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Melatonin, a hormone released by the pineal gland, demonstrates several effects on the cardiovascular
system. Herein, we performed a systematic review and meta-analysis to verify the effects of melatonin in
an experimental model of myocardial infarction. We performed a systematic review according to PRISMA
recommendations and reviewed MEDLINE, Embase, and Cochrane databases. Only articles in English were
considered. A systematic review of the literature published between November 2008 and June 2019 was
performed. The meta-analysis was conducted using the RevMan 5.3 program provided by the Cochrane
Collaboration. In total, 858 articles were identified, of which 13 were included in this review. The main results of
this study revealed that melatonin benefits the cardiovascular system by reducing infarct size, improving cardiac
function according to echocardiographic and hemodynamic analyses, affords antioxidant effects, improves the
rate of apoptosis, decreases lactate dehydrogenase activity, enhances biometric analyses, and improves protein
levels, as analyzed by western blotting and quantitative PCR. In the meta-analysis, we observed a statistically
significant decrease in infarct size (mean difference [MD], -20.37 [-23.56, -17.18]), no statistical difference in
systolic pressure (MD, -1.75 [-5.47, 1.97]), a statistically significant decrease in lactate dehydrogenase in animals
in the melatonin group (MD, -4.61 [-6.83, -2.40]), and a statistically significant improvement in the cardiac
ejection fraction (MD, -8.12 [-9.56, -6.69]). On analyzing potential bias, we observed that most studies presented
a low risk of bias; two parameters were not included in the analysis, and one parameter had a high risk of bias.
Melatonin exerts several effects on the cardiovascular system and could be a useful therapeutic target to combat

various cardiovascular diseases.
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B BACKGROUND

Melatonin (N-acetyl-5-methoxytryptamine) is a hormone
produced by the pineal gland exclusively at night and
is released into the bloodstream and cerebrospinal fluid in
a circadian manner to regulate several physiological and
neuroendocrine functions (1-3). The effects of melatonin are
dependent on non-receptor- and receptor-mediated mechan-
isms of action. Membrane melatonin receptors (MT1,
MTNR1A, MT1, and MTRNI1B) are G-protein-coupled
receptors, signaling through Gi-Gg or G4-Gy; transduction
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pathways, depending on the target organ. Melatonin
secreted at night might interact with its effector and produce
immediate effects when melatonin is present in the circula-
tion (e.g., nighttime blood pressure dipping). Moreover,
during the night and through several mechanisms of action,
melatonin primes prospective effects (such as controlling
autonomic nervous system activity) that can be observed
only during the day when no pineal melatonin production
occurs (3-6).

Over the last 20 years, several studies have suggested that
melatonin influences the cardiovascular system (7,8). Mela-
tonin may have significant anti-inflammatory and cardio-
protective properties by directly eliminating free radicals,
as well as indirectly via antioxidant activity. In addition,
melatonin may be involved in blood pressure regulation and
have significant anti-atherogenic effects (8-13).

In this systematic review, cardiovascular diseases such
as hypertension, myocardial infarction, ischemia, and reper-
fusion were selected to verify the action of melatonin, as we
believe that these cardiopathies currently represent a large
number of cardiovascular diseases (13,14). Our study aimed
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to verify the effects of melatonin in an experimental model of
myocardial infarction.

B SEARCH STRATEGIES

In the present study, the search strategy was performed
as described by Tawfik et al. (15). We used MEDLINE,
Google Scholar, and Cochrane databases and reviewed
literature published from November 2008 to June 2019;
we restricted this systematic review to the last ten years,
covering the latest and most relevant articles worldwide.
First, we selected keywords from related articles, using
Medical Subject Headings (MeSH) to identify more related
keywords with similar meanings as follows: (“melatonin”)
[MeSH Terms] AND (“cardiovascular system”) [MeSH
Terms] [All Fields]. We then searched the three databases.
Accordingly, we identified 2096 articles in PubMed using the
“other animals” filter, 602 articles using Google Scholar
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filtering for keywords only in the title, and three articles
using a Cochrane Library advanced search; the terms used
were “melatonin and cardiovascular system” In addition, we
reviewed retrieved articles to identify additional studies
(Figure 1). This review was conducted according to the
recommendations of the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) (16,17).

