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Background: Coronary slow flow (CSF) is an angiographic phenomenon characterized by
delayed coronary opacification with normal or near-normal epicardial coronary arteries. The
pathogenesis of CSF is closely related to inflammatory response. Accumulating evidence
shows that long non-coding RNAs (lncRNAs) play an important role in cardiovascular
disease. However, the mechanism underlying the influence of the lncRNA nuclear enriched
abundant transcripts 1 (NEAT1) on CSF is still unknown.
Patients and Methods: Forty CSF patients and forty control subjects were included in the
study and underwent coronary angiography, Seattle angina questionnaire (SAQ) and echo
cardiography. The plasma levels of the inflammatory factors soluble intercellular adhesion
molecule-1 (sICAM-1), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) were
determined by ELISA. The expression levels of NEAT1, miR-148b-3p and ICAM-1 in cells
were measured by qRT-PCR or Western blotting. Cell proliferation was measured by 5Ethynyl-2ʹ-deoxyuridine (EdU) and Cell Counting Kit-8 (CCK-8) assay. Cell apoptosis was
detected by apoptosis assay. The relationship between NEAT1 and miR-148b-3p was verified
by luciferase reporter gene assay, RNA immunoprecipitation (RIP) assay and avidin-biotin
pull-down assay. The relationship between ICAM-1 and miR-148b-3p was verified by
luciferase reporter gene assay and avidin-biotin pull-down assay.
Results: This study showed that plasma sICAM-1, miR-148b-3p, and NEAT1 as indepen
dent predictors of a CSF diagnosis. Furthermore, plasma NEAT1 level showed superior
diagnostic ability for CSF compared with sICAM-1 and miR-148b-3p. It was also shown that
high expression of NEAT1 in oxygen-glucose deprivation (OGD)-treated human umbilical
vein endothelial cells (HUVECs) functions as a competing endogenous RNA (ceRNA). By
specifically binding miR-148b-3p, it weakened the negative regulatory effects of miR-148b3p on the ICAM-1 target gene leading to upregulated expression of ICAM-1. This interaction
was also shown to inhibit HUVEC proliferation and enhance apoptosis.
Conclusion: This study demonstrated for the first time the important mechanism of action
of the NEAT1/miR-148b-3p/ICAM-1 axis in the progression of CSF disease, and indicated
the potential of NEAT1, miR-148b-3p, and ICAM-1 as a new target for the diagnosis and
treatment of CSF.
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Introduction
Coronary slow flow (CSF) is an angiographic phenomenon characterized by
delayed coronary opacification with normal or near-normal epicardial coronary
arteries. Clinical studies have shown that 80–90% of CSF patients experience
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recurrent chest pain, and 33% of patients require subse
quent hospitalized for treatment, which seriously affects
their quality of life. In addition, 2.5% of patients have
a poor prognosis and may have critical events, including
sudden death.1,2 The pathogenesis of CSF is unclear, and it
is currently believed to be related to factors such as
inflammation, reduced vascular endothelial function,
abnormal microvascular reserve function, early athero
sclerosis lesion and genetic factors.3–6 Among these fac
tors, the role of inflammation in the occurrence and
development of CSF is recognized by most
researchers,7–10 although the mechanism remains to be
established. Due to the unclear pathogenesis of CSF, bio
markers closely related to the development, diagnosis and
treatment of CSF have not been identified for use in
clinical practice.
Leukocyte exudation is one of the most important
features of the inflammatory process, which includes the
adhesion of leukocytes to vascular endothelial cells.
Intercellular adhesion molecule-1 (ICAM-1), an adhe
sion molecule of the immunoglobulin superfamily, is
a single-chain transmembrane glycoprotein of 90–115
kDa, expressed in vascular endothelial cells, macro
phages, smooth muscle and dendritic cells, which plays
an important role in the adhesion of leukocytes and the
migration of transendothelial cells. Studies have shown
that ICAM-1 enhances the adhesion between leukocytes,
inflammatory cells and endothelial cells through specific
binding to receptors such as lymphocyte function asso
ciated antigen-1 and macrophage surface antigen-1, and
promotes endothelial cell activation. An increased level
of soluble ICAM-1 (sICAM-1) level is considered to be
a biomarker of inflammation and endothelial activation,
and plays an important role in a variety of cardiovascu
lar diseases.11
MicroRNAs (miRNAs) can be targeted bind to the 3ʹuntranslated region (UTR) of target genes to negatively
regulate their expression, thereby regulating changes in
cell function. Studies have shown that some abnormally
expressed miRNAs play an important role in the regulation
of vascular inflammation in cardiovascular diseases such
as coronary atherosclerosis.12,13 MiR-148b-3p, is
a member of the miR-148/152 family, which is involved
in the regulation of tumor growth, apoptosis, proliferation
and angiogenesis.14 Furthermore, studies have confirmed
that miR-148b-3p also has an important role in inhibiting
inflammation through its ability to function as a negative
regulator of inflammatory genes and exert anti-
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inflammatory effects.15 In cardiovascular and cerebrovas
cular diseases, miR-148b-3p also plays an important role,
and its expression is reduced in acute ischemic stroke and
transient cerebral ischemia gerbil models.16,17 Reduced
expression of miR-148b-3p has been identified in adult
IgA vasculitis18 and it has also been confirmed as
a potential marker of heart failure in patients with atrial
fibrillation and mitral regurgitation.19,20 However, the role
of miR-148b-3p in CSF has not yet been reported.
In the human genome, more than 90% of genes can be
transcribed, while the genes encoding proteins account for
only 2%.21 Most are transcribed into non-protein-coding
RNAs longer than 200 nucleotides known as long noncoding RNA (lncRNA). LncRNAs are widely expressed in
eukaryotic organisms, and can serve as a “miRNA mole
cular sponge” to participate in the formation of
a competitive endogenous RNA network, and regulate
gene expression by combining with miRNAs. In this
way, lncRNAs play an important regulatory role in various
cardiovascular diseases such as hypertension, coronary
atherosclerosis, and cardiomyopathy. LncRNA NEAT1
(nuclear enriched abundant transcripts 1) is a lncRNA
expressed in the nucleus, which can combine with some
nuclear proteins to form a nuclear substructure known as
a paraspeckle.22 Studies have shown that NEAT1 expres
sion is increased in hypoxia and ischemia-reperfusion
myocardium.23,24
In this study, we aimed to provide anew theoretical
and experimental basis for the occurrence and develop
ment of CSF, and to provide possible biomarkers for the
diagnosis and treatment of CSF. We first detected the
plasma levels of sICAM-1, miR-148b-3p and NEAT1 in
CSF patients, and explored their correlation with clinical
factors. We then used the oxygen-glucose deprivation
(OGD) cell model to simulate the functional changes in
CSF endothelial cells, and to explore the interaction
between ICAM-1, miR-148b-3p and NEAT1 at the cel
lular level as well as the possible mechanism underlying
its effect in CSF cells.

Patients and Methods
An extended material and methods section is available in
the Data Supplement including information regarding
quantitative real-time PCR (qRT-PCR), Western blotting
(WB), reporter vector construction and luciferase reporter
gene assays, RNA immunoprecipitation (RIP) assay and
avidin-biotin pull-down assay.
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Participants
This study included patients who received coronary angio
graphy at the First Affiliated Hospital of China Medical
University from March 2018 to September 2019, and the
coronary thrombolysis in myocardial infarction frame
count (TFC) was calculated. Patients with coronary angio
graphy showing that all three coronary arteries were ≤50%
stenosis were included. Patients with the following char
acteristics were excluded from the study: previous history
of myocardial infarction, coronary artery spasm or dila
tion, positive exercise stress test, abnormal heart structure
(congenital heart disease, valve dysfunction, hypertrophic
or dilated cardiomyopathy), abnormal cardiac conduction
(ventricular pre-excitation, abnormal atrioventricular con
duction, bundle-branch block, atrial fibrillation, pacing
rhythm), heart failure, uncontrolled hypertension,
hyperthyroidism, hypothyroidism, malignant tumor, auto
immune disease, known inflammatory or immune disease,
local or systemic infections, lung, liver, kidney and blood
system diseases.
According to the recommendations of Gibson et al,25
the included patients were divided into the CSF group: at
least one main epicardial coronary artery with TFC >27
frames and the control group: three coronary arteries with
TFC ≤27 frames. All research involving humans was con
ducted in compliance with the Declaration of Helsinki and
approved by the Institutional Review Committee of the
First Affiliated Hospital of China Medical University (the
approval reference number: AF-SOP-07-1.1-01). Written
informed consent was obtained from all participants.

