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Abstract

Obijectives: Melatonin has been reported to be an appropriate candidate for mitigating
various cardiovascular injuries, owing to its versatility. This study aimed to explore the
role of melatonin in Kawasaki disease (KD)-associated vasculitis and its underlying
mechanisms.

Material and Methods: The role of melatonin was evaluated in human coronary
artery endothelial cells (HCAECs), peripheral blood mononuclear cells from KD
patients, human THP1 cell line in vitro, and a Candida albicans water-soluble frac-
tion (CAWS)-induced KD mouse model in vivo. Cell proliferation assay, cell apopto-
sis assay, cell co-culture, RNA extraction, RNA sequencing, reverse transcription
quantitative PCR, enzyme-linked immunosorbent assay (ELISA), transwell assay,
western blot, dual-luciferase reporter assay, and autophagic flux assay were per-
formed to investigate the function and regulatory mechanisms of melatonin
in vitro, while haematoxylin and eosin staining, Verhoeff's van Gieson staining,
ELISA, and immunohistochemical analysis were performed to detect the effect of
melatonin in vivo.

Results: Melatonin suppressed cell apoptosis directly reduced the expression of
endothelial cell damage markers in HCAECs, and alleviated vasculitis in the CAWS-
induced KD mouse model. Mechanistically, melatonin promoted autophagy by acti-
vating the melatonin/ melatonin receptor (MT)/cAMP-response element binding pro-
tein (CREB) pathway and upregulating the expression of autophagy-related gene-3,
thereby suppressing cell apoptosis in an autophagy-dependent manner. Additionally,
melatonin decreased the production of pro-inflammatory cytokines in macrophages
and indirectly reduced the immunopathological damage of HCAECs.

Conclusions: This study revealed that melatonin protects vascular endothelial cells in
KD, by suppressing cell apoptosis in an autophagy-dependent manner and reducing

the immunopathological damage mediated by macrophages.
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1 | INTRODUCTION

Kawasaki disease (KD) is one of the most common childhood vasculi-
tis that predominantly affects children younger than 5 years of age,
and is the leading cause of childhood-acquired heart disease in devel-
oped countries.*™ Coronary artery aneurysms (CAAs) are one of the
most lethal complications of KD. Despite four decades of investiga-
tion, the cause and pathogenesis of KD remain unclear, and current
evidence suggests that genetics, inflammation, and autoimmunity may
be responsible for the occurrence of the disease.” Although timely
treatment with intravenous immunoglobulin (IVIG), which is regarded
as the mainstay therapy, has been shown to reduce the incidence of
CAA/ a considerable number of patients do not respond to IVIG ther-
apy, which places them at an increased risk of coronary complica-
tions.” In addition, other approaches, including a second round of
IVIG, glucocorticoid steroids,® infliximab, etc., have also not been
found to substantially reduce the residual risk of CAA.® Therefore,
there is an urgent need to explore additional therapies to reduce the
incidence of CAA in KD, and to alleviate the burden of the disease.

Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous
chemical hormone that is mainly synthesized in the pineal gland and
released into the circulation following a circadian rhythm. Melatonin
functions in diverse ways and presents a wide spectrum of physiologi-
cal and pathophysiological effects, such as regulation of circadian
rhythms,” immune regulation,*° antioxidant,* and prevention of can-
cer metastasis.’?> Generally, melatonin functions by binding to the G
protein-coupled receptors (GPCRs) MT1 and MT2 (melatonin receptor
1 and 2), both of which are expressed in almost all nucleate cells.’®
GPCRs play an important pathophysiological role in the occurrence
and development of diseases through their interaction with down-
stream signal transduction molecules. Melatonin has been reported to
protect against cardiovascular disease-mediated myocardial damage,
including ischemia/reperfusion,'* atherosclerosis,'®> hypertension,¢”
and thoracic aortic aneurysm and dissection.'* However, the role of
melatonin in KD remains unclear.

Autophagy is an essential process for degrading misfolded pro-
teins or damaged organelles, to maintain cellular homeostasis.*® With
the help of a series of dynamic membrane-rearrangement reactions
mediated by autophagy-related gene (ATG) products,*® unnecessary
cellular components, including misfolded proteins, damaged organ-
elles, and invading pathogens, are delivered to the lysosome by
double-membraned vesicles called autophagosomes, for degrada-
tion.?” Accumulating evidence suggests that increased autophagy
attenuates vasculitis in various cardiovascular diseases.?>?? Intrigu-
ingly, studies have shown that some existing modality therapies may
attenuate KD via the induction of autophagy. Huang et al. demon-
strated that the mRNA levels of autophagy markers including
microtubule-associated protein 1 light chain (LC)3B, BECLIN1, and
ATG16L1 were downregulated in the white blood cells of children
with KD, but these increased significantly after IVIG therapy.??
Another study showed that resveratrol may improve the inflammatory

response of coronary arteries in KD, by exerting anti-inflammatory

effects on human coronary artery endothelial cells (HCAECs), via
induction of autophagy.?®

Apoptosis is the predominant form of programmed cell death.
Physiological apoptosis aids in maintaining cellular homeostasis,
whereas pathological apoptosis leads to diseases. Autophagy and apo-
ptosis control the turnover of cellular proteins and organelles, and the
two are generally negatively correlated. Autophagy promotes cell sur-
vival and blocks apoptosis. However, autophagy has also been
reported to promote apoptosis in some specific conditions, such as
tumours.2*2> Autophagy and apoptosis interact with each other by
sharing some proteins, such as the Beclin1/B-cell lymphoma-2 (Bcl-2)
complex. Beclin 1 is an essential protein that regulates autophagy by
interacting with the anti-apoptotic protein Bcl-2.252% Apoptosis cau-
sed by excessive immune activation and oxidative stress leads to vas-

cular injury in KD patiens,?”28

while autophagy has been shown to
protect endothelial cells by attenuating inflammation in a KD mouse
model.2! Nevertheless, the role of the interaction between endothelial
cell autophagy and apoptosis in the pathogenesis of KD remains
uncertain.

Considering the protective roles of melatonin and autophagy in a
series of cardiovascular and autoimmunity diseases,?’ in the present
study, we aimed to investigate the function of melatonin in the vascu-
litis of KD and determine whether the underlying mechanism is

autophagy-dependent.