We excluded studies with cell culture experiments,
as well as pre- and post-conditioning studies. The inclusion
criteria were animal studies, cell culture studies, and in vivo
experiments. The control group was the melatonin group
in this study. The melatonin group varied in each article,
as studies persistently experimented with a melatonin group
related to a drug or an event.

The process of paper retrieval and titles and abstract
evaluation was conducted by two independent blinded
researchers capable of compiling systematic reviews (ECV
and RS), following the inclusion and exclusion criteria

“Melatonin and
cardiovascular
system.”

Exclusion criteria for
articles; 1 - articles that
do not contemplate
theme (629); 2 -
reviews articles (11) 3 —
clinical studies and
systematic review and
only in vitro papers (10)
4 — papers not

published in the English
language (1) 5 —not

Other exclusion criteria 1 -
articles containing only the
cardiovascular system (5) 2

— cardiac system only (7) 3
- articles related to the
topics infarction,
hypertension, diabetes and

g Search of three electronic databases including
5 '-g PubMed 2099 articles; Cochrane library
° :—_’ advanced search (3), Google scholar (602)
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articles
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Figure 1 - Flow chart of experimental design.
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77.77% of articles selected appropriate control groups
(21,23,25-31,34,36) and 61.11% (23,25,26,28,30-32,34,36,38)
had well-defined dose-response relationships. Moreover,
all studies analyzed (21-38) had standard characterizations
of animal properties at baseline. Overall, 89% of studies had
employed an appropriate animal model that simulated the
human manifestation of the disease (21-23,25-27,29-38). All
studies that examined treatment responses according to a
known mechanism (21-38) had characteristics within the
requested standards. Only 67% (23-25,31,33,35,37,38) of
selected manuscripts were within the range of the standard
model of patient age in clinical settings. All studies did not
follow other standard application models. In replicating
different models of the same disease, 78% of studies (21-
23,25-30,32,34-38) were independently replicated, whereas
88.88% (21-23,25-29,31-38) were replicated in different species.
For studies where the objective was inter-study standardiza-
tion of an experimental design, 39% (25-28,32,35,37) reached
this standard (Table 4).

In Table 5, we analyzed the study characteristics of
selected controlled animal studies. Accordingly, we obtained
the following results according to each experiment per-
formed in articles examined in this systematic review. Table 5
presents experiments in which melatonin significantly
improved the investigated variable (marked as S), as well
as those where melatonin showed no significant improve-
ments (NS). Chen et al. (23), Liu et al. (31), and Petrosillo
et al. (38) reported that melatonin significantly decreased
infarct size. Zhang et al. (21) and Liu et al. (24) reported that
melatonin improved echocardiographic measurements.
Furthermore, studies by Benova et al. (22), Liu et al. (24),
Simko et al. (25), Simko et al. (26), Liu et al. (33), Repova et al.
(35), and Chen et al. (37) showed that melatonin had a
positive effect on hemodynamic variables. In addition, we
observed that the effects of melatonin were not significantly
different from those reported in the study by Chaudagar
et al. (28). These findings indicated the substantial benefit
of using melatonin to stabilize hemodynamic parameters.
Moreover, Zhu et al. (32) and Chen et al. (37) revealed
that melatonin improved left ventricular cardiac function
(Figure 2, Table 5).

