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1 | INTRODUCTION

The liver is a crucial organ that exerts detoxication actions of a great
variety of molecules, such as protection from the harmful reactive
oxygen species (ROS) generated during oxidative stress (Reyes-
Gordillo et al., 2017; Roehlen et al., 2020). Oxidative stress is a key
factor in liver damage caused by a wide diversity of agents and
contributes to virtually all conditions that compromise liver function,
including ischemia-reperfusion, nonalcoholic steatohepatitis, non-
alcoholic fatty liver disease (NAFLD), liver fibrosis, liver cirrhosis and
hepatocarcinoma (HCC) (Reyes-Gordillo et al., 2017; Roehlen et al.,
2020). However, not only oxidative stress contributes to liver fibrosis
development. Hepatic stellate cells (HSCs) activation during liver
injury is one of the main processes associated with the progression of
hepatic fibrosis and has been established as an interesting target for
antifibrotic therapies (Lee et al., 2015). Moreover, activated HSCs are
responsible for producing extracellular matrix (ECM) components,
whose progressive accumulation abolishes the liver architecture on
physiological conditions, leading to liver fibrosis establishment
(Lee et al., 2015; Roehlen et al., 2020).

During the fibrogenic process, inflammatory cells are recruited
and promote the differentiation of HSCs into myofibroblasts
responsible for collagen production (Roehlen et al., 2020). In case
this profibrogenic response is not abrogated by tissue-repair
mechanisms, uncontrolled HSCs activation and collagen deposition
can lead to loss of liver functionality and an uninhibited-fibrosis (Lee
et al., 2015; Roehlen et al., 2020). Subsequently, the evolution of liver
fibrosis can trigger acute or chronic liver failure, cirrhosis, portal
hypertension, and even HCC, being associated with a high probability
of multiorgan failure and high mortality. Nonetheless, although there
is increasing scientific evidence that suggests that liver fibrosis is a
dynamic lesion and may become reversible, the only clear treatment
to effectively prevent fibrosis-associated mortality is the elimination
of the causative agent (Lee et al., 2015; Roehlen et al., 2020).

Melatonin, also known as N-acetyl-5-methoxytryptamine, is a
product mainly secreted by the pineal gland and widely distributed in
the body, being present in the bone marrow, skin, gastrointestinal
tract, and liver, among other organs. The liver is the organ that
accumulates the highest concentrations of melatonin, and the only
one that metabolizes circulating melatonin (Mortezace &
Khanlarkhani, 2018). In addition to modulating several molecular
pathways of inflammation, oxidative stress, apoptosis, and cell
damage (Carbajo-Pescador et al., 2013; Hu et al, 2016; Zhang
et al., 2017), melatonin is also able to regulate circadian rhythms, and
different studies have demonstrated the beneficial effects of this
indolamine regarding fibrosis in different organs, including the liver
(Gonzalez-Fernandez et al., 2018; Zhang et al., 2017).

The protective role of melatonin in liver fibrosis seems to involve
different cellular and molecular processes, including hepatocyte
apoptosis, cholangiocyte proliferation, inflammation or activation of
myofibroblasts, inducing ECM deposits and significantly reducing
histopathological changes in liver tissue (Hu et al., 2016; Mortezaee &

Khanlarkhani, 2018). Several studies suggest that melatonin could
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play a promising role in the treatment of liver fibrosis and other liver
pathologies. Actually, beneficial effects of melatonin have been
observed against hepatotoxicity (Yang et al., 2021), fulminant hepatic
failure (FHF) (Crespo et al., 2016), NAFLD (Joshi et al., 2021), and
HCC (Sanchez et al., 2018). Considering the broad spectrum of
processes that melatonin is able to modulate, an increasing number of
studies have focused recently on the study of melatonin effects in
liver fibrosis (Mortezaee & Khanlarkhani, 2018).

In the present article, we systematically review the scientific
literature published in the last 10 years that focuses on the main
molecular and cellular mechanisms associated with the antifibrotic
effects of melatonin and the potential use of this molecule to improve
the treatment strategies in this hepatic pathology.

2 | MATERIALS AND METHODS

2.1 | Research strategy
This systematic review has been conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (Page et al., 2021) (Tables S1 and S2). Additionally, the study
protocol has been registered in the International Prospective Register of
Systematic Reviews (PROSPERO), associated with the registration code
CRD42022304744. To carry out an exhaustive search, the PubMed,
Scopus, and Web of Science (WOS) databases were used, from the
beginning until December 31, 2021, identifying a total of 153 articles,
65 from PubMed, 32 from Scopus, and 56 from WOS.

The search strategy followed was the following for each
database:

1. PubMed: (“melatonin” [All Fields]) AND (“liver fibrosis” [All Fields]
OR “hepatic fibrosis [All Fields]).

2. Scopus: TITLE-ABS-Key (“melatonin”) AND (“liver fibrosis” OR

“hepatic fibrosis”).
3. WOS: TS = (“melatonin”) AND (“liver fibrosis” OR “hepatic fibrosis”).