2 | MATERIAL AND METHODS

2.1 | Human subjects

A total of 16 patients diagnosed with KD (10 boys and 6 girls; mean
age = 2.9 years) were recruited between July 2020 and October
2020, from the Cardiovascular Center of Children's Hospital of Fudan
University, Shanghai, China. KD diagnosis was based on the guidelines
released by the American Heart Association® and the Japanese Circu-
lation Society.2°3! The flow chart of KD patient selection process is
shown in Figure S1. Peripheral blood mononuclear cells (PBMCs) from
these patients were isolated using Ficoll-Paque density gradient solu-
tion (GE Healthcare, USA). Briefly, peripheral blood was centrifuged at
400 g for 10 min, to separate the supernatant serum, while the
sedimented blood cells were mixed with phosphate-buffered saline
(PBS) and overlaid on top of Ficoll. Post centrifugation at 400 g for
30 min, the PBMCs were aspirated from the intermediate interface.
The cell pellet was washed twice with PBS, and the CD14" cells
obtained from the PBMCs were sorted using a magnetic cell sorting
system (Miltenyi Biotec, Germany) and then cultured in Roswell Park
Memorial Institute (RPMI)-1640 medium (Gibco, USA) containing 10%
fetal bovine serum (FBS; Gibco), 1% penicillin/streptomycin (Gibco),
and 10 ng/ml recombinant human macrophage colony-stimulating
factor-1 (rhM-CSF, R&D Systems, USA) for 7 days, to generate the
macrophages. The macrophages were then stimulated with 100 ng/ml

lipopolysaccharide (LPS, Sigma-Aldrich, USA) or 20 ng/ml recombinant
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human tumour necrosis factor-o (TNF-a, R&D Systems), with or with-
out 0.5 mM melatonin (Sigma-Aldrich) pre-treatment.

Written informed consent was obtained from all the participants.
The study was approved by the Research Ethics Board of the Chil-
dren's Hospital of Fudan University (IRB protocol number: 2019-328).
The inclusion criteria for KD patients in this study were as follows:
(i) fulfilled the diagnostic criteria of the guidelines released by the

3031 and American Heart Association®;

Japanese Circulation Society
(ii) were in the timeframe of within 5-10 days of illness and had not
yet been treated with IVIG, aspirin, steroids, or immunosuppressive
drugs; and (iii) the patients and their guardians voluntarily participated
in this study and signed the informed consent form. The exclusion
criteria for KD patients in this study were as follows: (i) did not fulfil
the inclusion criteria; (i) had a previous history of KD; (iii) had severe
concomitant medical disorders; and (iv) did not have samples available
for collection. Blood samples were collected on the day of admission
prior to the administration of IVIG, aspirin, steroids, or immunosup-
pressive drugs. The general patient information is listed in Table S1.
The time of sample collection, treatment, and representative labora-
tory data before IVIG treatment are shown in Table S2. The urinary

levels of 6-sulfatoxymelatonin in the patients are shown in Table S3.

2.2 | Cell culture, stimulation, and transfection
HCAECs were purchased from ScienCell Research Laboratories (USA)
and cultured in flasks coated with fibronectin (2 pg/cmz), in a humidi-
fied atmosphere containing 5% CO, at 37°C. The medium was an
endothelial cell medium (ECM, ScienCell) containing 1% endothelial
cell growth supplement, 5% FBS, and 1% penicillin/streptomycin. To
investigate the effect of melatonin, the cells were incubated in ECM
containing 0.5 mM melatonin for 6 h, and then stimulated with
20 ng/ml TNF-a for different time points. Transient transfections of
small interfering RNAs (siRNAs; GenePharma, China) were performed
using Lipofectamine® RNAIMAX reagent (Invitrogen, USA), while
those of plasmids were performed using Lipofectamine® 2000
(Invitrogen), according to standard procedures. The sequences of the
siRNAs are listed in Table S4.

The human THP1 cell line was obtained from American Type Cul-
ture Collection (USA) and maintained in RPMI-1640 medium with
inactivated 10% FBS and 1% penicillin-streptomycin. THP1 cells were
induced into macrophages with 200 ng/ml phorbol 12-myristate
13-acetate (Sigma-Aldrich) for 48 h. LPS (100 ng/ml) or TNF-«
(20 ng/ml) was then used to induce macrophage activation, with or

without 0.5 mM melatonin (Sigma-Aldrich) pre-treatment.

2.3 | Co-culture of HCAECs and THP1 cells

After stimulation with LPS (100 ng/ml), the culture supernatant of the
THP1-derived macrophages, with or without melatonin pre-treat-
ment, was collected and centrifuged for 30 min at 3000 rpm, 4°C, to

remove the cell debris. After HCAECs were seeded into 6-well or

96-well cell culture plates for 24 h, the ECM medium was replaced
with a mixed conditional medium containing a 3:1 volume ratio of
ECM to THP1 culture supernatant. Cell proliferation and apoptosis

were detected at the designated time-points.

24 | Cell proliferation assay

Cell proliferation was detected using the Cell Counting Kit-8 (CCK8)
Assay Kit (Dojindo, Japan), according to the manufacturer's instructions.
Briefly, HCAECs were seeded into 96-well plates at a density of 2000
cells/well. After the corresponding treatment, cell viability was detected
at the designated time-points (0, 24, 48, and 72 h), by adding 10 pl
CCKS8 solution to the cells and incubating for 2 h at 37°C. The absor-

bance at 450 nm was measured using a microplate reader (BioTek, USA).

2.5 | Cell apoptosis assay

Apoptosis was examined using an Annexin V- fluorescein isothiocyanate
(FITC)/propidium iodide (Pl) double-staining kit (BD Biosciences, USA),
following the manufacturer's protocol. HCAECs were cultured into
6-well plates (2 x 10° cells/well) for 48 h. After melatonin and TNF-o
treatment, the cells were digested with ethylenediaminetetraacetic acid
(EDTA)-free trypsin. Next, the cells were stained with FITC and PI, and
subjected to flow cytometry using FACSCanto™ Il (BD Biosciences).
The data were analysed using FlowJo V10 software (Tree Star, USA).

2.6 | RNA extraction and reverse transcription
quantitative PCR (RT-qPCR)

Total RNA was extracted from the cells using TRIzol® reagent
(Invitrogen) and reverse transcribed into complementary DNA (cDNA)
using the PrimeScript RT Reagent Kit (Takara Bio, Japan), according to
the manufacturer's instructions. To quantify mRNA expression, cDNA
was amplified using gPCR with the SYBR® Premix Ex Taq™ RT-PCR
Kit (Takara Bio) on a Roche 480 Real Time PCR System (Roche,
Switzerland). B-actin was used as an internal reference, and the rela-
tive expression was calculated using the 2722T method. The primer

sequences used in this study are provided in Table S5.

