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Cardiovascular diseases (CVDs) are the prime cause of morbidity and mortality worldwide. Although noticeable progress has been
made in the diagnosis, prognosis, and treatment, there is still a critical demand for new diagnostic biomarkers and novel
therapeutic interventions to reduce this disease incidence. Many investigations have been conducted on the regulatory effects of
microRNAs in cardiovascular diseases. miRNA circulating serum level changes are correlated with several CVDs. In addition,
there is growing evidence representing the potential role of miRNAs as diagnostic biomarkers or potential therapeutic targets
for CVD. Preliminary studies identified the prominent role of miR-146 in host defense, innate immunity, and different
immunological diseases by regulating cytokine production and innate immunity modification in bacterial infections. However,
more recently, it was also associated with CVD development. miR-146 has received much attention, with positive results in
most studies. Research demonstrated the crucial role of this molecule in the pathogenesis of cardiac disease and related
mechanisms. As a result, many potential applications of miR-146 are expected. In this paper, we provide an overview of recent
studies highlighting the role of miR-146 in CVD, focusing on CAD (coronary artery disease), cardiomyopathy, and MI
(myocardial infarction) in particular and discussing its current scientific state, and use a prognostic biomarker as a therapeutic
agent for cardiovascular diseases.

1. Introduction

Despite significant advances and improvements in preven-
tive care, diagnostic tools, and treatments, cardiovascular
diseases (CVDs) are still a significant cause of mortality
and morbidity. They have imposed a significant burden
on the health care system [1]. CVD consists of various
disorders associated with cardiomyocytes, conduction sys-
tem of the heart, coronary artery diseases (CAD), and
congenital disabilities [2]. As a subtype of CAD, myocar-

dial infarction is the necrosis of the myocardium, second-
ary to the prolonged lack of oxygen supply [3–5].

The occurrence and progression of CVD usually result
from many risk factors, including genetic, epigenetic, and
environmental factors. Eight WHO’s targeted risk factors
for reduction by 2025 are smoking, hypertension, diabetes,
dyslipidemia, obesity, diet, alcohol, and sedentary lifestyle
[6, 7]. According to the high mortality and disability rate
of CVD, better knowledge of risk factors would probably
help us quickly detect those with an increased risk of CVD
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development and improve patient outcomes and survival. In
attempts to diagnose and treat CVD early, noncoding RNAs
(ncRNAs) have recently attracted more attention [8, 9].

The role of miR-146 in host defense, innate immunity,
and immunological diseases has been mentioned by various
researchers. It links the innate immune to oncogenic trans-
formation and is involved in inflammation, innate immu-
nity, and cancer. For example, downregulation of miR-
146b in lung cancer [10], increased expression of miR-
146a/b in metastatic human breast cancer cells [11], and
mitochondrial functions regulation have been reported
earlier.

miR-146 plays a central role in many inflammatory pro-
cesses [12]. Studies showed that in vitro treatment of miR-
146a may induce the expression of proinflammatory factors
such as TNF-α, NF-κB p65, and MCP-1, which are essential
transcription factors in atherosclerosis [13]. Palomer et al.
showed critical functions in miR-146a in myocardial dys-
function and progression of HF. miR-146a suppresses
MMP-9 by affecting c-Fos and decreasing the c-Fos/AP-1
pathway [14]. As shown in Figure 1, through its inhibitory
effect on TLR4, miR-146 decreases AP-1 in the cell nucleus,
diminishes cytokine production, and suppresses inflamma-
tion. In most cardiac diseases, inflammation leads to the
death of cardiomyocytes and reduced cardiac contraction
capacity [15]. In this condition, the tissue level of miR-146
is increased to suppress the inflammation through negative
autoregulation. Various research were conducted according
to these mechanisms to determine the diagnostic capacity
of these biomarkers.

A study by Oerlemans et al. on the serum level of miR-
146 in ACS patients showed that the serum level of this bio-
marker had significantly increased in non-ST segment eleva-
tion MI (NSTEMI) and unstable angina compared to non-
ACS patients. Moreover, the serum level of miR-146 is
higher in NSTEMI patients than in unstable angina patients
[16]. Furthermore, Arroyo et al.’s study showed that the
miRNA was effective on ACS in AF (atrial fibrillation)
through neutrophil extracellular trap formation [17].

As it is evident, pharmacological inhibition of TNF-α
promotes the function of myocardium cells during HF
[18]. Studies reported the elevation of miR-146a transcript
levels in the ventricular tissue of transgenic mice, with spe-
cific TNF-α overexpression in the myocardium and a human
origin cardiomyocyte cell line (AC16) exposed to TNF-α.
Target genes of miR-146a were remarkably reduced after
miR-146a overexpression or TNF-α treatment [14]. Also,
in vivo studies using a lentivirus expressing miR-146a
(LmiR-146a) have shown that miR-146a is essential in pre-
venting sepsis-induced NF-κB signaling and the generation
of inflammatory cytokines as well as the inhibition of IRAK
and TRAF6 expression in the myocardium. Therefore, it
leads to heart dysfunction secondary to sepsis [19], indicat-
ing the role of miR-146a as a novel therapeutic tool in
inflammatory-associated cardiac disorders [14]. However,
studies have not proven the diagnostic value of this
marker [20].

Numerous studies have been conducted on miR-146
genotypes and their relationship with different diseases

[21–23]. For example, Chen et al. showed an enormous
increase in MI and other CADs risk by the CC genotype
[24]. In contrast, further research demonstrates the associa-
tion of miR-146a rs2910164 C>G genotype and low ACS
risk [25]. These results depend highly on the study popula-
tion, and studying in new communities can lead to different
outcomes. A study by Kim et al. on hypertensive patients
and the GG genotype control group demonstrated a signifi-
cant association of miR-146a C>G genotype distributions
with this disease [25]. Another polymorphism of this
miRNA is rs2431697. Studies on CAD patients have shown
that the wild type of rs2910164 and mutant type of
rs2431697 are more frequent [26].

The association of ischemic stroke and mentioned poly-
morphisms has also been discussed separately. For example,
Zhu et al. stated that the risk of ischemic stroke might
increase by miR-149 T>C and miR-146a C>G polymor-
phisms, which might be mainly associated with an increased
risk of large artery atherosclerosis stroke [27]. Zha et al.
examined the allele frequencies and stated a significant asso-
ciation between the genotype and allele frequency of the
miR-146a gene loci rs2910164 G/C and rs57095329 A/G.
Also, they suggest that genotype GG of rs2910164 G/C and
allele A of rs57095329 A/G are risk factors for coronary
artery lesions [28].

No previous published literature has brought together
the role of miR-146 on each type of CVD. In the current
review, the most recent studies have been discussed, high-
lighting the role of miR-146 in CVD, focusing on CAD, car-
diomyopathy, and MI in particular, and providing an
overview of its current scientific state and use as a prognostic
biomarker as well as a therapeutic agent for cardiovascular
diseases. Therefore, we provide a comprehensive conclusion
of the potential role of miR-146 and its relevance to different
types of CVD to fill the gaps in previous studies.

In order to perform a comparative study on the effect of
miR-146 on heart diseases, PubMed, the Institute for Scien-
tific Information (ISI), Scopus, and EMBASE were searched
using the following keywords:

))))))hsa-mir-146) OR miR-146, human) OR micro-
RNA-146, human) OR hsa-mir-146b) OR hsa-mir-146a)
AND ((((Heart failure) OR Cardiomyopathy) OR Myocar-
dial infarction) OR Coronary artery diseases).

Articles were screened by title, abstract, and, eventually,
the main text. Cross-sectional studies reporting descriptive
data in English were included. The retrieval literature publi-
cation date was before Jan 24, 2022. The analysis did not
include review articles, opinion pieces, or letters that did
not include original data. The following information was
extracted from each study: the authors, year, type of disease,
microRNA subtype, clinical appliance, study design, study
size, and source tissue. Finally, a total of 43 eligible articles
were selected for further consideration.

2. Acute Myocardial Infarction

Although the acute myocardial infarction (AMI) diagnosis is
made with an overview of the patient’s history, symptoms,
signs, ECG, and physical examination, cardiac biomarkers
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are still an essential diagnostic factor in AMI cases [29]. Tro-
ponin and its two isoforms, I and T, are widely used as spe-
cific lab tests to diagnose the disease. Research has shown
that, despite this test’s high specificity for myocardial injury,
troponin isoforms are not highly sensitive. Also, troponin
measurements in patients with STEMI are not of immediate
value, and the treatment plan should still be based on a rapid
troponin check, the patient’s clinical symptoms, and ECG.

Studies suggest new promising biomarkers for AMI
diagnosis, one of which is miRNAs [30] (Table 1). Although
miR-146 plays a significant role in cardiac diseases, studies
on the diagnostic value of this marker have not been prom-
ising. Xue et al. showed that circulating miR-146a can be
used as biomarkers for AMI diagnosis [31]. In contrast, Cor-
sten et al. stated that the detectable release of microRNA-
208b and microRNA-499 has been seen in cardiac damage,
but no significant elevation in plasma levels of miR-146
has been seen in AMI patients [20]. Also, the results of a
study by Bukauskas et al. showed that although plasma levels
of miR-146a-5p in STEMI patients were 4.048-fold lower
than the control group, the AUC of this microRNA is less
than 0.8 and is classified as a fair predictor [32].

The different results of the above studies are probably
due to different methods. In the study of Xue et al., blood
samples were taken from all patients in the first 4 hours,
including 14 patients with STEMI and 17 with NSTEMI.

Treatment of AMI is based on two general pillars, reduc-
ing the load on the heart and restoring blood flow to the
infarcted area. Despite the positive results of emergency
reperfusion, this leads to the spread of inflammatory mole-
cules throughout the heart muscle, apoptosis of myocardial
cells, and thus an increase in the size of the infarct location.
Nowadays, there are several approaches to controlling MI-
induced I/R injury, including inhibiting leukocyte accumula-

tion, complement inhibition (e.g., pexelizumab), and inhibi-
tion of mPTP. Unfortunately, none of the available methods
can completely prevent I/R injury [33]. In 2015, Liu et al.
showed that cells exposed to inflammation attempted to
reduce neutrophil activity and suppress inflammation by
increasing the secretion of miR-146a. The results of this
study identify miR-146a as a prognostic and therapeutic tar-
get in myocardial I/R injury [34].

On the other hand, Shu et al. showed that Troxerutin
could significantly control myocardial ischemia or reperfu-
sion injury by inhibiting miR-146a-5p [35]. Due to study
limitations and the fact that all studies have been limited
to animal and cellular research, the need for more extensive
research in clinical settings is strongly felt. Considering the
role of miR-146a in the liver and renal I/R injury and the
results of the mentioned articles, the prognostic and thera-
peutic use of this microRNA in managing this condition will
probably be adequate.

A critical cause of death due to AMI is various complica-
tions such as left ventricular remodeling (LVR) or ventricu-
lar rupture. Studies have shown that the main mechanisms
involved in causing these complications are immune path-
ways such as TLR and NF-κB-mediated pathways, and due
to the regulatory role of miR-146 on these pathways
(Figure 1), different studies have been done in this regard.
For example, Zhao et al. reported that miR-146b mediated
vascular inflammation and apoptosis in MI patients [36].

The most critical steps in managing left ventricular
remodeling (LVR) patients are determining prognosis and
preventive measures by blood volume management and
administering angiotensin-converting enzyme (ACE) inhib-
itors and vasodilators such as NO to prevent cardiovascular
events such as cardiogenic shock [37]. So far, several factors
have been suggested for determining prognosis, including C-
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Figure 1: By identifying inflammatory molecules, a cascade of intermediate molecules is created, and depending on the type of activated
receptor, the cell may become apoptotic or produce proinflammatory and chemotactic molecules. Inflammatory molecules activate both
the MAPK signaling and NF-κB signaling pathways, eventually increasing the production of inflammatory and chemotactic interleukins
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reactive protein (CRP), creatinine kinase MB (CK-MB), tro-
ponin I plasma levels, eGFR, and LV ejection fraction [38],
but these factors are not accurate enough; and new prognos-
tic factors are required. Liu et al. in 2015 studied prognostic
factors for LVR and showed that the miR-146a assessment
for five days following MI could significantly predict LVR
development (AUC = 0:818) [39]. Unfortunately, extensive
studies have not been conducted in this area, and further
clinical studies are needed (Table 2).

Ventricular rupture (VR) is one of the most acute car-
diac complications requiring rapid surgical measures to pre-
vent the patient’s death. Therefore, predicting this event is
very important. Various research have been done on the role
of miR-146a on VR. For example, a study by Zidar et al. on
tissue specimens from 50 patients who expired due to MI
showed that measurement of serum level of miR-146a could
be used in 2-7 days post MI as a prognostic factor for VR
incidence in MI patients [40]. Research on the role of this
microRNA in VR is minimal, and conclusions need to be
studied. Nevertheless, it can be expected that AMI patients
with higher levels of miR-146 are more likely to develop
MI complications than other patients.

3. Myocarditis

Myocarditis is defined as myocardial inflammation associ-
ated with cardiac dysfunction, which may be due to viral,
bacterial infections, or the body’s autoimmune reaction.
Despite various diagnostic modalities, the definite diagnosis
still depends on endomyocardial biopsy, and the detection
of inflammatory infiltrates in specimens according to the
Dallas criteria.

Due to the difficulties in diagnosing viral myocarditis
(VM), diagnostic factors have been considered. Different
studies investigate the role of miR-146 in this disease; for
example, cellular research conducted by Chen et al. reports
that miR-146b upregulation is associated with VM by target-
ing ITCH. They also noted that overexpression of this
miRNA is responsible for cytokine and chemokine excessive
secretion, which enhances myocardial inflammation by

weakening the NF-κB pathway feedback signaling. Further-
more, specific immunosuppressive agents may control the
inflammatory response [41]. In return, studies on the serum
level of this miRNA have shown no significant elevation of
this factor in VM patients compared to the control group,
which probably reduces its use as a diagnostic factor [20].

Another cause of myocarditis is sepsis. Sepsis is a life-
threatening organ dysfunction caused by the host’s dysregu-
lated immune response to infection [42]. Considering the
role of miR-146a in immune processes, especially TLR4-
mediated pathways, XIE et al. examined the changes in this
miRNA by injecting bacterial LPS into 60 healthy mice. This
study showed that miR-146a might inhibit the TLR4/NF-κB
signaling pathway through negative feedback mechanisms,
thereby reducing the complications of sepsis-induced car-
diomyopathy [43]. Therefore, inhibition of this miRNA
can be considered a promising therapeutic approach. How-
ever, similar to the results seen in VM, the diagnostic value
of this microRNA in other types of myocarditis is also not
significant. For example, results of the study by Besler et al.
demonstrated no significant difference concerning miR-
146b levels between sepsis-induced cardiomyopathies
patients and controls [44]. Also, Gumus et al. showed that
the serum levels of miR-146a were similar between the acute
rheumatic myocarditis (ARM) patient and control
groups [45].

Due to the minimal results, mir146a could be used as a
therapeutic target in various types of myocarditis. However,
the preliminary results of the above studies show that the
diagnostic use of this factor is not very promising due to
the deficient serum level of this microRNA in patients with
myocarditis. Further studies are needed to lighten whether
these miRNAs might be helpful as therapeutic targets.

4. Cardiomyopathy

A heterogeneous group of myocardial diseases associated
with electromechanical dysfunctions is classified as cardio-
myopathies. These patients usually exhibit inappropriate
ventricular hypertrophy or dilatation and are due to a variety

Table 1: Descriptive overview of the data extracted from the reviewed studies on the diagnostic application of miR-146a on cardiovascular
disease.

Author Year Disease Study design Participant Tissue source Method MicroRNA Result Reference

Oerlemans et al. 2012 ACS Case-control 332 Serum QRT-PCR miR-146a ↑ [16]

Corsten et al. 2010 MI Case-control 68 Plasma QRT-PCR miR-146 — [20]

Xue et al. 2019 AMI Case-control 58 Blood QRT-PCR miR-146a ↑ [31]

Bukauskas et al. 2019 MI Case-control 114 Blood QRT-PCR miR-146a ↑ [32]

Xie J et al. 2018 CM In vivo 60 Mice QRT-PCR miR-146a ↑ [43]

Besler et al. 2016 CM In vitro 98 Heart biopsy QRT-PCR miR-146b — [44]

Gumus et al. 2018 ARM Case-control 71 Plasma QRT-PCR miR-146a-5p — [45]

Szczebra et al. 2018 PPCM Case-control 12 Serum miRNA cards miR-146a ↑ [54]

Haghikia et al. 2013 PPCM Case-control 134 Plasma QRT-PCR miR-146a ↑ [55]

Horie et al. 2010 CM In vivo N/A C57BL/6 mice QRT-PCR miR-146a ↑ [58]

Beg et al. 2017 HF Case-control 60 Plasma QRT-PCR miR-146a ↑ [74]

Gao et al. 2015 SICD In vivo N/A Mice QRT-PCR miR-146a — [85]
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of causes that frequently are genetic [46]. Diagnosis of car-
diomyopathy can be made with various diagnostic tech-
niques, including chest X-ray, treadmill stress test, ECG,
cardiac catheterization, echocardiogram, and blood tests.
Blood factors such as B-type natriuretic peptide (BNP) are
used in cardiomyopathy diagnosis. New studies point to
the diagnostic potential of miR-146 in multiple causes of
cardiomyopathy.

Type 2 diabetes (T2D) is prevalent with various car-
diac complications. Due to the progressive nature and car-
diac complications of T2D, early diagnosis and treatment
of diabetic cardiomyopathy (DC) are essential. Studies
have demonstrated that the plasma level of miR-146 is
associated with cardiac complications of diabetes, includ-
ing DC [47]. Feng et al. showed that miR-146a is reduced
in endothelial cells exposed to high glucose, which leads to
the activation of NF-κB, thus, other inflammatory mole-
cules. The protective effect of miR-146a on functional
and structural alterations in DC through preventing
inflammatory changes [48] (Table 3).

Nevertheless, an increase in miR-146a in T2D patients
has been reported by some studies. For example, Alipoor
et al. suggested that higher levels of miR-146a, especially
rs2910164 polymorphism, might increase the risk of T2D
and its cardiac complications [49]. The apparent difference
in the above results is probably due to the different roles of
this microRNA in different cells. The study by Feng et al.
clearly shows that endothelial cells experience a decrease in
miR-146 cellular levels due to exposure to high glucose
levels, resulting in intracellular inflammatory processes.
Nevertheless, the role of miR-146 in diabetes is not limited
to endothelial cells. Studies have shown that the deregulation
of microRNAs in peripheral blood mononuclear cells
(PBMC) plays a more critical role in the pathogenesis of
the disease [50]. Probably what increases the risk of T2D
in people with higher plasma levels of miR-146 (or different
polymorphisms) is the inflammatory processes involved in
PBMCs, not endothelial cells.

Despite the different results of the studies, the role of
miR-146 in the pathogenesis of DC is undeniable, and most

Table 2: Descriptive overview of the data extracted from the reviewed studies on the prognostic application of miR-146a on cardiovascular
disease.

Author Year Disease
Study
design

Participant
Tissue
source

Method MicroRNA Reference

Arroyo
et al.

2018 AF
Case-
control

463
Mice,
plasma

QRT-PCR/TaqMan analysis miR-146a [17]

Chen et al. 2014 MI
Case-
control

1808 Blood PCR-LDR
miR-146a
Rs2910164

[24]

Wang et al. 2017 CAD
Case-
control

721 Blood
Matrix-assisted laser desorption/ionization

time-of-flight mass spectrometry
Sequenom Massarray system

miR-146a
Rs2431697/
Rs2910164

[26]

Zhu et al. 2018 MI
Case-
control

774 Blood PCR-RFLP miR-146a (C>G) [27]

Zha et al. 2019 KD
Case-
control

246 Blood PCR-sequence-based typing

miR-146a
Rs2910164 G/C,
Rs57095329 A/G,
Rs6864584 T/C

[28]

Liu et al. 2015 IRI
In

vitro
N/A HUVEC QRT-PCR miR-146a/b [34]

Liu et al. 2015 LVR Cohort 198 Plasma QRT-PCR miR-146a [38]

Zidar et al. 2011 VR
In

vitro
50 Biopsy QRT-PCR miR-146a [40]

Feng et al. 2017 DC
Case-
control

N/A
HCMEC,
mice

QRT-PCR miR-146a [48]

Alipoor
et al.

2016 DC
Case-
control

375 Blood PCR-RFLP miR-146a [49]

Yang et al. 2011 Ath
In

vitro
N/A

Cell line,
ATCC

Luciferase assay, Western blot, rescue
assay

miR-146a [63]

Cheng
et al.

2013 Ath
In

vitro/
in vivo

N/A
HUVEC,
mice

HUR immunoprecipitation, Western blot,
ELISA

miR-146a/b [65]

Raitoharju
et al.

2011 Ath
In

vitro
50

Blood,
mice

QRT-PCR, Illumina’s expression
BEADCHIP

miR-146 a/b [66]

Li et al. 2015 Ath
In

vitro/
in vivo

N/A
Blood,
mice

RT-PCR miR-146a [68]
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patients with DC show abnormal (and mostly high)
amounts of this microRNA, but no valid studies have been
performed on the diagnostic value of miR-146 for DC.

Early diagnosis of peripartum cardiomyopathy (PPCM)
is vital due to the relatively high prevalence (about 1 in
2000 cases) and the need for prompt treatment. Studies have
cited various pathophysiological models for the disease,
including increased cardiac susceptibility to myocarditis in
pregnancy, cross-reactivity of antiuterine antibodies to the
heart muscle, or oxidative stress due to prolactin breakdown
[51, 52]. As stated by Halkein et al., the absence of STAT3 or
PGC1 in cardiomyocytes leads to the decreased expression
of the ROS scavenger MnSOD in these cells [53]. Decreased
MnSOD levels accumulate ROS and increase and activate
Cathepsin D, which is secreted from cardiomyocytes into
the interstitial space. Cathepsin D cleaves PRL to generate
an antiangiogenic 16-kDa fragment, 16K PRL. 16K PRL
stimulates endothelial cells to activate NF-κB through an
unknown mechanism that increases miR-146a levels. miR-
146a decreases NRAS levels and inhibits angiogenesis. It also
transits to cardiomyocytes in exosomes to reduce ERBB4

levels, resulting in a slower cardiac metabolism (Figure 2).
Also, Szczerba et al. showed that in the third trimester of
physiological pregnancy, the serum level of miR-146a
increases by 70%, which is probably related to its cardiac
protective effects against volume overload [54]. This increase
led to further inhibition of ERBB4 in PPCM patients and
decreased cardiac metabolism.

Due to the significant role of miR-146a in PPCM patho-
genesis, different studies have been conducted on the serum
level of miR-146a. Haghikia et al. demonstrated the
increased serum levels of Cathepsin D, an enzyme that gen-
erates 16 kDa prolactin, miR-146a, N-terminal-pro-brain-
natriuretic peptide, and asymmetric dimethylarginine
emerged as biomarkers for PPCM [55]. This highly specific
biomarker profile can help clinicians detect early-stage
PPCM patients and provide appropriate treatment. Overall,
the above studies showed that miR-146 physiologically pro-
tects the heart against pregnancy overload, but its excessive
increase, with a severe decrease in cardiac metabolism, leads
to PPCM in high-risk individuals. Therefore, with advances
in studies and confirmation of the role of 16 kDa prolactin in

Table 3: Descriptive overview of the data extracted from the reviewed studies on the therapeutic application of miR-146a on cardiovascular
disease.

Author Year Disease Study design Participant Tissue source Method MicroRNA Result Reference

Palomer et al. 2015 N/A In vivo N/A Mice, AC16 cells
QRT-
PCR

miR-146a — [14]

Shu et al. 2018 IRI In vivo N/A Rat
QRT-
PCR

miR-146a-
5p

— [35]

Zhao L et al. 2019 MI In vivo 12 Rat
QRT-
PCR

miR-146b ↓ [36]

Chen et al. 2015 VM In vitro 16 Heart biopsy
QRT-
PCR

miR-146b ↑ [41]

Halkein J 2013 PPCM In vivo N/A CKO mice
QRT-
PCR

miR-146a ↑ [53]

Costantino et al. 2015 DC In vivo 9 C57/B6 mice
QRT-
PCR

miR-146a ↑ [60]

Guo et al. 2010 ACS In vitro 91 Blood
QRT-
PCR,

miR-146a ↓ [71]

Chouvarine et al. 2019 Hypoxia In vivo N/A Rat
QRT-
PCR

miR-146b ↓ [75]

Heggermont et al. 2014 HF In vivo N/A Mice
QRT-
PCR

miR-146a — [76]

Oh et al. 2018 HF In vivo N/A Mice
QRT-
PCR

miR-146a — [77]

Huang et al. 2016 AMI In vivo N/A Mice
QRT-
PCR

miR-146a — [79]

Huang et al. 2019 AMI In vitro N/A Endothelial cell
QRT-
PCR

miR-146a — [80]

Desjarlais et al. 2019 AMI In vivo N/A Mice
QRT-
PCR

miR-146b — [81]

Seo et al. 2017 IRI In vitro N/A HMSCS
QRT-
PCR

miR-146a — [84]

Heggermont et al. 2012
Cardiac

hypertrophy
In vivo N/A Mice

QRT-
PCR

miR-146a — [87]

Widmer-Teske
et al.

2012 AMI
In vitro/
in vivo

N/A
Mice, endothelial

cell
QRT-
PCR

miR-146a — [88]
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diagnosing PPCM, it can be hoped that PPCM can be man-
aged in the early stages by periodical measurement of this
factor in high-risk mothers.

Various studies show the therapeutic potential of miR-
146A in cardiomyopathies caused by different etiologies,
such as DOX-induced cardiomyopathy and DC.

Doxorubicin (DOX) is an effective anticancer agent.
However, its dose-dependent cardiotoxic effects have limited
its use. Studies have shown a significant reduction in ErbB4
expression after DOX treatment [56]. Neuregulin-1-ErbB
signaling is an essential pathway for normal cardiac function
in adults. The inhibition of this pathway by DOX can cause
changes in myocardial structure, which can develop into
severe and irreversible cardiomyopathy [57]. As shown in
Figure 3, the overexpression of miR-146 by DOX can lead
to ErbB4 inhibition, which may cause structural problems
in myocardiocytes. Therefore, developing new therapeutic
strategies based on NRG-1, such as the delivery of nucleo-
tides that inhibit miR-146a, can be promising for treating
doxorubicin-induced cardiomyopathy [58].

Considering the role of miR-146 in DC pathogenesis,
several studies have focused on the therapeutic capabilities
of this microRNA. Randomized clinical trials have shown
that even with intensive glycemic control, cardiac complica-
tions of T2D cannot be prevented entirely. Costantino et al.’s
results indicate that hyperglycemia triggered maladaptive
signatures in cardiomyocytes, a phenomenon known as met-
abolic memory [59], which persisted even after restoring
glucose to normal levels. One of the dysregulated miRNAs
is miR-146a [60]. This means that miR-146 could be a new
therapeutic target in preventing DC. Despite these data,

determining this microRNA’s exact function in T2D and
thus defining treatment strategies based on it requires exten-
sive cell-molecular studies considering the role of this mole-
cule in cardiomyocytes, endothelial cells, and PBMCs.

5. Atherosclerosis

Atherosclerosis is the main reason for morbidity and mortal-
ity in the Western world. It can cause different complica-
tions, such as hypertension, dyslipidemia, and diabetes.
Proper management of atherosclerosis can improve the
function of endothelial cells and prevent its many complica-
tions. For this reason, ACE inhibitors, statins, β blockers,
and antiplatelet drugs (aspirin, clopidogrel) are often pre-
scribed [61]. Recent studies have suggested new anti-
inflammatory approaches for treating atherosclerosis [62].

Different reports suggest that miR-146a could have a sig-
nificant effect on the reduction of the intracellular choles-
terol content of lipid-loaded macrophages [63]. For
example, a study reported that miR-146a intravascular injec-
tion mimics the protective effects of apoE in both Ldlr−/−
and Apoe−/−; Ldlr−/− atherosclerotic mouse models can
be considered a novel potential therapeutic strategy [64].

miR-146a produces atheroprotective properties. miR-
146a and miR-146b expression are induced in a delayed
kinetic manner in ECs by cytokines such as IL-1β and
TNF-α, coinciding with inflammatory gene expression reso-
lution [65]. Cytokine responsiveness in ECs inhibited by
overexpression of miR-146a indicates its participation in
limiting EC inflammatory signaling by the negative feedback
mechanism. Studies showed that the expression of miR-146a
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Figure 2: Pregnancy leads to volume overload physiologically, increasing the preload. In PPCM, cardiomyocytes become inflamed due to
overwork and produce MnSOD. By inhibiting ROS, cathepsin D increases and enters the bloodstream. On the other hand, during
pregnancy, a lot of prolactin is present in the bloodstream, which breaks into 16K PRL by cathepsin D. 16K PRL also affects endothelial
cells and leads to the production of miR-146a. Eventually, this molecule disrupts the metabolism of heart cells by affecting
cardiomyocytes and inhibiting ErbB-4.
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is also increased in atherosclerotic plaques in mice and
humans [66], directly targeting RNA-binding protein
(HuR), and miR-146a repressed both MAPK and NF-κB sig-
naling pathways that inhibit endothelial nitric oxide syn-
thase (eNOS). Also, targeting upstream adaptor proteins
IRAK1/2 and TRAF6, the EC adhesion molecules induction
is repressed by miR-146a [67]. Contrary to miR-181b, which
has a more selective inhibitory role in EC NF-κB signaling
pathway, in both macrophages and ECs, the NF-κB signaling
pathway is inhibited by miR-146a [68].

To reduce macrophages, ApoE overexpression in ApoE
−/− macrophages induces the expression of miR-146a. Also,
miR-146a systemic delivery mimics significantly reduce the
progression of atherosclerotic lesions. However, along with
having an anti-inflammatory role in regulating a range of
immune cells (macrophages, T cells, and dendritic cells),
miR-146a may also take more part in limiting inflammatory
stimuli. Nevertheless, miR-146, another significant cytokine-
responsive miRNA in a negative feedback manner, helps in
EC inflammation repression [69].

Similarly, in an NF-κB-dependent manner, induction of
miR-146a/b in macrophages is involved in resolving inflam-
mation by limiting the cytokine signaling and TLR. It is indi-
cated that apolipoprotein E (apoE), a protein with
antiatherosclerotic characteristics, induces the miR-146a
expression in macrophages and dumps the inflammatory
responses of macrophages in vitro and in vivo. Also, studies
suggest that miR-146a may regulate the maturation and
secretion of proinflammatory cytokines in dendritic cells
by targeting CD40L in ox-LDL-stimulated dendritic cells
[68, 70].

In general, due to the anti-inflammatory function of this
molecule and various studies, the induction of miR-146 is

one of the most promising therapeutic approaches for man-
aging atherosclerotic complications.

Acute coronary syndrome (ACS) is one of the most
severe complications of atherosclerosis. In ASC patients,
the Th1 activity level is high, which is the consequence of
arteriosclerosis activity. Studies have reported that in
patients with ACS, the elevation of miR-146a expression
level strongly increases the activity of the Th1 cells. More-
over, miR-146a increases proinflammatory factor (TNF-α,
MCP-1, and NF-κB p65) expression, which plays a vital role
in atherosclerosis and ASC progression [71]. Cholesterol
crystallization may also be prevented by cholesteryl ester
hydrolase inhibition, which converts cholesteryl esters to
free cholesterol. In return, ACAT-1 inhibition triggers the
promotion of cholesterol crystallization, increased atheroma
volume, and major cardiovascular events [72]. Overexpres-
sion of miR-146a is considered beneficial in preventing ath-
erosclerosis and its treatment. Although more studies are
needed to clarify this issue, miR-146a could be a novel
promising regulatory factor in Th1 differentiation and a
new therapeutic target for atherosclerosis and ACS [73].

6. Heart Failure

Recent studies claim that HF disease can be diagnosed by
evaluating the level of miR-146. For example, a study by
Beg et al. states that the body begins to produce circulating
exosomal miR-146a to counteract the effects of systemic
inflammation resulting from HF [74]. As a result, the circu-
lating exosomal miR-146a can be used as a diagnostic bio-
marker in HF.

Molecular studies have achieved new mechanisms in the
pathogenesis of HF. According to most of these studies,
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miR-146 is considered a critical factor in the pathogenesis of
different types of HF. For example, Chouvarine et al. showed
that hypoxia could lead to ventricular dysfunction and even-
tually death by activating the miR-146b-TRAF6-IL-6/CCL2
(MCP-1) pathway [75]; on the other hand, results of
research by Heggermont et al. showed that pressure overload
leads to decreasing the level of dihydrolipoyl succinyltrans-
ferase (DLST) by increasing the level of miR-146a and con-
sequently disrupts the pathway of oxidative metabolism in
cardiomyocytes [76]. Oh et al. also showed that this
increased level of miR-146a could lead to reduced SUMO1
(small ubiquitin-like modifier 1) expression and SERCA2a
(sarcoplasmic reticulum Ca2+-ATPase) SUMOylation in
human and animal HF models [77].

Eventually, both studies suggest miR-146a as an essential
factor in the course of heart hypertrophy. These results are
significant because they consider miR-146a a therapeutic
target in HF. Although investigating the association between
HF and miR-146a requires further studies, the inhibition of
miR-146a may help prevent hypertrophy and HF.

7. Future Directions and Potential of miR146 as
a Therapeutic Target in CVD

There is a long way before miRNAs can be clinically used in
CVD. Research on different miRNAs promised changes in
diagnosing and treating these diseases. miR-146 has received
much attention, with positive results in most studies.
Researches show that this molecule has played a significant
role in the pathogenesis of cardiac disease and its related
mechanisms. As a result, many potential applications of
miR-146 are expected. These potential applications can be
examined in three sections: induction, inhibition, and
diagnosis.

Secondary to hypoxia and ischemia of a particular tissue,
the process of cell apoptosis begins rapidly and leads to irre-
versible complications. These complications are critical in
myocardial tissue, and even with the elimination of hypoxia
and the restoration of blood flow to the tissue, the chances of
HF and mortality are significantly increased due to apoptosis
of cardiac cells [78]. Different studies have been performed
in this area, and most of them show that increasing the level
of miR-146 (directly or indirectly) leads to a reduction in
secondary apoptosis to hypoxia and can somewhat prevent
an irreversible complication of MI [79]. With increasing
studies and research in this area, the induction of miR-146
may be one of the first approaches to managing MI patients
in the future. On the other hand, researches show that miR-
146 can have a good effect on myocardial tissue angiogenesis
and rapid blood flow to the infarct area by increasing the
migration, penetration, and proliferation of coronary artery
endothelial cells [80]. This effect of increased angiogenesis
is significant in patients with hypercholesterolemia. In these
patients, ischemic tissue angiogenesis occurs much less fre-
quently and later than in healthy individuals, making hyper-
cholesterolemia patients more prone to recurrent MI and
secondary failure. The research results show that the admin-
istration of miR-146b to patients with hypercholesterolemia
can accelerate angiogenesis [81]. If future studies confirm

these results, miR-146b can significantly reduce the recovery
process of heart tissue.

The primary treatment for MI is to increase blood flow
with reperfusion methods such as PCI and coronary artery
bypass grafting (CABG). Nevertheless, one of the major
problems patients face after vascular occlusion and reperfu-
sion is ischemia-reperfusion injury (IRI). Due to ischemia,
the tissue is deprived of oxygen and nutrients, resulting in
a significant accumulation of inflammatory cytokines. With
reperfusion and drainage of retained blood into the blood-
stream, cytokines reach other heart parts, causing inflamma-
tion and oxidative damage throughout the heart muscle [82].

The treatments to prevent this problem mostly had min-
imal results and various side effects [83]. One of the treat-
ments is the transplantation of human mesenchymal stem
cells (hMSCs). Despite the acceptable results, transplanta-
tion of hMSCs may be destroyed by the effects of hypoxia,
resulting in treatment failure. Seo et al. show that increasing
the level of miR-146 in combination with this treatment sig-
nificantly increases the survival of hMSCs and, conse-
quently, the efficacy of this method [84]. In contrast, some
researchers claim that the self-induction of miR-146 without
the help of any additional treatments will protect the myo-
cardium against IRI complications [34].

Another potential therapeutic effect of this miRNA is its
protective effect against polymicrobial sepsis. Different
research results show that using miR-146 in a preventive
way will reduce the cardiac complication of sepsis, such as
ICMs [85].

Simultaneously with the widespread use of miRNAs,
research has been done on their inhibition, production,
and activity. One of the ways to inhibit miRNAs is to use
antagomirs. Antagomirs are particular synthetic molecules
initially introduced as silencing agents of miRNAs in 2005.
One of the unique characteristics of this molecule is that it
inhibits a specific miRNA [86]. There are many clinical uses
for this selective inhibition. For example, Heggermont et al.,
by studying the pathogenesis of pressure overload-induced
cardiac hypertrophy and its secondary HF, found that it
played a crucial role in miR-146 and showed that by inhibit-
ing this miRNA and thus overexpression of its target, dihy-
drolipoyl succinyl transferase has the ability of heart cells
to protect against ventricular dysfunctions [87].

Also, Widmer-Teske et al. indicated that miR-146a acts
as a critical regulator of endothelial cell angiogenesis during
myocardial regeneration. These results suggest that miR-
146a may represent an attractive target for future therapeutic
interventions to treat ischemic heart disease [88].

One of the considered applications for miRNAs is their
diagnostic usage. This application is specifically for cardiac
patients because of the rapid course and severe prognosis
of these diseases if not treated in time. Research has shown
that the serum level of miR-146 could effectively diagnose
MI and prevent LVR or ventricular rupture [38, 40]. miR-
146a also reduces inflammation and inhibits complications
of sepsis-induced cardiomyopathy by inhibiting the TLR4/
NF-κB signaling pathway [43].

Evaluating the molecular level of miR-146 could lead to
broader diagnoses in sensitive groups of society. Research
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has shown that the serum level of miR-146 among patients
with diabetic cardiomyopathy and PPCM is higher. Critical
needs for diagnosis and earlier treatment of these two dis-
eases can be expected by measuring the periodical level of
miRNA of pregnant and cardiac patients. Common cardio-
myopathy in these groups will be identified faster and have
a better prognosis in treating the patients [54, 60].

Another issue for miR-146 diagnosis is the presence of
various polymorphisms of this miRNA. Numerous associa-
tions have been reported between polymorphism and the
presence or absence of specific cardiac diseases. For example,
possibly carriers’ mutant type (T allele) of rs2431697 and
wild type (C allele) of rs2910164 have a lower risk of devel-
oping ACS [25, 28]. Despite the impressive results and the
ability of this method to diagnose diseases even before the
onset of the first symptoms, the results are highly dependent
on the study population; the results may be completely dif-
ferent or even contradictory in other study samples. For this
reason, this field will be highly considered in the personal
medicine approaches, and a wide range of applications can
be expected.

8. Conclusion

In conclusion, heart diseases are known as one of the dead-
liest diseases in most societies, and new research has been
able to prevent or treat many of these cases by offering
new approaches. In recent years, the discovery of micro-
RNAs has revolutionized the medical sciences, and
researchers have since devised various applications for these
molecules. Meanwhile, miR-146 has attracted much atten-
tion with its essential role in inflammatory processes. Dys-
regulation of the levels of this microRNA is seen in most
heart diseases, but in some of these diseases, such as viral
myocarditis or diabetic and prepartum cardiomyopathies,
the role of this microRNA is very prominent. In this article,
we have tried to gather and review all the studies that point
to the correlation between miR-146 and heart disease to pro-
vide a more comprehensive view of the progress made and
the research paths ahead.
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We conducted a systematic review and meta-analysis on the relationship between the neutrophil to lymphocyte ratio (NLR) and
coronary artery abnormalities (CAA) in patients with Kawasaki disease (KD), according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statements. We searched PubMed, Scopus, Web of Science, Embase, TRIP,
Google Scholar, and ProQuest up to the 8th of August 2022. This was done to retrieve eligible studies. No date or language
limitations were considered in this study. Methodology quality assessment was conducted according to the Newcastle–Ottawa
scale (NOS). Standard mean difference (SMD) and its 95% confidence interval (CI) were used to depict the pooled continuous
variables. Finally, 17 articles with 6334 KD patients, of whom 1328 developed CAA, were enrolled in this meta-analysis. NLR
level was significantly higher in KD patients with CAA compared to those without CAA (SMD=0.81; 95% CI =0.05–1.57, P =
0:03). In addition, NLR level was significantly higher in patients with coronary artery aneurysms than those without coronary
artery aneurysms (SMD=2.29; 95% CI =0.18–4.41, P = 0:03). However, no significant association between NLR and coronary
artery dilation was observed in this meta-analysis (SMD=0.56; 95% CI = -0.86–1.99). There was no publication bias for the
pooled SMD of NLR for coronary artery abnormality in KD (Egger’s test P = 0:82; Begg’s test P = 0:32). The NLR may be
useful in monitoring CAA development in these patients and may further imply a mechanistic role in potential inflammation
that mediates this process.

1. Introduction

Kawasaki disease (KD) is an acute, febrile vasculitis that
occurs predominantly in children under 5 years old. It pre-
sents with a classic presentation that may include erythema
of the palms and soles, maculopapular rash, conjunctival
injection, oral mucosal abnormalities, and cervical lymph-

adenopathy [1]. Coronary artery abnormalities (CAA) have
been identified in a subset of KD patients. One of the major
complications is dilation of one or more arteries. This varies
from minor arteries to large (or giant) CA aneurysms [1].
While dilations of the CAs have been found to regress in
most cases, large aneurysms have demonstrated a tendency
to persist for years, predisposing to rupture [2]. Further,
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identification of large aneurysms in childhood has been
associated with a significantly increased risk of developing
adverse cardiac events in adulthood, including unstable
angina pectoris and myocardial infarction [3]. The preva-
lence of large CA aneurysms in KD has diminished in recent
decades, with studies reporting 0.1-0.5% incidence among
KD cases since the introduction of intravenous gamma glob-
ulin (IVGG) treatment [4, 5]. Despite this downward trend,
it is estimated that 5% of myocardial infarction cases in
adults under 40 years old in the United States are caused
as a consequence of the sequelae of KD [6].

No one etiology has been identified for KD or related
CAA, although genetic and environmental factors have been
speculated [1]. Elevations of proinflammatory blood
markers during the acute phase of KD [7] suggest that a dys-
regulation of the inflammatory response is involved in the
disease progression. The degree of this dysregulation may
also determine the risk of developing CA aneurysms, as arte-
rial wall infiltration by immune cells like neutrophils is an
early pathological finding of KD-related CAA. This is
followed by predominantly lymphocytic infiltrates in the
subacute phase [8, 9].

Neutrophil to lymphocyte ratio (NLR) analysis of the
peripheral blood is becoming a popular, cost-effective tool
for the clinical assessment of inflammatory involvement in
a wide variety of diseases [10, 11]. Neutrophils mediate non-
specific inflammation by combating pathogens and releasing
proinflammatory cytokines when recruited to the tissues.
When neutrophilic recruitment becomes abnormally high,
leukocytosis can be identified, as in KD [12]. Conversely,
lymphocytes carry out functions of adaptive immunity by
targeting the response rather than promoting nonspecific
inflammation. There is growing evidence that both innate
and adaptive immune cells mediate the systemic and
tissue-specific effects of KD-like CA aneurysms [9]. In
light of this, several studies have suggested that NLR cal-
culation may aid in the clinical assessment of the inflam-
matory aspect of KD, serving as a metric for risk
stratification and prediction for adverse cardiac events in
adulthood [13–26].

Herein, we conducted a systematic review and meta-
analysis on the relationship between NLR and CAA in KD
patients. To the best of our knowledge, this is the first sys-
tematic review and meta-analysis on this topic.

2. Method

This systematic review was performed according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statements. Two investigators con-
ducted study selection, data extraction, and quality assess-
ment steps separately.

2.1. Study Selection. We searched PubMed, Scopus, Web of
Science, Cochrane library, ScienceDirect, Embase, ProQuest,
TRIP, and the Google Scholar up to the 8th August 2022 to
retrieve eligible studies. The literature search was performed
using the following keywords: “neutrophil to lymphocyte
ratio,” “neutrophil-to-lymphocyte ratio,” or “NLR” in com-

bination with “coronary” and “Kawasaki.” The exact search
strategy of each database is shown as supplementary file A.
Moreover, the reference list of the relevant articles was also
screened to determine additional studies. No date or lan-
guage limitations were considered in this study.

2.2. Inclusion Criteria. The inclusion criteria were as follows:
(i) case-control or cross-sectional design; (ii) peer-reviewed
full-text publications; (iii) reporting the blood NLR data as
mean± SD or median [range or interquartile range]; (iv)
comparing KD patients with and without CAA including
those with aneurysms and dilation.

2.3. Exclusion Criteria. The exclusion criteria were as fol-
lows: (i) data were unavailable or only reported in abstracts;
(ii) articles were submitted by the same authors or institu-
tion which might have overlapping patients; (iii) duplicate
publications; (iv) reviews, editorials, meeting abstracts, case
reports, and non-comparative studies.

2.4. Data Extraction. The extracted information included the
name of the first author, publication year, study design,
country, number of patients in case and control groups,
and the values of NLR in each group.

2.5. Methodology Quality Assessment. Methodologic quality
assessment was conducted according to the Newcastle–
Ottawa scale (NOS) with a score range of 0–9 points, and
high quality was defined as a score of ≥6.

2.6. Statistical Analysis. The statistical analysis was per-
formed by using STATA version 12.0 (Stata Corporation,
College Station, TX, USA). Standard mean difference
(SMD) and its 95% confidence interval (CI) were used to
depict the pooled continuous variables. In addition, the
Cochrane Q test (χ2) and I2 test were used to evaluate statis-
tical heterogeneity among the studies; if significant heteroge-
neity existed among included studies (P < 0:05 and I2 ≥ 50%
), a random-effect model was used; otherwise, the fixed-
effect model was conducted. The publication bias was
assessed using the funnel plot, Egger test, and Begg test. A
two-tailed P < 0:05 was considered statistically significant.

3. Results

3.1. Study Selection. The flow chart diagram of the study
selection is shown in Figure 1. A total of 1349 articles were
yielded through a primary study search. Of these studies,
28 were from PubMed, 124 from Scopus, 30 from WOS,
824 from Google Scholar, 147 from Embase, 51 from Pro-
Quest, 49 from TRIP database, 93 from ScienceDirect, and
three from other sources. Among the studies, 196 articles
were removed because of duplication, and 1055 publications
were excluded due to reviews, meeting abstracts, no report-
ing on NLR data, and not being pertinent to CAA after
screening the title and abstract. Thus, the remaining 98 arti-
cles were left for the full-text review. Of the 98 studies, 11
articles were removed because they were reviews, 39 were
removed due to the lack of available data on NLR, and 31

2 Disease Markers



were excluded because they did not assess outcomes of
interest.

Finally, 17 articles with 6334 KD patients, of whom 1328
developed CAA, were enrolled in this meta-analysis [13–29].
The list of included studies is shown in supplementary file B.

3.2. Characteristics of Included Studies. All the selected stud-
ies were published from 2015 to 2021. Of 17 articles, seven
came from China [21, 22, 24, 26–29], four from Korea [16,
19, 20, 25], three from Turkey [13, 17, 18], one from Japan
[23], one from Taiwan [14], and one from Thailand [15].
Sixteen studies were retrospective [13–23, 25–29], and one
study was prospective [24]. Twelve studies were written in
English [13–17, 19–25], one in Turkish [18], and two studies
in Chinese [26, 29]. Sixteen studies were published as journal
articles [13–21, 23–29] and one study as a preprint [21]. The
basic characteristics and data of interest in the eligible stud-
ies are summarized in Table 1. The demographic data of

samples included in the meta-analysis is shown in Table 2.
Moreover, the methodological quality of the included arti-
cles was assessed according to NOS, and the scores ranged
from 5 to 8. This indicates that the quality of selected studies
was moderate to high.

3.3. The Association of NLR with Coronary Artery
Abnormality in Kawasaki Disease. A total of 14 studies [13,
14, 16–26, 29] involving 5952 KD patients, of whom 1218
developed CAA, were included in the meta-analysis.
Random-effect model was applied since significant heteroge-
neity was present (I2 = 99:0%; P < 0:001). From the results of
our meta-analysis, NLR level was significantly higher in KD
patients with CAA compared to those without CAA
(SMD=0.81; 95% CI=0.05–1.57, P = 0:03, Figure 2).

3.4. The Association of NLR with Coronary Artery Aneurysm
in Kawasaki Disease. A total of six studies [15, 19–21, 27, 28]
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Figure 1: Flow chart of search and study selection.
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with 1916 KD patients, of whom 180 developed coronary
artery aneurysm, were included in this meta-analysis. The
heterogeneity tests showed the extinction of significant het-
erogeneity (I2 = 99:3%; P < 0:001), so the random-effect
model was used. The results suggested that NLR level was
significantly higher in patients with coronary artery aneu-
rysms (SMD=2.29; 95% CI=0.18–4.41, P = 0:03, Figure 3)
than in those without coronary artery aneurysms.

3.5. The Association of NLR with Coronary Artery Dilation in
Kawasaki Disease. Three articles with 1612 KD patients
[19–21], of whom 148 developed coronary artery dilation,
were also included for the meta-analysis regarding the associ-
ation between NLR and coronary artery dilation in KD. The
random-effect model was used because of the extinction of sig-
nificant heterogeneity in the heterogeneity tests (I2 = 98:5%;
P < 0:001). However, no significant association between NLR
and coronary artery dilation was observed in this meta-
analysis (SMD=0.56; 95% CI= -0.86–1.99, Figure 4).

3.6. Publication Bias. The assessment of publication bias of
the included studies was performed using Begg’s and Egger’s
tests. From the results of the publication bias test, we found
that there was no evidence of publication bias for the pooled
SMD of NLR for coronary artery abnormality in KD (Egger’s
test, P = 0:82; Begg’s test, P = 0:32, Figure 5).

4. Discussion

The outcome of this study demonstrates that KD patients
with CAA had significantly elevated levels of NLR compared
to those without CAA. Statistically significant elevations in
NLR were also demonstrated in patients with coronary

artery aneurysms compared with those without CAA. No
significant elevations in NLR were demonstrated in those
with coronary artery dilation compared to those without
CAA and those with coronary artery aneurysms (Figure 6).
Thus, results from this study suggest that the NLR may be
useful in monitoring CAA development in these patients
and may further imply a mechanistic role in inflammation
that mediates this process.

4.1. Prognostic Value of NLR Related to Long-Term Sequelae
of KD. The most severe and frequent complication of KD is
the development of coronary artery involvement. The recent
introduction of treatment with IVIG has reduced this prob-
lem. Despite treatment with intravenous gamma globulin,
2% to 4% of patients have coronary abnormalities or develop
coronary aneurysms [30]. Those with giant aneurysms are at
risk for stenosis and myocardial ischemia/infarction, which
requires systemic anticoagulation with frequent follow-up.
This predisposes to frequent stress testing and coronary
angiography. In rare cases, patients will have coronary artery
bypass grafting. Those with less severe coronary involve-
ment need antiplatelet therapy and infrequent noninvasive
testing [31]. Patients with normal echos after the acute phase
are not treated, but the future impact of the disease is not
certain, particularly in adult-onset coronary artery disease
[32]. NLR might be associated with CAA and might predict
long-term cardiovascular risk in KD patients, so it can help
clinicians in the risk stratification of these patients. This aids
in the development of diagnostic and therapeutic modalities
to prevent mortality and morbidity in such patients.

4.2. NLR and Inflammation. It is well-known that neutro-
phils play a critical role in the incitement of the

Table 1: General characteristic of included studies.

Author Year Country Design
CAA group

Non-CAA group
NOS scoreTotal CA aneurysm CA dilation

N NLR N NLR N NLR N NLR

Demir 2015 Turkey R 49 1.50±1.28 26 2.02±1.63 _ _ _ _ 5

Ha2 2015 Korea R 525 1.20±0.07 62 2.21±0.49 15 4.72±1.72 47 1.39±0.22 7

Youn 2016 Korea R 168 1.71±1.40 52 2.72±3.79 _ _ _ _ 8

Cho 2017 Korea R 158 4.78±4.88 38 4.15±3.50 _ _ _ _ 7

Ha1 2017 Korea R 613 3.27±2.48 69 3.75±3.81 15 6.53±7.37 54 2.98±2.83 6

Bozlu 2018 Turkey R 43 3.59±3.41 15 2.99±2.83 _ _ _ _ 5

Chantasiriwan 2018 Thailand R 162 _ _ 4.16±7.18 55 4.56±8.52 _ _ 6

Hua 2018 China R 1606 2.60±2.30 523 2.03±2.00 _ _ _ _ 8

Nakada 2018 Japan R 197 4.05±8.42 4 6.52±12.71 _ _ _ _ 7

Gokce 2019 Turkey R 114 2.17±1.14 39 2.29±2.51 _ _ _ _ 6

Chang 2020 Taiwan R 238 2.73±0.15 127 3.95±0.39 _ _ _ _ 6

PengYoun 2020 China R 513 2.63±2.28 67 3.40±2.50 _ _ _ _ 7

Hu 2021 China R 326 2.22±2.28 94 1.72±1.66 40 1.81±1.69 47 1.64±1.63 7

Yang 2021 China P 28 4.20±3.80 38 2.40±2.50 _ _ _ _ 6

Haiyan 2022 China R _ _ 41 1.30± 1.02 37 1.93± 2.09 _ _ 7

Liu 2022 China R _ _ 69 5.52± 4.52 18 6.42± 3.67 _ _ 7

Yanfei 2022 China R 64 4.5± 5.1 156 3.1± 2.6 _ _ _ _ 6

N: number; NLR: neutrophil to lymphocyte ratio; R: retrospective; P: prospective; CAA: coronary artery abnormality.
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proinflammatory response in the body, including both acute
and chronic inflammatory states [12, 33, 34]. Furthermore, a
reduction in lymphocyte count is commonly seen during
proinflammatory states due to the modulatory role that lym-
phocytes play in these states [35]. Thus, the inverse relation-
ship between neutrophils and lymphocytes makes the NLR a
potentially optimal marker in proinflammatory states or
conditions, such as CAA in KD patients.

As it pertains to the development of CAA in KD
patients, a proposed mechanism of action that has been
backed by significant evidence is the direct increased
inflammatory response leading to arterial dilation and sub-
sequent aneurysm formation. Several inflammatory cyto-
kines have now been linked to this phenomenon,
including IL-6, IL-8, TNF-α, IFN-γ, and C-reactive protein
(CRP) [36–39]. Research has demonstrated that neutro-
phils routinely respond to several signaling pathways on
the biochemical level, ultimately leading to the direct pro-
duction of several of these cytokines [40, 41]. These cyto-
kines manifest the inflammatory state by several
mechanisms, including endothelial dysfunction and colla-
gen destruction. This leads to the compromised structural
integrity of coronary arteries, which directly contributes to
intimal thickening and compromised laminar blood flow,
eventual thrombosis, or aneurysm development [42]. Thus,
neutrophils may be involved in both the initial incitement
of and propagation of inflammation in the setting of dis-
ease progression. In either case, the NLR appears to be a
prime candidate for a reliable inflammatory marker in
these conditions.

4.3. NLR and Arterial Abnormalities. Potential mechanisms
by which the NLR can incite CAA development in KD
patients can be divided into neutrophil-derived and
lymphocyte-derived etiologies.

Neutrophils have been, and have largely remained, the
main mediator of the development of CAA seen in KD
patients [43]. Researchers suspect that neutrophils begin to
infiltrate the coronary arteries at approximately 1-2 weeks
after the development of KD, which are then replaced by
monocytes. With the eventual resolution of inflammation
after approximately two months after fever onset, aneurysm
formation occurs [43]. Several studies have highlighted the
significant increase in neutrophil count seen in these
patients that distinguish it from other viral etiologies [44,
45]. In more recent years, the role of neutrophils in the
development of CAA in KD patients has been further char-
acterized. Necrotizing arteritis has been described as a
neutrophil-mediated process characterized by the gradual
destruction of the adventitia of the endothelium. Both the
onset and completion occur within the first two weeks con-
sistent with fever period [46]. Neutrophil extracellular traps
(NETs) are a mechanism specific to neutrophils. It is charac-
terized by morphological changes that facilitate the trapping
of pathogens by both oxidative and non-oxidative mecha-
nisms [47]. NETs have now been demonstrated to play a role
in inflammation in several autoimmune diseases, such as
rheumatoid arthritis, systemic lupus erythematosus (SLE),
and anti-neutrophilic cytoplasmic antibody- (ANCA-) asso-
ciated vasculitis [48]. Even more recently, evidence of NET
production in preclinical models mimicking KD conditions

Table 2: Demographic data of samples included in the meta-analysis.

Author
Sample
size

CAA group Non-CAA group Total sample

Age ∗ Male
percentage

Age∗
Male

percentage
Age∗

Male
percentage

Demir 75 31± 44 73% 36 ±44 55% 34 ±46 61%

Ha2 587 27.73± 3.19 82.3% 34.32± 0.99 55% _ _

Youn 220 32.56± 29.40 69% 24.91± 19.47 61% _ 63%

Cho 196 _ _ _ _ 32± 21 59%

Ha1 682 _ _ _ _ 30.0 (14.0-46.0) 57.9%

Bozlu 58 _ _ _ _ 52.56±22.99 60%

Chantasiriwan 217 14[3-168] 60% 18[2-79] 64% _ _

Hua 2129 19 [9–33] 69% 23 [11–47] 59% _ _

Nakada 201 39.5 [20–62] 75% 24 [2–159] 50% 24 [2-159] 51%

Gokce 153 28 [15-46] 69% 27 [15-47] 64% _ _

Chang 365 1.4[0.7-2.4] 72% 1.5[0.8-2.6] 54% _ _

PengYoun 580 34.4± 30.1 70% 28.4± 22.5 65% _ _

Hu 420 _ 70% _ 59%
2.4 years[2 months-11

years]
62%

Yang 66 2.1 ± 1.3 66% 2.5 ± 1.5 61% _ _

Haiyan 78 2.4 (1.8-3.7) 51.4% 3.0 (2.0-4.9) 65.9% _ _

Liu 87
35.44 ±
36.71

78%
36.77 ±
22.54

75% 36.49 ± 25.86 76%

Yanfei 220 3 ± 2 69 2.9 ± 2.1 58 _ _

SD: standard deviation; CAA: coronary artery abnormality. ∗Expressed as mean ± SD or median (IQR) or median [range]. All ages are expressed as months,
except for Haiyan and Chang.
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and clinical models exposed to KD serum has been demon-
strated [49, 50]. Vascular endothelial growth factor (VEGF)
production has also been hypothesized as a mechanism by
which CAA develops, with the early production of VEGF
in the acute phase seen predominately by neutrophils. In
the chronic phase, production is seen predominately by
mononuclear cells [51]. The exact etiology of this relation-
ship is unclear but likely due, at least in part, to vascular
injury and remodeling [51]. Furthermore, increased neutro-
phil respiratory burst, a marker of neutrophil activation, has
been demonstrated in KD patients with CAA compared to
healthy controls or KD patients without CAA [52]. This
adds credence to the assertion that neutrophils are not only
produced in increased quantities in this context but likely
play a more active role in the pathogenesis of CAA.

Evidence for the mechanistic role of neutrophils in CAA
development is most convincing in the acute phase of KD
(1-2 weeks). Indeed, it has been shown that neutrophils infil-
trate coronary arteries in KD most rapidly in the early stage
of the disease, with peaks in macrophage and lymphocytes
later in the disease course [53]. However, in the subacute
and chronic phases, evidence for the role of other cells, par-
ticularly lymphocytes, is amassing [42]. A decrease in lym-
phocyte count is typically seen with systemic inflammatory
responses [35]. Thus, as a condition where systemic inflam-
matory responses are seen, KD would logically be expected
to manifest with a decreased lymphocyte count. However,

studies in the context of CAA in KD tend to demonstrate
an increase in lymphocyte response, particularly T-
lymphocyte activation. This remains the main mediator of
CAA in the post-acute phase of KD [54–56]. A concurrent
type I interferon response has also been characterized along-
side this T-lymphocyte activation, which some have specu-
lated as potentially due to a presently unidentified
infectious (i.e., viral) cause [54]. Interestingly, recent studies
have also suggested a role of lymphocytes and even macro-
phages in the pathogenesis of CAA in the acute phase of
the disease, with demonstrated transmural infiltration of pri-
marily CD8 T lymphocytes and macrophages mainly dem-
onstrated in the adventitial layer [57].

Although this has been purported to be a potential cause,
a viral or bacterial etiology for KD has yet to be identified.
Given that these findings seem to conflict on a superficial
level with the logical assumption that lymphopenia, rather
than lymphocytosis, would be seen in KD, a further expla-
nation in the context of the results of this study is war-
ranted. Firstly, the results of the aforementioned study
mention that the evidence for the T-lymphocyte activation
in KD is most significant in subacute or chronic KD cases
[54]. If this is the case, then the lymphopenia most associ-
ated with systemic inflammatory responses would likely
predominate in the acute phase of KD. Since lymphopenia
would further increase the NLR in the setting of acute dis-
ease, and the classic clinical presentation is well-known
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Figure 2: Meta-analysis of differences in NLR level between Kawasaki patients with coronary artery abnormality and those without
coronary artery abnormality.
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Figure 3: Meta-analysis of differences in NLR level between Kawasaki patients with coronary artery aneurysm and those with normal
coronary arteries.
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and easily identifiable in the clinical setting, this would
strengthen the case for using NLR as a screening marker
for CAA in KD patients upon the patient’s initial presen-
tation. Moreover, it is also possible that even if lymphocy-
tosis is present in these patients, the relative increase in
neutrophil count may be much larger than the marginal
increase in lymphocyte count, thus elevating the NLR
regardless.

4.4. Biomarker Usage and Pharmacologic Insights. The utility
of the NLR as a predictive biomarker for the development of
CAA has been demonstrated in recent years, with one study
reporting an NLR>3.5 as an independent risk factor for devel-
oping CAA in KD patients [14]. One study also showed that
an IL-10 level greater than 8pg/displayed a sensitivity of
75% and specificity of 64.4% when predicting the concurrent
development of coronary artery lesions before intravenous
immunoglobin (IVIG) administration [37]. After IVIG
administration, an Il-6 level greater than 10pg/mL had a sen-
sitivity of 67.9% and a specificity of 81.7% for predicting the
presence of coronary artery lesions, and an IL-10 level greater
than 6pg/mL had a sensitivity of 53.6% and specificity of 86%
for predicting the presence of coronary artery lesions [37].

Research has also demonstrated that IVIG given early in
the course of disease showed a quicker reduction in circulat-
ing neutrophils and a decrease in coronary artery lesion for-
mation compared to patients who received aspirin only or
those who received IVIG later in the disease course [14].
This not only demonstrates the potential efficacy of IVIG
in reducing the CAA sequelae but also implies a mediating
relationship between increased neutrophil count and CAA
development. Moreover, IVIG administration can decrease
several cytokines, including IL-6, IL-10, TNF-α, and IFN-γ,
in patients with KD [37, 38]. In patients with concurrent
CAA, the response of certain cytokine levels to IVIG may
vary, with one study showing that levels of TNF-α may
slightly increase in KD patients with coronary artery lesions
compared to greatly decreased levels seen in KD patients
without coronary artery lesions [37]. Furthermore, a recent
meta-analysis demonstrated the potential diagnostic utility
of the NLR as an independent predictor for IVIG-resistant
KD. Namely, the NLR was shown to have a sensitivity of
66% and a specificity of 71% for predicting IVIG resistance
in these patients [58]. These findings increase the credibility
of the NLR in overall context for KD, demonstrating that it
can serve as a useful tool in predicting response to first-line
treatment as well as in predicting outcomes.

Given the results of these studies, the role that the NLR
may play in diagnosing CAA in KD patients is promising.
It can be used to develop medications aimed at reducing
neutrophil count and activation and prevent long-term
complications.

4.5. Limitation. The findings of this report are subject to
some limitations. First, heterogeneity in studies was greater
than expected due to various treatment regimens, duration
of recorded stays, center protocols, different study popula-
tions, timing of blood tests from which NLR was calculated,
and different study designs. Second, several of the studies are

limited by bias, whether selection or publication, which
should be considered. Third, the effect size for several of
the tests was limited to a few studies. Thereby widespread
adoption and applicability are again a concern warranting
further investigation.

5. Conclusion

In conclusion, results from our study demonstrate that
patients with KD and concurrent CAA had elevated levels of
NLR compared to KD patients without CAA. NLR represents
a unique inflammatory marker whose elevation in CAA impli-
cates immune system imbalance in the pathogenesis of the dis-
ease. Further, our findings support NLR to be a promising
biomarker that can be readily integrated into clinical settings
to aid in the prediction and prevention of CAA. Given the
implications for its role in inflammation, the NLR may be a
useful tool for early monitoring in these patients. Evidence
suggests that it may be most useful in the acute phase of the
disease. This evidence also warrants investigation into new
drug targets for developing novel medications.With the devel-
opment of new biomarkers and therapeutic modalities, we can
better prevent and treat CAA in KD with an emphasis on
decreasing long-term morbidity and mortality.
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Our purpose of this study was to investigate the use of statins in elderly patients with cardiovascular diseases during regular
physical examination and to analyze the relationship between statins and glucose and lipid metabolism and adverse
cardiovascular prognosis. From January 2019 to December 2021, 2121 elderly patients with cardiovascular disease underwent
regular physical examination as the study subjects to investigate the use and intensity of statins. The patients were divided into
the dosing group (n = 1848) and the nondosing group (n = 273) according to whether they were taking statins or not. The
cardiac function, glucose and lipid metabolism indexes, and cardiovascular adverse events were compared between the two
groups. Statin use in elderly patients with cardiovascular disease was 87.13% (1848/2121). The intensity of statin use decreased
with age (P < 0:05); the left ventricular ejection fraction (LVEF) was greater in the medicated group than in the nonmedicated
group, and the left ventricular end-diastolic internal diameter (LVDd) and left ventricular end-systolic internal diameter
(LVDs) were smaller than in the nonmedicated group (P < 0:05). The total cholesterol (TC), triglyceride (TG), low-density
lipoprotein cholesterol (LDL-C), and fasting blood glucose (FBG) levels were lower in the medicated group than in the
nonmedicated group, the high-density lipoprotein cholesterol (HDL-C) levels were higher than in the nonmedicated group,
and the glycated hemoglobin (HbA1c) values were lower than in the nonmedicated group (P < 0:05). The overall incidence of
cardiovascular adverse events in the medicated group was lower than that in the nonmedicated group (P < 0:05). Statin use
was higher in elderly patients with cardiovascular disease; the intensity of drug use decreased with age. The patients’ cardiac
function, glucose metabolism, and prognosis were significantly improved after statin treatment.

1. Introduction

Cardiovascular diseases are caused by atherosclerosis, includ-
ing coronary heart disease, stroke, and peripheral vascular dis-
ease. It is now clinically recognized that disorders of lipid

metabolism are an important factor in the development of car-
diovascular disease [1]. Statins are commonly used lipid-
lowering drugs that not only lower lipid levels but also have
the functions of antioxidant, inhibition of cardiac hypertro-
phy, and inhibition of neuroendocrine hyperactivation [2, 3].
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Related reports also point out that statins can improve endo-
thelial cell function, restore autonomic function, and prevent
abnormal myocardial perfusion due to microvascular spasm
[4]. Most of the current clinical evidence on the benefits of sta-
tins and drug safety comes from nonelderly patients, and there
are few studies on statin use in elderly patients. Therefore, this
study investigated statin medication use in elderly patients
with cardiovascular disease through regular physical examina-
tion. We also analyzed the relationship between statin use and
glucolipid metabolism as well as adverse cardiovascular prog-
nosis. This study will further provide a clinical basis for the use
of statins in elderly patients.

2. Patients and Methods

2.1. Patients. This study was approved by the ethics commit-
tee of The 305th Hospital of the PLA. All participants signed
written informed consents before the study. 2,121 elderly
patients with cardiovascular disease who had regular physi-
cal examination from January 2019 to December 2021 were
enrolled as the study population. The inclusion criteria were
as follows: (i) patients that met the diagnostic criteria of
Practical Cardiology on cardiovascular diseases [5]; (ii)
patients’ age were ≥60 years; and (iii) those with complete
clinical data. Exclusion criteria were as follows: (i) patients
with combined malignant neoplastic diseases; (ii) patients
with combined liver and kidney insufficiency; (iii) patients
with alcoholism or history of drug abuse; and (iv) patients
with combined infectious diseases.

2.2. Methods. Patients were counted on atorvastatin, rosulvas-
tatin, simvastatin, fluvastatin and pitavastatin, and the inten-
sity of use. The intensity of use was based on the relevant
guidelines [6], with high intensity being 20mg of rosuvastatin
and 40-80mg of atorvastatin; medium intensity being 10-
<40mg of atorvastatin, 5-<20mg of rosuvastatin, 2-4mg of
pitavastatin, 80mg of fluvastatin, and 20-40mg of simvastatin;
and low intensity being doses below medium intensity.

The hospital information system was used to inquire
about the patients' age, gender, smoking history, drinking
history, and other general data and past medical history such
as hypertension history and diabetes history.

Vivid-7 Doppler color echocardiography of GE company
was used to determine left ventricular end dimension
(LVDd), left ventricular end systolic dimension (LVDs),
and left ventricular ejection fraction (LVEF).

3mL of fasting venous blood was collected from the
patients within 24 hours after enrollment, and the total cho-
lesterol (TC), triglyceride (TG), low-density lipoprotein cho-
lesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), fasting blood glucose (FBG), and glycosylated
hemoglobin A1c (HbA1c) levels were measured using Beck-
man Coulter DXC800 system.

The incidence of major cardiovascular adverse events
such as acute myocardial infarction and heart failure in the
two groups was statistically analyzed.

2.3. Observation Index. The use of statins and the dose of sta-
tins were counted, and the patients were divided into a med-

icated group and a nonmedicated group according to
whether they were taking statins or not. The cardiac func-
tion, glucose and lipid metabolism indexes, and the occur-
rence of cardiovascular adverse events were compared
between the two groups.

2.4. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 23.0 (IBM, Armonk, NY, USA) was applied for
statistical analysis. Independent sample t-test was used for
comparison between the groups for measurement data obey-
ing normal distribution and was used for comparison within
the groups, all expressed as (�x ± s). Count data were tested
by χ2 and expressed as rate (%), P < 0:05 indicates statistical
difference.

3. Results

3.1. Statin Use in Elderly Patients with Cardiovascular Disease.
The use rate of statins in elderly patients with cardiovascular
disease was 87.13% (1848/2121). There was no significant dif-
ference in the use of statins in patients of different ages
(P > 0:05) (Table 1); the intensity of statin use in patients
decreased with increasing age (P < 0:05) (Table 1).

3.2. Clinical Data of Patients in Nonmedicated Group. The
patients were divided into medicated group (n = 1848) and
nonmedicated group (n = 273) according to whether they
took statins or not. There was no significant difference in
clinical data between the two groups (P > 0:05) (Table 2).

3.3. Cardiac Function Indexes in the Nonmedicated Group.
The LVEF value in the medicated group was greater than
that in the nonmedicated group, and the LVDs and LVDd
values were less than those in the nonmedicated group
(P < 0:05) (Table 3).

3.4. Glucose and Lipid Metabolism Indexes in the
Nonmedicated Group. The levels of TG, TC, LDL-C, and
FBG in the medicated group were lower than those in the non-
medicated group, the level of HDL-C was higher than that in
the nonmedicated group, and the HbA1c value was lower than
that in the nonmedicated group (P < 0:05) (Table 4).

3.5. The Incidence of Cardiovascular Adverse Events in the
Nonmedicated Group. The total incidence of cardiovascular
adverse events in the medicated group was lower than that
in the nonmedicated group (P < 0:05) (Table 5).

4. Discussion

At present, it is believed that improving lipid metabolism
disorders is the key to the treatment of cardiovascular dis-
eases. Statins can inhibit cholesterol synthase to play a
lipid-lowering role and are widely used in cardiovascular
diseases. Decreased function of various organs and changes
in statin metabolism in elderly patients have led to few clin-
ical reports on statin use in elderly patients. In this study, we
analyzed the use of statins in elderly patients and found that
the use of other statins was 87.13%, which was slightly
higher than that in the study [7]. This may be related to
the higher treatment compliance of patients with regular

2 Disease Markers



Table 1: Analysis of statin use in elderly patients with cardiovascular disease.

Item 60-69 years (n = 795) 70-79 years (n = 637) ≥80 years (n = 689)
Type of drug

Atorvastatin calcium 330 (41.51) 260 (40.82) 285 (41.36)

Rosuvastatin calcium 322 (40.50) 254 (39.87) 276 (40.06)

Simvastatin 33 (4.15) 29 (4.55) 28 (4.06)

Fluvastatin 9 (1.13) 7 (1.10) 6 (0.87)

Pitavastatin 4 (0.5) 3 (0.47) 2 (0.29)

Drug intensity

Low-intensity statin 171 (21.51) 214 (33.59) 543 (78.81)

Moderate-intensity statin 525 (66.04) 337 (52.90) 54 (7.84)

High-intensity statin 2 (0.25) 2 (0.31) 0 (0.00)

Total 698 (87.80) 553 (86.81) 597 (86.65)

Note: Comparison of statin intensity among the three groups, P < 0:05.

Table 2: Comparison of clinical data of medicated group.

Classification Administration group (n = 1848) Unmedicated group (n = 273) Χ2/t P

Age (years) 73:65 ± 6:09 73:52 ± 6:58 0.326 0.745

Gender: male (case) 1168 (63.20) 159 (58.24) 2.500 0.114

BMI (body mass index) (kg/m2) 22:34 ± 2:06 22:19 ± 2:24 1.110 0.267

Complicated with hypertension (n) 1083 (58.60) 147 (53.85) 2.120 0.137

Complicated with hyperlipidemia (case) 629 (34.04) 78 (28.57) 3.197 0.074

Complicated with diabetes (case) 417 (22.56) 53 (19.41) 1.369 0.242

Smoking history (case) 563 (30.47) 97 (35.53) 2.848 0.092

Alcohol history (case) 438 (23.70) 57 (20.88) 1.059 0.303

Table 3: Comparison of cardiac function indicators in the medicated group.

Group N LVEF (%) LVDs (mm) LVDd (mm)

Administration group 1848 51:09 ± 3:52 47:56 ± 5:07 61:38 ± 6:25
Nonmedicated group 273 50:63 ± 3:14 48:27 ± 5:94 62:71 ± 6:09
t 2.042 2.110 3.293

P 0.041 0.035 0.001

Table 4: Comparison of glucose and lipid metabolism indicators in the medicated group.

Group N TG (mmol/L) TC (mmol/L) LDL-C (mmol/L) HDL-C (mmol/L) FBG (mmol/L) HbA1c (%)

Administration group 1848 1:92 ± 0:21 4:79 ± 0:73 2:95 ± 0:41 1:34 ± 0:24 5:79 ± 1:12 6:08 ± 1:24
Nonmedicated group 273 2:05 ± 0:23 5:17 ± 0:69 3:11 ± 0:67 1:29 ± 0:23 6:08 ± 1:15 6:33 ± 1:36
t 9.427 8.084 5.462 3.230 3.980 3.070

P <0.001 <0.001 <0.001 0.001 <0.001 0.002

Table 5: Comparison of incidence of cardiovascular adverse events in the nonmedicated group (case, %).

Group N Acute myocardial infarction Heart failure Cardiovascular death Revascularization Total occurrence

Administration group 1848 46 21 10 17 5.09 (94)

Nonmedicated group 273 11 8 3 4 9.52 (26)

Χ2 8.774

P 0.003
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physical examinations. Clinical data showed that the lipid-
lowering effect of statins was closely related to drug dose
[8], but relevant studies have pointed out that high-dose sta-
tins have more adverse reactions in the treatment of cardio-
vascular diseases, while the patient’s age is too high and
physical function is also weaker [9], so the dose needs to
be adjusted according to the patient’s age. The results of this
study showed that the intensity of statin use in patients
decreased with increasing age.

Statins can significantly reduce plasma cholesterol con-
centration, delay and inhibit the progression of atherosclero-
sis, and have become one of the drugs of choice for lipid-
lowering therapy and antiatherosclerosis in clinical practice
[10]. The results of this study showed that the TC, TG,
and LDL-C levels in the medicated group were higher than
those in the unmedicated group, and the HDL-C level was
higher than that in the unmedicated group, indicating that
statin treatment for elderly patients with cardiovascular dis-
ease can reduce the body’s blood lipid level, which is mainly
because statins can play a role in regulating blood lipids by
competitively inhibiting enzyme secretion in hepatocytes
and reducing the body’s methyl dehydroabietate content
[11]. In this study, we found that FBG levels were lower
and HbA1c values were lower in the medicated group than
in the unmedicated group, indicating that statins can
improve glucose metabolism in elderly patients with cardio-
vascular disease, which is mainly related to the fact that sta-
tins can improve insulin resistance and glucose tolerance
through their effects.

Myocardial function in patients with cardiovascular dis-
ease is affected by the amount of cholesterol in the cardiac
muscle cells. Increased cholesterol levels in patients can lead
to reduced cell membrane function, which in turn can affect
myocardial function in patients. Statins can improve cardiac
function because they reduce body cholesterol levels [12].
Relevant studies have pointed out that statins can improve
glucose and lipid metabolism, reduce hyperglycemia-
related sclerosing stress, and improve endothelial function
[13]. It has also been reported that statins, in addition to
their lipid-lowering effects, can also reduce platelet adhesive-
ness, prevent thrombosis, and improve endothelial function
[14]. Statins can downregulate angiotensin II receptor con-
tent and reduce the degree of myocardial fibrosis, while
improving myocardial function in patients [15]. The results
of this study showed that the LVEF value of the medicated
group was greater than that of the unmedicated group, and
LVDd and LVDs were less than those of the unmedicated
group, indicating that statins in the treatment of cardiovas-
cular disease can improve the patient’s cardiac function,
which is mainly because statins can reduce the body choles-
terol content, reduce the amount of cholesterol in the cell
membrane, and then play a role in improving the patient’s
myocardial cell function. Some scholars have found that sta-
tins have the effect of stabilizing plaques, reducing the adhe-
sion and aggregation of inflammatory cells and platelets in
the microcirculation and preventing the activation of the
coagulation system, which can improve myocardial blood
perfusion in patients [16]. The results of this study showed
that the total incidence of cardiovascular adverse events in

the medicated group was lower than that in the unmedicated
group, indicating that statin therapy given to patients with
cardiovascular disease can reduce cardiovascular adverse
events. The reason for this is that statins can improve body
hemodynamics and promote apoptosis and fibrosis of car-
diomyocytes and interstitium by exerting selective inhibitory
effects, inhibiting the activity of reductase, the rate-limiting
enzyme of synthesis, and reducing intracellular cholesterol
synthesis in the human body, which can reduce the inci-
dence of cardiovascular adverse events [17]. This study has
the following advantages over other previous related studies:
(1) larger sample size; (2) higher proportion of elderly
patients; and (3) more detailed observation indicators.

5. Conclusion

Statin use is higher in elderly patients with cardiovascular
disease, and the intensity of drug use decreases with increas-
ing age. Patients’ cardiac function, glucose metabolism indi-
cators, and prognosis are significantly improved after statin
treatment.
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Objective. To determine the prognostic and diagnostic significance of microRNA-208a (miR-208a) in acute myocardial infarction
(AMI). Methods. Totally, 84 AMI patients hospitalized in our hospital between Jan. 2019 and Feb. 2021 were enrolled as the
patient group (Pat group), and 50 healthy individuals over same time span as the control group (Con group). qRT-PCR assay
was carried out to quantify serum miR-208a in the patients and receiver-operating characteristic (ROC) curves for analysing its
diagnostic value in AMI patients and its predictive value in clinical efficacy and adverse events in the patients after therapy.
The changes of miR-208a and clinical indexes ((lactate dehydrogenase (LDH), creatine kinase (CK) as well as Creatine kinase-
MB (CK-MB)) in the patients before and after therapy were evaluated. Pearson’s test was adopted to analyse the associations
of miR-208a with clinical indexes. Additionally, the target genes of miR-208a were forecasted. Results. The patient group
showed a higher miR-208a level than the control group (p < 0:05), and the area under the curve (AUC) of miR-208a in
diagnosing AMI was >0.9. After therapy, patients presented notable decreases in serum miR-208a, LDH, CK, and CK-MB (all
p < 0:05). Serum miR-208a presented positive associations with LDH, CK, as well as CK-MB both before and after therapy (all
p < 0:05). Before therapy, the ineffective group presented a higher miR-208a level than the effective group (p < 0:05), and miR-
208a had an AUC of 0.784 in forecasting efficacy. Additionally, the group with adverse events presented a higher miR-208a
level than the group without them before therapy (p < 0:05), and miR-208a had an AUC of 0.713 in forecasting adverse events.
According to enrichment analysis, the target genes of miR-208a were bound up with signal pathways of cellular senescence,
MTOR and Wnt. Conclusion. With high expression in AMI cases, miR-208a is a promising potential biomarker for diagnosis
and prognosis forecasting of AMI.

1. Introduction

Acute myocardial infarction (AMI) is a frequently seen seri-
ous cardiovascular disease with acute onset in clinical sce-
narios, belonging to one serious manifestation of coronary
artery disease [1]. Because of the acceleration of the global
aging process, the change of people’s living habits, and the
pollution of the surrounding environment, cardiovascular
diseases present an annually growing incidence, especially
AMI [2]. Statistically, approximately 1.5 million people suf-
fer AMI each year in the United States. According to some
surveys, AMI shows a growing mortality in both urban
and rural population in China, with an increase of 5.6 times
from 1987 to 2014, and 4%-15% of patients with it are youn-

ger than 45 years in recent years, showing that more young
people is afflicted by it [3].

Clinically, AMI has no notable clinical manifestations at
the initial phase, which can likely to result in missed diagno-
sis and misdiagnosis, so many patients come to see a doctor
only when they have acute onset and thus miss the optimal
therapy timing and suffer unfavourable prognosis [4]. At
the current stage, the laboratory indexes frequently adopted
for clinical evaluation of myocardial injury include creatine
kinase isoenzyme (CK-MB), lactate dehydrogenase (LDH),
and cardiac troponin (cT-nI/T), but they are limited due to
their poor specificity and aberrant expression in other dis-
eases [5]. Accordingly, the key to solving this problem lies
in finding a novel diagnostic marker.
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MiR is one noncoding RNA with an endogenous length
between 20 and 25nt [6]. According to one study [7], miR is
able to interact with specific mRNAs by inducing the degra-
dation of mRNAs or suppressing the translation, thus regu-
lating the expression in diseases after transcription. An
increasing number of studies have discovered the participa-
tion of miR in various basic biological processes, including
proliferation, differentiation, necrosis, apoptosis, autophagy,
development, and aging [8]. Reportedly, miR is abnormally
expressed in diseases including cancer, cardiovascular dis-
eases, and immunodeficiency diseases [9]. The most ideal
diagnostic markers should be readily available and detect-
able. Interestingly, according to quite a number of reports,
miR exists in serum and plasma in a consistent, stable, and
repeatable way, which greatly arouses the interest of scholars
in using miR in circulation as a biomarker [10].

MiR-208a, namely, miR-208a-3p, has been discovered to
be with an association with the development of various can-
cers. For instance, Cui et al. [11] found that compared with
miR-negative control (NC), miR-208a intensified the prolif-
eration and invasion of gastric cancer cells through targeted
secretion of SFRP1 and negative regulation on maternal
expressed gene 3. MiR-208a acts as one oncogene in colorec-
tal cancer via PDCD4 [12]. Moreover, reportedly, miR-208a
aggravates CCl 4-induced liver injury in mice due to the lack
of pathways activating cell death [13]. The association of
miR-208a with AMI has been reported, but more research
is needed to verify whether miR-208a can serve as a diagnos-
tic marker of AMI.

In the present study, we analysed the diagnostic and
prognostic significance of miR-208a in AMI and the poten-
tial mechanism of miR-208a in AMI to offer reference to
clinical therapy and efficacy prediction.

2. Patients and Methods

2.1. Clinical Data. Totally, 84 AMI patients admitted to our
hospital between January 2019 and February 2021 were
enrolled into the patient group (Pat group), including 54
males and 30 females, between 48 and 80 years old, with a
mean age of 63:9 ± 7:0 years, and 50 healthy individuals
who underwent physical examination in our hospital during
the same time span were enrolled as the control group (Con
group), including 28 males and 22 females, between 43 and
78 years old, with a mean age of 60:3 ± 6:9 years. There
was no significant difference exists between the two groups
in gender and age (p > 0:05). This study was approved by
the ethics committee of Affiliated Nanping First Hospital,
Fujian Medical University. Signed written informed con-
sents were obtained from all participants before the study.

2.2. Inclusion and Exclusion Criteria. The inclusion criteria
are as follows: patients confirmed with acute myocardial
infarction with ST-segment elevation for the first time at
the first onset based on 2017 ESC Guidelines for the man-
agement of AMI in patients presenting with ST-segment
elevation [14], patients who had undergone percutaneous
coronary intervention (PCI), and those with detailed clin-
ical data.

The exclusion criteria are as follows: patients with
comorbid tumour or immune function diseases, patients
with congenital organ defects, patients who were not suitable
to receive the operation, patients intolerant of the drugs
applicable to this operation, and those with mental disorder.

The inclusion and exclusion criteria of the control group
are as follows: healthy individuals with normal serum
indexes and imaging indexes were enrolled.

2.3. Therapeutic Regimen for the Patients. All patients were
given PCI. Specifically, each patient was ordered to orally
take 300mg aspirin before PCI and orally take 600mg clo-
pidogrel at the beginning of the surgery, and the patient
was also ordered to orally take clopidogrel at 150mg/time,
once a day, and aspirin at 100mg/time, once a day, after sur-
gery for 7 consecutive days.

2.4. qRT-PCR. Total mRNA in tumour cells was acquired via
TRIzol reagent (Invitgen, Carlsad, CA, USA), and the
extracted RNA was inversely transcribed into cDNA using
SYBR PreMix Ex Taq Kit (TaKaRa Bio, Inc., Tokyo, Japan)
under manual guidelines. The forward and reverse primers
of miR-208a were 5′-CGCGGCATAAGACGAGCAAAA
AGC-3′ and reverse 5′-ACGACAGTTCAACGGCAGCAC
CG-3′, respectively, and those of U6 were 5′-ATCGCC
TTCGGCAGCACA-3′ and 5′-CACGCTGCACGAATTC
GCGT-3′, respectively. qRT-PCR was conducted as follows:
95°C/5min, 95°C/10 s, and 60°C/45 s, 40 cycles in total, and
the expression data of miR-208a were normalized to U6
expression of the same sample. The Ct value of every target
gene was normalized with that of the reference gene (Ct
(Ct(miR-208a)-Ct(U6). The relative expression was calcu-
lated using the 2−ΔΔCT method.

2.5. Detection of Clinical Indexes. Morning fasting venous
blood (5mL) was acquired from each patient via one
coagulation-promoting tube, and 5mL of it was acquired
via one heparin sodium anticoagulation tube, all of which
were treated by 10min centrifugation (3,000 r/min) for sep-
arating serum/plasma. The changes of myocardial enzymes
(LDH, CK, and CK-MB) were observed via one automatic
biochemical analyzer (Beckman Coulter AU5800, Franklin
Lakes, NJ, USA) before and after therapy.

Table 1: Clinical efficacy evaluation.

Efficacy
grading

Evaluation criteria

Markedly
effective

The symptoms of heart failure disappeared; the
heart rate was less than 100 beats/min; the heart

function was grade I.

Effective
The symptoms of heart failure were alleviated; the
heart rate was more than 100 beats/min; the heart

function grade was grade II-III.

Ineffective
Electrocardiogram showed no improvement or
even showed aggravation in various indexes,

clinical signs, and symptoms.
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2.6. Follow-Up. The patients were followed up for 6 months,
once every 2 months, via telephone and reexamination of
outpatient data to understand adverse cardiovascular events
in them, including cardiogenic death, recurrent angina pec-
toris, nonfatal AMI, heart failure, and malignant arrhythmia.

2.7. Predication of Target Genes. The online databases (Tar-
getscan, miRDB, and starBase) were utilized for forecasting
the possible target genes of miR-208a, and the correspond-
ing Wayne map was drawn.

2.8. Enrichment Analysis. GO and KEGG enrichment analy-
ses were carried out using DAVID (6.8) online database. The
former was conducted with three modules (biological pro-

cess (BP), cellular component (CC), and molecular function
(MF)) for functional annotation, and the latter can display
the importance of different signal pathways in protein inter-
action network. Finally, the bubble charts of GO and KEGG
enrichment analyses were drawn and visualized. The stan-
dards of jNESj > 1, p value < 0.05, and FDR < 0:25 were
adopted.

2.9. Outcome Measures. Primary outcome measures are as
follows: miR-208a in AMI patients was analysed, on which
its value in diagnosing AMI was evaluated via ROC curves.
The value of miR-208a in predicting clinical efficacy on
patients was also analysed, and the evaluation criteria of effi-
cacy was summarized in Table 1. The value of miR-208a in
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Figure 1: Expression and diagnostic significance of miR-208a in AMI. (a) Quantification of serum miR-208a in the control and patient
groups via qRT-PCR. (b) Diagnostic value of miR-208a in AMI patients according to ROC curve. Note: ∗∗∗p < 0:001.

5

4

3

2

1
Before treatment After treatment

Re
la

tiv
e

ex
pr

es
sio

n 
le

ve
l o

f m
iR

-2
08

a ⁎⁎⁎

(a)

0

100

200

300

400

500

Before treatment After treatment

LD
H

 (U
/L

)

⁎⁎⁎

(b)

3000

2000

1000

0
Before treatment After treatment

CK
 (U

/L
)

⁎⁎⁎

(c)

400

300

200

100
Before treatment After treatment

CK
-M

B 
(U

/L
)

⁎⁎⁎

(d)

Figure 2: Changes of serum miR-208a, LDH, CK, and CK-MB in patients before and after therapy. (a) Changes of serum miR-208a in
patients before and after therapy according to qRT-PCR assay. (b) Changes of serum LDH in patients before and after therapy according
to the automatic biochemistry analyzer. (c) Changes of serum CK in patients before and after therapy according to the automatic
biochemistry analyzer. (d) Changes of serum CK-MB in patients before and after therapy according to the automatic biochemistry analyzer.
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predicting the occurrence of adverse events after therapy was
also evaluated.

Secondary observation indexes are as follows: the
changes of miR-208a and clinical indexes before and after
therapy were evaluated. The Pearson’s test was adopted to

analyse the associations of miR-208a with clinical indexes,
and the target genes of miR-208a and bioinformatics were
conducted for understanding the value of miR-208a in the
diagnosis of AMI. The value of miR-208a in predicting clin-
ical efficacy on patients was also analysed, and the evaluation
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Figure 3: Correlation analysis of miR-208a with LDH, CK, and CK-MB before and after therapy. (a) Association of miR-208a with LDH
before therapy according to the Pearson’s test. (b) Association of miR-208a with CK before therapy according to the Pearson’s test. (c)
Association of miR-208a with CK-MB before therapy according to the Pearson’s test. (d) Association of miR-208a with LDH after
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Association of miR-208a with CK-MB after therapy according to the Pearson’s test.
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criteria of efficacy was summarized in Table 1. The value of
miR-208a in predicting the occurrence of adverse events
after therapy was also evaluated.

2.10. Statistical Analyses. Statistical Product and Service
Solutions (SPSS) 21.0 (IBM, Armonk, NY, USA) for data
analysis and GraphPad Prism 8.0 (La Jolla, CA, USA) for fig-
ure drawing. The counting data were analysed via the t-test,
and their intergroup comparison and intro-group compari-
son were carried out using the independent-samples t-test
and paired t-test, respectively. Measurement data were ana-
lysed via the chi-square test, and ROC curves were drawn to
predict efficacy and the occurrence of adverse events. p <
0:05 implies a notable difference.

3. Results

3.1. Expression and Diagnostic Significance of miR-208a in
AMI. Serum miR-208a in the patients was quantified via
qRT-PCR, and comparison of it between the two groups
showed that the miR-208a level in the patient group was
notably higher than in the control group (p < 0:05,
Figure 1(a)). ROC curves were adopted to analyse the clini-
cal value of miR-208a in distinguishing healthy individuals
from AMI patients, and its area under the curve (AUC)
was >0.9 (p < 0:05, Figure 1(b)), implying its great potential
to be biomarker with high clinical value.

3.2. Changes of miR-208a and Clinical Indexes in Patients
before and after Therapy. For more deeply understanding
the association of miR-208a with patients’ condition, we
analysed the changes of miR-208a before and after therapy
and found a notable decrease in serum miR-208a in the
patients after therapy (p < 0:05, Figure 2(a)). Additionally,
after therapy, patients presented notable decreases in serum
LDH, CK, and CK-MB (all p < 0:05, Figures 2(b)–2(d)).

3.3. Correlation Analysis of miR-208a with Clinical Indexes.
For further analysing the associations of miR-208a with
AMI development, the Pearson’s Test was adopted for
understanding the associations of miR-208a with LDH,
CK, and CK-MB. The results revealed positive associations
of miR-208a with them (all p < 0:05, Figure 3).

3.4. Expression and Predictive Value of miR-208a in Patients
with Different Efficacy before Therapy. After therapy, we
evaluated the efficacy on the patients and found 26 patients
with markedly effective efficacy, 38 patients with effective
efficacy, and 20 patients with ineffective efficacy. The 26
patients and 38 patients were assigned to the improvement
group (n = 64), and the rest were assigned to the non-
improvement group (n = 20). According to comparison of
miR-208a between the two groups before therapy, the non-
improvement group presented notably higher miR-208a
expression than the other group (p < 0:05, Figure 4(a)).
According to ROC curve-based analysis, the AUC of miR-
208a in predicting the improvement of clinical efficacy
(p < 0:05, Figure 4(b)), suggesting the potential of miR-
208a to be a biomarker for forecasting the efficacy improve-
ment on AMI patients after PCI.

3.5. Predictive Value of miR-208a before Therapy for
Postoperative Adverse Events in Patients. We also counted
adverse events within 6 months after therapy. In the past
six months, 17 patients suffered adverse events, including 2
cases with all-cause death, 3 cases with myocardial infarc-
tion, 2 cases with revascularization, 8 cases with heart failure,
and 2 cases with stroke. The patients were assigned to two
groups in light of the occurrence of adverse events: occurrence
group and nonoccurrence group (Figure 5(a)). The occurrence
group presented notably higher serum miR-208a than the
other before therapy (p < 0:05, Figure 5(b)). According to
ROC curve-based analysis, miR-208a had an AUC of 0.713
in forecasting the occurrence of adverse events (p < 0:05,
Figure 5(c)), suggesting the potential of miR-208a to be a bio-
marker for forecasting them in AMI patients after therapy.

3.6. MiR-208a Target Gene and Bioinformatics Analysis. We
predicated the target genes of miR-208a by Targetscan,
miRDB, starBase, and found 211 target genes via Targetscan,
201 via miRDB and 1963 via starBase. Through the Wayne
map, we found 65 common target genes (Figure 6(a)). Then,
based on DAVID online software analysis, GO enrichment
revealed the primary enrichment of miR-208a target genes
in the functions of MAP kinase activity, Wnt-activated
receptor activity, and phosphatase activity (Figure 6(b)),
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Figure 5: Predictive value of miR-208a in the occurrence of postoperative adverse events in patients. (a) Distribution of adverse events. (b)
Serum miR-208a in patients with postoperative adverse events according to qRT-PCR. (c) Predictive value of miR-208a in AMI patients
after PCI according to ROC curve. Note: ∗∗p < 0:001.
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and KEGG enrichment analysis revealed the associations of
miR-208a target genes with cellular senescence and MTOR
and Wnt signalling pathways (Figure 6(c)).

4. Discussion

The primary pathogenesis of AMI is the occurrence of
thrombosis triggered by the release of many platelets due
to the rupture of coronary atherosclerotic plaque [15]. The
continuous expansion of infarct area gives rise to coronary
artery occlusion and slow blood flow, triggering systemic
microcirculation disturbance and resulting in progressive
left ventricular dilatation and deterioration of heart function

[16]. Definitive diagnosis and timely guidance of clinical
therapy are the key to improving the prognosis of patients
with AMI.

A growing number of studies have revealed the partici-
pation of miR in the life processes of organism, its wide dis-
tribution in human body, and its expression in only specific
cells and tissues [17]. MiR-208a, as one miR discovered
early, is expressed in diseases including tumour and immune
function diseases [18]. Feng et al. [19] have revealed the high
expression of miR-208a in rat models of early myocardial
infarction, suggesting that miR-208a has the potential to be
a marker of AMI. In our study, serum miR-208a was quan-
tified via qRT-PCR. The results showed its high expression

45

88

65

1738

72

51

Vene plot

13

miRDBTargetScan

StarBase

(a)

E2F3
N

RIP1

TCF12

YBX1

ETS1

SOX6

ZNF516

GATA4MTF2PTPDC1PPP3CBPTPN4PPP6C
PTPRG

LRP6
FZD8

MAPK6
NLK

SRPK2

SYAP1

CDKN1A

GLYR1

FEM1C

ANKS1
B

ARG
LU

1
KP

NA
3

CH
D

9
H

P1
BP

3
M

ED
13

U
BE

2V
2

–Log10 (p value)

3.0

3.5

GO terms

Transcription regulatory region DNA binding
Phosphatase activity
Wnt-activated receptor activity
Proximal promoter sequence-specific DNA binding
Sequence-specific double-stranded DNA binding
MAP kinase activity
Transcription regulatory region sequence-specific DNA binding
Phosphoprotein phosphatase activity
Wnt-frizzled-LRP5/6 complex
Nucleoplasm

4.0

4.5

(b)

Count
3.0

3.5

4.0

3.0

Group
Cellular processes
Environmental information processing
Human diseases

Cellular senescence
mTOR signaling pathway

Wnt signaling pathway
Breast cancer

Gastric cancer
Hepatocellular carcinoma

Proteoglycans in cancer
Non-small cell lung cancer

Renal cell carcinoma
Glioma

0 1 2 3 4

4.5

–Log10 (p value)

(c)

Figure 6: MiR-208a target gene and bioinformatics analyses. (a) Target genes of miR-208a predicted by Targetscan, miRDB, and starBase.
(b) GO enrichment analysis of the functions of 65 common target genes of miR-208a. (c) KEGG enrichment analysis of 65 target genes
involved in miR-208a pathway.

6 Disease Markers



in AMI patients and its high value in distinguishing AMI
patients from healthy individuals (AUC > 0:9). Similar to
our study results, Oyunbileg et al. [20] have also found the
high expression of miR-208a in AMI patients and its AUC
> 0:9. Our research once again verified the diagnostic value
of miR-208a in AMI.

Prior research has confirmed the diagnostic significance
of miR-208a in AMI, but whether miR-208a changes in
AMI patients after therapy has not been studied and ana-
lyzed. Over the past few years, as people have increasingly
understanding of clinical research and clinical therapy of
AMI, especially the application of interventional therapy,
there is a new therapeutic scheme for clinical therapy of
AMI [21]. With increasingly extensive application in clinical
practice, PCI is regarded as one effective method to relieve
myocardial necrosis and increase coronary perfusion [22].
In our study, the changes of miR-208a after PCI were ana-
lysed. According to the results, after therapy, patients pre-
sented notably downregulated miR-208a. Correlation
analysis revealed positive associations of miR-208a with
myocardial function indexes before and after therapy, which
suggested that miR-208a could serve as one observation
index for AMI patients before and after therapy. For more
deeply determining the association of miR-208a with efficacy
on AMI patients, the patients were grouped in light of clin-
ical efficacy after therapy. According to the results, the non-
improvement group presented a notably higher miR-208a
level than the improvement group before therapy, suggesting
the possible value of miR-208a in forecasting the improve-
ment of efficacy on AMI patients. Thus, corresponding
ROC curves were drawn, showing an AUC of miR-208a
>0.7 in forecasting the clinical efficacy on AMI patients,
which implied the potential of miR-208a in forecasting the
clinical efficacy on AMI patients.

PCI has become the primary therapy for AMI, but it can
only relieve the narrow lesion, and patients still face a risk of
recurrent adverse cardiac events after it because of the per-
sistence of risk factors leading to the disease continue [23].
Our study investigated the adverse events of patients for 6
months by telephone and outpatient medical records.
Among the 84 patients, 17 patients suffered adverse events
after therapy, showing an incidence of 20.23%. The patients
were grouped in light of the adverse events, and the compar-
ison revealed notably higher miR-208a expression in
patients with AMI than in those without it, and an AUC >
0:7, which implied the function of miR-208a in AMI patients
before therapy in serving as a predictor of adverse events.

Finally, the target genes of miR-208a were forecasted. As
a result, 85 potential target genes were found. GO and
KEGG enrichment analyses revealed the correlations of
miR-208a with MTOR and Wnt signalling pathways. Wei
et al. [24] have discovered the participation of autophagy
in the protection against acute myocardial infarction via
1,25-dihydroxyvitamin D3 by PI3K/AKT/mTOR pathway.
Another study has discovered the impact of miR-154 on car-
diomyocyte apoptosis in rats with AMI via Wnt/β-catenin
signalling pathway [25]. The results suggest the possible
involvement of miR-208a in the occurrence of AMI through
many ways and also pave a way for our follow-up research.

Our study has determined the diagnostic and predictive
value of miR-208a in AMI patients, but it still has some lim-
itations. First of all, we only collected the serum of healthy
individuals and AMI patients, so the existence of difference
in miR-208a expression between patients with unstable
angina pectoris and AMI patients needs further study. Sec-
ondly, as a clinical study, the mechanism of miR-208a in
AMI has yet to confirm. We only analysed its potential
mechanism through the prediction of target genes, but
whether miR-208a can participate in the occurrence of
AMI by regulating these functions still needs experimental
verification. Therefore, we hope to carry out more experi-
ments in the future to improve our research.

All in all, with high expression in AMI cases, miR-208a
is a promising potential biomarker for diagnosis and prog-
nosis forecasting of AMI.
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Competitive endogenous RNA regulation suggests an intricate network of all transcriptional RNAs that have the function of
repressing miRNA function and regulating mRNA expression. Today, the specific ceRNA regulatory mechanisms of lncRNA–
miRNA–mRNA in patients who have diabetes mellitus (DM) and myocardial infarction (MI) are still unknown. Two data sets,
GSE34198 and GSE112690, were rooted in the Gene Expression Omnibus database to search for changes of lncRNA, miRNA,
and mRNA in MI patients with diabetes. Weighted gene correlation network analysis (WGCNA) was used to identify the
modules related to the development of diabetes in patients with MI. Target genes of miRNAs were predicted using miRWalk,
TargetScan, mirDB, RNA22, and miRanda. Then, functional and enrichment analyses were performed to build the lncRNA–
miRNA–mRNA interaction network. We built ceRNA regulatory networks with three lncRNAs, two miRNAs, and nine
mRNAs. Differentially expressed genes enriched in biological process, including neutrophil activation, refer to immune
response and positive system of defense feedback. Besides, there is significant enrichment in molecular function of calcium toll
−like receptor binding, icosanoid binding, RAGE receptor binding, and arachidonic acid binding. Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis enriched differentially expressed genes (DEGs) in pathways that were well known in MI,
indicating inflammation and immune response. Pathways associated with diabetes were also significantly enriched. We
confirmed significantly altered lncRNA, miRNA, and mRNA in MI patients with diabetes, which might serve as biomarkers for
the progress and development of diabetic cardiovascular diseases. We constructed a ceRNA regulatory network of lncRNA–
miRNA–mRNA, which will enable us to understand the novel molecular mechanisms included in the initiation, progression,
and interaction between DM and MI, laying the foundation for clinical diagnosis and treatment.