2.2 | Inclusion and exclusion criteria

We applied the following inclusion criteria to select the items: (1) use
of liver fibrosis as a study model; (2) use of melatonin as a treatment
either alone or in combination with other compounds; (3) use of in
vivo and/or in vitro models. Articles that met the following criteria
were excluded: (1) review or compilation articles; (2) congress or
conference communications; (3) articles whose text was in a language
other than English; (4) papers published before 2011.

2.3 | Study selection

Study selection was performed independently by two authors;
however, any disagreement was resolved by a third author.
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Once the original articles were fully searched, duplicates were
eliminated between databases, and the articles were screened.
Subsequently, articles were selected based on the inclusion criteria
and were individually evaluated; articles that met the exclusion criteria
were discarded. Finally, all those articles that met the eligibility criteria
were identified and included in the qualitative analysis.

2.4 | Data extraction

The data of the articles included in the study were extracted by two
independent authors, including the following aspects: name of the
first author and year of publication, inducer of liver damage,
experimental model (in vivo, in vitro), melatonin administration

strategy, as well as modifications in the studied processes.

3 | RESULTS

3.1 | Study selection and characteristics

The complete process of study selection is defined in Figure 1.
Briefly, the literature search conducted led to a total of 153 studies,
being 96 after duplicates removal. Considering inclusion and
exclusion criteria, 70 articles were fully screened, removing 41 that
met exclusion criteria. After the complete screening, 29 original
articles were identified as relevant studies that met the established
goal and were included in this systematic review.

A general analysis of the studies published along time shows that
the number of articles evaluating the beneficial effects of melatonin
in hepatic fibrosis has been persistent and elevated in recent years
(Figure 2). After the temporal gap observed between 2011 and 2015,
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FIGURE 1 Flowchart of the study search conducted following the PRISMA guidelines. PRISMA, Preferred Reporting Items for Systematic

Reviews and Meta-Analyses; WOS, Web Of Science.
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the number of articles published markedly increased and remained
high for several years, highlighting the interest in performing a
complete review of all reported results to establish an overview in
this regard. Curiously, previous literature screening showed the
absence of studies conducted with human patients with liver fibrosis
in which melatonin has been administered to evaluate its antifibrotic
effects. Therefore, the present systematic review has been con-
ducted only with preclinical studies.

The main characteristics and data reported by the included
articles are compiled in detail in Table 1. Among these studies, 2
articles employed only cell culture as a study model (6.90%), 22 used
animal models (75.86%), and 5 used both in vitro and in vivo models
(17.24%). Although there is a low number of articles with cell culture
as the study model of hepatic fibrosis, a broad range of cell types
have been employed, including H69, HepG2, LX2, and primary HSCs
cell lines. Besides, a greater variety in time and concentration of
melatonin treatment has been observed, ranging from 30 min to 21
days, and from 0.01 uM to 1 mM, respectively. Regarding in vivo
models, the main method used to induce hepatic fibrosis was the
intraperitoneal administration of CCl,, being also performed bile duct
ligation (BDL), NAFLD induction by high-fat diet (HFD), and primary
biliary cholangitis, among others (Figure 3). Within them, 11 studies
used mice and 16 rats as animal species for establishing the liver
fibrosis model.

As the main treatment, melatonin was administered alone in all
the included studies; however, only one of them evaluated the
effects of combining melatonin with another compound (Zaitone
et al., 2011). Moreover, the treatment strategy was different
between studies, varying the dose from 0.4 to 30 mg/kg and the
treatment duration from 1 to 16 weeks. Although several adminis-
tration routes were used, intraperitoneal injection was the predomi-

nant (51.72%), followed by melatonin dissolved in drinking water

NUMBER OF ARTICLES
NWw s w,

=
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(26.92%), intravenous injection (6.90%), oral (6.90%), injection of
melatonin pretreated cells (6.90%), and intracerebroventricular
administration (3.45%).

Numerous publications have employed in vivo and in vitro
models to assess the role of melatonin in the progression of liver
fibrosis in recent years. While an increasing number of studies have
focused on antifibrotic properties of melatonin, a lower number of
articles evaluated the melatonin effects on other processes and
pathways related to hepatic fibrosis. Most included articles evaluated
melatonin effects on oxidative stress and inflammation in liver
fibrosis (46.43%), and a markedly small number of studies analyzed
other processes underlying the beneficial effects of melatonin.
Specifically, out of the 29 included articles, eight evaluated apoptosis
(27.59%), three assessed autophagy and/or mitophagy (10.34%),
circadian clocks (10.34%) and angiogenesis (10.34%), one analyzed
the sphingosine kinase 1 (SphK1)/sphingosine-1 phosphate (S1P)
pathway (3.45%), two evaluated the role of microRNAs (6.90%) and
one determined the alterations on behavior and cognitive skills
(3.45%). The following section describes the main findings on
mechanisms regulated by melatonin which are involved in hepatic

fibrosis and associated cellular processes.

