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Melatonin attenuates low shear stress‑induced
pyroptosis and endothelial cell dysfunction via the
RORα/miR‑223/STAT‑3 signalling pathway
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Abstract. Endothelial cells sense changes in blood flow shear
stress and affect the progression of atherosclerotic plaques.
Pyroptosis is an inflammatory form of cell death and has
been implicated in cardiovascular diseases. Melatonin and its
nuclear receptor retinoid‑related orphan receptor α (RORα)
have protective effects on the development of atherosclerosis.
To date, whether melatonin can prevent endothelial cell pyrop‑
tosis and dysfunction in pathological shear stress remains
unclear. In the present study, human umbilical vein endothelial
cells (ECs) were cultured under low shear stress conditions
(5 dyne/cm 2) for 24 h and treated with or without melatonin
(2 µmol/l). The binding sites of the microRNA (miR)‑223
promoter and RORα were predicted using the JASPAR website.
Expression of pyroptosis‑related proteins, including cleaved
N‑terminal gasdermin D, caspase‑1, intercellular adhesion
molecule 1 (ICAM‑1) and nitric oxide (NO) were assessed.
The results indicated that low shear stress increased pyrop‑
tosis and ICAM‑1 expression, whereas it decreased NO levels.
Melatonin alleviated pyroptosis and ICAM‑1 expression and
increased the production of NO in ECs. Further assessment
revealed that low‑level shear stress decreased RORα protein
and mRNA expression, whereas melatonin would bind to
RORα and thereby promoted miR‑223 transcription in ECs.
The present study also identified signal transducer and acti‑
vator of transcription 3 (STAT‑3) as a potential target gene of
miR‑223‑3p. When transfected with miR‑223 inhibitor, ECs
up‑regulated the expression of pyroptosis‑related proteins
and ICAM‑1, and down‑regulated NO levels. By contrast,
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silencing STAT‑3 expression diminished the protective effect
of miR‑223. These results indicated that melatonin prevented
ECs from undergoing pyroptosis and alleviated dysfunction
via the RORα /miR‑223/STAT‑3 signalling pathway. This
information could aid in the development of novel therapeutic
approaches and provide new insights into atherosclerosis.
Introduction
Intensive care units typically treat numerous patients with
cardiovascular and cerebral vascular diseases associated
with atherosclerosis. In addition to traditional risk factors,
mounting evidence indicates that shear stress is involved in the
initiation and development of atherosclerosis (1). Endothelial
cells (ECs) located in the innermost site of the vascular
wall, sense changes in blood flow shear stress and affect
the development of atherosclerotic plaques via intracellular
signal regulatory factors, gene expression and specific tran‑
scription factors (2). Studies show that low‑level shear stress
(≤5 dynes/cm2) favours the occurrence of atherosclerosis and
plaque growth (3), whereas high‑level shear stress displays
an anti‑atherosclerotic effect (4). Therefore, it is important to
demonstrate the underlying mechanism between low shear
stress and the gene regulation network in atherosclerosis.
Melatonin is a notable endocrine hormone secreted by
the pineal gland in a rhythmic manner. Melatonin exhibits
diverse biological functions against the development of
atherosclerosis, including antioxidant and anti‑inflammatory
functions (5). Multiple melatonin functions are mediated
by membrane or nuclear receptors (6). Among them, reti‑
noid‑related orphan receptor α (RORα) is the nuclear receptor
of melatonin (7). RORα regulates the expression of numerous
genes at the transcriptional level and participates in a number
of biological processes, including anti‑inflammatory and
anti‑apoptotic processes (8). A previous study also revealed
that microRNA (miRNA/miR)‑223 inhibits signal transducer
and activator of transcription 3 (STAT‑3) signalling pathway
activation and inhibits vascular calcification of smooth muscle
cells (9). In addition, via bioinformatical analysis, the present
study revealed that melatonin potentially binds to the miR‑223
promoter and promotes miR‑223 transcription.
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To validate this hypothesis, the present study was
designed to assess the biological effect of melatonin on EC
pyroptosis and dysfunction induced by low shear stress and to
demonstrate the notable role of the RORα‑miR‑223/STAT‑3
signalling pathway.
