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INTRODUCTION

ABSTRACT The effect of melatonin on juveniles with cardio fibrosis is poorly un-
derstood. We investigated whether HDACs participate in the anti-fibrotic processes
regulated by melatonin during hypertrophic remodeling. Abdominal aortic constric-
tion (AAC) was employed in juvenile rats resulting in pressure overload-induced ven-
tricular hypertrophy and melatonin was subsequently decreased via continuous light
exposure for 5 weeks after surgery. AAC rats displayed an increased cross-sectional
area of myocardial fibers and significantly elevated collagen deposition compared to
sham-operated rats, as measured by HE and Masson Trichrome staining. Continuous
light exposure following surgery exacerbated the increase in the cross-sectional area
of myocardial fibers. The expression of HDAC1, HDAC2, HDAC3, HDAC4 and HDAC6
genes were all significantly enhanced in AAC rats with light exposure relative to the
other rats. Moreover, the protein level of TNF-o was also upregulated in the AAC light
exposure groups when compared with the sham. However, Smad4 protein expres-
sion was unchanged in the juveniles’ hearts. In contrast, beginning 5 weeks after
the operation, the AAC rats were treated with melatonin (10 mg/kg, intraperitoneal
injection every evening) or vehicle 4 weeks, and sham rats were given vehicle. The
changes in the histological measures of cardio fibrosis and the gene expressions of
HDACT, HDAC2, HDAC3, HDAC4 and HDAC6 were attenuated by melatonin admin-
istration. The results reveal that melatonin plays a role in the development of cardio
fibrosis and the expression of HDAC1, HDAC2, HDAC3, HDAC4 and HDACG in cardio-
myocytes.

ing the night [1]. Melatonin and its metabolites are potent radical
scavengers and antioxidant agents [1,2]. Research into the mo-

Heart failure is a leading cause of death in pediatric patients,
yet fibrosis and its contribution to heart failure are still poorly un-
derstood. Investigative researches into the regulation of fibrosis
and new therapeutic approaches to heart failure will be critical for
the prevention and treatment of cardiac dysfunction in children.

Melatonin (N-acetyl-5-methoxytryptamine) is primarily syn-
thesized in the pineal gland in humans, and its release peaks dur-

lecular basis of melatonin’s effects on the cardiovascular system
is now rapidly evolving. In animal models of cardiac dysfunction,
melatonin deficiency induced by continuous light exposure or
pinealectomy results in hypertension [3]. On the other hand, mel-
atonin treatment in hypertension patients helps to lower blood
pressure [4].

Histone deacetylases (HDACs) remove acetyl groups from
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histone tails, and thus play a vital role in the regulation of gene
expression [5]. There are four classes of HDACs: class I (1, 2, 3
and 8), class IIa (4, 5, 7 and 9), class IIb (6 and 10), and class IV
(HDACI1), and all of these HDACs enzymes are zinc-dependent.
The catalytic activity of Class III HDACs (SitT 1-7), in contrast,
depend instead on nicotinamide adenine dinucleotide (NAD+)
[6]. There is currently intense interest in the anti-fibrotic capacity
of HDAC:s in combating pathologic cardiac fibrosis: HDAC in-
hibitors can reduce ventricle hypertension and fibrosis in various
cardiovascular disease models [7,8]. Importantly, however, the
molecular mechanisms underlying HDAC action remain poorly
understood.

Recent work demonstrated that melatonin can prevent neona-
tal dexamethasone-induced hypertension through inhibition of
histone deacetylases [9]. As a result, we hypothesized that mela-
tonin may improve cardiac fibrosis in juvenile rats with overload
pressure-induced heart failure.

METHODS
Animals

Juvenile male Sprague Dawley rats (50-80 g) aged from 21 to
28 days were housed in an air-conditioned room with free access
to food and water and were maintained on a 12:12 h light-dark
cycle with independent ventilation, temperature, and humidity
controls. All animal studies were performed in accordance with
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health, and efforts were made to minimize
suffering. The Ethics Committee of the Children’s Hospital of
Chongqing Medical University (Permit Number: SYXK2007-
0016) approved all experiments. All animals (SPF grade) were
purchased from the Animal Experiment Center of Chongqing
Medical University.

Surgery operation

A heart failure model was established by abdominal aortic
constriction (AAC) according to previously described methods
[10]. In brief, naive rats were anesthetized with an intraperitoneal
injection of 10% chloral hydrate (0.3 ml/100 g). Through an ab-
dominal incision, the abdominal aorta, located about 5 mm above
the right renal vein, was ligated in parallel with a polished 23 G
needle and a polyester suture (4-0). The needle was then gently
extracted, resulting in a constricted abdominal aorta (0.6 mm in
diameter) and the incision was sutured. Sham-operated rats un-
derwent a similar surgical procedure but without the abdominal
aorta ligation.
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Light exposure

In the first part of investigation, the AAC-operated rats were
randomly divided into two groups: one group was maintained
under continuous 24 h light exposure—the AAC+Light group—
while, the other was under normal light conditions with a 12:12
h light-dark cycle— the AAC group—for 5 weeks after surgery.
The sham-operated rats—the Sham group—under normal light
conditions.

