our
results demonstrated that the rs8064821 CA genotype was
associated with an increased risk of hypertension in the Chi-
nese Han population. Moreover, we observed that the
rs8064821 C>A polymorphism affected the expression level
of SOCS3 in healthy subjects, with subjects heterozygote
for the rs8064821 genotype showing significantly higher
mRNA level of SOCS3 than the AA genotype in PBMCs.

SOCS protein is usually expressed at low levels under
basal conditions, but it is rapidly induced by inflammatory
factors. Induced SOCS3 can block IL-6/JAK/STAT activity,
forming a classic negative feedback loop Moshapa, Riches-
Suman, & Palmer [23]. SOCS3 inhibits the activation of

JAK/STAT induced by IL-6 by directly inhibiting JAK kinase
activity, thereby preventing the binding of the substrate and
ATP Kershaw et al. [24]. Durham and Palmer found that IL-
6 activates JAK-STAT signaling to induce the transcription
of proinflammatory and proantigen genes, and SOCS3
restricts IL-6 signaling, which resists the progression of pul-
monary arterial hypertension (PAH) Durham & Palmer
[25]. Damage to endothelial function and vascular

Table 4: Association between SOCS3 rs8064821 C>A polymorphism and hypertension risk in combined subjects.

Models Genotypes
Control,

n = 569 (%)
Hypertension,
n = 522 (%)

Unadjusted OR
(95% CI)

P value
Adjusted OR∗

(95% CI)
Adjusted
P value∗

rs8064821
C>A HWE = 0:786 HWE = 0:368

Additive

CC 358 (62.9) 273 (52.3) 1.00 (reference) 1.00 (reference)

CA 188 (33.0) 212 (40.6)
1.479 (1.150-

1.902)
0.002

1.821 (1.276-
2.600)

0.001

AA 23 (4.1) 37 (7.1)
2.110 (1.225-

3.634)
0.007

2.143 (1.042-
4.410)

0.038

Dominant
CC 358 (62.9) 273 (52.3) 1.00 (reference) 1.00 (reference)

CA/AA 211 (37.1) 249 (47.7)
1.548 (1.215-

1.971)
<0.001 1.863 (1.326-

2.619)
<0.001

Recessive
CC/CA 546 (95.9) 485 (92.9) 1.00 (reference) 1.00 (reference)

AA 23 (4.1) 37 (7.1)
1.811 (1.061-

3.091)
0.029

1.696 (0.839-
3.428)

0.141

OR: odds ratio; CI: confidence interval. ∗Adjusted for age, gender, BMI, smoking history, FBG, and dyslipidemia.
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Figure 1: Effect of SOCS3 rs8064821 C>A polymorphism on SOCS3 mRNA expression in tissues from healthy normal donors.
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Figure 2: Effect of the SOCS3 rs8064821 C>A polymorphism on
SOCS3 mRNA expression in PBMCs.
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inflammation are key factors in the onset of hypertension.
Recently, a study also found that SOCS3 expression induced
by angiotensin II regulates the effect of inflammation.
Knockout of SOCS3 expression in bone marrow-derived
cells can prevent systemic angiotensin II-induced vascular
dysfunction and then affect the angiotensin II involved in
the control of blood pressure and cardiac contractility Li,
Kinzenbaw, Modrick, Pewe, & Faraci [26]. SOCS3 plays an
important role in maintaining the vascular function, and
the correlation between the polymorphism of SOCS3 and
cardiovascular disease has also been partially studied. A
recent study found a significant association between SOCS3
rs7221341 and decreased risk of high blood pressure. And
the SOCS3 rs7221341, rs4669168, and rs9914220 polymor-
phisms were associated with type 2 diabetes and high waist
circumference in Mexican Amerindians Cid-Soto et al.
[17]. In this study, we found that the SOCS3 rs8064821
C>A polymorphism is associated with the risk of hyperten-
sion. The risk of hypertension of the CA genotype is signif-
icantly higher than that of the CC genotype.

Some previous studies have found that the polymorphism
of SOCS3 rs8064821 is related to some diseases, such as cancer
and obesity. Reid-Lombardo et al. found that in patients with
resection of pancreatic cancer, the SOCS3 rs8064821 C>A
polymorphism was associated with a survival advantage of
approximately 10 months compared with noncarriers Reid-
Lombardo et al. [27], while Jiang et al. analyzed the association
between the genetic polymorphism of the SOCS3 gene and the
incidence and progression of hepatocellular carcinoma (HCC)
Jiang et al. [28]. They confirmed that the genotype frequencies
of rs12953258 and rs8064821 were not significantly different
between HCC and the control group. However, for the
rs4969170 polymorphism, the prevalence of GG in HCC
patients was higher than that in the control group. Boyraz
et al. found that SOCS3 rs8064821 G>T polymorphism is
associated with obesity parameters in children. Their results
showed that the GG genotype frequency at rs8064821 locus
is significantly higher in the nonmetabolic syndrome obese
group than in the metabolic syndrome obese group Boyraz
et al. [29]. In another study, the authors did not find the cor-
relation between rs4969169, rs12953258, and rs8064821 and
general obesity and central obesity in normal female twins
and also not related to the two indexes of insulin sensitivity
Jamshidi et al. [30]. In this study, we found that the SOCS3
rs8064821 C>A polymorphism is associated with the risk of
hypertension in the populations of the two centers. Mean-
while, the analysis after summarizing all subjects also yielded
similar results. The risk of hypertension of the CA or AA
genotype is about 1.8-fold than that of the CC type.

Hypertension is a disease affected by multiple factors,
and the activation of inflammatory pathways plays an
important role in its pathogenesis. SOCS3 modulates the
inflammatory pathways responsible for vascular stability.
Recently, Zhang et al. analyzed the data of blood transcripto-
mics in the GEO database and collected clinical subjects for
verification. They found that compared with healthy con-
trols, patients with stable coronary artery disease (CAD)
and acute coronary syndrome (ACS) had significantly lower
levels of SOCS3 expression. And the probe expression levels

of SOCS3 were significantly upregulated in patients with ST-
segment elevation myocardial infarction (STEMI) when
compared to stable CAD patients Zhang et al. [31]. Ali
et al. used ELISA to detect SOCS3 levels in serum. Their
results showed higher SOCS3 levels in the hypertensive
group versus normotensive Ali, Ali, Farhat, & Fatima [32].
A recent study found that SOCO3 has a certain value in pre-
dicting the efficacy of pregnancy-induced hypertension by
analyzing the plasma SOCS3 levels before and after being
treated with nifedipine in patients with pregnancy-induced
hypertension Zhao, Ai, Wu, & Dong [33]. These researches
suggest that the expression level of SOCS3 may be related
to the pathological process of hypertension. By analyzing
the data in the GTEx database, we found that the expression
level of the rs8064821 CA and AA genotype SOCS3 in adi-
pose tissue, artery, and whole blood was significantly higher
than that of the CC genotype. What is more, we found a sig-
nificant upregulation of SOCS3 in the CA genotype than in
the CC genotype in PBMCs. Previously, we used the F-
SNP online tool to predict the function of the polymorphism
of rs8064821. It was found that this site may affect the bind-
ing of transcription factors, which in turn affects the expres-
sion of SOCS3. Based on the results of this experiment, we
speculate that the SOCS3 rs8064821 C>A polymorphism
may affect the risk of hypertension by affecting the expres-
sion level of SOCS3.

While our results are promising, the intensity of current
research is accompanied by some limitations. We would like
to enlist all the limitations of the study:

(1) Although this is a two-center study, the participants
in this study are restricted to the Guangxi and Shan-
dong populations in China. Therefore, the current
research results cannot be generalized to other
racial/ethnic groups. Due to the small sample size,
although the calculation meets the statistical power,
there may still be deviations. Therefore, large-scale,
high-quality research should be conducted in the
future to verify these findings

(2) Due to the low frequency of the rs8064821 AA geno-
type (about 4% in healthy people), we did not collect
samples of the AA genotype when studying the SOCS3
mRNA expression levels of different genotypes. We
did not measure the expression levels of SOCS3
mRNA in peripheral blood PBMC cells of people with
the AA genotype, thus preventing us from exploring
the impact of the AA genotype on human phenotypes.
These data may lead to different conclusions about the
relationship between SOCS3 rs8064821 and its mRNA
expression. Further research needs to expand the RNA
sample to verify our conclusions

(3) The conclusion drawn here lacks universality. In our
study, the polymorphism of rs8064821 may affect
the mRNA expression of SOCS3, but the mechanism
is unclear. Although the previous studies have con-
firmed that the high expression of SOCS3 is relevant
to the increase of inflammatory factors and blood
lipid levels, whether the polymorphism of
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rs8064821 is related to it needs further experiments
to verify. Therefore, we need in vivo and in vitro
studies to confirm the mechanism of the association
between rs8064821 and the risk of hypertension

5. Conclusion

In conclusion, here, we provide the possibility of the SOCS3
rs8064821 C>A polymorphism in predicting hypertension
risk. Well-designed case-control studies with large samples
are needed to confirm these findings. Our study serves as a
basis for future replication studies in independent popula-
tions or functional studies of SOCS3 in hypertension risk.
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Objectives. The aim of this study was to provide the first study to systematically analyze the efficacy and safety of PCSK9-mAbs in
the treatment of familial hypercholesterolemia (FH). Methods. A computer was used to search the electronic Cochrane Library,
PubMed/MEDLINE, and Embase databases for clinical trials using the following search terms: “AMG 145”, “evolocumab”,
“SAR236553/REGN727”, “alirocumab”, “RG7652”, “LY3015014”, “RN316/bococizumab”, “PCSK9”, and “familial
hypercholesterolemia” up to November 2020. Study quality was assessed with the Cochrane Collaboration’s tool, and
publication bias was evaluated by a contour-enhanced funnel plot and the Harbord modification of the Egger test. After
obtaining the data, a meta-analysis was performed using R software, version 4.0.3. Results. A meta-analysis was performed
on 7 clinical trials (926 total patients). The results showed that PCSK9-mAbs reduced the LDL-C level by the greatest
margin, WMD −49.14%, 95% CI: −55.81 to −42.47%, on FH versus control groups. PCSK9-mAbs also significantly
reduced lipoprotein (a) (Lp (a)), total cholesterol (TC), triglycerides (TG), apolipoprotein-B (Apo-B), and non-high-density
lipoprotein cholesterol (non-HDL-C) levels and increased HDL-C and apolipoprotein-A1 (Apo-A1) levels of beneficial
lipoproteins. Moreover, no significant difference was found between PCSK9-mAbs treatment and placebo in common
adverse events, serious events, and laboratory adverse events. Conclusion. PCSK9-mAbs significantly decreased LDL-C and
other lipid levels with satisfactory safety and tolerability in FH treatment.

1. Introduction

Familial hypercholesterolemia (FH) is a common genetic
disorder that causes high low-density lipoprotein cholesterol
(LDL-C) level from birth, which causes atherosclerotic pla-
que deposition in the arteries and a markedly increased risk
of coronary heart disease (CHD) at a young age [1]. In FH,
the most common defect is loss-of-function mutations in
LDL receptor alleles. Other more uncommon causes of FH
are defects in apolipoprotein B (ApoB) and proprotein con-
vertase subtilisin/kexin type 9 serine (PCSK9) [2]. FH

includes homozygous and heterozygous types that have dif-
ferent symptoms, risks, and treatments. The incidence of FH
is approximately 1 in 200–500 individuals and confers a sig-
nificant risk for premature cardiovascular disease (CVD) [3].
Study has reported that the risk of premature CHD is ele-
vated approximately 20-fold in young untreated heterozy-
gous FH men and that homozygous FH patients typically
develop CHD by the second decade of life [4].

Over the past decades, lipid-lowering drugs such as
stains, ezetimibe, extended-release niacin formulations, and
newer bile acid sequestrants have substantially improved
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the treatment of FH patients. However, it has been clinically
observed that even if more than 50% of FH patients take
high-dose statins orally, many patients still do not achieve
desirable LDL cholesterol concentrations, and a high risk
of CVD remains [5]. PCSK9, a major regulator of LDL-C
levels, binds to the LDL receptor (LDLR) and is subsequently
internalized by the receptor to enhance LDL-C degradation
in endo-/lysosomal vesicles in the liver [6]. Phase 1 and 2 tri-
als of PCSK9-mAbs have shown that the level of LDL cho-
lesterol is further reduced by 55-60% when they are added
to existing lipid-lowering treatments, for example, stains
alone or statins combined with ezetimibe. Alirocumab/-
SAR236553/REGN727 and evolocumab/AMG145 are classic
human PCSK9-mAbs. In recent years, studies have demon-
strated that RG7652 [7], LY3015014 [8], and bococizu-
mab/RN316 [9] are effective for altering the lipidome of
plasma and lipoprotein fractions. However, these drug-
related clinical studies were terminated.

Clinical trials have proven that PCSK9-mAbs (alirocu-
mab and evolocumab) decrease the plasma LDL-C level in
FH patients. Other lipids and lipoproteins, such as lipopro-
tein (a) (Lp(a)), total cholesterol (TC), triglycerides (TG),
apolipoprotein-B (Apo-B), high-density lipoprotein choles-
terol (HDL-C), and apolipoprotein-A1 (Apo-A1), can also
benefit [10]. However, no report has comprehensively pin-
pointed the applicable targets of PCSK9-mAb-FH patients
with sufficient clinical outcomes. To confirm the efficacy
and safety of PCSK9-mAbs in FH patients, a total of 7 arti-
cles (926 patients) were assessed in this meta-analysis.

2. Methods

2.1. Literature Search. We followed the methods of our pre-
vious study described [11]. In general, we obtained individ-
ual participant data from studies identified through
systematic searches of the published literature performed

using the Cochrane Library, PubMed/MEDLINE, and
Embase databases (the following search terms were used:
“AMG 145”, “evolocumab”, “SAR236553/REGN727”, “aliro-
cumab”, “RG7652”, “LY3015014”, “RN316/bococizumab”,
“PCSK9”, and “familial hypercholesterolemia” clinical trial)
up to November 2020. We obtained articles in peer-
reviewed journals for electronic searches. Additional data,
especially original data not identified in the electronic data-
bases, were collected from other data resources, and we also
performed an additional search of the references of the
retrieved studies. Notably, we obtained original data by con-
tacting the corresponding authors when the data were not
reported in the identified published articles.

2.2. Selection of Studies for Inclusion in the Review. Cohort
studies were included if they met the following criteria: (1)
type of study: randomized controlled trials (RCTs); (2) types
of participants: FH diagnosis in accordance with clinical cri-
teria or DNA-based analyses; (3) type of interventions:
patients received PCSK9-mAbs; and (4) safety and efficacy
outcomes of PCSK9-mAbs. The exclusion criteria were as
follows: (1) duplicate reports describing the same cohort;
(2) certain publication types, such as conference abstracts,
letters, comments, case reports, and editorials; (3) repeated
patient population for long-term research on the efficacy
and safety of PCSK9-mAbs; and (4) non-FH subjects
included in the study population.

2.3. Data Extraction. All studies retrieved by the search strat-
egy were independently screened by 2 reviewers (XYG and
TTZ). The initial prescreening was performed by reading
the titles and abstracts to select relevant studies for further
data extraction. Secondary selection was conducted by com-
prehensively reviewing the full text of all initially identified
articles to determine whether the necessary information
was reported. Basic information was extracted as follows:

Records identified
through database

searching
(n = 993)

Records screened
(n = 55)

Full-text articles
assessed for eligibility

(n = 37)

Studies included in
quantitative synthesis

(meta-analysis)
(n = 7)

Id
en

tif
ic

at
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n
Sc

re
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g

El
ig

ib
ili
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In

clu
de

d
Records excluded

(n = 18)
Full-text articles

excluded, with reasons
(n = 30)

Repeated patient
population for long-term
research on the efficacy

and safety of PCSK9
inhibitors

Mixed with other
diseases

Clinical or outcome data
not reported

Figure 1: Study and patient selection.
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author, year, patient number, mean age (y) at baseline, the
type of PCSK9-mAbs, control, drug regimen, duration, study
time, and area. Then, we extracted the corresponding mean
differences, 95% CI or LS mean percent change, and SE from
baseline of each lipid items, including LDL-C, HDL-C, non-
HDL-C, TC, Apo-B and Apo-A1, TG, and Lp(a), as the pri-
mary outcomes. Safety endpoints covering the common
adverse events, serious events, and laboratory adverse events
were compared between the treatment and control groups.

2.4. Quality Evaluation. The literature quality evaluation
used the Cochrane risk assessment form to conduct risk
assessment on the included studies as descripted by
“McKenzie et al.” [12]. The assessment content includes
(1) whether the random method is correct; (2) whether the
allocation is hidden; (3) whether the implementer and par-
ticipants are blinded; (4) whether the result analysis applies
the blinding method; whether the data results are fully
reported; (5) whether there is selective reporting; and
whether there are other biases. According to specific circum-
stances, the risk assessment results are divided into three sit-
uations: high, low, and unclear. High-risk assessment
research may lead to unsound analysis results, which are
analyzed in sensitivity analysis and subgroup analysis.

2.5. Appraisal of the Risk of Bias of the Included Studies.
Potential publication bias was evaluated by visually
contour-enhanced funnel plots and Egger’s test. According
to the Egger methods for evaluating publication bias, a
two-sided p value of 0.10 or less was regarded as significant.

2.6. Sensitivity Analysis. When substantial heterogeneity was
noted between trials, leave-one-out sensitivity analysis was
used, which means removing one study each time and
repeating the analysis to determine whether exclusion of
any one of the included studies altered the results.

2.7. Statistical Analysis. Statistical analyses were performed
using R software, version 4.0.3 (R Foundation). The χ2

statistic and independent-samples T-tests were used to
assess differences in the baseline characteristics of the
two groups. The risk ratio (RR) and weighted mean differ-
ence (WMD) were calculated and presented with the 95%
confidence interval (CI) for summary estimates. Due to
the heterogeneity among the included studies, appropriate
statistical models were selected to ensure that the statistical
data were estimated correctly. Statistical heterogeneity
between studies was assessed using the χ2 test, with a p
value of less than 0.1 considered to indicate statistical sig-
nificance, and heterogeneity was quantified using the
inconsistency (I2) statistic. The I2 statistic describes the
percentage of total variation across studies due to signifi-
cant heterogeneity rather than random chance. An I2 sta-
tistic greater than 50% suggests considerable heterogeneity
among the studies. Publication bias was assessed using
contour-enhanced funnel plots. Because the visual inter-
pretation of funnel plot asymmetry is inherently subjective,
we also formally tested funnel plot asymmetry using the
Harbord modification of Egger’s test. Statistical signifi-
cance was set at a p value < 0.05.

Random sequence generation (selection bias)

Blinding of participants and personnel (performance bias)
Allocation concealment (selection bias)

Blinding of outcome assessment (detection bias)

Selective reporting (reporting bias)
Incomplete outcome data (attrition bias)

Other bias

Random sequence generation (selection bias)

Blinding of participants and personnel (Performance bias)

Allocation concealment (selection bias)

Blinding of outcome assessment (detection bias)

Selective reporting (reporting bias)
Incomplete outcome data (attrition bias)

Other bias
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Figure 2: Risk-of-bias graph and summary table: review authors’ judgments about each risk-of-bias item presented as percentages across all
included studies.
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Figure 3: Continued.
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3. Results

3.1. Study Selection and Characteristics. Literature search
results and characteristics were initially obtained from 993
articles, and there were 55 clinical studies. Eighteen papers
were removed after reviewing the titles and abstracts. Then,
the full text of each of the remaining 37 articles was retrieved
for further review to determine whether they met the prede-
termined criteria. Finally, 7 papers were identified and
included in the present study (Figure 1). As a result, 7 stud-
ies encompassing a total of 926 patients were selected
[13–19]. Among them, 3 trials used evolocumab (AMG
145), and 4 studies used alirocumab (SAR236553/-
REGN727) treatment. Baseline characteristics were detailed,
giving substantially similar basic values between PCSK9-
mAbs and controls. The mean age of the subjects ranged
from 31 to 59 years old. All trials were published between
2012 and 2016 with a follow-up period ranging from 8 to
78 weeks (Table 1) and a low risk of bias (Figure 2).

3.2. Bias Assessment and Consistency Test. Funnel plots were
used to investigate the presence of small-study effects and
publication bias. Figure 3 shows the contour-enhanced fun-
nel plots and the Harbord modification of the Egger test of
the studies included in this meta-analysis for adverse events,
such as common adverse events, serious adverse events, and
laboratory adverse events. There was no apparent asymme-
try for the studies examining PCSK9-mAbs versus placebo
for most of the adverse events, other than leading to treat-
ment discontinuation and creatine kinase level
(CK ≥ 3 × upper limit of normal (ULN)).

3.3. Efficacy Outcomes of PCSK9-mAbs. We could see from
Figure 4 that PCSK9-mAbs markedly decreased the LDL-C
level by -49.14%, 95% CI: -55.81 to -42.47%, I2: 99%, p <
0:01 (Figure 4(a)), and increased the level of HDL-C by
6.41%, 95% CI: 4.09 to 8.73%, I2: 95%, p < 0:01
(Figure 4(b)), and Apo-A1 by 8.27, 95% CI: 3.38 to 13.16%,
I2: 99%, p < 0:01 (Figure 4(c)). They also decreased the level
of Apo-B by -38.09%, 95% CI: -45.03 to 31.16%, I2: 98%, p
< 0:01 (Figure 4(d)); non-HDL-C by -46.26%, 95% CI:

-53.45 to 39.06%, I2: 93%, p < 0:01 (Figure 4(e)); TC by
-36.47%, 95% CI: -42.09 to 28.84%, I2: 97%, p < 0:01
(Figure 4(f)); TG by -10.26%, 95% CI: -18.68 to -1.84%, I2:
95%, p < 0:01 (Figure 4(g)); and Lp(a) by -17.65%, 95% CI:
-24.75 to -10.55%, I2: 98%, p < 0:01 (Figure 4(h)).

As a lipid outcome of evolocumab, a significant reduc-
tion in LDL-C level was achieved (WMD: −49.45%, 95%
CI: −57.04 to -41.85%, I2: 99%, p < 0:01, Figure 4(a)). In
addition, HDL-C level obviously increased by 5.94% (95%
CI: 3.11 to 8.76%, I2: 97%, p < 0:01, Figure 4(b)), and Apo-
A1 level increased by 5.20% (95% CI: -1.66 to 12.06%, I2:
100%, p < 0:01, Figure 4(c)). Furthermore, Apo-B level obvi-
ously decreased by -40.12% (95% CI: -46.47 to -33.78%, I2:
99%, p < 0:01, Figure 4(d)), non-HDL-C level by -54.21%
(95% CI: -55.48 to -52.94%, I2: 76%, p = 0:043,
Figure 4(e)), TC level by -40.30% (95% CI: -41.08 to
39.52%, I2: 97%, p < 0:01, Figure 4(f)), TG level by -14.07%
(95% CI: -19.74 to -8.41%, I2: 97%, p < 0:01, Figure 4(g)),
and Lp(a) level by -22.56% (95% CI: -30.33 to -14.78%, I2:
99%, p < 0:01, Figure 4(h)) versus placebo.

As a lipid outcome of alirocumab, a significant reduction
in LDL-C level was achieved (mean reduction: −49.10%,
95% CI: −57.91 to -40.28%, I2: 97%, p < 0:01, Figure 4(a)).
In addition, HDL-C level obviously increased by 7.12%
(95% CI: 2.83 to 11.42%, I2: 93%, p < 0:01, Figure 4(b))
and Apo-A1 level increased by 11.43% (95% CI: 6.19 to
16.66%, I2: 93%, p < 0:01, Figure 4(c)). Moreover, Apo-B
level obviously decreased by -36.38% (95% CI: -43.75 to
-29.01%, I2: 97%, p < 0:01, Figure 4(d)), non-HDL-C level
by -40.79% (95% CI: -47.00 to –34.58%, I2: 95%, p < 0:01,
Figure 4(e)), TC level by -33.80% (95% CI: -40.24 to
27.36%, I2: 97%, p < 0:01, Figure 4(f)), TG level by -5.68%
(95% CI: -5.93 to –5.43%, I2: 0%, p = 0:968, Figure 4(g)),
and Lp(a) level by -12.89% (95% CI: -20.17 to -5.61%, I2:
94%, p < 0:01, Figure 4(h)) versus placebo.

3.4. Safety Outcomes of PCSK9-mAbs. We compared the
safety endpoints covering the common adverse events, seri-
ous events, and laboratory adverse events between the
PCSK9-mAbs and control groups and found that the overall
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Figure 3: Appraisal of the risk of bias of the included studies: (a) any adverse events; (b) serious adverse events; (c) leading to treatment
discontinuation; (d) adjudicated cardiovascular events; (e) nervous system disorders; (f) creatine kinase (CK ≥ 3 × ULN); (g) headache;
(h) nasopharyngitis; (i) abnormal liver function risk (AST/ALT ≥ 3 × ULN); (j) injection site reactions.
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Figure 4: Continued.
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Figure 4: Forest plots depicting the effect of PCSK9 monoclonal antibody on FH; (a) on LDL-C; (b) on HDL-C; (c) on Apo-A1; (d) on Apo-
B; (e) on non-HDL-C; (f) on TC; (g) on TG; (h) on Lp(a).
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Figure 5: Continued.
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Figure 5: Forest plot depicting the adverse event rates of PCSK9 monoclonal antibody on FH compared with placebo controls on adverse
events, serious events, and laboratory adverse events: (a) any adverse events; (b) serious adverse events; (c) leading to treatment
discontinuation; (d) adjudicated cardiovascular events; (e) nervous system disorders; (f) creatine kinase (CK ≥ 3 × ULN); (g) headache;
(h) nasopharyngitis; (i) abnormal liver function risk (AST/ALT ≥ 3 × ULN); (j) injection site reactions.

Table 2: Prespecified safety end points. No statistical differences between the PCSK9-mAbs and control groups.

Pre-specified Safety endpoints
PCSK9-mAbs Control

χ2 p value
No. of patients/objects Rate (%) No. of patients/objects Rate (%)

Any adverse events 209/342 0.6111111 119/203 0.5862069 0.33 0.314

Serious adverse events 13/256 0.0507813 4/126 0.031746 0.72 0.287

Nervous system disorders 13/162 0.0802469 3/87 0.0344828 1.972 0.127

Injection site reactions 26/398 0.0653266 8/203 0.0394089 1.692 0.131

Leading to treatment discontinuation 10/257 0.0446429 4/128 0.03125 0.143 0.477

Nasopharyngitis 31/310 0.1 10/153 0.0653595 1.523 0.144

Back pain 7/151 0.0463576 2/75 0.0266667 0.508 0.377

Headache 13/277 0.0469314 7/137· 0.0510949 0.035 0.513

ALT, AST, or both ≥3 × ULN 8/216 0.037037 2/107 0.0186916 0.803 0.3

Positively adjudicated cardiovascular events 14/239 0.0585774 7/125 0.056 0.01 0.563

Creatinine kinase ≥ 3 × ULN 10/248 0.0403226 2/128 0.0169492 1.667 0.164
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Figure 6: Continued.
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incidence of common adverse events (RR: 1.00, 95% CI: 0.82 to
1.22, I2: 44%, p = 0:10), serious adverse events (RR: 1.18, 95%
CI: 0.39 to 3.54, I2: 0%, p = 0:40), and leading to treatment dis-
continuation (RR: 1.23, 95% CI: 0.40 to 3.84, I2: 0%, p = 0:95)
implied no obvious differences versus placebo. No significant
heterogeneity was found in positively adjudicated cardiovascu-
lar events by RR: 0.88, 95% CI: 0.28 to 2.80, I2: 22%, p = 0:28;
nervous system disorders by RR: 1.95, 95% CI: 0.52 to 7.28, I2

: 14%, p = 0:31; creatine kinase (CK ≥ 3 × ULN) by RR: 1.70,
95% CI: 0.47 to 6.20, I2: 0%, p = 0:76; headache by RR: 0.88,
95% CI: 0.35 to 2.20, I2: 0%, p = 0:55; nasopharyngitis by RR:
1.38, 95% CI: 0.71 to 2.68, I2: 0%, p = 0:93; abnormal liver func-
tion risk (AST/ALT ≥ 3 × ULN) in patients by RR: 1.60, 95%
CI: 0.39 to 6.49, I2: 0%, p = 0:86; and injection site reactions
by RR: 1.77, 95% CI: 0.83 to 3.77, I2: 0%, p = 0:60, versus pla-
cebo (Figure 5).

Moreover, an additional table that describes the safety
events of interest, common adverse events, and laboratory
adverse events of PCSK9-mAbs was included, and we found
no significant differences between the PCSK9-mAbs and
control groups. A chi-square (χ2) statistic was used to assess
the magnitude of heterogeneity, and a p value < 0.05 was
considered to be statistically significant (Table 2).

3.5. Sensitivity Analysis. To explain the high heterogeneity
observed among all efficacy outcomes, we performed leave-
one-out sensitivity analysis among the studies. We found
that the statistical significance or nonsignificance of the dif-
ferences between groups was not altered. This suggested that
none of the included studies individually changed the overall
result (Figure 6). Moreover, there was also no change in
safety outcomes (Figure 7).

4. Discussion

To the best of our knowledge, this is the first meta-analysis
using sufficient clinical outcomes to systematically analyze
the efficacy and safety of PCSK9-mAbs in the treatment of
FH patients. In the present analysis, a total of 7 studies
encompassing 926 patients with FH were included. The
main aim is to solve whether PCSK9-mAbs treatment can
reduce the levels of lipids of FH patients with satisfactory
safety and tolerability.

FH is an inherited disease due to a genetic mutation and
is not caused by the external environment or improper life-
style. As mentioned before, FH includes two main subtypes:
HeFH and homozygous FH. They are different in symptoms,
risks, and treatments. In genetics, HeFH is caused by a path-
ogenic variant in one allele, while biallelic mutations in one
of the known genes or compound heterozygosity for two dif-
ferent mutations in the same or different candidate genes
cause homozygous FH. HeFH affects between one in 250
and one in 300 people worldwide, and the prevalence of
homozygous FH may be 1 in 160,000 [20]. The risk of pre-
mature CHD in heterozygous FH is elevated approximately
20-fold [4], and homozygous FH patients develop CHD
early by the second decade of life. In homozygous FH, valvu-
lar and supravalvular aortic stenosis induced by lipid depo-
sition has also been reported, whereas rarely in HeFH [21].
To date, 12 meta-analysis studies have analyzed the efficacy
and safety of PCSK9-mAbs in hypercholesterolemia [9,
22–32]. Among these studies, there were two in FH patients.
However, one report studied the role and safety of evolocu-
mab but did not include alirocumab [33]. In another study,
although the role and safety of PCSK9-mAbs, including evo-
locumab and alirocumab, were discussed, the patients with
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Figure 6: Sensitivity analysis of efficacy outcomes: (a) on LDL-C; (b) on HDL-C; (c) on Apo-A1; (d) on Apo-B; (e) on non-HDL-C; (f) on
TC; (g) on TG; (h) on Lp(a).
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Figure 7: Continued.

13BioMed Research International



RE
TR
AC
TE
D

FH were controversial because the data extracted by the
authors did not exclude the non-FH patients included in
the clinical study [10]. Therefore, strictly speaking, our
meta-analysis is the first study to systematically analyze the
efficacy and safety of PCSK9-mAbs in the treatment of FH
patients alone. In addition, we conducted a variety of sensi-
tivity analyses for the included literature to ensure the reli-
ability of the literature screening and results, including
leave-one-out sensitivity analysis, contour-enhanced funnel
plots, and the Harbord modification of Egger test. Moreover,
we conducted a subgroup analysis of PCSK9-mAbs and ana-
lyzed the efficacy outcomes and safety outcomes of evolocu-
mab and alirocumab in the treatment of FH, respectively.

In this study, we conducted a systematic evaluation of the
efficacy and safety of PCSK9-mAbs in FH patients. The results
of this study showed that PCSK9-mAbs reduced the level of the
main research index LDL-C and also significantly reduced the
levels of TG, TC, non-HDL-C, and Apo B, Lp(a) and increased
the levels of HDL-C and Apo-A1, which are beneficial lipopro-

teins. Elevated LDL is an important pathological factor for
CVD. The latest Mendelian Randomization Study Tips pub-
lished by JACC based on the UK Biobank and Global Lipid
Genetics Consortium (Global Lipid Genetics Consortium)
demonstrated that LDL cholesterol and triglycerides induced
myocardial remodeling by increasing LV mass, suggesting that
they influence the development of CVD not only through ath-
erosclerosis but also by causing adverse alterations in cardiac
structure and function [34, 35]. In the present study, we
showed that PCSK9-mAbs significantly reduced LDL and TG
levels by -49.14% and -10.26%, respectively. The Apo-B/Apo-
A1 ratio has been previously suggested to be a better risk indi-
cator for CVD and MI than the level of lipids [36], and we
demonstrated that in the PCSK9-mAbs treatment group, the
level of Apo-B decreased while that of Apo-A1 increased. This
result indicates that PCSK9-mAbs therapy can greatly lower
the primary risk factors for heart disease with an obvious
decrease in the Apo-B/Apo-A1 ratio. Recent studies have
reported that Lp(a) not only serves as a “traditional”
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Figure 7: Sensitivity analysis of safety outcomes: (a) any adverse events; (b) serious adverse events; (c) leading to treatment discontinuation;
(d) adjudicated cardiovascular events; (e) nervous system disorders; (f) creatine kinase (CK ≥ 3 × ULN); (g) headache; (h) nasopharyngitis;
(i) abnormal liver function risk (AST/ALT ≥ 3 × ULN); (j) injection site reactions.
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atherosclerotic cardiovascular disease (ASCVD) risk factor but
also improves the accuracy of cardiovascular risk stratification
[37]. Compelling evidence from traditional epidemiological,
genome-wide association, and Mendelian randomization
studies has revealed that elevated plasma Lp(a) level increases
the risk of acute myocardial infarction (AMI), ischemic stroke,
calcific aortic valve disease, and peripheral arterial disease in
non-FH patients [38]. Elevated lipoprotein (a) was found to
be a significant CVD risk factor in HeFH [39], and Lp(a) level
above 50mg/dL is recently found to be an independent risk
factor for calcific aortic valvulopathy among HeFH patients
[40]. Safety analysis demonstrated that PCSK9-mAbs showed
good safety, and the incidence of common and serious adverse
reactions was basically the same as that of the placebo group in
addition to abnormal liver function risk.