1. Introduction

Morbidity and mortality from cardiovascular disease (CVD)
are extremely high [1, 2]. Moreover, CVD is also the leading
cause of death in urban and rural areas, overshadowing can-
cer and other diseases in China. The incidence of CVD and
mortality among Chinese patients also remains high, and
more importantly, the upward trend is projected to continue
into the next decade [3]. The increasing burden of CVD has
become a significant public health problem. Myocardial
infarction (MI) is particularly severe, resulting in progressive
heart failure and cardiovascular mortality, and diabetes mel-

litus (DM) is a major risk factor for CVD [4, 5]. Patients
with diabetes are twice as likely to have an MI as healthy
people. Diabetes and impaired glucose tolerance are quite
common among people with MI (seen in almost two-thirds
of patients) and are associated with a twofold increase in
mortality rate compared to those with normoglycemia [6].
In addition, there have been numerous studies proving that
DM is a strong prognostic biomarker in patients with estab-
lished coronary artery disease [7–9]. Follow-up studies have
shown that 39.5% of patients with type 2 DM (T2DM) died
within 2 years of their first MI, compared with 28.5% of non-
diabetic patients with MI only [10]. However, mechanisms
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that can explain the complex association between diabetes
and MI remain mysterious. Therefore, to improve the poor
outcome of CVDs, effort should be made toward discovering
a potential pathogenesis and exploiting novel medication
targets and therapeutic strategies.

Noncoding RNAs, including miRNA and lncRNA, are
essential for the regulation of RNA expression [11]. miRNAs
have the ability to negatively regulate the expression of target
genes [12], and lncRNAs have no or little function in encod-
ing proteins that affect many biological processes [13].
lncRNAs are important in regulating basic biological pro-
cesses and may cause diseases if aberrant expression occurs
[14, 15]. However, little is known about whether or how
lncRNA is related to DM and MI.

lncRNAs can compete with target genes for miRNA
response elements and weaken the repressive effect of miR-
NAs on target genes [16, 17]. Thus, they can indirectly reg-
ulate the expression of target genes and influence the onset
and progression of disease [18]. Nevertheless, the association
between ceRNAs and diabetic MI remains unclear. In this
manuscript, we summarize the regulatory roles of lncRNAs,
miRNAs, and mRNAs and discuss a regulatory network
built of ceRNA.

2. Materials and Methods

2.1. Data Acquisition. miRNAs and lncRNAs in MI patients
with or without DM were collected from two microarray
data sets: GSE34198 (Czech Republic: 15 patients with DM
and 34 controls) and GSE112690 (USA: 85 patients with
DM and 244 controls), which are based on the platform of
GPL6102 Illumina human-6 v2.0 expression beadchip and
GPL24804 Biomark high-throughput human miRNA RT-
qPCR assay (MGH, Boston, MA, USA). The GEO database
is an international public repository.

2.2. Data Processing and Differential Expression Analysis.
After quantile normalization to ensure differentially
expressed genes (DEGs), probe identifiers of GSE34198 were
transformed into gene symbols, and the single expression
value of the gene was calculated. To screen related differen-
tially expressed lncRNAs (DELncs), the probe identifiers of
GSE34198 were blasted against the GENCODE (https://
www.gencodegenes.org/human/) long noncoding RNA
database to be reannotated [19]. GEO series matrix files of
GSE112690 were downloaded and the quantile was normal-
ized to obtain the differentially expressed miRNAs
(DEMics). Subsequently, the differential expression analysis
was executed with the threshold of P value < 0:05 using Stu-
dent’s t-test in R software.

2.3. Gene Ontology. Gene ontology is a channel for perform-
ing gene annotation, which classifies genes into three catego-
ries [20, 21]. A gene database was used to assign genomes to
specific pathway maps of molecular interactions, reactions,
and relationship networks [22]. The gene ontology (GO)
function annotation and enrichment analysis of DEGs were
performed using the R package clusterProfiler [23], and a
P value < 0:05 was considered significant.

2.4. Weighted Gene Correlation Network Analysis. We pro-
ceeded to conduct gene correlation analysis of DEGs and
DELncs to verify the key genes and lncRNAs associated with
diabetes in MI patients. The purpose of the WGCNA is to
find coexpressed gene modules and explore any relevance
between gene networks and related phenotypes. First, hierar-
chical cluster analysis is performed with the hclust function.
The modules are constructed with soft thresholds filtered by
the pickSoftThreshold function. Candidate powers (1–30)
are used to test the average degree of connectivity of differ-
ent patterns and their independence. If the degree of inde-
pendence is >0.8, a suitable power value is selected. For the
present study, coexpression networks were constructed
[24] with the smallest module size set at 30, and each pattern
was labeled with a different color. The relationship of func-
tional modules and concerned phenotype (in our case, dia-
betes) was also evaluated.

The hub genes were also described in this study as genes
that were most strongly related to disease. A module that
was highly related to diabetes was explored, and a regulatory
network of DEGs and DELncs in the module was con-
structed and visualized by Cytoscape software [25], which
was used because it can visualize complex networks.

2.5. miRNA Target Prediction. The construction of a ceRNA
background network requires a large number of lncRNAs,
miRNAs, and mRNAs, along with their interactions. Target
genes of differentially expressed miRNAs found in
GSE112690 were predicted with the help of the miRWalk
[26], TargetScan [27], miRDB [28], RNA22 [29], and
miRanda databases [30]. The predicted target genes were
intersected with DEGs found in GSE34198 to be further
explored.

2.6. lncRNA–miRNA–mRNA ceRNA Network. The relation-
ship between DELncs and DEMics was calculated with the
TargetScan 6.1 algorithm [31]. Then, according to ceRNA
theory, gene pairs with opposite expressions were screened
out based on the expression of differentially expressed miR-
NAs and differentially expressed lncRNAs for construction
of the background network.

3. Results

3.1. Identification of DEGs, DELncs, and DEMics. To screen
DEGs, lncRNAs, and miRNAs, the series matrix files of
GSE34198 and GSE112690 were downloaded from the
GEO database. Subsequently, Student’s t-test was executed
to analyze the DEGs and DELncs between controls and
patients with DM in the GSE34198 data set. Meanwhile,
the differential expression analysis of DEMics between con-
trols and patients with DM was implemented with the
threshold of P value < 0:05 by Student’s t-test in R software.
As shown in Figures 1, 499 DEGs and 23 DELncs were iden-
tified from GSE34198 microarray data using cutoff criteria of
P < 0:05 (detailed information about the DEGs and DELncs
can be found in Table S1), while four DEMics were found in
GSE112690, using the same threshold (Table S2).
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3.2. KEGG Pathway Enrichment Analysis. DEGs were sub-
jected to GO functional annotation and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analy-
sis, with a P value < 0:05 deemed significant. The results
showed that DEGs mainly enriched biological processes
(Figure 2(a)) in specific granules, secretory granule lumen,
cytoplasmic vesicle lumen, vesicle lumen, and secretory
granule membrane (Figure 2(a)). In addition, these DEGs
showed enrichment in the molecular functions of calcium
toll−like receptor binding, icosanoid binding, RAGE recep-
tor binding, and arachidonic acid binding (Figure 2(a),
Table S3).

KEGG analysis enriched DEGs in pathways of leishman-
iasis, Epstein–Barr virus infection, and tuberculosis, among
others (Figure 2(b)). Several pathways are well known in
MI that indicate inflammation and immune response. Addi-
tionally, pathways related to diabetes were also enriched,

including the insulin resistance pathway and insulin signal-
ing pathway (Table S4).

3.3. Weighted Gene Correlation Network Analysis
(WGCNA). To determine the key elements most closely related
toMI patients who also have diabetes,WGCNAwas performed
using the expression profile of DEGs and DELncs that were
identified earlier. All three modules were determined (Figure 3
(a); detailed mRNAs and lncRNAs in each module can be
found in Table S5). The blue module was negatively
correlated with DM (correlation coefficient = −0:32, P = 0:03;
Figure 3(b)), and the turquoise module was also negatively
correlated with DM (correlation coefficient = −0:32, P = 0:02;
Figure 3(b)). At the same time, the gray module was
negatively correlated with DM (correlation coefficient = −0:34,
P = 0:02; Figure 3(b)). All three modules were positively
correlated, and each of them was positively correlated with

4
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0

–2

–4

(b)

Figure 1: Overview of differentially expressed genes and lncRNAs. (a) Volcano plot of differentially expressed genes and lncRNAs between
patients with DM and controls. Red dots represent significantly upregulated genes and lncRNAs, while blue dots represent those that are
significantly downregulated. (b) Heat map of differentially expressed genes and lncRNAs between patients with DM and controls. Red
blocks represent significantly upregulated genes and lncRNAs, while blue blocks represent those that are significantly downregulated.
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each other (Figure 3(c)). Hub nodes have a key role in
maintaining the overall connectivity of the network.
Therefore, the top 5% were selected as hubs. We chose
differentially expressed genes and lncRNAs in MEturquoise to
construct the correlation network (Figure 4), with 10 DEGs
and 5 DELncs identified as hub genes and lncRNAs
(UBE2D3, MNDA, AMN1, TMBIM4, RCSD1, CLK4,
PPP1R12A, USP15, NT5C2, PCMTD1, DNAJC3-DT,
LINC00921, AC108134.3, AL445524.1, and AC114980.1,
Table S6).

3.4. lncRNA–miRNA–mRNA ceRNA Network. To survey the
regulation of ceRNAs and identify DM-related lncRNAs in
MI patients, we built a network. As shown in Figure 5, three
lncRNAs, two miRNAs, and nine mRNAs were included in
the network, and the red, green, and blue nodes represent
lncRNAs, miRNAs, and mRNAs, respectively. The edges
represent the interactions between lncRNAs, miRNAs, and
mRNAs. The lncRNA acts as a natural miRNA sponge to
suppress the function of miRNAs, and the expression of
lncRNA–miRNA and miRNA–mRNA were negatively cor-
related. Notably, the key DEGs and DELncs related to MI

patients with DM that we had identified in WGCNA were
also found in the ceRNA regulatory network, suggesting they
also correlate with the DEMics we screened from
GSE112690. In addition, based on ceRNA mechanisms, we
identified LINC00921, AL445524.1, and AC114980.1 as can-
didate lncRNA biomarkers for diabetic MI.

4. Discussion

Salmena et al. proposed how mRNAs and lncRNAs commu-
nicate with each other [16]. lncRNAs regulate mRNA
expression posttranscriptionally by competing for miRNAs
[32]. Dysregulated lncRNAs and mRNAs (sequences com-
plementary to lncRNAs) affect the expression levels of target
mRNAs through interference of miRNAs, together with tar-
get mRNAs harbored by lncRNAs called miRNA response
elements (MREs) [33, 34]. This endogenous RNA exchange
forms a large-scale regulatory network across the tran-
scriptome that plays a crucial role in the physiological and
pathological processes of disease [35]. Next, we integrated
genome-wide lncRNA, mRNA, and miRNA expression pro-
filing data and experimentally validated miRNA–target
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Figure 3: WGCNA used for the identification of key modules associated with MI patients with diabetes. (a) Dendrogram obtained by
clustering the dissimilarities based on consensus topological overlap with the corresponding module colors indicated by the color row.
(b) The relationships between different modules, where red indicates a positive correlation. (c) Heat map of the correlation between
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interactions to construct a regulatory network in diabetic MI
patients. Three candidate lncRNA biomarkers were identi-
fied for the comorbidity of MI and DM.

Diabetes affects the heart, including metabolic distur-
bances, abnormalities in subcellular components, microvas-
cular damage, and autonomic dysfunction [36, 37]. The
myocardium shows local inflammation, coronary endothe-
lial dysfunction, necrosis, apoptosis, and autophagy [38,
39]. The hub miRNA (miR-4306) is downregulated in coro-
nary artery disease (CAD), and miR-4306 is an independent
poor prognostic factor in CAD [40].

miR-4306 noticeably inhibited the human monocyte-
derived macrophages (HMDMs) in vitro and reduced the
number of macrophage cells in cardiac tissue in MI mice.
Another hub miRNA (miR-423-5p) was found to have sig-
nificantly higher expression in the vitreous of the eyes with
proliferative diabetic retinopathy (PDR) and was proved to
be related to angiogenesis and fibrosis [41].

Regarding the hub genes we found in the ceRNA net-
work, studies had proved that the ubiquitin-conjugating
enzyme UBE2D3 was involved in RNA processing and splic-
ing and was associated with increased fasting plasma glucose
[42]. PPP1R3G is downregulated in the liver by fasting and
increased by feeding, and it plays an important role in the
control of postprandial glucose homeostasis through its reg-
ulation of hepatic gluconeogenesis during the fasting–feed-
ing transition [43]. The 5′-nucleotidase cytosolic II
(NT5C2) variants were reported to be nominally associated
with coronary heart disease (CHD) susceptibility in the sub-
groups of males and with hypertension and diabetes [44].
Ubiquitin-specific protease 15 (USP15) was found to be a
potential target of miR-26a and mediated the proautophagic
and cardioprotective effects of miR-26a against ischemic
injury [45]. Protein phosphatase 1 regulatory subunit 12A
(PPP1R12A) was reported to be a member of the insulin-
stimulated IRS1 signaling complex, and the interaction of
PPP1R12A with IRS1 was dependent on Akt and mTOR/
raptor activation [46]. To summarize, all the genes and miR-
NAs we identified in the ceRNA network were associated
with either DM complication or MI side effects, indicating
the analysis we conducted was solid and effective. However,
no research has been found to elucidate that the lncRNA
biomarkers we found are strongly related to the comorbidity
of DM and MI. In the days to come, molecular biology
methods, including qPCR, luciferase reporter systems, and
co-immunoprecipitation assays could be helpful to substan-
tiate our findings, thus unraveling the molecular mecha-
nisms of the mutual effects that DM and MI bring to bear
during the complex and development of certain diseases.

5. Conclusion

In conclusion, our study provides more comprehensive
material for the ceRNA link between mRNAs and lncRNAs
in diabetic MI by constructing competing endogenous RNA
networks, and three candidate lncRNA biomarkers for the
comorbidity of MI and DM were identified. The findings
will improve comprehension of the molecular mechanisms
underlying the pathology of MI and DM from a ceRNA per-

spective and provide potential therapeutic targets for the
treatment of diabetic MI in clinical practice.
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Objective. Acute coronary syndrome (ACS) is the most dangerous and deadly form of coronary heart disease. Herein, we aimed to
explore ACS-specific circulating lncRNAs and their regulatory mechanisms. Methods. This study collected serum samples from
ACS patients and healthy controls for microarray analysis. Dysregulated circulating lncRNAs and mRNAs were determined
with jlog 2fold − changej > 1 and p < 0:05. lncRNA-mRNA coexpression analysis was carried out. ENST00000538705.1 and
ALOX15 expression was further verified in serum specimens. In human coronary artery endothelial cells (HCAECs),
ENST00000538705.1 and ALOX15 were knocked out through transfecting specific siRNAs. Thereafter, proliferation and
migration were investigated with CCK-8 and wound-healing assays. Myocardial infarction rat models were established and
administrated with siRNAs against ENST00000538705.1 or ALOX15. Myocardial damage was investigated with H&E staining,
and serum TC, LDL, and HDL levels were measured. Results. Microarray analysis identified 353 dysregulated circulating
lncRNAs and 441 dysregulated circulating mRNAs in ACS. Coexpression analysis indicated the interaction between ENST0000
0538705.1 and ALOX15. RT-qPCR confirmed the remarkable upregulation of circulating ENST00000538705.1 and ALOX15 in
ACS patients. In HCAECs, ENST00000538705.1 knockdown lowered the expression of ALOX15 but ALOX15 did not alter the
expression of ENST00000538705.1. Silencing ENST00000538705.1 or ALOX15 weakened the proliferation and migration of
HCAECs. Additionally, knockdown of ENST00000538705.1 or ALOX15 relieved myocardial damage, decreased serum TC and
LDL levels, and elevated HDL levels in myocardial infarction rats. Conclusion. Collectively, our findings demonstrate that
circulating ENST00000538705.1 facilitates ACS progression through modulating ALOX15, which provide potential targets for
ACS treatment.

1. Introduction

Acute coronary syndrome (ACS), including acute myocar-
dial infarction (AMI) and unstable angina (UA), is a highly
dangerous and fatal deadly form of coronary heart disease,
which is mainly triggered by ruptured atherosclerotic pla-
ques and thrombosis [1]. In a large proportion of cases, this
syndrome is the cause of acute heart failure [2]. Despite
advances in treatment, ACS patients are at high risk of mor-
bidity and mortality [3]. Approximately 20% of patients who
successfully received percutaneous coronary intervention

had relapsed adverse cardiovascular events within 3 years
[4]. Therefore, more effective, safer, and more affordable
treatments are needed to reduce the risk of cardiovascular
events and death in patients with ACS.

Genomic and transcriptomic analysis suggests that nearly
2% of the human genome is a protein-coding sequence while
most of the genome is noncoding RNA (ncRNA) that is clas-
sified as small ncRNA and long ncRNA (lncRNA) [5, 6].
lncRNAs with a structure of over 200 nucleotides modulate
gene expression and participate in diverse pathophysiological
processes [7, 8]. On the basis of the stability of lncRNAs in
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the blood and other body fluids, they are reliable biomarkers
for disease diagnosis [9–11]. Emerging evidence demonstrates
that several lncRNAs participate in modulating ACS initiation
and progression [12]. For instance, lncRNA ANRIL triggers
myocardial cell apoptosis in AMI through IL-33/ST2 signaling
[13, 14]. Aging-relevant antiapoptotic lncRNA Sarrah acceler-
ates recovery from AMI [15]. lncRNA ZFAS1 facilitates intra-
cellular Ca2+ overload and contractile dysfunction in
myocardial infarction (MI) mouse models [16]. Additionally,
lncRNAs LNC_000226 and MALAT1 have been determined
as diagnostic markers of UA [17]. Despite this, knowledge of
circulating lncRNAs and their functions in ACS progression
is still in its infancy. In this study, we performed microarray
expression profiling to identify differences in circulating
lncRNA and mRNA expression patterns between ACS
patients and healthy subjects. This study was aimed at deter-
mining ACS-specific circulating lncRNAs and analyzing the
potential biological functions of lncRNAs during ACS
progression.

2. Materials and Methods

2.1. Patients and Samples. This study was approved by the
Ethics Committee of the Third Affiliated Hospital of Shang-
hai University (Wenzhou People’s Hospital) (KY-2017029).
All patients signed written informed consent. This research
was conducted in accordance with the guidelines of the Dec-
laration of Helsinki. From June 2017 to October 2017, whole
blood samples from 9 patients with ACS and 9 healthy par-
ticipants were collected in the Third Affiliated Hospital of
Shanghai University (Wenzhou People’s Hospital). The
diagnostic criteria of ACS were as follows: patients had ste-
nosis (at least one main coronary artery ≥ 50%) confirmed
by coronary angiography and/or met the AMI criteria (typ-
ical clinical symptoms, elevated cardiac enzyme levels, and a
representative set of electrocardiography (ECG)). The inclu-
sion criteria were as follows: (1) patients met the diagnostic
criteria, (2) patients were 35-75 years old, and (3) patients
provided informed consent. The exclusion criteria were as
follows: (1) patients had comorbid diseases, such as cardio-
myopathy, valvular heart disease, severe arrhythmia, heart
failure, and other concomitant diseases; (2) patients had data
collection difficulties, such as religious or language barriers;
and (3) patients were pregnant or breastfeeding. Within 3-
5 hours after the onset of symptoms but before angiography,
venous blood samples were collected from each subject by
anterior elbow venipuncture. The whole blood sample
(2ml) was directly collected into a test tube containing eth-
ylenediaminetetraacetic acid (EDTA), and then, a red blood
cell lysis buffer was added and other blood components were
removed through centrifugation at 3000 g at 4°C for 5
minutes within 2 hours. Next, 1ml of TRIzol was added,
and the sample was transferred to a RNase/DNase-free tube
and stored at -80°C.

2.2. Microarray Analysis. Microarray analysis was achieved
by Beijing Boao Jingdian Biotechnology Co., Ltd. (China).
Briefly, extracted RNA from serum samples of 4 ACS and
4 healthy subjects was reverse transcribed into complemen-

tary DNA (cDNA). Additionally, cRNA was synthesized
by reverse transcription. Fluorescent labeling, microarray
hybridization, microarray cleaning, and scanning were pre-
sented. GeneSpring software (version 13.0; Agilent) was
adopted for analyzing lncRNA and mRNA microarray data
for data aggregation, normalization, and quality control. Dif-
ferentially expressed lncRNAs and mRNAs were screened in
accordance with fold change ≥ 2 and Benjamini-Hochberg-
corrected p value < 0.05. Moreover, the Adjust Data function
of CLUSTER 3.0 software was utilized to perform log2 con-
version on the data and determine the median of lncRNAs
or mRNAs. Additionally, the data were further analyzed
through hierarchical clustering with average linkage. The
clustering results were visualized using Java TreeView soft-
ware [18]. Transcription factors of differentially expressed
lncRNAs were predicted with the Match-1.0 Public tran-
scription factor prediction tool. The binding of the 2000 bp
and 500 bp regions upstream of the start site of each lncRNA
with the transcription factor was predicted. On the basis of
the Pearson correlation analysis between differentially
expressed lncRNAs and mRNAs, a lncRNA-mRNA coex-
pression network was constructed in accordance with j
correlation coefficientj ≥ 0:99 and p < 0:05. Downstream tar-
gets of differentially expressed lncRNAs were also deter-
mined through cis-lncRNA prediction and trans-lncRNA
prediction. The prediction of cis-lncRNA was carried out
through close correlation with a set of expressed protein-
coding genes utilizing jcorrelation coefficientj ≥ 0:99 and
p < 0:05. At the genomic locus where the lncRNA was
located, the protein-coding gene and the lncRNA were
within 10 kb along the genome. Therefore, “cis” referred
to the regulation mechanism of the same locus, including
the antisense lncRNA-mediated regulation of protein-coding
genes encoded at the same locus. The complete sequence of
lncRNA was compared with the 3′UTR of the coexpressed
mRNA on the basis of the genome data from the UCSC web-
site (http://hgdownload.cse.ucsc.edu/admin/exe/) [19]. The
networks of transcription factor-lncRNA, lncRNA-mRNA,
and lncRNA-downstream target were established with Cytos-
cape software [20]. In the network, degree centrality was
defined as the number of links between one node and another
node. Degree was the simplest and most important measure of
gene centrality in a network of relative importance.

2.3. Real-Time Quantitative PCR (RT-qPCR). RNA extrac-
tion was conducted with the MiniBEST Universal RNA
Extraction Kit (Takara, China). Total RNA was reverse tran-
scribed into cDNA in the following reverse transcription
system: 1μl enzyme mix, 1μl RT primer mix, 4μl 5x Prime-
Script buffer, 2.7μg RNA, and 20μl RNase-free H2O. The
reaction procedure included 37°C lasting 15 minutes, 85°C
lasting 5 seconds, and 4°C which was held. RT-qPCR was
carried out in accordance with the following reaction system:
1μl forward primer, 1μl reverse primer, 10μl 2x mix, 7μl
H2O, and 1μl cDNA. Primer sequences were as follows:
GAPDH, 5′-GCCGAGGAGGTCAACTACAT-3′ (forward),
5′-GCTCAGGGTGATTGCGTAT-3′ (reverse); ALOX15, 5′
-CCCTGGATAAGGAAATTGAGATCC-3′ (forward), 5′-
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CCCTGGAGGAAATTGAGATCC-3′ (reverse); ENST0000
0538705.1, 5′-TTGCCTTTCTTGCAAAGTTTCC-3′ (for-
ward), 5′-CACTTTCCCTTTTCTACTTGCTCG-3′ (reverse);
ENST00000556936.1, 5′-CTTCCTTGTTCTGCTCTGGTTG-
3′ (forward), 5′-ACCCTAATGAACGATGTCACCC-3′
(reverse); and U6, 5′-CTCGCTTCGGCAGCACA-3′ (for-
ward), 5′-AACGCTTCACGAATTTGCGT-3′ (reverse). Rela-
tive expression was determined with 2-ΔΔCt method.

2.4. Cell Culture and Transfection. Human coronary artery
endothelial cells (HCAECs) were purchased from Jiangsu
Punuosheng Biotechnology Co., Ltd. (China). HCAECs were
maintained in endothelial basal medium 2 (EBM-2) supple-
mented with 15% fetal bovine serum (FBS; HyClone, USA).
All HCAECs were cultured in an incubator with a humid
environment and 5% CO2 at 37°C. siRNA sequences were
as follows: siRNA negative control (si-NC): 5′-UUCUCC-
GAACGUGUCACGUTT-3′ (forward), 5′-ACGUGACAC-
GUUCGGAGAATT-3′ (reverse); si-ALOX15#1: 5′-CGCU
AUCAAAGACUCUCUAAATT-3′ (forward), 5′-UUUA
GAGAGUCUUUGAUAGCGTT-3′ (reverse); si-ALOX15#2:
5′-AUGACUUCAACCGGAUUUUCUTT-3′ (forward), 5′
-AGAAAAUCCGGUUGAAGUCAUTT-3′ (reverse); si-
ALOX15#3: 5′-GUCGAUACAUCCUAUCUUCAATT-3′ (for-
ward), 5′-UUGAAGAUATGGAU (reverse); si-ENST00000538-
705.1#1: 5′-UGCUUGUUUUAUUAUGUUUUCUTT-3′ (for-
ward), 5′-AGAAAACAUAAUAAACAAGCATT-3′ (reverse);
si-ENST00000538705.1#2: 5′-CACUCAAUAAAUAUUUUG-
3′ (forward), 5′-AGCAAAAAUAUUUAUUGAGUGTT-3′
(reverse); and si-ENST00000538705.1#3: 5′-CCCCAUUUUAA
UCUUUCAGUATT-3′ (forward), 5′-UACUGAAAGAUUAA
AAUGGGGTT-3′ (reverse). The above siRNAs were transfected
into HCAECs with the Lipofectamine RNAiMAX reagent
(Thermo Scientific, USA). After 48h, RT-qPCR was presented
for measuring the expression of ALOX15 and ENST0000
0538705.1.

2.5. Western Blotting. Protein extraction was presented, and
protein concentration was measured with the BCA method.
Thereafter, protein was separated with SDS-PAGE electro-
phoresis and transferred onto the PVDF membrane. The
membrane was sealed by 5% milk/TBST at room tempera-
ture for 1 h, followed by incubation with primary antibodies
against ALOX15 (1 : 1000; 10021-1-Ig; Proteintech, China)
and GAPDH (1 : 1500; 60004-1-Ig; Proteintech) at 4°C over-
night. Thereafter, the membrane was incubated by HRP-
labeled goat antirabbit secondary antibody (1 : 2000;
SA00001-2; Proteintech) at room temperature for 1 h. Pro-
tein bands were developed with the ECL reagent and quan-
tified with ImageJ software.

2.6. Cell Counting Kit-8 (CCK-8). HCAECs in the logarith-
mic phase were digested and resuspended in complete
medium to a concentration of 3:5 × 104/ml. Thereafter,
HCAECs were inoculated into a 96-well plate (3500 cells/
well) and incubated for 18h for later use. HCAECs were
transfected with specific siRNAs and cultured for 24h,

36 h, 48 h, and 72 h. 10μl CCK-8 solution was added to each
well as well as incubated at 37°C for 4 h. After adding 10μl of
stop solution to each well, the optical density (OD) value at
450 was measured with a microplate reader.

2.7. Wound-Healing Assay. HCAECs were plated into a 6-
well plate at 3 ∗ 105 cells/well and incubated overnight in
an incubator with 5% CO2 at 37

°C. After siRNA transfection
for 24h, a 10μl pipette tip was utilized to make cell scratches
perpendicular to the well plate. The cell culture fluid was
aspirated, and the well plate was washed three times with
PBS to wash away the cell debris generated by the scratch.
Thereafter, the corresponding serum-free medium was
added. Images were acquired at 0 h, 6 h, 24 h, and 48 h,
respectively.

2.8. Animals. Twenty healthy adult male Sprague-Dawley
rats (age 8-10 weeks; body weight 250-300 g) were purchased
from the Hangzhou Scientific Cloud Biotechnology Co., Ltd.
(China). According to the National Institutes of Health
“Guidelines for the Care and Use of Laboratory Animals”
(Bethesda, Maryland, USA), the rats were kept in the animal
room at 25 ± 1°C. All rats had a standard diet and no dietary
restrictions. Our study gained the approval of the Animal
Ethics Committee of the Third Affiliated Hospital of Shang-
hai University (Wenzhou People’s Hospital) (KY-2017029).

2.9. Construction of Myocardial Infarction (MI) Rat Models.
All rats were randomly divided into the sham operation
group, MI+si-NC group, MI+si-ENST00000538705.1 group,
and MI+si-ALOX15 group (n = 5 each group). The rats were
anesthetized with intraperitoneal injection of pentobarbital
sodium (50mg/kg). Thereafter, their limbs were fixed, the
trachea was intubated, and the electrocardiograph and respi-
rator were connected. A 1.5 cm incision was made on the left
side of the chest between the third and fourth ribs for thora-
cotomy. The left atrial appendage was slightly lifted with
ophthalmic curved forceps. The left anterior descending
artery was ligated with 5/0 surgical sutures about 1mm
below the conus artery and then sutured to close the chest.
The markedly elevated ST segment in ECG lead II indicated
a successful ligation. For the MI+si-NC group, the rats
received a single intramyocardial injection of lentiviral ther-
apy with a blank sequence 30 minutes before surgery. For
the MI+si-ENST00000538705.1 group, the rats were treated
with intramyocardial injection of 50μg of lentivirus with the
si-ENST00000538705.1 sequence 30 minutes before surgery.
For the MI+si-ALOX15 group, the rats were treated with
50μg lentivirus with si-ALOX15 sequence intramyocardial
injection 30 minutes before surgery. For the sham operation
group, the rats received only unligated surgical thread inser-
tion. After two weeks, the rats were euthanized by intraper-
itoneal injection of 200mg/kg pentobarbital sodium, and the
rat hearts were excised and fixed with 4% paraformaldehyde
or stored at 80°C.

2.10. Histological Analysis. Myocardial tissues were fixed
in 4% paraformaldehyde for more than 24 hours, then
dehydrated and embedded in paraffin. Subsequently, the
paraffin-embedded tissues were cut into 4μm. After
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dewaxing into water, the sections were stained with Harris
hematoxylin (Proteintech, China) for 10 minutes. After rins-
ing with tap water, the slices were differentiated with 1%
hydrochloric acid alcohol for a few seconds. After rinsing
with tap water for 10 minutes, the sections were turned blue
with PBS for 5 minutes. The sections were then stained in
eosin (Sigma, USA) staining solution for 3 minutes. After
dehydration and mounting, microscopic examination, image
acquisition, and analysis were presented.

2.11. Biochemical Tests. Biochemical tests were presented
strictly in accordance with the corresponding instructions of
high-density lipoprotein (HDL; K076(2019005); Changchun

Huili Biotechnology Co., Ltd., China), total cholesterol (TC;
C063(2019006); Changchun Huili Biotechnology Co., Ltd.,
China), and low-density lipoprotein (LDL; K076(2019005);
Changchun Huili Biotechnology Co., Ltd., China) kits. The
antigen was diluted to 0.1ml/well with a carbonate buffer
and incubated overnight at 4°C. The serum samples were
washed three times the next day, and then, the diluted super-
natant (0.1ml) was added to the reaction well. The samples
were then incubated at 37°C for 1hour. Blank, negative, and
positive wells were set to compare with reaction wells. A
freshly diluted enzyme-labeled secondary antibody was added
and incubated at 37°C for 50 minutes. Next, the holes were
washed with deionized distilled water. Temporarily prepared
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(paclitaxel) | NHGRI GWAS Catalog
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Figure 1: Identification of ACS-specific circulating lncRNAs and mRNAs through microarrays. (a, b) Volcano and heat map diagrams show
dysregulated circulating lncRNAs in ACS patients compared with healthy subjects. (c, d) Volcano and heat map diagrams visualize
dysregulated circulating mRNAs in ACS patients compared with healthy subjects. (e–g) The first 30 enrichment results of (e) biological
processes, (f) KEGG pathways, and (g) diseases enriched by dysregulated circulating mRNAs. Rich factor indicates the ratio of input
frequency/background frequency, the size of the bubble indicates the number of dysregulated circulating mRNAs, and the color
corresponds to the q-value.

8 Disease Markers



ENST00000609511.1

ENST00000580603.1ENST00000427354.1

Cart-1

ENST00000588418.1

USF

Barbie Box

TCONS_00006821
ENST00000468444.2

XR_245619.2

XR_244257.1

ENST00000601814.1ENST00000445523.1

TCONS_00029753

TCONS_00009889

TCONS_00006534

CP2

ENST00000415632.1

ENST00000527297.1

uc001eby.1

HIT000217202

ENST00000430057.1

GATA-3

ENST00000561134.1

XR_243069.1

uc.252-

uc003icx.1

TCONS_00013557

ENST00000558994.1

ENST00000447954.1

ENST00000383038.3

ENST00000602616.1

Elk-1

XR_159033.1

ENST00000593558.1
TCONS_00010790

uc003izq.3

c-Myb

ENST00000430327.2

ENST00000415520.1

ENST00000579187.1

Tal-1beta/E47

ENST00000418353.1

ENST00000441238.1

Tal-1alpha/E47

uc031siy.1

TCONS_00014248

ENST00000559468.1

ENST00000458220.1

CRE-BP1/c-Jun

CREB
ENST00000448058.1

ENST00000363146.1

TCONS_00005398

ENST00000608369.1

XR_109927.1

NR_103791.1

XR_110793.1

ENST00000606564.1

ENST00000609268.1

ENST00000577569.1

XR_244440.1

ENST00000427820.1
ENST00000510153.1

ENST00000542819.1

TCONS_00014500

XR_241968.1

uc003lzi.3

ENST00000521666.1

ENST00000578285.1

c-Ets-1(p54)

uc.321+

uc.321-

XR_429584.1

XFD-2

TCONS_00006500TCONS_00006729

TCONS_00019182

ENST00000600850.1

COMP1

XFD-1
NR_109811.1

ENST00000592569.1

ENST00000602433.1

ENST00000518376.1

ENST00000552378.1

TCONS_00004206
ENST00000427278.3

Staf

ENST00000490916.1

GATA-1

Sox-5
TCONS_00028310

ENST00000428915.2

Pbx1b

NR_046213.1

ENST00000507092.1

uc001vvo.1

uc.172+

c-Rel

uc003ttf.3

TCONS_00027885

ENST00000445151.1

TCONS_00006887TCONS_00021511

TCONS_00006888
ENST00000421261.1

ENST00000568976.1
ENST00000517910.1

ENST00000426699.1
Pax-6

ENST00000512301.1

NR_033839.1

XR_430317.1ENST00000419394.1

ENST00000417672.1

HIT000327149TCONS_00003800

TCONS_00023980

ENST00000449958.1

TCONS_00021014

STATx
ENST00000565965.1

ENST00000279067.3

NF-E2

OCT-x

TCONS_00028464

ENST00000457957.2

XR_429840.1XR_244666.1 SOX-9

TCONS_00019702
ENST00000417875.1

TCONS_00003801

NF-kappaB

TCONS_00010550

E2

NF-kappaB(p65)

BSAP

STAT3

Tax/CREB

TCF11/MafG

GATA-2

ENST00000517854.1 XR_241746.2

ZID

ENST00000538349.1

ENST00000606829.1

Brn-2
ENST00000430595.1

XR_108644.1

TCONS_00008359
TCONS_00009887

uc002bey.3ENST00000533179.1 CDP CR3+HDXR_427724.1 ENST00000439760.1
ENST00000457853.1

TCONS_00027767
ENST00000443347.1

NRF-2

MEIS1A/HOXA9 TCONS_00012037
IRF-1

TCONS_00001854

XR_246321.1

XR_429839.1ENST00000425698.1
ENST00000435515.1

ENST00000438195.1

ENST00000437947.1

Ik-1

TCONS_00009886

TCONS_00008360
ENST00000570230.1

Evi-1

FOXD3

HNF-3beta

FOXJ2

uc.172-

XR_158995.2

ENST00000433113.1

TCONS_00028547

XR_427608.1

ENST00000446799.1

NF-Y

ENST00000558979.1

ENST00000413828.2

XR_109003.1ENST00000554530.1

ENST00000556936.1ENST00000446840.1

uc.318-

ENST00000427337.1

NR_110011.1

ENST00000586824.1

VBP

ENST00000426122.1

SRF

C/EBP

uc010isf.1

XR_110051.3

ENST00000584382.1

ENST00000415356.1

ENST00000563072.1
XR_427331.1

ENST00000444043.2

TCONS_00008209

XR_429535.1

ENST00000413792.1

ENST00000412593.1

ENST00000332935.6
TCONS_00008077

ENST00000420044.1

ENST00000527030.1

XR_245618.2

ENST00000437091.1

XR_244060.1

ENST00000421122.2

ENST00000556030.1

Gfi-1

ENST00000587759.1

CRE-BP1

ENST00000514130.1

TCONS_00023189

ENST00000512398.1XR_429615.1

uc.313+ uc002sti.1

XR_430487.1ENST00000573301.1

TCONS_00022787

ENST00000609724.1

XR_427919.1 AP-1

TCONS_00010638

ENST00000508713.1

TCONS_00000921
ENST00000509179.1

ENST00000536412.1

ENST00000511213.1

ENST00000500215.2 v-MybENST00000443284.1

TCONS_00012442
ENST00000505051.1

TGIF

HNF-4alpha1

COUP-TF/HNF-4

E2F

NKX6-1

RREB-1

XR_241122.1

ENST00000427373.1

ENST00000366312.2

ENST00000399868.2

ENST00000413479.1

ENST00000607109.1

ENST00000586211.1

ENST00000593848.1

uc.313-

ENST00000579781.1

ENST00000412141.1

ENST00000427918.1

GR

ENST00000504082.1

ENST00000443546.1

ENST00000557226.1

XR_244992.2

XR_430115.1

XR_244991.2

ENST00000587836.1

XR_427610.1

Lmo2complex

MIF-1

ENST00000417932.1

Freac-7

Olf-1

AP-4

Arnt

HFH-3

HFH-1

ARP-1

YY1

CCAAT

TCONS_00029593

RFX1

ENST00000445201.1

CHOP-C/EBPalpha

ENST00000454813.1

NR_047508.1

TCONS_00002724

TCONS_00010342

ENST00000585303.1

Hand1/E47

ENST00000577678.1

XR_109928.1

ENST00000517983.1

TCONS_00018871

TCONS_00018412

TCONS_00018411

ENST00000509184.1

ENST00000455464.2

ENST00000432536.1ENST00000425668.1

ENST00000520619.1

CCAAT box

ENST00000440496.1

ENST00000439008.1

myogenin/NF-1

ENST00000557343.1

TCONS_00003625

ENST00000607952.1

ER

ENST00000555432.1

TCONS_00001323

HIT000076874
XR_429582.1

TCONS_00001018

E47

ENST00000446689.1NR_026881.1

Poly A downstream element
ENST00000594959.1TCONS_00017672

HIT000078556_03
TCONS_00012819

TCONS_00001737

Pax-4

XR_429536.1
uc003xjb.3

uc022bje.2

TCONS_00017392
ENST00000538705.1

NR_037596.1

HLF HNF-1

ENST00000557777.1ENST00000421734.3 ENST00000604052.1
ENST00000525578.1 ENST00000607613.1

ENST00000596532.1ENST00000593878.1

ENST00000416090.1
ENST00000437128.1

uc031tge.1

TCONS_00028309

SREBP-1

c-Myc/Max

uc001vsl.1
ENST00000419300.2

NGFI-C

MEIS1B/HOXA9

TCONS_00022944

XR_428562.1

ENST00000474886.2

ENST00000443523.1

NR_026658.1

ENST00000524768.1

ENST00000601096.1ENST00000520185.1

ENST00000509161.1
ENST00000599740.1

ENST00000427109.1

uc004adv.2ENST00000606980.1

NR_036523.1

uc031pza.1

CDP CR1uc001trc.1

TCONS_00028339

HNF-4

TCONS_00010259ENST00000445003.1

NR_110012.1
v-Maf

ENST00000556763.1

NR_036487.1

ENST00000440798.1

ENST00000549386.2

ENST00000568045.1

NR_046433.1

XFD-3

ENST00000560853.1

uc010moa.3

TCONS_00001220

TCONS_00010340

ENST00000608190.1

XR_242006.1

TCONS_00002016

TCONS_00025984

ENST00000441214.1

ENST00000510449.1

Oct-1

ENST00000560760.1

Nkx2-5
MyoD

(a)

Figure 2: Continued.

9Disease Markers



ASO1638

uc.318-

TCONS_00006534

ENST00000599740.1

RNA146924|p0028_imsncRNA72

ENST00000510449.1

TCONS_00010342

XR_241746.2

uc003xjb.3

XR_428562.1

TCONS_00010638
TCONS_00017672

TCONS_00018412

TCONS_00002016

ENST00000426122.1

ENST00000607109.1

ENST00000430327.2

ENST00000413479.1

TCONS_00018411

ENST00000556030.1
ENST00000474886.2

ENST00000435515.1
ENST00000413828.2

ENST00000556763.1

XR_429536.1

ENST00000608369.1

lnc-MYO10-1TRPM6

ST8SIA1

LINC00683
RPS24

FAM84B

LOC101927043

A_21_P0008279

TRAF1

ST6GALNAC3

ENST00000437947.1

RPL36A

RRP15

PIP

LARP7

SNRPE

GEMIN6

HLA-DQA1 SLC8A1

DNAJB5

A_33_P3272010

ANXA3
FCER1A

OLAH

A_33_P3273490

IL1RAP

FBXO4

EMR4P

ENST00000524768.1
MRPS28

FAM26F

ENST00000602433.1

ERGIC1

CCDC144A

PPA1

DNAJA1

EXD1

NOXRED1

PPA1

PSMD14

CMSS1

CDKN3

SRFBP1

UQCRH

A_32_P159535

TDRD6

SNRPE

ZNF879

PPA1

CHIT1

SIGLEC8

NSUN7 SNRPD1

LOC283575

LOC93444

TRPM6

SAMD15

TUBD1RFX2

A_33_P3378491

A_24_P24972

PERP

CWC27

DCBLD2

TBC1D12 IL18RAP HTATSF1

HRH4

PCGF6

MND1

SLC11A1
HES1

MLNR STXBP1

MYB

TCONS_00006821

ENST00000559468.1

XR_158995.2

uc021vkt.1

ENST00000412141.1

TCONS_00018871

XR_429615.1

TCONS_00029593

uc001trc.1

uc003icx.1

ENST00000609724.1

ENST00000417875.1

XR_245618.2

XR_427331.1

ENST00000593878.1

XR_109003.1

ENST00000587759.1

TCONS_00006888

ENST00000419394.1

ENST00000449958.1

RNA33777|snoRNA_scaRNA_373_66
RNA144356|snRNA_309_158

ENST00000557777.1

ENST00000427354.1

RNA147402|p0506_imsncRNA69

XR_110793.1

XR_110051.3

ENST00000399868.2

TCONS_00001854

ENST00000586211.1

ENST00000500215.2

RNA96158|RNS_1240_64

TCONS_00027767

ENST00000419300.2

uc001vsl.1

ENST00000609511.1

ENST00000430595.1

ENST00000457853.1

ENST00000514130.1

ENST00000527297.1TCONS_00006887

TCONS_00009889

NR_037596.1

XR_244440.1

TCONS_00027885

ENST00000520619.1

NR_046433.1
ENST00000446840.1

lnc-IL1R2-2

XR_246321.1

TCONS_00009887

TCONS_00028339

TCONS_00022944

TCONS_00009886

ENST00000565965.1

ENST00000417672.1

RNA95900|RNS_982_99

TCONS_00008077

ENST00000427820.1

TCONS_00006729

ENST00000443347.1

ENST00000430057.1

XR_244257.1

ENST00000592569.1

ENST00000554530.1

ENST00000441214.1

ENST00000593558.1

XR_244060.1

RNA95754|RNS_836_117

ENST00000427278.3

XR_245619.2

ENST00000457957.2

RNA147828|p0932_imsncRNA758

SP140TMSB10ERGIC1

PID1
RTN3

CD177GAS7SNRPD2

CLCTPST1

TRIM9

RPL22

ARG1FAM157A
A_21_P0012528A_24_P288915

A_21_P0010493

TAS2R40
CLCN5

FLT1

GPR97

TCONS_00001220

IL1R1 P2RY14

A_24_P374564

CCNJL

C4orf27

CCDC40 FLJ38122

DDX4

SPATS2L

OR2V2

GRB10
TRIP13

SERPINA11

uc031siy.1

IL1R1

ZNF22

LOC100128276

TIFAB

ENST00000332935.6

GPR141

ALOX15

lnc-PI3-1

COX7C

CBS

NR_046213.1

ALOX15P1

ST6GALNAC3

MCEMP1

CCDC144A

XLOC_l2_013861

PLK3

DAAM2
RPS27A

SEPT14

ENST00000536412.1

SEPT14

CD177
PADI4

FKBP5

LOC102723526
ARMC12

SLC8A1
CXCL10

SLC11A1C9orf84 ACE2

RPL36A
GPR15

OLAH

OAS2
A_24_P212024

RTP4

MKNK1

CLDN23

TMED8

TGFA

TRUB1

AWAT2

A_33_P3367894

REPS2

FGF10
LOC100288814

IFIH1

KYNU

A_24_P529627

MGAM

PTPRN2

ARHGAP24

FSD1L

PPA1
GRB10

IL34

TAF4B

MOV10

LINC01503

MCTP2
ARG1

MAK

ATP9A

LAMP3

HSPE1

A_33_P3216557

FKBP5

SLC22A4

SOCS3

HRH2 MPZL1
LINC00963

A_24_P280873

PROK2 PFKFB2

LINC00963 ERH

CYSTM1

DDX60

TMEM237

TXLNB

ST3GAL4

A_33_P3226955

DNAH17

CYBRD1

TCAIM

IRAK3

GPR97

TCTEX1D4 FGFR2

IL18R1

ENST00000606829.1

A_24_P587443

DPPA5
ADAMTS2COL9A2

SP140

PFKFB3 PTGDR2

A_33_P3363395

PRSS33

KREMEN1

lnc-IL1R2-2

LINC01127
TRPM6

CLRN1

RPS15A

IL18R1

IL1RAP

CXCL10

ATP11A-AS1

CYSLTR2

CD177
A_33_P3310286

LYSMD2
RALGAPA2

lnc-SLC5A1-1

A_21_P0011752

CCDC144A

RPL39L

VSIG8

CD99

A_33_P3243230

PFKFB3

A_33_P3281444

EPSTI1

(b)

Figure 2: Continued.

10 Disease Markers



ENST00000500215.2

TCONS_00009886

IRAK3

ENST00000536412.1

GEMIN6

ENST00000426122.1

ENST00000332935.6

LOC283575

TCONS_00008359

XR_427608.1

SAMD15

XR_427610.1 ADAMTS2

LOC100507639

LOC100507639

ENST00000508713.1

ENST00000511213.1

ENST00000509161.1

NR_046213.1

SLC22A4

TCONS_00008077

ENST00000437091.1

SEPT14

MAK

ENST00000570230.1

ENTPD1

uc031siy.1

SEPT14

TMED8

CYSTM1

ENST00000606829.1

LOC102724332

DAAM2

XR_108644.1

uc021vkt.1

A_24_P626951

ENST00000437947.1

GBP4TRPM6 TCONS_00001018 ENST00000437128.1 IFIT3

TCONS_00006887 ENST00000432536.1 HIT000217202

PROK2

GBP5GBP1

CAND1CD177

LIT2197ENST00000607109.1

ALOX15

XR_244257.1

ENST00000427820.1ENST00000520185.1

ENST00000602433.1 XR_430115.1

IDO1 TRPM6

A_21_P0012528

XR_246321.1 NR_033839.1ENST00000601814.1ENST00000579781.1 TCONS_00009889

LOC102723526

LINC00683MKNK1

ST3GAL4

ENST00000587759.1

FKBP5

SOCS3XR_242006.1

TCONS_00025984

ENST00000592569.1

XR_244060.1

FKBP5

LINC00963

RFX2

ENST00000419300.2

TCONS_00029753

MYL9

ENST00000430595.1
uc002sti.1

USP18

ENST00000584382.1

LIT1751

ENST00000608369.1

ENST00000561134.1

CXorf36

XR_244992.2

ENST00000593878.1

SLC8A1

ENST00000596532.1

XR_244991.2

(c)

Figure 2: Continued.

11Disease Markers



inflammatory response | GO:0006954
response to stress | GO:0006950

regulation of interleukin−12 production | GO:0032655
negative regulation of immune system process | GO:0002683

regulation of muscle contraction | GO:0006937
regulation of innate immune response | GO:0045088

response to interferon−gamma | GO:0034341

production of molecular mediator involved 
in inflammatory response | GO:0002532

kynurenic acid biosynthetic process | GO:0034276
positive regulation of macrophage tolerance induction | GO:0010933

interleukin−18 secretion | GO:0072616
regulation of macrophage tolerance induction | GO:0010932

kynurenic acid metabolic process | GO:0034275
swimming behavior | GO:0036269

macrophage tolerance induction | GO:0010931
immune response | GO:0006955

cytokine−mediated signaling pathway | GO:0019221
regulation of response to cytokine stimulus | GO:0060759

regulation of cytokine−mediated signaling pathway | GO:0001959
cellular response to interferon−gamma | GO:0071346

innate immune response | GO:0045087
tolerance induction | GO:0002507

cytokine production involved in inflammatory response | GO:0002534
defense response | GO:0006952

response to wounding | GO:0009611
regulation of tolerance induction | GO:0002643

regulation of immune response | GO:0050776
response to cytokine | GO:0034097

cellular response to cytokine stimulus | GO:0071345
positive regulation of tolerance induction | GO:0002645

0 200 400 600

Rich Factor

Te
rm

Gene number
2.5

5.0

7.5

0.05

0.06

0.07

q-valueStatistics of Biological_Process Enrichment

10.0

12.5

(d)

Figure 2: Continued.

12 Disease Markers



N−Glycan antennae elongation | Reactome
Organic cation/anion/zwitterion transport | Reactome

Reduction of cytosolic Ca++ levels | Reactome
Insulin signaling pathway | KEGG PATHWAY

L−kynurenine degradation | BioCyc
Sodium/Calcium exchangers | Reactome

UTP and CTP dephosphorylation I | BioCyc
NAD de novo biosynthesis | BioCyc

Regulation of IFNG signaling | Reactome
Spry regulation of FGF signaling | Reactome

Tryptophan catabolism | Reactome
Immune System | Reactome

Interleukin−6 signaling | Reactome
tryptophan degradation | BioCyc

Organic cation transport | Reactome
O−linked glycosylation | Reactome

Phosphate bond hydrolysis by NTPDase proteins | Reactome

tryptophan degradation to 2−amino−
3−carboxymuconate semialdehyde | BioCyc

Synthesis of 15−eicosatetraenoic acid derivatives | Reactome
Synthesis of 12−eicosatetraenoic acid derivatives | Reactome

UTP and CTP dephosphorylation II | BioCyc
PTK6 Activates STAT3 | Reactome

lipoxin biosynthesis | BioCyc
resolvin D biosynthesis | BioCyc

Mineral absorption | KEGG PATHWAY
Regulation of IFNA signaling | Reactome

Interferon alpha/beta signaling | Reactome
Cytokine Signaling in Immune system | Reactome

Interferon gamma signaling | Reactome
Interferon Signaling | Reactome

0 50 100 150

Rich Factor

Te
rm

Gene number
1
2

3

4

0.025

0.050

0.075

0.100

0.125

q-valueStatistics of Pathway Enrichment

5

6

7

(e)

Figure 2: Continued.
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tetramethylbenzidine was added to each reaction well and
incubated at 37°C for 20 minutes. Stop solution (50μl) was
added to stop the reaction. The OD value was detected at
450nm wavelength within 20 minutes.

2.12. Statistical Analysis. All statistical analyses were con-
ducted by the R software and GraphPad Prism 8.0 software.
Each experiment was repeated at least three times. The data
are expressed as mean ± standard deviation. The differences

between different groups were analyzed by Student’s t-test
or one-way analysis of variance (ANOVA). p < 0:05 was
considered statistically significant.

3. Results

3.1. Identification ACS-Specific Circulating lncRNAs and
mRNAs. This study presented a microarray analysis between
three pairs of serum samples from ACS patients and healthy
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Figure 2: Analysis of up- and downstream factors of dysregulated lncRNAs in ACS. (a) The network of transcription factors and
dysregulated lncRNAs. The yellow circle represents lncRNA, the purple circle represents transcription factor, and the size of the circle
represents the degree of transcription factor or lncRNA in the network. (b) The lncRNA-mRNA coexpression network. The yellow circle
represents lncRNA, the green circle represents mRNA, and the size of the circle represents the degree of lncRNA or mRNA in the
network. The red line represents a positive correlation, and the blue line represents a negative correlation. (c) The network of lncRNAs
and their downstream targets. The yellow circle indicates lncRNA, the green circle indicates downstream mRNA, and the size of the
circle represents the degree of lncRNA or downstream target in the network. (d–f) The first 30 enrichment results of (d) biological
processes, (e) KEGG pathways, and (f) diseases of downstream targets enriched by dysregulated lncRNAs. The rich factor indicates the
ratio of input frequency/background frequency, the size of the bubble indicates the number of genes annotated to this function entry for
downstream genes, and the color corresponds to the q-value.
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subjects. With jlog 2fold − changej > 1 and p < 0:05, we
determined 111 upregulated lncRNAs and 242 downregu-
lated lncRNAs in ACS patients compared with healthy con-
trols (Figures 1(a) and 1(b)). Meanwhile, 266 mRNAs were
upregulated, and 175 mRNAs were downregulated in ACS
(Figures 1(c) and 1(d)). In Figure 1(e), we found that
immune-related biological processes (immune system pro-
cess, response to cytokine, cellular response to cytokine
stimulus, and cytokine-mediated signaling pathway, etc.)
were prominently enriched by dysregulated mRNAs. KEGG
enrichment analysis demonstrated that these dysregulated
mRNAs were linked to immune activation pathways such
as cytokine signaling in the immune system, cytokine-
cytokine receptor interaction, and interleukin signaling
pathway (Figure 1(f)). Also, the above mRNAs were related
to diverse diseases (Figure 1(g)).

3.2. Analysis of Up- and Downstream Factors of Dysregulated
lncRNAs in ACS. Transcription factor prediction was pre-
sented utilizing the Match-1.0 Public transcription factor
prediction tool. The binding of the 2000 bp upstream and
500 bp downstream region of the start site of each lncRNA
to the transcription factor was predicted, and the results
are shown in Figure 2(a). Coexpression analysis adopted
the standardized signal value of each probe in each sample
as the data source to perform pairwise correlation calcula-
tion and hypothesis verification, thereby obtaining the corre-
lation coefficient and p value. In this study, lncRNA-mRNA
coexpression pairs were determined in accordance with j

correlation coefficientj > 0:99 and p value < 0.05, as shown
in Figure 2(b). Additionally, we carried out the coexpression
analysis of lncRNA and mRNA. Briefly, cis-prediction was
used for exploring lncRNA-mRNA pairs within 10 kb of
the genome while trans-prediction adopted the blat tool to
compare the lncRNA and mRNA (3′UTR) sequences to
screen lncRNA-mRNA pairs with similar sequences.
Figure 2(c) depicted the interaction network of lncRNAs
and their coexpressed mRNAs with jcorrelation coefficientj
> 0:99 and p value < 0.05. Biological significance of coex-
pressed mRNAs was further probed. In Figure 2(d), the
above mRNAs were remarkably enriched in immune-
relevant biological processes such as regulation of immune
response, cellular response to cytokine stimulus, cytokine
production involved in inflammatory response, innate
immune response, cellular response to interferon-gamma,
regulation of cytokine-mediated signaling pathway, macro-
phage tolerance induction, IL-18 secretion, and regulation
of IL-12 production. Additionally, immune-relevant path-
ways were prominently enriched by coexpressed mRNAs,
including cytokine signaling in the immune system, regula-
tion of IFNα signaling, and IL-6 signaling (Figure 2(e)).
Also, we found that these mRNAs were distinctly linked to
diverse diseases (Figure 2(f)).

3.3. Verification of the Expression of ENST00000538705.1,
ENST00000556936.1, and ALOX15 in ACS Patients. The
expression of lncRNAs ENST00000538705.1 and ENST0000
0556936.1 as well as coexpressed mRNA ALOX15 was further
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Figure 3: Verification of the expression of ENST00000538705.1, ENST00000556936.1, and ALOX15 in ACS patients. (a–c) RT-qPCR for
measuring the expression of (a) ENST00000538705.1, (b) ENST00000556936.1, and (c) ALOX15 in serum samples of ACS patients and
healthy subjects. ∗p < 0:05, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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Figure 4: Continued.
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verified in serum specimens of ACS patients and healthy sub-
jects. Our data confirmed that the lncRNA ENST0000
0538705.1 expression was remarkably upregulated as well as
the ENST00000556936.1 expression was prominently down-
regulated in ACS patients compared with healthy subjects
(Figures 3(a) and 3(b)). Additionally, we found the prominent
upregulation of ALOX15 in ACS patients (Figure 3(c)).

3.4. Silencing ENST00000538705.1 Reduces ALOX15
Expression in HCAECs. To investigate the interaction of
ENST00000538705.1 and ALOX15 as well as their biological
significance, HCAECs were separately transfected with spe-
cific siRNAs against ENST00000538705.1 and ALOX15. In
Figure 4(a), si-ENST00000538705.1#2 remarkably lowered
the expression of ENST00000538705.1 in HCAECs, which
was adopted for further experiments. Meanwhile, we investi-
gated the excellent knockdown effect of si-ALOX15#1 in
HCAECs (Figure 4(b)). Further analysis indicated that
silencing ALOX15 did not alter the ENST00000538705.1
expression in HCAECs (Figure 4(c)). However, ENST0000
0538705.1 knockdown remarkably reduced the expression
of ALOX15 in HCAECs (Figures 4(d)–4(f)). This indicated
that ALOX15 acted as a downstream target of ENST0000
0538705.1.

3.5. Silencing ENST00000538705.1 or ALOX15 Weakens the
Proliferative and Migrated Capacities of HCAECs. CCK-8
results demonstrated that the viable HCAECs transfected
with si-ENST00000538705.1 or si-ALOX15 were markedly
decreased in comparison to the si-NC group (Figure 5(a)).
This indicated that silencing ENST00000538705.1 or
ALOX15 remarkably weakened the proliferation of
HCAECs. A wound-healing assay was presented to evalu-

ate the migration of HCAECs. Compared with the si-NC
group, the migration ability of HCAECs transfected with
si-ENST00000538705.1 or si-ALOX15 was remarkably
weakened (Figures 5(b) and 5(c)).

3.6. Silencing ENST00000538705.1 or ALOX15 Improves
Myocardial Injury in Rats with MI. To further investigate
the effects of ENST00000538705.1 and ALOX15 on ACS,
we constructed MI rat models through ligating the left coro-
nary artery. Two weeks later, the heart tissues were taken for
H&E to observe the pathological condition. The cardiomyo-
cytes of rats in the sham operation group were arranged
more uniformly, without breaks and with normal cardio-
myocytes (Figure 6). However, the cardiomyocytes of the
MI model group were swollen and obviously thickened, with
very irregular shapes and disordered arrangement. For MI
rats with si-ENST00000538705.1 or si-ALOX15 treatment,
cardiomyocyte hypertrophy and arrangement disorder were
remarkably ameliorated.

3.7. Silencing ENST00000538705.1 or ALOX15 Reduces Blood
Lipids in Rats with MI. The serum levels of TC, LDL, and
HDL of rats in each group were detected separately. Com-
pared with rats in the sham operation group, the serum
levels of TC and LDL in MI rats were significantly increased
(Figures 7(a) and 7(b)). Compared with rats with MI, after
intervention with si-ENST00000538705.1 or si-ALOX15,
the serum levels of TC and LDL of MI rats were significantly
decreased. As shown in Figure 7(c), in comparison to rats in
the sham operation group, the serum levels of HDL of MI
rats were significantly reduced. However, the serum HDL
levels of MI rats were significantly increased following treat-
ment with si-ENST00000538705.1 or si-ALOX15.
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Figure 4: Silencing ENST00000538705.1 reduces ALOX15 expression in HCAECs. (a) RT-qPCR for evaluating the transfection effect of
three specific siRNAs against ENST00000538705.1 in HCAECs. (b) The transfected effect of three specific siRNAs against ALOX15 in
HCAECs via RT-qPCR. (c) RT-qPCR for measuring the expression of ENST00000538705.1 in HCAECs transfected with si-
ENST00000538705.1 or si-ALOX15. (d–f) RT-qPCR and western blotting for quantifying the expression of ALOX15 in HCAECs
transfected with si-ENST00000538705.1 or si-ALOX15. ns: not significant; ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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Figure 5: Silencing ENST00000538705.1 or ALOX15 weakens the proliferative and migrated capacities of HCAECs. (a) CCK-8 for
measuring viable HCAECs transfected with si-ENST00000538705.1 or si-ALOX15 in specified time points. (b, c) Migration capacities of
HCAECs transfected with si-ENST00000538705.1 or si-ALOX15 through a wound-healing assay in specified time points. Bar = 100μm.
Magnification = 200x. ns: not significant; ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.

Sham MI

MI+si-ENST00000538705.1 MI+si-ALOX15

Figure 6: Silencing ENST00000538705.1 or ALOX15 improves myocardial injury of MI rats. H&E staining for observing the pathological
condition of myocardial tissues of rats in the sham group, MI group, MI+si-ENST00000538705.1 group, and MI+ALOX15 group. Bar =
20μm. Magnification = 200x.
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3.8. Silencing ENST00000538705.1 or ALOX15 Reduced
their Expression Levels in the Serum of Rats with MI.
The expression level of ENST00000538705.1 was further
measured. The results showed that ENST00000538705.1
presented a higher expression in the serum of rats in the
MI group than in the sham operation group. Nevertheless,
its expression in the serum of MI rats was remarkably
lowered after administration with si-ENST00000538705.1
or si-ALOX15 (Figure 8(a)). Also, ALOX15 expression was
detected in serum samples. As a result, higher ALOX15
expression was investigated in the MI group in comparison
to the sham group (Figures 8(b)–8(d)). But intervention with
si-ENST00000538705.1 or si-ALOX15 decreased the serum
levels of ALOX15 for MI rats.

4. Discussion

In the past few decades, the molecular mechanisms of ACS
have been extensively studied [21–24]. Nevertheless, in-
depth analysis is needed to uncover the pathogenesis of
ACS. Although a few thousands of lncRNAs have been func-
tionally characterized in ACS, their potential mechanisms in
ACS remain greatly indistinct [25–27]. In our study, we
adopted microarray technology to obtain the expression data
of lncRNAs and mRNAs in serum specimens from 4
patients with ACS and 4 healthy controls. As a result, we
determined 111 upregulated lncRNAs and 242 downregu-
lated lncRNAs in ACS. Additionally, 266 upregulated
mRNAs and 175 downregulated mRNAs were determined
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Figure 7: Silencing ENST00000538705.1 or ALOX15 reduces blood lipids of MI rats. (a–c) The levels of (a) TC, (b) LDL, and (c) HDL in the
serum of rats in the sham group, MI group, MI+si-ENST00000538705.1 group, and MI+ALOX15 group. ∗p < 0:05 and ∗∗∗∗p < 0:0001.
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in ACS. Immune and inflammation dysfunctions exert cru-
cial roles in clinical manifestations and complications of
ACS [3]. Our functional enrichment results showed that
dysregulated circulating mRNAs were remarkably linked to
immune-relevant biological processes and pathways, indi-
cating their roles in ACS progression.

The regulatory mechanisms of these dysregulated
lncRNAs were further probed out. We firstly analyzed the
upstream regulatory mechanism of dysregulated lncRNAs.
We identified the transcription factors of these lncRNAs,
such as Nkx2-5, Pax-4, HNF-4, FOXJ2, and CHOP-C/
EBPalpha. These transcription factors might be involved in
modulating the expression of circulating lncRNAs in ACS.
Coexpression analysis is based on correlation, looking for

lncRNA-mRNA relationship pairs with similar expression
profiles from the genetic expression layer [28]. Many func-
tionally related genes have very similar expression profiles
under a set of related conditions, especially genes that are
coregulated by common transcription factors, or their prod-
ucts form the same protein complex or participate in the
same regulatory pathway [29]. In this study, our coexpres-
sion analysis and network construction based on coexpres-
sion results can help us discover the possible relationship
between lncRNA and mRNA, determine the lncRNA that
affects the regulation of the mRNA expression, and find
the lncRNA that plays a central regulatory role in the net-
work and discovers the possible new mechanism of action
of lncRNA. It has been demonstrated that lncRNA can
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Figure 8: Silencing ENST00000538705.1 or ALOX15 reduces their expression levels in the serum of rats with MI. (a) ENST00000538705.1
expression in the serum of rats in the sham group, MI group, MI+si-ENST00000538705.1 group, and MI+ALOX15 group through RT-
qPCR. (b–d) RT-qPCR and western blotting for measuring the expression of ALOX15 in the serum specimens from above groups. ∗∗∗p
< 0:001 and ∗∗∗∗p < 0:0001.
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regulate the expression of nearby genes through interaction
with nearby genes or regulate the expression of distant genes
through the indirect influence of miRNA [30–32]. Shen et al.
identified key molecular markers (PDZK1IP1, PROK2,
LAMP3, etc.) of ACS utilizing peripheral blood transcriptome
sequencing and mRNA-lncRNA coexpression analysis [33].
Herein, we presented target gene prediction analysis on the
basis of the above two mechanisms of action to predict the
mRNA that lncRNA may modulate. Target gene prediction
can be divided into cis-prediction and trans-prediction. For
cis-prediction, we predicted the lncRNA-mRNA relationship
pairs that had a certain relationship through the position
alignment of lncRNA and mRNA. Meanwhile, for trans-pre-
diction, possible lncRNA-mRNA relationship pairs were
determined through sequence alignment. Overall, our analysis
characterized the up- and downstream regulatory mecha-
nisms of dysregulated lncRNAs.

Among lncRNA-mRNA relationship pairs, we focused on
ENST00000538705.1 and ALOX15. After verification, circu-
lating ENST00000538705.1 and ALOX15 were both upregu-
lated in ACS patients. In HCAECs, we found that silencing
ENST00000538705.1 remarkably decreased the expression
ALOX15. Nevertheless, ALOX15 knockdown did not influ-
ence the ENST00000538705.1 expression in HCAECs. This
indicated that ALOX15 might be a downstream target of
ENST00000538705.1. The proliferation and migration of
endothelial cells following MI are crucial for angiogenesis
[34]. Previously, Liu et al. demonstrated that lncRNA ANRIL
suppression enabled to promote cell proliferation and tubule
formation and inhibit inflammatory activation and apoptosis
of endothelial cells [35]. Du et al. reported that lncRNA
HCG11 alleviated high glucose-induced vascular endothelial
damage by increasing cell proliferation and tube formation
[26]. Additionally, lncRNA TCONS_00024652 was identified
to facilitate vascular endothelial cell proliferation and angio-
genesis [36]. Herein, we found that silencing ENST0000
0538705.1 and ALOX15 markedly weakened the proliferation
and migration of HCAECs, indicating that they might partic-
ipate in ACS progression. Evidence has demonstrated that the
effect of ALOX15 induces endothelial cell barrier dysfunction
in high-fat-diet rats [37]. Hence, we speculated that the anti-
sense lncRNA ENST00000538705.1 might enhance the stabil-
ity of ALOX15 mRNA, thereby enhancing the proliferation
and migration ability of HCAECs.

The therapeutic effects of si-ENST00000538705.1 and si-
ALOX15 were also investigated in MI rat models. Our results
demonstrated that silencing ENST00000538705.1 or ALOX15
remarkably relieved myocardial injury following MI. Previ-
ously, lncRNA SLC8A1-AS1 protected the myocardium from
damage via weakening SLC8A1 and activating cGMP-PKG
signaling in MI models [38]. Moreover, ATP2B1-AS1 knock-
down protected against MI mice through blocking NF-κB
signaling [27]. Our study noted that ENST00000538705.1 or
ALOX15 knockdown reduced serum TC and LDL levels as
well as elevated serum HDL levels in MI rats. These results
indicated that ENST00000538705.1 and ALOX15 might
become potential targets for the treatment of MI.

The limitations of our study should be pointed out. First
of all, the sample size used for microarray and RT-qPCR

analysis was relatively small. In our future studies, the sam-
ple size of each group will be increased for further verifying
our findings. Furthermore, the molecular mechanisms
underlying ENST00000538705.1 and ALOX15 in ACS pro-
gression remain to be fully elucidated, and in-depth studies
are required.

5. Conclusion

In conclusion, we determined upregulated ENST0000
0538705.1 and ALOX15 in serum specimens of patients with
ACS. Bioinformatics analysis identified the remarkable
interaction between ENST00000538705.1 and ALOX15,
and ENST00000538705.1 knockdown significantly inhibited
ALOX15 expression in HCAECs. Silencing ENST0000
0538705.1 and ALOX15 both weakened the proliferation
and migration of HCAECs. Additionally, their knockdown
relieved myocardial damage of MI rats. Altogether, lncRNA
ENST00000538705.1 and ALOX15 may become potential
molecular targets for ACS therapy.
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The aim of this study was to explore the role of ILK in an in vitro model of diabetic cardiomyopathy. We used 30mmol/L high
glucose to treat H9C2 cells to construct an in vitro model, knocked down the ILK expression level of H9C2 cells by small
interference technology, and detected the activity of antioxidant enzymes and inflammatory factors in the supernatant. The
expression levels of SOD1 and IL-1β were detected by immunofluorescence staining. The expression levels of the TLR4/
MyD88/NF-κB signaling pathway and its downstream factors were detected by quantitative reverse-transcription polymerase
chain reaction (qRT-PCR). Compared with the control group, after high-glucose culture of H9C2 cells, the cell activity
decreased, while the apoptosis rate increased, with the TLR4/MyD88/NF-κB signaling pathway activated, thereby inducing
oxidative stress and inflammation. Compared with the high-glucose group, the HG+si-ILK group increased cell activity,
decreased the apoptosis rate, and inhibited the excessive activation of the TLR4/MyD88/NF-κB signaling pathway, thereby
improving oxidative stress and inflammation. Knockdown of ILK expression can protect H9C2 cells from reducing high
glucose-induced inflammation, oxidative stress, and apoptosis by inhibiting the TLR4/MyD88/NF-κB signaling pathway.

1. Introduction

With the changes in lifestyle and diet structure, the inci-
dence of metabolic diseases, especially obesity and type 2
diabetes, has increased year by year globally. Diabetic car-
diomyopathy (DCM) has become one of the most important
diseases that threaten human health [1]. DCM was first pro-
posed by Rubler in 1972 [2]. It refers to myocardial diseases
that occur in diabetic patients and cannot be explained by
hypertension, coronary heart disease, heart valve disease,
and other heart diseases. The structural change is the main
performance, which can eventually progress to heart failure
(HF) [3]. Since then, research on DCM has been carried
out one after another and has achieved certain results, but
its pathogenesis has not yet been fully elucidated. Previous
evidence showed that metabolic disorders, oxidative stress
(OS), inflammatory response, and apoptosis all played cru-
cial roles in the pathogenesis of DCM [4–6]. Diabetes is an
independent risk factor for cardiovascular disease (CVD).

Patients with CVD and diabetes have worse short-term or
long-term prognosis than those without diabetes. Therefore,
exploring the pathogenesis of DCM is particularly
important.

Integrin-linked kinase (ILK) is a serine-threonine pro-
tein kinase in the lysates of animal epithelial cells and tumor
cells. As a crucial linker protein and signaling protein, integ-
rin and growth factor receptors play a key role in mediating
the interaction between cells and extracellular matrix and
signal transmission inside and outside cells [7]. ILK is most
abundantly distributed in the heart. Studies have found that
ILK may play a role as a regulator in the cardiac hypertrophy
signal transduction pathway [8]. ILK has a nonnegligible
effect on the occurrence and development of cardiomyopa-
thy. Therefore, we speculate that ILK might play a crucial
role in regulating high glucose-induced cardiomyocyte apo-
ptosis, OS, and inflammatory response.

Toll-like receptors (TLRs) are a family of receptors that
mediate innate immunity. As a key transmembrane protein
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that triggers inflammation, it is involved in the regulation of
immune inflammation and is considered to be the main
body that mediates immune and inflammation [9]. Studies
have shown that TLRs not only recognize the exogenous
ligand lipopolysaccharide but also the endogenous ligand
expressed during diabetes injury and play a major role in
the occurrence and development of diabetes and its compli-
cations [10]. TLR4 is the first TLRs found in mammals. After
TLR4 on the surface of myocardial cell membrane is stimu-
lated by the corresponding ligand, it can activate the
immune inflammation of myocardial tissue [11]. TLR4 can
activate MAPK and NF-κB signaling pathways through
myeloid differentiation factor 88- (MyD88-) dependent
pathway cascade reactions, thus promoting the expression
of related genes and initiating natural immunity [12]. NF-
κB is a crucial nuclear transcription factor, located in the
pivotal position of the signaling pathway downstream of
TLRs. It can complete the transmission of inflammation sig-
nals by regulating the cascade of immune and inflammation-
related factors and inflammatory transmitters [13]. There-
fore, the TLR4-MyD88-NF-κB signaling pathway plays a
crucial pivotal role in the regulation of immune and inflam-
matory responses. At present, the mechanism of TLR4-
MyD88-NF-κB signaling pathway mediating inflammatory
response in diabetic nephropathy and vascular disease is rel-
atively clear, and the specific mechanism of its regulation
and control of DCM remains to be further studied.

2. Materials and Method

2.1. Cell Culture. H9C2 cells were purchased from Shanghai
Institute of Life Sciences, Chinese Academy of Sciences (Cell
Culture Center, Shanghai, China), and 3 to 8 passage cells
were selected for experiment. H9C2 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM; Life Tech-
nology, Wuhan, China) containing 10% fetal bovine serum
(FBS; Life Technology, Wuhan, China) in a 37°C normoxic
cell incubator, and the fluid was changed every other day.

2.2. Cell Transfection and Treatment. H9C2 cells at log phase
were planted in 6-well plates. Transfection should be per-
formed after the cells adhere to the wall, and the confluence
of the cells should be 30%-50% during transfection. Then,
we transfected H9C2 cells with si-ILK and si-NC according
to the instructions of Lipofectamine2000 Transfection
Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
and observed the cell status under an optical microscope
(Becton Dickinson, Heidelberg, Germany). And 24 hours
after transfection, the cell culture medium was changed.

2.3. Western Blot (WB). H9C2 cells were cultured in 6-well
plates and were divided into different groups as mentioned
above. When the cell fusion degree is about 80%, 50μL of
lysate (Beyotime, Nanjing, China) was used to lyse the cul-
tured H9C2 cells. Protein concentration detection kit (Beyo-
time, Nanjing, China) was used to detect the concentration
of the extracted protein. After boiling the protein sample,
40μg protein sample was added into each well for the elec-
trophoresis at a voltage of 90V. Then, the protein was trans-

ferred to the membrane at a constant current of 250mA for
2 hours. Then, the polyvinylidene difluoride (PVDF,
Thermo Fisher Scientific, Waltham, MA, USA) membranes
were blocked with 5% skimmed milk powder, followed by
being incubated with the primary antibodies (IL-1β, Abcam,
1 : 1000, Cambridge, MA, USA) overnight at 4°C. After
washing with phosphate-buffered saline (PBS) buffer, the
secondary antibody labeled with horseradish peroxidase
was added to the membranes for incubation at room tem-
perature. After incubation for 1 hour, the membranes
reacted with electrochemiluminescence (ECL, Yifei Xue Bio-
technology, Nanjing, China) and were exposed in the dark
room.

2.4. RNA Isolation and Quantitative Reverse-Transcription
Polymerase Chain Reaction (qRT-PCR). Prechilled PBS was
used to wash H9C2 cells, and then, TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA) was used to extract
total cellular RNA. The reverse transcription kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used to tran-
scribe RNA into cDNA. RT-PCR was performed according
to a previous report [12]. Primers used are shown in Table 1.

2.5. MTT Assay. Trypsin (Kaiji, Nanjing, China) was used to
digest H9C2 cells, and then, cells were formulated into a cell
suspension with a concentration of 1 × 105/mL. Then, the
cells were inoculated into 96-well plates at 1 × 104 cells/well
with the total amount of medium 100μL per well. Then, the
cells were incubated in a 37°C, 5% CO2 incubator. Next, dif-
ferent stimulations were given to each experimental group.
After incubating for 0, 4, 8, 12, 16, 20, and 24 hours, 20μL
of MTT solution (Construction, Nanjing, China) was added
to each well. After 4 hours, the culture was terminated and
150μL of dimethyl sulfoxide (Construction, Nanjing, China)
was added to each well after discarding the supernatant.
Finally, a microplate reader was used to measure OV570
value, and the cell survival rate was calculated according to
the formula.

2.6. Tunel Staining. When the cells were nearly 80% conflu-
ent, 4% paraformaldehyde (Construction, Nanjing, China)
was used for the fixation. Then, PBS was used to wash the
cells to remove excess paraformaldehyde. Each group of cells
was stained according to the instructions of the Tunel kit
(Kaiji, Nanjing, China). 4′,6-Diamidino-2-phenylindole
(DAPI, Construction, Nanjing, China) was used to stain
the nucleus; the positive cells were observed under a fluores-
cent microscope (Becton Dickinson, Heidelberg, Germany).

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). After
collecting the cell supernatant of each group, ELISA was per-
formed according to the instructions of the kit (Elabscience,
Wuhan, China). 100μL of biotinylated antibody was added
to each well for incubation at 37°C. After 1 hour, 100μL of
enzyme-binding working solution was added to each well.
After the incubation was completed, the color developing
agent and the terminating agent were added, and then, the
OD450 value was measured with a microplate reader (Bec-
ton Dickinson, Heidelberg, Germany).
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2.8. Determination of Malondialdehyde (MDA) Levels,
Superoxide Dismutase (SOD), Catalase (CAT), and
Glutathione Peroxidase (GSH-Px) Activity in Cell
Supernatants. According to the instructions of the above kits
(Construction, Nanjing, China), the cell culture supernatant
or cell lysate of each group was collected after 24 hours of
culture. Then, we used a microplate reader to detect the
absorbance of each sample at different wavelengths and cal-
culated according to the corresponding formula.

2.9. Immunofluorescence Staining. When the cells were
nearly 80% confluent, 4% paraformaldehyde was used to
fix the cells, then PBS was used to wash the cells to remove
excess paraformaldehyde, and then, 50ml/L goat serum
was used to block for 30 minutes. After decanting excess
serum, the primary antibodies SOD1 (Abcam, Cambridge,
MA, USA, Rabbit, 1 : 1000) and IL-1β (Abcam, Cambridge,
MA, USA, Rabbit, 1 : 1000) were used for incubation at 4°C
overnight. After washing with PBS, the secondary antibody
was added dropwise and incubated at room temperature in
the dark for 60min. DAPI was used to stain the nuclei for
10 minutes. Finally, the results were observed and recorded
under a fluorescent microscope.

2.10. Statistical Analysis. Statistical Product and Service
Solutions (SPSS) 21.0 (SPSS IBM, Armonk, NY USA) statis-
tical software was used to analyze the experimental data.
Measurement data were expressed as χ ± s. The t-test was
used for comparisons between the two groups. Comparison
between multiple groups was done using one-way analysis
of variance (ANOVA) test followed by a post hoc test (Least

Significant Difference). The Least Significant Difference
(LSD) test or Student-Newman-Keuls (SNK) test was used
for pairwise comparison under the condition of homogene-
ity of variance. Test level α = 0:05. All experiments were
repeated 3 times.

3. Results

3.1. High Glucose Damages H9C2 Cells. According to reports
in the literature, we selected 30mmol/L high glucose to treat
H9C2 cells and tested the cell activity of each group by MTT
test (Figure 1(a)). The results confirmed that high glucose
can reduce the activity of H9C2 cells, and as the culture time
was delayed, the lower the activity. Subsequently, we used
the kit to detect the antioxidant enzyme activity in the cell
supernatant of each group (Figures 1(b)–1(d)). It was found
that the activities of SOD, CAT, and GSH-Px in the high-
glucose group were dramatically reduced. At the same time,
the MDA content also increased dramatically (Figure 1(e)).
In addition, we detected the content of inflammatory factors
in the supernatant of each group by ELISA method
(Figures 1(f)–1(h)). The results showed that the levels of
MPO, IL-1β, and IL-8 in the high-glucose group increased
dramatically. In addition, Tunel staining also found that
the apoptosis rate in the high-glucose group was dramati-
cally increased (Figure 1(i)). In summary, we verified that
high glucose can induce H9C2 cells to produce OS and
inflammatory responses, thereby promoting apoptosis. And
RT-PCR results showed that ILK mRNA in the high-
glucose group was dramatically higher than that in the con-
trol group (Figure 1(j)). Given this, we speculated that ILK

Table 1: Primer sequences of quantitative reverse transcription-polymerase chain reaction.

Oligo name Sequence (5′→ 3′)

GPX1 (rat)
Forward ATCATATGTGTGCTGCTCGGCTAGC

Reverse TACTCGAGGGCACAGCTGGGCCCTTGAG

GPX4 (rat)
Forward GGACCTGCCGTGCTATCT

Reverse GGCCTCTGGACCTTCCTC

ILK (rat)
Forward ATGGCTTCTCCCCTTTG

Reverse GTATCATCCCCACGATTCA

IL-1β (rat)
Forward GCAACTGTTCCTGAACTCAACT

Reverse ATCTTTTGGGGTCCGTCAACT

IL-8 (rat)
Forward CAAGGCTGGTCCATGCTCC

Reverse TGCTATCACTTCCTTTCTGTTGC

MPO (rat)
Forward CTGGCACGGAAGCTGAT

Reverse AATGAGGCAGGCAAGGAG

TLR4 (rat)
Forward GACTCCATTCAAGCCCAA

Reverse TCTCCCAAGATCAACCGA

MyD88 (rat)
Forward TGAGCAACCAGGACAGC

Reverse TAGGCATGTCAGGGGAGA

NF-kB (rat)
Forward ACTGCCGGGATGGCTACTAT

Reverse TCTGGATTCGCTGGCTAATGG

GAPDH (rat)
Forward CAACTCCCTCAAGATTGTCAGCAA

Reverse GGCATGGACTGTGGTCATGA
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was involved in the process of high-glucose damage to H9C2
cells.

3.2. Knockdown of ILK Improves H9C2 Oxidative Stress
Induced by High Glucose. Next, we used small interference
technology to knock down the ILK expression level of
H9C2 cells and verified our transfection efficiency by RT-
PCR (Figure 2(a)). First, we detected the expression level of
SOD1 in 4 groups by immunofluorescence staining and
found that the expression of SOD1 in the high-glucose
group was lower than that in the control group, and after
knocking down the expression of ILK, the expression level
of SOD1 increased dramatically (Figure 2(b)). There was
no significant difference in the HG+si-NC group. Next, we
detected SOD, CAT, and GSH-Px activity and MDA content
in the supernatant (Figures 2(c)–2(f)). The results showed
that the activities of SOD, CAT, and GSH-Px in the
HG+si-ILK group were dramatically increased. At the same
time, the MDA content was dramatically reduced. In addi-
tion, RT-PCR detection of GPX1 and GPX4 mRNA expres-
sion also found that the high-glucose group GPX1 and
GPX4 mRNA expression levels were dramatically reduced,
while in the HG+si-ILK group, GPX1 and GPX4 mRNA
expression levels were increased (Figures 2(g) and 2(h)).
There was no significant difference in the HG+si-NC group.

3.3. Knocking Down ILK Can Improve H9C2 Inflammatory
Response Induced by High Glucose. The expression level of
IL-α in the 4 groups was detected by immunofluorescence
staining (Figure 3(a)). It was found that the expression of
IL-α in the high-glucose group was higher than that in the
control group, but after knocking down the expression of
ILK, the expression level of IL-α was dramatically reduced.
There was no significant difference in the HG+si-NC group.
Next, WB results also found that the expression of IL-1β
protein in the high-glucose group was dramatically higher
than that in the control group, while the expression of IL-
1β protein in the HG+si-ILK group was dramatically
reduced, and there was no significant difference in the
results of the HG+si-NC group (Figure 3(b)). Subsequently,
the content of MPO, IL-1β, and IL-8 in the supernatant was
detected by the ELISA method (Figures 3(c)–3(e)). The con-
tent of the above inflammatory factors in the HG+si-ILK

group was dramatically reduced, and there was no signifi-
cant difference in the results of the HG+si-NC group. At
the same time, RT-PCR also obtained similar results to the
former (Figures 3(f)–3(h)).

3.4. Knockdown of ILK Can Inhibit High Glucose-Induced
H9C2 Apoptosis and Inhibit TLR4/MyD88/NF-κB Pathway
Activation. First, we tested the cell viability of the 4 groups
by MTT method (Figure 4(a)). The results found that when
we knocked down ILK expression, the activity of H9C2 cells
was higher than that of the HG group. Compared with the
HG group, there was no significant difference in the results
of the HG+si-NC group. And Tunel staining also found that
in the HG+si-ILK group, the apoptosis rate induced by high
glucose was also dramatically reduced, and there was no sig-
nificant difference in the results of the HG+si-NC group
(Figure 4(b)). Next, we detected TLR4, MyD88, and NF-κB
mRNA levels by RT-PCR (Figures 4(c)–4(e)). The results
showed that after H9C2 cells were cultured in high glucose,
TLR4, MyD88, and NF-κB mRNA were dramatically
increased, while in the HG+si-ILK group, TLR4, MyD88,
and NF-κB mRNA were dramatically inhibited. Compared
with the HG group, there was no significant difference in
the results of the HG+si-NC group. The above results indi-
cated that knocking down ILK expression can dramatically
inhibit high glucose-induced overactivation of the TLR4-
MyD88-NF-κB signaling pathway in H9C2 cells and inhibit
H9C2 cell apoptosis.

4. Discussion

Diabetes is one of the important chronic noninfectious dis-
eases that seriously threaten human health in today’s society,
and it shows a significant growth trend worldwide. DCM is
an independent diabetic cardiovascular complication. It is
a special form of heart disease. Its early stage is mainly dia-
stolic dysfunction. With the extension of time, the contrac-
tile function is damaged, and the myocardium is
extensively necrotic. Decreased blood fraction can eventually
lead to cardiogenic shock, HF, and even death [14]. DCM is
mainly due to a series of pathological changes such as
inflammatory response of myocardial cells caused by dia-
betic metabolic dysfunction, redox imbalance, myocardial
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Figure 1: High glucose damages H9C2 cells. (a) The cell activity of H9C2 was determined by MTT assay. (b–e) The levels of SOD, CAT,
GSH-Px, and MDA in the supernatant were determined by the kits. (f–h) The levels of MPO, IL-1β, and IL-8 in the supernatant were
determined by the ELISA. (i) Tunel staining was performed to examine the apoptosis level of H9C2. (j) mRNA expression results of ILK
were determined by real-time PCR. (“∗” indicates statistical difference from the control group P < 0:05.).
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cell necrosis, interstitial fibrosis, and myocardial cell hyper-
trophy [15]. Therefore, we constructed a DCM model
in vitro to explore its pathogenesis.

First, we verified the success of the construction of an
in vitro model of DCM by measuring cell activity, antioxi-

dant enzyme activity, inflammatory factor expression levels,
and apoptosis rates, and our results are consistent with pre-
vious studies [16]. Then, we found that in the high-glucose
group, ILK expression was dramatically increased. There-
fore, we speculate that ILK is involved in regulating the
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Figure 2: Knockdown of ILK improves H9C2 oxidative stress induced by high glucose. (a) mRNA expression results of ILK were
determined by real-time PCR. (b) Immunofluorescence was performed to examine the expression of SOD1. (c–f) The levels of SOD,
CAT, GSH-Px, and MDA in the supernatant were determined by the kits. (g, h) mRNA expression results of GPX1 and GPX4 were
determined by real-time PCR. (“∗” indicates statistical difference from the control group P < 0:05, and “#” indicates statistical difference
from the HG group P < 0:05.).
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occurrence and development of DCM. ILK, as a key regula-
tor of cellular response integrins and growth factor-
mediated signals, is involved in the formation of cytoskele-
ton, cell proliferation, apoptosis, and maintenance of oxygen

balance, as well as the regulation of inflammatory factors
[17–19]. From this, we speculate that ILK plays a crucial role
in regulating high glucose-induced H9C2 cell OS, inflamma-
tion, and apoptosis. Immediately afterwards, we first
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Figure 3: Knocking down ILK can improve H9C2 inflammatory response induced by high glucose. (a) Immunofluorescence was performed
to examine the expression of IL-α. (b) Protein expression results of IL-1β were determined by Western blotting. β-Actin was used as an
internal control. (c–e) The levels of MPO, IL-1β, and IL-8 in the supernatant were determined by the ELISA. (f–h) mRNA expression
results of MPO, IL-1β, and IL-8 were determined by real-time PCR. (“∗” indicates statistical difference from the control group P < 0:05,
and “#” indicates statistical difference from the HG group P < 0:05.).
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knocked down ILK expression levels through small interfer-
ence techniques. By detecting the activity of antioxidant
enzymes in the cell supernatant, we found that when we
knocked down the expression of ILK, the activities of SOD,
CAT, and GSH-Px increased dramatically, and the MDA
content also decreased. MDA is one of the most important
products of membrane lipid peroxidation, and its content
can affect the mitochondrial respiratory chain complex and
key enzyme activity in the mitochondria [20]. Therefore,
we can understand the degree of OS damage in cells by
detecting MDA content. In addition, high glucose reduced
the expression levels of SOD1, GPX1, and GPX4. After ILK
knockdown, the expression levels of SOD1, GPX1, and
GPX4 increased dramatically. Based on the above results,
we confirmed that knocking down ILK expression can
improve high glucose-induced redox imbalance.

Inflammatory response plays a crucial regulatory role in
the pathogenesis of DCM. At the same time, inflammation is
a crucial part of the immune system, triggered by any stim-
ulus that threatens tissue homeostasis. TLRs, as key trans-
membrane proteins that trigger inflammatory responses,
participate in the regulation of immune inflammatory
responses and are considered to be the main body mediating
immune and inflammatory responses. After binding to spe-
cific ligands, TLRs activate the NF-kB signaling pathway
through the MyD88-dependent pathway, promote the

expression of related genes, and induce inflammatory
response. Therefore, the effective intervention of inflamma-
tion in the early stage of diabetes can inhibit the expression
of inflammatory factors in the blood circulation and local
heart and reduce the infiltration of immune active cells into
the heart muscle, thereby reducing the heart inflammation
and improving cardiac dysfunction [21, 22]. Our results
found that high glucose can activate the TLR4/MyD88/NF-
κB signaling pathway, thereby upregulating the expression
of downstream inflammatory factors. When we knocked
down ILK expression, the TLR4/MyD88/NF-KB signaling
pathway was suppressed, the downstream inflammatory fac-
tor expression level was also suppressed, and the apoptosis
of H9C2 cells was also decreased. Thus, we confirmed that
knocking down ILK expression can inhibit high glucose-
induced TLR4/MyD88/NF-KB signaling pathway overacti-
vation, thereby inhibiting downstream inflammatory factor
expression, and increase the H9C2 activity.

5. Conclusion

Taken above, knocking down ILK expression can improve
OS and inflammation through the TLR4/MyD88/NF-κB sig-
naling pathway, thereby reducing the apoptosis rate of H9C2
cells. These findings may provide a new target for the treat-
ment of DCM.
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Figure 4: Knockdown of ILK can inhibit high glucose-induced H9C2 apoptosis and inhibit TLR4/MyD88/NF-κB pathway activation. (a)
The cell activity of H9C2 was determined by MTT assay. (b) Tunel staining was performed to examine the apoptosis level of H9C2. (c–
e) mRNA expression results of TLR4, MyD88, and NF-κB were determined by real-time PCR. (“∗” indicates statistical difference from
the control group P < 0:05, and “#” indicates statistical difference from the HG group P < 0:05.).
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Background. Acute myocardial infarction (AMI), as well as its long-term and short-term complications, is known to present with
high morbidity and mortality. Cardiac function deterioration and ventricular remodelling after AMI are known to be correlated to
worse long-term outcomes. However, the underlying mechanism remains elusive and there is a shortage of serum prediction
markers. This study investigates the relationship between in-hospital Cystatin C (CysC) and cardiac function and subsequent
prognosis among AMI patients. Research Design and Methods. We measured admission CysC and cardiac function parameters,
including ejection fraction (EF) and pro-BNP value in 5956 patients diagnosed with AMI. Simple and multiregression analyses
were performed to investigate the correlation between CysC and cardiac function in AMI patients. Major adverse
cardiovascular events (MACE), cardiovascular, and all-cause mortality were documented, and 351 participants with high
cystatin (≥1.09mg/L) and 714 low cystatin (<1.09mg/L) were investigated for survival analysis during a 48-month follow-up.
Results. 5956 patients with AMI were enrolled in the initial observational analysis, and 1065 patients of the whole cohort were
included in the follow-up survival analysis. The admission CysC level was found to be significantly positively correlated to the
pro-BNP level (R square = 0:2142, 95% CI 4758 to 5265, p < 0:0001) and negatively correlated to the EF value
(R square = 0:0095, 95% CI -3.503 to -1.605, p < 0:0001). Kaplan-Meier survival analysis revealed significantly increased MACE
incidence (HR = 2:293, 95% CI 1.400 to 3.755, p < 0:0001), cardiovascular mortality (HR = 3:016, 95% CI 1.694 to 5.371, p =
0:0002), and all-cause mortality (HR = 3:424, 95% CI 2.010 to 5.835, p < 0:0001) in high-admission CysC cohort with AMI at
the end of 4-year follow-up. Conclusions. Admission CysC is negatively correlated with cardiac function in AMI patients and
acts as a novel predictor for MACE incidence in the whole population. Further studies are needed to investigate the specific
mechanism of CysC in the cardiac function deterioration among AMI patients.

1. Introduction

As one of the leading health-threatening diseases worldwide
[1], acute myocardial infarction (AMI) is associated with
substantial morbidity and mortality [2]. Despite advances
in percutaneous coronary interventions (PCI) and their

widespread use, the mortality rate of AMI patients, together
with its complications, such as heart failure, severe arrhyth-
mia, myocardial free wall rupture (MFWR), and cardiogenic
shock (CS), remain very high [3, 4]. Especially, cardiac func-
tion deterioration and ventricular remodelling after AMI are
known to be correlated with increased rehospitalization rate
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and worse long-term outcomes [5] and have attracted more
and more attention. However, the underlying mechanism
remains elusive and there is a shortage of serum prediction
markers.

Cystatin C (CysC), a low-molecular-weight (13 kDa)
protease inhibitor, is synthesized and released into the blood
by all nucleated cells, freely filtered by kidney glomerulus
and almost completely reabsorbed and metabolized by the
proximal tubule, but not secreted [6]. Due to these proper-
ties, even very small changes in the glomerular filtration rate
(GFR) may significantly alter serum CysC level, potentially
making this basic protein a very sensitive marker of renal fil-
tration [7]. Since it was first described in 1961 by Jorgen
Clausen in human cerebrospinal fluid [8], CysC has been
thoroughly investigated and is considered a promising
biomarker for several diseases, including but not limited to
kidney disease and nephropathy-related diabetes [9, 10],
Alzheimer’s disease [11], and breast cancer [12].

CysC plays pleiotropic roles in human vascular patho-
physiology, particularly in regulating cathepsins S and K
[13]. In vivo and in vitro studies have shown elevated levels
of cathepsins and lower levels of CysC, which behaves as a
potent cathepsin inhibitor—in atherosclerotic tissue [14].
Correspondingly, several studies investigated the functional
role of CysC in cardiovascular disease (CVD). An observa-
tional meta-analysis showed a strong dose-dependent rela-
tion between cystatin C concentrations and CVD [14].
Rothenbacher and his team found the use of cysC based
chronic kidney disease (CKD) may result in more accurate
risk estimates and have better prognostic value for CVD
than creatinine [15]. Additionally, in high-risk patients after
ACS, CysC is a strong predictor of major adverse cardiovas-
cular events (MACE), including death from cardiovascular
causes and hospitalization for heart failure [16]. However,
the evidence for the relationship between in-hospital CysC
and cardiac function and subsequent long-term prognosis
among AMI patients remains unclear.

In this retrospective cohort study, we investigate the
relationship between admission CysC and cardiac in AMI
patients. Subsequently, survival analysis was performed to
investigate the effects of admission CysC levels on long-
term mortality and morbidity in AMI patients.

2. Methods

2.1. Study Design and Participants. This was a single-center,
retrospective cohort study. Consecutive patients admitted to
the cardiology department of the First Affiliated Hospital of
Xi’an Jiaotong University for AMI between January 2016
and December 2020 were enrolled. The inclusion criteria
were confirmed admission diagnosis of AMI, and AMI was
defined based on the universal definition criteria by the
American Cardiology College [1]. The exclusion criteria
were [1] severe noncardiac disease with an expected survival
of less than 1 year and unwillingness to participate, [2]
patients over the age of 80 years or living far away from
the hospital’s catchment area, and (3)extremely high CysC
level (>5mg/L). A patient could only be included once.
The medical records of the patients were collected from

the Biobank of the First Affiliated Hospital of Xi’an Jiaotong
University, which contains deidentified data derived from
raw medical records. Information about patients’ present
medication, vascular risk factors, and detailed medical his-
tory were obtained via questionnaires. Follow-up informa-
tion was obtained via telephone and questionnaires by the
general practitioner (GP). Patients’ MACE, including new-
onset myocardial infarction, acute heart failure and cardiac
death, and cardiovascular and all-cause mortality were docu-
mented during follow-up. Written informed consent was
obtained from all study participants, with ethnic committee
approval at the First Affiliated Hospital of Xi’an Jiaotong
University.

2.2. Clinical Data Collection. Detailed medical histories were
screened from the patients enrolled. Patient characteristics
were collected, including age, sex, disease history, and physi-
cal examination. Serum CysC levels of all patients were mea-
sured within 3 h of admission, by colloidal gold particle-
enhanced colorimetric immunoassay (Nescauto GC Cystatin
C, Alfresa Pharma, Osaka, Japan) with a Hitachi 7600-110
automatic analyzer. Other biochemical results were evaluated
immediately after the patients’ admission to the hospital.
They were all collected prior to PCI. Echocardiography was
performed during hospital treatment.

2.3. Statistical Analysis. All statistical analyses were per-
formed by using SPSS for Mac 22.0 (SPSS Inc., Chicago,
IL) or GraphPad 9.0 Prism (GraphPad Software San Diego,
CA). Data were presented as frequencies or percentages for
categorical variables and mean ± SD for continuous vari-
ables, unless otherwise indicated. Simple t-test was used to
compare continuous variables which are in the normal
distribution. Mann–Whitney U test was used to compare
continuous variables which do not conform to the normal
distribution. χ2 test was used to compare categorical vari-
ables. One-way ANOVA was used to compare continuous
variables of three or more independent (unrelated) groups.
Simple linear analysis was used for calculating the correlation
between CysC and cardiac function parameters. Kaplan-
Meier survival curve analysis was used to represent the
proportional risk of MACE, cardiovascular, and all-cause
mortality for the admission CysC values in AMI patients. A
Cox proportional-hazards model was performed to provide
a point estimate HR (hazard ratio) and a two-sided 95% con-
fidence interval. Receiver-operator characteristic (ROC)
curve analysis and the area under the ROC curve (AUC) were
used to compare the predictive value of MACE, cardiovascu-
lar, and all-cause mortality among CysC and other indexes. A
value of p < 0:05 was considered statistically significant.

3. Results

3.1. Study Population. From January 2017 till December
2020, a total of 5973 AMI patients were enrolled in the study
and 17 patients with extremely high CysC levels (>5mg/L)
were excluded. According to the universal definition criteria
and Cutoff Finder, [17, 18] all populations were divided into
the high-admission CysC cohort (1772 patients, CysC ≥ 1:09
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mg/L) and low-admission CysC cohort (4184 patients,
CysC < 1:09mg/L) in the initial observational analysis, while
714 low CysC patients and 351 high CysC patients were
included in the follow-up survival analysis (Figure 1). Base-
line patients’ characteristics are shown in Table 1, and the
correlation between admission CysC and other metabolomic
indexes is displayed in Table 2. The mean value of CysC was
0:76 ± 0:19mg/L in low CysC and 1:41 ± 0:47mg/L in the
high CysC cohort. The medication was started at admission.
No significant difference in blood pressure/HbA1c/TG at
baseline was seen in different CysC groups in AMI patients.

3.2. Association between CysC and Cardiac Function in AMI
patients. To investigate the relationship between CysC and
cardiac function, we utilized simple linear regression analy-
sis. The admission CysC level was found to be significantly

positively correlated to the pro-BNP level (R square =
0:2142, 95% CI 4758 to 5265, p < 0:0001) (Figure 2(a)).
Echocardiography analysis showed negative correlation
between CysC and left ventricular ejection fraction value
(EF, R square = 0:0095, 95% CI -3.503 to -1.605, p < 0:0001)
(Figure 2(b)) and positive correlation between CysC and left
ventricular size, with both increased left ventricular end-
systolic dimension (LVESD, R square = 0:0184, 95% CI
1.652 to 2.904, p < 0:0001) and left ventricular end-diastolic
dimension (LVEDD, R square = 0:0028, 95% CI 0.4422 to
2.631, p = 0:0059) (Figure 2(c)).

Subgroup analysis further indicated that, consistently,
circulating pro-BNP and cardiac troponin T (cTnT) was
higher in high-admission CysC cohort than controls (pro-
BNP: 1222 vs. 577.4, p < 0:001; cTnT 1.340 vs. 1.644, p <
0:001) (Figures 2(d) and 2(e)). We also found that high-

Primary endpoint:
Composite outcome of cardiovascular death, 
myocardial infarction, heart failure 
hospitalization, ischemic stroke.

Secondary endpoint:
Cardiovascular death.
All-cause death.

5973 AMI patients from the hospital 
database (2017–2020) were enrolled in this study

17 patients with extremely high
CysC level (>5 mg/L) were 
excluded

5956 patients

CysC < 1.09 mg/L
(n = 4184)

CysC ≥ 1.09 mg/L
(n = 1772)

Cardiac function analysis: EF value, proBNP, cardiac ventricular size;
Readmission, Hospital Mortality

4891 patients without follow-up 
data were excluded

Follow-up (up to 48 months)

CysC < 1.09 mg/L
(n = 714)

CysC ≥ 1.09 mg/L
(n = 351)

Figure 1: Study design, patient selection, and follow-up.
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admission CysC cohort displayed decreased EF value
(49:31 ± 10:31 vs. 51:58 ± 9:67, p < 0:001) (Figure 2(f)) and
increased left ventricular size evaluated by the echocardiogra-
phy (Figure 2(g)).

3.3. Increased Hospital Mortality in High-Admission CysC
Cohort with AMI. As the most frequently used risk assess-
ment tools, the ‘Global Registry of Acute Coronary Events’
(GRACE) and the ‘Can Rapid risk stratification of Unstable
angina patients Suppress Adverse outcomes with Early

implementation of the American College of Cardiology/
American Heart Association guidelines’ (CRUSADE) scores
were recommended in describing the severity and mortality
risk of AMI patients and management [19]. The average
GRACE and CRUSADE scores were 124.5 and 21.74 in all
AMI patients, respectively. Both GRACE and CRUSADE
scores were significantly positively correlated to the CysC
value (Fig S1). In subgroup analysis, we found GRACE
and CRUSADE scores were significantly higher in high-
admission CysC cohort than controls (GRACE score 133.6

Table 1: Distribution of demographic and clinical characteristics according to CysC levels.

