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INTRODUCTION

| Zhiwei Sun'”

Abstract

Fine particulate matter (PM, 5) exposure is correlated with the risk of developing car-
diac fibrosis. Melatonin is a major secretory product of the pineal gland that has been
reported to prevent fibrosis. However, whether melatonin affects the adverse health
effects of PM, 5 exposure has not been investigated. Thus, this study was aimed
to investigate the protective effect of melatonin against PM, s-accelerated cardiac
fibrosis. The echocardiography revealed that PM, s had impaired both systolic and
diastolic cardiac function in ApoE_/_ mice. Histopathological analysis demonstrated
that PM, s induced cardiomyocyte hypertrophy and fibrosis, particularly perivascu-
lar fibrosis, while the melatonin administration was effective in alleviating PM, -
induced cardiac dysfunction and fibrosis in mice. Results of electron microscopy
and confocal scanning laser microscope confirmed that melatonin had restorative
effects against impaired mitochondrial ultrastructure and augmented mitochondrial
ROS generation in PM, s-treated group. Further investigation revealed melatonin
administration could significantly reverse the PM, s-induced phenotypic modula-
tion of cardiac fibroblasts into myofibroblasts. For the first time, our study found
that melatonin effectively alleviates PM, s-induced cardiac dysfunction and fibrosis
via inhibiting mitochondrial oxidative injury and regulating SIRT3-mediated SOD2
deacetylation. Our findings indicate that melatonin could be a therapy medicine for

prevention and treatment of air pollution-associated cardiac diseases.
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and asthma, could be declined significantly by reducing air
pollution levels.>* In China, although the air pollution has

Currently, air pollution is a major environmental risk to
human health. Air particulate matter (PM) is considered as
the main atmospheric pollutant which cause about 7 million
deaths per year in the world." In contrary, the mortality of
various diseases, including stroke, heart disease, lung cancer,

been controlled effectively by central government and the
level of PM, 5 has been decreased year by year, the PM, s-
associated premature deaths are still elevated gradually.4
Among them, the mortality of cardiovascular disease is up
to 60% approximately in all diseases that associated with
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PM, 5. Reports from the American Heart Association (AHA)
confirm that every 10 pg/m3 elevation in PM, 5 concentration
lead to 8%-18% increase in cardiovascular mortality.5

Extensive epidemiological evidences reveal that PM, s is
linked to hypertension, thrombosis, atherosclerosis, stroke,
and heart failure.® However, few studies focus on the cardiac
fibrosis triggered by PM, 5, and the underlying mechanism is
largely unknown. Cardiac fibrosis is defined as the excessive
accumulation of cardiac fibroblasts accompanied by deposi-
tion of extracellular matrix and contributes to both systolic and
diastolic dysfunction in many cardiac pathophysiologic condi-
tions.”® It could be further subdivided into reactive fibrosis and
reparative fibrosis.” Because of the negligible regenerative ca-
pacity of adult mammalian heart, death of massive cardiomy-
ocytes results in reparative fibrosis. On the other hand, other
chronic stimulatory factors elicit reactive fibrosis that includes
perivascular and interstitial fibrosis.” Epidemiologic studies
have already supported the association between adverse car-
diac remodeling and ambient air pollution.'® Consistently,
several studies that show PM, 5 exposure induced cardiac phe-
notypic changes involved cardiac fibrosis, cardiac hypertro-
phy, cardiomyocyte apoptosis, inflammatory reaction, ete.!12
Notwithstanding, there have been only limited data suggest the
underlying mechanism of PM, s-induced cardiac injury.

Mitochondria are vital organelles involved in maintain-
ing cellular homeostasis. Accumulating evidence has re-
ported that the mitochondrion could be a sensitive target of
both environmental stress factors and oxidative stress, one of
them represented by PM2_5.13'16 Mitochondria are essential
organelles to maintain the fundamental physiology in heart
tissues through energy metabolism and catabolic oxidative
reactions.''® The processes of mitochondrial metabolism
are dependent on the two NAD+-dependent enzyme fami-
lies, sirtuins (SIRTs) and poly (ADP-ribose) polymerases
(PARPs).'?° The SIRTs family (SIRT1-SIRT7) could affect
their target proteins activities by deacetylation which transfers
an acetyl group from their target proteins to ADP-ribose moi-
ety of NAD+ to form 2-O-acetyl-ADP-ribose and NAM 2!
SIRT3 primarily localizes to the mitochondria which plays a
critical role in regulating mitochondrial oxidative stress and
has been demonstrated involved in multiple cardiovascular
diseases.”> Melatonin is a well-known powerful potent anti-
oxidants and free radical sca\/enger.zé"25 Melatonin is able to
reverse the lung injury enhanced or induced by PM, 5 expo-
sure by attenuating oxidative stress.”*?” However, the ability
of melatonin to reverse or prevent PM, s-induced cardiac fi-
brosis remains unknown.

Hyperlipidemia is a risk factor for diverse cardiovascu-
lar diseases and a focus of primary prevention research.”®
Epidemiological studies have shown that participants with
hyperlipidemia exposure to PM, s may make them more sus-
ceptible to a higher risk of developing CVDs.?! Therefore,
we need a more thorough understanding of the potential
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mechanisms in order to develop preventive intervention
strategies. Consequently, we use an ApoE_/_ mouse model
which is a mature animal model of hyperlipidemia. In the
present study, we investigated whether melatonin could ame-
liorate PM, s-induced cardiac fibrosis and what mechanism
involved in this progress. The data presented in this study
indicate that either in vivo or in vitro supplementation of mel-
atonin significantly reduced the mitochondrial ROS genera-
tion and cardiac fibrosis. Furthermore, we revealed that the
protective action of melatonin was closely associated with
SIRT3-mediated SOD2 deacetylation. These data provide a
new underlying molecular mechanism of melatonin that may
be utilized for future both the prevention and treatment of
PM, s-induced cardiotoxicity.