Materials and methods
Cell culture and transfection. Human immortalized umbilical
vein ECs, purchased from the China Infrastructure of
Cell Line Resource, were cultured on rectangular glass
slides (length, ~4x3‑cm 2) in Dulbecco's Modified Eagle's
Medium supplemented with 10% foetal bovine serum
(both Invitrogen; Thermo Fisher Scientific, Inc.) and main‑
tained at 37˚C with 5% CO2. The cell line was certified by
the supplier using the short tandem repeat method. When
70‑80% confluence was achieved, ECs were transfected
with pcDNA‑ROR α /pGL3‑basic‑m i R‑223 promoter
plasmid (1 µg/µl), small interfering (si) RORα, miR‑223 inhib‑
itor, miR‑223 mimics, siSTAT‑3 or the siSTAT‑3 scrambled
control with each final concentration at 100 nM, which were
synthesized by Sangon Biotech Co., Ltd. Empty plasmids
were used as the control for plasmid transfection. For siRNAs
transfection, the control was the siRNA scrambled group.
The negative control with the mutant sequence of miR‑223
was the control group for the miR transfection. All of the
transfections were performed using Lipofectamine ® 3000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. For the siRNAs and miR
transfections, the sequences of all constructs were provided in
Table SI and transfection was confirmed using PCR or western
blotting (Figs. S1‑S3).
ECs cultured with low shear stress. After 24 h transfection,
the glass slides were placed into the plate flow chamber culture
system (Shanghai Naturethink Life & Scientific Co., Ltd.)
with or without low shear stress (5 dynes/cm2) treatment for
24 h. ECs were then further treated with or without melatonin
(2 µmol/l; cat. no. M5250; Sigma‑Aldrich; Merck KGaA) for
another 24 h at 37˚C. In brief, the experimental groups were
defined as follows: i) Static group; ii) low shear stress group;
iii) static plus melatonin group; and iv) low shear stress plus
melatonin group.
Bioinformatical analysis. JASPAR is an open‑access database
of curated, non‑redundant transcription factor (TF) binding
profiles stored as position frequency matrices and TF flexible
models for TFs across multiple species. The candidate tran‑
scription factor of the target miRNA (NCBI gene ID: 407008)
was predicted using the JAPAR website (v8; http://jaspar.
genereg.net/) with‑3000 to 100 bp of the transcription starting
point. The possible binding sites with a score provided by the
website of >0.9 were selected.
Dual‑luciferase reporter assays. A dual‑luciferase reporter
assay was performed to further validate the results of the
predicted binding site of RORα with the miR‑223 promoter.
Luciferase reporter plasmids (pGL3‑basic; Sangon Biotech
Co., Ltd.) were constructed with full‑length or truncated
promoters of miR‑223. In addition, the full‑length RORα gene

was cloned into the pcDNA3.0 (Sangon Biotech Co., Ltd.)
plasmid to overexpress RORα. The pcDNA3.0 plasmid cloned
with the RORα gene was co‑transfected with the pGL3‑basic
plasmid cloned with the miR‑223 promoter and Renilla lucif‑
erase reporter plasmids (Promega Corporation) into 293 cells
at 37˚C for 24 h using Lipofectamine 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.). After another 24 h, firefly
and Renilla luciferase activities were measured in 293 cells
using the Dual‑Luciferase Reporter Assay system (Dual‑Glo®;
cat. no. E2920; Promega Corporation). The sequences of the
miRNA‑223 mimics and inhibitor are presented in Table SI.
Western blotting. ECs were lysed in RIPA lysis buffer (Beijing
Solarbio Science & Technology Co., Ltd.), and the protein
concentration of samples was detected using the BCA method.
Protein samples (20 µg/well) were loaded onto a 10% SDS
polyacrylamide gel and transferred onto a PVDF membrane.