CysC < 1:09mg/L
(n = 4184)

CysC ≥ 1:09mg/L
(n = 1722) p value

CysC (mg/L) 0:76 ± 0:19 1:41 ± 0:47 <0.001
Age (years) 60:67 ± 11:68 65:79 ± 12:16 <0.001
Female sex (%) 799 (19.9) 368 (20.7) 0.434

SBP (mmHg) 123:50 ± 21:64 122:62 ± 23:45 0.168

DBP (mmHg) 77:96 ± 14:83 75:90 ± 14:82 0.182

EF (%) 51:58 ± 9:67 49:31 ± 10:31 <0.001
pro-BNP (pg/mL) 577.4 1222 <0.001
HbA1c (%) 6:28 ± 1:46 6:36 ± 1:41 0.068

TG (mmol/L) 1.49 1.59 0.013

LDL (mmol/L) 2:42 ± 0:85 2:25 ± 0:82 <0.001
HDL (mmol/L) 0:95 ± 0:23 0:92 ± 0:22 <0.001
ApoA (g/L) 1:07 ± 0:19 1:03 ± 0:19 <0.001
ApoB (g/L) 0:21 ± 0:23 0:78 ± 0:22 <0.001
ApoE (mg/L) 36:30 ± 14:14 36:01 ± 14:36 0.490

Cre (μmol/L) 64.51 99.23 <0.001
UA (μmol/L) 321.33 370.06 <0.001
HomoCys (μmol/L) 23.17 26.23 <0.001
Ticagrelor (%) 2060 (51.2) 787 (44.4) <0.001
Aspirin (%) 3934 (97.8) 1773 (96.1) 0.001

Furosemide (%) 1731 (43.0) 988 (58.8) <0.001
Spirolactone (%) 1449 (36.2) 782 (44.2) <0.001
Isosorbide mononitrate (%) 2340 (58.1) 1040 (58.7) 0.707

Diltiazem (%) 198 (4.9) 78 (4.4) 0.422

Nifedipine (%) 399 (9.9) 262 (14.7) <0.001
Metoprolol (%) 3327 (82.7) 1377 (77.7) <0.001
Data were shown inmean ± SD, median ,or n (%). SBP: systolic blood pressure; DBP: diastolic blood pressure; HbA1c: hemoglobin A1c; TG: triglyceride; LDL:
low-density lipoprotein; HDL: high-density lipoprotein; ApoA: apolipoprotein A; ApoB: apolipoprotein B; ApoE: apolipoprotein E; Cre: creatinine; UA: uric
acid; HomoCys: homocysteine.

Table 2: Correlation between admission CysC and other metabolomic indexes.

pro-BNP EF HbA1c TC TG LDL HDL Cre UA HomoCys

Pearson correlation coefficient 0.2142 0.0010 0.009 -0.032 -0.022 -0.027 -0.013 0.270 0.103 0.023

p value <0.0001 <0.0001 0.515 0.017 0.097 0.049 0.350 <0.0001 <0.0001 0.128

n 5793 5787 5193 5671 5456 5455 5456 5793 5793 4451

HbA1c: hemoglobin A1c; TC: total cholesterol; TG: triglyceride; LDL: low-density lipoprotein; HDL: high-density lipoprotein; Cre: creatinine; UA: uric acid;
HomoCys: homocysteine.
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Figure 2: Continued.
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vs. 121.3, p < 0:0001; CRUSADE score 25.78 vs. 20.18, p <
0:0001) (Figure 2(a)).

5038 (84.0%) AMI patients were completely reperfused
with thrombolysis in myocardial infarction ðTIMIÞ > 2 after
PCI, and 918 (16.0%) AMI patients failed to reperfusion
with TIMI ≤ 2 and only received medication treatment and
intervention. No reflow or slow flow following PCI is inde-
pendently associated with increased in-hospital mortality,
malignant arrhythmias, and cardiac failure [20]. Interest-
ingly, CysC was significantly higher in group TIMI ≤ 2 com-
pared to group TIMI > 2 (0.93 vs. 1.13, p < 0:0001).

Furthermore, the high-admission CysC cohort with
AMI showed an elevated mortality rate during hospitaliza-
tion and readmission rate than controls. Within the high
CysC cohort, 38 (2.14%) patients died for all-cause during
hospitalization and 212 (11.96%) had readmission to hospi-
tal. Within low CysC cohort, 57 (1.36%) patients died for
all-cause during hospitalization and 423 (10.11%) readmis-
sion(Figures 3(a) and 3(b)). In addition, AMI patients who
died during hospitalization exhibited raised admission CysC
value than recovery patients (1.26 vs. 0.96, p < 0:0001), but
there is no significant difference between readmission and
recovery patients (0.97 vs. 0.96, p = 0:3133) (Figure 3(c)).

3.4. Increased MACE, Cardiovascular, and All-Cause
Mortality Incidence in High-Admission CysC Cohort with
AMI. At the end of the 48-month follow-up, within high
CysC cohort, 38 (10.83%) MACE events occurred, 31
(8.83%) died for cardiac cause, and 38 (10.83%) patients
for all-cause. Within low CysC cohort, 32 (4.48%) MACE
events occurred, 20 (2.80%) died for cardiac cause, and 22
(3.08%) patients for all-cause.

Kaplan–Meier survival analysis was utilized to evaluate
the survival curve between two cohorts. Similarly, high-
admission CysC cohort displayed significantly increased
MACE incidence (HR = 2:293, 95% CI 1.400 to 3.755, p <
0:0001) (Figure 4), cardiovascular mortality (HR = 3:016,
95% CI 1.694 to 5.371, p = 0:0002), and all-cause mortality
(HR = 3:424, 95% CI 2.010 to 5.835, p < 0:0001) as com-
pared to controls (Figure 5).

Receiver operating characteristic curves were generated,
and AUCs were calculated to estimate the predicted values
of different biomarkers. The performance of CysC, pro-
BNP, uric acid (UA), and creatine (Cre) in predicting
MACE, cardiovascular, and all-cause mortality, and MACE
was illustrated in Figure 6. CysC showed significant and sim-
ilar predictive accuracy as compared to pro-BNP. Cre also
exhibited a significant predicting value while UA showed
no difference in MACE and mortality prediction.

4. Discussion

In this single-center, retrospective, real-world, population-
based study, we investigate the relationship between in-
hospital Cystatin C (CysC) and cardiac function and subse-
quent prognosis among AMI patients. Serum CysC is found
to be associated with cardiac function deterioration in
patients with AMI. Moreover, high-admission serum CysC
level exhibits high incidence of MACE as well as cardiovas-
cular and all-cause mortality rate in AMI patients during
4-year follow-up.

The important implication of the present study is that
CysC is identified as a biomarker for cardiac function in
AMI patients. Several previous studies investigated the

0
50
50

52

54

LV
ED

D
 (m

m
)

n = 4184 n = 1772

⁎⁎⁎⁎

0
36
36

38

40

LV
ES

D
 (m

m
)

n = 4184 n = 1772

⁎⁎⁎⁎

Cy
sC

 <
 1

.0
9 

m
g

Cy
sC

 ≥
 1

.0
9 

m
g

Cy
sC

 <
 1

.0
9 

m
g

Cy
sC

 ≥
 1

.0
9 

m
g

(g)

Figure 2: Admission CysC level was found to be significantly negatively correlated to the cardiac function in AMI patients. (a) Simple linear
regression displayed a significantly positive correlation between admission CysC pro-BNP levels. (b, c) Echocardiography analysis showed a
negative correlation between CysC and left ventricular EF value (b) and a positive correlation between CysC and left ventricular size, with
both increased LVESD and LVEDD (c). (d–g) Subgroup analysis showed significant elevated pro-BNP value (d), elevated cTnT value (e),
decreased EF value (f), and increased left ventricular size (g) in high-admission CysC cohort (CysC ≥ 1:09mg/L) than controls
(CysC < 1:09mg/L). Data were shown in mean ± SD. For statistical analysis, Student’s t-test was applied, ∗∗∗∗p < 0:0001. EF: ejection
fraction; LVESD: left ventricular end-systolic dimension; LVEDD: left ventricular end-diastolic dimension.
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relationship between CysC and heart failure incidents. Via
4 community-based cohorts with 12.5 years of follow-up,
Navin Suthahar and their team found CysC was strongly
and similarly associated with HF in both sexes [21], as
these biomarkers reflect distinct pathophysiological pro-
cesses [22], and the elevation may indicate cardiovascular

or systemic derangement early in the time course of HF
progression [23]. Additionally, our result indicated that CysC
might be eligible as a potential serum predictor for heart fail-
ure in the population after acute myocardial infarction.

Notably, the major outcomes of this study show
increased MACE incidence, cardiovascular, and all-cause
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Figure 3: Increased hospital mortality in high-admission CysC cohort with AMI. (a) GRACE and CRUSADE score were significantly higher
in high-admission CysC cohort (CysC ≥ 1:09mg/L) than controls (CysC < 1:09mg/L). (b) CysC was significantly higher in group TIMI ≤ 2
compared to group TIMI > 2. (c, d) High-admission CysC cohort (CysC ≥ 1:09mg/L) showed elevated mortality rate even during
hospitalization and readmission rate than controls (CysC < 1:09mg/L). Within the high CysC cohort, 38 (2.14%) patients died for all
causes during hospitalization and 212 (11.96%) for readmission. Within the low CysC cohort, 57 (1.36%) patients died for all causes
during hospitalization and 423 (10.11%) for readmission. For statistical analysis, χ2 test was performed. (e) AMI patients who died
during hospitalization exhibited raised admission CysC value than recovery patients, but no significant difference between readmission
and recovery patients. Data were shown in mean ± SD (a, e), mean ± SEM (Bb), or as each individual dot. For statistical analysis, one-
way ANOVA followed by Sidak’s multiple comparison test was applied, ∗∗∗∗p < 0:0001.
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mortality in the high CysC cohort with AMI at the end of
4-year follow-up, indicating that CysC level is a potential
independent predictor for cardiac prognosis after AMI.
Increasing shreds of evidence have shown that higher
CysC is associated with higher cardiovascular risk and
mortality rate in patients with non-ST elevated acute coro-
nary syndrome [24], and serum creatinine to cystatin C ratio
is associated with major adverse cardiovascular events in
patients with obstructive coronary artery disease [25]. In
AMI patients, an increased admission CysC level was associ-
ated with a higher risk of in-hospital and 1-month death [26].
Besides, circulating cystatin C level on the 12th–14th day
after hospital admission predicted the adverse cardiovascular

outcome in patients with STEMI [27]. Through a 4-year
follow-up study, we further proved that CysC can be
included in the risk stratification model to guide the treat-
ment of high-risk AMI patients.

Several potential mechanisms may account for the prog-
nostic importance of CysC in AMI patients. First, abnormal
CysC value can identify early patients with renal insuffi-
ciency before circulating creatinine, which could be linked
to atherosclerosis, vascular complications, and increased
cardiovascular events [28]. Second, CysC may play an
important role in regulating cardiac inflammatory responses
[29], contributing to the development of no-reflow and the
increased risk of death. Besides, CysC elevation may damage
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Figure 5: Kaplan-Meier survival analysis revealed significantly increased all/cardiovascular mortality in high-admission CysC cohort with
AMI at the end of the 4-year follow-up. (a) Kaplan-Meier survival analysis revealed high-admission CysC cohort (CysC ≥ 1:09mg/L)
displayed significantly increased cardiovascular mortality (HR = 3:016, 95% CI 1.694 to 5.371, p = 0:0002) than controls (CysC < 1:09mg/
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the cardiovascular system by affecting lipid peroxidation,
coagulation function, and smooth muscle cell and endothe-
lial cell function [30], and finally, facilitate the vulnerability
of atherosclerotic plaque CysC [31].

However, there are several potential limitations in the
current work: first, this study is limited in its single-center,
retrospective, and observational nature. A future multicenter
prospective study with a larger number of patients and a
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longer follow-up is required. Also, several parameters,
including patient age were not balanced between the high
and low CysC cohort. As age might also be a prognostic
factor in AMI patients, improving risk stratification indepen-
dently of age and kidney function would be considered in the
further study.

In conclusion, through this retrospective cohort study,
we have found that admission CysC is negatively correlated
with cardiac function in AMI patients and acts as a novel
predictor for MACE incidence in the whole population. Fur-
ther studies are needed to investigate the specific mechanism
of CysC during the cardiac function deterioration of AMI
patients.
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The aim of this study was to investigate the relationship between carotid plaque neovascularization and lipoprotein (a) [Lp (a)],
lipoprotein-associated phospholipase A2 (Lp-PLA2) in elderly patients with carotid plaque stenosis. One hundred elderly patients
with carotid plaque stenosis diagnosed in our hospital from January 2020 to January 2022 were retrospectively analyzed and
divided into stable (n = 62) and unstable (n = 38) groups according to whether the plaque was stable or not. Plasma Lp (a), Lp-
PLA2, apoA, and apoB levels were measured; intraplaque angiogenesis (IPN) scores were examined by contrast-enhanced
ultrasound (CEUS) to assess IPN grade in patients; and Pearson correlation was used to analyze the relationship between
plasma Lp (a) and Lp-PLA2 levels and plaque characteristics and angiogenesis. The maximum thickness and total thickness of
carotid plaque in the unstable group were significantly greater than those in the stable group (P < 0:05); the IPN grade was
mainly grade III and IV in the unstable group and grade II in the stable group, and the IPN score was significantly higher in
the unstable group than in the stable group (P < 0:05); there was no significant difference in the plasma apoA and apoB levels
between the two groups (P > 0:05), and the plasma Lp (a) and Lp-PLA2 levels were significantly higher in the unstable group
than in the stable group (P < 0:05); the neovascular grade, plasma Lp-PLA2, and Lp (a) levels were significantly increased
(P < 0:05); the plasma Lp (a) and Lp-PLA2 levels were positively correlated with the maximum plaque thickness, total plaque
thickness, degree of stenosis, and angiogenesis (P < 0:05). The plasma levels of Lp (a) and Lp-PLA2 are positively correlated
with intraplaque angiogenesis, and their levels can reflect the stability of carotid plaques.

1. Introduction

Carotid plaque is usually caused by lipid deposition at the
bifurcation of common carotid artery, without obvious symp-
toms at the early stage. Severe stenosis may be accompanied by
dizziness, headache, and fainting, which is a common cause of
stroke and acute cerebral infarction. The incidence of carotid
plaque increases with age, the intima media thickens, and
carotid plaque and carotid stenosis or occlusion generally

develops in a progressive manner [1, 2]. With the develop-
ment of medical imaging technology, carotid artery stenosis
and plaque formation can be diagnosed and assessed clinically
by CT, MRI, carotid ultrasound, and carotid angiography [3].
Current studies have found that intraplaque neovasculariza-
tion (IPN) is an important predictor of plaque hemorrhage
and rupture [4]. Contrast-enhanced ultrasound (CEUS) tech-
nique is a means of accurate clinical detection of IPN. After
injection of contrast microbubbles, the movement direction
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of contrast microbubbles into the plaque is identified. When
the contrast microbubbles move from the adventitial side of
the plaque or the shoulder side of the plaque to the core side
of the plaque, it indicates the presence of IPN [5]. Lipoprotein
(a) [lipoprotein (a), Lp (a)] is a low-density lipoprotein whose
level is mainly genetically determined and consists of apolipo-
protein A (apoA) covalently linked to apolipoprotein B-100
(apoB) [6]. It has been suggested that Lp (a) is involved in
the development of atherosclerosis, and plasma Lp (a) levels
are closely related to thrombosis and damage [7]. It has also
been suggested that Lp (a) does not promote or inhibit neovas-
cularization [8]. Whether plasma Lp (a) levels have an effect
on IPN, resulting in plaque instability, remains inconclusive.
Lipoprotein-associated phospholipase A2 (Lp-PLA2) is a
novel vessel-specific inflammatory marker mainly secreted
by macrophages and lymphocytes in atherosclerotic plaques
[9]. Studies have found that intraplaque neovascularization is
an important indicator of plaque stability, which can deposit a
large number of inflammatory matrix in plaques, promote lym-
phocyte accumulation, and aggravate plaque instability [10].
The aim of this study was to analyze the relationship between
carotid intraplaque angiogenesis and Lp (a) and Lp-PLA2 in
elderly patients with carotid artery stenosis and to investigate
the significance of plasma Lp (a) and Lp-PLA2 levels in predict-
ing plaque stability and intraplaque angiogenesis.

2. Materials and Methods

2.1. Clinical Data. This study was approved by the Ethics
Committee of Eighth Medical Center of PLA General Hospi-
tal. Signed written informed consents were obtained from all
participants before the study. A total of 100 elderly patients
with carotid plaque stenosis who were diagnosed in our hos-
pital from January 2020 to January 2022 were retrospectively
analyzed and divided into stable group (n = 62) and unstable
group (n = 38) according to whether the plaque was stable or
not. Inclusion criteria were shown as follows: (1) Carotid
artery stenosis was diagnosed by carotid artery color ultra-
sound and other imaging examinations. (2) Patients’ age
was≥60 years old. (3) Patients can tolerate CEUS examina-
tion. Exclusion criteria were shown as follows: (1) Patients
were allergic to contrast agent. (2) Patients were neurological
dysfunction or cognitive deficiency. (3) Patients were com-
bined with severe infection. (4) Patients were combined with
obvious liver, kidney, and other vital organ dysfunction.

2.2. Outcome Measures and Test Methods. The admission
cases were retrospectively analyzed, and general data such
as gender, age, disease history, drug treatment history, and
plaque status of the patients were recorded.

2.3. Carotid CEUS Examination. All patients who underwent
CEUS had signed the angiographic informed consent.

GE Vivid E95 ultrasonic diagnostic apparatus, high-
frequency superficial probe, and contrast mode were used.
A 1.5mL Sono Vue microbubble suspension (Bracco, Italy)
was bolus injected through the superficial vein of the elbow,
followed by 2~3mL normal saline at the same rate to
observe the contrast agent development effect in the carotid

artery lumen, and DICOM format images 3 s before and
5min after the appearance of contrast agent in the carotid
artery lumen were collected and stored for real-time
dynamic analysis. On CEUS examination, no microbubbles
seen in the plaque were defined as an IPN score of 0; micro-
bubbles confined to the shoulder or adventitial side of the
plaque were defined as an IPN score of 1; and microbubbles
seen throughout the plaque were defined as an IPN score of
2. A sum of IPN scores ≥2 was defined as unstable plaque,
and a sum of IPN scores <2 was defined as stable plaque.

Grading criteria for intraplaque neovascularization [11, 12]
are as follows: It is divided into 4 grades according to the degree
of signal enhancement in several plaques, namely, grade I, no
enhancement of plaques; grade II, punctate enhancement in
or around plaques; grade III, scattered punctate and linear
enhancement in and around plaques; and grade IV, diffuse
punctate and linear enhancement in and around plaques.

2.4. Plasma Lipoprotein and Lp-PLA2 Levels. 4mL venous
blood was collected from all patients in themorning and placed
in an anticoagulant tube containing sodium citrate, mixed well,
and centrifuged at 3000 r/min for 5min at 5°C, and the plasma
was separated and stored in a−20°C freezer for testing.

In determining the plasma Lp-PLA2 levels, plasma Lp-
PLA2 levels were measured by immunoturbidimetric assay.
The reagents were produced and provided by Wuhan Huamei
Biological Engineering Co., Ltd. (Wuhan, China), and the
operation was performed in strict accordance with the kit
instructions.

In determining the plasma lipoprotein, the plasma levels
of apolipoprotein A (apoA) and apolipoprotein B (apoB) were
measured by Hitachi 7060 automatic biochemical analyzer,
and the plasma Lp (a) level was measured by immunoturbidi-
metry. The reagents were produced and provided by Wuhan
Huamei Biological Engineering Co., Ltd. (Wuhan, China).
The operation process was performed in strict accordance
with the instructions on the kit.

2.5. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 21.0 software (IBM, Armonk, NY, USA) was
used to statistically analyze the obtained data. The measure-
ment data satisfying normal distribution were expressed as
(−x ± s), and the two-sample independent t-test was used
to compare the group differences between patients in the sta-
ble group and those in the unstable group; one-way ANOVA
was used for the comparison between three groups and
above; the count data were expressed as the number of cases
(n) or rate (%); and the χ2 test was used to compare patients
in the stable group and those in the unstable group, differ-
ences between groups of patients, and Pearson correlation
analysis of plasma Lp (a) and Lp-PLA2 levels in relation to
plaque characteristics and revascularization; P < 0:05 indi-
cates a statistically significant difference.

3. Results

3.1. Baseline Data of Patients in Stable Group. There was no
significant difference in age, gender, disease history, drug
treatment history, degree of carotid artery stenosis, reasons
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for treatment, and other clinical data between the stable group
and the unstable group (P > 0:05); the maximum thickness
and total thickness of carotid plaques in the unstable group
were significantly greater than those in the stable group
(P < 0:05) (see Table 1).

3.2. IPN Score and IPN Imaging Grade in Patients with Stable
and Unstable Disease. The IPN grade was mainly grade III and
IV in the unstable group and grade II in the stable group
(P < 0:05); the IPN score was significantly higher in the unsta-
ble group than in the stable group (P < 0:05) (see Table 2).

3.3. Plasma Lipoprotein and Lp-PLA2 Levels in Patients with
Stable and Unstable Disease. There is no significant differ-
ence in plasma apoA and apoB levels between the stable
and unstable groups (P > 0:05); plasma Lp (a) and Lp-
PLA2 levels are significantly higher in the unstable group
than in the stable group (P < 0:05), as shown in Table 3.
The plasma levels of Lp-PLA2 and Lp (a) are significantly
increased (P < 0:05), as shown in Table 4.

3.4. Correlation of Plasma Lp (a) and Lp-PLA2 Levels with
Plaque Characteristics and Angiogenesis. Variable assignment
was performed for the degree of plaque stenosis, mild=1,
moderate=2, severe=3, and occlusion=4; Pearson correla-
tion analysis results showed that plasma Lp (a) and Lp-PLA2
levels were positively correlated with the maximum plaque
thickness, total plaque thickness, degree of stenosis, and angio-
genesis, that is, plasma Lp (a) and Lp-PLA2 levels; and the
more narrow the plaque thickness, the more likely it was to
have plaque angiogenesis (P < 0:05) (see Table 5).

4. Discussion

Atherosclerosis is a common type of cardiovascular disease
in the elderly population. Carotid atherosclerotic plaque is
a natural part of the atherosclerosis process and tends to
occur at the bifurcation of the carotid artery and at the
beginning of the segment where blood flow is slower [13,
14]. The higher IPN classification suggests a greater risk of
plaque instability, plaque dislodgement, or even intraplaque

Table 1: Baseline data of patients in stable group (n, x ̅±s).

Metrics Stable group (n = 62) Unstable group (n = 38) Χ2/t P

Age (years) 70:67 ± 8:25 71:28 ± 8:14 0.361 0.719

Sex 0.075 0.784

Male 36 23

Female 26 15

Hypertension 0.214 0.643

Yes 43 28

No 19 10

Diabetes 1.831 0.176

Yes 15 14

No 47 24

Cerebral infarction 3.265 0.071

Yes 14 15

No 48 23

Coronary heart disease 3.552 0.059

Yes 28 10

No 34 28

Statin therapy 1.045 0.307

Yes 55 36

No 7 2

Degree of carotid artery stenosis 3.026 0.388

Mild 25 13

Moderate 12 5

Severe 18 11

Occlusion 7 9

Reason for visit 2.464 0.292

Coronary ischemia 31 25

Cerebral artery ischemia 20 9

Other 11 4

Maximum thickness of carotid plaque (mm) 3:82 ± 1:16 4:37 ± 1:25 2.234 0.028

Total thickness of carotid plaque (mm) 6:21 ± 2:14 7:19 ± 2:06 2.254 0.026
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hemorrhage [15]. Since the formation of atherosclerotic pla-
ques is associated with abnormal lipid levels and their stabil-
ity is related to revascularization, this study aims to establish
a link between lipid levels and plaque stability by investigat-
ing the relationship between lipid-related indicators and
revascularization.

The results of this study showed that the maximum and
total thickness of carotid plaque was significantly greater in
the plaque instability group than in the stable group and that

plaque thickness was associated with carotid stenosis, with
thicker plaque thickness indicating greater stenosis in the
carotid artery. The higher the plaque instability, the higher
the likelihood of its detachment from the carotid artery wall,
and the higher the likelihood of blockage of other vessels.

Plaque instability is high, the possibility of detachment
from the carotid artery wall, and the greater the possibility
of other vascular blockages. The results of CEUS examina-
tion showed that the IPN grade was mainly grade III and

Table 2: IPN score and IPN development grade in stable patients (n, x ̅±s).

Metrics Stable group (n = 62) Unstable group (n = 38) Χ2/t P

Neovascularization (case) 11.963 0.008

Grade I 16 4

Grade II 27 9

Grade III 11 14

Grade IV 8 11

IPN score (points) 1:05 ± 0:33 2:17 ± 0:62 11.782 < 0.001

Table 3: Plasma lipoprotein and Lp-PLA2 levels in patients with stable disease (x ̅±s).

Metrics Stable group (n = 62) Unstable group (n = 38) t P

ApoA (mmol/L) 1:17 ± 0:15 1:13 ± 0:14 1.327 0.188

ApoB (mmol/L) 0:85 ± 0:11 0:81 ± 0:12 1.705 0.091

Lp (a) (mg/L) 162:29 ± 51:56 248:74 ± 106:31 5.453 < 0.001

Lp-PLA2 (ng/mL) 213:86 ± 78:69 297:32 ± 91:27 4.842 < 0.001

Table 4: Relationship between plasma Lp-PLA2 and Lp (a) levels and neovascularization grade (x ̅±s).

Metrics Number of subjects Lp (a) (mg/L) Lp-PLA2 (ng/mL)

Neovascularization 195.14 245.57

Grade I 20 151:38 ± 45:94 199:56 ± 71:13
Grade II 36 181:91 ± 62:27 223:70 ± 79:85
Grade III 25 204:43 ± 88:17 271:71 ± 83:84
Grade IV 19 254:05 ± 109:63 301:05 ± 92:29
F 6.231 6.742

P < 0.001 < 0.001

Table 5: Correlation of plasma Lp (a) and Lp-PLA2 levels with plaque characteristics and IPN.

Metrics
Lp (a) Lp-PLA2

R 95% CI P R 95% CI P

Maximum thickness of plaque 0.290 0.099 to 0.460 0.003 0.204 0.008 to 0.385 0.042

Total plaque thickness 0.235 0.040~ 0.412 0.019 0.342 0.156 to 0.505 < 0.001

Extent of stenosis 0.336 0.149 to 0.499 < 0.001 0.431 0.256~0.578 < 0.001

IPN score 0.437 0.263 to 0.584 < 0.001 0.450 0.278 to 0.594 < 0.001
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IV in the unstable group and grade II in the stable group,
and the IPN score was significantly higher in the unstable
group than in the stable group, indicating that more intra-
plaque angiogenesis was observed in the unstable group.
Previous studies have suggested [16, 17] that the degree of
carotid artery stenosis is related to the biological characteris-
tics of plaques, and patients in the unstable group have a
high IPN grade, which may indicate the degree of carotid
plaque stenosis in patients in the unstable group. Plaque sta-
bility significantly affects the occurrence of ischemic stroke
and other diseases. Due to plaque instability, there is a risk
of detachment and rupture at any time. When plaque rup-
tures and detaches, it falls off from the vessel wall and moves
along the blood circulation, resulting in vascular embolism
and inducing stroke [18].

The results of this study showed that plasma Lp (a) and
Lp-PLA2 levels were significantly higher in the unstable
group than in the stable group, and the higher the neovascu-
lar grading, the significantly higher the plasma Lp-PLA2 and
Lp (a) levels. Lp (a) is a special macromolecular lipoprotein
whose main physiological function is to prevent intravascu-
lar thrombolysis and pathologically promote atherogenesis,
and its plasma level is mainly regulated by genes [19]. Lp
(a) levels have a skewed distribution in the population with
large individual differences, but the levels are basically stable
in the same body and should be concerned when they show
pathological increases [20]. Previous studies have shown
that Lp (a) is an independent risk factor for diseases such
as stroke and coronary heart disease [21]. Plasma Lp (a)
levels in patients with instability indicate that high plasma
Lp (a) levels indicate plaque instability, while high plaque
instability also indicates more plaque angiogenesis, which
may be related to the prothrombotic effect of Lp (a), and
high levels of Lp (a) promote plaque instability. Previous
studies have also confirmed that plaque progression and sta-
bility are closely related to IPN, because IPN increases the
possibility of plaque rupture and shedding, and vessels are
more likely to embolize [22]. Therefore, patients with high
plasma Lp (a) levels have increased intraplaque angiogene-
sis, but also increase plaque instability, resulting in their rup-
ture and shedding, ischemic stroke, and other serious events.
Under physiological conditions, hemoglobin in the arterial
intima provides nutrition for it. After carotid artery stenosis
occurs in patients, the intima media of blood vessels
thickens, resulting in local tissue hypoxia and inflammation.
Under these stimuli, vascular endothelial growth factor is
highly expressed, so new blood vessels are formed [23, 24].
The plasma Lp-PLA2 level can reflect the level of inflamma-
tion, which is mainly secreted by macrophages and lympho-
cytes in atherosclerotic plaques, and its level indicates the
level of arterial plaque inflammation and increased plaque
angiogenesis [25]. Plaque angiogenesis is one of the evalua-
tion criteria for plaque stability. The degree of angiogenesis
in the plaque instability group is higher than that in the sta-
ble group. Patients in the plaque instability group had a
higher degree of angiogenesis classification than those in
the stability group, and their plasma Lp-PLA2 levels were
also higher, indicating that patients in the plaque instability
group also had significantly higher levels of inflammation

than those in the instability group, establishing a link
between plasma Lp-PLA2 levels, plaque stability, plaque
angiogenesis, and plaque inflammation levels.

The results of Pearson correlation analysis showed that
the plasma levels of Lp (a) and Lp-PLA2 were positively cor-
related with the maximum plaque thickness, total plaque
thickness, and degree of stenosis and angiogenesis, that is,
the plasma levels of Lp (a) and Lp-PLA2. The more narrow
the plaque thickness, the more likely it was to appear plaque
angiogenesis, indicating that the plasma levels of Lp-PLA2
and Lp (a) have certain value for predicting the occurrence
of IPN and plaque progression.

In summary, plasma Lp (a) and Lp-PLA2 levels are asso-
ciated with carotid plaque characteristics and angiogenesis
in patients with carotid artery stenosis, and the plaque stabil-
ity and the related disease progression can be assessed clini-
cally by detecting plasma Lp (a) and Lp-PLA2 levels. The
shortcomings of this study are that the limited number of
samples, limited to single-center studies, may produce some
statistical error on the results, and retrospective analysis can-
not draw causal inferences. In addition, plasma Lp (a) levels
are regulated by genes, and external factors such as lifestyle
habits have little effect on them, so the effect of genetic var-
iation on plasma Lp (a) levels should also be considered.
However, this study still established a link between plasma
Lp (a) and Lp-PLA2 levels and plaque angiogenesis.

Plasma Lp (a) and Lp-PLA2 levels correlated well with
the characteristics of carotid plaques in patients with carotid
stenosis and have been reported in several publications.
Plasma Lp (a) and Lp-PLA2 can reflect the stability of pla-
que and may be clinically useful in the treatment and prog-
nosis of patients.
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Aim. To review and compare the PON-1 arylesterase activity between coronary artery disease (CAD) and non-CAD patients.
Methods. Data were obtained by searching MEDLINE and Scopus for all investigations published between January 1, 2000 and
March 1, 2021 comparing PON-1 arylesterase activity between CAD and controls. Results. Twenty studies, based on 5417
patients, met the inclusion criteria and were included in the analysis. A random effect model revealed that PON-1 arylesterase
activity was significantly lower in the CAD group compared to controls (SMD = –0:587, 95%CI = −0:776 to -0.339, p < 0:0001,
I2 = 92:3%). In CAD patients, the PON-1 arylesterase activity was significantly higher among CAD patients without diabetes
mellitus (DM) compared to those with diabetes (SMD: 0.235, 95% CI: 0.014 to 0.456, p = 0:03, I2 = 0%). Conclusions. PON-1
activity is significantly lower in CAD patients, and those without DM presented a significantly higher PON-1 arylesterase activity.

1. Introduction

Coronary artery disease (CAD) remains the leading cause of
morbidity and mortality worldwide [1]. Over the last
decades, several novel biochemical markers of oxidative
stress and related genetic polymorphisms have been identi-
fied in patients with CAD [2]. Indeed, free radicals contribute
to endothelial dysfunction (ED) and to the oxidation of low-
density lipoproteins (LDL), which are both critical
pathogenic events of atherosclerosis [3]. Furthermore, it has
been widely reported that elevated concentration of several
oxidative stress markers is linked with a higher incidence of
cardiovascular events [4]. Paraoxonase-1 (PON-1) is an
enzyme that has many enzymatic activities, such as
lactonase, thiolactonase, arylesterase, and aryldialkylpho-

sphatase (commonly known as paraoxonase). The most
important physiological role of PON-1 is the ability to hydro-
lyse oxidized LDL (ox-LDL) and thereby delay the onset of
atherosclerosis [5]. PON-1 is classified as an accessory
protein of high-density lipoprotein (HDL) and modulates
the capacity of HDL to protect against the atherosclerosis
process through antioxidant and anti-inflammatory activities
[5]. Previous meta-analyses of the relationship between
PON-1 and CAD have concentrated on PON-1 SNP’s or
PON-1 paraoxonase activity [6–8]. However, some studies
have demonstrated that the arylesterase activity of PON-1
was decreased in CAD patients when compared to non-
CAD subjects, thus confirming the earlier preclinical
evidence [9]. However, to the best of our knowledge, these
data have never been analyzed comprehensively. Therefore,
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the aim of the present study is to perform a systematic review
and meta-analysis comparing the serum/plasma PON-1
activity, measured as arylesterase activity between CAD and
non-CAD patients.

2. Materials and Methods

2.1. Study Design and Eligibility Criteria. This study followed
the Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) reporting guideline (Online
Resource 1) [10]. Data were obtained searching MEDLINE
and Scopus for all investigations published between January
1, 2000 and March 1, 2021 comparing the PON-1 arylester-
ase activity between CAD and controls.

2.2. Outcomes. The primary outcome was the comparison of
PON-1 arylesterase plasma/serum levels between CAD and
non-CAD patients, whereas the secondary objective of the
analysis was to compare the arylesterase activity in CAD
patients with or without diabetes mellitus (DM). Metare-
gression using as moderator variables age, body mass index
(BMI), and the latitude of the study site was also carried out.

2.3. Data Extraction and Quality Assessment. The selection
of studies to be included in our analysis was independently
conducted by 2 authors (M.Z. and C.C.) in a blinded fashion.
Any discrepancies in study selection were resolved by con-
sulting a third author (A.T.). The following MeSH terms
were used for the search: “Paraoxonase -1” AND “Coronary
artery disease” OR “Coronary Heart disease.” Additionally,
all references cited were reviewed to identify further studies
that were not included in the abovementioned electronic
databases. Studies were considered eligible if they provided
data regarding PON-1 activity in both CAD and controls.
Conversely, they were excluded from the analysis if (1) they
did not provide a comparison between PON-1 arylesterase
activity between CAD patients and controls; (2) they were
case reports, review articles, abstracts, editorials/letters, ran-
domized controlled trials, and case series with less than 15
participants from the general population or (3) they were
not in the English language. Data extraction was indepen-
dently conducted by 2 authors (M.Z. and C.C.). Discrepan-
cies between reviewers were resolved by consensus. For all
studies reviewed, we extracted the number of patients
enrolled, the mean age, male gender, mean and standard
deviation (SD) of PON-1 activity levels, and prevalence of
traditional cardiovascular risk factors among CAD and
non-CAD subjects. Newcastle-Ottawa scale (NOS) was used
to evaluate the methodology quality of eligible studies [11].

2.4. Data Synthesis and Analysis. Continuous variables were
expressed as mean ± ðSDÞ or as median with corresponding
interquartile range while categorical variables were
expressed as counts and percentages. The difference of
PON-1 arylesterase activity level between CAD and controls
was expressed as standardized mean difference (SMD) with
the corresponding 95% confidence interval (CI) using a
random-effect model (DerSimonian-Laird). A I2 = 0 was
considered to indicate no heterogeneity while values of I2

as <25%, 25–75%, and above 75% indicate low, moderate,

and high degrees of heterogeneity, respectively [12]. When
significant publication bias was found, we used the trim-
and-fill method to adjust our results. To evaluate publication
bias both funnel plot and Egger’s test were computed. To
further appraise the impact of potential baseline con-
founders, a metaregression analysis using age, body mass
index (BMI), gender, HDL-C, and the latitude of the study
site as moderator variables was performed. A further suba-
nalysis was also performed to assess any difference in
PON-1 arylesterase activity among Asian and European
populations from the reviewed studies. The meta-analysis
was conducted using Comprehensive Meta-Analysis soft-
ware, version 3 (Biostat, USA).

3. Results

3.1. Search Results and Included Studies. A total of 804 arti-
cles were obtained with our search strategy. After excluding
duplicates and preliminary screening, 372 full-text articles
were assessed for eligibility, and 352 studies were excluded
for not meeting the inclusion criteria, leaving 20 investiga-
tions fulfilling the inclusion criteria (Figure 1) [9, 13–30].

3.2. Characteristics of the Population and Quality Assessment.
Overall, 5 417 patients (3 364 with CAD and 2 053 without
CAD) were included in the analysis. The general characteris-
tics of the studies included were the relative demographic,
biometrical, and lipid profiles shown in Table 1. Quality
assessment showed that all studies were of moderate-high
quality according to the NOS scale (Online Resource 2).

3.3. PON-1 Arylesterase Activity in Patients with Coronary
Artery Disease. A random effect model revealed that PON-1
arylesterase activity was significantly lower in the CAD group
compared to controls (SMD = –0:587, 95%CI = −0:776 to
− 0:339, p < 0:0001, I2 = 92:3%) (Figure 2). Egger’s tests
(t = 4:286, p = 0:003) showed evidence of potential publica-
tion bias. Therefore, a trim-and-fill analysis was performed
to explore whether the publication bias influenced the stabil-
ity of the results in this meta-analysis (two studies trimmed).
The updated result showed a SMD = −0:881 (95% CI -1.139
to -0.624, p < 0:0001). The relative funnel plot is showed in
Supplementary file 3 (Panel A).

A subgroup analysis was performed in order to estimate
the possible existence of a difference in PON-1 arylesterase
activity in CAD patients having or not having DM; PON-1
arylesterase activity was significantly higher among CAD
patients without DM compared to those with diabetes
(SMD: 0.235, 95% CI: 0.014 to 0.456, p = 0:03, I2 = 0%)
(Figure 3). In this case, Egger’s test revealed no evidence of
publication bias (t = 0:115, p = 0:927). The relative funnel
plot is presented in Online Resource 3, panel B.

3.4. PON-1 Arylesterase Activity in Patients with Coronary
Artery Disease by Geographical Area. Using a random effect
model, a further subanalysis revealed that PON-1 arylester-
ase activity remained significant lower in patients with
CAD both in Asian (SMD: -0.558, 95% CI: -0.917 to
-0.200, p = 0:002, I2: 91%) and European (SMD: -0.298,
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95% CI: -0.497 to -0.015, p = 0:003, I2 = 90%) populations
(forest plot shown in Online Resource 4). Although the dia-
betes status of patients enrolled was not systematically eval-
uated, from those studies that did record diabetes status, the
prevalence of diabetes was higher amongst CHD patients.
Notably, Asian patients with CHD were more frequently
diabetic than their European counterparts (47.0% vs. 32.3%).

3.5. Metaregression. In metaregression analysis, no correla-
tion was found between either SMD and age (p = 0:13),
BMI (p = 0:09), gender (p = 0:24), and latitude of the study
site (p = 0:80), while an inverse association was found using
HDL-C levels (p = 0:004) and statin treatment (p = 0:003) as
moderators (Table 2).

4. Discussion

The present meta-analysis revealed a significant decrease in
PON-1 arylesterase activity in CAD patients compared to
controls. For the first time, our results provide a comprehen-
sive and updated evaluation of PON-1 arylesterase activity
in CAD patients, reviewing all the available studies pub-
lished over the last twenty years. Indeed, several investiga-
tions have been previously focused on the relationship
between PON-1 single nucleotide polymorphisms (SNPs)
and cardiovascular disease (CVD) [31–33], including CAD
[7]. However, the results reported in these studies were
highly variable, with some of them revealing either a signif-
icant or a nonsignificant association between genetic vari-
ants and disease occurrence. The most common SNPs of
this HDL-associated protein (Q192R and L155M), mostly
influence the so-called paraoxonase activity, are responsible
for hydrolysis of certain organophosphate compounds.
Indeed, the high interindividual variability of this activity
is essentially due to the effect of these genetic variants.
On the other hand, arylesterase, although not being the
physiological activity, has been found to more properly

reflect the antiatherosclerotic properties of PON-1 [34].
This activity is by far the most frequently assessed in
epidemiological-clinical studies also because of its lower
interindividual variability.

Despite intense research on the topic, the biology and
biochemistry of PON-1 are still poorly understood. Indeed,
the physiological substrate has not been definitively ascer-
tained; although, the most recent in vitro evidence points
to endogenous lipophilic lactones such as those resulting
from fatty acid oxidation (e.g., 5,6-dihydroxy-trienoic acid
and 1,5-lactone). Unfortunately, at the current state of the
art, a universally accepted assay to measure the (putative)
native lactonase activity has not yet been validated, making
a meta-analysis on this PON-1 activity unfeasible. The
cause/effect relationship between PON-1 and CAD (along
with other diseases) is also unclear. The enzyme structure
and activity are highly susceptible of oxidative and glycation
modification. Thus, the decrease in PON-1 observed in dia-
betic CAD patients compared to nondiabetic could be both a
downstream and upstream event linked to either glycation
or oxidative stresses that characterize the metabolic disease.
The interest in the biological role of PON-1 was sparked
by converging in vivo and in vitro evidence suggesting that
this protein is able to protect lipid moiety of cell membranes
and LDL from oxidation [35–37]. Mackness and colleagues
were the first to demonstrate that PON-1 could prevent
the accumulation of lipid peroxides in low-density lipo-
proteins (LDL) [38]. Afterwards, studies on transgenic
mice confirmed and extended these findings. PON-1
knockout mice showed increased serum and arterial mac-
rophage oxidative stress and an increase in atherosclerotic
lesions compared to controls; moreover, the addition of
PON-1 to macrophages significantly improved their redox
imbalance [37].

These compelling preclinical findings provide the ratio-
nale of the cross-sectional studies included in our analysis,
as well as of longitudinal studies investigating the link of
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arylesterase and/or paraoxonase activity with CVD risk. To
the best of our knowledge, the largest longitudinal study
(PREVEND study, mean follow − up = 9:3 years) in this field
found an approximately log-linear inverse association
between the two variables, which was partly dependent on
HDL-C levels [39]. This result is not surprising, since
PON-1 is mostly bound to HDL particles, and PON-1 activ-
ity is strongly correlated to the level of cholesterol carried by
the lipoprotein. As also confirmed by the outcome of the
significant inverse association between HDL-C and PON-1
revealed by the meta-regression analysis, the level of the
former marker should be always considered as potential
confounding factor in all clinical studies dealing with

PON-1. The authors of PREVEND study also performed a
meta-analysis, including two other studies. This further
analysis showed that PON-1 arylesterase did not provide
significant improvement in CVD risk assessment beyond
conventional CVD risk factors [6]. However, it should be
noted that the definition of CV risk encompasses several
underlying acute and/or chronic conditions, which are influ-
enced by other modifiable and nonmodifiable determinants.
In this regard, our analysis specifically focused on CAD,
which represents the primary cause of mortality worldwide.

Our meta-regression suggests that, besides HDL-C (or
other surrogate markers of HDL concentration, such as
Apo A1), statin use should also be considered in the

Study name Statistics for each study Weight (random) Std diff in means and 95% Cl

Std diff
in means

Ding
Fridman
Jayakumari
Mohamed
Shekhanwar
Snen
Kuchta
Januszek
Sun
Variji
Van Himbergen
Lu (No DM)
Lu (IFG)
Lu (DM)
Ferre
Wang
Kerkeni
Rodriguez-Esparragon
James
Itahara
Rahmani (DM)
Rahmani (No DM)
Suherio
Random effect:
Tau-squared: 0.188
I-squared: 92.3%, p <0.0001

–0.738
–0.119
–0.507
–1.019
–4.668
–0.442
–0.868

0.012
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–0.202
–0.321
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–0.738
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0.085
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–0.431
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–0.994
–0.019
–0.200
–0.936
–0.587

0.175
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0.089
0.171
0.368
0.148
0.185
0.194
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0.154
0.074
0.151
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0.155
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0.188
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0.158
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0.096
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4.36
4.75
4.64
4.14
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4.35

0.000
0.295
0.000
0.000
0.000
0.003
0.000
0.950
0.020
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0.000
0.000
0.168
0.189
0.000
0.000
0.001
0.000
0.905
0.206
0.000
0.000
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0.029
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0.038
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0.005
0.023
0.029
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−1.080
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−2.746
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Figure 2: Forest plot investigating the PON-1 arylesterase activity in coronary artery disease (CAD) patients and controls.

Study name Statistics for each study Weight (fixed)

Std diff
in means

Rahmani
Itahara
Lu
Fixed effect:
Tau-squared: 0
I-squared: 0%, p = 0.45

0.134
0.047
0.415
0.235
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0.471
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0.113

0.023
0.222
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0.014
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Figure 3: Forest plot of the PON-1 arylesterase activity in subjects with diabetes mellitus (DM) or nondiseased (no DM).

Table 2: Metaregression analyses.

Item N° of interaction β SE 95% CI z value p

Age 22 -0.020 0.013 -0.047 to 0.006 -1.48 0.137

BMI 14 0.064 0.380 -0.010 to 0.139 1.68 0.092

Latitude 14 -0.003 0.012 -0.027 to 0.021 -0.25 0.805

Gender (females) 22 -0.0101 0.008 -0.271 to 0.007 -1.16 0.247

HDL-C 21 -1.913 0.670 -3.226 to -0.599 -2.85 0.004

Statin treatment 8 -1.958 0.702 -3.465 to -0.574 -2.91 0.003

β: standardized regression coefficient; SE: standard error; 95% CI: 95% confidence interval.
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multivariate analysis on the link between PON-1 and CAD
occurrence. This outcome agrees with a recent meta-
analysis showing that statin therapy may have a positive
effect in improving both PON-1 paraoxonase and arylester-
ase activities, either in single-arm studies or controlled trials
[39]. To explain this finding, the authors hypothesized that
these cholesterol lowering drugs may enhance PON-1 pro-
tein synthesis and secretion or interaction with HDL [40].
Conversely, no association with BMI, age, or gender was
observed. These findings might reflect the characteristics of
the subjects enrolled in the reviewed studies. Indeed, most of
the patients were mid-age individuals, and BMI was not syste-
matically reported, probably underestimating the potential
effects of such variables. Indeed, to really assess the role of
age in the association between PON-1 and CAD, it would be
useful to include in the cohorts also younger subjects, to really
assess the trend of the interaction over the decades, starting
when CAD patients typically become symptomatic [41].

Serum evaluation of PON-1 may represent a useful
adjunctive tool in different clinical scenarios. First, it could
be used to early identify young patients with subclinical
atherosclerosis, thus integrating the traditional cardiovascu-
lar risk assessment based on the lipid profile evaluation,
blood pressure measurement, and intima media-thickness
assessment. Second, it might be evaluated in secondary CV
prevention, demonstrating the possible antioxidant effects
of statins against lipid peroxidation via lipid-lowering-
dependent and -independent mechanisms [42].

4.1. Limitations. Our study has several limitations related to
the observational nature of the studies reviewed with all the
inherited biases. In fact, the high heterogeneity observed,
which probably depends on the participants’ inclusion cri-
teria as well as on the study designs, may have resulted in
conclusions that are not firm. Furthermore, the presence of
publication bias, despite the application of the trim-and-fill
method, may have also confounded the results. In addition,
most of the studies considered in the analysis lacked infor-
mation regarding the use of statins and other drugs, which
have been suggested to influence PON-1 expression and
activity. This is an important point, since it has been shown
that different types of statins may exert different effects on
PON-1 expression/activity [45]. Finally, the number of stud-
ies reporting data about CAD patients with concomitant
DM is limited, and this may have affected the reliability of
the findings on this subtopic.

5. Conclusion

Despite the acknowledged limitations, our findings clearly
suggest that patients suffering from CAD have a decreased
PON-1 arylesterase. Further research efforts are required to
ascertain whether change of this activity may precede and
thus predict disease occurrence.
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The importance of cell pyroptosis in immunity regulation is becoming increasingly obvious, especially in diseases of the
cardiovascular system. Nevertheless, it is unknown whether the pyroptosis signalling pathway is involved in the immune
microenvironment regulation of dilated cardiomyopathy (DCM). Therefore, the purpose of the study was to investigate the
influence of pyroptosis on the immune environment in dilated cardiomyopathy. We found that expression of 19 pyrolysis-
related genes (PRGs) in DCM samples was altered compared to healthy samples. Subsequently, based on these 12 hub
pyrolysis-related genes, we developed a classifier that can distinguish between healthy samples and DCM samples. Among the
hub pyrolysis-related genes, RT–PCR analyses demonstrated that five of them exhibited significant differential expression in
DCM. Interestingly, we observed that immune characteristics are correlated with pyroptosis: higher expression of GSDMD is
positively correlated with infiltrating activated pDCs; GSDMD is negatively correlated with Tregs; CASP1 is positively related
to parainflammation; and CASP9 is negatively related to the type II IFN response. In addition, distinct pyroptosis-mediated
patterns were identified, and immune characteristics under distinct patterns were revealed: pattern B mediates an active
immune response, and pattern A leads to a relatively mild immune response to DCM. We also compared the biological
functions between these patterns. Compared with pattern A, pattern B had more abundant pathways, such as the NOTCH
signalling pathway and pentose phosphate pathway. In summary, this study proves the important influence of pyrolysis on the
immune microenvironment of dilated cardiomyopathy and provides new clues for understanding the pathogenesis of dilated
cardiomyopathy.

1. Introduction

Dilated cardiomyopathy (DCM) is a very common myocar-
dial disease, and it is estimated that 1 in 250 people is
affected [1, 2]. Dilated cardiomyopathy (DCM) is character-
ized by an enlargement in either the left or both ventricles,
accompanied by myocardial hypertrophy and decreased
ventricular systolic function that may also include congestive
heart failure [3]. DCM progressively worsens and can easily
develop into heart failure. Death can occur at any stage of
DCM and is the most common indication for heart trans-

plantation. DCM portends a poor prognosis and is one of
the major indications for cardiac transplantation [4]. The
causes of DCM are heterogeneous and can result from idio-
pathic, genetic, viral, immune, or toxic aetiology [1]. DCM is
caused by a combination of genetic and environmental fac-
tors in the myocardium [1, 5]. During the progression of
DCM, immune function often becomes disordered, affecting
both cellular immunity and humoral immunity. Inflamma-
tory endothelial activation is often present in DCM, with
lymphocyte and monocyte infiltration [6–8]. Consequently,
it is important to explore the immune molecular pathways
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of DCM to understand the pathological mechanisms under-
lying it; at the same time, these immune targets may inspire
ideas for the design of therapeutic strategies in DCM.

Classically, there are three mechanisms of cell death:
apoptosis, autophagic cell death, and necrosis. Recent
studies have found that caspase-1 in both humans and
mice, caspase-4/5 in humans, and caspase-11 in mice
mediate a new type of programmed necrosis, pyroptosis
[9, 10]. Under the electron microscope, before rupture of
the cell plasma membrane, pyrolyzed cells can be seen
forming a large number of vesicles, namely, inflamma-
somes. Then, pores are formed in the cell membrane,
which causes subsequent rupture and release of the con-
tents [11]. These are the morphological features of cellular
pyroptosis. Pyroptosis is a form of gasdermin-mediated
programmed cell necrosis [12, 13]. Pyrolysis is an impor-
tant natural immune response in the body that plays a
significant role in the fight against infection [12]. Recently,
extensive findings have indicated that pyroptosis is
involved in various diseases, especially cardiovascular dis-
eases (CVDs) [14, 15]. For instance, in atherosclerosis,
ischaemia–reperfusion injury, myocardial infarction, coro-
nary calcification, and heart failure, related research results
have led to the discovery and application of inhibitors or
drugs targeting proteins involved in pyroptosis [16].

Nevertheless, few studies have focused on the mecha-
nisms and pathways related to cell pyroptosis in dilated
cardiomyopathy (DCM). Zeng et al. [17] demonstrated that
in the mechanism of DCM, the NLRP3 inflammasome plays
a critical role by activating caspase-1 and leading to pyropto-
sis. However, it is unknown whether the pyroptosis pathway
is mechanistically related to the immune microenvironment
in dilated cardiomyopathy.

In this study, pyroptosis patterns in DCM were systema-
tically investigated. We found that pyroptosis-related genes
could differentiate DCM samples from healthy samples.
We found that the abundance of infiltrating immune cells
and the immune response gene set in DCM exhibited linear
pertinence, showing a strong relationship between
pyroptosis-related genes and immune regulation. We ana-
lysed DCM samples based on 12 pyroptosis-related genes,
and 2 distinct pyroptosis patterns were identified. Between
these subtypes, we observed different characteristics in
immune regulation, and biological functions were compared
between these subtypes. In addition, we analysed 2142
pyroptosis-related genes and their biological functions. Our
results suggest that cellular pyroptosis patterns make a criti-
cal contribution to the immune microenvironment in DCM.

2. Materials and Methods

2.1. Data Preprocessing. We downloaded the GSE141910
dataset (http://ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE141910) from the Gene Expression Omnibus (GEO)
database, which included 166 healthy samples and 116
DCM samples. All data were preprocessed and obtained
using the R package “GEOquery.” The GPL16791 platform
file was used for annotation. Gene probes were annotated
with gene symbols, and probes that did not match gene sym-

bols or that matched multiple symbols were excluded. We
collected 33 PRGs from previous research [18–21].

2.2. Analysis of Changes in PRGs between DCM and Healthy
Samples. To explore interactions among the 29 PRGs, we
used the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database (http://www.string-db
.org/) to create a protein–protein interaction (PPI) network
of these PRGs. We used Spearman correlation analysis to
evaluate the expression relationships among 29 PRGs in all
samples and specifically in DCM samples, and using the
Wilcoxon test, we compared the expression differences of
29 PRGs between healthy and DCM samples. DCM-related
PRGs were identified using univariate logistic regression,
and the cut-off criterion was a P value < 0.05. Then, we used
least absolute shrinkage and selection operator (LASSO) to
improve the accuracy of the linear regression model. We uti-
lized multivariate logistical regression to build a PRG-related
DCM classifier. To evaluate the potential performance of the
signature, we used receiver operating characteristic (ROC)
curve analysis.

2.3. Correlation Analysis between PRGs and Immune
Characteristics. We used the “GSVA” package to conduct
single-sample gene set enrichment analysis (GSEA) to esti-
mate the scores of infiltrating immune cells and to assess
the activity of immune signalling pathways. We used the
Wilcoxon test to compare enrichment fractions representing
immune cell abundance and immune reactivity in healthy
and DCM samples. Pearson correlation analysis was utilized
to determine the relevance of PRGs with respect to immune
cell components and immune response activity.

2.4. Identification of Pyroptosis Patterns. Based on the
expression of 29 PRGs, we chose to analyse the unsupervised
clustering state to identify disparate pyroptosis patterns. At
the same time, we utilized a consistent clustering algorithm
for the purpose of evaluating the clustering number and
robustness. During the calculation, the R package “Consen-
susClusterPlus” was used to perform iterative calculations.
We calculated one step at a time 1000 times to ensure the
robustness of the classification [20]. Moreover, to verify the
expression pattern of PRGs in various pyroptosis patterns,
we chose to use PCA as an analytic method after full consid-
eration. The Kruskal test is a method that compares the
degree of expression of PRGs, the score in abundance of
infiltrating immunocytes, the score of immune response,
and the degree of gene expression in two pyroptosis patterns,
which differ widely.

2.5. Biological Enrichment Analysis of Distinct Pyroptosis
Modification Patterns. To analyse pyroptosis-related differ-
entially expressed genes, GO (Gene Ontology) functional
enrichment and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway analyses were performed using the
clusterProfiler package in R. Two sets of genes, “c5.go.v7.4.-
symbols” and “C2.cp.kegg.v7.4. symbols,” were used to
reflect changes in biological signalling pathways. Subse-
quently, the expression matrix was transformed into a score
matrix using the GSVA algorithm, and we used the LIMMA
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package to compare scores of biological signalling pathways
between the two groups. The threshold of difference analysis
was ADj. P < 0:05 and | LogFC | 1 or more.

2.6. Identification of Pyroptosis-Mediated Genes. To identify
the genes regulating pyroptosis, we used the empirical Bayes
method to analyse the samples with two different pyroptosis
patterns to identify DEGs between different pyroptosis
patterns. The threshold for determining important DEGs
was an adjusted P value < 0.0001. Using weighted gene coex-
pression network analysis (WGCNA), we obtained the
difference between gene modules and pyroptosis pattern-
related genes.

2.7. Animal Protocol. Male C57BL/6 mice at 10 weeks of age
were obtained from Hubei Provincial Centres for Disease
Control and Prevention. All animal studies were conducted
according to the Animal Care and Use Committee Guide
of Wuhan University, which obeyed the Guide for the Care
and Use of Laboratory Animals of the National Institutes
of Health. To induce DCM, a cumulative dose of 12mg/kg
doxorubicin (DOX) was administered via 3 weekly IP injec-
tions (4mg/kg on days 0, 7, and 14), and follow-up analyses
were conducted 6 weeks after the first injection [17].

2.8. Echocardiography. All animal studies were conducted
according to the Animal Care and Use Committee Guide
of Wuhan University, which obeyed the Guide for the Care
and Use of Laboratory Animals of the National Institutes
of Health. Mice were examined using transthoracic echocar-
diography. Using a Vevo 2100 imaging system equipped
with a 30MHz MS400 linear array, M-mode echocardiogra-
phy was performed to obtain a short-axis view of the heart at
the level of the middle papillary muscle. The left ventricular
systolic inner diameter (LVIDs) and left ventricular diastolic
inner diameter (LVIDd) were measured in awake mice. The
left ventricular ejection fraction (LVEF) was calculated as
%EF = ½ðLVIDd − LVIDsÞ/LVIDd� × 100; and fractional
shortening (FS) was calculated as %FS = ½ðLVIDd − LVIDsÞ
/LVIDd� × 100.

2.9. Histological Analyses. Six weeks after the first injection,
the heart tissue was collected, fixed in 4% paraformaldehyde,
dehydrated, and embedded in paraffin. Four-micrometre
sections were collected and stained using haematoxylin and
eosin (HE) and Masson’s trichrome. Images were captured

using an Aperio VERSA system (Leica Biosystems,
Germany) and analysed using Image-Pro Plus 6.0.

2.10. Real-Time PCR. Total RNA was extracted from apical
tissue using TRIzol and reverse transcribed into cDNA,
and real-time quantitative PCR was performed. All data
are normalized to the GAPDH mRNA level as an internal
reference, and the relative quantification of apical tissue
mRNA expression was determined using the 2-△△CT
method. The primers used are shown in Table 1.

3. Results

3.1. Expression Alterations of PRG in DCM Compared to
Healthy Samples. The expression interactions of PRGs are
shown in a protein–protein network (Figure 1(a)) with 111
edges and 33 nodes as determined using the STRING data-
base. We observed that with a confidence level of 0.700,
apart from PLCG1, GPX4, PRKACA, ELANE, and DFNB89,
the rest of the PRGs were very closely connected. In addi-
tion, the transcriptome relationship was investigated, and
we found that GSDMD and GPX4 were the most relevant
PRG regulators in all samples (r = 0:86) and in DCM sam-
ples (r = 0:89), which may indicate that they work together
(Figure 1(b)). At the same time, differential expression anal-
ysis identified 19 PRGs with altered expression (Figures 1(c)
and 1(d)). Among them, compared to normal myocardial
tissue, the fold change in TNF was the largest and most
significant (Figure 1(e)).

3.2. PRGs Participate in the Process of DCM Generation. To
determine the role of PRGs in the DCM pathogenesis, we
used several common bioinformatics algorithms. To identify
DCM-related PRGs, we used univariate logistic regression,
which showed that 21 PRGs were most closely related to
DCM (Figure 2(a)). Subsequently, LASSO regression was
performed on 21 DCM-related PRGs for feature selection
and dimensionality reduction to exclude unimportant regu-
lators (Figures 2(b) and 2(c)), which ultimately identified 12
hub PRGs. We used multivariate logistic regression for a
classifier to distinguish between normal and DCM samples
(Figure 2(d)). The classifier is composed of hub PRGs, which
can well classify both normal and DCM samples based on
the risk scores. The risk score of DCM was much higher
than that of the normal samples (Figure 2(e)). Moreover,
the ROC curve showed that the 12 PRGs could distinguish

Table 1: Primers used for RT-PCRs.

Target genes Forward primers (5′-3′) Reverse primers (5′-3′)
NLRP1 AGCAAGGGTGGAACAGCATT ATAGCGGGAACCAAGATAAAGAG

TNFα CTCTTCTGTCTACTGAACTTCGGG GGTGGTTTGTGAGTGTGAGGGT

CASP1 GGCTGACAAGATCCTGAGGG TAGGTCCCGTGCCTTGTCC

CASP9 GAGGTGAAGAACGACCTGACTG CTCAATGGACACGGAGCATC

PRKACA ATCGTCCTGACCTTTGAGTATCTG ACAGCCTTGTTGTAGCCTTTGC

GAPDH CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT
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Figure 1: Expression landscape of PRGs in DCM. (a) The protein-protein interactions among PRGs. (b) Interrelationships of the expression of
PRGs for all samples (left) and DCM samples (right). The two most interrelated PRGs shown in the two scatter plots: GSDMD and GPX4. (c)
The box plot shows the expression of 19 PRGs in DCM compared to healthy samples. (d) The heat map shows the expression status of 19 PRGs
in DCM compared to healthy samples. (e) The volcano plot visually shows the expression of PRGs between healthy and DCM samples.
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Figure 2: PRGs can be used to classify normal and DCM samples. (a) Univariate logistic regression was used to study the correlation
between PRGs and DCM (P < 0:05) and uncovered 21 DCM-related PRGs. (b) LASSO coefficient distribution of 21 DCM-related RGs.
(c) In LASSO regression, 10-fold cross-validation was used to fine-tune parameter selection. λ is the adjustment parameter, and the
partial likelihood deviance is plotted according to log (λ). (d) Through multivariate logistic regression, a distinguishing feature with 12
PRGs was developed, and the risk scores of DCM and healthy samples were estimated. (e) The risk profile between DCM and healthy
samples illustrates that the risk score of DCM was higher than that of healthy samples. (f) ROC curves were used to analyse the ability
of 12 PRGs to distinguish between healthy and DCM samples, and the AUC value was used to evaluate the distinction ability.
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Figure 3: Association of PRGs with immune cells and immune response pathways. (a) The dot plot shows the correlation between each
infiltrating cell and each hub PRG in the dysregulated immune microenvironment. The most positive interrelated immune cell-hub PRG
pair was GSDMD-pDCs, and the violin plot on the right shows the expression or fraction status. The most negatively correlated immune
cell-hub PRG pair was GSDMD-Tregs, and the violin plot on the left shows the expression or fraction status. (b) The dot plot shows the
association between each gene set of the immune dysregulation response and the 12 hub PRGs. The most positively correlated pair was
CASP1-parainflammation, and the violin plot in the right shows the expression or activity. The most negative interrelated pair was
CASP9-type_II_IFN_response, and the violin plot on the right shows the expression or activity.
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Figure 4: Continued.
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between normal and DCM samples (AUC = 0:99, Figure 2(f
)). These results show that PRGs play a crucial role in the
development of DCM.

3.3. PRGs Are Related to Immune Characteristics in DCM
Tissue. To investigate the biological behaviours between
PRGs and the immune microenvironment, we analysed
expression of the 12 hub PRGs, infiltrating immunocytes,
and immune-related signalling pathways. Statistical analysis
revealed differences in the abundance of infiltrating immu-
nocytes between healthy and DCM samples (Figure S1A).
Compared to healthy myocardial tissue, most infiltrating
immune cells were altered in DCM. Correlation analysis
revealed that 12 hub PRGs were closely associated with
most immune cells (Figure 3(a)). For example, GSDMD
had the strongest positive correlation with pDC abundance
(r = 0:75) and the strongest negative correlation with Treg
abundance (r = −0:65), which was related to the expression
status of GSDMD, pDCs, and Tregs. The box plot shows
differences in the activity of each immune response
pathway between healthy and DCM samples (Figure S1B).
In addition, we found that CASP1 was positively correlated
with parainflammation (r = 0:73) and that CASP9 was
negatively correlated with the type II IFN response
(r = −0:42) (Figure 3(b)). This indicates that CASP1 and
CASP9 play important roles in parainflammation or type
II IFN response in DCM.

3.4. PRG-Mediated Pyroptosis Patterns in DCM. Based on
the expression of 29 PRGs, we performed unsupervised con-
sensus clustering analysis for DCM samples to investigate
pyroptosis patterns in DCM (Figures 4(a)–4(c)). Two dis-
tinct DCM subtypes were identified. PCA showed that
expression of PRGs was qualitatively different between the
subtypes, including 70 samples in subtype A and 96 samples

in subtype B (Figure 4(d)). In addition, correlation analysis
indicated no significant difference in clinical characteristics
between the different patterns (Figure 4(e)). Except for
CASP6, CASP9, GSDMA, GSDMB, GSDME, IL18, NLRP1,
NLRP2, PJVK, PRKACA, and TNF, expression of the
remaining 19 PRGs in different pyroptosis patterns exhib-
ited obvious differences (Figures 4(f) and 4(g)). Multiple
pyroptosis patterns were verified in DCM.

3.5. Characteristics of the Immune Microenvironment in
Different Pyroptosis Patterns. To identify differences in
immune microenvironmental characteristics between these
different pyroptosis patterns, we evaluated immune cells,
immune response gene sets, and human leukocyte antigen
(HLA) gene expression. Many immune cells were different
between the two patterns (Figure 5(a)). Compared to pattern
B, pattern A had relatively few infiltrated immunocytes. Pat-
tern B displayed higher levels of aDCs, DCs, macrophages,
mast cells, NK cells, T helper cells, Tfhs, and TILs. Of note,
only Treg cells were more enriched in pattern A. In addition,
in terms of immune response, the immune response of pat-
tern B was more active. For instance, the immune response
of MHC class I and HLA was very active in pattern B
(Figure 5(b)). At the same time, we observed a similar trend
in the gene expression of HLA (Figure 5(c)). These results
indicated that pyroptosis pattern B mediates a more active
immune response, while the pyroptosis pattern A-mediated
immune response is relatively mild. These results once again
strongly demonstrated that pyroptosis has an important
regulatory effect on the formation of different immune
microenvironments of DCM

.

3.6. Biological Characteristics of Pyroptosis Patterns. To
investigate the biological response of the pyroptosis patterns,
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Figure 4: Identification two different subtypes of pyroptosis patterns in DCM. (a) A consensus clustering cumulative distribution function
(CDF) with k = 2 − 7 is shown. (b) The relative change in the area under the CDF curve for k = 2 − 7 is shown. (c) Heat map of the matrix of
cooccurrence proportions for DCM samples. (d) Principal component analysis (PCA) of the transcriptome profiles of the two pyroptosis
patterns, indicating that there were significant differences in the transcriptome between the two pyroptosis patterns. (e) Comparison of
age and sex between the two pyroptosis patterns. The correlation of different clinical features between the 2 patterns is shown by the
heat map. (f) Box plot of the expression status of PRGs in two pyroptosis patterns. (g) Heat map of the expression status of PRGs in the
two pyroptosis patterns.
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GO analysis and KEGG analysis were performed. We
applied GSVA enrichment analysis to estimate the activity
of the biological pathways that were assessed. In the KEGG
pathway analysis, compared to pattern A, pattern B had
more abundant pathways, such as the NOTCH signalling
pathway and pentose phosphate pathway (Figure 6(a), Sup-
plementary File 1). In GO pathway analysis, compared to
pattern A, pattern B also had more abundant pathways, such
as antimicrobial humoral response and other biological pro-
cesses (Figure 6(b), Supplementary File 2). To investigate the
mechanism of genes related to PRG-mediated regulation, we
identified DEGs related to the pyroptosis phenotype. A total
of 2142 common genes were considered to be related to the
pyroptosis phenotype (Figure 7(a)), and GO enrichment
analysis showed that they were primarily involved in
immune processes such as neutrophil activation in the
immune response (Figure 7(b)). In addition, in the KEGG
analysis, the selected biological process of DEG enrichment

was significantly related to biological processes such as cyto-
kine–cytokine receptor interaction (Figure 7(c)). In addition,
we used WGCNA to identify gene–gene modules related to
different modifications (Figures 7(d)–7(f)). We identified
three gene modules where different pyroptosis patterns
matched their related genes (Figure 7(g)); for example,
pyroptosis pattern A was closely related to genes in the
magenta module (Figure 7(h)). The above results could
clarify that pyroptosis patterns mediate the related gene
expression regulation network.

3.7. Validation of the Expression Levels of Five Core PRGs in
DCM. According to the bioinformatics results, we further
validated expression of the five core PRGs (NLRP1, TNFα,
CASP1, CASP9, and PRKACA) in healthy mouse myocar-
dial tissue and Dox-induced DCM myocardial tissue
(Figures 8(a) and 8(b)). The RT–PCR results showed that
the mRNA expression of NLRP1, TNFα, CASP1, CASP9,
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Figure 5: Differences in immune microenvironmental features in different pyroptosis patterns. (a) The abundance difference of infiltrating
immunocytes in each immune microenvironment in pyroptosis patterns. (b) Activity differences in each immune response gene set in
pyroptosis patterns. (c) Expression differences in each HLA gene in the pyroptosis patterns.
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Figure 6: Diversity of potential biological function characteristics between the two pyroptosis patterns. (a) Differences in KEGG pathway
enrichment scores between the two pyroptosis patterns. (b) Differences in GO pathway enrichment scores between the two pyroptosis
patterns.
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and PRKACA in DCM myocardial tissues was significantly
higher than that in normal myocardial tissues (P < 0:05),
consistent with the results of bioinformatics analysis
(Figure 8(c).

4. Discussion

Dilated cardiomyopathy (DCM) is considered the final com-
mon reaction of the myocardium due to a combination of
genetic and environmental factors. Pyroptosis was initially
found to be a key mechanism for fighting against infection
[22–24]. Recently, extensive findings have indicated that
pyroptosis is involved in various cardiovascular diseases
(CVDs) [15, 25, 26]. However, it is unknown whether the
pyroptosis signalling pathway is involved in the immune
microenvironment regulation of dilated cardiomyopathy.
In this study, pyroptosis patterns were found in the immune
response of DCM. To understand how PRG mediates the
immune response and the alteration of immune cells in
DCM, we used multiple bioinformatics analyses to obtain
these results. First, our results identified 19 PRGs with
altered expression between healthy and DCM samples, indi-
cating that PRGs do indeed participate in the development
of DCM. Based on hub DCM-related PRGs, we developed
a classifier to differentiate between normal samples from
DCM samples. The classifier performed well in distinguish-
ing between healthy and DCM samples, revealing that PRGs
do indeed play a critical role in the development of DCM.
The mRNA expression levels of core PRGs, which are upreg-
ulated in DCM tissues, were indeed higher than that of
healthy tissues. This was verified using qRT–PCR analysis
in mouse myocardial tissue. In addition, our findings
revealed that differences in the abundance of immune cells
do indeed exist in the immune microenvironment between
healthy and DCM samples. CASP1 was positively related
to parainflammation, and CASP9 was negatively related to
the type II IFN response. This indicates that CASP1 and

CASP9 play important roles in parainflammation or the type
II IFN response in DCM. In addition, we found that gasder-
min D (GSDMD) was strongly positively correlated with
pDC abundance. GSDMD was recently identified as the
factor responsible for the inflammatory form of lytic pyrop-
totic cell death, a critical antibacterial innate immune
defence mechanism [27–29]. GSDMD is pleiotropic, exert-
ing both pro- and anti-inflammatory effects, which make it
a potential target for antibacterial and anti-inflammatory
therapies [27, 30]. These findings may indicate the existence
of a PRG immune regulatory mechanism in DCM. To inves-
tigate pyroptosis patterns in DCM, unsupervised consensus
clustering analysis was conducted for DCM samples based
on the expression of 29 PRGs. Two distinct DCM subtypes
were identified. In addition, correlation analysis showed that
there was no significant difference in clinical characteristics
between different pyroptosis patterns. Expression of most
PRGs in different pyroptosis patterns displayed obvious dif-
ferences. It was verified that there were multiple pyroptosis
patterns in DCM. Compared to pattern B, pattern A exhib-
ited relatively few infiltrated immunocytes. Pattern B
presented higher levels of aDCs, DCs, macrophages, mast
cells, NK cells, T helper cells, Tfhs, and TILs, while Tregs
were more highly enriched in pattern A. In addition, the
immune response of pattern B was more active. For instance,
the immune response of MHC class I and HLA is active in
pattern B. We identified a similar trend in HLA gene expres-
sion. These results indicated that pyroptosis pattern B is
characterized by a more active immune response, while
pyroptosis pattern A features are relatively mild immune
response. These results once again strongly demonstrate that
cell pyroptosis exerts an important regulatory effect on the
formation of different immune microenvironments of
DCM. Moreover, compared to pattern A, pattern B con-
tained more abundant pathways, such as the NOTCH
signalling pathway, pentose phosphate pathway, antimicro-
bial humoral response, and other biological processes. These
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results regarding biological response clarify the gene expres-
sion regulation network mediated by pyroptosis patterns.
This study provides some important findings for the
exploration of cell pyroptosis in DCM to facilitate
characterization of pyroptosis mechanisms and immune
characteristics in DCM by other investigators.

Abundant results were generated that will promote our
understanding of immune mechanisms with respect to
pyroptosis in DCM. In addition, we identified two different
patterns of pyroptosis, and they can help us deepen our
comprehension of pyroptosis in DCM to understand how
it mediates the immune response. According to our infer-

ences, the correlation between cell pyroptosis and the
immune microenvironment is strong and significant.

However, our study still has some limitations that need to
be considered. First, the number of samples included in this
study was limited, so further experiments are needed to con-
firm the results of this study. Second, all data in this study
are based on the expression values of mRNA and do not
directly reflect protein expression levels, which may result in
poor performance in the evaluation of immune signal path-
ways based on protein expression. For instance, inconsistency
between the molecular pathways is directly related to cellular
activities. Although such limitations should not be ignored,
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our results suggest that pyroptosis has a significant influence
on the immune microenvironment in DCM and deepens
our understanding of the potential pathogenesis of DCM.

Our findings systematically revealed the potential
association between cell pyroptosis and the immune micro-
environment in DCM. Through our research, it was
confirmed that pyroptosis is closely related to DCM and that
pyroptosis has a regulatory effect on the immune microenvi-
ronment in DCM. The findings could provide ideas for other
researchers in the field to further investigate the mechanisms
of pyroptosis in DCM. We screened out genes that are
closely related to pyroptosis in DCM. By regulating these
genes to inhibit pyroptosis, these genes are likely to become
potential targets for new therapeutic interventions and play
a role in relieving or treating DCM. In addition, the mecha-
nism of DCM is very complicated, and it is not yet fully
understood. Through studying the relationship between
pyroptosis and the immune environment, we can gain a dee-
per understanding of the immune mechanism of DCM.
Through studying the molecular pathways of pyroptosis in
DCM, these results may offer clues for new therapeutic
strategies for DCM. We believe that the investigation of
pyroptosis in the immune microenvironment in DCM may
be meaningful in the future.

5. Conclusions

In summary, pyroptosis plays a critical role in the immune
regulation of dilated cardiomyopathy. The study demon-
strated that pyroptosis has an important regulatory effect
on the formation of different immune microenvironments
by impacting infiltrating immunocytes. This study offers
novel ideas for understanding the pathogenesis of dilated
cardiomyopathy, which will be very significant in the future.
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Objective. Ischemic heart disease (IHD) has always been the focus of attention of many researchers in cardiovascular disease, and
its pathogenesis is also very complicated. Ferroptosis may be involved in the occurrence and development of IHD. Methods. First,
primary cardiomyocytes were treated with H2O2 to simulate the IHD in vitro model. After pretreatment with different
concentrations of ferrostatin-1, cell survival rate was detected by MTT method, cell apoptosis was detected by TUNEL staining
and flow cytometry, and the expression of oxidative stress, ferroptosis, and related molecules of Nrf2/ARE pathway was
detected by Western blotting (WB) and quantitative real-time polymerase chain reaction (qRT-PCR). Results. The mortality of
primary cardiomyocytes in the H2O2 group was obviously increased. Ferrostatin-1 treatment can effectively inhibit cell death,
improve antioxidant enzyme activity, inhibit the expression of ferroptosis-related molecules, and activate Nrf2/ARE pathway
expression. Conclusion. Ferroptosis-specific inhibitor ferrostatin-1 relieves H2O2-induced redox imbalance in primary
cardiomyocytes through the Nrf2/ARE pathway, inhibits ferroptosis, and thereby slows cardiomyocyte death.

1. Introduction

Ischemic heart disease (IHD) is the most common cause
of health problems and heart failure in the world. As a
common chronic disease, IHD can often cause myocardial
ischemia, hypoxia, and even necrosis, posing a serious
threat to human health [1]. An important pathophysiolo-
gical mechanism of IHD is oxidative stress (OS) injury.
In the process of OS injury, it will not only cause cell apo-
ptosis and autophagy but also cause changes in cell energy
metabolism [2–4]. In the occurrence of IHD, cardiomyo-
cytes produce a large number of oxygen free radicals,
and at the same time, the activity of antioxidant enzymes
in the cells is reduced, resulting in lipid peroxidation on
the cell membrane, the change of membrane permeability,
and the destruction of cell function and structure and
inducing the occurrence of cell death [5]. With the
increase of the global aging population, IHD has become
one of today’s serious social problems. Therefore, the

research on the pathogenesis, prevention, and treatment
of IHD has profound significance.

In 2012, DiXOri discovered a new nonapoptotic cell
death form, ferroptosis, while studying the small molecule
Erastin to kill cancer cells containing the RAS mutation of
the oncogene [6]. Ferroptosis is an iron-dependent unique
form of cell death that involves a complex array of biochem-
ical reactions, gene expression, and signaling. At present, the
study found ferroptosis in morphology, biochemistry, etc., is
different from apoptosis, autophagy, necrosis, etc., the pro-
cess does not depend on the classic apoptosis pathway, at
the same time, it is also not affected by other cell death
inhibitor, its performance of the typical morphological fea-
tures of mitochondria in cells becomes smaller, but the dou-
ble membrane density increases, and its metabolism process
involves the increase of cytoplasmic ROS and lipid ROS [7,
8]. At present, the discovery and research of ferroptosis are
mainly related to tumor cell death, but it is not clear how
it relates to noncancerous cells.
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Ferrostatin-1 (Fer-1) is a synthetic antioxidant. It
inhibits iron death more effectively than phenolic antioxi-
dants. Fer-1 is the first ferroptosis inhibitor and is widely
used in vitro and in vivo experiments [9]. The antiferropto-
sis function of Fer-1 mainly depends on the inhibition of
lipid peroxidation.

Recent studies have shown that healthy cells are also
affected by a similar “iron death” mechanism, and the key
to this process is the glutathione peroxidase 4 (GPX4) pro-
tein [10]. GPX4 is the only known enzyme that can effec-
tively reduce lipid peroxidation in biofilms. Studies have
shown that silencing or overexpressing the GPX4 gene can
obviously change the sensitivity of cells to ferroptosis
inducer FINS (Erastin, etc.). By inhibiting System xc-
blocking cystine uptake and depleting cell glutathione
(GSH), Erastin leads to the inactivation of GPX4, resulting
in an increase in cytoplasmic ROS and lipid ROS, which ulti-
mately triggers ferroptosis [11]. Therefore, the occurrence of
ferroptosis has a similar mechanism to the increase of oxy-
gen radicals and the decrease of antioxidant enzyme activity
in the known pathogenesis of IHD, both of which are related
to ROS.

There are few researches of ferroptosis in IHD. We
hypothesized that ferroptosis could be regulated to inhibit
cardiomyocyte damage during the occurrence of IHD.

2. Materials and Methods

2.1. Primary Cardiomyocyte Extraction. Newborn specific
pathogen free (SPF) grade Sprague Dawley (SD) rats, 1 to
3 days, male and female, with a body weight of about 5 to
6 g, were provided by Henan Animal Experiment Center.
The apex of the suckling mouse was removed under aseptic
conditions, it was washed with phosphate-buffered saline
(PBS, Jia May, Shanghai, China) at 4°C for three times, and
then, it was cut into a tissue block of about 1mm3 in size
and mixed with 0.08% trypsin-containing cardiomyocyte
digestion solution (Jia May, Shanghai, China). Then, the tis-
sue was transferred to a glass bottle and incubated in a 37°C
water bath for 6min. It was precipitated naturally, and the
supernatant was discarded. The digestion was repeated
about 7-8 times in the same way until the tissue block
became white and translucent. The supernatant after each
natural precipitation was mixed with an equal volume of
Dulbecco’s Modified Eagle Medium (DMEM; Life Technol-
ogy, Wuhan, China) medium containing 20% fetal bovine
serum (FBS; Life Technology, Wuhan, China) and centri-
fuged at 1000 r/min for 5min. Then the supernatant was dis-
carded, and the cells were cultured with DMEM containing
10% FBS in a 37°C, 5% CO2 incubator for differential adher-
ent culture. After 90min, we drew the cell suspension, and
the cells were centrifuged at 1000 r/min for 5min. Then,
the supernatant was discarded, and the cells were mixed with
the complete medium to make a cell suspension. The cell
concentration was adjusted to 4 × 105/mL with complete
medium and added to 0.1mmol/L Brdu solution (Life Tech-
nology, Wuhan, China) to inhibit the proliferation of fibro-
blasts. After 48 hours of culture, the supernatant was

discarded. DMEM medium was cultured simultaneously
for 24 h.

2.2. Cell Grouping and Processing. The primary cardiomyo-
cytes were seeded in 6-well plates, and the cells were divided
into 4 groups: control, H2O2 (Jia May, Shanghai, China)
treatment, 3μM ferrostatin-1+200μM H2O2 treatment,
and 12μM ferrostatin-1+200μM H2O2 treatment.
Ferrostatin-1 powder (Med Chem Express, Shanghai, China)
was dissolved in dimethyl sulfoxide (DMSO) (Jia May,
Shanghai, China) and formulated into a solution with a con-
centration of 50mM and stored at -80°C until use. When the
experiment was used, the medium was diluted to the
required working concentration.

2.3. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl
Tetrazolium Bromide). The primary cardiomyocytes were
seeded in 96-well plates at approximately 2 × 104 cells per
well. The experiment was set up with 6 multiple wells, and
a normal control group and a blank control group were
set. After cells were incubated in a 37°C, 5% CO2 incubator
overnight, the original culture solution was discarded. The
normal control group was replaced with complete medium.
The blank control group was added with equal volume of
phosphate-buffered saline (PBS). The H2O2 group was
added with 200μM H2O2. The ferrostatin-1 group was
added with different concentrations (3, 6, and 12μM) of
ferrostatin-1 before adding H2O2. After 12 hours of coculti-
vation, 5mg/mL of 20μL MTT solution (Jian Cheng, Nan-
jing, China) was added to each well. Four hours later, the
supernatant was discarded, 150μL DMSO was added to each
well, and it was shaken steadily for 10min. It was placed on
the enzyme-linked immunoassay detector (Rongjin, Shenz-
hen, China), the optical density value (OD value) of each
well was detected at a wavelength of 490nm, and the exper-
iment was repeated 3 times.

2.4. Lactic Dehydrogenase (LDH) Kit Detection. According to
the experimental grouping, the supernatant solution of each
group was collected, and the configured working solution
(Thermo Fisher Scientific, Waltham, MA, USA) was added
and was reacted in the water bath at 37°C for 15 minutes
each time. Finally, 0.4mol/L NaOH solution was added,
and the absorbance of each group was determined by
enzyme-linked immunoassay detector with the wavelength
of 450nm after oscillating and mixing.

2.5. Superoxide Dismutase (SOD) Kit Detection. According to
the experimental grouping, we collected the supernatant
solution of each group, added the configured working solu-
tion (Thermo Fisher Scientific, Waltham, MA, USA), and
reacted in the water bath at 37°C for 20 minutes. After oscil-
lating and mixing, the absorbance of each group was deter-
mined by enzyme-linked immunoassay detector at a
wavelength of 450nm.

2.6. GSH Kit Detection. We collected the cells and suck up
the supernatant. The protein removal reagent S solution
(Thermo Fisher Scientific, Waltham, MA, USA) was added
and vortexed fully and evenly. Then, the samples were
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freeze-thawed rapidly twice by liquid nitrogen and 37°C
water baths. Next, the samples were centrifuged at 4°C at
10000 r/min for 10min. The supernatant was used for the
determination of total GSH, and the contents of each group
were compared.

2.7. Intracellular MDC Levels Were Detected by Flow
Cytometry. The primary cardiomyocytes were inoculated
with 2 × 105 per well in a 6-well plate, and the cells were cul-
tured in an incubator at 37°C for 24 hours. After the cells
were treated as above, 1ml of MDC dye solution (Jian
Cheng, Nanjing, China) with final concentration of 50μM
was added to each cell, and the cells were incubated in an
incubator in dark for 30 minutes. After washing with PBS
for 3 times, flow cytometry (Becton Dickinson, Heidelberg,
Germany) was used for detection.

2.8. GPX Kit Detection. The experiment was divided into
control group, H2O2 group, and 12μM ferrostatin-1 group.
The test buffer, cell sample, and GPX test fluid (Thermo
Fisher Scientific, Waltham, MA, USA) were added to the
96-well plate according to the requirements of the kit. After
the oscillation mixing, the absorbance of each group was
measured by enzyme-linked immunoassay detector at the
wavelength of 340nm, and then, the absorbance of each
group was detected again every 2min to calculate the GPX
activity.

2.9. Intracellular ROS Levels Were Detected by Flow
Cytometry. The cells were inoculated on a 6-well culture
plate. After 24 hours of dosing and culture, the cells were
digested with trypsin and centrifuged at 1500 r/min for 5
minutes, and cells of each group were collected. The cells
were resuspended in DCFH-DA (Jian Cheng, Nanjing,
China) serum-free medium with a final concentration of
10μM, mixed by pipetting, and incubated for 20 minutes.
The cells were washed 3 times with fresh medium to fully
remove the DCFH-DA. The flow cytometer detects fluores-
cence intensity at an excitation wavelength of 488nm and
an emission wavelength of 525nm.

2.10. Immunofluorescence Staining. Cells in the logarithmic
growth stage were inoculated in 6-well plates with 2 × 105
cells per well, and 2mL fresh medium was added to each
well for overnight culture. After culture for 24 hours, the
medium was discarded and washed twice with precooled
PBS at 4°C. 1mL of 2% paraformaldehyde was gently added
to each well for fixation. After 15 minutes, the paraformalde-
hyde solution was discarded, 1mL PBS was added into each
well to wash the cells, and then, the diluted primary anti-
SOD1 (Abcam, Cambridge, MA, USA, Rabbit, 1 : 500) was
added, and it was incubated overnight at 4°C. The next
day, 1mL PBS was added to each hole and washed twice.
Second antibody was added and incubated at room temper-
ature for 1 hour. Finally, 4′,6-diamidino-2-phenylindole
(DAPI) dye solution (Thermo Fisher Scientific, Waltham,
MA, USA) of 1mL/well was added, and the cells were kept
out of light for 10 minutes at room temperature. Then, the
cells were lightly washed with precooled PBS and observed

under an inverted fluorescence microscope (Thermo Fisher
Scientific, Waltham, MA, USA).

2.11. TUNEL Staining. 2 × 105 cells of log phase-proliferated
primary cardiac myocytes were inoculated into 24-well
plates and cultured for 12 hours in an incubator. Then, the
cells of different treatment groups were stained with TUNEL
kit (Elabscience, Wuhan, China) in the dark. After DAPI
staining, the results were observed under a fluorescence
microscope (Sunny Optical, Zhejiang, China) and recorded.

2.12. Western Blot Test. The cell protein was collected by
radioimmunoprecipitation assay (RIPA) protein lysate (Jia
May, Shanghai, China) and centrifuged at 4°C for 10min
at 12,000 r/min. The supernatant was taken. After the pro-
tein concentration of each group was determined by bicinch-
oninic acid (BCA) method (Jia May, Shanghai, China), an
appropriate amount of 4× protein buffer was added and
boiled at 100°C for 5min. The denatured proteins were sub-
jected to sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), film transferred, and blocked
with 5% skimmed milk at room temperature for 2 hours;
then, the corresponding primary antibody (SOD1, Abcam,
Cambridge, MA, USA, Rabbit, 1 : 2000; SOD2, Abcam, Cam-
bridge, MA, USA, Rabbit, 1 : 2000; FP1, Abcam, Cambridge,
MA, USA, Mouse, 1 : 3000; Ptgs2, Abcam, Cambridge, MA,
USA, Mouse, 1 : 2000; Nrf2, Abcam, Cambridge, MA, USA,
Rabbit, 1 : 1000; HO-1, Abcam, Cambridge, MA, USA, Rab-
bit, 1 : 2000; GPX4, Abcam, Cambridge, MA, USA, Mouse,
1 : 1000; and GAPDH, Proteintech, Rosemont, IL, USA,
1 : 5000) was added and incubated overnight at 4°C. Then,
the corresponding secondary antibody (1 : 1000 dilution,
Yifei Xue Biotechnology, Nanjing, China) was added and
incubated at room temperature for 2 h. After incubation
with enhanced chemiluminescence (ECL, Elabscience,
Wuhan, China) solution, it was developed on the chemilu-
minescence imaging system.

2.13. Total RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR). The total RNA of
each group of cells was extracted according to the instruc-
tions of the RNA rapid extraction kit (Thermo Fisher Scien-
tific, Waltham, MA, USA). The ultraviolet
spectrophotometer (Becton Dickinson, Heidelberg, Ger-
many) was used to determine the purity and concentration
of RNA. The primer sequence of the target gene after reverse
transcription is shown in Table 1.

2.14. Statistical Analysis. Statistical analysis was performed
using the Prism 8.0 (GraphPad software, La Jolla, CA,
USA) software. Each experiment was repeated 3 times. The
experimental data was expressed as mean ± standard
deviation (mean ± SD). The comparison of the two groups
of data was performed by independent sample t test. Analy-
sis of variance was used for comparison among multiple
groups. P < 0:05 was considered statistically significant, and
P < 0:01 was considered statistically significant.
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Table 1: qRT-PCR primers.

Gene name Forward (5′>3′) Reverse (5′>3′)
FP1 CAACCCGCTCCCATAAG GGCAAACAACAACAGCAA

Ptgs2 TTCAACACACTCTATCACTGGC AGAAGCGTTTGCGGTACTCAT

GPX4 TTCTCAGCCAAGGACATCG CACTCAGCATATCGGGCAT

Nrf2 GATGGACTTGGAGTTGCC CCTTCTGGAGTTGCTCTTG

HO-1 ACAGCCCCACCAAGTTC GGCGGTCTTAGCCTCTTC

SOD1 GGTGAACCAGTTGTGTTGTC CCGTCCTTTCCAGCAGTC

SOD2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

qRT-PCR: quantitative reverse-transcription polymerase chain reaction.
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Figure 1: Effects of H2O2 and ferrostatin-1 on the survival rate of primary cardiomyocytes. (a) The effect of H2O2 on cell viability was
detected by MTT (“∗” indicates statistical difference from the 0μM H2O2 group, P < 0:05; “∗” indicates statistical difference from the
0μM H2O2 group, P < 0:01). (b) The effect of ferrostatin-1 on cell viability was detected by MTT. (c) The effect of ferrostatin-1 on
H2O2-induced cell viability was detected by MTT. (d) LDH activity was detected by kit (“∗∗” indicates statistical difference from the
control group, P < 0:01; “#” indicates statistical difference from the H2O2 group, P < 0:05; “##” indicates statistical difference from the
H2O2 group, P < 0:05).

4 Disease Markers



H2O2 (µm) –
Fer-1 (µm) – –

+ + +
12

M
ea

n 
of

 D
CF

H
-D

A
 fl

uo
re

sc
en

ce
 

in
te

ns
ity

 (%
 o

f c
on

tro
l)

3

0

100

200

300
⁎

##

#

(a)

H2O2 (µm) –
Fer-1 (µm) ––

+ + +
123

G
SH

 L
ev

el 
(%

)

0

10

20

30

40

⁎⁎

#

##

(b)

H2O2 (µm)
Fer-1 (µm)

–
– –

+ + +
123

SO
D

 ac
tiv

ity
 (U

/m
gp

ro
t)

0

50

100

150

200

⁎⁎

#

##

(c)

Contro
l

SOD1

SOD1

GAPDH

H 2O
2+

3 μ
m Fer-

1

H 2O
2+

12
 μm Fer-

1
H 2O

2

(d)

H2O2 (µm)
Fer-1 (µm)

–
– –

+ + +
123

Re
la

tiv
e e

xp
re

ss
io

n 
of

 S
O

D
1 

(S
O

D
1/

G
A

PD
H

)

0.0

0.5

1.0

1.5

⁎⁎

#

##

(e)

H2O2 (µm)
Fer-1 (µm)

–
– –

+ + +
123

Re
la

tiv
e e

xp
re

ss
io

n 
of

 S
O

D
2 

(S
O

D
2/

G
A

PD
H

)

0.0

0.5

1.0

1.5

⁎⁎

##

(f)

Figure 2: Continued.
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3. Results

3.1. Effects of H2O2 and Ferrostatin-1 on the Survival Rate of
Primary Cardiomyocytes. In order to establish the H2O2 con-
centration suitable for the OS injury model of primary myo-
cardial cells, H2O2 concentration was divided into 5 groups
(0μmol/L, 50μmol/L, 100μmol/L, 200μmol/L, and
400μmol/L). After 4 hours of H2O2 treatment, the survival
rate of each group was detected by MTT kit (Figure 1(a)).
The results showed that compared with the control group,
with the increase of H2O2 concentration, the cell survival
rate gradually decreased. At the same time, we examined
the effect of different ferrostatin-1 concentrations on the sur-
vival rate of primary cardiomyocytes using the MTT kit
(Figure 1(b)). The results showed that after ferrostatin-1
was applied to primary cardiomyocytes at a concentration
range of 3μM–12μM for 12 hours, there was no significant
change in cell survival compared with the normal group,
indicating that ferrostatin-1 had no significant effect on the
growth of primary cardiomyocytes at this dose range. Next,
we pretreated the cells with ferrostatin-1 for 12 hours, then
added 200μmol/L H2O2 for 2 hours, and tested the cell sur-
vival rate with the MTT kit (Figure 1(c)). The results show
that 3-12μM ferrostatin-1 has a protective effect on primary
cardiomyocytes injured by H2O2, and its protective effect
was concentration-dependent. Among them, 12μM
ferrostatin-1 can obviously inhibit H2O2-induced cell death.
At the same time, in order to detect the damage degree of
H2O2 to cells and cell membrane, we detected the LDH
activity in the cell supernatant and found that the LDH
activity in the cell supernatant after the treatment of 12μM

ferrostatin-1 alone had no significant change compared with
the control group (Figure 1(d)). After the injury of
200μmol/L H2O2, the LDH activity in the cell supernatant
obviously increased. On the contrary, the LDH activity in
the supernatant of the ferrostatin-1 group was lower than
that of the H2O2 group, and there was a significant differ-
ence between the H2O2 group and the ferrostatin-1 group
at the dose of 12μM, indicating that ferrostatin-1 could
obviously inhibit the LDH leakage of H2O2-damaged pri-
mary cardiomyocytes.

3.2. Ferrostatin-1 Inhibited H2O2-Induced OS in Primary
Cardiomyocytes. In order to detect the degree of redox
imbalance in primary cardiomyocytes, we detected intracel-
lular ROS levels and found that the ROS level in the 200μM
H2O2 group increased, while in the 3μM and 12μM
ferrostatin-1 groups, ROS level decreased obviously and
was dose-dependent (Figure 2(a)). At the same time, we
detected the activity of GSH and SOD in the cell supernatant
and found that 3μM and 12μM ferrostatin-1 can inhibit the
decrease of GSH and SOD activity caused by H2O2
(Figures 2(b) and 2(c)). Next, we detected the expression of
SOD1 and SOD2 by WB and PCR (Figures 2(d)–2(f)). As
a result, it was found that the expression of SOD1 and
SOD2 in the H2O2 group was obviously reduced, while
ferrostatin-1 can effectively promote the increase of SOD1
and SOD2 expression, and the 12μM ferrostatin-1 group
was more significant. Then, we detected the expression of
SOD1 in primary cardiomyocytes by immunofluorescence
staining, and the results obtained were similar to the former
(Figure 2(g)).

Control H2O2 H2O2+3 µm Fer-1 H2O2+12 μm Fer-1

Merge

DAPI

SOD1

(g)

Figure 2: Ferrostatin-1 inhibited H2O2-induced oxidative stress in primary cardiomyocytes. (a) Intracellular ROS levels were detected by
flow cytometry. (b) GSH activity was detected by kit. (c) SOD activity was detected by kit. (d) SOD1 and SOD2 protein level was
detected by WB. (e) SOD1 mRNA level was detected by qRT-PCR. (f) SOD2 mRNA level was detected by qRT-PCR. (g) The expression
of SOD1 was detected by immunofluorescence staining (“∗” indicates statistical difference from the control group, P < 0:05; “∗∗”
indicates statistical difference from the control group, P < 0:01; “#” indicates statistical difference from the H2O2 group, P < 0:05; “##”
indicates statistical difference from the H2O2 group, P < 0:05).
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3.3. Ferrostatin-1 Inhibited H2O2-Induced Ferroptosis in
Primary Cardiomyocytes. Studies have confirmed that ferro-
portin1 (FP1) plays an important role in the process of cel-
lular iron circulation [12]. WB results showed that
compared with the control group, FP1 protein expression
in the H2O2 group obviously decreased, while compared
with the H2O2 group, FP1 protein expression in the 12μM
ferrostatin-1 group was obviously upregulated, showing a
significant difference, while in the 3μM ferrostatin-1 group,
there was no significant difference (Figure 3(a)). Similar
results were obtained by qRT-PCR (Figure 3(b)). In order
to further prove the occurrence and situation of ferroptosis
in the primary cardiomyocyte model of H2O2 injury, we
detected the level of prostaglandin peroxidase 2 (Ptgs2) pro-

tein (Figure 3(c)). Compared with the control group, the
expression of Ptgs2 in the H2O2 group was obviously
increased and there was a significant difference; after pre-
treatment with ferrostatin-1, the expression of Ptgs2 protein
could be obviously reduced. At the same time, we also
detected the expression of Ptgs2 mRNA (Figure 3(d)). The
expression of Ptgs2 mRNA in the H2O2 group was higher
than that in the control group, and the difference was statis-
tically significant; compared with the H2O2 group, with the
increase in the concentration of ferrostatin-1, the expression
level of Ptgs2 mRNA decreased. This result was consistent
with the results of protein level experiments, suggesting that
ferrostatin-1 can inhibit the occurrence of ferroptosis
induced by H2O2 in primary cardiomyocytes. At the same
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Figure 3: Ferrostatin-1 inhibited H2O2-induced ferroptosis in primary cardiomyocytes. (a) FP1 protein level was detected by WB. (b) FP1
mRNA level was detected by qRT-PCR. (c) Ptgs2 protein level was detected by WB. (d) Ptgs2 mRNA level was detected by qRT-PCR. (e)
MDC fluorescence intensity was detected by flow cytometry. (f) The cell apoptosis was detected by TUNEL staining (“∗∗” indicates
statistical difference from the control group, P < 0:01; “#” indicates statistical difference from the H2O2 group, P < 0:05; “##” indicates
statistical difference from the H2O2 group, P < 0:05).
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time, in order to quantitatively analyze the level of cell
autophagy, we used flow cytometry to detect monodansylca-
daverine (MDC) fluorescence intensity (Figure 3(e)). Studies
confirm that MDC is commonly considered a specific
marker for detecting autophagosome formation [13]. And
our results showed that compared with the control group,
the fluorescence intensity of the H2O2 group increased, sug-
gesting that the model cells do exist autophagy; adding dif-
ferent doses of inhibitor ferrostatin-1, compared with the
H2O2 group, the average fluorescence intensity did not obvi-
ously weaken. It suggests that there may be weak autophagy
in the cell, but ferrostatin-1 was not a protective effect by
inhibiting autophagy. In addition, observation of TUNEL

staining by fluorescence microscopy showed that the num-
ber of positive cells in the H2O2 group was significantly
higher than that in the control group, while in the
ferrostatin-1 group, the inhibitory effect of different concen-
trations of ferrostatin-1 on the number of positive cells was
not obvious (Figure 3(f)).

3.4. Nrf2/ARE Pathway Was Involved in H2O2-Induced
Ferroptosis of Primary Cardiomyocytes. The Nrf2/ARE path-
way is currently widely regarded as a defensive molecular
pathway for the body to resist oxidative and chemical stimuli
in the internal and external environment [14]. Nrf2 can reg-
ulate the oxidation and anti-inflammatory proteins of many
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Figure 4: Nrf2/ARE pathway was involved in H2O2-induced ferroptosis of primary cardiomyocytes. (a) Nrf2, HO-1, and GPX4 protein level
was detected by WB. (b) Nrf2 mRNA level was detected by qRT-PCR. (c) HO-1 mRNA level was detected by qRT-PCR. (d) GPX4 mRNA
level was detected by qRT-PCR. (e) GPX activity was detected by kit (“∗∗” indicates statistical difference from the control group, P < 0:01;
“#” indicates statistical difference from the H2O2 group, P < 0:05; “##” indicates statistical difference from the H2O2 group, P < 0:05).
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endogenous genes in cells [15, 16], such as HO-1 and GPX4.
WB results showed that compared with the control group,
the levels of Nrf2, HO-1, and GPX4 protein in the H2O2
group were decreased, and there was a significant difference
(Figure 4(a)). After pretreatment with 12μM ferrostatin-1, it
can obviously promote the upregulation of Nrf2, HO-1, and
GPX4 protein expression. At the same time, qRT-PCR also
obtained similar results (Figures 4(b)–4(d)). Next, we tested
the activity of GPX in the cell supernatant, and the results
showed that the GPX level of the H2O2 group cells was obvi-
ously reduced compared to the control group (Figure 4(e)).
The results indicated that H2O2 induced cell ferroptosis by
reducing the level of GPX. Compared with the H2O2 group,
the 12μM ferrostatin-1 group had obviously higher GPX
levels. The above results suggest that ferrostatin-1 can
reduce the damage of H2O2 on primary cardiomyocytes,
and its mechanism may be related to the upregulation of
Nrf2, HO-1, and GPX4 expression and improvement of cell
antioxidant capacity.

4. Discussion

Ferroptosis is a cell death method discovered when the small
molecule substance elastin kills cancer cells containing the
RAS mutation of the oncogene [17]. At present, the research
of ferroptosis is only in the initial stage, mainly involving in
the research of antitumor. The study found that the use of
antitumor drugs such as sorafinib to induce ferroptosis in
cancer cells suggests that ferroptosis can be used as a new
target for antitumor therapy [18]. However, whether this
type of cell death is involved in other diseases besides tumors
and whether there is an accurate detection method to con-
firm its existence, these series of problems need to be studied
and confirmed.