3.2 | Role of melatonin in liver fibrosis

3.2.1 | Melatonin effects as an antifibrotic agent

The fibrotic state of the liver is mainly characterized by an activation
of HSCs and collagen deposition, which leads to a progressive loss of
liver functionality (Lee et al., 2015; Roehlen et al., 2020). Melatonin
effects on liver fibrosis have been related to a decrease in different

fibrotic and HSCs activation markers, including serum alanine

0 IIIII

2011 2012 2013 2014 2015

2016 2017 2018 2019 2020

PUBLICATION YEAR

M /n vivo

In vitro

Case report

FIGURE 2 Temporal distribution of the number of articles published after 2010 which evaluate melatonin effects in hepatic fibrosis.
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FIGURE 3 Representation of the percentage of articles that
employed different methods for liver fibrosis induction. BDL, bile
duct ligation; CCly, carbon tetrachloride; NAFLD, nonalcoholic fatty
liver disease; TAA, thioacetamide.

aminotransferase (ALT) and aspartate aminotransferase (AST), alpha-
smooth muscle actin (a-SMA), different collagen isoforms (Collal,
Col3a1, Coll, Collll), and collagen content in different in vivo models
(Bona et al., 2018; Chen et al., 2019; Cho et al., 2015; Choi et al.,
2015; Colares et al., 2016; Crespo et al., 2015; Czechowska et al.,
2015; Das et al., 2017; Gonzalez-Fernandez et al., 2017, 2018; Kang
et al,, 2016; Lebda et al., 2018; D. J. Li et al., 2019; McMillin et al.,
2017; Mortezaee et al., 2017, 2018; Nalobin et al., 2016; San-Miguel
et al., 2015; Shajari et al., 2015; Wang et al., 2018; Wu et al., 2017;
Zaitone et al., 2011), along with an increase in albumin levels
observed in two studies performed with male Sprague-Dawley rats
by the same research group (Mortezaee et al., 2017, 2018). These
results were also observed when melatonin was combined with the
insulin sensitizer pioglitazone in an in vivo model of NAFLD-derived
liver fibrosis (Zaitone et al., 2011).

During fibrogenesis, several cytokines are produced and secreted
by liver cells, where transforming growth factor beta (TGF-B) acts as
one of the main profibrogenic cytokine (Roehlen et al, 2020).
Different studies reported that melatonin administration either
intraperitoneally, intravenously, orally, or in drinking water was able
to reduce TGF-B expression (Bona et al., 2018; Chen et al., 2019;
Choi et al., 2015; Crespo et al., 2015; Czechowska et al., 2015; Das
et al., 2017; Gonzalez-Fernandez et al., 2017; Kang et al., 2016;
Lebda et al., 2018; D. J. Li et al., 2019; Mortezaee et al., 2017, 2018;
Wang et al, 2018; Wu et al.,, 2017). Decline in protein levels of
Smad2/3 (Crespo et al., 2015; Wang et al., 2018), metalloproteinase-
9 (MMP-9) (Crespo et al., 2015; McMillin et al, 2017), cyclic
guanosine monophosphate, fibronectin-1 (McMillin et al., 2017),
platelet-derived growth factor, connective tissue growth factor and
tissue inhibitor of metalloproteinase 1 (Crespo et al., 2015) have also
been shown, thus reducing HSCs activation. Similar results were
found in the human HSCs cell line LX2 and primary HSCs, where
melatonin decreased a-SMA, TGF-B, and COL1 expression (Das et al.,
2017; Shajari et al., 2015). These antifibrotic effects have been also
demonstrated treating bone-marrow-derived mesenchymal stem
cells (BMMSCs) with 5uM melatonin for 24 h and subsequently
infiltrated through the tail vein in an animal model of CCls-induced
fibrosis; this study showed a significant decrease in the fibrosis
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marker TGF-B and in Masson’s trichrome staining, as well as higher
levels of MMP-9 and MMP-13 (Mortezaee et al., 2017). In another
study performed with male Wistar rats, positive results on liver
fibrosis after treatment with 20 mg/kg melatonin were also related to
a decrease in hepatosomatic and splenosomatic indexes (HSI and SSI)
(Colares et al., 2016). Curiously, pretreatment of adipose tissue-
derived mesenchymal stem cells (ADSC) with 10 uM melatonin also
demonstrated greater therapeutic effects in a murine model of liver
fibrosis. This was observed by a reduction of AST, ALT, and total
bilirubin levels and lower fibrotic area in mice injected with
melatonin-treated ADSC through the tail vein (Liao et al., 2020).
Along with these results, melatonin improved histological parameters
distinctive of liver fibrosis. After inducing liver fibrosis through
different mechanisms (CCl, administration, HFD, and BDL) in mice
and rat models, a variety of staining techniques including
hematoxylin-eosin, Masson's trichrome, and Sirius Red showed that
melatonin administration diminished fibrotic area (Bona et al., 2018;
Chen et al., 2019; Cho et al., 2015; Crespo et al., 2015; Das et al.,
2017; Mortezaee et al., 2017; Zaitone et al., 2011). This was
observed in some cases together with decreased hepatic steatosis
(Das et al., 2017; Esrefoglu et al., 2017; Stacchiotti et al., 2019;
Zaitone et al,, 2011), lobular inflammation (Zaitone et al., 2011),
intrahepatic bile duct mass (Chen et al., 2019; Wu et al., 2017), lipid
peroxidation, and lipid content (Das et al., 2017).