2 | MATERIALS AND METHODS
2.1 | Collection and preparation of PM, s
samples

The PM, 5 samples were collected for an entire year from
January to December in 2017 with a large-capacity air parti-
cle sampler (TH-1000C). The size distribution, morphology,
and component of the constituents of PM, 5 have been char-
acterized in our previous study.32’33

2.2 | Experimental animals and treatments
The animal experiments were approved by Animal Care and
Use Committee of Capital Medical University (ethics num-
ber: AEEI-2016-076) and performed in accordance with
guidelines. A total of sixty male ApoE_/_ mice aged 7 weeks
were obtained from the Vital River Laboratory Animal
Technologies Co. Ltd. (Beijing, China). All mice were
maintained under standard conditions (20-24°C, 40%-60%
humidity, 12/12-hour light/dark cycle). After 1 week of accli-
mation, mice were fed with a high-fat diet containing 0.15%
cholesterol and 21% fat. After 4 weeks of high-fat diet, mice
were daily orally gavage with melatonin (20 mg/kg-bw) and
twice a week given intratracheal instillation of PM, 5 (5 mg/
kg-bw) for 4 weeks. The control mice received intratracheal
instillation of a corresponding volume of unexposed filters
(blank filters) eluted saline. The vehicle mice were given an
equal volume of sterile water by gavage.

Melatonin (Sigma) was dissolved in absolute ethanol as
a fresh stock and diluted in sterile water to a final concen-
tration of 0.5% ethanol. The lyophilized PM, 5 samples were
exposed to ultraviolet radiation for 6 hours and then were
mixed with sterilized saline and sonicated for 30 minutes
to suspend. The intratracheal instillation dosage of PM, s
was estimated from interim target-1 (IT-1) for annual mean
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of PM, 5 concentration (35 pg/m’), as recommended by the
World Health Organization air quality guidelines. In addition
to ambient air quality standard, mice respiratory physiologi-
cal parameters and the 100-fold uncertainty factor was used
to determine exposure dose.

2.3 | Experimental design

The mice were randomly divided into four groups (n = 15
per group): (a) the Con-Veh group was given saline by
intratracheal instillation and sterile water by gavage; (b)
the Con-Mel group was given saline by intratracheal instil-
lation and melatonin by gavage; (c) the PM, s-Veh group
received intratracheal instillation of PM, s and gavage with
sterile water; and (d) the PM, s-Mel group was adminis-
tered with PM, 5 by intratracheal instillation and melatonin
by gavage.

2.4 | Echocardiographic assessment

As previously described, the mice were anesthetized with
tribromoethanol (350 mg/kg, i.p.) and echocardiographic
images were obtained using the Vevo2100 imaging system
(FUJIFILM Visual Sonics).33 M-mode was used to determine
systolic and diastolic left ventricle wall thickness, internal
dimensions, left ventricle volume, and left ventricle mass.
The fractional shortening (FS) and ejection fraction (EF)
were calculated to reflect systolic function. Left ventricular
diastolic dysfunction was assessed on the basis of Doppler
patterns of mitral inflow. The parameters were analyzed in-
cluding ejection time (ET), E/A ratio, isovolumic contraction
time (IVCT), and isovolumic relaxation time (IVRT).

2.5 | Histopathological analysis

Mouse hearts were isolated and washed with prechilled phos-
phate-buffered saline (PBS) three times, followed by para-
formaldehyde fixation (4%) and paraffin embedding. The
paraffin-embedded sections (5 pm thick) were stained with
standard Masson's trichrome and a-SMA (Abcam) to de-
termine the degree of cardiac fibrosis. The paraffin sections
were also stained with Texas Red-X conjugated Wheat Germ
Agglutinin (WGA; Invitrogen) to analyze the cross-sectional
area of individual cardiomyocytes.

2.6 | Ultrastructural observation by TEM

The ultrastructural observation of myocardium was per-
formed using a transmission electron microscopy accordingly
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to routine procedure. In brief, mouse hearts were perfused
with precooled PBS and then immediately fixed in 2.5% glu-
taraldehyde. After 6 hours fixation, the process of washing,
dehydration, embedding, ultrathin sections were prepared for
analysis in a transmission electron microscope (TEM; JEOL
JEM2100).
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2.7 | Evaluation of mitochondrial ROS
generation in heart

To evaluate mitochondrial reactive oxygen species (ROS)
levels, the heart tissues were prepared into frozen sections for
MitoSOX staining (Invitrogen). Fluorescence images were
captured using a Leica laser scanning confocal microscope
(LSCM, TCS SP8 STED; Leica), and images were processed
using Image-Pro Plus 6.0 Software.

2.8 | Assessment of oxidative stress in heart
The 3’-nitrotyrosine (3’-NT) and 4-hydroxynonenal (4-
HNE) content in heart tissues were determined using ELISA
kits (mlbio), respectively, according to the manufacturer's
protocol. The levels of total glutathione/oxidized glu-
tathione (GSH/GSSG) in heart tissues were determined by
a glutathione Assay kit (Nanjing Jiancheng Bioengineering
Institute) as commercially recommended by the manufac-
turer's protocols.

2.9 | Cell culture and PM, 5 exposure

The human embryonic heart fibroblast cell line was ob-
tained from the Kunming Cell Bank of Chinese Academy
of Sciences. The cardiac fibroblasts were grown in DMEM/
F12 (Corning) supplemented with 10% fetal bovine serum
(Corning) and 1% penicillin and streptomycin (Key Gen).
The cardiac fibroblasts were incubated at 37°C in 5% CO,
in a humidified environment. The cardiac fibroblasts were
seeded on 6 well culture plates and grown to 70%-80% den-
sity over 24 hours. Myofibroblast differentiation was induced
using 10 pymol/L Angiotensin II (Sigma). In all experiments,
FBS was reduced to 1% 12 hours during treatment with
Angll. After cells were differentiated for 12 hours, cells were
exposed to PM, 5 and/or melatonin for another 24 hours.