In this study, in order to study the relationship between
the primary cardiomyocyte death caused by H2O2 and fer-
roptosis, first, we found that ferroptosis-specific inhibitor
ferrostatin-1 can obviously improve the primary cardiomyo-
cyte status and reduce cell death. Cell death is a complicated
process, in which different forms of death such as autophagy
and apoptosis coexist [19]. In this experiment, by detecting
different indicators such as MDC and TUNEL, it was con-
firmed that the form of cell death can coexist in the process
of primary myocardial cell injury. In this experiment, com-
pared with the model group, the fluorescence intensity of
MDC in the ferrostatin-1 group did not increase and the
number of TUNEL positive cells did not increase in the
ferrostatin-1 group, but the cell viability was obviously
improved, indicating that ferrostatin-1 did not inhibit apo-
ptosis, autophagy, etc.

Therefore, we speculate that H2O2 induces iron-related
death in primary cardiomyocytes. Cell iron load is an impor-
tant factor affecting ferroptosis. Studies have shown that FP1
is a transmembrane iron export protein present on the cell
membrane. FP1 is an important protein that maintains the
balance of iron concentration in the cell, and it plays an
important role in the transfer and export of iron. The results
of this experiment found that after primary cardiomyocytes
treated with 200μM H2O2, the expression level of FP1 pro-

tein in the cells decreased compared with the control group,
indicating that the induction of H2O2 affected the iron
homeostasis of the cells. This also confirms that the cell
damage caused by H2O2 is related to iron-related death. In
addition, Ptgs2 is a key enzyme in the prostaglandin synthe-
sis process. It can increase the peroxidase activity through
prostaglandin and other metabolites, leading to the genera-
tion of free radicals and affecting the oxidation balance of
the body. Therefore, the upregulation of Ptgs2 protein is
believed to be a ferroptosis occurring in marker [20]. In view
of this, we detected the Ptgs2 protein and mRNA levels, and
the results showed that the Ptgs2 protein and mRNA levels
of the model group were upregulated simultaneously.

The results of this series further confirmed that H2O2
induced primary cardiomyocyte death mainly due to the
occurrence of ferroptosis. Therefore, further in-depth study
of ferroptosis exploring the mechanism of its occurrence in
myocardial cell injury model is needed. The detection of fer-
roptosis presence of accurate indicators and methods will
have important significance for the treatment of IHD.

5. Conclusion

Ferroptosis-specific inhibitor ferrostatin-1 alleviates H2O2-
induced redox imbalance in primary cardiomyocytes
through the Nrf2/ARE pathway, inhibits ferroptosis, and
thus slows cardiomyocyte death. This provides a new basis
for clinical treatment of IHD.
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LINC00460 Stimulates the Proliferation of Vascular Endothelial
Cells by Downregulating miRNA-24-3p
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Objective. To clarify the effect of LINC00460 on mediating the proliferative ability of vascular endothelial cells (ECs) by targeting
microRNA-24-3p (miRNA-24-3p), thus influencing the progression of atherosclerotic diseases. Methods. Relative levels of
LINC00460 and miRNA-24-3p in ECs induced with different doses of ox-LDL (oxidized low density lipoprotein) for different
time points were determined by quantitative real-time polymerase chain reaction (qRT-PCR). Influences of LINC00460 and
miRNA-24-3p on the viability of ECs were assessed by Cell Counting Kit-8 (CCK-8) and 5-ethynyl-2′-deoxyuridine (EdU)
assay. Through dual-luciferase reporter gene assay, the binding between LINC00460 and miRNA-24-3p was evaluated. At last,
rescue experiments were performed to identify the function of the LINC00460/miRNA-24-3p axis in regulating the
proliferative ability of ECs. Results. LINC00460 was upregulated after ox-LDL treatment in a dose- and time-dependent
manner. Viability of ECs gradually increased with the prolongation of ox-LDL treatment and the treatment of increased dose.
The overexpression of LINC00460 enhanced the viability and EdU-positive rate in ECs treated with ox-LDL. miRNA-24-3p
was the direct target of LINC00460, which was negatively regulated by LINC00460. miRNA-24-3p was downregulated with the
prolongation of ox-LDL treatment. The overexpression of miRNA-24-3p could reverse the effect of LINC00460 on regulating
the proliferative ability of ECs. Conclusions. LINC00460 regulates the proliferative ability of ECs and thus the occurrence and
development of coronary atherosclerotic diseases by targeting miRNA-24-3p.

1. Introduction

Cardiovascular and cerebrovascular diseases are resulted
from hyperlipidemia, blood viscosity, atherosclerosis, and
hypertension, leading to the ischemic or hemorrhagic lesions
in the heart, brain, and whole body [1]. The causes of cardio-
vascular and cerebrovascular diseases mainly include athero-
sclerosis, hypertension, hyperlipidemia, diabetes, leukemia,
thrombocytosis, and other factors [2]. Cardiovascular and
cerebrovascular diseases seriously threaten the human
health, especially middle-aged and elder people over 50
years. They are characterized by high prevalence, disability,
and mortality. There are 15 million people die of cardiovas-
cular and cerebrovascular diseases every year, ranking the
first in disease mortality [3]. Taking aspirin to prevent vas-
cular embolism, changing lifestyles, and controlling blood

pressure and blood lipids are considered to effectively pre-
vent the cardiovascular and cerebrovascular diseases [4].

Endothelial cells exert a crucial role in the progression of
cardiovascular diseases, such as coronary heart disease,
stroke, and atherosclerosis [5]. Abnormal migration and
proliferation of ECs owing to epigenetic changes are identi-
fied to participate in the pathogenesis of cardiovascular dis-
eases [6]. Nevertheless, specific mechanisms underlying the
abnormal cellular behaviors of ECs remain unclear.

Long noncoding RNAs (LncRNAs) are noncoding RNAs
with over 200 nucleotides long [7, 8]. Numerous studies have
shown the important role of noncoding RNAs in the epige-
netic regulation [9]. LncRNAs could able to affect a variety
of cellular processes [10]. Dysregulated lncRNAs are involved
in many diseases, such as tumors, diabetes, and cardiovascular
diseases [11]. Recent studies have found that LINC00460
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promotes the development of nasopharyngeal carcinoma by
absorbing microRNA-149-5p (miR-149-5p) to upregulate
IL-6 [12]. LINC00460 regulates KDM2A by targeting miR-
342-3p in gastric cancer and thereafter promotes proliferative
and migratory abilities of cancer cells [13]. Upregulation of
LINC00460 inhibits colorectal cancer to proliferate [14].
LINC00460 accelerates the progression of epithelial ovarian
cancer by modulating miRNA-338-3p [15]. LINC00460 stim-
ulates the malignant growth of lung adenocarcinoma by tar-
geting the miR-302c-5p/FOXA1 axis [16]. The role of
LINC00460 in the development of cardiovascular diseases,
however, is poorly understood.

2. Materials and Methods

2.1. Cell Culture. ECs were provided by American Type Cul-
ture Collection (ATCC) (Manassas, VA, USA) and cultured
in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco,
Rockville, MD, USA) containing 10% fetal bovine serum
(FBS) (Gibco, Rockville, MD, USA), 100μg/mL penicillin,
and 0.1mg/mL streptomycin, in a 37°C and 5% CO2 incuba-
tor. ECs were treated with 100μg/mL ox-LDL to mimic the
high-fat environment.

2.2. RNA Extraction and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR). Cells were digested in TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) to isolate total
RNAs. RNAs were then reversely transcribed into comple-
mentary deoxyribose nucleic acid (cDNA) and subjected to
PCR using the SYBR Green method (TaKaRa, Tokyo, Japan)
for 5min at 94°C and 40 cycles for 30 s at 94°C, 30 s at 55°C,
and 90 s at 72°C. The primers are as follows, LINC00460,

F:5′-AGAAATCCTCCAGCCCTGTT-3′, R:5′-GGGTGA
CTCTTAGCCGAGAA-3′; GAPDH, F:5′-GAAGAGAGA
GACCCTCACGCTG-3′, R:5′-ACTGTGAGGAGGGGAG
ATTCAGT-3′.

2.3. Dual-Luciferase Reporter Gene Assay. ECs were cotrans-
fected with miRNA-24-3p mimic/negative control and
LINC00460-WT/LINC00460-MT, respectively. After trans-
fection of 48 h, cells were lysed for determining relative lucif-
erase activity.

2.4. Cell Counting Kit-8 (CCK-8). ECs were seeded in the 96-
well plate at 5 × 103 cells per well and cultured overnight.
Absorbance (A) at 450 nm was recorded at the appointed
time points using the CCK-8 kit (Dojindo Laboratories,
Kumamoto, Japan) for depicting the viability curves.

2.5. Construction of Overexpression Vectors and
Transfection. After constructing the pcDNA3.0-LINC00460
vector based on amplification with specific primers, the
cDNA of LINC00460 was cloned into the mammalian
expression vector pcDNA3.0 (Invitrogen, Carlsbad, CA,
USA). ECs were cultured until 60% of confluence and sub-
jected to transfection using Lipofactamine 2000 (Invitrogen,
Carlsbad, CA, USA). 6 hours later, complete medium was
replaced. Transfected cells for 24-48 h were harvested for
in vitro experiments.

2.6. 5-Ethynyl-2′-Deoxyuridine (EdU) Assay. ECs were
seeded in the 96-well plate with 300 cells per well. ECs were
labeled with 50μmol/L EdU (Guangzhou RiboBio Co., Ltd.,
Guangzhou, China) at 37°C for 2 h. After 30-min fixation in
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Figure 1: LINC00460 was upregulated after ox-LDL treatment. (a) CCK-8 assay showed the viability in ECs treated with 0, 1, 10, and
100μg/mL ox-LDL for 24 h. (b) CCK-8 assay showed the viability in ECs treated with 100 μg/mL ox-LDL for 0, 24, 48, and 72 h. (c)
Relative level of LINC00460 in ECs treated with 0, 1, 10, and 100 μg/mL ox-LDL for 24 h. (d) Relative level of LINC00460 in ECs treated
with 100 μg/mL ox-LDL for 0, 24, 48, and 72 h.
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4% paraformaldehyde, cells were incubated with phosphate
buffered saline (PBS) containing 0.5% Triton-100 for
20min. After washing with PBS containing 3% bovine serum
albumin (BSA), cells were incubated in 100μL of dying solu-
tion in dark for 1 h and counterstained with 100μL of 4′,6-
diamidino-2-phenylindole (DAPI) (5μg/mL) for 30min.
EdU-positive cells, DAPI-labeled nucleus, and merged
images were captured under a microscope (magnification
×100).

2.7. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 18.0 (SPSS Inc., Chicago, IL, USA) was used for
data analyses. GraphPad Prism 6.0 (La Jolla, CA, USA) was
applied for depicting figures. Data were expressed as mean
± standard deviation. Differences between two groups were
compared by the t-test. Differences among multigroups were
compared by ANOVA analysis. P < 0:05 is considered statis-
tically significant.

3. Results

3.1. LINC00460 Was Upregulated after Ox-LDL Treatment.
Hyperlipidemia and abnormal lipid metabolism are impor-
tant causes of atherosclerosis. The treatment of ox-LDL (oxi-
dized low density lipoprotein) can aggravate atherosclerosis
by stimulating the formation of foam cells, platelet adhesion
and thrombosis, and EC injury. It is generally believed that
ox-LDL is the important induction factor for atherosclerosis
and in vitro EC injury. The viability of ECs was gradually
enhanced with the treatment of increased dose of ox-LDL
(Figure 1(a)). In addition, the viability increased with the

prolongation of ox-LDL treatment (Figure 1(b)). QRT-PCR
data showed that LINC00460 was greatly upregulated after
100μg/mL ox-LDL treatment for 24 h (Figure 1(c)). Its level
gradually increased after 100μg/mL ox-LDL treatment for
24, 48, and 72h (Figure 1(d)).

3.2. The overexpression of LINC00460 Accelerated the
Proliferative Ability of ECs. pcDNA-LINC00460 was con-
structed, and its transfection efficacy was tested. As qRT-
PCR data revealed, transfection of pcDNA-LINC00460
remarkably upregulated LINC00460 level in ECs
(Figure 2(a)). After transfection of pcDNA-LINC00460, the
viability and EdU-labeled cells were enhanced, indicating
the promoted proliferative ability of ECs (Figures 2(b) and
2(c)).

3.3. LINC00460 Bound to miRNA-24-3p. Several potential
miRNAs binding to LINC00460 were searched from online
bioinformatic websites, including miRNA-24-3p, miRNA-
485-5p, miRNA-149-5p, miRNA-662, and miRNA-671-5p.
Transfection of pcDNA-LINC00460 downregulated
miRNA-24-3p, but upregulated miRNA-662 and miRNA-
671-5p (Figure 3(a)). After 100μg/mL ox-LDL treatment
for 0, 24, 48, and 72 h, relative level of miRNA-24-3p gradu-
ally decreased (Figure 3(b)). Potential binding sequences
between LINC00460 and miRNA-24-3p were identified in
Figure 3(c). Subsequently, a remarkable decline in luciferase
activity was observed after cotransfection of LINC00460-
WT and miRNA-24-3p mimics, verifying the binding
between LINC00460 and miRNA-24-3p (Figure 3(d)). To
further uncover the biological function of miRNA-24-3p,
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Figure 2: The overexpression of LINC00460 accelerated the proliferative ability of ECs. (a) Transfection efficacy of pcDNA-LINC00460 in
ECs. (b) CCK-8 assay showed the viability in ECs transfected with pcDNA-NC or pcDNA-LINC00460. (c) DAPI-labeled, EdU-labeled, and
merged images of ECs transfected with pcDNA-NC or pcDNA-LINC00460.
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we constructed miRNA-24-3p mimics and miRNA-24-3p
inhibitor (Figure 3(e)). LINC00460 level was found to be
negatively regulated by miRNA-24-3p (Figure 3(f)).

3.4. The Overexpression of miRNA-24-3p Reversed the Role of
LINC00460 on EC Proliferation. We further focused on the
potential role of the LINC00460/miRNA-24-3p axis in
influencing the proliferative ability of ECs. The elevated via-
bility in EC overexpressing LINC00460 was reduced after
cotransfection of miRNA-24-3p mimics (Figure 4(a)). Simi-
larly, the number of EdU-positive cells was reduced after
cotransfection of pcDNA-LINC00460 and miRNA-24-3p
mimics compared with those overexpressing LINC00460

(Figure 4(b)). It is concluded that the miRNA-24-3p overex-
pression reversed the promotive effect of LINC00460 on the
proliferative rate of ECs.

4. Discussion

Cardiovascular and cerebrovascular diseases are the leading
causes of death in developed countries. Atherosclerosis is
the main cause of coronary heart disease, cerebral infarction,
and peripheral vascular disease [17]. Lipid metabolism dis-
order is the basis of atherosclerosis, which eventually leads
to thickening and hardening of the arterial wall and narrow-
ing of the vascular lumen [18]. Atherosclerosis is named
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Figure 3: LINC00460 bound to miR-24-3p. (a) Relative levels of miRNA-24-3p, miRNA-485-5p, miRNA-149-5p, miRNA-662, and
miRNA-671-5p in ECs transfected with pcDNA-NC or pcDNA-LINC00460. (b) MiR-24-3p level in ECs treated with 100μg/mL ox-LDL
for 0, 24, 48, and 72 h. (c) Binding sites in promoter regions of LINC00460 and miR-24-3p. (d) Luciferase activity in ECs after
cotransfection with miR-24-3p mimic/negative control and LINC00460-WT/LINC00460-MT, respectively. (e) Transfection efficacies of
miR-24-3p mimics and miR-24-3p inhibitor. (f) LINC00460 level in ECs transfected with NC, miR-24-3p mimics, or miR-24-3p inhibitor.
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because of the yellow atheroma appearance of deposited
lipids in the intima [19]. The main risk factors for athero-
sclerosis include hypertension, hyperlipidemia, heavy smok-
ing, obesity, and genetic factors. Symptoms of
atherosclerosis mainly depend on the vascular lesions and
the ischemic degree of the affected organs [20]. Severe com-
plications of coronary atherosclerosis include angina pec-
toris, myocardial infarction, and even sudden death.
Cerebral atherosclerosis may cause cerebral ischemia, brain
atrophy, or cerebral vascular rupture [21]. Good living
habits and discontinue the habit of smoking and drinking
could prevent the occurrence of atherosclerosis [22].

MiRNAs are a class of noncoding, single-stranded RNAs
encoded by endogenous genes. They are approximately 22
nucleotides in length and involved in the posttranscriptional
regulation in plants and animals [23]. One miRNA regulates
expressions of multiple genes, and several miRNAs could
regulate the expression of a single gene. It is speculated that
miRNAs are able to regulate one-third of human genes [24].
MiRNAs are capable of degrading mRNAs of the target
genes through complementary base pairing in a complete
way. Meanwhile, miRNAs inhibit the translation of target
genes in an incomplete way without affecting the stability
of the mRNAs [25]. Cellular behaviors could be mediated
by miRNAs [26]. Abnormalities in miRNA expressions are
involved in the disease development. For example,
miRNA-210 induces the apoptosis of ECs by targeting
PDK1 and thus aggravates atherosclerosis [27]. Exosomal-
mediated miR-155 transfers it from smooth muscle cells to
ECs and thereafter induces the occurrence of atherosclerosis
[28]. Upregulated miRNA-876 induces the apoptosis of ECs
by inhibiting Bcl-X1 [29]. This study mainly investigated the
biological role of miRNAs in promoting proliferative ability
of ECs.

Accumulating evidences have reported that lncRNAs act
as miRNA sponges and eliminate the inhibitory effects of
miRNAs on their target genes. For example, melatonin pre-
vents the apoptosis of ECs by modulating the lncRNA
MEG3/miR-223/NLRP3 axis [30]. The interaction of miR-

193a-3p with HMGB1 suppresses ECs to proliferate and
migrate [31]. LncRNA PVT1 activates CTGF/ANGPT2 by
targeting miR-26b, thus promoting angiogenesis in vascular
ECs [32]. SNHG15 affects the viability of glioma microvas-
cular ECs through negatively mediating miR-153 level [33].
In this paper, we investigated the interaction between
LINC00460 and miRNA-24-3p in influencing the prolifera-
tive ability of ECs.

The treatment of ox-LDL mimics the effects of athero-
sclerotic hyperlipidemia on ECs. LINC00460 was time-
dependently and dose-dependently upregulated after ox-
LDL treatment. The overexpression of LINC00460 enhanced
the viability and EdU-positive rate in ECs treated with ox-
LDL. Subsequently, dual-luciferase reporter gene assay veri-
fied the binding between LINC00460 and miRNA-24-3p.
miRNA-24-3p was downregulated with the prolongation of
ox-LDL treatment. Notably, the overexpression of miRNA-
24-3p could reverse the regulatory role of LINC00460 on
the proliferative ability of ECs. In this present study, we
slightly uncover the role of LINC00460 in vascular endothe-
lial cells by in vitro assay. However, the mechanism should
be explored more deeply in the future research.

5. Conclusions

LINC00460 regulates the proliferative ability of ECs and
thus the occurrence and development of coronary athero-
sclerotic diseases by targeting miRNA-24-3p.
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Objective. Myocardial infarction (MI) is a serious heart health problem in the world with a high mortality rate. Our study is mainly
aimed at validating the antioxidative stress and antiapoptotic effects of escin in a H2O2-induced cardiomyocyte injury model.
Methods. H9c2 cells were divided into control group, H2O2 treatment group, and H2O2+escin group. We studied the effect of
escin on H9c2 cells and its mechanism by flow cytometry, real-time PCR, CCK-8 assay and Western blot. Cell morphology
was observed by cell staining and optical microscopy. Results. We found that the level of reactive oxygen species (ROS) in the
H2O2 treatment group was significantly elevated, while the high level of ROS was significantly reversed after treatment with
escin. The protein levels of SOD1, SOD2, Bcl-2, and IκB-α in the H2O2 treatment group were significantly decreased compared
with the H2O2+escin group, and the Bax, TNF-α, IL-1β, p65, and IκKα protein expressions were greatly higher than those in
the H2O2+escin group. And the results of PCR were also consistent with those. TUNEL-positive cells also decreased
significantly when treated with escin. Flow cytometry showed that the percentage of apoptotic cells decreased greatly after
treatment of escin. Through IL-1β immunofluorescence, the fluorescence intensity of the H2O2 treatment group was greatly
higher compared with that of the control group, but escin reversed this effect. Conclusions. These results indicated that escin
inhibits H2O2-induced H9c2 cell apoptosis, oxidative stress, and inflammatory responses via the NF-κB signaling pathway.

1. Introduction

Myocardial infarction is a serious cardiovascular disease in
the world. It is mainly due to coronary atherosclerosis
which leads to narrowing of the lumen and causes damage
to the myocardium innervated by blocked blood vessels
[1]. Due to ischemia and hypoxia, myocardial infarction
produces excessive ROS, which destroys surrounding myo-
cardial tissue and further causes apoptosis of cardiomyo-
cytes [2]. It is well known that cardiomyocytes are
nonrenewable, and oxidative stress and apoptosis of the
myocardium can lead to the death of some myocardium,
eventually leading to deterioration of heart function and
even death. The existing treatments are mainly to achieve

recanalization of blood vessels but cannot reverse the apo-
ptosis of cardiomyocytes, and myocardial ischemia and
reperfusion may aggravate oxidative stress [3]. Therefore,
new treatments are urgently needed to inhibit myocardial
oxidative stress and apoptosis in the early stages of myo-
cardial infarction.

Escin is a pentacyclic triterpenoid saponin extracted
from the dried mature seeds of the horse chestnut [4].
At present, there are many studies describing the role of
escin in various histopathophysiology, including ovary,
nervous system, and skin. Many people have also studied
its role in tumors. Selvakumar et al. [5] believed that escin
plays an antiapoptotic and antioxidative stress in Parkin-
son’s disease and can improve the motor function of
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patients. Wang et al. [6] believed that escin can play an
antioxidative stress on retinal pigment epithelial cells.
Cheng et al. [7] suggested that escin can regulate apoptosis
in ovarian cancer. However, the effect of escin on cardio-
myocytes has not been studied.

In this study, H2O2-induced myocardial cell injury
model was adopted to investigate whether escin can play
an antioxidative, antiapoptotic, and anti-inflammatory role
and its potential mechanism of action. Our results showed
that escin may provide a potential new treatment for MI.

2. Materials and Methods

2.1. Cell Culture. Dulbecco’s Modified Eagle’s Medium
(MCE, Nanjing, China) complemented with 10% fetal
bovine serum (FBS) (MCE, Nanjing, China) was used to cul-
ture H9c2 cells in 37 degrees Celsius incubator under 5%
CO2. When the cells grew to about 80% confluence, they
began to be plated and treated with H2O2 (100μM) for 4
hours and escin (10μM) for 24 hours.

2.2. Drug Preparation. Escin was purchased from Tianpu
Biochemical Pharmaceutical in Guangdong (Guangzhou,
China). The stock solution was stored in a refrigerator at
-20 degrees Celsius.

2.3. RNA Extraction and Real-Time Polymerase Chain
Reaction (PCR). TRIzol reagent (MCE, Nanjing, China)
was utilized to extract the total RNA of H9c2 cells. 0.5ml
of TRIzol was added into each well of a 24-well plates, and
the liquid was transferred to the EP tube after grinding.
Then, chloroform was added in 1/5 times of the amount of
TRIzol. We let the eppendorf (EP) tubes shake, and let it
stand for 5 minutes. After that, the EP tubes were centri-
fuged with a centrifugal force of 12000 × g for about 20
minutes at 4°C. We aspirated the upper aqueous phase of
the mixture obtained by centrifugation and added an equal
amount of isopropanol, mixed it, and placed it at 4°C for
15 minutes. Then, we centrifuged the mixture at 4°C for 15
minutes with a centrifugal force of 12000 × g, after which
the supernatant was discarded and 1mL of a 75% ethanol
solution was added. The solution was centrifuged at 4°C
for 5-10 minutes with a centrifugal force of 7500 × g, after
which the supernatant was discarded and dried at room
temperature, and 20μL of ribonuclease free water was
added. Finally, we used NanoDropTM 8000 to measure
RNA concentration.

Reverse transcription was performed using reverse tran-
scriptase kit (MCE, Nanjing, China). Real-time PCR was
performed by using Prism 7900 System. We used a 10μL
reaction system in accordance with the protocol. GAPDH
(MCE, Nanjing, China) was used to standardize the data.
All the primers are listed in Table 1.

2.4. Western Blot. The total protein of the cells placed in a 6-
well plate was extracted by a protein extraction kit [8]. The
protein concentration was measured by the bicinchoninic
acid (BCA) method (Pierce, Rockford, IL, USA). Then, the
loading buffer was added to the total protein and boiled
the mixture for 7 minutes. After that, we took the same

amount of total protein and performed electrophoresis with
10% sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Then, we transferred the electropho-
resed protein to the polyvinylidene fluoride (PVDF,
EpiZyme, Shanghai, China) membrane. 5% concentration
of skim milk was prepared with Tween-20 (TBST) to block
the nonspecific antigens of the protein bands. After 2 hours,
the primary antibodies were used to incubate the bands
overnight (SOD1, Abcam, Cambridge, MA, USA, Rabbit,
1 : 2000; SOD2, Abcam, Cambridge, MA, USA, Rabbit,
1 : 2000; Bcl-2, Abcam, Cambridge, MA, USA, Mouse,
1 : 1000; Bax, Abcam, Cambridge, MA, USA, Mouse,
1 : 1000; TNF-α, Abcam, Cambridge, MA, USA, Rabbit,
1 : 1000; IL-1β, Abcam, Cambridge, MA, USA, Rabbit,
1 : 5000; p65, Abcam, Cambridge, MA, USA, Rabbit,
1 : 1000; IκKα, Abcam, Cambridge, MA, USA, Rabbit,
1 : 2000; IκB-α, Abcam, Cambridge, MA, USA, Rabbit,
1 : 2000; and GAPDH, Proteintech, Rosemont, IL, USA,
1 : 3000), followed by incubation with secondary antibodies
for 1.5 hours. After the bands were washed 3 times for 30
minutes, the protein bands were exposed by the Image
Lab™ Software.

2.5. ROS Quantification. Quantification of ROS was per-
formed using the DHR-ROS test kit (KeyGen, Shanghai,
China) in accordance with the manufacturer’s protocol.

2.6. Superoxide Dismutase (SOD) Activity Assay. We lysed
the H9c2 cells with lysate and collected and centrifuged to
remove the supernatant. Detection of SOD levels in cells
was performed by the SOD assay kit (KeyGen, Shanghai,
China) in accordance with the protocol.

2.7. TUNEL Staining. TUNEL kit (Roche, Basel, Switzerland)
was used as instructed by the manufacturer to detect the
apoptotic cells. Briefly, the H9c2 cells were fixed with 4%
paraformaldehyde for 20 minutes at room temperature and
then treated with Triton X-100 for another 20 minutes. After
that, the cells were treated with 150μl TUNEL reaction solu-
tion at 37°C for 60 minutes. And the nucleus was stained
with DAPI (Beyotime Biotechnology, Shanghai, China).
TUNEL staining was shown by a Confocal Laser Scanning
Microscope (CLSM).

2.8. Cell Counting Kit-8 (CCK-8) Assay. We placed H9c2
cells in a 96-well plate. After H2O2 and escin treatment,
the viability of different groups of cells was examined by
CCK-8 assay (Dojindo, Kumamoto, Japan) to explore the
effect of escin on H9c2 cells. The absorbance at 450nm
was detected using a microplate reader.

2.9. Flow Cytometry. H9c2 cells were treated with H2O2 and
escin as described above. The supernatant was then col-
lected, and adherent cells were collected after digestion with
trypsin. We centrifuged the cell suspension with a centrifu-
gal force of 200 × g for 5 minutes, discarded the supernatant,
washed with PBS, and centrifuged again in the same man-
ner, repeating twice. Then, we resuspended the cells with
100μL of binding buffer after discarding the supernatant.
After that, we added 5μL of Annexin V-FITc (KeyGen,
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Shanghai, China) and 5μL of propidium iodide (KeyGen,
Shanghai, China) in per tube in the dark. Finally, the apo-
ptotic H9c2 cells were detected using flow cytometry.

2.10. IL-1β Immunofluorescence. H9c2 cells were placed in a
24-well plate, fixed with 4% paraformaldehyde after the

above treatment, then added goat serum, and incubated for
1 hour. After that, an appropriate amount of primary anti-
body IL-1β was added and incubated overnight at 4 degrees
Celsius. On the second day, we added the corresponding
fluorescent secondary antibody and incubated them in the
dark for 1 hour. 4′,6-Diamidino-2-phenylindole (DAPI)
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Figure 1: Escin protected H9c2 cells from damage. (a) CCK-8 assay showed viability of H9c2 cells at different concentrations of H2O2

(
∗p < 0:05 vs. control, n = 3). (b) CCK-8 assay showed cell viability after addition of different concentrations of escin in H2O2-treated
H9c2 cells (∗p < 0:05 vs. 0μM, n = 3). (c) The LDH content increased significantly in the H2O2 treatment group and decreased
significantly in the H2O2+escin group (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3).

Table 1: Real-time PCR primers.

Gene name Forward (5′>3′) Reverse (5′>3′)
Bax CAGTTGAAGTTGCCATCAGC CAGTTGAAGTTACCATCAGC

Bcl-2 GACTGAGTACCTGAACCGGCATC CTGAGCAGCGTCTTCAGAGACA

SOD1 GGTGAACCAGTTGTGTTGTC CCGTCCTTTCCAGCAGTC

SOD2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT

IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

TNF-α CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG

IκKα GTCAGGACCGTGTTCTCAAGG GCTTCTTTGATGTTACTGAGGGC

IκB-α GGATCTAGCAGCTACGTACG TTAGGACCTGACGTAACACG

p65 ACTGCCGGGATGGCTACTAT TCTGGATTCGCTGGCTAATGG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR: quantitative reverse-transcription polymerase chain reaction.
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Figure 2: Continued.
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was also added to stain the nucleus. Finally, it was observed
by a Confocal Laser Scanning Microscope (CLSM).

2.11. Statistics Analysis. Measurement data is expressed as
χ ± s. Differences between two groups were analyzed by
using the Student t-test. Comparison between multiple
groups was done using one-way ANOVA test followed by
post hoc test (Least Significant Difference). Least Significant
Difference (LSD) test or Student-Newman-Keuls (SNK) test
was used for pairwise comparison under the condition of
homogeneity of variance. Test level α = 0:05. All experi-
ments were repeated 3 times.

3. Results

3.1. Escin Protected H2O2-Induced H9c2 Cell Injury. To mea-
sure the appropriate H2O2 concentration for H9c2 cells,
H9c2 cells were treated with different concentrations of
H2O2 for 4 hours. As shown in Figure 1(a), when H9c2 cells
were treated with 100μM of H2O2, cell viability was sup-
pressed by about 50% by CCK-8 assay, so we selected
100μM of H2O2 for subsequent studies. Next, in order to
determine the optimal dosing concentration, we treated
H2O2-treated H9c2 cells with different concentrations of
escin for 24 hours. We measured cell viability using CCK-8
assay, and the highest cell viability was obtained when
H9c2 cells were treated with 10μM of escin (Figure 1(b)).
After that, we collected the supernatant of H9c2 cells and
detected them with the LDH kit. The results showed that
escin significantly inhibited H2O2-mediated LDH elevation
(Figure 1(c)). These results indicated that escin can act
directly on H9c2 cells and reduced the damage caused by
H2O2.

3.2. Escin Inhibited H2O2-Induced Oxidative Stress in H9c2
Cells. We used Western blot to detect the expression levels
of SOD1 protein and SOD2 protein (Figure 2(a)). In the
H2O2 treatment group, the expression levels of SOD1 and
SOD2 were greatly decreased compared to the control
group, while the treatment with escin greatly increased the
expression levels of SOD1 and SOD2 (Figures 2(b) and
2(c)). Then, we used real-time PCR to detect the expression
levels of SOD1 mRNA and SOD2 mRNA, which were con-
sistent with the results of Western blot (Figures 2(d) and
2(e)). At the same time, the SOD activity assay was used to
detect the level of SOD. The results showed that the addition
of escin can significantly reverse the decrease of H2O2-medi-
ated SOD levels (Figure 2(f)). Finally, we tested the level of
ROS production by DHR dye assay. We can see from
Figure 2(g) that the treatment of H2O2 increased the level
of ROS production, while in the H2O2+escin group, the level
of ROS production decreased significantly. These results
demonstrated that escin can inhibit oxidative stress in
H9c2 cells treated with H2O2.

3.3. Escin Inhibited H2O2-Induced Apoptosis in H9c2 Cells.
First, we examined the expression of Bcl-2 and Bax proteins
by Western blot (Figure 3(a)). It can be seen that the expres-
sion of Bcl-2 in the H2O2 treatment group was greatly
decreased compared with the control group, while the level
of Bax was greatly increased. After using escin, the level of
Bcl-2 was increased and the level of Bax was decreased
(Figures 3(b) and 3(c)). Similarly, we detected the levels of
Bcl-2 and Bax mRNA using real-time PCR, which was con-
sistent with the results of Western blot (Figures 3(d) and
3(e)). To further demonstrate the antiapoptotic effect of
escin, we used TUNEL staining to detect the level of
TUNEL-positive cells. It can be seen that the TUNEL-
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Figure 2: Escin inhibited oxidative stress in H9c2 cells. (a) The expression of SOD1 and SOD2 in the H2O2 treatment group decreased
significantly, and the expression of SOD1 and SOD2 increased in the H2O2+escin group. (b) Statistical results of protein level of SOD1
(∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (c) Statistical results of protein level of SOD2 (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2,
n = 3). (d) The expression of SOD1 mRNA in the H2O2 treatment group decreased significantly, and the expression increased in the
H2O2+escin group (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (e) The expression of SOD2 mRNA in the H2O2 treatment group
decreased significantly, and the expression increased in the H2O2+escin group (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (f) SOD
activity assay showed that H2O2 can significantly reduce SOD levels, while escin can reverse SOD levels (∗p < 0:05 vs. control; #p < 0:05
vs. H2O2, n = 3). (g) The expression of ROS increased in the H2O2 treatment group but decreased significantly in the H2O2+escin group
(∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3).
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Figure 3: Escin inhibited apoptosis of H9c2 cells. (a) The expression of Bcl-2 in the H2O2 treatment group decreased significantly but
increased in the H2O2+escin group. Bax expression was opposite to Bcl-2. (b) Statistical results of protein level of Bcl-2 (∗p < 0:05 vs.
control; #p < 0:05 vs. H2O2, n = 3). (c) Statistical results of expression of Bax (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (d) The
expression of Bcl-2 mRNA was consistent with the Bcl-2 protein (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (e) The expression of
Bax mRNA was consistent with the Bax protein (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (f) TUNEL staining showed that escin
can obviously reduce the increase of H9c2 cell apoptosis caused by H2O2 (magnification: ×400). (g) The apoptotic rate of the H2O2
treatment group increased and decreased in the H2O2+escin group. (h) Statistical results of apoptotic rate of H9c2 cells (∗p < 0:05 vs.
control; #p < 0:05 vs. H2O2, n = 3).
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Figure 4: Continued.
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positive cells in the H2O2+escin group were greatly reduced
compared to the H2O2 treatment group (Figure 3(f)). We
also used flow cytometry to detect the effect of escin on
H9c2 cells treated with H2O2. We can see that escin can sig-
nificantly reduce the apoptotic rate of H2O2-treated H9c2
cells (Figures 3(g) and 3(h)). These results indicated that
escin can inhibit H2O2-mediated apoptosis of H9c2 cells.

3.4. Escin Inhibited H2O2-Induced Inflammation of H9c2
Cells. The expression of IL-1β and TNF-α was examined
by Western blotting (Figure 4(a)). We can see that H2O2 sig-
nificantly induced the increase of IL-1β and TNF-α, while
the escin inhibited their increase (Figures 4(b) and 4(c)).
Similar results were obtained for mRNA levels
(Figures 4(d) and 4(e)). Immunofluorescence showed that
IL-1β expression in the H2O2+escin group was significantly
decreased compared with the H2O2 treatment group
(Figure 4(f)). These results showed that escin can inhibit
the inflammation of H9c2 cells induced by H2O2.

3.5. Escin Inhibited the NF-κB Pathway. The NF-κB pathway
plays a very important role in regulating apoptosis and
oxidative stress, so we examined the NF-κB pathway in
different treatment groups by Western blot (Figure 5(a)).
We can see from Figures 5(b)–5(d) that the expression
of p65 and IκB kinase α (IκKα) in the H2O2 treatment
group was significantly increased, while the expression of
inflammatory inhibitor NF-κBα (IκB-α) was greatly
decreased, compared with the control group. After treat-
ment with escin, the expression of p65 and IκKα was
decreased, while the expression level of IκB-α increased

compared to the H2O2 treatment group. And the results
of the real-time PCR matched the results of the Western
blot (Figures 5(e)–5(g)). These results suggested that escin
can inhibit the NF-κB pathway.

4. Discussion

In this present study, we revealed for the first time the role of
escin in MI. H2O2 treatment successfully induced oxidative
stress, inflammation, and apoptosis of H9c2 cardiomyocytes.
However, escin can reverse the damage of H9c2 cells caused
by H2O2. This protective effect was achieved at least in part
by targeting the NF-κB pathway.

AMI is a serious health problem in the world with a
high mortality rate [9]. Current treatments can reconsti-
tute the blood supply to the ischemic areas [10]. How-
ever, these treatments do not fully restore the apoptosis
and oxidative stress of some cardiomyocytes. Previous
studies have shown that in AMI, the myocardial ischemia
site produces a large amount of ROS due to oxidative
stress, which causes damage to the myocardial cell mem-
brane, and at the same time produces a large number of
inflammatory factors, causing apoptosis of cardiomyocytes
[11]. Therefore, in addition to rebuilding the blood sup-
ply in the ischemic areas, treatments such as antioxidative
stress, antiapoptosis, and anti-inflammatory are also
essential.

Many studies have previously reported antioxidative,
antiapoptotic, and anti-inflammatory effects of escin in
other diseases. So, we want to verify whether escin has a
similar effect in MI. We first tested the cell viability of
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Figure 4: Escin inhibited inflammation of H9c2 cells. (a) The expression of IL-1β and TNF-α in the H2O2 treatment group increased
significantly but decreased in the H2O2+escin group. (b) Statistical results of expression of TNF-α (∗p < 0:05 vs. control; #p < 0:05 vs.
H2O2, n = 3). (c) Statistical results of expression of IL-1β (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (d) TNF-α mRNA expression
was similar to the results of Western blot (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (e) IL-1β mRNA expression was also similar
to the results of Western blot (∗p < 0:05 vs. control; #p < 0:05 vs. H2O2, n = 3). (f) Immunofluorescence showed that escin significantly
reduced H2O2-mediated elevation of IL-1β (magnification: ×400).
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Figure 5: Continued.
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H9c2 cells treated with H2O2 and found that escin did
increase the cell viability. Then, we examined the expres-
sion of oxidative stress-related proteins, apoptosis-related
proteins, and some inflammatory factors and also detected
the corresponding mRNA expression. The final result con-
firmed our hypothesis that escin can inhibit oxidative
stress, apoptosis, and inflammation in H9c2 cells, thereby
increasing cell viability. This also provided a potential
treatment for MI.

Studies have shown that MI involves multiple signaling
pathways such as Rho/ROCK pathway, MAPK pathway,
and NF-κB pathway [12]. Among them, NF-κB pathway is
a classical signaling pathway that has an important influence
on inflammation, apoptosis, and oxidative stress. Xiong et al.
[13] believed that quercetin acts to treat periodontitis
through NF-κB signaling pathway. Yi et al. [14] suggested
that inhibition of NF-κB signaling pathway promoted
autophagy and inhibited apoptosis and inflammation in
nucleus pulposus cells. By detecting the expression of p65,
IκKα, IκB-α protein, and mRNA in different treatment
groups, our study also confirmed that escin can inhibit car-
diomyocyte apoptosis, inflammation, and oxidative stress
through the NF-κB pathway.

In summary, our study suggests that the effect of escin
on MI is primarily due to the inhibition of the NF-κB signal-
ing pathway. This finding is of great help to the clinical treat-
ment of MI.

5. Conclusions

Escin inhibits the NF-κB pathway and thus inhibits oxida-
tive stress, apoptosis, and inflammation induced by H2O2
in H9c2 cells. Therefore, escin may provide a new treatment
for MI.

Data Availability

The datasets used and analyzed during the current study are
available from the corresponding author on reasonable request.
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Objective. To elucidate the correlation between expression levels of long noncoding RNA (lncRNA) ROR and microRNA-125b
(miR-125b) with the prognosis in heart failure (HF) patients combined acute renal failure (ARF). Methods. HF patients
combined ARF (n = 90) and healthy controls (n = 90) in the same period were included in our hospital from April 2016 to
December 2018. Every subject was followed up for 24 months. Serum levels of lncRNA ROR and miR-125b were detected, and
their expression correlation was analyzed by Pearson correlation test. Receiver operating characteristic (ROC) curves were
depicted for assessing the sensitivity and specificity of lncRNA ROR and miR-125b in diagnosing HF combined ARF. Results.
lncRNA ROR was upregulated in serum of HF patients combined ARF, and its level was positively correlated to NYHA
classification. miR-125b displayed an opposite trend. In serum samples of HF combined ARF, expression level of lncRNA ROR
was negatively related to that of miR-125b. Diagnostic potentials of lncRNA ROR and miR-125b in HF combined ARF were
confirmed by ROC curve analyses (lncRNA ROR: AUC = 0:9199, cutoff value = 5:595, sensitivity = 92:22%, and specificity =
73:33%; miR-125b: AUC = 0:8509, cutoff value = 2:290, sensitivity = 81:11%, and specificity = 74:44%). After 2-year follow-up,
16 cases were dead. Higher incidences of death and rehospitalization were observed in HF combined ARF cases expressing
higher serum level of lncRNA ROR or lower level of miR-125b. Conclusions. Serum level of lncRNA ROR is upregulated, and
miR-125b is downregulated in HF patients combined ARF. Their levels are linked to NYHA classification, which can be
utilized as prognostic biomarkers in HF combined ARF.

1. Introduction

Heart failure (HF) is caused by increased cardiac load and
dyscirculatory syndrome owing to systolic and diastolic dys-
functions. As the heart disease worsens, insufficient blood
perfusion and renal blood stasis impairs renal function [1].
Acute renal failure (ARF) is a clinical syndrome of rapid
decline of glomerular filtration function, imbalance of water
and electrolyte, and accumulation of nitrogen wastes in the
body in a short period of time [2]. Clinically, HF patients
are prone to develop ARF. ARF-induced water retention
seriously continues to aggravate HF, thus increasing treat-
ment difficulty [3].

Long noncoding RNAs (lncRNAs) are functional RNAs
with over 200nt long. They are generally transcribed in
eukaryotes and unable to encode proteins [4]. Initially,

lncRNAs were considered as byproducts of RNA polymerase
II transcription without biological functions. Later, accumu-
lating evidences have proven the vital functions in genomic
imprinting, chromatin modification, transcriptional activa-
tion, and nuclear transportation at multiple levels [5]. In
recent years, lncRNAs are reported as important regulators
in HF [6]. Further, lncRNA ZNF593-AS alleviates contrac-
tile dysfunction in dilated cardiomyopathy [7]. And lncRNA
H19 alleviates muscular dystrophy by stabilizing dystrophin
[8]. lncRNA ROR locates on human chromosome 18q21.31
containing 4 exons [9]. Numerous previous studies have
demonstrated the vital role of ROR in cardiovascular dis-
eases. It is reported that lncRNA ROR is upregulated in
in vitro cultured hypertrophic cardiomyocytes, which deteri-
orates myocardial hypertrophy into cardiac hypertrophy and
even HF [10]. Further, the ROR/miR-124-3p/TRAF6 axis
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regulated the ischemia reperfusion injury-induced inflam-
matory response in human cardiomyocytes [11]. Besides,
overexpressed ROR promotes the biological characteristics
of ox-LDL-induced HUVECs let-7b-5p/HOXA1 axis in ath-
erosclerosis [12]. However, the importance of ROR in HF
patients was unknown.

MicroRNAs (miRNAs) are endogenous, single-strand
RNAs containing 22 nucleotides. Through complementary
base pairing, miRNAs posttranscriptionally regulate target
gene expressions [13]. miRNAs are extensively involved in
cardiac pathophysiological process, including cardiac develop-
ment, cardiac hypertrophy, myocardial ischemia, and HF
[14–16]. The miR-125 family is highly conserved in mammals
and participates in embryogenesis, immune response, tumor-
igenesis, and ischemia reperfusion injury [17, 18].

miR-125b is transcribed on chromosome 11q23 (has-
miR-125b-1) and 21q21 (has-miR-125b-2) [19]. Busk and
Cirera [20] suggested that miR-125b is downregulated in
HF patients. Further, miR-125b is critical for fibroblast-to-
myofibroblast transition and cardiac fibrosis [21]. In addi-
tion, hypoxia-elicited mesenchymal stem cell-derived exo-
somes facilitate cardiac repair through miR-125b-mediated
prevention of cell death in myocardial infarction [22]. How-
ever, the role of miR-125b in heart failure was unclear. In
this paper, we aim to uncover the prognostic potentials of
lncRNA ROR and miR-125b in HF patients combined ARF.

2. Patients and Methods

2.1. Baseline Characteristics. A total of 90 HF patients com-
bined ARF treated in our hospital from April 2016 to
December 2018 were included. Based on the New York
Heart Association (NYHA) functional classification, there
were 0 case in class I, 30 in class II, 32 in class III, and 28
in class IV. NYHA is classified into four categories according
to limited levels of physical activities. Class I: physical activ-
ity is not limited. Class II: physical activity in patients with
heart diseases is slightly limited with fatigue, palpitation,
and dyspnea. Class III: physical activity is markedly limited
and comfortable at rest. Class IV: unable to carry out normal
physical activity.

A total of 90 healthy subjects undergoing physical
examination in our hospital during the same period were
included as controls. Subjects with (1) no urine; (2) endo-
crine diseases, skeletal muscle diseases, immune diseases,
and malignancies; and (3) mental disorders were excluded.
This study was approved by the Ethics Committee of the
First Affiliated Hospital of Hebei North University. Signed
written informed consents were obtained from all partici-
pants before the study.

2.2. Sample Collection. 5mL of venous blood was extracted
in each subject under the fasting state in the morning. Blood
was centrifuged at 3000 r/min for 10min, and the serum was
collected and stored at -80°C.

2.3. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). TRIzol method (Invitrogen, Carlsbad, CA, USA) was
applied for isolating RNAs from serum samples. Through

reverse transcription of RNA, the extracted complementary
deoxyribonucleic acid (cDNA) was used for PCR detection
by SYBR Green method (TaKaRa, Tokyo, Japan). Primer
sequences were listed as follows: lncRNA ROR, F: 5′-CGAA
CGAGAGGACCGAAG-3′, R: 5′-GCCAAGTTCTAGATAA
GC-3′; GAPDH, F: 5′-ACGGCAAGTTCAACGGCACAG-
3′, R: 5′-GACGCCAGTAGACTCCACGACA-3′; miR-125b,
F: 5′-GATCTGCAGCTCTCCCAGGGGCTGGCTTCAG-3′,
R: 5′-GATCATATGGAGGCAGAAAGGATGGAG-3′; U6,
F: 5′-CTCGCTTCGGCAGCACATATACT-3′, R: 5′-ACGC
TTCACGAATTTGCGTGTC-3′.

2.4. Follow-Up. All patients were followed up through tele-
phone, outpatient review, hospitalized investigation, or other
methods for 24 months with 6 months interval. Disease
onset, rehospitalization, and death were recorded.

2.5. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 20.0 (IBM, Armonk, NY, USA) was used for all
statistical analysis. Data were expressed as mean ± SD (stan-
dard deviation). Differences between two groups were ana-
lyzed by using the Student t-test. Comparison between
multiple groups was done using one-way ANOVA test
followed by post hoc test (least significant difference). Pear-
son correlation test was applied for assessing the relationship
between serum levels of lncRNA ROR and miR-125b. Diag-
nostic potentials were assessed by depicting receiver operat-
ing characteristic (ROC) curves. p < 0:05 indicated the
significant difference.

3. Results

3.1. Baseline Characteristics of Subjects. Through analyzing
clinical data of subjects, no significant differences were
found in age, sex, and BMI between healthy subjects and
HF patients combined ARF (Table 1). Baseline characteris-
tics of them were comparable.

3.2. Serum Levels of lncRNA ROR and miR-125b. Compared
with healthy subjects, serum level of lncRNA ROR was
upregulated in HF patients combined ARF (Figure 1(a)),
while miR-125b level was downregulated (Figure 1(b)).

3.3. Correlation between Serum Levels of lncRNA ROR and
miR-125b with NYHA. There were 0 case in NYHA class I,
30 in class II, 32 in class III, and 28 in class IV included in
this trial. Interestingly, serum level of lncRNA ROR gradu-
ally increased with NYHA worsening in HF patients com-
bined ARF (Figure 2(a)). Conversely, miR-125b level

Table 1: Baseline characteristics of subjects.

Variable Control HF combined ARF p

Age 62:13 ± 6:75 60:93 ± 5:85 0.204

Sex (male/female) 45/45 45/45 N.S.

BMI (kg/m2) 22:62 ± 3:11 22:73 ± 3:51 0.824

HF: heart failure; ARF: acute renal failure; BMI: body mass index; N.S.: no
significant difference.
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showed the opposite trend (Figure 2(b)). It is believed that
high level of lncRNA ROR and low level of miR-125b aggra-
vated the development of HF.

3.4. Correlation between Serum Levels of lncRNA ROR and
miR-125b. Pearson correlation test uncovered a negative link
between serum levels of lncRNA ROR and miR-125b in HF
patients combined ARF (Figure 3).

3.5. Diagnostic Potentials of lncRNA ROR and miR-125b in
HF Combined ARF. ROC curves were depicted for assessing
the potentials of lncRNA ROR and miR-125b as diagnostic
biomarkers in HF combined ARF. As the data revealed,
lncRNA ROR and miR-125b were qualified in diagnosing
HF combined ARF (lncRNA ROR: AUC = 0:9199, cutoff
value = 5:595, sensitivity = 92:22%, and specificity = 73:33%
; miR-125b: AUC = 0:8509, cutoff value = 2:290, sensitivity
= 81:11%, and specificity = 74:44%) (Figures 4(a) and 4(b)).

3.6. Correlation between Serum Levels of lncRNA ROR and
miR-125b with Prognosis in HF Combined ARF. Based on
the mentioned cutoff value of lncRNA ROR, included
patients were assigned into two groups. After 2-year fol-
low-up, 16 cases were dead. Higher incidences of death
and rehospitalization were observed in HF combined ARF
cases expressing higher serum level of lncRNA ROR. In a
similar way, patients were assigned into two groups accord-
ing to the cutoff value of miR-125b. HF patients combined
ARF expressing lower level of miR-125b had higher inci-
dences of death and rehospitalization (Table 2).

4. Discussion

Renal insufficiency secondary to HF is commonly seen and
its mortality is high [23]. ARF is a key factor in determining
the progression and prognosis of HF [24]. Recently, bio-
markers of impaired renal function have been identified as
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Figure 1: Serum levels of lncRNA ROR and miR-125b. Serum levels of (a) lncRNA ROR and (b) miR-125b in healthy subjects and heart
failure patients combined acute renal failure.
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Figure 2: Correlation between serum levels of lncRNA ROR and miR-125b with NYHA. Serum levels of (a) lncRNA ROR and (b) miR-125b
in heart failure patients combined acute renal failure with NYHA classes II, III, and IV.
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Figure 3: Correlation between serum levels of lncRNA ROR and
miR-125b. A negative link between serum levels of lncRNA ROR
and miR-125b in heart failure patients combined acute renal
failure.
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risk factors for HF, displaying a predictive value for poor,
long-term prognosis [25].

Critical functions of lncRNAs have been highlighted [26,
27]. Yang et al. [28] discovered differentially expressed
lncRNAs between ischemic HF patients and nonischemic
HF ones by RNA-seq. It is reported that lncRNA Mhrt 779
antagonizes the development of cardiac hypertrophy and
HF in mice induced by aortic contraction [29]. miRNAs
are highly conserved in different species and tissue-specific.
Primary transcripts are cleaved into pre-miRNAs and then
translocate into nuclei to form mature miRNAs [30, 31].
About 30% of human genomes can be regulated by miRNAs
[9]. Scrutinio et al. [32] found downregulated miR⁃150⁃5p in
advanced HF patients, which is linked to cardiac remodel-
ing, disease severity, and prognosis. To uncover the role of
ROR and miR-125b, compared to previous research, we
found that lncRNA ROR was upregulated in serum of HF
patients combined ARF; however, miR-125b was found to
be downregulated in serum of HF combined ARF. Further,

ROR increased as disease stage advanced while miR-125b
showed an opposite phenotype. The previous findings indi-
cated the potential relation between ROR and miR-125b in
HF combined ARF. lncRNA-miRNA interaction contributes
to cell phenotype regulations [33]. Through absorbing miR-
NAs as ceRNAs, lncRNAs inhibit miRNA expressions [34].
Besides, lncRNAs are precursors of miRNAs through intra-
cellular cleavage [35]. GAS5 is downregulated in fibrotic car-
diac tissues, which alleviates HF by negatively regulating
miR-21 [36]. Upregulated HOTAIR may be a biomarker of
HF [37]. HOTAIR regulates phosphatase and tensin homo-
logue expressions in HF by competing with miR-19 [38].
Through Pearson correlation test, we found that lncRNA
ROR was negatively linked to miR-125b in serum of HF
patients combined ARF.

Circulating lncRNA could act as a prognostic factor for
disease. In previous study, NEAT1 was reported as an unfa-
vorable prognostic factor in chronic heart failure patients by
log-rank test and ROC analysis [39]. Further, Chen et al. also
found that NEAT1 was an unfavorable factor in acute ST-
segment elevation myocardial infarction by ROC analysis
[40]. In our research, we found that ROR and miR-125b
were prognostic factors by ROC analysis.

However, there are still limitations in our research. This
research only detected the level of ROR and miR-125b in
clinical samples; thus, the in vivo and in vitro assays should
be conducted to further explore the relationship of ROR and
mirR-125b and HF. Moreover, their diagnostic and prognos-
tic potentials in HF combined ARF were identified as well.

5. Conclusions

Serum level of lncRNA ROR is upregulated, and miR-125b is
downregulated in HF patients combined ARF. Their levels
are linked to NYHA classification, which can be utilized as
prognostic biomarkers in HF combined ARF.
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Figure 4: Diagnostic potentials of lncRNA ROR and miR-125b in heart failure combined ARF. (a) Diagnostic potential of lncRNA ROR in
heart failure patients combined acute renal failure (AUC = 0:9199, cutoff value = 5:595, sensitivity = 92:22%, and specificity = 73:33%). (b)
Diagnostic potential of miR-125b in heart failure patients combined acute renal failure (AUC = 0:8509, cutoff value = 2:290, sensitivity =
81:11%, and specificity = 74:44%).

Table 2: Correlation between serum levels of lncRNA ROR and
miR-125b with prognosis in heart failure combined ARF.

Variable Death Rehospitalization Nonhospitalized

lncRNA ROR

Low level (n = 36) 4 12 20

High level (n = 54) 12 33 9

χ2 55.573

p <0.001
miR-125b

Low level (n = 58) 13 34 11

High level (n = 32) 3 11 18

χ2 52.874

p <0.001
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Objective. Heart failure and ventricular remodeling after acute myocardial infarction (AMI) are important factors affecting the
prognosis of patients. Therefore, we expected to explore the therapeutic target of AMI by studying the effect of death-
associated protein kinase 1 (DAPK1) on AMI rat model. Materials and Methods. We used male Sprague-Dawley rats to make
AMI model, and after 1, 3, 7, and 14 d, we detect the success rate of modeling and the expression change of DAPK1 through 2,
3, 5-triphenyl tetrazolium chloride staining, myocardial injury markers detection, echocardiographic detection, and histological
experiment. In addition, we determined the effect of DAPK1 on AMI by subcutaneous injection of the DAPK1 inhibitor (TC-
DAPK 6). The effect of DAPK1 on cardiomyocytes has also been verified in cell experiments on H9c2 cells. Results. The
expression of DAPK1 in AMI rats was significantly higher than that in sham group, and it increased with time. The expression
of inflammatory factors (interleukin- (IL-) 1β, IL-6, and tumor necrosis factor-α) in AMI rats treated by TC-DAPK 6 was
reduced. In addition, TC-DAPK 6 also reduced the activity of malonaldehyde and increased the activities of superoxide
dismutase, glutathione, and catalase. The expression of antioxidant molecules such as peroxiredoxin1/4 and glutathione
peroxidase1/3 was also promoted by TC-DAPK 6. In H9c2 cells, TC-DAPK 6 also reduced its oxidative stress level.
Conclusions. The increase of DAPK1 may be related to the pathogenesis of AMI. DAPK1 inhibitors protect cardiomyocytes
from AMI-induced myocardial injury by reducing levels of inflammation and oxidative stress in myocardial tissue and cells.

1. Introduction

Acute myocardial infarction (AMI) is a cardiovascular dis-
ease with high morbidity and high mortality [1]. Current
treatment methods include drug thrombolysis, coronary
intervention, and coronary artery bypass grafting. Although
these treatments have benefited more and more patients,
and the mortality rate has decreased significantly, the heart
cannot be repaired by the regeneration of myocardial cells
due to the poor regeneration of myocardial cells after infarc-
tion [2]. The loss of myocardial cells after AMI and the sub-
sequent ventricular remodeling are the main causes of a
series of complications after AMI, especially heart failure,
which affects the prognosis of patients [3]. How to promote
the repair and functional reconstruction of myocardial cells
in the necrotic area after AMI and prevent ventricular

remodeling has become the key to improving the prognosis
of MI patients.

Death-associated protein kinase 1 (DAPK1) was discov-
ered by Deiss in 1995 using gene cloning analysis technology
in HeLa cell apoptosis induced by interferon-γ [4]. Recent
studies have found that DAPK1 is an important serine/thre-
onine kinase and is involved in a variety of cell-to-cell inter-
actions, such as apoptosis, autophagy, cellular blebbing,
tumor metastasis, and inflammation [5, 6]. A study found
that the inhibition of DAPK1 can reduce the inflammatory
factors in lung tissue and inhibit the level of oxidative stress
by regulating the activity of p38MAPK/NF-κB signaling
pathway, thereby alleviating lung injury [7]. In addition,
DAPK1 was also found to be regulated by resveratrol and
affect autophagy in human skin fibroblasts [8]. DAPK1 has
also been found to affect apoptosis and autophagy in various
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tumor cells [6]. In the process of myocardial infarction,
myocardial cell ischemia and hypoxia lead to myocardial cell
necrosis and apoptosis. In addition, local inflammation and
oxidative damage are also important reasons for aggravating
myocardial damage [2]. In view of the above-mentioned
physiological functions of DAPK1, we speculated that
DAPK1 may play a role in AMI. However, there are few
studies on the effect of DAPK1 on AMI. Therefore, in this
study, we made the rat AMI model to detect DAPK1 expres-
sion changes and used DAPK1 inhibitors to detect their
effect on AMI rats and cardiomyocytes.

2. Materials and Methods

2.1. Animals. 80 male Sprague-Dawley (SD) rats (200-250 g)
were used in this study. SD rats were housed in the Chengdu
First People’s Hospital Experimental Animal Center. We use
standard sterile rodent feed to feed rats. The rats were in the
environment with room temperature of 18-22°C, relative
humidity of 45-65% and routine lighting. The experimental
environment complies with the standards set by the Interna-
tional Animal Protection Association. The animal experi-
ments in this study have been approved by the Animal
Ethics Committee of Chengdu First People’s Hospital.

2.2. AMI Model. We weighed the rats and used electric clip-
pers to dehair the rats. Then, we used 10 g/L pentobarbital
sodium (50mg/kg) to anesthetize rats by intraperitoneal
injection. After the rat lost consciousness, we fixed the rat
on the operating table in a supine position. Then, we used
an 18G venous indwelling needle for tracheal intubation
and connected it to a small animal ventilator (CWE SAR-
830, Orange, CA, USA). The small animal ventilator was
set to tidal volume of 5-7mL and frequency of 75 times/
min. We used iodophor to disinfect the chest and abdomen
of the mouse and then used scissors to cut the skin of the left
chest and cut the third and fourth ribs. Then, we used for-
ceps to carefully tear the envelope. Under the cold light spot-
light, we carefully identified the left anterior descending
coronary artery. The left anterior coronary artery descends
to the root of the left atrial appendage. We ligated the coro-
nary arteries with nylon thread and recorded the electrocar-
diogram of the rat using an electrocardiograph. The
elevation of the ST segment of the electrocardiogram indi-
cated that the coronary artery was successfully blocked. We
then closed the rat thoracic cavity layer by layer and sutured
the surgical incision. The rats were placed on a 37°C water
bath. After the rats regained consciousness and mobility,
we put the rats back into the rat cage. The rats in the sham
group only opened the chest cavity, but the coronary arteries
were not ligated. For the treatment group, we used TC-
DAPK 6 (1mg/kg, 2mg/kg) (MCE, Monmouth Junction,
NJ, USA), an inhibitor of DAPK1, to subcutaneously inject
AMI rats daily from the first day of modeling. For the non-
treatment group, we injected the same amount of normal
saline every day.

2.3. 2, 3, 5-Triphenyl Tetrazolium Chloride (TTC) Staining.
After collecting the rat heart, we used phosphate-buffered

saline (PBS) to wash away excess blood from the heart.
Then, we put the rat heart in the -20°C refrigerator for
refrigeration. After 30min, we took the rat heart and con-
firmed whether the heart was completely frozen. Then, we
cut the heart into 2mm slices perpendicular to the longitudi-
nal axis. Heart slices were placed in 2% TTC staining solu-
tion (Sigma-Aldrich, St. Louis, MO, USA) and incubated in
the dark for 15min. Normal myocardial tissue appears red,
while infarcted myocardium appears pale. We used the per-
centage of infarcted myocardium to represent the extent of
myocardial infarction.

2.4. Echocardiography for Detecting Cardiac Function in
Rats. 1, 3, 7, and 14 d after making the AMI model, we
examined the cardiac function of rats by echocardiography.
After anesthetizing the rat with 10 g/L pentobarbital sodium
(50mg/kg), we fixed the rat in a supine position and per-
formed cardiac ultrasound using a Vevo high-resolution
ultrasound system (VisualSonics, Toronto, Canada). The left
ventricular end-systolic diameter and left ventricular end-
diastolic diameter were recorded. Left ventricular ejection
fraction (LVEF) and left ventricular fractional shortening
(LVFS) are automatically calculated by an echocardiogram
computer.

2.5. Lactic Dehydrogenase (LDH) and Creatine Kinase (CK)
Levels in Serum. We collected rat blood and left it at room
temperature for 15min. Then, we obtained the serum by
centrifugation (3000 rpm, 15min, 4°C). LDH activity detec-
tion kit (Sigma-Aldrich, St. Louis, MO, USA) and CK activ-
ity detection kit (Sigma-Aldrich, St. Louis, MO, USA) were
used to detect the level of LDH and CK in serum. We used
purified rat LDH antibody coating plate to make solid phase
antibody. Then, we added unknown concentration of LDH
test sample and known concentration of LDH standards to
the monoclonal antibody. After incubating for 15min, we
added biotin-labeled anti-IgG antibody. The IgG antibody
then binds to streptavidin-HRP to form an immune com-
plex. Then, we added substrate TMB for color development.
The color depth is positively correlated with the LDH in the
sample. Finally, we used a microplate reader to measure the
absorbance (OD value) at a wavelength of 450 nm and calcu-
lated the concentration of rat LDH in the sample through
the standard curve. The same principle was also used to
detect the level of CK.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). After
obtaining rat serum, we used interleukin- (IL-) 1β, IL-6,
and tumor necrosis factor- (TNF-) α ELISA kits (Sigma-
Aldrich, St. Louis, MO, USA) to detect the levels of inflam-
matory factors in serum. The standards in the ELISA kit
were used to make a standard curve. Then, we calculated
the concentration of the sample based on the absorbance
of the sample and the standard curve.

2.7. Activity Detection of Malonaldehyde (MDA),
Glutathione (GSH), Superoxide Dismutase (SOD), and
Catalase (CAT) in Myocardium and Cell Supernatant. We
collected 2mg of rat myocardial tissue and added 9 times
the volumes of normal saline. Then, we used scissors to
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shred the tissue and add 3 small steel balls to each EP tube.
Then, we put the EP tube into the homogenizer for homog-
enization (10000 r/min) 3 times, 1min each time. Then, we
took the supernatant in the EP tube by centrifugation
(12000 rpm, 15min, 4°C). MDA, GSH, SOD, and CAT activ-
ity detection kits (Sigma-Aldrich, St. Louis, MO, USA) were
used to detect the levels of MDA, GSH, SOD, and CAT in
serum. The detection of MDA, GSH, SOD, and CAT in the
cell supernatant was similar to that of myocardial tissue.

2.8. Histology and Hematoxylin-Eosin (HE) Staining. After
collecting the rat heart, we used PBS to wash away excess
blood from the heart. Then, we used 4% paraformaldehyde
to fix myocardial tissue for 24 h. The fixed tissue can be
stored in PBS for a long time. We put myocardial tissue into
gradient alcohol in order to dehydrate. Then, we put myo-
cardial tissue in xylene and paraffin solution to make paraf-
fin blocks. The microtome is used to make paraffin sections
with the thickness of 5μm. We put paraffin sections in a
37°C incubator for 3 d. Then, we put the paraffin sections
in xylene solution and gradient alcohol sequentially. After
washing the sections with running water, we stained the cell
nucleus with hematoxylin stain (Beyotime, Shanghai,
China). Then, we put the sections in 1% hydrochloric acid
alcohol for 3 s and quickly rinsed the sections with running
water. Then, we put the sections in eosin stain (Beyotime,
Shanghai, China) and gradient alcohol in turn for 3min each
time. Finally, we use neutral gum for mounting and observe
the staining results using an optical microscope.

2.9. Immunohistochemical (IHC) Staining.After dewaxing and
hydration using xylene and gradient alcohol, we rinsed the
sections in running water for 3min.We put the sections in cit-
rate buffer. The buffer just barely goes through the sections.
Then, we heated the citrate buffer slowly to 95°C in a water
bath for 20min. After it naturally cooled to room temperature,
we took out the sections and washed it with PBS three times
for 3min each time. Then, we put the sections in a wet box
and incubate them for 30min with 3% hydrogen peroxide
on myocardial tissue. Then, we blocked the nonspecific anti-
gen with 10% goat serum and incubated them at 4°C overnight
with primary antibody dilution (DAPK1, ab200549; peroxire-
doxin (Prdx)1, ab15571; Prdx4, ab59542; Abcam, Cambridge,
MA, USA). After washing the sections with PBS, we incubated
them with secondary antibody dilution (GeneTech, Shanghai,
China) for 1h and used DAB for color development. Hema-
toxylin is used in the cell nucleus. Finally, we used an optical
microscope to observe the results.

2.10. Cell Culture. The rat cardiomyocyte cell line, H9c2
cells, was used in this study. DMEM medium containing
10% fetal bovine serum (FBS) (Gibco, Rockville, MD,
USA) and 1% double antibody (Gibco, Rockville, MD,
USA) was used to culture H9c2 cells. IL-1β (100 ng/mL)
(Invitrogen, Carlsbad, CA, USA) was used to stimulate cell
injury.

2.11. RNA Isolation and Quantitative Real-Time Reverse
Transcription-Polymerase Chain Reaction (RT-PCR). The
TRIzol (Sigma-Aldrich, St. Louis, MO, USA) method was

used to extract total RNA from myocardial tissue and
H9c2 cells. Then, we used a spectrophotometer to detect
RNA concentration and A260/A280. Samples with A260/
A280 around 2.0 can be used for subsequent experiments.
We took 0.5μg total RNA (5μL) for reverse transcription.
The 10μL reverse transcription system is 5 + 3 μL RNase-
free H2O+2μL 5x HiScript II Q RT SuperMix (Vazyme,
Nanjing, Jiangsu, China). The PCR instrument was set to
50°C for 15min, 85°C for 5 s, and 4°C for 30min. SYBR
Green Master Mix (Vazyme, Nanjing, Jiangsu, China) was
used for real-time RT-PCR. The reaction system is 5μL
SYBR Green Master Mix +0.4μL Primer forward/reverse
+1μL cDNA template +3.6μL ddH2O. Reaction tempera-
ture and time refer to primer company’s instructions. The
endogenous GAPDH expression was used as a reference.
The relative expression of RNA is expressed as 2−ΔΔCt. The
primer sequences are shown in Table 1.

2.12. Flow Cytometry Analyses. Flow cytometry was used to
detect reactive oxygen species (ROS) levels. Pancreatin was
used to prepare single-cell suspensions. Then, we took
1mL of single-cell suspension and added 5μL of 2′, 7′
-dichlorodihydrofluorescein diethyl ester (DCF-DA)
(Sigma-Aldrich, St. Louis, MO, USA) for 30min. Then, we
put it in a centrifuge (1500 rpm, 5min) and discard the
supernatant. Then, we added 10% fetal bovine serum and
incubated it at 37°C for 20min. After centrifuging it again
in a centrifuge (1500 rpm, 5min), we discarded the superna-
tant and added cold PBS. Then, we used flow cytometry
(Thermo Fisher Scientific, Waltham, MA, USA) to detect
the average fluorescence intensity of the fluorescent probes
in the cells. The relative fluorescence intensity value is the
ratio of the fluorescence intensity value of the experimental
group to that of the control group.

2.13. Cell Counting Kit-8 (CCK8). CCK8 (Dojindo Molecular
Technologies, Kumamoto, Japan) was used to detect the
proliferation ability of H9c2 cells. We used 96-well plates
to culture H9c2 cells. 10μL of CCK8 reagent was added to
each well of a 96-well plate. The 96-well plate was placed
in a 37°C incubator for 2 h in the dark. Then, we used a

Table 1: Primer sequences for RT-PCR.

Name Sense/antisense Sequences (5′-3′)

DAPK1
Sense CACCTCACTCCCTTCCC

Antisense TCACCCACAGACGGATG

Prdx1
Sense TTCTGTCATCTGGCATGG

Antisense CCCAATCCTCCTTGTTTCT

Prdx4
Sense CCAGCACCTTATTGGGAA

Antisense GCGATGATTTCAGTTGGAC

GPX1
Sense TTGAGAAGTGCGAGGTGAA

Antisense TCCGCAGGAAGGTAAAGAG

GPX3
Sense CGGGGAGAAAGAGCAGAA

Antisense CAAAGTTCCAGCGGATGTC

GAPDH
Sense ATGGCTACAGCAACAGGGT

Antisense TTATGGGGTCTGGGATGG
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microplate reader to detect the absorbance (OD value) of
each well at 450 nm. There was only the medium and no
cells in the blank wells, and there were medium and nonin-
terfering cells in control wells. Cell viability = ðOD
intervention −ODblankÞ/ðODcontrol −ODblankÞ.

2.14. Statistical Analysis. Statistical Product and Service
Solutions (SPSS) 20.0 statistical software (IBM, Armonk,
NY, USA) was used for the statistical analysis of this study.
Graphpad prism 7.0 software (La Jolla, CA, USA) was used
for graphing in this study. We use the mean ± standard
deviation to represent the study data. Differences between
two groups were analyzed by using Student’s t-test. Compar-

ison between multiple groups was done using one-way
ANOVA test followed by post hoc test (least significant dif-
ference). P < 0:05 was considered statistically significant.

3. Results

3.1. High Expression of DAPK1 in Myocardium of AMI Rats.
After 1, 3, 7, and 14 d of blocking the rat coronary arteries,
we took rat myocardial tissue for TTC staining
(Figure 1(a)). We found that the scope of myocardial infarc-
tion gradually increased with time. The concentrations of
myocardial infarction markers LDH (Figure 1(b)) and CK
(Figure 1(c)) also increased with the time of myocardial
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Figure 1: High expression of DAPK1 in myocardium of AMI rats. After 1, 3, 7, and 14 d of coronary artery occlusion, the myocardial
infarction size (a), myocardial injury markers (b, c), and cardiac function (d, e) were detected to confirm modeling efficiency. HE
staining (f) also demonstrated the destruction of myocardial structure due to coronary artery occlusion (magnification: 200x). IHC
staining (g) showed that DAPK1 expression increased in AMI rats (magnification: 200x) (“∗” means P < 0:05 vs. sham group).
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Figure 2: Inhibition of DAPK1 alleviates cardiac dysfunction and inflammation in AMI rats. TC-DAPK 6 was used to treat AMI rats and to
detect changes in myocardial infarction size (a), myocardial injury markers (b, c), and cardiac function (d, e) in AMI rats. The expression of
inflammatory cytokines (IL-1β, IL-6, and TNF-α) in rat serum was detected by ELISA (f–h). HE staining (i) was used to detect the structural
changes of rat myocardial tissue (magnification: 200x) (“∗” means P < 0:05 vs. sham group, and “#” means P < 0:05 vs. AMI group).
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infarction. In addition, we detected the cardiac function of
rats by echocardiography. The LVEF (Figure 1(d)) and LVFS
(Figure 1(e)) of AMI rats were significantly lower than that
of the sham group and decreased with time. HE staining
(Figure 1(f)) detected the structure of rat myocardial tissue.
The arrangement of myocardial cells in AMI rats was disor-
dered, and the morphology of myocardial cells also changed.
The myocardial injury in AMI rats was most obvious after
14 d and was accompanied by the infiltration of inflamma-
tory cells. IHC staining (Figure 1(g)) detected the expression
of DAPK1 in rat myocardium. We found that with the
increase of myocardial infarction time, the expression of
DAPK1 in myocardial tissue gradually increased.

3.2. Inhibition of DAPK1 Alleviates Cardiac Dysfunction and
Inflammation in AMI Rats. Considering the myocardial
injury of the 14 d AMI rats was too severe, we chose 7 d
AMI rats for subsequent experiment. We divided the rats
into sham, AMI, AMI + TC-DAPK 6 (1mg/kg), and AMI
+ TC-DAPK 6 (2mg/kg) groups. The results of TTC stain-
ing (Figure 2(a)) showed that after inhibition of DAPK1,
the range of myocardial infarction in rats was reduced. Myo-
cardial infarction markers LDH (Figure 2(b)) and CK
(Figure 2(c)) also decreased with the inhibition of DAPK1.
The inhibition of DAPK1 also improved the cardiac func-
tion of rats, which was manifested by the increase of LVEF
(Figure 2(d)) and LVFS (Figure 2(e)). In addition, we
detected changes in inflammatory factors by ELISA. After
TC-DAPK 6 was used to treat AMI rats, the expressions of
IL-1β (Figure 2(f)), IL-6 (Figure 2(g)), and TNF-α
(Figure 2(h)) in rat serum were all reduced. HE staining
(Figure 2(i)) results also prove that TC-DAPK 6 improved

the structure of myocardial tissue. However, there was no
significant difference between the AMI + TC-DAPK 6
(1mg/kg) and AMI + TC-DAPK 6 (2mg/kg) groups.

3.3. Inhibition of DAPK1 Alleviates AMI-Induced Oxidative
Injury. The effect of DAPK1 on oxidative stress of myocar-
dial tissue has also been studied. We detected the activities
of MDA (Figure 3(a)), GSH (Figure 3(b)), SOD
(Figure 3(c)), and CAT (Figure 3(d)) in rat myocardium.
MDA activity of AMI rats was significantly higher than that
of sham group, while GSH, SOD, and CAT activities of AMI
group were lower than that of sham group. Inhibition of
DAPK1 was found to attenuate the AMI-induced changes.
RT-PCR detected the expression of Prdx1 (Figure 3(e)),
Prdx4 (Figure 3(f)), GPX1 (Figure 3(g)), and GPX3
(Figure 3(h)). Their expression decreased in myocardial tis-
sue of AMI rats, and the inhibition of DAPK1 increased
the expression of these indicators. IHC staining
(Figure 3(i)) also proved the promoting effect of TC-DAPK
6 on Prdx1 and Prdx4. However, there was no significant
difference between the AMI + TC-DAPK 6 (1mg/kg) and
AMI + TC-DAPK 6 (2mg/kg) groups.

3.4. Inhibition of DAPK1 Alleviates IL-1β-Induced H9c2 Cell
Injury. We verified the effect of DAPK1 on cardiomyocytes
in H9c2 cells. IL-1β is used to induce H9c2 cell injury. We
found by IF staining (Figure 4(a)) and RT-PCR
(Figure 4(b)) that after IL-1β stimulated H9c2 cells for 1 d
and 3d, the expression of DAPK1 mRNA and protein grad-
ually increased. We used 1, 5, 10, 20, and 50μMTC-DAPK 6
to stimulate H9c2 cells and detect cell viability by CCK8
(Figure 4(c)). 20μM was found to be the optimal

Pr
dx

1
Pr
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4

AMI + TC-DAPK 6 (1 mg/kg) AMI + TC-DAPK 6 (2 mg/kg)AMISham

(i)

Figure 3: Inhibition of DAPK1 alleviates AMI-induced oxidative injury. The activities of MDA (a), GSH (b), SOD (c), and CAT (d) were
measured to determine the level of oxidative stress in rat myocardial tissue. The mRNA expression of Prdx1 (e), Prdx4 (f), GPX1 (g), and
GPX3 (h) was detected by RT-PCR. The protein expression of Prdx1 and Prdx4 was detected by IHC staining (magnification: 200x) (i) (“∗”
means P < 0:05 vs. sham group, and “#” means P < 0:05 vs. AMI group).

9Disease Markers



Control IL-1𝛽 1 d IL-1𝛽 3 d

M
er

ge
D

A
PI

D
A

PK
1

(a)

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n

0

1

2

3

Co
nt

ro
l

IL
-1
𝛽

 1
 d

IL
-1
𝛽

 2
 d

⁎

⁎

(b)

Ce
ll 

vi
ab

ili
ty

0
0

1

1 5 10 20

2

3

50
TC-DAPK 6 (𝜇m)

⁎

⁎

⁎
⁎

(c)

IL
-1
𝛽

IL
-1
𝛽

 +
 T

C-
D

A
PK

 6

TC
-D

A
PK

 6

Co
nt

ro
l

M
D

A
 (m

m
ol

/m
g)

0

10

20

30

#

⁎

(d)

Figure 4: Continued.

10 Disease Markers



IL
-1
𝛽

IL
-1
𝛽

 +
 T

C-
D

A
PK

 6

TC
-D

A
PK

 6

Co
nt

ro
l

G
SH

 (U
/m

g)

0

20

80

60

#

⁎

40

10

(e)

IL
-1
𝛽

IL
-1
𝛽

 +
 T

C-
D

A
PK

 6

TC
-D

A
PK

 6

Co
nt

ro
l

SO
D

 (U
/m

g)

0

10

25

25

#

⁎

20

5

(f)

IL
-1
𝛽

IL
-1
𝛽

 +
 T

C-
D

A
PK

 6

TC
-D

A
PK

 6

Co
nt

ro
l

CA
T 

(U
/m

g)

0

10

20

30

#

⁎

(g)

IL
-1
𝛽

IL
-1
𝛽

 +
 T

C-
D

A
PK

 6

TC
-D

A
PK

 6

Co
nt

ro
l

D
CF

H
-D

A
 fl

ur
es

ce
nc

e 
in

te
ns

ity
 (%

 o
f c

on
tr

ol
)

0

10

20

30

#
⁎

⁎

(h)

Figure 4: Continued.

11Disease Markers



concentration for TC-DAPK 6 to stimulate H9c2 cells, so we
used 20μM TC-DAPK 6 for subsequent experiments. We
divided H9c2 cells into control, TC-DAPK 6, IL-1β, and
IL-1β + TC-DAPK 6 groups. The activities of MDA
(Figure 4(d)), GSH (Figure 4(e)), SOD (Figure 4(f)), and
CAT (Figure 4(g)) were detected, and we found that IL-1β
increased the level of oxidative stress, while TC-DAPK 6
can attenuate oxidative stress injury induced by IL-1β. Flow
cytometry (Figure 4(h)) detected ROS levels, and the results
showed that TC-DAPK 6 can also reduce ROS levels in H9c2

cells. RT-PCR results also indicated that TC-DAPK 6 can
promote the expression of antioxidant molecules Prdx1
(Figure 4(i)), Prdx4 (Figure 4(j)), GPX1 (Figure 4(k)), and
GPX3 (Figure 4(l)).

4. Discussion

With the formation of fibrous scar tissue and ventricular
remodeling after AMI, myocardial contractility gradually
decreases and eventually leads to heart failure and even
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Figure 4: Inhibition of DAPK1 alleviates IL-1β-induced H9c2 cell injury. Expression of DAPK1 in H9c2 cells was detected by IF staining
(magnification: 200x) (a) and RT-PCR (b). CCK8 (c) detected the effect of 1, 5, 10, 20, and 50μM TC DAPK 6 on H9c2 cells viability. The
activities of MDA (d), GSH (e), SOD (f), and CAT (g) were measured to determine the level of oxidative stress in H9c2 cells. ROS level in
H9c2 cells was detected by flow cytometry (h). The mRNA expression of Prdx1 (i), Prdx4 (j), GPX1 (k), and GPX3 (l) was detected by RT-
PCR (“∗” means P < 0:05 vs. control group, and “#” means P < 0:05 vs. IL-1β group).
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death [9]. At present, DAPK1 is expected to become a new
target for AMI treatment. We found high expression of
DAPK1 in AMI rats. The use of DAPK1 inhibitors signifi-
cantly improved the cardiac function and myocardial injury
in rats and alleviated the H9c2 cell injury induced by IL-1β.
Therefore, DAPK1 inhibitors are expected to become new
drugs for clinical treatment of AMI.

Coronary artery occlusion is the main cause of AMI, and
the most intuitive manifestation of AMI is the increase in the
extent of myocardial infarction [10]. A study investigated
the effect of melatonin receptor agonist, ramelteon, on myo-
cardial protection through the model of myocardial
ischemia-reperfusion. They found that after coronary artery
occlusion and recanalization, the infarct size of the rat heart
increased significantly [11]. We made the AMI model by
occluding coronary arteries and observed the changes of
myocardial infarction size in rats by TTC staining. LDH
and CK are important indicators for judging myocardial
injury, and their expression in normal myocardial tissue is
low. When the body is subjected to a stress response or car-
diac ischemia, LDH and CK in the blood increase signifi-
cantly [12]. Therefore, in order to determine the success
rate of modeling, we also detected the activity of LDH and
CK in the serum of AMI rats. The range of myocardial
infarction, the activity of LDH and CK, and the detection
of rat cardiac function proved that the AMI rat model was
successfully made. However, considering the myocardial
injury of the 14-day-old model rats was very serious, we
chose 7 d as the optimal time for modeling, in order to pre-
vent obscuring the therapeutic effect of the intervention.

The inflammation triggered after AMI plays a vital role
in determining the extent of myocardial infarction and sub-
sequent ventricular remodeling [13, 14]. After the occur-
rence of AMI, a large number of myocardial cells rupture
due to ischemia, hypoxia, and necrosis, inducing the activa-
tion of nonspecific immune responses [15, 16]. Therefore, a
large number of inflammatory cytokines are released and
enter the blood circulation, such as IL-6, IL-1β, and TNF-
α. The inflammatory factors promote the activation of
inflammatory cells such as neutrophils, macrophages, and
natural killer cells. These cells are chemoattracted to dam-
aged myocardium and participate in tissue repair and ven-
tricular remodeling [17]. A study on the relationship
among inflammation, autophagy, and apoptosis in myocar-
dial infarction found that inflammation, autophagy, and
apoptosis have a common role in the course of myocardial
infarction [18]. In addition, data from a clinical study also
revealed that inflammation affects the hospitalization and
prognosis of elderly AMI patients [19]. We also found sim-
ilar results in this study. Inflammatory factors (IL-1β, IL-6,
and TNF-α) in serum of AMI rats were significantly
increased, but the application of DAPK1 inhibitors reduced
the myocardial inflammation.

When AMI occurs, it will destroy the balance of the oxi-
dative and antioxidative systems in the myocardial tissue,
resulting in the generation of large amounts of oxygen free
radicals. At the same time, the activity of SOD and GSH will
decrease, leading to the accumulation of oxygen free radicals
in the body [20]. Oxygen free radicals can act on lipids to

peroxidation to produce MDA, causing the cross-linking
polymerization of proteins, nucleic acids, and other life mac-
romolecules, so oxygen free radicals are also cytotoxic [21].
The sum of the results of four large cohort studies from
Europe found that oxidative stress injury has a clear associ-
ation with AMI. They found that the imbalance of the redox
system was involved in the pathogenesis of AMI [22]. In
another study, oxidative stress injury was restricted by inter-
fering with the Akt signaling pathway in cardiomyocytes;
therefore, cardiomyocyte death caused by AMI was reduced
[23]. Wang et al. found a decrease in SOD and GSH and an
increase in MDA in a mouse model of septic heart dysfunc-
tion, suggesting a decrease in the antioxidant capacity of sep-
sis mice, while dexmedetomidine can reverse these changes
and alleviate heart dysfunction in mice [24]. Therefore, we
also detected the oxidative stress level of rat myocardial tis-
sue and H9c2 cells. The decrease of MDA activity and the
increase of GSH, SOD, and CAT activities suggested the
antioxidation effect of DAPK1 inhibitors. Prdx1/4 and
GPX1/3 are important antioxidant molecules, and the inhi-
bition of DAPK1 also promotes their expression in
cardiomyocytes.

Therefore, DAPK1 plays an important role in the occur-
rence and development of AMI. The DAPK1 inhibitors may
have potential application prospects for the treatment of
AMI. We hope that this study can provide new targets for
clinical treatment of AMI.

5. Conclusions

DAPK1 was highly expressed in the myocardium of AMI
rats and affects the occurrence and development of AMI.
DAPK1 inhibitors reduce the levels of inflammation and
oxidative stress in myocardial tissues and cells, thereby
improving the structure and function of the rat heart. There-
fore, DAPK1 inhibitors have potential application prospects
for the treatment of AMI.
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Objective. Current findings on the association between MMP-9 rs3918242 and susceptibility to myocardial infarction (MI) are
inconsistent, and their definite relationship is discussed in this meta-analysis. Methods. Eligible literatures reporting MMP-9
rs3918242 and susceptibility to MI were searched in PubMed, Cochrane Library, CNRI, and VIP using keywords such as
“MMP-9”, “matrix metallopeptidase-9” and “myocardial infarction”, “acute myocardial infarction”, “AMI”, and
“polymorphism”. Data from eligible literatures were extracted for calculating OR and corresponding 95% CI using RevMan 5.3
and STATA12.0. Results. Ten independent literatures reporting MMP-9 rs3918242 and susceptibility to MI were enrolled.
Compared with subjects carrying CT&TT genotype of MMP-9 rs3918242, susceptibility to MI was lower in those carrying CC
genotype (OR = 1:49, 95%CI = 1:19 – 1:86, P = 0:0004). Such a significance was observed in the overdominant (OR = 1:27, 95%
CI = 1:14 – 1:41, P < 0:0001) and allele genetic models (OR = 1:43, 95%CI = 1:17 – 1:74, P = 0:0005) as well. This finding was
also valid in the Asian population. Conclusions. Mutation on MMP-9 rs3918242 has a potential relevance with susceptibility to MI.

1. Introduction

Acute myocardial infarction (AMI) manifests as myocardial
necrosis which resulted from acute, persistent ischemia and
hypoxia in the coronary arteries. In the United States, there
are 5 million people that visit the emergency department
because of acute chest pain. More than 800,000 AMI cases
each year are newly onset, and 27% of them die before arriv-
ing at the hospital [1]. In recent years, the incidence of AMI
has an obvious rise. There are at least 500,000 newly onsets
and 2 million present illness cases of AMI. Risk factors for
MI include three major categories: unchangeable factors
(age, gender, and family history), variable factors (smoking,
alcohol, lack of exercise, poor diet, high blood pressure,
diabetes, dyslipidemia, and metabolism syndrome), and
emerging factors (abnormal levels of CRP, fibrinogen,
CAC, homocysteine, lipoprotein (a), and LDL) [2, 3].
Current researches have defined that interactions between
various environmental factors and certain genetic polymor-
phisms may lead to AMI [4, 5]. In recent studies, SNP

genetic variants were closely related to AMI. Williams et al.
found that a SNP in CRP (rs2592902) was closely linked to
ischemic and recurrent stroke [6]. Further, myocardial
infarction-associated SNP at 6p24 interferes with MEF2
binding and associates with PHACTR1 expression levels in
human coronary arteries [7]. In short, it is necessary to find
new SNP site which was closely related to AMI.

The matrix metalloproteinase (MMP) family is com-
posed of 20 secretory or ectocellular enzymes that degrade
extracellular matrix proteins, coagulation factors, lipopro-
teins, latent growth factors, chemokines, and cell adhesion
molecules [8, 9]. MMP levels are mainly mediated by tran-
scriptional regulation. Meanwhile, MMP activities are linked
with the activation of MMP zymogen and TIMPs (tissue
inhibitors of MMPs) [8, 9]. MMP levels in blood vessels
and heart tissues are closely related to many cardiovascular
diseases, including atherosclerosis, aneurysms, restenosis
after angioplasty, and heart failure [10, 11]. MMP-9 is an
important enzyme that degrades the main component of
vascular basement membrane (type IV collagen) and is
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closely related to the occurrence and development of athero-
sclerosis [10, 12]. The promoter region of MMP-9 C-1562T
(rs3918242) is believed to be linked with MI. So far, a con-
siderable number of studies have been conducted to analyze
the MMP-9 rs3918242 and MI, whereas their conclusions
are controversial. This study is aimed at uncovering a precise
involvement of MMP-9 rs3918242 in MI.

2. Materials and Methods

2.1. Literature Screening. Eligible literatures reporting MMP-
9 rs3918242 and susceptibility to MI published before May
2019 were searched in PubMed, Cochrane Library, CNRI,
and VIP. Keywords searched were as follows: “MMP-9”,
“matrix metallopeptidase-9” and “myocardial infarction”,
“acute myocardial infarction”, “AMI”, and “polymorphism”.
Citations in the selected literatures were manually examined.

Full text of each literature was reviewed and its eligibility
determined using the following inclusive criteria: (1) inde-
pendent case-control studies analyzing hospital-based or
population-based subjects without any language limitations,
(2) adequate data provided to obtain genotype frequencies,
(3) literatures reporting MMP-9 rs3918242 and susceptibil-
ity to MI; (4) genotype distribution in the controls in accor-
dance to HWE (Hardy-Weinberg equilibrium), and (5) no
repeated published data.

Exclusive criteria included the following: (1) reviews,
comments, animal experiments, mechanism researches,
and case reports; (2) repeatedly published articles; and (3)
studies with inadequate data. The flow diagram of the publi-
cation selection is depicted in Figure 1.

2.2. Data Extraction. Data were independently extracted and
analyzed by two researchers. Any disagreement was solved
by the third researcher. Extracted data included first author,
year of publication, country of publication, genotype
number and distribution, and case number.

2.3. Statistical Processing. Heterogeneity test was conducted
by calculating OR and the corresponding 95% CI with the
I2 test and the Q test. The pooled OR in studies lacking
the heterogeneity was calculated by the fixed-effects model;
otherwise, a random-effects model was used. Sensitivity
analysis was conducted by removing one study each time
and analyzing the remaining in a combination way. The
HWE of control genotype distribution was evaluated using
the χ2 test, and P < 0:05 considered as inequivalent. Publica-
tion bias was evaluated by depicting funnel plots and quan-
tified by Egger’s test. Data analyses were conducted using
RevMan 5.3 and STATA12.0 (London, UK).

3. Results

3.1. Baseline Characteristics of Eligible Literatures. At first,
556 relevant literatures were searched from online databases.
276 repeated literatures and 241 irrelevant ones were
excluded after reviewing the titles and abstracts. The remain-
ing 39 literatures were assessed in details. 12 literatures with
irrelevant findings, 5 abstracts/meta-analyses, 4 nonpoly-
morphism researches, and 8 literatures lacking adequate

data or full text were excluded. At last, 10 eligible literatures
published from 2005 to 2017 were enrolled [11–20]. Baseline
characteristics of them and HWE results of the controls were
detailed (Table 1). A total of 3087 MI patients and 5019
healthy controls were involved. Serum samples were
detected by PCR/PCR-RFLP/TaqMan.

3.2. Meta-Analysis Results. MMP-9 rs3918242 polymor-
phism and susceptibility to MI were analyzed using different
genetic models. Heterogeneity existed in the dominant
(I2 = 53%, P = 0:02) and allele genetic models (I2 = 52%, P
= 0:03), rather than recessive (I2 = 13%, P = 0:33) and
overdominant genetic models (I2 = 46%, P = 0:06). Pooled
OR was calculated according to the heterogeneity results.
Compared with subjects carrying CT&TT genotype of
MMP-9 rs3918242, susceptibility to MI was lower in those
carrying CC genotype (OR = 1:49, 95%CI = 1:19 – 1:86, P
= 0:0004). In addition, subjects carrying TT genotype
had higher susceptibility to MI than those carrying
CT&CC genotype (OR = 1:54, 95%CI = 1:08 – 2:20, P =
0:02). Such a significance was observed in the overdomi-
nant (OR = 1:27, 95%CI = 1:14 – 1:41, P < 0:0001) and
allele genetic models (OR = 1:43, 95%CI = 1:17 – 1:74, P
= 0:0005) as well (Figure 2).

Subgroup analyses were conducted based on ethnicity. A
significant association between MMP-9 rs3918242 polymor-
phism and susceptibility to MI in Asian population was
identified in dominant (OR = 1:61, 95%CI = 1:26 – 2:06, P
= 0:0001), recessive (OR = 3:34, 95%CI = 1:29 – 8:67, P =
0:01), overdominant (OR = 1:50, 95%CI = 1:16 – 1:92, P
= 0:002), and allele genetic models (OR = 1:58, 95%CI
= 1:26 – 1:99, P < 0:0001). Such an association in Cauca-
sian population was only uncovered in dominant
(OR = 1:20, 95%CI = 1:06 – 1:36, P = 0:003), overdominant
(OR = 1:17, 95%CI = 1:03 – 1:33, P = 0:01), and allele genetic
models (OR = 1:55, 95%CI = 1:07 – 2:24, P = 0:02), rather
than recessive model (OR = 1:39, 95%CI = 0:03 – 3:28, P =
0:10) (Figures 3–6).

3.3. Sensitivity Analysis. No significant changes in pooled P
and OR were observed after removing one single article for
each time, demonstrating the robust results of our analysis.

3.4. Publication Bias. Funnel plots depicted a symmetrical
shape in the four genetic models (Figure 7). Egger’s test
clarified no significant difference in publication bias in
allele (t = 1:44, P = 0:188), overdominant (t = 1:70, P =
0:128), recessive (t = 0:68, P = 0:528), and dominant
genetic models (t = 1:67, P = 0:134), as well as subgroup
analyses (data not shown).

4. Discussion

MMPs are a family of Zn2+-dependent neutral proteases that
degrade and reshape extracellular matrices, maintain the
homeostasis of extracellular matrices, and participate in
pathological and physiological processes in humans. MMP-
9 is the active enzyme in MMP family with the largest
molecule size of all members. It mediates the formation,
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development, and rupture of atherosclerotic plaques by
mediating metastasis, viability, apoptosis, and extracellular
matrix remodeling of vascular smooth muscle cells [21,
22]. Studies have found that elevated levels of MMPs are

closely associated with the development of unstable angina
and AMI [23, 24]. Zouridakis et al. [25] analyzed the data
from 124 patients with stable angina and demonstrated that
MMP-9 is an independent predictor of atherosclerosis

Records identified through database searching
(n = 556)

PubMed = 272, Cochrane review = 9, CNKI = 11,
VIP = 264

Records after removed duplicates (n = 280)

The paper were selected
(n = 39)

Excluded on title/abstract
(n = 241)

Studies were got
(n = 10)

Study were excluded, due to:
Different results (n = 12);

Review (n = 5);
Different influencing factors (n = 4);

Incomplete data (n = 8)

Studies finally included in 
meta-analysis

(n = 10)

Figure 1: Flow diagram of the publication selection process.

Table 1: Baseline characteristics of eligible literatures.

Author Year Country
Journal name/

publication origin
Genotyping
methods

SNP loci
(PHWE)

Sample size Control Sample

Chen 2005 China Chin J Arterioscler PCR-RFLP
rs3918242

(PHWE = 0:17)
78 (male = 57,
female = 21)

81 (male = 58,
female = 23) Blood

Meng 2006 China Tianjin Med J PCR
rs3918242

(PHWE = 0:99)
59 (male = 19,
female = 40)

99 (male = 32,
female = 67) Blood

Nuzzo 2006 Sicily Ann N Y Acad Sci PCR
rs3918242

(PHWE = 0:18)
115 (male = 109,

female = 6)
123 (male = 100,
female = 23) Blood

Wang 2007 China
Journal of Clinical

Hematology
PCR-RFLP

rs3918242
(PHWE = 0:27)

37 (male = 29,
female = 8)

84 (male = 52,
female = 32) Blood

Horne 2007 America Am Heart J. TaqMan
rs3918242

(PHWE = 0:34) 1693 3455 Blood

Koh 2008
South
Korea

International Journal of
Cardiology

PCR-RFLP
rs3918242

(PHWE = 0:20) 206 173 Blood

Ma 2010 China Chin J Hypertens PCR-SphI
rs3918242

(PHWE = 0:70)
362 (male = 249,
female = 113)

419 (male = 292,
female = 127) Blood

J.M. 2016 Mexico
Genetics and Molecular

Research
PCR-RFLP

rs3918242
(PHWE = 0:67)

236 (male = 194,
female = 42)

285 (male = 134,
female = 151) Blood

EI-Aziz 2017 Egypt
International Journal of

Cardiology
PCR-RFLP

rs3918242
(PHWE = 0:69)

184 (male = 150,
female = 34)

180 (male = 155,
female = 25)

Whole
blood

Abdolreza
Daraei

2017 Iran
Genetic Testing and
Molecular Biomarkers

PCR-RFLP
rs3918242

(PHWE = 0:53)
117 (male = 72,
female = 45)

120 (male = 68,
female = 52)

Whole
blood

SNP = single nucleotide polymorphism; HWE=Hardy-Weinberg equilibrium; PHWE = P value of Hardy-Weinberg equilibrium test in controls for each locus;
PCR = polymerase chain reaction.
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Study or Subgroup
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Figure 2: Forest plots demonstrating the association between MMP-9 polymorphism and susceptibility to myocardial infarction.
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Figure 3: Forest plot of the meta-analysis of the association between MMP-9 C-1562T (rs3918242) and susceptibility to myocardial
infarction in different ethnic subgroups using a dominant genetic model.

Study or Subgroup

2.2.1 Asians
Chen 2005
Koh 2008
Ma 2010
Meng 2006
Wang 2007

Subtotal (95% Cl) 742 856

0
4

12
0
0

78
206
362
59
37

0
0
4
1
0

16 5

81
173
419
99

11.0%

1.1%
7.6%
2.3%

84

Total events
Heterogeneity: 𝜒2 = 1.53, df = 2 (P = 0.47); I2 = 0%
Test for overall effect: Z = 2.48 (P = 0.01)

2.2.2 Caucasians
El-Aziz 2017
Horne 2007
Nuzzo 2006

Subtotal (95% Cl)
Total events
Heterogeneity: 𝜒2 = 1.27, df = 2 (P = 0.53); I2 = 0%
Test for overall effect: Z = 1.63 (P = 0.10)

7
34
3

44

184
1693
115

1992

3
55
1

59

180
3455
123

3758

74.7%
6.1%

2.0%

82.8%

2.2.3 Others
Daraei A 2017
J.M. 2016

Subtotal (95% Cl)
Total events
Heterogeneity: Not applicable
Test for overall effect: Z = 0.94 (P = 0.35)

1
0

1 3

117
236

353

3
0

120
285

405

6.2%

6.2%

Total (95% Cl)
Total events
Heterogeneity: 𝜒2 = 6.90, df = 6 (P = 0.33); I2 = 13%
Test for overall effect: Z = 2.39 (P = 0.02)
Test for subgroup differences: 𝜒2 = 4.48. df = 2 (P = 0.11). I2 = 55.3%

61
3087

67

0.01 0.1 1 10 100

5019 100.0%

3.34 [1.29, 8.67]

Not estimable
7.71 [0.41, 144.23]
3.56 [1.14, 11.13]
0.55 [0.02, 13.77]
Not estimable

2.33 [0.59, 9.17]
1.27 [0.82, 1.95]
3.27 [0.34, 31.87]

1.39 [0.93, 2.08]

0.34 [0.03, 3.28]
Not estimable

0.34 [0.03, 3.28]

1.54 [1.08, 2.20]

Events Total Events Total Weight M-H, Fixed, 95%CI M-H, Fixed, 95%CI
Odds RatioOdds RatioExperimental Control

Favours [experimental] Favours [control]

Figure 4: Forest plot of the meta-analysis of the association between MMP-9 C-1562T (rs3918242) and susceptibility to myocardial
infarction in different ethnic subgroups using a recessive genetic model.
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Figure 5: Forest plot of the meta-analysis of the association between MMP-9 C-1562T (rs3918242) and susceptibility to myocardial
infarction in different ethnic subgroups using an overdominant genetic model.
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Figure 6: Forest plot of the meta-analysis of the association between MMP-9 C-1562T (rs3918242) and susceptibility to myocardial
infarction in different ethnic subgroups using an allele genetic model.
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progression. Another study found that MMP-9 is one of the
key factors affecting plaque stability and rupture [26].

MMP-9 contains 13 exons and 12 introns. The substitu-
tion of C in the promoter region -1562 of MMP-9 by T can
change its activity. Morgan et al. [27] reported that the affin-
ity of the MMP-9 gene nucleoprotein of the -1562T allele
carrier is markedly higher than that of the C allele carrier.
Promoter activity is higher in the population carrying
MMP-9 -1562T relative to those carrying MMP-9 -1562C,
indicating the influence of MMP-9-1562C>T polymorphism
on the onset of MI.

Our findings illustrated higher frequency of MMP-9 T-
base mutation in MI patients than that in healthy controls
no matter in the whole population or different ethnicities.
Higher susceptibility to MI was uncovered in people carry-
ing T allele of MMP-9 (TC+CC) compared with those carry-
ing CC genotype in both Asian and Caucasian population.
Consistently, Wang et al. [28] analyzed 7 articles published
from 1999 to 2010, involving 4473 MI patients and 3343
healthy controls. They pointed out the involvement of
MMP-9 polymorphism in MI risk. Another meta-analysis
demonstrated that MMP-9 C-1562T is only associated with
MI onset in East Asian population rather than Western pop-
ulation [29]. Here, three enrolled articles were conducted in
Caucasian population. Such an association in Caucasian
population was only uncovered in dominant (TT & CT vs.
CC), overdominant (CT vs. CC & TT), and allele genetic
models (C allele vs. T allele).

Some limitations were present in this paper. Firstly,
MMP-9 polymorphism may be interacted with unknown
or well-known risk factors of MI, such as hypertension, dia-

betes, dyslipidemia, and previous coronary artery disease.
Secondly, genotype distribution of MMP-9 failed to be
calculated owing to a small sample size. Thirdly, literatures
published in other languages were excluded. Fourthly,
gender and other factors in MI patients should be taken into
consideration. In summary, there was a lot of work that need
to be done to confirm that the SNP in MMP-9 was a very key
factor for AMI.