2.7 | Transwell assay

THP1-derived macrophages were added to the top chamber of polycar-
bonate Transwells (Corning, USA), while HCAECs (pre-treated with or
without 0.5 mM melatonin) were seeded in the bottom chamber and
stimulated with 20 ng/ml TNF-a. After co-culturing for 24 h in a 5%
CO,-containing atmosphere at 37°C, the macrophages on the upper
membrane surface were wiped gently with cotton swabs and washed
with cold PBS. Cells on the underside of the membrane were fixed with

4% paraformaldehyde and stained with Crystal Violet. Next, the number
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of migrated macrophages on the membrane underside was counted

using a microscope (Leica, Germany), in five random fields.

2.8 | Western blot

Proteins from cells lysed in radioimmunoprecipitation assay buffer con-
taining protease inhibitors were quantified using a bicinchoninic acid
protein assay kit (Beyotime, China) and then denatured at 100°C for
10 min. Proteins (15 pg/lane) were separated using sodium dodecyl
(SDS-PAGE).
caspase-9, Bcl-2, B-actin, protein kinase B (AKT), phosphorylated AKT
(p-AKT), and p6é62 were separated using 10% SDS-PAGE; cleaved
caspase-3, LC3-l, and LC3-Il were separated using 12% SDS-PAGE;
mammalian target of rapamycin (mTOR) and phosphorylated mTOR (p-

sulfate-polyacrylamide gel electrophoresis Cleaved

mTOR) proteins were separated using 8% SDS-PAGE. The proteins
were then transferred onto polyvinylidene difluoride membranes (Bio-
Rad, USA), and blocked with 5% bovine serum albumin (BSA, Bio-Rad)
in Tris-buffered saline (TBS, Bio-Rad) with 0.1% Tween-20 (Sigma-
Aldrich). The membranes were incubated with primary antibodies
against LC3-1l/1, p62, AKT, p-AKT, mTOR, p-mTOR, cleaved caspase-9,
cleaved caspase-3, Bcl-2 (1:1000, Cell Signalling Technology, USA), and
B-actin (1:1000, Cell Signalling Technology) diluted in blocking buffer at
4°C overnight. After three washes with TBS containing 0.1% Tween-20,
the membranes were incubated with horseradish peroxidase-conjugated
secondary antibodies (1:2000, ProteinTech, USA) for 1 h at room tem-
perature. An enhanced chemiluminescent western blotting substrate kit
(Thermo Fisher Scientific, USA) was used for detection. The signals were
imaged with a ChemiDoc™ XRS+ Imager (Bio-Rad). The expression level

of p-actin served as an internal control for protein loading.

29 | Enzyme-linked immunosorbent assay (ELISA)

TNF-a and interleukin (IL)-6 levels in mouse serum were measured using
mouse TNF-a and IL-6 ELISA kits (MultiSciences, China). IL-6 levels in
the cultured supernatants of HCAECs and THP1-derived macrophages
were detected using a Human IL-6 ELISA Kit (R&D Systems). The mela-
tonin metabolite 6-sulfatoxymelatonin in the urine of mice was mea-
sured using a Melatonin-Sulfate Urine ELISA kit (IBL, Germany).
Melatonin metabolite 6-sulfatoxymelatonin in the urine of KD patients
was also measured using a Melatonin-Sulfate Urine ELISA kit (IBL). All

assays were performed according to the manufacturer's instructions.

2.10 | Autophagic flux assay

For the kinetics of autophagic flux, HCAECs were infected with an
adenoviral vector expressing monomeric red fluorescent protein
(mRFP)-green fluorescent protein (GFP)-LC3 (HanBio Technology,
China), according to the manufacturer's instructions. After the
corresponding treatment, the cells were washed with PBS, fixed with

4% paraformaldehyde, sealed with 4/,6-Diamidine-2'-phenylindole

dihydrochloride (DAPI) (Biotime, China), and viewed under a fluores-
cence microscope (Eclipse E800, Nikon, Japan). The number of GFP
and mRFP dots was determined by manually counting the fluorescent
puncta in five fields from three different cell preparations, in a 40x
visual field. The nuclear number was evaluated by counting the num-
ber of DAPI-stained nuclei in the same field. The average number of
dots per cell was obtained by dividing the total number of dots by the

number of nuclei in each microscopic field.

211 | RNA sequencing (RNA-seq)

HCAECs stimulated with TNF-a (20 ng/ml), with or without melatonin
(0.5 mM) pre-treatment, were prepared for RNA-seq (Sinotech Geno-
mics, China). RNA extraction was performed, followed by the assess-
ment of integrity using an Agilent Bioanalyzer 2100 (Agilent
Technologies, USA), and measurement of the concentration and purity
using a Qubit® 3.0 Fluorometer (Life Technologies, USA) and
NanoDrop™ One spectrophotometer (Thermo Fisher Scientific). Next,
the samples were sequenced using next-generation sequencing on an
lllumina sequencing platform (Novaseq 6000, lllumina, USA). After
sequencing, the filtered high-quality sequences (clean data) filtered
from the original raw data were mapped to the Homo sapiens GRCh38
genome. Based on the mapped results, the expression level of each
gene was calculated, and the samples of the control and melatonin
groups were subjected to further analysis such as expression differ-
ence, enrichment, and cluster analysis. Genes with p < 0.05 and |fold
change| 2 2.0 were considered significantly differentially expressed.
The data referred to in this study have been deposited in Gene Expres-

sion Omnibus database, with the accession number GSE183359.

212 | Plasmid construction

The full-length cAMP-response element binding protein (CREB) cod-
ing DNA sequence (CDS) was inserted into the blank pCMV-C-Flag
plasmid at Hindlll and Xbal restriction sites, to construct the CREB-
CDS vector. The ATG3 promoter sequence containing CERB binding
sites was inserted into the pGL3-basic plasmid at Nhel and Xhol
restriction sites, to generate the ATG3-promoter plasmid. The pRL-Tk
Renilla plasmid was purchased from Tsingke Biological (China). The
primer pairs for the amplification of full-length CREB and ATG3 pro-

moters are provided in Table Sé.

2.13 | Dual-luciferase reporter assay

293 T cells were seeded into 96-well plates, followed by
co-transfection of CREB-CDS, ATG3-promoter, and Renilla plasmids
using Lipofectamine™ 2000 transfection reagent, according to the
manufacturer's protocol. After 48 h, the luciferase activity in the cells
was analysed using the Dual-Luciferase®

(Promega, USA).