2.10 | Assessment of cell viability

The cardiac fibroblasts were exposed to various concentra-
tions of PM, 5 (0, 12.5, 25, 50, and 100 pg/mL) and mela-
tonin (0, 25, 50, 75, 100, 125, and 150 pmol/L). Cell viability
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was measured after 24 hours exposure by cell counting assay
(CCK-8, Tongren, Japan) according to the manufacturer's
instructions.

2.11 | Measurement of
mitochondrial ROS generation

Mitochondria-associated ROS production in the cardiac fi-
broblasts was measured by MitoSOX (Invitrogen) staining
using a flow cytometric analysis. The cells after treatment
were incubated with 5 pmol/L MitoSOX for 30 minutes at
37°C in dark. After staining, cells were washed twice with
warm PBS and at least 1 x 10* cells were analyzed using a
NovoCyte flow cytometer (ACEA Biosciences).

2.12 | Immunofluorescence staining

The identification of the cardiac fibroblasts was performed
using immunofluorescence staining with anti-vimentin an-
tibody. To evaluate the phenotypic change of cardiac fi-
broblast to the myofibroblast phenotype after treatment of
PM, 5, immunofluorescence was used to monitor increased
expression of a-smooth muscle actin (a-SMA). Cells were
placed on glass slides in 12-well plates and cultured at 5%
CO,, 37°C. The cells reached 70%-80% density and were
treated with PM, s for 24 hours and then washed twice with
precooling PBS and fixed with 4% paraformaldehyde for
10 minutes at room temperature, followed by permeabi-
lized with 0.1% Triton X-100. Immunofluorescence stain-
ing was performed by incubating the cardiac fibroblasts
with vimentin and «-SMA (Abcam) primary antibodies
overnight at 4°C, following treated with fluorescently
conjugated secondary antibodies (Abcam) for 60 minutes
at room temperature. The cardiac fibroblasts were incu-
bated with mounting medium contained DAPI (Vector)
to highlight the cellular nucleus. Finally, the stained cells
were visualized and photographed using LSCM (TCS SP8
STED; Leica).

2.13 | SIRT3 deacetylation activity
measurement

Cells and tissues mitochondrial fractionations were puri-
fied by using the mitochondrion isolation Kit (Key Gen)
with the manufacturer's instructions. The homogenization
was performed using a glass tissue homogenizer within
mitochondrial isolation buffer. The fresh pellets were
separated by centrifugation and used for testing. The
deacetylase activity of SIRT3 was measured by a SIRT3
Fluorimetric Activity Assay Kit (BPS bioscience) follow-
ing the manufacturer's protocol. Fluorescent intensity was
measured using a SpectraMax Multi-Mode Microplate
Reader (Molecular Devices) at excitation wavelength of
350 nm.

2.14 | Measurement of SOD2
enzyme activity

Mitochondrial superoxide dismutase 2 (SOD2) activity
was assayed using a SOD1/SOD2 Assay Kit (Beyotime
Company) following the manufacturer's instructions. The
specific activity of SOD2 was expressed as U/mg of total
protein.

215 | ¢RT-PCR assay

Total RNA was extracted from the cardiac tissue using the
TRIzol reagent (Invitrogen) according to the instructions pro-
vided by the manufacturer. The isolated RNA was reverse
transcribed into cDNA by the Primescript RT Reagent Kit
(TaKaRa Bio, China). Quantitative real-time polymerase
chain reaction (QRT-PCR) was conducted using SYBR Green
Mix kit (TaKaRa Bio) on an Eppendorf machine (Eppendorf
Mastercycler ep realplex). GAPDH was used as an internal
reference, and the relative expressions of genes were calcu-
lated using the 2745 method. All primer sequences were
listed in Table 1.

TABLE 1 Primers used for real-time PCR
Primer Forward primer (5'-3") Reverse primer (5’-3")
Col 1 TGGTCCTGCTGGTCCTGCTG CTGTCACCTTGTTCGCCTGTCTC
Col I1I TCTCCTGGTGCTGCTGGTCAC TCCATGTGGTCCAACTGGTCCTC
ANP AAGAACCTGCTAGACCACCTGGAG TGCTTCCTCAGTCTGCTCACTCAG
BNP GGAAGTCCTAGCCAGTCTCCAGAG GCCTTGGTCCTTCAAGAGCTGTC
a-MHC CAGAACACCAGCCTCATCAACCAG TTCTCCTCTGCGTTCCTACACTCC
B-MHC GCAAGACGGTGACTGTGAAGGAG GGTTGACGGTGACGCAGAAGAG
AERCA2a CTGCTGTCATCACCACCTGCTTAG TCCAGAATGAACATCCTGCACACG

GAPDH GGTTGTCTCCTGCGACTTCA

TGGTCCAGGGTTTCTTACTCC
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FIGURE 1 Melatonin treatment attenuated cardiac systolic and diastolic dysfunction after exposure to PM, 5. A, Left ventricular diastolic

function after melatonin treatment. B, Diastolic left ventricular wall thickness and volume after melatonin treatment. C, Systolic left ventricular

wall thickness and volume after melatonin treatment. D, Ejection fraction with melatonin treatment. E, Fractional shortening with melatonin

treatment. F, Left ventricular mass with melatonin treatment. Data are expressed as the means + SD; n = 6 in each group. *P < .05 [Colour figure

can be viewed at wileyonlinelibrary.com]

2.16 | Western blot analysis

Total protein samples were extracted from heart tissues
and the cardiac fibroblasts by a protein extraction kit (Key
Gen). The concentration of proteins was quantified using a
BCA protein assay kit (Dingguo Biotechnology). We ap-
plied 30 ug of protein samples to a 10%-12% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to the nitrocellulose membranes (Pall Corp.).
The membranes were incubated with primary and then flu-
orescently conjugated secondary antibodies. The protein

expressions were detected using the Li-Cor Odyssey sys-
tem (Li-Cor Biosciences) and quantified using Image Studio
Software (Li-Cor Biosciences).