5. Conclusions

Collectively, MMP-9 rs3918242 had a potential relevance
with susceptibility to MI. Our findings required to be vali-
dated in a multicenter hospital with larger sample size.
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Objective. To clarify the protective effect of simvastatin on myocardial ischemia reperfusion injury (MIRI) and the underlying
mechanism. Materials and Methods. The MIRI model in rats was firstly constructed. Twenty-four male rats were randomly
assigned into the sham group, ischemia-reperfusion (I/R) group, and simvastatin group, with 8 rats in each group. Contents of
superoxide dismutase (SOD) and malondialdehyde (MDA), as well as serum levels of CK and inflammatory factors, in rats
were determined by the enzyme-linked immunosorbent assay (ELISA). Lactate dehydrogenase (LDH) activity in the three
groups was examined. Through flow cytometry and Cell Counting Kit-8 (CCK-8) assay, apoptosis and viability in each group
were detected, respectively. Relative levels of HMGB1, Kruppel-like factor 2 (KLF2), eNOS, and thrombomodulin (TM) were
finally determined. Results. Simvastatin treatment markedly enhanced SOD activity and reduced contents of MDA, LDH, and
creatine kinase (CK) in MIRI rats. The increased apoptosis and decreased viability following MIRI were partially reversed by
simvastatin treatment. Besides, MIRI resulted in the upregulation of inflammatory factors and chemokines. Their elevations
were abolished by simvastatin. In MIRI rats, simvastatin upregulated KLF2 and p-eNOS. Conclusions. Simvastatin protects
inflammatory response at post-MIRI through upregulating KLF2, thus improving cardiac function.

1. Introduction

Myocardial ischemia reperfusion injury (MIRI) is a cardio-
vascular disease manifested as acute angina owing to steno-
sis of the coronary artery and myocardial blood supply
disorder [1]. MIRI occurs following reperfusion in thrombo-
lytic therapy, coronary angioplasty, organ transplantation,
aortic occlusion, or cardiopulmonary bypass [2]. Currently,
it is believed that oxidative stress, intracellular calcium over-
load and hypercontraction, endothelial cell activation,
microvascular dysfunction, and myocardial metabolic
changes are major pathogenic factors of MIRI [3]. Eventu-
ally, cardiomyocytes are necrotic because of ischemia in
myocardial tissues. Researches on alleviating MIRI have
been well concerned.

Statins (HMG-CoA reductase inhibitors) are a class of
cholesterol-lowering drugs used for preventing and treating

cardiovascular diseases [4]. In addition, statins also exert
cardioprotective properties through alleviating inflamma-
tory responses [5, 6] and improving endothelial functions
[7, 8]. Because of the low cost, statins are extensively applied
for the treatment of coronary heart diseases.

Kruppel-like factor 2 (KLF2) is a transcription factor
induced by laminar flow in vascular endothelial cells, which
is a vital regulator in vascular endothelial functions [9–11].
KLF2 participates in the regulation of inflammation, angio-
genesis, barrier integrity, vascular reactivity, and cell pheno-
types of the endothelium [12]. Through downregulating
eNOS, thrombomodulin (TM), HO-1, and adhesion mole-
cules, KLF2 protects the stability and function of the vascu-
lar endothelium from external stimuli [13, 14]. In liver
ischemia-reperfusion (I/R) injury, statins inhibit oxidative
stress and inflammatory response by upregulating KLF2
[15]. In this paper, we first constructed the MIRI model in
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rats. The protective role of simvastatin in MIRI was specifi-
cally explored.

2. Materials and Methods

2.1. Experimental Animals. A total of 24 male Wistar rats
(250-300 g) were habituated in a standard environment with
free access to food and water. Animal procedures were con-
ducted after 12 h food fasting. Rats were sacrificed at 6 and
24 h after reperfusion. This experiment was approved by
the Ethic Committee of Zhengzhou University.

2.2. MIRI Construction. 24 male rats were randomly
assigned into the sham group, I/R group, and simvastatin
group, with 8 in each. Mechanical ventilation was conducted
initially with 5mL of tidal volume and 50 beats/min of respi-
ratory rate. The rat heart was exposed through left thoracot-
omy at the third rib space. A 6.0 silk nontraumatic suture
was passed through the epicardial layer around the main
branch of the left coronary artery, with approximately
2mm from its starting point. A plastic button with a diame-
ter of about 5mm was passed through the ligature and in
contact with the heart. Both ends of the suture were passed
through an exposed small vinyl tube. This method was con-
venient for generating MIRI in advanced preconditioning
(24 hours postoperatively and acute pretreatment). ECG
was performed during the whole process of model construc-
tion for monitoring cardiac function. Rats in the sham group
were subjected to 150min continuous perfusion. Rats in the
I/R and simvastatin groups underwent 30min ischemia,
followed by 120min reperfusion. Rats in the simvastatin
group and I/R group were administrated with 1mg/kg sim-

vastatin (MedChemExpress, Monmouth Junction, NJ,
USA) or 0.1% dimethyl sulfoxide (DMSO) 0.5 h prior to
reperfusion, respectively. At 24 h following MIRI, rats were
anesthetized for reocclusion of the coronary artery at the ini-
tial occluded location, and the heart was collected.

2.3. Lactate Dehydrogenase (LDH) Activity Determination.
Myocardial tissues were extracted after MIRI, homogenized,
and cultured. The culture medium was collected for LDH
activity determination using the commercial kit (Jiancheng,
Nanjing, China). Values at 450nm were recorded using a
microplate reader.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). Heart
tissues were homogenized in phosphate-buffered saline
(PBS) (1 : 10 w/v) containing 1% Triton X-100 and protease
inhibitor [16]. Samples were centrifuged at 4°C and
14000 rpm for 20min [17]. The supernatant was collected
for measuring corresponding indicators using the ELISA
kit (Signosis, Santa Clara, CA, USA).

2.5. Flow Cytometry. Homogenized tissues were centrifuged
at 1000 rpm for 5min, and the precipitant was harvested
and centrifuged again. Cells were resuspended in 100μL of
marker buffer for 15min. Subsequently, cells were incubated
with SA-FLOUS and incubated in dark, at 4°C for 20min.
Absorbances at 488 nm (excitation wavelength), 515 nm
(FITC wavelength), and 560nm (PI wavelength) were
recorded for calculating the apoptotic rate.

2.6. Cell Counting Kit-8 (CCK-8). Cells were inoculated in a
96-well plate with 3000 cells per well. At the appointed time
points, absorbance value at 450nm of each sample was
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Figure 1: Simvastatin alleviated oxidative stress at post-MIRI. Rats were assigned into the sham group, I/R group, and simvastatin group.
Relative levels of SOD (a), MDA (b), LDH (c), and CK (d) in each group. ∗p < 0:05 vs. sham group; #p < 0:05 vs. I/R group.
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recorded using the CCK-8 kit (Dojindo Laboratories, Kuma-
moto, Japan) for plotting the viability curves.

2.7. Quantitative Real-Time Polymerase Chain Reaction (RT-
qPCR). RNAs were extracted from rat myocardial tissues
using TRIzol (Invitrogen, Carlsbad, CA, USA) and reversely
transcribed into complementary deoxyribose nucleic acids
(cDNAs) (Thermo Scientific, Waltham, MA, USA). QRT-
PCR was conducted by the SYBR Green method with β-
actin as the internal reference. Primer sequences were as fol-
lows: HMGB1: 5′-TATGGCAAAAGCGGACAAGG-3′ (F)
and 5′-CTTCGCAACATCACCAATGGA-3′ (R); KLF2: 5′

-GAGCCTATCTTGCCGTCCTT-3′ (F) and 5′-AGCACG
CTGTTTAGGTCCTC-3′ (R); eNOS: 5′-CAACTGGAAAA
AGGCAGCCC-3′ (F) and 5′-AAGAGCCTCTAGCTCC
TGCT-3′ (R); TM: 5′-CCTTTGTCTTTCCGGGCTCT-3′
(F) and 5′-TCAAGTCCTCCCTACCCTCG-3′ (R); and β-
actin: 5′-TGCTATGTTGCCCTAGACTTCG-3′ (F) and 5′
-GTTGGCATAGGTCTTTACGG-3′ (R).

2.8. Western Blot. Tissues were homogenized for extracting
proteins. After concentration determination, protein sam-
ples were loaded on polyvinylidene fluoride (PVDF) mem-
branes (Roche, Basel, Switzerland). Subsequently,
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Figure 2: Simvastatin alleviated apoptosis at post-MIRI. Rats were assigned into the sham group, I/R group, and simvastatin group. Cell
apoptosis (a) and viability (b) in each group. ∗p < 0:05 vs. sham group; #p < 0:05 vs. I/R group.
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Figure 3: Simvastatin alleviated inflammation at post-MIRI. Rats were assigned into the sham group, I/R group, and simvastatin group.
Relative levels of TNF-α (a), IL-1β (b), IL-6 (c), MCP-1 (d), MIP-1α (e), and HMGB1 (f) in each group. ∗p < 0:05 vs. sham group;
#p < 0:05 vs. I/R group.
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nonspecific antigens were blocked with 5% skim milk for 2 h.
Membranes were then incubated with primary and second-
ary antibodies. Band exposure and grey value analysis were
finally conducted.

2.9. Statistical Analyses. Statistical Product and Service Solu-
tions (SPSS) 22.0 (IBM, Armonk, NY, USA) was used for all
statistical analyses. Data were expressed as mean ± SD (stan-
dard deviation). Comparison between multiple groups was
done using the one-way ANOVA test followed by the post
hoc test (least significant difference). p < 0:05 indicated the
significant difference.

3. Results

3.1. Simvastatin Alleviated Oxidative Stress at Post-MIRI.
Compared with the sham group, superoxide dismutase
(SOD) activity declined and malondialdehyde (MDA) level
was elevated in the I/R group. The above changes were mark-
edly reversed by simvastatin treatment (Figures 1(a) and 1(b)).
Subsequently, serum levels of LDH and CK were determined
in each group. Their elevated levels following MIRI were
markedly reduced by simvastatin (Figures 1(c) and 1(d)).

3.2. Simvastatin Alleviated Apoptosis at Post-MIRI. Cell apo-
ptosis is a key event during cardiomyocyte loss and cardiac

insufficiency following MIRI. Our findings uncovered that
increased apoptotic rate (Figure 2(a)) and decreased viability
(Figure 2(b)) were improved by applying simvastatin.

3.3. Simvastatin Alleviated Inflammation at Post-MIRI.Hyp-
oxia triggers the deterioration of inflammatory response [18,
19]. Accumulation of activated inflammatory factors would
result in adhesion of neutrophils, further aggravating tissue
and organ damage resulted by MIRI [20–22]. Here,
increased contents of TNF-α (Figure 3(a)), IL-1β
(Figure 3(b)), and IL-6 (Figure 3(c)) were inhibited by sim-
vastatin. In addition, lower levels of MCP-1 (Figure 3(d))
and MIP-1α (Figure 3(e)) were observed in the simvastatin
group than in the I/R group. HMGB1 level was also reduced
after simvastatin treatment (Figure 3(f)).

3.4. Simvastatin Upregulated KLF2 and p-eNOS. A previous
study has shown that simvastatin protects against liver I/R
injury through upregulating KLF2 [23]. Here, both mRNA
and protein levels of KLF2 were upregulated by simva-
statin, which were initially downregulated following MIRI
(Figures 4(a), 4(d), and 4(e)). Besides, relative levels of
p-eNOS and TM were also upregulated by simvastatin
(Figures 4(b), 4(c), and 4(f)).
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Figure 4: Simvastatin upregulated KLF2 and p-eNOS. Rats were assigned into the sham group, I/R group, and simvastatin group. (a–c)
Relative levels of KLF2 (a), eNOS (b), and TM (c) in each group. (d) Western blot analyses on KLF2, p-eNOS, and eNOS in ach group.
(e, f) Protein levels of KLF2 (e) and p-eNOS/eNOS (e) in each group. ∗p < 0:05 vs. sham group; #p < 0:05 vs. I/R group.
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4. Discussion

MIRI is a pathological state with initial limitation on myo-
cardial blood supply and subsequently reperfusion of blood
flow [18]. Although reperfusion is the most effective
approach for rescuing the ischemic myocardium, it may par-
adoxically aggravate or cause additional myocardial injury.
During the process of MIRI, a series of inflammatory
response, oxidative stress, and cytokine activation occur
[24]. ROS would be abundantly produced and accumulated
in the initial phase of MIRI [25]. Our findings consistently
found decreased SOD level and increased MDA level in the
I/R group compared to the sham group, suggesting the
severe oxidative stress. Notably, simvastatin treatment
markedly improved oxidative stress indicators. Changes in
hemodynamic parameters support MIRI injury [26]. Herein,
relative levels of LDH and CK were determined. Simvastatin
markedly reduced their elevated levels following MIRI.

Cell apoptosis is a determinant event for MIRI-induced
myocardial infarction [27]. It is reported that inhibition of
myocardial apoptosis could reduce 50-70% infarcted size in
the myocardium, thus improving cardiac function [28]. In
this paper, the apoptotic rate markedly increased, while via-
bility decreased at post-MIRI, and the above trends were
abolished by simvastatin.

Inflammatory response following MIRI is of significance
in aggravating its secondary injury. MIRI may lead to local
aseptic inflammation and production of multiple inflamma-
tory factors [29]. HMGB1 is a vital proinflammatory media-
tor during the initiation and cascade of inflammation [30].
Simvastatin is demonstrated to prevent inflammation
through inactivating inflammatory chemokines [31]. In our
analysis, simvastatin markedly downregulated inflammatory
factors, chemokines, and proinflammatory mediator in
MIRI rats. In addition, KLF2 was downregulated in MIRI
rats, and the reduced trend was alleviated by simvastatin
treatment. As previously reported, KLF2 is closely linked to
the eNOS pathway [23]. In a recent study, it was shown that
increased VEGF synthesis in astrocytes is driven by endothe-
lial nitric oxide (NO) generated as a consequence of KLF2-
and KLF4-dependent elevation of eNOS in the CCM endo-
thelium [32]. Further, betulinic acid induces eNOS expres-
sion via the AMPK-dependent KLF2 signaling pathway
[33]. Our results revealed that simvastatin protected the
downregulated p-eNOS in MIRI rats. Collectively, we
believed that simvastatin protected MIRI through upregulat-
ing KLF2. However, the mechanism was very simple; we will
further explore the deep mechanism in our next research.

5. Conclusions

Simvastatin protects inflammatory response at post-MIRI
through upregulating KLF2, thus improving cardiac function.
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Objective. This study is aimed at determining the expression and function of the GASL1 and PI3K/AKT pathways in
isoproterenol- (ISO-) induced heart failure (HF). To determine the moderating effect of valsartan (VAL) on the progression of
ISO-induced HF and to elucidate the related mechanism. Materials and Methods. First, in in vivo experiment, we examined the
effect of VAL on cardiac function in rats with ISO-induced HF. Similarly, quantitative real-time polymerase chain reaction
(qRT-PCR) and Western blot were used to detect the effect of VAL on ISO-treated rat primary cardiomyocytes. Then,
si-GASL1-transfected primary cardiomyocytes were constructed and Ad-si-GASL1 was injected through rat tail vein to achieve
the effect of lowering GASL1 expression, so as to investigate the role of GASL1 in VAL’s treatment of ISO-induced HF. Results.
In ISO-induced HF rat models, the GASL1 decreased while PI3K and p-AKT expressions were abnormally elevated and cardiac
function deteriorated, and VAL was able to reverse these changes. In primary cardiomyocytes, ISO induces apoptosis of
cardiomyocytes, and expression of GASL1 decreased while PI3K and p-AKT were abnormally elevated, which can be reversed
by VAL. The transfection of primary cardiomyocytes with si-GASL1 confirmed that GASL1 affected the expression of
PI3K, p-AKT, and the apoptosis of primary cardiomyocytes. Rat myocardium injected with Ad-si-GASL1 was found to
aggravate the cardiac function improved by VAL. Conclusions. This study was the first to confirm that VAL improves
ISO-induced HF by regulating the PI3K/AKT pathway through GASL1. And this study demonstrated a significant
correlation between HF, VAL, GASL1, and the PI3K/AKT pathway.

1. Introduction

Heart failure (HF) is a clinical syndrome of fluid retention, dys-
pnea, and fatigue caused by impaired ventricular filling and
bleeding capacity caused by various functional or structural
heart diseases [1]. The cardiovascular disease report released
by China provides data that shows that China has 290 million
cardiovascular patients and 4.5 million patients with HF [2].
The cardiovascular mortality rate still ranks first, higher than
that of tumors and other diseases. The total number of HF
patients worldwide is over 26 million, and the incidence of
HF continues to rise with the extension of human life [3]. HF

has become a chronic disease endangering public health and
economic interests. The pathogenesis and effective treatment
of HF have also become important contents of scientific
research and clinical work. Isoproterenol (ISO) is a major
adrenergic receptor agonist. Large doses can damage the heart
muscle and cause diastolic and systolic dysfunction, and ISO
is widely used in the manufacture of models of HF [4].

The human genome is only about 2% of the total genome,
while the remaining 98% can be transcribed into many non-
coding or weakly coding RNA molecules of varying lengths,
known as noncoding RNAs (ncRNAs) [5]. According to
length, ncRNAs are divided into microRNA (miRNA) and
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long noncoding RNA (lncRNA). ncRNAs larger than 200nt
are called long noncoding RNAs. In the early stage, lncRNA
was considered to have no biological function due to poor
technical means. With the development of high-throughput
technology and the deepening of scientific research, more
and more long noncoding RNAs have been discovered,
named, and studied. With the deepening of research, the bio-
logical functions of lncRNA were gradually disclosed. lncRNA
can regulate target genes at various levels, participate in chro-
mosomal dose compensation [6] and genomic imprinting [7],
regulate cell cycle [8] and cytoplasmic transmission [9], and
regulate cell differentiation and maintenance of stem cells
[10]. Many lncRNAs have been proved to have a regulatory
effect on various physiological and pathological processes such
as the heart and kidney. A new lncRNA was recently discov-
ered, named GASL1 (growth-arrest-associated lncRNA 1).
GASL1 can regulate the cell cycle and participate in cell prolif-
eration and colony formation [11, 12]. Other studies have
found that the expression of lncRNAGASL1 is downregulated
in chronic HF and correlated with cell apoptosis [13]. In this
study, GASL1 was selected as one of the research objects to
explore its role in isoproterenol cardiac failure.

Phospholipid inositol (PI3K) is a cytoplasmic lipid
kinase, and AKT is a key kinase (serine/threonine kinase)
in the PI3K pathway. AKT activation requires membrane
interaction and phosphorylation of serine 473 (AKT-
Ser473) and threonine 308Akt (AKT-Thr308). After multiple
stimuli, the pH domain interacts with phosphatidylinositol
3,4,5-triphosphate (PIP3) produced by PI3K to allow
cytoplasmic AKT to enter the plasma membrane [14].
Then, AKT-PIP3 interaction, through the interdomain
conformational change-induced AKT for open conformer,
exposes Thr308 and Ser473 subsequent phosphorylation
of phosphoinositide-dependent protein kinase, and phos-
phorylation of Thr308 and Ser473 fully activated AKT,
which through the phosphorylation of the downstream
kinases, participate in a variety of regulating cell prolifera-
tion and growth, and it also has played an important role
in many fields such as cancer [15], angiogenesis [16], and
osteoporosis [17].

Valsartan (VAL) was originally an antihypertensive drug
but was later used in the treatment of symptomatic HF
patients and played a huge role in the development of HF
[18]. As early as 2005, Majani confirmed that VAL can also
dramatically reduce the decline in the quality of life of
patients with HF [19]. In addition, the Maggioni equivalent
year study found that adding VAL to prescribed treatments
can reduce the incidence of atrial fibrillation [20]. There
are many clinical studies on VAL in the treatment of HF,
but guidelines often refer to VAL as an intolerable alterna-
tive to angiotensin-converting enzyme inhibitors (ACEI).
VAL provides an effective means for the treatment of HF.
It is widely used in clinical practice and is well known for
its cardioprotective effect.

The aim of this study was to determine the function of
GASL1 and PI3K-AKT in myocardial tissue and myocardial
cells in patients with ISO-induced HF. And explore the
effectiveness and related mechanisms of VAL in the treat-
ment of ISO-induced HF.

2. Materials and Method

2.1. Animal Experiment. 24 male SPF 8-week-old healthy
male rats (Shanghai East hospital, Tongji University School
of Medicine Animal Center, Shanghai, China) weighing
240-260 g were used. They were reared at 25°C and 50%
humidity and freely fed. Rats were randomly divided into 3
groups: the sham group, ISO-induced HF model group,
and ISO-induced HF+VAL treatment group. We prepared
a rat model of HF by giving ISO (Tianpu Biochemical Phar-
maceutical, Guangzhou, China) 2 times of doses of 170mg/kg
at 24h intervals. Rats in the sham group were injected with an
equal volume of sterile saline, and rats in the ISO+VAL treat-
ment group were treated with ISO and treated with VAL
(Tianpu Biochemical Pharmaceutical, Guangzhou, China) at
30mg/kg/d for 4 weeks. All rats were housed in cages of
appropriate size. Rat myocardial tissues were excised and
immediately stored at -80°C for further experiments. This
study was approved by the Animal Ethics Committee of
Shanghai East hospital, Tongji University School of Medicine
Animal Center.

2.2. Heart Function Test in Rats. After disinfecting the
abdomen of rats, the rats were anesthetized with 0.1% pento-
barbital by intraperitoneal injection. The anesthetized rats
fixed their limbs and head on the operation platform. Heparin
(2mg/ml, Shanghai East hospital, Tongji University School of
Medicine Animal Center, Weihui, China) was injected
through the tail vein. After heparinization, we prepared the
skin and sterilized the surgical area, took a midline incision
of the neck to cut the skin, bluntly separated the layers of tis-
sue, exposed and freed the right common carotid artery, and
ligated the distal end of the carotid artery with a surgical line.
A rat artery clamp was used to clamp the proximal heart of the
carotid artery, and a gap was cut along the common carotid
artery at a 30° angle with microscissors under a microscope,
and the PV catheter (Nuohai Life Science, Shanghai, China)
with an electrode at the front end was inserted into the rat
aorta through the cut gap and extended to the left ventricle.
Continuously, the pressure-volume data was recorded for
10min. Hemodynamic data was analyzed using pressure-
volume analysis software to obtain the maximal rate of the
increase of left ventricular pressure dP/dtmax and the maxi-
mal rate of the decrease of left ventricular pressure, dP/dtmax,
and the left ventricular systolic pressure (LVSP), and the left
ventricular end-diastolic pressure (LVEDP).

2.3. Primary Cardiomyocyte Isolation and Cell Culture. The
heart was removed using elbow forceps and placed in sterile
prechilled D-Hank’s solution (Camilo Biological, Nanjing,
China). Ophthalmic scissors were used to cut the myocar-
dium into small pieces. The prechilled D-Hank’s solution
was used to wash the cut myocardial tissue 3-4 times and
then transferred to a sterile conical flask containing 10ml
of prechilled trypsin (Camilo Biological, Nanjing, China)
and sealed in a 4°C refrigerator overnight. After 12-16 h,
we added precooled 10ml Dulbecco’s modified Eagle’s
medium (DMEM) (Life Technology, Wuhan, China)
(complete medium) containing 10% fetal bovine serum
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(FBS) (Life Technology, Wuhan, China) and penicillin-
streptomycin (Life Technology, Wuhan, China) for 10min
and then incubated for 30min in a 37°C, 5% CO2 incubator.
We aspirated the supernatant and added 10ml of type II
collagenase (Camilo Biological, Nanjing, China) to digest
myocardial tissue and then placed it in a 37°C water bath
for 15min and transferred the supernatant to a sterilized
centrifuge tube and added complete medium. 10ml of type
II collagenase was added to the remaining myocardial tissue
to redigest the myocardial tissue. The cell suspension
obtained by two digestions was centrifuged. Then, we dis-
card the supernatant and resuspend the cell pellet by adding
prewarmed complete medium at 37°C. Cell suspensions
were seeded into cell culture dishes, and 5 × 105 cells were
inoculated in each culture dish. Then, we cultured in an
incubator for 1 h and waited for the fibroblasts to adhere
to the wall; then, we aspirated the supernatant and washed
them again with complete medium to collect the cardiomyo-
cytes attached to the surface of the fibroblasts. The adher-
ence screening process above was repeated once. The
screened cells were collected, and the concentration of neo-
natal rat cardiomyocytes was adjusted to 5 × 105/ml with
37°C prewarmed complete culture medium. BrdU (Camilo
Biological, Nanjing, China) was added to the suspension of
neonatal rat cardiomyocytes to inhibit the proliferation of
fibroblasts. Then, we inoculated it into a culture dish and
placed it in an incubator for 48 h. It was washed once with
DMEM and then changed the complete medium. The
medium was changed once a day and adhered to the culture
for 72h. When the cell fusion appears as a whole beat, we
switched to serum-free medium culture. The concentration
of 2μmol/l was used for the construction of ISO-induced
HF model. And concentration of 10μmol/l was used for
the construction of VAL.

2.4. Cell Transfection. Cells were harvested 48 h after
transfection for further analysis. To silence GASL1, a
GASL1 siRNA or a control siRNA was transfected by using
RNAimax (Invitrogen) following the manufacturer’s manu-
script. Cells were harvested 72 h after transfection for
further analysis.

2.5. RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR). The total RNA extraction kit
(Thermo Fisher Scientific, Waltham, MA, USA) was used
to extract the RNA of the rat’s heart tissue and cellular
RNA and then reversed transcribed into cDNA for later
use. We found the glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), lnc-GASL1 sequence on the NCBI website.
The cDNA was amplified by a two-step method using an
RT-PCR instrument. The reaction system was 20μl. The
amplification conditions were as follows: first denaturation
at 95°C for 10min; then denaturation at 95°C for 15 s,
and annealing at 60°C for 1min, and this step was repeated
40 times. The GADPH housekeeping gene was used as an
internal reference control, and the target gene transcription
level was calculated by formula 2-ΔΔCt. Primers used were
shown in Table 1.

2.6. Western Blot. Cut myocardial tissue into small pieces or
added lysate (Camilo Biological, Nanjing, China) to cells in a
6-well plate, homogenized until completely lysed, centri-
fuged at 40°C, 12000 g for 15min, took the supernatant for
protein quantification, and performed polyacrylamide gel
electrophoresis (PAGE) and transferred film, 5% skim milk
powder blocked for 1 h. Diluted primary antibody (PI3K
1 : 1000 Abcam, AKT 1 : 1000 Abcam, p-AKT 1 : 1000
Abcam, cleaved-caspase-3 1 : 2000 Abcam, GAPDH 1 : 2000
Abcam, Cambridge, MA, USA) incubated with the mem-
brane for 6 h. It was washed with TBST 3 times and diluted
the HRP-labeled secondary antibody (Yifei Xue Biotechnol-
ogy, Nanjing, China) 1: 1000; then, it was incubated with
membrane 37°C for 1 h. The TBST was washed 3 times;
the electrochemiluminescence (ECL) luminescent solution
(Thermo Fisher Scientific, Waltham, MA, USA) was devel-
oped, and the scanning analysis was performed with a
Tanon-5200 imaging system (Bio, Hercules, CA, USA).

2.7. Statistical Analysis. All data are expressed as the mean
± standard deviation (mean ± SD). Differences between two
groups were analyzed by using Student’s t-test. Comparison
between multiple groups was done using one-way ANOVA
test followed by post hoc test (least significant difference).
Statistical analysis was performed using Statistical Product
and Service Solutions (SPSS) 22.0 software (IBM, Armonk,
NY, USA). When p < 0:05, the differences between the
groups were statistically significant.

3. Results

3.1. Effect of VAL on Cardiac Function in Rats with ISO-
Induced HF. We divided the rats into three groups, namely,
the sham group, ISO group, and ISO+VAL group. Com-
pared with the sham group, the ISO group showed decreased
LVSP, increased LVEDP, and decreased ± dP/dtmax. In
contrast, when VAL was used to treat ISO-induced HF, the
cardiac function indicators above alleviated (Figures 1(a)–
1(d)). In addition, the expression of GASL1 in the heart
decreased dramatically after ISO treatment and increased
after VAL treatment (Figure 1(e)). Meanwhile, we found
that the expression of PI3K and p-AKT in the ISO group
was dramatically increased, while the expression of PI3K
and p-AKT in the heart tissues of the model group was
decreased (Figure 1(f)) after VAL treatment, while the
expression of AKT was not different among the three
groups. At the same time, we examined the apoptosis-
related molecules and found that cleaved-caspase-3 expres-
sion increased in the heart tissue of rats treated with ISO
but decreased in the ISO+VAL group (Figure 1(g)). In
ISO-induced HF rats, expression of GASL1 decreased,
expression of PI3K, p-AKT, and cleaved-caspase-3 was
abnormally elevated, and VAL reversed these changes.
VAL has been shown to be effective in the treatment of
ISO-induced HF and may be associated with GASL1,
PI3K/AKT, and cleaved-caspase-3.

3.2. Effect of VAL on ISO-Treated Rat Cardiomyocytes. The
results of GASL1 expression detection in primary
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Figure 1: Effect of VAL on cardiac function in rats with ISO-induced HF. (a–d) Results of cardiac function (LVSP, LVEDP, +dP/dtmax, and
-dP/dtmax) of rats in different treatment groups (“∗” indicates that compared with the sham group, “#” indicates that compared with the ISO
group p < 0:05). (e) The expression levels of lnc GASL1 in rat heart tissues (“∗” indicates that compared with the sham group, “#” indicates
that compared with the ISO group p < 0:05). (f) Western blot bands and gray value analysis of PI3K, AKT, and p-AKT (“∗” indicates that
compared with the sham group, “#” indicates that compared with the ISO group p < 0:05). (g) Western blot bands and gray value analysis of
cleaved-caspase-3 (“∗” indicates that compared with the sham group, “#” indicates that compared with the ISO group p < 0:05).

Table 1: Real time PCR primers.

Gene name Forward (5′>3′) Reverse (5′>3′)
lnc GASL1 CTGAGGCCAAAGTTTCCAAC CAGCCTGACTTTCCCT CTTCT

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

qRT-PCR: quantitative real-time polymerase chain reaction.
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cardiomyocytes of three groups are shown in Figure 2(a):
after ISO treatment of primary cardiomyocytes, GASL1
expression decreased, but the decrease of GASL1 can be
inhibited by VAL (Figure 2(a)). At the same time, we exam-
ined the expression of PI3K and p-AKT in the three groups
of primary cardiomyocytes. The results are shown in
Figure 2(b) below: PI3K and p-AKT expression increased
after ISO treatment, while VAL inhibited the ISO-induced
increase in PI3K and p-AKT expressions in the primary
cardiomyocytes, while the expression of AKT showed no
difference among the three groups (Figure 2(b)). In addition,
cleaved-caspase-3 expression in the three groups was
dramatically increased after ISO treatment, while cleaved-
caspase-3 expression was dramatically inhibited after
intervention with VAL (Figure 2(c)). At the cellular level, it
was confirmed that VAL can improve myocardial cell
damage caused by ISO. The corresponding changes in the
expressions of GASL1, PI3K, and p-AKT were also observed
in the experiment, which suggested that GASL1, PI3K/AKT
might be involved in the process of the effects of VAL and
ISO in cardiomyocytes.

3.3. The Effects of GASL1 on VAL in ISO-Treated Primary
Rat Cardiomyocytes. We divided primary cardiomyocytes
into 4 groups: control, ISO, ISO+si-NC, and ISO+si-GASL1.

The results showed that the expression of GASL1 in ISO-
treated rat cardiomyocytes was dramatically decreased. The
primary cardiomyocytes of the ISO-treated group were
transfected with si-NC, and the expression of GASL1 was
not dramatically different from that of the ISO group. How-
ever, the expression of GASL1 in rat cardiomyocytes trans-
fected with si-GASL1 dramatically decreased compared
with the control group (Figure 3(a)). Transfection of ISO-
treated rat cardiomyocytes with si-GASL1 interferes with
GASL1 expression and observes the expression of PI3K
and P-AKT. The results show that in the ISO-treated rat car-
diomyocytes, the PI3K and P-AKT expressions were dra-
matically increased. And in the ISO+si-NC group, the
expression of PI3K and P-AKT had no dramatical difference
from that of the ISO group. However, PI3K and P-AKT
expression levels in rat cardiomyocytes transfected with
si-GASL1 were dramatically higher than that in the ISO
group (Figure 3(b)). Similarly, the results showed that
cleaved-caspase-3 expression level in ISO-treated rat cardio-
myocytes was dramatically increased. And cleaved-caspase-3
expression level in the ISO+si-GASL1 group was dramatically
higher than that in the ISO group (Figure 3(c)). It was
observed in the experiment that as the expression of GASL1
decreased, the expression of PI3K and P-AKT also changed
correspondingly, and accompanied by the change in the
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Figure 2: Effect of VAL on ISO-treated rat cardiomyocytes. (a) The expression levels of lnc GASL1 in cardiomyocytes (“∗” indicates that
compared with the control group, “#” indicates that compared with the ISO group p < 0:05). (b) Western blot bands and gray value
analysis of PI3K, AKT, and p-AKT (“∗” indicates that compared with the control group, “#” indicates that compared with the ISO group
p < 0:05). (c) Western blot bands and gray value analysis of cleaved-caspase-3 (“∗” indicates that compared with the control group,
“#” indicates that compared with the ISO group p < 0:05).
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degree of cardiomyocyte apoptosis, which confirmed that dur-
ing the process of ISO-induced cardiomyocyte injury, PI3K/
AKT participates as the downstream signaling part of GASL1.

3.4. The Effects of VAL and GASL1 on Heart Function in
ISO-Induced HF Rats. The ISO-induced HF model rats were
given VAL or VAL combined with myocardium injection of
recombinant adenovirus (Ad-NC or Ad-si-GASL1) to com-
pare the cardiac function results of rats in different treat-
ment groups. Compared with ISO-induced HF model
group, rats in the ISO+VAL group had higher level of LVSP,
+ dP/dtmax, and -dP/dtmax, and with LVEDP decreased.
LVSP, +dP/dtmax, and -dP/dtmax were lower than that in
the ISO+VAL+Ad-si-GASL1 group compared with ISO+-
VAL group. However, LVEDP showed the different result
(Figures 4(a)–4(d)). We attenuated the myocardial protec-
tive effect of VAL by artificially lowering the expression of
GASL1 and clinically confirmed the improvement of ISO-
induced HF by VAL via GASL1.

4. Discussion

VAL is a drug that has been clearly demonstrated to improve
myocardial remodeling, and it is not clear whether it is effec-

tive in ISO-induced heart HF. Long noncoding RNA is a
research hotspot in the cardiovascular field in recent years
[21, 22], among which, growth-arrest associated 1 lncRNA
(GASL1) has been proved to be related to HF, but other
related studies are poor. In this study, animal models and
cell (rat primary cardiomyocytes) models of ISO-induced
HF were successfully established, and VAL was used for
drug intervention to confirm the improvement effect of
VAL on ISO-induced HF.

The plasmid si-GASL1 was successfully constructed to
transfect the cells, and the upstream and downstream target
proteins of the signal transduction pathway were deter-
mined, which confirmed that the signal transduction path-
ways of VAL to improve ISO induced HF were GASL1 and
PI3K/AKT. Ad-si-GASL1, an adenovirus vector of GASL1,
was successfully constructed and injected into the myocar-
dium of ISO-induced rats to verify the effect of GASL1 on
the myocardial protection of VAL. This study is the first to
confirm that VAL modulates the PI3K/AKT signaling path-
way through GASL1 in ISO-induced HF. GASL1 is a new
entry point for the treatment of ISO-induced HF.

Although the significant correlation between HF, VAL,
GASL1, and the PI3K/AKT pathway had been confirmed
in the experiment, the specific transcription genes and
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Figure 3: The effects of GASL1 on VAL in ISO-treated primary rat cardiomyocytes. (a) The expression levels of lnc GASL1 in
cardiomyocytes (“∗” indicates that compared with the control group, “#” indicates that compared with the ISO group p < 0:05). (b)
Western blot bands and gray value analysis of PI3K, AKT, and p-AKT (“∗” indicates that compared with the control group, “#” indicates
that compared with the ISO group p < 0:05). (c) Western blot bands and gray value analysis of cleaved-caspase-3 (“∗” indicates that
compared with the control group, “#” indicates that compared with the ISO group p < 0:05).
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cytokines involved in the signaling process still need to be
further clarified. VAL has been shown to interfere with
ISO-induced HF; however, other possible mechanisms for
VAL in the treatment of HF remain to be developed. GASL1
has been shown to have a protective role in the process of
ISO-induced HF, which provides a new entry point for
treatment, but specific effective intervention methods need
to be developed.

5. Conclusion

This study was the first time to confirm that VAL
improves ISO-induced HF by regulating the PI3K/AKT
pathway through GASL1. And this study demonstrated a
significant correlation between HF, VAL, GASL1, and the
PI3K/AKT pathway.

Data Availability

The datasets used and analyzed during the current
study are available from the corresponding author on
reasonable request.
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Objective. To elucidate the role of metformin in influencing VSMCs via the involvement of lncRNA-ATB.Methods. qRT-PCR was
conducted to detect serum levels of lncRNA-ATB and p53 in CHD patients (n = 50) and healthy subjects (n = 50). Correlation in
serum levels of lncRNA-ATB and p53 in CHD patients was assessed by Pearson correlation test. ROC curves were depicted for
analyzing the predictive potential of lncRNA-ATB in the occurrence of CHD. After metformin induction in VSMCs
overexpressing lncRNA-ATB, relative levels of lncRNA-ATB and p53 were detected. Meanwhile, proliferative, migratory, and
invasive abilities in VSMCs were, respectively, examined by CCK-8 and transwell assay. The interaction between lncRNA-ATB
and p53 was tested by RIP. In addition, the coregulation of lncRNA-ATB and p53 in cell functions of VSMCs was finally
determined. Results. Increased serum level of lncRNA-ATB and decreased p53 level were detected in CHD patients than those
of healthy subjects. LncRNA-ATB could interact with p53 and negatively regulate its level. In addition, lncRNA-ATB could
serve as a potential biomarker for predicting the occurrence of CHD. The overexpression of lncRNA-ATB triggered viability,
migratory, and invasive abilities in VSMCs, and the above trends were abolished by metformin induction. The overexpression
of p53 partially abolished the promotive effects of lncRNA-ATB on proliferative, migratory, and invasive abilities in VSMCs.
Conclusions. Metformin induction inhibits proliferative, migratory, and invasive abilities in VSMCs by downregulating
lncRNA-ATB, which may be related to p53 activation.

1. Introduction

Vascular smooth muscle cells (VSMCs) are the main cell
types of vascular wall components. They are mainly located
in the vascular mesothelium for maintaining blood vessel
tension and regulating blood pressure [1]. Abnormal prolif-
eration and migration of VSMCs are the fundamental path-
ological basis for atherosclerosis, hypertension, and
restenosis after coronary artery intervention and other vas-
cular proliferative diseases [2].

Metformin is a widely applied drug for type 2 diabetes
mellitus. In addition, it is useful in preventing against ath-
erosclerosis. A clinical trail involving 3,234 prodromal dia-

betes subjects showed that compared with the placebo
group, the incidence and severity of coronary artery calcifi-
cation remarkably decrease in those treated by metformin
[3]. It is suggested that metformin can prevent diabetes-
induced atherosclerosis. Sainio et al. [4] also suggested the
long-term protection of metformin on blood vessels.

LncRNAs are transcripts containing more than 200
nucleotides and they cannot be transcribed into proteins
[5]. They are involved in the regulation of atherosclerosis
progression [6]. LncRNA-ATB is the first lncRNA that can
be activated by TGF-β, which is located on chromosome
14 [7]. It is vital regulator involved in phenotype transfor-
mation of human peritoneal mesothelial cells, hepatitis C-
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related cirrhosis, and preeclampsia [8–10]. Yue et al. [11]
demonstrated that the upregulated lncRNA-ATB is an onco-
gene involved in the progression of colorectal cancer. Shi
et al. [12] uncovered that lncRNA-ATB drives trastuzumab
resistance and invasion-metastasis cascade. Currently, the
potential influences of lncRNA-ATB on cell functions of
VSMCs and progression of vascular diseases remain unclear.

A previous study has elucidated the biological function
of metformin in regulating bladder cancer cell proliferation
and glycolysis [13]. In addition, metformin is reported to
inhibit proliferative and migratory potentials in human pri-
mary VSMCs [14]. However, whether lncRNA-ATB is
involved in metformin-induced VSMCs behaviors is
unknown, which is specifically explored in this paper.

2. Patients and Methods

2.1. Case Collection. CHD (coronary heart disease) patients
(n = 50) pathologically confirmed by coronary angiography
in Beijing Jishuitan Hospital were recruited. During the
same period, 50 healthy subjects undergoing physical exam-
inations were recruited in the control group. Inclusion cri-
teria of CHD patients were as follows: stable angina
patients with at least onemain coronary artery stenosis > 80
%. Exclusion criteria is as follows: (i) unstable angina or
myocardial infarction patients; (ii) combined with other
organic heart diseases; and (iii) combined with severe liver
and kidney diseases, familial hypercholesterolemia, malig-
nant tumors, or inflammatory diseases. 3mL of venous
blood was extracted from each subject. Sample collection
was reviewed and approved by the hospital ethics commit-
tee, and every subject signed written informed consent.

2.2. Cell Culture of VSMCs. Human VSMCs were purchased
from the National Infrastructure of Cell Line Resource. Cells
were quickly taken out from liquid nitrogen tank and sub-
jected to water bath at 37°C. Cells were suspended in 5-10
times the volume of Roswell Park Memorial Institute 1640
(RPMI 1640) (HyClone, South Logan, UT, USA) and centri-
fuged at 160× g for 5min. The precipitant was resuspended
in 1mL of RPMI-1640 containing 10% fetal bovine serum
(FBS) (Gibco, Rockville, MD, USA) for cell culture in a 5%
CO2 incubator at 37°C. VSMCs were induced with
10mmol/L metformin for 24 h.

2.3. Cell Transfection. Overexpression plasmids and siRNAs
were, respectively, provided by Genomeditech (Shanghai,
China) and Ribobio (Guangzhou, China). 2 × 105 cells per
well were inoculated in 6-well plates and cultured to 80%
confluence. Subsequently, 1,750μL of serum-free medium
was replaced per well. Transfection plasmids (2μg) and
Lipofectamine 3000 (5μL) (Invitrogen, Carlsbad, CA,
USA) were, respectively, diluted in 125μL of serum-free
medium and let stand at room temperature for 5min,
followed by mixture of two solutions. The mixture was
applied in each well. Fresh medium containing 10% FBS
was replaced at 5 h.

2.4. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). RNA extraction kit (ABI, Foster City, CA,

USA) was used for extracting total RNAs from tissues or
cells, and their concentration and purity were measured by
an ultraviolet spectrophotometer (Thermo Fisher, Waltham,
MA, USA). Reverse transcription in a 20μL system was con-
ducted to obtain complementary deoxyribose nucleic acid
(cDNA), which was subjected to qRT-PCR at 95°C predena-
turation for 1min, 40 cycles at 95°C for 15 s, and 60°C for
1min. Relative levels of lncRNA-ATB, p53, and glycerald-
heyde 3-phosphate dehydrogenase (GAPDH) were calcu-
lated by 2-ΔΔCt. GAPDH was the internal reference. Primer
sequences were as follows: lncRNA-ATB forward, 5′-
CTTCACCAGCACCCAGAGA-3′ and reverse, 5′-AAGA
CAGAAAAACAGTTCCGAGTC-3′; p53 forward, 5′-
TCAGTCTACCTCCCGCCATA-3′ and reverse, 5′-TTAC
ATCTCCCAAACATCCCT-3′; GADPH forward, 5′-
GGTGAAGGTCGGAGTCAACG-3′ and reverse, 5′-
CAAAGTTGTCATGGATGHACC-3′.

2.5. Cell Counting Kit-8 (CCK-8). Cells were inoculated in
the 96-well plates at the density of 3 × 103 cells/well. Six rep-
licates were prepared in each group. At day 0, 1, 2, and 3,
10μL of CCK-8 solution (Dojindo, Kumamoto, Japan) was
used for 1 h incubation, and optical density at 450 nm was
measured.

2.6. Transwell Assay. Transwell chambers (8μm) containing
200μL of serum-free suspension (2 × 104 cells) were inserted
in the 24-well plate where 600μL of medium containing 10%
FBS was applied in each well. After 24 h cell culture, trans-
well chambers were taken out. Cells in the bottom were sub-
jected to methanol fixation for 15min and crystal violet
staining for 20min. Migratory cells were counted in 5 ran-
domly selected fields per sample. Transwell invasion assay
was conducted using chambers that were precoated with
50μL of diluted Matrigel (dilution in serum-free medium
at 1 : 7).

2.7. RNA Binding Protein Immunoprecipitation Assay (RIP).
EZMagna RIP kit (Millipore, Billerica, MA, USA) was used.
Cells were lysed in RIPA and incubated at 4°C for 6 hours
with magnetic beads conjugated with anti-Ago2 or anti-
IgG. Subsequently, magnetic beads were washed and incu-
bated with Protease K for removing proteins. The purified
RNA was subjected to qRT-PCR.

2.8. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 20.0 (IBM, Armonk, NY, USA) was adopted for
statistical processing. Correlation in serum levels of
lncRNA-ATB and p53 in CHD patients was assessed by
Pearson correlation test. ROC curves were depicted for ana-
lyzing the potential of lncRNA-ATB in predicting the occur-
rence of CHD. Differences between groups were analyzed by
the Student’s t-test. A significant difference was set at p <
0:05.

3. Results

3.1. Serum Level of lncRNA-ATB Increases in CHD Patients.
Compared with healthy subjects, serum level of lncRNA-
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Figure 1: Serum level of lncRNA-ATB increases in CHD patients. (a) Serum level of lncRNA-ATB was higher in CHD patients than healthy
subjects. (b) LncRNA-ATB could be used as a potential biomarker for predicting the occurrence of CHD.
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Figure 2: LncRNA-ATB triggers viability, migratory, and invasive abilities in VSMCs. (a) Transfection of pcDNA-lncRNA-ATB effectively
upregulated lncRNA-ATB in VSMCs. (b) CCK-8 assay showed dose-dependently increased viability in VSMC overexpressing lncRNA-ATB.
(c) Transwell assay showed enhanced migration in VSMC overexpressing lncRNA-ATB. (d) Transwell assay showed enhanced invasion in
VSMC overexpressing lncRNA-ATB.

3Disease Markers



ATB was higher in CHD patients (Figure 1(a)). To ascertain
the potential of lncRNA-ATB as a biomarker for predicting
the occurrence of CHD, ROC curves were depicted. The
AUC was 0.9064, indicating that lncRNA-ATB exerted a
certain diagnostic potential in CHD (p < 0:001, Figure 1(b)).

3.2. LncRNA-ATB Triggers Viability, Migratory, and Invasive
Abilities in VSMCs. In vitro experiments were conducted in
VSMCs to elucidate the potential role of lncRNA-ATB in the
progression of CHD. Transfection of pcDNA-lncRNA-ATB
remarkably upregulated lncRNA-ATB in VSMCs, verifying
the pronounced transfection outcome (Figure 2(a)). The
overexpression of lncRNA-ATB time-dependently enhanced
cell viability in VSMCs (Figure 2(b)). Moreover, transwell
assay showed that the overexpression of lncRNA-ATB
increased the rates of migratory and invasive cells in

VSMCs, indicating the stimulated metastasis ability
(Figures 2(c) and 2(d)).

3.3. Metformin Inhibits Viability, Migratory, and Invasive
Abilities in VSMCs. We subsequently explored the potential
influence of metformin on cell functions of VSMCs. After
10mmol/L metformin induction for 24h, lncRNA-ATB
was markedly downregulated in VSMCs (Figure 3(a)).
Besides, metformin induction reduced viability and the rates
of migratory and invasive cells in VSMCs (Figures 3(b) and
3(d)).

3.4. LncRNA-ATB Inhibits p53 Level. RIP assay showed that
lncRNA-ATB was mainly enriched in anti-p53, indicating
the interaction between lncRNA-ATB and p53
(Figure 4(a)). Compared with healthy subjects, serum level
of p53 was lower in CHD patients (Figure 4(b)). Moreover,
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Figure 3: Metformin inhibits viability, migratory, and invasive abilities in VSMCs. (a) LncRNA-ATB was downregulated by metformin
induction in VSMCs. (b) CCK-8 assay showed dose-dependently increased viability in metformin-induced VSMCs. (c) Transwell assay
showed enhanced migration in metformin-induced VSMCs. (d) Transwell assay showed enhanced invasion in metformin-induced VSMCs.
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serum level of lncRNA-ATB was negatively correlated to
that of p53 in CHD patients (r = −0:2544, p = 0:0155,
Figure 4(c)). As expected, the overexpression of lncRNA-
ATB could downregulate p53 in VSMCs, further support-
ing their negative interaction (Figure 4(d)). The above
data demonstrated that lncRNA-ATB was negatively
interacted with p53, and they were both involved in
CHD progression.

3.5. Regulatory Effects of lncRNA-ATB on VSMCs Require the
Interaction with p53. To further verify that both lncRNA-ATB
and p53 were involved in the regulatory mechanism of metfor-
min on VSMCs, p53 level in metformin-induced VSMCs was
detected by qRT-PCR, which was remarkably upregulated
(Figure 5(a)). It is suggested that metformin could stimulate
p53 activation. CCK-8 assay uncovered that the overexpression
of p53 in VSMCs could reverse the effect of lncRNA-ATB on
stimulating VSMC proliferation (Figure 5(b)). Identically, p53
also abolished the promotive effects of highly expressed
lncRNA-ATB on VSMC metastasis (Figures 5(c) and 5(d)).
To sum up, metformin activated the p53 expression by down-
regulating lncRNA-ATB, thereafter inhibiting proliferative,
migratory, and invasive abilities in VSMCs.

4. Discussion

VSMCs are responsible for regulating blood flow, balancing
vessel wall elasticity, and tension [15, 16]. Under the normal
circumstance, VSMCs lack the abilities to proliferate and
migrate. Once vascular endothelium damages, VSMCs rap-
idly acquire the capacities of proliferation, metastasis, and

release of extracellular matrix under the stimuli of multiple
molecules [17]. Marx et al. [18] and Uemura et al. [19]
uncovered that the main component of angiogenesis intima
is the migrated VSMCs from the tunica media, and they will
continue to proliferate in the neointima. Overproliferated
VSMCs will develop to vessel wall thickening and lumen ste-
nosis. Excessive proliferated and migrated VSMCs are
almost involved in every process of intimal neoplasia, ath-
erosclerosis, and restenosis [20, 21]. Therefore, inhibition
of overproliferated VSMCs contributes to alleviate the pro-
gression of atherosclerosis.

A growing number of studies have reported that
lncRNAs are able to regulate cell functions of VSMCs.
LncRNA TUG1 induces hypertension progression via medi-
ating proliferative and migratory abilities in VSMCs [22].
LncRNA-ATB is activated by TGF-β, with the transcription
length of 2.4 kb [23]. In renal cell carcinoma (RCC) samples,
lncRNA-ATB is upregulated, especially metastatic ones.
Silence of lncRNA-ATB by siRNA transfection remarkably
blocks EMT and induces apoptosis [24]. Furthermore, high
level of lncRNA-ATB predicts poor prognosis in RCC
patients as an independent prognostic factor [25]. Consis-
tently, our analysis showed higher serum level of lncRNA-
ATB in CHD patients, and lncRNA-ATB may become a
potential diagnostic factor for CHD. In vitro experiments
subsequently proved that lncRNA-ATB was able to stimu-
late VSMCs to proliferate and metastasize. Meanwhile, met-
formin induction time-dependently decreased viability in
VSMCs overexpressing lncRNA-ATB. We believed that
metformin inhibited VSMC viability by downregulating
lncRNA-ATB.
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Figure 4: LncRNA-ATB inhibits p53 level. (a) RIP assay showed that lncRNA-ATB interacted with p53. (b) Serum level of p53 was lower in
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P53 is a widely analyzed transcription factor, which is
capable of regulating cell cycle progression, cell apoptosis,
autophagy, and other cell functions [26, 27]. Tripathi
et al. [28] found out that p53 activity is weakened by
silencing MALAT1 in HeLa, U2OS, and WI-38-VA13 can-
cer cell lines, suggesting that p53 is the downstream target
of MALAT1. Our findings revealed a decline in p53 level
by the overexpression of lncRNA-ATB in VSMCs. In pre-
vious studies, lncRNA usually bind to the RNA binding
protein thus to regulate the expression level of target

genes. In our research, we find that ATB could directly
bind to p53 and thus regulate the expression level. In a
recent study, LINC01554 maintained the high G3BP2
expression in ESCC by protecting G3BP2 from degrada-
tion through ubiquitination also edified us the mechanism
that lncRNA could bind to target gene and regulate that
[29]. In addition, metformin induction remarkably upreg-
ulated p53 in VSMCs. Based the above results, it is specu-
lated that metformin activated p53 by downregulating
lncRNA-ATB, thereby exerting its inhibitory effects on
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Figure 5: Regulatory effects of lncRNA-ATB on VSMCs require the interaction with p53. (a) P53 was upregulated by metformin induction
in VSMCs. (b) Overexpression of p53 abolished the role of lncRNA-ATB in promoting VSMC proliferation. (c) Overexpression of p53
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proliferative, migratory and invasive abilities in VSMCs. In
summary, this research slightly uncovers the interaction of
metformin, ATB, and p53 by in vitro assay. However, the
in vivo assay should be done to deeply explore the role of
ATB in CHD.

5. Conclusion

Metformin induction inhibits proliferative, migratory, and
invasive abilities in VSMCs by downregulating lncRNA-
ATB, which may be related to p53 activation. This study
provides innovative insights into the treatment of vascular
diseases.
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Objective. Adriamycin is a clinically important chemotherapeutic drug, but its use is restricted due to its myocardial toxicity.
Therefore, it is especially important to explore the toxicity mechanism of Adriamycin (ADR) to cardiomyocytes. Methods. The
myocardial toxicity model of ADR was constructed in vitro, and the effect of miR-218 inhibitor and sh-Serp1 on the activity of
H9C2 cells induced by ADR was detected by MTT method. Also, flow cytometry, real-time polymerase chain reaction (RT-
PCR), and TUNEL staining were used to detect the cell apoptosis. The activity of LDH was detected by colorimetry, and the
interaction of miR-218 with Serp1 was detected by double-luciferase reporter gene assay. Western blotting technique was used
to detect the expression level of caspase3 and p38 MAPK signal pathway. Results. miR-218 inhibitor can obviously inhibit
ADR-induced decrease in cell activity of H9C2 cells, inhibit cell apoptosis, and inhibit p38 MAPK signaling pathway
activation. Conversely, sh-Serp1 aggravated the decrease in H9C2 cell activity and promoted cell apoptosis. Conclusion.
Upregulation of miR-218 expression will promote ADR-induced apoptosis of H9C2 cells. At the same time, we confirmed that
the mechanism by which miR-218 promotes myocardial apoptosis was through the Serp1/p38 MAPK/caspase-3 signaling
pathway.

1. Introduction

The discovery of malignant tumor chemotherapy drug-
s—“anthracycline antibiotics”—is a major success in the his-
tory of cancer treatment, especially for the treatment of
pediatric tumors. More than 50% of the survivors who had
suffered from cancer in childhood had been treated with
onion ring antibiotics. And with the use of this type of che-
motherapy drugs, the 5-year survival rate of pediatric
tumors has increased from about 30% in the sixties to the
current 70%-80% [1, 2]. However, the clinical use of ADR
is limited by the cardiac toxic side effects it can cause, mainly
manifested as congestive cardiomyopathy [3]. At the end of
the 1970s, the first retrospective clinical study confirmed
that cardiac dysfunction can be directly attributed to the
repeated accumulation of ADR. The changes in heart func-
tion caused by ADR are similar to dilated cardiomyopathy,
and once the disease progresses, the prognosis is usually very

poor, often lethal, and the current treatment methods seem
to improve the prognosis. Although there is already a lot
of evidence to give hypotheses about the mechanism of
ADR’s cardiac toxic side effects from different aspects, peo-
ple still do not fully understand its precise cause. The cell
death mechanism is considered to be an important mecha-
nism for ADR-induced cardiomyopathy. Many in vivo and
external experiments over the past decades have shown that
the cardiac toxicity caused by ADR is related to the apopto-
sis or necrosis of myocardial cells [4, 5].

In recent years, miRNA has been a hot spot in medical
research. miRNA is a single-stranded noncoding small
RNA composed of 21-25 nucleotides, which mainly medi-
ates the posttranscriptional degradation of target genes or
inhibits their translation, thereby affecting a variety of path-
ophysiological processes including development, differentia-
tion, proliferation, and apoptosis in the course of life [6, 7].
miRNAs are widely distributed in the genomes of animals
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and plants, and their expression is highly conservative, time-
series, and tissue-specific. It can regulate about 30% of
human protein-related genes. Therefore, changes in miRNA
expression levels directly participate in important patho-
physiological processes that regulate the occurrence and
development of many cardiovascular diseases (CVD), such
as myocardial hypertrophy, angiogenesis, arrhythmia, myo-
cardial ischemia, myocardial apoptosis, and myocardial
fibrosis [8, 9]. At present, multiple miRNAs have been con-
firmed to be involved in the process of myocardial apoptosis.
Some studies have found that miR-1 expression is increased
in ischemic cardiomyocytes and plays a key role in apopto-
sis. Its expression level is proportional to the degree of heart
injury [10]. Another study showed that miR-1 and miR-133
can regulate oxidative stress-induced apoptosis in rat cardio-
myocytes, miR-1 promotes apoptosis, and miR-133 inhibits
apoptosis [11]. However, we still do not know the specific
role of miRNA regulation in cardiovascular disease. We
need to further study the disease-associated miRNAs and
the target genes, so as to clarify the effects of miRNAs on
CVD. Whether these miRNAs are upregulated or downreg-
ulated, they may become new molecular targets for the treat-
ment of CVD.

Serp1, as one of the important chaperone proteins of
unfolded protein response that can alleviate endoplasmic
reticulum stress damage, has been shown to play a crucial
role in alleviating tissue apoptosis caused by endoplasmic
reticulum stress [12]. However, the role and mechanism of
Serp1 in CVD are still unclear. Therefore, in this study, we
will explore its role in ADR-induced apoptosis of
cardiomyocytes.

MAPKs are key apoptosis regulating proteins that can
transduce various extracellular signals into intracellular
pathophysiological processes. There are three main enzymes
in the MAPK family, including extracellular signal-regulated
kinase (ERK), c-Jun NH2-terminal kinase, and p38 MAPK.
p38 MAPK, a serine/threonine enzyme, can be activated by
various environmental stimuli. A large number of studies
have confirmed that p38 MAPK activation may be related
to cardiomyocyte apoptosis [13]. Therefore, inhibiting the
activation of p38 MAPK has a good therapeutic effect on
cardiovascular disease and can reduce myocardial cell necro-
sis and apoptosis, inhibit downstream caspase-3 activation,
and improve heart function. Caspases are an important
member of the aspartate-specific cysteine protease family
and are widely expressed in various mammalian cells. Cas-
pase-3, as a basic agonist of apoptosis and a crucial effector,
plays a key role in performing the intrinsic apoptotic prote-
ase cascade and the external apoptotic pathway [14]. This
indicates that p38 MAPK plays a crucial role in cardiomyo-
cyte apoptosis. Therefore, we speculate that p38 MAPKs also
have a similar regulatory effect on ADR-induced cardiomyo-
cyte apoptosis.

2. Materials and Methods

2.1. Cell Culture. Rat H9C2 cells were purchased from the
American type culture collection (ATCC, Manassas, VA,
USA). The cell culture medium was Dulbecco’s modified

eagle medium (DMEM, Life Technology, Wuhan, China)
containing 10% fetal bovine serum (FBS, Life Technology,
Wuhan, China) and 1% penicillin (Life Technology, Wuhan,
China). The cells will be passaged 1-2 times before transfec-
tion to ensure the cells grow vigorously. Approximately 12
hours before transfection, cells were passaged from culture
flasks at 80% density and plated into culture dishes (Life
Technology, Wuhan, China).

2.2. Transfection and Cell Processing. The design and synthe-
sis of miR-218 inhibitor, inhibitor NC, shRNA Serp1, and
shRNA-NC were completed by Shanghai Gene Pharma.
H9C2 cells were plated in 12-well plates at a density of 3‐5
× 105/mL and transfected after 48 hours of culture. Before
transfection, the cell culture medium was replaced with
900μL of complete DMEM medium (without antibiotics).
Next, we transfected cells according to the Lipofectamine2000

instructions (Gene Pharma, Shanghai, China). After the
transfection, the cells were transferred to a 37°C, 5% CO2
incubator for 8 hours, and then, the culture medium was
replaced with fresh complete DMEM culture medium and
placed in the incubator for 48 hours. According to literature
reports, we selected 1μM ADR treatment model group. The
control group used phosphate-buffered saline (PBS) for
treatment.

2.3. MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyl
Tetrazolium Bromide) Experiment. The cultured H9C2 cells
were seeded in 96-well culture plates, and after transfection
and 1μM ADR treatment, MTT solution (R&D Systems,
Minneapolis, MN, USA) was added to each well. The cells
continued to incubate for 4 hours in the incubator, then
the supernatant of the 96-well plate was carefully discarded.
150μL dimethyl sulfoxide (DMSO) (R&D Systems, Minne-
apolis, MN, USA) was added to each well and shaked for
10 minutes to fully melt the crystals. The activity of myocar-
dial cells was detected, and the absorbance value of each well
was measured by enzyme-linked immunoassay (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. Lactate Dehydrogenase (LDH) Activity. After centrifuga-
tion, the supernatant was transferred to the new EP tube.
25μL matrix buffer and 5μL coenzyme I solution were
added to the EP tube. After mixing, the supernatant was
bathed at 37°C for 15 minutes, then 25μL 2, 4-
dinitrobenzene hydrazine was added, 37°C water bath for
15 minutes after blending. 25μL, 0.4mol/L sodium hydrox-
ide solution was blended and placed 5 minutes at room tem-
perature and 450 nm wavelength determination of optical
density (OD) value. The LDH activity was calculated accord-
ing to the formula (Jian Cheng, Nanjing, China).

2.5. Western Blotting (WB) Technology. H9C2 cells were
lysed by radioimmunoprecipitation assay (RIPA) lysate
(Camilo Biological, Nanjing, China) containing phenyl-
methylsulfonyl fluoride (PMSF) to extract proteins. 30μg
protein in each group was separated by 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
Then, a polyvinylidene difluoride (PVDF; Thermo Fisher
Scientific, Waltham, MA, USA) membrane was used to
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transfer the separated protein, then, blocked with 5% skim
milk, incubated the primary antibody (Caspase3, Abcam,
Cambridge, MA, USA, Rabbit, 1 : 1000; Serp1, Abcam, Cam-
bridge, MA, USA, Mouse, 1 : 2000; p38, Abcam, Cambridge,
MA, USA, Rabbit, 1 : 1000; P-p38, Abcam, Cambridge, MA,
USA, Mouse, 1 : 2000; GAPDH, Abcam, Cambridge, MA,
USA, Mouse, 1 : 5000) at 4°C overnight; the next day, added
with secondary antibodies (goat anti-rabbit IgG antibody,
Yifei Xue Biotechnology, Nanjing, China, 1 : 2000) and incu-
bated at room temperature for 1 hour. The enhanced chemi-
luminescence (ECL) technology (Thermo Fisher Scientific,
Waltham, MA, USA) was used to develop immunoblots,
and GAPDH was used as an internal reference.

2.6. RNA Isolation and Real-Time Polymerase Chain
Reaction (RT-PCR). After corresponding treatment, the
H9C2 cells were washed twice with phosphate-buffered
saline (PBS), 500μL TRIzol reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA) was added to each well of the
12-well plate, and total RNA was extracted according to
the kit instructions, measured the RNA concentration by
ultraviolet absorption method, and read the absorbance at
260nm and 280nm of the spectrophotometer. If the A260/
280 ratio of the RNA solution was in the range of 1.6-2.0,
the extracted RNA can be reverse transcribed. The reaction
conditions were as follows: 25°C, 10 minutes, 37°C, 120
minutes, 85°C, 5 minutes. Next, we used the steps of Applied
Biosystems’ SYBR Green PCR Master Mix kit (R&D Sys-
tems, Minneapolis, MN, USA) for polymerase chain reac-
tion. GAPDH was considered as an internal reference for
mRNA. The analysis of experimental results uses the
2−ΔΔCt method. Primer sequence is shown in Table 1.

2.7. TUNEL Staining. Place the sterile slides in a 24-well plate,
and H9C2 cells were seeded onto the coverslip of the 24-well
plate according to the culture method described above and
placed in a cell culture box for cultivation. After the H9C2 cells
received the corresponding treatment, the cell slides were
washed three times with prechilled PBS for 5 minutes each
time. 200μL of 4% paraformaldehyde (Jian Cheng, Nanjing,
China) was added to each well to fix the cardiomyocytes on
the slide and fixed at room temperature for 10 minutes. Then,
the H9C2 cells were washed twice with PBS for 5 minutes each
time and treated the slides with Proteinase K working solution
(R&D Systems, Minneapolis, MN, USA) for another 20

minutes. After washing the H9C2 cells twice with PBS, the
TUNEL reaction mixture (R&D Systems, Minneapolis, MN,
USA) was added dropwise to the slide and incubated for 1
hour at room temperature. Then, it was washed twice with
PBS, and the nuclei were stained with DAPI reagent
(Elabscience, Wuhan, China) in the dark room for 10minutes,
finally, observed under a fluorescence microscope (R&D Sys-
tems, Minneapolis, MN, USA).

2.8. Double-Luciferase Reporter Gene Assay. Luciferase plas-
mids (R&D Systems, Minneapolis, MN, USA) containing
wild-type and mutant Serp1 mRNA 3′UTR were cotrans-
fected with miR-218 mimics and miR-218 NC into 293 T
cells (ATCC, Manassas, VA, USA), respectively. After trans-
fection for 48 hours, 293 T cells were lysed, and the firefly
luciferase activity and Renilla luciferase activity were
detected, respectively.

2.9. Annexin V-FITC/PI Double-Staining Flow Cytometry to
Detect Apoptosis Rate. After the H9C2 cells were treated
according to the experimental design, the cells were digested
with trypsin (Sinopharm Chemical Reagent, Shanghai,
China) without EDTA (ethylenediaminetetraacetic acid).
After centrifugation, the cells were washed twice with pre-
chilled PBS. After centrifugation again, the supernatant
was discarded, and 500μL of 1× binding buffer (Sinopharm
Chemical Reagent, Shanghai, China) was added to resus-
pend the cells. After adding 5μL fluorescein 5-
isothiocyanate (FITC) and mixed well, such was incubated
at room temperature in the dark for 15 minutes. Then,
3μL propidium iodide (PI) was added to mix and incubate
for 5 minutes in the dark. Finally, the cells were transferred
to a sample tube for instrumental analysis.

2.10. Statistical Analysis. GraphPad Prism21.0 (La Jolla, CA,
USA) was used to perform statistical analysis on the data.
The experimental data was expressed asmean± standard devi-
ation (mean ± SD). The comparison of the two groups of data
was performed by independent sample t-test. Analysis of var-
iance was used for comparison among multiple groups. Take
p < 0:05 as the standard of significant difference.

3. Results

3.1. ADR Induces Apoptosis of H9C2 Cells. According to pre-
vious reports in the literature, excessive ADR in the human

Table 1: RT-PCR primers.

Gene name Forward (5′ > 3′) Reverse (5′ > 3′)
MiR-218 AGGGGTTGTGCTTGATCTAA GTTGTGGTTGGTTGGTTTGT

Serp1 CCCTGGTTATTGGCTCTCT ACTTCACATGCCCATCCT

Bax GAGGTCTTCTTCCGTGTGG GATCAGCTCGGGCACTTT

Bcl-2 GTCGCTACCGTCGTGACTTC CAGACATGCACCTACCCAGC

Caspase3 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC

Caspase9 TCCTGGTACATCGAGACCTTG AAGTCCCTTTCGCAGAAACAG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR, quantitative reverse-transcription polymerase chain reaction.
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body activates exogenous and endogenous apoptosis path-
ways, thereby inducing cardiomyocyte apoptosis. In order
to test the success of the in vitro model, we first measured
the cell activity of two groups by MTT (Figure 1(a)). As a
result, it was found that after treatment of H9C2 cells with
1μM ADR, the cell activity decreased obviously with the
incubation time. Immediately, we used Annexin V for FITC
labeling and flow cytometry to detect the apoptosis rate
(Figure 1(b)). The test results found that compared with
the control group, the percentage of Annexin V-FITC-

positive cells in H9C2 cells after 12 hours of ADR treatment
increased obviously. At the same time, TUNEL staining also
obtained similar results (Figure 1(c)). Subsequently, we
found that after ADR treatment of H9C2 cells, the LDH con-
tent in the cell supernatant was obviously increased, con-
firming that ADR treatment of H9C2 cells would induce
increased cytotoxicity (Figure 1(d)). Next, we examined the
key molecule caspase3 in the apoptosis pathway and found
that the expression of caspase3 protein in the ADR group
was obviously increased (Figure 1(e)). At the same time,
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Figure 1: ADR induces apoptosis of H9C2 cells. (a) The cell activity was detected by MTT method, n = 6. (b) The apoptosis level of cell was
detected by flow cytometry, n = 3. (c) TUNEL staining, n = 3. (d) The activity of LDH detected by the colorimetry method, n = 3. (e) The
protein expression of caspase3 was detected by Western blot, n = 3. (f) The mRNA level of caspase3, caspase9, Bax, and Bcl-2 was
detected by RT-PCR, n = 3. (g) The mRNA level of miR-218 was detected by RT-PCR, n = 3 (“∗” versus the control group, p < 0:05).
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RT-PCR results also found that the ADR group caspase3,
caspase9, and Bax also increased obviously at the transcrip-
tion level, while the expression of antiapoptotic molecule

Bcl-2 was obviously reduced (Figure 1(f)). In summary,
our preliminary results are consistent with previous studies.
In addition, we also found that miR-218 expression was
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Figure 2: Knocking down miR-218 expression can alleviate ADR-induced apoptosis in H9C2 cells. (a) The mRNA level of miR-218 was
detected by RT-PCR. (b) The cell activity was detected by MTT method, n = 6. (c) The apoptosis level of cell was detected by flow
cytometry, n = 3. (d) TUNEL staining, n = 3. (e) the activity of LDH detected by the colorimetry method, n = 3. (f) The protein
expression of caspase3 was detected by Western blot. (g) Gray value analysis of protein strips, n = 3. (h). The mRNA level of caspase3,
caspase9, Bax, and Bcl-2 was detected by RT-PCR, n = 3 (“∗” versus the ADR group, p < 0:05).
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obviously increased in the ADR group, suggesting that miR-
218 may be involved in the process of apoptosis
(Figure 1(g)).

3.2. Knocking down miR-218 Expression Can Alleviate ADR-
Induced Apoptosis in H9C2 Cells. In order to examine the
effect of miR-218 on apoptosis of H9C2 cells, based on the
above results, we first transfected H9C2 cells with miR-218
inhibitor to downregulate the expression of endogenous
miR-218 and verified the transfection efficiency by RT-
PCR (Figure 2(a)). Then, MTT detected the cell activity of
each group and found that the cell activity of the ADR +
miR-218 inhibitor group was higher than that of the ADR
and ADR + inhibitor NC groups (Figure 2(b)). At the same
time, the results of flow cytometry and TUNEL staining
found that the apoptosis rate of the ADR + miR-218 inhib-
itor group was obviously lower than that of the other two
groups (Figures 2(c) and 2(d)). Next, we used colorimetry
to detect cytotoxicity. The results showed that the cytotoxic-

ity of the ADR + miR-218 inhibitor group was obviously
reduced (Figure 2(e)). Then, we used WB and RT-PCR to
detect apoptosis-related molecules to observe the effect of
miR-218 on cell apoptosis (Figures 2(f)–2(h)). The results
showed that compared with the ADR and ADR + inhibitor
NC groups, the expression of caspase3 protein in the ADR
+ miR-218 inhibitor group was reduced. At the same time,
the transcription levels of caspase3, caspase9, and Bax were
also obviously reduced, while the expression of antiapoptotic
molecule Bcl-2 was obviously increased.

3.3. Interaction of miR-218 and Serp1. First, we predicted
through the targetscan website that miR-218 and Serp1 have
binding sites. Next, we detected by WB and RT-PCR that
Serp1 expression in the ADR group was obviously reduced,
while in the ADR + miR-218 inhibitor group, the Serp1
expression was higher than the ADR group (Figures 3(a)–
3(c)). At the same time, the results of the luciferase gene
report experiment also confirmed our speculation that the
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Figure 3: Interaction of miR-218 and Serp1. (a) The protein expression of Serp1 was detected by Western blot. (b) Gray value analysis of
protein strips, n = 3. (c) The mRNA level of Serp1 was detected by RT-PCR, n = 3. (d) luciferase gene report experiment, n = 3 (“∗” versus
the control group, p < 0:05; “#” versus the ADR group, p < 0:05).
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fluorescence activity was the lowest in the miR-218 mimics +
Serp1-WT group (Figure 3(d)).

3.4. Inhibiting Serp1 Promotes ADR-Induced Apoptosis of
H9C2 Cells. Based on the above results, we first transfected
H9C2 cells with sh-Serp1 and sh-NC and then incubated
H9C2 cells with 1μM ADR for 12 hours. And the transfec-

tion efficiency was detected by RT-PCR (Figure 4(a)). Next,
MTT found that interfering with Serp1 expression acceler-
ated ADR-induced decrease in H9C2 cell activity
(Figure 4(b)). At the same time, flow cytometry and TUNEL
staining to detect the apoptosis rate also found that interfer-
ence with Serp1 expression increased the ADR-induced apo-
ptosis of H9C2 cells (Figures 4(c) and 4(d)). In addition, the
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Figure 4: Inhibiting Serp1 promotes ADR-induced apoptosis of H9C2 cells. (a) The mRNA level of Serp1 was detected by RT-PCR, n = 3.
(b) The cell activity was detected by MTT method, n = 6. (c) The apoptosis level of cell was detected by flow cytometry, n = 3. (d) TUNEL
staining, n = 3. (e) The activity of LDH detected by the colorimetry method, n = 3. (f) The protein expression of caspase3 was detected by
Western blot. (g) Gray value analysis of protein strips, n = 3. (h) The mRNA level of caspase3, caspase9, Bax, and Bcl-2 was detected by RT-
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cytotoxicity of the ADR + sh Serp1 group also increased
obviously (Figure 4(e)). Next, in order to detect the effect
of interference with Serp1 on apoptosis, we detected
apoptosis-related molecules by WB and RT-PCR
(Figures 4(f)–4(h)). The results showed that the caspase3
protein in the ADR + sh Serp1 group was obviously
increased. At the same time, the transcription levels of cas-
pase3, caspase9, and Bax were also obviously increased,
while the expression of Bcl-2 was obviously reduced.

3.5. Effect of miR-218 on p38 MAPK Pathway. The activation
of p38 MAPK will lead to cardiomyocyte apoptosis. There-
fore, we detected the expression of p-38 and P-p38 protein
in H9C2 cells of each group (Figures 5(a) and 5(b)). WB
results showed that there was no significant difference in
the total p38 of each group. Compared with the control
group, the P-p38 protein expression in the ADR group was
obviously increased. When we inhibited miR-218 expres-
sion, the ADR-induced P-p38 protein expression was obvi-
ously reduced, and after interfering with Serp1 expression,
P-p38 protein expression was higher than that in the ADR
+ miR-218 inhibitor group. In summary, the mechanism
by which miR-218 promotes H9C2 cells apoptosis was tar-
geted inhibition of Serp1, thereby activating p38 MAPK sig-
naling pathway.

4. Discussion

ADR is an antitumor chemotherapy drug. However, due to its
toxic effect on the heart, it has been clinically restricted. At
present, the mechanism of ADR’s cardiotoxicity is roughly
divided into (1) ion and free radical hypothesis. The hypothe-
sis believes that the enhancement of oxidative stress and the
lack of antioxidants may play a crucial role in the occurrence
of cardiomyopathy and heart failure; (2) metabolic mecha-
nism; (3) apoptosis mechanism. Many CVD including ADR-
induced cardiomyopathy have reported apoptosis and reduc-
tion of cardiomyocytes [3, 15]. Moreover, the above-

mentioned intracellular changes will lead to apoptosis of car-
diomyocytes, and apoptosis is currently considered to be one
of the important mechanisms of ADR-induced cardiomyopa-
thy. Cardiomyocytes are terminally differentiated cells, and
the reduction of cardiomyocytes caused by cell necrosis or
apoptosis caused by antitumor drugs may cause insufficient
cardiac contractility. This may be another reason why the
heart is more sensitive to ADR than other tissues [16]. In addi-
tion, apoptosis is a highly conservative, strictly regulated,
energy-dependent active cell death process, which is essential
for normal tissue development and homeostasis [17]. Typical
morphological changes of apoptosis include cell and chroma-
tin condensation, DNA fragmentation, and formation of apo-
ptotic bodies. At present, it is believed that there are two classic
pathways, including exogenous and endogenous pathways to
mediate the transmission of apoptosis signals. Both of these
pathways will eventually activate the downstream executor
caspases 3. Under different cell types and death stimulation
signals, the precise molecular regulation mechanism of cas-
pases will be different. Therefore, the apoptosis of cardiomyo-
cytes caused by ADR is also different from that of tumor
cells [18].

miRNA is a type of small noncoding RNA that can
mediate gene silencing at the posttranscriptional level.
Therefore, miRNA plays a key regulatory role in biological
processes such as cell proliferation, differentiation, apopto-
sis, and stress response [19]. For example, miR-19b and
miR-499 inhibited hydrogen peroxide-induced cardiomyo-
cyte apoptosis through their respective target genes [20].
MiR-24 can inhibit the apoptosis of myocardial cells during
myocardial infarction and reduce the infarct size [21]. In this
study, it was found that miR-218 is upregulated in myocar-
dial cells incubated with ADR, and ADR can cause obvious
apoptosis of H9C2 cells. We proposed the hypothesis that
miR-218 participates in the regulation of cardiomyocyte
apoptosis. To further explore this issue, we used transfected
miR-218 inhibitor to achieve downregulation of miR-218 in
H9C2 cells. After 12 hours of ADR treatment, flow
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Figure 5: Effect of miR-218 on p38 MAPK pathway. (a) The protein expression of p38 and P-p38 was detected by Western blot. (b) Gray
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cytometry and TUNEL staining were used to detect cardio-
myocyte apoptosis. Both results found that after miR-218
expression was downregulated, H9C2 cells showed less apo-
ptosis after ADR treatment. Next, we predicted through the
tagscan website that Serp1 and miR-218 have binding sites,
and Serp1 has a role in regulating apoptosis. From this, we
speculate that miR-218 may regulate apoptosis by regulating
Serp1. Therefore, after transfecting sh-Serp1, we continue to
explore its mechanism of action. The results showed that
when we interfered with Serp1 expression, it increased the
H9C2 cell apoptosis induced by ADR. Combined with the
above results, we demonstrated that miR-218 negatively reg-
ulates Serp1, thereby promoting apoptosis of H9C2 cells.

A large number of studies have proved that the activa-
tion of p38 MAPK phosphorylation plays a crucial role in
ischemia-induced cardiomyocyte apoptosis. Recent studies
have found that miR-146a directly inhibits the activation of
p38MAPK by directly targeting TRAF6, thereby inhibiting
cardiomyocyte apoptosis induced by ischemia and hypoxia
[22]. Whether miR-218 promotes ADR-induced cardiomyo-
cyte apoptosis via the p38 MAPK pathway has not been
reported. Therefore, we conducted research on this. Our
results found that we found that after treatment of H9C2
cells with ADR, miR-218 expression increased, and Serp1
expression decreased, thereby promoting the increase in
apoptosis rate. When we inhibited miR-218 expression, the
apoptosis rate decreased, and the p38 MAPK pathway was
suppressed. Conversely, when we interfere with Serp1
expression, the apoptosis rate increases, and the p38 MAPK
pathway was activated.

5. Conclusion

This study clarifies that upregulation of miR-218 expression
will promote ADR-induced cardiomyocyte apoptosis. Fur-
thermore, we confirmed that the mechanism by which
miR-218 promotes myocardial apoptosis is through the
Serp1/p38 MAPK/caspase-3 signaling pathway. Therefore,
our research will provide a new treatment strategy for the
treatment of ADR toxic cardiomyopathy.

Data Availability

The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
request.
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Objective. We aimed to investigate the expression of long noncoding RNA- (lncRNA-) HEIH in patients with coronary artery
disease (CAD) and its impact on patients’ prognosis. Patients and Methods. From July 2015 to December 2018, 250 patients
who underwent coronary angiography, including 50 in the control group and 150 in the CAD group, were collected for
detection of the expression of lncRNA-HEIH by real-time quantitative polymerase chain reaction (qPCR). The severity of CAD
was evaluated through SYNTAX scoring system. In addition, these patients with CAD were followed up for 3 years, and the
major cardiac adverse events such as myocardial infarction and revascularization were recorded. Results. The expression of
lncRNA-HEIH in plasma of patients with CAD was remarkably higher than that in the control subjects and was verified to be
relevant to the severity of CAD. Meanwhile, it was found that CAD patients with high expression of lncRNA-HEIH had higher
rates of dyslipidemia as well as CAD family history and higher overall incidence of major cardiac adverse events than those
with low expression of lncRNA-HEIH. Conclusions. lncRNA-HEIH expression is upregulated in the plasma of CAD patients,
which is capable of affecting the prognosis of patients.

1. Introduction

Coronary artery disease (CAD) is one of the main causes of
death in the world at present [1]. About 5% of Asians over
the age of 18 suffer from CAD; what is more, its prevalence
is still increasing [2]. Despite the rapid development of
cardiovascular interventional techniques, a significant
proportion of patients with coronary heart disease have
not been accurately diagnosed at an early stage and cannot
be effectively treated during the onset of myocardial infarc-
tion, causing severe damage to myocardial cells and ulti-
mately leading to myocardial cell necrosis, apoptosis,
hypertrophy, or fibrosis [3, 4].

Long noncoding RNA (lncRNA) refers to a nonprotei-
nized nucleotide with a length greater than 200, which can
regulate the expression level of genes in the form of RNA at
various levels, so it has a lot of complex secondary structures

[5]. It can be involved in a variety of important regulatory pro-
cesses such as intracellular transport, transcriptional activa-
tion and interference, and chromosome silencing, through
multiple mechanisms such as cell differentiation regulation,
gene imprinting, splicing regulation, degradation, chromatin
remodeling, and mRNA translation regulation [6, 7].

It has been confirmed that lncRNA plays a pivotal role in
a number of biological processes, including fat metabolism,
atherosclerosis formation, embryonic development, and
tumor occurrence [8]. Recent studies have demonstrated
that lncRNAs have high tissue specificity in myocardial
tissue. Moreover, a genome-wide analysis of cardiac
transcription following myocardial infarction revealed that
a large number of cardiac-specific lncRNAs have unique reg-
ulatory and functional properties for pathophysiological
processes such as myocardial remodeling and myocardial
regeneration. This finding means that cardiac-specific
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lncRNA may serve as a targeting molecule and biomarker
for heart development and disease [9]. lncRNA-HEIH is a
newly discovered long-chain noncoding RNA with high
expression level in liver cancer tissues, which was confirmed
to be correlated with high recurrence rate of liver cancer
patients and thus can be used as one of the predictors of sur-
vival after treatment [10]. Even many reports demonstrated
that lncRNA-HEIH plays an important role in the prognosis
of patients in different kinds of cancers. However, there is no
evidence showing the association between lncRNA-HEIH
and nontumor diseases. We attempted to detect the expres-
sion level of lncRNA-HEIH in the serum of CAD patients
and tried to explore the potential association with the prog-
nosis. Therefore, in this study, we detected serum lncRNA-
HEIH level of CAD patients and explored its relationship
with the occurrence of major clinical adverse events, which
may provide a basis for risk prediction of CAD events.

2. Patients and Methods

2.1. Research Object. Patients who underwent coronary angi-
ography in Beijing Rehabilitation Hospital, Capital Medical
University, were randomly selected from July 2015 to
December 2018 including 50 patients in the control group
(negative control (NC)) and 150 patients in the CAD group.
Diagnostic criteria are as follows. Patients in the control
group were admitted to the hospital with precardiac discom-
fort, and no obvious stenosis in the coronary arteries was
found by coronary angiography. For patients with CAD,
results of coronary angiography were analyzed by computer-
ized quantitative software, and the degree of stenosis was
calculated using the diameter method. According to the
American College of Cardiology coronary vascular scoring
criteria, one or more branches, including the left anterior
descending artery, the left coronary artery trunk, the circum-
flex artery, and the right coronary artery, occurred ≥he
circumflex can be diagnosed as CAD. This study was
approved by the Ethics Committee of the hospital.

2.2. Plasma Collection. Fasting blood samples of each subject
were collected before coronary angiography and anticoagu-
lated with ethylenediaminetetraacetic acid (EDTA) dipotas-
sium salt in the morning. After centrifugation at 3000 r/
min at 4°C for 15min, plasma was collected and stored at
-80°C until assayed.

2.3. RNA Extraction. Total RNA in serum was extracted by
TRIzol method (Invitrogen, Carlsbad, CA, USA) and then
reverse transcribed into complementary deoxyribonucleic
acid (cDNA). RT-PCR was performed according to the
TaqMan RNA Reverse Transcript Kit protocol. The reaction
system volume was in total 25μl, predenaturation at 95° for
5min, denaturation at 95° for 30 sec, annealing at 60° for
45 sec, extension at 72° for 3min, with 35 cycles, and then
extension at 72° for 5min. PCR products were stored at 4°.
Quantitative analysis was carried out using the ABI 7500
fluorescence PCR amplification instrument (Applied Biosys-
tems; Thermo Fisher Scientific, Inc.). lncRNA-HEIH primer
sequence: forward: 5′-CCTCTTGTGCCCCTTTCT-3′,

reverse: 5′-AGGTCTCATGGCTTCTCG-3′; internal refer-
ence glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
upstream primer forward: 5′-TGTTGCCATCAATGAC
CCCTT-3′, downstream primer reverse: 5′-CTCCACGAC
GTACTCAGCG-3′.

2.4. SYNTAX Score. The angiographic results of each patient
were scored using the SYNTAX webpage (http://www
.syntaxscore.com/), and CAD patients were subdivided into
three groups.

2.5. Follow-Up Information. After discharge, major adverse
cardiac events (nonfatal myocardial infarction, death, revas-
cularization, etc.) in all patients were recorded by telephone
or outpatient follow-up at least once a month. Determina-
tion of myocardial infarction: chest pain lasting more than
20 minutes or new abnormal changes in electrocardiogram
accompanied by abnormal increase of troponin. Determina-
tion of revascularization: retreatment of the blood vessel
after surgery or intervention or the treatment of new stenosis
of the blood vessel. The follow-up period lasted for 3 years.

2.6. Statistical Analysis. Analysis was performed using Statis-
tical Product and Service Solutions (SPSS) 20.0 statistical
software (IBM, Armonk, NY, USA). The measurement data
were expressed as mean ± standard deviation, the indepen-
dent sample t-test was used for comparison between the
two groups, and the variance analysis was used for compar-
ison of multiple groups. The count data was compared by
the χ2 test; ∗p < 0:05.

3. Results

3.1. High Expression of lncRNA-HEIH in Plasma of CAD
Patients. To determine the role of lncRNA-HEIH in CAD,
we examined its expression in plasma by qRT-PCR, and
lncRNA-HEIH was found to be remarkably increased in
plasma of CAD patients compared with that in the control
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Figure 1: High expression of lncRNA-HEIH in plasma of CAD
patients. The expression of lncRNA-HEIH in plasma of patients
with CAD was remarkably higher than that in plasma of control
subjects.
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group (Figure 1), indicating that lncRNA-HEIH may affect
the development of CAD.

3.2. Comparison of Plasma lncRNA-HEIH Levels in CAD
Patients. Based on the average expression level of lncRNA-
HEIH in all CAD patients, we divided CAD patients into
the lncRNA-HEIH high-expression group (n = 103) and
the low-expression group (n = 47). The χ2 test of the clinical
parameters of CAD patients revealed that the rate of CAD
family history and dyslipidemia was closely relevant to
lncRNA-HEIH expression in the serum of CAD patients,
but no significant relevance was found between its level
and some other indicators, such as gender, age, BMI, smok-
ing, and hypertension history (Table 1). The above observa-
tions confirmed that lncRNA-HEIH expression is associated
with a family history of CAD and dyslipidemia incidence.

3.3. Correlation between Plasma lncRNA-HEIH Levels and
Severity of CAD. To further clarify the impact of lncRNA-
HEIH on CAD, according to the SYNTAX score, we divided
CAD patients into the low-risk group (SYNTAX score < 23;
n = 29), the intermediate-risk group (SYNTAX score 23-32;
n = 52), and the high-risk group (SYNTAX score > 32; n =
96) and then verified through qPCR assay that patients in
the high-risk group contained the highest expression of
lncRNA-HEIH (Figure 2), further demonstrating that
lncRNA-HEIH is able to affect the severity of CAD patients.

3.4. Effect of lncRNA-HEIH on the Occurrence of Major
Clinical Adverse Events in CAD Patients. To investigate the

Table 1: Plasma lncRNA-HEIH levels in CAD patients.

Variable n High level (n = 103) Low level (n = 47) χ2 p

Sex

Male 27 22 5 2.513 0.168

Female 123 81 42

Age

<60 56 37 19 0.280 0.716

≥60 94 66 28

BMI (kg/m2)

<24 61 42 19 0.002 1.000

≥24 89 61 28

Smoking

No 72 45 27 2.447 0.158

Yes 78 58 20

Family history of hypertension

No 38 28 10 0.596 0.545

Yes 112 75 37

Family history of CAD

No 32 29 3 9.116 0.002∗

Yes 118 74 44

Dyslipidemia

No 58 34 24 4.436 0.047∗

Yes 92 69 23

BMI: body mass index; ∗p < 0:05.
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Figure 2: Analysis of correlation between plasma lncRNA-HEIH
levels with severity of CAD. CAD patients were divided into the
low-risk group (SYNTAX score < 23; n = 29), the intermediate-risk
group (SYNTAX score 23-32; n = 52), and the high-risk group
(SYNTAX score > 32; n = 96) according to SYNTAX score. The
level of lncRNA-HEIH in plasma was detected by qRT-PCR. The
lncRNA-HEIH in the middle-risk group was remarkably higher
than that in the low-risk group. The lncRNA-HEIH in the high-risk
group was also remarkably higher than that in the middle-risk group.
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impact of lncRNA-HEIH on the prognosis of patients with
CAD, we performed 3 years of follow-up and found that
patients with high expression of lncRNA-HEIH had a higher
overall incidence of major adverse cardiac events and a
higher death rate (p < 0:05, Table 2), suggesting that highly
expressed lncRNA-HEIH is not conducive to the prognosis
of CAD patients.

4. Discussion

Coronary artery disease is one of the major diseases threat-
ening health. The occurrence of CAD can be induced by
the deposition of cholesterol and fat in the artery, which
narrows the channel of blood into the heart and leads to
thrombosis. Insufficient coronary artery blood supply can
easily lead to angina pectoris and myocardial infarction
[11]. Although percutaneous coronary intervention (PCI)
and coronary artery bypass grafting (CABG) have been con-
firmed to be effective heart artery reconstruction methods
for clinical CAD treatment, some studies [12–14] have
suggested that the limited effect of CABG and PCI on
improving the survival and the high cost limit their use in
clinical practice. Since early clinical intervention on CAD
patients can remarkably prolong the survival of patients,
finding a less invasive examination method with higher
accuracy has become the focus of clinical attention [15].

Research findings in the last decade indicate that, driven
by the rapid emergence of genomics and proteomics, circu-
lar lncRNAs have become the most attractive and promising
biomarkers in cardiovascular diseases. In a study published
by Li et al. [16] on microarray of mouse model, they
analyzed the expression level of lncRNAs in different body
fluids (mainly whole blood and plasma) and found a more
abundant gene expression profile compared with specific
heart tissue lncRNAs. For example, ANRIL [9] and
CDKN2A/B [17] are closely associated with atherosclerosis
(especially coronary arteries), while MIAT [18] and LIPCAR
[19] play an irreplaceable role in myocardial infarction and
heart failure.

lncRNA-HEIH is a long-chain noncoding RNA specifi-
cally expressed in liver cancer tissues, which has certain
reference value for recurrence and prognosis of liver cancer
[20]. The main novelty of this research is that we investi-
gated for the first time the expression of l lncRNA-HEIH
in patients with coronary artery disease (CAD) and its
impact on patients’ prognosis. In our research, lncRNA-
HEIH levels were found to be markedly elevated in CAD

patients compared to control subjects, and this increase
was positively correlated with the severity of CAD. In addi-
tion, statistical analysis revealed that patients with a family
history of CAD and dyslipidemia had higher expression
levels of lncRNA-HEIH. The 3-year follow-up results also
suggested that highly expressed lncRNA-HEIH induced a
higher incidence of major adverse cardiac events, which
indicates a poor prognosis. This study may provide further
evidence for CAD diagnosis and prognosis assessment.
There are still some limitations in this present study. The
sample was not big and the follow-up was not long enough
to conduct the further analysis. Also, we did not perform
the molecular cellular experiments to explore the potential
mechanism. In our future study, we plan to conduct the
in vitro and in vivo assays for the further verification.

5. Conclusions

lncRNA-HEIH is highly expressed in serum of CAD
patients, which is not conducive to the prognosis of patients.

Data Availability

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

Conflicts of Interest

The authors declared no conflict of interest.

References

[1] X. Dai, S. Wiernek, J. P. Evans, and M. S. Runge, “Genetics of
coronary artery disease and myocardial infarction,” World
Journal of Cardiology, vol. 8, no. 1, pp. 1–23, 2016.

[2] Y. Nakagawa, “Role of statins in coronary artery disease,”
Nihon Rinsho, vol. 74, Supplement 4 Part 1, pp. 400–404, 2016.

[3] K. Aihara and H. Daida, “The impact of disaster-induced
stress on coronary artery disease,” Nihon Rinsho, vol. 74, Sup-
plement 4 Part 1, pp. 193–198, 2016.

[4] N. Cheung, S. Rogers, T. H. Mosley, R. Klein, D. Couper, and
T. Y. Wong, “Vital exhaustion and retinal microvascular
changes in cardiovascular disease: atherosclerosis risk in com-
munities study,” Psychosomatic Medicine, vol. 71, no. 3,
pp. 308–312, 2009.

[5] Y. Hu and J. Hu, “Diagnostic value of circulating lncRNA
ANRIL and its correlation with coronary artery disease

Table 2: Effect of lncRNA-HEIH on major clinical adverse events of CAD patients [n (%)].

Variable High level (n = 103) Low level (n = 47) χ2 p

Cardiac adverse event (n = 42) 37 (35.92%) 5 (10.64%) 10.23 0.001∗

Death (n = 15) 14 (13.59%) 1 (2.13%) 4.713 0.038∗

Nonfatal myocardial infarction (n = 17) 11 (10.68%) 6 (12.77%) 0.14 0.783

Vascular reconstruction (n = 23) 18 (17.48%) 5 (10.64%) 1.162 0.336

Restenosis (n = 19) 11 (10.68%) 8 (17.02%) 1.173 0.297

First stenosis (n = 6) 4 (3.88%) 2 (4.26%) 0.012 1.000
∗p < 0:05.

4 Disease Markers



parameters,” Brazilian Journal of Medical and Biological
Research, vol. 52, no. 8, article e8309, 2019.

[6] Y. Xiao, J. Xu, and W. Yin, “Aberrant epigenetic modifications
of non-coding RNAs in human disease,” Advances in Experi-
mental Medicine and Biology, vol. 1094, pp. 65–75, 2018.

[7] O. M. Rogoyski, J. I. Pueyo, J. P. Couso, and S. F. Newbury,
“Functions of long non-coding RNAs in human disease and
their conservation in Drosophila development,” Biochemical
Society Transactions, vol. 45, no. 4, pp. 895–904, 2017.

[8] A. Cardona-Monzonís, J. L. García-Giménez, S. Mena-Mollá
et al., “Non-coding RNAs and coronary artery disease,”
Advances in Experimental Medicine and Biology, vol. 1229,
pp. 273–285, 2020.

[9] L. Li, L. Wang, H. Li et al., “Characterization of LncRNA
expression profile and identification of novel LncRNA bio-
markers to diagnose coronary artery disease,” Atherosclerosis,
vol. 275, pp. 359–367, 2018.

[10] C. Zhang, X. Yang, Q. Qi, Y. Gao, Q. Wei, and S. Han,
“lncRNA-HEIH in serum and exosomes as a potential bio-
marker in the HCV-related hepatocellular carcinoma,” Cancer
Biomarkers, vol. 21, no. 3, pp. 651–659, 2018.

[11] R. Lozano, M. Naghavi, K. Foreman et al., “Global and regional
mortality from 235 causes of death for 20 age groups in 1990
and 2010: a systematic analysis for the Global Burden of Dis-
ease Study 2010,” Lancet, vol. 380, no. 9859, pp. 2095–2128,
2012.

[12] M. Otsuka, M. Zheng, M. Hayashi et al., “Impaired microRNA
processing causes corpus luteum insufficiency and infertility in
mice,” The Journal of Clinical Investigation, vol. 118, no. 5,
pp. 1944–1954, 2008.

[13] K. V. Voudris and C. J. Kavinsky, “Advances in management
of stable coronary artery disease: the role of revasculariza-
tion?,” Current Treatment Options in Cardiovascular Medi-
cine, vol. 21, no. 3, p. 15, 2019.

[14] M. L. Simoons and S. Windecker, “Chronic stable coronary
artery disease: drugs vs. revascularization,” European Heart
Journal, vol. 31, no. 5, pp. 530–541, 2010.

[15] “CT coronary angiography in patients with suspected angina
due to coronary heart disease (SCOT-HEART): an open-label,
parallel-group, multicentre trial,” Lancet, vol. 385, no. 9985,
pp. 2383–2391, 2015.

[16] D. Li, G. Chen, J. Yang et al., “Transcriptome analysis reveals
distinct patterns of long noncoding RNAs in heart and plasma
of mice with heart failure,” PLoS One, vol. 8, no. 10, article
e77938, 2013.

[17] R. McPherson, A. Pertsemlidis, N. Kavaslar et al., “A common
allele on chromosome 9 associated with coronary heart dis-
ease,” Science, vol. 316, no. 5830, pp. 1488–1491, 2007.

[18] P. M. Visscher, M. A. Brown, M. I. McCarthy, and J. Yang,
“Five years of GWAS discovery,” American Journal of Human
Genetics, vol. 90, no. 1, pp. 7–24, 2012.

[19] R. Kumarswamy, C. Bauters, I. Volkmann et al., “Circulating
long noncoding RNA, LIPCAR, predicts survival in patients
with heart failure,” Circulation Research, vol. 114, no. 10,
pp. 1569–1575, 2014.

[20] Y. Ma, G. Cao, J. Li, X. L. Hu, and J. Liu, “Retracted: Silence of
lncRNA HEIH suppressed liver cancer cell growth and metas-
tasis through miR-199a-3p/mTOR axis,” Journal of Cellular
Biochemistry, vol. 120, no. 10, pp. 17757–17766, 2019.

5Disease Markers



Research Article
Effects of Long Noncoding RNA HOTAIR Targeting miR-138 on
Inflammatory Response and Oxidative Stress in Rat
Cardiomyocytes Induced by Hypoxia and Reoxygenation

Guofeng Wang ,1 Qi Wang,1 and Weixue Xu2

1Department of Cardiology, The Fourth Affiliated Hospital of China Medical University, Shenyang, China
2Department of General Surgery, Shengjing Hospital of China Medical University, Shenyang, China

Correspondence should be addressed to Guofeng Wang; mercury4587@163.com

Received 14 October 2021; Accepted 12 November 2021; Published 21 December 2021

Academic Editor: Simona Pichini

Copyright © 2021 Guofeng 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.

Objective. To investigate the effects of HOX transcript antisense RNA (HOTAIR) and miR-138 on inflammatory response and
oxidative stress (OS) induced by IRI in rat cardiomyocytes. Methods. H9C2 cells were divided into the control group, H/R
group, H/R+siRNA NC group, H/R+si-HOTAIR group, and H/R+si-HOTAIR+inhibitor group. Expression levels of
HOTAIR, miR-138, and inflammatory factors were detected by quantitative reverse-transcription polymerase chain reaction
(qRT-PCR). The double luciferase reporter gene assay was used to detect the targeting relationship between HOTAIR and
miR-138. Results. Compared with the control group, the level of miR-138 and SOD in the H/R group was obviously
reduced, while the expression levels of the HOTAIR, MDA, and NF-κB pathway were obviously increased. Compared with
the H/R group, the level of miR-138 and SOD in the H/R+si-HOTAIR group was obviously increased, and the expression
levels of the HOTAIR, MDA, and NF-κB pathway were obviously decreased. Compared with the H/R+si-HOTAIR group,
the level of SOD in the H/R+si-HOTAIR+inhibitor group decreased; MDA content and the NF-κB pathway expression
level increased. In the double luciferase reporter gene assay, compared with the HOTAIR wt+NC group, the luciferase
activity of the HOTAIR wt+miR-138 mimic group was obviously decreased. Conclusions. Silent HOTAIR can promote the
expression of miR-138 and inhibit H/R-induced inflammatory response and OS by regulating the NF-κB pathway, thus
protecting cardiomyocytes.

1. Introduction

Acute myocardial infarction (AMI) is the acute manifesta-
tion of coronary heart disease and the main cause of death.
Its basic pathological changes are the rupture of coronary
artery plaques, thrombosis, significant reduction, or even
interruption of blood supply, which eventually leads to
severe ischemic and hypoxic lesions in some myocardial
tissues [1]. If blood flow to the occluded vessels does not
return, myocardial tissue in the infarct-related area will die.
Timely reperfusion strategies, such as drug thrombolysis,
percutaneous coronary intervention, and coronary artery
bypass grafting, are conducive to the early opening of
occluded blood vessels, effectively saving ischemic myocar-

dial tissue, reducing infarction area, and improving cardiac
function, and have greatly improved the prognosis of
patients [2]. However, as the study of myocardial ischemia
reperfusion proceeds further, the researchers found that
although the reperfusion therapy can make the ischemia
heart regain the blood perfusion in a short period of time
to limit infarct area expansion, and many other benefits, it
also leads to myocardial ischemia reperfusion treatment
itself after more serious dysfunction and structural damage;
this phenomenon is called myocardial ischemia reperfusion
injury (MIRI) [3, 4]. Moreover, in 1960, Jennings et al. first
proposed the MIRI hypothesis and named the description
[5]. MIRI can cause the destruction of myocardial cell mem-
brane and then change the myocardial ultrastructure; the
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scope of infarction is further expanded. Myocardial revers-
ible or irreversible injury results in decreased systolic func-
tion of myocardium, and decreased ventricular threshold is
accompanied by obvious refractory period shortening,
which can be manifested as malignant arrhythmia, cardiac
dysfunction, or even broken death [6]. In addition, MIRI
can cause up to 50% of patients with successful PCI to have
microcirculation disorder, which seriously affects the treat-
ment effect and the prognosis of patients [7]. Therefore,
how to reduce MIRI has become the focus and hot topic of
research in the field of coronary heart disease.