Several limitations should be taken into consideration.
First, significant heterogeneities were observed in most of the
efficacy outcomes, which may be related to the patient’s base-
line level, drug intervention time, the type and dose of PCSK9-
mAbs, etc., but we failed to reveal the heterogeneities by divid-
ing into subgroups or using sensitivity methods. Second, there
are still a number of large-scale randomized clinical controlled
studies in progress, and we should take caution in interpreting
the results of the meta-analysis when combining heteroge-
neous data sets. Third, most of the treatment cycles included
in clinical studies were between 12 and 24 weeks, and the
adverse reactions that require long-term observation could
not be effectively evaluated. Despite these limitations, our
meta-analysis proves that PCSK9-mAbs exert significant pro-
tection from FH, including decreasing the plasma levels of
LDL-C and Lp(a), TC, TG, and Apo-B and increasing the
plasma levels of HDL-C and Apo-A1. Outcomes are sufficient
enough to compensate our clinical guidelines. Hopefully, its
long-term therapeutic efficacy, safety, and clinical outcomes
should be confirmed by more RCTs.

5. Conclusion

In this review, we presented evidence from 7 published clin-
ical trials and suggested that among 926 FH patients,
PCSK9-mAbs significantly decreased the level of LDL-C
and other lipids with satisfactory safety and tolerability.
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Pulmonary hypertension (PH) is occult, with no distinctive clinical manifestations and a poor prognosis. Pulmonary vascular
remodelling is an important pathological feature in which pulmonary artery smooth muscle cells (PASMCs) phenotypic
switching plays a crucial role. MicroRNAs (miRNAs) are a class of evolutionarily highly conserved single-stranded small
noncoding RNAs. An increasing number of studies have shown that miRNAs play an important role in the occurrence
and development of PH by regulating PASMCs phenotypic switching, which is expected to be a potential target for the
prevention and treatment of PH. miRNAs such as miR-221, miR-15b, miR-96, miR-24, miR-23a, miR-9, miR-214, and
miR-20a can promote PASMCs phenotypic switching, while such as miR-21, miR-132, miR-449, miR-206, miR-124, miR-
30c, miR-140, and the miR-17~92 cluster can inhibit it. The article reviews the research progress on growth factor-related
miRNAs and hypoxia-related miRNAs that mediate PASMCs phenotypic switching in PH.

1. Introduction

Pulmonary hypertension (PH) is a serious cardiopulmonary
disease that occurs as a primary rare disease or as a concur-
rent condition of various cardiac, pulmonary, or systemic
diseases. PH has multiple predisposing factors, but all forms
of PH show a common arteriopathy, including pulmonary
vasoconstriction, vascular remodelling, and subsequent vas-
cular lumen occlusion, although their evolution and progno-
sis vary depending on the aetiology. These alterations then
trigger an increase in pulmonary vascular resistance and
compensatory right ventricular hypertrophy, which ulti-
mately result in mortality [1].

Pulmonary vascular remodelling involving the intima,
media, and adventitia is a critical pathological change in
all PH types. In the process of pulmonary vascular remod-
elling in patients with PH, vascular endothelial injury, vas-
cular media hypertrophy, muscle fibrosis of peripheral

vessels, and an increase in extracellular matrix (ECM)
often occur, resulting in conformational changes. As a
result, the pulmonary vascular lumen will constrict, small
resistant pulmonary arteries will be progressively occluded,
and angioproliferative plexiform lesions will form, which
regulate PH progression [2].

The overproliferation of pulmonary arterial smooth
muscle cells (PASMCs), an important component of the vas-
cular media, caused by the disruption of the proliferation/a-
poptosis balance of PASMCs and phenotypic switching is
the main cause of pulmonary vascular remodelling in PH.
SMCs can contract blood vessels and regulate vascular ten-
sion, blood pressure, and blood flow distribution. Under
normal conditions, they are static and differentiated, show-
ing low proliferation and low synthetic activity. However,
under pathological conditions such as hypoxia and inflam-
mation, SMCs undergo phenotypic switching, which is char-
acterized by hyperplastic and antiapoptotic properties.
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Because of the overproliferation and migration of synthetic
phenotypic SMCs in a dedifferentiated state and the secre-
tion of collagen, elastin, proteoglycan, and ECM contractile
proteins, pulmonary arterioles and capillary walls become
thickened or even occluded, the lumen of blood vessels
becomes narrowed, and blood flow resistance increases;
these changes, in turn, increase the pressure in the pulmo-
nary arteries and promote the development of pulmonary
vascular remodelling [3]. Therefore, PASMCs phenotypic
switching is a key link in pulmonary vascular remodelling
and is particularly important in PH. The mechanism behind
phenotypic switching is complicated. Many studies have
investigated the mechanism of PASMCs phenotypic switch-
ing, and some have involved various signalling pathways,
such as the MAPK/ERK1/2 and PI3K/AKT signalling path-
ways [4, 5]. Interventions targeting the abnormal differenti-
ation, migration, and proliferation mechanisms of PASMCs
have been shown to effectively inhibit pulmonary vascular
remodelling and treat PH.

MicroRNAs (miRNAs) are 18–22 nucleotides (nt) in
length and are single-stranded noncoding small RNAs.
Binding to the 3′-untranslated region (3′-UTR) of messen-
ger RNAs (mRNAs) to degrade mRNA and/or inhibit target
gene translation is the primary mode of action of miRNAs,
which widely regulate gene expression. The discovery of
miRNAs and their function constitutes a major break-
through in the field of medicine. The role of miRNAs in var-
ious cardiovascular diseases, including ischaemia, tumour
angiogenesis, and atherosclerosis (AS), has attracted consid-
erable attention in recent decades. In particular, the abnor-
mal expression of miRNAs in PH has attracted much
recent attention among scholars. miRNAs are involved in
the differentiation of vascular endothelial cells and PASMCs.
Under the influence of inflammation, hypoxia, external
stimuli, and other factors, miRNAs can regulate the produc-
tion of cytokines, chemokines, and various growth factors by
regulating the expression of related genes. These modula-
tions further alter the biological behaviour of vascular endo-
thelial damage, SMC proliferation, migration and
phenotypic switching, and abnormal ECM deposition,
which are the cellular and molecular bases of PH [6].

Despite recent progress in our understanding of the
pathophysiological mechanism of PH and significant
improvements in symptomatic treatment, the rapid progres-
sion and lethal course of the disease have not substantially
changed [7]. There is therefore an urgent need to identify
new potential therapeutic targets. The treatment of PH
should not only solve the problem of vasoconstriction but
also address the deeper problem of vascular remodelling.
Controlling the expression of genes and proteins can funda-
mentally regulate the occurrence and development of PH.
miRNA dysregulation is closely related to the physiopathol-
ogy of PH. Consequently, miRNA-based therapeutics have
constituted a new hope for the reversal of the PH process
in clinical practice. In view of the key regulatory role of miR-
NAs in PASMCs phenotypic switching, this review describes
the current research progress regarding miRNAs involved in
PASMCs phenotypic switching in PH from two aspects—-
growth factor-related miRNAs and hypoxia-related miR-

NAs—to further clarify the pathogenesis of PH and
provides an important experimental and theoretical basis
for the application of miRNAs in targeted PH therapies.

2. Brief Description of PH, Phenotypic
Switching, and their Relationship

2.1. Pulmonary Hypertension

2.1.1. Overview of PH. PH refers to a class of progressive dis-
eases of different aetiologies. The main cause of the disease is
primary pulmonary arteriolar lesions leading to increased
pulmonary artery resistance and eventually to death from
right heart failure [8]. PH was divided into five categories
at the sixth World Symposium on Pulmonary Hypertension
(WSPH): pulmonary arterial hypertension (PAH), PH asso-
ciated with left heart disease, PH associated with lung disea-
se/hypoxia, PH due to pulmonary arterial obstructions, and
PH with unclear and/or multifactorial mechanisms [9]. By
2011, in all its variant presentations, PH was estimated to
affect up to 100 million people worldwide [10].

Since 1973, PH has been defined as a mean pulmonary
arterial pressure ðmPAPÞ ≥ 25mmHg; however, the defini-
tion was recommended to be changed to mPAP > 20
mmHg at the sixth WSPH [11]. .PH has previously been
called an orphan disease, that is, a condition that affects rel-
atively few individuals and is overlooked by the medical pro-
fession and pharmaceutical industry [12]. Today, PH is no
longer ignored, and research on PH is intensifying. Impor-
tant findings have greatly improved our understanding of
this disease and have helped guide patient management. In
1891, Dr. Romberg, a famous German doctor, reported the
first PH case, describing a 24-year-old patient who experi-
enced severe dyspnoea, chronic drowsiness, and cyanosis
prior to death. Romberg’s autopsy report of the patient
revealed vascular lesions in the small pulmonary arteries
and severe right ventricular hypertrophy. Romberg, how-
ever, was unable to identify a pathological cause of the pul-
monary artery lesions and ultimately described them as
“pulmonary vascular sclerosis” of unknown origin [13, 14].
In the 1940s, Coumard used cardiac catheters to directly
measure pulmonary artery pressure, and people began to
understand PH from a haemodynamic perspective. Thereaf-
ter, Dresdale reported a patient with unexplained PH and
termed it primary pulmonary hypertension (PPH). In the
1960s, aminorex caused a PH epidemic in Europe, which
attracted the attention of the European medical community
and even the World Health Organization (WHO). Prompted
by the aminorex incident, the WHO held its first conference
in Geneva in 1973 to establish an expert group on PH to
define its aetiology and develop a pathological nomenclature
for PH. The team of more than a dozen authoritative experts
in Europe and the United States divided PH into two catego-
ries: PPH and secondary PH. Since then, the National Insti-
tutes of Health National Heart, Lung, and Blood Institute
launched a nationwide multicentre PPH registration study.
At the 2nd World PH Conference in 1998, PH was divided
into five clinical diagnostic categories; although they are
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updated every year, these five classification principles are
maintained [14].

Group I PAH is the most important among the catego-
ries due to its aggressive nature, poor survival outcome,
and limited treatment options. With efforts over the last
three decades, the survival of patients with group I PAH
has improved but is still suboptimal, and further improve-
ment remains an unmet challenge. PAH is a dangerous dis-
ease that is nonspecific, has a poor prognosis, and lacks an
effective treatment. The Registry to Evaluate Early and
Long-term PAH Disease Management (REVEAL) study
showed a five-year survival rate of 57% from the time of
diagnostic right heart catheterization (RHC) [15]. Over the
past two decades, the long-term survival of patients with
PAH has markedly improved. The current average survival
time of PH patients is 6 years, compared to 2.8 years in the
1980s. Similarly, the annual survival rate of PAH patients
ranges from 86% to 90%, up from 65% in the 1990s. Despite
these improvements, PAH still imposes a massive clinical
and economic burden. While the number of PAH-related
hospitalizations declined between 2001 and 2012, the aver-
age cost and length of PAH-related treatment increased,
while the inpatient mortality rate did not significantly
decrease and life expectancy remains low [16–18].

Because of the nonspecificity of the early symptoms,
most PAH patients often delay diagnosis. The condition
then worsens and finally enters the irreversible stage, where
treatment is difficult and the prognosis is poor. The early
diagnosis and evaluation of PAH are essential for guiding
the treatment, improving prognosis, and improving the sur-
vival and quality of life of patients with PAH. Methods for
the evaluation and detection of PAH have rapidly progressed
in recent years. The commonly used diagnosis and treatment
methods are the six-minute walk test, cardiopulmonary
exercise testing, lung function testing, chest X-ray, electro-
cardiography, ultrasonic cardiography, chest computed
tomography (CT) and CT pulmonary angiography, lung
ventilation/perfusion single photon emission CT, magnetic
resonance imaging, and RHC. RHC is a traumatic and inva-
sive examination, and the procedure is complex, difficult to
repeat, and has certain risks; however, it allows the direct
acquisition of accurate and reliable haemodynamic data
and excludes intracardiac shunts, abnormal drainage, and
other serious left heart diseases to help identify the cause
of PAH and test the responsiveness to therapeutic drugs.
Thus, RHC remains the gold standard diagnostic method
for PAH [19, 20].

Regarding treatment, in addition to the traditional com-
prehensive treatments of oxygen inhalation, cardiotonic
agents, diuretics, anticoagulants, and vasodilators (whose
effect is not favourable in patients with a negative acute pul-
monary vascular response upon testing), the application of
targeted drugs has brought hope for improving the quality
of life and prolonging the survival of patients with advanced
PH. Before 1995, clinicians used traditional medicines such
as digitalis, diuretics, and potassium supplements and anti-
hypertensive drugs to treat PH, but patient prognosis was
poor, and the mortality rate was high. As research in PH
mechanisms has progressed, targeted drugs with different

modes of action have entered the market, and PH is cur-
rently treated via the oral, inhalation, subcutaneous injec-
tion, and intravenous drip routes. The prognosis of PAH
patients has thus gradually improved; the 1-, 3-, and 5-year
survival rates of patients have increased from 68%, 48%,
and 34% to 86%, 69%, and 61%, respectively [21, 22]. Cur-
rently, there are three main traditional categories of targeted
therapeutic drugs: endothelin receptor antagonists (bosentan
and ambrisentan), phosphodiesterase 5 inhibitors (sildenafil,
tadalafil, and vardenafil) and prostacyclin (epoprostenol, ilo-
prost, triprostanil, and beraprost). In addition, some novel
PAH-targeted therapeutic drugs, such as the soluble guanylate
cyclase activator Adempas and the prostacyclin receptor ago-
nist Uptravi, have shown promising results.

2.1.2. Pathophysiological Characteristics of PH. In normal
pulmonary vessels, the pulmonary arteries are the main
component of the pulmonary vasculature. Pulmonary arter-
ies have a thin wall, relatively little smooth muscle, low activ-
ity, and high compliance. In adults, the normal pulmonary
artery wall thickness is 40%~70% of the normal aortic wall
thickness in the same individual. The internal pulmonary
arteries are generally classified as elastic pulmonary arteries,
muscular pulmonary arteries, and pulmonary microvessels.
Pulmonary arteries consist of three layers: the intima (a con-
tinuous layer of endothelial cells), the media (located
between the inner and outer elastic membranes and consist-
ing of SMCs, elastin, collagen, and proteoglycan), and the
adventitia (composed of fibroblasts and loose collagen
fibres). The outer diameter of elastic pulmonary arteries in
adults is 500~1000μm, and the wall is composed of SMCs
and abundant elastic fibres. The outer diameter of muscular
pulmonary arteries is 50~ 100μm, and the inner and outer
double layer elastic lamellae are composed mainly of SMCs.
The average thickness of the muscle layer is 5% (3%~ 7%).
Pulmonary microvessels are small vessels in which the pre-
cursors of SMCs can differentiate into SMCs under patho-
logical conditions, which makes arteries less than 80μm
appear as double-layer elastic lamellae and an intact muscle
layer. This pathological change has become recognized as an
important cause of PH [10, 23].

Plexiform lesions are a typical histological feature of
PAH. In addition, vasoconstriction, cell proliferation, and
thrombosis are thought to be central to the pathogenesis of
PAH. The early stage of PAH is histologically nonspecific;
the only abnormality is membrane hypertrophy and mild
thickening of the intima in the pulmonary artery, and char-
acteristic plexiform lesions do not appear until the late stage.
Plexiform lesions are arteriolar lesions at the distal end of
the arterial branch (usually <300μm in diameter). There is
much debate about whether plexiform lesions are a charac-
teristic pathological change related to pulmonary vascular
disease or markers of severe PH. However, pulmonary artery
hypertrophy is generally observed, and excessive prolifera-
tion, reduced apoptosis, and PASMCs phenotypic switching
play an important role in medial hypertrophy.

2.1.3. PH Pathogenesis. Recent rapid developments in cell
biology and molecular genetics have promoted further
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investigations of PH pathogenesis. It is currently believed
that the occurrence of PH cannot be explained by a single
pathophysiological mechanism but instead results from a
combination of genetic, epigenetic, and environmental fac-
tors. The endothelial cells, SMCs, fibroblasts, and platelets
are abnormally involved in its formation, and that a variety
of vasoactive molecules, multiple ion channels, and multiple
signalling pathways play an important regulatory role [24].
Many molecular mechanisms have been studied: aberrancies
in the bone-forming protein type II receptor and activator
receptor-like kinase genes; DNA damage, aberrancies in
miRNAs; disruption of the proliferation/apoptosis balance,
including endoplasmic reticulum stress, altered mitochon-
drial function, peroxidase proliferator activated receptor
expression, elastase activity, calcium ion concentrations,
and K+ ion channel activity; and abnormal vasoconstriction
involving gas signalling molecules (NO, CO, and hydrogen
sulfide), prostacyclin (PGI2), endothelin, and 5-
hydroxytryptamine. Overall, the molecular mechanism is
highly complex, involving a variety of signalling pathways.

2.2. Phenotypic Switching. The phenotype of vascular
smooth muscle cells (VSMCs) is characterized by diversity
and variability. During embryonic development, VSMCs
gradually differentiate from an undifferentiated (synthetic)
phenotype into a differentiated (contractile) phenotype with
mature characteristics. However, when blood vessels are
damaged or stimulated by various factors, VSMCs dediffer-
entiate from the contractile phenotype to the synthetic phe-
notype. This reversible shift in response to changes in
environmental stimuli is called phenotypic switching [25].

2.2.1. Characteristics and Marker Genes of Contractile
VSMCs. In general, contractile VSMCs are smaller in size
than synthetic VSMCs. Contractile VSMCs have an elon-
gated, spindle-shaped morphology; are rich in myofilaments;
express a large number of contractile-specific proteins; and
have vital contractile ability. However, in these cells, DNA
synthesis activity is low, and the ECM synthesis ability is
poor; thus, their proliferation is very slow, and they do not
migrate [26, 27]. Contractile VSMC marker genes include
α-smooth muscle actin (α-SMA), smooth muscle myosin
heavy chain (SMMHC), h1-calponin (CNh1), desmin, aortic
carboxypeptidase-like protein (ACLP), metavinculin, telo-
kin, h-caldesmon, smoothelin, and smooth muscle 22α
(SM22α). These genes are usually upregulated in contractile
VSMCs [27, 28]. SM22α has strict tissue specificity and cell
phenotype specificity in smooth muscle tissue because it par-
ticipates in remodelling of the actin cytoskeleton and regu-
lates migration, contraction, and other behaviours.
Caldesmon is a cytoskeletal protein that regulates cell con-
traction by interacting with myosin, actin, and calmodulin.
It has two types, l-caldesmon and h-caldesmon, with the lat-
ter considered a specific marker for VSMC differentiation
[29]. ACLP is an ECM-related secretory protein containing
over 1100 types of amino acids; it can be produced by SMCs
and contributes to VSMC proliferation and wound heal-
ing [30].

2.2.2. Characteristics and Marker Genes of Synthetic VSMCs.
Synthetic VSMCs have a rhomboid/epitheloid-like morphol-
ogy with a large volume, few muscle filaments, and no con-
tractility, but they can synthesize ECM (proteins), collagen,
and osteopontin-8 (OPN-8) to simultaneously enhance cell
proliferation and migration [31, 32]. Their marker genes
include OPN, matrix gla protein (MGP), myosin heavy
chain embryonic (SMemb), and tropomyosin 4 (TM4) [27,
28]. OPN, a secretory glycoprotein, is the most widely used
synthetic marker protein and can regulate the phenotypic
switching of VSMCs by activating multiple intracellular
signalling-level interconnecting pathways, especially the
mitogen-activated protein kinase (MAPK) pathway. Rele-
vant studies have shown that the expression of α-SMA
declines significantly and that of OPN increases significantly
upon the conversion of contractile VSMCs into synthetic
VSMCs [33]. The characteristics and marker genes of con-
tractile VSMCs and synthetic VSMCs are summarized in
Figure 1.

2.2.3. Phenotypic Switching Mechanism. PASMCs pheno-
typic switching involves a variety of complex signal trans-
duction pathways, mainly the MAPK/ERK1/2,
phosphatidylinositol 3-kinase (PI3K)/Akt, and TGF-β/Smad
pathways (see Figure 2). These signal transduction pathways
regulate the differentiation direction of PASMCs by regulat-
ing the expression of SM-specific genes.

2.2.4. MAPK/ERK1/2 Pathway. The signal transduction
pathway represented by MAPK is called the MAPK pathway
and is mainly composed of three central kinases: MAPK
kinase kinase (MAPKKK), MAPK kinase (MAPKK), and
MAPK. Four MAPK cascades have been identified, namely,
the extracellular signal-regulated kinase (ERK), p38 MAPK,
JNK, and ERK5 cascades [4].

Among these pathways, the MAPK/ERK1/2 pathway is
the most well-known and widely studied and is closely
related to cell proliferation and differentiation. When an
extracellular ligand binds to a receptor tyrosine kinase
(RTK) at the plasma membrane, signal transduction is initi-
ated. The tyrosine residues on the receptor are then phos-
phorylated to form the Src homology 2 (SH2) binding
sites. The adaptor protein Grb2, which contains SH2
domains, can bind with the receptor. Grb2 consists of one
SH2 and two SH3 domains, which function to link upstream
and downstream molecules. The two SH3 domains of Grb2
bind to proline-rich sequences in the son of sevenless
(SOS) protein to activate the SOS. Next, activated SOS binds
to Ras (an upstream activating protein), which promotes Ras
to release guanosine diphosphate (GDP) and bind to guano-
sine triphosphate (GTP). Ras-GDP recruits Raf. Subse-
quently, Raf (acting as a MAPKKK) is activated. Once Raf
is activated, any Raf family member (a-Raf, b-Raf, or c-
Raf) can activate MEK1/2 (acting as a MAPKK). MEK1/2,
in turn, activates ERK1/2 (acting as a MAPK). This sequence
constitutes the important three-level Raf/MEK/ERK signal-
ling cascade. Activated ERK1/2 can be translocated to the
nucleus to activate ternary complex factors (TCFs) and other
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factors through phosphorylation. As a result, cells produce
biological substances to respond to foreign signals [4, 34].

TCFs are ternary complexes formed by the binding of
MYOCD and MYOCD-related transcription factor A/B
(MRTF-A/B) with serum response factor (SRF) [35]. Among
these components, MYOCD, an SMC-restricted transcrip-
tional coactivator, is the most critical transcription factor
discovered to date that inhibits the phenotypic switching of
VSMCs. It can physically interact with SRF to selectively
induce the expression of contractile marker genes such as
SMA, SM22, and CNh1 to regulate switching to the contrac-
tile phenotype [36].

2.2.5. PI3K/Akt Signalling Pathway. The PI3K/Akt pathway
is one of the classical signalling pathways that regulates the
phenotypic switching of VSMCs by regulating downstream
transcription factors [37]. Insulin-like growth factor (IGF)
and insulin signalling have been demonstrated to be able
to inhibit VSMC dedifferentiation via the canonical
PI3K/Akt pathway and maintain the contractile phenotype.
Ligand-activated IGF or insulin receptors recruit insulin
receptor substrates (IRS-1) and activate them by phosphory-
lation of the tyrosine residues. PI3K docking sites are subse-
quently formed, enabling PI3K to bind to its substrate,
inositol phospholipids. Subsequently, PI3K converts phos-
phatidylinositol- (4,5-) bisphosphate (PIP2) into phos-
phatidylinositol- (3,4,5-) trisphosphate (PIP3). PIP3
provides docking sites for phosphoinositide-dependent
kinase-1 (PDK1) and mTORC2. Akt is then activated by
PDK1 (by phosphorylation of Thr308) and mTORC2 (by
phosphorylation of Ser473). PDK1 can only partially activate
Akt. However, mTORC2 can fully activate and phosphory-
late additional substrates. Finally, activated Akt plays a role
by phosphorylating downstream target proteins such as
FOXO4. Phosphorylation of FOXO4, the substrate of Akt,
inhibits phenotypic switching by promoting the nuclear
export of FOXO4 and inhibiting MYOCD activity after
Akt activation [31, 38].

2.2.6. TGF-β/Smad Signalling Pathway. Transforming
growth factor-β (TGF-β), a potent multifunctional soluble
cytokine, exists in at least three isoforms: TGF-β1, TGF-
β2, and TGF-β3. Its receptors are divided into two types,
type I and type II, both of which are transmembrane serine/-
threonine receptors [39, 40]. TGF-β plays an important bio-
logical function in the phenotypic switching of mature
SMCs. It promotes VSMC differentiation and maintains
contractile phenotypes through both Smad-dependent and
Smad-independent pathways [32]. Smad is a structurally
related signal effector. In vertebrates, the genome encodes
eight Smads—Smad1 to Smad8. Smad2 and Smad3 are
mainly activated by TGF-β and the activin receptors TβRI
and ActRIB, while Smad1, Smad5, and Smad8 are primarily
activated by ALK-1, ALK-2, BMP-RIA/ALK-3, BMP-
RIB/ALK-6, and other ligands.

In the Smad-dependent pathway, TGF-β is first activated
by hydrolysis via endoproteinases. After TGF-β is activated,
it binds to TGF-β II receptors. Next, TGF-β II receptors
bind to TGF-β I receptors to form heterodimers. In these
heterodimers, TGF-β II receptors can autonomously phos-
phorylate and activate TGF-β I receptors. Activated TGF-β1
receptors then recruit and activate Smad2 and Smad3. Subse-
quently, phosphorylated Smad2 and Smad3 form a complex
with Smad4 and translocate to the nucleus to bind multiple
Smad-binding elements and CArG and ultimately play related
roles as transcription factors. Among the Smads, Smad3 is the
primary mediator of TGF-β signalling; Smad3 can interact
with SRF and MYOCD and activate the promoters of CArG-
dependent VSMC genes. In the Smad-independent pathway,
TGF-β can regulate VSMC phenotypic switching by activating
the Erk, JNK, Notch, and p38 MAPK pathways [31, 39, 40].

2.3. PH and Phenotypic Switching. PH is a progressive pul-
monary vascular disease characterized by five major features:
vasoconstriction, cellular hyperplasia, high pulmonary arte-
rial pressure, right ventricular heart hypertrophy, and vascu-
lar remodelling. It can be divided into five main groups. At
present, the diagnosis and treatment of PH, especially
PAH, are complex and challenging. Therefore, it is highly
important to further reveal the potential molecular patho-
genesis of PH and explore new therapeutic targets for PH
[41, 42]. PH is a proliferative disease. As the understanding
of this disease has increased, the phenotypic switching of
SMCs from contractile to synthetic has attracted increasing
attention. Dong et al. found that pulmonary vascular remod-
elling, as the core process in PH pathogenesis, is closely
related to phenotypic switching [43]. Yeo et al. also noted
that the PASMCs phenotypic switching induced by the loss
of BMP signal transduction is an essential pathological basis
of pulmonary vascular remodelling in PAH [44]. In addi-
tion, Morris et al. confirmed that VSMC phenotypes are
strictly regulated by Notch3 and that abnormal Notch3 sig-
nalling plays a significant role in vascular remodelling [45].
Collectively, these results suggest that phenotypic switching
plays an important role in PH. Therefore, further study of
the mechanism underlying the occurrence and development
of phenotypic switching is highly important for revealing the
potential pathogenesis of PH.
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and synthetic VSMCs.
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3. Effect of miRNAs on PASMCs Phenotypic
Switching in PH

3.1. miRNA Biogenesis and Mechanism of Action. RNA mol-
ecules in living organisms can be grouped into two catego-
ries, coding RNAs and noncoding RNAs, which constitute
a highly complex RNA regulatory network in cells. Among
RNAs, miRNAs are a class of single-stranded small noncod-
ing RNAs that are evolutionarily highly conserved and are
approximately 18–22 nt in length. miRNAs can directly

degrade or repress the translation of their target mRNAs,
thus negatively regulating gene expression at the posttran-
scriptional level.

miRNA biogenesis is a complex process. The most prim-
itive form is the primary miRNA (pri-miRNA), which is
approximately 300–1000 nt in length and is usually tran-
scribed and synthesized by type II or type III RNA polymer-
ase. Pri-miRNAs are first processed in the nucleus by Drosha
RNase, which cleaves them into precursor miRNAs (pre-
miRNAs) that contain approximately 70–90nt and have a
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stem-loop structure [46]. Pre-miRNAs are transported from
the nucleus to the cytoplasm via the Ran GTP-dependent
transporter exportin-5 [47]. Via Dicer, a member of the
RNase III family of nucleases that specifically cleaves
double-stranded RNAs, pre-miRNAs are cleaved into
double-stranded miRNA intermediates that contain approx-
imately 22 nt and have a complementary double-helix struc-
ture. One strand is the mature miRNA, and the other strand
is the miRNA∗ with the complementary sequence. Next, the
double helix is unwound, and the mature miRNA strands
are bound to the RNA-induced silencing complex (RISC)
to form asymmetric RISC assembly [48]. This complex can
bind to the target mRNA and cause its degradation or trans-
lational inhibition. The other strand (miRNA∗) is degraded
immediately.

miRNAs can bind to their target mRNAs via two modes:
complete binding and incomplete binding. In plants, miR-
NAs are almost completely paired with their target mRNAs
and can degrade them by binding to multiple sites, including
the coding region, of the target mRNAs [49]. In animals, the
most common mode is incomplete complementary binding,
which negatively regulates gene expression by miRNAs
binding to the 3′-UTR of their target mRNAs. This binding
mode generally does not affect the stability of the mRNA but
can affect its translation. The biogenesis and mechanism of
action are shown in Figure 3.

miRNAs are regulated by certain mechanisms. Only
approximately 8% of human miRNAs are located in exons
[50]. Intronic miRNAs are often regulated by their host
genes and are processed from introns, but they may have
distinct promoter regions, and their transcription is usually
initiated by independent promoter elements. The transcrip-
tion of miRNA genes can be initiated by upstream signal
transduction and regulated by downstream transcription
factors [51].

miRNA research has rapidly expanded in the several
decades since the discovery of the first miRNA, Lin-4, in
C. elegans by Lee et al. in 1993 and the subsequent discovery
of the miRNA Let-7 [52, 53]. At least 30% of the genes in the
human genome are estimated to be directly regulated by
miRNAs [54]. Therefore, miRNAs are considered to be
involved in almost all biological processes and play a pivotal
role in various physiological processes, such as embryonic
development, organogenesis, and tissue formation, as well
as in many pathological processes, such as carcinogenesis,
angiogenesis, and inflammation [55]. An increasing number
of researchers have found that miRNAs play a unique and
key role in the progression of PH by regulating PASMCs
phenotypic switching, which is expected to be a potential
target for the prevention of PH and related therapies [56].
Here, we review the research progress on miRNAs that reg-
ulate PASMCs phenotypic switching.

3.2. Roles of miRNAs in PH. miRNAs have been found to be
widely involved in cardiovascular diseases such as hyperten-
sion. miRNAs are predicted to regulate various molecular
mechanisms that are indispensable in the initiation, progres-
sion, and perhaps the attenuation or prevention of PH.
However, the importance of only a few miRNAs in PH has

been recognized. The strategy of combining system biology
with traditional experimental approaches has recently con-
tributed to the identification of novel miRNAs and their tar-
get genes/pathways, consequently raising awareness of the
significance of miRNAs in PH.

The main miRNAs that have been discovered to pro-
mote the progression of PH include miR-17, miR-20, miR-
27, miR-143/145, miR-210, and miR-221, while the main
miRNAs that can delay and reverse the progression of PH
include miR-34, miR-140–5p, miR-223, miR-451, miR-204,
miR-424, and miR-503.

The classical mechanism of miRNA involvement in PH
progression mainly affects pulmonary vascular remodelling
by affecting cell proliferation, apoptosis, and phenotypic
switching. For instance, an miR-140–5p mimic can affect
the signal transduction of bone morphogenetic protein 4
(BMP4) and/or directly target the 3′-UTR of tumour necro-
sis factor-α [57, 58], inhibit the proliferation of PASMCs,
and delay PH progression.

miRNAs can also inhibit the apoptosis of PASMCs. The
expression of miR-34a-3p is decreased in PAH, which in
turn upregulates the expression of mitochondrial dynamic
protein (MiD) in PASMCs, accelerates mitosis, and reduces
apoptosis [59]. miR-29b can inhibit the proliferation and
induce the apoptosis of VSMCs by targeting the myeloid leu-
kaemia 1 and cyclin D2 proteins [60].

In addition, the mechanism of miRNA involvement in
the progression of PH includes affecting cell metabolism
and inducing functional alterations in pulmonary vascular
endothelial cells. Caruso et al. indicated that the overexpres-
sion of miR-124 or knockdown of polypyrimidine tract
binding protein (PTBP1) can normalize the pyruvate kinase
muscle isoform 2 (PKM2)/PKM1 ratio in pulmonary adven-
titial fibroblasts [61], reprogram mitochondrial metabolism,
and reduce cell proliferation, which collectively alleviate
PAH progression. Endothelin-1 (ET-1) is the most potent
endogenous vasoconstrictor; it strongly regulates endothelial
function and is a target gene of miR-98. Hypoxia can reduce
the expression of miR-98 and increase the level of ET-1,
thereby promoting the proliferation of pulmonary artery
endothelial cells (PAECs) [62]. The expression of miR-29
family members, which are related to energy metabolism,
was found to be decreased in PASMCs after exposure to
the oestrogen metabolite 16α-hydroxyestrone, suggesting
that miRNAs may also participate in the development of
PH as hormone mediators [63].