2.17 | Statistical analysis

All data were analyzed using SPSS 24.0 software, and
continuous variables were expressed as the means + SD.
Statistical analysis was performed with Student's 7 test
or one-way ANOVA with Bonferroni's post hoc analysis
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(normality and equal variance passed). Kruskal-Wallis test
was applied for nonparametric (normality and/or equal var-
iance failed) data. A P value < .05 was considered statisti-
cally significance.

3 | RESULTS
3.1 | Melatonin alleviated cardiac
dysfunction caused by PM, 5 in ApoE_’ ~ mice

Results of diastolic and systolic dysfunction from transtho-
racic echocardiographic analysis were shown in Figure 1.
We evaluated left ventricle diastolic function by mitral valve
Doppler echocardiography (Figure 1A). There was no sig-
nificant difference identified between the Con-Veh group
and Con-Mel group. However, when analysis was performed
within PM, 5 treatment group, some differences were ob-
served. After exposure to PM, s, the ApoE_/ ~ mice had higher
IVCT values, higher IVRT values, prolonged mitral ejec-
tion time, and lower E/A ratio. However, these alterations
were significantly improved after the treatment of melatonin.
Exposure to PM, 5 had been linked to a reduction in anterior
and posterior wall thickness along with significant increase
in internal diameter and ventricular volume (both systolic
and diastolic), which ultimately lead to the deterioration of
cardiac function (Figure 1B,C). It was unexpected that mela-
tonin treatment markedly improved these indexes without al-
tering diastolic anterior wall thickness. Left ventricle FS and
EF were used as indices of the systolic function of the heart
which represented hallmarks of compromised state of cardiac
function. Echocardiography also showed a remarkable de-
crease of EF and FS in the PM, s-exposed mice (Figure 1D).
Additionally, both EF and FS were increased in PM, s-treated
mice with melatonin administration compared to untreated
PM, s-exposed mice. The increase in left ventricular mass is
a critical indicator of left ventricular hypertrophy or left ven-
tricular remodeling. Measurement of the left ventricular mass
revealed that left ventricle mass was increased in response to
PM, 5, and melatonin treatment significantly decreased left
ventricular weight compared with that following PM, s treat-
ment (Figure 1D). Taken together, these results indicated that
PM, 5 exposure could induce cardiac dysfunction while me-
latonin treatment provided beneficial effects on heart.

3.2 | Melatonin exerted an opposing
function in PM, s-induced cardiac
hypertrophy and fibrosis

It has been shown that PM, 5 exposure deteriorated overt
cardiac fibrosis. In the present study, representative
Masson trichrome-stained histological sections showing
PM, s-exposured markedly exacerbated the development
of myocardial interstitial fibrosis and perivascular fibro-
sis (Figure 2A,C). Following melatonin treatment, both in-
terstitial and perivascular fibrotic areas were decreased in
heart. a-SMA is a key marker of cardiac fibrosis. The re-
sults showed that daily gavage administration of melatonin
significantly attenuated the increased a-SMA-positive area
in the heart tissue of PM, s-exposed groups (Figure 2A,D).
Unexpectedly, compared with control group, exposure to
PM, 5 group displayed an obvious cardiac hypertrophy by
WGA staining (Figure 2E). Strikingly, melatonin administra-
tion attenuated cardiomyocyte hypertrophy in PM, s-exposed
mice. Subsequent analysis of the mRNA expression levels
of hypertrophy-related and fibrosis-related markers in mouse
hearts was measured after PM, 5 exposure (Figure 2F). PM, 5
exposure resulted in significant increases the expression of
cardiac hypertrophy markers (ANP, BNP, -MHC, oa-MHC,
SERCA-2a) and myocardial fibrosis indicators (Collagen I
and Collagen III), whereas melatonin treatment reversed
these effects. Cardiac fibrosis plays an important role in
cardiac functional changes. In order to further validate the
findings, fibrosis-associated protein expression levels were
determined by Western blotting. PM, 5 administration re-
sulted in an increase in the accumulations of collagen and
a-SMA, and a subsequent analysis showed that melatonin
inhibited collagen I, collagen III, and a-SMA expression
(Figure 2G,H). The results above show that PM, s-induced
cardiac hypertrophy and fibrosis, melatonin treatment had a
better alleviating effect on heart injury.

3.3 | Melatonin reduced mitochondrial
oxidative stress after PM, 5 treatment

Multiple studies have suggested that PM, 5 contributes to car-
diac hypertrophy and fibrosis through mechanisms that in-
crease oxidative stress. To determine cardiac oxidative stress

FIGURE 2 Melatonin ameliorated PM, s-induced myocardial hypertrophy and fibrosis. A, Representative images of histopathological

changes in cardiac tissues. Masson's trichrome staining in myocardial interstitial (scale bar: 50 pm); Masson's trichrome staining in myocardial

perivascular (scale bar: 20 pm); Immunohistochemically staining of a-SMA in heart sections (scale bar: 250 pm); Wheat germ agglutinin staining

in heart sections (scale bar: 100 pm). B, Quantitative analysis of myocardial interstitial fibrosis. C, Quantitative analysis of myocardial perivascular

fibrosis. D, Quantitative analysis of a-SMA-positive area percentages of hearts. E, Quantitative analysis of cardiomyocyte cross-sectional area. F,