Drug preparation

In the second part of the study, beginning 5 weeks after sur-
gery, rats with the AAC procedure were randomly assigned to
receive either melatonin (10 mg/kg by intraperitoneal injection
once every evening between 23:00 and 24:00; AAC+melatonin)
[11] or vehicle (0.5% alcohol; AAC) for 4 weeks. The sham group
received vehicle and served as the control group (sham).

Histopathology

Freshly isolated rat hearts from all experimental groups were
fixed in 4% paraformaldehyde for at least 24 h. Heart tissues were
then processed routinely for dehydration with 70-100% graded
alcohol and embedded in blocks of paraffin wax. Serial sections
of 4 pm thickness were cut and mounted on silanized slides,
then, dried in an oven overnight at 60°C. Morphometric analysis
of heart tissues from all experimental groups were conducted
using hematoxylin and eosin (H-E) [12] staining, and collagen
accumulation was assayed by Masson collagen staining [13]. The
cross-sectional area of the myocardial fibers and the proportion
of collagen deposition were quantified using Image-Pro Plus 6.0
Analyzer. All sections from each experimental group were exam-
ined by the same researcher.

Quantitative real time polymerase chain reaction

Total RNA was extracted from the juvenile hearts using an
RNA isolation kit (Bioteke Corporation, Beijing, China) and
the RNA concentration was assessed spectrophotometrically at
260 nm. cDNA was synthesized using a reverse transcriptase kit
(Takara, Japan). cDNA was then amplified by real time PCR in
an ABI PRISM 7000 Sequence Detection System (Applied Biosys-
tems). Data were collected and analyzed using ABI Sequence De-
tector Software and normalized using GAPDH as the reference
gene. mMRNA expression was analyzed using the ACT method.

Western blot analysis
Total protein was extracted from cardiac tissue (KeyGEN Bio-

TECH, China) and quantified using the BCA assay (BioTeke
Biotechnology, China). Total protein (50 pg per lane) from the
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homogenate of isolated ventricular myocytes was separated by (1:1000 dilution, abcam, USA), rabbit anti-Smad4 (1:1000 dilution,
SDS-PAGE (Beyotime Biotechnology, China) and transferred to a abcam, USA), or mouse anti-GAPDH (1:5000 dilution, Arigo,
PDVF membrane. The PVDF membrane was blocked with Tris- Taiwan) antibodies overnight at 4°C. The membranes were then
buffered saline plus Tween (0.05%) and 5% skim milk at room washed with T-TBS solution and incubated with HRP-conjugated
temperature for 1 h, then incubated with mouse anti-TNF-q secondary antibody (1:5000 dilution, Lianke, China) for 1 h. The
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Fig. 1. Effects of AAC on the cardio fibrosis under different light conditions. Representative myocardial HE (A) staining and Masson collagen
staining (B). Effects of chronically increased pressure overload on the cross-sectional area of myocardial fibers (C) and collagen deposition (D) under
different light conditions. **p<0.01, ***p<0.001 vs. sham group; “*p<0.001 vs. AAC group. Images were acquired at 200xmagnification. “n” represents
the number of cardiac fibers in Fig. 1C, and the number of image fields in Fig. 1D.
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membranes were finally developed using a super ECL assay kit Statistical analysis

(KeyGEN BioT'ECH, China) and imaged with a G-BOX imaging

system (Syngene, UK). All statistical analyses were performed with SPSS software
(version 19.0). Comparisons between the groups were performed
using one-way ANOVA, and the LSD method was applied to es-
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Fig. 2. Effects of AAC on the cardio fibrosis in melatonin-treated rats. Representative myocardial HE (A) staining and Masson collagen staining
(B). Effects of chronically increased pressure overload on the cross-sectional area of myocardial fibers (C) and collagen deposition (D) in melatonin- or
vehicle-treated rats. *p<0.05, ***p<0.001 vs. sham group; “*p<0.001 vs. AAC group. Images were acquired at 200xmaghnification. “n” represents the
number of the cardiac fibers in Fig. 2C, and the number of image fields in Fig. 2D.
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timate pairwise comparisons. Significance in statistical tests was
set to p<0.05. Data are presented as the meantstandard deviation.