After blocking with 5% BSA for 2 h at room temperature, the
membrane was incubated with primary antibodies overnight
at 4˚C. The concentration of primary antibodies and manufac‑
turers' information are provided as follows: Cleaved caspase‑1
(1:1,000; cat. no. ab207802; Abcam), Cleaved N‑terminal
gasdermin D (GSDMD‑N; 1:1,000; cat. no. ab215203;
Abcam) and monoclonal STAT‑3 (1:1,000; cat. no. #9139; Cell
Signaling Technology, Inc.). Membranes were then washed
in TBST (0.1% Tween‑20) routinely and incubated with the
horseradish peroxide‑conjugated goat anti‑mouse/rabbit IgG
secondary antibody (1:10,000; cat. nos. 21010/21020, respec‑
tively; Abbkine Scientific Co., Ltd.) at room temperature for
1 h. GAPDH (1:10,000; cat. no. K200057M; Beijing Solarbio
Science & Technology Co., Ltd.) served as the internal control.
Western blotting bands were visualised using the ECL method
with a TIANGEN Imaging system (Tiangen Biotech Co.,
Ltd.), and quantification analysis was performed using ImageJ
software v1.46 (National Institutes of Health).
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was extracted from ECs using the FastPure Cell/Tissue
Total RNA Isolation kit (cat. no. RC112‑01; Vazyme Biotech
Co., Ltd.) according to the manufacturer's instructions. Total
RNA was reverse transcribed using the HiScript II 1st Strand
cDNA Synthesis kit (cat. no. R211‑01/02; Vazyme Biotech Co.,
Ltd.) and the RT kit was used according to the manufacturer's
protocol. Quantitative real‑time PCR was performed using the
ChamQ Universal SYBR® qPCR Master Mix (Q711‑02/03;
Vazyme Biotech Co., Ltd.) and GAPDH served as a house‑
keeping control. The primers are as follows: GAPDH Forward,
5'‑CATACCAGGA AATGAG CTTG‑3', and reverse, 5'‑ATG
ACATCAAGAAGGTGGTG‑3'; STAT‑3 forward, 5'‑CGGA
GAAGCATCGTGAGTGAGC‑3' and reverse, 5'‑GTTG CC
GCCTCTTCCAGTCAG‑3'; miR‑223 forward, 5'‑GGCAGC
ACCCCATAAACTGTT‑3', and reverse 5'‑CAGTGCGTG
TCGTGTCGTG GAG ‑3'; RORα forward 5'‑GATCGCTCG
TGGCTTCAGGAA‑3', and reverse, 5'‑TGGAGGA AAATG
GAGT CGCACA‑3'; GSDMD forward 5'‑CCAT CGG CC
TTTGAGA AAGTG‑3', and reverse, 5'‑ACACATGAATAA
CGGG GTT TCC‑3'; caspase‑1 forward, 5'‑GGTCCTGAA
GGAGAAGAGA A‑3' and reverse, 5'‑AGGCCTG GATGA
TGATCACC‑3'. The PCR parameters were 95˚C for 30 sec
followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec.
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The results between different groups were calculated using the
2‑ΔΔCq method (10).
Enzyme‑linked immunosorbent assay (ELISA). IL‑1β and
IL‑18 expression levels were detected using ELISA. After
treatment, 100 µl of the undiluted supernatants of HUVECs
treated with static or low shear stress supplemented with or
without melatonin were prepared for ELISA measurement.
The human IL‑1β (cat. no. 214025) and human IL‑18 (cat.
no. 215539) ELISA kits were purchased from Abcam. ELISA
was performed according to the manufacturer's instructions.
Nitric oxide (NO) test. The concentration of NO was detected
using a Griess Reagent assay. Briefly, the supernatants were
collected from HUVECs treated with static or low shear stress
supplemented with or without melatonin, and NO measurement
was performed according to the instructions of the commercial
NO kit (Griess Reagent kit; cat. no. S0021S; Beyotime Institute
of Biotechnology). The NO concentration was calculated based
on the optical density value of the supernatants detected by the
microplate reader at a 550‑nm wavelength.