The mRNA expression after melatonin treatment. G, Representative Western blot pictures. H, The quantitative analysis of protein levels. Data are

expressed as the means + SD; n = 6 in each group. *P < .05 compared to Con-Veh group;*P < .05 compared to PM, s-Veh group [Colour figure

can be viewed at wileyonlinelibrary.com]
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after PM, 5 exposure, the accumulation of oxidative and ni-
trosative damage products including protein-nitration-related
3’-NT and lipid peroxidation-related 4-HNE was assessed
(Figure 3A,B). According to the quantitative analysis, the
expression levels in heart of mice following PM, 5 treatment
were up to 1.5 times higher for 3NT and two times higher for
4HNE. Meanwhile, the extent of oxidative stress was also as-
sessed by the glutathione redox ratio (GSH/GSSG; Figure 3C).
As expected, the exposure to PM, 5 reduced the ratio of GSH/
GSSG in heart compared to that control. Unexpectedly, these
indicators of oxidative damage alterations were reversed after
melatonin supplementation. Mitochondria play a key role in
the development of oxidative stress. Meanwhile, myocardial
tissue is rich in mitochondria and relies strongly on mitochon-
drial function. To assess the effects of PM, s on myocardial
mitochondria, TEM was used to observe the ultrastructure of
mitochondria (Figure 3D). TEM images showed myocardial
mitochondria from PM, s-exposed group had suffered sub-
stantial structural damage, with the fragmented mitochondrial
membranes; the mitochondria were significantly swollen, and
crista space was widened and broken; the mitochondria were
disordered and vacuolated. These results could be greatly im-
proved by melatonin treatment. To investigate the effects of
PM, s/melatonin on myocardial mitochondrial ROS genera-
tion, the heart sections were stained with MitoSOX to evaluate
the mitochondrial ROS levels. PM, 5 treatment could trigger
the mitochondrial ROS generation which could further relief by
melatonin treatment (Figure 3E,F). In summary, these findings
indicated that melatonin attenuated PM, s-induced myocardial
oxidative stress.

3.4 | Melatonin exerted cardioprotection via
promoting SIRT3-mediated SOD deacetylation

The deacetylase SIRT3 primarily located in mitochondria,
which is strongly associated with oxidative stress and has been
implicated in many cardiac-related diseases. First of all, the
protein expression of SIRT3 was measured with Western blots.
The results were displayed SIRT3 protein expression was sig-
nificantly decreased in PM, s-exposed group when compared to
control group (Figure 3G,H). At the same time, melatonin sup-
plementation markedly increased SIRT3 expression in PM, -
exposed group. Aside from this, the activity of SIRT3 was
significantly reduced by PM, 5 treatment, but was profoundly
potentiated in heart after melatonin treatment (Figure 3I).

Mitochondrial superoxide dismutase (SOD2) is the most com-
monly known scavengers of ROS and an important downstream
protein of the SIRT3 signaling pathway. The capacity of ROS
scavenging by SOD?2 is tightly regulated by enzyme activity
and the degree of acetylation. The results of the current study
suggested that PM, 5 exposure decreased SOD2 expression and
increased acetylation of SOD2, whereas Ac-SOD2/SOD2 ratio
was elevated (Figure 3J). Nevertheless, melatonin significantly
attenuated PM, s-induced upregulation of acetylated-SOD2
and restored the SOD?2 protein levels. In addition, PM, 5 treat-
ment significantly reduced the activity of antioxidant enzyme
SOD2, while melatonin significantly increased the SOD2 activ-
ity (Figure 3K). All the above results demonstrated that mela-
tonin supplementation conferred cardioprotection against heart
injury triggered by PM, s.

3.5 | PM,;induced mitochondrial ROS
production in cardiac fibroblasts

The effect of PM, 5 on cell viability in human cardiac my-
ofibroblasts was assessed by CCK-8 assay. As presented in
Figure 4A, the cell viability of the cardiac fibroblasts first el-
evated and then declined with the increasing concentration of
PM, 5 treatment. Treatment with between 12.5 and 50 ug/mL
PM, 5 for 24 hours increased the cell viability (>100%), when
compared with untreated cells. Meanwhile, the concentration
of PM, 5 (25 pg/mL) was selected for subsequent experiments.
Mitochondrial ROS caused by PM, 5 was analyzed by incuba-
tion with MitoSOX for 30 minutes followed by quantification
of flow cytometry analysis (Figure 4B). Compared to the con-
trol group, the mitochondrial ROS fluorescence intensity was
significantly increased in PM, s treated cardiac fibroblasts,
which was demonstrated in a dose-dependent fashion with the
PM, 5 concentration. These findings suggested that PM, s treat-
ment lead to elevated mitochondrial ROS production in cardiac
fibroblasts which presented cytotoxicity.

3.6 | PM2.5 modulated phenotype
transformation of fibroblasts via oxidative
stress-regulated mitochondrial SIRT3
signaling pathway

To determine whether the PM, 5 affected fibroblast to my-
ofibroblast transition, immunofluorescence staining was

FIGURE 3 Melatonin alleviated PM, s-induced cardiac mitochondrial oxidative damage. A, The level of 3'-NT. B, The level of 4-HNE.

C, The level of GSH/GSSG. D, Representative pictures of myocardial tissue by transmission electron microscope. The blow panels are high

magnification (scale bar: 0.2 pm) images corresponding to the upper panels (scale bar: 0.5 pm). E, MitoSOX staining of heart tissues (scale bar:

100 pm). F, Mean fluorescence intensities of heart. G, Representative Western blot pictures. H, The quantitative analysis of SIRT3 protein levels. I,