Zhang et al. (21), Liu et al. (24), Simko et al. (26),
Salmanoglu et al. (29), Zhu et al. (32), and Chen et al. (37)
revealed that melatonin had positive effects on the rate of
apoptosis (Table 5). Melatonin showed positive effects in
studies examining western blotting of various proteins and
quantitative reverse transcription-polymerase chain reaction
(qRT-PCR), including those by Zhang et al. (21), Benova et al.
(22), Chen et al. (37), Liu et al. (31), and Liu et al. (24)
(Table 5). Drobnik et al. (34) and Repova et al. reported that
melatonin reportedly reduced collagen deposition (35)
(Table 5). Immunohistochemical analyses were performed
by Zhang et al. (21), Stacchiiotti et al. (27), Cheng et al. (30),
Liu et al. (33), Drobnik et al. (34), and Cheng et al. (37),
revealing that melatonin consistently yielded a positive
result (Table 5). Melatonin showed benefits in biometric
analyses, as determined by Benova et al. (22), Simko et al.
(25), and Chaudagar et al. (28) (Table 5).

Furthermore, melatonin showed beneficial effects on
autophagosome evaluation, lactose dehydrogenase measure-
ments, angiotensin, and aldosterone, nitric oxide levels, and
mitochondrial analysis, as determined by Zhang et al. (21),
Chen et al. (23), Simko et al. (25), Liu et al. (31), Liu et al. (33),
Chen et al. (37), and Petrosillo et al. (38) (Table 5).

Characterizing pathway in terms of molecular biology, histology, physiology or behavior

Using functional or non-surrogate outcome measures

Characterizing inclusion/exclusion criteria, disease severity, age or sex
Using aged or juvenile animals

Recording animals excluded from treatment through to analysis
Matching mechanism, chronicity or symptoms

Using negative, positive, concurrent, or vehicle control groups
Testing above and below optimal therapeutic dose

Different transgenic strains or lesion techniques

Different investigators or research groups

Coordination between independent research groups

Power calculation, larger samples sizes
Various methods of randomization
Blinded measurement or analysis
Rodents and nonhuman primates

Examples

Matching model to the human manifestation of the disease
Treatment response along a mechanistic pathway

Matching outcome measures to clinical settings
Matching model to the age of patients in clinical settings

Replication in different models of the same disease
Independent replication
Inter-study standardization of experimental design

Randomized allocation of animals to treatment
Characterization of animal properties at baseline

Recommendation Category

Blinding of outcome assessment

Flow of animals through an experiment
Selection of appropriate control groups
Study of dose-response relationships
Replication in different species

Choice of sample size

Table 3 - Most frequent recommendations appearing in preclinical research guidelines for in vivo animal experiments [Hendersen et al. (18)].

Validity type
Internal

Construct

External

Research program
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determine whether
intervention
allocations could have
been foreseen before
or during enrolment.

Type of bias Domain Description of domain | Review authors
judgment
Selection bias Sequence Describe the methods Was the
generation used, if any, to allocation
generate the sequence
allocation sequence in adequately
sufficient detail to generated and
allow an assessment applied?
of whether it should
produce comparable
groups.
Selection bias Baseline Describe all the Were the groups
characteristics possible prognostic similar at
factors or animal baseline, or were
characteristics, if any, | they adjusted for
that are compared to confounders in
judge whether the analysis?
intervention and
control groups were
similar at the start of
the experiment.
Selection bias Allocation Describe the method Was the
concealment used to conceal the allocation
allocation sequence in adequately
sufficient detail to concealed?

Performance bias

Random housing

Describe all measures
used, if any, to house

Were the animals
randomly housed

knowing which
intervention each
animal received.

animals randomly during the

within the animal experiment?
room.
Performance bias Blinding Describe all Were the
measurements, if any, | caregivers and/or

to blind trial investigators
caregivers and blinded from

researchers from knowledge

regarding the
intervention each
animal received

outcome data

completeness of
outcome data for each
main outcome,
including attrition and
exclusions from the
analysis. State
whether attrition and
exclusions were
reported, the numbers
in each intervention
group (compared with
total randomized
animals), reasons for
attrition or exclusions,
and any re-inclusions
in analysis for the
review.

Provide any during the
information relating to experiment?
whether the intended
blinding was effective.

Detection bias Random outcome Describe whether Were animals

assessment animals were selected selected at
at random for random for
outcome assessment outcome
and which methods to assessment?
select the animals, if
any, were used.