Immunofluorescent analysis. After ECs were treated with low
shear stress for 24 h, they were fixed with 4% formaldehyde for
15 min, permeabilized with 0.1% Triton X‑100 for 5 min both
at room temperature and then washed with PBS three times
for 3 min each. Subsequently, the cells were blocked with
5% bovine serum albumin (Sigma‑Aldrich; Merck KGaA) for
60 min. The samples were incubated with intercellular adhe‑
sion molecule 1 (ICAM‑1; 1:1,000; cat. no. ab109361; Abcam)
overnight at 4˚C. The cells were then washed thrice with
PBS for 3 min each and incubated with a goat anti‑rabbit IgG
(H+L) Fluor647‑conjugated secondary antibody (1:200; cat.
no. S0013; Affinity Biosciences) for 60 min at room tempera‑
ture. After washing with PBS three times for 3 min each
time, the samples were covered with DAPI mounting fluid.
The images were captured using a laser confocal microscope
(A1R; Nikon Corporation), and ImageJ software was used to
analyse the fluorescent density of the images.
Statistical analysis. Statistical analyses were performed
using Excel 2007 (Microsoft Corporation) and GraphPad
Prism software v7.0 (GraphPad Software, Inc.). Error bars are
reported as the standard error of mean. Pairwise comparisons
were performed using unpaired two tailed Student's t‑test or
one‑way ANOVA followed by Tukey's post hoc test where
appropriate. A total of three biologically independent experi‑
ments were performed for each quantified western blotting
experiment.
Results
Melatonin suppresses pyroptosis in ECs. To study the effect of
pyroptosis in ECs exposed to low shear stress and the protective
effect of melatonin, the expression levels of pyroptosis‑related
proteins were measured, including caspase‑1 and GSDMD‑N.
The results indicated that low shear stress significantly
induced pyroptosis‑related protein expression compared with
the static group; whereas treatment with melatonin signifi‑
cantly decreased the expression of caspase‑1 and GSDMD‑N
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compared with the low shear stress group (Fig. 1A and B).
In addition, Caspase‑1 and GSDMD‑N mRNA expression
levels were significantly higher in ECs exposed to low‑level
shear stress compared with ECs exposed to static stress, and
were significantly suppressed by melatonin in ECs exposed to
low‑level shear stress (Fig. 1C). The expression levels of cyto‑
kines were also detected, including IL‑18 and IL‑1β. Low‑level
shear stress significantly increased the expression levels of
IL‑18 and IL‑1β compared with the static group, while mela‑
tonin suppressed the secretion of IL‑18 and IL‑1β compared
with the low shear stress group (Fig. 1D).
Melatonin ameliorates EC dysfunction. Next, EC dysfunction
was further evaluated by measuring the expression levels of
ICAM‑1 and NO. Briefly, immunofluorescence staining was
performed to evaluate the expression of ICAM‑1 in ECs.
The results revealed that the mean grey value of ICAM‑1
in the low shear stress treatment group was significantly
increased compared with that in the static group. After mela‑
tonin treatment, the mean grey value of ICAM‑1 decreased
significantly compared with that of the low shear stress group
(Fig. 2A and B). In addition, the effect of melatonin on NO
expression in ECs was validated. The results revealed that NO
levels were significantly lower in ECs subject to low‑level shear
stress compared with the static group. Moreover, treatment
with melatonin and low shear stress significantly increased
NO expression compared with that in the low shear stress only
group (Fig. 2C).
Melatonin suppresses pyroptosis through RORα. To explore
the protective mechanism of melatonin in ECs exposed to
low level shear stress, the relative RORα mRNA and protein
expression levels were measured in ECs with or without low
level shear stress treatment. The results indicated that low
shear stress significantly decreased RORα protein expression
and markedly decreased mRNA expression compared with the
static group (Fig. 3A and B). Furthermore, when transfected
with siRORα, the expression levels of pyroptosis‑related
proteins in melatonin treated ECs increased compared with
those in the siRORα group (Fig. 3C). The expression of pyrop‑
tosis‑related proteins at the mRNA level were also detected in
ECs transfected with siRORα and treated with melatonin. The
results demonstrated that caspase‑1 and GSDMD‑N expression
significantly increased compared with that of the untransfected
low shear stress and melatonin‑treated group (Fig. 3D). The
expression levels of IL‑18 and IL‑1β were detected, and the
data revealed that ECs treated with siRORα exhibited signifi‑
cantly increased IL‑18 and IL‑1β secretion compared with the
siRORα group or the scrambled group (Fig. 3E).