In conclusion, miRNAs play an important and unique
role in the development of PH through their complex regu-
latory network.

4. miRNAs Modulate PASMCs
Phenotypic Switching

4.1. Growth Factor-Related miRNAs. Platelet-derived growth
factor (PDGF) is a peptide growth factor that stimulates cell
proliferation. It is currently considered to be the most potent
growth factor that promotes the phenotypic switching of
VSMCs. In PH, the amount of PDGF secreted by PAECs is
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significantly increased. PDGF treatment of PASMCs has
been reported to significantly upregulate miR-221 [64],
miR-15b [65], and miR-24 [66] and downregulate miR-21
[67], ultimately inducing cell phenotypic switching. More-
over, TGF-β/BMP signalling has been described as a nega-

tive regulator of the synthetic phenotype of VSMCs [32],
and BMP stimulation can significantly downregulate the
expression of miR-96 [68]. The mechanism by which PDGF
regulates the expression of miRNAs may be related to antag-
onism of the BMP signalling pathway [67].
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4.1.1. Growth Factor-Related miRNAs That Promote
Phenotypic Switching

(1) miR-221. The overexpression of miR-221 is associated
with the proliferation of many types of tumours, such as
breast and gastric cancer [69, 70]. It participates in vascular
remodelling in AS by regulating angiogenesis activity and
promoting the phenotypic switching of VSMCs [71]. In
PH, miR-221 can promote PASMCs phenotypic switching
by downregulating the target gene c-Kit. PH can cause
extensive injury to small pulmonary vessels, resulting in
the increased expression of PDGF ligands and receptors.
Davis et al. showed that miR-221 is likely to be transcrip-
tionally induced by PDGF signalling because they observed
that both pri- and pre-miR-221 were significantly induced
only 1.5 h after PDGF treatment [64]. miR-221 can
directly target the 3′-UTR of the c-Kit and p27Kip1
mRNAs to mediate the differentiation and proliferation
of PASMCs through distinct downstream mechanisms.
Among these targets, p27Kip1 is downregulated at the
translational level, which directly promotes cell prolifera-
tion. Four and a half LIM domain protein 2 (FHL2) is
critical for the stabilization of MYOCD protein, which
prevents MYOCD from degrading through the ubiquitin–
proteasome-dependent degradation pathway [72]. The c-
Kit signalling pathway may alter FHL2 gene expression
or FHL2/MYOCD complex formation; these play roles in
maintaining the stability of MYOCD and modulating
SMC marker gene expression through direct transcrip-
tional activation via the CArG box. PDGF treatment
induces the expression of miR-221, leading to the down-
regulation of c-Kit mRNA expression, in turn inhibiting
the transcription of SM-specific contractile genes by reduc-
ing the expression of MYOCD and thus playing a catalytic
role in PASMCs phenotypic switching.

(2) miR-15b. The target genes of miR-15b mainly include
proteins associated with cell proliferation (cyclin) [73], cell
apoptosis (Bcl-2) [74], and cell invasion (NRP-2 and
VEGFR-2) [75, 76]. miR-15b also participates in antiangio-
genesis in the pathological process after myocardial infarc-
tion [77]. Kim and Kang showed that miR-15b is crucial
for the PDGF-mediated inhibition of SM-specific genes
[65]. miR-15b expression was found to be increased 1-fold
within 4 h of treatment with PDGF, and the increased level
of miR-15b was maintained for 24 h after PDGF stimulation,
indicating that PDGF signalling regulates miR-15b expres-
sion. Previous studies have shown that miR-15b can pro-
mote the phenotypic switching of VSMCs. The inhibition
of miR-15b expression under physiological conditions can
promote α-SMA synthesis while maintaining the contractile
phenotype of VSMCs [78]. That research group further
found that miR-15b also mediates PASMCs phenotypic
switching, but the specific mechanism remains unclear. Fur-
ther investigations of predicted targets of miR-15b and the
identification of the mechanisms underlying PDGF-
mediated regulation of miR-15b will provide more evidence
for elucidating the pathophysiological function of miR-15b
in VSMC phenotypic regulation.

(3) miR-96. miR-96 plays a role in the proliferation and
migration of multiple tumours, such as gastric cancer and
ovarian cancer [79, 80], as well as in the maintenance of
embryonic stem cell pluripotency. In addition, miR-96 can
inhibit postinfarct neovascularization by targeting anillin.
The downregulation of miR-96 expression can improve car-
diac endothelial cell growth potential [81]. Kim et al. showed
that the expression of pri-miR-96 was decreased in PASMCs
under BMP4 stimulation in a Smad4-dependent manner
[68]. In the pulmonary arteries, miR-96 negatively regulates
the target gene Tribbles-like protein 3 (Trb3), resulting in a
decrease in the expression of Smads, which in turn promotes
PASMCs phenotypic switching. Trb3 is a BMPRII-
interacting protein. BMP stimulation can release Trb3 from
BMPRII; Trb3 then interacts with Smurf1 to degrade it
through the ubiquitin–proteasome pathway. The reduction
of Smurf1 stabilizes Smad proteins in the BMP pathway
and consequently enhances the BMP reaction [82]. miR-96
is a critical molecule that functions as a negative regulator
of the BMP signalling pathway and can thus inhibit SM-
specific gene expression. The inhibition of BMP4 signalling
may lead to upregulated miR-96 expression, further reduc-
ing the expression of Trb3 and resulting in a decrease in
Smad protein expression, ultimately promoting the synthetic
phenotype of VSMCs. Hence, there may be negative feed-
back regulation between miR-96 and Trb3 in PASMCs.

(4) miR-24. miR-24 is mainly involved in haematopoietic cell
differentiation [83], tumour development, and other processes
and widely participates in cardiomyocyte apoptosis, myocar-
dial fibrosis, and cardiac remodelling after acute myocardial
infarction [84, 85]. The miR-24 gene contains two members:
miR-24-1 and miR-24-2. The expression level of the miR-24-
2 cluster, but not the miR-2 cluster, was induced 1.5-fold after
PDGF treatment for 4h [66]. Similar to miR-96, miR-24 also
targets Trb3 protein, causing a decrease in the expression of
Smad proteins, such as Smad1 and Smad5, which inhibits
the TGFβ and BMP signalling pathways and consequently
promotes the synthetic phenotype of PASMCs. The expres-
sion condition of miR-24 in PH patients needs to be further
confirmed, which is hoped to provide a basis for the applica-
tion of anti-miR-24 in PH treatment.

4.1.2. Growth Factor-Related miRNAs That Inhibit
Phenotypic Switching

(1) miR-21. miR-21 has long been valued for its role in
tumour, cardiovascular, and lung diseases and is the most
studied miRNA in PH vascular remodelling; however, the
results of these studies have been contradictory. Some
scholars who systematically studied miR-21 found that its
expression is downregulated in the lung tissue of PH rats
and in the lung tissue and plasma of idiopathic PAH (IPAH)
patients. In PASMCs, PDGF significantly downregulates
miR-21 expression [67, 86].

In the maintenance of the contractile phenotype in
VSMCs, the BMP4 signalling pathway has always been con-
sidered to be important. Aberrant expression or inactivating
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mutations in the BMP receptor (BMPR) gene can lead to
VSMC dedifferentiation.

Studies have shown that miRNAs play an important role
in the BMP-mediated promotion of the VSMC contraction
phenotype, and miR-21 is one example [78]. Upon BMP
treatment, R-Smad proteins associate with pri-miR-21 in
the complex with Drosha to promote the processing of pri-
miR-21 to pre-miR-21 and increase miR-21 levels [78, 87].
By inducing miR-21 expression, BMP4 leads to the down-
regulation of programmed cell death 4 (PDCD4), which
inhibits contractile gene expression.

In addition, Kang et al. found that in PASMCs almost all
dedicator of cytokinesis (DOCK) family members are miR-
21 targets [67]. BMP4-mediated upregulation of miR-21
promotes the maintenance of the PASMCs contractile phe-
notype and inhibits PASMCs migration by inhibiting
DOCK4, -5, and -7. In addition, PDGF stimulation can pro-
mote PASMCs phenotypic switching through the miR-
21/DOCK signalling pathway.

miR-21 has been identified as a biomarker of some
tumours, and regulating its function is a cardioprotective
strategy. Whether it is also involved in right heart failure
in PH is worth further investigation.

(2) miR-132. miR-132 is believed to play an important role
in the central nervous system and cardiovascular system.
Some researchers have found that miR-132 expression is
upregulated in myocardial hypertrophy, hypertension, AS,
and other diseases [88–90], which suggest a strong effect of
miR-132. This is closely related to its influence on the prolifer-
ation and migration of endothelial cells and VSMCs. One
study found that miR-132 was upregulated in monocrotaline-
(MCT-) induced PH rats and PDGF-induced PASMCs [91],
and further studies found that miR-132 has a complex role
in the occurrence of PH, inhibiting PASMCs proliferation
and maintaining the PASMCs contraction phenotype while
promoting cell migration, which was achieved by targeting
phosphatase and tensor protein homology (PTEN). The anti-
proliferative and phenotypic switching-inhibiting effects of
miR-132 do not appear to coincide with the increase in miR-
132 in MCT-induced PH rats. The cause for this may be mul-
tifaceted, and possibly PASMC proliferation is induced by
other factors. Based on these results, whether inhibiting
miR-132 can prevent and treat PH indeed needs further study.

4.2. Hypoxia-Related miRNAs. Themechanism by which hyp-
oxia leads to changes in miRNA expression can be mediated by
hypoxia inducible factor-1- (HIF-1-) dependent and HIF-1-
independent pathways. Although hypoxia reportedly induces
PASMCs phenotypic switching, the expression levels of miR-
23a [92], miR-9 [93], miR-214 [36], and miR-20a [94] are
increased, while those of miR-449 [95], miR-206 [96], miR-
124 [97], miR-30c [98], and miR-140 [99] are decreased.

4.2.1. Hypoxia-Related miRNAs That Promote
Phenotypic Switching

(1) HIF-1α-Dependent Pathway. HIF-1 is an important
mediator of oxygen homeostasis and is a nuclear transcrip-

tion factor that plays an active role in hypoxia. HIF-1 is a
heterodimer composed of an oxygen-sensitive α subunit
(HIF-1α) and a constitutively expressed β subunit (HIF-
1β). Under normoxic conditions, HIF-1β is stably expressed
in the cytoplasm, while HIF-1α is promptly degraded by the
hydrolytic ubiquitin protease complex after its translation.
In contrast, the protein level of HIF-1α increases rapidly
due to the inhibition of HIF-1α degradation under hypoxic
conditions. The physiological activity of HIF-1 mainly
depends on the function and expression of the α subunit;
thus, HIF-1α is called the active subunit of HIF-1 [100].
Many studies have confirmed that HIF-1 is upregulated
and plays an important role in various types of PH, espe-
cially in hypoxic PH (HPH) [101]. In the early stage of hyp-
oxia, HIF can activate the transcription of more than 100
genes, including miRNAs [92, 93], which affect and regulate
various pulmonary vascular functions, such as reactive oxy-
gen species generation, angiogenesis, and vascular homeo-
stasis, including PASMCs phenotypic switching.

miR-23a:miR-23a is involved in the development of var-
ious cancers, promotes cardiac hypertrophy, and antago-
nizes muscle atrophy [102, 103]. Yan et al. showed that
under hypoxic conditions the expression of miR-23a was
upregulated in primary rat PASMCs through a mechanism
involving HIF-1a [92]. In addition, the expression of con-
tractile protein markers was significantly downregulated,
suggesting that miR-23a regulates the dedifferentiation of
PASMCs. Moreover, the level of contractile protein markers
was significantly downregulated after transfection of a miR-
23a mimic for 48h under normoxic conditions, while the
expression of contractile protein markers in miR-23a
inhibitor-transfected cells was significantly increased under
hypoxic conditions. HIF-1α was transcriptionally activated
in PASMCs cultured under hypoxic conditions and partici-
pated in the transcriptional activation of miR-23a by binding
to the regulatory element upstream of their transcription start
sites (TSS), in turn downregulating the expression of contrac-
tile phenotype marker proteins in PASMCs, an effect that may
be related to the enhancement of cell phenotypic switching.
The downstream targets of miR-23a in the inhibition of con-
tractile protein marker expression have not been identified.

miR-9: miR-9 functions in promoting or antagonizing
proliferation according to cell type specificity. For instance,
miR-9 promotes the proliferation of gastric carcinoma cells
by targeting caudal type homeobox 2 [104, 105], while it
inhibits the proliferation of nasopharyngeal, breast, and
ovarian carcinoma [106–108]; reduces macrophage foam
cell formation; and participates in the regulation of the AS
process by targeting the human ACAT1 gene [109]. miR-9
may directly inhibit the transcription of genes encoding
SM-specific proteins by targeting MYOCD, thereby promot-
ing phenotypic switching. Shan et al. found that miR-9 was
increased in primary rat PASMCs exposed to hypoxia via
the activation of HIF-1α [93]. HIF-1 binding motifs (5′-
RCGTG-3′) are located in the region within 5 kb upstream
of the TSS at miR-9 loci, and HIF-1α enrichment was
increased at all HIF-1 binding motifs upstream of the miR-
9 TSS after 24 and 48h of hypoxia exposure.
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(2) HIF-1ɑ-Independent Pathway. Similar to miR-9, both
miR-214 and miR-20a are upregulated in HPH and promote
PASMCs phenotypic switching through negative regulation
of the MYOCD signalling pathway [36, 94]. However, they
regulate MYOCD through different mechanisms.

miR-214: miR-214 participates mainly in cancer and is
an important regulator of fibrosis in the liver, kidney, and
myocardium. It plays a regulatory role in promoting hyper-
trophy in myocardial hypertrophy and heart failure [110].
miR-214 directly inhibits the MYCOD-LMOD1 signalling
pathway and promotes PASMCs phenotypic switching by
inhibiting the downstream target myocyte enhancer factor
2C (MEF2C) [36]. Sahoo et al. found that miR-214 was
upregulated in PASMCs isolated from PAH patients and
hypoxia-induced human PASMCs (hPASMCs), while leio-
modin1 (LMOD1), MYOCD, and MEF2C were downregu-
lated [36]. MEF2C serves as an upstream coordinator of
SMC differentiation and cooperates with MYOCD to regu-
late the SMC contractile phenotype [111]. LMOD1 is an
SM-specific gene regulated by MYOCD at the transcrip-
tional level and may play an important role in SMC contrac-
tile activity and actin cytoskeleton assembly through its
association with tropomyosin during smooth muscle cell
contraction [112]. Research has shown that MEF2C and
LMOD1 are direct targets of miR-214. miR-214 directly reg-
ulates the expression of SM-specific genes at the level of
LMOD1 and through the upstream disruption of the
MEF2C/MYOCD pathway. Exogenous administration of a
miR-214 inhibitor to hPASMCs of PH patients restored
the contractile phenotype of these cells, suggesting that
miR-214 plays a key role in promoting the occurrence and
development of PH.

miR-20a: the dysregulation of miR-20a expression is
involved in the development of a variety of cancers [113].
In PH, miR-20a targets PKG1, promotes the activation of
Elk-1, and competes for the binding sites of MYOCD and
SRF, eventually leading to the dissociation of the MYOCD-
SRF complex and termination of the SM-specific gene
expression programme. Zeng et al. found that miR-20a was
gradually increased with prolonged exposure to hypoxia in
HPH mice and in hypoxic hPASMCs [94]. Unlike miRNAs
that bind to the 3′-UTR sequence of the target mRNA,
miR-20a may regulate the expression of the PKG1 gene by
binding to the coding region of PKG1. PKG is a serine/-
threonine-specific protein kinase that phosphorylates its
substrate proteins to achieve signal transduction. Studies
have confirmed that PKG can regulate the dedifferentiation
of SMCs by promoting the expression of MYOCD, inhibit-
ing the expression of SRF and Elk-1, and inhibiting their
binding to CArG elements in SM-specific genes.

4.2.2. Hypoxia-Related miRNAs That Inhibit Phenotypic
Switching. miR-449 [95], miR-206 [96], miR-124 [97],
miR-30c [98], and miR-140 [99] are downregulated in
PASMCs and in the lung vasculature of animal models of
HPH and inhibit PASMCs phenotypic switching by acting
on their respective targets.

(1) miR-449. miR-449 clusters, located in cancer susceptibil-
ity sites, inhibit tumour growth, invasion, and metastasis by
acting on multiple signalling factors (including the Notch
pathway, VEGF, and P53) and promoting apoptosis and dif-
ferentiation. The miR-449a/c-Myc axis reportedly plays an
important role in regulating PASMCs phenotypic switching
and pulmonary vascular remodelling [95]. miR-449 was
downregulated in rat PASMCs in hypoxia-induced PH and
directly targeted c-Myc regulation to promote the expression
of SM-22α, calponin, and myosin, which ultimately inhib-
ited PASMCs phenotypic switching. It is known that c-
Myc expression is inhibited in resting and terminally differ-
entiated cells, while it is temporarily activated in the initial
stage of proliferation, after which it peaks rapidly and then
recovers to baseline [114]. Hypoxia-induced downregulation
of SM-specific genes and upregulation of OPN were signifi-
cantly reversed by c-Myc knockdown. Moreover, miR-449
was found to regulate mitochondrial function in PASMCs
by targeting c-Myc [95].

(2) miR-206. miR-206 is abnormally expressed in gastric
cancer, breast cancer, liver cancer, and lung cancer and is a
metastatic suppressor for many cancers. Studies have found
that miR-206 targets the Notch3 gene to regulate skeletal
muscle cell proliferation and cell cycle block [115]. The
expression of miR-206 was significantly decreased in
PASMCs from hypoxia-induced PH mice compared to con-
trol mice. The overexpression of miR-206 in hPASMCs pro-
moted apoptosis and inhibited proliferation. Moreover,
compared with the control hPASMCs, α-SM actin and cal-
ponin were higher in hPASMCs overexpressing miR-206,
while miR-206 downregulation decreased the expression of
these proteins in hPASMCs. These findings support an
important role for miR-206-mediated signalling in main-
taining the differentiation phenotype of hPASMCs. Addi-
tionally, miR-206 was found to play a role by inhibiting
Notch3 signalling [96].

Notch3 signalling significantly affects the development
of PAH [116]. It can influence the stability of blood vessels
because of the interaction between the Notch3 target gene
and the BMPR target gene. Notch3 is overexpressed in
VSMCs in PAH [116], but the cause of this steady-state
increase is unknown. However, miR-206 downregulation in
PH may be a reason for the increase in Notch3 expression
in PH [96]. miR-206 can significantly increase the expres-
sion of SM-specific proteins (α-SMA and calponin) in
PASMCs by inhibiting the corresponding pathways. Cor-
recting altered expression of miRNAs could be a potential
therapeutic strategy for PAH.

(3) miR-124. miR-124 is rich in the brain, with high expres-
sion in normal tissues but low expression in many cancers
(such as colorectal cancer, breast cancer, gastric cancer,
and pancreatic cancer). miR-124 expression level was also
lowered in diseases such as Parkinson’s disease, Hunting-
ton’s disease, hypertension, and PH [117]. Upregulating
miRNA-124 in vivo can delay these disease processes. miR-
124 may play a role in promoting contractility and
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maintaining the differentiated phenotype of PASMCs by
suppressing the nuclear factor of activated T cell (NFAT)
pathway [97]. Studies have found that NFAT signalling is
associated with PASMCs proliferation and PAH. One study
showed that NFATc2 was upregulated and activated in PAH
patients [118]. Additionally, the expression and activation of
NFATc3 were increased in a hypoxia-induced PH mouse
model, and the proliferation and migration of PASMCs are
also regulated by the CAN/NFAT signalling pathway [119,
120]. It was recently reported that ectopic overexpression
of three different NFAT isoforms significantly downregu-
lates α-SMA expression, indicating its role in PASMCs phe-
notypic switching. These results demonstrated that the
NFAT-mediated signalling pathway plays a major role in
the pathogenesis of PH. miR-124 inhibited NFAT signalling
by suppressing both the activation and nuclear translocation
of NFAT by targeting numerous genes, including NFATc1,
calmodulin-binding transcription activator 1, and PTBP1
[97].

(4) miR-30c. miR-30c expression is reduced in various
human tumour tissues, and some studies have identified it
as a potential biomarker of prostate cancer, bladder cancer,
and breast cancer. There are development prospects for
miR-30c in the diagnosis and treatment of partial remis-
sions. Studies have shown that hypoxia inhibits miR-30c
expression in PASMCs, resulting in the proliferation of
PASMCs and inhibition of their apoptosis. Moreover, a
miR-30c inhibitor directly promotes PASMCs phenotypic
switching from contractile to synthetic, while miR-30c
mimic treatment under hypoxic conditions could reverse
these effects by inhibiting the PDGF signalling pathway by
targeting PDGF receptor β (PDGFR-β) [98]. PDGFR-β
plays a crucial role in the regulation of cell function. Accu-
mulating evidence suggests that abnormalities in the
PDGF/PDGFR signalling pathway are involved in PH path-
ogenesis [121]. In various experimental models and in
humans, the upregulated expression of PDGF and PDGFRs
was associated with PH [122–124]. Interestingly, miR-30c-
mediated changes in PDGFR expression were found to occur
only in hypoxic cells, not in PDGF-stimulated cells. In addi-
tion, miR-30c can participate in ventricular remodelling by
targeting XBP1, TGF-1, and others [125], and whether it is
involved in right ventricular remodelling in PH is worth
exploring.

(5) miR-140. miR-140 was found to play an important role
in breast cancer [126], non-small-cell lung cancer, and oste-
oarthritis [127, 128]. It can also be used as a predictor of cor-
onary heart disease. miR-140 expression was found to be
significantly downregulated in lung tissues of congenital
PH and PAH patients [99]. Compared with patients without
PH, patients with congenital PH have higher pulmonary
artery pressure and lower miR-140 expression. Correlation
analysis showed that miR-140 expression was negatively cor-
related with pulmonary artery pressure and the expression
of Wnt signalling pathway-related proteins (Wnt-1 and β-
catenin). Specifically, under hypoxic conditions, miR-140
expression was downregulated in hPASMCs, while Wnt-1

expression was upregulated. The upregulation of miR-140
increased the expression of SM-specific proteins; for exam-
ple, it significantly increased α-SMA, SM22, and calponin
expression. Transfection with an miR-140 inhibitor led to
an increased cell proliferation rate, increased migration,
and reduced expression of contractile phenotype-related
proteins, suggesting that miR-140 is necessary for maintain-
ing the PASMCs phenotype. Further research showed that
the Wnt-1 3′-UTR contains miR-140 recognition sites, sug-
gesting that miR-140 directly targets Wnt-1 and suppresses
PASMCs phenotypic switching. In addition to Wnt signal-
ling, miR-140 also directly targets Dnmt1, decreases SOD2
expression, and inhibits phenotypic switching of hPASMCs
[99]. Moreover, one study showed that delivering miR-140
into the lungs with liposomes reduced haemodynamic indi-
cators and pulmonary vascular reconstruction in rats by
suppressing Smurf11 expression [129]. The delivery of
miR-140 to the lungs using liposomes may offer new possi-
bilities for treating PH.

(6) miR-17~92. In the human genome, the miR-17~92 clus-
ter, a typical polycistronic miRNA gene cluster, is located on
chromosome 13. This cluster encodes and expresses six
mature miRNAs, namely, miR-17, miR-20a, miR-18a, miR-
19a, miR-19b, and miR-92a, each of which has its own target
gene and biological function. It regulates tumour angiogene-
sis and widely participates in the development of lympho-
cytes [130]. The expression imbalance of this cluster can
lead to a variety of diseases, including haematologic neo-
plasms, solid neoplasms, immune diseases, and cardiovascu-
lar diseases [131].

miR-19a/b and miR-17/20a are important members of
the miR-17~92 cluster. The expression of miR-19a/b and
miR-17/20a was downregulated in PASMCs of patients with
IPAH and PAH associated with other diseases (APAH).
Interestingly, in mice with HPH, miR-17~92 was found to
be upregulated in the early stage of HPH but downregulated
in the later stage [132]. Specific knockout of miR-17~92 in
VSMCs attenuated HPH progression and pulmonary artery
pressure in mice, but the effect of miR-17~92 knockout
was counteracted by the addition of recombinant miR-
17~92, suggesting that miR-17~92 cluster members strongly
participate in pulmonary vascular remodelling in HPH.
Interestingly, miR-17~92 was found to promote both prolif-
eration and differentiation of PASMCs in vitro. Its mecha-
nism regulating the phenotypic switching of PASMCs is
independent of the MYOCD pathway but depends on the
TGF-β signal. These results suggest that miR-17~92 in
PASMCs is an important participant in the pathogenesis of
PH but not the absolute controller. In PASMCs, the direct
downstream targets of miR-17~92 have been confirmed to
include plasminogen activator inhibitor 1 (PAI-1), PDZ,
LIM domain 5 (PDLIM5), and prolyl hydroxylase domain-
containing 2 (PHD2).

Among the miR-17~92 cluster members, miR-19a/b can
positively regulate the TGF-β/Smad2/calponin signalling
pathway by inhibiting PAI-1 in PASMCs to maintain the
contraction phenotype [132]. PAI-1 can be secreted by
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PASMCs and act as a major inhibitor of tissue-type and
urokinase-type plasminogen activators, and it mainly regu-
lates the plasma fibrinolysis system and cell adhesion ability.
Studies show that suppression of PAI-1 can increase Smad2
and the expression of SMC markers, thus negatively regulat-
ing the PASMCs contractile phenotype and influencing its
metabolism [132]. Notably, PAI-1 was not abnormally
expressed in APAH and IPAH PASMCs but was downregu-
lated in the rat HPH model, suggesting that this pathway is
regulated differently in different groups of PH.

miR-17/20a is another important member of the miR-
17~92 cluster, and it can inhibit PASMCs phenotypic
switching by inhibiting PDLIM5 and promoting the TGF-
β3/Smad3 signalling pathway [133]. PDLIM5 acts as an
adaptor protein to sequester transcription factors in the
cytoplasm; it can also interact with kinases to exert its effects
and can inhibit the expression of SMC markers through
TGF-β3/smad3 signal transduction. Therefore, it serves as
a negative regulator of the SMC contractile phenotype.
miR-17/20a can directly target PDLIM5 and decrease its
expression. In addition, miR-17/20a can indirectly inhibit
PAI-1 by regulating PDLIM5. Further studies have shown
that miR-17~92 also upregulates the expression of HIF-1α
by inhibiting PHD2 in PH [134], promoting the prolifera-
tion of PASMCs and enhancing pulmonary vessel remodel-
ling. Therefore, the different effects of miR-17~92 may be
closely related to the biphasic regulation of early upregula-
tion and late downregulation during PH progression.

In summary, the miR-17~92 cluster plays a complex regu-
latory role in the development of PH. The regulation of PAH
pathogenesis by the miR-17~92 cluster requires further study
and may become a potential therapeutic direction for PH.

(7) miR-let-7g. miR-let-7 is widely expressed in the cardio-
vascular system, with abnormalities in many cardiovascular
diseases, such as myocardial hypertrophy, myocardial fibro-
sis, myocardial infarction, angiogenesis, AS, and hyperten-
sion. Our team used miRNA network pharmacology to
reveal that the let-7 family was involved in three functional
pathways: TGF-/BMP, hypoxia, and inflammation. We also
found that miR-let-7g was decreased in hypoxic PH rats. It
can inhibit hypoxia-induced PASMCs proliferation by tar-
geting c-Myc [135]. Considering that miR-449 can inhibit
the phenotypic switching of PASMCs by targeting c-Myc
[95], it is also worth exploring whether let-7g can also inhibit
the phenotypic switching of PASMCs by targeting c-Myc.
We also found that let-7g can negatively regulate LOX-1
expression in PH [136], and LOX-1 can promote the pheno-
typic switching of PASMCs through the ERK1/2-Elk-
1/MRTF-A-SRF signalling pathway [25]. Additionally, it is
known that after activation of the MAPK pathway, ternary
complex factor (TCF) is activated and can promote the phe-
notypic switching of VSMCs by remodelling chromatin con-
taining the CArG box promoter. This process isolates SRF
and reduces troponin expression. Using bioinformatics pre-
diction, our team found that let-7g targets MEKK1 to regu-
late the MAPK pathway. Based on the above findings, we
conjecture that let-7g can likely inhibit PASMCs phenotypic
switching, and this is one of our future research directions.

5. Conclusions and Future Directions

PH is a serious progressive cardiopulmonary disease with
poor prognosis and no effective treatment. Researches
worldwide have committed to exploring its pathogenesis
and identifying new targets for its prevention and treatment.
In recent decades, international research on miRNAs has
rapidly progressed, and the discovery of miRNAs has
opened a new research area to investigate mechanisms of
disease occurrence and development. miRNAs play impor-
tant roles in various biological systems and diseases. Recent
studies have demonstrated that miRNAs can regulate many
key molecular pathways that play crucial roles in the occur-
rence, development, and, possibly, the attenuation or pre-
vention of PH. These miRNAs can be classified into
growth factor-related miRNAs, inflammation-related miR-
NAs, and hypoxia-related miRNAs based on the affected sig-
nalling pathways [137]. Compared with research in other
fields, research on miRNAs in the occurrence and develop-
ment of PH is relatively underdeveloped. Only a few miR-
NAs have been proven to be suitable therapeutic targets for
this disease, and almost no research has been conducted to
investigate the effects of miRNAs on ion channels in PAECs
and PASMCs. However, this deficit also presents a rare
opportunity for us. Enhancing the study of PH-related miR-
NAs will help to further clarify the pathogenesis of PH,
develop more effective targeted drugs, and assist in the early
diagnosis. At present, clinical treatment can only reduce
symptoms and cannot reverse the disease process. Although
the majority of miRNA research and miRNA-based thera-
peutics in current clinical trials are related to cancer, they
still have great prospects in the treatment of pulmonary dis-
eases [138]. Some animal experiments have proven that
drugs targeting miRNAs can delay or even reverse the PH
process. For example, in a rat PH model induced by mono-
crotaline, an airway atomized miR-140 simulant and miR-
223 simulant were shown to treat PH [57, 139]. Therefore,
miRNA-based therapeutics have become a new hope for
the reversal of PH symptomatology. However, further
research is needed to elucidate how to accurately deliver
miRNAs into lung tissue while avoiding adverse reactions
in other tissues and how to maintain stability in cells. Simul-
taneously, the role of miRNAs in vivo is complex, and there
may be multiple targets that form a network with each other.
From this perspective, miRNAs that have little impact on
other organs but have obvious effects in PH may be more
valuable for research. Furthermore, analysing PH-related
miRNAs and studying their upstream and downstream tar-
gets would also be helpful in exploring the aetiology and lay-
ing a foundation for finding new powerful targets and
developing related, non-miRNA drugs. This review summa-
rizes the role of miRNAs in pulmonary vascular remodelling
in PH via the regulation of phenotypic switching and sum-
marizes the potential target genes (see Figure 4). Researchers
are expected to focus on PASMCs phenotypic switching to
reveal new roles of miRNAs in PH occurrence and develop-
ment. Recent reports have shown that extracellular miRNAs
bind to protein complexes and are thus not readily degraded
by RNases in the circulation; in addition, they exhibit stable
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and abundant expression and can thus be used as potential
biomarkers for the diagnosis or early detection of PH
[140]. miRNA molecules have a simple structure and low
molecular weight and are easy to synthesize and modify; fur-
thermore, miRNA-based treatments can not only silence
genes (and eliminate undesirable protein translation) but
also restore the expression of lost proteins to physiological
levels. For these reasons, drugs targeting miRNAs are
expected to constitute a new generation of molecular
approaches for PH treatment.
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The proliferation of pulmonary artery smooth muscle cells (PASMCs) is an important cause of pulmonary vascular
remodeling in pulmonary hypertension (PH). It has been reported that miR-137 inhibits the proliferation of tumor cells.
However, whether miR-137 is involved in PH remains unclear. In this study, male Sprague-Dawley rats were subjected to
10% O2 for 3 weeks to establish PH, and rat primary PASMCs were treated with hypoxia (3% O2) for 48 h to induce cell
proliferation. The effect of miR-137 on PASMC proliferation and calpain-2 expression was assessed by transfecting miR-
137 mimic and inhibitor. The effect of calpain-2 on PASMC proliferation was assessed by transfecting calpain-2 siRNA.
The present study found for the first time that miR-137 was downregulated in pulmonary arteries of hypoxic PH rats and
in hypoxia-treated PASMCs. miR-137 mimic inhibited hypoxia-induced PASMC proliferation and upregulation of calpain-2
expression in PASMCs. Furthermore, miR-137 inhibitor induced the proliferation of PASMCs under normoxia, and
knockdown of calpain-2 mRNA by siRNA significantly inhibited hypoxia-induced proliferation of PASMCs. Our study
demonstrated that hypoxia-induced downregulation of miR-137 expression promoted the proliferation of PASMCs by
targeting calpain-2, thereby potentially resulting in pulmonary vascular remodeling in hypoxic PH.

1. Introduction

Pulmonary hypertension (PH) is a rare vascular disorder,
now defined clinically as a mean pulmonary artery pressure
(mPAP) over 25mmHg at rest or over 30mmHg during
activity. Pulmonary vascular remodeling plays an important
role in PH pathology, which is mainly characterized by
endothelial cell injury, smooth muscle cell proliferation,
fibroblast muscularization, extracellular matrix increase, in
situ thrombosis, varying degree inflammation, and plexi-
form arterial changes [1, 2]. In these pathological changes,
the proliferation of pulmonary arterial smooth muscle cells

(PASMCs) is the most important cause of pulmonary
vascular remodeling in PH. Therefore, inhibition of
PASMC proliferation is expected to be a crucial pathway
for PH treatment.