The mechanism of the occurrence of MIRI has not been
fully clarified. Currently, the mechanisms with more evi-
dence include oxidative stress (OS), intracellular calcium
overload, vascular endothelial injury, endoplasmic reticulum
stress, and inflammatory response [8, 9]. Studies have shown
that OS is one of the main causes leading to cardiac systolic
dysfunction and myocardial reperfusion after ischemia;
although the blood supply was restored, the increase in the
number of generated oxygen free radicals (OFRs) in cells
during ischemia and partly due to the overload of calcium
ion will launch the apoptosis of myocardial cells, resulting
in the structure and function of the myocardial cell injury
[10]. Moreover, inflammatory reaction was also involved in
the process of MIRI; the ischemia injury area has a variety
of cytokines, including the interleukin family (IL-1, IL-6,
IL-8, etc.), tumor necrosis factor (TNF-α), and NF-κB; in
addition to direct effect, inflammatory cytokines can also
activate neutrophils and endothelial cells and cause OFRs,
microcirculation thrombosis, and vascular endothelial cell
dysfunction [11]. Therefore, the intervention of OS and
inflammatory response is also an important way to reduce
MIRI.

The results of the human genome research project con-
firmed that 2/3 of the gene sequences of more than 3 billion
base pairs of humans have been transcribed, while less than
2% of nucleic acid sequences are used to encode proteins.
The remaining 98% of DNA is mostly transcribed into
RNA instead of being further translated into proteins. This
type of RNA molecule is called the noncoding RNA
(ncRNA) [12]. They regulate coding RNA and proteins at
the transcriptional level and posttranscriptional level and
play a complex and precise regulatory function in the pro-
cess of biological evolution and disease occurrence and
development. Among them, the long noncoding RNA
(lncRNA) is a kind of ncRNA with a length greater than
200nt, which is another endogenous RNA molecule after
microRNA (miRNA) [13]. Many studies have shown that
lncRNA plays an important role in the pathological process
of I/R in many vital organs such as the heart, brain, liver, and
kidney. In particular, some lncRNAs have been shown to be
biomarkers in cardiac I/R studies, which provide potential
therapeutic targets for the clinical prevention of MIRI.
Through the establishment of the mouse cardiomyocyte
model, the researchers found that lncRNA-MDRL could
downregulate miRNA 361-miRNA 484 and reduce mito-
chondrial division and apoptosis, which ultimately protected
MIRI [14]. lncRNA-HOTAIR was found to promote TNF-α
protein expression in cardiomyocytes of LPS-induced sepsis

mice by activating the NF-κB pathway [15]. However, the
role of lncRNA-HOTAIR in MIRI has not been reported.
Through the NONCODE database (http://www.noncode
.org), lncRNA HOTAIR was found to be widely conserved
among species including humans and rats.

The nuclear transcription factor is a class of proteins,
which has the function of binding to fixed nucleotide
sequences in certain promoter regions to initiate gene tran-
scription. NF-κB is an important group of proteins, which
can be seen in a variety of cells, such as vascular endothelial
cells, vascular smooth muscle cells, and cardiomyocytes, and
is involved in the gene regulation of a variety of physiologi-
cal and pathological processes such as inflammation, immu-
nity, cell proliferation, and apoptosis [16, 17].

In this study, rat myocardial cell line H9C2 was trans-
fected into cells to silence lncRNA-HOTAIR, and then,
anoxic reoxygenation was performed to simulate cardiac
I/R for in vitro experiments to further investigate the
role of lncRNA-HOTAIR in cardiac ischemia-reperfusion
injury in rats.

2. Materials and Methods

2.1. Cell Culture. Rat myocardial cell line H9C2 (American
Type Culture Collection, Manassas, VA, USA) was cultured
in Dulbecco’s modified Eagle medium (DMEM) (Life Tech-
nology, Gaithersburg, MD, USA) with 10% fetal bovine
serum (FBS) (Life Technology, Gaithersburg, MD, USA) at
37°C, 5% CO2, and 95% humidity. Passage occurred when
the cells were about 80% full.

2.2. Cell Transfection. H9C2 cells in the growing period were
inoculated the day before transfection, and the cell density
should reach 80%-90% coverage on the day of transfection.
On the day of transfection, Lipofectamine 2000 transfection
agents (Thermo Fisher Scientific, Waltham, MA, USA) were
prepared into siRNA negative control and siRNA HOTAIR/
Lipofectamine complexes, according to the instructions. The
H/R+si-HOTAIR+inhibitor group was cotransfected with
si-HOTAIR and miR-138 inhibitor according to the instruc-
tions of Lipofectamine 2000 transfection agents. Then, the
mixture after incubation was directly added to the H9C2 cell
medium. Finally, the cells were placed at 37°C in a 5% CO2
incubator for 4-6 h, and the fresh DMEM medium was
replaced.

2.3. Establishment of Cell Hypoxia Reoxygenation Model.
The cell hypoxic reoxygenation model was to simulate cell
hypoxia and sugar-free environment in vitro to simulate
ischemia and restore oxygen supply and saccharide environ-
ment to simulate reperfusion, so as to simulate the MIRI
model. Specific steps are as follows: the cell culture medium
of each group was replaced with serum-free low-glucose
DMEM medium of 2mL and put into an anoxic culture
chamber full of 95% N2+5% CO2 mixed gas (oxygen concen-
tration less than 1%). The anoxic culture medium was incu-
bated at 37°C for 1 h to simulate ischemia. During the
reperfusion period, the cell culture plate was taken from
the anoxic culture box, and the culture medium was replaced
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with the normal DMEM medium containing serum and
sugar of 2mL. The mixed gas of 95% N2+5% CO2 was
injected into the air inlet with the flow rate of 5 L/min and
reoxygenated at 37°C for 3 h.

2.4. Western Blot Test. Cells of each group were collected,
with each group containing about 4 × 106 cells, and lysed
in 200μL lysate containing protease inhibitor, lysed at 4°C
for 40min, and centrifuged at 15,000RPM for 20min; then,
the supernatant was taken, and protein was quantified by the
bicinchoninic acid (BCA) kit (Jian Cheng, Nanjing, China).
After mixing with a 4x sample buffer, the sample was boiled
for 5min. Then, the 40μg sample was electrophoresed in
8-10% sodium dodecyl sulphate (SDS) polyacrylamide gel
for 2 h and then transferred to a polyvinylidene difluoride
(PVDF, Thermo Fisher Scientific, Waltham, MA, USA)
membrane. After being sealed with 5% skim milk for 2 h,
the membrane was cut out according to the molecular
weight, and primary antibodies (IL-1β, Abcam, Cambridge,
MA, USA, Rabbit, 1 : 1000; IL-6, Abcam, Cambridge, MA,
USA, Rabbit, 1 : 3000; TNF-α, Abcam, Cambridge, MA,
USA, Rabbit, 1 : 3000; NF-κB p65, Abcam, Cambridge, MA,
USA, Mouse, 1 : 2000; IKK, Abcam, Cambridge, MA, USA,
Mouse, 1 : 2000; p-IKBα, Abcam, Cambridge, MA, USA,
Rabbit, 1 : 3000; GAPDH, Proteintech, Rosemont, IL, USA,
1 : 5000) were added at 4°C overnight. After washing with
phosphate-buffered saline (PBS) for 3 times, anti-rabbit or
mouse IgG secondary antibody (1 : 1 000 dilution, Yifei Xue
Biotechnology, Nanjing, China) was added for 1 h at room
temperature. We used enhanced chemiluminescence (ECL)
technology (Jian Cheng, Nanjing, China) to expose the target
protein, and the image analysis system was used for photog-
raphy and analysis.

2.5. Total RNA Extraction and Quantitative Reverse-
Transcription Polymerase Chain Reaction (qRT-PCR). After
the cells in each group were collected, a TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA) was used
to extract RNA from each group, complementary deoxyri-
bose nucleic acid (cDNA) was synthesized according to
the reverse transcription kit (Thermo Fisher Scientific,
Waltham, MA, USA), and then, PCR reaction was performed
with a PCR apparatus (Becton Dickinson, Heidelberg,
Germany). The cyclic conditions were as follows: predena-
turation at 95°C for 10min, denaturation at 95°C for 15 s,
and annealing at 63°C for 1min, a total of 40 cycles. The

mRNA levels of each group were detected by SsoFast Eva-
Green Supermix kit (Yi Hui, Shanghai, China), and the
results were calculated by the 2-ΔΔCT method. The primers
used are shown in Table 1.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). After
grouping treatment according to the test methods described
above, the supernatant of cells in each group was collected,
and the contents of MDA, and the activities of SOD and
inflammation-related factors (TNF-α, IL-1β, IL-6) were
detected according to the instructions of the kit (Jian Cheng,
Nanjing, China).

2.7. Luciferase Test. Bioinformatics analysis and prediction
showed that the possible binding site of miR-138 was located
in the lncRNA HOTAIR 2142~2163 bp region. The
HOTAIR Lenti-reporter-Luciferase wild-type vector and its
mutant vector were constructed separately (Thermo Fisher
Scientific, Waltham, MA, USA). The cells were divided into
four groups: HOTAIR wt-NC, HOTAIR mut-NC, HOTAIR
wt+miR-138, and HOTAIR mut+miR-138 mimics. Cells
were plated in 24-well plates and incubated for 24 h. The
next day, the wild-type vector (200 ng) and pRL-CMV vec-
tor (20 ng) were transfected into the HOTAIR wt+NC and
HOTAIR wt+miR-138 mimic groups; the mutant vector
(200 ng) and the Prl-CMV vector (20 ng) were transfected
into HOTAIR mut-NC and HOTAIR mut+miR 138 mimic
groups. At the same time, miR-138 mimics was transfected
in the HOTAIR wt+miR-138 mimic and HOTAIR mut
+miR-138 mimic groups. 48 h after transfection, luciferase
activity was detected using a luciferase reporter detection
system (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Immunofluorescence. After the cells were fixed with 4%
paraformaldehyde for 15 minutes, they were washed with
0.01mol/L PBS buffer solution for 3 times and then sealed
with 10% goat serum + 0.03% Triton X-100 blocking solu-
tion (Elabscience, Wuhan, China) at room temperature for
2 h, and then, a primary antibody (SOD1, Abcam,
Cambridge, MA, USA, Rabbit, 1 : 3000) was added, placed
in a refrigerator at 4°C overnight, and then washed with
0.01mol/L PBS buffer solution. The sheep anti-mouse sec-
ondary antibody (Jian Cheng, Nanjing, China) was added,
incubated at room temperature for 2 h, and then washed
with 0.01mol/L PBS buffer solution. The cell nucleus was
stained by 4′,6-diamidino-2-phenylindole (DAPI) (Jian

Table 1: RT-PCR primers.

Gene name Forward (5′ > 3′) Reverse (5′ > 3′)
IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

TNF-α CCTCTCTCTAATCAGCCCTCTG GAGGACCTGGGAGTAGATGAG

IKK GTCAGGACCGTGTTCTCAAGG GCTTCTTTGATGTTACTGAGGGC

IKB-α GGATCTAGCAGCTACGTACG TTAGGACCTGACGTAACACG

NF-κB p65 ACTGCCGGGATGGCTACTAT TCTGGATTCGCTGGCTAATGG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR: quantitative reverse-transcription polymerase chain reaction.
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Figure 1: Continued.
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Cheng, Nanjing, China) in the dark, and antifade solution
(Jian Cheng, Nanjing, China) was added to the film and
stored at 4°C for observation under fluorescence microscope
(Keyence, Shanghai, China).

2.9. Statistical Analysis. Data analysis was performed using
Statistical Product and Service Solutions (SPSS) 21.0 soft-
ware (IBM, Armonk, NY, USA). Measurement data were
expressed asmean ± standard deviation. Differences between
two groups were analyzed by using Student’s t-test. Compar-
ison between multiple groups was done using one-way
ANOVA test followed by Post Hoc Test (Least Significant
Difference). Chi-square test was used for enumeration data.
P < 0:05 was considered statistically significant.

3. Results

3.1. Effect of H/R on H9C2 Cells. Compared with the control
group, H9C2 cells in the H/R group had an obvious inflam-
matory response. IL-1β, IL-6, and TNF-α were detected by
qRT-PCR (Figures 1(a)–1(c)). H/R induced an inflamma-
tory response and promoted the increased expression of
IL-β, IL-6, and TNF-α. At the same time, WB
(Figure 1(d)) and ELISA (Figures 1(e)–1(g)) results confirm
this. Next, we used the kit to detect the MDA content and
SOD activity in the cell supernatant (Figures 1(h) and 1(i))
and found that H/R caused a redox imbalance, resulting in
a decrease in SOD activity and an increase in MDA content.
At the same time, we tested the expression of SOD1 in each
group (Figure 1(j)). The results of immunofluorescence
staining showed that the expression of SOD1 in the H/R
group was obviously reduced. Subsequently, qRT-PCR
detection revealed that the expression of lncRNA-HOTAIR
increased (Figure 1(k)), while the expression of miR-138
(Figure 1(l)) decreased in the H/R group.

3.2. Effects of Silenced lncRNA-HOTAIR on H9C2 Cells.
Based on the above qRT-PCR test results, we established a

transient transfected cell model of silent lncRNA-HOTAIR
(si-HOTAIR) and then treated the cells with hypoxia and
reoxygenation. First, we detected by qRT-PCR that HOTAIR
expression in the si-HOTAIR+H/R group was obviously
reduced (Figure 2(a)). At the same time, we also tested the
miR-138 expression and found that the miR-138 expression
was increased in the si-HOTAIR+H/R group (Figure 2(b)).
Subsequently, the expression of IL-1β, IL-6, and TNF-α
was detected by qRT-PCR (Figures 2(c)–2(e)). It was found
that the expression of inflammatory factors was obviously
suppressed in the si-HOTAIR+H/R group. WB (Figure 2(f))
and ELISA (Figures 2(g)–2(i)) also found that silencing
lncRNA-HOTAIR can reduce the H/R-induced inflamma-
tion. Next, we measured the MDA content (Figure 2(j)) and
the SOD activity (Figure 2(k)) in the cell supernatant and
found that silencing lncRNA-HOTAIR can alleviate the redox
imbalance caused by H/R, increase the SOD activity, and
inhibit the increase in MDA content. At the same time, we
detected SOD1 expression by immunofluorescence and found
that SOD1 expression was low in the H/R group and the H/R
+siRNANC group, while SOD1 expression was relatively high
in the H/R+si-HOTAIR group (Figure 2(l)).

3.3. Effect of Silenced miR-138 on H9C2 Cells. Based on the
above results and literature review, it was confirmed that
miR-138 has a targeting relationship with lncRNA-
HOTAIR. At the same time, the luciferase test found that
compared with the HOTAIR wt+NC group, the luciferase
activity of the HOTAIR wt+miR-138 mimic group was obvi-
ously reduced, and the difference was statistically significant
(Figure 3(a)). There was no significant difference in lucifer-
ase activity between the HOTAIR mut+NC group and the
HOTAIR mut+miR-138 mimic group. It was verified that
miR-138 can target HOTAIR. So, does silencing miR-138
inhibit the effect of lncRNA-HOTAIR on H/R-induced OS
and inflammation? Therefore, we divided H9C2 cells into
3 groups: H/R, H/R+si-HOTAIR, and H/R+si-HOTAIR
+inhibitor. Then, the expression of IL-1β, IL-6, and

Control

H/R

DAPI SOD1 Merge

(l)

Figure 1: Effect of H/R on H9C2 cells. (a) qRT-PCR was used to detect the expression of IL-1β. (b) qRT-PCR was used to detect the
expression of IL-6. (c) qRT-PCR was used to detect the expression of TNF-α. (d) WB was used to detect the expression of IL-1β, IL-6,
and TNF-α. (e) ELISA was used to detect the content of IL-1β. (f) ELISA was used to detect the content of IL-6. (g) ELISA was
used to detect the content of TNF-α. (h) ELISA was used to detect the content of MDA. (i) ELISA was used to detect the activity
of SOD. (j) qRT-PCR was used to detect the expression of HOTAIR. (k) qRT-PCR was used to detect the expression of miR-138.
(l) Immunofluorescence staining was used to detect the expression of SOD1 (magnification: 400x). (“∗” indicates statistical difference
from the control group, P < 0:05).
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Figure 2: Continued.
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TNF-α was detected by qRT-PCR (Figures 3(b)–3(d)), WB
(Figure 3(e)), and ELISA (Figures 3(f)–3(h)). It was found
that the degree of inflammation in the H/R+si-HOTAIR
+inhibitor group was obviously higher than that in the
H/R+si-HOTAIR group. Detection of MDA content
(Figure 3(i)) and SOD activity (Figure 3(j)) in cell super-
natants revealed that miR-138 inhibitor can partially
inhibit the effect of si-HOTAIR, resulting in a decrease
in SOD activity and an increase in MDA content. Immu-
nofluorescence staining for SOD1 revealed that SOD1
expression was lower in the H/R+si-HOTAIR+inhibitor
group than in the H/R+si-HOTAIR group (Figure 3(k)).

3.4. Silencing lncRNA-HOTAIR Inhibits NF-κB Pathway
Activation in H9C2 Cells. Compared with the control group,
the protein expression levels of IKK, p-IKBα, and NF-κB p65
in the H/R group increased obviously. Compared with the
H/R group, the expression levels of IKK, p-IKBα, and NF-
κB p65 in the H/R+si-HOTAIR group were obviously
reduced. Conversely, compared with the H/R+si-HOTAIR
group, the expression levels of IKK, p-IKBα, and NF-κB
p65 in the H/R+si-HOTAIR+inhibitor group were obviously
increased (Figure 4(a)). At the same time, the qRT-PCR
detection, IKK, and NF-κB p65 expression were similar to
WB results, and IKB-α expression was lowest in the H/R
group, and the expression was increased in the H/R+si-
HOTAIR group, while the inhibitor can inhibit some of
the effects of si-HOTAIR (Figures 4(b)–4(d)).

4. Discussion

Previous literature has reported that HOTAIR can activate
the NF-κB signaling pathway and activate the myocardial

inflammatory response by promoting phosphorylation of
the NF-κB p65 subunit [18]. miR-138 can reduce myocardial
cell apoptosis caused by hypoxia through the MLK3/JNK/c-
Jun signaling pathway [19]. In addition, studies have con-
firmed that HOTAIR and miR-138 can interact with each
other to affect LPS-induced rheumatoid arthritis in vivo
[18]. This study was the first to explore the mechanism of
the interaction between miR-138 and HOTAIR in the myo-
cardial inflammation induced by H/R. In this study, it was
found that the expression level of HOTAIR in H9C2 cells
after H/R treatment was obviously increased, and the expres-
sion level of miR-138 was obviously decreased. The expres-
sion level of miR-138 was obviously increased after the
silence of HOTAIR expression, indicating that HOTAIR
and miR-138 did interact. Through luciferase reporter gene
detection, it was found that HOTAIR could directly act on
miR-138, which confirmed previous studies.

Inflammatory cytokines are involved in the MIRI
process. Studies have shown that TNF-α protein and IL-1β
protein jointly initiate the inflammatory response and have
a negative inotropic effect on the myocardium, while the
negative regulatory effect of IL-6 on the myocardial contrac-
tility is related to each other through the protein kinase
pathway [20]. In this study, it was found that the silencing
of HOTAIR could inhibit the expression of inflammatory
cytokines TNF-α, IL-1β, and IL-6 in the H/R model, indicat-
ing that HOTAIR was involved in the expression of inflam-
matory cytokines. OS also plays a key role in MIRI, which
induces excessive production of reactive oxygen species
(ROS) in mitochondria, leading to an oxidation/antioxidant
imbalance. ROS damage the myocardial cell membrane,
leading to the production of a large amount of lipid peroxide
MDA and the depletion of SOD activity. In this study, it was
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Figure 2: Effects of silenced lncRNA-HOTAIR on H9C2 cells. (a) qRT-PCR was used to detect the expression of HOTAIR. (b) qRT-PCR
was used to detect the expression of miR-138. (c) qRT-PCR was used to detect the expression of IL-1β. (d) qRT-PCR was used to detect the
expression of IL-6. (e) qRT-PCR was used to detect the expression of TNF-α. (f) WB was used to detect the expression of IL-1β, IL-6,
and TNF-α. (g) ELISA was used to detect the content of IL-1β. (h) ELISA was used to detect the content of IL-6. (i) ELISA was used
to detect the content of TNF-α. (j) ELISA was used to detect the content of MDA. (k) ELISA was used to detect the activity of SOD.
(l) Immunofluorescence staining was used to detect the expression of SOD1 (magnification: 400x). (“∗” indicates statistical difference
from the H/R group, P < 0:05).
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Figure 3: Effect of silenced miR-138 on H9C2 cells. (a) The luciferase reporter assay was used to detect the targeting relationship between
miR-138 and HOTAIR. (“∗” indicates statistical difference from the HOTAIR wt+miR-138 NC group P < 0:05.) (b) qRT-PCR was used to
detect the expression of IL-1β. (c) qRT-PCR was used to detect the expression of IL-6. (d) qRT-PCR was used to detect the
expression of TNF-α. (e) WB was used to detect the expression of IL-1β, IL-6, and TNF-α. (f) ELISA was used to detect the
content of IL-1β. (g) ELISA was used to detect the content of IL-6. (h) ELISA was used to detect the content of TNF-α. (i) ELISA was
used to detect the content of MDA. (j) ELISA was used to detect the activity of SOD. (k) Immunofluorescence staining was used to detect
the expression of SOD1 (magnification: 400x). (“∗” indicates statistical difference from the H/R group, P < 0:05, and “#” indicates
statistical difference from the H/R+si-HOTAIR group, P < 0:05).
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found that by silencing the expression of HOTAIR, the
activity of SOD was restored and the content of MDA
decreased, indicating that HOTAIR was involved in the OS
of H9C2 cells. Further silencing of miR-138 revealed that
the activity of SOD was decreased and the content of
MDA was increased, indicating that miR-138 had an inhib-
itory effect on H/R-induced OS in H9C2 cells.

The NF-κB signaling pathway is widely involved in var-
ious inflammatory responses. In general, NF-κB family pro-
teins exist in the form of isomeric p50-p65 and bind to
inhibitor kappaB (IKB) in an inactivated state, which is
located in the cytoplasm. In the presence of inducers such
as TNF-α, IL-1, and IL-6, the IKB kinase is activated, phos-
phorylates IKB, causes it to release p50-p65, and is eventu-
ally degraded by proteasomes. At this time, p50-p65
exposed nuclear localization signal, transport into the
nucleus, as a transcription factor to bind to various target

DNA sequences [21, 22]. In order to explore whether the
NF-κB signaling pathway was regulated by HOTAIR and
miR-138 in H9C2 cells during the H/R process, in this study,
the expression levels of IKK, p-IKBα, and NF-κB p65 were
detected in vitro. It was found that the expressions of IKK,
p-IKBα, and NF-κB p65 were obviously inhibited by the
silence of HOTAIR, indicating that HOTAIR was involved
in the activation of NF-κB and promotes the inflammatory
response. At the same time, we further silenced miR-138
with inhibitors and found that the expression levels of
IKK, p-IKBα, and NF-κB p65 were obviously higher than
those in the H/R+si-HOTAIR group, indicating that miR-
138 could inhibit the activation of NF-κB and thus reduce
the inflammatory response.

In summary, lncRNA HOTAIR was involved in the
expression of inflammatory factors in cardiomyocytes
induced by H/R in H9C2 cells and the occurrence of OS
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Figure 4: Silencing lncRNA-HOTAIR inhibits NF-KB pathway activation in H9C2 cells. (a) WB was used to detect the expression of IKK,
p-IKB-α, and NF-κB p65. (b) qRT-PCR was used to detect the expression of IKK. (c) qRT-PCR was used to detect the expression of NF-κB
p65. (d) qRT-PCR was used to detect the expression of IKB-α. (“∗” indicates statistical difference from the control group, P < 0:05;
“#” indicates statistical difference from the H/R group, P < 0:05; and “&” indicates statistical difference from the H/R+si-HOTAIR
group, P < 0:05).
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and has an activation effect on NF-κB, while miR-138 can
inhibit OS and the expression of inflammatory factors by
inhibiting the NF-κB signaling pathway. HOTAIR can inter-
act with miR-138 in H9C2 cells, resulting in miR-138 silenc-
ing. Therefore, HOTAIR can regulate the inflammatory
response and OS of H9C2 cells by silencing miR-138. Fur-
thermore, in combination with the previously reported liter-
ature, we speculated that HOTAIR and miR-138 play a
regulatory role in different pathways of myocardial inflam-
matory response induced by H/R.

5. Conclusions

Silent HOTAIR can promote the expression of miR-138 and
inhibit H/R-induced inflammatory response and OS by reg-
ulating the NF-KB pathway, thus protecting cardiomyocytes,
which provides a new therapeutic approach for the mainte-
nance of heart function in the treatment of MIRI.
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Objective. To detect serum level changes of CCHE1 and TCF21 in coronary artery disease (CAD) patients and to explore their
clinical significances. Patients and Methods. A total of 150 CAD patients were divided into the mild lesion group (n = 52),
moderate lesion group (n = 48), and severe lesion group (n = 50), respectively, according to the Gensini score. In addition, they
were divided into single vessel lesion (n = 42), two vessel lesions (n = 49), and three vessel lesions group (n = 59), respectively.
Serum levels of CCHE1 and TCF21 in CAD patients were detected by quantitative real-time polymerase chain reaction (qRT-
PCR). Spearman’s rank correlation was conducted to assess the relationship between levels of CCHE1 and TCF21 and severity
and numbers of vessel lesions in CAD. Pearson’s correlation test was used for analyzing the correlation between CCHE1 and
TCF21 levels. A multivariable logistic regression test was performed to evaluate the influences of CCHE1 and TCF21 levels on
CAD severity and the occurrence of cardiovascular events within 3 years of follow-up. Results. Significant differences in
incidences of diabetes and hypertension were identified in CAD patients divided according to CAD severity. In addition,
significant differences in incidences of drinking, diabetes, and hypertension were identified in CAD patients divided according
to numbers of vessel lesions. The serum level of CCHE1 was positively related to CAD severity and numbers of vessel lesions,
while TCF21 displayed a negative relationship. During the 3-year follow-up, the incidence of cardiovascular events was 39.3%
(59/150). CAD severity, numbers of vessel lesions, and serum levels of CCHE1 and TCF21 were independent factors
influencing the occurrence of cardiovascular events in CAD patients. Conclusions. The increased serum level of CCHE1 and
decreased TCF21 level are closely related to CAD severity, which are able to influence the prognosis in CAD patients.

1. Introduction

Coronary artery disease (CAD) is one of the major reasons
for global death [1]. CAD is mainly caused by atherosclerosis
[2]. Phenotypes of vascular smooth muscle cells (VSMCs)
are changed following injuries, and they migrate to intima
and aggregate ECM. VSMCs are of significance in the devel-
opment of atherosclerosis [3].

Long non-coding RNAs (lncRNAs) contain more than
200 nucleotides in length, and they are unable to encode
proteins [4]. Abnormally expressed lncRNAs have been
detected in the heart or circulating system of myocardial
infarction (MI) patients [5, 6]. A latest study has uncovered
that lncRNA LIPCAR is capable of monitoring heart failure
at post-MI, serving as a promising biomarker [7]. Further,
MIAT controls advanced atherosclerotic lesion formation

and plaque destabilization [8]. The SNHG1-driven self-
reinforcing regulatory network promoted cardiac regenera-
tion and repair after myocardial infarction [9]. lncRNA
CCHE1 (cervical carcinoma high expressed 1) has been
recently discovered [10]. Microarray analysis showed upreg-
ulated CCHE1 in breast cancer profiling, suggesting that
CCHE1 may have a certain impact on breast cancer progres-
sion [11, 12]. The correlation between CCHE1 and CAD,
however, is rarely reported.

TCF21 locates on 6q23-q24, which was discovered in the
research on the location of chromosomal heterozygosity in
2006 by Smith et al. [13]. TCF21 is a metastasis-suppressor
gene. It is reported that TCF21 is extensively expressed in
stromal cells or derived cells during the development of car-
diovascular system, urogenital system, and respiratory sys-
tem [14]. It largely affects cell growth and differentiation.
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A previous study has proposed that LINC00163 alleviates
lung cancer progression by upregulating TCF21 [15]. In this
paper, we mainly explored the clinical significances of
CCHE1 and TCF21 in CAD patients. Our findings can pro-
vide novel ideas in clinical treatment of CAD.

2. Patients and Methods

2.1. Baseline Characteristics. A total of 150 patients admitted
in our hospital from June 2017 to May 2019 because of chest
tightness, chest pain, or acute MI were enrolled. All patients
underwent coronary angiography and treated according to
the “2012 ACCF/AHA Focused Update of the Guideline
for the Management of Patients with Unstable Angina/
non-ST-Elevation Myocardial Infarction” [16]. Gensini
score was graded depending on the stenosis and the loca-
tions of vessel narrowing (1 grade: stenosis < 25%, 2 grades:
26%-50% stenosis, 4 grades: 51-75% stenosis, 8 grades: 76%-
90%, 16 grades: 90%-98%, and 32 grades: complete stenosis)
[17]. Then, the corresponding coefficients were determined
by the location of different narrowing branches of coronary
artery (left coronary artery: ×5, proximal LAD: ×2.5, mid-
LAD: ×1.5, and distal LAD: ×1). We divided CAD patients
into the mild lesion group (1.0-26.1 grades, n = 52), the
moderate lesion group (26.2-51.4 grades, n = 48), and the
severe lesion group (≥51.5 grades, n = 50) according to the
Gensini score. In addition, patients were classified by the
number of vessel lesions to the single-vessel lesion group:
≥50% of stenosis of any single vessel in LAD, left circumflex,
and right coronary artery; the two-vessel lesion group: ≥50%
of stenosis of any two vessels in LAD, left circumflex and
right coronary artery; three vessel lesions group: stenosis in
LAD, left circumflex and right coronary artery, or lesions
in left main coronary artery combined with the right coro-
nary artery. Patients with malignant tumors, liver or kidney
insufficiency, acute/chronic infection, pregnant or lactating
women, or those unwilling to participate in were excluded.
The study was reviewed and approved by the Ethics Com-
mittee of First Affiliated Hospital of Xi’an Jiaotong Univer-
sity. All patients signed the informed consent.

2.2. Laboratory Examinations. Serum levels of TC (total cho-
lesterol), TG (triglyceride), LDL-C (low-density lipoprotein
cholesterol), and HDL-C (high-density lipoprotein choles-
terol) were determined using the automatic biochemical
instrument. Hcy (homocysteine) and CRP (C-reactive pro-
tein) were detected by enzyme-linked immunosorbent assay
(ELISA) (R&D Systems, Minneapolis, MN, USA). LVEF
(left ventricular ejection fraction) was recorded by
echocardiography.

2.3. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Serum RNA was isolated using TRIzol and
quantified by NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). RNA was reversely transcribed to
complementary deoxyribose nucleic acid (cDNA) with the
PrimeScript™ RT Master Mix and amplified by TBGreen®
Premix Ex Taq™ II (TaKaRa, Tokyo, Japan). Thermal cycle
reactions were as follows: 30 s at 95°C and 40 cycles for 5 s

at 95°C and 30 s at 60°C. Primer sequences were as follows:
CCHE1—5′-AAGGTCCCAGGATACTCGC-3′ (forward)
and 5′-GTGTCGTGGACTGGCAAAAT-3′ (reverse);
TCF21—5′-CCAGCTACATCGCCCACTTG-3′ (forward)
and 5′-CTTTCAGGTCACTCTCGGGTTTC-3′ (reverse);
and GAPDH—5′-ACCACAGTCCATGCCATCAC-3′ (for-
ward) and 5′-TCCACCACCCTGTTGCTGTA-3′ (reverse).

2.4. Follow-Up. Patients were followed up for three years by
review, telephone, or e-mail. Cardiovascular events were
recorded, including angina pectoris, MI, arrhythmia, sudden
cardiac death, and stroke.

2.5. Statistical Analyses. Data were processed by SPSS 20.0.
Measurement data were expressed as the mean ± SD and
compared using a t-test or variance analysis. Counting data
were expressed as composition ratio or rate (%) and com-
pared by a chi-square test. Spearman’s rank correlation
was conducted to assess the relationship between levels of
CCHE1 and TCF21 and severity and numbers of vessel
lesions in CAD. Pearson’s correlation test was used for ana-
lyzing the correlation between CCHE1 and TCF21 levels. A
multivariable logistic regression test was performed to ana-
lyze the influences of CCHE1 and TCF21 levels on CAD
severity and the occurrence of cardiovascular events within
3 years of follow-up. p < 0:05 was statistically significant.

3. Results

3.1. Clinical Data of CAD Patients. Significant differences in
incidences of diabetes and hypertension were identified in
CAD patients in the mild lesion group (n = 52), the moder-
ate lesion group (n = 48), and the severe lesion group (n = 50
) divided according to the Gensini score. Besides, significant
differences in incidences of drinking, diabetes and hyperten-
sion were identified in CAD patients in the single-vessel
lesion (n = 42), two-vessel lesion (n = 49), and three-vessel
lesion groups (n = 59) (Tables 1 and 2). It is indicated that
diabetes and hypertension could affect CAD severity, while
diabetes, hypertension, and drinking could affect numbers
of vessel lesions.

3.2. Serum Levels of CCHE1 and TCF21 in CAD Patients
with Different Severities. Serum levels of CCHE1 and
TCF21 in CAD patients with different severities were
detected by qRT-PCR. CCHE1 level increased with the
aggravation of CAD, manifesting as the lowest level in the
mild lesion group and the highest level in the severe lesion
group (Figure 1(a)). On the contrary, TCF21 level decreased
with the severity of CAD (Figure 1(b)).

3.3. Serum Levels of CCHE1 and TCF21 in CAD Patients
with Different Numbers of Vessel Lesions. We thereafter
detected CCHE1 and TCF21 levels in CAD patients classi-
fied by numbers of vessel lesions. The lowest level of CCHE1
was detected in the single-vessel lesion group, and the high-
est level was detected in the three-vessel lesion group
(Figure 2(a)). TCF21 level gradually decreased with the
increased numbers of vessel lesions (Figure 2(b)).
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3.4. Relationship between Levels of CCHE1 and TCF21 and
Severity and Numbers of Vessel Lesions in CAD. Spearman’s
rank correlation results uncovered that CCHE1 level was
positively correlated to CAD severity and numbers of vessel
lesions (r = 0:388 and 0.671, respectively, p < 0:05), whereas
TCF21 displayed a negative correlation to them (r = −0:523
and -0.397, respectively, p < 0:05) (Table 3). It is further
supported that CCHE1 and TCF21 were involved in the pro-
gression of CAD. In particular, CCHE1 aggravated CAD and
TCF21 exerted a protective role.

3.5. Negative Interaction between CCHE1 and TCF21 in
CAD Patients. Pearson’s correlation test was conducted to

elucidate the potential interaction between CCHE1 and
TCF21 in CAD patients. As data revealed, the serum level
of CCHE1 was negatively correlated to TCF21 (r = −0:5099,
p < 0:001) (Figure 3).

3.6. Influences of CCHE1 and TCF21 Levels on
Cardiovascular Events in CAD Patients. During the 3-year
follow-up, the incidence of cardiovascular events was
39.3% (59/150). Variables with statistical significances in
Tables 1 and 2 were assigned as independent ones as follows:
diabetes (yes = 1, no = 0); hypertension (yes = 1, no = 0);
drinking (yes = 1, no = 0); CAD severity (mild lesion = 1,
moderate and severe lesion = 2); and numbers of vessel

Table 1: Clinical data of CAD patients with different severities.

Variable Mild lesion (n = 52) Moderate lesion (n = 48) Severe lesion (n = 50) p

Male/female 25/27 24/24 27/23 0.831

Age 56:23 ± 7:85 54:91 ± 6:08 55:21 ± 5:45 0.159

BMI (kg/m2) 24:73 ± 3:11 23:01 ± 3:65 23:83 ± 3:94 0.073

Smoking 20 (38.46%) 17 (35.42%) 23 (46%) 0.543

Drinking 12 (23.08%) 14 (29.17%) 15 (30%) 0.693

TC (mmol/L) 4:89 ± 1:07 4:08 ± 1:33 4:36 ± 1:54 0.615

TG (mmol/L) 1:64 ± 0:46 1:73 ± 0:55 1:74 ± 0:54 0.368

LDL-C (mmol/L) 1:44 ± 0:62 1:38 ± 0:56 1:43 ± 0:71 0.741

HDL-C (mmol/L) 2:56 ± 1:72 2:65 ± 1:48 2:71 ± 1:82 0.587

Hcy (mmol/L) 14:46 ± 2:88 15:84 ± 3:06 15:38 ± 2:89 0.087

CRP (mg/L) 12:27 ± 5:23 13:61 ± 5:66 13:84 ± 5:68 0.103

LVEF (%) 64:13 ± 10:22 62:33 ± 9:36 60:87 ± 8:91 0.067

Diabetes (%) 5 (9.62%) 4 (8.33%) 13 (26%) 0.021

Hypertension (%) 4 (7.69%) 7 (14.58%) 18 (16%) 0.001

BMI: body mass index; TC: total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; Hcy:
homocysteine; CRP: C-reactive protein; LVEF: left ventricular ejection fraction.

Table 2: Clinical data of CAD patients with different numbers of vessel lesions.

Variable Single vessel (n = 42) Two vessels (n = 49) Three vessels (n = 59) p

Male/female 23/19 22/27 31/28 0.601

Age 57:27 ± 6:95 55:68 ± 5:18 57:11 ± 6:13 0.338

BMI (kg/m2) 22:13 ± 4:03 23:32 ± 4:53 23:12 ± 3:83 0.275

Smoking 17 (40.48%) 19 (38.78%) 24 (40.68%) 0.977

Drinking 6 (14.29%) 10 (20.41%) 25 (42.37%) 0.003

TC (mmol/L) 4:11 ± 2:37 4:41 ± 2:54 4:26 ± 2:05 0.652

TG (mmol/L) 1:77 ± 0:73 1:86 ± 0:71 1:92 ± 0:83 0.076

LDL-C (mmol/L) 1:37 ± 0:51 1:48 ± 0:56 1:43 ± 0:71 0.198

HDL-C (mmol/L) 2:56 ± 1:72 2:73 ± 1:98 2:82 ± 2:13 0.227

Hcy (mmol/L) 13:86 ± 3:18 14:21 ± 3:22 14:88 ± 3:89 0.088

CRP (mg/L) 12:57 ± 5:95 13:61 ± 5:99 14:11 ± 6:18 0.367

LVEF (%) 65:03 ± 11:73 63:13 ± 10:43 61:07 ± 9:32 0.216

Diabetes (%) 2 (4.76%) 6 (12.24%) 14 (23.73%) 0.025

Hypertension (%) 4 (9.52%) 6 (12.24%) 19 (32.2%) 0.005

BMI: body mass index; TC: total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; Hcy:
homocysteine; CRP: C-reactive protein; LVEF: left ventricular ejection fraction.
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lesions (single vessel = 1, multiple vessels = 2). Subsequently,
CAD patients were divided into two groups according to
the cut-off values of mRNA levels of CCHE1 and TCF21
(high level = 1, low level = 0). The occurrence of cardiovascu-
lar events during the follow-up of CAD patients was
assigned as the dependent variable (yes = 1, no = 0). A multi-
variable logistic regression test demonstrated that severe
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Figure 1: Serum levels of CCHE1 and TCF21 in CAD patients with different severities. Serum levels of CCHE1 (a) and TCF21 (b) in CAD
patients of the mild lesion, moderate lesion, and severe lesion groups.
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Figure 2: Serum levels of CCHE1 and TCF21 in CAD patients with different numbers of vessel lesions. Serum levels of CCHE1 (a) and
TCF21 (b) in CAD patients of the single-vessel lesion, two-vessel lesion, and three-vessel lesion groups.

Table 3: Relationship between levels of CCHE1 and TCF21 and
severity and numbers of vessel lesions in CAD.

CCHE1 TCF21
r p r p

Severity of CAD 0.388 0.041 -0.523 0.022

Numbers of vessel lesions 0.671 0.003 -0.397 <0.001

CCHE1

CC
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r = –0.5099, P < 0.001
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Figure 3: A negative correlation between serum levels of CCHE1
and TCF21 in CAD patients (r = −0:5099, p < 0:001).

Table 4: Multivariable logistic analysis on potential factors
influencing the occurrence of cardiovascular events in CAD
patients.

Variable OR 95% CI p

Diabetes 1.733 0.614-5.332 0.142

Hypertension 0.892 0.561-2.313 0.668

Drinking 0.873 0.446-2.985 0.079

Severity of CAD 1.681 1.281-3.452 0.035

Number of vessel lesions 1.546 1.332-2.775 <0.001
CCHE1 2.387 1.654-5.872 <0.001
TCF21 0.584 0.287-1.664 0.007
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CAD, multiple vessel lesions, and high level of CCHE1 were
independent risk factors, while the high level of TCF21 was a
protective factor influencing the occurrence of cardiovascu-
lar events in CAD patients (Table 4).

4. Discussion

With the completion of the gene sequencing program and
the development of molecular biology, it is found that
protein-encoding mRNAs only account for 2% of the human
genome. More than 95% of the transcribed sequences in the
genome are noncoding RNAs [18]. These noncoding RNAs,
which were initially regarded as nonfunctional, are involved
in various life activities. As a family member of noncoding
RNAs, lncRNAs are 200 bp long. They exert diverse func-
tions as signal molecules, decoy molecules, and scaffold mol-
ecules. lncRNAs are involved in genetic, transcriptional, and
posttranscriptional regulations [19].

lncRNAs have been identified to have a relation to vas-
cular diseases. It is reported that lncRNA ANRIL is highly
expressed in the blood of atherosclerosis patients, and the
high level of ANRIL enhances the risk of MI [20, 21]. Circu-
lating system lncRNAs are promising biomarkers for diag-
nosing ischemic heart diseases. For example, lncRNA
LIPCAR is linked to the progression of heart failure, which
serves as a molecular indicator for myocardial remodeling
[22]. Upregulated plasma lncRNA CoroMarker is highly
specific and sensitive for diagnosing CAD [23]. Through
regulating VSMC phenotypes, lncRNAs regulate atheroscle-
rosis development by mediating adipogenesis and lipid
deposition [24].

CCHE1 is upregulated in cervical cancer specimens and
correlated to tumor size, tumor staging and overall survival
in cervical cancer patients. It is considered a potential thera-
peutic target and prognostic biomarker for cervical cancer
[25]. Meanwhile, CCHE1 is highly expressed in non-small-
cell lung carcinoma, which drives malignant phenotypes
via the ERK/MAPK signaling [26]. Overexpression of
CCHE1 triggers proliferative rate and inhibits apoptosis of
gastric cancer cells [27]. Our findings detected an increased
serum level of CCHE1 in CAD patients, and its level was ele-
vated with the aggravation of CAD. The high level of
CCHE1 enhanced the risk of cardiovascular events in CAD
patients.

TCF21, also known as POD-1, belongs to the bHLH
family. It is expressed in the mesenchymal cells of the lung,
kidney, and intestine; cardiac interstitial cells [28]; and glo-
merular epithelial cells [29]. TCF21 is of significance in driv-
ing EMT [30–32]. Cao et al. [31] detected urine samples in
50 bladder cancer patients, 50 renal cancer patients, and 50
prostate cancer patients. They proposed that combined
detection of TCF21 level and PCDH17 methylation is con-
ductive to diagnose urinary system tumors. Ye et al. [33]
showed that abnormal methylation of TCF12 is associated
with the poor prognosis in clear cell renal cell carcinoma.
TCF21 is also an independent factor influencing the progres-
sion of CAD [34, 35]. Consistently, we found that the serum
level of TCF21 decreased in CAD patients. TCF21 exerted a
protective role in CAD severity and numbers of vessel

lesions. A negative correlation was identified between serum
levels of CCHE1 and TCF21. We believed that enhanced
level of CCHE1 and downregulated TCF21 predict the dete-
rioration of CAD. In summary, we uncover the relationship
between CCHE1 and TCF21 in CAD; however, the lack of
in vivo and in vitro assay is the shortage of this research.

5. Conclusion

Increased serum level of CCHE1 and decreased TCF21 level
are closely related to CAD severity, which are able to influ-
ence the prognosis in CAD patients.
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Objective. To clarify the function of miRNA-19b-3p in accelerating myocardial ischemia-reperfusion injury- (MIRI-) induced
cardiomyocyte apoptosis by downregulating gene of phosphate and tension homology deleted on chromsome ten (PTEN), thus
influencing the progression of acute myocardial infarction. Materials and Methods. miRNA-19b-3p and PTEN levels in HCM
cells undergoing hypoxia/reoxygenation (H/R) were determined. Meanwhile, activities of myocardium injury markers [lactate
dehydrogenase (LDH), malondialdehyde; malonic dialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase
(GSH-PX)] in H/R-induced HCM cells were tested. Through dual-luciferase reporter gene assay, the binding between miRNA-
19b-3p and PTEN was verified. Regulatory effects of miRNA-19b-3p and PTEN on apoptotic rate and apoptosis-associated
gene expressions (proapoptotic protein Bcl-2 associated X protein (Bax), antiapoptotic protein B-cell lymphoma-2 (Bcl-2), and
cytochrome C) in H/R-induced human cardiac myocytes (HCM) cells were examined. Results. miRNA-19b-3p was
upregulated, while PTEN was downregulated in H/R-induced HCM cells. Knockdown of miRNA-19b-3p decreased activities of
LDH, MDA, and GSH-PX, but increased SOD level in H/R-induced HCM cells. The binding between miRNA-19b-3p and
PTEN was confirmed. More importantly, knockdown of miRNA-19b-3p reduced apoptotic rate, downregulated proapoptosis
gene expressions (Bax and cytochrome C), and upregulated antiapoptosis gene expression (Bcl-2), which were reversed by
silence of PTEN. Conclusions. miRNA-19b-3p is upregulated in HCM cells undergoing hypoxia and reoxygenation, which
accelerates MIRI-induced cardiomyocyte apoptosis through downregulating PTEN.

1. Introduction

Acute myocardial infarction (AMI) is an important cause of
death and disability worldwide [1–3]. Timely myocardial reper-
fusion is themost effective intervention for alleviating ischemia-
induced myocardium injury. However, reperfusion itself
induces myocardial cell death, that is, myocardial ischemia-
reperfusion injury (MIRI) [4–6]. Apoptosis is a process of pro-
grammed cell death influencing MIRI and cardiomyocyte loss
during cardiac remodeling at post-AMI [7]. A growing number
of evidences have suggested that cardiomyocyte apoptosis
occurs primarily in the surviving myocardium following ische-
mia [8]. It is necessary to uncover the pathogenic mechanism of

MIRI and develop effective therapeutic targets for clinical treat-
ment of AMI.

miRNAs are a class of noncoding DNAs expressed in
eukaryotic cells, ranging in length from 20 to 25 nucleotides
[9–11]. Mature miRNAs are processed by primary tran-
scripts through various nucleases, which are then assembled
into an RNA-induced silencing complex (RISC). Subse-
quently, RISC binds 3′UTR of target mRNAs through com-
plementary base pairing, thus degrading mRNAs or
inhibiting their translation [12, 13]. miRNAs are extensively
distributed in different types of cells and human diseases,
such as ischemic cardiomyopathy [14], cardiac remodeling
[15], heart failure [16], and arrhythmia [17]. In recent years,
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critical functions of miRNAs in MIRI have been identified
[18–20]. These miRNAs could be utilized as therapeutic tar-
gets for clinical treatment of AMI.

miRNA-19b-3p is a member of the miR-17-92 cluster
located on the human chromatin 13. Biological functions
of miRNA-19b-3p have been discovered in multiple types
of tumors [21–25]. In a recent study, exosomal miRNA-
19b-3p of tubular epithelial cells promotes M1 macrophage
activation in kidney injury [26]. Further, circulating miR-
19a-3p and miR-19b-3p characterize the human aging pro-
cess and their isomiRs associate with healthy status at
extreme ages [27]. However, the role of miR-19b-3p in
AMI was unknown. In this paper, regulatory effects of
miRNA-19b-3p on AMI-induced cardiomyocyte apoptosis
were determined.

2. Materials and Methods

2.1. Cell Culture and H/R Induction. Human cardiac myo-
cytes (HCM) provided by American Type Culture Collec-
tion (ATCC, Manassas, VA, USA) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma,
Louis, MO, USA) containing 10% fetal bovine serum (FBS,
Invitrogen, Carlsbad, CA, USA). HCM cells were cultured
in a humidified incubator containing 5% CO2 and 95% N2
for 4 h. Later, reoxygenation was conducted by cell culture
in DMEM containing 10% glycerol in a humidified incuba-
tor containing 5% CO2 and 95% air for 3 h. After normoxic
culture overnight, cells were harvested for functional exper-
iments. Normoxic-preconditioning HCM cells were har-
vested as controls.
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Figure 1: miRNA-19b-3p was upregulated in H/R-induced cells. (a) miRNA-19b-3p level in HCM cells undergoing normoxic or H/R
induction. (b) Transfection efficacy of miRNA-19b-3p inhibitor. (c)–(f) Activities of LDH (c), MDA (d), GSH-PX (e), and SOD (f) in H/
R-induced HCM cells or those transfected with miRNA-19b-3p inhibitor.
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2.2. Transfection. Transfection vectors were provided by
GeneChem, (Shanghai, China). Cell transfection was con-
ducted using Lipofectamine TM 2000 (Invitrogen, Carlsbad,
CA, USA). Six hours later, transfection efficacy was verified.
Transfected cells were collected for H/R exposure.

2.3. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR). TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) was
applied for isolating cellular RNA. Complementary deoxyri-
bonucleic acids (cDNAs) was obtained by reverse transcrip-
tion of 2μg RNA using cDNA synthesis kit (TaKaRa, Tokyo,
Japan) and amplified on the MiniOpticon qPCR determina-
tion system (Bio-Rad, Hercules, CA, USA). Relative level
was calculated using the 2-ΔΔCT method. miRNA-19b-3p,
F: 5′-AGUUUUGCAUGGAUUUGCAC-3′ and R: 5′-
UUUGCAUGGAUUUGCACAUU-3′; PTEN, F: 5′-TGGT
GAGGTTTGATCCGCATA-3′ and R: 5′-CCCAGTCAG
AGGCGCTATG-3′; Bax, F: 5′-CACAACTCAGCGCAAA
CATT-3′ and R: 5′-ACAGCCATCTCTCTCCATGC-3′;
Bcl-2, F: 5′-GAAGCACAGATGGTTGATGG-3′ and R: 5′
-CAGCCTCACAAGGTTCCAAT-3′; cytochrome C, F: 5′-

TAAATATGAGGGTGTCGC-3′ and R: 5′-AAGAATAGT
TCCGTCCTG-3′.

2.4. Western Blot. Radio immunoprecipitation assay (RIPA)
was applied for isolating cellular protein. Protein sample was
quantified by bicinchoninic acid (BCA) method and under-
went electrophoresis (Beyotime, Shanghai, China). Protein
was transferred on a polyvinylidene fluoride (PVDF) mem-
branes (Roche, Basel, Switzerland) and blocked in phosphate
buffer saline (PBS) containing 5% skim milk for 2 h. Subse-
quently, membranes were reacted with primary antibodies
at 4°C overnight and secondary antibodies for 2 h. Band
exposure was achieved by enhanced chemiluminescence
(ECL) and analyzed by Image Software (NIH, Bethesda,
MD, USA).

2.5. Dual-Luciferase Reporter Gene Assay. Wild-type PTEN
(NM_000314.8) 3′untranslated region (3′UTR) was ampli-
fied and inserted into the pGL3 vector. Predicted binding
sequences between PTEN 3′UTR and miRNA-19b-3p were
mutated using the QuickChange Site-Directed Mutagenesis
Kit (Stratagene, Heidelberg, Germany). After cotransfection
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Figure 2: Knockdown of miRNA-19b-3p alleviated cardiomyocyte apoptosis. HCM cells were cultured in H/R environment and transfected
either with miRNA-19b-3p inhibitor or not. (a) Viability. (b) Apoptotic rate. (c) The mRNA levels of Bax, Bcl-2, and cytochrome C. (d) The
protein levels of Bax, Bcl-2, and cytochrome C.
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with miRNA-19b-3p mimics/NC and WT-PTEN/MT-
PTEN for 48h, relative luciferase activity was determined.

2.6. Cell Counting Kit-8 (CCK-8). Cells were inoculated in a
96-well plate at 80% confluence. Viability was determined at
the appointed time points using CCK-8 kit (Dojindo Labo-
ratories, Kumamoto, Japan). Absorbance at 450 nm was
recorded for plotting the viability curve.

2.7. Determination of Levels of LDH, MDA, SOD, and GSH-
PX. Relative commercial kits were obtained from Sangon
Biotech, (Shandong, China). Transfected cells were har-
vested for determining levels of myocardial injury markers
based on the manufacturer’s recommendations.

2.8. Flow Cytometry. Cells were digested in 0.25% trypsin,
centrifuged, and washed with PBS for three times. Cells were
dual-stained with Annexin-V-FITC (fluorescein isothiocya-
nate) and subjected to flow cytometry (FACSCalibur; BD
Biosciences, Detroit, MI, USA) for measuring apoptotic rate.

2.9. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 20.0 (SPSS, Chicago, IL, USA) was used for data
analyses. Data were expressed as mean ± standard deviation.
The Student t-test was applied for analyzing differences
between the two groups:p < 0:05 was considered statistically
significant.

3. Results

3.1. miRNA-19b-3p Was Upregulated in H/R-Induced Cells.
H/R was conducted in HCM cells to mimic the in vitro envi-
ronment of MIRI. Compared with HCM cells under normo-
xic conditions, H/R induction markedly upregulated
miRNA-19b-3p in HCM cells (Figure 1(a)). Subsequently,
transfection of miRNA-19b-3p inhibitor markedly downreg-
ulated miRNA-19b-3p level in H/R-induced HCM cells, pre-
senting an effective transfection efficacy (Figure 1(b)).
Myocardial injury markers were determined here. As the
data revealed, knockdown of miRNA-19b-3p decreased
activities of LDH, MDA, and GSH-PX, but increased SOD
level in H/R-induced HCM cells (Figures 1(c)–1(f)). It is
demonstrated that miRNA-19b-3p was involved in MIRI.

3.2. Knockdown of miRNA-19b-3p Alleviated Cardiomyocyte
Apoptosis. In H/R-induced HCM cells, transfection of
miRNA-19b-3p inhibitor accelerated cell viability
(Figure 2(a)). Nevertheless, apoptotic rate decreased after
knockdown of miRNA-19b-3p in H/R-induced HCM cells
(Figure 2(b)). Expression levels of apoptosis-associated
genes, Bax, Bcl-2, and cytochrome C were determined. Both
mRNA and protein levels of Bax and cytochrome C were
downregulated, and Bcl-2 was upregulated in H/R-induced
HCM cells transfected with miRNA-19b-3p inhibitor
(Figures 2(c) and 2(d)).

WT-PTEN: 5' ugAAUUUUGCA----GUUUUGCACa 3'

MT-PTEN: 5' ugAAUUUUGCA----GUUUUGCACa 3'

miR-19b-3p: 3' agUCAAAACGUACCUAAACGUGu 5'
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Figure 3: PTEN was the direct target of miRNA-19b-3p. (a) Potential binding sequences in the promoter regions of PTEN and miRNA-
19b-3p. (b) Luciferase activity in HCM cells cotransfected with miRNA-19b-3p mimics/NC and WT-PTEN/MT-PTEN. (c) PTEN
expression in H/R-induced HCM cells or those transfected with miRNA-19b-3p inhibitor.
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3.3. PTEN Was the Direct Target of miRNA-19b-3p. To further
uncover the mechanism of miRNA-19b-3p in influencing
MIRI, we found potential binding sequences in the promoter
regions of miRNA-19b-3p and PTEN as predicted in Targets-
can (Figure 3(a)). Dual-luciferase reporter gene assay demon-
strated that the overexpression of miRNA-19b-3p quenched
luciferase activity in wild-type PTEN vector, while it did not
affect mutant-type PTEN vector (Figure 3(b)). In addition,
PTEN level was markedly upregulated in H/R-induced HCM
cells transfected with miRNA-19b-3p inhibitor (Figure 3(c)).
It is concluded that PTEN was the direct target of miRNA-
19b-3p and negatively regulated by it.

3.4. miRNA-19b-3p Accelerated Cardiomyocyte Apoptosis by
Downregulating PTEN. Compared with HCM cells cultured in
the normoxic environment, PTEN was markedly downregu-
lated in H/R-induced cells (Figure 4(a)). It is speculated that

PTEN was involved in cardiomyocyte apoptosis influenced by
miRNA-19b-3p. CCK-8 assay showed that the enhanced viabil-
ity in H/R-induced HCM cells with miRNA-19b-3p knock-
down was partially reversed by cotransfection of si-PTEN
(Figure 4(b)). Besides, decreased apoptotic rate after knock-
down of miRNA-19b-3p was elevated by transfection of si-
PTEN (Figure 4(c)). Similarly, regulatory effects of miRNA-
19b-3p on apoptosis-associated gene expressions were reversed
by silence of PTEN (Figure 4(d)). Therefore, PTENwas respon-
sible for miRNA-19b-3p-mediated cardiomyocyte apoptosis
following MIRI.

4. Discussion

Currently, thrombolysis, bypass surgery, and other inter-
ventions have been applied for reperfusion of blood flow
and protection of ischemic myocardium [28].
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Figure 4: miRNA-19b-3p accelerated cardiomyocyte apoptosis by downregulating PTEN. (a) PTEN level in HCM cells undergoing
normoxic or H/R induction. HCM cells were cultured in H/R environment and transfected with miRNA-19b-3p inhibitor or miRNA-
19b-3p inhibitor + si-PTEN. (b) Viability. (c) Apoptotic rate. (d) The mRNA levels of Bax, Bcl-2, and cytochrome C.
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Nevertheless, the sudden reperfusion of blood flow would
result in secondary cardiovascular injury, that is, MIRI.
MIRI results in cardiomyocyte apoptosis and necrosis,
and even cardiac arrest [29]. Cell apoptosis is a vital
event during the prognosis of MI. Inhibition of cardio-
myocyte apoptosis and reduction of infarcted myocar-
dium area could effectively alleviate the prognosis of
AMI [30, 31].

Accumulating evidences have uncovered the role of
miRNAs in regulating reperfusion in ischemic myocardium.
In this paper, miRNA-19b-3p was upregulated in HCM cells
under H/R precondition. Silence of miRNA-19b-3p mark-
edly reduced activities of LDH, MDA, and GSH-PX and ele-
vated SOD level in H/R-induced HCM cells. In addition,
knockdown of miRNA-19b-3p resulted in viability elevation
and apoptosis suppression in HCM cells. Our findings dem-
onstrated the involvement of miRNA-19b-3p in MIRI-
induced pathological changes. Furthermore, apoptosis-
related genes were determined in H/R-induced HCM cells.
Previous studies proposed that Bcl-2/Bax ratio is the key
indicator reflecting the apoptotic level [32, 33]. Bcl-2 protein
locates in the outer mitochondrial membrane, exerting an
antiapoptosis function. Under normal circumstance, Bax is
expressed in the cytoplasm. Once AMI occurs, apoptosis-
related signaling triggers the translocation of cytoplasmic
Bax into mitochondria, thus initiating the endogenous apo-
ptosis. Here, silence of miRNA-19b-3p downregulated
mRNA and protein levels of Bax and cytochrome C, and
upregulated Bcl-2.

PTEN is a lipoprotein phosphatase that negatively regu-
lates the PI3K/Akt pathway through PIP3 dephosphoryla-
tion and Akt translocation on the cell membrane [34, 35].
A recent study illustrated the crucial role of PTEN in
mitochondrial-dependent apoptosis [36].

PTEN is considered to be an important pathway
involved in MI. Previous studies have demonstrated that
the upregulated miR-21 during MI affects collagen produc-
tion by interfering with VEGF-mediated PTEN pathway
[37]. In previous studies, miRNAs were reported to regu-
lating target genes by binding to the 3′UTR area as a
sponge thus to inhibit the translation of mRNA [38, 39].
In this paper, PTEN was confirmed to be the direct target
of miRNA-19b-3p and negatively regulated by it. Besides,
PTEN was lowly expressed in H/R-induced HCM cells.
To elucidate the involvement of PTEN in HCM cell
behaviors influenced by miRNA-19b-3p, gain-of-function
experiments were conducted. Notably, knockdown of
PTEN reversed regulatory effects of miRNA-19b-3p on
apoptotic rate and apoptosis-associated gene expressions
in H/R-induced HCM cells. As a result, PTEN was
responsible for miRNA-19b-3p to influence MIRI-
induced cardiomyocyte apoptosis.

5. Conclusions

miRNA-19b-3p is upregulated in HCM cells undergoing
hypoxia and reoxygenation, which accelerates cardiomyo-
cyte apoptosis through downregulating PTEN.
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Objective. To elucidate the role of microRNA-576 (miRNA-576) in alleviating the deterioration of atherosclerosis (AS) through
downregulating krüpple-like factor 5 (KLF5). Materials and Methods. The AS model in mice was first constructed. Body
weight, inflammation degrees, blood lipid, and relative levels of KLF5, miRNA-576, caspase-3, and bcl-2 in AS mice and
control mice were compared. Dual-luciferase reporter gene assay was performed to evaluate the binding between miRNA-576
and KLF5. RAW264.7 cells were treated with 200mg/L ox-LDL for establishing in vitro high-fat model. Regulatory effects of
miRNA-576/KLF5 on relative levels of β-catenin and inflammatory factors in RAW264.7 cells were explored. Results. Body
weight was heavier in AS mice than in controls. Protein levels of KLF5 and caspase-3 were upregulated, while bcl-2 was
downregulated in AS mice. In particular, protein level of KLF5 was highly expressed in aortic tissues of AS mice. TC and LDL
increased, and HDL decreased in AS mice compared with controls. Inflammatory factor levels were markedly elevated in AS
mice. KLF5 was verified to be the target gene binding miRNA-576. Overexpression of miRNA-576 downregulated KLF5,
inflammatory factors, and β-catenin in ox-LDL-treated RAW264.7 cells. Regulatory effect of miRNA-576 on the release of
inflammatory factors in RAW264.7 cells could be partially abolished by KLF5. Conclusions. miRNA-576 alleviates malignant
progression of AS via downregulating KLF5.

1. Introduction

Atherosclerosis (AS) is one of the most common cardiovas-
cular diseases, posing a serious threat to human health. AS is
a chronic progressive disease featured by endothelial dam-
age, lipid deposition, monocyte infiltration, and lipid accu-
mulation and fibrosis in the arteries [1, 2]. AS would lead
to other severe cardiovascular lesions [3]. It is important to
well elucidate the pathogenesis of AS.

MicroRNAs (miRNAs) are noncoding RNAs with 21-23
nucleotides long, which are extensively distributed in
viruses, plants, and metazoans. They participate in posttran-
scriptional regulation. Abundant evidences have proven the
critical role of miRNAs in the progression of AS [4]. They
are responsible for regulating the formation and stability of
plaques [5–7]. In a recent study, the author uncovered that
miR-195-3p alleviates homocysteine-mediated atherosclero-

sis by targeting IL-31 [8]. Besides, rs41291957 controls miR-
143 and miR-145 expression and impacts coronary artery
disease risk [9]. It is reported that miRNA-576 is a novel bio-
marker in renal cell carcinoma [10]. Its specific role in the
progression of AS, however, remains unclear.

KLFs (krüpple-like factors) are transcription factors con-
taining zinc finger structure, which are able to mediate DNA
transcription. KLF5 is a vital mediator in the occurrence of
cardiovascular diseases. It is reported that KLF5 is involved
in the development of myocardial hypertrophy and fibrosis,
and it could affect the pathological level of myocardial injury
through activating the downstream pathways [11, 12]. In
vascular smooth muscle cells, miR-9 stimulates cell pheno-
type changes through targeting KLF5 [13]. In addition,
miRNA-152 suppresses malignant progression of AS by
downregulating KLF5 [14]. In this paper, we constructed
both in vivo and in vitro AS models, and the regulatory
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effects of miRNA-576 on the progression of AS were
analyzed.

2. Materials and Methods

2.1. Construction of AS Model in Mice. This study was
approved by the Animal Ethics Committee of Hebei Medical
University Animal Center. 14 male C57BL/6J ApoE-/- mice
(20-25 g) were purchased from Cavens (Changzhou, Jiangsu,
China). Mice were habituated in a standard environment
with 12 h dark/light cycle, 55-60% humidity, and free access
to food and water. They were randomly assigned into two
groups, namely, AS group (n = 7) and control group (n = 7
). Mice in the AS group were fed with high-fat diet (HFD)
containing 10% custard powder, 10% lard, 1% cholesterol,
78.8% standard diet, and 0.2% sodium taurocholate for 12
consecutive weeks, while those in the control group were
fed with standard diet [15].

2.2. Cell Culture. RAW264.7 cells were cultured in Roswell
Park Memorial Institute 1640 (RPMI 1640) (Gibco, Rock-

ville, MD, USA) containing 10% fetal bovine serum (FBS)
(Gibco, Rockville, MD, USA), 100μg/mL penicillin, and
100mg/mL streptomycin. Cells were passaged for 4-5 times,
and those in good condition were treated with 200mg/L ox-
LDL for 24h.

2.3. Western Blot. Cells were lysed for isolating cellular pro-
tein and electrophoresed. Protein samples were loaded on
polyvinylidene fluoride (PVDF) membranes (Roche, Basel,
Switzerland). Subsequently, nonspecific antigens were
blocked in 5% skim milk for 2 hours. Membranes were
reacted with primary and secondary antibodies for indicated
time. Band exposure and analyses were finally conducted.

2.4. Determination of Blood Lipid and Inflammatory Factors.
Mice were forbidden to eat overnight before determination.
Blood lipid levels and inflammatory factor levels were deter-
mined using commercial kits provided by JianKang Tech-
nology (Nanjing, China) and Abcam (Cambridge, MA,
USA), respectively.
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Figure 1: KLF5 was highly expressed in AS mice. (a) Body weight in AS mice and control mice. (b) Protein levels of KLF5, caspase-3, and
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2.5. Cell Transfection. RAW264.7 cells in good condition
were inoculated in 6-well plates with 2 × 105 cells and trans-
fected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) at 80% confluence. Fresh medium was replaced at 6-
8 h, and medium containing 2μg/mL puromycin was
applied at 48 h. Transfected cells were passaged into a new
6-well plate at 72 h. After cell culture for 1-2 weeks, positive
colonies were selected for amplification.

2.6. RNA Extraction and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR). TRIzol method (Invitrogen,
Carlsbad, CA, USA) was applied for isolating cellular RNA.
Through reverse transcription of RNA, the extracted com-
plementary deoxyribonucleic acid (cDNA) was used for
PCR detection by SYBR Green method. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the inter-

nal reference. The primer sequences were listed as follows:
GAPDH-forward: 5′-CCATGGGGAAGGTGAAGGTC-3′,
GAPDH-reverse: 5′-TGATGACCCTTTTGGCTCCC-3′;
KLF5-forward (mouse): 5′-CGGCAGTAATGGACACCCT
T-3′, KLF5-reverse (mouse): 5′-ATTGTAGCGGCATAGG
ACGG-3′; U6-forward: 5′-CGCTTCGGCAGCACATATA
CTAAAATTGGAAC-3′, U6-reverse: 5′-GCTTCACGAAT
TTGCGTGTCATCCTTGC-3′; and miR-576-forward: 5′-
TTGGGTCAAGAGTCAGAAGTTT-3′, miR-576-reverse:
5′-TGGCTTCTACTTGTCCTTTCC-3′.

2.7. Dual-Luciferase Reporter Gene Assay. 293T cells were
inoculated in a 96-well plate with 1:5 × 104 cells. Mutant of
plasmids (pGL3-KLF5-MUT and pGL3-KLF5-MUT) was
generated by site-directed mutagenesis PCR reaction using
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Figure 4: β-Catenin was upregulated in in vivo and in vitro AS models. Protein level of β-catenin in AS mice and RAW264.7 cells pretreated
with 200mg/L ox-LDL for 24 h.
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platinum pfx DNA polymerase following the product man-
ual. Cells were cotransfected with KLF5 WT/KLF5 MUT
and miRNA-576 mimics/negative control, respectively. After
transfection for 48h, cells were lysed for measuring lucifer-
ase activity (Promega, Madison, WI, USA).

2.8. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 20.0 (IBM, Armonk, NY, USA) was used for all
statistical analysis. Data were expressed as mean ± SD (stan-
dard deviation). The t-test was used for analyzing differences
between two groups. One-way ANOVA was enrolled to
comprise multigroups. p < 0:05 indicated the significant
difference.

3. Results

3.1. KLF5 Was Highly Expressed in AS Mice. Compared with
control mice, body weight was heavier in AS mice, suggest-
ing the success construction of in vivo AS model
(Figure 1(a)). Protein levels of KLF5 and caspase-3 were

upregulated, and bcl-2 was downregulated in AS mice
(Figure 1(b)).

3.2. Relative Levels of Inflammatory Factors and Blood Lipid
Increased in ASMice. Relative levels of TC and LDL increased,
and HDL decreased in AS mice, while TG level was similar in
AS mice and control mice (Figure 2(a)). Furthermore, serum
levels of IL-1, IL-6, and TNF-α were elevated in AS mice, ver-
ifying the stimulated inflammatory response (Figure 2(b)).
Serum level of miRNA-576 was downregulated in AS mice
(Figure 2(c)). Western blot analysis uncovered that protein
level of KLF5 was markedly upregulated in aortic tissues than
that of controls (Figure 2(d)).

3.3. KLF5Was the Target Gene Binding miRNA-576. Through
prediction in Starbase3.0, the binding sequences in 3′UTR of
miRNA-576 and KLF5 were depicted (Figure 3(a)). Overex-
pression of miRNA-576 markedly quenched luciferase activity
in wild-type KLF5 vector, confirming the binding relationship
between miRNA-576 and KLF5 (Figure 3(b)). Subsequently,
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RAW264.7 cells were pretreated with 200mg/L ox-LDL for
24h, and thus, a high-fat microenvironment was constructed.
Transfection of miRNA-576 mimic markedly downregulated
KLF5, and conversely, transfection of miRNA-576 inhibitor
could upregulate KLF5 in ox-LDL-treated RAW264.7 cells
(Figures 3(c) and 3(d)). ELISA results demonstrated that over-
expression of miRNA-576 markedly downregulated inflam-
matory factor levels in RAW264.7 cells, and knockdown of
miRNA-576 achieved the opposite trends (Figure 3(e)).

3.4. β-Catenin Was Upregulated in In Vivo and In Vitro AS
Models. Interestingly, the protein level of β-catenin was
markedly upregulated in AS mice than in controls. In addi-
tion, β-catenin was identically upregulated in ox-LDL-
treated RAW264.7 cells (Figure 4). It is suggested that β-
catenin may be involved in the pathogenesis of AS.

3.5. miRNA-576 Downregulated β-Catenin and Suppressed
Release of Inflammatory Factors in RAW264.7 Cells through
Targeting KLF5. The above findings have shown that β-
catenin was upregulated in ox-LDL-treated RAW264.7 cells.
Notably, this upregulated trend was reversed by overexpres-
sion of miRNA-576 (Figure 5(a)). Besides, knockdown of
miRNA-576 triggered the release of inflammatory factors
in RAW264.7 cells, which was abolished by knockdown of
KLF5 (Figure 5(b)). Based on our findings, miRNA-576
downregulated β-catenin and suppressed release of inflam-
matory factors in RAW264.7 cells through targeting KLF5,
thereafter affecting the progression of AS.

4. Discussion

Normal arterial endothelial cells have biological functions of
barrier effect, anticoagulation, regulation of vascular tension,
and activation of inflammatory mediators [16]. In the pro-
cess of AS, vascular endothelial cells are impaired by chronic
inflammation. Under the coactivation of chemokines and
adhesion molecules, inflammatory cells such as monocytes
and T cells migrate to the endarterium, where they are dif-
ferentiated into macrophages. Eventually, monocytes and
endothelial cells in the circulation are promoted to migrate
and swallow lipids. Thereafter, macrophage foam cells are
derived and atheromatous plaques are formed [17]. Multiple
miRNAs are involved in chronic inflammatory responses in
arterial endothelial cells, thus affecting the development of
AS [18].

Wu et al. [19] demonstrated that miR-155 exerts an anti-
AS effect on endothelial cells through a negative feedback
loop. miR-125a-5p reduces the uptake of oxidized low-
density lipoprotein by macrophages through downregulat-
ing ORP9. It also inhibits expression levels of inflammatory
factors [20–22]. As a DNA-binding transcription factor,
KLF5 could bind GT element or CACCC element in the pro-
moter region, thus affecting transcription and expressions of
downstream genes. KLF5 is involved in cancer and cardio-
vascular diseases [23, 24]. In recent years, KLF5 is found to
be significant in the progression of AS and cardiac hypertro-
phy, as well as cell growth of cardiomyocytes and smooth
muscle cells [25, 26]. A relevant animal experiment demon-

strated that KLF-/- mice present reduced myocardial fibrosis
and hypertrophy [27].

In this paper, KLF5 was upregulated and miRNA-576
was downregulated in AS mice. We have verified that
KLF5 was the downstream gene binding miRNA-576, and
miRNA-576 could negatively regulate KLF5 level. Further-
more, overexpression of miRNA-576 partially reversed ox-
LDL-induced upregulation of β-catenin in RAW264.7 cells.
Knockdown of KLF5 abolished promotive effects of silenced
miRNA-576 on the release of inflammatory factors. To sum
up, miRNA-576 downregulated β-catenin and suppressed
release of inflammatory factors in RAW264.7 cells through
targeting KLF5, thereafter affecting the progression of AS.

5. Conclusions

miRNA-576 alleviates malignant progression of AS via
downregulating KLF5.

Data Availability

The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
request.
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Objective. To uncover the protective role of sevoflurane on hypoxia/reoxygenation-induced cardiomyocyte apoptosis through the
protein kinase B (Akt) pathway. Methods. An in vitro hypoxia/reoxygenation (H/R) model was established in cardiomyocyte cell
line H9c2. Sevoflurane (SEV) was administrated in H9c2 cells during the reoxygenation period. Viability, layered double
hydroxide (LDH) release, and apoptosis in H9c2 cells were determined to assess H/R-induced cell damage. Relative levels of
apoptosis-associated genes were examined. Moreover, phosphorylation of Akt was determined. Results. H/R injury declined
viability and enhanced LDH release and apoptotic rate in H9c2 cells. Cyclooxygenase-2 (Cox-2) was upregulated following H/
R injury, which was partially reversed by SEV treatment. In addition, SEV treatment reversed changes in viability and LDH
release owing to H/R injury in H9c2 cells, which were further aggravated by overexpression of Cox-2. The Akt pathway was
inhibited in H9c2 cells overexpressing Cox-2. Conclusions. Sevoflurane protects cardiomyocyte damage following H/R via the
Akt pathway, and its protective effect was abolished by overexpression of Cox-2.

1. Introduction

So far, ischemic heart diseases are the leading fatal cardio-
vascular diseases globally [1]. Myocardial ischemia/reperfu-
sion (I/R) leads to apoptosis and necrosis of
cardiomyocytes, further aggravating cardiac insufficiency,
ventricular remodeling, and even heart failure [2]. Inhibition
of apoptosis attributes to alleviate I/R-induced myocardial
lesions, cardiomyocyte loss, and ventricular contractile dys-
function [3]. Severe hypoxia is the most typical feature of
myocardial ischemia, which eventually results in ROS accu-
mulation, intracellular calcium overload, inflammatory
response, energy deficiency, and other serious lesions. Nota-
bly, reoxygenation following hypoxia may also cause second-
ary damage, eventually leading to cardiomyocyte death [4,
5]. It is of significance to clarify mechanisms of H/R injuries.

Protein kinase B (Akt) is a serine/threonine-specific pro-
tein kinase. Akt is extensively involved in cellular processes
such as glucose metabolism, gene transcription, and cell
behaviors [6, 7]. Accumulating evidences have suggested
that the activated PI3K/Akt pathway following myocardial
I/R injury induces a cardioprotective function [8, 9].
Cyclooxygenase-2 (Cox-2) is a cyclooxygenase isoform cata-
lyzing the conversion of arachidonic acid to prostaglandins
[10]. During the process of myocardial ischemia, Cox-2 is
upregulated in myocardium [11, 12]. Besides, Cox-2 level
is associated with the severity of apoptosis in myocardial
infarction [13].

Sevoflurane (SEV) is an anesthetic that is widely applied
in cardiac surgeries. Compared with other anesthetics, SEV
has the advantages of short induction time, short recovery
time, and high safety [14]. Recent studies have shown that
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SEV pretreatment/posttreatment has significant protective
effects on myocardial H/R injury [15, 16]. In this paper,
H9c2 cells were utilized for constructing an in vitro H/R
model. We mainly explored the potential protective role of
SEV in myocardial H/R injury and the involvement of
Cox-2.

2. Materials and Methods

2.1. Cell Culture. Rat embryonic cardiomyocyte cell line
H9c2 was provided by Cell Bank (Shanghai, China). Cells
were cultured in Dulbecco’s modified eagle medium
(DMEM) (Gibco, Rockville, MD, USA) containing 10% fetal
bovine serum (FBS) (Gibco, Rockville, MD, USA), 100μg/
mL penicillin, and 100mg/mL streptomycin. Fresh medium
was replaced every 2-3 days. Cell passage was performed at
80-90% confluence.

2.2. Construction of In Vitro H/R Model. H9c2 cells were cul-
tured in low-serum medium (0.5% FBS) and exposed to 95%
N2/5% CO2. After 2 h hypoxic culture, cells were cultured in
fresh medium (10% FBS) and exposed to 95% air/5% CO2.
After reoxygenation for 1 h, the in vitro H/R model was con-
structed. Cells in the NC group were routinely cultured. SEV
was administrated in cells of the H/R+ SEV group during
reoxygenation period.

2.3. Transfection. pcDNA3.1-Cox-2 (Cox-2 OE) (NM_
017232.3) was constructed. Cells were transfected using
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) as previously reported.

2.4. Cell Counting Kit-8 (CCK-8). Cells were inoculated in a
96-well plate. 100μL of 10% CCK-8 was applied in each well.
At the appointed time points, absorbance value at 450nm of
each sample was recorded using the CCK-8 kit (Dojindo Lab-
oratories, Kumamoto, Japan) for plotting the viability curves.

2.5. Layered Double Hydroxide (LDH) Release
Determination. Cell supernatant was collected and incubated
with 60μL of LDH working solution. After 30min incuba-
tion in dark at room temperature on an oscillator, an absor-
bance value at 490 nm was recorded.

2.6. Flow Cytometry. Cells were collected, washed in precold
PBS twice, and resuspended in 500μL of binding buffer con-
taining 5μL of annexin V-FITC (fluorescein isothiocyanate)
and 5μL of propidium iodide (PI) in dark. 30min later, cell
apoptosis was determined by flow cytometry at 488nm exci-
tation and 600 nm emission.

2.7. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). TRIzol method (Invitrogen, Carlsbad, CA,
USA) was applied for isolating cellular RNA. Through
reverse transcription of RNA, the extracted complementary
deoxyribose nucleic acid (cDNA) was used for PCR detec-
tion using the DBI Bestar SybrGreen qPCR Master Mix
(DBI Bioscience, Shanghai, China) on Stratagene Mx3000P
Real-Time PCR system (Agilent Technologies, Santa Clara,
CA, USA). Glyceraldheyde 3-phosphate dehydrogenase

(GAPDH) was used as the internal reference. Cox-2: 5′-
ATTGCTGGCCGGGTTGCTGG-3′ (F), 5′-TCAGGGAGA
AGCGTTTGCGGT-3′ (R); GAPDH: 5′-TCCCTCAAGAT
TGTCAGCAA-3′ (F), 5′-AGATCCACAACGGATACAT
T-3′ (R).

2.8. Western Blot. Cells were lysed for isolating cellular protein
and electrophoresed. Protein samples were loaded on polyvi-
nylidene fluoride (PVDF) membranes (Millipore, Billerica,
MA, USA). Subsequently, nonspecific antigens were blocked
in 5% skim milk for 2 hours. Gapdh (60004-1-Ig), Cox-2
(66351-3-Ig), Akt (60203-2-Ig), and p-Akt (66444-1-Ig) were
all purchased from Proteintech. Membranes were reacted with
primary and secondary antibodies for the indicated time. Band
exposure and analyses were finally conducted.

2.9. Statistical Analysis. Statistical Product and Service Solu-
tions (SPSS) 22.0 (IBM, Armonk, NY, USA) was used for all
statistical analysis. Data were expressed as mean ± SD (stan-
dard deviation). Comparison between multiple groups was
done using one-way ANOVA test followed by post hoc test
(Least Significant Difference). p < 0:05 indicated the signifi-
cant difference.

3. Results

3.1. SEV Protected Cardiomyocyte Apoptosis following H/R.
After establishing the H/R model in H9c2 cells, viability
markedly decreased (Figure 1(a)), while LDH release
(Figure 1(b)) and apoptosis increased (Figure 1(c)). Notably,
SEV treatment partially reversed the above trends. Consis-
tently, caspase-3 was markedly upregulated in the H/R
group, and the increased level of caspase-3 was reduced by
SEV (Figure 1(d)). Therefore, SEV markedly alleviated car-
diomyocyte apoptosis following H/R injury.

3.2. Cox-2 Was Upregulated following H/R. QRT-PCR data
showed that Cox-2 was upregulated at post-H/R in cardio-
myocytes, and SEV treatment could partially relieve this
increased trend (Figure 2(a)). Similarly, protein level
changes of Cox-2 presented the same trends as its mRNA
level (Figure 2(b)).

3.3. Overexpression of Cox-2 Suppressed Cardioprotective
Role of SEV. To uncover the potential involvement of Cox-
2 in cardioprotective role of SEV following H/R,
pcDNA3.1-Cox-2 (Cox-2 OE) was constructed. Its transfec-
tion efficacy was firstly verified in H9c2 cells (Figures 3(a)
and 3(b)). Interestingly, protective effects of SEV on viability
enhancement (Figure 3(c)) and LDH release inhibition
(Figure 3(d)) in H/R-induced cardiomyocytes were partially
abolished by overexpression of Cox-2. Hence, the protective
property of SEV on cardiomyocytes following H/R was
largely limited by Cox-2.

3.4. Overexpression of Cox-2 Inhibited SEV-Induced p-Akt
Upregulation. Accumulating evidences have proven the crit-
ical function of Akt in cardiomyocyte survival [17]. Here, p-
Akt was downregulated following H/R injury. SEV treat-
ment markedly increased protein level of p-Akt, which was
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inhibited by Cox-2 overexpression (Figures 4(a) and 4(b)).
The Akt pathway was responsible for cardioprotective effect
of SEV.

4. Discussion

Ischemic heart diseases pose extremely high morbidity and
mortality. Blood flow reperfusion and reoxygenation follow-

ing ischemic injury are the conventional treatments. However,
they may result in I/R and H/R injuries [18]. During the path-
ological progressions of I/R and H/R, a series of complicated
events including oxidative stress, apoptosis, and inflammation
significantly affect therapeutic efficacy [19, 20]. Prevention
and treatment of I/R and H/R have been well concerned.

SEV is a commonly used inhalation anesthetic with mul-
tiple advantages. Animal experiments have proven that SEV
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Figure 1: SEV protected H/R-induced cardiomyocyte apoptosis. H9c2 cells were assigned into the NC group, H/R group, and H/R + SEV
group. Cell viability (a), LDH release (b), apoptotic rate (c), and mRNA level of caspase-3 (d).

⃰

⃰

Re
la

tiv
e C

ox
-2

 m
RN

A
 le

ve
l

H
/R

+S
EVH
/RN
C

0

10

2

4

6

8

(a)

Cox-2

GAPDH

68kd

36kd

H
/R

+S
EVH
/RN
C

(b)
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is able to alleviate myocardial I/R injury in rats [21–23].
Nevertheless, specific mechanisms underlying the protective
role of SEV in I/R remain unclear. Our findings firstly
showed that declined viability, enhanced LDH release, and

apoptosis in H9c2 cells undergoing H/R, suggesting the suc-
cessful construction of an in vitro H/R model. Notably, SEV
administration during reoxygenation greatly protected H/R-
induced cardiomyocyte injuries.
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Figure 3: Overexpression of Cox-2 suppressed cardioprotective role of SEV. The mRNA (a) and protein level (b) of Cox-2 in H9c2 cells
transfected with NC or Cox-2 OE. Cell viability (c) and LDH release (d) in H9c2 cells of NC group, H/R group, H/R+ SEV group, and
H/R + SEV+Cox-2 group.
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Figure 4: Overexpression of Cox-2 inhibited SEV-induced p-Akt upregulation. Protein levels of p-Akt and Akt in H9c2 cells of NC group,
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Akt is a vital kinase involved in cell survival [24]. Acute
activation of Akt markedly protects apoptosis and necrosis
of cardiomyocytes under external stimuli [25]. It is reported
that shikonin protects H9c2 cells against H/R via the PI3K/
Akt pathway [26]. Through this pathway, salidroside exerts
its protective role in H9C2 cells undergoing oxidative stress
injury [27]. In this paper, the protein level of Akt was mark-
edly downregulated following H/R, which was then upregu-
lated by SEV treatment. We believed that the Akt pathway
was responsible for the cardioprotective effect of SEV against
H/R injury.

Cox-2 is an inducible enzyme, which could be rapidly
transcribed and translated by I/R [28]. A relevant study
has demonstrated that overexpression of Cox-2 is unfavor-
able to myocardial I/R injury [29]. Our experimental results
illustrated that Cox-2 was upregulated in the H/R group.
Notably, overexpression of Cox-2 partially abolished the
protective property of SEV on the viability of H9c2 cells
undergoing H/R injury. As previously reported, Cox-2 acti-
vation is positively correlated to Akt phosphorylation and
low survival [30, 31]. Here, the downregulated protein level
of p-Akt in H/R-induced cardiomyocytes was partially
reversed by SEV treatment. Nevertheless, the reversed trend
of the p-Akt level was abolished by overexpression of Cox-2.
Cox-2 may negatively affect the protective effect of SEV on
cardiomyocyte apoptosis following H/R by inhibiting Akt
phosphorylation.

5. Conclusions

Sevoflurane protects cardiomyocyte damage following H/R
through the Akt pathway, and its protective effect was abol-
ished by overexpression of Cox-2. Our results proposed that
inhibition of Cox-2 could assist the protective role of sevo-
flurane on H/R injury.
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Objective. MicroRNAs play a pivotal role in the progression of pulmonary hypertension (PAH). Although microRNA-146-5p is
specifically expressed in many diseases, but in PAH, its role remains elusive. Patients and Methods. 30 patients with PAH and
20 healthy volunteers in our hospital were enrolled, and their serum samples were extracted for the detection of microRNA-
146-5p and ubiquitin specific protease 3 (USP3) expression. In addition, the interaction between microRNA-146-5p and USP3
was examined by luciferase reporting assay. Furthermore, the potential mechanism was explored by cell counting kit-8 (CCK-
8), 5-ethynyl-2′-deoxyuridine (EdU), and Western blotting experiments. Results. It was found that microRNA-146-5p was
higher in PAH patients than in healthy volunteers. Meanwhile, in hypoxia-induced human pulmonary artery endothelial cell
lines (HPAECs), microRNA-146-5p expression was dramatically downregulated while USP3 protein expression was conversely
upregulated. Under hypoxic conditions, microRNA-146-5p mimics was able to prompt the growth of HPAECs. In addition,
after overexpression of microRNA-146-5p, luciferase reporting assay revealed a reduced luciferase activity of the reporter gene
containing the USP3 3′-untranslated region, and a reduction of USP3 protein expression was also confirmed. However, USP3
overexpression partially attenuated the impact of upregulated microRNA-146-5p on the proliferation capacity of HPAECs.
Conclusions. MicroRNA-146-5p was able to enhance the proliferation ability of HPAEC cells under hypoxic conditions
through targeting USP3, suggesting the microRNA-146-5p/USP3 axis may act as a target for PAH treatment.

1. Introduction

Related diseases caused by pulmonary arterial hypertension
(PAH) have gradually become a serious public health prob-
lem. Hypoxia may lead to pulmonary vasoconstriction and
induce PAH, which may lead to pulmonary vascular recon-
struction and the occurrence of pulmonary heart disease [1,
2]. Under the current circumstances, it is of great signifi-
cance to uncover the mechanism of PAH under hypoxia to
improve the prognosis, survival rate, and quality of life of
patients with pulmonary heart disease induced by chronic
hypoxia pulmonary diseases [3, 4]. Some studies suggested
that a variety of growth factors can be produced in the lung
during hypoxic conditions to stimulate the proliferation of

smooth muscle cells, elastic fibers, and collagen fibers in
the inner membrane, resulting in pulmonary vascular
remodeling [5, 6]. PAH caused by such vascular remodeling
may be relevant to a number of mechanisms such as pheno-
typic changes of pulmonary smooth muscle cells [7, 8].

Among many clinical molecular markers, microRNA
(miRNA), due to its small molecular size and wide role,
has gradually attracted wide attention from the medical
community in recent years [9, 10]. miRNA is a kind of
endogenous noncoding single-stranded RNA encoded by
endogenous genes with a length of about 22 nucleotides,
which plays a significant role in cell differentiation, prolifer-
ation, apoptosis, tumor occurrence, and drug efficiency [11,
12]. Recent studies have also demonstrated that
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microRNA-146-5p, as a member of miRNA family, is also
involved in various stages of cell development, including cell
proliferation, apoptosis, and variation [13].

miRNAs can be engaged in the regulation of gene
expression and induce protein translation inhibition by par-
tially complementary combining with the 3′ noncoding
region of the mRNA of downstream gene, thereby repressing
protein synthesis [14, 15]. Bioinformatics analysis demon-
strated that microRNA-146-5p could regulate the expression
of ubiquitin specific protease 3 (USP3) and bind to it specif-
ically. USP3 is a member of the ubiquitin specific protease
(USP) family, which can bind to its target protein through
a series of steps by acting on a highly conserved small mol-
ecule protein—ubiquitin, mediating the degradation of the
target protein or causing other corresponding biological
effects [16, 17]. In addition, the research of ubiquitin-
specific proteases in diseases is increasingly deepening,
including neurodegenerative diseases, hematologic diseases,
and infectious diseases, which may serve as a new treatment
method for PAH and other diseases in the near future [18,
19].

In this study, we first explored the expression of
microRNA-146-5p and USP3 and the interaction between
them in pulmonary artery smooth muscle cells under hyp-
oxia conditions, so as to clarify the impacts of microRNA-
146-5p and USP3 in the progression and formation of
PAH, which may provide a new target for the diagnosis
and treatment of PAH.

2. Patients and Methods

2.1. Clinical Samples. Serum samples from 30 PAH patients
aged 36:70 ± 10:31 and 20 healthy volunteers aged 33:02 ±
8:52 were collected and stored in a refrigerator at -80°C.
Patients diagnosed with PAH should meet the published
guidelines for the diagnosis of pulmonary hypertension: (1)
mPAP ≥ 25mmHg at rest, (2) pulmonary artery wedge
pressure ≤ 15mmHg, and (3) pulmonary vascular
resistance ðPVRÞ > 3 Wood units. Patients were excluded if
associated with a definite cause, including connective tissue
disease, congenital heart disease, chronic pulmonary throm-
boembolism, and PAH due to left heart disease, lung dis-
eases, and hypoxemia [20–22]. According to the guidelines
of the Helsinki Declaration, all subjects in this research
signed informed consent, which was approved by the Ethics
Committee of Tianjin Chest Hospital. This study was con-
ducted in accordance with the Declaration of Helsinki.

2.2. Cell Culture. Human pulmonary artery endothelial cell
lines (HPAECs) and human renal epithelial cell line (293T)
were purchased from American Type Culture Collection
(ATCC) (Manassas, VA, USA), and Dulbecco’s modified
eagle medium (DMEM) and fetal bovine serum (FBS) were
purchased from Life Technologies (Gaithersburg, MD,
USA). All cells were cultured with high glucose DMEM con-
taining 10% FBS, penicillin (100U/mL), and streptomycin
(100μg/mL) in a 37°C, 5% CO2 incubator. When grown to
80%-90% confluence, cells were digested with 1x trypsin
+EDTA (ethylenediaminetetraacetic acid).

2.3. Transfection and Hypoxic Treatment. The control group
(miR-NC) and the overexpression vector (microRNA-146-
5p mimics) containing the microRNA-146-5p lentiviral
sequence were purchased from Shanghai Jima Company
(Shanghai, China). Cells were plated in 6-well plates and
grown to a cell density of 30-40%, and lentiviral transfection
was performed according to the manufacturer’s instructions.
Cells were collected 48 h later for quantitative real-time poly-
merase chain reaction (qPCR) and Western blot experi-
ments. In addition, HPAEC cells were exposed to hypoxia
(1% O2 and 5% CO2) at 37

°C.

2.4. Cell Proliferation Assays. The transfected cells were col-
lected and plated into 96-well plates at 2000 cells per well.
After cultured for 24h, 48 h, 72 h, and 96h, respectively,
10μL of cell counting kit-8 (CCK-8) solution (Dojindo,
Kumamoto, Japan) was added per well for incubation for 2
hours, and then, the optical density (OD) value of each well
was measured in the microplate reader at 490nm absorption
wavelength.

2.5. 5-Ethynyl-2′-Deoxyuridine (EdU) Assay. To assess the
proliferative capacity of HPAEC cells, EdU proliferation
assay (RiboBio, Guangzhou, China) was performed. After
transfection for 24h, the cells were incubated with 50μm
EDU for 2 h, then stained with AdoLo and 4′,6-diamidino-
2-phenylindole (DAPI), and the number of EDU-positive
cells was examined by fluorescence microscopy. The display
rate of EDU positive was shown as the ratio of the number of
EDU positive cells to the total DAPI chromogenic cells (blue
cells).

2.6. Real-Time PCR. Total RNA was extracted from HPAEC
cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and reverse transcribed into complementary deoxyribose
nucleic acid (cDNA) using Primescript RT Reagent. qPCR
reactions were performed using SYBR® Premix Ex TaqTM
(TaKaRa, Tokyo, Japan) and StepOne Plus Real-time PCR
System. The following primers were used for qPCR reaction:
microRNA-146-5p: forward: 5′-GCCCTCTGTGCTACTT
ACTC-3′, reverse: 5′-GCTGGTTGTGGGTTACTCTC-3′;
U6: forward: 5′-GCCCTCTGTGCTACTTACTC-3′,
reverse: 5′-GCTGGTTGTGGGTTACTCTC-3′; USP3: for-
ward: 5′-TAGGTATTGTCTACTACTCTG-3′, reverse: 5′-
TATATCACTCTTGCTTCA-3′; and β-actin: forward: 5′-
CCTGGCACCCAGCACAAT-3′, reverse: 5′-TGCCGT
AGGTGTCCCTTTG-3′. Data analysis was performed using
the ABI Step One software (Applied Biosystems, Foster City,
CA, USA), and the relative expression levels of mRNA were
calculated using the 2-ΔΔCt method [23].

2.7. Western Blot. The transfected cells were lysed using cell
lysis buffer and centrifuged at 14,000× g for 15 minutes at
4°C. Total protein concentration was calculated by bicincho-
ninic acid (BCA) Protein Assay Kit (Pierce, Rockford, IL,
USA). The extracted proteins were separated using a 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel and subsequently transferred to a polyviny-
lidene fluoride (PVDF) membranes (Millipore, Billerica,

2 Disease Markers



MA, USA). Western blot analysis was performed according
to standard procedures. The primary antibody against
USP3 (23303S) and the internal reference GAPDH (5174T)
and the secondary antibody were both purchased from Cell
Signaling Technology (Danvers, MA, USA).

2.8. Dual-Luciferase Reporter Assay. 293T cells were seeded
in 24-well plates and cotransfected with microRNA-146-5p
mimic/NC and pMIR luciferase reporter plasmids. Prior to
this, the plasmid was ligated into the pMIR by insertion of
other wild-type USP3, paired with the 3′UTR of the USP3

mutation binding site. The plasmid was then introduced into
the cells using Lipofectamine 2000 (Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturer’s
protocol. After 48 hours of transfection, the reporter lucifer-
ase activity was normalized to the control firefly luciferase
activity.

2.9. Statistical Analysis. The program was processed using
the Statistical Product and Service Solutions (SPSS) 22.0 pro-
gram (IBM, Armonk, NY, USA), and the data were
expressed as mean ± standard deviation. p < 0:05 was
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Figure 1: Detection of miR-146-5p and USP3 expression levels in serum from patients with pulmonary hypertension and healthy
volunteers. (a) qRT-PCR was used to detect the expression level of miR-146-5p in serum of patients with pulmonary hypertension and
healthy volunteers. (b) qRT-PCR was used to detect the expression level of USP3 in serum of patients with pulmonary hypertension and
healthy volunteers. The data were mean ± SD, and ∗ indicates a significant difference compared with the normal control group (p < 0:05).
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Figure 2: Expression of miR-146-5p and USP3 in HPAECs after hypoxia. (a) qRT-PCR was used to detect the expression levels of miR-146-
5p at 0 h, 24 h, 48 h, and 72 h after hypoxia treatment. (b) Western blotting was used to detect the protein expression levels of USP3 at 0 h,
24 h, 48 h, and 72 h after hypoxia treatment. The data were mean ± SD, and ∗ indicates a significant difference compared with 0 h of hypoxia
(p < 0:05).
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considered to be statistically significant. The continuity var-
iable was analyzed by t-test, and the categorical variable was
analyzed by χ2 test or Fisher’s exact probability method.

3. Results

3.1. MicroRNA-146-5p and USP3 Expression in Plasma of
Patients with PAH. QPCR detected that PAH patient serum
contained higher microRNA-146-5p expression and lower
USP3 expression compared to the healthy volunteers
(p < 0:05; Figures 1(a) and 1(b)).

3.2. Hypoxia Decreased MicroRNA-146-5p While Increased
USP3 Expression in HPAECs. To determine microRNA-
146-5p and USP3 expression in HPAECs under hypoxic

conditions, we cultured HPAECs under hypoxic conditions
for 0, 24, 48, and 72 h, respectively, and found a dramatic
reduction in microRNA-146-5p expression in a time-
dependent manner (Figure 2(a)). In addition, USP3 expres-
sion was relatively shown as 2:02 ± 0:16, 3:38 ± 0:16, and
3:35 ± 0:42 at 24 hours, 48 hours, and 72 hours, respectively,
measured by Western blot assay, suggesting that hypoxia
could dramatically induce USP3 protein expression in
HPAECs (Figure 2(b)).

3.3. MicroRNA-146-5p Upregulation Accelerates
Proliferation Rate of HPAECs. The microRNA-146-5p over-
expression vector was constructed to further evaluate how
microRNA-146-5p promotes the growth of HPAECs under
hypoxic conditions. After 24 hours of transfection and 48
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Figure 3: Overexpression of miR-146-5p promotes the proliferative capacity of HPAECs after 48 h of hypoxia. (a) qRT-PCR was used to
detect the transfection efficiency after transfection of miR-146-5p overexpression vector after 48 h of hypoxia. (b) CCK-8 detected the
proliferative capacity of HPAEC cells after transfection of miR-146-5p overexpression vector after 48 h of hypoxia. (c) The EdU assay
detected the number of positive proliferating cells in HPAEC cells after overexpression of miR-146-5p after 48 h of hypoxia. The data
were mean ± SD, and ∗ indicates a significant difference compared with the miR-NC group (p < 0:05).

4 Disease Markers



hours of exposure to hypoxia, qPCR detected an increased
microRNA-146-5p level in HPAEC cells induced by overex-
pression ofmicroRNA-146-5p compared tomiR-NC, suggest-
ing a successful construction model (Figure 3(a)).
Subsequently, CCK-8 and EdU assays indicated that
microRNA-146-5p overexpression dramatically enhanced
the proliferation capacity of HPAECs exposed in hypoxia for
48h compared to the control group (Figures 3(b) and 3(c)).

3.4. USP3 Is a Target of MicroRNA-146-5p. Bioinformatics
predicted a potential binding site of microRNA-146-5p in
USP3 3′-UTR (Figure 4(a)). And luciferase reporting assay
verified that the luciferase activity of 293T cells transfected
with WT-USP3-3′UTR vector and microRNA-146-5p over-
expression vector was dramatically attenuated after 48 h of
hypoxia, while the cytoluciferase activity of cells transfected
with MUT-USP3-3′UTR was not affected (Figure 4(b)),
which confirmed that microRNA-146-5p could directly tar-
get USP3 by binding to its 3′-UTR. In addition, overexpres-
sion of microRNA-146-5p reduced USP3 in HPAECs
exposed in hypoxia for 48 h at both mRNA and protein
levels (Figures 4(c) and 4(d)). The above data suggested that
USP3 may act as a target for microRNA-146-5p in HPAECs
under hypoxic conditions.

3.5. Overexpression of USP3 Partly Alleviates the Impacts of
MicroRNA-146-5p on Cell Proliferation Ability of HPAECs
under Hypoxia. To further elucidate the regulation of
microRNA-146-5p and USP3 on HPAEC cell proliferation

under hypoxic conditions, we transfected miR-NC+NC,
microRNA-146-5p+NC, or microRNA-146-5p +USP3 into
HPAEC cells, followed by hypoxia for 48 hours. qPCR anal-
ysis revealed a significant reduction of microRNA-146-5p
expression in HPAEC cells transfected with microRNA-
146-5p+USP3 compared to those transfected with micro-
RNA-146-5p+NC (Figure 5(a)). In addition, the results of
CCK-8 and EdU assays indicated that the proliferation abil-
ity of HPAEC cells in the microRNA-146-5p+USP3 group
was dramatically weakened compared to those in the micro-
RNA-146-5p+NC group; however, when compared with
the miR-NC+NC group, after 48 h hypoxia, the cell prolifer-
ation ability was reversed (Figures 5(b) and 5(c)). Addition-
ally, USP3 expression was significantly higher in the
microRNA-146-5p+USP3 group than in the microRNA-
146-5p+NC group (Figure 5(d)). The above data suggested
that USP3 overexpression partially could attenuate the influ-
ence of microRNA-146-5p upregulation on cell proliferation
capacity under hypoxia.

4. Discussion

Pulmonary arterial hypertension (PAH) is a disease typically
characterized by pulmonary artery contraction, progressive
pulmonary vascular resistance increase, and pulmonary
artery pressure rise, which can lead to fatal right heart failure
[1–4]. Pulmonary arterioles are composed of endothelial
cells, smooth muscle cells, and fibroblasts [5–7]; among
which, pulmonary smooth muscle cells are the main
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Figure 4: USP3 is a direct binding target gene for miR-146-5p. (a) Schematic representation of miR-146-5p sharing the same
complementary seed sequence as the 3′-UTR of USP3. (b) Luciferase reporter assay detected that USP3 is the target gene for miR-146-
5p. (c) Western blotting was used to detect the protein expression level of USP3 in HPAEC cells after overexpression of miR-146-5p
after 48 h of hypoxia. (d) qRT-PCR was used to detect the mRNA expression level of USP3 in HPAEC cells after overexpression of miR-
146-5p after 48 h of hypoxia. The data were mean ± SD, and ∗ indicates a significant difference compared with the miR-NC group
(p < 0:05).
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Figure 5: Overexpression of USP3 attenuates the effect of overexpression of miR-146-5p on the proliferative capacity of HPAEC cells after
48 h of hypoxic treatment. (a) qRT-PCR was used to detect the mRNA expression level of miR-146-5p in HPAEC cells after cotransfection of
miR-146-5p and USP3 overexpression vectors after 48 h of hypoxia. (b) CCK-8 detected the proliferative capacity of HPAEC cells after
cotransfection of miR-146-5p and USP3 overexpression vectors after 48 h of hypoxia. (c) The EdU assay detected the number of positive
proliferating cells in HPAECs after cotransfection of miR-146-5p and USP3 overexpression vectors after 48 h of hypoxia. (d) Western
blotting was used to detect the protein expression level of USP3 in HPAEC cells after cotransfection of miR-146-5p and USP3
overexpression vectors after 48 h of hypoxia. Data were mean ± SD, and ∗ indicates a significant difference (p < 0:05).