Coronary Angiography and TFC
The blood flow velocity of the coronary arteries was
measured according to the TFC. TFC was calculated as
the last frame minus the first frame is the exact number of
coronary arteries. The first frame was defined as the point
when the contrast agent begins to fill the coronary artery
lumen, while the last frame is when the contrast agent
reaches the distal mark of each coronary artery but does
not need to completely fill the distal mark. The distal end
was defined as the distal branch of the left anterior des
cending artery (LAD), the distal branch of the longest
segment of the left circumflex artery (LCX), and the first
branch of the posterolateral artery of the right coronary
artery (RCA). Due to the longer LAD, the number of
frames was corrected by dividing the number by dividing
1.7. The acquisition speed of coronary angiography image
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data in this study was 30 frames/s. The mean corrected
TFC (cTFC) for each subject was calculated by dividing
the sum of the obtained RCA, LCx, and cLAD TFC by
three. The TFC measurements were performed by two
independent cardiologists, and any differences were
resolved by a third cardiologist.

Seattle Angina Questionnaire (SAQ) and
Echocardiography
The SAQ was completed within 24 h before coronary
angiography. Subjects were required to complete the
SAQ within 5 min. The SAQ comprises 19 questions in
the following five dimensions: physical limitation
(Question 1), angina stability (Question 2), angina fre
quency (Questions 3–4), treatment satisfaction (Questions
5–8) and quality of life (Questions 9–11). Each question is
scored item by item, and the score is then converted into
standard points according to the following formula: stan
dard points = (actual score - lowest score in this area)/
(highest score in this area - lowest score in this area) ×
100. The score ranges from 0 to 100, with higher scores
reflecting fewer the symptoms and the superior functional
status and quality of life of the patient.26
Echocardiographic examination was performed within
72 h after coronary angiography. An Echopac ultrasound
workstation (GE Healthcare, USA) was used for offline
analysis, and the following conventional echocardio
graphic parameters were measured: Left ventricular size
and systolic function parameters – left ventricular end
diastolic diameter and end systolic diameter, left ventricu
lar end diastolic volume and end systolic volume and left
ventricular ejection fraction, left ventricular global long
itudinal strain (LVGLS); Left ventricular diastolic function
parameters – left atrial volume index, early and late mitral
valve (MV) flow velocity (E and A), early mitral annulus
diastolic velocity (E’), and tricuspid regurgitation velocity.
The MV E/A and E/E’ were also calculated.

Collection, Processing and Testing of
Human Blood Samples
The plasma levels of the inflammatory factors sICAM-1,
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFα) were measured within 24 h before coronary angiogra
phy. Blood samples were obtained via the anterior cubital
vein from patients in the morning following fasting for 12
h and stored in a test tube containing sodium citrate. The
blood sample was immediately centrifuged at 3000 ×g for
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15 min at 4°C to obtain a plasma sample, which was stored
in a 2-mL EP tube at −80°C prior to analysis. The plasma
levels of sICAM-1, IL-6 and TNF-α were measured by
enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s instructions (Bioss, Beijing, China).

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were
purchased from BeNa Culture Collection (Being, China),
and maintained in F12 medium containing 10% fetal
bovine serum (FBS) (Gibco, USA), 1% endothelial cell
(EC) growth factor. Human embryonic kidney (HEK)
293T cells were purchased from the Cell Resource
Center of the Shanghai Institute of Biological Sciences
and maintained in Dulbecco’s modified Eagle’s medium
(high glucose) supplemented with 10% FBS. To determine
the effect of OGD on HUVECs, a model mimicking
ischemic conditions was established by exposure of cells
to OGD as described previously.27 Briefly, the cells were
cultured in glucose-free medium (Gibco, USA) for 48 h in
a humidified atmosphere at 37°C under 5% CO2 and 3%
O2. As a control, the cells were cultured in F12 medium
for 48 h in a humidified atmosphere at 37°C under 5%
CO2 and 95% air.

Cell Transfection
To construct a lentiviral vector for overexpression of ICAM-1,
the Ubi promoter and the CDS region (1599 bp) of ICAM-1
were subcloned into the GV358 vector (Genechem, China).
For knockdown lentiviral vectors, shRNA targeting ICAM-1,
NEAT1, or scrambled non-targeting shRNA sequences were
subcloned into the GV248 vector. The sequences of the three
shRNAs targeting ICAM-1, NEAT1, or scrambled non-target
ing shRNA sequences were in Table supplementary 1 (Table
S1). Lentiviruses carrying these genes were produced and
purified by GeneChem. Cell transfections were performed as
the manufacturer’s instructions. Briefly, after 72 h of infection
of the cells with the virus, stably infected cells were selected
by culture with puromycin. To evaluate the effect of NEAT1
on OGD-treated HUVECs, cells were divided into three
groups: control, sh-NC and sh-NEAT1 groups. To evaluate
the effect of ICAM-1 on OGD-treated HUVECs, cells were
divided into five groups: control, pre-ICAM-1-NC, preICAM-1, sh-ICAM-1-NC and sh-ICAM-1 groups.
MiR-148b-3p mimic (5ʹ-TCAGTGCATCACAGAAC
TTTGT-3ʹ), miR-148b-3p inhibitor (5ʹ-ACAAAGTTCTG
TGATGCACTGA-3ʹ), and the untargeted negative control
shRNA
(5ʹ-TTCTCCGAACGTGTCACGT-3ʹ)
were
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synthesized (GenePharma, China) according to the manu
facturer’s instructions.

Cell Counting Kit-8 (CCK-8) Assay
Cell viability was measured using the CCK-8 method
(Glpbio, USA). Cells were seeded into 96-well plates
(2000 cells/well) and cultured overnight. Subsequently,
10 μL of the CCK-8 reagent was added into each well
and incubated at 37°C for another 2 hours. OD at 450 nm
was measured using an ELISA plate reader.

5-Ethynyl-2ʹ-deoxyuridine (EdU) Assay
Cell proliferation was measured using an EdU incorporation
assay (Ribobio, China). Briefly, cells were inoculated into
96-well plates (0.5 × 104 cells/well) for 24 h, then EdU (10−2
mol/m3) was added and incubated at 37°C for
24 h. According to the manufacturer’s instructions, the cells
were fixed in 4% formaldehyde for 30 min, and then infil
trated with 0.5% Triton X-100 for 10 min at room tempera
ture. After washing three times with phosphate-buffered
saline (PBS), the cells were treated with 100 μL 1× Apollo
reaction mixture for 30 min. The DNA in the cells in each
well was then stained with 100 μL Hoechst 33342 for 30 min
and observed under a fluorescence microscope (Nikon,
Japan). For each sample, cell proliferation was analyze
using the mean cell number in three fields.