Melatonin ameliorates EC dysfunction through ROR α.
ICAM‑1 and NO expression levels were analysed in ECs trans‑
fected with siRORα. The results demonstrated that the mean
grey value of ICAM‑1 in ECs transfected with siRORα was
significantly increased compared with that in untransfected
ECs treated with melatonin (Fig. 4A and B). In addition, NO
expression was detected in ECs exposed to low shear stress.
The results revealed that NO expression in ECs transfected
with siRORα was significantly decreased compared with that
of untransfected ECs treated with melatonin (Fig. 4C).
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Figure 1. Melatonin suppresses pyroptosis in ECs. (A) Representative immunoblots and (B) quantitative analysis of caspase‑1 and GSDMD‑N of ECs.
(C) Relative mRNA expression of caspase‑1 and GSDMD‑N of ECs. (D) Concentration of IL‑1β and IL‑18 in ECs. *P<0.05. GSDMD‑N, gasdermin D
N‑terminal domain; ECs, endothelial cells.

Melatonin regulates miR‑223 expression via ROR α . To
further study the underlying mechanism by which melatonin
affects miR‑223 expression in ECs, the miR‑223 promoter
region was analysed and revealed to be a possible putative
binding site of RORα using the JAPAR website. First, the
oligonucleotide sequence of the transcription factor binding
site of RORα with the miR‑223 promoter region was
predicted (Fig. 5A). Next, the possible binding sites with a
score provided by the website of >0.9 were selected; there‑
fore, two binding sites were selected as the candidate binding
sites, ‑2280 to ‑2271 bp and ‑1110 to ‑1101 bp. According to
the dual‑luciferase results, the luciferase activity of RORα
bound to the‑2280 to ‑2271 site was considerably increased
compared with that obtained from binding to the ‑1110 to
‑1101 site. These results indicated that RORα could bind to
the promoter region of miR‑223 at ‑2280 to ‑2271 bp, which
also had the highest score according to the JASPAR website
(Fig. 5B).
Based on previous results, RORα was confirmed to bind
to the miR‑223 promoter region. Moreover, the present
study further investigated whether RORα could regulate the
expression of miR‑223 in ECs. Relative RORα protein and
mRNA expression in ECs were measured to confirm that the
pcDNA3.0‑RORα plasmid was successfully transfected into
ECs. As expected, both RORα protein and mRNA expression
levels were significantly higher compared with those in the
control group (Fig. 5C and D). Next, ECs transfected with the

RORα plasmid exhibited increased expression of miR‑223
compared with the control group (Fig. 5E).
Melatonin prevents pyroptosis and dysfunction through the
RORα /miR‑223/STAT‑3 signalling pathway. miR‑223 regu‑
lates STAT‑3 expression at the posttranscriptional level (9).
In the present study, miR‑223 and STAT‑3 expression levels
were altered to validate whether the RORα‑miR‑223/STAT‑3
signalling pathway was involved in the regulation of melatonin
in ECs exposed to low shear stress. As expected, miR‑223
up‑regulation decreased STAT‑3 expression at the protein and
mRNA level in ECs treated with low shear stress compared
with the negative control (Fig. 6A and B). In addition, the
silencing of STAT‑3 down‑regulated the expression levels of
caspase‑1 and GSDMD‑N compared with the control group,
whereas the miR‑223 inhibitor partially counteracted the
protective effect of silencing STAT‑3 in ECs (Fig. 6C and D).
IL‑18 and IL‑1β secretion displayed the same trend in ECs
(Fig. 6E).
Furthermore, silencing of STAT‑3 (miR‑223 inhibitor NC +
siSTAT‑3) resulted in the decreased expression of ICAM‑1
compared with the control (miR‑223 inhibitor NC+siSTAT‑3
scramble) group, while introduction of miR‑223 inhibitor
(miR‑223 inhibitor+siSTAT‑3) markedly counteracted this
trend (Fig. 7A and B). The expression level of NO was also
suppressed when ECs were transfected with miR‑223 inhibitor
compared with the inhibitor negative control, and this trend
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Figure 2. Melatonin ameliorates the dysfunction of ECs. (A) Representative fluorescent images. (B) Mean grey value of ICAM‑1 in ECs. (C) NO release of ECs.