Novel strategies to overcome fibrosis progression have been of
recent interest, where cell therapy supposes a potential alternative to
avoid whole organ allografts; however, there are still some drawbacks
that need to be solved (Zhang et al., 2017). In this respect, a study
conducted on male Sprague-Dawley rats with CCl,-induced liver
fibrosis demonstrated that BMMSCs pretreated with 5 uM melatonin
favored the implantation BMMSCs in the liver parenchyma and had
antifibrotic effects (Mortezaee et al., 2017). In addition to
implantation-associated problems, the lack of sources of embryonic
and adult stem cells is also one of the main complications of cell
therapy (Zhang et al., 2017). Research with human dental pulp stem
cells (hDPSCs) also exhibited positive results when combined with
melatonin; curiously, melatonin was able to induce hepatic differen-
tiation of hDPSCs and reduce fibrotic markers levels, suppressing
liver fibrosis and improving liver function (Cho et al., 2015).

The results here summarized demonstrated that melatonin acts
as an antifibrotic agent, being able to modulate and restore cellular
and tissue alterations caused by induction of liver fibrosis (Figure 4).
Nonetheless, the study of the underlying mechanisms of these
melatonin-derived antifibrotic effects could suppose a potential tool
to improve strategies against liver fibrosis. The main findings in this

regard are summarized in the next sections.

3.2.2 | Antioxidant and anti-inflammatory properties
of melatonin in liver fibrosis

A great number of evidence have indicated that, besides etiology,
oxidative stress and inflammation are the most relevant pathogenic
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microRNAs seem to constitute key mechanisms that underlie the beneficial effects of melatonin on liver fibrosis. This indolamine has been
demonstrated to modulate, upregulating or downregulating, the expression of several intermediates of the aforementioned processes, reversing
the alterations triggered by fibrosis. Altogether, melatonin could act as an antifibrotic agent through modulation of key steps, both at clinical,
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tumor necrosis factor a; UVRAG, UV radiation resistance-associated gene protein; VEGF, vascular endothelial growth factor; VEGFR, VEGF,
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BioRender.com.

events in liver diseases, including liver fibrosis (Reyes-Gordillo et al.,
2017). In addition to the antioxidant activity of melatonin widely
described in several hepatic pathologies (Mortezaee & Khanlarkhani,
2018), the aforementioned antifibrotic effects observed in the liver