The activity of SIRT3. J, The quantitative analysis of SOD2 acetylation. K, The activity of SOD2. Data are expressed as the means &+ SD; n = 6 in

each group. *P < .05 [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 PM, sregulated cardiac myofibroblast conversion via increased mitochondrial reactive oxygen levels and SOD2 acetylation,
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decreased SIRT3 expression and activity. A, Cardiac fibroblast cell viability after PM, s-treated. B, Quantification analysis of fluorescence intensity
obtained from flow cytometry. C, Representative images of cardiac fibroblast a-SMA and Vimentin immunostaining. D, Representative Western
blot pictures. E, The quantitative analysis of collagen-I, collagen-III, and «-SMA protein levels. F, The quantitative analysis of SIRT3 protein
levels. G, The activity of SIRT3. H, The quantitative analysis of SOD2 acetylation. I, The activity of SOD2. Data are expressed as the means + SD
from three independent experiments. *P < 0.05 compared to control group [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Mitochondrial-derived ROS mediated PM, s-induced cardiac myofibroblast conversion. A, Quantification analysis of fluorescence

intensity obtained from flow cytometry. B, The quantitative analysis of a-SMA protein levels. C, Representative Western blot pictures. D, The
quantitative analysis of SIRT3 protein levels. E, The activity of SIRT3. F, The quantitative analysis of SOD2 acetylation. G, The activity of SOD2.
Data are expressed as the means + SD from three independent experiments. *P < .05 compared to control group;#P < .05 compared to PM, 5-

treated group [Colour figure can be viewed at wileyonlinelibrary.com]

performed (Figure 4C). Representative images demonstrated
that the cardiac fibroblasts were positive staining for vimen-
tin and the expression of a-SMA was significantly activated
in PM, 5 treatment group. In agreement with the immuno-
fluorescence data, Western blot analysis demonstrated that
treatment with PM, 5 upregulated the expression of the my-
ofibroblast markers a-SMA in a dose-dependent manner
(Figure 4D,E). To evaluate the effect of PM, 5 on collagen
synthesis, human cardiac fibroblasts were treated with vari-
ous concentrations of PM, 5 (0-50 pug/mL) for 24 hours. The
quantitative measurement of the protein expression showed
that type I and III collagen gradually increased as PM, s

concentration progressed (Figure 4E). The relative protein
expression of collagen in response to the highest concentra-
tion of PM, 5 treatment was approximately 1.3-1.5 times that
of control. Then, the activation of SIRT3 pathway was ex-
amined after PM, 5 exposure. As shown in Figure 4F,G, both
expression and deacetylation activity of SIRT3 in human
cardiac fibroblasts were significantly reduced in the PM, 5
groups compared with control groups in a dosage depend-
ent manner. In contrast with the decreased activity of SIRT3,
the fibroblasts after PM, s treatment presented increased
levels of acetylated SOD2 and repressed SOD2 activity
(Figure 4H,]). To obtain additional details on the fibrogenic
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FIGURE 6 Melatonin alleviated the oxidative stress, SIRT3 impairment after PM, streatment in vitro. A, Cardiac fibroblast cell viability
after melatonin-treated. B, Quantification analysis of fluorescence intensity obtained from flow cytometry. C, The quantitative analysis of a-SMA
protein levels. D, Representative Western blot pictures. E, The quantitative analysis of SIRT3 protein levels. F, The activity of SIRT3. G, The
quantitative analysis of SOD2 acetylation. H, The activity of SOD2. Data are expressed as the means + SD from three independent experiments.
#P < .05 compared to control group;"P < .05 compared to PM, s-treated group [Colour figure can be viewed at wileyonlinelibrary.com]

transformation in cardiac fibroblasts was mitochondrial ROS
dependent, which involved in SIRT3 signaling.

role of mitochondrial ROS in PM, s-induced cardiac fibro-
sis, Mito-TEMPO (mitochondria-targeted antioxidant) was
added to cardiac fibroblasts exposed to PM, 5 (Figure 5). Data
analysis of flow cytometry demonstrated that the fluorescent

intensity of mitochondrial ROS in Mito-TEMPO-treated cul- 3.7 | Melatonin regulated mitochondrial

tures exposed to PM, 5 (25 pg/mL) was significantly lower
than the PM, s-exposed cells (Figure 5A). As shown in
Figure 5B, Mito-TEMPO treatment significantly abolished
PM, s-induced a-SMA upregulation in cardiac fibroblasts.
Meanwhile, Mito-TEMPO treatment restored the protein ex-
pression and deacetylase activity of SIRT3 in PM, s-induced
cardiac fibroblasts to control levels (Figure SC-E). Treatment
with Mito-TEMPO also markedly prevented the protein
acetylation and restored the antioxidant activity of SOD2 in
PM, s-exposed cardiac fibroblasts (Figure 5F,G). The results
demonstrated that the effect of PM, 5 exposure on phenotype

redox homeostasis through SIRT3 signaling
pathway in cardiac fibroblasts

To investigate the role of melatonin in regulating cardiac fi-
broblasts activation after PM, 5 treatment, we firstly evalu-
ated the effect of melatonin on cell viability. As showed in
Figure 6A, melatonin treatment dose-dependent decreased
cell viability, and the 125 and 150 pmol/mL of melatonin
significantly declined the cell viability compared to the con-
trol groups. According these results, 100 pmol/LL melatonin
was used for further experiments. The effect of melatonin to
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Representative Western blot pictures. D, The quantitative analysis of SIRT3 protein levels. E, The activity of SIRT3. F, The quantitative analysis

of SOD2 acetylation. G, The activity of SOD2. Data are expressed as the means + SD from three independent experiments. *P < .05 compared to
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protect against oxidative stress was investigated by measur-
ing the levels of mitochondrial ROS production. The result
indicated that melatonin treatment decreased the ROS lev-
els of PM, s-induced cardiac fibroblasts probably by 40%,
compared with PM, s-treated alone (Figure 6B). However,
treatment with melatonin did not restore ROS levels to con-
trol levels. Moreover, the a-SMA protein level indicated
that melatonin attenuated the PM, s-induced fibroblast-
myofibroblast transition (Figure 6C). Similarly, the protein
level of SIRT3 was altered by melatonin in the presence
of PM, 5 (Figure 6E). Interestingly, melatonin restored the
PM, s-mediated reduction in SIRT3 activity to a normal
level (Figure 6F). Consistent with these results, acetylated
SOD2 protein expression in PM, s-exposed cardiac fibro-
blasts was also markedly decreased after melatonin treatment
(Figure 6G). Meanwhile, melatonin increased SOD?2 activity