Apoptosis Assay
HUVEC apoptosis was detected using the Annexin-V-633
Apoptosis Detection Kit (Dojindo, Japan). After washing
twice with PBS at 4°C, the cells were trypsinized with
EDTA-free trypsin and harvested by centrifugation. After
discarding the supernatant, and washing with cold PBS,
the cell pellet was resuspended with 1×binding buffer to
a final concentration of 1×106 cells/mL, followed by the
addition of 10 μL annexin V-633. The cells were then
incubated for 15 min in the dark before adding 400 μL
of 1× binding buffer. Within 1 h, apoptotic cells were
detected by flow cytometry (BD Biosciences, USA) and
analyzed using software (BD Accuri C6, USA).

Statistical Analysis
All statistical analysis was conducted using SPSS 23.0 soft
ware (SPSS, USA). Continuous data were expressed as mean
± standard deviation, and categorical variables were expressed
as frequency and percentage. The Shapiro–Wilk test was used
to evaluate normal distribution of a variable. Student’s t-test
was used to compare differences between continuous variables

Journal of Inflammation Research 2021:14

Dovepress

with normal distribution, and the chi-squared test was used to
compare differences between categorical variables. Pearson
correlation analysis was performed to evaluate the correlation
between continuous variable parameters. Spearman correla
tion analysis was performed to evaluate the correlation
between the parameters of each grade. Binary logistic regres
sion analysis and linear regression analysis were performed to
identify independent variables related to CSF. Receiver oper
ating characteristic (ROC) curves were generated to determine
the intercept value of the independent influencing factors. For
all parameters, P-values < 0.05 (two-tailed) were considered to
indicate statistical significance.
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sex, body mass index (BMI), MV E, MV E/A, LVGLS, IL6 and TNF-α (Table 3).
Further analysis showed that plasma sICAM-1 levels in
CSF patients increased with the number of involved cor
onary arteries (Figure 1D), and the level was positively
correlated with the number of involved coronary arteries (r
= 0.84, P < 0.01).
ROC curve analysis showed that plasma sICAM-1 levels
had statistical significance for the diagnosis of CSF (Area
Under Curve [AUC]: 0.89) (Figure 1E), with higher sICAM1 levels indicating an increased possibility of CSF. When
sICAM-1 was greater than 320.13 ng/mL, the sensitivity for
diagnosing CSF was 82.05%, and the specificity was 87.50%.

Results
Plasma sICAM-1 is an Independent
Predictor of CSF

Plasma miR-148b-3p and NEAT1 are
Independent Predictors of CSF

In total, 40 CSF patients and 40 controls were included in this
study. The demographics, medical history, routine biochem
ical data, drug treatment, angiography results, SAQ scores
and echocardiographic parameters of the study population
are shown in Table 1. The TFC values of cLAD, LCX, RCA
and the mean cTFC values of CSF patients were significantly
higher than those of the control group (Table 1). Compared
with the control group, the physical limitation score in the
CSF group was significantly lower than that in the control
group (Table 1). Compared with the control group, the
LVGLS, MV E and MV E/A of CSF patients were signifi
cantly reduced (Table 1).
As shown in Figure 1, the plasma sICAM-1 level in the
CSF group was significantly higher than that in the control
group (Figure 1A), and was significantly positively corre
lated with the mean cTFC (r = 0.78, P < 0.01). The plasma
levels of IL-6 and TNF-α in the CSF group were also sig
nificantly higher than those in the control group (Figure 1B
and C), and were significantly positively correlated with the
mean cTFC (r = 0.42, P < 0.01; r = 0.30, P < 0.01).
The variables for which statistically significant differ
ences were identified were incorporated into univariate
regression analysis. The results showed that physical limita
tion score, MV E, LVGLS, and plasma levels of sICAM-1,
IL-6 and TNF-α were significantly correlated with the mean
cTFC. Incorporating these variables into the multiple linear
regression analysis revealed significant correlations of phy
sical limitation score and plasma sICAM-1 with mean
cTFC (Table 2). Plasma sICAM-1 level (OR = 1.02, 95%
CI: 1.00–1.03) was identified as an independent predictor of
CSF by logistic regression analysis after adjusting for age,

Using the bioinformatics database Starbase (http://starbase.
sysu.edu.cn/), the 3ʹ-UTR region of ICAM-1 was predicted
to contain a 5ʹ-GCACUG-’3 sequence targeted by miR-148b3p. LncRNA NEAT1 was predicted to target the 5ʹGCACUG-’3 sequence of miR-148b-3p, which is consistent
with the miR-148b-3p binding sequence in the ICAM-1 gene
(Figure S1A and B). Fluorescence qRT-PCR was used to
determine plasma miR-148b-3p and NEAT1 levels. As
shown in Figure 2, compared with the control group, the
plasma miR-148b-3p level in the CSF group was significantly
reduced, and was negatively correlated with the mean cTFC
and the sICAM-1 level (Figure 2A–C). The plasma NEAT1
level in the CSF group was significantly higher than that in the
control group, and was positively correlated with the mean
cTFC and the sICAM-1 level (Figure 2D–F).
To evaluate the diagnostic ability of circulating plasma
miR-148b-3p and NEAT1 for diagnosing CSF, we generated
ROC curves and performed logistic regression analysis,
respectively. The results showed that the AUCs of miR148b-3p and NEAT1 were 0.74 and 0.92, respectively
(Figure 2G and H). After adjusting confounding factors
such as age, sex and BMI, logistic regression analysis con
firmed that plasma miR-148b-3p (OR = 0.45, 95% CI:
0.24–0.80, P = 0.01) and NEAT1 level (OR = 5.74, 95% CI:
2.46–13.37, P < 0.01) were independent predictors of CSF.
Meanwhile, ROC curve analysis indicated that NEAT1 com
bined with miR-148b-3p (AUC: 0.94), miR-148b-3p com
bined with sICAM-1 (AUC: 0.92) and NEAT1 combined
with sICAM-1 (AUC: 0.96) could predict CSF. Moreover,
NEAT1 combined with miR-148b-3p and sICAM-1 demon
strated better predictive power (AUC: 0.97).
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Table 1 Baseline Demographic, Clinical and Echocardiographic Characteristics of the Study Population
CSF (n=40)

Control (n=40)

P value

Age (yrs)

56.20±11.79

57.43±8.52

0.60

Female [n (%)]

18 (45.0)

25 (62.5)

0.29

Body mass index (kg/m2)

26.03±4.37

25.80±3.17

0.56

Smoking [n (%)]

8 (20.0)

8 (20.0)

1.00

Hypertension [n (%)]

16 (40.0)

14 (35.0)

0.64

Diabetes mellitus [n (%)]

4 (10.0)

4 (10.0)

1.00

Family history of myocardial infarction

5 (12.5)

9 (22.5)

0.24

Triglycerides (mmol/L)

1.51±0.72

1.66±0.70

0.35

Total cholesterol (mmol/L)

4.42±1.05

4.48±1.15

0.81

LDL cholesterol (mmol/L)

2.83±0.84

2.85±1.01

0.92

HDL cholesterol (mmol/L)

1.11±0.26

1.12±0.35

0.88

Red blood cell count (1012/L)

4.53±0.46

4.47±0.42

0.54

Red cell distribution width (%)

12.83±0.31

12.73±0.28

0.13

Platelet count (109/L)

225.74±40.36

224.93±42.95

0.93

Platelet distribution width (%)

11.85±1.46

11.71±1.68

0.68

Aspirin [n (%)]

9 (22.5)

7 (17.5)

0.62

ACEI/ARB [n (%)]

18 (45.0)

13 (32.5)

0.37

b-Blockers [n (%)]

22 (55.0)

15 (37.5)

0.25

Calcium channel blocker [n (%)]

11 (27.5)

7 (17.5)

0.35

Statin [n (%)]

31 (77.5)

20 (50.0)

0.12

Nitrates [n (%)]

30 (75.0)

21 (52.5)