by several investigations have been directly associated with

melatonin antioxidant properties (Bona et al., 2018; Hu et al.,
2016). In fact, because of its antioxidant activity, melatonin may face
the onset and progression of inflammation (Mauriz et al., 2013).
Within the 29 included studies, four evaluated the melatonin-
derived effects only on the oxidative stress modulation, two on the
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inflammatory response, and seven assessed both antioxidant and
anti-inflammatory effects. Two different studies employed an animal
model of thioacetamide (TAA)-induced fibrosis with male Wistar rats.
In both cases, liver fibrosis was manifested together with an increase
in ROS production, that induced the expression of the inflammatory
cytokines interleukin-6 (IL-6), IL-1B, and tumor necrosis factor-alpha
(TNF-a), and reduced catalase (CAT), glutathione peroxidase (GPx),
glutathione S-transferase (GST), superoxide dismutase (SOD), and
reduced glutathione (GSH), core proteins of the antioxidant system
that protects tissues against ROS generation (Czechowska et al.,
2015; Lebda et al., 2018). Melatonin, as a direct scavenger of free
radicals (Mauriz et al., 2013), abrogated these changes by reducing
the hepatic oxidative stress indices and enhancing antioxidant
enzyme activities (Czechowska et al, 2015; Lebda et al., 2018).
Similarly, intraperitoneal administration of melatonin reversed DNA
damage effects observed during liver fibrosis induction by decreasing
malondialdehyde (MDA), protein carbonyl concentration, and DNA
fragmentation (Lebda et al., 2018). Different research employing CCl,
as a fibrosis inductor also reported beneficial effects of melatonin
against liver damage through antioxidant and anti-inflammatory
activities. Particularly, melatonin intraperitoneally and orally adminis-
tered increased GPx, SOD, CAT, and GSH production, decreased
MDA and inducible nitric oxide synthase (iNOS) expression (Bona
et al.,, 2018; Esrefoglu et al., 2017; Kang et al., 2016; Mortezaee et al.,
2018; Wang et al., 2018) and suppressed the inflammatory response
by reducing the expression of Toll-like receptors 2 and 4 (TLR2 and
TLR4), serum high mobility group box 1 protein (HMGB1), IL-1a, and
phosphorylation of JNK, p38, nuclear factor-kB (NF-«kB) (Bona et al.,
2018; Choi et al.,, 2015; Kang et al., 2016). Contrariwise, no effects
were observed on IL-33 expression and phosphorylation of ERK after
melatonin treatment (Choi et al., 2015). Surgical induction and
NAFLD-derived liver fibrosis have been also used for evaluating
melatonin modulation ability on the antioxidant and anti-
inflammatory responses (Chen et al., 2019; Colares et al., 2016;
Das et al,, 2017; D. J. Li et al.,, 2019; Zaitone et al., 2011). After
inducing liver fibrosis, melatonin restored the redox balance by
decreasing the levels of ROS, NADPH oxidase 4 (NOX4), iNOS, and
MDA, and by rising the activity of several antioxidant enzymes, and
the expression of SOD, CAT, and GSH (Chen et al., 2019; Colares
et al.,, 2016; Das et al., 2017; Zaitone et al., 2011). Curiously, there
are some opposite results where the levels of GPx, GST, and GSH
were lower after melatonin administration via intraperitoneal in male
Wistar rats with liver fibrosis induced by BDL (Colares et al., 2016).
Nonetheless, all the studies that evaluated melatonin effects on
inflammation found an anti-inflammatory activity represented by
declined levels of TNF-a, IL-6, IL-1B, and IL-33 (Chen et al., 2019;
Colares et al., 2016; Das et al.,, 2017; D. J. Li et al., 2019; Zaitone
et al., 2011). A study also analyzed these effects when combining
melatonin with pioglitazone, showing again a reduction of the
oxidative stress and inflammatory response after the treatment
combination (Zaitone et al., 2011). Recent research conducted in a
murine model of liver fibrosis has demonstrated that antifibrotic
effects of melatonin are associated with the inhibition of apoptosis
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signal-regulating kinase 1 (ASK1) activation by promoting its
degradation in the liver through the blockage of TNF receptor-
associated factors (TRAFs)-ASK1 interaction in response to oxidative
stress and proinflammatory stimuli (D. J. Li et al., 2019).

Chronic liver injury that triggers a fibrotic state of the liver is
closely related to an increase in oxidative stress and to an
inflammatory response, promoting liver fibrosis progression. Results
reported by different studies indicate that melatonin seems to act as
a potent antioxidant and modulator of the inflammatory response as

part of its antifibrotic activity in liver fibrosis (Figure 4).

3.2.3 | Modulation of apoptosis and autophagy by
melatonin in liver fibrosis

Hepatocyte death plays a key role in the progression of liver
pathologies. During liver fibrosis, injured hepatic cells undergoing
apoptosis cell death promote and trigger a profibrogenic response
(Roehlen et al., 2020). Cell apoptosis is a type of cell death
characterized by cell shrinkage, chromatin remodeling, and the
formation of apoptotic bodies (Barangi et al., 2020; Roehlen et al.,
2020). Released DNA and apoptotic bodies from hepatocytes can be
phagocytosed by Kupffer cells and HSCs, leading to cell activation
and fibrosis progression (Roehlen et al., 2020).