Reporter Assay System
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214 | Preparation of Candida albicans water-
soluble fraction (CAWS)

CAWS was prepared from C. albicans strain NBRC1358 (NITE Biologi-
cal Resource Center, Japan), as previously described.>?” Briefly,
C. albicans was cultured in C-limiting medium at 400 rpm, 27°C, for

48 h. Following culture, an equal volume of ethanol was added, and
the mixture was incubated overnight. The precipitate was then col-
lected, dissolved in 250 ml of distilled water, and an equal volume of
ethanol was added to it. This mixture was left to stand overnight, fol-
lowing which the precipitate was collected and dried with acetone to
obtain CAWS.
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215 | CAWS-induced KD mouse model and
animal grouping

All experimental procedures were approved by the Local Ethics Com-
mittee of the Children's Hospital of Fudan University, and all animals
received humane care, according to the Guidelines for Ethical Care of
Experimental Animals of Children's Hospital of Fudan University.
C57BL/6 wild-type mice (4 weeks of age, male) were purchased from
SLAC Laboratory Animal Co. Ltd. (China) and maintained in a specific
pathogen-free room at 22 + 2°C, with automatic light cycles (12/12 h
light/darkness) and 50% humidity.

The mice were divided into three equal experimental groups
(16 mice/group). Mice in the PBS group were intraperitoneally (i.p.)
injected with 0.1 ml PBS for 30 days, from day —2; mice in the CAWS
group received an i.p. dose of 8 mg CAWS daily, for 5 consecutive
days, from day O; and mice in the CAWS+melatonin group received
8 mg i.p. CAWS, daily for 5 consecutive days, from day 0, as well as, i.
p melatonin for 30 days, from day —2. Melatonin (dissolved in abso-
lute ethanol and diluted with PBS before use) was administered at a
dose of 40 mg/kg/day. Mice (n = 8) in each group were anaesthetized
and sacrificed on days 14 and 28, following which their blood samples
were collected. The serum samples were separated by means of cen-
trifugation at 2000 rpm for 10 min, and then stored at —80°C until
analysis. Part of the heart and abdominal aorta tissues were isolated
and immediately frozen in liquid nitrogen until required for molecular
biology experiments, while the rest were fixed with 4% paraformalde-
hyde for pathological examination.

For the construction of the Atg3-knockdown mouse model,
C57BL/6 wild-type mice (4 weeks of age, male) were infected with
a lentivirus vector carrying short hairpin RNA (shRNA; GenePharma),
according to the manufacturer's instructions. Mice in the si-Atg3+-
CAWS-+melatonin group received 5 x 107 transducing units (TU) of
si-Atg3 lentivirus by means tail intravenous injection on day -3,
followed by 8 mgi.p. CAWS, for 5 consecutive days, from day O, as
well as, i.p. melatonin, for 30 days, from day —2. Meanwhile, mice in
the negative control group (si-NC+CAWS+melatonin) received
5 x 107 TU of negative control lentivirus, with the administration of
CAWS and melatonin being the same as that in the si-Atg3+-
CAWS-+melatonin group. The sequences of shRNAs carried by the
lentivirus are listed in Table S7.

216 | Histological analysis

The fixed hearts and abdominal aortas were embedded in paraffin and
sectioned. Step sections in the horizontal direction were made every
10 pm, to observe the histological changes in the coronary artery, aor-
tic root, and abdominal aorta in detail. Haematoxylin and eosin (H&E)
staining was performed to observe the inflammatory changes, by
means of light microscopy. Verhoeff's van Gieson (EVG) staining was
used to investigate the vascular architecture. Immunohistochemical
analysis was performed to detect the expression level of Bcl-2 using
an anti-mouse Bcl-2 antibody (1:200, Cell Signalling Technology). The
stained sections were photographed under a light microscope (Leica).

217 | Statistical analysis

All experiments were repeated at least three times to guarantee
robust and unbiased results. Continuous variables are presented as
mean * standard deviation. Comparisons between two groups were
performed using the two-tailed Student's t-test, while multi-group
comparisons were carried out using one-way analysis of variance. Sta-
tistical significance was set at p < 0.05; *p < 0.05, **p < 0.01, and
***p < 0.001. Statistical analyses were performed using SPSS version
19.0 (International Business Machines Corporation, USA), and data
were visualized using Prism software version 9.0 (GraphPad Soft-
ware, USA).

3 | RESULTS
3.1 | Melatonin alleviates CAWS-induced KD-like
vasculitis in mice

Melatonin has been reported to have a protective effect on the vascu-
lar endothelium, and we hypothesized that it can also alleviate vasculi-
tis in KD. To investigate the effect of melatonin on KD-related
vasculitis, we first constructed a CAWS-induced vasculitis mouse
model that resembles the typical vascular pathology of KD, as
manifested by fever, weight loss, vascular inflammation, and

5,32,33

splenomegaly, and then treated the mice with melatonin or PBS,

FIGURE 1

Melatonin alleviates CAWS-induced KD-like vasculitis in mice. (A) Modelling timeline of the mouse model. C57BL/6 mice in the

CAWS group received i.p. injection of 8 mg CAWS for five consecutive days, while mice in the CAWS-+Mel group received i.p. injection of 8 mg
CAWS for five consecutive days and that of melatonin (40 mg/kg) for 30 days, and mice in the PBS group received were i.p. injection of 0.1 ml
PBS at the same time. (B) Concentration of melatonin metabolite 6-sulfatoxymelatonin in mice urine, as analysed using ELISA. (C) Mean daily
rectal temperature change and (D) mean daily body weight change of mice in the three groups. (E) Histopathological changes in the abdominal
aorta were examined using H&E staining, and representative images of the abdominal aorta cut on a transverse plane are shown. Scale bar:

200 pm. (F) Representative H&E images of the aortic root and coronary arteries cut on a transverse plane. Scale bar of the upper pictures is