Detection bias Blinding Describe all measures | Was the outcome
used, if any, to blind assessor
outcome assessors blinded?
from knowing which

intervention each
animal received.

Provide any
information relating to
whether the intended
blinding was effective.

Attrition bias Incomplete Describe the Were incomplete

outcome data
adequately
addressed?

Reporting bias

Selective outcome
reporting

State how selective

outcome reporting

was examined and
what was determined.

Are reports of the
study free of
selective outcome
reporting?

Other

Other sources of
bias

State any important
concerns regarding
bias not covered by
other domains in the

tool.

Was the study
free of other
problems that
could resultin a
high risk of bias?

Figure 2 - Representation of the SYRCLE’s risk of bias tool for animal studies. Hooijmans et al. (43).
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E The meta-analysis revealed a statistically significant
;- decrease in infarct size (MD -20.37 [-23.56, -17.18]). However,
z there was no statistical difference in systolic pressure
g between articles analyzed (MD -1.75 [-5.47, 1.97]). In articles
g analyzing lactate dehydrogenase, a statistically significant
< decrease in the levels of this enzyme was noted in animals
= in melatonin groups (MD -4.61 [-6.83, -2.40]). With regard
E to the ejection fraction, two articles showed improvement
> o in melatonin-treated groups. Another study analyzed the
g £ influence of melatonin in infarcted animals with the same
2 3 ejection fraction; however, this parameter was not statisti-
- g' cally significant in the meta-analysis (MD -8.12 [-9.56, -6.69])
% g (Figure 3). . .
s 5 In terms of selection bias, the results were well-balanced
£ é between low risk, no clear risk, and high risk of bias.
£ ’2 All studies presented a low risk of bias in the baseline
5 variable characteristics. On analyzing allocation conceal-
e ment, most selected articles had a high risk, and a little less
S o| S than half presented a low risk of bias. The randomization
T 55| &35 parameter was also fairly balanced between low risk, no
" 20 ié £3 clear risk, and high risk of bias. On analyzing random
8 © § ZE outcome assessment, most studies (more than 50%) hafi a
§ <'g ) %’ low risk of bias, and some presented an unclear risk of bias.
< i On analyzing blinding bias, most articles were unclear as to
S whether investigators were blinded. The articles presented
" § g a low risk of bias in the results of incomplete outcome data
|5 g g 5 -OCT (Figure 4 and 5).
El 05 3 | £
HIEEEE B DISCUSSION
> = w2
” @ ” § § £ This systematic review revealed that melatonin has
2 3 *2 <Df various beneficial effects on the cardif)vasc.ular system; thgse
I g g s effects include decreased infarct size, improved cardiac
S 2 o £ function and cellular oxidation functions, reduced apoptosis,
=% and healthier cellular histomorphology.
n s In the present review, studies that analyzed echocardio-
5 3 52 graphic measures exhibited melatonin benefits such as
g §a T; g decreased infarct size, improved ejection fractions, improved
E g T35 systolic and diastolic diameters, and ameliorated recovery
wEwn D g 2z rates of cardiac function (24), while also favoring the treatment
g s g2 of cardiac hypertrophy and hearts that experienced myocar-
? 2 &84 dial infarction, ischemia, or reperfusion (21-38). On analyzing
5 g gz hemodynamic and biometric variables, melatonin appeared to
* 35 confer significant benefits, such as improvements in systolic
o 5% pressure, positive pressure derivative, lower left ventricular
5 § § end-diastolic pressure, reduced left ventricular weight in
g °I relation to the total heart weight, and improved lung water
5 E S 3 content (22-25,28,35,38). Experimental models of obesity,
g 2 o3 hypertension, and other cardiovascular diseases reinforce
wPng g H the scientific practice of adopting animal models and
§ o g5 assessing results prior to human application. These pre-
= é E = clinical results indicate the effect of melatonin on the
v g € o examined cardiovascular diseases.
8 'g g Reportedly, melatonin is an important anti—apopto’# aggnt
= €l in various tissues, reducing calcium uptake, mitigating
g é reactive oxygen species generation, and decreasing the levels
e 28 of pro-apoptotic proteins, such as Bax (39). In addition,
% % E s melatonin destabilizes hypoxia-induced hypoxia-inducible
k= ¢ €3 factor (HIF)-lo. protein expression. Moreover, melatonin
S ) ® 0z suppresses HIF-lo. transcriptional activity under hypoxic
' D T :% conditions, resulting in vascular endothelial growth factor
518t T 52 expression (40). Melatonin also confers anti-inflammatory
s |E E % gg effects on the cardiovascular system (41). Furthermore, a
el o @3 systematic review and recent meta-analysis have identified
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Melatonin Control Mean Difference Mean Difference
Study or group Mean SD Total Mean SD Total Weight v, 95% CI v, 95% CI
Chenet al, 2018 25 2 6 50 3 6 267% -25.00[-27.88,-2212) -
Chen et al., 2009 33 3 10 52 § 10 237% -19.00[-22.61,-15.39) S
Livetal, 2015 335 2 12 55 2 12 31.4% -20.00[-21.60,-18.40) -
Petrosillo et al,, 2009 B 4 6 52 § 6 181% -16.00[21.12,-10.88) —_
Total (95% CI) 34 34 100.0% -20.37 [-23.56,-17.18] @
Heterogeneity: Tau®= 7.75, Chi*= 13.32, df= 3 (P=0.004), F=77% _;0 _1?0 150 2¢0
Test for overall effect Z=12.52 (P < 0.00001) Melatonin Control