*
P<0.05. ICAM‑1, intercellular adhesion molecule 1; NO, nitric oxide; ECs, endothelial cells.

could be reversed by transfection with siSTAT‑3 in ECs
subjected to low shear stress treated with melatonin (Fig. 7C).
Discussion
EC pyroptosis and dysfunction are considered to be the
major causes of the initiation and development of numerous
atherosclerotic cardiovascular diseases (11). The present paper
demonstrated that melatonin could induce miR‑223 expres‑
sion by binding to the promoter of miR‑223. Furthermore,
melatonin attenuated low‑level shear stress‑induced ECs
pyroptosis and dysfunction via the ROR‑α/miR‑223/STAT‑3
signalling pathway. The present paper demonstrated that

low shear stress‑induced EC dysfunction, and that melatonin
prevented ECs pyroptosis and dysfunction. Moreover, the
anti‑atherosclerotic effect of melatonin was demonstrated to
be associated with its nuclear receptor, RORα. Overall, the
present study provided a new therapeutic approach for mela‑
tonin in cardiovascular disease.
The Intensive Care Unit Department in Second Affiliated
Hospital of Dalian Medical University (Dalian, China)
normally treats numerous patients with severe cardiovascular
diseases, including acute myocardial infarction, stroke and
aortic dissection. Vascular shear stress plays a notable role in
the onset and development of these diseases (12). High physi‑
ological shear stress is hypothesised to be anti‑atherosclerotic,
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Figure 3. Melatonin suppresses pyroptosis through RORα. Relative (A) protein and (B) mRNA expression levels of RORα in static and low shear stress groups.
(C) Relative protein expression of caspase‑1 and GSDMD‑N of ECs. (D) Relative mRNA expression of caspase‑1 and GSDMD‑N of ECs. (E) Concentration
of IL‑1β and IL‑18 of ECs. *P<0.05. GSDMD‑N, gasdermin D N‑terminal domain; RORα, retinoid‑related orphan receptor α; ECs, endothelial cells; si, small
interfering.

whereas low shear stress is associated with pro‑atherosclerosis
effects (13). EC dysfunction is a notable contributor to the
local and systemic manifestations of atherosclerotic cardio‑
vascular disease (14). Therefore, it is of importance to inhibit
endothelial dysfunction to prevent atherosclerosis induced by
low shear stress. The present study revealed that low shear
stress, which is associated with atherosclerosis, increased the
incidence of pyroptosis and induced the expression of cell
adhesion molecules. These results indicated that low shear
stress could damage the physiological function of ECs and
might be associated with atherosclerosis.
Melatonin regulates numerous biological functions,
including antioxidant effects, anti‑inflammatory processes,
sleep regulation and immune regulation (15). Melatonin plays
biological functions mainly via: i) Membrane receptors, such
as high‑affinity G protein‑coupled receptors (MT)1 and MT2;
ii) nuclear receptors, such as RORα (16); iii) interactions with
cytoplasmic proteins, such as calmodulin and hydroquinone;
and iv) receptor‑independent actions, such as scavenging reactive

oxygen species/reactive nitrogen species (17). A previous study
indicated that melatonin ameliorates intraplaque inflammation
in a rupture‑prone vulnerable carotid plaque model induced by
low shear stress in apolipoprotein E-/- mice in a RORα‑dependent
manner (18). Another previous study demonstrated that RORα
may modulate pro‑inflammatory gene expression in atheroscle‑
rosis (19). Researchers have also reported that RORα suppresses
the expression of cyclooxygenase‑2, IL‑6 and IL‑8 induced by
TNF‑α in vascular smooth muscle cells (20). In addition, RORα
expression levels in atherosclerotic plaques are suppressed
compared with those in healthy controls (21). Consistent with
the aforementioned evidence, the present paper revealed that
low shear stress could suppress the expression of RORα and that
the STAT‑3 signalling pathway may be associated with RORα.