200 pm and that of the lower pictures is 50 pm. (G) Representative images of the mice spleens on day 28. (H) Spleen weights, body weights, and
the ratio of the two on day 28. (I) Representative images of Verhoeff's van Gieson staining of the aortic root on day 28, where arrows indicate the
vascular elastic fibre. Scale bar: 100 um. (J) Serum TNF-a and IL-6 concentrations of the mice on day 14, as analysed using ELISA. Data are
presented as mean + SEM of three independent experiments. **p < 0.01, ***p < 0.001; ns, not significant. CA, coronary artery; Ao, aorta; CAWS,
Candida albicans water-soluble fraction; Mel, melatonin; PBS, phosphate-buffered saline
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FIGURE 2 Melatonin inhibits vascular endothelial cell apoptosis. (A) Cell proliferation of HCAECs, as assessed using CCK-8 assay; the Mel+
group received 0.5 mM melatonin pre-treatment for é h, while the Mel- group did not. (B) After pre-treatment with or without 0.5 mM melatonin
for 6 h, the HCAECs were cultured in ECM with H,0,, to induce cell apoptosis, following which apoptosis was analysed by means of Annexin V-
FITC/PI double-staining and flow cytometry. (C) Mel+ group was pre-treated with 0.5 mM melatonin for 6 h, following which both the groups
were stimulated with 20 ng/ml TNF-a for 12 h and relative mRNA expression levels of endothelial cell damage markers, including MMP-9, E-
selectin, ICAM-1, and VCAM-1 were detected using RT-gPCR. (D) ELISA assay of the protein level of IL-6 in cell culture supernatants of HCAECs.
(E) The Mel+ group was pre-treated with 0.5 mM melatonin for 6 h, following which both the groups were stimulated with 20 ng/ml TNF-a for
12 h and relative mRNA expression levels of anti-apoptotic genes Bcl2 and FLIP were detected using RT-qPCR. (F) Immunohistochemical staining
of anti-apoptotic protein Bcl-2 in mice coronary arteries. Scale bar: 100 pm. (G) The levels of Bcl-2, cleaved-caspase-3, and cleaved-caspase-9 in
HCAECs stimulated with TNF-a, with or without melatonin pre-treatment, were quantified using western blot. Data are presented as mean

+ SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant. Bcl-2, B-cell ymphoma-2; CCK, cell counting kit; ECM, endothelial cell medium;
FITC, fluorescein isothiocyanate; HCAEC, human coronary artery endothelial cell; ICAM-1, intercellular cell adhesion molecule-1; Mel, melatonin;
MMP-9, matrix metalloproteinase 9; PI, propidium iodide; PLIP, FLICE inhibitory protein; TNF-a, tumour necrosis alpha; VCAM-1, vascular cell
adhesion molecule-1
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according to the modelling timeline (Figure 1A). The results showed
that the melatonin metabolite 6-sulfatoxymelatonin in the urine of
mice in the melatonin-treated group was significantly higher than that
in the other groups (Figure 1B). Melatonin treatment significantly
relieved CAWS-induced fever and weight loss, as compared to PBS
treatment (Figure 1C,D). Abdominal aortitis was alleviated after mela-
tonin treatment (Figure 1E). H&E staining showed that severe inflam-
matory cell infiltration was induced by CAWS around the aortic root
and coronary artery, which was significantly improved after melatonin
treatment (Figure 1F). An improvement in splenomegaly was also
observed after melatonin treatment (Figure 1G,H). EVG staining
showed that the vascular elastic fibre injury of the aortic root was
improved in the melatonin group (Figure 1l). In addition, ELISA assay
showed remarkably decreased serum levels of TNF-a and IL-6 in the
melatonin group, as compared to those in the CAWS group
(Figure 1J).

3.2 | Melatonin inhibits vascular endothelial cell
apoptosis

Next, we investigated whether melatonin plays a direct role in
protecting vascular endothelial cells. To answer this question, we per-
formed proliferation and apoptosis assays on HCAECs, with or with-
out melatonin treatment. Subsequent results showed that cell
proliferation was robustly promoted (Figure 2A), while apoptosis was
significantly inhibited (Figure 2B) upon melatonin treatment. Vascular
endothelial cell damage was also inhibited by melatonin, manifested
as significantly decreased mRNA levels of endothelial cell damage
markers, including matrix metalloproteinase 9 (MMP-9), E-selectin,
intercellular cell adhesion molecule-1 (ICAM-1), and vascular cell adhe-
sion molecule-1 (VCAM-1) (Figure 2C). ELISA revealed a significant
reduction in the protein level of IL-6 in the cell culture supernatant of
HCAECs (Figure 2D). In addition, the mRNA levels of anti-apoptotic
genes, including BCL2 and FLICE inhibitory protein (FLIP), were signifi-
cantly increased after melatonin treatment (Figure 2E). Immunohisto-
chemical staining showed that the anti-apoptotic protein Bcl2 was
significantly reduced in the vascular walls of CAWS-treated mice, but
was remarkably elevated after the administration of melatonin
(Figure 2F). Consistently, western blot showed that the expression of
Bcl-2 increased, while those of the pro-apoptotic proteins, including
cleaved-caspase-3 and cleaved-caspase-9, decreased after melatonin

treatment (Figure 2G). Collectively, these results suggested that mela-

tonin can inhibit vascular endothelial cell apoptosis.

3.3 | Melatonin promotes autophagy via the
phosphatidylinositol-3-kinase (PI3K)/AKT/mTOR
signalling pathway in HCAECs

To explore the mechanism and target of melatonin's protective effect
on HCAECs, we performed RNA-seq on TNF-a-stimulated HCAECs,
with or without melatonin pre-treatment. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis revealed that differen-
tially expressed genes were mainly enriched in signalling pathways
related to inflammation, cytokine interaction, autophagy, and apopto-
sis (Figure 3A). Genes related to autophagy were remarkably
upregulated while those related to apoptosis and vascular endothelial
cell damage were downregulated after melatonin treatment
(Figure 3B). Among these differentially expressed genes, ATG3, an
autophagy-related gene, attracted our attention. We further verified
the sequencing data in HCAECs using RT-gPCR, and the results
showed that the expression of ATG3 was indeed upregulated after
melatonin treatment (Figure 3C). Western blot showed that TNF-
a-stimulated HCAECs with melatonin pre-treatment exhibited a sig-
nificant increase in the ratio of LC3-II/l, which is indicative of auto-
phagic activation, and a significant decrease in p62, whose expression
level is negatively correlated with autophagy (Figure 3D), indicating
that autolysosome formation was significantly increased in the mela-
tonin group. Moreover, to determine whether melatonin has a robust
autophagic flux-promoting effect on HCAECs under pathological con-
ditions, HCAECs were infected with an adenoviral vector expressing
mRFP-GFP-LC3, to detect the kinetics of autophagic flux. As
expected, a greater number of free red dots were seen in the melato-
nin group, while a greater number of merged yellow dots were seen in
the control group (Figure 3E), suggesting the activation of autophagic
flux after melatonin treatment. Furthermore, to understand the signal-
ling pathways involved in the regulation of autophagy by melatonin,
we investigated alterations in the PI3K/AKT/mTOR pathway, which is
negatively correlated with autophagy activation. Western blot showed
that melatonin treatment substantially reduced the levels of p-AKT
and p-mTOR (Figure 3F). Overall, these results support that melatonin
promotes autophagy by inhibiting the PISK/ATK/mTOR signalling
pathway in HCAECs.