0.21

cLAD

31.40±5.87

16.15±4.15

<0.01a

LCX

40.33±7.39

19.44±3.52

<0.01a

RCA

25.58±8.66

13.90±4.82

<0.01a

Mean

32.43±4.45

16.48±2.93

<0.01a

Demographics

Medical history

Laboratory values

Medications

Angiography

Vessel involved
1-vessel [n (%)]

8 (20.00)

2-vessel [n (%)]

21 (52.50)

3-vessel [n (%)]

11 (27.50)

SAQ
Physical limitation

56.89±20.54

69.77±14.43

<0.01a

Angina stability

66.88±34.15

66.22±26.49

0.93

Angina frequency

72.75±22.30

79.33±18.37

0.19

Treatment satisfaction

74.55±18.42

80.01±11.62

0.14

Quality of life

52.09±28.04

55.28±19.00

0.57

LV end-diastolic volume (mL)

87.33±21.62

83.28±20.53

0.43

LV ejection fraction (%)

64.24±2.66

63.59±2.96

0.34

LV GLS (%)

−17.19±1.92

−18.50±2.49

0.02a

LA volume index (mL/m )

27.64±8.59

27.67±10.11

0.99

MV E (cm/s)

59.56±10.98

69.18±12.49

<0.01a

MV E/A

0.86±0.29

1.04±0.31

0.01a

MV e’ (cm/s)

7.38±2.16

7.98±1.97

0.23

MV E/e’

8.49±2.52

8.68±2.13

0.74

Tricuspid regurgitation velocity (m/s)

2.37±0.35

2.11±0.62

0.11

Echocardiography

2

Notes: Values shown are Mean ± SD. aP value of less than 0.05 compared with the control group.
Abbreviations: LV, left ventricular; LA, left atrial; MV, mitral valve; E, early diastolic flow velocity; A, late diastolic flow velocity; e’, early diastolic annular velocity; GLS,
global longitudinal strain.
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Figure 1 Relationship between plasma inflammation-associated biomarkers and coronary slow flow (CSF). (A) Plasma sICAM-1 levels were significantly higher in patients
with CSF than in controls. (B) Plasma IL-6 levels were significantly higher in patients with CSF. (C) Plasma TNF-α levels were significantly higher in patients with CSF. (D)
Correlation between the number of coronary arteries involved in CSF and plasma sICAM-1 level. (E) Receiver-operating characteristic (ROC) curve analysis of plasma
sICAM-1 for diagnosing CSF; Data were analysed using Student’s t-test (A–C); one-way ANOVA for pairwise comparisons or comparisons between multiple groups with
a single variable (D). Data represent the mean ± SD, **P < 0.01 vs Control group.
Abbreviations: CSF, coronary slow flow; sICAM-1, soluble intercellular adhesion molecule-1; IL-6, interleukin-6; TNF-α, tumor necrosis factor alpha; AUC, area under the curve.

The Expression of ICAM-1 and NEAT1 Was
Upregulated in OGD-Treated HUVECs,
While miR-148b-3p Expression Was
Downregulated. OGD-Treated HUVECs
Inhibits Proliferation and Promotes
Apoptosis
In this study, HUVECs cultured under OGD conditions were
used to as an in vitro model of CSF cells. RNA and protein
was extracted from OGD-treated HUVECs and ICAM-1,
miR-148b-3p and NEAT1 expression levels were evaluated
by qRT-PCR and WB analyses. Compared with the control
group, the expression of NEAT1 and ICAM-1 was upregu
lated in the OGD group, while miR-148b-3p expression was
downregulated (Figure 3A).
The levels of proliferation and apoptosis of HUVECs
exposed to OGD were analyzed to evaluate the changes in
biological behavior. CCK-8 and EdU assays showed that
HUVEC proliferation in the OGD group was significantly
reduced compared with that in the control group

Journal of Inflammation Research 2021:14

(Figure 3B and C). Flow cytometric analysis of
annexinV-633 staining showed that the percentage of
apoptotic HUVECs in the OGD group was significantly
increased compared with that in the control group
(Figure 3D).

ICAM-1 Knockdown Promotes the
Proliferation of OGD-Treated HUVECs
and Inhibits Apoptosis
In this study, after stable overexpression or knockdown of
ICAM-1, we analyzed the expression, proliferation and
apoptosis of OGD-treated HUVECs. As shown in Figure
4A, compared with the pre-ICAM-1-NC group, ICAM-1
expression in the pre-ICAM-1 group was upregulated, and
compared with the sh-ICAM-1-NC group, ICAM-1 expres
sion in the sh-ICAM-1 group was downregulated (Figure
4A). Compared with the pre-ICAM-1-NC group, cell prolif
eration was significantly inhibited in the pre-ICAM-1 group,
while compared with the sh-ICAM-1-NC group, cell prolif
eration was significantly promoted in the sh-ICAM-1 group
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Table 2 Simple and Multiple Linear Regression Analysis for Mean TFC
Variables

Simple

Multiple

β [95% CI]
Physical Limitation

P value

−0.12 [−0.22, −0.01]

0.03

β [95% CI]

P value

a

−0.09 [−0.16, −0.02]

0.02a

a

MV E
MV E/A

−0.21 [−0.39, −0.06]
−4.75 [−11.24, 1.75]

0.01
0.15

−0.05 [−0.17, 0.06]

0.36

LV GLS

1.15 [0.26, 2.03]

0.01a

0.05 [−0.58, 0.67]

0.88

IL-6
TNF-α

0.09 [0.05, 0.13]
4.60 [1.30, 7.90]

<0.01a
0.01a

0.01 [−0.04, 0.06]
2.01 [−1.18, 5.21]

0.71
0.21

sICAM-1

0.02 [0.02, 0.03]

<0.01a

0.02 [0.02, 0.03]

<0.01a

Notes: Enter linear regression for mean TFC by physical limitation, MV E, MV E/A, LV GLS, IL-6, TNF-α and sICAM-1. aP value of less than 0.05.
Abbreviations: MV, mitral valve; E, early diastolic flow velocity; A, late diastolic flow velocity; LV, left ventricular; GLS, global longitudinal strain; β, regression coefficient; CI,
confidence interval.

Table 3 Logistic Regression Analysis for CSF
Model 1

Model 2
OR [95% CI]

Model 3

OR [95% CI]

P value

P value

Age

0.98 [0.93, 1.04]

0.54

0.96 [0.89, 1.03]

0.29

0.99 [0.88, 1.12]

0.85

Sex
BMI

0.24 [0.07, 0.78]
1.04 [0.91, 1.19]

0.02a
0.58

0.19 [0.04, 0.85]
1.06 [0.89, 1.28]

0.03
0.51

0.06 [0.00, 1.09]
1.33 [0.89, 1.98]

0.06
0.16

Physical Limitation

0.94 [0.91, 0.97]

<0.01a

0.94 [0.90, 0.98]

<0.01a

0.93 [0.87, 0.99]

0.02a

a

OR [95% CI]

P value

MV E
MV E/A

0.92 [0.86, 0.99]
0.48 [0.02, 9.76]

0.03
0.64

1.01 [0.89, 1.16]
0.00 [0.00, 2.90]

0.84
0.09

LV GLS

1.08 [0.79, 1.48]

0.64

0.60 [0.28, 1.27]

0.18

IL-6
TNF-αb

1.00 [0.96, 1.04]
3.54 [0.31, 40.85]

0.83
0.31

sICAM-1

1.02 [1.00, 1.03]

0.02a

Notes: Enter logistic regression for CSF by age, sex, BMI, physical limitation, MV E, MV E/A, LV GLS, IL-6, TNF-α and sICAM-1. Model 1 —Including clinical variables, such as
age, sex, body mass index, and physical limitation. Model 2 —Including Model 1 plus MV E, MV E/A and LV GLS. Model 3 —Including Model 2 plus IL-6, TNF-α and sICAM-1.
a
P value of less than 0.05. bPer 1 median increase.
Abbreviations: MV, mitral valve; E, early diastolic flow velocity; A, late diastolic flow velocity; LV, left ventricular; GLS, global longitudinal strain; OR, odds ratio; CI,
confidence interval.