Calpain is a Ca2+-dependent cysteine protease that has been
found to contain at least 15 subtypes, calpain-1 (μ-calpain) and
calpain-2 (m-calpain), which are the two best-characterized
members of the calpain family and are ubiquitously expressed
in mammals [3]. Calpain-1 and calpain-2 constitute a distinct
larger catalytic subunit, and calpain-4 as a common smaller
subunit is responsible for maintaining calpain activity [4].
Recent studies have linked calpain with a variety of diseases,
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such as Alzheimer’s and Parkinson’s diseases, cancer, diabetes,
atherosclerosis, and PH [5]. In hypoxia and monocrotaline-
induced PH of mice and rats, the expression of calpain-1/2/4
in the lung tissues and pulmonary arteries was significantly
increased [6–8]. Research focusing on the role of calpain-2
in hypoxia-induced PH becomes a meaningful work.

It has been reported that a variety of miRNAs participate
in the pathogenesis of PH. For example, miR-223 [9] and
miR-let-7g [10] have been found to regulate the proliferation
of PASMCs participating in pulmonary vascular remodeling
of PH. To fully reveal the role of miRNAs in hypoxic PH, we
did the pilot microarray assay in pulmonary arteries of hyp-
oxic PH rats and found that the expression of miR-137 was
significantly downregulated. It has been reported that miR-
137 inhibits the proliferation and migration of a variety of
tumor cells [11, 12]. Over 1000 genes have been predicted
to be targets of miR-137 by using a bioinformatic approach,
and highlighted target genes are involved in a large number
of pathways including neural development, cell cycle, differ-
entiation, and proliferation [13]. However, whether miR-137
is involved in PH remains unclear. Bioinformatic analysis
suggests that the 3′-UTR of calpain-2 contains a potential
binding element for miR-137 with a 7-nt match to the
miR-137 seed region, and miR-137 has been found to
directly target calpain-2 in motoneurons [14]. We therefore
hypothesize that miR-137 contributes to hypoxic PH by
targeting calpain-2 and designed this study to explore the
regulatory role of miR-137 in hypoxia-induced PASMC
proliferation and pulmonary arterial remodeling in rat hyp-
oxic PH, and the regulating effect of miR-137 on calpain-2
expression was also certificated.

2. Materials and Methods

2.1. Animal Experiments. About 180-220 g, male Sprague-
Dawley (SD) rats were purchased from the Laboratory Ani-
mal Center of Xiangya School of Medicine, Central South
University, Changsha, China (SCXK (XIANG) 2019-0014).
All protocols of animal experiments (No. CSU2017009)
were approved by the Central South University Veterinary
Medicine Animal Care and Use Committee. Regarding the
methodology, we followed the PH preclinical guidelines as
previously described [15].

SD rats were randomly divided into hypoxia group and
control group. Rats were exposed to continuity hypoxia
(10% O2) for up to 21 days in the hypoxia group while main-
tained in a normal oxygen condition (21% O2) in the control
group. At the 21 days after subjected to hypoxia, the rats
were weighed and anesthetized by intraperitoneal injection
of 2% sodium pentobarbital (60mg/kg). A Vevo 2100
(VisualSonics, Canada) ultrasound system equipped with
21MHz probe was used for echocardiographic assessment
of pulmonary arterial acceleration/ejection time ratio
(PAAT/PAET). Right-sided heart catheterization was con-
ducted to detect right ventricular systolic pressure (RVSP)
and mPAP. The right ventricle (RV) was separated from left
ventricle and septum (LV+S) and weighed. The ratio of RV
to (LV+S) was calculated to assess the extent of right ventri-
cle hypertrophy. The pulmonary arterial samples were

collected for mRNA and protein expression analysis. The
right lower lung was fixed in 4% paraformaldehyde for
hematoxylin-eosin (HE) staining and in situ hybridization
analysis of miR-137.

2.2. HE Staining. For HE staining, the fixed lungs were
embedded in paraffin and then cut into approximately
5μm thick sections by microtome. HE staining of right lung
was conducted in accordance to the same method used in
our previous study [6].

2.3. In Situ Hybridization. In situ hybridization kit (Boster,
Wuhan, China) was used to detect the expression of miR-137
in lung tissues according to the manufacturer’s instructions.
In brief, 5μm sections were used for sodium citrate antigen
retrieval and then incubated with blocking buffer overnight
with miR-137 detection probe which was labeled with 3′ and
5′ digoxigenin. After washed with phosphate-buffered saline
(PBS) and SSC buffer, immunodetection was performed with
a biotinylated anti-DIG antibody at 37°C for 60min and the
avidin-biotin-peroxidase complex (ABC kit, Vector Laborato-
ries, Burlingame, CA) at 37°C for 20min. After washed with
PBS, the slides were detected by 3,3-diamino benzidine
(DAB) staining.

2.4. Preparation of Primary Rat PASMCs. As our previous
study described, primary rat PASMCs were extracted from
the pulmonary arteries using tissue block anchorage method
[10]. Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 20% (v/v) fetal bovine serum was used to
culture primary rat PASMCs at 37°C in a humidified atmo-
sphere of 5% CO2. Smooth muscle α-actin (α-SMA)
immunohistochemistry and immunofluorescence using anti-
rat α-SMA antibody (1 : 50, ab7817, Abcam) were used to
identify PASMCs. The three to five passages of PASMCs were
used for all experiments.

2.5. Cell Transfection. PASMCs reached 60% to 70% of con-
fluence were starved with low serum sputum (2% FBS) for
24 h. To validate the effects of miR-137 and calapin-2 on
hypoxia-induced PASMC proliferation and gene expression,
the mimic and inhibitor of miR-137 and calpain-2 siRNA
(Ribobio Co. Ltd., Guangzhou, China) were transiently
transfected by ribo FECT™ CP transfection kit (Ribobio
Co. Ltd., Guangzhou, China) according to the manufac-
turer’s instructions. Then, the cells were maintained in
hypoxia (3% O2) or normoxia chamber for up to 48h
according to grouping. Quantitative real-time polymerase
chain reaction was used to detect the transfection efficiency
of miR-137 mimic. Real-time PCR and Western blot were
used to test the expression of calpain-2 mRNA and protein
to detect the transfection efficiency of calpain-2 siRNA.
The target sequences of calpain-2 siRNAs were CCAATT
TGTTCAAGATCAT.

2.6. Assay of Cell Proliferation. For the MTS assay as
described previously [10], PASMCs were seeded in 96-well
culture plates (6 × 103 cells/well) and then starved with low
serum sputum (2% FBS) for 24h. After treatment, the cells
were washed with PBS. According to the manufacturer’s
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instructions, each well was added 10μL of MTS solution and
incubated at 37°C for 2.5 h after the treatment. Colorimetric
analysis was determined by an ELISA plate reader (DTX880;
Beckman, Miami, FL) at 490nm.

For EDU proliferation assay, 5 × 103 cells/well were
seeded into 96-well culture plates. According to the
manufacturer’s instructions, each well was added 50μmol/L
of 5-ethynyl-2′-deoxyuridine (EDU, Ribobio, China) and
incubated at 37°C for 4 h. The cells were fixed by using 4%
formaldehyde for 15min and then treated with 50μL
2mg/mL glycine for 5min at 25°C. Then, the cells were
treated with 100μL 0.5% TritonX-100. After washing with
PBS for 3 times, 100μL of 1×Apollo® reaction cocktail was
added in each well and reacted for 30min. Then, the cells
were stained with 100μL of Hoechst 33342 (5μg/mL) for
30min and visualized under a fluorescent microscope.

2.7. RNA Isolation and Real-Time PCR Analysis. The mRNA
levels of miR-137 and calpain-2 were quantified by real-time
PCR. In brief, total RNA of pulmonary arteries and PASMCs
was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA)
and the concentration and quality of RNA were confirmed
by spectrophotometric method. Prime Script reverse tran-
scription reagent Kit (DRR037S; TaKaRa) was used for
RNA reverse transcription reaction. ABI Prism 7300 real-
time PCR system (Applied Biosystems) with SYBR Premix
Ex Taq (DRR041A; TaKaRa) was used for quantitative anal-
ysis of mRNA expression. Primers for calpain-2: (F) CCAG
AAGTTGGTGAAAGGACA and (R) CTGCCGTTCTG
TTAGATTTGC and β-actin: (F) TGTCACCAACTGGG
ACGATA and (R) ACCCTCATAGATGGGCACAG. For
the detection of miR-137, Bulge-Loop miRNA Primers
(Ribobio) were replaced oligo and random primers during
reverse transcription reaction. Data analysis was performed
by comparative Ct method using the ABI software. β-Actin
and U6 were used to normalize the expression level of
mRNAs and miRNAs, respectively.

2.8. Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR). Preparation of cDNA was carried out from 2μg
of total RNA using the TranScript One-Step gDNA Removal
and cDNA Synthesis SupperMix for RT-PCR (TransGen
Biotech, China) according to the manufacturer’s instructions.
Semiquantitative RT-PCR cDNA was amplified in a 25μL
reaction volume containing 2.5mM dNTPs, 10μM specific-
primers, 10×EasyTag buffer, and 1U of EasyTag DNA Poly-
merase (TransGen Biotech, China). After initial denaturation
at 94°C for 5min, PCR was carried out for 35 cycles with
denaturation for 30 s at 94°C, annealing for 30 s at 56°C for
PCNA and beta-actin, and extension for 1min at 72°C
followed by afinalextension of 10min at 72°C. Primers for
PCNA: (F) TACAAGCAACTTCCCATTCCA and (R)
TCAGCAAACACAACTCCTCCT and β-actin: (F) CCCA
TCTATGAGGGTTACGC and (R) TTTAATGTCACGCA
CGATTTC. The PCR products were visualized by electro-
phoresis with an ethidium bromide-stained 1.5% agarosegel.
The densitometric analysis was conducted with UVP Bioi-
maging System (BioDoc, USA).

2.9. Western Blot Analysis. Proteins were extracted from cul-
tured PASMCs and pulmonary arteries with RIPA buffer
(contain 1% PMSF) for 30min on ice and quantified by
BCA kit (P0010, Beyotime, China). About 20~60μg protein
of each sample was separated by 10% SDS-polyacrylamide
gels and transferred onto PVDF membranes. Membranes
were blocked with 5% skim milk for 1 h and then incubated
with primary antibodies for calpain-2 (ab39165, Abcam,
1 : 1000), PCNA (A0264, ABclonal, 1 : 1000), and β-actin
(AF0003, Beyotime, 1 : 1000) and subsequently incubated
with horseradish peroxidase- (HRP-) coupled goat anti-
rabbit (A0208, Beyotime, 1 : 1000) and HRP-coupled goat
anti-mouse (A0216, Beyotime, 1 : 1000). The chemilumines-
cence signals were visualized with the LuminataTM Crescendo
substrate (WBLUR0100,Millipore). The densitometric analysis
was conducted with ChemiDoc XRS+ system (Bio-Rad Co.
Ltd., USA).

2.10. Luciferase Assay. The 3′-UTR of calpain-2 mRNA with
putative/mutant miR-137 binding site was cloned into the
firefly luciferase reporter construct pmiR-RB-ReportTM
Vector (Ribobio, Guangzhou, China). Firefly luciferase
(Luc) acts as a control, and renilla luciferase (Rluc) acts as
a reporter. For the reporter assay, PASMCs grown in
96-well plates were cotransfected with calpain-2-3′-UTR-
Luc (2μg) and miR-137 mimic (50 nM) by ribo FECT™ CP
transfection kit. Dual-Luciferase® Reporter Assay System
(E1910, Promega) was used to detect the renilla and firefly
luciferase activities after incubation for 48 h.

2.11. Statistics. Data were shown as mean ± S:E:M:ðstandard
errorsÞ. Statistical analysis was performed by the permutation
test when the sample size is only 3 and by Student’s t-test for
two groups or by one-way ANOVA followed by Student-
Newman-Keuls test for multiple groups when the sample size
is greater than 3. A value of p less than 0.05 was considered to
be statistically significant. All statistical analyses were per-
formed by the SPSS18.0 software, and GraphPad Prism 7
was used for drawing figures.

3. Results

3.1. miR-137 Was Downregulated in Remodeled Pulmonary
Arteries and Hypoxia-Treated PASMCs in Hypoxic PH. To
induce hypoxic PH, the rats were exposed to hypoxia (10%
O2) for 21 days. As keeping with our previous study [10],
PAAT/PAET (Figure 1(a)) was markedly decreased in the
hypoxia group; meanwhile, mPAP (Figure 1(b)), RVSP
(Figure 1(c)), and the right heart remodeling index
RV/(LV+S) (Figure 1(d)) were significantly increased in the
hypoxia group. The body weight of hypoxic PH rats was
decreased compared with the control group (Figure 1(e)).
HE staining demonstrated that hypoxia induced obvious
thickening of the pulmonary vascular wall and the stenosis
of the lumen (Figure 1(f)).

Accordance to our pilot study based on the microarray
assay (mentioned in Introduction), the expression of miR-
137 was measured in pulmonary arteries and PASMCs. As
shown in Figures 1(g) and 1(h), hypoxia significantly
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downregulated the expression of miR-137 in pulmonary arter-
ies of hypoxic PH rats. As expected, PASMCs exposed to 3%
O2 for different times (6h, 12h, 24h, 48h, and 72h) showed
significant proliferation in a time-dependent manner
(Figures 1(i) and 1(j)). With the proliferation of hypoxia-
induced PASMCs, hypoxia also significantly downregulated
the expression of miR-137 in PASMCs (Figure 1(k)).

3.2. miR-137 Inhibited Hypoxia-Induced Proliferation of
PASMCs. As mentioned above, miR-137 regulates the prolif-
eration of a variety of tumor cells [11, 12]. We therefore
explored the regulatory effect of miR-137 on hypoxia-
induced proliferation of PASMCs by transfecting the mimic
of miR-137. The results demonstrated that the transfection
of miR-137 mimic significantly increased the expression of
miR-137 (Figure 2(a)) and remarkably relieved hypoxia-
induced the proliferation of PASMCs (Figures 2(b)–2(f)).

3.3. miR-137 Inhibitor Induced the Proliferation of PASMCs.
To further confirm the role of miR-137 in the proliferation
of PASMCs, we transfected the inhibitor of miR-137
(100 nM) to PASMCs under normoxia. As Figure 3 shown,
miR-137 inhibitor decreased the expression of miR-137
(Figure 3(a)) and induced the proliferation of PASMCs
(Figures 3(b)–3(f)).

3.4. Hypoxia Induced the Expression of Calpain-2. It has well
been documented that calpain-2 is mediated in promoting
the proliferation of PASMCs, thereby resulting to pulmo-
nary arterial remodeling in hypoxic PH [6–8]. In our setting,
we therefore measured the expression of calpain-2 and found
that exposure of rats to continuity hypoxia (10% O2) for 21
days significantly upregulated the protein expression of
calpain-2 in pulmonary arteries (Figure 4(b)) but not the
expression of calpain-2 mRNA meanwhile (Figure 4(a)).
Accordantly, treatment of PASMCs with 3% O2 for 6h, 12h,

24h, and 48h also upregulated the mRNA and protein expres-
sion of calpain-2 in a time-dependent manner (Figures 4(c)
and 4(d)).

3.5. miR-137 Inhibited Hypoxia-Induced Upregulation of
Calpain-2 Expression. It has been documented that miR-
137 inhibits the mRNA of calpain-2 by directly targeting at
3′-UTR of calpain-2 [14, 16]. To explore whether miR-137
targets 3′-UTR of calpain-2 mRNA in PASMCs, we mutated
the putative binding site (Figure 5(a)). As shown in
Figure 5(b), miR-137 mimic significantly downregulated
the fluorescence values of wild-type vectors, whereas lucifer-
ase activity was unchanged using 3′-UTR binding site-
mutated construct. These results indicated that miR-137
repressed the translation of calpain-2 mRNA by binding to
its 3′-UTR. We then observed the effect of the transfection
of miR-137 mimic on the expression of calpain-2 in
PASMCs and found that miR-137 mimic downregulated
the expression of calpain-2 mRNA and protein expression
under normoxic condition (Figures 5(c) and 5(d)). It is of
note that miR-137 mimic (25 nM) reversed the upregulated
expression of calpain-2 (both mRNA and protein) induced
by hypoxia (Figures 5(e) and 5(f)).

3.6. Knockdown of Calpain-2 Inhibited Hypoxia-Induced
PASMC Proliferation. Inhibition of calpain-2 has been
shown to attenuate proliferation of PASMCs induced by
PH mediators (platelet-derived growth factor [PDGF], sero-
tonin [5-HT], and interleukin 6 [IL-6]) [17, 18]. In this
study, we therefore used the calpain-2 small interfering
RNA (siRNA) to knock down the expression of calpain-2
mRNA to explore whether calpain-2 mediates hypoxia-
induced PASMC proliferation. Different fragments and dif-
ferent concentrations of calpain-2 siRNA were transfected
into PASMCs, resulting in the decrease of calpain-2 mRNA
and protein expression in PASMCs, especially the effect of
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Figure 1: miR-137 was downregulated in remodeled pulmonary arteries and hypoxia-treated PASMCs. (a) PAAT/PAET (n = 6). (b) mPAP
(n = 8). (c) RVSP (n = 8). (d) RV/LV+IS (n = 8). (e) Body weight of rats (n = 10). (f) HE staining. (g, h) The expression of miR-137 in rat
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fragment 2 of calpain-2 siRNAs in a concentration-dependent
manner (Figures 6(a) and 6(b)). Then, we used the fragment 2
of calpain-2 siRNAs at the concentration of 40nM for the sub-
sequent experiments. The MTS and EDU assay showed that
knockdown of calpain-2 inhibited hypoxia-induced prolifera-
tion of PASMCs (Figures 6(c)–6(e)).

4. Discussion

This study represents the first evidence of the role of miR-
137 in mediating hypoxia-induced proliferation of PASMCs,
thereby potentially contributing to pulmonary arterial
remodeling in PH. The main findings of the present study
are as follows: (1) miR-137 was downregulated in pulmo-
nary arteries of hypoxic PH rats and hypoxia-treated
PASMCs; (2) miR-137 mimic inhibited hypoxia-induced
proliferation of PASMCs by targeting calpain-2, and miR-
137 inhibitor induced the proliferation of PASMCs under
normoxia; (3) knockdown of calpain-2 by siRNA suppressed
hypoxia-induced proliferation of PASMCs.

Hypoxia is one of the commonest causes of PH [19].
Hypoxia not only causes vasoconstriction by activating
voltage-gated calcium channels resulting to increased cyto-
solic calcium of PASMCs, but also leads to pulmonary
vascular remodeling by activating rho kinase and hypoxia-
inducible factor- (HIF-) 1α [20]. Hypoxia also compels the
differential expression of miRNAs through response ele-
ments in their promoters of HIF-1 or through indirect
hypoxia-associated stimulus [21]. The role of several miR-
NAs including miR-206 [22], miR-130/301 [23], miR-
103/107 [24], miR-150 [25], miR-let-7g [6, 10], miR-17/92
[26], miR-92b-3p [27], miR-204 [28], and miR-27a [29] in

hypoxic pulmonary arterial remodeling has been reported.
The present study found for the first time that miR-137
was downregulated in pulmonary arteries of hypoxic PH rats
and hypoxia-treated PASMCs. Studies have reported that
the downregulation of miR-137 expression is caused by the
ubiquitous in hypoxic-microenvironment [30], and that
miR-137 is silenced by methylation and reduction of hyper-
methylation of the miR-137 promoter by inhibiting DNA
methyltransferase which promotes its reexpression in hypoxia
condition [31, 32]. In our setting, whether these potential
mechanisms are involved in hypoxia-induced, the downregu-
lation of miR-137 expression needs further investigation.

In a variety of cancer cells, miR-137 is significantly
downregulated, and transfection of miR-137 mimic to
restore miR-137 expression results in significant inhibition
of cell proliferation, migration, and epithelial-mesenchymal
transition [11, 12, 33]. miR-137 also regulates nervous sys-
tem development and synaptic plasticity [13, 34]. In high
glucose-induced human umbilical vein endothelial cell
injury, miR-137 is significantly upregulated and inhibition
of miR-137 inhibits oxidative stress and cell apoptosis [35].
In PDGF-induced proliferation of vascular smooth muscle
cells, miR-137 is significantly downregulated and overex-
pression of miR-137 suppresses the cell proliferation and
migration by suppressing the activity of mTOR/Stat3 signal-
ing [36]. As we described above, excessive proliferation of
PASMCs is the most important cause of pulmonary vascular
remodeling in PH [37]. In this study, we for the first time
found that miR-137 mediated the pathogenesis of hypoxic
PH by inhibiting the proliferation of PASMCs. However,
the destruction of vascular intima after vascular endothelial
cell injury is usually the starting point of cardiovascular
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Figure 2: miR-137 inhibited hypoxia-induced proliferation of PASMCs. (a) PASMCs were transfected with miR-137 mimic, and the
expression of miR-137 was detected by real-time PCR (n = 3). (b) PASMCs were transfected with miR-137 mimic (25 nM), and the
proliferation of PASMCs was detected by MTS assay (n = 6). (c) Statistic diagram of EDU staining (n = 3). (d) PASMCs were transfected
with miR-137 mimic (25 nM), and the proliferation of PASMCs was detected by EDU staining. (e) PASMCs were transfected with miR-137
mimic (25 nM), and RT-PCR was used to detect the mRNA expression of PCNA, a marker of cell proliferation (n = 3). (f) PASMCs were
transfected with miR-137 mimic (25 nM), and Western blot detected the protein expression of PCNA (n = 3). The data are presented as
means ± S:E:M:; ∗p < 0:05 and ∗∗p < 0:01 vs. control and #p < 0:05 and ##p < 0:01 vs. hypoxia.
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Figure 3: miR-137 inhibitor induced the proliferation of PASMCs. (a) PASMCs were transfected with miR-137 inhibitor (100 nM), and the
expression of miR-137 was detected by real-time PCR (n = 4). (b) PASMCs were transfected with miR-137 inhibitor (100 nM), and the
proliferation of PASMCs was detected by MTS assay (n = 4). (c) Statistic diagram of EDU staining (n = 3). (d) PASMCs were transfected
with miR-137 inhibitor (100 nM), and the proliferation of PASMCs was detected by EDU staining. (e) PASMCs were transfected with
miR-137 inhibitor (100nM), and RT-PCR was used to detect the mRNA expression of PCNA (n = 3). (f) PASMCs were transfected with
miR-137 inhibitor (100 nM), and Western blot detected the protein expression of PCNA (n = 3). The data are presented as means ± S:E:M:;
∗p < 0:05 and ∗∗p < 0:01 vs. control.
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diseases. In the process of PH, apoptosis, necrosis, and endo-
thelial to mesenchymal transition occur in pulmonary arte-
rial endothelial cells [38]. Therefore, the role of miR-137 in
pulmonary arterial endothelial functions also deserves to
be further studied.

miRNAs bind to the 3′-UTR of target genes, resulting in
inhibition of the target genes, to participate in physiological
process and the pathogenesis of diseases. Bioinformatic anal-
ysis suggests that a potential binding element for miR-137 is
contained in the 3′-UTR of calpain-2. Studies have demon-
strated that miR-137 binds to 3′-UTR of calpain-2 to inhibit
the expression of calpain-2 [14, 16, 39]. In this study, miR-
137 also suppressed the translation of calpain-2 mRNA by
binding to its 3′-UTR, suggesting that the calpain-2 is a
direct target of miR-137 in hypoxia which induced the pro-
liferation of PASMCs. Moreover, as we described above,
miR-137 mediates the PDGF which induced the prolifera-
tion of VSMCs by regulating the activity of mTOR/Stat3 sig-
naling. Stat3 has been demonstrated as a key mediator of PH
pathology, and the inappropriate Stat3 activation in PH has
been linked to miRNA expression, such as miR-204 and

miR-17/92 [40]. Therefore, whether not only calpain-2 but
also Stat3 participates in the proliferation of PASMCs medi-
ated by miR-137 in hypoxic PH or other category of PH
needs further investigation.

Calpain-2 (m-calpain) belongs to calpain family, which
is activated by hypoxia-induced intracellular calcium fluxes.
Our previous study found that calpain-1/2/4 expression was
increased in pulmonary arteries of hypoxic PH rats, and the
specific calpain inhibitor MDL28170 inhibited hypoxia-
induced PASMC proliferation [7]. Others have also reported
that global knockout or smooth muscle specific knockout of
calpain-4 and MDL28170 prevent pulmonary vascular
remodeling of MCT- or hypoxia-induced PH and EGF-
and PDGF-BB-induced cell proliferation of PASMCs [8,
17, 18]. In this study, knockdown of calpain-2 by siRNA
inhibited hypoxia-induced proliferation of PASMCs. Bioin-
formatic analysis showed that calpain-1/4 may be not targets
of miR-137 (data not shown). Notably, calpain-1 has been
implicated strongly in cell motility and adhesion, while
calpain-2 has been implicated strongly in cell proliferation
[41]. Emerging evidence has suggested an important role of
calpain-2 in proliferation of PASMCs. In hyperproliferated
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Figure 4: Calpain-2 was upregulated in remodeled pulmonary arteries and hypoxia-treated PASMCs. (a) The mRNA expression of calpain-2 in
the pulmonary arteries of rats (n = 8). (b) The protein expression of calpain-2 in the pulmonary arteries of rats (n = 8). (c) ThemRNA expression
of calpain-2 in PASMCs (n = 3). (d) The protein expression of calpain-2 in PASMCs (n = 3). The data are presented as means ± S:E:M:;
∗p < 0:05 and ∗∗p < 0:01 vs. 0 h, control.
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Figure 5: miR-137 inhibited hypoxia-induced upregulation of calpain-2 expression. (a) The putative binding site of miR-137 in 3′-UTR of
calapin-2 mRNA. (b) Luciferase analysis for examining whether miR-137 targets 3′-UTR of calpain-2 mRNA (n = 3). (c) The mRNA
expression of calpain-2 in PASMCs after transfecting miR-137 mimic under normoxic condition (n = 5). (d) The protein expression of
calpain-2 in PASMCs after transfecting miR-137 mimic (25 nM) under normoxic condition (n = 3). (e) The mRNA expression of
calpain-2 in PASMCs after transfecting miR-137 mimic (25 nM) under hypoxic condition (n = 4). (f) The protein expression of calpain-2
in PASMCs after transfecting miR-137 mimic (25 nM) under hypoxic condition (n = 4). WT: wild type; Mut: mutant; NC: negative
control. The data are presented as means ± S:E:M:; ∗p < 0:05 and ∗∗p < 0:01 vs. control or WT+NC control and ##p < 0:01 vs. hypoxia.
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Figure 6: Knockdown of calpain-2 inhibited hypoxia-induced proliferation of PASMCs. (a) PASMCs were transfected with calpain-2 siRNA,
and the mRNA expression of calpain-2 was detected by real-time PCR (n = 3). (b) PASMCs were transfected with calpain-2 siRNA, and the
protein expression of calpain-2 was detected by Western blot (n = 3). (c) PASMCs were transfected with calpain-2 siRNA (40 nM), and
the proliferation of PASMCs was detected by MTS assay (n = 4). (d) PASMCs were transfected with calpain-2 siRNA (40 nM), and the
proliferation of PASMCs was detected by EDU staining. (e) Statistic diagram of EDU staining (n = 3). The data are presented as
means ± S:E:M:; ∗∗p < 0:01 vs. control and ##p < 0:01 vs. hypoxia.
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PASMCs treated with PH mediators (PDGF, 5-HT, and IL-6),
the extracellular signal-regulated kinase (ERK) 1/2 activated
calpain-2 through phosphorylation of calpain-2 at Ser50 and
ERK-1/2 inhibitor PD98059 or knockdown of calpain-2 pre-
vented calpain activation, resulting in inhibition of prolifera-
tion of PASMCs [21, 42]. In this study, we demonstrated
that miR-137 mimic reduced the expressions of calpain-2,
but not measured the activity of calpain-2. However, there is
a study showing that miR-137 mimic pretreatment effectively
prevented the oxygen-glucose deprivation and reperfusion-
induced [Ca2+] increase, whereas the miR-137 inhibitor
aggravated the [Ca2+] increase [39]. Given that increased intra-
cellular [Ca2+] levels can activate calpain-2, we speculate that
miR-137 mediates the activation of calpain-2 by regulating
the concentration of [Ca2+] in hypoxic PH. Calpain-2 upregu-
lated Akt phosphorylation via an intracrine transforming
growth factor-β 1 (TGF-β1)/mammalian target of rapamycin
complex 2 (mTORC2) mechanism, resulting in proliferation
of PASMCs treated with PDGF [17]. Intracrine TGF-β1 path-
way is initiated by calpain-mediated cleavage and activation of
latent TGF-β1 in the Golgi complex [8]. Study has reported
that bone morphogenetic protein 4 (BMP4) inhibits PDGF-
stimulated calpain activation and subsequent intracrine TGF-
β1-Smad 2/3 pathway in PASMCs [43]. All findings suggest
that calpain-2 is expected to be a potential therapeutic target
for proliferation of PASMCs, further for PH (Figure 7).

In the present study, we found that calpain-2, as a target of
miR-137, was upregulated with the downregulation of miR-
137 in hypoxic PH. However, studies have also demonstrated
that protein level of calpain-2 is regulated by miR-223 acting
directly on the 3′-UTR of calpain-2 mRNA as well as by
miR-145, which acts via an increase in histone deacetylase 2,
and histone deacetylase 2 transcriptionally inhibits calpain-2
expression by hyperacetylation of the promoter of calpain-2
gene in endothelial cells [9, 44]. Therefore, whether there also
exist other miRNAs targeted calpain-2 to participate in the
proliferation of PASMCs in hypoxic PH or other category of
PH needs further investigation. Furthermore, besides calcium
channels, potassium channels have also been reported to reg-
ulate calpain activity. Potassium channel dysfunction in
PASMCs is a hallmark of PH. Transient transfection of a Kv
channel or a K+ channel activator increases K+ efflux to
enhance PASMC death [45, 46]. The decrease of K+ channel
expression, such as Kv1.5 and Kv1.2, leads to the proliferation
of PASMCs [47]. The opening of potassium channels pro-
motes cell membrane hyperpolarization and reduces calcium
overload. In a hypoxic environment, cell membrane depolari-
zation inhibits the opening of potassium channels, which in
turn promotes the increase of cytoplasmic free calcium con-
centration resulting in calpain-2 activation [48]. Therefore,
the activation of calpain-2 may also be involved in the potas-
sium channel-mediated proliferation of PASMCs.

In spite of the foregoing important findings, the present
study has indeed some limitations. Transgenic or gene knock-
out animals of miRNA-137 and calpain-2 need to be intro-
duced to further prove the in vivo functions of miRNA-137
and calpain-2 in pulmonary vascular remodeling and further
confirm the inhibitory effect of miR-137 in hypoxia-induced
proliferation of PASMCs by targeting calpain-2.

In conclusion, the present study for the first time
demonstrated that hypoxia-induced downregulation of miR-
137 promoted PASMC proliferation by targeting calpain-2.
miR-137, a new miRNA involved in proliferation of PASMCs,
further in pulmonary vascular remodeling of PH, would be a
novel potential therapeutic target for PH.
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PTEN/AKT signaling plays pivotal role in myocardial ischemia reperfusion injury (MIRI), and miRNAs are involved in the
regulation of AKT signaling. This study was designed to investigate the interaction between miR-129 and PTEN in MIRI. A
MIRI rat model and a hypoxia reoxygenation (H/R) H9C2 cell model were constructed to simulate myocardial infarction
clinically. TTC staining, creatine kinase (CK) activity, TUNEL/Hoechst double staining, Hoechst staining and flow cytometer
were used for evaluating myocardial infarction or cell apoptosis. miR-129 mimic transfection experiment and luciferase reporter
gene assay were conducted for investigating the function of miR-129 and the interaction between miR-129 and PTEN,
respectively. Real-time PCR and western blotting were performed to analyze the gene expression. Compared to the control,
MIRI rats presented obvious myocardial infarction, higher CK activity, increased expression of caspase-3 and PTEN, decreased
expression of miR-129, and insufficient AKT phosphorylation. Consistently, H/R significantly increased the apoptosis of H9C2
cells, concomitant with the downregulation of miR-129, upregulation of PTEN and caspase-3, and insufficient phosphorylation
of AKT, while miR-129 mimic obviously inhibited the expression of PTEN and caspase-3, increased the AKT phosphorylation,
and decreased the cell apoptosis. Additionally, miR-129 mimic obviously decreased the relative luciferase activity in H9C2 cells.
To our best knowledge, this study firstly found that the low expression of miR-129 accelerates the myocardial cell apoptosis by
directly targeting 3′UTR of PTEN. miR-129 is an important biomarker for MIRI, as well as a potential therapy target.