6 Disease Markers



biological effector cells in the contraction process of pulmo-
nary arterioles caused by hypoxia and also the key cells
involved in the structural reconstruction of pulmonary ves-
sels under the condition of chronic hypoxia [7, 8].

MicroRNA (miRNA), a kind of short single-stranded
RNA about 18-25 bp in length, can mediate the physiological
and pathological processes of almost all diseases, including
cell proliferation, differentiation, migration, carcinogenesis,
and apoptosis [9–11]. Previous studies uncover the key role
of miRNAs in PAH. Recently, miR-182-3p/Myadm contrib-
ute to pulmonary artery hypertension vascular remodeling
via a KLF4/p21-dependent mechanism [24]. Besides, miR-
483 might reduce experimental pulmonary hypertension by
inhibition of multiple adverse responses [25]. In this study,
compared with healthy volunteers, patients with PAH had
a significant higher expression of microRNA-146-5p but a
lower expression of USP3. Previous studies have shown that
HPAECs play a crucial role in the process of hypoxia
in vitro, including promoting cell proliferation and apopto-
sis, as well as enhancing cell secretion activity. In this inves-
tigation, after hypoxia for 24h, 48 h, and 72 h in HPAEC
cells, it was found that the expression of microRNA-146-
5p was markedly downregulated while USP3 expression
was conversely upregulated, in a time-dependent manner.
In HPAEC cells, after overexpression of microRNA-146-
5p, CCK-8 and EdU assay revealed an enhanced prolifera-
tion ability of HPAEC cells and an elevated positive rate of
EdU staining with the increase of time after 48 h of hypoxia
culture, suggesting that overexpression of microRNA-146-
5p could promote the proliferation activity of pulmonary
smooth muscle cells.

miRNA genes are usually located in intron regions,
and single strand mature miRNA is produced through a
series of processing processes. Mature miRNA molecules
form RNA-induced silencing complex (RISC) with Dicer,
Argonaute protein, etc. in cells and act on the 3′UTR of
specific mRNA to inhibit the translation process or
directly degrade the mRNA [11, 12]. For example,
microRNA-146-5p could specifically bind to USP3, con-
firmed in our research by bioinformatics analysis and
luciferase reporter gene assay. As a new target gene of
microRNA-146-5p, USP3 is found as a member of ubiqui-
tin specific protease (DUBs), which was initially discovered
for its cDNA clone fragment had one or two conserved
sequences consistent with DUBs. USP3, located on human
chromosome 15q22.3, is a functional ubiquitin-specific
protease that inhibits ubiquitin-dependent protein degra-
dation [16, 17]. USP can also interact with its target pro-
tein through removing the ubiquitin molecules that bind
to it, thereby inhibiting the degradation or mediating
downstream biological functions of the target protein [18,
19]. In addition, USP3 was dramatically downregulated
after the overexpression of microRNA-146-5p. However,
under hypoxia conditions, simultaneous overexpression of
microRNA-146-5p and USP3 reversed the enhanced pro-
liferation ability induced by microRNA-146-5p. In this
study, we firstly uncovered the role of miR-146-5p in
PAH by in vitro assay; however, the in vivo assay should
be added in the future study.

5. Conclusions

In summary, microRNA-146-5p can elevate the prolifera-
tion rate of HPAEC cells under hypoxia conditions by tar-
geted modulating USP3, suggesting that microRNA-146-
5p/USP3 axis may be a potential target for PAH treatment.
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The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
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Objective. The purpose of this study is to explore the regulating role of microRNA-383-5p (miR-383-5p) in oxidative stress after
acute myocardial infarction (AMI) through AMPK pathway via phosphofructokinase muscle-type (PFKM). Methods. We
established the AMI model, and the model mice were injected with miR-383-5p agomir to study the effect of miR-383-5p
in AMPK signaling pathways. The target gene for miR-383-5p was reported to be PFKM, so we hypothesized that
overexpression of miR-383-5p inhibits activation of the AMPK signaling pathway. Results. In this research, we found that
overexpression of miR-383-5p decreases myocardial oxidative stress, myocardial apoptosis, the expression level of PFKM
malondialdehyde (MDA), and reactive oxygen species (ROS) in the myocardial tissues after AMI, and finally, AMI-induced
cardiac systolic and diastolic function could be improved.Conclusion. This study demonstrated that miR-383-5p could
reduce the oxidative stress after AMI through AMPK signaling pathway by targeting PFKM.

1. Introduction

AMI is the main cause of persistent increases in human
morbidity and mortality due to obstruction of coronary
blood flow [1]. Although cTnI and cTnT are the gold stan-
dard for evaluation of myocardial ischemia, we need the
search for new biomarkers. AMI can lead to the formation
of scar and the remodeling of left ventricular, including car-
diac dysfunction and cardiomyocyte hypertrophy and fibro-
sis [2]. Therefore, it causes a decrease in cardiac output and
ultimately leads to heart failure (HF) [3].

MicroRNAs (miRNAs) are a small noncoding RNAs
composed of unequal nucleotides that regulate gene expres-
sion by binding to a fully complementary or partially com-
plementary target mRNAs at the posttranscriptional level
[4]. miRNAs are involved in gene expression during cell dif-
ferentiation, inflammation, stress response, and proliferation
[5, 6]. Emerging evidences show that miRNAs are involved
in the pathogenesis of cardiac diseases [7]. Therefore, it

may be possible that miRNAs have therapeutic effects [8].
In addition, some researches have shown that upregulation
of miR-383-5p can inhibit cell proliferation [9, 10]. Accord-
ing to investigation, miR-383-5p could regulate cell viability
through Wnt/β-catenin pathway [11]. It is well known that
PFKM mutation is one of the most common lesions in
breast cancer [12]. Besides, a previous study has discussed
that oxidative stress in cardiomyocytes after AMI can cause
cell injury through activated protein kinase (AMPK) signal-
ing pathway [13]. And this research is aimed at investigating
the effect of miR-383-5P targeting PFKM via AMPK path-
way on oxidative stress in AMI.

2. Materials and Methods

2.1. Prediction of the Target Gene of miR-383-5p Sample
Collection. The target gene of miR-383-5p was predicted
using the miRDB, PicTar, and TargetScan databases. Then,
a correlation analysis was performed on these target genes
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at the intersection using a String database. We searched for
targets with known expression in cardiovascular tissues
specifically.

2.2. Experimental Animal. In this study, male C57BL/6 mice,
the age was six to eight weeks, and weighing 22 ± 5 g were
included to be raised by the specific pathogen free (SPF) ani-
mal center. The average temperature in the animal center is
20°C, the relative humidity is 50-70%, and the light mainte-
nance day and night cycle is 12 h. The whole process is pellet
feeding, free feeding, drinking water, and single cage feeding.
The cage was cleaned daily, and the cleaning pad was
replaced to keep the cage clean. Mice underwent coronary
artery ligation, and we use electrocardiogram measurements
for the production of myocardial infarction (MI) [14]. Only
mice with significant ST-elevation in the ECG were included
in the research. Mice were randomly divided into 4 groups:
(1) sham group, (2) AMI+PBS group (AMI mice injected
with PBS via tail vein), (3) AMI+miR-383-5p agomir group
(AMI mice with miR-383-5p agomir injected via tail vein),
and (4) AMI+miR-383-5p agomir NC group (AMI mice
with miR-383-5p agomir NC injected via tail vein). Seven
days after AMI, echocardiography measurements were
performed. This study was approved by the Ethics Com-
mittee of Taizhou People’s Hospital Animal Center (18-
CN-23TZ-EC031).

2.3. Echocardiography. Seven days after the AMI model was
established, echocardiography was performed using ultra-
sound system to detect left ventricular end-diastolic volume
(LVEDD), left ventricular end-systolic volume (LVESD),
and left ventricular end-diastolic volume (LVEDV) and left
ventricular end-systolic volume (LVESV). In this study, we
evaluated cardiac function by calculating EF and FS.

2.4. Culture of H9C2 Cells. H9C2 cells were cultivated with
Dulbecco’s Modified Eagle Medium (DMEM) culture solu-
tion (Gibco, Rockville, MD, USA), which contained 10%
fetal bovine serum (FBS) (Gibco, Rockville, MD, USA) and
penicillin/streptomycin, and the H9C2 cells cultivate in a
culture dish (37°C, 5% CO2); we changed the medium every
other day. The concentration of 2000μM H2O2 was used for
the construction of H9C2 cell injury model in vitro [15].

2.5. Dual Luciferase Reporter Gene Assay. We analyzed the
target gene of miR-383-5p by biological prediction website.
To find whether PFKM was a target gene for miR-383-5p,
then in this research, we did a luciferase reporter assay for
verification. Luc-PFKM-wt or Luc-PFKM-mut was cotrans-
fected into cells with miR-383-5p mimic or its control. Lucif-
erase activity was measured by transfection of H9C2
cardiomyocytes by dual luciferase assay system (Promega,
Madison, WI, USA).

2.6. MDA Detection. The mouse serum was taken and centri-
fuged at 3000r for 10 minutes. After taking the supernatant,
the serum MDA content was measured using a commercial
kit (Jianglai, Shanghai, China).

2.7. Flow Cytometry. Detect intracellular ROS levels by flow
cytometry. The mice were anesthetized by intraperitoneal
injection and sacrificed. The myocardial tissues were sepa-
rated and placed in 1mL of ice PBS (Syme fisher technology,
Boca Raton, FL, USA) liquid and cut. The cells were filtered
through a 200-400 mesh screen and adjust the cell concen-
tration. The prepared 1mL single-cell suspension was
incubated with 5μl of 2′,7′-dichlorofluorescein diacetate
(DCF-DA), and the supernatant was removed by centrifuga-
tion and then incubated with 10% FBS. After centrifugation
at 4°C, myocardial tissue suspension was prepared. The aver-
age fluorescence intensity of the intracellular marker fluores-
cent probe was measured by flow cytometry (BD FACSC
alibur type, Becton-Dickinson (BD), Franklin Lakes, NJ,
USA). In the same way, H9C2 cells were treated with H2O2
in 6-well plate for 4h. Cells were collected and washed with
PBS twice and then resuspended with binding buffer. Annexin
V-FITC and propidium iodide (BB-4101-2; BestBio Science,
Shanghai, China) staining solution were added. The apoptotic
cells were detected by flow cytometry (BD FACSC alibur type,
Becton-Dickinson (BD), Franklin Lakes, NJ, USA).

2.8. Real-Time qPCR. Myocardial tissue RNA was extracted
using TRIzol (Thermo Fisher Scientific, Waltham, MA,
USA). RNA pretreated with diethylpyrocarbonate (DEPC)
(Beyotime, Shanghai, China) was dissolved in ultrapure
water. The RNA concentration of the nanodroplets was
measured, and the absorbance at 260 nm and 280 nm
was measured. If the A260/A280 was between 1.8 and 2.1,
the RNA quality was considered standard and can be used
in subsequent experiments. We first synthesize complemen-
tary deoxyribose nucleic acid (cDNA) using a reverse
transcription kit and then perform PCR amplification.
mRNA quantitative analysis was achieved using Prism
7300 Sequence Detection System, and 25 μL reaction sys-
tem was used including SYBR Green (12.5 μL, Thermo
Fisher Scientific, Waltham, MA, USA), 10 Μm of primers
(0.5mL each from the stock, Thermo Fisher Scientific,
Waltham, MA, USA), 10.5 μL of water, and 0.5 μL of
template. The data was analyzed by the SDS software, and
the results were then output to EXCEL for further analysis.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
serves as an internal reference for other mRNA and U6 as
an internal reference for miR-383-5p. The comparison
threshold period (Ct) method, that is, the 2-ΔΔCt method
was used to calculate the folding magnification. All the
primers are listed in Table 1.

2.9. Western Blotting Technology. Four groups of mouse
myocardial tissue were taken in an eppendorf (EP) tube,
and an appropriate amount of precooled cell lysis buffer
was placed. The supernatant was taken by centrifugation at
4°C using a high-speed centrifuge. The concentration was
quantified by bicinchoninic acid (BCA) kit (BCA, Construc-
tion, Nanjing, China). First, protein was separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The dispersed proteins were then transferred
to a polyvinylidene fluoride membrane for 4 h at 4°C. Incu-
bate with 5% skim milk for 1 h. Second, incubate the

2 Disease Markers



membrane with a special primary antibody (PFKM,
Abcam, Cambridge, MA, USA, Rabbit, 1 : 3000; SOD1,
Abcam, Cambridge, MA, USA, Rabbit, 1 : 3000; SOD2, Abcam,
Cambridge, MA, USA, Rabbit, 1 : 3000; AMPK, Abcam,
Cambridge, MA, USA, Rabbit, 1 : 3000; and p-AMPK,
Abcam, Cambridge, MA, USA, Rabbit, 1 : 3000). We rinse
the membrane 3 times with tris buffered saline-tween (TBST)
for 15 minutes each time. Next day, the membrane was
bound to a second antibody for 1 h at 37°C and 3 times with
TBST. Visual inspection of proteins was by the electrochemi-
luminescence (ECL) Plus detection system.

2.10. Statistical Analysis. All statistical results were presented
as mean ± SD. The GraphPad Prism 5 Software (La Jolla,
CA, USA) was used. Student’s t-test was used to analyze
the comparison between the two groups. P values less than
0.05 were considered statistically significant results.

3. Results

3.1. PFKM Can Be Predicted Involving in Regulating the
Oxidative Stress. The miRDB database and the TargetScan

database were used to predict the target gene of miR-383-
5p. In addition, the AMPK pathway is thought to be associ-
ated with the development of AMI. We found that PFKM
was located in the AMPK signaling pathway.

3.2. PFKM Is a Target Gene of miR-383-5p. We found that
there is a specific binding region between the 3′UTR of
PFKM and the miR-383-5p sequence through software anal-
ysis. So, we hypothesized that PFKM was a direct target gene
of miR-383-5p (Figure 1(a)). We then used the dual luciferase
reporter assay, and the results showed that miR-383-5p signif-
icantly downregulated PFKM-3′UT-wt luciferase activity
compared to NC group (P < 0:05), but PFKM-3′UT-mut
luciferase activity had no significant effect (P > 0:05). There-
fore, we can obtain that miR-383-5p can specifically bind to
PFKM-3′UTR, thereby inhibiting PFKM gene expression
(Figure 1(b)).

3.3. H2O2-Induced Upregulation of miR-383-5p Expression
and Increased PFKM Expression in H9C2 Cells. Real-time
qPCR and western blot were used to detect the expression
of miR-383-5p and PFKM in normal H9C2 cells and

Table 1: Real-time PCR primers.

Gene name Forward (5′>3′) Reverse (5′>3′)
SOD1 GGTGAACCAGTTGTGTTGTC CCGTCCTTTCCAGCAGTC

SOD2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT

PFKM CATCGCCGTGTTGACCTCT CCCGTGAAGATACCAACTCGG

miR-383-5p GGGAGATCAGAAGGTGATTGTGGCT CAGTGCGTGTCGTGGAGT

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

RT-PCR: quantitative reverse-transcription polymerase chain reaction.

(a)

Re
lat

iv
e l

uc
ife

ra
se

 ac
tiv

ity

PFKM-3'UTR-mut PFKM-3'UTR-wt
0.0

0.5

1.0

1.5

NC
AMI

⁎

(b)

Figure 1: PFKM is a target gene of miR-383-5p. (a) The predicted binding sites of miR-383-5p on the 3′UTR sequence of PFKM gene. (b)
The luciferase activity of PFKM-3′UTR-wt and PFKM-3′UTR-mut; ∗P < 0:05 vs. the NC group; UTR: untranslated region; wt: wild type;
mut: mutant type; miR-383-5p: microRNA-383-5p; PFKM: phosphofructokinase muscle-type; NC: negative control. The results of
luciferase activity were regarded as measurement data, expressed as mean ± SD and analyzed using the t-test, and the experiment was
repeated 3 times.
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H2O2-induced H9C2 cells at 4 h. And results showed that
miR-383-5p expression was decreased (P < 0:05), but
mRNA and protein expression levels of PFKM were sig-
nificantly elevated in H2O2-induced H9C2 cells (P < 0:05)

(Figures 2(a)–2(d)). Also, we did flow cytometry to
detect the rate of apoptosis, and the result showed that
apoptosis rate significantly increased in the H2O2 group
(Figures 2(e)–2(g)).
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Figure 2: miR-383-5p expresses poorly while PFKM expresses highly in H2O2-induced H9C2 cells. (a, b) The expression of miR-383-5p and
PFKM in normal H9C2 cells and H2O2-induced H9C2 cells, H9C2 cells detected by RT-qPCR. (c, d) The protein expression of PFKM in
normal H9C2 cells and H2O2-induced H9C2 cells examined by western blot analysis, with band intensity assessed. (e) and (f) The
representative images of flow cytometry using Annexin V-FITC and PI staining. (g) Statistical analysis of apoptosis rate detected via flow
cytometry. ∗P < 0:05 vs. the control group. The data were expressed as mean ± SD. Data at different time points were compared using
repeated measurements ANOVA. The experiment was repeated 3 times. miR-383-5p: microRNA-383-5p; PFKM: phosphofructokinase
muscle-type.
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3.4. miR-383-5p Regulates the Expression of the AMPK
Signaling Pathway Factors by Targeting PFKM. We used
real-time qPCR to detect the expression of related genes to
research the effect of miR-383-5p on AMPK signaling path-
way. The results showed (Figure 3(a)) that compared with
the sham group, the expression of miR-383-5p was signifi-
cantly decreased in the AMI+PBS group (P < 0:05). In the
AMI+miR-383-5p agomir group, miR-383-5p expression
was significantly elevated (P < 0:05). At the same time, there
was no significant difference of miR-383-5p expression in
the AMI+miR-383-5p agomir NC group (P > 0:05). Western
blot (Figures 3(b) and 3(c)) result showed that miR-383-5p
agomir inhibited PFKM expression after AMI. In the miR-
383-5p agomir group, the expression of SOD1 and SOD2

was increased. However, we found no significant difference
in the AMI+miR-383-5p agomir NC group (P > 0:05)
(Figure 3(d)). mRNA also obtained similar results
(Figures 3(e) and 3(f)). We can conclude that miR-383-
5p overexpression can inhibit oxidative stress after AMI.

3.5. miR-383-5p Reduces the Effects of Oxidative Stress after
AMI through the AMPK Signaling Pathway. Moreover, the
phosphorylation of AMPK was significantly increased in
the AMI+miR-383-5p agomir group (P < 0:05). In conclu-
sion, miR-383-5p overexpression inhibits PFKM expression
after AMI and activates AMPK signaling pathway, which
in turn affects downstream factors (P < 0:05) (Figures 4(a)
and 4(b)). We all know that the level of MDA and ROS
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Figure 3: Upregulation of miR-383-5p suppresses PFKM. The myocardial tissues used for following detections were, respectively, treated
with sham, AMI+PBS, AMI+miR-383-5p agomir, and AMI+miR-383-5p agomir NC. (a) miR-383-5p expression of myocardial tissue of
mice by RT-qPCR. (b, c) Protein expression of PFKM in the myocardial tissue of mice by western blot analysis. (d) SOD1 and SOD2
expression by western blot. (e, f) The mRNA expression results of SOD1 and SOD2 in the three groups were determined by real-time
PCR. ∗P < 0:05 vs. the sham group; #P < 0:05 vs. the AMI+PBS group; the results of miR-383-5p expression, PFKM mRNA, and protein
expressions were regarded as measurement data, presented by mean ± SD and analyzed by one-way ANOVA. There were 10 mice in
each group, and the experiment was repeated 3 times; miR-383-5p: microRNA-383-5p; PFKM: phosphofructokinase muscle-type; AMI:
acute myocardial infarction.

5Disease Markers



can reflect the oxidative stress level; then, we used MDA kit
to study the effect of miR-383-5p on MDA and used flow
cytometry to determine the level of ROS. The results
(Figure 4(c) and 4(d)) showed that MDA and ROS levels
increased in the AMI+PBS group (P < 0:05), and by con-
trast, MDA and ROS levels decreased significantly in the
AMI+miR-383-5p agomir group (P < 0:05). miR-383-5p

could decrease the levels of MDA and ROS through AMPK
signaling pathway, thereby reducing oxidative stress of
myocardium.

3.6. Overregulation of miR-383-5p Increased Cardiac
Function in Mice. We used echocardiography to examine
the heart function of mice (Figure 5(a)). The results
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Figure 4: miR-383-5p reduces the effects of oxidative stress through the AMPK signaling pathway. The myocardial tissues used for
following detections were, respectively, treated with sham, AMI+PBS, AMI+miR-383-5p agomir, and AMI+miR-383-5p agomir NC. (a,
b) Protein expression of AMPK and p-AMPK, in the myocardial tissue of mice by western blot analysis. (c) MDA kit was used to detect
the expression level of MDA in the 4 groups. (d) Flow cytometry was used to detect ROS levels in the 4 groups of myocardial
tissues. ∗P < 0:05 vs. the sham group; #P > 0:05 vs. the AMI+PBS; AMPK and p-AMPK protein expressions were regarded as
measurement data, presented by mean ± SD and analyzed by one-way ANOVA. There were 10 mice in each group, and the
experiment was repeated 3 times; miR-383-5p: microRNA-383-5p; AMPK: AMP-activated protein kinase; p-AMPK: phosphorylated
AMP-activated protein kinase; MDA: malondialdehyde; ROS: reactive oxygen species.
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confirmed that the AMI+miR-383-5p agomir group had a
significant increase in cardiac function (Figures 5(b) and
5(c)): EF and FS (P > 0:05). In the AMI+miR-383-5p agomir
NC group, the results had no significant difference (P > 0:05).
And this study indicated that miR-383-5p agomir can relieve
cardiac function after AMI.

4. Discussion

In this study, we demonstrated that miR-383-5p could
reduce the oxidative stress after AMI through AMPK signal-
ing pathway by targeting PFKM, thereby alleviating the
redox imbalance produced by the heart after AMI and inhi-
biting cardiomyocyte apoptosis.

Our study demonstrated that increasing the expression
of miR-383-5p may be a novel approach to AMI treatment
strategies. Previous researches have found that abnormal
expression of miRs was considered to play an important role
in the diagnosis and treatment of various diseases such as
heart disease [16–18]. miR-383-5p was known to suppress

carcinoma cell proliferation [19, 20] and could be acted as
new prognostic biomarkers and therapeutic targets [21].
Furthermore, we used ROS level detection flow cytometry
and immunofluorescence to detect intracellular ROS levels,
and we used MDA kit to detect the effect of miR-383-5p
on MDA levels. Our data suggest that miR-383-5p plays a
key role in inhibiting oxidative stress in cardiomyocytes.
Secondly, we successfully predicted that PFKM might be
the target gene of miR-383-5p through software analysis.
Therefore, we conducted a series of studies through in vivo
and in vitro experiments. A lot of studies have investigated
that AMPK pathway is involved in the oxidative stress pro-
gression [22–24]. And PFKM was the gene enriched in the
AMPK signaling pathway by KEGG in AMI. Our study
showed that miR-383-5p was decreased after AMI, and
when we increased its expression in mouse’s heart, cardiac
function will be improved. However, decreasing the expres-
sion of miR-383-5p after AMI, we did not find the cardiac
function deteriorated. And it might be explained by the fact
that miR-383-5p has the low expression in the heart. We
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Figure 5: Overexpression of miR-383-p increases the cardiac function in mice. The myocardial tissues used for following detections were,
respectively, treated with sham, AMI+PBS, AMI+miR-383-5p agomir, and AMI+miR-383-5p agomir NC. (a) Representative photographs in
mouse echocardiography. (b) Cardiac function index EF of mice. (c) Cardiac function index FS of mice. There were 10 mice in each group,
and the experiment was repeated 3 times; miR-383-5p: microRNA-383-5p; EF: ejection fraction; FS: fraction shortening.
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observed that microRNA-383-5p overexpression alleviates
heart injury in vivo. On the one hand, microRNA-383-5p
reduced the level of oxidative stress and thus reduces cell
apoptosis [25, 26]. In addition, microRNA-383-5p may also
reduce cell apoptosis directly.

However, the research also had some limitations. First,
we did not have many researches in vitro. Second, to detect
the level of oxidative stress, we only detect the levels of
MDA and ROS, and we did not do other researches in apo-
ptosis such as TUNNEL staining in vivo. Finally, this study
was still on the way, and the mechanism was insufficient.
It needs further verification on the effects of miR-383-5p
or AMPK signaling pathway on oxidative stress for the treat-
ment of AMI.

5. Conclusions

In conclusion, our study confirmed that miR-383-5p could
reduce the oxidative stress after AMI through AMPK signal-
ing pathway by targeting PFKM.

Data Availability

The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
request.
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Objective. Oxidative damage is a pathological factor that causes cardiovascular damage in the clinic and is increasingly serious.
This study focused on the effect of fasudil on H2O2-induced oxidative damage in cardiomyocytes. Materials and Methods.
H9C2 cardiomyocytes were cultured in vitro and divided into three groups: control group (Con group), H2O2 treatment (H2O2
group), and fasudil and H2O2 cotreatment (H2O2+fasudil group). The content levels of LDH and MDA in the supernatant
were detected, and the morphology of H9C2 cardiomyocytes was observed by light microscopy. 8-OHdG staining was
observed by a fluorescence inversion microscope. Cell Counting Kit (CCK-8), western blotting, real-time polymerase chain
reaction (RT-PCR), and enzyme-linked immunosorbent assay (ELISA) were used to investigate the effect of fasudil on the
Rho/ROCK signaling pathway. Results. Our results showed that after H2O2 treatment, the H9C2 cardiomyocytes were irregular
in shape and elliptical. But the morphology of the H2O2+fasudil group was similar to that of the Con group. The green
fluorescence of the H2O2 group was significantly enhancer than that of the Con group, while the green fluorescence of the
H2O2+fasudil group was weaker than those of the H2O2 group. By detecting the supernatant, it was found that the contents of
LDH were significantly increased, and the contents of SOD and CAT in the H2O2 group were significantly decreased. And the
expression of antioxidant indicators in the H2O2 group was significantly decreased by western blotting. The results of RT-PCR
showed that SOD1 and SOD2 mRNA in the H2O2 group was significantly reduced, and the contents of GPX1 and GPX3 in
the H2O2 group were significantly decreased by enzyme-linked immunosorbent assay (ELISA). The expression of ROCK1,
ROCK2, and downstream phosphorylation of myosin phosphatase target subunit-1 (p-MYPT-1) was significantly increased in
the H2O2 group, while fasudil inhibited the increase of ROCK1, ROCK2, and p-MYPT-1. Conclusions. Fasudil can inhibit the
Rho/ROCK signaling pathway induced by H2O2 and reduce oxidative stress response, inhibit apoptosis, and improve
antioxidant enzyme activity in H9C2 cardiomyocytes thereby delaying cell senescence.

1. Introduction

The rising trend of cardiovascular disease leading to human
death is one of the main causes of sudden death in humans
[1]. As people’s quality of life improves, the incidence of
many underlying diseases increases year by year, including
diabetes, high blood pressure, and myocardial ischemia [2].
Among them, the incidence and mortality of cardiovascular
diseases have remained at the leading level [3]. In recent
years, more studies have shown that oxidative stress- (OS-)
induced cardiomyocyte apoptosis plays an important role

in the development of cardiovascular diseases [4]. Cardio-
myocytes are a type of highly differentiated cells. Apoptosis
of cardiomyocytes leads to cardiac dysfunction, which ulti-
mately leads to irreversible changes in the heart [5]. There-
fore, the search for new drugs to inhibit OS and reduce
myocardial cell apoptosis is currently a hot spot in the treat-
ment of cardiovascular diseases.

Fasudil is a novel Rho kinase inhibitor that can inhibit
OS and inflammatory responses [6]. It has been reported
that fasudil can directly bind to Rho-associated protein
kinase (ROCK) and inhibit Rho enzyme activity, thereby
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attenuating ROS-induced abnormal activation of the Rho/
ROCK signaling pathway [7]. Previous studies have found
that fasudil can effectively reduce the expression of inflam-
matory factors in noninfarcted cardiomyocytes of rats with
myocardial infarction [8]. Researches have reported that fas-
udil can regulate macrophage polarization and improve
myocardial fibrosis in mice [9]. However, there are few
researches on oxidative damage of cardiomyocytes induced
by H2O2 in fasudil. Therefore, this research mainly discusses
the effect of fasudil on H2O2-induced myocardial injury.

Rho protein is a small molecule guanylate binding protein,
and Rho protein has GTPase activity and is expressed in mam-
malian tissue cells [10]. There are two states of Rho protein, one
is the inactivation state bound to GDP (GDP-Rho), and the
other is the activation state bound to GTP (GTP-Rho). ROCK
is divided into two types: ROCK1 and ROCK2 [11]; activated
ROCK can inhibit the activity of its downstream MYPT-1
through phosphorylation, while phosphorylated MYPT-1 can
affect the contraction of blood vessels [12]. Studies have
reported that the Rho/ROCK pathway plays an important role
in cell movement, proliferation, and activation of cytokines
[13]. Researches have confirmed that the Rho/ROCK signaling
pathway is associated with cellular inflammation, OS, and apo-
ptosis [14]. Therefore, fasudil has been studied as a specific
inhibitor of the Rho/ROCK pathway in many fields.

2. Material and Methods

2.1. Cell Culture and Treatment. H9C2 cardiomyocytes (Cell
Culture Center, Shanghai, China) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technology, Wuhan,
China), medium containing 10% fetal bovine serum (FBS) (Life
Technology, Wuhan, China) and 1% penicillin/streptomycin
(Life Technology, Wuhan, China). H9C2 cardiomyocytes were
evenly divided into three groups. When the cells were at the
appropriate density, the H2O2 group and the fasudil group were
treated with 200μmol/L H2O2, and the Con group was added
with the same amount of DMEM for 24h. The H2O2+fasudil
group was treated with fasudil (Qianmo Biotechnology, Hubei,
China) for 3 hours before H2O2 treatment.

2.2. Drug Preparation. Fasudil was formulated into a stock
solution with physiological saline and stored in a refrigerator
at -20°C. And DMEM was diluted before use.

2.3. Cell Counting Kit (CCK-8) Assay. The optimal concen-
tration and time of fasudil were determined by the CCK-8
(CCK-8, Construction, Nanjing, China) method. H9C2 car-
diomyocytes growing in logarithmic phase were inoculated
into a 96-well plate and cultured at a density of 100μL/well
for 24h. Different concentrations of fasudil working solution
were added to the plate. Each group was incubated with
10μL of CCK-8 working solution for 1 h at 1 h, 3 h, 6 h,
and 12 h, and the absorbance of the three groups was mea-
sured at 450nm with a microplate reader.

2.4. Lactate Dehydrogenase (LDH), Malondialdehyde
(MDA), and Catalase (CAT) Levels Were Determined. The
supernatants of each group of cells were collected, and the
supernatant was treated with a commercial kit according to

the manufacturer’s instructions (Jiancheng, Nanjing, China),
and the levels of LDH, MDA, and CAT were measured with
a microplate reader.

2.5. Superoxide Dismutase (SOD) Detection. H9C2 cardio-
myocytes were transferred to a 6-well plate; after treatment,
the supernatant was collected and centrifuged. The SOD
level in the cells was measured according to the SOD Assay
Kit manual (Jiancheng, Nanjing, China).

2.6. RNA Isolation and Real-Time Polymerase Chain
Reaction (RT-PCR). 0.5mL of Trizol (Thermo Fisher Scien-
tific, Shanghai, China) was added into a 24-well plate per
well and shaken on ice for 10 minutes, then the liquid in
each hole was collected in the EP tube without enzyme,
and 0.1mL chloroform was added to each tube, turned it
upside down for 15 seconds, and placed it on top of the ice
for 10 minutes. The mixture was centrifuged at 4°C
(13,000 rpm, 15min), the upper aqueous phase was aspi-
rated, and an equal amount of isopropanol was added. The
mixture was shaken for 30 seconds and allowed to stand at
room temperature for 10 minutes. Then, centrifuged for
another 10 minutes and discarded the supernatant. After
washing the RNA pellet with 75% ethanol, it was centrifuged
at 4°C (13,000 rpm, 10min). The liquid was discarded and
dissolved by the 20μL of ribonuclease-free water. RNA con-
centration was measured immediately, and the absorbance
at 260 nm and 280nm was measured. If the A260/A280
was between 1.8 and 2.0, the RNA quality was considered
to be standard and can be used in subsequent experiments.

mRNA quantitative analysis was achieved using the Prism
7300 Sequence Detection System, using a designed reaction
system, including SYBR green, positive and negative strand
primers, enzyme-free water (Thermo Fisher Scientific, Shang-
hai, China), and template DNA. Quantitative amplification
was performed under specific PCR conditions. Data were nor-
malized using endogenous glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH). The comparison threshold period (Ct)
method, that is, the 2-ΔΔCt method was used to calculate the
folding magnification, and the data was analyzed by the SDS
software. RT-PCR primers are shown in Table 1.

2.7. Western Blotting. After adding 200μL of the lysate to the
6-well plate, it was allowed to stand for 20 minutes on ice,
and the liquid was collected and centrifuged (13,000 rpm,
15min); then, the supernatant was collected. The concentra-
tion of the protein was determined by the bicinchoninic acid
(BCA) (Camilo Biological, Nanjing, China) method and
quantified. The protein was separated using a 10% sodium
dodecyl sulfate-polyacrylamide gel, then transferred to a
polyvinylidene fluoride (PVDF) membrane (Millipore, Bil-
lerica, MA, USA) for 2 hours at 4°C. 5% skim milk was pre-
pared with Tris-buffered saline with Tween-20 (TBST) to
block the specific antigen for 2 hours. After washing with
TBST for 1 minute, PVDF membranes were incubated with
a specific primary antibody (SOD1, Abcam, Rabbit; 1 : 3000;
SOD2, Abcam, Rabbit, 1 : 3000; GPX1, US 1 : 1000, CST;
GPX3, US 1 : 1000, CST; Bcl-2, Abcam, Rabbit, 1 : 2000;
Bax, Abcam, Rabbit, 1 : 500; Sirt1, Bioworld, mouse, 1 : 500,
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China; P53, Abcam, Rabbit, 1 : 2000; ROCK1, Abcam, Rab-
bit, 1 : 500; ROCK2, Abcam, Rabbit, 1 : 1000; MYPT-1,
Abcam, Rabbit, 1 : 1000; GAPDH US 1 : 1000 CST) at 4°C
overnight. The next day, TBST was washed for 30 minutes.
Specific proteins were detected by secondary antibodies
and observed by the electrochemiluminescence (ECL)
(Pierce, Rockford, IL, USA) system.

2.8. Immunofluorescence. The plate was washed with
phosphate-buffered saline (PBS) once, and H9C2 cardiomyo-
cytes were fixed with 4% paraformaldehyde for 30 minutes,
and then, goat serum was added to sealing for 1 hour. The
diluted primary antibody 8-hydroxydeoxyguanosine (8-
OHdG, Abcam, Rabbit, 1 : 500) was added to incubate at 4°C
overnight. The next day, the combined secondary antibody

Table 1: RT-PCR primers.

Gene name Forward (5′ > 3′) Reverse (5′ > 3′)
Bax CAGTTGAAGTTGCCATCAGC CAGTTGAAGTTACCATCAGC

Bcl-2 GACTGAGTACCTGAACCGGCATC CTGAGCAGCGTCTTCAGAGACA

Sirt1 CCAGATCCTCAAGCCATG TTGGATTCCTGCAACCTG

SOD1 GGTGAACCAGTTGTGTTGTC CCGTCCTTTCCAGCAGTC

SOD2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT

P53 CAAAATGGTGAAGGTCGGTGTG GATGTTAGTGGGGTCTCGCTC

ROCK1 AGATATGGCAAACAGGATT CTTCACAAGATGAGGCAC

ROCK2 CTAGAGTGCCGTAGATGCCA GGTTCTAGGGGATGATCGGG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

qRT-PCR: quantitative reverse-transcription polymerase chain reaction.
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Figure 1: Fasudil retards degradation of H9C2 cardiomyocytes in vitro. (a) The optimal concentration and time of UTI were determined by
the CCK-8 assay. (b) LDH kit detects the supernatant LDH content. (c) CAT kit detects the content of the supernatant CAT level (“∗”
indicates statistical difference from the control group p < 0:05, and “#” indicates statistical difference from the ischemic hypoxia group p
< 0:05).
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was incubated for 1 hour in the dark and stained with 4′,6-
diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific,
Shanghai, China) for nuclear staining. Finally, the film was
sealed with a sealing liquid, and the image was observed under
a fluorescence microscope (Olympus, Tokyo, Japan).

2.9. Enzyme-Linked Immunosorbent Assay (ELISA). H9C2
cardiomyocytes were plated at 5,000/well in 6-well plates,
and the cells were treated differently. The concentration of
GPX1 and GPX3 in the cell supernatant was measured
according to the instructions using an ELISA kit
(Elabscience, Wuhan, China).

2.10. Reactive Oxygen Species (ROS) Level Detection. Flow
cytometry was used to detect intracellular ROS levels. After

different treatments of the three groups of cells, H9C2 car-
diomyocytes were collected and washed with cold PBS. Total
ROS levels were measured using flow cytometry (Becton
Dickinson, Heidelberg, Germany) by intubation at 37°C for
20min using DCFH-DA (10M Kaiji, Nanjing, China).

2.11. Statistical Analysis. SPSS 21.0 statistical software (SPSS
IBM, Armonk, NY, USA) was used to analyze the experi-
mental data. Measurement data is expressed as χ ± s; t-test
was used for comparisons between the two groups. Compar-
ison between multiple groups was done using the one-way
ANOVA test followed by the post hoc test (least significant
difference). The LSD test or SNK test was used for pairwise
comparison under the condition of homogeneity of variance.
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Figure 2: Fasudil inhibits oxidative stress induced by H2O2 in H9C2 cardiomyocytes. (a, b) Western blot was used to detect the expression
of SOD1, SOD2, GPX1, and GPX3 in three groups. GAPDH was used as an internal control. (c, d) SOD1 and SOD2 mRNA expression was
determined by real-time PCR. (e, f) ELISA detects the expression of GPX1 and GPX3 (“∗” indicates statistical difference from the control
group p < 0:05, and “#” indicates statistical difference from the ischemic hypoxia group p < 0:05).

4 Disease Markers



p < 0:05 indicated the significant difference. All experiments
were repeated 3 times.

3. Results

3.1. Fasudil Retards Degradation of H9C2 Cardiomyocytes In
Vitro. The optimal concentration and optimal culture time
point of fasudil-treated H9C2 cardiomyocytes were detected
by CCK-8 (Figure 1(a)). We found that the highest cell via-
bility was achieved after 3 hours of incubation with

20μmol∗L-1. LDH and CAT kits were used to detect cell
supernatants. The results showed that LDH was significantly
increased in the H2O2 group. CAT levels in the H2O2 group
were significantly lower than in the Con group, while fasudil
treatment significantly inhibited the reduction of CAT levels
and inhibited the rise of LDH (Figures 1(b) and 1(c)).

3.2. Fasudil Inhibits Oxidative Stress Induced by H2O2 in
H9C2 Cardiomyocytes. We detected antioxidant proteins
by WB. Compared with the Con group, the expression of
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Figure 3: Fasudil inhibits H2O2-induced oxidative damage in H9C2 cardiomyocytes. (a) The SOD kit detects the level of cellular SOD. (b)
The MDA kit detects the MDA content of the supernatant. (c) Flow cytometry was used to detect ROS levels. (d) Immunofluorescence was
used to detect the expression of 8-OHdG in the three groups (“∗” indicates statistical difference from the control group p < 0:05, and “#”
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SOD1, SOD2, GPX1, and GPX3 in the H2O2 group was sig-
nificantly decreased, while fasudil significantly promoted the
expression of SOD1, SOD2, GPX1, and GPX3 (Figures 2(a)
and 2(b)). The mRNA results were similar to the former:
the SOD1 and SOD2 mRNA levels were decreased in the
H2O2 group; compared with the Con group, the SOD1 and
SOD2 mRNA levels in the H2O2+fasudil group were signif-
icantly increased (Figures 2(c) and 2(d)). ELISA results show
that GPX1 and GPX3 were decreased in the H2O2 group, but
the expression of GPX1 and GPX3 was obviously increased
in the H2O2+fasudil group (Figures 2(e) and 2(f)).

3.3. Fasudil Inhibits H2O2-Induced Oxidative Damage in
H9C2 Cardiomyocytes. First, SOD and MDA levels were
measured in the supernatant (Figures 3(a) and 3(b)). It was
found that the SOD content was significantly decreased in
the H2O2 group and significantly increased in the H2O2+fas-
udil group, while the MDA content was increased in the
H2O2 group, and after fasudil treatment, the MDA content
was decreased significantly. Flow cytometry results showed
that the ROS levels were significantly increased in the
H2O2 group, while ROS levels were significantly lower in
the H2O2+fasudil group (Figure 3(c)). Immunofluorescence
showed that the expression of 8-OHdG in the H2O2 group
was significantly brighter than the Con group, while fasudil

can effectively inhibit the expression of 8-OHdG in the
H2O2+fasudil group (Figure 3(d)).

3.4. Fasudil Inhibits H2O2-Induced Apoptosis of H9C2
Cardiomyocytes. WB results showed that H2O2 treatment
could induce apoptosis of H9C2 cardiomyocytes. The
expression of Bax in the H2O2 group was significantly
increased, while the expression of Bcl-2 was significantly
inhibited. The treatment of H9C2 cardiomyocytes with fasu-
dil can effectively inhibit the increase of Bax and promote
the expression of Bcl-2 (Figures 4(a) and 4(b)). Similar levels
were obtained for mRNA levels (Figures 4(c) and 4(d)).

3.5. Fasudil Inhibits H2O2-Induced Senescence of H9C2
Cardiomyocytes. First, we detected senescence-associated
proteins: Sirt1 and P53. Compared with the Con group, Sirt1
expression was significantly inhibited in the H2O2 group,
and P53 expression was significantly promoted. In the
H2O2+fasudil group, Sirt1 expression was significantly
increased, and P53 expression was inhibited compared to
the H2O2 group (Figures 5(a) and 5(b)). Second, Sirt1
mRNA was inhibited in the H2O2 group, while the P53
mRNA was significantly increased. However, in the H2O2
+fasudil group, Sirt1 mRNA was higher than the H2O2
group, and P53 mRNA expression was inhibited
(Figures 5(c) and 5(d)).
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Figure 4: Fasudil inhibits H2O2-induced apoptosis of H9C2 cardiomyocytes. (a, b) Western blot was used to detect the expression of Bcl-2
and Bax in the three groups. GAPDH was used as an internal control. (c, d) Bcl-2 and Bax mRNA expression was determined by real-time
PCR (“∗” indicates statistical difference from the control group p < 0:05, and “#” indicates statistical difference from the ischemic hypoxia
group p < 0:05).
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3.6. Fasudil Inhibits Rho/ROCK Pathway Activation. We
found that ROCK1 and ROCK2 expression was significantly
increased in the H2O2 group, and the expression of ROCK1
and ROCK2 was significantly inhibited in the H2O2+fasudil
group. Next, we detected the downstream molecule MYPT-1
and p-MYPT-1, and the results showed that the expression
ratio of p-MYPT-1/MYPT-1 was significantly increased in
the H2O2 group, while fasudil can effectively inhibit the
expression ratio of p-MYPT-1/MYPT-1 (Figure 6(a)). In
addition, ROCK1 and ROCK2 mRNA was significantly ele-
vated in the H2O2 group but was all inhibited by fasudil
(Figures 6(c) and 6(d)).

4. Discussion

Previous studies have suggested that cell necrosis and apo-
ptosis are the main ways of myocardial damage, but in
recent years, extensive research confirmed that OS is another
major way of myocardial cell damage [15]. Studies have
found that a large number of ROS in the central and sur-
rounding tissues of heart disease patients with heart disease
indicate that OS is also one of the main causes of myocardial
infarction [16]. Therefore, inhibition of cardiomyocyte OS
response is essential for the prevention of cardiovascular
disease.

To further investigate the mechanism of H2O2-induced
OS in cardiomyocytes and to explore new interventions,
we constructed a model by treating H9C2 cardiomyocytes
with H2O2. Compared with the Con group, the antioxidant
capacity of the H2O2 group was significantly reduced, and
the apoptosis and senescence were significantly increased.
As an inhibitor of the Rho/ROCK pathway, fasudil signifi-
cantly increases the antioxidant capacity and effectively
inhibits H2O2-induced apoptosis and senescence, as well as
DNA damage. However, the molecular mechanism of fasudil
in preventing H2O2-induced myocardial injury and its pro-
tective effects is still unclear and further research is needed.
The results confirm that fasudil reduces H2O2-induced
H9C2 cardiomyocyte OS by three aspects: (1) Fasudil
improves cell clearance of ROS. (2) Fasudil can inhibit cell
apoptosis, thereby reducing cell senescence. (3) Fasudil
inhibits the Rho/ROCK signaling pathway and reduces
H2O2-induced OS, thereby protecting H9C2
cardiomyocytes.

H2O2 is often used in cardiovascular disease models such
as myocardial ischemia and myocardial ischemia and reper-
fusion [17]. Studies have shown that ROS can upregulate the
expression of caspase family proteins by inhibiting Bcl-2
expression and promoting the transfer of Bax to mitochon-
dria to induce the release of cytochrome C and initiate the
mitochondrial apoptosis program [18]. The results of this
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Figure 5: Fasudil inhibits H2O2-induced senescence of H9C2 cardiomyocytes. (a, b) Western blot was used to detect the expression of Sirt1
and P53 in the three groups. GAPDH was used as an internal control. (c, d) Sirt1 and P53 mRNA expression was determined by real-time
PCR (“∗” indicates statistical difference from the control group p < 0:05, and “#” indicates statistical difference from the ischemic hypoxia
group p < 0:05).
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experiment confirmed that Bax expression in the H2O2
group was significantly increased, but the Bax expression
in the fasudil group was significantly inhibited, and the
expression of antiapoptotic Bcl-2 was promoted.

Previous research confirmed that H2O2 produces OS
damage to H9C2 cardiomyocytes. The ROS induced by
H2O2 is cytotoxic, and ROS can cause destruction or even
cleavage of DNA in the nucleus, eventually leading to apo-
ptosis of a large number of H9C2 cardiomyocytes [19]. We
confirmed by immunofluorescence that H2O2 treatment
can significantly increase DNA damage in H9C2 cardiomyo-
cytes, while the expression of 8-OHdG in the fasudil group
was effectively inhibited, and slowing apoptosis.

A large number of articles reported that senescent was
also one of the independent risk factors for cardiovascular
disease. H2O2-induced oxidative damage can better simulate
OS in the elderly, thereby promoting cell senescence [20].
This experiment verified the expression levels of
senescence-associated molecule P53 and anti-senescence-
related molecule Sirt1. Results show that Sirt1 expression
was significantly decreased in the H2O2 group, while P53
expression was significantly increased. Fasudil treatment sig-
nificantly inhibited the elevation of P53 and promoted the
expression of Sirt1. The results showed that fasudil inhibited
H2O2-induced H9C2 cardiomyocyte senescence, thereby
alleviating H2O2 damage to H9C2 cardiomyocytes.

Rho kinase belongs to the serine/threonine protein
kinase ACG family, which is an important effector down-
stream of RhoA of small GTP protein family [21]. Numer-
ous researches have reported that the Rho/ROCK pathway
is related in the regulation of inflammation and OS [22].
The results of this experiment show that H9C2 OS increased
significantly after H2O2 treatment, which may be related to
the activation of the Rho/ROCK pathway and the increase
of downstream-related molecules. We confirmed that
ROCK1 and ROCK2 expression in the H2O2 group and its
downstream p-MYPT-1 was significantly prompted, while
the ROCK kinase inhibitor fasudil was effective in inhibiting
the increase of ROCK1, ROCK2, and p-MYPT-1 and inhi-
biting H2O2-induced H9C2 cardiomyocyte OS response.

5. Conclusions

Fasudil inhibits Rho/ROCK signaling and reduces OS, thereby
inhibiting cell senescence and apoptosis. Therefore, fasudil is
of great value in the intervention of hypoxic cardiomyopathy.

Data Availability

The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
request.
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Figure 6: Fasudil inhibits Rho/ROCK pathway activation. (a) Western blot analysis of ROCK1, ROCK2, p-MYPT-1, and MYPT-1
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Objective. To elucidate the role of LINC00152 in the progression of heart failure following myocardial infarction. Patients and
Methods. Serum levels of LINC00152 in acute myocardial infarction (AMI) patients were detected by quantitative real-time
polymerase chain reaction (qRT-PCR). Receiver operating characteristic (ROC) curves were depicted for assessing the
diagnostic value of LINC00152 in AMI. Subsequently, an in vivo AMI model was generated in mice. LINC00152 level in a
mouse infarcted myocardium was detected. Echocardiogram was conducted to evaluate the influence of LINC00152 on cardiac
function in AMI mice. Primary cardiac fibroblasts were isolated from neonatal mice. After knockdown of LINC00152,
proliferative and migratory changes in primary cardiac fibroblasts were assessed by cell counting kit-8 (CCK-8) and transwell
assay, respectively. The regulatory effect of LINC00152 on Smad7 level was determined by qRT-PCR. Finally, the involvement
of Smad7 in LINC00152-regulated proliferative and migratory abilities in primary cardiac fibroblasts was explored by rescue
experiments. Results. Serum level of LINC00152 was elevated in AMI patients. ROC curves demonstrated the diagnostic
potential of LINC00152 in AMI (95% CI: 0.806-0.940, p = 0:034). In myocardial tissues collected from AMI mice, LINC00152
level was higher than those collected from mice of the sham group. LVEF and FS markedly decreased in AMI mice
overexpressing LINC00152 on the 4th week of AMI modeling. After knockdown of LINC00152 in primary cardiac fibroblasts,
proliferative and migratory abilities were declined, which were abolished by Smad7 intervention. Conclusions. By
downregulating Smad7, LINC00152 aggravates heart failure following AMI via promoting the proliferative and migratory
abilities in cardiac fibroblasts.

1. Introduction

Heart failure (HF) is the terminal stage of most cardiovascu-
lar diseases. HF severely endangers human health because
its incidence and mortality are extremely high. Globally,
over 37.7 million people suffer from HF, and its incidence
has annually increased. In 2003, there were 4.5 million HF
patients in China, including 500,000 new onsets [1]. Acute
myocardial infarction (AMI) can result in myocardial
necrosis, myocardial fibrosis, and ventricular remodeling,
which is an important cause of HF [2]. Although advanced
progress has been made on the diagnosis and treatment of
HF, the molecular mechanism of HF following AMI has

not been clarified. Effective strategies to delay or even cure
HF following AMI are urgently required [3].

Long noncoding RNAs (lncRNAs) are linear transcrip-
tion RNAs with 200 to 100,000 nucleotides long. As a
newly discovered type of ncRNAs, lncRNAs are functional
to regulate protein expressions, rather than the carries of
protein translation [4]. In fact, a large number of lncRNAs
are considered the direct or indirect factors influencing
gene expressions [5]. Very recently, lncRNAs have been
identified as biomarkers and therapeutic targets for AMI
[6]. A clinical trial pointed out that expression levels of
urothelial tumor-associated lncRNAs in blood circulation
are downregulated at 72 h following AMI [7]. Besides,
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2810403D21Rik/MirfLncRNA promotes ischemic myocar-
dial injury by regulating autophagy through targeting
Mir26a [8]. Further, ZFAS1 as a SERCA2a inhibitor to
cause intracellular Ca overload and contractile dysfunction
in a mouse model of myocardial infarction [9]. A microar-
ray analysis on AMI mouse tissues showed that two tran-
scriptional lncRNAs associated with myocardial infarction
are significantly upregulated by 5 and 13 times, respec-
tively [10].

LINC00152 is located on chromosome 2p11.2, contain-
ing 828 nucleotides. It is initially detected in hepatocellular
carcinoma with a differentially low methylation level.
LINC00152 is able to regulate gene expressions through epi-
genetic modification [11], lncRNA-miRNA interaction [12],
or lncRNA-protein interaction [13]. Serving as an oncogene,
LINC00152 is upregulated in many types of malignant
tumors [14–16]. The biological function of LINC00152 in
AMI and HF is largely unclear. This study is aimed at unco-
vering the influence of LINC00152 on regulating cardiac
fibroblast phenotypes and cardiac function following AMI.

2. Patients and Methods

2.1. Subjects. A total of 50 eligible AMI patients who were
emergently admitted within 6 h of acute chest pain and diag-
nosed by coronary angiography from May 2017 to Decem-
ber 2019 were enrolled in the AMI group. During the same
period, 50 healthy subjects undergoing physical examination
were enrolled in the control group. The inclusion criteria of
AMI patients were as follows: (1) there are symptoms of
chest pain within 6 h; (2) clinical indexes, including ECG
findings, myocardial markers, and myocardial enzymes,
were in accordance to 2007 ACCF/AHA guideline for the
management of ST-elevation myocardial infarction [17]; (3)
coronary angiography showed over 50% of coronary stenosis
in more than 1 branch; and (4) this study was approved by
the Ethics Committee of The Third Affiliated Hospital of
Chongqing Medical University. Signed written informed
consents were obtained from all participants before the
study. The following are the exclusion criteria: (1) chest pain
due to acute trauma, pulmonary embolism, aortic dissection,
etc.; (2) complication with liver and kidney dysfunction,
heart valve disease, malignant tumors, or others. Venous
blood samples were collected in EDTA anticoagulation tubes
from each subject and centrifuged at 3,000 r/min for 10min.
The isolated plasma was further centrifuged at 12,000 r/min
for 10min, and the upper layer was collected in RNA-free
EP tubes for use.

2.2. Generation of AMI Model in Mice. This study was
approved by the Animal Ethics Committee of Chongqing
Medical University Animal Center. Male C57BL/6 mice (8-
10 weeks old) were provided by Charles River (Beijing,
China). The AMI model in mice was generated by ligating
the anterior descending branch of the coronary artery.
Briefly, mice were anesthetized by 1.0%-1.5% isoflurane.
Endotracheal intubation connected to the small animal ven-
tilator was conducted. Subsequently, mouse thoracic cavity
was exposed from the fourth intercostal space. The parietal

pericardium was bluntly separated, and the anterior
descending branch of the coronary artery was ligated using
7-0 suture. A pale myocardium in the ligation area indicated
the successful modeling. The incision was closed using 5-0
suture. One week prior to AMI modeling, 1:0 × 107 TU
LV-LINC00152 (150μL) or negative control of lentivirus
was administrated into mouse tail vein. Transfection efficacy
of lentivirus was examined by quantitative real-time poly-
merase chain reaction (qRT-PCR).

2.3. Cardiac Function Assessment. Four weeks after AMI
modeling in mice, cardiac function was assessed by per-
forming echocardiography using the Vevo 2100 Small Ani-
mal Ultrasound (probe: MS-400). LVEF (left ventricular
ejection fraction) and FS (fractional shortening) in mice
were recorded.

2.4. Cell Culture of Primary Cardiac Fibroblasts and Cell
Transfection. The heart of neonatal C57BL/6 mouse within
three days after birth was collected and cut into small pieces
and digested in the mixture containing 0.08% trypsin and
0.05% collagenase II at 4°C overnight. Digestion was termi-
nated using Dulbecco’s modified Eagle medium/F-12
(DMEM/F-12) (HyClone, South Logan, UT, USA) contain-
ing 15% fetal bovine serum (FBS) (HyClone, South Logan,
UT, USA). The solution was centrifuged at 1000 r for
10min, and the collected cells were inoculated in the culture
dishes for 1 h. Later, adherent cells were primary cardiac
fibroblasts.

Primary cardiac fibroblasts were induced in 5μg/mL
Polybrene (YEASEN, Shanghai, China) and transfected with
5 × 107 TU lentivirus for 24 h. Culture medium was
replaced, and cells were cultivated for another 48 h. Trans-
fection of si-LINC00152 was conducted using Lipofectamine
2000 (si-LINC00152-1#: 5′-GGGAAATAAATGACTG
GAT-3′; si-LINC00152-2#: 5′-GGAGATGAAACAGGAA
GCT-3′) (Invitrogen, Carlsbad, CA, USA).

2.5. qRT-PCR. Total RNAs were isolated from tissues or
blood samples using RNA extraction kit (ABI, Foster City,
CA, USA). The concentration and purity of RNA were
determined using an ultraviolet spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). After reverse tran-
scription, complementary deoxyribose nucleic acids
(cDNAs) were amplified for qRT-PCR. Relative mRNA level
was calculated by 2-ΔΔCt. Primer sequences were as fol-
lows: LINC00152 (human): 5′-TGGGAATGGAGGGAAA
TAAA-3′ (forward) and 5′-CCAGGAACTGTGCTGTGA
AG-3′ (reverse), LINC00152 (mouse): 5′-CAGCACCTC
TACCTGTTG-3′ (forward) and 5′-GGATTAAGACACAT
AGAGACTG-3′ (reverse), and GAPDH: 5′-AACGGATTT
GGTCGTATTGG-3′ (forward) and 5′-TTGATTTTGGA
GGGATCTCG-3′ (reverse); GAPDH (mouse): 5′-CATCAC
TGCCACCCAGAAGACTG-3′ (forward) and 5′-ATGCCA
GTGAGCTTCCCGTTCAG-3′ (reverse).

2.6. Cell Counting Kit-8 (CCK-8). 1:0 × 103 cells were
implanted in each well of a 6-well plate and cultured for 1
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day, where 10μL of CCK-8 solution was added (TaKaRa,
Dalian, China). After 1 h culturing in the dark, the optical
density at 450nm was measured using a microplate reader.

2.7. Transwell Assay. 100μL of serum-free suspension
(1:0 × 105 cells/mL) and 600μL of serum-containing medium
were applied to the top and bottom transwell chamber,
respectively, and cultured overnight. Cells in the bottom were

subjected to methanol fixation for 15min and crystal violet
staining for 20min. Migratory cells were counted in 5 ran-
domly selected fields per sample.

2.8. Statistical Analysis. Data analysis was performed using
Statistical Product and Service Solutions (SPSS) 22.0 soft-
ware (IBM, Armonk, NY, USA). Differences between groups
were compared using Student’s t-test. Receiver operating
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characteristic (ROC) curves were depicted for assessing the
diagnostic potential of LINC00152 in AMI. p < 0:05 was
considered statistically significant.

3. Results

3.1. Increased Serum Level of LINC00152 in AMI Patients.
Compared with healthy subjects, the serum level of
LINC00152 was markedly higher in AMI patients
(Figure 1(a)). Subsequently, the diagnostic potential of
LINC00152 in AMI was identified by the depicted ROC
curves (AUC = 0:873, 95%CI = 0:806-0.940, p = 0:034)
(Figure 1(b)). It is suggested that LINC00152 may be a
potential biomarker for AMI.

3.2. LINC00152 Aggravated HF following AMI. To elucidate
the influence of LINC00152 on HF following AMI, we
generated an in vivo AMI model in mice. Myocardial tissues
were collected from AMI mice and those in the sham group
one week after modeling. Compared those in the sham
group, LINC00152 level was much higher in infarcted
myocardial tissues collected from AMI mice (Figure 2(a)).
Besides, echocardiogram findings uncovered that LVEF
and FS were lower in AMI mice overexpressing LINC00152
than those in AMI mice (Figures 2(b) and 2(c)). It is indi-

cated that overexpressed LINC00152 aggravated cardiac
function in AMI mice.

3.3. LINC00152 Promoted Proliferative and Migratory
Abilities in Cardiac Fibroblasts. We thereafter explored the
in vitro function of LINC00152 in the process of AMI. Pri-
mary cardiac fibroblasts were used for generating the
LINC00152 intervention group. Two lines of LINC00152
siRNAs were constructed. Transfection of either of them
could effectively downregulate LINC00152 in primary car-
diac fibroblasts (Figure 3(a)). In particular, transfection effi-
cacy of si-LINC00152-2# was better than the other one,
which was used in the following experiments. CCK-8 assay
uncovered that knockdown of LINC00152 reduced viability
in primary cardiac fibroblasts (Figure 3(b)). Besides, trans-
fection of si-LINC00152 in primary cardiac fibroblasts
reduced migratory cell number, indicating the attenuated
migratory ability (Figure 3(c)).

3.4. LINC00152 Regulated Cardiac Fibroblast Functions by
Regulating Smad7. Transfection of LV-LINC00152 markedly
upregulated LINC00152 in primary cardiac fibroblasts,
suggesting a great transfection efficacy (Figure 4(a)). In pri-
mary cardiac fibroblasts overexpressing LINC00152, Smad7
was downregulated (Figure 4(b)). Interestingly, enhanced
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viability and migratory cell number in primary cardiac fibro-
blasts overexpressing LINC00152 were partially reversed by
cooverexpression of Smad7 (Figures 4(c) and 4(d)). Collec-

tively, LINC00152 promoted proliferative and migratory
abilities in primary cardiac fibroblasts by negatively regu-
lating Smad7.
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4. Discussion

AMI is the major reason for death in the world [18]. At pres-
ent, the diagnosis of AMI relies on examinations of previous
history, chest pain symptoms, electrocardiogram (ECG)
findings, and laboratory tests. Detection of cTNI/cTNT level
is extensively applied in the adjuvant diagnosis of AMI. Nev-
ertheless, cTNI/cTNT level is also elevated in non-AMI
patients, including viral myocarditis, heart failure, atrial
fibrillation, chronic kidney disease, and sepsis [19–21].
Moreover, ECG changes, clinical symptoms of chest pain,
and previous history vary a lot in individuals, which are
not specific enough for AMI diagnosis. Therefore, it is neces-
sary to seek for serum biomarkers for AMI that can rapidly
and stably diagnose AMI in the early phase, thus salvaging
the lives.

At post-AMI, cardiac fibroblasts are activated and exces-
sive ECM proteins are released. Damaged myocardial cell
functions ultimately lead to interstitial fibrosis and remodel-
ing [22]. Therefore, inhibiting the excessive secretion and
deposition of ECM is an important strategy to improve the
prognosis of AMI. By detecting differentially expressed
lncRNAs in the infarcted myocardium collected from AMI
mice at the fourth week, there are 53 upregulated lncRNAs
(fold change > 2 times) and 37 downregulated ones. Among
them, NONMMUT022554 is the most pronounced lncRNA
that is upregulated in the infarcted myocardium, displaying
a positive correlation to six upregulated genes that are inter-
acted with ECM receptors [22]. lncRNAs are associated with
the development of myocardial fibrosis as well. It is reported
that overexpression of H19 triggers proliferation and fibrosis
in myocardial fibroblasts [23]. LINC00152 is a cancer-
associated lncRNA. In the liver cancer cell line MHCC-
97H, LINC00152 is mainly distributed in the nucleus and
it drives in vitro proliferative rate and in vivo cancer growth
[24]. Cai et al. [25] demonstrated that LINC00152 stimulates
gallbladder cells to proliferate and metastasize, whereas cell
apoptosis is inhibited. Wu et al. [26] uncovered that overex-
pression of LINC00152 induces proliferation and invasive-
ness in renal cancer cells and inhibits cell cycle progression
and apoptosis. In this paper, LINC00152 was upregulated
in the serum of AMI patients and the infarcted myocardium
of AMI mice. In addition, overexpression of LINC00152
aggravated HF severity following AMI. To clarify the mech-
anism of LINC00152 on myocardial fibrosis, we isolated pri-
mary cardiac fibroblasts from neonatal mice. In vitro
experiments revealed that overexpression of LINC00152
stimulated proliferative and migratory abilities in primary
cardiac fibroblasts.

Smad7 is the classical antagonistic factor for the TGF-β
signaling, presenting an antifibrosis effect [27]. A previous
study reported that lncRNA COL1A2-AS1 alleviates prolif-
erative potential in scar-derived fibroblasts via the Smad7
signaling [28]. Here, LINC00152 negatively regulated Smad7
level in primary cardiac fibroblasts. Interestingly, overex-
pression of Smad7 could partially reverse the role of overex-
pressed LINC00152 on triggering proliferative and
migratory abilities in primary cardiac fibroblasts. In this
research, we uncover the role of LINC00152 in AMI via

in vivo and in vitro assay; however, the mechanism will be
explored more detailed in our next research. Our findings
provide experimental references for the clinical treatment
of HF following AMI.

5. Conclusions

By downregulating Smad7, LINC00152 aggravates heart fail-
ure following AMI via promoting the proliferative and
migratory abilities in cardiac fibroblasts.
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The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
request.
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Objective. To illustrate the role of tanshinone IIA (TSN) in regulating cardiac structure and function following myocardial
infarction (MI) and the involvement of miR-205-3p in TSN-induced antifibrosis effect on ventricular remodeling. Patients and
Methods. One hundred MI patients were randomly assigned into two groups, and they were treated with TSN (TSN group, n
= 50) or conventional therapy (control group, n = 50). Plasma levels of miR-205-3p and TGF-β1 were detected in each patient.
Echocardiography was conducted in each patient at post-MI 1 day, 2 weeks, and 4 weeks, respectively, for recording LVIDd
(left ventricular internal-diastolic diameter), LVIDs (left ventricular internal-systolic diameter), and LVEF (left ventricular
ejection fraction). The interaction between miR-205-3p and TGF-β1 was examined by the RNA-Binding Protein
Immunoprecipitation (RIP) assay. After induction of TGF-β1 and/or 10μL of TSN in cardiac fibroblasts, relative levels of
miR-205-3p, Col1a1, and Col3a1 were detected by quantitative real-time polymerase chain reaction (qRT-PCR). Results.
Compared with the control group, miR-205-3p and TGF-β1 were downregulated in plasma of MI patients in the TSN group.
In the TSN group, LVIDd and LVIDs were reduced, and EF was enhanced at 2 weeks and 4 weeks compared with that at
post-MI 1 day. miR-205-3p could negatively interact with TGF-β1. TSN induction abolished the regulatory effects of TGF-β1
on downregulating miR-205-3p and upregulating Col1a1 and Col3a1 in cardiac fibroblasts. Conclusions. Through upregulating
miR-205-3p and downregulating TGF-β1, TSN alleviates cardiac fibrosis and improves ventricular remodeling following MI.

1. Introduction

The treatment of acute myocardial infarction (AMI) has
been well concerned owing to its high incidence and mortal-
ity [1]. Due to the development of thrombolysis and inter-
ventional technology, the mortality of MI has sharply
decreased. However, ventricular remodeling at post-MI
should be worried. The process of ventricular processing
involves multiple factors, including hypertrophy and apo-
ptosis in cardiomyocytes and extracellular matrix (ECM)
changes. Eventually, cardiac fibrosis results in heart failure,
which directly affects the prognosis and life quality [1].

Tanshinone IIA (TSN) is the main liposoluble active
component of Salvia miltiorrhiza (a traditional Chinese
medicine) extracted from the dried root and rhizome of Sal-

via miltiorrhiza Bunge [2]. TSN is able to protect the myo-
cardium and inhibit cardiomyocyte hypertrophy from
cardiac injury [3]. Moreover, it suppresses cardiac fibroblast
proliferation and collagen synthesis, thus exerting a vascular
protection effect against fibrosis, improving coronary circu-
lation and inhibiting thrombosis [4]. TSN has been exten-
sively applied in the clinical treatment of vascular diseases,
and its promising application has been reported in treating
coronary disease, hypertension, cardiac ischemia-
reperfusion injury, and arrhythmia [5].

miRNAs are endogenous, noncoding RNAs with 21-23
nucleotides long. They induce posttranscriptional regulation
on target genes by complementary base pairing in the 3′-
UTR [6]. As early as 2005, miRNAs relevant to cardiac func-
tions have been reported [7]. With the gradual explorations
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on miRNA functions, people have realized that miRNAs are
important in fibrotic diseases. It is reported that miR-29 par-
ticipates in the development of cardiac fibrosis at post-MI
via regulating cardiac fibroblast functions. miR-205 is
located on chromosome 1q, which is abnormally expressed
in many types of tumors and involved in regulating tumor
cell behaviors [8, 9]. Downregulated miR-205 has been iden-
tified in breast cancer, prostate cancer, bladder cancer, and
renal cancer samples [10–13]. miR-205 contains two sub-
types from the same precursor, that is, miR-205-3p and
miR-205-5p. miR-205-3p serves as a tumor suppressor in
ovarian cancer, which is able to attenuate proliferative and
migratory capacities of cancer cells [14]. The biological func-
tions of miR-205-3p in MI and potential mechanism are
rarely reported.

TGF-β is a family of cytokines with various functions. It
regulates not only physiological processes, such as embry-
onic development, cell growth, and differentiation, but also
pathological processes, such as inflammation, fibrosis, and
carcinogenesis. TGF-β is a vital regulator in the develop-
ment of tissue fibrosis [15]. This study mainly detected
changes of fibrosis indicators following MI and the interven-
tion effect of TSN. The potential involvement of miR-205-3p
during TSN-induced improvement of ventricular remodel-
ing was examined. Our results provide experimental refer-
ences for clinical application of TSN in treating ventricular
remodeling at post-MI.

2. Patients and Methods

2.1. Subjects. This study was approved by the Ethics Com-
mittee of Qingdao Central Hospital before the study started.
Besides, signed written informed consent was obtained from
all participants before the study. One hundred MI patients
with primary acute ST elevation of the anterior wall who
were treated by percutaneous coronary intervention (PCI)
within 12 h of onset in Qingdao Central Hospital from
May 2017 to May 2019 were recruited. Inclusion criteria
were in accordance to 2013 ACCF/AHA guideline for the
management of ST-elevation myocardial infarction [16] as
follows: (1) sudden ischemic chest pain symptoms, not
relieved by rest or sublingual nitroglycerin; (2) ECG showing
ST elevation (≥0.2mV) of at least two adjacent precordial
leads or left bundle branch block; (3) increase in CKI level
more than twice than the normal one and/or troponin (+);
(4) onset of AMI within 12h; and (5) anterior descending
artery lesion confirmed by coronary angiography and TIMI
3 graded after vascular opening. Exclusion criteria were as
follows: (1) severe hepatorenal insufficiency, (2) severe val-
vular heart disease, (3) previous history of coronary heart
disease, (4) cardiogenic shock, (5) history of major surgery
or severe trauma in the past 15 days, (6) symptoms of car-
diac insufficiency prior to AMI, (7) acute or chronic infec-
tion, (8) administration of NSAIDs or steroids, (9)
autoimmune diseases, and (10) malignant tumors.

2.2. Grouping and Therapeutic Strategies. Patients were ran-
domly classified into the control group (n = 50) and TSN
group (n = 50). Emergency PCI was conducted in each

patient, including medications of aspirin, clopidogrel, sta-
tins, ACEI or ARB, β-blockers, spironolactone tablets, and
nitrates. In the TSN group, daily intravenous administration
of 60-80mg TSN for consecutive 14 days was additionally
conducted.

2.3. Blood Collection. After overnight fasting, venous blood
samples (3mL × 2) were collected in the morning at day 1
and week 2 after admission. Samples were stored in ethyl-
enediaminetetraacetic acid- (EDTA-) K2 anticoagulant
tubes, centrifuged at 3000 rpm for 15min and 12000 rpm
for another 10min. Plasma samples were placed in cryopres-
ervation tubes, labeled, and stored at -80°C.

2.4. Echocardiography. Echocardiography was performed by
an experienced ultrasound physician using the color Dopp-
ler ultrasound (Philips HD-15, S5-2 probe). At post-MI 1
day, 2 weeks, and 4 weeks, LVIDd (left ventricular
internal-diastolic diameter), LVIDs (left ventricular
internal-systolic diameter), and LVEF (left ventricular ejec-
tion fraction) were recorded as the average from three
replicates.

2.5. Isolation of Rat Primary Cardiac Fibroblasts and Cell
Culture. Rat primary cardiac fibroblasts were isolated and
cultured as previously described [17]. Briefly, hearts of neo-
natal rats within 24 h were collected and washed in
phosphate-buffered saline (PBS) at 4°C and 75% ethanol.
Hearts were cut into small pieces and digested in 0.1% colla-
genase and 0.125% trypsin in a water bath at 37°C. The mix-
ture was gently shaken every 10min. Digestive solution was
mixed in Dulbecco’s modified Eagle medium (DMEM)
(Gibco, Rockville, MD, USA) containing 10% fetal bovine
serum (FBS) (Gibco, Rockville, MD, USA) and cultured in
a culture bottle. The adherent time difference between car-
diomyocytes and myofibroblasts was 60 minutes. Primary
cardiac fibroblasts were regularly passaged using 0.25% tryp-
sin, and the third generation was used for the following
experiments.

2.6. TGF-β1 and/or TSN Induction. Cardiac fibroblasts were
cultured in 6-well plates until 70-80% of confluence and
then cultivated in serum-free DMEM for 24 h. TGF-β1
and/or 10μM TSN was applied per well for 24 h.

2.7. Cell Transfection. Cardiac fibroblasts were cultured in 6-
well plates with 1 × 106 cells per well in serum-free DMEM
for 24h. Until cell confluence reached 80-85%, transfection
was conducted using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA). 3μg miR-205-3p mimics or negative control
and 6μg Lipofectamine 2000 were, respectively, suspended
in 250μL of serum-free medium. After letting them stand
at room temperature for 5min, they were mixed and main-
tained for 20min. The mixture was applied per well for 36-
48 cell culture.

2.8. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNAs were isolated from plasma or cells
using the RNA extraction kit (ABI, Applied Biosystems, Fos-
ter City, CA, USA). The concentration and purity of RNA
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were determined using an ultraviolet spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). After
reverse transcription, complementary deoxyribose nucleic
acids (cDNAs) were amplified at 92°C for 2min, followed
by 35 cycles at 95°C for 20 s, 60°C for 40 s, and 72°C for
2min. Relative mRNA level was calculated by 2−ΔΔCt. Primer
sequences were as follows: miR-205-3p: 5′-CGG GAT TTC
AGT GGA GTG AAG TTC-3′; TGF-β1: 5′-GCG CCT
GCA GAG ATT CAA GTC AAC-3′ (forward) and 5′-
GTA TCA GTG GGG GTC AGC AGC C-3′ (reverse);
Col1a1: 5′-TTC ACC TAC AGC ACG CTT GT-3′ (for-
ward) and 5′-TTG GGA TGG AGG GAG TTT AC-3′
(reverse); Col3a1: 5′-TTG AAT ATC AAA CCG CAA
GGC-3′ (forward) and 5′-GGT CAC TTT CAC TGG
TTG ACG A-3′ (reverse); and U6: 5′-CTC GCT TCG
GCA GCA CA-3′ (forward) and 5′-AAC GCT TCA CGA
ATT TGC GT-3′ (reverse).

2.9. RNA-Binding Protein Immunoprecipitation (RIP). The
Magna RIP Kit (Millipore, Billerica, MA, USA) was used.
Cells were lysed in RIPA and incubated with magnetic beads
conjugated with anti-TGF-β1 or anti-IgG at 4°C for 6 h. Sub-
sequently, magnetic beads were washed and incubated with
Proteinase K for clearing proteins. Purified RNAs were sub-
jected to qRT-PCR.

2.10. Statistical Analysis. Statistical analyses were conducted
using Statistical Product and Service Solutions (SPSS) 20.0
(IBM, Armonk, NY, USA). Measurement data between
groups were compared using Student’s t-test, while enumer-
ation data were compared by the chi-square test. One-way
ANOVA tests followed by the post hoc test (least significant
difference) were employed for multigroup comparison. p <
0:05 was considered statistically significant.

3. Results

3.1. Baseline Characteristics between the Control and TSN
Groups. We recruited 100 MI patients and randomly classi-
fied them into the control group (n = 50) and TSN group
(n = 50). Their baseline characteristics were collected for
comparison. It is shown that no significant differences in
age, gender, hypertension, diabetes, smoking, LDL-C,
HDL-C, and vascular opening time were found between
groups (p > 0:05) (Table 1), suggesting that baseline charac-
teristics were comparable.

3.2. Echocardiography Findings between the Control and TSN
Groups. Echocardiography was conducted at post-MI 1 day,
2 weeks, and 4 weeks, respectively. On the first day following
MI, no significant differences in LVIDd, LVIDs, and EF were
found between the control and TSN groups (p > 0:05). These
indicators were improved at post-MI 2 and 4 weeks in both
groups, which were much more pronounced in the TSN
group (Table 2). It is indicated that TSN treatment displayed
a pronounced efficacy on improving cardiac structure and
functions following MI.

3.3. Intervention of TSN on Plasma Levels of miR-205-3p and
TGF-β1 in MI Patients. We did not find significant differ-
ences in plasma level of miR-205-3p before treatment
between groups. After two-week treatment, miR-205-3p
was markedly downregulated in both groups, especially the
TSN group (Figure 1(a)). Similarly, TGF-β1 was downregu-
lated two weeks later after treatment in the control group,
which is much more pronounced in the TSN group
(Figure 1(b)). It is indicated that TSN could intervene
plasma levels of miR-205-3p and TGF-β1 in MI patients.

3.4. Interaction between miR-205-3p and TGF-β1. The RIP
assay revealed that miR-205-3p was mainly enriched in
anti-TGF-β1, proving the interaction between miR-205-3p
and TGF-β1 (Figure 2(a)). Subsequently, we tested the
transfection efficacy of miR-205-3p mimics in cardiac fibro-
blasts (Figure 2(b)). Overexpression of miR-205-3p remark-
ably downregulated TGF-β1, showing a negative interaction
(Figure 2(c)).

3.5. TSN Inhibited TGF-β1-Induced Cardiac Fibroblast
Fibrosis by Upregulating miR-205-3p. To explore the protec-
tive role of TSN in MI, cardiac fibroblasts were induced with
TGF-β1 and/or 10μL TSN. TGF-β1 induction markedly
downregulated miR-205-3p in cardiac fibroblasts, which
was reversed by TSN treatment (Figure 3(a)). Moreover,
Col1a1 and Col3a1 were upregulated in TGF-β1-induced
cardiac fibroblasts, and their levels were reduced by TSN
treatment (Figures 3(b), 3(c)). It is demonstrated that miR-
205-3p exerted a vital function during the TSN-induced
antifibrotic process by mediating the TGF-β signaling.

4. Discussion

At post-MI, ventricular remodeling results in changes of
ventricular volume, ventricular shape, wall thickness, and
compliance. The decline in cardiac function directly influ-
ences the prognosis in MI patients [18]. At present, drugs
such as ACEI, ARB, and β-blockers are used for the treat-
ment of AMI. They are conductive to inhibiting the process

Table 1: Baseline characteristics of myocardial infarction patients
in the control group and TSN group.

Variable
Control group

(n = 50)
TSN group
(n = 50) t/χ2 p

Age 49:8 ± 5:9 48:2 ± 5:2 1.439 0.153

Sex (male/female) 37/13 34/16 0.437 0.66

TC (mmol/L) 5:66 ± 1:28 5:49 ± 1:13 0.704 0.483

LDL-C (mmol/L) 3:28 ± 0:95 3:37 ± 0:97 0.469 0.64

HDL-C (mmol/L) 1:08 ± 0:22 1:15 ± 0:24 1.52 0.132

Hypertension (n, %) 17 20 0.386 0.679

Diabetes (n, %) 11 8 0.585 0.611

Smoking (n, %) 20 23 0.367 0.686

Vascular opening
time (h)

6:92 ± 1:26 7:17 ± 1:33 0.965 0.337

TSN: tanshinone IIA; TC: total cholesterol; LDL-C: low-density lipoprotein
cholesterol; HDL-C: high-density lipoprotein cholesterol.
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of myocardial fibrosis, improving ventricular remodeling,
and facilitating the long-term prognosis of MI [19, 20].
However, to date, effective strategies for preventing ventric-
ular remodeling at post-MI are lacking [21].

TSN is a fat-soluble active ingredient with clear molecu-
lar structure and molecular weight extracted from Chinese

traditional medicine Salvia miltiorrhiza [21]. Ouyang et al.
[4] suggested that TSN inhibits RAAS overrelease in the
heart, thus decreasing the synthesis and release of collagens
by cardiac fibroblasts to prevent cardiac fibrosis. Our results
uncovered that 2-week or 4-week TSN treatment markedly
improved cardiac functions in MI patients compared with

Table 2: Echocardiography findings in the control and TSN groups.

Variable
Control group (n = 50) TSN group (n = 50)

1 d 2w 4w 1 d 2w 4w

LVIDd 51:52 ± 5:51 50:35 ± 4:98 50:27 ± 5:07 51:63 ± 6:08 47:52 ± 5:85∗& 47:66 ± 3:74#&

LVIDs 34:82 ± 4:21 32:82 ± 4:67 32:94 ± 4:55 34:95 ± 4:38 29:85 ± 3:17∗& 29:06 ± 2:97#&

EF (%) 42:33 ± 4:07 45:12 ± 5:51 45:97 ± 5:58∗ 41:82 ± 4:13 48:72 ± 4:82∗& 49:57 ± 5:03#&
∗p < 0:05, comparison between 1 d and 2 w; #p < 0:05, comparison between 1 d and 4 w; &p < 0:05, comparison between the control group and TSN group.
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Figure 1: Intervention of TSN on plasma levels of miR-205-3p and TGF-β1 in MI patients. One hundred MI patients were randomly
classified into the control group (n = 50) and TSN group (n = 50). Plasma levels of miR-205-3p (a) and TGF-β1 (b) were detected by
qRT-PCR at post-MI 1 day and 2 weeks, respectively, in both groups.
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Figure 2: Interaction between miR-205-3p and TGF-β1: (a) RIP assay showed the interaction between miR-205-3p and TGF-β1; (b)
transfection efficacy of miR-205-3p mimics in cardiac fibroblasts; (c) TGF-β1 level in cardiac fibroblasts overexpressing miR-205-3p.
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echocardiography findings on the first day of admission. It is
suggested that TSN can prevent ventricular dilation and
contractility decline at post-MI, displaying certain signifi-
cance in improving ventricular remodeling.

TGF-β1 exerts a key regulation in ECM metabolism
[22]. It is recognized as the most important factor of fibrosis,
which induces fibroblast proliferation and ECM accumula-
tion through autocrine and paracrine [23]. Type I and III
collagens are well studied. Type I collagen is featured by high
tensile strength and poor stretch and retraction, which
determines the rigidity of myocardial contraction and relax-
ation. Type III collagen has a good elasticity [24]. It is
reported that increases in Col1a1 and Col3a1 lead to
decreases in cardiac compliance, as well as systolic and dia-
stolic functions [25, 26]. Accumulating evidences have high-
lighted the vital functions of miRNAs in ventricular
remodeling at post-MI [27, 28]. In addition, the interaction
between TGF-β and miRNAs is able to influence disease
progression. Luna et al. [29] demonstrated that the negative
interaction between TGF-β2 and miR-29b is responsible for
regulating biological functions of trabecular cells of glau-
coma. Qin et al. [30] suggested that miR-29b induces renal
fibrosis progression through inactivating the TGF-β/Smad3
signaling.

Our results uncovered that both plasma levels of miR-
205-3p and TGF-β1 were downregulated in MI patients.
Furthermore, we have confirmed the negative interaction
between miR-205-3p and TGF-β1. The upregulated Col1a1
and Col3a1 in cardiac fibroblasts induced by TGF-β1 were
reversed by TSN treatment. To sum up, TSN upregulated

miR-205-3p and thus inhibited TGF-β1 level, thereby
improving cardiac function and alleviating cardiac fibrosis
at post-MI. In this research, we uncover that TSN could
improve ventricular remodeling in an in vivo and in vitro
assay; however, the mechanism should be explored much
more to perfect this hypothesis.

5. Conclusions

Through upregulating miR-205-3p and downregulating
TGF-β1, TSN alleviates cardiac fibrosis and improves ven-
tricular remodeling following MI.

Data Availability

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

Conflicts of Interest

The authors declared no conflict of interest.

References

[1] Y. Ma, G. V. Halade, and M. L. Lindsey, “Extracellular matrix
and fibroblast communication following myocardial infarc-
tion,” Journal of Cardiovascular Translational Research,
vol. 5, no. 6, pp. 848–857, 2012.

Re
la

tiv
e e

xp
re

ss
io

n

miR-205-3p

TGF-𝛽1
TSN

- -
- -

+
+

0.0

0.5

1.0

1.5

⁎

⁎

(a)

Re
la

tiv
e e

xp
re

ss
io

n

Col1a1

TGF-𝛽1
TSN

- -
- -

+
+

0

1

2

3

4 ⁎

⁎

(b)

Re
la

tiv
e e

xp
re

ss
io

n
Col3a1

TGF-𝛽1
0

TSN
- -
- -

+
+

1

2

3

4 ⁎

⁎

(c)

Figure 3: TSN inhibited TGF-β1-induced cardiac fibroblast fibrosis by upregulating miR-205-3p. Cardiac fibroblasts were induced with
TGF-β1 and/or 10μL TSN. Relative levels of miR-205-3p (a), Col1a1 (b), and Col3a1 (c) were detected by qRT-PCR.

5Disease Markers



[2] S. Gao, Z. Liu, H. Li, P. J. Little, P. Liu, and S. Xu, “Cardiovas-
cular actions and therapeutic potential of tanshinone IIA,”
Atherosclerosis, vol. 220, no. 1, pp. 3–10, 2012.

[3] J. Diez, B. Lopez, A. Gonzalez, and R. Querejeta, “Clinical
aspects of hypertensive myocardial fibrosis,” Current Opinion
in Cardiology, vol. 16, no. 6, pp. 328–335, 2001.

[4] X. Ouyang, K. Takahashi, K. Komatsu et al., “Protective Effect
of Salvia miltiorrhiza on Angiotensin II-Induced Hypertro-
phic Responses in Neonatal Rat Cardiac Cells,” Japanese Jour-
nal of Pharmacology, vol. 87, no. 4, pp. 289–296, 2001.

[5] H. Shan, X. Li, Z. Pan et al., “Tanshinone IIA protects against
sudden cardiac death induced by lethal arrhythmias via repres-
sion of microRNA-1,” British Journal of Pharmacology,
vol. 158, no. 5, pp. 1227–1235, 2009.

[6] E. van Rooij, “The art of microRNA research,” Circulation
Research, vol. 108, no. 2, pp. 219–234, 2011.

[7] Y. Zhao, E. Samal, and D. Srivastava, “Serum response factor
regulates a muscle-specific microRNA that targetsHand2 dur-
ing cardiogenesis,” Nature, vol. 436, no. 7048, pp. 214–220,
2005.

[8] E. van Rooij, L. B. Sutherland, J. E. Thatcher et al., “Dysregula-
tion of microRNAs after myocardial infarction reveals a role of
miR-29 in cardiac fibrosis,” Proceedings of the National Acad-
emy of Sciences of the United States of America, vol. 105, no. 35,
pp. 13027–13032, 2008.

[9] A. Y. Qin, X. W. Zhang, L. Liu et al., “miR-205 in cancer: an
angel or a devil?,” European Journal of Cell Biology, vol. 92,
no. 2, pp. 54–60, 2013.

[10] B. Guan, Q. Li, L. Shen et al., “MicroRNA-205 directly targets
Krüppel-like factor 12 and is involved in invasion and apopto-
sis in basal-like breast carcinoma,” International Journal of
Oncology, vol. 49, no. 2, pp. 720–734, 2016.

[11] T. Hulf, T. Sibbritt, E. D. Wiklund et al., “Epigenetic-induced
repression of microRNA-205 is associated with MED1 activa-
tion and a poorer prognosis in localized prostate cancer,”
Oncogene, vol. 32, no. 23, pp. 2891–2899, 2013.

[12] G. Wang, E. S. Chan, B. C. Kwan et al., “Expression of micro-
RNAs in the urine of patients with bladder cancer,” Clinical
Genitourinary Cancer, vol. 10, no. 2, pp. 106–113, 2012.

[13] X. W. Xu, S. Li, F. Yin, and L. L. Qin, “Expression of miR-205
in renal cell carcinoma and its association with clinicopatholo-
gical features and prognosis,” European Review for Medical
and Pharmacological Sciences, vol. 22, no. 3, pp. 662–670,
2018.

[14] B. Qiao, Q. Wang, Y. Zhao, and J. Wu, “miR-205-3p functions
as a tumor suppressor in ovarian carcinoma,” Reproductive
Sciences, vol. 27, no. 1, pp. 380–388, 2020.

[15] P. Stawowy, c. Margeta, h. Kallisch et al., “Regulation of matrix
metalloproteinase MT1-MMP/MMP-2 in cardiac fibroblasts
by TGF-beta1 involves furin-convertase,” Cardiovascular
Research, vol. 63, no. 1, pp. 87–97, 2004.

[16] C. W. Yancy, M. Jessup, B. Bozkurt et al., “2013 ACCF/AHA
guideline for the management of ST-elevation myocardial
infarction: executive summary: a report of the American Col-
lege of Cardiology Foundation/American Heart Association
Task Force on Practice Guidelines: developed in collaboration
with the American College of Emergency Physicians and Soci-
ety for Cardiovascular Angiography and Interventions,” Cath-
eterization and Cardiovascular Interventions, vol. 82, no. 1,
pp. e147–e239, 2013.

[17] X. Zhao, K. Wang, Y. Liao et al., “MicroRNA-101a inhibits
cardiac fibrosis induced by hypoxia via targeting TGFβRI on
cardiac fibroblasts,” Cellular Physiology and Biochemistry,
vol. 35, no. 1, pp. 213–226, 2015.

[18] S. R. Tiyyagura and S. P. Pinney, “Left ventricular remodeling
after myocardial infarction: past, present, and future,” Mount
Sinai Journal of Medicine, vol. 73, no. 6, pp. 840–851, 2006.

[19] H. Okada, G. Takemura, K. Kosai et al., “Postinfarction gene
therapy against transforming growth factor-beta signal modu-
lates infarct tissue dynamics and attenuates left ventricular
remodeling and heart failure,” Circulation, vol. 111, no. 19,
pp. 2430–2437, 2005.

[20] S. D. Solomon, H. Skali, N. S. Anavekar et al., “Changes in ven-
tricular size and function in patients treated with valsartan,
captopril, or both after myocardial infarction,” Circulation,
vol. 111, no. 25, pp. 3411–3419, 2005.

[21] M. Ikeuchi, H. Tsutsui, T. Shiomi et al., “Inhibition of TGF-
beta signaling exacerbates early cardiac dysfunction but pre-
vents late remodeling after infarction,” Cardiovascular
Research, vol. 64, no. 3, pp. 526–535, 2004.

[22] A. Leask, “TGFbeta, cardiac fibroblasts, and the fibrotic
response,” Cardiovascular Research, vol. 74, no. 2, pp. 207–
212, 2007.

[23] P. J. Lijnen, V. V. Petrov, and R. H. Fagard, “Induction of Car-
diac Fibrosis by Transforming Growth Factor- β1,” Molecular
Genetics and Metabolism, vol. 71, no. 1-2, pp. 418–435, 2000.

[24] E. C. Miner and W. L. Miller, “A look between the cardiomyo-
cytes: the extracellular matrix in heart failure,” Mayo Clinic
Proceedings, vol. 81, no. 1, pp. 71–76, 2006.

[25] K. E. Porter and N. A. Turner, “Cardiac fibroblasts: at the heart
of myocardial remodeling,” Pharmacology & Therapeutics,
vol. 123, no. 2, pp. 255–278, 2009.

[26] J. I. Virag and C. E. Murry, “Myofibroblast and endothelial cell
proliferation during murine myocardial infarct repair,” The
American Journal of Pathology, vol. 163, no. 6, pp. 2433–
2440, 2003.

[27] H. Liang, C. Zhang, T. Ban et al., “A novel reciprocal loop
between microRNA-21 and TGFβRIII is involved in cardiac
fibrosis,” The International Journal of Biochemistry & Cell
Biology, vol. 44, no. 12, pp. 2152–2160, 2012.

[28] J. Wang, W. Huang, R. Xu et al., “MicroRNA-24 regulates car-
diac fibrosis after myocardial infarction,” Journal of Cellular
and Molecular Medicine, vol. 16, no. 9, pp. 2150–2160, 2012.

[29] C. Luna, G. Li, J. Qiu, D. L. Epstein, and P. Gonzalez, “Cross-
talk between miR-29 and transforming growth factor-betas in
trabecular meshwork cells,” Investigative Ophthalmology &
Visual Science, vol. 52, no. 6, pp. 3567–3572, 2011.

[30] W. Qin, A. C. Chung, X. R. Huang et al., “TGF-β/Smad3 sig-
naling promotes renal fibrosis by inhibiting miR-29,” Journal
of the American Society of Nephrology, vol. 22, no. 8,
pp. 1462–1474, 2011.

6 Disease Markers



Research Article
N-Acetylcysteine Slows Down Cardiac Pathological
Remodeling by Inhibiting Cardiac Fibroblast Proliferation and
Collagen Synthesis

Jin Zhou, Jing Xu, Shan Sun, Mengyuan Guo, Peng Li, and Aijuan Cheng

Department of Cardiology, Tianjin Chest Hospital, Tianjin, China

Correspondence should be addressed to Aijuan Cheng; chengaijuan@nankai.edu.cn

Received 20 October 2021; Accepted 12 November 2021; Published 26 November 2021

Academic Editor: Francesco Busardò

Copyright © 2021 Jin Zhou 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.

Objective. By observing the effect of N-acetylcysteine (NAC) on the proliferation and collagen synthesis of rat cardiac fibroblasts
(CFs) to explore the effect of NAC on cardiac remodeling (CR). Methods. In vivo, first, the Sprague Dawley (SD) rat myocardial
hypertrophy model was constructed, and the effect of NAC on cardiac structure and function was detected by echocardiography,
serological testing, and Masson staining. Western blotting (WB) and quantitative real-time polymerase chain reaction (qRT-PCR)
were used to detect the expression level of antioxidant enzymes, and flow cytometry was used to detect the intracellular reactive
oxygen species (ROS) content. In vitro, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay and 5-
ethynyl-2′-deoxyuridine (EdU) staining were used to detect cell proliferation, and the expression level of the NF-κB signaling
pathway was detected. Results. Compared with the control group, the model group had disordered cardiac structure, reduced
cardiac function, and obvious oxidative stress (OS) response. However, after NAC treatment, it could obviously improve the rat
cardiac structure and cardiac function and alleviate redox imbalance and cardiology remodeling. At the same time, NAC can
inhibit the activation of the NF-κB signaling pathway and reduce the proliferation level of CFs and the amount of 3H proline
incorporated. Conclusions. NAC can inhibit AngII-induced CF proliferation and collagen synthesis through the NF-κB signaling
pathway, alleviate the OS response of myocardial tissue, inhibit the fibrosis of myocardial tissue, and thus slow down the
pathological remodeling of the heart.

1. Introduction

Heart failure (HF) is the terminal stage of various heart dis-
eases, and CR is the key pathological link of HF, which is
based on myocardial hypertrophy (MH) and myocardial
fibrosis (MF) [1]. In the early stage of the disease, MH is
an adaptive structural change of the heart in order to main-
tain sufficient output function in the case of increased post-
load or volume load caused by diseases such as hypertension.
During the compensatory phase of the heart, physiological
changes also include an increase in the volume of myocar-
dial cells, an increase in the weight of the heart and left ven-
tricle, and an increase in the interventricular septum and the
thickness of the left ventricular wall. However, when the
heart is under a high-load environment for a long time,

MH will eventually lead to a decline in ventricular function
or even HF [2]. The transition from compensatory MH to
decompensation or HF is a very complicated pathophysiolo-
gical process. One of its main characteristics involves fibrous
tissue hyperplasia, which is the occurrence of MF. In the
process of pathological MH, MF will eventually lead to the
attenuation of myocardial functional tissue function, ven-
tricular expansion, or tissue sclerosis [3]. Therefore, some
studies have pointed out that inhibiting MF is a promising
therapeutic direction to prevent the heart from changing
from compensatory MH to decompensation or HF. In addi-
tion, under various pathological conditions, the heart
undergoes remodeling characterized by MF, and CR is one
of the pathophysiological foundations of HF. CFs are the
main effector cells of MF, and their proliferation and
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collagen synthesis are important features of MF [4]. There-
fore, inhibiting CF proliferation and collagen production is
of great value in reversing CR.

NAC is an acetyl compound of L-cysteine, and its molec-
ular structure contains active sulfhydryl groups. It is a strong
antioxidant, which interferes with the generation of free rad-
icals, scavenges the generated free radicals, and regulates the
metabolic activity of cells [5]. In addition, NAC can also reg-
ulate gene expression and signal transduction systems, exert
antiangiogenesis, inhibit the development of malignant
tumors, and inhibit the generation and metastasis of new
organisms, and NAC is widely used in clinical practice of
respiratory and nervous systems and AIDS [6, 7]. Recently,
the role of NAC in the cardiovascular system has also
received wide attention from research evidence. It has been
found that NAC can effectively inhibit myocardial cell apo-
ptosis caused by ischemia-reperfusion injury (IRI) and
improve cardiac function [8]. In addition, some studies have
shown that NAC can play an antifibrotic role in the lungs
[9], but there are few studies on the effect of NAC on cardiac
fibrosis. Therefore, this study explored the effect of NAC on
CFs in rats to explore their effects on CR.

The nuclear transcription factor is a type of protein that
has the function of binding to a fixed nucleotide sequence in
certain promoter regions to initiate gene transcription. NF-
κB is one of its important proteins, which can be found in
a variety of cells, such as vascular endothelial cells, CFs,
and cardiomyocytes, and is involved in the gene regulation
of a variety of physiological and pathological processes such
as inflammation, immunity, and cell proliferation and apo-
ptosis [10–12]. In general, NF-κB binds to its endogenous
inhibitory protein (IκB) in the homologous or heterodimer
form to form a trimer, which exists in the cytoplasm and is
inactivated. Once the IκB is phosphorylated and dissociated
from the NF-κB/IκB complex, the dimer and the inhibitory
protein are dissociated and transferred to the nucleus, where
they bind to κB sites on DNA and participate in the tran-
scription of multiple genes [13]. At present, a large number
of studies have confirmed that the NF-κB pathway is associ-
ated with cardiovascular disease. Therefore, we speculate
that NAC may slow down MF, and MH may be regulated
by the NF-κB signaling pathway.

2. Materials and Methods

2.1. Laboratory Animal. Thirty clean four-month-old male
rats, weighing 220-250 g, provided by Tianjin Chest Hospital
Animal Center, were housed in cages, with room tempera-
ture 18-22°C, relative humidity 45-65%, and light and dark
alternating for 12 hours. After 7 days of adaptive feeding,
the rats were randomly divided into 3 groups. This study
was approved by the Animal Ethics Committee of Tianjin
Chest Hospital Animal Center.

2.2. Animal Model Construction. After the rats were anesthe-
tized with 10% pentobarbital sodium, they were fixed in the
supine position on the small animal thermostatic pad on the
operating table, and their fur was sheared, and their skins
were prepared. Next, we performed endotracheal intubation

(Zena, Shanghai, China) and mechanical ventilation by blind
vision. Then, the skin of the rats’ chest was cut, the thoracic
tissue and aorta were separated, and the aortic arch was
ligated by the insertion needle with 0.5 nonabsorbent suture
(Zena, Shanghai, China) between the first and second
branches. After taking out the pad and inserting the needle,
we closed the chest cavity. The endotracheal intubation was
removed when the rats fully resumed spontaneous breath-
ing. Meanwhile, the sham group has only been performed
thoracotomy, and the aorta was not ligated.

2.3. Experimental Animal Grouping. Experimental animals
were divided into 3 groups: sham operation group (control
group;n = 15; the rats underwent sham operation, and one
week after the operation, they were intraperitoneally injected
with normal saline (0.1mL/100 g)); model group (n = 15;
one week after aortic constriction, the rats were intraperito-
neally injected with normal saline (0.1mL/100 g)); and NAC
treatment group (n = 15; one week after aortic constriction,
rats were intraperitoneally injected with NAC (Tianpu,
Guangzhou, China) (10mg/kg/d), diluted with normal
saline, and continuously administered for 2 weeks).

2.4. Echocardiography. Three weeks after the operation,
MyLab30CV with a 10MHz linear ultrasound transducer
(Philips, Eindhoven, Netherlands) was used to complete
the echocardiogram. The left ventricular diameter was mea-
sured on the parasternal long axis and short axis with a
50Hz frame rate. The left ventricular end-diastolic diameter
(LVEDd), left ventricular end-systolic diameter (LVESd),
left ventricular ejection fraction (LVEF%), and left ventricu-
lar short-axis fractional shortening rate (LVFS%) were used
to assess cardiac function.

2.5. Retention of Heart Tissue. The rats were anesthetized
with intraperitoneal injection of 10% pentobarbital sodium
3mL/kg. Then, the chest was opened along the midline inci-
sion to fully expose the heart, and blood was drawn at the
root of the aorta and saved. The left ventricle was cut and
weighed. Then, it was put in the refrigerator at -80°C. At
the same time, the tibia of the rat was isolated and its length
was measured.

2.6. Intracellular ROS Detection. The rat heart was immedi-
ately removed and placed in 1mL of ice phosphate-
buffered saline (PBS) liquid and shredded. Then, the cells
were filtered with a 200-400 mesh screen, then centrifuged
at 4°C, 1500 r/min for 5 minutes, and the supernatant was
discarded. A cold PBS solution was added to prepare a single
cell suspension, and the cell concentration was adjusted to
1 × 100-110 cells/mL. Then, 5μL 2′,7′-dichlorofluorescein
yellow diacetate (DCFH-DA, Thermo Fisher Scientific, Wal-
tham, MA, USA) was added and mixed well, then placed in a
37°C incubator in the dark for 30 minutes. It was centrifuged
again, and the supernatant was discarded; 10% fetal bovine
serum (FBS, Life Technology, Wuhan, China) was added,
and the mixture was incubated at 37°C for 20 minutes.
Finally, it was centrifuged at 1500 r/min for 5 minutes, and
a single cell suspension of heart tissue was made. The cell
suspension was sent to flow cytometry within 1 hour to
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detect the average fluorescence intensity of intracellular
labeled fluorescent probes (Elabscience, Wuhan, China).

2.7. Masson Staining. The embedded heart tissue was cut
into continuous 3-5μm thick slices with a microtome
(Camilo Biological, Nanjing, China), and then the slides
were dried in an oven at 55°C for 30 minutes. Slides were
first dewaxed with xylene and then placed in gradient alco-
hol (100%~70%) for hydration. Then, the Masson kit (Wal-
vax, Kunming, China) was used for dyeing. After the slides
were dehydrated by gradient alcohol and xylene, the neutral
resin was added dropwise and the coverslips were sealed.
After the slides have dried, we observed and took pictures
under the microscope (Elabscience, Wuhan, China).

2.8. Serological Test. Three weeks after the operation, 3mL of
right atrial blood was collected, centrifuged at 12,500 r/min
for 10 minutes at low temperature to separate serum, and
stored in a refrigerator at -80°C. According to the instruc-
tions provided by the reagent supplier (Jian Cheng, Nanjing,
China), the glutathione (GSH), glutathione peroxidase
(GPX), superoxide dismutase (SOD), lactic dehydrogenase
(LDH) activity, and malondialdehyde (MDA) content in
the serum of each group were separately detected.

2.9. Cell Extraction and Cell Culture. The heart of newborn
SD rats was taken under sterile conditions, cut to about
1mm3 small pieces, added with 1 g/L type II collagenase
(Jian Cheng, Nanjing, China), stirred at 37°C with a constant
temperature magnetic stirrer, and assisted in the separation
of cells. After 5 minutes, the cells were collected, the diges-
tion fluid was centrifuged at 1000 r/min for 5 minutes, and
the pelleted cells were resuspended and filtered. The cells
were cultured in a thermostatic 5% CO2 incubator at 37

°C
for 60 minutes using the differential attachment method.
The supernatant was discarded, and the remaining cells were
fibroblasts. Then, Dulbecco’s Modified Eagle’s Medium
(DMEM, Life Technology, Wuhan, China) containing 10%
FBS was added to continue the culture, and the medium
was changed every 2-3 days. According to literature reports,
1μmol/L AngII (Tianpu, Guangzhou, China) was used to
treat the second- to fourth-generation CFs for correspond-
ing research.