As represented in Figure 4, several studies have found that
fibrosis induction in the liver of either rats or mice promoted an
increase in liver cell apoptosis (Choi et al., 2015; Esrefoglu et al.,
2017; D. J. Li et al., 2019; Mortezaee et al., 2017, 2018; Renzi et al.,
2011). Results indicated that melatonin administration was able to
decrease positive apoptotic cells (Choi et al., 2015; Esrefoglu et al.,
2017), Bax expression (Mortezaee et al., 2017, 2018), and cleaved
caspase-3/caspase-3 ratio (Choi et al., 2015), and induce higher levels
of the antiapoptotic protein Bcl-2 (Mortezaee et al., 2017, 2018),
using different animal models with CCl,-derived liver fibrosis.
Similarly, apoptosis induced after BDL and NAFLD-derived fibrosis
was prevented when melatonin was administered by intraperitoneal
injection or drinking water, respectively (D. J. Li et al., 2019; Renzi
et al, 2011). Antiapoptotic effects of the indolamine related to its
antifibrotic activity have been also observed in vitro, where human
H69 cholangiocytes subjected to oxidative stress experienced an
increase in the apoptotic markers phosphatase and tensin homolog
(PTEN), Bax, cleaved caspase-3 and Bim, and a reduction of Bcl-2.
Results showed that melatonin was achieved to protect cholangio-
cytes against apoptosis and these effects were mediated by an
increase in the expression of the microRNA miR-132 and a decrease
of miR-34 (Ostrycharz et al, 2020). In addition, melatonin also
modulated apoptosis in a coculture of hepatocytes (HepG2) and
HSCs (LX2), but in a different way since it induced LX2 apoptosis thus
preventing HSCs activation (Das et al., 2017). Necroptosis, a new
mechanism of cell death similar to apoptosis, has been also suggested
to be involved in liver fibrosis (Choi et al., 2015). An in vivo study with
CCly as fibrosis inductor in rats determined that, even though the
necroptotic marker receptor-interacting protein 1 (RIP1) was not
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modified in any experimental group, RIP3 and mixed lineage kinase
domain-like protein (MLKL) expression increased significantly after
hepatic fibrosis establishment. Likewise, melatonin administration
attenuated all these increases, suggesting that indolamine is also able
to inhibit the necroptosis signaling pathway during liver fibrosis
(Choi et al., 2015).

Autophagy, a catabolic and self-recycling process, is an important
modulator of liver homeostasis under both physiological and
pathological conditions (Mallat et al., 2014). The role of autophagy
in liver fibrosis is still controversial and both prosurvival and
proapoptotic effects have been described (Kang et al., 2016; San-
Miguel et al., 2015). Despite autophagy has been closely related to
several liver pathologies, only three out of 29 articles included in this
systematic review evaluated melatonin effects on autophagy
associated with its antifibrotic properties in the liver (Kang et al.,
2016; San-Miguel et al., 2015; Stacchiotti et al., 2019).

One of the studies conducted by our group found that melatonin
administration restrained autophagy induction in liver fibrosis by
decreasing the number of autophagosomes, the LC3-II/I ratio, and
the expression of lysosome-associated membrane glycoprotein 2
(LAMP2), UV radiation resistance-associated gene protein (UVRAG),
phosphorylated mammalian target of rapamycin (p-mTOR), Beclin-1,
autophagy protein 5 (Atg5), Atg12, Atgl6L1, and by increasing the
levels of sequestosome-1 (SQSTM1/p62) (San-Miguel et al., 2015).
Along with these results, melatonin was also able to reduce the
expression of endoplasmic reticulum (ER) stress markers, such as
pancreatic ER kinase (PERK), activating transcription factor 4 (ATF4),
ATFé6, inositol-requiring enzyme 1 (IRE1) and spliced X-box-binding
protein-1 (XBP1S) (San-Miguel et al., 2015). Conversely, a research
group that analyzed melatonin properties in NAFLD-derived fibrosis
reported a raise in autophagosomes, mitofusin 2 (Mfn2), and a
decrease in cytoplasmic SQSTM1/p62 levels. Nevertheless, melato-
nin effects on ER stress were also determined and similar to those
previously described by our group, finding a reduction in glucose-
regulated protein 78 kDa (GRP78) and sterol regulatory element-
binding protein (SREBP1) expression (Stacchiotti et al., 2019).
Mitophagy, a specific type of autophagy, is responsible for removing
and recycling damaged mitochondria in cells and could have a key
role in maintaining cellular homeostasis (Mallat et al., 2014).
Melatonin modulation of mitophagy and mitochondria homeostasis
in liver fibrosis was evaluated in an animal model of CCls-induced
fibrosis. Results showed an increase in the levels of several
mitophagy and mitochondria biogenesis markers, including PTEN-
induced putative kinase 1 (PINK1), Parkin, Ras-related protein Rab-7a
(Rab7), LAMP2, peroxisome proliferator-activated receptor-gamma
coactivator 1a (PGC-1a), nuclear respiratory factor 1 (NRF1),
transcription factor A mitochondrial (TFAM), dynamin-related protein
1 (DRP1) and Mfn2 (Kang et al., 2016). Along with this, melatonin
raised the number of autophagy vacuoles and the amount of
mitochondrial DNA, exhibiting a mitophagy inductor role (Kang
et al., 2016). Melatonin has also been shown to ameliorate
mitochondrial dysfunction through Sirtuin 1 (SIRT1) activation, a
key factor involved in mitochondrial morphology maintenance, in a

mitophagy-independent way (Das et al., 2017). Melatonin repressed
cytokines and ROS, responsible for initiating mitochondrial dys-
function in hepatocytes and, as consequence, prevented HSCs
activation and hindered the progression of liver fibrosis (Das
et al,, 2017).