1. Introduction

myocardial infarction is one of the leading causes of death
worldwide, especially in elder population, which was charac-
terized by the blockage of blood to coronary artery and con-
sequently resulting in dysfunction of myocardial cell, even
death [1]. Restoration of blood to the coronary artery by
pharmacological or surgery approaches was the common
and effective therapy clinically. However, besides the benefits
to the affected heart, blood reperfusion will paradoxically be
harmful to the heart at certain stage, which was called myo-
cardial ischemia/reperfusion injury (MIRI) [2]. The common

and worst consequence of MIRI is myocardial cell death that
was associated with the inhibition of antiapoptotic signaling
pathways [3]. Among them, Akt signaling pathways are
involved in many cellular physiological processes and have
important roles in cell survival [4]. Amounted evidences
demonstrated that MIRI contributes to the decrease of phos-
phorylation of AKT in myocardial cell [4, 5]. Thereby, eluci-
dation of the molecular mechanism of decreased AKT
phosphorylation in MIRI is very important for the knowing
of myocardial infarction as well as its therapy. As an
upstream molecule of the AKT signaling pathway, PTEN
plays a pivotal role in AKT phosphorylation regulation.
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Previous studies have found that higher expression levels of
PTEN were, at least partially, the cause of insufficiency of
AKT phosphorylation in myocardial cells in pathological
state caused by MIRI [6]. Although there are many experi-
ments designed to study the expression regulation mecha-
nism of PTEN in MIRI and got many findings, its detail
mechanism still needs to be elucidated.

miRNAs are a class of conserved noncoding RNAs of
about 22 nt in length and have many biological functions;
for example, it can suppress gene expression [7]. Previous
studies have proved that one miRNA can target several dif-
ferent genes and one gene can be targeted by several different
miRNAs. [7] For its broad biological functions, miRNAs play
key roles in the development and progress of diseases, such as
myocardial infarction and tumor. [8, 9] Accumulated evi-
dence show that abnormal expression of miRNAs was associ-
ated with the process of MIRI, for example, miR-494, miR-
26a-5p, and miR-199a [10–12]. In addition, Xing et al. have
demonstrated that PTEN is a target gene of miR-26a-5P
[10]. This suggested that miRNAs are involved in MIRI, at
least partly, by regulating of PTEN. However, few of the pres-
ent studies were designed to explore the role of the miR-
NAs/PTEN axis in MIRI. For better understanding the role
of miRNA in PTEN expression regulation in MIRI, more tar-
get miRNAs of PTEN need to be confirmed. miR-129 was
proved to be a multifunction molecule and involving in the
development and progression of many diseases, such as cere-
bral ischemia reperfusion injury and MIRI [13–15]. We
recently found that miR-129 is a putative target miRNA of
PTEN based on bioinformation analysis and prediction.
Thus, explicating the interrelationship between miR-129
and PTEN is of great importance in understanding MIRI.

This study was designed to investigate the role of miR-
129 in MIRI. To our best knowledge, this was the first time
to observe the interaction of miR-129 and PTEN and it will
provide a novel target for MIRI therapy.

2. Materials and Methods

2.1. Animals’ Experiments. A total of 24 male Sprague-
Dawley rats (8 weeks old, 250-260 g) were purchased from
the Hunan SJA Laboratory Animal Co., Ltd. Animals were
housed in conditions (24°C, 60% humidity, and 12 h light/-
dark cycle) with free access to water and food. The rats were
randomly divided into three groups (the control group, sham
group, and I/R injury group; 8 per group). A rat MIRI model
was established following a previously described surgical
method [10]. Firstly, the rats were intraperitoneally injected
with 3% pentobarbital sodium (40mg/kg) for light anesthe-
sia. Then, the hair of the neck was removed and an endotra-
cheal intubation was performed. After that, a rodent
ventilator (R407, RWD Life Science, China) and an electro-
cardiograph (Beheart R3, Mindray, China) were used for
monitoring the rats’ respiratory rate and electrocardiogram,
respectively. Before carrying out left lateral thoracotomy
and exposing the heart, the skin along the left edge of the
sternum was incised and the muscle between the third and
fourth ribs was separated. An 8–0 atraumatic suture was used
to ligate the left anterior descending coronary artery

(LADCA) to produce occlusions. When the ST segment in
ECG was notably upgraded indicated that the coronary
artery was successfully blocked. After 30min of occlusion,
the suture was released and the blood to the heart was
restored. During the reperfusion process, there is an obvious
decline in the ST segment. Thus, the myocardial I/R model
was successfully constructed. Next, the pneumothorax was
evacuated manually, and the chest and skin were closed using
a 6–0 Prolene suture. For analgesia, buprenorphine
(0.1mg/kg body weight) was administered ip. Additionally,
the sham group of rats subjected to the same procedure
except the ligation of LADCA.

2.2. Measurement of Creatine Kinase (CK) Activity. A CK
activity test kit (Beijing Solarbio Science & Technology Co.,
Ltd.) was used for CK activity measurement. According to
the manufacture’s instruction, 0.1 g of heart tissues and
1mL extraction solution were mixed to prepare homogenate
at 0°C. Then, the homogenate was centrifuged at 10000 g, 4°C
for 15min and the supernatant was collected. The CK activity
was determined using a spectrophotometer (colorimetric
method). Briefly, a 1000μL reaction mix was prepared by
mixing 200μL supernatant, 450μL working solution, and
350μL water. Then, the absorption value was read at
340 nm. The CK activity was calculated as the following for-
mula: CK ðU/gÞ = 268 × ΔA ÷W. ðΔA = ðthe absorption
value of sample at the time of 190 s − the absorption value of
sample at the time of 10sÞ − ðthe absorption value of control
at the time of 190 s − the absorption value of control at the
time of 10sÞÞ.
2.3. Determination of Infarction Area.At the end of 2 h reper-
fusion, all rats (16 rats) were sacrificed by decapitation after
loss of consciousness following anesthesia via intraperitoneal
injection of 3% pentobarbital sodium (40mg/kg weight). The
heart was immediately excised and stored at –20°C. Prior to
TTC staining, heart slices were prepared by coronally cutting
heart tissues into sections with a thickness of 0.2-0.3 cm.
Then, the slices were immersed in 2% TTC and maintained
in dark (37°C) for 0.5 h. The sample pictures were captured.
The infarct area was assessed using ImageJ software (version
1.4; National Institutes of Health). The myocardial infarct
size is reported as the infarct area.

2.4. Cell Culture. The H9C2 cell line was purchased from the
Committee on Type Culture Collection of Chinese Academy
of Sciences of Shanghai and maintained in a cell incubator
with conditions as 37°C, 5% CO2, and 95% air. DMEM cul-
ture (Thermo Fisher Scientific, Inc.) supplemented with
10% FBS and penicillin/streptomycin (100U/mL) was used
for cell culture. Cells (5 × 105) were cultured with 12-well
plates for miRNA functional assays and the luciferase
reporter gene experiment.

2.5. Cell Model of Hypoxia/Reoxygenation (H/R). An in vitro
H9C2 cell H/R model was established following the methods
of Mao et al. to mimic myocardial ischemia reperfusion
injury [16]. When cells grow to a 70% area of a plate, the
DMEM culture was removed and cells were washed twice
using PBS to remove the residual culture. Following that,
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the cells were incubated with Dulbecco’s phosphate-buffered
saline (DPBS; Sigma-Aldrich; Merck KGaA) at 37°C in a hyp-
oxic condition (95%N2 and 5% CO2) for 5 h. Then, the DPBS
was dumped and replaced with an addition of DMEM cul-
ture, and the cells were maintained at 37°C in a standard con-
dition (5% CO2 and 95% air) for 20 h reoxygenation. The
attempts of hypoxia/reoxygenation (5 h/20 h) were to get an
apoptosis rate of H9C2 cells greater than 40%.

2.6. Bioinformatics Prediction. TargetScan (http://www
.targetscan.org/vert-72/) and miRBase (http://www.mirbase
.org/) were used to predict the target miRNAs of PTEN.

2.7. Cell Transfection. miR-129-5p mimic and negative con-
trols (NC) miRNA were synthesized from Shanghai Gene
Pharma Co., Ltd. (China). To investigate the function of
miR-129 in a cardiomyocyte, H9C2 cells were transfected
with miR-129 mimics (final concentration100 nm) by Lipo-
fectamine 2000 (Ruibo, China).

2.8. Luciferase Reporter Assay. Luciferase reporter assay was
performed following the methods of Mao et al. to observe
the interaction between PTEN and miR-129 [16]. A lucifer-
ase reporter gene plasmid (pGL6; Promega Corporation)
was constructed and designated as PTEN-WT or PTEN-
MU according to the sequence of 3′UTR of PTEN cloned
into the plasmid whether it contains the wild-type (WT)
binding sites of miR-129-5p“CAAAAAA” or mutant
(MUT)“CAAGAAA”. These plasmids were verified by elec-
trophoresis (figure S1). The plasmids and miR-129-5p
mimic were cotransfected into the H9C2 cell via
Lipofectamine® 2000 (Ruibo, China). After 24h of
transfection, the relative luciferase activity of H9C2 cells
was determined using a dual luciferase reporter gene assay
kit (Beyotime Institute of Biotechnology). Firefly luciferase
activities were normalized to Renilla luciferase activities.

2.9. TUNEL/Hoechst Double-Labeling. TUNEL/Hoechst
double-labeling was performed following the methods of
Mao et al. to evaluate the apoptosis of the myocardial tissues
[16]. Firstly, heart sections were fixated with 4% w/v formal-
dehyde solution for 10min at 25°C and then rinsed with PBS.
Subsequently, the sections were postfixed in formaldehyde
and acetic acid at 4°C (5min) and then washed with PBS.
An equilibration buffer and working strength deoxynucleo-
tide transferase were then added successively, and the sec-
tions were maintained at 37°C for 1 h. Following washing,
the sections were immersed into Hoechst 33342 at 25°C
(5min). Negative control was just added a TUNEL reaction
mixture. The examination of slides was performed at ×200
magnification, and photographs were obtained with an epi-
fluorescence microscope (Nikon Eclipse 80i). The TUNEL-
positive cells are expressed as the percentage.

2.10. Hoechst Staining. Hoechst staining was performed fol-
lowing the methods of Mao et al. to evaluate the apoptosis
of H9C2 cells [16]. First, the cells were fixed with formalde-
hyde (4%) at 25°C for 10min. After that, the formaldehyde
was removed and the cells were rinsed twice with PBS. Then,
the cells were incubated with Hoechst 33258 (Beyotime Insti-

tute of Biotechnology) at 25°C for 5min. Following that, pic-
tures of cell apoptosis were taken using a fluorescent
microscope (Olympus; magnification: ×200) and cellular
apoptotic percentage was evaluated as the following formula:
Number of apoptosis bodies/ðnumber of apoptotic cells +
number of cellsÞ.
2.11. Flow Cytometry Analysis. Flow cytometry was used for
assessing the apoptosis of H9C2 cells following the methods
established by Mao et al. [16] First, H9C2 cells were treated
with FITC-conjugated Annexin V (C1062M, Beyotime Insti-
tute of Biotechnology, 2.5%, v/v) and propidium iodide (PI)
(5%, v/v) in dark at 25°C for 20min. Thereafter, the cellular
apoptosis and death of H9C2 cells were analyzed using flow
cytometry (BD FACSCalibur; BD Biosciences). Cell apoptosis
was analyzed using CellQuest Pro software (BD FACSCalibur;
BD Biosciences; US): Cell death percentage = the percentage
of early plus late apoptotic cells.

2.12. Real-Time PCR. Real-time PCR analysis was performed
following the methods of Mao et al. [16] Total RNAs from
myocardial tissues or H9C2 cells were extracted using TRIzol
(Takara Biotechnology Co., Ltd.). The purity and concentra-
tion of RNA were determined using NanoDrop One spectro-
photometer (ThermoFisher). Prior to PCR, the cDNAs were
obtained using a reverse transcription kit (cat. no. DRR037A;
Takara Bio, Inc.). Real-time PCR was conducted with ABI
7300 plus system (Applied Biosystems; Thermo Fisher Scien-
tific, Inc.) using SYBRTM Green PCR Kit (Takara Bio, Inc.).
β-Actin was defined as the internal reference. The 2-ΔΔCq
method was used for data analysis, and results were
expressed as the ratio of NOX2 mRNA to β-actin mRNA
or miR-532-3p to U6 [17]. The following primers were used:
miR-26a-5p forward: 5′-CGGCGGTTTTTGCGGTCTGGG
CT-3′, reverse: 5′-GTGCAGGGTCCGAGGT-3′; PTEN for-
ward: 5′ -AAGACCATAACCCACCACAGC-3′, reverse: 5′-
ACCAGTTCGTCCCTTTCCAG-3′; β-actin forward, 5′-
CCCATCTATGAGGGTTACGC-3′ and reverse, 5′-TTTA
ATGTCACGCACGATTTC-3′.

2.13. Western Blotting. Western blotting analysis was per-
formed following the methods of Mao et al. [16] Total pro-
tein from heart tissues or H9C2 cells was extracted using a
cell lysis buffer (cat. no. P0013; Beyotime Institute of Biotech-
nology), and the protein concentration was determined using
the bicinchoninic acid protein assay kit (cat. no. P0009; Beyo-
time Institute of Biotechnology). 40μg of protein from each
sample was used for western blotting analysis. First, the pro-
tein was separated via 10% SDS-PAGE and transferred to
PVDF membranes. Then, the membranes were occluded
with 5% fat-free milk for 2 h and rinsed twice with PBS, each
5min. After that, the PVDF membranes were incubated with
primary antibodies (1 : 1000) against rabbit anti-PTEN
(Santa Cruz Biotechnology, Inc.) or anti-caspase-3 (Santa
Cruz Biotechnology, Inc.) or anti-AKT or anti-p AKT or β-
actin (Santa Cruz Biotechnology, Inc.) for 16 h at 4°C in dark.
Then, these membranes were rinsed twice with water (each
5min) and incubated with a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (Beyotime
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Institute of Biotechnology; 1 : 2000) for 2 h at 25°C. Then,
enhanced chemiluminescence solutions (BeyoECL Plus kit;
Amersham; Cytiva) and a ChemiDox XRS+ Imaging System
(Bio-Rad Laboratories, Inc.) were used for protein visualiza-
tion and imaging. ImageJ 1.43 (NIH) was used for densito-
metric analysis of protein bands. Results were expressed as
the ratio to β-actin.

2.14. Statistical Analysis. Data are reported as means ± SD
and were assessed by GraphPad Prism Software (version 7,
USA). Each experiment was performed repeatedly at least
three times. The difference between two groups was evalu-
ated by Student’s t-test, and the comparison between more
than two groups was analyzed by one-way ANOVA with
Bonferroni’s multiple comparisons test. A value of P = 0:05
was regarded as a significant difference.

3. Results

3.1. I/R Injury Contribute to Myocardial Infarction and
Apoptosis. To simulate myocardial ischemia clinically, we
established a rat MIRI model. As Figures 1(a) and 1(b) show,
the rats subjected to MIRI presented significant myocardial
infarction (TTC staining of heart tissues is white). Then, we
measured the activity of creatine kinase (CK) which is an
important biomarker of acute myocardial infarction and
found that rats underwent MIRI with higher CK activity
when compared with control (Figure 1(c)). This suggested
that MIRI caused myocardial cell death. Consistently, heart
tissues subjected to MIRI with higher expression of cleaved
caspase-3(Figure 1(d)). Similarly, the TUNEL/Hoechst stain-
ing indicated that I/R obviously increased the apoptosis of
heart tissues when compared to the control (Figures 1(e)
and 1(f)). These data above indicated that MIRI resulted in
cell apoptosis.

3.2. The Effect of I/R on PTEN/AKT Signaling. As AKT sig-
naling is an important prosurvival pathway, its abnormal
was closely associated with cell apoptosis. Our next experi-
ment was designed to observe the effect of MIRI on PTE-
N/AKT signaling. Compared to the control group, the
expression level of PTEN was significantly increased at both
mRNA and protein in MIRI rats (Figures 2(a)–2(c)).
Consistently, the phosphorylation of AKT in MIRI rats was
significantly decreased, compared to the control group
(Figures 2(b) and 2(d)). These data suggested that the high
expression of PTEN contributed to insufficient of AKT
phosphorylation was one of the main causes of MIRI.

3.3. Bioinformatics Analysis and the Effect of I/R on the
Expression of miR-129. Considering that miRNAs has an
important role in gene expression and is involved in many
cellular functions, such as cell apoptosis, we then focused
on the role of miRNA in PTEN expression regulation.
Through bioinformatics analysis, we found that PTEN is a
putative target of miR-129 (Figure 3(a)). As the present data
show, compared to the control, the expression of miR-129
was significantly decreased in MIRI rats (Figure 3(b)). This
indicated that there is a reverse relationship between the
expression level of miR-129 and PTEN.

3.4. The Effect of miR-129 on the Relative Luciferase Activity.
To further confirm the relationship between miR-129 and
PTEN, we then performed a dual luciferase activity experi-
ment. As shown in Figure 4, miR-129 mimics significantly
decreased the relative luciferase activity of cells transfected
with wild-type plasmid PTEN-WT (containing a wild seed
sequence “UAAAAAA” of PTEN 3′UTR), but not cells
transfected with mutated plasmid PTEN-MU (containing a
mutated seed sequence “UAAGAAA” of PTEN 3′UTR).
Additionally, NC miRNA did not affect the relative luciferase
activity of cells transfected with PTEN-WT or PTEN-MU
plasmid. These data suggested that PTEN is a target of
miR-129.

3.5. miR-129 Mimics Reversed the Effect of H/R on
PTEN/AKT Signaling in H9C2 Cells. To simulate MIRI
in vitro, H9C2 cells were subjected to H/R according to the
methods described above. Consistent with the rat MIRI
model, H/R significantly decreased the expression level of
miR-129 in H9C2 cells (Figure 5(a)), accompanied with an
increased expression level of PTEN (Figures 5(b)–5(d)) and
insufficient phosphorylation of AKT (Figures 5(c) and
5(e)). Our next experiments were designed to observe
whether miR-129 mimics can reverse the effect of H/R on
PTEN/AKT signaling. As shown in Figure 5(a), miR-129
mimic (not NC miRNA) transfection significantly increased
the expression level of miR-129 in H9C2 cells. This suggested
that miR-129 mimics were successfully transfected into cells
and work properly. As expected, miR-129 mimics signifi-
cantly reversed the phenomenon that H/R induced an
increase of PTEN expression in H9C2 cells, as well as
decrease of AKT phosphorylation (Figures 5(b)–5(d)).

3.6. miR-129 Mimics Reversed the Effect of H/R on Apoptosis
in H9C2 Cells. We then observed the effect of miR-129
mimics on apoptosis of H9C2 cells. As shown in
Figures 6(a) and 6(b), compared with the control, H/R signif-
icantly increased the expression level of cleaved caspase-3.
Consistently, the Hoechst staining results show that miR-
129 mimics significantly inhibited the H/R-induced apopto-
sis in H9C2 cells (Figures 6(c) and 6(d)). Similarly, as shown
in Figures 6(e) and 6(f), the apoptosis of H/R-induced H9C2
cells was obviously inhibited by miR-129 mimics. These data
indicated that miR-129 is an important molecule related to
the apoptosis of myocardial cell or a potential drug for the
myocardial infarction therapy.

4. Discussion

Myocardial ischemia reperfusion injury is a common patho-
physiological process in clinic, and its detailed mechanism is
still need to be elucidated. In this study, we established in vivo
and in vitro models to simulate MIRI clinically and found
that PTEN/AKT signaling abnormal was closely associated
with myocardial cell apoptosis. We found that low expression
of miR-129 accelerates the myocardial cell apoptosis by
directly targeting 3′UTR of PTEN. This suggested that
miR-129 may be an important biomarker for MIRI and a tar-
get for its treatment.
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PTEN, an upstream molecule of AKT signaling, involves
in the development and progress of many diseases, such as
tumor, stroke, and acute myocardial infarction [14, 15, 18].
A great many of studies have found that low expression of
PTEN was closely associated with tumor cell viability, prolif-
eration, migration, invasion, and drug resistance and found
that inhibition of PTEN pharmacologically promotes tumors
cell apoptosis [15, 19, 20]. Different from cancer, studies
related to ischemic stroke and myocardial ischemia injury
have found that high expression of PTEN was closely associ-
ated with neural cell or cardiomyocyte death and that knock-
down of PTEN protects the neuron or cardiomyocyte from

ischemia injury [21, 22]. These data indicated that PTEN
was a target for disease therapy (including cancer and stroke)
or for drug development. Therefore, elucidating the detail
mechanism of PTEN expression regulation becoming the
most interested events in fundamental research or clinical
research. In the past decades, a great many of studies were
designed to investigate the role of miRNAs in PTEN expres-
sion regulation since miRNAs were found have crucial roles
in gene expression. According to the report by Wei et al., in
clinical specimens of multiple human cancers (breast cancer
and bladder cancer), the expression of miR-130 family mem-
bers correlated inversely with PTEN expression [23]. In
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Figure 1: I/R injury contribute to myocardial infarction and apoptosis. (a) TTC staining. (b) Infarction area. (c) CK activity. (d) Cleaved
caspase-3 protein expression. (e) TUNEL/Hoechst double staining. (f) TUNEL-positive cell counting. The differences of the values
between the groups were analyzed by one-way ANOVA. All experiments were repeated 3 times, and all data are mean ± standard
deviation. ∗P < 0:05 vs. the control; ∗∗P < 0:01 vs. the control.
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another study carried out by Zheng et al., they found that
miR-130a exerts neuroprotective effects against ischemic
stroke through the PTEN/PI3K/AKT pathway [24]. Besides
miR-130a, in fact, more and more miRNAs were found neg-
atively regulating the expression of PTEN, such as miR-301,
miR-26, miR-19, miR-29, miR-140, miR-142, and miR-200
[18, 19, 25–27]. However, most of these studies were per-
formed on cancer, and few were down on myocardial ische-
mia reperfusion injury. To further understand the
miRNAs/PTEN axis in MIRI, therefore, more investigations
should be performed to observe the interaction between miR-
NAs and PTEN in myocardial ischemia reperfusion injury.

During the process of MIRI, the expression of many miR-
NAs was found altered (downregulated or upregulated) in
myocyte, for example, miR-130a, miR-26, and miR-193,
and these miRNAs were biomarkers for MIRI. In this study,
we focused on miR-129 and found that the expression of
miR-129 was significantly downregulated in rats subjected
to MIRI or in H9C2 cells subjected to H/R. In fact, miR-
129 was a multifunctional biomolecule involving in the
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Figure 2: The effect of I/R on PTEN/AKT signaling. (a) mRNA level of PTEN. (b) Protein expression of PTEN, AKT, and pAKT. (c) The ratio
of PTEN to β-actin. (d) The ratio of pAKT to AKT. The differences of the values between the groups were analyzed by one-way ANOVA. All
experiments were repeated 3 times, and all data are mean ± standard deviation. ∗∗P < 0:01 vs. the control.
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Figure 3: Bioinformatics analysis and the effect of I/R on the expression of miR-129. (a) Schematic diagram of bioinformatics analysis. (b).
miR-129 expression level. The differences of the values between the groups were analyzed by one-way ANOVA. All experiments were
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development and progression of many diseases, such as
tumor [20, 28]. Recent studies found that miR-129 plays cru-
cial roles in cardiovascular and cerebrovascular diseases,
especially in myocardial ischemia reperfusion injury; for
example, Chen et al. have found that miR-129-5p protects
against myocardial ischemia-reperfusion injury via targeting
HMGB1, and Ma et al. found that miR-129-5p alleviates
myocardial injury by targeting suppressor of cytokine signal-
ing 2 after ischemia/reperfusion [29, 30]. In addition, Zou
et al. found that miR-129 is involved in the process of inflam-
mation and apoptosis in cardiomyocytes by directly targeting

Smad3 [31]. These data above indicated that miR-129 is a
potential biomarker for MIRI and a therapy target for myo-
cardial infarction. Interestingly, the present study found that
the expression of miR-129 (downregulated) was inversely
correlated with the expression of PTEN (upregulated) in both
the MIRI rat model and H/R cell model; this suggested that
PTEN is a putative target of miR-129, and it was confirmed
by miR-129 mimic transfection experiment and luciferase
reporter gene experiment. As the results presented, miR-
129 mimic significantly reversed the expression of PTEN in
H/R-induced H9C2 cells, as well as the phosphorylation of
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Figure 5: miR-129 mimics reversed the effect of H/R on PTEN/AKT signaling in H9C2 cells. (a) miR-129 expression level. (b) mRNA level of
PTEN. (c) Protein expression of PTEN, AKT, and pAKT. (d) The ratio of PTEN to β-actin. (e) The ratio of pAKT to AKT. The differences of
the values between the groups were analyzed by one-way ANOVA. All experiments were repeated 3 times, and all data are mean ±
standard deviation. ∗P < 0:05 vs. the control; #P < 0:05 vs. H/R. ##P < 0:01 vs. H/R. ###P < 0:001 vs. H/R.
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AKT. Moreover, miR-129 mimic significantly decreased the
relative luciferase activity. These data demonstrated that
miR-129 is involved in MIRI by directly targeting PTEN.
However, different from our findings, Xie et al. have found
that miR-129 can inhibit the phosphorylation of AKT by
binding to the 3′UTR of PI3KCA and LINC00198 as a
sponge of miR-129 play roles in PTEN expression inhibition
by regulating the formation of REST, RCOR1, and HDAC2
[32]. This suggested that miR-129 can regulate AKT phos-
phorylation from many ways. In addition, considering
mTOR is the direct downstream of PTEN-Akt signaling
and a key protein responsible for the regulation of many sig-
naling pathway, such as proliferation- and apoptosis-related
pathways, we predict miR-129 may be a potential target for
salvage of myocardial ischemia in the future [33]. However,
before miR-129 as a drug or therapy used clinically, there
are a lot of works still need to be done. There are many lim-
itations of this study; for example, the function study of miR-
129 only performed in an in vitro model and whether it also
come into play in vivo model are still not known. In addition,
MIRI is a pathological process that was closely associated
with metabolism dysfunction of the myocardium. So,
whether miR-129 is involved in the mitochondrial oxidative
phosphorylation process deserved further exploring.

This study firstly demonstrated that miR-129 ameliorates
myocardial cell apoptosis by directly target 3′UTR of PTEN.
This suggested that the miR-129/PTEN axis is a potential tar-
get for MIRI therapy.

Data Availability

The dataset used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Conflicts of Interest

These authors declared no conflict of interest.

Authors’ Contributions

Zhi-Ming Jiang, Fang Liu, Hua Tu, and Li Mao performed
the experiments. Fang Liu and Md Sayed Ali Sheikh contrib-
uted to the data analysis and manuscript drafting. Zhao-Hui
Dai, Gui-Lin Song, and Zhong-Bao Yang contributed to the
design of the experiments and drafting of the manuscript.
All authors have read and approved the manuscript. Zhi-
Ming Jiang and Fang Liu contributed equally to this work.

Acknowledgments

This work was supported by the HuNan Provincial Science
and Technology Department (No. 2020JJ5384 to Zhong-
Bao Yang), Education Department of HuNan Province (No.
18C1853 to Li Mao), and ChangSha Science & Technology
Bureau (No. kq2004153 to Zhong-Bao Yang).

Supplementary Materials

Figure S1: image of plasmids electrophoresis. Representative
image of plasmid electrophoresis. pGL6: vector plasmid;
PTEN-WT: plasmid containing the wild-type (WT) binding
sites of miR-129-5p; PTEN-MU: plasmid containing the
mutant (MUT) binding sites of miR-129-5p; control: water.
(Supplementary Materials)

References

[1] L. M. Buja, “Myocardial ischemia and reperfusion injury,”
Cardiovascular pathology, vol. 14, no. 4, pp. 170–175, 2005.

[2] A. Frank, M. Bonney, S. Bonney, L. Weitzel, M. Koeppen, and
T. Eckle, “Myocardial ischemia reperfusion injury: from basic
science to clinical bedside,” Seminars in Cardiothoracic and
Vascular Anesthesia, vol. 16, no. 3, pp. 123–132, 2012.

[3] Z. Liu, B. Tao, S. Fan, Y. Pu, H. Xia, and L. Xu, “MicroRNA-
145 protects against myocardial ischemia reperfusion injury
via CaMKII-mediated antiapoptotic and anti-inflammatory

0

10

20

30

40

50

Ce
ll 

de
at

h 
pe

rc
en

ta
ge

 (%
) ⁎⁎

##

Co
nt

ro
l

H
/R

+m
im

ic
s

+N
C 

m
iR

N
A

(f)

Figure 6: miR-129 mimics reversed the effect of H/R on apoptosis in H9C2 cells. (a) Cleaved caspase-3 protein expression. (b) The ratio of
cleaved caspase-3 to β-actin. (c) Hoechst staining. (d) Apoptosis rate. (e) Presentative images of cell apoptosis by flow cytometer. (f) The
percentage of cell death. The differences of the values between the groups were analyzed by one-way ANOVA. All experiments were
repeated 3 times, and all data are mean ± standard deviation. ∗P < 0:05 vs. the control; ∗∗P < 0:01 vs. the control; #P < 0:05 vs. H/R; and
##P < 0:01 vs. H/R.

9BioMed Research International

https://downloads.hindawi.com/journals/bmri/2021/5535788.f1.pdf


pathways,” Oxidative medicine and cellular longevity,
vol. 2019, Article ID 8948657, 14 pages, 2019.

[4] B.-F. Guan, X.-F. Dai, Q.-B. Huang et al., “Icariside II amelio-
rates myocardial ischemia and reperfusion injury by attenuat-
ing inflammation and apoptosis through the regulation of the
PI3K/AKT signaling pathway,” Molecular Medicine Reports,
vol. 22, no. 4, pp. 3151–3160, 2020.

[5] W. Xu, L. Zhang, S. Ma et al., “TRAF5 protects against myo-
cardial ischemia reperfusion injury via AKT signaling,” Jour-
nal de Pharmacologie, vol. 878, article 173092, 2020.

[6] C.-M. Li, S.-W. Shen, T. Wang, and X.-H. Zhang, “Myocardial
ischemic post-conditioning attenuates ischemia reperfusion
injury via PTEN/Akt signal pathway,” International Journal
of Clinical and Experimental Medicine, vol. 8, no. 9,
pp. 15801–15807, 2015.

[7] T. X. Lu andM. E. Rothenberg, “MicroRNA,” Journal of allergy
and clinical immunology, vol. 141, no. 4, pp. 1202–1207, 2018.

[8] B. C. Bernardo, J. Y. Y. Ooi, R. C. Y. Lin, and J. R. McMullen,
“miRNA therapeutics: a new class of drugs with potential ther-
apeutic applications in the heart,” Future medicinal chemistry,
vol. 7, no. 13, pp. 1771–1792, 2015.

[9] Y. S. Lee and A. Dutta, “MicroRNAs in cancer,” Annual
Review of Pathology, vol. 4, no. 1, pp. 199–227, 2009.

[10] X. Xing, S. Guo, G. Zhang et al., “miR-26a-5p protects against
myocardial ischemia/reperfusion injury by regulating the
PTEN/PI3K/AKT signaling pathway,” Brazilian Journal of
Medical and Biological Research, vol. 53, no. 2, article e9106,
2020.

[11] X. Wang, X. Zhang, X.-P. Ren et al., “MicroRNA-494 targeting
both proapoptotic and antiapoptotic proteins protects against
ischemia/reperfusion-induced cardiac injury,” Circulation,
vol. 122, no. 13, pp. 1308–1318, 2010.

[12] D.-W. Liu, Y.-N. Zhang, H.-J. Hu, P.-Q. Zhang, and W. Cui,
“Downregulation of microRNA-199a-5p attenuates hypox-
ia/reoxygenation-induced cytotoxicity in cardiomyocytes by
targeting the HIF-1α-GSK3β-mPTP axis,”Molecular Medicine
Reports, vol. 19, no. 6, pp. 5335–5344, 2019.

[13] Q. Gao and Y. Wang, “Long noncoding RNA MALAT1 regu-
lates apoptosis in ischemic stroke by sponging miR-205-3p
and modulating PTEN expression,” American Journal of
Translational Research, vol. 12, no. 6, pp. 2738–2748, 2020.

[14] S. Cheng, X. Zhang, Q. Feng et al., “Astragaloside IV exerts
angiogenesis and cardioprotection after myocardial infarction
via regulating PTEN/PI3K/Akt signaling pathway,” Life Sci-
ences, vol. 227, pp. 82–93, 2019.

[15] X. Xia, K. Zhang, G. Luo et al., “Downregulation of miR-301a-
3p sensitizes pancreatic cancer cells to gemcitabine treatment
via PTEN,” American Journal of Translational Research,
vol. 9, no. 4, pp. 1886–1895, 2017.

[16] L. Mao, M.-l. Zuo, A.-P. Wang et al., “Low expression of miR-
532-3p contributes to cerebral ischemia/reperfusion oxidative
stress injury by directly targeting NOX2,” Molecular Medicine
Reports, vol. 22, no. 3, pp. 2415–2423, 2020.

[17] K. J. Livak and T. D. Schmittgen, “Analysis of Relative Gene
Expression Data Using Real-Time Quantitative PCR and the
2−ΔΔ _C_

T Method,”Methods, vol. 25, no. 4, pp. 402–408, 2001.

[18] N. Chalhoub and S. J. Baker, “PTEN and the PI3-kinase path-
way in cancer,” Annual Review of Pathology, vol. 4, no. 1,
pp. 127–150, 2009.

[19] L. R. Zeitels, A. Acharya, G. Shi et al., “Tumor suppression by
miR-26 overrides potential oncogenic activity in intestinal

tumorigenesis,” Genes & Development, vol. 28, no. 23,
pp. 2585–2590, 2014.

[20] X. Wang, J. Li, X. Xu, J. Zheng, and Q. Li, “miR-129 inhibits
tumor growth and potentiates chemosensitivity of neuroblas-
toma by targeting MYO10,” Biomedicine & Pharmacotherapy,
vol. 103, pp. 1312–1318, 2018.

[21] Q. Cui, J. Wang, X. Liu, X. Wang, and G. Su, “Knockout of
PTEN improves cardiac function and inhibits NLRP3-
mediated cardiomyocyte pyroptosis in rats with myocardial
ischemia-reperfusion,” Xi Bao Yu Fen Zi Mian Yi Xue Za
Zhi, vol. 36, no. 3, pp. 205–211, 2020.

[22] A. P. Shabanzadeh, P. M. D’Onofrio, M. Magharious, K. A. B.
Choi, P. P. Monnier, and P. D. Koeberle, “Modifying PTEN
recruitment promotes neuron survival, regeneration, and
functional recovery after CNS injury,” Cell death & disease,
vol. 10, no. 8, p. 567, 2019.

[23] H. Wei, R. Cui, J. Bahr et al., “miR-130a deregulates PTEN and
stimulates tumor growth,” Cancer Research, vol. 77, no. 22,
pp. 6168–6178, 2017.

[24] T. Zheng, Y. Shi, J. Zhang et al., “MiR-130a exerts neuropro-
tective effects against ischemic stroke through PTEN/PI3-
K/AKT pathway,” Biomedicine & Pharmacotherapy, vol. 117,
article 109117, 2019.