(Figure 4B and C). As shown in Figure 4D, compared with
the pre-ICAM-1-NC group, apoptosis in the pre-ICAM-1
group was notably increased, and compared with the shICAM-1-NC group, apoptosis in the sh-ICAM-1 group was
markedly reduced (Figure 4D). Meanwhile, after stable over
expression or knockdown of ICAM-1, there were no
significant differences in the expression of NEAT1 and
miR-148b-3p between the groups (Figure S2A and B).

MiR-148b-3p Promotes the Proliferation
of OGD-Treated HUVECs and Inhibits
Apoptosis, and Reverses the Effects of
ICAM-1-Mediated Cell Proliferation and
Apoptosis
We further analyzed the expression, proliferation and
apoptosis of OGD-treated HUVECs after mimics and
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inhibitors of miR-148b-3p. Compared with the pre-miR148b-3p-NC group, ICAM-1 expression in pre-miR-148b3p group was significantly downregulated, while com
pared with the anti-miR-148b-3p-NC group, ICAM-1
expression in the anti-miR-148b-3p group was signifi
cantly upregulated (Figure 5A). Compared with the premiR-148b-3p-NC group, miR-148b-3p mimics promoted
cell proliferation, while compared with the anti-miR-148b3p-NC group, miR-148b-3p knockdown significantly
inhibited cell proliferation (Figure 5B and C). As shown
in Figure 5D, flow cytometric analysis showed that com
pared with the pre-miR-148b-3p-NC group, HUVEC
apoptosis was inhibited in the pre-miR-148b-3p group,
and compared with the anti-miR-148b-3p-NC group,
HUVEC apoptosis was significantly increased in the antimiR-148b-3p group (Figure 5D). Meanwhile, NEAT1
expression was downregulated between the groups after
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Figure 2 Expression of plasma miR-148b-3p and NEAT1 in CSF and controls and their relationship with CSF. (A) Plasma miR-148b-3p levels were significantly lower in
patients with CSF. Data represent the mean ± SD. (B) Plasma miR-148b-3p levels were negatively correlated with the mean corrected thrombolysis in myocardial infarction
frame count (cTFC). (C) Plasma miR-148b-3p levels were negatively correlated with sICAM-1. (D) Plasma NEAT1 levels were significantly higher in patients with CSF. Data
represent the mean ± SD. (E) Plasma NEAT1 levels were positively correlated with the mean cTFC. (F) Plasma NEAT1 levels were positively correlated with sICAM-1.
(G and H) ROC curve analysis of plasma miR-148b-3p and NEAT1 for diagnosing CSF. Data were analysed using Student’s t-test (A and D); Significance was determined
using linear regression analysis (B, C, E and F).
Abbreviations: CSF, coronary slow flow; cTFC, corrected TIMI frame count; sICAM-1, soluble intercellular adhesion molecule-1; NEAT1, nuclear enriched abundant
transcripts 1; AUC, area under the curve.

mimics of miR-148b-3p and was upregulated after inhibi
tors of miR-148b-3p (Figure S2C).
In this study, we used a luciferase reporter system to
verify the potential ICAM-1 and miR-148b-3p binding
sites predicted by the Starbase v2.0 database. In the
ICAM-1-3ʹ-UTR-Wt group, luciferase activity was signif
icantly inhibited in cells co-transfected with ICAM-1-3ʹUTR-Wt and miR-148-3p, while there was no change in

Journal of Inflammation Research 2021:14

luciferase activity in the NC group. In the ICAM-1-3ʹUTR-Mut group, There was no significant difference in
the luciferase activity of the cells co-transfected with
ICAM-1-3ʹ-UTR-Mut and miR-148-3p-NC and those cotransfected with ICAM-1-3ʹ-UTR-Mut and miR-148-3p
(Figure 5E). At the same time, an avidin-biotin pulldown assay also confirmed the specific interactions
between ICMA-1 mRNA and miR-148b-3p. As shown in
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Figure 3 Effect of oxygen glucose deprivation (OGD) on HUVEC proliferation and apoptosis and relative expression levels of NEAT1, miR-148b-3p, and ICAM-1. (A) qRTPCR and WB analyses were performed to detect the relative expression levels of NEAT1, miR-148b-3p and ICAM-1. Data represent the mean ± SD, **P < 0.01 vs Control
group. (B) CCK-8 assays were performed to measure the effect of OGD on HUVEC proliferation (n = 3 per group). Data represent mean ± SD, **P < 0.01 vs Control
group. (C) EdU assays were performed to measure the effect of OGD on HUVEC proliferation (n = 3 per group). Data represent mean ± SD, **P < 0.01 vs Control group.
Scale bars represent 40 μm. (D) Flow cytometric analysis of annexinV-633 staining was used to detect the effect of OGD on HUVEC apoptosis (n = 3 per group). Data
represent the mean ± SD, **P < 0.01 vs Control group. All data were analysed using Student’s t-test.
Abbreviations: CSF, coronary slow flow; NEAT1, nuclear enriched abundant transcripts 1; ICAM-1, intercellular adhesion molecule-1; IDV, integrated density value.
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Figure 4 The effects of ICAM-1 on the proliferation and apoptosis of OGD-treated HUVECs. (A) Expression of ICAM-1 protein (n = 3 per group) after ICAM-1 overexpression or inhibition in OGD-treated HUVECs. Data represent the mean ± SD, **P < 0.01 vs pre-ICAM-1-NC group, #P < 0.05 vs sh-ICAM-1-NC group. (B) CCK-8
assays were performed to measure the effect of ICAM-1 on the proliferation of OGD-treated HUVECs (n = 3 per group). Data represent the mean ± SD, **P < 0.01 vs preICAM-1-NC group, ##P < 0.01 vs sh-ICAM-1-NC group. (C) EdU assays were performed to measure the effect of ICAM-1 on the proliferation of OGD-treated HUVECs (n
=3 per group). Data represent the mean ± SD, **P < 0.01 vs pre-ICAM-1-NC group, ##P < 0.01 vs sh-ICAM-1-NC group. Scale bars represent 40 μm. (D) Flow cytometric
analysis of annexinV-633 staining was used to measure the percentages of apoptotic OGD-treated HUVECs (n = 3 per group) after ICAM-1 over-expression or inhibition.
Data represent the mean ± SD, **P < 0.01 vs pre-ICAM-1-NC group, ##P < 0.01 vs sh-ICAM-1-NC group. One-way ANOVA for pairwise comparisons or comparisons
between multiple groups with a single variable.
Abbreviations: ICAM-1, intercellular adhesion molecule-1; IDV, integrated density value.