Altogether, melatonin has shown to exert different activities on
apoptosis and autophagy as liver fibrosis-associated processes, thus
modulating cell response to hepatic damage and liver fibrosis

progression (Figure 4).

3.2.4 | Melatonin effects in other cellular processes
Together with the above-mentioned alterations, some studies have
described several processes and mechanisms that could mediate

melatonin-derived effects on liver fibrosis.

Circadian clock

Dysregulation of the circadian clock machinery is a critical mechanism
in the pathogenesis of fibrosis (Gonzélez-Fernandez et al., 2018).
Despite melatonin is a widely known hormone with chronobiotic
activity related to its beneficial properties against several human
pathologies (Mauriz et al., 2013), only three out of 29 articles
analyzed the modulatory actions of melatonin in the clock machinery
(Chen et al., 2019; Gonzalez-Fernandez et al., 2018; Renzi et al.,
2011) (see Figure 4). One study has shown that the decrease in
melatonin induced by prolonged exposure to light or after pinealec-
tomy increased liver fibrosis and deregulated circadian clock genes
expression (Chen et al., 2019). Lack of melatonin production and
secretion led to higher levels of circadian locomotor output cycles
kaput (CLOCK), aryhydrocarbon receptor nuclear translocator-like
protein 1 (ARNTL), cryptochrome 1 (Cry1), and period circadian
protein homolog 1 (Per1) in both total liver and cholangiocytes (Chen
et al., 2019). Similarly, melatonin administration by drinking water to
male Fischer rats subjected to BDL promoted a decrease in several
clock genes expression, including CLOCK, Per1, Cry1, and brain and
muscle Arnt-like protein 1 (BMAL1), along with reduced levels of the
melatonin receptors MT1 and MT2 (Renzi et al., 2011). However,
since circadian rhythms act as a dynamic and context-dependent
machinery, opposite results have been reported regarding melatonin
modulation activity. Data obtained by our group demonstrated that
the establishment of liver fibrosis by CCl; in a murine model
deregulated circadian clock by diminishing BMAL1, CLOCK, Per1,
Per2, Per3, Cryl, Cry2, and retinoic acid receptor-related orphan
receptor (RORa) and increasing nuclear receptor subfamily 1 group
D1 (REV-ERBa) levels (Gonzélez-Fernandez et al., 2018). Intra-
peritoneal administration of melatonin was able to prevent all the
alterations derived from fibrosis induction and restore clock genes
expression in a dose-dependent manner (Gonzélez-Fernandez et al.,
2018). These results were also reproduced in LX2 cells, where the
indolamine also induced a dose-dependent increase in the expression
of BMAL1, CLOCK, Per2, Cry1, and RORa, and a decrease of REV-
ERBa (Gonzalez-Fernandez et al., 2018). Although opposite results
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have been found regarding circadian rhythms, all the studies suggest
that the regulation of circadian clocks exerted by melatonin both in

vitro and in vivo may contribute to attenuate liver fibrosis (Figure 4).

Sphingosine signaling

Within the broad number of signaling pathways involved in liver
pathologies, the interrelationship between the SphK1/S1P system
and liver fibrosis has been also studied (Gonzélez-Fernandez et al.,
2017) (Figure 4). Chronic CCl, injury increased SphK1 expression as
well as S1P production, but in contrast, S1P lyase (S1PL) was
markedly decreased. These effects were significantly abrogated by
melatonin in a dose-dependent manner, suggesting that the SphK1/
S1P pathway could be involved in the antifibrotic effect exerted by
melatonin (Gonzalez-Ferndndez et al., 2017). Similar results were
obtained in an in vitro cell model where melatonin reduced the levels
of the main fibrosis markers along with an inhibition of the

sphingosine pathway axis (Gonzalez-Fernandez et al., 2017).

Angiogenesis

Liver fibrosis has been related to changes at the vascular level,
developing a hypoxic environment that promotes the generation of
new blood vessels, a process known as angiogenesis (Bona et al.,
2018). However, a low number of studies have focused on
angiogenesis modulation as a constitutive mechanism of liver fibrosis.
One of the studies that assessed melatonin actions on angiogenesis
employed an in vivo model of cholangitis-derived fibrosis; results
indicated that melatonin prevented the increase of vascular
endothelial growth factor receptor 2 (VEGFR-2), VEGFR-3, VEGF,
angiopoietin 1 and 2, Tie-1, Tie-2 and Von Willebrand factor (VWF)
expression (Wu et al., 2017). These effects were also observed in a
CCl4 fibrotic model, where intraperitoneal melatonin diminished
VEGF levels (Bona et al., 2018). Reduction of melatonin production
by prolonged light exposure or pinealectomy showed an increase in
VEGFA, VWF, and platelet endothelial cell adhesion molecule 1
(PECAM-1) (Chen et al., 2019), suggesting an interesting role of the
indole through angiogenesis modulation. In this study, the authors
also found that the absence of melatonin synthesis enhanced the
expression of biliary senescence markers, including p16, p21,
C-C motif chemokine ligand 2 (CCL2) and senescence-associated
B galactosidase (SA-B-gal), leading to hepatic fibrosis progression
(Chen et al., 2019) (Figure 4).