[25] G.-F. Zhang, J.-M. Zhong, L. Lin, and Z.-H. Liu, “MiR-19
enhances pancreatic cancer progression by targeting PTEN
through PI3K/AKT signaling pathway,” European Review for
Medical and Pharmacological Sciences, vol. 24, no. 3,
pp. 1098–1107, 2020.

[26] R. Yin, J. Jiang, H. Deng, Z. Wang, R. Gu, and F. Wang, “miR-
140-3p aggregates osteoporosis by targeting PTEN and activat-
ing PTEN/PI3K/AKT signaling pathway,” Human cell, vol. 33,
no. 3, pp. 569–581, 2020.

[27] H. Li, J. Tang, H. Lei et al., “Decreased miR-200a/141 suppress
cell migration and proliferation by targeting PTEN in Hirsch-
sprung's disease,” Cellular Physiology and Biochemistry,
vol. 34, no. 2, pp. 543–553, 2014.

[28] Q.Wang and J. Yu, “MiR-129-5p suppresses gastric cancer cell
invasion and proliferation by inhibiting COL1A1,” Biochemis-
try and Cell Biology, vol. 96, no. 1, pp. 19–25, 2018.

[29] Z.-X. Chen, D. He, Q.-W. Mo et al., “MiR-129-5p protects
against myocardial ischemia-reperfusion injury via targeting
HMGB1,” European Review for Medical and Pharmacological
Sciences, vol. 24, no. 8, pp. 4440–4450, 2020.

[30] R. Ma, X. Chen, Y. Ma, G. Bai, and D.-S. Li, “MiR-129-5p alle-
viates myocardial injury by targeting suppressor of cytokine
signaling 2 after ischemia/reperfusion,” The Kaohsiung Journal
of Medical Sciences, vol. 36, no. 8, pp. 599–606, 2020.

[31] Y. Zou and M. Kong, “Tetrahydroxy stilbene glucoside allevi-
ates palmitic acid-induced inflammation and apoptosis in car-
diomyocytes by regulating miR-129-3p/Smad3 signaling,”
Cellular & Molecular Biology Letters, vol. 24, no. 1, p. 5, 2019.

[32] Y. Xie and Y. Cheng, “LINC01198 facilitates gliomagenesis
through activating PI3K/AKT pathway,” RNA Biology,
vol. 17, no. 7, pp. 1040–1052, 2020.

[33] T. Li, J. Gu, O. Yang, J. Wang, Y. Wang, and J. Kong, “Bone
marrow mesenchymal stem cell-derived exosomal miRNA-
29c decreases cardiac ischemia/reperfusion injury through
inhibition of excessive autophagy via the PTEN/Akt/mTOR
signaling pathway,” Circulation Journal, vol. 84, no. 8,
pp. 1304–1311, 2020.

10 BioMed Research International



Review Article
Roles of MicroRNAs in Peripheral Artery In-Stent Restenosis after
Endovascular Treatment

Mo Wang,1,2 Weichang Zhang,1,2 Lei Zhang,1,2 Lunchang Wang,1,2 Jiehua Li,1,2

Chang Shu,1,2,3 and Xin Li 1,2

1Department of Vascular Surgery, The Second Xiangya Hospital, Central South University, Changsha, Hunan, China 410011
2The Institute of Vascular Diseases, Central South University, Changsha, Hunan, China 410011
3State Key Laboratory of Cardiovascular Diseases, Center of Vascular Surgery, Fuwai Hospital, National Center for
Cardiovascular Diseases, Chinese Academy of Medical Science and Peking Union Medical College, Beijing, China 100037

Correspondence should be addressed to Xin Li; lixin1981@csu.edu.cn

Received 13 March 2021; Accepted 13 July 2021; Published 28 July 2021

Academic Editor: Burak Durmaz

Copyright © 2021 Mo Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Endovascular repair including percutaneous transluminal angioplasty (PTA) and stent implantation has become the standard
approach for the treatment of peripheral arterial disease; however, restenosis is still the main limited complication for the long-
term success of the endovascular repair. Endothelial denudation and regeneration, inflammatory response, and neointimal
hyperplasia are major pathological processes occurring during in-stent restenosis (ISR). MicroRNAs exhibit great potential in
regulating several vascular biological events in different cell types and have been identified as novel therapeutic targets as well as
biomarkers for ISR prevention. This review summarized recent experimental and clinical studies on the role of miRNAs in ISR
modification, with the aim of unraveling the underlying mechanism and potential therapeutic strategy of ISR.

1. Introduction

Peripheral arterial disease (PAD) affects approximately 12-
14% of the general population, and its prevalence increased
to 15-20% in patients over 70 years. The prevalence of symp-
tomatic intermittent claudication reaching 6% in patients
over 60 years, 5-10% of patients with PAD will eventually
progress to critical limb ischemia [1, 2]. PAD is a part of a dif-
fuse atherosclerosis of the whole vasculature including coro-
nary arteries, and it has been classified as a coronary heart
disease risk equivalent, i.e., the PAD patients are at an excep-
tionally high risk for cardiovascular events.

There are various revascularization strategies to treat
PAD, including percutaneous transluminal angioplasty
(PTA), stent implantation, atherectomy, thrombectomy and
interposition of the venous, and arterial or synthetic bypass
graft. Endovascular treatment, including PTA and stent
implantation, has become the standard approach for the
femoropopliteal arterial occlusive disease [3]. Compared to
PTA alone, stent implantation can prevent early elastic recoil

and late constrictive remodeling. It can effectively maintain
lumen volume when encountering residual stenosis or flow-
limiting dissection after PTA. Therefore, stent implantation
in PAD is highly prevalent especially for a longer and more
complex femoropopliteal arterial lesion. However, the high
incidence of in-stent restenosis (ISR) restricts the develop-
ment of endovascular techniques, and it became the major
cause of endovascular treatment failure and reintervention.
Approximately 20-40% of PAD patients treated with bare
metal stent develop ISR depending on complexity and sever-
ity, localization, and length of the lesion [4].

Bare metal stent (BMS) has been widely applied to PAD
endovascular treatment; its metal scaffold implantation
undoubtedly will lead to severe target vessel injury and pro-
voke pathobiological cascade leading to neointimal hyperpla-
sia. Compare to BMS, drug-eluted stent (DES) provides
localized antiproliferative drug delivery and can effectively
reduce the incidence of neointimal hyperplasia and ISR.
However, the nonselective drugs also inhibit reendotheliali-
zation and healing of the injured artery and lead to fatal late
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phase thrombosis, therefore still far from optimized and fail
to eliminate ISR [5]. As such, a cell-specific therapy targeting
ISR is imperatively needed. And miRNA-based strategy may
offer an alternative approach for preventing ISR. In this
review, we discussed the roles of miRNAs in ISR and
explored the underlying mechanism and potential therapeu-
tic miRNA-based strategy of ISR

2. The Pathophysiology of In-Stent
Restenosis (ISR)

Once a stent was inserted into an obstructive arterial lesion, it
induces an acute mechanical injury to the diseased blood ves-
sel. The initial events immediately after stent implantation
are endothelium denudation, a crush of the plaque, often
accompanied with dissection into media, even adventitia,
the stretch of the entire artery [6, 7]. Endothelium act as a
selectively permeable barrier between the tunica media, and
blood flow participates in the regulation of vascular tone
and suppression of neointimal hyperplasia mainly caused
by the underlying vascular smooth muscle cells (VSMCs).
This alternation of endothelium is followed by the deposition
of a layer of platelets and fibrin at the injured site and initiates
a cascade of inflammatory response. Activated platelet
expressed adhesion molecules such as P-selectin which attach
to and recruit circulating leukocytes to the injured vessel. A
component of leucocyte secretory granules, Mac-1 [8], pro-
motes leukocyte that binds tightly to the surface of injured
endothelial cells (ECs). The migration of leukocytes across
the platelet-fibrin layer and into the tissue (i.e., leukocyte
infiltration) is driven by a group of chemoattractant cyto-
kines produced by SMCs, ECs, and resident leukocytes, such
as monocyte chemoattractant protein-1 (MCP-1) and inter-
leukin- (IL-) 8. Next is an SMC proliferation and migration
phase. Growth factors, such as fibroblast growth factor
(FGF), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), and transforming growth
factor-beta (TGF-β), released from platelets, leukocytes, and
SMCs, stimulate proliferation and migration of SMC from
the media into the neointima, leading to neointimal thicken-
ing consequently. The resultant neointima consists of SMCs,
extracellular matrix (ECM) synthesis by SMCs, and macro-
phages recruited over several weeks [6, 7]. Compared to bal-
loon angioplasty alone, stent implantation results in an
increased and sustained inflammatory response and larger
neointimal growth ultimately [7]. The late phase of ISR is
vascular remodeling involving ECM protein degradation
and resynthesis. There is a shift towards greater ECM synthe-
sis rather than SMC proliferative activity [9]. ECM is com-
posed of various collagen subtypes and proteoglycans and
constitutes the major component of the mature restenotic
plaque [10]. Besides, there is eventual reendothelialization
(i.e., the regeneration and regrowth of the denuded endothe-
lium) of at least part of the injured vessel surface. The reen-
dothelialization is originated from remaining locally derived
ECs and circulating endothelial progenitor cells from the
blood, and it is always found to be inadequate in terms of
both barrier integrity and functionality with impaired
endothelium-dependent vasodilation and increased perme-

ability [11]. An integrated view of pathophysiology of ISR
has been shown in Figure 1.

3. General Introduction to MicroRNA

MicroRNAs (miRNAs) are short (17-25 nucleotides long),
single-stranded, generally noncoding RNAs. Through the
binding to miRNA-response elements (MREs) within the 3′
-untranslated regions (3-UTRs) of target genes, miRNAs reg-
ulate their gene expression via posttranscriptional degrada-
tion or translational repression [12]. Most miRNA genes
are located in intronic regions; they are commonly tran-
scribed into primary-miRNA (pri-miRNA) by RNA poly-
merase II in the nucleus. Then, the enzyme complex of
Drosha–Dgcr8 facilitates the processing of pri-miRNAs into
a ~60–70 hairpin-structured precursor miRNA (pre-
miRNA). Pri-miRNAs are transported to the cytoplasm from
nucleus via exportin 5, the RanGTPdependent nuclear export
factor. In the cytoplasm, pro-miRNAs are further processed
by the RNAse III enzyme complex into mature duplex
miRNA. One strand of the mature microRNA is incorpo-
rated into the miRNA-induced silencing complex (miRISC),
while the other strand is usually degraded [13].

A single miRNA can regulate multiple genes, and a single
gene can be regulated by multiple miRNAs. Moreover, miR-
NAs interact with each other to form a cotargeting network,
which allows miRNAs to play an essential role in the power-
ful and fine regulation of almost every vascular biology.
Numerous studies unravel miRNAs that act as potential bio-
markers or therapeutic targets of many cardiovascular dis-
eases [13, 14]. Of which, miRNAs have been associated
with ISR-related process, such as neointimal hyperplasia,
inflammatory response, and regeneration of endothelial layer
(Table 1 and Figure 1).

4. miRNAs Involved in Neointimal Formation

Restenosis is defined as the arterial wall’s healing response to
mechanical injury. The key pathophysiologic phenomenon
responsible for restenosis after stent implantation is the neo-
intimal formation which consists of VSMC proliferation,
migration, and ECM deposition [6, 15]. The metallic scaffold
of BMS prevents vessel shrinkage (i.e., elastic recoil and neg-
ative remodeling), however, induces an enhanced neointimal
hyperplasia response [6].

VSMCs within adult blood vessels are highly specialized,
and they play an important role in regulating blood vessel
tone, blood pressure, and blood flow distribution. Under nor-
mal conditions, VSMCs proliferate at a very low rate, exhibit
low synthetic activity, and express a repertoire of contractile
proteins, ion channels, and signaling molecules required for
its contractile function. Although fully differentiated, VSMCs
retain remarkable plasticity. In response to vascular injury
induced by stent implantation, VSMCs dramatically increase
their rate of cell proliferation, migration, and synthetic
capacity, transiently modify their phenotype to a high “syn-
thetic” phenotype, hence starting to proliferate and migrate
to the vessel interior, causing the lumen reduction. Kearney
et al. [16] retrieved in-stent restenotic tissue by directional
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atherectomy from 10 patients after percutaneous revascular-
ization of PAD and demonstrated that the in-stent restenotic
tissue composed predominantly of SMCs. Upon resolution of
injury, VSMCs reacquire their contractile phenotype [17, 18].

Among several miRNAs, the miR-143/-145 cluster is
highly expressed in VSMCs and is known as an essential
mediator of SMC proliferation, differentiation, and pheno-
typic switching [19]. miR-143 and miR-145 are located on
human chromosome 5, and they were cotranscribed as a
bicistronic unit. They cooperatively target a network of tran-
scription factors, including Kruppel-like factor- (Klf-) 4, Klf-
5, Elk-1, myocardin, angiotensin converting enzyme (ACE),
calmodulin kinase II δ, fascin, and myocardin-related tran-
scription factor-beta (MRTF-β) [19, 20]. Vascular injury
leads to downregulation of miR-145 in VSMCs; the downreg-
ulated miR-145 results in increased Klf-5 expression, which
miR-145 directly targeting, as well as decreased myocardin
and VSMC differentiation markers, e.g., smooth muscle
alpha-actin, calponin, and smooth muscle myosin heavy
chain (SM-MHC), inhibits migration but promotes differen-
tiation of VSMCs [21]. miR-143 also contributes to the main-
tenance of VSMC contractile phenotype and suppression of
VSMC proliferation, mainly through targeting Elk-1 [19].

miR-195 is also involved in the modulation of VSMC
physiology. The overexpression of miR-195 inhibited VSMC
proliferation and migration and therefore suppressed the
neointimal hyperplasia after vascular injury through down-
regulating Cdc42 and its downstream mediator cyclinD1
(CCND1), which are responsible for cell cycle regulation

and cell growth [22]. Similarly, miR-125a-5p is downregu-
lated after a vascular injury caused by angioplasty. Its expres-
sion level is inversely correlated to the proliferative status:
when miR-125a-5p is overexpressed, proliferation and
migration of VSMCs are reduced. On the other hand, miR-
125a-5p is positively correlated to the expression of Alpha
Smooth Muscle Actin 2 (ACTA2), Myosin Heavy Chain 11
(MYH11), and Smooth Muscle 22 alpha (SM22α) which
characterizes the contractile phenotype of VSMCs: these
marker gene expressions are decreased during VSMC pheno-
typic switch from contractile to synthesis. Of note, miR-
125a-5p is directly target to E26 transformation specific-1
(ETS-1), an important transcriptional factor of VSMC prolif-
eration and migration, and is crucial in PDGF-BB pathway in
VSMCs. With the stimuli of vascular injury, miR-125a-5p is
downregulated, and ETS-1 upregulated consequently, pro-
moting VSMC phenotypic switch mediated by PDGF-BB, a
potent mitogen for VSMCs [23, 24]. Recently, miR-125-3p
downregulation was detected in VSMC of patient suffer
PAD. miR-125-3p exhibits an antiproliferative effect on
VSMC via targeting mitogen-activated protein kinase
(MAPK) 1, a common hub of the MAPK signaling pathway
and the insulin signaling pathway [25].

miR-23b is a member of gene cluster consisting of miR-
23b, miR-27b, and miR-24-1 [26]. miR-23b is downregulated
after vascular injury in vivo. The experimental study showed
that miR-23b overexpression is responsible for the upregula-
tion of ACTA2 and MYH11, the markers of the contractile
phenotype of VSMC, and consequently inhibits VSMC

Neointimal formation

Macrophage

Neutrophil

Endothelial cells

Smooth muscle cell Erythrocyte

miR-22-3P,miR-1298,miR-143/145,miR-195,
miR-21,miR-23b,miR-146a,miR-424/322,
miR-125,miR-133,miR-132,miR-140-3P,miR-663
miR-638

Endothelial regeneration

miR-1401-3P,miR-21,miR-126,
miR-92a,miR-221/222,miR-143/145

Vessel inflammation

miR-126,miR-21,miR-221/222,miR-155

Figure 1: miRNA involved in in-stent restenosis (ISR). The schematic depicts the pathophysiology of ISR. Vessel inflammation, neointimal
formation, and endothelial regeneration are three key processes of ISR, regulated by multiple miRNAs, respectively (see text and Table 1 for
details on mechanism of all displayed miRNAs).
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proliferation, migration, and neointimal formation after
stent implantation. And this effect is mediated by miR-23b
directly targets to urokinase plasminogen activator (uPA),
Smad3, and Forkhead box O4 (FOXO4) which are the essen-
tial modulators of VSMC proliferation, migration, and phe-
notypic switch [27–29]. Similarly, the other members of the
cluster, miR-27b and miR-24-1, are downregulated after vas-
cular injury, suggesting that this cluster participates in regu-
lation of VSMC phenotypic switch [27]. miR-663 is a novel
regulator of VSMCs in the phenotypic switch. Overexpres-
sion of miR-663 is associated with increased expression of
VSMC contractile phenotypic markers, such as SM22α and
MYH11. Furthermore, miR-663 effectively inhibits VSMC
proliferation and migration in vitro, and vascular injury
induced neointimal hyperplasia in a mice carotid artery liga-
tion model, through targeting the transcription factor JunB
and its downstream Myl9 [30].

Recent studies reveal miR-140-3p’s potential as the
therapeutic target for preventing ISR in PAD [31]. miR-
140-3p is mainly distributed in artery media rather than
in endothelium or adventitia, and it is mainly expressed
in SMCs. miR-140-3p was prominently downregulated in
VSMCs with ISR. Increasing expression of miR-140-3p
repressed cell proliferation via directly targeting c-Myb
while promoted cell apoptosis via targeting c-Myb and
Bcl-2. Intriguingly, miR-140-3p does not affect cell SMC
migration [31]. In vivo study showed delivery of miR-
140-3p into rat carotid artery after balloon angioplasty
leads to reduction of neointimal hyperplasia. Another
two miRNAs downregulated in VSMC of the patient with
arteriosclerosis obliterans (ASO) are miR-22-3p and miR-
1298. miR-22-3p upregulation results in attenuation of
VSMC proliferation and migration in vitro via directly tar-
geting and negatively regulating high mobility group box-1
(HMGB1). Consistent with the antiproliferative and anti-
migrative effect of miR-22-3p in vitro, miR-22-3p inhibits
neointimal hyperplasia in balloon-injured rat carotid arter-
ies in vivo, also by targeting HMGB1 [32]. The downreg-
ulation of miR-1298 in ASO is associated with the
higher DNA methylation of its upstream CpG sites. In
vitro study showed that miR-1298 suppresses VSMC pro-
liferation and migration without affecting apoptosis [33].
These cellular effects are mediated via directly targeting
connexin 43 which has been proved that its downregula-
tion suppress VSMC phenotypic switching from contrac-
tile to synthesis [34]. In vivo study confirmed that
overexpression of miR-1298 inhibits neointimal hyperpla-
sia in an injured artery.

Besides miRNAs mentioned above, which are down-
regulated in response to vascular injury, there are several
miRNAs upregulated after stent implantation induced vas-
cular injury. miR-21 is one of the most upregulated miR-
NAs. Inhibition of miR-21 reduces VSMC proliferation
while enhances VSMC apoptosis via targeting phosphatase
and tensin homolog (PTEN) and Bcl-2, two crucial signal-
ing molecules involved in VSMC growth and apoptosis
[35]. Utilizing a humanized in vivo model which mimics
human ISR, Wang et al. demonstrate that the miR-21
expression increased during ISR. Anit-miR-21 inhibits

VSMC proliferation, while miR-21 overexpression induced
proproliferative response of VSMC. This effect of anti-
miR-21 is modulated through derepression of PTEN.
Besides, miR-21also regulates VSMC cell shape via
directly targeting Tropomyosin-1 [36]. miR-146a exhibits
a potent capacity to promote VSMC proliferation
in vitro and neointimal hyperplasia in vivo. miR-146a
targets and inhibits Klf-4, which plays an antiproliferative
role in the regulation of VSMC biology, while Klf-4 bind-
ing to miR-146a promoter inhibits miR-146a transcrip-
tion. This feedback loop of miR-146a and Klf-4
regulates each other’s expression and VSMC proliferation.
Additionally, Klf-5 competitively binds to miR-146a pro-
moter to promote miR-146a transcription as a Klf-4 com-
petitor [37]. Human miR-424 or its rat ortholog miR-322
(miR-424/322) upregulated in proliferative VSMC in vitro
and after vascular injury in vivo; however, it exhibits
antiproliferative effect. Overexpression of miR-424/332
induced an increase in the expression of several differen-
tiation markers such as ACTA2, calponin-1, and MYH11,
inhibited VSMC proliferation and migration without
affecting VSMC apoptosis by directly targeting CCND1
known as a regulator of cell cycle transition, Ca2+ -regu-
lating proteins calumenin and by indirectly targeting stro-
mal interaction molecule 1 (STIM1). This suggested that
miR-424/322 has protective effect against neointimal
hyperplasia [38].

miR-133 and miR-132 expression transiently decreased
in early phase and prominently increased in a late phase of
vascular injury. MAPK/ERK1/2 is the major upstream sig-
naling to regulation miR-133. ERK1/2 activation is responsi-
ble for miR-133 downregulation. Overexpression of miR-133
significantly reduces VSMC proliferation and migration, pre-
vents VSMC phenotype switch from contractile to synthesis,
and ultimately results in inhibition of neointimal hyperpla-
sia. These effects are modulated via directly targeting to Sp-
1 and moesin and repressing the expression of these two
transcriptional factors since Sp-1 regulates VSMC pheno-
typic switch and moesin modulates VSMC migration both
in vitro and in vivo [39]. Delivery miR-132 to a rat carotid
artery injury model induces increasing expression of p27
and Bax which have the proapoptosis effect, as well as expres-
sion of VSMC differentiation marker smooth muscle a-actin,
and decreasing expression of Bcl-2, an antiapoptotic protein.
These effects are modulated by miR-132 targets to leucine-
rich repeat (in Flightless 1) interacting protein-1 (LRRFIP1),
which is documented to affect cancer cell proliferation and
migration. miR-132 inhibits VSMC survival and growth
while promotes its apoptosis and attenuates neointimal
hyperplasia conclusively [40].

miR-638 is enriched in human aortic SMC. PDGF-BB
stimulation, as one of the most potent stimulants for VSMC
proliferation and migration, leads to sharply decreased
expression of miR-638. MAPK/ERK1/2 serves as an
upstream signaling molecule that involved in the regulation
of PDGF-BB-induced miR-638 decreasing. Overexpression
of miR-638 leads to inhibition of VSMC proliferation and
migration, as well as decrease of the CCND1 expression by
directly targeting NOR1 [41].

5BioMed Research International



5. miRNAs Involved in Vessel Inflammation

Inflammation plays a pivotal role in ISR, linking early vascu-
lar injury to the eventual consequence of neointimal hyper-
plasia and lumen compromise. Leukocyte recruitment and
infiltration are characteristics of restenosis induced by stent
implantation, trigger the subsequent neointimal formation
[7]. There is mounting evidence for the role of inflammation
in restenosis. Moreno and colleagues found primary lesions
that develop restenosis after coronary atherectomy have
more macrophages and SMCs than primary lesions that do
not develop restenosis, provide evidence linking leukocytes
and restenosis [42]. Cipollone et al. demonstrated signifi-
cantly elevated levels of MCP-1, a potent chemoattractant
of monocytes, in restenotic patients after percutaneous trans-
luminal coronary angioplasty [43]. Tenaka et al. proved a
sustained upregulation of vascular adhesion molecules-1
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1),
and major histocompatibility complex class II antigens in a
balloon injured rabbit model [44].

Recent studies have reported that miRNAs are involved
in the process of inflammatory response. miR-126 is an
endothelial cell-specific miRNA. It targets to VCAM-1,
which regulates leukocyte trafficking to sites of inflammation,
and suppresses the VCAM-1 expression. Decreased miR-126
leads to an increase in the TNF-stimulated VCAM-1 expres-
sion and promotes leukocyte adherence to endothelial cells
consequently [45]. miR-21 is also involved in the modulation
of vascular inflammatory response. miR-21 is abundantly
expressed in inflammatory cells. Loss of miR-21 represses
macrophage activation, therefore reduces inflammatory
response after vascular injury aroused by stent implantation
[46]. Both miR-221/222 and miR-155 can also regulate endo-
thelial inflammation by regulating endothelial adhesion mol-
ecules. Overexpression of miR-155 and miR-221/222
downregulated ETS-1, a critical transcription factor of vascu-
lar inflammation and remodeling, and its downstream sig-
naling VCAM1, MCP-1, and FLT1, thus attenuate the
adhesion of Jurkat T cells to ECs [47]. Additionally, miR-
195 reduced synthesis of proinflammatory biomarkers, IL-
1β, IL-6, and IL-8, suggesting that it could be a potential reg-
ulator of ISR because of its anti-inflammatory effect [22].

6. miRNAs Involved in
Endothelial Regeneration

Endothelium, the inner layer of the integrated vessel wall, acts as
a selectively permeable barrier between the rest of the vessel wall
and blood flow and participates in regulation of vascular tone
and suppression of neointimal hyperplasia by inhibiting inflam-
mation, thrombus formation, and VSMC proliferation and
migration. Compared to angioplasty, stent implantation results
in severe injury because the metal scaffold provides a nonphy-
siological surface for adhesion and generates perturbations in
blood flow and hinders the following reendothelialization as
well. The reendothelialization, that is the regeneration and
regrowth of the denuded endothelium, retrieved mainly from
the remaining endothelial cells. However, this process after stent
implantation is found to be inadequate in both structural and

functional integrity with impaired endothelium-dependent
vasodilation and increased permeability [11, 48].

Endothelial denudation acts as a trigger of ISR; the conse-
quent delayed endothelial recovery and endothelial dysfunc-
tion are the major contributing factors of late stent
thrombosis [49]. The antiproliferative drugs of DES have
nonselective effect on both SMC and EC, thus prevent both
neointimal hyperplasia and reendothelialization. Taking
together, these observations confirmed the essential role of
endothelium in the process of ISR, implied that promoting
rather than blocking the healing process by stimulating reen-
dothelialization seems the most natural approach to prevent
restenosis after DES implantation. Experimental studies
showed that delivery of miR-140-3p into rat carotid artery
after balloon angioplasty leads to the reduction of neointimal
hyperplasia; meanwhile, it has no adverse effect on reendo-
thelialization. Similarly, anti-miR-21 effectively attenuates
neointimal hyperplasia and ISR without impeding reendo-
thelialization, and anti-miR-21 did not inhibit EC prolifera-
tion in vitro [50]. Thus, application of miRNAs might be a
novel, cell-specific perspective in this challenging problem.

miR-126 is an EC-specific microRNA. It has been proved
that miR-126 plays an irreplaceable role in the maintenance
of endothelial integrity and angiogenesis. miR-126 mutant
mice express severe systemic edema, multifocal hemorrhages,
ruptured blood vessel, and partial embryonic lethality [51].
miR-126 targets to Spred-1, a negative regulator of MAPK
signaling, therefore promotes VEGF- and FGF-mediated
endothelial cell migration and angiogenesis by repressing
Spred-1. Although miR-126 is not expressed in VSMCs, it
participates in the regulation of VSMC function. By targeting
and downregulating insulin receptor substrate-1 (IRS-1),
miR-126 reduces VSMC proliferation and migration. More-
over, Taglin and Acta2, which indicate VSMC differentiation,
were upregulated by miR-126 in VSMCs [52].

miR-92a is another essential mediator of endothelial
functions and angiogenesis which is selectively expressed
in EC but not in SMC [53]. Inhibition of miR-92a induced
increased phosphorylation of ERK1/2 and c-jun N-terminal
kinases/stress-activated protein kinases (JNK/SAPK), as
well as increased serum response factor (SRF) protein level,
and therefore enhances EC proliferation and migration
in vitro. Moreover, inhibition of miR-92a also induced
increased Klf-4 expression, which regulates endothelial
hemostasis, and thus enhances the eNOS expression and
its nitric oxide (NO) production in EC. Not only maintain
the endothelial integrity, the EC released NO also
negatively regulates SMC proliferation and migration and
consequently inhibits neointimal hyperplasia [54]. Impor-
tantly, functional inhibition of miR-92a in vivo promi-
nently reduced neointimal hyperplasia and accelerated the
reendothelialization after vascular injury and stent implan-
tation, indicating that regulation of miR-92a could be a
novel therapeutic approach to prevent ISR [53]. miR-92 is
a member of the miR17-92 cluster, a polycistronic unit
encoding miR-17, miR-18a, miR-19a/b, miR-20a, and
miR-92a. All the members of the miR17-92 cluster are
expressed in EC and known to participate in VSMC prolif-
eration and neointimal hyperplasia of carotid artery
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restenosis [55]. miR17-92 cluster members are upregulated
in carotid artery restenosis; they mediate the crosstalk of
two TGF-β signaling pathway, smad3 and bone morphoge-
netic protein receptor type II (BMPR2). Smad3 activates
miR17-92, therefore downregulated BMPR2 which directly
target to miR17-92, and consequently promotes neointimal
hyperplasia and carotid artery restenosis [55].

miR221 and miR222 are highly expressed in both EC and
VSMC. In VSMC, miR221 and miR222 exhibit strong pro-
proliferative effects. After vascular injury induced by angio-
plasty, the miR221 and miR222 expressions are increased
and promote VSMC proliferation and neointimal hyperpla-
sia via inhibits their target gene p27 (Kip1) and p57 (Kip2)
[56]. On the contrary, in EC, upregulated miR221 and
miR222 suppress EC proliferation/migration, promote EC
apoptosis, and lead to decreased reendothelialization after
angioplasty via inhibiting c-kit, which expressed in EC, but
not VSMC [57]. The opposite effects of miR221 and
miR222 expression on EC and VSMC may partly due to dif-
ferential target gene expression in different cell types. And
this imply that inhibit miR221 and miR222 could repress
neointimal hypoplasia while enhance reendothelialization,
which are responsible for ISR reducing.

miR-143/-145 is undetectable in endothelial cells; how-
ever, its expression increased in response to shear stress and
Klf-2, the shear-responsive transcription factor. It has been
proved that Klf-2 expressed endothelial cell transfer miR-
143/-145 enriched extracellular vesicles to SMCs, influencing
SMC functions in a paracrine manner [58]. Furthermore,
when coculture VSMC and EC, the cell-to-cell contact induces
miR-143/-145 transfer from SMC to EC via tunneling nano-
tubes [59]. These cell-to-cell crosstalk studies illustrate that
miR-143/-145 acts as a signaling transmitter to communicate
VSMCs and ECs and regulate their functions consequently.

7. Interaction with lncRNA in the Vasculature

Long noncoding RNAs (lncRNAs) are nonprotein coding
transcripts with a length of more than 200nt. lncRNAs are
highly versatile; they can be regulated by miRNA and the
reciprocal. Generally, the mechanism of microRNAs and
lncRNA interactions can be summarized in 3 ways [60]. First,
lncRNAs bind and compete with microRNAs (lncRNA-
microRNA sponge) to reduce microRNA function with cells
and alleviate mRNA repressions. Besides, lncRNAs host
microRNAs within their exons and introns. Finally, micro-
RNAs bind lncRNAs and regulate their stability.

LncRNA 362 was identified as one of the angiotensin II-
(Ang II-) responsive RNAs [61], and it acts as host gene for
miR-221 and miR-222 which has been identified as regula-
tors of VSMC proliferation and migration [56]. Knocking-
down of LncRNA 362 results in decreased miR-221/222
expression and subsequent inhibition of VSMC proliferation.
It suggested that the coregulation of LncRNA362 and miR-
221/222 could promote VSMC proliferation and neointimal
hyperplasia [60, 62].

LncRNA-H19 modulates let-7 availability, which have been
indicated to protect VSMC from oxidative damage, by acting as
a molecular sponge [63, 64]. Also, LncRNA-H19 is a primary

precursor for miR-675. It has been proved that both of
LncRNA-H19 and miR-675 expression are increased after vas-
cular injury. LncRNA-H19 accelerates VSMC proliferation in a
miR-675 dependent manner by directly targets to PTEN [65].

LncRNA LINC00341 acts as the sponge of miR-214 and
therefore promotes its target protein FOXO4 expression,
and transcription factor FOXO4 activates the transcription
of LINC00341. LINC00341 promotes the proliferation and
migration of VSMCs via this positive feedback loop [66].
Tian et al.’s study revealed that the lncRNA UCA1, which
is known to play an important role in cardiovascular injury,
acts as a sponge of miR-26a and downregulates miR-26a
expression, thereby alleviates smooth muscle cell prolifera-
tion against atherosclerosis [67]. Recently, Zhang et al. dis-
covered that the lncRNA POU3F3 expression increased in
ISR patients after PCI. POU3F3 promotes VSMC prolifera-
tion, migration, and phenotypic transformation via
POU3F3/miR-449a/KLF4 signaling pathway [68].

LncRNA MALAT1 expressed in ECs, and it reciprocally
interacts with miR-320a. In human umbilical vein endothelial
cells (HUVECs), knockdown of MALAT1 induced increasing
of miR-320a expression and decreasing of FOXM1 expression,
consequently inhibited HUVEC proliferation [69].

8. Circulating miRNAs as Biomarkers for ISR

miRNAs can be found in the blood circulation in an
extraordinary stable form, and they are susceptible to sen-
sitive detection through qPCR, thus were identified as
potential biomarkers of many cardiovascular disease, pre-
dicting the response of therapeutic interventions, such as
ISR [70].

A case-control study reveals that circulating miR-21 level
increased while miR-100, miR143, and miR145 decreased in
patients with ISR compared to healthy people and non-ISR
patient and demonstrate these miRNAs as potential bio-
markers of ISR. Interestingly, they can discriminate between
diffuse ISR and local ISR [71]. miR-93-5p was able to dis-
criminate between patients with stable coronary artery dis-
ease (CAD) and those with no CAD; furthermore, it is a
powerful independent predictor of coronary ISR [72]. A
recent study found that miR-19a, miR-126, miR-210, and
miR-378 independently correlated with lower restenosis
occurrence, demonstrating that these four miRNAs had good
value in predicting restenosis risk [73].