after PM, 5 treatment (Figure 6H). The above results showed
that melatonin reversed the transformation of cardiac fibro-
blasts into myofibroblast by regulating mitochondrial redox
homeostasis. In order to confirm melatonin was involved
PM, s-induced fibroblasts phenotype transformation through
SIRT3-mediated SOD2 deacetylation, the specific inhibi-
tor of SIRT3 (3-TYP) was used in this study. As shown in
Figure 7A, the ROS scavenging ability of melatonin was
largely abolished upon treatment with 3-TYP in cardiac fibro-
blasts exposed to PM, 5. Besides, melatonin-induced reduc-
tion of a-SMA protein expression in response to PM, 5 was
largely abolished upon treatment with 3-TYP (Figure 7B).
Simultaneously, the 3-TYP treatment inhibited the deacet-
ylase activity and the expression of SIRT3 compared with
that in PM, s-exposed groups (Figure 7D,E). Consistent with
above results, we found that inhibition of SIRT3 by 3-TYP
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significantly improved the level of SOD2 acetylation and
abolished melatonin protective effect in comparison with
PM, 5 treatment group (Figure 7F). Next, the increased activ-
ities of SOD induced by melatonin in cardiac fibroblasts after
PM, 5 exposure were also attenuated by 3-TYP (Figure 7G).
These data indicated that melatonin regulated PM, s-induced
mitochondrial redox homeostasis by activating the SIRT3
signaling pathway. Taken together, the schematic of mela-
tonin ameliorated PM, s-induced cardiac perivascular fibro-
sis was presented in Figure 8.

4 | DISCUSSION
Ambient PM, 5 has gained considerable recognition as the
greatest threat to global public health that affects human
health, particularly affects the development of cardiovascu-
lar diseases.** In this study, we explored that the exposure to
PM, 5 resulted in cardiac fibrosis, especially perivascular fi-
brosis. In addition, melatonin had cardioprotective effects of
PM, s-induced cardiac fibrosis involving the mitochondrial
redox homeostasis, which reversed fibroblast to myofibro-
blast conversion.

In the past decade, our understanding of the pathophysio-
logical mechanisms underlying PM, s-related effects on car-
diovascular health has undergone considerable reassessment.’

without Melatonin
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FIGURE 8 The schematic of
melatonin ameliorates PM, s-induced

cardiac perivascular fibrosis [Colour figure
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Mechanism studies in animal models and humans have shown
PM, 5 inhalation could result in adverse cardiac remodeling
in cardiac structure and function.®® In this study, the echo-
cardiography indicated that PM, 5 exposure induced several
changes in wall thickness, ventricle diameter, and ventricular
volume, which ultimately lead to the deterioration of cardiac
systolic and diastolic function (Figure 1). The cardiac dia-
stolic dysfunction phenotype is the earlier and most sensitive
parameter to reflect the functional changes of left ventricle. It
has been reported that mice exposed to PM, 5 could increase
IVRT and decrease the mitral valve E/A ratio, which is con-
sistent with our results.”®*” Left ventricular EF and FS, as
the important parameters of systolic function, have a unique
role in cardiovascular disease development which have been
incorporated into clinical practice guidelin<33.38’39 In line with
other studies, our data indicated that exposed to PM, 5 caused
a significant decrease in both EF and FS.'? Left ventricular
mass is an important marker for left ventricular dysfunction.
In our study, an elevated left ventricular mass was observed
in PM, s-exposed group (Figure 1). Here, our data found that
PM, 5 exposure can cause markedly cardiac dysfunction ac-
companied by cardiac structure alterations, suggesting that
pathological changes in cardiac morphology and function
could be triggered by PM, 5 exposure.

Cardiac remodeling is the basis of heart functional and
geomorphological changes involving myocyte hypertrophy
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and fibrosis.** We further detected the cardiomyocyte
cross-sectional area and cardiac hypertrophy earlier re-
sponse mRNAs, namely, ANP, BNP, a-MHC, f-MHC, and
SERCAZ2a, which demonstrated that PM, 5 triggered car-
diac hypertrophy in heart (Figure 2). On the other hand, our
study revealed that PM, 5 treatment resulted in varied degree
of severity of cardiac interstitial and perivascular fibrosis
(Figure 2). According to the observed Masson staining, the
cardiac fibrosis was intense in the peripheral area of the
vessels whereas the interstitial fibrosis in these hearts was
sporadic. Another typical marker of cardiac fibrosis is the ex-
pression of a-SMA. We found the positive signal of a-SMA
staining was concentrated around the perivascular of heart
which was consistent with the Masson staining. It had been
previously reported that the early presentation of cardiac fi-
brosis was perivascular fibrosis that subsequently progressed
to interstitial fibrosis.*! Meanwhile, perivascular fibrosis may
reduce tissue availability to oxygen and nutrients and lead
to a decline in coronary flow reserve and fractional flow re-
serve.*? Interestingly, a study supports our findings that PM, 5
exposure decreased coronary flow velocity which suggested
perivascular fibrosis.>® Taken together, our data provide new
insights that exposure to PM, s may contribute to the onset
and development of cardiac remodeling. However, the mech-
anisms involved in PM, s related to the aggravation of cardiac
fibrosis and dysfunction were unknown. In the process of car-
diac fibrosis, cardiac fibroblasts are the major effector cells. ¥
Normal cardiac fibroblasts differentiation into contractile
myofibroblasts and augment collagen production plays a key
role in cardiac fibrosis.** We confirmed that PM, s treatment
promoted a-SMA and collagen expression in cardiac fibro-
blasts, indicating that it involved in phenotypic modulation of
fibroblasts into myofibroblasts (Figure 4). To our knowledge,
our study provides the first evidence that PM, 5 could modu-
late the phenotype transformation of fibroblasts and contrib-
ute to cardiac fibrosis.