FIGURE 3 Melatonin promotes autophagy via the PISK/ATK/mTOR signalling pathway in HCAECs. (A) KEGG analysis showing the enriched
pathways of the differentially expressed genes in HCAECs stimulated with TNF-a (20 ng/ml, 12 h), with or without melatonin pre-treatment

(0.5 mM, 6 h). (B) Genes related to autophagy were upregulated, while those related to apoptosis and vascular endothelial cell damage were
downregulated, after melatonin treatment. (C) Relative expression of ATG3 after melatonin (0.5 mM, 6 h) pre-treatment and TNF-a (20 ng/ml,

12 h) stimulation, as assessed using RT-qPCR. (D) The protein levels of LC3-II, LC3-1, and p62 were quantified using western blot. (E) HCAECs
were infected with an adenoviral vector expressing mRFP-GFP-LC3, and the kinetics of autophagic flux was detected using a fluorescence
microscope. (F) Western blot showing the protein levels of AKT, p-AKT, mTOR and p-mTOR in HCAECs stimulated with TNF-a (20 ng/ml), with
or without melatonin pre-treatment (0.5 mM, 6 h). Data are presented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant.
AKT, protein kinase B; ATG3, autophagy-related gene-3; GFP, green fluorescent protein; KEGG, Kyoto Encyclopedia of Genes and Genomes;
LC3, microtubule-associated protein 1 light chain 3; mRFP, monomeric red fluorescent protein; mTOR, mammalian target of rapamycin
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34 | MT/CREB/ATG3 pathway is responsible for
melatonin-repressed apoptosis in HCAECs, in an
autophagy-dependent manner

To explore the role of ATG3 in the protective effect of melatonin in
HCAECs, we first transfected cells with an siRNA to silence ATGS.
The CCK-8 assay showed a remarkable decrease in cell proliferation
(Figure 4A), while flow cytometry showed a significant increase in cell
apoptosis after ATG3 knockdown (Figure 4B). A notable increase in
endothelial cell damage markers, including MMP-9, E-selectin, VCAM-
1, and ICAM-1, was also observed after ATG3 knockdown (Figure 4C).
As expected, western blot demonstrated that the expression of Bcl-2
was remarkably reduced in the ATG3-knockdown group, as compared
to that in the control group (Figure 4D). To further confirm that mela-
tonin has a protective effect on HCAECs by regulating ATG3 expres-
sion, we performed following experiments. A subsequent autophagic
flux kinetics assay showed that the manifestation of more free red
dots in the melatonin group was offset in the ATG3-knockdown
group, which presented more merged yellow dots (Figures 4E and S2).
In addition, ATG3-knockdown counteracted the stimulatory effect of
melatonin on cell proliferation (Figure 4F), and the apoptosis-
inhibitory effect of melatonin disappeared after ATG3 knockdown
(Figure 4G). Generally, melatonin binds to its membrane receptors,
MT1 and MT2, and initiates downstream signal transduction. To
explore the signal transduction molecules that mediate the interaction
between MT and ATG3, we analysed the transcription factors related
to the GPCR pathway and predicted the transcription factors that can
bind to the promoter region of ATG3. CREB appeared to be a candi-
date. The upregulation of ATG3 gene expression by melatonin dis-
appeared in the presence of a CREB inhibitor (Figure 4H). To verify
the interaction between CREB and the ATG3 promoter, we con-
structed vectors containing the ATG3 promoter sequence with the
CREB binding site (Figure 4l). We then performed a luciferase assay
to confirm the interaction of CREB and ATG3 promoter, and the
results showed that the luciferase activity in the group co-transfected
with plasmids carrying CREB-CDS and ATG3 promoter sequences was
notably increased, compared to that in the group co-transfected with
vectors carrying CREB-CDS and a blank vector without the ATG3

promoter sequence (Figure 4J). Taken together, these findings indi-
cated that after melatonin binds to its receptors MT1/2, the transcrip-
tion factor CREB is initiated and it further upregulates the expression
of ATG3, which is responsible for melatonin-repressed apoptosis in

HCAEC s, in an autophagy-dependent manner.

3.5 | Atg3 deficiency blocks the protective effects
of melatonin in the KD mouse model

Next, to determine whether Atg3 is responsible for the protective
effect of melatonin in CAWS-induced KD vasculitis, we injected a len-
tivirus carrying shRNA into mice, to silence Atg3, and then adminis-
tered melatonin according to the modelling timeline (Figure 5A). Upon
injecting shRNA, there was a remarkable reduction in the Atg3 expres-
sion in the heart tissues of KD mice (Figure 5B). Mice showed more
severe fever and weight loss in the absence of Atg3 (Figure 5C,D).
The previously remitted abdominal aortitis reappeared after silencing
of Atg3 (Figure 5E). H&E staining showed that the severe inflamma-
tory cell infiltration around the aortic root and coronary artery that
was previously improved by melatonin treatment was observed again
after silencing of Atg3 (Figure 5F). Recurrence of splenomegaly was
also observed after silencing of Atg3 (Figure 5G,H). Immunohisto-
chemistry revealed that there was a decrease in the expression of
Bcl-2 in the cardiovascular tissues of KD mice in the Atg3-silenced
group (Figure 5I). ELISA showed that serum levels of TNF-a and IL-6
were elevated after silencing of Atg3 in KD mice (Figure 5J). Taken
together, these findings indicated that silencing of Atg3 blocked the

protective effects of melatonin in KD mice in vivo.

3.6 | Melatonin inhibits macrophage-mediated
immunopathological damage of vascular endothelial
cells in patients with KD

Given that KD-related vasculitis is a crosstalk between vascular
endothelial cells and immune cells, we questioned whether melato-

nin may also inhibit inflammatory responses mediated by immune

FIGURE 4 MT/CREB/ATG3 pathway is responsible for melatonin-repressed apoptosis in HCAECs, in an autophagy-dependent manner.