RESULTS
Histopathology

To evaluate whether the decreased melatonin induced via con-
tinuous light exposure could affect the development of cardio
fibrosis in juveniles, we performed HE (Fig. 1A) and Masson’s
Trichrome staining (Fig. 1B) in heart tissues. As shown in Fig. 1C
and 1D, the cross-sectional area of myocardial fibers (a measure
of cardiomyocyte cell size and thus cardiac hypertrophy) and col-
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lagen disposition were significantly enhanced in the AAC group
compared with those in the Sham group (all p<0.001). Interest-
ingly, continuous light exposure exacerbated the increase in the
cross-sectional area of myocardial fibers, but had no effect on col-
lagen disposition, which was similar in the AAC+Light group and
the AAC group.

To determine whether melatonin might have a therapeutic ef-
fect on cardio fibrosis, we administrated melatonin (10 mg/kg/
day) or vehicle to AAC rats for 4 weeks, beginning five weeks
after the surgery. As shown in Fig. 2, the increase in the cross-
sectional area of myocardial fibers and deposition of interstitial
collagen observed in vehicle-treated AAC heart was improved by
melatonin treatment (all p<0.001).
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Fig. 3. (A-E) Relative HDAC1, 2, 3, 4 and
6 mRNA expression levels in ventricu-
lar cardiomyocytes of juvenile rat un-
der different light exposure (real-time
PCR). *p<0.05, **p<0.01, ***p<0.001 vs.
sham group; *p<0.01, #**p<0.001, vs.
AAC group; all n=8.
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HDAC gene expressions

HDAGC:s participate in the progression of fibrosis diseases [14].
We therefore performed RT-PCR analysis to investigate whether
HDACs gene expressions changes in the hearts of juvenile rats
with cardiac dysfunction. As shown in Fig. 3, class I HDACs in-
cluding HDACland HDAC?2, and class IIb HDAC6 were signifi-
cantly elevated in the AAC hearts than that in the sham hearts,
and light exposure aggravated these changes (all p<0.001). Class I
HDAC3 and class ITa HDAC4 were increased in the AAC+Light
group compared to the other groups (all p<0.001). Melatonin
administration, however, reduced the expression of these HDAC
genes (Fig. 4; p<0.001, p=0.002, p<0.001, p=0.007, p<0.001, re-
spectively).
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TNF-a. and Smad4 protein expression

Since dysregulation of TNF-o and Smad4 is associated with fi-
brosis in diverse organ systems, we performed western blot analy-
sis to determine whether melatonin affected the expression of
these proteins. As shown in Figs. 5A and 5B, the protein expres-
sion of TNF-q was increased in the AAC hearts relative to that
in the sham hearts (p=0.031), and effect that was unchanged by
melatonin treatment (p>0.05) (Figs. 6A and 6B). We also observed
that the expression of Smad4 was the same in all groups (Figs. 5A,
5C, 6A and 6C) (all p>0.05).
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Fig. 4. (A-E) Relative HDAC1, 2, 3, 4
and 6 mRNA expression levels in pla-
cebo-treated or melatonin-treated ju-
venile rat ventricular cardiomyocytes
(real-time PCR). **p<0.01, ***p<0.001
vs. Sham group; #p<0.01, *p<0.001, vs.
AAC group; all n=8.
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DISCUSSION

The major finding in this study was that melatonin can prevent
the cardio fibrosis normally caused by afterload pressure in juve-
nile rats. Decreasing melatonin levels by continuous light expo-
sure dramatically increased HDACI, HDAC2, HDAC3, HDAC4
and HDAC6 mRNA expression in failing hearts. The changes in
HDAC expression were prevented by treatment with melatonin,
suggesting that melatonin may play an inhibitory role in HDAC
expression to guard against the development of cardio fibrosis in
juveniles.

The over-afterload pressure induced by AAC resulted in car-
dio fibrosis and myocardiac remodeling, and reduced melatonin
exacerbated these changes. These findings are in agreement
with previous work showing that heart weights increased after
pinealectomy in rats, indicating ventricle remodeling [15]. In this
study, melatonin treatments from 5 to 9 weeks after AAC reverse
these changes.

www.kjpp.net

AAC+Light AAC Sham

P>0.05

Fig. 5. Relative TNF-a and Smad4

protein expression levels in AAC-

treated juvenile rat ventricular cardio-
—I— myocytes (Western blot). Western blot

images (A) and relative quantification
of TNF-a. (B) and Smad-4 (C) protein
- expression in juvenile rat ventricular car-
diomyocytes. *p<0.05 vs. sham group, all
n=4.