There are also several studies performed to explore the
predict value of miRNAs in PAD restenosis. Circulating
microRNA-320a and microRNA-572 in PAD patients with
ISR had significantly higher expression levels than it from
non-ISR and healthy volunteers [74]. miR-195 is a PAD-
specific miRNA that has potential diagnostic value to dis-
criminate patients with PAD from healthy population
[75]. Moreover, it is a strong and independent predictor
of adverse atherothrombotic events and target vessel revas-
cularization following angioplasty and stenting for PAD,
and it could become a valuable and easily accessible bio-
marker for risk stratification after endovascular revascu-
larization procedures [76].
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9. Future Perspectives and Conclusion

The invasive endovascular repair including PTA and stent
implantation has become the standard approach for both
CAD and PAD. Despite the development of DES significantly
reduced the rate of restenosis compared to BMS and PTA alone,
ISR is still the major drawback of endovascular repair. DES
failed to completely obliterate ISR, and it induced risk of late
stent thrombosis, hindered endothelial healing and inflamma-
tory response due to nonselective inhibition of endothelial and
SMCproliferation by the antiproliferative drugs [77]. Therefore,
based on the comprehensive understanding of ISR pathophysi-
ology, an ideal therapeutic target to prevent ISR should able to
inhibit SMC proliferation induced neointimal hyperplasia and
facilitate endothelial healing simultaneously.

The recent development of gene-eluting stent is a
major breakthrough in stent technology. Paul and col-
leagues developed a nanobiohybrid hydrogel-based endo-
vascular stent device to prevent ISR [78]. In this study,
the hydrogel works as a reservoir to carry, protect, and
simultaneously deliver proangiogenic, VEGF, and
Angiopoietin-1 genes to the target site. And the results
showed enhancement in reendothelialization, attenuation
of stenosis, and prevention of neointimal formation. Yang
et al. reported a stent coated with bilayered poly (lactide-
co-glycolide) (PLGA) nanoparticles containing VEGF plas-
mid in the outer layer and paclitaxel in the inner core
(VEGF/PTX NPs), demonstrating that the VEGF/PTX
NP-coated stent promotes early endothelium healing while
inhibits SMC proliferation through sequential release of
the VEGF gene and paclitaxel, resulted in significant sup-
pression of ISR [79]. These studies inspired us that reste-
nosis could be prevented at the molecular level by
administering gene expression, and miRNA-eluting stent
could be a promising therapy because miRNA can inhibit
ISR via more than one pathway. One of the challenging
puzzles is choosing appropriate target miRNA. The miR-
195, miR-92a, and miR-221/222 are potential targets of
the miRNA-eluting stent, because miR-195 effectively pre-
vents ISR by inhibiting VSMC proliferation and migration
while reducing inflammatory response as well, whereas
miR-92a and miR-221/222 showed different effects on
VSMCs and ECs.

As for miRNA-based therapy, silencing miR-122 leads to
long-lasting suppression of hepatitis C virus (HCV) viremia
maybe be the first human therapy [80]. However, compared
to reach up to liver, specific miRNA delivery to the vascular
system can be more challenging. Santulli et al. used an adeno-
viral vector that encodes p27 with target sequences for EC-
specific miR-126-3p at the 3′ end, demonstrating the poten-
tial of using a miRNA-based strategy as a therapeutic
approach to specifically inhibit vascular restenosis while pre-
serving EC function [81]. Wang et al. reported application of
anti-21-coated stents effectively reduced ISR, whereas no sig-
nificant off-target effects could be observed [50].

Despite the therapeutic implication of some miRNA in
restenosis has entered clinical trials by integrating them in
microsphere-integrated stent, adenovirus, or nanoparticles
[82], there are still many problems need to be solved. For

example, since miRNA controls multiple pathways in differ-
ent tissue types, how to avoid the unwanted effects accompa-
nied with miRNA inhibition is of importance. Some miRNAs
might have an ambivalent effect that is both a beneficial ther-
apeutic effect in terms of angiogenesis and a detrimental pro-
motion of tumor angiogenesis.

In conclusion, miRNAs exhibit great therapeutic poten-
tial for ISR treatment. Fully understand the molecular mech-
anisms underlying miRNA regulated ISR is of paramount
importance to promote the realization of miRNA-based
strategy, despite there is still a long way to go before clinical
application of miRNA-eluting stent.
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Interest in the design and manufacture of RNA and DNA aptamers as apta-biosensors for the early diagnosis of blood
infections and other inflammatory conditions has increased considerably in recent years. The practical utility of these
aptamers depends on the detailed knowledge about the putative interactions with their target proteins. Therefore,
understanding the aptamer-protein interactions at the atomic scale can offer significant insights into the optimal apta-
biosensor design. In this study, we consider one RNA and one DNA aptamer that were previously used as apta-biosensors
for detecting the infection biomarker protein TNF-α, as an example of a novel computational workflow for selecting the
aptamer candidate with the highest binding strength to a target. We combine information from the binding free energy
calculations, molecular docking, and molecular dynamics simulations to investigate the interactions of both aptamers with
TNF-α. The results reveal that the RNA aptamer has a more stable structure relative to the DNA aptamer. Interaction of
aptamers with TNF-α does not have any negative effect on its structure. The results of molecular docking and molecular
dynamics simulations suggest that the RNA aptamer has a stronger interaction with the protein. Also, these findings
illustrate that basic residues of TNF-α establish more atomic contacts with the aptamers compared to acidic or pH-neutral
ones. Furthermore, binding energy calculations show that the interaction of the RNA aptamer with TNF-α is
thermodynamically more favorable. In total, the findings of this study indicate that the RNA aptamer is a more suitable
candidate for using as an apta-biosensor of TNF-α and, therefore, of greater potential use for the diagnosis of blood
infections. Also, this study provides more information about aptamer-protein interactions and increases our understanding
of this phenomenon.

1. Introduction

Severe blood infections leading to sepsis are one of the major
causes of death, especially among hospitalized patients [1, 2].
Patients suffering from blood infections are characterized by
complex pathophysiology and heterogeneous phenotypes
with respect to response to treatment, symptoms, and out-
comes. Blood infections are clinically difficult to diagnose
due to the multiple factors contributing to their emergence

[3], and definitive diagnosis techniques, risk determination
tools, treatment selections, and evaluation methods, or out-
come prediction procedures are to be found for these infec-
tions [4]. Biomarkers are recognized as natural molecules,
genes, or characteristics that can be used as a basis for the
detection of specific physiologic or pathologic processes.
Clinically speaking, biomarkers are deemed valuable only
when they can contribute to decision making. Ideal bio-
markers are characterized by fast kinetics, high affinity and
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specificity, detectability by automated technologies, and inex-
pensive bedside testing [4]. Many protein biomarkers have
been identified that can be used to detect blood infections,
such as C-reactive protein (CRP) [5], Interleukin 6 (IL-6)
[6], Procalcitonin (PCT) [7], Interleukin 10 (IL-10) [8],
Interferon-gamma (IFN-γ) [8], and tumor necrosis factor-
alpha (TNF-α) [9–11].

The multiple proinflammatory cytokines are identified as
possible biomarkers of blood infection [11], and TNF-α is
one of the most promising candidates [10], as its serum levels
increase significantly during an infection [9]. Tumor necrosis
factor-α (TNF-α) is an important proinflammatory cytokine
that contributes to acute phase reaction. Although TNF-α
can be secreted by many cell types such as NK cells eosino-
phils, neurons, CD4+ lymphocytes, neutrophils, and mast
cells, it is secreted primarily by macrophages [12]. TNF-α is
a subordinate member of the TNF superfamily which
embodies different types of transmembrane proteins with a
homology domain [13]. Mature human TNF-α is secreted
after cleavage of a 76-residue peptide from the amino termi-
nus of the prohormone and the mature protein contains sin-
gle intramolecular disulfide bridge [14]. Previous studies
have shown TNF-α to be a trimer in solution [14, 15]. The
several crystal forms in which the molecule has been
obtained have either crystallographic or noncrystallographic
3-fold symmetry, suggesting that the cytokine forms trimers
in the solid-state as well [16, 17]. The TNF-α subunit is a
β-sheet sandwich constructed almost entirely of antiparallel
β-strands.

Due to the known involvement of TNF-α in sepsis, many
bioassays have been targeting its molecular structure with
various probes to reveal its presence in serum [18]. TNF-α,
including fluorescence immunoassay, enzyme-linked immu-
nosorbent assay (ELISA), radioimmunoassay, and time-
resolved immune-fluorometric assay, is, thanks to a number
of commonly used traditional immunoassays, easy to detect
and quantify [19, 20]. Nevertheless, creation of sandwich
immunoassays in the traditional methods is dependent on
antibody pairs. Moreover, these methods are characterized
by multiple washing steps and high-cost readout signal devel-
opment procedures.

Aptamers are single-stranded DNA or RNA oligonucleo-
tides that have been developed as powerful and reasonably
priced alternatives to traditional antibodies for TNF-α target-
ing. Aptamers are actually recognized as high-affinity and
high-specificity biomolecule binding agents. These oligonu-
cleotides are characterized by their modifiability and their
potential to introduce affinity and signal transducing moie-
ties into the same molecule. Aptasensors with analyte captur-
ing and signal transducing potential have already been
addressed in the literature [21, 22]. Detection of
aptasensor-based cell biomarkers has received a lot of atten-
tion over the last few years [23, 24].

Analytical and numerical methods can provide further
insight into observed biologically oriented experiments or
biological phenomenon, which are difficult to study experi-
mentally [25–29]. Among these available techniques, molec-
ular dynamics and docking technique which are strong
computational tools that provide valuable complementary

to experiment information about the details of the atomistic
interactions in biological phenomena has attracted attention
recently. Up to now, various researches have been performed
a lot of research regarding the molecular dynamic and dock-
ing simulation to investigate the behavior of protein, apta-
mer, ligands, and peptides in the atomic scale [30, 31]. In
2021, He et al. [32] performed molecular docking simula-
tions for an electrochemical impedimetric sensing platform
based on a peptide aptamer, and they found the binding
capacity of peptide aptamers by molecular docking and dem-
onstrated that docking was an effective tool to screen peptide
aptamers for amino acid-binding capacity.

In this study, we investigate the interactions of TNF-α,
with aptamer candidates (DNA and RNA) via molecular
dynamics (MD) method. For this purpose, two-dimensional
(2D) and three-dimensional (3D) structures of aptamers
were calculated and were optimized through a 200ns MD
simulation. In the next step, the interactions of these apta-
mers with different sides of the TNF-α protein were investi-
gated using molecular docking and MD simulations and
binding free energy calculations. The results of this study
provide useful information for identifying an aptasensor with
high selectivity and affinity to TNF-α.

2. Method and Materials

2.1. Preparation and Calculation the Input Structural Files. In
this study, we studied the interactions of two DNA and RNA
aptamers with TNF-α. The structure of TNF-α was obtained
from the RCSB database (PDB id: 1TNF) [14]. The missing
residues of TNF-α were modeled by the SWISS-MODEL
web tool and, then, simulated for 200ns [33, 34]. On the basis
of previous experimental studies, we selected two aptamers
that specifically interact with TNF-α [35, 36]. The sequence
of aptamers is illustrated in the following:

25-mer DNA: 5′-TGGTGGATGGCGCAGTCGGCG
ACAA-3′.

28-mer RNA: 5′-GGAGUAUCUGAUGACAAUUCG
GAGCUCC-3′.

The secondary structures of DNA and RNA aptamers
were predicted by the use of the Mfold [37] web server and
ViennaRNA [38] web services, respectively. The SimRNA
[39] web server was used to predict the 3D structure of
RNA aptamers from the 2D pattern. Furthermore, the 3D
structure of DNA aptamer was modeled using the method
of Iman Jeddi and colleagues [40]. Finally, each 3D structure
model of DNA and RNA aptamers was modeled for 200 ns,
and the final data were employed for docking with the equil-
ibrated TNF-α conformation.

2.2. Molecular Docking. In order to obtain the basic informa-
tion about the possible binding locations of aptamers to pro-
tein, we performed molecular shape complementarity
docking using the PatchDock [41] web server. Prepared Pro-
tein Data Bank (PDB) files of aptamers and receptor were
provided to a PatchDock server at a default value of 4.0 for
clustering Root-Mean-Square Deviation (RMSD) and default
complex types. PatchDock represents the Connolly’s surface
of docking as flat, convex, and concave patches and conforms
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them to produce candidate transformations [41]. For each
aptamer-protein complex, we extracted two select cluster
with higher score for using as the initial set of coordinates
in the MD simulations [42–44].

2.3. Molecular Dynamics (MD) Simulation. All the simula-
tions in the present investigation were performed via the
GROMACS 5.1.4 package [45]. Also, the Amber ff99SB-
ILDN force fields were used in this study [46]. In order to
neutralize the system, we add the appropriate number of
the ions (sodium and chloride) that were added to the sys-
tem. The periodic boundary conditions (PBCs) were applied
to each system in all the spatial directions [47]. Additionally,
to solvate the system, the transferable intermolecular poten-
tial 3-point (TIP3P) water model was utilized [48]. Using
LINCS algorithms, all of the covalent bonds lengths were
constrained [49]. Simulations were performed using a
short-distance electrostatic interplay and a distance cutoff
of 1.2 nm for the van der Waals interaction. Using the Parti-
cle Mesh Ewald algorithm (PME), the long-range electro-
static forces were calculated [50]. All systems’ energy was
minimized via the steepest descent algorithm. The consid-
ered cases were then allowed to reach the equilibrium state
by a subsequent NVT 500ps run. After that, all the cases
equilibrated through the NPT ensemble. Using Nose-
Hoover algorithm temperature [51], the temperature was
maintained at 310K in this process [52, 53]. Over the course
of the NPT equilibration, the Parrinello-Rahman barostat
was used to maintain the pressures at 101.3 kPa via [54].
Complementary details about simulation systems are pro-
vided in Table 1.

2.4. The g_mmpbsa Method. The interactions between the
protein (nonpolar and polar) can be determine via the bind-
ing free-energy evaluation and other biological macromole-
cules. The binding free-energy was calculated by using the
MM-PBSA method and the g_mmpbsa tool [55–58].

By adding the nonpolar (ΔGnonpolar) and the polar
(ΔGpolar) interaction free-energy differences, the overall
binding free-energy (ΔG) was obtained as the following:

ΔGtotal = ΔGpolar+ΔGnonpolar, ð1Þ

where ΔGpolar and ΔGnonpolar are given by

ΔGpolar = ΔGps+ΔGelec, ð2Þ

ΔGnonpolar = ΔGnps+ΔGvdW, ð3Þ

where ΔGps and ΔGnps are the difference of the polar and
nonpolar solvation energies, respectively. Also, ΔGvdW is the
difference of the energy related to the van der Waals interac-
tions, and ΔGelec stands for the difference of the energy asso-
ciated with the electrostatic interactions. 500 snapshots taken
from the last 100ns of each aptamer-protein complex simu-
lation were used in these binding free-energy calculations.

3. Results and Discussion

3.1. Elucidation of the Structure and Dynamics of Individual
Aptamers and TNF-α Proteins. Based on the previous studies,
we selected two aptamers that have specific interactions with
TNF-α [35, 36]. These RNA and DNA aptamers were 28 and
25 nucleotides in length, respectively. In the next step, the
secondary structure and folding of each aptamer were pre-
dicted using the Mfold [38] web server and ViennaRNA
[38] web services. The Gibbs free energy of folding for
DNA and RNA, respectively, and suggest the folding pattern
with the most favorable energy. Then, the 3D structure of
aptamers predicted based on the folding pattern that calcu-
lated in the previous step. Finally, in order to validate the
obtained 3D structure, 200 ns molecular dynamics simula-
tion performed on modeled structures. In Figure 1, the 2D,
3D, and equilibrated 3D structures are shown. The ΔG
energy of folding for DNA and RNA aptamers is -4.81 kcal/-
mol and -10.6 kcal/mol, respectively. Many previous compu-
tational studies used the RMSD as a parameter to illustrate
the equilibration of the system. Hence, in order to investigate
the stability of conformations arrived at by our MD simula-
tions, the RMSD value was computed for C-α in TNF-α
and the backbone atoms of aptamers. The resulting RMSD
time trajectories are illustrated in Figure 2. As shown in
Figure 2(a), after about 20 ns, the structural fluctuation of
the protein became stable and RMSD values plateaued. Fur-
thermore, aptamers had higher fluctuations in their structure
than TNF-α, due to their structural features that make them
more flexible than proteins [59].

In Figure 2(b), the DNA aptamer has higher fluctuation
in own structure than the RNA aptamer. These results are
in line with the value of ΔG energy of folding. In total, the
RNA aptamer has a more stable structure than the DNA
aptamer. Also, previous experimental works have shown that
the RNA folded structure has more stability than the single-
strand DNA folded structure [60]. Furthermore, some
researchers have employed the MD and docking simulation
in their studies. In 2016, Torabi et al. [61] conducted a MD
and docking simulation to achieve a better understanding
of specific binding interactions of the target protein (RBP4)
and RBA. They computed RMSD as a function of time and
compare them for the two states, one lone RBA and RBA in
the complex with RBP4, and second lone RBP4 backbone
and RBP4 backbone in the complex with RBA. The resulting

Table 1: List of abbreviations and key physical parameter values for
the performed simulations. In all states, the length of simulation and
the temperature are 200 ns and 310K, respectively.

Simulation compounds Acronym No. of water molecules

TNF-α TNF 30260

RNA aptamer RNA 10004

TNF-RNA-1 TR1 31425

TNF-RNA-2 TR2 30581

DNA aptamer DNA 7674

TNF-DNA-1 TD1 30681

TNF-DNA-2 TD2 29451
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RMSD time trajectories are shown that after about 20 ns, the
structural fluctuation of the protein became stable, and it can
be concluded that the RBA has more fluctuation than the
RBA in the complex with the RBP4. Also, in 2018, Autiero
et al. [62] conducted a research via the MD and docking sim-
ulation technique and evaluated the dynamics of the complex
between the S8 protein and the aptamer. The RMSD values of
trajectory structures vs. complex, aptamer, and protein was
computed and compared with each other. The RMSD time
trajectories shown that the overall system undergoes a little
rearrangement after 50ns, whereas both the protein and the
aptamer remain virtually unchanged. Thus, according to
these results and our study, it can be concluded that RMSD
inMD simulation is an important parameter which can dem-
onstrate the equilibration of the system [30–58].

3.2. Studying Protein-Aptamer Interactions by Molecular
Docking Simulations. To investigate further the interactions
of aptamers with TNF-α in terms of identifying the possible
binding locations of aptamers to the protein, we performed
molecular docking computations using the PatchDock
server. Many previous studies have used the PatchDock

server to investigate the interaction of nucleic acids with pro-
teins [63–65]. The coordinates of TNF-α, RNA aptamer, and
DNA aptamer were extracted from the last snapshot of the
prior MD simulations and used for performing docking com-
putations. For each RNA-protein and DNA-protein com-
plex, we selected two clusters with a higher score relative to
other clusters. More detailed information from the docking
computation results is shown in Table 2, with both clusters
of RNA aptamer having a higher binding affinity to TNF-α
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Figure 1: The 2D, 3D (presimulation), and equilibrated 3D (postsimulation) structures of (a) RNA and (b) DNA aptamers.
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Figure 2: Time course of RMSD during the MD simulations for (a) TNF-α and (b) aptamers. The RMSD value of each chain of TNF-α was
computed separately, and only their average is reported.

Table 2: Results of the molecular docking calculations between
aptamers and TNF-α.

Geometric shape
complementarity

score [68]

Approximate
interface area of the
complex (A2) (area)

Atomic contact
energy [69]

(kcal/mol) (ACE)

TR1 13160 1870.90 -235.58

TR2 12876 1736.30 -166.63

TD1 10865 1532.40 -153.24

TD2 9864 1498.80 -142.57
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than the DNA clusters. The RNA aptamer had more interface
area with TNF-α, which shows that more nucleotides of the
aptamer are in the direct contacts with protein. Also, the
RNA aptamer had higher binding energy with TNF-α than
the DNA aptamer. The results of docking calculations are
in agreement with previous experimental studies that have
illustrated the RNA molecules to have stronger interactions
with proteins due to the Ribose carbohydrate in their back-
bone [66, 67].

As shown in Figure 3, the binding locations of aptamers
onto the protein surface differed in each cluster. Further-
more, the orientation of aptamers was different in clusters.
Both aptamers in cluster 1interacted with two side chains of
TNF-α, but aptamers in cluster 2 interacted with one chain
only. This is probably why the aptamers in cluster 2 had a
smaller interface area with TNF-α relative to the aptamers
in cluster 1.

3.3. Molecular Dynamics Simulations. The atomic coordi-
nates of aptamer-protein complexes obtained by molecular
docking calculations were used as initial conditions for sub-
sequent molecular dynamics simulations of 200ns duration
to help refine further our understanding of aptamer-TNF-α
interactions.

3.4. Structural Analyses of Aptamer-Protein Complexes
through MD Simulation. To investigating the effects of the
conformational fluctuations of aptamers and TNF-α on the
structural stability of the complexes they formed, the RMSD
values of each entity were computed during their interactions
over 200ns MD simulation trajectories. First, we studied the
fluctuations of the TNF-α structure during interactions with
aptamers. As shown in Figure 4, the interactions of aptamers
with TNF-α had no major effect on the structure of the pro-
tein. For each interaction pair, the RMSD value of three TNF-

RNA

TNF-alpha

Cluster 1 Cluster 2

RNA Cluster 1

Patchdock

Patchdock

Cluster 2

Figure 3: Graphical representation of the aptamer-TNF-α complexes computed by PatchDock.

0
0.0

50 100
Time (ns)

TNF

150 200

0.2

0.4

RM
SD

 (n
m

)

0.6

0.8

1.0

1.2

1.4

TR1
TR2

(a)

0
0.0

50 100
Time (ns)

TNF

150 200

0.2

0.4

RM
SD

 (n
m

)

0.6

0.8

1.0

1.2

1.4

TD1
TD2

(b)

Figure 4: The RMSD value of TNF-α during interactions with (a) an RNA aptamer and (b) a DNA aptamer. To better represent the effect of
aptamers on the protein structure, the RMSD plot of TNF-α alone was shown in both graphs.
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α chains was calculated separately, and the average value was
reported. All interaction pairs reached stable states after
about 15 ns, and the fluctuations of TNF-α structure in all
simulation systems were almost equal and in the range of
0.2 nm to 0.4 nm. Hence, we can conclude that bound apta-
mers to the protein did not have any major effect on the
structure of TNF-α. These findings are in line with other
experimental and computational studies [70, 71].

Furthermore, the RMSD value of aptamers during interac-
tions with TNF-α was also calculated. The RMSD was com-
puted for only the backbone atoms of the aptamers. The
results show that interactions with TNF-α reduced the struc-
tural fluctuations of the RNA aptamer (Figure 5(a)). In RNA-
contained simulations, we can see that the fluctuations of free
RNA aptamer are about 0.7nm at the end of the simulation,
but in the TR1 and TR2 systems, the structural fluctuations

are 0.2nm and 0.4nm, respectively. By comparing these results
with the docking results, we can conclude that the interactions
between aptamer and TNF-α are stronger, and as a result, the
structural fluctuations of the aptamer are reduced. For instance,
the fluctuations of RNA aptamer in the TR1 system are lower
than the fluctuation of the RNA aptamer in the TR2 system
(Figure 5(a)), because the aptamer-protein complex in the
TR1 system has a stronger binding affinity (Table 2). When
the aptamer binds to the protein surface, the strong electro-
static interactions between basic residues of protein and nega-
tively charged nucleotides make the structural fluctuations of
the protein restrained. For the DNA-contained systems, similar
behavior was observed (Figure 5(b)).

3.5. Aptamer-Protein Interactions during MD Simulations.
For explaining the affinity binding of aptamers to TNF-α,
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Figure 5: RMSD plots in (a) RNA-contained simulation systems and (b) DNA-contained simulation systems.
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Figure 6: The number of contacts in (a) RNA-contained systems and (b) DNA-contained systems during 200 ns MD simulation trajectories
(>0.6 nm).

6 BioMed Research International



RE
TR
AC
TE
D

the contact numbers between aptamers and protein were cal-
culated during the simulation trajectories (Figure 6). Further-
more, to determine the role of different types of protein
residues in interactions with aptamers, the average number
of contacts between different types of residue (polar, nonpo-
lar, aromatic, basic, and acidic) and each aptamer was com-
puted (Figure 7). As shown in Figure 6, the RNA aptamer
in both clusters has a higher number of contacts with TNF-
α than the DNA aptamer. Also, the RNA aptamer in the
TR1 system had the highest number of contacts between all
simulation systems (Figure 6(a)). These findings are in good
agreement with the results of our molecular docking compu-
tations and illustrate that the RNA aptamer had stronger
interactions with protein relative to the DNA aptamer. The
latter had almost equal number of contacts with protein in
both clusters (Figure 6(b)).

Moreover, the results of the contact number analyses
have shown the significant role of the basic residues of
TNF-α that have in the interactions with aptamers. Previous
investigations indicate that in the interactions with anionic
molecules such as antimicrobial peptides and nucleic acids
the basic residues in the proteins play a major role [72, 73].

In Figure 7, it has shown that in all systems, the basic residues
had the highest number of contacts with aptamers which is
due to the strong electrostatic interactions with negatively
charged nucleotides. The basic residues of the TNF-α had
higher numbers of contacts with the RNA and DNA apta-
mers. These findings also provide the insight that RNA apta-
mer interacted more strongly with TNF-α compared to DNA
ones due to the more polar and less basic nature of the resi-
dues in the latter, while the number of aptamer contacts with
TNF-α was comparable in both cases.

To provide a better understanding of aptamer-protein
complexes, the graphical representation of complexes at the
end of the simulation was illustrated Figure 8. As shown in
Figure 8, aptamers in cluster 2 could not maintain their posi-
tions on the protein’s surface and settled at some distance
from protein, especially their terminal nucleotides On the
other hand, in cluster 1 systems, aptamers could conserve
their interactions with TNF-α and have a higher number of
contacts which are in line with results of our molecular dock-
ing computations (Table 2). In total, we can interpret from
the results of MD simulation section that RNA aptamer can
makes stronger interaction with TNF-α. Taken together, the
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Figure 7: Average number of contacts between different types of residues and aptamers in (a) RNA-contained systems and (b) DNA-
contained systems (>0.6 nm).
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Figure 8: Graphical representation of aptamer-protein complexes at the end of the 200 ns MD simulations for (a) RNA-contained systems
and (b) DNA-contained systems.
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conclusion of stronger interactions with RNA. Our simula-
tion findings are therefore congruent with the results of the
previous experimental studies demonstrating the feasibility
of using RNA aptamers as apta-biosensors tailored to bind
target proteins with high specificity and at very low concen-
trations [36, 74].

3.6. Binding Free Energy Calculations. Previous investigations
have revealed that electrostatic interactions play a key role in
biological macromolecule interactions, especially when these
have opposite charges [56, 71, 75–77]. To get more informa-
tion about the interaction of aptamers with the TNF-α via the
g_mmpbsa tool (Table 3), the nonpolar, polar, and total
binding free energy between the aptamers and the protein
were computed. The table shows that the van der Waals
(vdW) energy had a major contribution in nonpolar energy,
while SASA energy had a small contribution. The vdW
energy has a significant effect on the interactions between
the aptamer and the protein, especially in TR1 and TR2 sim-
ulation systems. This is probably due to the favorable hydro-
phobic interactions of aptamers with protein. This is possibly
due to the electrostatic interaction between the basic residues
of TNF-α and the negatively charged nucleotides. The stron-
gest electrostatic energy was found in TR1 and the weakest
one in TD2. The polar solvation energy was positive in all
the simulations. In total, by taking into account the total
binding energy as a parameter to represent the strength of
aptamer-protein complexes, the TR1 was the strongest com-
plex and TD2 was the weakest. The results of these binding
free energy calculations are in close agreement with the pre-
vious results and confirm that the RNA aptamer had stronger
interactions with TNF-α than the DNA aptamer.

4. Conclusion

In this study, we investigated the interactions of RNA and
DNA aptamers with TNF-α at the atomic scale by binding
free energy calculations, molecular docking, and MD simula-
tions. It was observed that the folding process of the RNA
aptamer had more negative ΔG energy than the folding pro-
cess of the DNA aptamer. Furthermore, the results of molec-
ular docking calculations showed that the RNA aptamer had
stronger interactions with TNF-α and got a higher score rel-
ative to the DNA aptamer. Computational structural analy-
ses illustrated that during interactions, the aptamers did not
have any negative effect on the TNF-α structure. Further-
more, the structural fluctuations of aptamers were reduced
during interactions with the protein. The results of binding

free energy calculations and MD simulations showed that
the RNA aptamer had stronger interactions with protein
than the DNA aptamer. The results revealed that basic resi-
dues of TNF-α had more contacts at the atomic scale with
aptamer relative to other residue types. RNA aptamers, in
turn, created more contacts with protein and thermodynam-
ically had more favorable binding energy with TNF-α. Col-
lectively, these findings illustrated that RNA aptamers are a
more suitable candidate, compared to DNA aptamers, to
use for constructing an apta-biosensor for sensing the pres-
ence of TNF-α in a biological sample, which is in agreement
with previous experimental studies [40]. It is also important
to point out that the computational methodologies workflow
developed in this work could be generalizable to the design of
other apta-biosensors to their target proteins.

Data Availability

In order to obtain the basic information about the possible
binding locations of aptamers to protein, we performed
molecular shape complementarity docking using the Patch-
Dock web server: “Schneidman-Duhovny, D., Inbar, Y., Nus-
sinov, R., Wolfson, H. J. (2005), Patchdock and symmdock:
servers for rigid and symmetric docking, Nucleic acids
research, 33, W363-W367”.
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Table 3: Binding free energy calculations of the aptamer-protein interactions. (kJ/mol).

Simulation systems
Nonpolar binding free energy Polar binding free energy

Total binding free energy
Van der Waals energy SASA energy Electrostatic energy Polar solvation energy

TR1 -475.247 -48.14 -7291.523 74.127 -7740.783

TR2 -287.586 -25.481 -5761.594 63.842 -6010.819

TD1 -362.815 -29.648 -5634.128 41.479 -5985.112

TD2 -259.483 -18.87 -4861.243 48.275 -5091.321
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It is generally believed that excessive production of reactive oxygen species (ROS) during cardiovascular diseases impairs
endothelial function. In this study, we aimed to investigate whether miR-214-3p is involved in the endothelial dysfunction
induced by oxidized low-density lipoprotein (ox-LDL). In cultured vascular endothelial cells (VECs), the effects of miR-214-3p
on endothelial injury induced by 100mg/L ox-LDL were evaluated by knockdown of miR-214-3p. Western blotting was used to
determine the expression of glutathione peroxidase 4 (GPX4) and endothelial nitric oxide synthase (eNOS) in VECs under
different conditions. A luciferase reporter assay was used to identify GPX4 as the target of miR-214-3p. Our data showed that
100mg/L ox-LDL significantly decreased the expression of GPX4 and eNOS, which was associated with increases in ROS levels
and impairments of VEC viability and migration. Knockdown of miR-214-3p could partially reduce the increase in ROS, restore
the decreased expression of GPX4 and eNOS, and thus rescue the impaired endothelial function caused by ox-LDL. Our data
demonstrated that ox-LDL could induce upregulation of miR-214-3p and result in suppression of GPX4 in VECs.
Downregulation of miR-214-3p could protect VECs from ROS-induced endothelial dysfunction by reversing its inhibitory effect
on GPX4 expression.

1. Introduction

At present, the incidence rates of chronic diseases such as
coronary heart disease, hypertension, and diabetes are on
the rise all over the world, seriously endangering human
health [1]. Many studies have shown that these cardiovascu-
lar diseases are closely associated with endothelial dysfunc-
tion [2, 3]. Vascular endothelial cells (VECs) mainly locate
in the inner surface of the vasculatures; they consist of a
tightly connected layer to act as a barrier between the blood
and vascular walls. The basic function of VECs is to act as a
barrier between the blood and vascular walls. In addition,
VECs can synthesize and release a variety of vasoactive medi-
ators that can regulate vascular permeability, VEC-specific
chemotaxis, vasoconstriction and vasodilatation, and platelet
aggregation. It has been evident that many factors such as
oxidized low-density lipoprotein (ox-LDL), angiotensin II
(Ang II), and interleukin-6 (IL-6) can impair the barrier

and secretion functions of VECs in different cardiovascular
diseases, leading to an acceleration of disease progression
[4]. For example, oxidative stress injury caused by ox-LDL
is the most common mechanism of endothelial damage [5].
On the other hand, ox-LDL can also impair endothelial nitric
oxide synthase (eNOS) function, leading to a reduction in the
production of NO. VECs synthesize and release a series of
vasoactive factors by sensing changes in the internal environ-
ment to maintain endothelial function and vascular homeo-
stasis. The most widely studied of these protective factors
secreted by VECs is NO, which is produced by eNOS through
catalysis of L-arginine. NO exerts a strong effect on relaxing
blood vessels and maintaining vascular physiological func-
tion. In cardiovascular disease studies, the expression of
eNOS is often used as an important indicator to evaluate
endothelial function [6].