(A) Cell proliferation of HCAECs, with or without ATG3 knockdown, as assessed using CCK-8 assay. (B) Cell apoptosis of HCAECs, with or
without ATG3 knockdown, was examined by means of Annexin V-FITC/PI double-staining and flow cytometry. Cell percentages in the Q3 and
Q2 quadrants (indicating the fraction of apoptotic cells) were calculated, and are presented as histograms. (C) Relative expression of ATG3, MMP-
9, E-selectin, VCAM-1, and ICAM-1 after ATG3-knockdown in HCAECs, as analysed using RT-gPCR. (D) Western blot showing the expression of
Bcl-2 in ATG3-deficient HCAECs. (E) Kinetics of autophagic flux was detected using a fluorescence microscope, after the HCAECs were infected
with an adenoviral vector expressing mRFP-GFP-LC3. (F) Cell proliferation of HCAECs was assessed using CCK-8 assay. Mel, melatonin group
(melatonin, 0.5 mM, 6 h); si-ATG3-+Mel, melatonin treatment after silencing of ATG3; NC, negative control. (G) Cell apoptosis of HCAECs, as
assessed using flow cytometry. (H) Relative expression of ATG3 in the presence of CREB inhibitor, as analysed using RT-qPCR. BCL2 served as a
positive reference. (I) ATG3 promoter sequence with CREB binding site. (J) Luciferase activity of 293 T cells co-transfected with CREB-CDS vector
or vector carrying ATG3 promoter sequence, or co-transfected with CREB-CDS vector and blank vector without ATG3 promoter sequence. Data
are presented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant. ATG3, autophagy-related gene-3; CDS, coding
sequence; CREB, cAMP-response element binding protein; GFP, green fluorescent protein; ICAM-1, intercellular cell adhesion molecule-1;
MMP-9, matrix metalloproteinase 9; mRFP, monomeric red fluorescent protein; MT, melatonin receptor; VCAM-1, vascular cell adhesion

molecule-1
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cells in KD-related vasculitis. Previous studies have demonstrated
that during the pathogenesis of KD, macrophages can release
inflammatory cytokines to mediate damage to vascular endothelial
cells.323435 A recent single cell sequencing study revealed that
monocytes are the main source of differentially expressed genes,
and pro-inflammatory genes such as IL-18 and TNF-a are signifi-
cantly upregulated in PBMCs of KD patients, suggesting a pivotal
role of monocytes/macrophages in KD vasculitis.>® Therefore, we
investigated the effects of melatonin on macrophage-mediated
inflammation. Subsequent RT-gPCR results demonstrated remarkably
decreased mRNA levels of IL-6, IL-18, and TNF-a, in LPS-stimulated
human THP1-derived macrophages pre-treated with melatonin
(Figure 6A). Consistently, ELISA analysis showed a decreased protein
level of IL-6 in the culture supernatant of melatonin-treated THP1
cells (Figure 6B). TNF-a is the one of the leading cytokines mediat-
ing KD vasculitis, in order to better mimic the activation of macro-
phages in KD, we also investigated the anti-inflammatory role of
melatonin in TNF-a-stimulated human THP1-derived macrophages.
Consistent with previous results, subsequent RT-gPCR results dem-
onstrated remarkably decreased mRNA levels of IL-6, IL-18, and
TNF-a (Figure 6C). To consolidate our findings, we separated PBMCs
from KD patients and induced them into macrophages using rhM-
CSF. RT-gPCR results showed that the mRNA levels of TNF-a, IL-1p,
and IL-6 were lower in the melatonin-treated human PBMC-derived
macrophages than in the PBS-treated human macrophages, which
was consistent with the results observed in THP1-derived macro-
phages (Figure 6D). Next, to investigate whether melatonin allevi-
ated the HCAEC damage by reducing the levels of pro-inflammatory
cytokines secreted by macrophages, we established an in vitro co-
culture system (Figure 6E). Intriguingly, HCAECs cultured with the
supernatant of LPS-stimulated THP1-derived macrophages pre-
treated with melatonin exhibited repressed apoptosis (Figure 6F)
and enhanced proliferation (Figure 6G). To further investigate the
role of melatonin in the interaction between macrophages and vas-
cular endothelial cells, we explored the effect of melatonin on the
chemotaxis of HCAECs to macrophages, transwell assay showed
that there was a significant decrease in the number of macrophages
migrating towards HCAECs in the group pre-treated with melatonin
(Figure 6H). These data highlight the critical role of melatonin in
regulating the crosstalk between HCAECs and macrophages in

KD-related vasculitis.

| WILEY- =V

4 | DISCUSSION

In the present study, we found that melatonin alleviated KD-related
vascular endothelial cell damage both in vitro and in vivo, by activating
the melatonin/MT/CREB pathway and subsequent ATG3 expression,
thereby suppressing vascular endothelial cell apoptosis in an
autophagy-dependent manner. Additionally, melatonin reduced the
production of pro-inflammatory cytokines released by macrophages
and indirectly reduced the immunopathological damage to vascular
endothelial cells (Figure 7). Taken together, our findings revealed the
potential of melatonin as a therapeutic alternative for KD.

CREB is a transcription factor that plays a crucial role in regulating
cell proliferation, apoptosis, and autophagy, by inducing the expres-
sion of related genes. Melatonin exerts its protective effects by regu-
lating CREB in a broad spectrum of diseases. Melatonin overcomes
the disrupted brain energy homeostasis and boosts neu-
roinflammation, thereby protecting against brain damage, by regulat-
ing the phospho-5AMP-activated protein kinase/CREB signalling
pathways in traumatic brain injury.3” Another study revealed that mel-
atonin improved cognitive and mood impairments by modulating oxi-
dative stress, NLRP3 inflammasomes, and the BDNF (brain-derived
neurotrophic factor)/ERK (extracellular signal-regulated kinase)/CREB
pathway in a rat model of chronic Gulf War lliness.>® The interaction
between CREB and autophagy also plays a pivotal role in the occur-
rence and development of diseases.>> CREB mediates the expression
of autophagy-related genes.*® Our present study identified a crucial
role of CREB in the maintenance of the autophagy-promoting effect
of melatonin. Melatonin binds to MT1/2 receptors and activates
CREB, to upregulate the target gene ATG3, thereby exerting an anti-
apoptotic effect in HCAECs, in an autophagy-dependent manner.
These findings provide a novel mechanism for the autophagy-
modulating effects of melatonin in KD.

Splenomegaly was an obvious feature observed in CAWS-
induced murine vasculitis in the present study, but it has not been
described in detail in previous reports. Splenomegaly is observed in
clinical KD patients and is associated with hyper-activated inflamma-
tory responses manifested by excessive production of a wide array of
inflammatory cytokines in KD-macrophage activation syndrome
(MAS).#* Considering the critical role of splenomegaly in the vascular
pathology of KD, we believe that the CAWS-induced murine vasculitis
model could simulate KD-related vascular pathology.