Figure 3a - Metanalysis of infarct size measurement by echocardiography (% left ventricular).

Melatonin Control Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, 95% Cl IV, Random, 95% CI
Chaudagar et al,, 2016 122 2 6 120 2 6 181% 2.00[-0.26, 4.26] |-
Livetal, 2014 8146 1045 12 1085 325 12 126% -27.04[-33.23,-20.85) ——
Petrosillo et al., 2009 80 5 6 85 6 6 126% -6.00 [-11.25,1.25) —
Repova etal, 2013 133 1 10 127 1 10 19.2% 6.00[5.12,6.88] .
Simko etal., 2017 126 1.28 11 120 048 11 193% 5.00(4.19,5.81] J e
Simko et al,, 2018 122 2 10 123 3 10 182% -1.003.23,1.23) r
Total (95% C1) 55 55 100.0% A75[-547,1.97] #
Heterogeneity: Tau®= 18.54, Chi*= 149.22 df=5 (P < 0.00001), = 97% ‘250 .150 ) 1=0 2:0
Test for overall effect Z= 0.92 (P = 0.36) Melatonin Control
Figure 3b - Metanalysis of systolic blood pressure (mmHg).

Melatonin Control Std. Mean Difference Std. Mean Difference
Study or group Mean SD Total Mean SD Total Weight IV, 95% ClI v, 95%CI
Chenet al, 2018 900 80 6 1,800 100 6 165% -91713.79,-455) ——
Chenetal, 2009 1,200 100 10 1,700 150 10 453% -3.76 -5.32,-2.19] -
Petrosillo et al., 2009 800 150 6 1,500 200 6 382% -366 [5.77,-1.54] -
Total (95% CI) 22 22 100.0% -4.61[-6.83,-2.40] &
Heterogeneity. Tau®= 2.18, Ch*= 4.99, df= 2 (P = 0.08), F= 60% -50 _130 1:0 ‘0
Testfor overall effect. Z= 4.08 (P < 0.0001) Favours [experimental] Favours [control]

Figure 3c - Metanalysis of lactate dehydrogenase (U/L).