Figure S2E, the biotin-labeled miR-148b-3p probe cap
tured more ICMA-1 mRNA compared with the NC probe.
To further confirm that ICAM-1 is the target gene of miR148b-3p, we analyzed cells the expression of ICAM-1 as well
as the proliferation and apoptosis of HUVECs co-transfected
with miR-148b-3p and ICAM-1. Compared with the pre-miR148b-3p-NC+pre-ICAM-1-NC group, ICAM-1 expression in
the pre-miR-148b-3p+pre-ICAM-1-NC group was significant
downregulated, while ICAM-1 expression in the pre-miR148b-3p-NC+pre-ICAM-1 group was significantly upregu
lated. In addition, in the pre-miR-148b-3p+pre-ICAM-1
group, ICAM-1 overexpression reversed the downregulation
of ICAM-1 in the pre-miR-148b-3p+pre-ICAM-1-NC group
(Figure 5F). Compared with the pre-miR-148b-3p-NC+preICAM-1-NC group, cell proliferation was significantly pro
moted in the pre-miR-148b-3p+pre-ICAM-1-NC group, but
was significantly inhibited in the pre-miR-148b-3p-NC+preICAM-1 group. Furthermore, in the pre-miR-148b-3p+preICAM-1 group, ICAM-1 overexpression reversed the

Journal of Inflammation Research 2021:14

promotion of cell proliferation in the pre-miR-148b-3p+preICAM-1-NC group (Figure 5G and H). Moreover, compared
with the pre-miR-148b-3p-NC+pre-ICAM-1-NC group, cell
apoptosis was significantly reduced in the pre-miR-148b-3p
+pre-ICAM-1-NC group, but was promoted in the pre-miR148b-3p-NC+pre-ICAM-1 group. In addition, in the pre-miR148b-3p+pre-ICAM-1 group, ICAM-1 overexpression
reversed the inhibitory effect of pre-miR-148b-3p+preICAM-1-NC group on apoptosis (Figure 5I).

NEAT1 Knockdown Promotes the
Proliferation of OGD-Treated HUVECs
and Inhibits Apoptosis, and Reverses the
Effect of miR-148b-3p-Mediated Cell
Proliferation and Apoptosis
We constructed three NEAT1 shRNAs for transfection into
HUVECs to knockdown NEAT1 expression. The maximum
knockdown efficiency was achieved using sh-NEAT1-1,
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which was selected for subsequent experiments (Figure
S2D). Compared with the sh-NC group, miR-148b-3p
expression in the sh-NEAT1 group was significantly upre
gulated (Figure 6A), and ICAM-1 expression was
significantly downregulated (Figure 6B). Compared with
the sh-NC group, NEAT1 knockdown promoted cell prolif
eration (Figure 6C and D). Flow cytometry analysis showed
that compared with sh-NC group, cell apoptosis was signifi
cantly inhibited in the sh-NEAT1 group (Figure 6E).
NEAT1 and miR-148b-3p binding sites were predicted
by the Starbase v2.0 database. In reporter gene assays,
luciferase activity was significantly inhibited in the
NEAT1-Wt+miR-148b-3p group (Figure 6F). Moreover,
RIP assay showed that NEAT1 and miR-148b-3p were
both enriched in the anti-Ago2 group (Figure 6G). In
addition, the avidin-biotin pull-down assay also confirmed

the specific interactions between NEAT1 and miR-148b3p. As shown in Figure S2F, the biotin-labeled miR-148b3p probe captured more NEAT1 compared with the NC
probe. While biotin-labeled NEAT1 probe could not cap
ture more ICAM-1 mRNA compared with the NC probe
(Figure S2G). These results indicated the potential of miR148b-3p to bind NEAT1 directly.
In this study, NEAT1 knockdown was transfected into
miR-148b-3p mimics and inhibitors stable cells, respec
tively. ICAM-1 expression in cells stably co-transfected
with sh-NEAT1 and pre-miR-148b-3p was significantly
downregulated. Furthermore, transfection with sh-NEAT1
reversed the effect of the miR-148b-3p inhibitors on the
downregulation of ICAM-1 expression (Figure 6H). Cotransfection of miR-148b-3p-mimics-stable cells with shNEAT1 promoted cell proliferation and had the most

Figure 5 Continued.
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Figure 5 The effects of miR-148b-3p on OGD-treated HUVECs and miR-148b-3p over-expression reversed the ICAM-1-mediated on the proliferation and apoptosis of
OGD-treated HUVECs. (A) qRT-PCR and WB analyses were performed to measure the expression of ICAM-1 mRNA and protein, respectively (n = 3 per group) after miR148b-3p over-expression or inhibition in OGD-treated HUVECs. Data represent the mean ± SD, *P < 0.05 vs pre-miR-148b-3p-NC group; **P < 0.01 vs pre-miR-148b-3pNC group; ##P < 0.01 vs anti-miR-148b-3p-NC group. (B) CCK-8 assays were performed to measure the effect of miR-148b-3p on the proliferation of OGD-treated
HUVECs (n = 3 per group). Data represent the mean ± SD, **P < 0.01 vs pre-miR-148b-3p-NC group; #P < 0.05 vs anti-miR-148b-3p-NC group. (C) EdU assays were
performed to measure the effect of miR-148b-3p on the proliferation of OGD-treated HUVECs (n = 3 per group). Data represent the mean ± SD, **P < 0.01 vs pre-miR148b-3p-NC group; ##P < 0.01 vs anti-miR-148b-3p-NC group. Scale bars represent 40 μm. (D) Flow cytometric analysis of annexinV-633 staining was used to measure the
percentages of apoptotic OGD-treated HUVECs (n = 3 per group) after miR-148b-3p over-expression or inhibition. Data represent as the mean ± SD, **P < 0.01 vs premiR-148b-3p-NC group; ##P < 0.01 vs anti-miR-148b-3p-NC group. (E) The predicted miR-148b-3p binding sites in the 3ʹ-UTR region of ICAM-1(ICAM-1–3ʹ-UTR-Wt) and
the designed mutant sequence (ICAM-1–3ʹUTR-Mut) are indicated. Relative luciferase activity was measured after cells were transfected with ICAM-1–3ʹ-UTR-Wt or
ICAM-1–3ʹUTR-Mut. Data represent the mean ± SD (n = 3 pre group), **P < 0.01 vs ICAM-1–3ʹUTR-Wt+miR-148b-3p-NC group. (F) qRT-PCR and WB analyses were
performed to measure the expression of ICAM-1 mRNA and protein, respectively (n = 3 per group) in OGD-treated HUVECs after transfection with miR-148b-3p and
ICAM-1. Data represent the mean ± SD, *P < 0.05 vs pre-miR-148b-3p-NC+pre-ICAM-1-NC group, **P < 0.01 vs pre-miR-148b-3p-NC+pre-ICAM-1-NC group, ##P < 0.01
vs pre-miR-148b-3p+pre-ICAM-1-NC group. (G) CCK-8 assays were performed to measure the effect of miR-148b-3p and ICAM-1 on the proliferation of OGD-treated
HUVECs (n = 3 per group). Data represent the mean ± SD, **P < 0.01 vs pre-miR-148b-3p-NC+pre-ICAM-1-NC group, ##P < 0.01 vs pre-miR-148b-3p+ pre-ICAM-1-NC
group. (H) EdU assays were performed to measure the effect of miR-148b-3p and ICAM-1 on the proliferation of OGD-treated HUVECs (n = 3 per group). Data represent
the mean ± SD, **P < 0.01 vs pre-miR-148b-3p-NC+pre-ICAM-1-NC group, ##P < 0.01 vs pre-miR-148b-3p+pre-ICAM-1-NC group. Scale bars represent 40 μm. (I) Flow
cytometric analysis of annexinV-633 staining was used to evaluate the effect of miR-148b-3p and ICAM-1 on the apoptosis of OGD-induced HUVECs.Data represent the
mean ± SD (n = 3 per group), *P < 0.05 vs pre-miR-148b-3p-NC+pre-ICAM-1-NC group, **P < 0.01 vs pre-miR-148b-3p-NC+pre-ICAM-1-NC group, ##P < 0.01 vs premiR-148b-3p+pre-ICAM-1-NC group. One-way ANOVA for pairwise comparisons or comparisons between multiple groups with a single variable.
Abbreviations: ICAM-1, intercellular adhesion molecule-1; IDV, integrated density value; UTR, untranslated region.

obvious inhibitory effect on cell apoptosis. Furthermore,
sh-NEAT1 transfection reversed the ability of the miR148b-3p inhibitors to inhibit cell proliferation and promote
apoptosis (Figure 6I–K).