Reactive oxygen species (ROS) are important compo-
nents of free radicals necessary for cell biological behaviors,
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but excessive ROS production under pathological conditions
often leads to endothelial dysfunction [7]. In the long process
of evolution, the human body has developed an antioxidant
system to protect cells from the damage caused by excessive
ROS production. Glutathione peroxidase (GPX) is one of
the three main nonenzymatic antioxidants in the human
body [8]. Seven types of GPXs have been identified in
humans, and GPX4 is the most researched type, showing
the strongest antioxidative capacity [9]. The main oxidizing
substrate of GPX4 is phospholipid hydroperoxide, which is
present in biofilms. In addition, GPX4 can catalyze H2O2
and different lipid hydroperoxides, such as free fatty acid
hydroperoxides, thymidine hydroperoxides, cholesterol, and
cholesterol ester hydroperoxides. GPX4 has been shown to
be associated with cardiovascular diseases, whereby overex-
pression of GPX4 in apolipoprotein E-deficient mice and in
a myocardial ischemia/reperfusion mouse model inhibits
the development of atherosclerosis and protects cardiac
contractile function, respectively [10, 11]. Ectonucleotide
pyrophosphatase 2 (ENPP2) is a lipid kinase that protects
cardiomyocytes from erastin-induced ferroptosis by enhanc-
ing the expression of GPX4 [12].

MicroRNAs (miRNAs) are a class of small noncoding
RNAs composed of 19-25 nucleotides. By recognizing and
binding to the 3′-untranslated regions (UTRs) of target
genes, miRNAs cause the degradation or block the transla-
tion of target genes. A large number of studies have con-
firmed that miRNAs are closely related to cell growth,
differentiation, apoptosis, neural development, and oxidative
stress. Abnormal expression of certain miRNAs in the circu-
lation leads to a variety of diseases, such as atherosclerosis,
tumors, diabetes, and Parkinson’s disease [13–16]. Previous
studies have documented that many miRNAs, such as miR-
145 and miR-590, participate in the progression of vascular
injury [17–19]. In our research, we found that miR-214-3p
was also significantly upregulated in ox-LDL-induced VECs.
Furthermore, by using bioinformatics methods, we found
that GPX4 may be a direct target of miR-214-3p. Although
miR-214-3p has been reported to play a role in colorectal
cancer and the inflammatory pathogenesis of Parkinson’s
disease [20, 21], the mechanism by which miR-214-3p exerts
its effects on VECs remains unclear. In this study, we aimed
to investigate the relationship between miR-214-3p and
GPX4 in an ox-LDL-induced VEC damage model.

2. Materials and Methods

2.1. Cell Culture. The human VEC line (human umbilical
vein endothelial cell (HUVEC)) was purchased from the Cell
Lab of Central South University and was cultured in Dulbec-
co’s modified Eagle medium (DMEM, Gibco, USA) contain-
ing 10% fetal bovine serum (Gibco, USA) in a 5% CO2
incubator at 37°C. Subsequently, after 3 passages, the cells
were placed in serum-free medium for 12 h prior to the
experiment and then divided into different groups to receive
different treatments. ox-LDL was purchased from Yiyuan
Biotechnology (Guangzhou, China, No. YB-002). VECs were
treated with 100mg/L ox-LDL for 24 h to induce endothelial
damage.

2.2. Transfection. First, the transfection complex was pre-
pared as follows: 10× riboFECT buffer (RiboBio, China)
was diluted 10 times, and then, 20μL miR-214-3p mimic
or inhibitor was diluted in 120μL diluted riboFECT buffer
to obtain the nucleic acid dilution. The sequences of
miRNA-214-3p mimic and inhibitor are presented as fol-
lows: miR-214-3p mimics: 5′-ACAGCAGGCACAGACA
GGCAG U-3′ (sense), 5′-UGCCUGUCUGUGCCUG CU
GUUU-3′ (antisense); miR-214-3p inhibitor: 5′-ACUGCC
UGUCUGUGCCUGCUGU-3′ (sense), 5′-CAGUACUUU
UGUGUAG UACAA-3′ (antisense). Twelve microliters of
transfection reagent was slowly added to the nucleic acid
solution to obtain the transfection complex. To overexpress
or knock down the expression of miR-214-3p, the transfec-
tion complexes with miR-214-3p mimic or inhibitor were
added to the cell culture medium, and then, the cells were
incubated in a 5% CO2 incubator at 37

°C for 24 h. 50 nmol/L
miR-214-3p mimic and 100nmol/L miR-214-3p inhibitor
were used to treating VECs.

2.3. Real-Time PCR. Total RNA from VECs was extracted for
reverse transcription and real-time quantitative PCR. Real-
time PCR was performed according to the manufacturer’s
instructions using the ABI 7500 real-time PCR system with
SYBR Green reagents. The primers for miR-214-3p are listed
as follows: miR-214-3p-F: ACAGCAGGCACAGACAGGC
AG; miR-214-3p-R: GTGCAGGGTCCGAGGTAT TC. The
CT values of each sample were normalized to the U6 values
as an internal reference, and the expression levels of miR-
214-3p were calculated by the 2-ΔΔCT method. All amplifica-
tion reactions were performed in triplicate.

2.4. Western Blotting. Protein was extracted from VECs using
RIPA buffer and phenylmethanesulfonyl fluoride (PMSF).
Then, 40μg of total protein was separated by 10% SDS-
PAGE, and the protein bands were then transferred to a
polyvinylidene difluoride membrane (Millipore, USA).
After blocking with 5% nonfat milk in TBST, the mem-
brane was incubated overnight with rabbit anti-human
GPX4 (polyclonal antibody, Sigma, USA, Catalog Number:
SAB2108670) and eNOS antibodies (polyclonal antibody,
Sigma, USA, Catalog Number: SAB4502013) overnight.
Immunoreactive bands were visualized by electrochemilumi-
nescence (Bio-Rad, USA) after incubation with a horseradish
peroxidase-conjugated anti-mouse secondary antibody. The
ratio of the protein of interest to GAPDH was used for statis-
tical analysis.

2.5. Dual-Luciferase Reporter Assay. Two human GPX4
3′-UTR sequences containing predicted miR-214-3p target
sites and the mutant 3′-UTR of GPX4 were synthesized
and inserted into the pGL3 control vector (Promega, USA).
For the reporter assay, VECs were seeded into 24-well plates
and cotransfected with 200ng pGL3-GPX4-3′-UTR with
100 nmol/L miR-214-3p mimics or a negative control. Cells
cotransfected with 200 ng pGL3-mut-GPX4-3′-UTR plas-
mid with 100nmol/L miR-214-3p mimics or negative control
were used as controls. X-tremeGENE HP DNA Transfection
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Reagent (Roche, Switzerland) was used for transfection of
pGL3 report plasmid into VECs. After incubation for 24h,
luciferase activities were measured using a dual-luciferase
reporter assay kit (Promega, USA) according to the manufac-
turer’s instructions.

2.6. Cell Viability Test. VECs were cultured to logarithmic
growth phase and seeded on 96-well plates at a cell density
of 104 and then cultured in a constant temperature incubator
at 37°C and 5% CO2 for 24 h. A 50μL 1× MTT solution was
added to each well, and the plate was placed in a cell incuba-
tor at 37°C for 4 h. The cell supernatants were discarded, 150
μL DMSO was added to each well, and the plate was vibrated
for 10min on an oscillator. The absorbance value (OD) of
each well was detected by a Bio-Rad 680 microplate analyzer
at a wavelength of 570nm, and the average OD value of three
replicate wells was taken.

2.7. ROS Detection. An ROS kit from Beyotime Biotechnol-
ogy was used to detect the ROS level in cells following the
manufacturer’s instructions. First, 106 cells were seeded on
a plate and incubated in a 5% CO2 incubator at 37

°C for 24
h. Then, DCFH-DA was diluted 1 : 1000 with serum-free
medium to a final concentration of 10μmol/L. An appropri-
ate volume of diluted DCFH-DA was added to the cell cul-
ture medium. Then, the cell culture plate was placed into a
37°C incubator for 20min. The cells were washed with
serum-free cell culture solution 3 times to remove the
DCFH-DA that did not enter the cells. Finally, flow cytome-
try (Beckman, USA) was used to detect the intensity of intra-
cellular green fluorescence. FlowJo software was used to
quantize the fluorescence intensity to evaluate the ROS level.

2.8. Statistical Analysis. SPSS software (version 16.0) was
used for the statistical analysis. The data are expressed as
themean ± SD. The differences among the groups were com-
pared using one-way ANOVA. P < 0:05 was considered to be
statistically significant.

3. Results

3.1. ox-LDL Induced an Increase in miR-214-3p Expression
and a Decrease in GPX4 Expression. To determine the
changes in miR-214-3p after 100mg/L ox-LDL stimulation
and its influence on VECs, we first measured the expression
of miR-214-3p in VECs after ox-LDL treatment. Real-time
PCR revealed that ox-LDL caused an approximately 8-fold
increase in miR-214-3p expression compared with the con-
trol treatment (Figure 1(a)). We also observed that ox-LDL
treatment did not cause significant changes in miR-145
but significantly reduced the expression level of miR-590
(Figures 1(b) and 1(c)). Since the endothelial protective effect
of miR-590 has been elucidated in the paper byWu et al., our
study mainly focused on miR-214-3p [19]. Interestingly, we
also observed a significant decrease in GPX4 protein expres-
sion upon ox-LDL treatment of VECs (Figure 1(d)).
Together, these results suggest that both miR-214-3p and
GPX4 are involved in ox-LDL-induced damage to VECs.

3.2. GPX4 Is a Target of miR-214-3p.We used the online soft-
ware TargetScan 7.2 to explore the possible association of
miR-214-3p with GPX4. As shown in Figure 2(a), the 3′
-UTR of GPX4 contained possible binding sites for miR-
214-3p. Then, 100nmol/L miR-214-3p mimic was used to
overexpress miR-214-3p in VECs. As shown in Figures 2(b)
and 2(c), overexpression of miR-214-3p by the miR-214-3p
mimic significantly decreased GPX4 expression at both the
mRNA and protein levels. Furthermore, a luciferase activity
assay showed that the miR-214-3p mimic significantly inhib-
ited the luciferase activity of the wild-type but not the mutant
3′-UTR of the GPX4 gene in VECs (Figure 2(d)). These data
suggest that GPX4 is a direct target of miR-214-3p.

3.3. Suppression of miR-214-3p Rescues VEC Viability upon
ox-LDL Treatment. Because the process of ox-LDL-induced
endothelial damage was accompanied by the upregulation
of miR-214-3p expression, we next determined the influence
of miR-214-3p on the ox-LDL-induced inhibition of endo-
thelial activity by reducing the level of miR-214-3p. The
MTT test demonstrated that 100mg/L ox-LDL caused a sig-
nificant decrease in VEC viability, whereas pretreatment of
VECs with 200nmol/L miR-214-3p inhibitor partially res-
cued the impaired VEC growth in comparison with the con-
trol treatment (Figure 3).

3.4. Inhibition of miR-214-3p Reverses the Decreased
Expression of GPX4 and eNOS upon ox-LDL Treatment.
GPX4 expression and activity are crucial for inhibiting the
level of vascular oxidative stress. eNOS is the primary
enzyme that produces NO and is also very important for
the maintenance of normal vasodilation function. Therefore,
in this study, we also investigated the effect of miR-214-3p on
GPX4 and eNOS after ox-LDL stimulation. Treatment of
VECs with ox-LDL for 24 h decreased the expression of
GPX4 and eNOS, whereas miR-214-3p inhibitor-mediated
depletion of miR-214-3p partially restored the expression of
GPX4 and eNOS compared with that in the control group
(Figures 4(a) and 4(b)).

3.5. Inhibition of miR-214-3p Restores the Impaired VEC
Migration Induced by ox-LDL. In addition to cell viability,
we also observed VEC migration under different treatments.
As shown in Figure 5, ox-LDL treatment of VECs signifi-
cantly impaired the migration ability of VECs within 24 h,
as indicated by the longer distance between the isolated
cells. However, compared with the control treatment, miR-
214-3p inhibitor-mediated depletion of miR-214-3p par-
tially restored the migration ability of VECs.

3.6. miR-214-3p Affects ROS Levels in VECs upon ox-LDL
Treatment. High levels of ROS are often associated with
endothelial dysfunction, so we also explored whether knock-
down of miR-214-3p could affect ROS levels in VECs stimu-
lated by ox-LDL. Our data indicated that ox-LDL induced a
dramatic increase in ROS levels in VECs, and pretreatment
of VECs with the miR-214-3p inhibitor could partially lower
the increased ROS levels compared with those in the control
group (Figure 6).
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4. Discussion

In this study, we used ox-LDL to establish an endothelial
damage model. It is generally believed that ox-LDL-induced
endothelial damage is the initial event of atherosclerosis
and is involved in the entire process of atherosclerosis,
including the formation and rupture of atherosclerotic pla-
ques. Our data suggest that 100μg/mL ox-LDL significantly
increased the ROS level and impaired the viability and migra-
tion of cultured VECs. To determine the potential mecha-
nism by which ox-LDL triggers the increase in ROS levels,
GPX4 expression was detected because of its important role
in the antioxidant system. As expected, treatment of VECs
with ox-LDL decreased GPX4 expression, which was accom-
panied by VEC dysfunction and increased ROS levels.
Althoughmany studies have revealed that the normal expres-
sion and activity of GPX4 are critical for maintaining oxida-
tive homeostasis in different cell types [22–24], one study
also showed that the mRNA levels of GPX1, GPX3, and
GPX4 were significantly upregulated in patients with acute
coronary syndrome (ACS) [25]. It is known that ox-LDL,
TNF-α, IL-6, and other atherosclerosis stimuli remain at a

high level in ACS patients for a long time, which may lead
to the adaptive upregulation of the expression and activity
of antioxidant enzymes in the affected cells. However, this
adaptive regulation of GPX4 is not sufficient to effectively
remove the excessive levels of ROS.

After determining the decreased expression of GPX4 in
VECs induced by ox-LDL, we next attempted to find the fac-
tor responsible for the decreased GPX4 expression upon
stimulation with ox-LDL. Previous studies have demon-
strated that many miRNAs exhibit oxidative stress-related
expression changes in atherosclerosis and hypertension
[18]. Therefore, in this study, we detected several miRNAs
with previously reported vasoprotective effects, including
miR-145, miR-590, and miR-214-3p. Our data showed that
treatment of VECs with ox-LDL triggered significant
decreases in miR-590 and miR-214-3p expression levels. Pre-
viously, Wu and his colleagues reported that miR-590 could
protect VECs from Ang II-induced damage by inhibiting
the expression of CD40 [19]. Therefore, we mainly focused
on the association of miR-214-3p with GPX4 during ox-
LDL-induced endothelial dysfunction. Interestingly, by using
the online software TargetScanHuman 7.1, we found that
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Figure 1: The expression of miR-214-3p and GPX4 in ox-LDL-stimulated VECs. The expressions of miR-214 (a), miR-145 (b), and miR-590
(c) after treatment with 100mg/L ox-LDL in VECs. All values are expressed as themean ± SD, n = 3. ∗P < 0:05 and ∗∗P < 0:01, compared with
the control group.
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GPX4 may be a target gene of miR-214-3p. To determine the
regulation of GPX4 by miR-214-3p, we overexpressed miR-
214-3p by using a miR-214-3p mimic to investigate its effect
on GPX4 expression. Our results indicated that miR-214-3p
overexpression significantly decreased GPX4 expression in
normal conditions but not in ox-LDL-induced conditions,
which is likely because the strong suppression of GPX4
exerted by ox-LDL masks the effect of miR-214-3p overex-
pression. Furthermore, in our luciferase reporter assay, we
found that miR-214-3p inhibited the luciferase activity of
the wild-type but not the mutant 3′-UTR of the GPX4 gene
in VECs, which provided direct evidence that GPX4 is a tar-
get gene of miR-214-3p.

Having demonstrated that GPX4 is a direct target gene of
miR-214-3p, we sought to determine whether inhibiting
miR-214-3p expression could be a feasible way to rescue
the impaired endothelial function upon ox-LDL stimulation.
Excessive ROS production in cardiovascular diseases often
causes endothelial dysfunction, which is manifested as
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Figure 2: GPX4 is a target of miR-214-3p. (a) Predicted binding sites of miR-214-3p to GPX4; (b) real-time PCR measurement after miR-
214-3p mimic treatment; (c) representative Western blot and statistical analyses of GPX4 in VECs treated with 100 nmol/L miR-214-3p
mimic; (d) luciferase activity assay after miR-214-3p mimic treatment. All values are expressed as the mean ± SD, n = 3. ∗P < 0:05 and
∗∗P < 0:01, compared with the control group.
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Figure 3: Suppression of miR-214-3p rescues VEC viability upon
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n = 3. ∗P < 0:05, compared with the control group; #P < 0:05,
compared with the ox-LDL treatment group.
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Figure 4: Inhibition of miR-214-3p reverses the decreased expression of GPX4 and eNOS upon ox-LDL treatment. (a) Representative
Western blot and statistical analyses of VECs treated either with 100mg/L ox-LDL or 100mg/L ox-LDL+miR-214-3p inhibitor for GPX4;
(b) representative Western blot and statistical analyses of eNOS in VECs treated either with 100mg/L ox-LDL or 100mg/L ox-LDL+miR-
214-3p inhibitor. All values are expressed as the mean ± SD, n = 3. ∗∗P < 0:01, compared with the control group; #P < 0:05 and ##P < 0:01,
compared with the ox-LDL treatment group.

6 BioMed Research International



decreased viability, migration, and NO production of VECs
[26–28]. Here, we observed that inhibition of miR-214-3p
expression by a miR-214-3p inhibitor rescued the observed
endothelial dysfunction, which showed that VEC viability
and migration ability were improved under ox-LDL stimu-
lation. NO produced by eNOS is the most important
endothelium-derived relaxing factor to maintain normal
vasodilation. Furthermore, ROS derived from eNOS uncou-
pling also show severe toxic effects on VECs during different
disease states. Therefore, we investigated eNOS expression
upon stimulation with ox-LDL and miR-214-3p inhibitor.
Consistent with previously published data, 100mg/L ox-
LDL led to a significant decrease in eNOS expression, which

was partially reversed by pretreatment of VECs with the
miR-214-3p inhibitor.

Our study reported that the expression of the vascular
enriched miRNA miR-214-3p is stimulated by ox-LDL.
Downregulating miR-214-3p expression under ox-LDL con-
ditions can protect VECs from ROS-induced endothelial dys-
function, likely by reversing the miRNA-mediated inhibition
of GPX4 expression. These results, together with previous
findings showing the effects of miRNAs on the vasculature,
suggest that miR-214-3p and other miRNAs represent novel
therapeutic targets for cardiovascular diseases.

However, the current study also has some limitations. For
example, GPX4 is an antioxidant enzyme whose expression
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Figure 6: miR-214-3p upregulates the level of ROS in VECs upon ox-LDL treatment. Representative images of ROS levels in VECs treated
with either 100mg/L ox-LDL or 100mg/L ox-LDL+miR-214-3p inhibitor. All values are expressed as the mean ± SD, n = 3. ∗∗P < 0:01,
compared with the control group; ##P < 0:01, compared with the ox-LDL treatment group. Scale bar: 100μm.

7BioMed Research International



and activity both affect its ability to clear ROS. However, this
study mainly focused on the expression change of GPX4 after
ox-LDL administration. In addition, it has been recently
reported that GPX4 is involved in the process of ferroptosis,
a newly identified metabolic stress-induced programmed cell
death that is different from apoptosis. Further research is also
needed to investigate the possible association of miR-214-3p
with ferroptosis in cardiovascular disease.
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Purpose. Postischemic inflammation induces angiogenesis, while platelet P2Y12 inhibitors can alleviate this inflammation.
Therefore, we studied the potential effects of P2Y12 inhibitor, ticagrelor, on angiogenesis in a mouse model of hindlimb
ischemia. Methods. Laser Doppler perfusion imaging and capillary density measurement were used for angiogenesis quantified.
Immunofluorescence was used to detect the level of CD31. The mice muscle was harvested for enzyme-linked immunosorbent
(ELISA) assay of interleukin- (IL) 10 activity and Western blot determination of vascular endothelial growth factor (VEGF)
production. Results. Ischemic hindlimb angiogenesis was sharply decreased in IL-10+/+ mice than IL-10-/- mice. Ticagrelor
inhibited angiogenesis and blood reperfusion recovery significantly elevated the levels of IL-10 and decreased the expression of
VEGF in the IL-10+/+ mouse ischemic hindlimb, which were abolished in IL-10-deficient (IL-10–/–) C57BL/6J mice. Conclusion.
The study underscores that the effect of ticagrelor antiangiogenic function is related with the higher IL-10 expression.

1. Introduction

Pathological angiogenesis is related with many circum-
stance such as ischemic diseases, diabetic retinopathy, and
tumor growth [1–3]. Hence, understanding the mechanism
of angiogenesis is very important for the treatment of
pathological angiogenesis.

Ischemia-induced angiogenesis is controlled by the coor-
dination between proangiogenic growth factors, for instance
vascular endothelial growth factor (VEGF), and varieties of
antiangiogenic endogenous factors. Previous study shows
that VEGF is upregulated by growth factors [4], proinflam-
matory mediators, and tissue hypoxia [5]. Moreover, VEGF
also participates in the activation of inflammatory pathways
by inducing other proinflammatory cytokines [6, 7]. There-
fore, angiogenesis and inflammation are interlinked.

Besises, it was reported that anti-inflammatory cytokines
are also secreted and modulated the inflammatory process.
IL-10, an endogenous angioinhibitor, has been identified as
an important anti-inflammatory cytokine [8]. Furthermore,
IL-10 has also decreased VEGF and matrix metalloproteinase-
9 (MMP-9) synthesis to prevent angiogenesis [9].

A diverse group of reports suggested neovascularization
contributes to the atherosclerotic lesions growth and is a
major factor in plaque destabilization leading to rupture [1,
10, 11]. Ticagrelor, a P2Y12 inhibitor, was shown to lead to
a lower incidence of cardiovascular mortality, myocardial
infarction, or stroke compared with clopidogrel [12]. In addi-
tion, P2Y12 inhibitors significantly inhibited the aggregation
of platelet-monocyte and reduced the expression of major
proinflammatory cytokines, including tumor necrosis factor-
(TNF-) α, IL-6, and chemokine (C–C motif) ligand 2 and
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conversely increased the expression of IL-10 [13]. These
studies indicated that ticagrelor may regulate angiogenesis
by inhibiting inflammation to play a plaque-stabilizing role.
However, whether P2Y12 inhibitors can inhibit angiogenesis
by regulating inflammation is still unclear.

In our study, we aimed to determine the effects of ticagre-
lor on angiogenesis. We demonstrate that the ischemic
hindlimb angiogenesis was sharply decreased in IL-10+/+

mice than IL-10-/- mice. Notably, ticagrelor treatment inhib-
ited angiogenesis and blood reperfusion recovery in IL-10+/+

mice. Moreover, ticagrelor treatment also significantly
increased the IL-10 protein level and decreased VEGF
protein level in ischemic tissues. However, the ticagrelor anti-
angiogenesis and anti-inflammation effects were abolished in
IL-10-deficient mice, suggesting ticagrelor played a vital role
in the ischemia-induced angiogenesis.

2. Materials and Methods

2.1. Animal Model and Groups. C57BL/6J male IL-10+/+ and
IL-10-/- mice were obtained from the Laboratory Animal
Center of Nanjing Medical University. IL-10+/+ mice were
randomly divided into three groups: (1) IL-10+/+ control
group (IL-10+/+ group), treatment with saline; (2) sham group,
underwent open skin procedure but without femoral artery
ligation, then treatment with saline; (3) IL-10+/++ticagrelor
group (IL-10+/++tica), treatment with ticagrelor (150mg•kg-
1•d-1). C57BL/6 J IL-10-/- mice were randomly divided into
two groups: (1) IL-10-/- control group (IL-10-/-), treatment
with saline; (2) IL-10-/- + ticagrelor group (IL-10-/- + tica),
treatment with ticagrelor (150mg•kg-1•d-1). Intragastric treat-
ment of ticagrelor (AstraZeneca) was initiated 3 days before
operationally induced unilateral limb ischemia and continued
for 2 weeks postoperatively. Animal care and protocols for the
experiments were complied with the Guidelines for the Care
and Use of Laboratory Animals of Jiangsu University.

2.2. Hindlimb Ischemia Model. The mice were underwent
unilateral hindlimb ischemia surgery as described previously
[14]. Simply, mice were first intraperitoneally anesthetized
with pentobarbital sodium (50mg/kg), and then, the right
femoral artery was dissected along its full length. Finally, all
branches were ligated and resected, and the left hindlimb
remained intact and was used as the nonischemic limb.

2.3. Laser Doppler Perfusion Imaging. Two weeks after sur-
gery, laser Doppler perfusion imaging (Perimed, Sweden)
was used to detect superficial blood flow in both feet. Then,
the ratio of the ischemic (right) to normal (left) limb blood
flow relative perfusion data was recorded.

2.4. Immunofluorescence Staining. Two weeks after surgery,
the ischemic limb muscle tissue sections were fixed in 4%
paraformaldehyde and permeabilized with xylene. After
blocking (5% BSA in PBS), the sections were immunolabeled
with primary antibody: CD31 (1 : 100; Abcam) and then
incubated with Alexa Fluor ®488 donkey anti-mouse
secondary antibody (1 : 250; Invitrogen) after washing.
The nuclei were counterstained using DAPI (Invitrogen),

and the cells were observed under a fluorescence microscope
(Olympus, Japan).

2.5. Detection of IL-10 by ELSIA. Two weeks after surgery, the
concentration of IL-10 (ab108870; Abcam) in the muscle was
assessed using commercially available ELISA kits (USCN
Business Co., Ltd.) according to the manufacturer’s protocol.

2.6. Western Blot. At 2 weeks postsurgery, ischemic limb
muscle tissue homogenate lysate was harvested for western
blot analysis as described study [15]. The lysates were electro-
phoresed and separated on 10% SDS-PAGE and transblotted
onto nitrocellulose membranes (Bio-Rad, Hercules, USA).
After blocked with milk, the membranes were incubated
against primary antibodies: VEGF (1 : 1000) and GAPDH
(1 : 4000; Cell Signaling Technology) followed by secondary
antibody for 30min at room temperature.

2.7. Statistical Analysis. SPSS version 13.0 (IBM Corp.) was
used to analyze all the data. Differences were statistically
analyzed using a one-way ANOVA or two-tailed Students t
-test. The Newman-Keuls test was used to show post hoc
differences. P value of <0.05 shows the significant difference.

3. Results

3.1. Ticagrelor Therapy Decreases Blood Perfusion in IL-10+/+

Mice. As depicted in Figures 1(a) and 1(b), compared in the
IL-10+/+ mice, the amount of ischemia (right leg) perfusion
in mice treated with saline was significantly lower than that
in the sham group (0:55 ± 0:08 vs. 1:01 ± 0:05, P < 0:01).
After treatment with ticagrelor, the ischemic tissue blood
flow restoration was decreased in the ticagrelor-treated IL-
10+/+ mice than the saline-treated controls (0:39 ± 0:12 vs.
0:55 ± 0:08, P < 0:05).

3.2. Ticagrelor Therapy Decreases the Capillary Density in IL-
10+/+ Mice. Measurement of capillary density corresponded
to reduced ischemic hindlimb perfusion in mice. Indeed,
the IL-10+/+ mice showed the capillary number ratio was
decreased in the ischemic leg in the saline-treated groups
compared with the sham group (0:45 ± 0:06 vs. 0:91 ± 0:03,
P < 0:01). After ticagrelor treatment, lower capillary
density was seen in the ticagrelor-treated groups as com-
parison to the saline-treated groups (0:22 ± 0:08 vs. 0:45
± 0:06, P < 0:05, Figures 2(a) and 2(b)).

3.3. Determination the IL-10 and VEGF Level in IL-10+/+

Mice. As presented in Figure 3, the IL-10 expression was evi-
dently elevated in the IL-10+/++tica group than the IL-10+/+

group (489:3 ± 170:9 vs. 305:9 ± 127:5pg/100mg protein,
respectively, P < 0:05). We also checked whether treatment
with ticagrelor changes theVEGFprotein level of ischemic gas-
trocnemiusmuscle tissue.As expected, inFigures 4(a) and4(b),
the results showed that the VEGF protein expression was
decreased in the IL-10+/++tica group than the IL-10+/+ group.

3.4. Function of Ticagrelor in IL-10-/- Mice. To verify that
ticagrelor treatment of IL-10+/+ mice with decreased
ischemia-induced angiogenesis is associated with IL-10 path-
way, ticagrelor treatment was tested in IL-10-/- mice. In the
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Figure 1: Effect of ticagrelor therapy on blood perfusion in IL-10+/+ and IL-10-/- mice. (a) Representative figures of ischemic limb blood flow
after the right femoral artery ligation for 14 days; arrows represent ischemic hindlimbs. (b) Quantitative analysis of superficial blood flow in
ischemic and normal limbs (n = 6‐10). #P < 0:01 indicated compared with the sham group; $P < 0:05 indicated compared with the IL-10+/+

group; ∗P < 0:01 indicated compared with the IL-10+/+ group; ∗∗P < 0:01 indicated compared with the IL-10+/+ + tica group.
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Figure 2: Effect of ticagrelor therapy on capillary density in IL-10+/+ and IL-10-/- mice: (a) immunofluorescence staining of CD31; (b)
quantification analysis of the CD31-stained vessel numbers in the sections of gastrocnemius muscle (n = 6‐10). #P < 0:01 indicated
compared with the sham group; $P < 0:05 indicated compared with the IL-10+/+ group; ∗P < 0:01 indicated compared with the IL-10+/+

group; ∗∗P < 0:01 indicated compared with the IL-10+/+ +tica group.
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two groups treated with ticagrelor, we found that the angio-
genesis of ischemic hindlimbs in IL-10-/- mice is significantly
higher than that in IL-10+/+ mice (Figure 1(a) and 1(b) and
Figures 2(a) and 2(b)). Besides, Figure 3 showed that the

anti-inflammation effects of ticagrelor were abolished in IL-
10-deficient mice. Moreover, the IL-10-/- mice treated with
ticagrelor showed no significant change in VEGF level
(Figures 4(a) and 4(b)).
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Figure 3: Ticagrelor therapy increases IL-10 protein levels in IL-10+/+ mice. ELISA was conducted to detect the IL-10 expression in indicated
groups (n = 6‐10). #P < 0:01 indicated compared with the sham group; $P < 0:05 indicated compared with the IL-10+/+ group.
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Figure 4: The detection of VEGF protein levels in the calf muscles of mice. (a) The VEGF protein levels in indicated groups were determined
by western blot. (b) Densitometry of the VEGF expression normalized to GAPDH (n = 6‐10). #P < 0:01 indicated compared with the sham
group; $P < 0:05 indicated compared with the IL-10+/+ group; ∗P < 0:01 indicated compared with the IL-10+/+ group; ∗∗P < 0:01 indicated
compared with the IL-10+/+ +tica group.
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4. Discussion

The major results of the study showed that IL-10 negatively
adjusts angiogenesis induced by ischemia, and ticagrelor
inhibits the angiogenesis and blood reperfusion recovery,
significantly increases IL-10 level, and reduces the VEGF
expression in the IL-10+/+ mouse ischemic hindlimb, which
were abolished in IL-10-/- mice.

Many experiments showed that the neovascularization
contributes to the atherosclerotic lesions growth, and it plays
a key role in plaque destabilization leading to rupture [1, 10,
11]. Wallentin et al. showed that the P2Y12 inhibitor, ticagre-
lor, achieved better clinical outcomes in patients with ACS
compared with clopidogrel treatment [12]. Besides, Thomas
et al. demonstrated that P2Y12 inhibitors remarkably
decreased the expression of major proinflammatory
cytokines and conversely increased the expression of anti-
inflammatory cytokines such as IL-10 [13]. These studies
indicated that ticagrelor may regulate angiogenesis by inhi-
biting inflammation to play a plaque-stabilizing role. Indeed,
our study showed that ticagrelor inhibited angiogenesis and
blood reperfusion recovery in IL-10+/+ mice ischemic
hindlimb. In addition, it also indicated that ticagrelor also
significantly enhanced the IL-10 protein expression level in
the IL-10+/+ mice ischemic tissues.

Accumulating data have suggested that postischemic pro-
inflammatory cytokines play an important role in inducing
angiogenesis [16, 17]. The inflammatory action is simulta-
neously adjusted by anti-inflammatory cytokine production
in major ischemic area. IL-10, as an anti-inflammatory cyto-
kine produced by macrophages, has an antiangiogenic effect
[18]. Consistent with these results, we verified that marked
IL-10 was secreted in IL-10+/+ mice ischemic tissue. Further-
more, we found that the ischemic hindlimb angiogenesis
was sharply decreased in IL-10+/+ mice than IL-10-/- mice.

VEGF protein has been shown to play a vital role in the
development of hindlimb ischemia angiogenic. It is well
known that tissue hypoxia and proinflammatory mediators
induce high expression of VEGF [19]. In addition, VEGF
can in turn activate the inflammatory pathways by inducing
the expression of other proinflammatory cytokines [20]. In
a previous study, IL-10 was proved to decrease the VEGF
synthesis and prevent angiogenesis [18]. Similarly, the results
in our study also showed that the expression of VEGF protein
was evidently increased in the hindlimb ischemia IL-10-
/-mice, accompanied with increased angiogenesis. We also
demonstrated that the inhibitory effect of ticagrelor on
angiogenesis and the VEGF expression in ischemic IL-10+/+

mice was eliminated in IL-10-/- mice.
These studies, in addition to our data, suggested that the

antiangiogenic effect of ticagrelor was associated with the
elevated IL-10 expression.

5. Conclusion

In summary, ticagrelor, a platelet P2Y12 inhibitor has an anti-
angiogenic effect in hindlimb ischemia mouse. Furthermore,
ticagrelor treatment significantly increased the IL-10 protein
expression and inhibited the VEGF protein expression in

ischemic tissues of IL-10+/+ mice. However, this antiangio-
genic effect was not seen in IL-10-/- mice. The present work
demonstrated that ticagrelor may regulate angiogenesis by
inhibiting inflammation.
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