It is widely believed that HDACs are associated with epigenetic
regulations of gene expressions and that HDAC inhibitors have
direct effects on cardiac fibroblasts [16]. A recent study described
how HDAC inhibitors work through Angiotensin II signaling to
regulate cellular infiltration into the mouse heart [14]. Previous
data also suggests that class I and class II HDACs play oppos-
ing roles in the regulation of hypertrophy. Class I HDACs are
required for some hypertrophic responses and might normally
work in the heart to repress antihypertrophic pathways, whereas
class I HDACs may repress hypertrophy, though the experimen-
tal evidence in support of this hypothesis is lacking [17]. Lkhagva
B and his colleagues measured the protein levels of HDACs
(including HDAC1, HDAC2, HDAC3 HDACS in Class I, and
HDAC4, HDAC6, HDAC9, HDACI10 in Class II) and found that
the left ventricles of HF rats expressed significantly more HDACI,
HDAC2, HDAC3, HDAC4 and HDACS6 than the healthy left ven-
tricles did [18]. Another study, performed with human heart sam-
ples, showed that HDAC4 represses pro-hypertrophic gene ex-

Korean J Physiol Pharmacol 2018;22(6):607-616
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pression [19], while yet another study found that YY1 functions as
an anti-hypertrophic factor by preventing HDAC5 nuclear export
[20]. As a result, we chose to focus on these HDACs with reported
ties to cardiac hypertrophy. While it has been found that HDAC7
is associated with gastric cancer, type 2 diabetes, and memory
formation and that HDACY plays a role in cerebral ischemic
stroke, lymphoma and acute coronary syndrome, there has been
little research into the effect of HDAC7 or HDAC9 on cardiac hy-
pertrophy. Our data demonstrate that afterload pressure-induced
cardio fibrosis is associated with increased HDAC1, HDAC2
and HDAC6 gene expression, and that decreased melatonin via
continuous light exposure exacerbates this effect. According to
a previous study [21], transgenic overexpression of HDACI or
HDACS3 in the heart did not induce cardiac hypertrophy or heart
failure. The aberrant upregulation of HDACI and 3 occurred
“after transition of heart failure” in other words, HDACI and 3
were not responsible for inducing heart failure but rather second-
ary changes that resulted from the heart failure. Importantly, we
also found that melatonin administration prevented the increase
in HDACI, HDAC2, HDAC3, HDAC4 and HDAC6 gene expres-

Korean J Physiol Pharmacol 2018;22(6):607-616
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Fig. 6. Relative TNF-a and Smad4 pro-
tein expression levels in AAC-treated
juvenile rat ventricular cardiomyocytes
(Western blot). Western blot images
(A) and relative quantification of TNF-o
(B) and Smad-4 (C) protein expression in
juvenile rat ventricular cardiomyocytes.
*p<0.05 vs. sham group, all n=6.

AAC+melatonin Sham

sion following AAC in juvenile heart, consistent with previous
studies showing that melatonin plays a role as an HDAC inhibitor
[9,22]. Nonetheless, the potential limitations of our study should
be noted and we will consider looking at these additional HDACs
in a future replication of this work.

TNE-a plays a fundamental role in the pathological changes
seen in failing hearts, such as ventricular remodeling, cardio
fibrosis and apoptosis [23-25]. While our data demonstrate that
protein expression of TNF-q was elevated in failing hearts, that
the increase in TNF-q was not reversed by melatonin treatment.
In another study, TGF-p and its downstream signaling protein
Smad4 contributed to the pathology of heart failure [26], but the
level of Smad4 was unchanged in our juvenile rats with cardiac
dysfunction. The age of rats may response for the reason why the
results were different than previous work has reported.

Many basic biological phenomena are related to circadian
rhythms, such as body temperature, pulse, blood pressure, blood
sugar, oxygen consumption, urination, basal metabolic rate,
hormone secretion, wake-sleep. To exclude the circadian bias,
these indicators of circadian rhythms should be measured among
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all the groups or balanced across groups. Light influences sleep
indirectly through circadian pathway. Jessica W. Tsai and her col-
leagues assessed the role of melanopsin in mediating the effects of
light on sleep and found that melanopsin contributes directly to
the effects of light and darkness, and interact with the circadian
and homeostatic drive to determine the occurrence and quality
of both sleep and waking [27]. Sleep electrocorticogram (ECoG)
was used to evaluate the effect of light-exposure on sleep in these
studies. Unfortunately, we do not have the equipment needed for
evaluating sleep in rats. We speculate that light-exposure induce
wakefulness and alertness, and that the amplitude of delta activ-
ity in ECoG, a marker of sleep, is reduced in the continuous light
rats compared to the controls, but further research would be
needed to confirm this speculation. The potential limitations of
our study should be noted and we would like to pursue this fur-
ther when we have the capacity to perform EcoG. In addition, our
study missed sham+light or sham+melatonin group and we plan
to replicate this study with shoes added controls in the future.

Taken together, we observed that melatonin can ameliorate
aberrant upregulation of HDACs and histologic indicators of car-
diac hypertrophy. Melatonin may be useful for the treatment of
cardiac hypertrophy and heart failure in juveniles.
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