Discussion
In this study, we showed that plasma sICAM-1, miR-148b3p and NEAT1 levels are independent predictors of a CSF
diagnosis, and the diagnostic ability of plasma NEAT1
levels is superior to that of sICAM-1 and miR-148b-3p.
Cytological studies showed that ICAM-1 was highly
expressed in OGD-treated HUVECs, and ICAM-1 knock
down significantly promoted cell proliferation and inhib
ited apoptosis. MiR-148b-3p was expressed at low levels
in OGD-treated HUVECs, while miR-148b-3p mimics
significantly promoted cell proliferation and inhibited
apoptosis. MiR-148b-3p mimics reduced the expression

Journal of Inflammation Research 2021:14

of ICAM-1 by binding to the 3ʹ-UTR of the ICAM-1
gene. In addition, NEAT1 was highly expressed in OGDtreated HUVECs, and NEAT1 knockdown significantly
promoted cell proliferation and inhibited apoptosis.
NEAT1 knockdown upregulated miR-148b-3p expression
by specifically binding to miR-148b-3p. This study
demonstrates for the first time that the NEAT1/miR148b-3p/ICAM-1 axis plays an important role in regulat
ing CSF (Figure 7).
In recent years, patients with angina-like chest pain
who have no obstructive coronary artery disease and no
clear structural heart disease on coronary angiography
have received increasing attention. CSF refers to the phe
nomenon in which coronary arteriography is normal or
nearly normal, but with delayed distal vessel blood flow.
In this study, we demonstrate for the first time that CSF
patients have a significantly reduced physical limitation
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score determined by completion of the SAQ, suggesting
that the functional status and quality of life of CSF patients
is decreased compared with control individuals. Moreover,
the LVGLS, MV E and MV E/A of CSF patients were
significantly reduced, suggesting that the left ventricular
systolic and diastolic function of CSF patients is reduced.
This result is consistent with our previous reports.28,29
The pathogenesis of CSF is currently unclear, but stu
dies have indicated that CSF is closely related to inflam
matory response.30,31 In accordance with the results of
previous studies, we also found that plasma IL-6, TNF-α,
and ICAM-1 levels were significantly increased in CSF
patients, and were significantly positively correlated with
the mean cTFC, suggesting that coronary blood flow velo
city is closely related to inflammation.7,8,10 At present, the
diagnosis of CSF relies mainly on invasive and high-cost

coronary angiography. There is no clear molecular marker
for the diagnosis and treatment of CSF. Through multi
variate linear regression and logistic regression analyses in
this study, we identified plasma sICAM-1 is an indepen
dent predictor for the diagnosis of CSF with has high
sensitivity and specificity. Thus, it indicates that sICAM1 levels have good diagnostic ability for CSF, suggesting
that plasma sICAM-1 is a candidate biomarker related to
CSF diagnosis. Studies have shown that ICAM-1 is shed
from injured endothelial cells and can be measured as
a soluble form in plasma. The level of sICAM-1 in per
ipheral blood can reflect the degree of ICAM-1 expression
on the cell surface.32 Plasma ICAM-1 has also been impli
cated as a molecular marker for the development of ather
osclerosis and coronary heart disease.11,33 In this study, we
also showed that plasma miR-148b-3p levels in the CSF

Figure 6 Continued.
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Figure 6 The effects of NEAT1 in OGD-HUVECs and reversed the miR-148b-3p-mediated on the proliferation and apoptosis of OGD-induced HUVECs. (A) MiR-148b-3p
expression in OGD-treated HUVECs (n = 3 per group) after transfection with sh-NEAT1. Data represent the mean ± SD, **P < 0.01 vs sh-NC group. (B) qRT-PCR and WB
analyses were performed to measure the expression of ICAM-1 mRNA and protein, respectively (n = 3 per group) in OGD-induced HUVECs after transfection with shNEAT1. Data represent the mean ± SD, **P <0.01 vs sh-NC group. (C) CCK-8 assays were performed to measure the effect of NEAT1 knockdown on the proliferation of
OGD-induced HUVECs (n = 3 per group). Data represent the mean ± SD, **P <0.01 vs sh-NC group. (D) EdU assays were performed to measure the effect of NEAT1
knockdown on the proliferation of OGD-induced HUVECs. Data represent the mean ± SD, **P <0.01 vs sh-NC group. Scale bars represent 40 μm. (E) Flow cytometric
analysis of annexinV-633 staining was used to measure the percentages of apoptotic OGD-treated HUVECs after NEAT1 knockdown. Data represent the mean ± SD (n =
3 per group). **P < 0.01 vs sh-NC group. (F) The predicted miR-148b-3p binding site in the NEAT1 sequence (NEAT1-Wt) and the designed mutant sequence of the miR148b-3p binding site (NEAT1-Mut) are indicated. Relative luciferase activity was measured after cells were transfected with NEAT1-Wt or NEAT1-Mut and miR-148b-3p or
the miR-148b-3p-NC. Data represent the mean ± SD (n = 3 per group), **P < 0.01 vs NEAT1-Wt+miR-148b-3p-NC group. (G) MiR-148b-3p was identified in the NEAT1RISC complex. Relative expression levels of NEAT1 and miR-148b-3p were determined by qRT PCR (n = 3 per group). Data represent the mean ± SD, **P < 0.01 vs antinormal IgG. (H) qRT-PCR and WB analyses were performed to measure the expression of ICAM-1 mRNA and protein, respectively (n = 3 per group) in OGD-induced
HUVECs after transfection with NEAT1 and miR-148b-3p. Data represent the mean ± SD, **P < 0.01 vs sh-NEAT1-NC+pre-miR-148b-3p-NC group. (I) CCK-8 assays were
performed to measure the effect of NEAT1 and miR-148b-3p on the proliferation of OGD-induced HUVECs (n = 3 per group). Data represent the mean ± SD, **P < 0.01 vs
sh-NEAT1-NC+pre-miR-148b-3p-NC group. (J) EdU assays were performed to measure the effect of NEAT1 and miR-148b-3p on the proliferation of OGD-treated
HUVECs (n = 3 per group). Data represent the mean ± SD, **P < 0.01 vs sh-NEAT1-NC+pre-miR-148b-3p-NC group. Scale bars represent 40 μm. (K) Flow cytometric
analysis of annexinV-633 staining was used to evaluate the effect of NEAT1 and miR-148b-3p on the apoptosis of OGD-induced HUVECs. Data represent the mean ± SD (n
= 3 per group), **P < 0.01 vs sh-NEAT1-NC+pre-miR-148b-3p-NC group. Data were analysed using Student’s t-test (G); One-way ANOVA for pairwise comparisons or
comparisons between multiple groups with a single variable (A–F and H–K).
Abbreviations: NEAT1, nuclear enriched abundant transcripts 1; ICAM-1, intercellular adhesion molecule-1; IDV, integrated density value.