FIGURE 5

ATG3 deficiency blocks the protective effects of melatonin in the KD mouse model. (A) Modelling timeline for the CAWS (CAWS,

8 mg), si-NC+CAWS-+melatonin (melatonin, 40 mg/kg), and si-Atg3+CAWS-+melatonin groups. (B) Relative expression of Atg3 in the heart
tissues of mice after Atg3-knockdown, as analysed using RT-gPCR. (C) Daily change of rectal temperature of mice in the CAWS, si-
NC+CAWS-+melatonin, and si-Atg3+CAWS-+melatonin groups. (D) Daily change of body weight of mice in the CAWS, si-

NC+CAWS+melatonin, and si-Atg3+CAWS-+melatonin groups. (E) H&E staining of the abdominal aorta. Scale bar: 200 pm. (F) H&E staining of
the aortic root. The scale bar of the upper pictures is 200 pm, while that of the bottom pictures is 50 pm. (G) Representative images of spleens of
mice on day 28. (H) Spleen weights, body weights, and the ratio of the two on day 28. (I) Imnmunohistochemistry showing the expression of Bcl-2
in the coronary arteries of mice. (J) Serum concentrations of TNF-a and IL-6 in the mice on day 14, as detected using ELISA. Data are presented
as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; ns, not significant. Atg3, autophagy-related gene-3; CAWS, Candida albicans water-
soluble fraction; KD, Kawasaki disease; NC, negative control
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FIGURE 6 Melatonin inhibits macrophage-mediated immunopathological damage of vascular endothelial cells in patients with Kawasaki
disease. (A) Relative expression of IL-6, IL-18, and TNF-a in LPS (100 ng/ml)-stimulated THP1 cells, with or without melatonin (0.5 mM) pre-
treatment, as detected using RT-gPCR. (B) ELISA analysis showing the protein level of IL-6 in the cell culture supernatant of THP1 cells treated
with LPS (100 ng/ml) and melatonin (0.5 mM). (C) Relative expression of IL-6, IL-1f, and TNF-a in TNF-a (20 ng/ml)-stimulated macrophages, as
detected using RT-gPCR. (D) Relative expression of IL-6, IL-1, and TNF-a in PBMC-derived macrophages of KD patients, with or without
melatonin (0.5 mM) pre-treatment. (E) An in vitro co-culture system of HCAECs and macrophages. (F) Apoptosis of HCAECs co-cultured with
macrophages, as assessed using Annexin V-FITC/PI double-staining and flow cytometry. (G) Cell proliferation of HCAECs co-cultured with
macrophages, as assessed using CCK8 assay. (H) Microscopic images showing the number of THP1-derived macrophages migrating to TNF-
a-stimulated HCAECs, as detected using transwell assay. Scale bar: 50 pm. Data are presented as mean + SEM. *p < 0.05, **p < 0.01,

***p < 0.001; ns, not significant. IL-1p, interleukin-1 beta; IL-6, interleukin-6; LPS, lipopolysaccharide; PBMC, peripheral blood mononuclear cells;
TNF-a, tumour necrosis factor alpha

MAS is a hyper-activated inflammatory state characterized by the including persistent fever, cytopenia, liver dysfunction, coagulopathy,
activation and expansion of T lymphocytes and hemophagocytic mac- and extreme hyperferritinemia.*?** Han et al. showed that the exis-
rophages that eventually leads to a series of clinical manifestations, tence of MAS should be considered when a KD patient shows



ZHENG ET AL

—Wl LEY_|15ov

melatonin
®
®e

vascular endothelium

__CREB_,
s

l

\

caspase 3

o0
/ ’ MT1/MT2
autophagosome

1
/ caspase 9 Bcl-2

g@ macrophage

DAMP IL-6, etc.

T~ Y o

— apbptosis s

Kawasaki Disease

FIGURE 7 A schematic model of the function of melatonin in KD-related vasculitis. KD-related vasculitis is a crosstalk between vascular
endothelial cells and immune cells, especially macrophages. Macrophages release pro-inflammatory cytokines (such as IL-6) to mediate damage to
the vascular endothelial cells, and the damaged vascular endothelial cells in turn release more damage-associated molecular patterns (DAMPs), to
promote the secretion of pro-inflammatory cytokines from the macrophages. Melatonin alleviates vascular endothelial cell injury directly, by
suppressing apoptosis in an autophagy-dependent manner, and also decreases the production of the pro-inflammatory cytokines released by
macrophages, thereby reducing the immunopathological damage of vascular endothelial cells in KD-related vasculitis. ATG3, autophagy-related
gene-3; CREB, cAMP response element-binding protein; DAMP, damage-associated molecular pattern; KD, Kawasaki disease; MT1, melatonin

receptor 1; MT2, melatonin receptor 2

persistent fever, splenomegaly, cytopenia, hyperferritinemia, or IVIG
resistance.3> Therefore, relief of the hyper-inflammatory state of MAS
may contribute substantially to the reduced burden of KD, and mela-
tonin could be used as an agent for that purpose, since it regulates
macrophage-mediated inflammation.*>*¢ In the present study, we
observed that melatonin significantly suppressed the levels of pro-
inflammatory cytokines such as IL-1p and IL-6 in THP1-derived mac-
rophages, as well as, human PBMC-derived macrophages in KD
patients. In addition, we demonstrated that melatonin alleviated vas-
cular endothelial cell damage partly by modulating macrophage activa-
tion, suggesting that macrophages may be a therapeutic target for
KD-related vascular damage.

In summary, our study provides theoretical foundation for the use
of melatonin as an additional therapy to further reduce the incidence
of CAA in KD, and presents a new concept that an imbalance in
homeostasis of the autophagy-apoptosis axis might be the underlying
pathological mechanism of KD. In addition, ATG3 and autophagy are
the other possible therapeutic targets for KD, and by virtue of several
biological or physical materials, ATG3- or autophagy-based treatments
may be achieved in future. Our study also provides evidence that
suppressing macrophage activation is a strategy for the treatment of
KD. The activation of macrophages is directly related to the occur-
rence, development, and prognosis of a variety of inflammatory dis-
eases, such as juvenile idiopathic arthritis, inflammatory bowel
disease, and atherosclerosis. Therefore, our findings would be of great

interest to a broader scientific community.

4.1 | Limitations of this study

One limitation of this study is that we recruited only 16 patient sam-
ples, and this small sample size limited the accuracy of assessing the
anti-inflammatory effect of melatonin in PBMC-derived macrophages
from KD patients. Another limitation of the study is that it does not
explore the detailed mechanism of the anti-inflammatory effect of

melatonin in macrophages.
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