Over the past decade, accumulating evidence suggests
that ROS and oxidative stress are involved in PM, s-mediated
cardiovascular injury.45 The mitochondrion is a sensitive
target of oxidative stress as well as environmental toxicants
stimulus like PM2.5.46’47 In contrast to the rather robust evi-
dence base supporting the upregulation of ROS pathways in
response to PM, 5 exposure, the regulation and expression
of antioxidant defenses are relatively sparse.“g’49 There are a
multitude of endogenous pathways that scavenge a range of
ROS such as SOD2. SOD?2 is an important member of the an-
tioxidant enzyme family and presents in mitochondria which
exerts a vital role in eliminating O,*~ and maintaining redox
homeostasis.’>>" It is clear that the activity of SOD2 can be
regulated through post-translational modifications.* For in-
stance, a reduction in SIRT3 decreases the deacetylation of
SOD2, resulting in ROS accumulation.”>** SIRT3 is the most
robust deacetylase and highly expressed in mitochondria that

appears to play a crucial role on the regulation of oxidative
stress and redox homeostasis.> It has been demonstrated that
SIRT3 plays a significant role in maintaining normal mito-
chondrial biological function via reversible protein acetyl-
ation.”®” In this study, we found PM, 5 exposure reduced
the SIRT3 expression and activity, resulted in an increased
acetylation of SOD2 and a loss in SOD2 activity. These
changes lead to the accumulation of mitochondrial ROS and
affect the redox homeostasis in mitochondria (Figures 3-5).
Until recently, there have been several researches focused
on the interactions between antioxidant genes and air pollu-
tion.”® These studies suggested that PM, 5 induced the change
of antioxidant genes which performed important regulatory
roles in the occurrence and development of cardiovascular
diseases.

Melatonin is an endocrine substance mainly produced
by the pineal gland. Interestingly, cardiac fibrosis could be
detected in pinealectomized rats which indicating the latent
association between melatonin with fibrosis accumulation.>
The protective effect of melatonin on cardiovascular injury
in ApoE_/_ mice is probably a consequence of its antioxi-
dant and anti-inflammatory actions.®%? Nardo et al recently
reported that the beneficial effects of melatonin on ApoE ™"~
mice by morphological and 18F-fluorodeoxyglucose ("®F-
FDG) positron emission tomography (PET) assessments,
which revealed the protective role of melatonin on ApoE_/ -
mice via suppressing macrophage polarization, reducing in-
flammation, preserving the activity of brown adipose tissue
and improving the endothelial cell function.” Meanwhile,
it suggested that the application of 'F-FDG PET/CT as a
molecular imaging modality for early-stage atherosclerosis
may be an important means of early diagnosis and therapy.
It has been identified as a potential new “gold standard” for
early clinical diagnosis and grading regarding to its nonin-
vasiveness. In our previous study, the BE_FDG PET/CT had
been performed to explore the adverse effects of PM, 5 on
pulmonary system.64 And the assessment method of '"*F-FDG
PET/CT was recommended to explore the melatonin-medi-
ated protective role in future. Last but not least, the molecular
mechanism reported in Nardo's study, such as the macro-
phage polarization, inflammation, and brown adipose tissue
activity, may also contribute to our study on the observed
protection of melatonin against PM, s-induced cardiac fibro-
sis. Therefore, more studies are encouraged to explore on this
issue.

The role of melatonin in the protective effects of cardiac
fibrosis induced by PM, 5 exposure in mice was also inves-
tigated in this study. As expected, melatonin alleviated car-
diac remodeling in both myocyte hypertrophy and fibrosis
during PM, 5 injury (Figures 1-3). Melatonin modulated
the expression and activity of SIRT3 which altered the in-
fluence of PM, 5 exposure on oxidative stress of myocar-
dial mitochondria. To gain a comprehensive understanding
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of melatonin against PM, s-triggered cardiac fibrosis,
the human cardiac fibroblasts were further employed in
our study. In line with results from the mice, our data
demonstrated that melatonin effectively diminished the
mitochondrial ROS level accompanied with the aid of up-
regulated SIRT3 to increase SOD2 expression and activity
in PM, s-treated cardiac fibroblasts (Figure 6). To identify
whether the SIRT3 played an important role in mediating
the observed protective effects of melatonin after PM,
exposure, cardiac fibroblasts were then pretreated with
3-TYP. The data documented that 3-TYP pretreatment sup-
pressed the rescue effects of melatonin on PM, s-induced
fibroblast to myofibroblast phenoconversion (Figure 7).
In addition, 3-TYP significantly abolished the protective
effect of melatonin via acetylated-SOD2 expression and
SOD?2 inactivity resulted in an elevated level of mitochon-
drial ROS. Based on previous evidence, SIRT3-deficient
mice show increased acetylation and inhibition of several
mitochondrial enzymes, exacerbated mitochondrial dys-
function.®” These data were consistent with melatonin
suppressing mitochondrial ROS production and restoring
cardiac fibroblasts phenotypic conversion through the up-
regulation of SIRT3 deacetylated SOD2 both in vitro and
in vivo. A schematic diagram summarizing these results
and mechanism is showing that melatonin effectively alle-
viates PM2.5-induced cardiac dysfunction and fibrosis via
inhibiting mitochondrial oxidative injury and regulating
SIRT3-mediated SOD2 deacetylation (Figure 8).

5 | CONCLUSIONS
In summary, the present study demonstrates that PM, s
could induce cardiac hypertrophy and fibrosis, particularly
perivascular fibrosis. Additionally, melatonin administration
could significantly reverse the PM, s-induced phenotypic
modulation of cardiac fibroblasts into myofibroblasts. For
the first time, our study finds that melatonin effectively al-
leviates PM, s-induced cardiac dysfunction and fibrosis via
inhibiting mitochondrial oxidative injury and regulating
SIRT3-mediated SOD deacetylation. These results indicate
that melatonin administration could be a prospective therapy
for preventing and treating air pollution-associated cardiac
diseases.
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