Both RORα and STAT‑3 are notable molecules involved in the
regulation of inflammatory processes in atherosclerosis. The
present paper demonstrated that RORα negatively regulated
STAT‑3 and further decreased the expression levels of the target
molecules of STAT‑3.
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Figure 4. Melatonin ameliorates the dysfunction of ECs through RORα. (A) Representative fluorescent images. (B) Mean grey value of ICAM‑1 in ECs. (C) NO
release of ECs. *P<0.05. LSS, low shear stress; Mel, melatonin; ICAM‑1, intercellular adhesion molecule 1; ECs, endothelial cells; NO, nitric oxide; si, small
interfering; RORα, retinoid‑related orphan receptor α.

The regulation of biological development involves the
regulation of transcription factors, non‑coding RNA, DNA
modification and other multi‑level regulation mechanisms, in
which transcription factors and miRNAs are closely associ‑
ated in the regulatory network (22). The expression levels of
miRNAs are regulated by complex transcription factors, and
the expression of transcription factors themselves are regu‑
lated by miRNAs (23). Previous research has mainly focused
on the expression of miRNAs in the regulation of melatonin.

For instance, Zhang et al (24) demonstrated that melatonin
could suppress long non‑coding RNA maternally expressed‑3
expression, and by doing so, increase miR‑223 expression to
prevent pyroptosis in atherosclerosis via competing endoge‑
nous RNA theory. This study mainly explores the relationship
between melatonin and non‑coding RNA. However, a few
associated studies have researched the effect of melatonin on
upstream transcriptional regulation of miRNAs (25‑28). The
present study revealed a novel mechanism by which melatonin
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Figure 5. RORα mediates the transcription of miR‑223 in ECs. (A) Depiction of the oligonucleotides sequence of transcription factor binding site. The height
measured by bits of each letter is proportional to the frequency of occurrence of the corresponding bases at this position. (B) Upper: Schematic representation
of the RORα binding site in miR‑223 promoter presented as red boxes. Putative RORα binding site located at ‑2280 to ‑2271 and ‑1110 to ‑1101 bp upstream of
the transcription initiation site in the hsa‑miR‑223 promoter. Lower: Luciferase activity of RORα bound to ‑2280 to ‑2271 site was increased compared with
that bound to the ‑1110 to ‑1101 site, indicating that RORα could bind to the promoter region of miR‑223 at ‑2280 to ‑2271 bp. (C) RORα protein levels in ECs.
(D) Relative mRNA expression level of RORα in ECs. (E) Relative expression of miR‑223 in ECs. *P<0.05. pcDNA‑RORα, pcDNA 3.0 plasmid expressing full
length human RORα gene; RORα, retinoid‑related orphan receptor α; ECs, endothelial cells; miR, microRNA; Luc, luciferase.

Figure 6. Melatonin exhibits a protective effect via the miR‑223/STAT‑3 signalling pathway. Relative (A) protein and (B) mRNA expression of STAT‑3 in ECs
transfected with miR‑223 mimics and NC. Relative (C) protein and (D) mRNA expression levels of caspase‑1 and GSDMD‑N of ECs co‑transfected with
the miR‑223 inhibitor and siSTAT‑3. (E) Concentration of IL‑1β and IL‑18 of ECs. *P<0.05. GSDMD‑N, gasdermin D N‑terminal domain; miR, microRNA;
STAT‑3, signal transducer and activator of transcription 3; ECs, endothelial cells; NC, negative control; si, small interfering.
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Figure 7. Melatonin ameliorates the dysfunction of ECs via the miR‑223/STAT‑3 signalling pathway. (A) Representative fluorescent images. (B) Mean grey
value of ICAM‑1 in ECs co‑transfected with STAT‑3 and the miR‑223 inhibitor. (C) NO release of ECs co‑transfected with STAT‑3 and the miR‑223 inhibitor.
*
P<0.05. ICAM‑1, intercellular adhesion molecule 1; miR, microRNA; NC, negative control; si, small interfering; STAT‑3, signal transducer and activator of
transcription 3; ECs, endothelial cells; LSS, low shear stress.

regulated miRNA transcription in cardiovascular disease,
and this regulation was dependent on the RORα pathway.