2.10. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
Tetrazolium Bromide) Assay. CF cells in the logarithmic
growth stage were seeded in 96-well plates with a density
of 1 × 105/mL. And cells were incubated in an incubator of
5% CO2 at 37

°C. The cells were treated with 1μmol/L AngII
for 24 hours and incubated at 37°C. After 24 hours, NAC
was added to make the final concentration of NAC in each
well 0, 10, 20, and 40mmol/L, and the culture was continued
to 48 hours. MTT (Yifei Xue, Nanjing, China) 20mL of
5mg/mL was added to each well. After the culture was con-
tinued for 4 hours, the culture medium was discarded,
150μL dimethyl sulfoxide (DMSO) was added to each well,
and the plate shaker was shaken for 10 minutes. The absor-
bance was measured at 490nm with an enzyme-linked
immunoassay (Kaiji, Nanjing, China).

2.11. 3H Proline Admixture Method. The cells were cultured
in a 96-well plate for 48 hours according to the above treat-
ment, and 3H proline of 1 × 103 Bq (Jian Cheng, Nanjing,
China) and 50mg/L ascorbic acid were added to each well,
and the cells were further incubated for 4 hours. The num-
ber of living cells was examined by trypan blue staining.
After the trypsin digested the cells into a cell suspension,
the cells were collected by a cell collector onto a fiberglass fil-
ter paper. The fiberglass filter paper was placed in a scintilla-
tion counter tube, and each tube was filled with 0.5mL of
scintillation liquid. Then, we determined the radioactive
intensity with a liquid scintillation counter (Jian Cheng,
Nanjing, China), and the data obtained was expressed in
cpm/well.

2.12. Western Blotting. Radioimmunoprecipitation assay
(RIPA) protein lysate (Camilo Biological, Nanjing, China)
was used to extract the cardiac tissue and CF total protein
on ice, and the protein concentration of each group was
detected and leveled by the bicinchoninic acid (BCA)
method (Camilo Biological, Nanjing, China). Equal amounts
of protein from each group were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to the polyvinylidene difluoride
(PVDF, Ye Sen, Shanghai, China) membrane. Then, the
PVDF membrane was blocked with 5% skim milk at room
temperature for 2 hours, and the primary antibody (GPX1,
Abcam, Cambridge, MA, USA, 1 : 2000; GPX3, Abcam,
Cambridge, MA, USA, 1 : 2000; NF-κB, Abcam, Cambridge,
MA, USA, 1 : 2000; IκK-α, Abcam, Cambridge, MA, USA,
1 : 1000; IκB-α, Abcam, Cambridge, MA, USA, 1 : 2000; Col-
lagen I, Abcam, Cambridge, MA, USA, 1 : 2000; and
GAPDH, Abcam, Cambridge, MA, USA, 1 : 5000) was added
and incubated at 4°C overnight. The next day, after washing
the PVDF membrane with PBS, the corresponding second-
ary antibody (Abcam, Cambridge, MA, USA, 1 : 1000) was
added. After being incubated at room temperature for 2
hours, enhanced chemiluminescence (ECL, Yifei Xue, Nan-
jing, China) was added dropwise to expose in the gel imag-
ing system.

2.13. RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR). A TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA) was used to grind
and extract the total RNA of rat heart tissues and CFs in
each group on ice. After quantitative analysis, the equivalent
amount of RNA was transcribed into complementary deoxy-
ribonucleic acid (cDNA) using the reverse transcription kit
(Thermo Fisher Scientific, Waltham, MA, USA). The same
amount of cDNA was taken for PCR amplification. Finally,
cDNA was detected according to the instructions of the fluo-
rescence quantitative PCR kit (Thermo Fisher Scientific,
Waltham, MA, USA). The relative expression level of the
target gene was calculated by the 2-ΔΔCt method. And the
reaction conditions were as follows: 94°C denaturation 45
seconds, 59°C annealing 45 seconds, and 72°C extension 60
seconds, a total of 35 cycles. The primer sequence is shown
in Table 1.
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2.14. 5-Ethynyl-2′-deoxyuridine (EdU) Staining. Primary
fibroblasts were cultured with a diluted EdU reagent (Kaiji,
Nanjing, China). The next day, PBS was used to wash the
cells, and after fixation, Triton X-100 (Kaiji, Nanjing, China)
was used to break the membrane and 5% goat serum was
used to seal it. Then, the reaction solution was prepared
according to the kit instructions and incubated for half an
hour at room temperature. After the cells were rinsed with
PBS three times, a DAPI reagent (Thermo Fisher Scientific,
Waltham, MA, USA) was used to stain the nuclei. Finally,
the cells were observed and photographed under an inverted
fluorescence microscope.

2.15. Statistical Analysis. Statistical Product and Service
Solutions (SPSS) 20.0 software (IBM, Armonk, NY, USA)
was used for statistical analysis. The experimental data were
expressed as mean± standard deviation (�X ± SD). Differ-
ences between the two groups were analyzed by using Stu-
dent’s t-test. Comparison between multiple groups was
done using the one-way ANOVA test followed by the post
hoc test (least significant difference). P < 0:05 was consid-
ered statistically significant.

3. Results

3.1. NAC Improves the Damaged Heart Structure of Rats
after Aortic Constriction. To determine whether NAC pro-
tects the heart from cardiac impairment caused by overload-
ing, the results of echocardiography showed that the
diameter of ventricular dilatation of the model group was
obviously higher than that of the control group, which
showed that LVEDd and LVESd were obviously increased.
In addition, the cardiac contractile function was obviously
lower than that of the control group, which showed that
the LVEF% and the LVFS% were reduced. In the NAC treat-
ment group, the diameter of ventricular dilatation was lower
than that of the model group, which showed that LVEDd
and LVESd were obviously lower than those of the model
group. The systolic function of the heart was obviously

higher than that of the model group, showing that the
LVEF% and the LVFS% were increased compared with those
of the model group (Figures 1(a)–1(d)). At the same time,
we detected the ratio of Lvw/HW and Lvw/TL, and we found
that the Lvw/HW and Lvw/TL values of the model group
were obviously higher than those of the control group, but
the Lvw/HW and Lvw/TL values of the NAC group were
lower than those of the model group (Figures 1(e) and
1(f)). Then, Masson staining found that the myocardial tis-
sue structure of the control group was normal and the fibro-
sis was not obvious, while the myocardial tissue structure of
the model group was disordered and the fibrosis was obvi-
ous. Conversely, the myocardial tissue structure of the rats
in the NAC treatment group was slightly disordered and
the fibrosis area was relatively reduced (Figure 1(g)). Next,
we detected the expression of Collagen I by WB and qRT-
PCR and found that the expression of Collagen I in the
model group was the highest, while the expression of Colla-
gen I in the NAC group was lower than that in the model
group (Figures 1(h) and 1(i)).

3.2. NAC Improves the Damaged Heart Function of Rats after
Aortic Constriction. Firstly, qRT-PCR results showed that,
compared with the control group, model group rats’ cardiac
tissue hypertrophy-related gene has obvious differences with
that of the control group, including atrial natriuretic peptide
(ANP), B-type natriuretic peptide (BNP), and β-myosin
heavy chain (β-MHC) transcriptional expressions, which
were higher than those of the control group, and α-myosin
heavy chain (α-MHC) transcriptional expression was lower
than that of the control group. In contrast, transcriptional
expressions of the NAC group, ANP, BNP, and β-MHC,
were lower than those of the model group, while transcrip-
tional expression of α-MHC was higher than that of the
model group (Figures 2(a)–2(d)). At the same time, we
found through serological detection that the LDH activity
and MDA content in the model group obviously increased,
while the LDH activity and MDA content obviously
decreased after NAC treatment (Figures 2(e) and 2(f)).

Table 1: Real-time PCR primers.

Gene name Forward (5′ > 3′) Reverse (5′ > 3′)
α-MHC GCCCAGTACCTCCGAAAGTC GCCTTAACATACTCCTCCTTGTC

β-MHC ACTGTCAACACTAAGAGGGTCA TTGGATGATTTGATCTTCCAGGG

Sirt1 CCAGATCCTCAAGCCATG TTGGATTCCTGCAACCTG

SOD1 GGTGAACCAGTTGTGTTGTC CCGTCCTTTCCAGCAGTC

SOD2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT

GPX1 ATCATATGTGTGCTGCTCGGCTAGC TACTCGAGGGCACAGCTGGGCCCTTGAG

GPX3 AGAGCCGGGGACAAGAGAA ATTTGCCAGCATACTGCTTGA

ANP GCTTCCAGGCCATATTGGAG GGGGGCATGACCTCATCTT

BNP GAGGTCACTCCTATCCTCTGG GCCATTTCCTCCGACTTTTCTC

IκK-α GTCAGGACCGTGTTCTCAAGG GCTTCTTTGATGTTACTGAGGGC

IκB-α GGATCTAGCAGCTACGTACG TTAGGACCTGACGTAACACG

P65 ACTGCCGGGATGGCTACTAT TCTGGATTCGCTGGCTAATGG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

qRT-PCR: quantitative real-time polymerase chain reaction.
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3.3. NAC Improves Oxidative Stress Response after Aortic
Constriction. Firstly, we detected the expression of GPX1
and GPX3 proteins in the myocardial tissues of each group
by WB (Figure 3(a)). The results showed that the expression
of GPX1 and GPX3 was obviously decreased in the model
group, while NAC effectively inhibited the expression of

GPX1 and GPX3 after treatment. At the same time, qRT-
PCR detection of SOD1 mRNA, SOD2 mRNA, GPX1
mRNA, and GPX3 mRNA also found similar results; NAC
treatment can reverse the decreased transcriptional expres-
sion of SOD1, SOD2, GPX1, and GPX3 in myocardial tissue
(Figures 3(b)–3(e)). Then, we found that the activities of
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Figure 1: NAC improves the damaged heart structure of rats after aortic constriction. (a) Echocardiography detected the LVEDd of rats. (b)
Echocardiography detected the LVESd of rats. (c) Echocardiography detected the LVEF% of rats. (d) Echocardiography detected the LVFS%
of rats. (e) Ratio of Lvw/BW. (f) Ratio of Lvw/TL. (g) Masson staining and positive area analysis (magnification: 200x). (h) WB detected the
Collagen I expression and gray value analysis. GAPDH was used as an internal control. (i) qRT-PCR detected the Collagen I expression. “∗”
indicates the statistical difference from the control group, P < 0:05; “#” indicates the statistical difference from the aortic constriction group,
P < 0:05. LVEDd: left ventricular end-diastolic diameter; LVESd: left ventricular end-systolic diameter; LVEF: left ventricular ejection
fraction; LVFS: left ventricular fractional shortening; Lvw: left ventricular weight; BW: body weight; TL: tibial length.
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Figure 2: NAC improves the damaged heart function of rats after aortic constriction. (a) qRT-PCR detected the ANP expression. (b) qRT-
PCR detected the BNP expression. (c) qRT-PCR detected the α-MHC expression. (d) qRT-PCR detected the β-MHC expression. (e) The kit
detected the serum LDH activity. (f) The kit detected the serum MDA content. “∗” indicates the statistical difference from the control group,
P < 0:05; “#” indicates the statistical difference from the aortic constriction group, P < 0:05. ANP: atrial natriuretic peptide; BNP: B-type
natriuretic peptide; α-MHC: α-myosin heavy chain; β-MHC: β-myosin heavy chain; LDH: lactic dehydrogenase; MDA: malondialdehyde.
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SOD, GPX, and GSH in the model group were obviously
reduced by serological detection. On the contrary, we found
that the expression of SOD, GPX, and GSH in the NAC
group was higher than that in the model group

(Figures 3(f)–3(h)). In addition, flow cytometry detection
of ROS levels in myocardial tissue revealed that ROS levels
were obviously increased in the model group, while NAC
can promote ROS clearance (Figure 3(i)).
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Figure 3: NAC improves oxidative stress response after aortic constriction. (a) WB detected the expression of GPX1 and GPX3 and
gray value analysis. GAPDH was used as an internal control. (b) qRT-PCR detected the expression of SOD1. (c) qRT-PCR detected
the expression of SOD2. (d) qRT-PCR detected the expression of GPX1. (e) qRT-PCR detected the expression of GPX3. (f) The kit
detected the serum SOD activity. (g) The kit detected the serum GPX activity. (h) The kit detected the serum GSH activity. (i) Flow
cytometry detected the intracellular ROS levels. “∗” indicates the statistical difference from the control group, P < 0:05; “#” indicates
the statistical difference from the aortic constriction group, P < 0:05. SOD: superoxide dismutase; GPX: glutathione peroxidase; GSH:
glutathione; ROS: reactive oxygen species.
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3.4. NAC Inhibits the NF-κB Signaling Pathway. In order to
detect whether NAC inhibits CF proliferation and collagen
synthesis through the NF-κB signaling pathway, we inves-
tigated the effect of NAC in vitro by AngII treatment of
CFs. First of all, the results of the MTT experiment
showed that compared with the control group, NAC of
10, 20, and 40mmol/L had an inhibitory effect on the
growth of CF cells, and there were differences among
groups with different concentrations (Figure 4(a)). Also,
we found that when NAC concentration was at 20mmol/
L, its inhibition activity of CFs was significant. Therefore,
in our subsequent experiments, we chose this concentra-
tion to treat CFs [14]. At the same time, the results of
the 3H proline incorporation method showed that com-
pared with the control group, the synthesis of total colla-
gen of CFs decreased obviously after NAC treatment for
48 hours, and the amount of doping also decreased with
the increase of NAC concentration (Figure 4(b)). Then,
we detected the proliferation of CFs by EdU staining,
and the results showed that NAC treatment could signifi-
cantly inhibit the proliferation of CFs induced by AngII
(Figure 4(c)). In addition, WB detection found that after
AngII treated CFs, the NF-κB signaling pathway was acti-
vated, while NAC treatment can increase the levels of IκB-
α protein and decrease the levels of NF-κB and IκK-α pro-
tein (Figure 4(d)). At the same time, qRT-PCR also pro-
duced similar results (Figures 4(e)–4(g)).

4. Discussion

The remodeling of the heart includes myocardial paren-
chymal remodeling and interstitial remodeling. Parenchy-
mal remodeling is mainly caused by pathological
hypertrophy or degeneration and necrosis of cardiomyo-
cytes, while interstitial remodeling includes activation and
proliferation of fibroblasts and changes in the composition
and amount of the extracellular matrix collagen network
[15]. Therefore, in the process of CR, CFs and the extra-
cellular matrix proliferate and infiltrate a lot, leading to
heart fibrosis. This process is an important step in the
change of heart function from decompensation to HF.
Collagen I and Collagen III are secreted by CFs and are
the main components of the extracellular matrix of the
heart. In the process of CR, pathological hyperplasia of
Collagen I and Collagen III caused an imbalance of the
myocardial parenchymal and interstitial tissues, and the
number of myocardial cells as working cells decreased rel-
atively, which generally showed the body’s cardiac dys-
function [16]. Our results also found that in the model
group, the cardiac tissue structure was disordered, and
the fibrosis area and Collagen I expression were obviously
higher than those in the control group. At the same time,
the heart function of rats in the model group decreased,
and some hypertrophy-related indicators were obviously
increased. Thus, we speculate that rational remodeling of
heart disease has occurred in rats.

In the cardiovascular system, NAC has also received
attention, and it can play a beneficial role in the body
under the conditions of coronary atherosclerosis, myocar-

dial IRI, and hypertension and CR [17, 18]. Research stud-
ies have found that the plasma TNF-α concentration in
the rat model of hypertension was obviously associated
with a decrease in cardiac LVFS% and a lack of cardiac
GSH. However, after NAC intervention, there was no
effect on hypertension, but the plasma TNF-α concentra-
tion reached normal levels, increased LVFS% and
restricted the left ventricular posterior wall hypertrophy,
and inhibited the activation of matrix metalloproteinase 2
and matrix metalloproteinase 9, which reduces the colla-
gen deposition in the left ventricle, suggesting that NAC
can slow down the process of CR in hypertensive rats
and effectively protect cardiac function [19]. In addition,
there are research studies that believe that NAC may
directly prevent blood pressure, promote the synthesis of
GSH in the heart to inhibit the harmful effects of inflam-
matory factors on the heart, or directly inhibit the activa-
tion of NF-κB through GSH and other mechanisms. And
it can reverse the effects of hypertensive CR [20]. How-
ever, there is less relevant evidence, and its mechanism
still needs further study, especially the direct effect of
fibroblasts.

Studies in other systemic diseases have shown that NAC
can directly affect the proliferation and collagen synthesis of
mouse and human lung fibroblasts, reduce the expression of
cyclin E, block cell proliferation in the G1 phase, and thus
inhibit cell proliferation, and it can reduce TGF-α-induced
or non-TGF-α-induced collagen synthesis [21]. The results
of this experiment indicated that NAC had inhibitory effects
on proliferation and collagen synthesis of rat CFs similar to
those mentioned in the previous experiment, but the specific
mechanism of NAC and its effect on overall cardiac fibrosis
under pathological conditions still need to be further
studied.

Cell pathways activated by OS led to programmed cell
death, which eventually leads to cardiac dysfunction and
HF. It can be seen that the signal transduction pathway
mediated by OS is particularly important in the formation
of MH [22, 23]. Therefore, we speculate that MF is closely
related to the OS pathway. NF-κB is a family of transcription
factor proteins. And it is very sensitive to ROS produced by
OS. Activated NF-κB can cause cells to produce numerous
cytokines, and research studies have shown that ROS can
lead to the activation of IκK-α, thereby promoting the acti-
vation of NF-κB [24, 25]. Our results also found that
in vivo, with the model group heart tissue redox imbalance,
antioxidant enzyme activity decreased, prompting the accu-
mulation of ROS in cells. In vitro, AngII treated CFs and
induced the activation of the NF-κB signaling pathway.
NAC can restore antioxidant enzyme activity in the body
and remove excess ROS in cells. At the same time, NAC
can inhibit the total collagen synthesis function of cells and
inhibit the excessive activation of the NF-κB signaling path-
way in vitro. Although the preliminary research results of
this experiment suggest that NAC can be considered a
potential treatment method for rational reconstruction of
heart disease, it is necessary to further study the comprehen-
sive impact of all aspects before it can provide a stronger
basis for treatment.
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Our study confirmed that in vivo, antioxidant enzyme
activity and intracellular ROS content are closely related to
myocardial remodeling, and NAC can significantly relieve
OS in vivo, thus inhibiting MF and remodeling. Meanwhile,

in vitro, we first reported that NAC inhibits CF proliferation
and collagen synthesis through the NF-κB pathway, thus
providing a new research basis for the treatment of MF
and remodeling.
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Figure 4: NAC inhibits the NF-κB signaling pathway. (a) MTT detected the CF activity. (b) The 3H proline incorporation method detected
the cell total collagen synthesis function. (c) EdU staining detected the cell proliferation and percentage analysis of positive cells. (d) WB
detected the expression of NF-κB, IκK-α, IκB-α, and gray value analysis. GAPDH is used as an internal control. (e) qRT-PCR detected
the expression of NF-κB. (f) qRT-PCR detected the expression of IκK-α. (g) qRT-PCR detected the expression of IκB-α. “∗” indicates the
statistical difference from the control group, P < 0:05; “#” indicates the statistical difference from the aortic constriction group, P < 0:05.
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5. Conclusions

NAC can inhibit AngII-induced CF proliferation and colla-
gen synthesis through the NF-κB signaling pathway, allevi-
ate the OS response of myocardial tissue, inhibit the
fibrosis of myocardial tissue, and thus slow down the patho-
logical remodeling of the heart. This also provides a new
research basis for the treatment of CR.
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The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
request.
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Objective. Myocardial ischemia-reperfusion (I/R) injury (MIRI) refers to the more serious myocardial injury after blood flow
recovery, which seriously affects the prognosis of patients with ischemic cardiomyopathy. This study explored the new targets
for MIRI treatment by investigating the effects of miR-190-5p and its downstream target on the structure and function of
myocardial cells. Methods. We injected agomir miR-190-5p into the tail vein of rats to increase the expression of miR-190-5p
in rat myocardial cells and made an I/R rat model by coronary artery occlusion. We used 2,3,5-triphenyl tetrazolium chloride
staining, lactate dehydrogenase (LDH) detection, echocardiography, and hematoxylin-eosin (HE) staining to determine the
degree of myocardial injury in I/R rats. In addition, we detected the expression of inflammatory factors and apoptosis-related
molecules in rat serum and myocardial tissue to determine the level of inflammation and apoptosis in rat myocardium. Finally,
we determined the downstream target of miR-190-5p by Targetscan system and dual luciferase reporter assay. Results. The
expression of miR-190-5p in an I/R rat myocardium was significantly lower than that in normal rats. After treatment of I/R
rats with agomir miR-190-5p, the ischemic area of rat myocardium and the concentration of LDH decreased. The results of
echocardiography and HE staining also found that overexpression of miR-190-5p improved the structure and function of rat
myocardium. miR-190-5p was also found to improve the viability of H9c2 cells in vitro and reduce the level of apoptosis of
H9c2 cells. The results of Targetscan system and dual luciferase reporter assay found that miR-190-5p targeted to inhibit
pleckstrin homology domain leucine-rich repeat protein phosphatase 1 (PHLPP1). In addition, inhibition of PHLPP1 was
found to improve the viability of H9c2 cells. Conclusion. Therefore, miR-190-5p can reduce the inflammation and apoptosis of
myocardium by targeting PHLPP1, thereby alleviating MIRI.

1. Introduction

Myocardial ischemia-reperfusion (I/R) injury (MIRI) means
that after acute coronary artery occlusion, reperfusion leads
to more serious myocardial injury than ischemia itself,
including ischemia-induced injury and reperfusion injury
[1]. Reperfusion of blood flow can cause damage to unin-
volved myocardial cells and can also aggravate the damage
of involved myocardial cells [2]. In addition, some cytokines
affect nonfocal organs with blood flow, causing organ dam-
age. Reperfusion injury can be up to 50% of the total myocar-
dial injury, often causing serious adverse outcomes such as
heart failure, arrhythmia, or even circulatory arrest [3].

Pleckstrin homology domain leucine-rich repeat protein
phosphatase (PHLPP) was first discovered by Gao et al. in
2005 and is a novel intracellular serine/threonine phosphatase
[4]. PHLPP1 promotes apoptosis induced bymTOR2 by inter-
fering with the downstream signal of phosphatidylinositol-3-
kinase/protein-serine-threonine kinase (PI3K/Akt) signaling
pathway and rat sarcoma protein/extracellular regulatory
protein kinase pathway, thereby playing a role in inhibiting
tumor growth [5]. In addition to the initial inhibitory effect
on tumor growth, PHLPP1 has been also found to have a
close relationship with myocardial injury in recent years. A
study found that luteolin can alleviate doxorubicin-induced
myocardial injury by regulating PHLPP1/Akt signaling
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pathway [6]. Zhang et al. found that the inhibition of
PHLPP1 can alleviate myocardial dysfunction [7]. It was also
revealed that PHLPP1 ablation can prevent pathological
hypertrophy by promoting angiogenesis through the activa-
tion of Akt [8]. In addition, Tang et al. found that the upreg-
ulation of PHLPP1 is a key mechanism for tumor necrosis
factor- (TNF-) α to participate in the course of MIRI [9].
Therefore, PHLPP1 plays an important role in heart disease.

MicroRNA (miRNA) is a class of small noncoding
single-stranded RNA molecules that are sheared from pre-
cursor single-stranded RNA molecules, negatively regulating
gene expression and regulating the translation and stability
of specific genes [10]. A study has shown that miRNA can
specifically inhibit or target the specific mRNA and partici-
pate in the regulation of cell development, proliferation,
differentiation, and apoptosis and other important cell sig-
naling pathways [11]. In recent years, significant changes
of various miRNA have been found in the myocardial tissue
of MIRI, suggesting that miRNA can directly or indirectly
affect MIRI. miR-190-5p has been found to be involved in
the occurrence and development of various diseases and to
regulate the biological processes of cells, including cell pro-
liferation, apoptosis, and metabolism [12]. Our previous
study found that miR-190-5p was expressed differently in
the myocardium of normal rats and I/R rats. In order to fur-
ther study the effect of miR-190-5p on MIRI, we studied the
effect of miR-190-5p on the viability of myocardial cells
in vivo and in vitro through transfection.

2. Materials and Methods

2.1. Animals. A total of 60 male Sprague Dawley rats (8
weeks old, 200 ± 20 g) were used in this study. The animal
experiments in this study were approved by the Jilin Univer-
sity Ethics Committee. All rats were housed in specific
pathogen-free animal rooms of Jilin University Experimen-
tal Animal Center. The temperature of the animal room is
24 ± 2°C, and the relative humidity is 40-60%. We made an
I/R model by ligating the rat coronary arteries. After anes-
thetizing the rat with 2% sodium pentobarbital (40mg/kg),
we removed the hair from the rat’s chest and disinfected it
with iodophor. Then, we used a small animal ventilator
(CWE SAR-830, Orange, CA, USA) to maintain the rat’s
breathing and observed the electrocardiogram of the rat
using an electrocardiograph. During the operation, the rat
was maintained under continuous anesthesia by inhalation
of methoxyflurane (1.5%) on an operating table. We cut
the skin and sternum of the rat’s left chest. After exposing
the rat heart, we gently cut the heart envelope and ligated
the left anterior descending coronary artery with sutures.
The elevation of the ST segment of the electrocardiogram
indicated myocardial ischemia. After 30 minutes, we loos-
ened the ligature. The decrease in the ST segment of the elec-
trocardiogram indicated the recovery of myocardial blood
flow. After 180 minutes of restoration of blood flow, we
detected the rat’s cardiac function and collected rat serum
and myocardial tissue. The rats in the sham group were only
opened the chest cavity without ligating the coronary arter-
ies. Rats in the I/R+agomir negative control (NC) group

and the I/R+agomir miR-190-5p group were injected with
agomir NC and agomir miR-190-5p via the tail vein 48
hours before modeling.

2.2. 2,3,5-Triphenyl Tetrazolium Chloride (TTC) Staining.
We put the rat heart in the -20°C refrigerator for 20 minutes.
The rat heart was then cut into slices with thickness of 2mm.
We used 1% TTC staining solution (Sigma-Aldrich, St.
Louis, MO, USA) to stain myocardial tissue for 15 minutes.
A normal myocardium was red, and an ischemic myocar-
dium was pale.

2.3. Echocardiography. After anesthetizing rats with isoflur-
ane, we used VEVO-2100 small animal ultrasound system
to detect the cardiac function of mice. We use the MS-400
high-frequency probe to detect the long-axis view of the left
ventricle and the short-axis view of the left ventricle near the
sternum. The left ventricular ejection fraction (EF) and left
ventricular fraction shortening (FS) were recorded.

2.4. Hematoxylin-Eosin (HE) Staining. HE staining was used
to detect the structure of rat myocardial tissue. We collected
rat hearts and fixed them with 4% paraformaldehyde. Then,
we made the rat heart tissue into paraffin blocks. We used a
microtome to make paraffin blocks into 5μm thick paraffin
sections. Before HE staining, we used xylene and gradient
alcohol for dewaxing and hydration. Then, we stained the
cell nucleus with hematoxylin (Beyotime, Shanghai, China)
and used hydrochloric acid alcohol for differentiation. Then,
we used eosin (Beyotime, Shanghai, China) to stain the cyto-
plasm. Finally, we dehydrated the myocardial tissue with
alcohol and sealed them with neutral mounting medium.

2.5. Cell Culture. The rat myocardial cell line (H9c2) was
used in this study. Dulbecco’s modified Eagle medium
(DMEM) (Gibco, Rockville, MD, USA) containing 10% fetal
bovine serum (Gibco, Rockville, MD, USA) and 1% double
antibody (Gibco, Rockville, MD, USA) was used to culture
H9c2 cells. We induced the H9c2 cell injury model through
hypoxia/reoxygenation (H/R). After the cells were seeded
into the 6-well plate, we cultured the cells using serum-free
DMEM and placed the cells in an incubator with 5% CO2,
1% O2, and 94% N2. After 6 hours, we changed the medium
to normal DMEM and placed the cells in an incubator with
5% CO2, 21% O2, and 74% N2. We used lipofectamine 3000
to transfect NC mimics, miR-190-5p mimics, NC inhibitor,
miR-190-5p inhibitor, siRNA-NC, or siRNA-miR-190-5p
into H9c2 cells according to the manufacturer’s instructions.

2.6. RNA Isolation and Quantitative Real-Time Reverse
Transcription-Polymerase Chain Reaction (RT-PCR). We
used the TRIzol (Invitrogen, Carlsbad, CA, USA) method
to extract total RNA from myocardial tissue and H9c2 cells
and dissolved the RNA with RNase-free water. Then, we
used a spectrophotometer to detect the concentration of
RNA. We used reverse transcriptase to reverse the mRNA
to cDNA. The cDNA was stored in a -20°C refrigerator for
a long time. Then, we used SYBR Green Master Mix to
amplify the cDNA. We used different primers to specifically
amplify the corresponding DNA fragments. The primer
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sequences are shown in Table 1. 2-ΔΔCT was used to repre-
sent the relative expression of mRNA.

2.7. Cell Counting Kit-8 (CCK8) Assay. H9c2 cells were
seeded on 96-well plates. After treating the cells according
to the experimental requirements, we added 10μl of CCK8
reagent (Dojindo Molecular Technologies, Kumamoto,
Japan) to each well. After incubating the 96-well plate in
an incubator for 2 hours, we measured the absorbance
(OD) of each well of the 96-well plate at 450nm using a
microplate reader in the dark. There was only the medium
without cells in the blank wells, while the control wells had
cells without treatment: cell viability = ðOD sample −OD
blankÞ/ðODcontrol −ODblankÞ.
2.8. Enzyme-Linked Immunosorbent Assay (ELISA). ELISA
was used to detect the levels of inflammatory factors (inter-
leukin- (IL-) 1β, TNF-α, IL-6, and IL-8) and LDH in rat
serum. The standards in the ELISA kits (R&D Systems,
Emeryville, CA, USA) were diluted to different concentra-
tions, and standards were used to make a standard curve.
We then determined the LDH concentration of the inflam-
matory factor based on the absorbance of the sample and
the standard curve. The same method was also used to detect
the concentration of LDH in H9c2 cell medium.

2.9. Terminal Deoxynucleotidyl Transferase-Mediated dUTP-
Biotin Nick End Labeling (TUNEL) Assay. H9c2 cells were
seeded on 24-well plates and treated according to experi-
mental requirements. Then, we used 4% paraformaldehyde
and 0.1% TritonX-100 to sequentially treat H9c2 cells. We
used the TUNEL kit (Sigma-Aldrich, St. Louis, MO, USA)
for staining according to the manufacturer’s instructions.
Apoptotic cells were positive, and the number of positive
cells was proportional to the level of apoptosis.

2.10. Dual Luciferase Reporter Assay. We used the Targets-
can system (http://www.targetscan.org/vert_72/) to predict

the potential targets of miR-190-5p. PHLPP1 was found to
be a target downstream of miR-190-5p. Therefore, we used
the HEK 293T cell line to detect the interaction between
miR-190-5p and PHLPP1. We constructed wild type (WT)
mRNA 3′-UTR and mutation (MUT) mRNA 3′-UTR.
Then, we used the dual luciferase reporter assay kit (R&D
Systems, Emeryville, CA, USA) to detect the fluorescence
intensity of WT and MUT combined with miR-190-5p
according to the manufacturer’s instructions.

2.11. Statistical Analysis. Statistical Product and Service
Solutions (SPSS) 21.0 statistical software was used to analyze
the results of this study. We used a t-test to analyze the dif-
ference between the two groups of data and used one-way
analysis of variance to analyze the difference between multi-
ple groups. P < 0:05 was considered statistically significant.
All experiments were repeated three times.

3. Results

3.1. miR-190-5p Expression Was Reduced in I/R Rats. We
made a rat I/R model by coronary artery occlusion. HE
staining detected the structure of rat myocardial tissue
(Figure 1(a)). The structure of the myocardial tissue of the
rats in the control group and the sham group was intact,
while the myocardial cells of the I/R group were disorderly
arranged and there were inflammatory cell infiltrations in
the intercellular substance. TTC staining detected the ische-
mic area (Figure 1(b)). The ischemic area of rats in I/R group
was significantly larger than that in the control group and
sham group. The results of the LDH detection also showed
that the serum of the I/R group of rats contained a large
amount of LDH (Figure 1(c)). The results of rat cardiac
function detection showed that EF (Figure 1(d)) and FS
(Figure 1(e)) of I/R rats were significantly reduced. These
results indicated that the I/R model was successfully made
in rats. We detected the expression of miR-190-5p in rats

Table 1: Primer sequence.

Name Sense/antisense (S/AS) Sequences (5′-3′)

miR-190-5p
S GGTCTTTGATGATGATTCTGG

AS CTAGGCACAGTATTGAAGGTT

PHLPP1
S GGCCAAGGAGAAGGAGAGA

AS TGGTCCCCACAGCAGAA

Caspase3
S TGGACAACAACGAAACCTC

AS ACACAAGCCCATTTCAGG

Bax
S CGGCTGCTTGTCTGGAT

AS TGGTGAGTGAGGCAGTGAG

Bcl2
S GTCACAGAGGGGCTACGA

AS GTCCGGTTGCTCTCAGG

GAPDH
S GTTGTGGCTCTGACATGCT

AS CCCAGGATGCCCTTTAGT

U6
S GCTTCGGCAGCACATATACTAAAAT

AS CGCTTCACGAATTTGCGTGTCAT
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by RT-PCR. The expression of miR-190-5p in myocardial
tissue of I/R rats was significantly lower than that in the con-
trol group and sham group (Figure 1(f)).

3.2. Overexpression of miR-190-5p Alleviated Myocardial
Injury in I/R Rats. We increased the expression of miR-
190-5p in rats by agomir NC and agomir miR-190-5p trans-
fection. We identified the overexpression of miR-190-5p in
rat myocardial tissue by RT-PCR (Figure 2(a)). HE staining
detected changes in a rat myocardial tissue structure
(Figure 2(b)). After using agomir miR-190-5p to promote
the expression of miR-190-5p in rat myocardial tissue, we
found that the structure of rat myocardial tissue was signif-
icantly improved. The results of TTC staining also showed

that miR-190-5p reduced the myocardial ischemic area in
rats (Figure 2(c)). The results of LDH detection showed that
miR-190-5p can reduce the level of LDH in rat serum
(Figure 2(d)). Cardiac function detection results showed that
miR-190-5p increased EF (Figure 2(e)) and FS (Figure 2(f))
in rats. ELISA detected the expression of inflammatory fac-
tors (IL-1β, TNF-α, and IL-6) in rat serum. The levels of
inflammation in rats treated with agomir miR-190-5p were
significantly reduced (Figures 2(g)–2(i)).

3.3. Overexpression of miR-190-5p Alleviated H/R-Induced
H9c2 Cell Injury. To determine the effect of miR-190-5p
on cardiomyocytes, we used miR-190-5p mimics to transfect
H9c2 cells. RT-PCR results showed that miR-190-5p mimics
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Figure 1: miR-190-5p expression was reduced in I/R rats. (a) HE staining of rat myocardium (200×); (b) Myocardial ischemic area of rats;
(c) LDH level in rat serum; (d, e). EF and FS of rats; (f) miR-190-5p expression in a rat myocardium. (“∗” means P < 0:05 vs. the sham
group).
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Figure 2: Continued.
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significantly increased the expression of miR-190-5p in
H9c2 cells (Figure 3(a)). We detected the proliferation ability
of H9c2 cells by CCK8 assay. The proliferation ability of cells
in the H/R group decreased significantly, and miR-190-5p
mimics were found to increase the proliferation ability of
H9c2 cells (Figure 3(b)). Furthermore, we detected the level
of LDH in the cell medium. The LDH level in the H/R group
was higher than that in the control group, while the LDH
level in the H/R+miR-190-5p mimics group decreased
(Figure 3(c)). TUNEL staining detected the apoptosis level
of H9c2 cells. The apoptosis level of the H/R group increased
significantly while miR-190-5p mimics decreased the apo-
ptosis level of H9c2 cells (Figure 3(d)). RT-PCR detected
the expression of proapoptotic molecules caspase3 and
Bax, and antiapoptotic molecule Bcl2. miR-190-5p mimics
were also found to reduce the mRNA expression of caspase3
and Bax and increase the mRNA expression of Bcl2
(Figures 3(e)–3(g)).

3.4. miR-190-5p Targets PHLPP1, and the Deficiency of
PHLPP1 Alleviates H/R-Induced Cell Injury. We predicted
the potential binding site of miR-190-5p and PHLPP1
through the Targetscan system (Figure 4(a)). Then, we clar-
ified the effect of miR-190-5p on PHLPP1 by dual luciferase
reporter assay. It was found that miR-190-5p can signifi-
cantly reduce the fluorescence intensity of WT without
affecting the MUT (Figure 4(b)). This indicated that miR-
190-5p can degrade PHLPP1 mRNA. Then, we used
siRNA-PHLPP1 to reduce the expression of PHLPP1 in
H9c2 cells to clarify the effect of PHLPP1 on H9c2
(Figure 4(c)). The results of CCK8 assay indicated that the
deficiency of PHLPP1 can increase the viability of H9c2 cells
(Figure 4(d)). In addition, LDH detection results also found
that the deficiency of PHLPP1 reduced the LDH level in
H9c2 cell medium (Figure 4(e)). The result of TUNEL stain-
ing proved that the deficiency of PHLPP1 can reduce the

apoptosis level of H9c2 cells (Figure 4(f)). RT-PCR results
revealed that the deficiency of PHLPP1 reduced the expres-
sion of caspase3 and Bax and increased the expression of
Bcl2 (Figures 4(g)–4(i)).

4. Discussion

MIRI is a common clinical pathological phenomenon in the
cardiovascular department. It often occurs in the process of
revascularization of acute myocardial infarction. It is also
seen in blood flow blockage, organ transplantation, and
shock treatment during surgery [13]. MIRI involves calcium
overload, inflammation, oxidative stress, endoplasmic retic-
ulum stress, mitochondrial dysfunction, and protease activa-
tion [14]. miRNA has been found to be involved in the
course of MIRI in recent years and affect various aspects of
myocardial injury. A study has found that miR-24-3p can
target RIPK1 to inhibit MIRI in mice. miR-24-3p was found
to be lowly expressed in myocardial tissues of I/R rats and
overexpression of miR-24-3p protected myocardial cells
from I/R injury [15]. Another study also found that miR-
374 can protect myocardial cells by inhibiting SP1 and acti-
vating PI3K/Akt signaling pathway [16]. Our study focused
on miR-190-5p. miR-190 has been extensively studied in
many diseases, such as Parkinson’s disease, chronic kidney
disease, and various tumor diseases. Sun et al. found that
miR-190 can alleviate nerve injury and reduce nerve inflam-
mation in Parkinson’s disease model mice [17]. Rudnicki
et al. [18] found that miR-190 was lowly expressed in the
kidney tissue of patients with chronic kidney disease. In
our study, we made an I/R rat model by ligating coronary
arteries and detected the difference in the expression of
miR-190-5p in a rat myocardium. After ligating the rat
coronary arteries, the expression of miR-190-5p in rat myo-
cardial tissue was significantly reduced, suggesting that miR-
190-5p was involved in the process of myocardial injury and
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Figure 2: Overexpression of miR-190-5p alleviated myocardial injury in I/R rats. (a) miR-190-5p expression in rat myocardium; (b) HE
staining of rat myocardium (200×); (c) Myocardial ischemic area of rats; (d) LDH level in rat serum; (e, f) EF and FS of rats; (g–i)
ELISA results of IL-1β, TNF-α, and IL-6 in rat serum. (“∗” means P < 0:05 vs. the sham group; “#” means P < 0:05 vs. the I/R+agomir
NC group).
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Figure 3: Overexpression of miR-190-5p alleviated H/R-induced H9c2 cell injury. (a) miR-190-5p expression in H9c2 cells; (b) CCK8 assay
results of H9c2 cells; (c) LDH level in DMEM of H9c2; (d) TUNEL staining results in H9c2 cells (200×); (e–g) mRNA expression of
caspase3, Bax, and Bcl2 in H9c2 cells. (“∗” means P < 0:05 vs. the control group; “#” means P < 0:05 vs. the I/R+NC mimics group).
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the decreased expression of miR-190-5p may be one of the
factors of MIRI. After injection of agomir miR-190-5p
through the tail vein, the myocardial structure and cardiac
function of the rats were significantly improved. Moreover,
the level of inflammation in rats also decreased with the
treatment of agomir miR-190-5p. This suggested that the
increase of miR-190-5p alleviated myocardial injury in rats.
In addition, in order to clarify the specific effect of miR-
190-5p on myocardial cells, we used miR-190-5p mimics
to treat H9c2 cells and found that the increase of miR-190-
5p improved the proliferation ability of H9c2 cells and
reduced its apoptosis level, which suggested that miR-190-
5p can regulate the damage process of myocardial cells.
The results of the Targetscan system and dual luciferase
reporter assay indicated that miR-190-5p can target to

inhibit PHLPP1. This may be an important mechanism by
which miR-190-5p exerted myocardial protection.

The PHLPP gene is located on chromosomes 18 and 16
of the human body. The PHLPP proteins (PHLPP1 and
PHLPP2) are protein phosphatases. Their physiological role
is to specifically dephosphorylate phosphorylated Akt and
inactivate the protein kinase activity, thereby inhibiting the
growth promoting effect of Akt [5]. Brognard and Newton
[19] found that when PHLPP1 is not expressed, the phos-
phorylation level of Akt in cells can be increased by 30-
fold under the induction of agonists. A study has shown that
inhibition of PHLPP1 can improve diabetic cardiomyopathy
by activating PI3K/Akt signaling pathway [7]. In addition, a
study has found that the deficiency of PHLPP1 can promote
the proliferation of chondrocytes by increasing the expression
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Figure 4: miR-190-5p targets PHLPP1 and the deficiency of PHLPP1 alleviates H/R-induced cell injury. (a) miR-190-5p has potential
binding sites with PHLPP1. (b) The mRNA of PHLPP1 was degraded by miR-190-5p. (c) PHLPP1 mRNA expression in H9c2 cells. (d)
CCK8 assay results of H9c2 cells. (e) LDH level in DMEM of H9c2. (f) TUNEL staining results in H9c2 cells (200×); (g–i). mRNA
expression of caspase3, Bax, and Bcl2 in H9c2 cells. (“∗” means P < 0:05 vs. the control group; “#” means P < 0:05 vs. the I/R+siRNA-
NC group).
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of fibroblast growth factor 18 [20]. Therefore, we used H9c2
cells to study the effect of PHLPP1 on the viability of myocar-
dial cells. We used siRNA to reduce the expression of PHLPP1
in H9c2 cells. The results of experiments such as CCK8 and
TUNEL showed that the deficiency of PHLPP1 can increase
the proliferation ability of H9c2 cells and reduce apoptosis,
thus alleviating H/R-induced cell injury. Therefore, the degree
of myocardial cell injury is positively correlated with the
expression of PHLPP1, and targeted inhibition of PHLPP1
may be one of the methods to alleviate myocardial injury.

During myocardial I/R, aseptic inflammation is gener-
ated, which activates the innate immune response and adap-
tive immune response, leading to the production of a large
number of inflammatory cells, as well as inflammatory reac-
tions in other organs [21]. Excessive inflammatory stimula-
tion leads to the activation of apoptotic cascade pathway in
myocardial cells and promotes the expression and activation
of caspase3. The activated caspase3 hydrolyzes various intra-
cellular proteins and causes apoptosis. In addition, the ratio
of the expression levels of Bax and Bcl2 in myocardial cells
also increases with the increase of inflammation level,
thereby promoting the apoptosis of myocardial cells [22].
After overexpressing miR-190-5p in rat myocardial cells or
knocking down PHLPP1 in H9c2 cells, we found that the
expression of caspase3 and Bax in myocardial cells
decreased, while the expression of Bcl2 increased. Results
of TUNEL staining also showed that the overexpression of
miR-190-5p and the knockdown of PHLPP1 can inhibit
the apoptosis of myocardial cells. Therefore, miR-190-5p
targeted and inhibited PHLPP1 and alleviated the level of
inflammation and apoptosis in myocardial tissue, which
may provide a new target for clinical MIRI treatment.

5. Conclusions

This is the first study to investigate the miR-190-5p targeting
and inhibiting PHLPP1 to regulate MIRI. miR-190-5p
reduced the expression of inflammatory factors in a rat myo-
cardium and serum by targeting PHLPP1, thereby reducing
the apoptosis of rat myocardial cells. Therefore, miR-190-5p
can improve the structure and function of myocardial tissue
and may become a potential therapeutic target of MIRI.
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Objective. Ribonucleotide reductase M2 (RRM2) as an enzyme that catalyzes the deoxyreduction of nucleosides to
deoxyribonucleoside triphosphate (dNTP) has been extensively studied, and it plays a crucial role in regulating cell
proliferation. However, its role in ischemia-reperfusion injury (I/RI) is still unclear. Methods. SD rats were used as the research
object to detect the expression of RRM2 in the myocardium by constructing an I/RI model. At the same time, primary SD
neonatal rat cardiomyocytes were extracted, and hypoxia/reoxygenation (H/R) treatment simulated the I/RI model. Using
transfection technology to overexpress RRM2 in cardiomyocytes, quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR) was used to detect the expression of RRM2, Cell Counting Kit-8 (CCK-8) assay was used to detect cell viability, and
immunofluorescence staining was used to detect Ki67 and EdU-positive cells. Western blot (WB) technology was used to
detect YAP and its phosphorylation expression. Results. qRT-PCR results indicated that the expression of RRM2 was inhibited
in the model group, and cardiomyocytes overexpressing RRM2 can obviously promote the proliferation of primary
cardiomyocytes and improve the damage of cardiac structure and function caused by I/R. At the same time, RRM2 can
promote the increase of YAP protein expression and the increase of Cyclin D1 mRNA expression. Conclusion. RRM2
expression was downregulated in myocardial tissue with I/R. After overexpression of RRM2, cardiomyocyte proliferation was
upregulated and the Hippo-YAP signaling pathway was activated.

1. Introduction

With the improvement of the national economy and the
aging of the population, the number of patients suffering
from cardiovascular diseases (CVD) in China is also increas-
ing year by year. Acute myocardial infarction (AMI) has
always been one of the diseases with high mortality and prev-
alence in CVD, and it has been increasing year by year [1, 2].
In recent years, with the development of interventional and
thrombolytic therapy, the blood vessels of AMI have been
opened in an early and timely manner, which has obviously
reduced the mortality rate of AMI. However, cell metabolism
dysfunction and structural damage will occur after myocar-
dial I/R [3]. The nonrenewable nature of myocardial cells

leads to the recognition, phagocytosis and elimination of
necrotic cardiomyocytes in the ischemic area by the immune
system, and their replacement by collagen tissue, while the
myocardial structure, function, and morphology in the non-
ischemic area are remodeled and eventually develop into
heart failure. Apoptosis of myocardial cells in nonischemic
areas, hypertrophy, and fibrosis of myocardial tissues leads
to pathological remodeling of ischemia-related tissues and
myocardial dysfunction [4, 5]. Therefore, how to reduce
myocardial reperfusion injury and promote myocardial cell
proliferation has always been the focus of cardiovascular
clinicians.

Ribonucleotide reductase (RR) was first discovered in
tumors. It is a specialized enzyme that catalyzes the
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deoxygenation of nucleosides to dNTPs, and dNTPs are
important raw materials for DNA damage repair and repli-
cation. More and more studies have suggested that the large
and small subunits of RR are separated from each other in
the resting state of cells, and only their specific combination
with each other can perform the RR function [6]. At present,
RR has been proven to regulate the proliferation and migra-
tion of tumor cells in many studies [7, 8], but there are not
many studies on it in the heart. Regnier M’s study found that
the heart-specific overexpression of RRM2 can enhance
myocardial contractility and flaccidity [9, 10]. So whether
RRM2 has a similar effect in I/R, it is worth exploring.

Previous studies have proved that the Hippo-YAP sig-
naling pathway is a crucial pathway for myocardial regener-
ation. Hippo cascade kinase inhibits cell proliferation and
organ growth by inhibiting YAP through phosphorylation.
As a transcriptional coactivator, YAP’s proliferation and
oncogenic activity are driven by the association of its tran-
scription factor TEAD family, which upregulates genes that
promote cell growth and inhibit cell apoptosis. When the
Hippo-YAP pathway is activated, YAP is phosphorylated
by serine residues and sequestered in the cytoplasm. When
the Hippo pathway is not activated, YAP enters the nucleus
and regulates gene expression [11, 12]. Therefore, we specu-
lated that RRM2 can participate in the regulation of cardio-
myocyte proliferation through the Hippo-YAP signaling
pathway.

2. Methods

2.1. Experimental Animal. Specific-pathogen-free (SPF)
grade healthy Sprague Dawley (SD) rats, clean grade healthy
SD newborn rats, were provided by the animal center of
Fujian Provincial Hospital. The experimental design and
surgical operation engineering strictly abide by the relevant
regulations of the Chinese Laboratory Animal Management
Regulations. The breeding room was kept at a constant tem-
perature of 22 ± 2°C, with alternating light and dark cycles
for 12 hours. This study was approved by the Animal Ethics
Committee of Fujian Provincial Hospital.

2.2. Construction of Rat I/RI Model. According to reports in
the literature, a rat I/RI model was constructed using revers-
ible left anterior descending coronary artery ligation. Before
the operation, the rats were fasted and water for 12 hours.
The next day, the rats were anesthetized by intraperitoneal
injection of 2% sodium pentobarbital (2mL/100 g). After
anesthesia, they were fixed on the dissection table, and the
trachea was intubated. Then, connect the small animal ven-
tilator and connect the ECG record to observe the ST seg-
ment changes. Later, a thoracotomy was performed. After
iodophor disinfection, an incision was made along the 3-
4th rib of the left chest wall to expose the heart, and a
threading ligation was performed at the left atrial appendage
2-3mm (the sham operation group only performed thread-
ing but not ligation). The sign of successful I/RI construction
was obvious cyanosis of the myocardial wall and ST-segment
elevation in more than two leads of the ECG. After 30

minutes of ischemia, the ligature was cut and the model
was successfully constructed after 2 hours of reperfusion.

2.3. RRM2-RNA Adenovirus Treatment. The adenovirus
(Ad) RRM2 vector and the empty vector were synthesized
by Shanghai Jikai Gene Chemical Company (Shanghai,
China). 1mL of the packaged adenovirus was added to nor-
mal saline to dissolve and mix, and an Ad mixture with a
final volume of 200μL/mL was prepared. During the con-
struction of the rat I/RI model, the rats in the Ad-RRM2
group were injected with 0.5mL of the mixture, and the rats
in the empty vector group were injected with an equal vol-
ume of the Ad empty vector mixture.

2.4. Cardiac Function Detection. The MAC 1200ST ECG
analyzer and GE Logic E9 echocardiography instrument
were used to detect cardiac function in rats. The rats were
anesthetized by intra-abdominal injection of 2% sodium
pentobarbital, then the rats were fixed on the table supine
for chest depilation, and then echocardiography was per-
formed to obtain indexes such as left ventricular end dia-
stolic diameter (LVEDD), left ventricular end systolic
diameter (LVESD), left ventricular ejection fraction
(LVEF%), and left ventricular fractional shortening
(LVFS%).

2.5. Tissue Specimen Collection. The blood and heart of each
rat were collected immediately after the cardiac function test
was completed. For blood collection, blood was drawn from
the abdominal aorta with a 10mL syringe and then divided
into 1.5mL centrifuge tubes after collection. After 4000 r/
min centrifugation, the serum was collected and placed in
a low-temperature refrigerator for storage. Then, the heart
tissue was taken out, half of the heart was transected and
placed in the 4% paraformaldehyde, and the rest of the heart
tissue was placed in a low temperature refrigerator for later
use.

2.6. Detection of Serum Lactate Dehydrogenase (LDH) and
Creatine Kinase MB (CK-MB). The determination of serum
myocardial enzyme indexes CK-MB and LDH was carried
out strictly in accordance with the instructions provided by
the kits (Rongjin, Shenzhen, China), and the content of
CK-MB and LDH was measured by a spectrophotometer
(Life Technology, Wuhan, China).

2.7. H&E Staining. After the myocardial tissue was fixed
with tissue fixative for 24-72 hours, it was removed from
the fixative and washed with running water for 1 hour.
According to the method reported in the literature, the heart
tissue was sliced, and the H&E kit (Jiancheng, Nanjing,
China) was used for staining. After mounting with neutral
resin, the image was observed under a microscope (Thermo
Fisher Scientific, Waltham, MA, USA).

2.8. Primary Cardiomyocyte Extraction. 30 newborn SD rats
were taken and soaked them in 75% ethanol for about 1
minute. After removal, the heart was quickly removed from
the ultraclean workbench and placed in a petri dish filled
with D-Hank solution (Thermo Fisher Scientific, Waltham,
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MA, USA). The heart was washed in D-Hank solution for 2-
3 times and cut off the excess tissue, then transferred to a
penicillin bottle and cut it into pieces, about 1mm3 in size.
An appropriate amount of D-Hank solution was used to
wash away the remaining blood, and the supernatant was
discarded after standing. Then, the tissue block was trans-
ferred to a 15mL centrifuge tube, an appropriate amount
of mixed enzymes was added into the tube at the same time,
and the tube was placed in a 37°C water bath for 15 minutes.
After the digestion was over, the centrifuge tube was taken
out, the supernatant was discarded, an appropriate amount
of complete medium was added and pipetted to mix, and
then, the supernatant was transferred to a clean centrifuge
tube. D-Hank solution was used to pipette the cells, and
the supernatant was discarded after standing. The superna-
tant obtained after 3 digestions was filtered with a 200-
mesh cell sieve, and the filtered supernatant was placed in
a petri dish in a 5% CO2 37°C incubator for differential
adherence culture for 1.5 hours. After incubation, the culture
dish was taken out, and the supernatant was transferred to
the culture flask. Brdu solution (Thermo Fisher Scientific,
Waltham, MA, USA) with a final concentration of
0.1mmol/L was added to inhibit the growth of fibroblasts
and then placed in an incubator, and the first medium
change was performed after 24 hours.

2.9. Cell Transfection and Processing. Cardiomyocytes were
seeded in a 12-well plate (5 × 105 cells/well) and transfected
after the cells adhered to the wall. Ad-NC and Ad-RRM2
were transfected for 8 hours. The model group cells were
cultured in a hypoxic box for 2 hours, 4 hours, 6 hours,
and 8 hours and then reoxygenated for 3 hours. The control
group cells were cultured in a normal incubator.

2.10. Cell Counting Kit-8 Assay. Cardiomyocytes of each
group were seeded in 96-well plates at a density of 2 × 103
cells per well, and the cardiomyocytes were treated with hyp-
oxia and reoxygenation according to the above operation.
The CCK-8 kit (Ye Sen, Shanghai, China) was used to eval-
uate cell proliferation at each time point.

2.11. Immunofluorescence. Cardiomyocytes were seeded on
slides at 5 × 105 cells/well. After treatment, cardiomyocytes
in each group were fixed with 4% paraformaldehyde.
Phosphate-buffered saline (PBS) was used to wash the slides,
0.2% Triton X-100 (Jian Cheng, Nanjing, China) was used to
permeate the cell membrane for 10 minutes, and then, PBS
was used to wash the cardiomyocytes. Next, goat serum
was used for blocking for 30 minutes. Primary antibody
Ki67 (Abcam, Cambridge, MA, USA, Rabbit, 1 : 1000) was
added and incubated overnight at 4°C. The next day, PBS
was used to wash the slides. FITC-labeled secondary anti-
body was incubated at 37°C in the dark for 2 hours. After
washing with PBS, 4′,6-diamidino-2-phenylindole (DAPI)
dye solution (Thermo Fisher Scientific, Waltham, MA,
USA) was used to stain the nuclei for 10 minutes. Next, glyc-
erin was used to mount the slide, and the slide was placed
under a fluorescent microscope to observe and take pictures.

2.12. EdU Staining. The transfected cardiomyocytes and
control cells were cultured overnight with EdU reagent (Ye
Sen, Shanghai, China). The next day, the proliferating cells
were labeled with EdU DNA cell proliferation reagent. Ran-
domly count EdU positive rate from 5 areas = EdU‐positive
nucleus/DAPI‐positive nucleus.

2.13. Western Bolt. The total protein extraction kit was used
to extract the total protein of cardiomyocytes. The bicincho-
ninic acid (BCA) protein quantification kit (Pierce, Rock-
ford, IL, USA) was used to quantify the protein; then 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) electrophoresis were carried out and trans-
ferred the protein to a polyvinylidene fluoride (PVDF)
membrane (Roche, Basel, Switzerland), the membrane in
5% skim milk at room temperature for 30 minutes was
blocked, and then it was incubated with primary antibody
(YAP, Abcam, Cambridge, MA, USA, Rabbit, 1 : 2000; p-
YAP, Abcam, Cambridge, MA, USA, Mouse, 1 : 2000;
GAPDH, Abcam, Cambridge, MA, USA, Rabbit, 1 : 5000)
at 4°C overnight. Then, horseradish peroxidase-labeled sec-
ondary antibody was incubated at room temperature for 2
hours at room temperature. After incubation with enhanced
chemiluminescence (ECL, Elabscience, Wuhan, China) solu-
tion, it was developed on the chemiluminescence imaging
system. ImageJ software was used to analyze protein bands.

2.14. Total RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction. TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA) was used to extract total
RNA from rat myocardial tissue and primary myocardial
cells. The RNA extracted by reverse transcription using Pri-
meScript RT reagent kit (Thermo Fisher Scientific, Wal-
tham, MA, USA) was cDNA, and qRT-PCR was
performed using TaqMan microRNA Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). The total reaction
volume was 20μL. SYBR Premix Ex Taq was used to per-
form qRT-PCR analysis on ABI Prism fast 7500 fluorescent
quantitative PCR instrument, with GAPDH as the internal
reference gene. The PCR reaction conditions were as follows:
predenaturation at 95°C for 3 minutes, denaturation at 95°C
for 30 seconds, annealing at 60°C for 30 seconds, extension
at 72°C for 30 seconds, 30 cycles, and extension at 72°C for
5 minutes. The 2-ΔΔCT method was used to calculate the rel-
ative expression level. The primer sequence of the target
gene after reverse transcription is shown in Table 1.

2.15. Statistical Analysis. Statistical Product and Service
Solutions (SPSS) 20.0 statistical software (IBM, Armonk,
NY, USA) were used for processing, measurement data were
expressed as the mean ± standard deviation (‾X ± SD), a
variance test was used for comparison between groups, a t
-test was used for comparison between two groups, and P
< 0:05 means the difference was statistically significant.

3. Results

3.1. Cardiac I/R Causes Changes in Cardiac Function and
Structure. On the first day after the establishment of the rat
I/RI model, the pathological staining of cardiac tissue
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Table 1: Primer sequences of quantitative reverse transcription-polymerase chain reaction.

Oligo name Sequence (5′–3′)

RRM2 (rat)
Forward TGGCTGACAAGGAGAACACG

Reverse AGGCGCTTTACTTTCCAGCTC

Cyclin D1 (rat)
Forward GCGTACCCTGACACCAATCTC

Reverse CTCCTCTTCGCACTTCTGCTC

GAPDH (rat)
Forward CAACTCCCTCAAGATTGTCAGCAA

Reverse GGCATGGACTGTGGTCATGA
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Figure 1: Cardiac I/R causes changes in cardiac function and structure. (a) The structural changes of heart were observed by H&E staining.
(b, c) The cardiac function changes of heart were observed by echocardiography. (d, e) The serum levels of CK-MB and LDH were measured
in two groups of rats. (f) The mRNA levels of RRM2 and Cyclin D1 in myocardial tissue were detected by qRT-PCR. ∗P < 0:05 vs. the Sham
group.
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Figure 2: Continued.
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showed that the myocardial tissue structure of the I/R group
was obviously disordered; the myocardium was broken
(Figure 1(a)). At the same time, echocardiography was used
to detect the cardiac function of each group of rats; the
results showed that the LVEF% and LVFS% of rats in the
I/R group were obviously reduced (Figures 1(b) and 1(c)).
However, the heart function of rats in the sham group was
normal, and the pathological staining of the heart tissue also
showed a normal structure. Next, the serum LDH and CK-
MB levels were detected within 24 hours after blood collec-
tion (Figures 1(d) and 1(e)). The results showed that the
LDH and CK-MB levels were in the normal range in the
sham group, while the I/R group LDH and CK-MB levels
were obviously higher. Subsequently, we used qRT-PCR
technology to detect the expression of RRM2 and Cyclin
D1 from the collected heart tissue (Figure 1(f)). The results
showed that the expression of RRM2 and Cyclin D1 was
inhibited in the I/R group, compared with the sham group.

3.2. Overexpression of RRM2 in Cardiomyocytes In Vitro Can
Inhibit the Reduction of Proliferation Induced by H/R. In
order to explore the expression of RRM2 on the H/R cardio-
myocyte model, the cardiomyocytes were hypoxia for 2, 4, 6,
and 8 hours and then reoxygenation for 3 hours. qRT-PCR
was used to evaluate the expression of RRM2 (Figure 2(a)).
The results showed that the expression of RRM2 decreased
obviously after H/R treatment, and the expression of
RRM2 in the myocardium after H/R was time-dependent.
In order to further explore the function of RRM2 in cardio-
myocyte H/R, overexpression of RRM2 was used to detect its
role in cell proliferation. qRT-PCR was used to evaluate the
transfection efficiency (Figure 2(b)). At the same time, CCK-
8 assay detected the cell viability of 4 groups, and the results
showed that cardiomyocyte overexpression of RRM2 can
obviously inhibit the reduction of cell viability induced by
H/R (Figure 2(c)). Then, EdU and Ki67 immunofluores-

cence staining were used to assess the proliferation level of
cardiomyocyte (Figures 2(d) and 2(e)). The staining results
showed that the number of EdU- and Ki67-positive cells in
Ad-RRM2 group was significantly increased compared with
that in Ad-NC group.

3.3. Overexpression of RRM2 in Cardiomyocytes In Vivo Can
Inhibit the Reduction of Proliferation Induced by I/R. After
the SD rat I/R model was constructed, adenovirus was
injected from the pericardium. The control group was
injected with Ad-NC, and the model group was injected with
Ad-RRM2. One day later, we detected the expression of
RRM2 in the heart of rats. qRT-PCR detection found that
the expression of RRM2 in the heart of the I/R+Ad-RRM2
group was obviously increased (Figure 3(a)). At the same
time, H&E staining showed that overexpression of RRM2
can alleviate myocardial tissue structural disorder, myocar-
dial rupture, and inflammatory factor infiltration caused by
I/R (Figure 3(b)). And the results of echocardiography
showed that the LVEF% and LVFS% of rats in the I/R
+Ad-RRM2 group were improved (Figures 3(c) and 3(d)).
The levels of LDH and CK-MB in rat serum also showed a
significant decrease in the I/R+Ad-RRM2 group
(Figures 3(e) and 3(f)). In addition, the qRT-PCR detection
of Cyclin D1 expression found that, compared with that in
the I/R+Ad-NC group, the expression of Cyclin D1 in the
myocardial tissue of the I/R+Ad-RRM2 group increased
(Figure 3(g)).

3.4. RRM2 Promotes Cardiomyocyte Proliferation through
the Hippo-YAP Pathway. Primary cardiomyocytes were ran-
domly divided into two groups, one of which was the H/R
+Ad-NC group and the other was the H/R+Ad-RRM2
group. WB detection found that the expression of YAP in
the H/R+Ad-RRM2 group was obviously increased, while
the phosphorylation of YAP was reduced (Figures 4(a) and
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Figure 2: Overexpression of RRM2 in cardiomyocytes in vitro can inhibit the reduction of proliferation induced by H/R. (a) The mRNA
levels of RRM2 were detected in cardiomyocytes after 2, 4, 6, and 8 h hypoxia. ∗P < 0:05 vs. the Control group. (b) qRT-PCR was used to
detect transfection efficiency. (c) The cell activity of four groups was measured by CCK-8 assay. ∗P < 0:05 vs. the Control group;
#P < 0:05 vs. the H/R+Ad-NC group. (d) EdU immunofluorescence staining was used to detect cell proliferation and quantitative
analysis. (e) Ki67 immunofluorescence staining was used to detect cell proliferation and quantitative analysis. ∗P < 0:05 vs. the Ad-NC
group.
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Figure 3: Overexpression of RRM2 in cardiomyocytes in vivo can inhibit the reduction of proliferation induced by I/R. (a) qRT-PCR was
used to detect transfection efficiency. (b) The structural changes of heart were observed by H&E staining. (c, d) The cardiac function changes
of heart were observed by echocardiography. (e, f) The serum levels of CK-MB and LDH were measured in four groups of rats. (g) The
mRNA levels of Cyclin D1 in myocardial tissue were detected by qRT-PCR. ∗P < 0:05 vs. the Sham group; #P < 0:05 vs. the I/R+Ad-NC
group.

H
/R

+A
d-

N
C

H
/R

+A
d-

RR
M

2

YAP

p-YAP

GAPDH

(a)

0.0

0.5

1.0

1.5

Pr
ot

ei
n 

gr
ay

 v
al

ue
 an

al
ys

is

YAP

⁎

p-YAP

⁎

H/R+Ad-NC
H/R+Ad-RRM2

(b)

0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e m

RN
A

 le
ve

l o
f C

yc
lin

 D
1

H
/R

+A
d-

N
C

H
/R

+A
d-

RR
M

2

⁎

(c)

Figure 4: RRM2 promotes cardiomyocyte proliferation through the Hippo-YAP pathway. (a) The protein expression level of YAP and p-
YAP was detected by WB. (b) Protein gray value analysis. (c) The mRNA levels of Cyclin D1 in cardiomyocyte were detected by qRT-PCR.
∗P < 0:05 vs. the H/R+Ad-NC group.

8 Disease Markers



4(b)). Subsequently, qRT-PCR detection of Cyclin D1
expression found that the Cyclin D1 expression in the H/R
+Ad-RRM2 group was obviously higher than that in the
H/R+Ad-NC group (Figure 4(c)).

4. Discussion

CVD has become the leading cause of death worldwide, and
its damage to human health and economy is unmatched by
other diseases [13]. Studies have shown that myocardial I/
RI may lead to myocardial ischemic necrosis [14, 15]. In
addition, I/RI are also common in CVD systems and
patients undergoing cardiopulmonary bypass and cardiac
surgery transplantation [16]. Therefore, seeking new treat-
ment methods to improve the I/RI prognosis of patients with
AMI and cardiopulmonary bypass and to avoid or reduce
myocardial damage caused by organ or tissue I/RI has
become a top priority for clinicians.

Studies have confirmed that the cardiomyocyte H/R
model can be used as an effective method to simulate myo-
cardial I/RI in the cardiomyocyte culture model [17]. And
the duration of hypoxia is a crucial factor for the success of
the H/R model. In order to determine the appropriate hyp-
oxia time, we choose hypoxia for 2, 4, 6, and 8 hours,
followed by reoxygenation for 3 hours. Cell viability
decreases with the time of hypoxia. The results showed that
we successfully constructed an in vitro H/R model of
cardiomyocytes.

There are relatively few studies on RRM2 in the cardio-
vascular field. The traditional view is that RRM2 is mainly
involved in the S-phase DNA synthesis process and is
strictly regulated by the cell cycle [18]. Regnier M’s research
pointed out that RRM2 is expressed in the heart, and overex-
pression of RRM2 can effectively improve the cardiac func-
tion of mice after MI. Combining the two, we speculated
that RRM2 also has a similar mechanism for cardiac ische-
mic diseases.

This study confirmed that the expression of RRM2
decreased in the myocardium of I/RI model. At the same
time, LDH and CK-MB induced by I/RI are released in large
quantities, inhibiting cell proliferation. Overexpression of
RRM2 can obviously inhibit the levels of LDH and CK-MB
in serum and promote the increase of Cyclin D1 expression.
Cyclin D is a member of the cyclin family and is involved in
the regulation of the cell cycle process. The synthesis of
Cyclin D starts in the G1 phase and drives the G1/S transi-
tion [19]. In order to observe the effect of RRM2 on the pro-
liferation of cardiomyocytes, we selected primary
cardiomyocytes as the research object to observe their prolif-
eration after the expression of RRM2 increased. Then, we
found that the expression of RRM2 in the cardiomyocyte
of H/R model also decreased. And overexpression of
RRM2 can increase cell viability and promote proliferation.
The results of immunofluorescence staining showed that
after the expression of RRM2 increased, the proportion of
Ki67 in the nucleus of cardiomyocytes increased, and the
proportion of EdU also increased obviously. Ki67 is a rela-
tively positive nuclear proliferation marker [20]. It is only
expressed during the proliferation phase and is closely

related to cell division. It maintains the stability of the
DNA structure during cell mitosis and indicates the number
of cells entering the division phase. EdU is a thymidine ana-
logue, which can be incorporated into the replicating DNA
molecule during cell proliferation. By detecting the EdU
label, the DNA replication activity can be detected and accu-
rately reflect the cell proliferation. In our study, both results
indicated that overexpression of RRM2 in vitro can promote
the proliferation of cardiomyocytes after H/R.

Besides, we found that RRM2 can regulate the prolifera-
tion of cardiomyocytes by influencing Hippo-YAP signal
and the expression of cell cycle-related factors. The Hippo
pathway and its downstream transcriptional coactivator
YAP regulate organ growth and cell plasticity during animal
development and regeneration. Activation of YAP in mice
can promote the regeneration of adult hearts with poor
regenerative capacity [21]. In mammals, the core of the
Hippo pathway is cascade kinase, including LATS1 and
MST1. LATS1 can bind and phosphorylate the transcription
regulatory factor YAP in vitro and in vivo. At the same time,
LATS1, after phosphorylation of YAP, inhibits its transcrip-
tional regulation of cell genes by fixing YAP in the cytoplasm
[22]. And we found in in vitro experiments that overexpres-
sion of RRM2 can obviously increase the expression of YAP
protein, inhibit its phosphorylation expression, and promote
the increase of Cyclin D1 mRNA expression. Therefore, the
above results all suggested that RRM2 can be used as a
potential target for the treatment of myocardial I/RI.

5. Conclusion

The expression of RRM2 was downregulated in the
ischemia-reperfusion injury model. Overexpression of
RRM2 in cardiomyocytes can promote cell proliferation,
and this may be related to the activation of the Hippo-
YAP pathway. This will also provide a new therapeutic tar-
get for the treatment of myocardial ischemia-reperfusion
injury.
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Objective. Myocardial ischemia-reperfusion injury (MIRI) is the leading cause of death in patients with cardiovascular disease. The
purpose of this study is to investigate the effect and mechanism of forkhead box C2 (FOXC2) on MIRI in rats.Methods. We made
ischemia-reperfusion (I/R) models for rats by performing I/R surgery. After 3 hours, 3 days, and 7 days of reperfusion, we detected
the structure and function of rat myocardium by 2, 3, 5-triphenyl tetrazolium chloride staining, echocardiography, lactate
dehydrogenase kit, and haematoxylin-eosin staining. The change of FOXC2 expression in myocardial tissue was also detected.
Then, we increased the expression of FOXC2 in rats by adenovirus transfection to clarify the effect of FOXC2 on changes of
oxidative stress and inflammation of rat myocardium. In addition, we detected the effect of FOXC2 overexpression plasmid on
the function of H9c2 cells in vitro. The expression changes of Nrf2/HO-1 in myocardial cells were also detected to clarify
the mechanism of action of FOXC2. Results. The expression of FOXC2 in I/R rats was significantly lower than that in the
sham group. After overexpressing FOXC2 in I/R rats, we found that the expression of SOD1/2 of rat myocardium and
inflammatory factors in the serum were significantly reduced. Overexpression of FOXC2 also increased the viability and
antioxidant capacity of H9c2 cells. In addition, FOXC2 was found to increase the activity of the Nrf2/HO-1 signaling
pathway in myocardial cells, and the inhibition of Nrf2/HO-1 signaling pathway attenuated the protective effect of FOXC2
on myocardial cells. Conclusions. MIRI in rats was accompanied by low expression of FOXC2 in myocardial tissue.
Overexpression of FOXC2 reduces the level of inflammation and oxidative stress in myocardial tissue by promoting the
Nrf2/HO-1 signaling pathway, thereby alleviating MIRI.

1. Introduction

Acute myocardial infarction is the acute manifestation of
coronary heart disease and the main cause of death. Its basic
pathological changes include rupture of coronary plaques,
thrombosis, and decreased blood supply, which eventually
leads to severe ischemia in myocardial tissues [1]. Timely
reperfusion therapy, such as drug thrombolysis, percutane-
ous coronary intervention, and coronary artery bypass graft-
ing treatment, is beneficial to recanalize occlusive vessels as
early as possible and reduce infarct size [2]. However, with
further research on the process of myocardial ischemia and
reperfusion, the researchers found that although reperfusion
therapy can make the ischemic heart regain blood perfusion
in a short period of time, the reperfusion therapy itself can
also lead to severe dysfunction and structural injury [3]. This

phenomenon is called myocardial ischemia-reperfusion
injury (MIRI). After myocardial ischemia reperfusion,
although the blood supply is restored, the increase in the
generation of oxygen free radicals of myocardial cells and
the overload of calcium ions during ischemia will initiate
the programmed apoptosis of myocardial cells, resulting in
structural and functional damage of myocardial cells [4].

Forkhead box C2 (FOXC2) belongs to the forkhead
transcription factor family [5]. The role of FOXC2 was first
confirmed in lymphedema-distichiasis syndrome. FOXC2
protein is expressed in various tissues such as bone, fat,
and tumor and plays an important role in the development
of the cardiovascular system, lymphatic system, and axial
bone system [6]. A study showed that FOXC2 can regulate
angiopoietin-like protein 2, thereby affecting the level of
apoptosis and inflammation of macrophages [7]. FOXC2
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has also been found to promote bone marrow mesenchymal
differentiation by regulating Wnt-β-catenin signaling path-
way [8]. In addition, Kume et al. revealed that FOXC1 and
FOXC2 are both required for cardiovascular development
and somitogenesis [9]. However, the role of FOXC2 in MIRI
is still unclear. Therefore, we used rats to make MIRI models
to detect changes in FOXC2 expression in myocardial tissue.
Then, we studied the effect of FOXC2 on the MIRI of rats by
adenovirus transfection.

2. Materials and Methods

2.1. Animals and Grouping. Sixty male Sprague Dawley rats
(8-10 weeks, 180-200 g) were used in this study. All rats were
provided by Guangzhou Hospital of Integrated Chinese and
Western Medicine Animal Center and housed in specific
pathogen-free animal rooms. The room temperature of the
animal rooms was 22-24°C, and the relative humidity was
50-60%. We used rats to make the ischemia-reperfusion
(I/R) model and detected the structure and function of
the rat heart after 3 hours, 3 days, and 7 days. This study
was approved by the Animal Ethics Committee of
Guangzhou Hospital of Integrated Chinese and Western
Medicine Animal Center.

2.2. Procedure of Ischemia-Reperfusion (I/R) Model. After
anesthetizing the rat with 2% sodium pentobarbital
(40mg/kg), we fixed the rat on the operating table and
removed the fur from rat’s chest. We cut the skin and trachea
of rat’s neck and then use the animal ventilator (CWE SAR-
830, Orange, CA, USA) to maintain rat’s breathing. The
ventilator was set to the heart rate of 80-100 times/min, the
respiratory rate of 60 times/min, the breathing ratio of
1 : 1.5, and the tidal volume of 70mL. Then, we cut the skin
of rat’s left chest and bluntly separated the muscles. After
the heart was exposed, we cut the pericardium and ligated
the left anterior descending coronary artery. The cyanosis
of the epicardium distal to the ligation site and the ST seg-
ment elevation of the electrocardiogram indicated myocar-
dial ischemia. After 30 minutes, we loosened the ligature.
Hyperemia of myocardial tissue and the ST segment depres-
sion of the electrocardiogram indicated successful myocar-
dial reperfusion [10]. We measured cardiac structure and
function at 3 hours, 3 days, and 7 days after reperfusion.

2.3. Adenovirus Transfection. Seven days before making the
I/R model, we fixed the rats on the operating table. Then,
we wiped the tail vein of the rats with 75% alcohol to
fully dilate the tail vein. We used a microsyringe (Molec-
ular Devices, Santa Clara Valley, MD, USA) to inject
20μL of purified adenovirus (Genepharma, Shanghai,
China), including negative control (NC) adenovirus and
FOXC2 overexpressing adenovirus, into the tail vein of rats.
Adenovirus was constructed in Genepharma (Genepharma,
Shanghai, China) with the titer of 1 × 1011 plaque forming
unit.

2.4. 2, 3, 5-Triphenyl Tetrazolium Chloride (TTC) Staining.
We collected rat hearts and rinsed them with normal saline.
Then, we put the rat hearts in the -20°C refrigerator for

20 minutes. The heart tissue was cut into 5 pieces with the
thickness of 2mm. Then, we put the slices in 1% TTC stain-
ing solution (Sigma-Aldrich, St. Louis, MO, USA) for 15
minutes. Finally, we used the camera to take pictures and
analyze the results. Normal tissues appeared red, while ische-
mic tissues appeared pale. Area at risk (AAR) was expressed
as the percentage of the left ventricle.

2.5. Echocardiography.We tilted rat’s body 30° to the left and
placed the ultrasound probe on rat’s left chest. Left ventric-
ular ejection fraction (LVEF), left ventricular fractional
shortening (LVFS), left ventricular end-diastolic volume
(LVEDV), left ventricular end-systolic volume (LVESV), left
ventricular end-diastolic diameter (LVEDd), and left ven-
tricular end-systolic diameter (LVESd) were detected.

2.6. Detection of Lactate Dehydrogenase (LDH). We took
2mL of rat aortic blood and separated the serum. The
LDH kit (R&D Systems, Emeryville, CA, USA) was used to
detect the LDH level in serum. Matrix buffer and 5μL of
coenzyme 1 were added to the serum. We placed the mixture
in a 37°C incubator for 15 minutes. Then, we added 25μL of
2, 4-dinitrophenylhydrazine and continued to incubate for
15 minutes. Finally, we added 250μL of 0.4M NaOH and
measured the absorbance of the mixture at 450nm with a
spectrophotometer. The same method was also used to
detect LDH level in H9c2 cells.

2.7. Enzyme Linked Immunosorbent Assay (ELISA).We used
ELISA kits (R&D Systems, Emeryville, CA, USA) to detect
the levels of inflammatory factors, interleukin (IL)-1β, and
tumor necrosis factor (TNF)-α in rat serum. Standards were
used to make standard curves. Then, we detected the absor-
bance of the sample and calculated the concentration of the
sample according to the standard curve.

2.8. Haematoxylin-Eosin (HE) Staining. We collected rat
hearts and fixed them with 4% paraformaldehyde. Then,
we made them into paraffin blocks and used a microtome
to cut the paraffin block into paraffin slices. HE staining
was used to detect the morphology of rat myocardial tissue.
We used xylene for dewaxing and alcohol solution for
hydration. Then, we stained the cell nucleus with hematoxy-
lin (Beyotime, Shanghai, China) and stained the cytoplasm
with eosin (Beyotime, Shanghai, China). Finally, we used
an optical microscope to observe the morphology of myo-
cardial tissue.

2.9. Immunohistochemical (IHC) Staining. We used xylene
and alcohol solutions for dewaxing and hydration. Then,
we used citrate buffer to repair the antigen. 3% H2O2 was
used to remove peroxidase. We then used 10% goat serum
to block nonspecific antigens. After adding the primary anti-
body dilution (FOXC2, ab65141; SOD1, ab13498; SOD2,
ab13533. Abcam, Cambridge, MA, USA) to myocardial
tissue, we placed the slices in a 4°C refrigerator overnight.
Then, we used secondary antibody dilution (Abcam,
Cambridge, MA, USA) to incubate myocardial tissue and
used diaminobenzidine (DAB) for color development.
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Finally, we used an optical microscope to observe the
staining results.

2.10. Cell Culture. The rat myocardial cell line, H9c2 cells,
was used in this study. Dulbecco’s modified eagle medium
(Gibco, Rockville, MD, USA) containing 10% fetal bovine
serum (Gibco, Rockville, MD, USA) and 1% penicillin plus
streptomycin (Gibco, Rockville, MD, USA) was used to
culture H9c2 cells. H9c2 cells were cultured in an incubator
with 37°C and 5% CO2.

2.11. Procedure of Hypoxia Reoxygenation (H/R) Model. The
H/R model was used to simulate rat I/R in vitro. After wash-
ing the cells with PBS, we added simulated ischemic fluid
and placed the cells in an incubator with 95% N2 and 5%
CO2 for 10 hours. Then, we recultivated the cells under nor-
mal conditions for 24 hours.

2.12. RNA Isolation and Quantitative Real-Time Reverse
Transcription-Polymerase Chain Reaction (RT-PCR). TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) was used to extract
total RNA from rat myocardium and H9c2 cells. We used a
spectrophotometer to detect the concentration of total RNA.
We used the reverse transcription kit (Vazyme, Nanjing,
China) to configure the reverse transcription system accord-
ing to manufacturer’s instructions and reversed the mRNA
to complementary deoxyribose nucleic acid (cDNA) using
a PCR machine. Then, we used SYBE Green Master Mix
(Vazyme, Nanjing, China) and primers to amplify the
cDNA. Primer sequences were shown in Table 1. The
expression level of glyceraldheyde 3-phosphate dehydroge-
nase (GAPDH) was used as reference. The ratio of the
RNA concentration of each group to the sham group or
control group was used to represent the relative concentra-
tion of RNA (2−ΔΔCt).

2.13. Plasmid Transfection. We seeded H9c2 cells into six-
well plates. When the cell growth density reached 30%, we
used Lipofectamine 3000 reagent (Sigma-Aldrich, St. Louis,
MO, USA) to transfect NC plasmid and FOXC2 overexpres-
sion plasmid into H9c2 cells. RT-PCR was used to detect the
transfection efficiency.

2.14. Cell Counting Kit-8 (CCK-8) Assay. The CCK-8 assay
was used to detect the viability of H9c2 cells. We used 96-
well plates to culture H9c2 cells with 5000 cells per well.
After treating the cells, we added 10μL of CCK-8 reagent
(Dojindo Molecular Technologies, Kumamoto, Japan) to
each well. After putting the cells into the incubator for
2 hours, we used a microplate reader to detect the absor-
bance of each well at 450 nm.

2.15. Immunofluorescent (IF) Staining. We used 24-well
plates to culture cells. Then, we discarded the medium and
fixed the cells with 4% paraformaldehyde. Then, we used
0.2% TritonX-100 to treat the cells for 15 minutes. 10% goat
serum was used to block nonspecific antigens. We used pri-
mary antibody dilution (SOD1, ab13498; SOD2, ab13533;
Nrf2, ab31163; HO-1, ab13248. Abcam, Cambridge, MA,
USA) to incubate cells at 4°C overnight and fluorescent sec-

ondary antibody dilution (Abcam, Cambridge, MA, USA) to
incubate cells at room temperature. After staining the cell
nucleus with 4′,6-diamidino-2-phenylindole (DAPI), we
used a fluorescence microscope to observe the staining
results.

2.16. Statistical Analysis. Statistical Product and Service
Solutions 20.0 statistical software (IBM, Armonk, NY,
USA) was used to analyze the results of this study. All data
were represented as mean ± standard deviation. Differences
between two groups were analyzed by using Student’s t-test.
Comparison between multiple groups was done using one-
way ANOVA test followed by post hoc test (least significant
difference). P < 0:05 indicated that the difference was statisti-
cally significant. All experiments were repeated 3 times.

3. Results

3.1. Expression of FOXC2 Decreased in Myocardial Tissue
after I/R. After making the I/R model for rats, we reperfused
them for 3 hours, 3 days, and 7 days and collected the rat
heart tissue for TTC staining to observe the changes of rat
AAR (Figure 1(a)). After reperfusion, the AAR of rat myo-
cardium increased significantly, and the AAR after 3 days
was greater than that after 3 hours. There was no significant
difference between AAR after 7 days and AAR after 3 days.
In addition, we detected changes in rat cardiac function
by echocardiography. After I/R, LVEDV (Figure 1(b)),
LVESV (Figure 1(c)), LVEDd (Figure 1(d)), and LVESd
(Figure 1(e)) of rats increased significantly, while LVEF
(Figure 1(f)) and LVFS (Figure 1(g)) decreased. We also
detected the concentration of myocardial injury marker
LDH in the serum of rats and found that the concentration

Table 1: RT-PCR primers sequences.

Name
Sense/antisense

(S/AS) Sequence(5′-3′)

FOXC2
S CACAGCGGGGACCTGAA

AS CAGCCGGTGGGAGTTGA

SOD1
S CAATGTGGCTGCTGGAA

AS TGATGGAATGCTCTCCTGA

SOD2
S GCCGTGTTCTGAGGAGAG

AS GTCGTAAGGCAGGTCAGG

Nrf2
S ATTCCCAGCCACGTTGAGAG

AS TCCTGCCAAACTTGCTCCAT

HO-1
S CCATCCCTTACACACCAGCC

AS GCGAGCACGATAGAGCTGTT

IL-1β
S CCCTTGACTTGGGCTGT

AS CGAGATGCTGCTGTGAGA

TNF-α
S CAGCCAGGAGGGAGAAC

AS GTATGAGAGGGACGGAACC

GAPDH
S GTTGTGGCTCTGACATGCT

AS CCCAGGATGCCCTTTAGT
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of LDH was increased in the serum of the I/R rats
(Figure 1(h)). The results of HE staining also showed that
the structure of myocardial tissue of I/R rats was disordered
(Figure 1(i)). These results indicated that the I/R model was

successfully established. We detected the FOXC2 in rat myo-
cardial tissue by IHC staining (Figure 1(j)) and RT-PCR
(Figure 1(k)). After I/R, the expression of FOXC2 mRNA
and protein in rat myocardium was significantly reduced.
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Figure 1: Expression of FOXC2 decreased in myocardial tissue after I/R. (a) AAR of rats; (B–G) cardiac function (LVEDV, LVESV, LVEDd,
LVESd, LVEF, and LVFS) in rats; (h) LDH level of rat serum; (i) HE staining of rat myocardium (200x); (j) IHC staining results of FOXC2
expression of rat myocardium (200x); (k) mRNA expression of FOXC2 in rat myocardium (“∗” means P < 0:05 vs. sham group; “#” means
P < 0:05 vs. 3 d group).
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3.2. Overexpression of FOXC2 Reduced Inflammation and
Oxidative Stress in I/R Rat Myocardium. To detect the effect
of FOXC2 on MIRI, we used adenovirus to overexpress
FOXC2 in rats. The rats with reperfusion for 3 hours showed
significant myocardial injury, so we took the rats with
reperfusion for 3 hours as the study object. The rats were
divided into sham group, I/R group, I/R + negative control
(NC) group, and I/R + FOXC2 group. Rats in the I/R +
NC group and the I/R + FOXC2 group were injected with
NC and FOXC2 overexpressing adenovirus from the tail
vein one week before the I/R model was made. RT-PCR
detected the expression of FOXC2 mRNA in rat myocardial
tissue and found that FOXC2 adenovirus effectively
increased the expression of FOXC2 in rat myocardial tis-
sue (Figure 2(a)). We detected the degree of myocardial
injury in rats by TTC staining (Figure 2(b)) and LDH
(Figure 2(c)) measurement. After overexpressing FOXC2,
AAR and LDH of rats were significantly reduced. We
detected the expression of inflammatory factors IL-1β
and TNF-α in rat serum by ELISA (Figures 2(d) and
2(e)) and RT-PCR (Figures 2(f) and 2(g)). FOXC2 has
been found to reduce inflammation level in rats. In addi-
tion, we determined the change of oxidative stress level
in rat myocardial tissue by detecting the expression of
superoxide dismutase (SOD)1/2 in myocardium. The
results of RT-PCR (Figures 2(h) and 2(i)) and IHC stain-
ing (Figure 2(j)) showed that overexpression of FOXC2
effectively increased the expression of SOD1/2 in rat
myocardium.

3.3. Overexpression of FOXC2 Alleviated H/R-Induced H9c2
Cell Injury by Promoting the Nuclear Factor-Erythroid 2-
Related Factor 2 (Nrf2)/Heme Oxygenase (HO)-1 Signaling
Pathway. We induced H9c2 cell injury through H/R and
transfected cells with FOXC2 overexpression plasmid. RT-
PCR results showed that FOXC2 overexpression plasmid
significantly increased FOXC2 expression in H9c2 cells
(Figure 3(a)). The CCK-8 assay detected the viability of
H9c2 cells. The viability of H9c2 cells decreased significantly
after H/R, and the overexpression of FOXC2 could increase
the viability of H9c2 cells (Figure 3(b)). We examined the
level of LDH in H9c2 cells and found that overexpression
of FOXC2 can reduce the LDH level (Figure 3C). In addi-
tion, we examined the effect of FOXC2 on the level of oxida-
tive stress in H9c2 cells. RT-PCR and IF staining found that
FOXC2 can promote the expression of SOD1/2, Nrf2, and
HO-1 in H9c2 cells (Figures 3(d)–3(h)).

3.4. Inhibition of Nrf2/HO-1 Signaling Pathway Attenuated
the Protective Effect of FOXC2 on H9c2 Cells. In order to ver-
ify the mechanism of FOXC2 protecting myocardial cells, we
used Nrf2/HO-1 signaling pathway inhibitor ML385 to treat
H9c2 cells based on FOXC2 transfection. The results of IF
staining showed that after treatment of H9c2 cells with
ML385, the expression of SOD1/2 in H9c2 cells was reduced,
indicating that the antioxidant capacity of the cells was
reduced (Figure 4(a)). The CCK-8 assay also found that
ML385 attenuated the promoting effect of FOXC2 on cell
viability (Figure 4(b)). RT-PCR results also showed that

ML385 reduced the expression of SOD1/2 mRNA in H9c2
cells (Figures 4(c) and 4(d)).

4. Discussion

MIRI is the pathophysiological disorder that mainly occurs
during the transition from the ischemic phase to the reperfu-
sion phase [11]. The mechanism of MIRI has not been fully
elucidated, but a large number of studies have shown that
MIRI may be involved in excessively generated oxygen free
radicals, cytoplasmic and mitochondrial calcium overload,
endothelial cell dysfunction, inflammation, and myocardial
necrosis and apoptosis [12–14]. FOXC2, as a multifunc-
tional cytokine in vivo, was found to play an important role
in MIRI [15]. We found that the expression of FOXC2 in the
rat myocardium group after I/R was reduced. After using
adenovirus to increase the expression of FOXC2 in rat myo-
cardium, the activity of SOD1/2 in rat myocardium
increased, and the expression of inflammatory factors
decreased, indicating that FOXC2 can reduce the level of
oxidative stress and inflammation in rats. After increasing
the expression of FOXC2 in H9c2 cells by plasmid transfec-
tion, we also found that FOXC2 can relieve H/R-induced
myocardial cells injury in vitro. FOXC2 has been found to
activate the Nrf2/HO-1 signaling pathway, which may allow
FOXC2 to protect myocardial cells.

Studies have shown that the inflammatory response is
activated during the myocardial ischemia stage, and reperfu-
sion further exacerbates the inflammatory response of the
myocardium [16]. Inflammation mainly caused by neutro-
phil infiltration is one of the important mechanisms. In
addition, a clinical study found that after revascularization
of myocardial infarction, inflammatory factors in patients’
serum including TNF-α, IL-1β, IL-6, and IL-8 were signifi-
cantly increased [17]. Niermann et al. [18] used oligophre-
nin1 to treat I/R rats and found that oligophrenin1
reduced myocardial cells apoptosis by regulating the inflam-
mation level of myocardial tissue, thereby alleviating MIRI.
Another study found that recombinant human IL-1β recep-
tor inhibitors can alleviate myocardial injury in I/R rats by
inhibiting IL-1β activity [19]. After treating I/R rats with
FOXC2 overexpression adenovirus, we found that the
expression of inflammatory factors in rat serum and myo-
cardial tissue was significantly reduced through ELISA and
RT-PCR.

Previous studies have shown that the imbalance between
oxidation and antioxidation caused by myocardial ischemia
can aggravate the damage of cardiac function and the degree
of inflammatory response [20]. The increase of oxygen free
radicals and the decrease of the activity of free radical scav-
enging enzymes are the direct causes of oxidative stress dam-
age [21]. SOD, as a key enzyme for scavenging oxygen free
radicals in the body, can directly reflect the level of oxygen
free radicals in the body [22]. Sedova et al. [23] examined
the level of oxidative stress in I/R rats and found that SOD
activity in I/R rats was significantly lower than that in nor-
mal rats. After the treatment of rats with the antioxidant
melatonin, the cardiac function of the rats was significantly
improved. Loor et al. [24] found that oxidative damage to
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Figure 2: Overexpression of FOXC2 reduced inflammation and oxidative stress in I/R rat myocardium. (a) mRNA expression of FOXC2 in
rat myocardium; (b) AAR of rats; (c) LDH level of rat serum; (d, e) ELISA results of IL-1β and TNF-α in rat serum; (f–i) mRNA expression
of IL-1β, TNF-α SOD1, and SOD2 in rat myocardium. (j) IHC staining results of SOD1/2 expression of rat myocardium (200x) (“∗” means
P < 0:05 vs. sham group; “#” means P < 0:05 vs. I/R+NC group).
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Figure 3: Overexpression of FOXC2 alleviated H/R-induced H9c2 cell injury by promoting the Nrf2/HO-1 signaling pathway. (a) mRNA
expression of FOXC2 in H9c2 cells; (b) CCK-8 assay results of H9c2 cells; (c) LDH level of H9c2 cells; (d–g) mRNA expression of SOD1/2,
Nrf2, and HO-1 in H9c2 cells; (h) IF staining results of SOD1/2, Nrf2, and HO-1 in H9c2 cells (200x) (“∗”means P < 0:05 vs. control group;
“#” means P < 0:05 vs. H/R+NC group).
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mitochondria is an important factor in cell death of MIRI.
Mitochondria in ischemic myocardial cells produce reactive
oxygen species through Bax/Bak-independent pathways,
triggering mPTP activation, mitochondrial depolarization,
and cell death. The FOXC family has been found to alleviate
oxidative damage in rat models of chronic obstructive
pulmonary disease [25]. FOXC2 has also been found to be
related to oxidative stress-related pathways in cancer
research [26]. We detected the expression of SOD1/2 in rat
myocardial tissue and H9c2 cells by IHC staining and RT-
PCR and found that FOXC2 can promote the activity of
SOD1/2, thereby improving the antioxidant capacity of car-
diomyocytes. Nrf2/HO-1 is an important pathway for the
body to resist oxidative stress. When oxidative stress occurs
in the body, the Nrf2 gene is activated and transcribed,
which initiates the expression of downstream antioxidant
proteins, oxidases, and phase II detoxification enzymes
[27]. We found that FOXC2 can promote the expression of
Nrf2 and HO-1 in H9c2 cells, and Nrf2/HO-1 signaling
pathway inhibitor ML385 attenuated the protective effect
of FOXC2 on H9c2 cells, suggesting that the activation of
Nrf2/HO-1 may be an important mechanism by which
FOXC2 protected myocardial cells. To our knowledge, this

is the first study to investigate the effect of FOXC2 on MIRI.
We hope to provide new targets for clinical MIRI treatment
through this study.

5. Conclusions

After I/R, the expression of FOXC2 in the myocardium of
rats was significantly reduced. Overexpression of FOXC2
reduced the level of inflammation and oxidative stress in
myocardial tissue. In addition, FOXC2 promoted the activity
of Nrf2/HO-1 signaling pathway in myocardial cells, and the
inhibition of Nrf2/HO-1 signaling pathway attenuated the
protective effect of FOXC2 on myocardial cells, indicating
that FOXC2 alleviated MIRI by regulating the Nrf2/HO-1
pathway.

Data Availability

The datasets used and analyzed during the current study are
available from the corresponding author on reasonable
request.
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Figure 4: Inhibition of Nrf2/HO-1 signaling pathway attenuated the protective effect of FOXC2 on H9c2 cells. (a) IF staining results of
SOD1/2 in H9c2 cells (200x); (b) CCK-8 assay results of H9c2 cells; (c, d) mRNA expression of SOD1/2 in H9c2 cells (“∗” means
P < 0:05 vs. control group; “#” means P < 0:05 vs. H/R+NC group; “##” means P < 0:05 vs. H/R+FOXC2 group).

8 Disease Markers



Conflicts of Interest

The authors declared no conflict of interest.

References

[1] G. W. Reed, J. E. Rossi, and C. P. Cannon, “Acute myocardial
infarction,” Lancet, vol. 389, no. 10065, pp. 197–210, 2017.

[2] M. Hartman, H. E. Groot, I. M. Leach, J. C. Karper, and P. van
der Harst, “Translational overview of cytokine inhibition in
acute myocardial infarction and chronic heart failure,” Trends
in Cardiovascular Medicine, vol. 28, no. 6, pp. 369–379, 2018.

[3] I. M. Seropian, C. Sonnino, B. W. Van Tassell, L. M. Biasucci,
and A. Abbate, “Inflammatory markers in ST-elevation acute
myocardial infarction,” European Heart Journal Acute Cardio-
vascular Care, vol. 5, no. 4, pp. 382–395, 2016.

[4] J. B. Cabello, A. Burls, J. I. Emparanza, S. E. Bayliss, T. Quinn,
and Cochrane Heart Group, “Oxygen therapy for acute myo-
cardial infarction,” Cochrane Database of Systematic Reviews,
vol. 2016, no. 12, p. D7160, 2016.

[5] M. Castaneda, L. Chen, L. Pradhan et al., “A forkhead box
protein C2 inhibitor: targeting epithelial–mesenchymal transi-
tion and cancer metastasis,” Chembiochem, vol. 19, no. 13,
pp. 1359–1364, 2018.

[6] Y. Shimoda, Y. Ubukata, T. Handa et al., “High expression of
forkhead box protein C2 is associated with aggressive pheno-
types and poor prognosis in clinical hepatocellular carci-
noma,” BMC Cancer, vol. 18, no. 1, p. ???, 2018.

[7] L. Yang, T. Li, and L. Zha, “Foxc2 alleviates ox-LDL-induced
lipid accumulation, inflammation, and apoptosis of macro-
phage via regulating the expression of Angptl2,” Inflamma-
tion, vol. 43, no. 4, pp. 1397–1410, 2020.

[8] P. Zhou, Y. Li, R. di et al., “H19 and Foxc2 synergistically pro-
motes osteogenic differentiation of BMSCs via Wnt-β-catenin
pathway,” Journal of Cellular Physiology, vol. 234, no. 8,
pp. 13799–13806, 2019.

[9] T. Kume, H. Jiang, J. M. Topczewska, and B. L. Hogan, “The
murine winged helix transcription factors, Foxc1 and Foxc2,
are both required for cardiovascular development and somito-
genesis,” Genes & Development, vol. 15, no. 18, pp. 2470–2482,
2001.

[10] M. Yang, D. Y. Kong, and J. C. Chen, “Inhibition of miR-148b
ameliorates myocardial ischemia/reperfusion injury via regu-
lation of Wnt/β-catenin signaling pathway,” Journal of Cellu-
lar Physiology, vol. 234, no. 10, pp. 17757–17766, 2019.

[11] Y. Shen, X. Liu, J. Shi, and X. Wu, “Involvement of Nrf2 in
myocardial ischemia and reperfusion injury,” International
Journal of Biological Macromolecules, vol. 125, pp. 496–502,
2019.

[12] H. J. Chi, M. L. Chen, X. C. Yang et al., “Progress in therapies
for myocardial ischemia reperfusion injury,” Current Drug
Targets, vol. 18, no. 15, pp. 1712–1721, 2017.

[13] S. Sanada, I. Komuro, and M. Kitakaze, “Pathophysiology of
myocardial reperfusion injury: preconditioning, postcondi-
tioning, and translational aspects of protective measures,”
American Journal of Physiology. Heart and Circulatory Physi-
ology, vol. 301, no. 5, pp. 1723–1741, 2011.

[14] H. M. Piper, K. Meuter, and C. Schäfer, “Cellular mechanisms
of ischemia-reperfusion injury,” The Annals of Thoracic Sur-
gery, vol. 75, no. 2, pp. S644–S648, 2003.

[15] D. Nilsson, M. Heglind, Z. Arani, and S. Enerback, “Foxc2is
essential for podocyte function,” Physiological Reports, vol. 7,
no. 9, article e14083, 2019.

[16] N. J. Pluijmert, M. C. den Haan, V. L. van Zuylen et al.,
“Hypercholesterolemia affects cardiac function, infarct size
and inflammation in APOE∗3-Leiden mice following myocar-
dial ischemia-reperfusion injury,” PLoS One, vol. 14, no. 6,
article e217582, 2019.

[17] J. C. Tardif, S. Kouz, D. D. Waters et al., “Efficacy and safety of
low-dose colchicine after myocardial infarction,” The New
England Journal of Medicine, vol. 381, no. 26, pp. 2497–2505,
2019.

[18] C. Niermann, S. Gorressen, M. Klier et al., “Oligophrenin1
protects mice against myocardial ischemia and reperfusion
injury by modulating inflammation and myocardial apopto-
sis,” Cellular Signalling, vol. 28, no. 8, pp. 967–978, 2016.

[19] A. Varma, A. Das, N. N. Hoke, D. E. Durrant, F. N. Salloum,
and R. C. Kukreja, “Anti-inflammatory and cardioprotective
effects of tadalafil in diabetic mice,” PLoS One, vol. 7, no. 9,
article e45243, 2012.

[20] S. Al-Salam and S. Hashmi, “Myocardial ischemia reperfusion
injury: apoptotic, inflammatory and oxidative stress role of
galectin-3,” Cellular Physiology and Biochemistry, vol. 50,
no. 3, pp. 1123–1139, 2018.

[21] S. B. Ansari and G. A. Kurian, “Hydrogen sulfide modulates
sub-cellular susceptibility to oxidative stress induced by myo-
cardial ischemic reperfusion injury,” Chemico-Biological Inter-
actions, vol. 252, pp. 28–35, 2016.

[22] M. Hao and R. Liu, “Molecular mechanism of CAT and SOD
activity change under MPA-CdTe quantum dots induced oxi-
dative stress in the mouse primary hepatocytes,” Spectrochi-
mica Acta. Part A, Molecular and Biomolecular Spectroscopy,
vol. 220, article 117104, 2019.

[23] K. A. Sedova, O. G. Bernikova, J. I. Cuprova et al., “Association
between antiarrhythmic, electrophysiological, and antioxida-
tive effects of melatonin in ischemia/reperfusion,” Interna-
tional Journal of Molecular Sciences, vol. 20, no. 24, p. 6331,
2019.

[24] G. Loor, J. Kondapalli, H. Iwase et al., “Mitochondrial oxidant
stress triggers cell death in simulated ischemia- reperfusion,”
Biochimica et Biophysica Acta, vol. 1813, no. 7, pp. 1382–
1394, 2011.

[25] S. Xia, J. Qu, H. Jia et al., “Overexpression of forkhead box C1
attenuates oxidative stress, inflammation and apoptosis in
chronic obstructive pulmonary disease,” Life Sciences,
vol. 216, pp. 75–84, 2019.

[26] K. M. Hargadon, B. Györffy, E. W. Strong et al., “The FOXC2
transcription factor promotes melanoma outgrowth and regu-
lates expression of genes associated with drug resistance and
interferon responsiveness,” Cancer Genomics Proteomics,
vol. 16, no. 6, pp. 491–503, 2019.

[27] J. S. Kang, L. B. Nam, O. K. Yoo, and Y. S. Keum, “Molecular
mechanisms and systemic targeting of NRF2 dysregulation in
cancer,” Biochemical Pharmacology, vol. 177, article 114002,
2020.

9Disease Markers