group were significantly reduced, and were negatively
correlated with the mean cTFC and sICAM-1 levels.
Statistical analysis of these data showed that the plasma
miR-148b-3p AUC was 0.74, and the plasma miR-148b3p level was an independent predictor of CSF diagnosis,
suggesting that the plasma miR-148b-3p level is
a potential biomarker of CSF. It has reported that plasma
miR-148b-3p is reduced in patients with MV regurgitation
and ischemic stroke, and can be used as a biological
marker for the diagnosis of these conditions.20,34
Circulating lncRNAs are unusually stable in the blood,
and may be a non-invasive tool for rapid diagnosis and
prognosis of diseases.35,36 In this study, we found that the
plasma NEAT1 level in the CSF group was significantly
higher than that in the control group, and was positively
correlated with the mean cTFC and sICAM-1 levels. ROC
curve analysis showed that the plasma NEAT1 AUC was
0.92, suggesting that the plasma NEAT1 level may be
a biomarker for the diagnosis of CSF. In accordance with
this study of CSF, high plasma NEAT1 levels have also
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been identified as a new biomarker for the diagnosis of
acute myocardial infarction and the prognosis of acute
ischemic stroke.37,38
Studies have shown that clinical biomarkers may be
related to the pathogenesis of the disease.39 Our ROC
curve analysis indicated that NEAT1 combined with
miR-148b-3p and sICAM-1 demonstrates better predictive
power (AUC: 0.97) compared with other factors.
Combined with correlation analysis, this finding indicated
that NEAT1 combined with miR-148b-3p and sICAM-1 is
a potential biomarker for the diagnosis of CSF and it is
also potentially related to the mechanism of action as
biomarkers. On this basis, we used the OGD cell model
to simulate the functional changes of CSF vascular
endothelial cells and explore the underlying mechanism.
Studies have shown that ICAM-1 expression is signifi
cantly increased in HUVECs exposed to intermittent
hypoxia or hypoxia and hypoglycemia.40,41 ICAM-1 is
upregulated in HUVECs under conditions of hypoxia,
and promotes apoptosis.42 The results of this study showed

https://doi.org/10.2147/JIR.S312583

DovePress

Powered by TCPDF (www.tcpdf.org)

2459

Dovepress

Zhu et al

Figure 7 The schematic diagram of the mechanism of NEAT1/miR-148b-3p/ICAM1 axis in CSF disease.
Abbreviations: NEAT1, nuclear enriched abundant transcripts 1; RISC, RNAinduced silencing complex; UTR, untranslated region; ICAM-1, intercellular adhe
sion molecule-1; EC, endothelial cell.

that ICAM-1 expression was significantly increased in
OGD-treated HUVECs. Furthermore, ICAM-1 knockdown
promoted cell proliferation and inhibited apoptosis. These
results suggest that ICAM-1 exerts anti-proliferative and
pro-apoptotic effects in OGD-treated HUVECs.
Predictive analysis using the bioinformatics database,
Starbase, revealed that a potential miR-148b-3p binding
site (5ʹ-GCACUG-’3) in the 3ʹ-UTR region of the ICAM-1
gene. qRT-PCR analysis confirmed miR-148b-3p expres
sion was significantly reduced in OGD-treated HUVECs.
MiR-148b-3p mimics promoted the proliferation of
HUVECs and inhibited apoptosis, while miR-148b-3p
inhibitors had the opposite effect, suggesting that miR148b-3p plays a protective role in OGD-treated
HUVECs. Other studies have also shown that miR-148b3p mimics promoted HUVECs apoptosis and inhibited cell
proliferation.14 In this study, we used the dual-luciferase
reporter system and the avidin-biotin pull-down assay to
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show that miR-148b-3p directly targets and binds to
ICAM-1 3ʹ-UTR, suggesting that ICAM-1 is the down
stream target gene of miR-148b-3p. Studies have shown
that miR-148b-3p can participate in regulating the occur
rence and development of many diseases by binding and
regulating target genes. MiR-148b-3p promotes the metas
tasis of gastric cancer through targeted regulation of
Dock6.43 In addition, we found that miR-148b-3p mimics
promoted the proliferation of HUVECs and inhibited
apoptosis, while ICAM-1 overexpression had the opposite
effects. The results of rescue experiments showed that
miR-148b-3p mimics reversed the anti-proliferative and
pro-apoptotic effects of ICAM-1 in HUVECs. These
results suggest that miR-148b-3p mimics inhibits the
anti-proliferative and pro-apoptotic effects of OGD-treated
HUVECs by negatively regulating the expression of target
gene ICAM-1.
Some lncRNAs have been identified as biomarkers for
the diagnosis, treatment and prognosis of different cardio
vascular diseases.44,45 In this study, predictive analysis
using the Starbase bioinformatics database revealed
a potential binding site (5ʹ-GCACUG-3ʹ) for NEAT1 in
the miR-148b-3p sequence, which is consistent with the
binding sequence of miR-148b-3p in ICAM-1. NEAT1
was found to be highly expressed in OGD-treated
HUVECs, and NEAT1 knockdown significantly promoted
cell proliferation and inhibited apoptosis. Similarly, Zhou
et al reported increased NEAT1 expression in OGD-treated
brain microvascular endothelial cells.46 When studying
lncRNA sensitive to hypoxia, Franziska et al found that
NEAT1 was present with the highest abundance in cardiac
vesicles under hypoxia.47 NEAT1 is increased in the
plasma of patients with acute kidney injury, and can pro
mote renal tubular epithelial cell apoptosis under condi
tions of hypoxia.48 Our studies using a dual-luciferase
reporter system, RIP assay and avidin-biotin pull-down
assay confirmed that NEAT1 binds directly to miR-148b3p. NEAT1 and miR-148b-3p are enriched in the Ago2
protein complexes, suggesting that NEAT1 acts as
a molecular sponge or ceRNA of miR-148b-3p in an
Ago2-dependent manner. And the avidin-biotin pulldown assay show that miR-148b-3p could directly bind
to NEAT1 and ICAM-1 mRNA, respectively, while
NEAT1 could not bind to ICAM-1 mRNA. We also
found that NEAT1 knockdown increased miR-148b-3p
expression and promoted HUVEC proliferation while inhi
biting apoptosis. The NEAT1 binding sequence in miR148b-3p is consistent with the miR-148b-3p binding
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sequence in ICAM-1 (5ʹ-GCACUG-3ʹ), suggesting that
NEAT1 functions as a ceRNA and regulates the prolifera
tion or apoptosis of HUVECs. These results suggested that
by specifically binding to miR-148b-3p, NEAT1 weakens
the negative regulatory effects of miR-148b-3p on the
target gene ICAM-1 to upregulate ICAM-1 expression,
as well as inhibiting the proliferation of HUVECs and
promoting their apoptosis. In accordance with the results
of this study, other lncRNAs have been shown to regulate
HUVEC functions. For example, lncRNA-TTTY15 regu
lates the HUVEC damage induced by hypoxia in cardio
vascular diseases by targeting miR-186-5p.49 LINC00305
acts as a molecular sponge of miR-136 and promotes
hypoxia-induced apoptosis of HUVEC.50 At the same
time, we confirmed whether the upstream factors changed
after ICAM-1 or miR-148b-3p regulation. We detected the
expression of NEAT1 and miR-148b-3p after ICAM-1
overexpression or knockdown, and measured the
expression of NEAT1 after mimics and inhibitors of
miR-148b-3p. The results further clarify the upstream
and downstream relationship of the NEAT1/miR-148b3p/ICAM-1 signaling pathway, NEAT1 serve as
a “miRNA molecular sponge” to participate in the forma
tion of a competitive endogenous RNA, and regulate
ICAM-1 by combining with miR-148b-3p.
In summary, this study shows for the first time the clinical
value of plasma sICAM-1, miR-148b-3p and NEAT1 expres
sion levels as independent predictors of a CSF diagnosis.
Furthermore, we showed that the diagnostic ability of plasma
NEAT1 level is superior to that of sICAM-1 and miR-148b3p. Furthermore, cytological studies showed that the highly
expressed NEAT1 functions as a ceRNA in OGD-treated
HUVECs. By specifically binding to miR-148b-3p, NEAT1
weakens the negative regulatory effects of miR-148b-3p on
the target gene ICAM-1 to upregulates ICAM-1 expression,
as well as inhibiting the proliferation of HUVECs and pro
moting their apoptosis. The combined results of our clinical
and cytological studies clarify for the first time the crucial
role of the NEAT1/miR-148b-3p/ICAM-1 axis in CSF dis
ease progression and highlighting the potential value of these
as new targets for CSF diagnosis and treatment. Further
investigation of the therapeutic value of the corresponding
targets is warranted.
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