Overexpression of RORα in ECs induced the expression of
miR‑223. In previous years, research has indicated that the
abnormal expression of RORα can cause atherosclerosis (29).
Wang et al (30) demonstrated that 7‑oxysterol, an inverse
agonist of RORα, inhibits its transcriptional activity and

reduces the anti‑atherosclerotic effects of RORα. Together
with these findings, the present study provided novel ideas
about how to prevent atherosclerosis with melatonin.
Cell death and inflammation play a pivotal role in the occur‑
rence and development of atherosclerosis (31). Pyroptosis is an
inflammatory form of cell death and is thought to be associ‑
ated with multiple cardiovascular diseases (32). Yin et al (33)
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demonstrated that hyperlipidaemia stimulates caspase‑1
activation and pyroptosis occurrence in ECs; in addition
to increasing adhesion molecule expression and triggering
monocyte adhesion to ECs. The present study demonstrated
that low shear stress also stimulated the development of
pyroptosis in ECs, which was consistent with the hypothesis
that low shear stress is pro‑atherosclerotic in cardiovascular
disease (34). A previous study has demonstrated that pyrop‑
tosis of ECs induced by low shear stress plays an important
role in the initiation and progression of atherosclerosis (35).
Furthermore, the present study revealed that down‑regulating
STAT‑3 expression was associated with a reduction in the
expression of pyroptosis‑related proteins, whereas exposure to
a miR‑223 inhibitor counteracted these effects. These findings
indicated that the miR‑223/STAT‑3 signalling pathway plays a
notable role in the regulation of pyroptosis in ECs.
ICAM‑1 is an important glycoprotein molecule. Injured
ECs exhibit increased ICAM‑1 expression compared with
healthy ECs, and atherosclerotic lesion areas also exhibit
increased ICAM‑1 expression (36). Elevated levels of adhesion
molecules are associated with the severity of acute coronary
syndrome (37). A number of studies have also demonstrated
that the type, exposure time and magnitude of shear stress
affects ICAM‑1 expression (38‑40). Acute exercise may
increase cardiac ICAM‑1 expression accompanied by a
significant increase in inflammatory mediators (41). Melatonin
administration reverses this effect, suggesting its protective
effect against cardiac damage induced by exercise (42). A
number of molecules can regulate the expression of ICAM‑1 at
the transcriptional level (43). The present study also indicated
that ICAM‑1 expression was induced by low shear stress and
that melatonin reversed this effect. A previous study indicated
that the STAT‑3 signalling pathway plays an important role
in the regulation of ICAM‑1 (44). The results of the current
paper further validated that silencing of STAT‑3 expression
suppressed the expression of ICAM‑1, whereas exposure to
amiR‑223 inhibitor increased ICAM‑1 expression. Therefore,
the present study provided evidence that the miR‑223/STAT‑3
signalling pathway was involved in the regulation of ICAM‑1
in ECs treated with melatonin.
There are also some limitations in the current study. First,
the present paper did not include a high shear stress treatment
group. According to the relevant references, low shear stress is
pro‑atherosclerotic factor, whereas high shear stress inhibits
atherosclerosis (45‑48). Future studies should include a high
shear stress group to certify that melatonin could inhibit
pyroptosis in ECs under multiple types of shear stress via a
RORα‑dependant manner. Secondly, the present study did not
compare the effect of different concentration of melatonin on
ECs dysfunction. In the future, the effect of different concen‑
tration of melatonin on pyroptosis in ECs treated with shear
stress will be examined.
In conclusion, the results of the current study demonstrated
that melatonin exerted its protective effect via RORα in ECs
exposed to low shear stress. Melatonin decreased pyroptosis
and ICAM‑1expression and increased NO bioavailability. The
present study also indicated that the RORα/miR‑223/STAT‑3
signalling pathway may represent a promising therapeutic
target in atherosclerotic disease. However, considering that the
pathophysiology of atherosclerosis and the effects of melatonin

are extremely complicated, further studies are needed to
demonstrate the mechanism of melatonin in atherosclerosis.
The present paper provided a novel therapeutic approach and
insights into atherosclerosis.
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