Control Melatonin Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Chenetal, 2018 40 5 6 65 3 6 94% -2500[29.67,-20.33] +—
Zhang etal,, 2019 40 2 12 35 3 12 494% 5.00[2.96, 7.04] -
Zhuetal,, 2015 40 2 10 60 3 10 412% -2000(2223,-17.77] -
Total (95% CI) 28 28 100.0% -8.12[-9.56, -6.69] £ 3
Heterogeneity: Chi*= 317.74, df= 2 (P < 0.00001); #= 99% _50 _190 150 2=0
Test for overall effect Z=11.11 (P < 0.00001) Control Melatonin

Figure 3d - Metanalysis of ejection fraction measured by echocardiography (% left ventricular).

Selection bias Sequence generation
Selection bias Baseline characteristics
Selection bias Allocation concealment

Performance bias Random housing

)

Performance bias Blinding |

Detection bias Random outcome assessment
Detection bias Blinding [
Aftrition bias Incomplete outcome data |

Reporting bias Selective outcome reporting

Other sources of bias

% 25% 50% 75%  100%

oT

| [ Low risk of bias [Junclear risk of hias Wl Hioh risk of bias

Figure 4 - Risk of bias graph: review of authors’ judgment regarding each risk of bias item presented as percentages across all included studies.
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Selection bias Sequence generation

Detection bias Random outcome assessment
Aftrition bias Incomplete outcome data

Performance bias Blinding
Other sources of hias

Benovaetal, 2019

@ | Detection bias Blinding

Chaudagar etal., 2016

Chenetal., 2009

@ @ | Performance bias Random housing

Chenetal, 2018

Chengetal, 2015

Drobnik etal., 2011

Drobnik etal., 2013

Liuetal, 2014

Liuetal, 2015

Liuetal, 2018

Petrosillo etal., 2009

Repovaetal, 2013

Salmanoglu etal,, 2016

Simko etal, 2017

Simko etal, 2018

Stacchiofti etal,, 2017

Zhangetal., 2019

D OO OO OO OO O® O®® ® ® ®| ®| ®|sclectionbiasBaseline characteristics

Zhuetal, 2015

® 0D OO0 O OO O ® ® O O P O @O :-etionhiasAlcaton concealment

O OSSOSO OSSO O® O ® ® ®|®|Reportnghias selectve outcome reporting

Figure 5 - Risk of bias summary: review of authors’ judgment regarding each risk of bias item for each included study.

that melatonin supplementation facilitates blood pressure
regulation (42).

Melatonin has substantial benefits in the heart, involving
various proteins (including superoxide dismutase [SOD],
catalase [CAT], and glutathione peroxidase [Gpx]), while
also improving the apoptosis rate. These findings were
determined using several techniques, including western
blotting analysis of BCL and Bx expression and the TUNEL
assay, which measured the decrease in the level of

apoptosis in myocardial cells when melatonin was added
(23-25,29,32). Other important variables analyzed following
melatonin administration in the cardiovascular system were
lactate dehydrogenase levels, mitochondrial analysis, lipid
peroxidation, glycosaminoglycan, collagen level reduction,
culture measurements, the antioxidant action of cells, opening
gradient of mitochondrial channels, improvement in vasocon-
striction, low-density lipoprotein (LDL), high-density lipopro-
tein (HDL), and cholesterol level measurements, nitric oxide
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synthase level measurements, histomorphometric evaluations,
determination of hydroxyproline levels, and assessment of
autophagosomes (21-38).

The main novelty of this study is that it highlights the
benefits assimilated by melatonin in experimental models of
myocardial infarction, such as improved ejection fraction.
Apart from limitations such as differences between animal
organisms and humans, experimental research in Brazil is
often restricted due to limited funding for animal studies
when compared with human trials. In addition, results from
animal studies fail to precisely correlate with the experience
of testing melatonin or other substances in an environment
that differs from the human body. Another limitation that
must be considered is the nature of systematic reviews,
which examine non-published data and data previously
published by other authors, thus hindering novel scientific
findings.

Bl CONCLUSION

Notably, this systematic review is based on animal
experiments. Melatonin may impact the cardiovascular
system, including experimental myocardial infarction, and
further studies are necessary to determine its use in clinical
settings for treating cardiovascular diseases.
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