MicroRNAs

MicroRNAs (miRNAs) are small, noncoding RNAs that are frequently
deregulated in liver diseases and have acquired an important interest
recently, emerging as new crucial regulators of cellular processes (Jiang
et al,, 2017). As represented in Figure 4, some relevant results have
been obtained from an in vivo and in vitro study that employed

2/2

cholangiocytes from WT and Mdr mice exposed to dark and

supplemented with melatonin in drinking water. Moreover, the effect
of melatonin in cholangiocytes and HSCs isolated from WT and Mdr?/2
after the inhibition of miR-200b was also tested. Hepatic fibrosis was

significantly reduced by dark exposure or melatonin treatment
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compared with WT mice, finding that the inhibition of miR-200b
expression induced by melatonin treatment or prolonged darkness was
involved in its observed antifibrotic properties (Wu et al., 2017).
Similarly, research carried out in a NAFLD-derived fibrosis model
reported that melatonin restored Sirtuinl (SIRT1) levels, protein
responsible for regulating longevity and cellular metabolism, by
inhibiting miR-34a-5p expression. The beneficial role of melatonin
observed in fibrotic mice was linked to the lower levels of miR-34a-5p,
demonstrating the protective role of melatonin against liver fibrosis
(Stacchiotti et al., 2019).

Behavior and cognition

Curiously, a study employed male Sprague-Dawley rats with CCl,-
induced liver fibrosis to evaluate the alterations on behavior and
cognitive skills. Higher escape latency and speed were observed
when fibrosis was induced, while melatonin administration reduced
these parameters, improving the motor skills and cognition of fibrotic
rats (Haeger et al., 2019).

4 | DISCUSSION

The present systematic review aimed to identify and compile the
main effects of melatonin as an antifibrotic agent in liver fibrosis.
Included articles described a broad diversity of molecular aspects
improved by melatonin administration that were associated to its
antifibrotic effects (Figure 4). These studies used a wide range of
melatonin concentrations and administration strategies, which high-
lights the need for higher consistency to provide translational results
to human patients. Remarkably, exogenous administration to human
subjects of different melatonin concentrations has been tested in
several clinical trials. A study compiling main findings of these trials
reported that doses from 2 to 500 mg/day show positive but not
toxic effects caused by melatonin, even with the highest concentra-
tion (Reiter et al., 2022). Regarding animal models, the lethal dose for
50% of the subjects (LD50) could not be established, even
administrating melatonin at 800 mg/kg (Malhotra et al., 2004). When
endogenous melatonin is evaluated, normal circulating plasma levels
in humans have been found to be up to 60 pg/ml as the peak level
(Kennaway, 2020). Although no melatonin measurements in plasma
samples have been performed in the included studies, the highest
dose employed of melatonin was 30 mg/kg (D. J. Li et al., 2019).
Despite the differences in administration route, dosage, and method
of fibrosis induction, melatonin is demonstrated to restrain hepatic
fibrosis, improving fibrotic markers and histopathology of animal
livers (Bona et al., 2018; Chen et al., 2019; Cho et al., 2015; Choi
et al.,, 2015; Colares et al., 2016; Crespo et al.,, 2015; Czechowska
et al, 2015; Das et al., 2017; Esrefoglu et al., 2017; Gonzalez-
Fernandez et al., 2017, 2018; Haeger et al., 2019; Kang et al., 2016;
Lebda et al.,, 2018; D. J. Li et al., 2019; Liao et al., 2020; McMillin
et al.,, 2017; Mortezaee et al.,, 2017, 2018; Nalobin et al., 2016;
Ostrycharz et al., 2020; Renzi et al., 2011; San-Miguel et al., 2015;
Shajari et al.,, 2015; Stacchiotti et al., 2019; Wang et al.,, 2018;
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Wu et al., 2017; Zaitone et al., 2011). In line with this, beneficial
properties of melatonin have been broadly reported in several liver
pathologies, such as FHF (Laliena et al., 2012) and HCC (Carbajo-
Pescador et al., 2013; Sanchez et al., 2018). Notwithstanding, there is
a lack of investigations that analyze the molecular aspects underlying
these antifibrotic effects of melatonin.

Loss of redox balance together with a proinflammatory response
constitute two of the main factors associated with liver fibrosis
induction and progression (Reyes-Gordillo et al., 2017). Most articles
included in this systematic review have reported the antioxidant and
anti-inflammatory actions of melatonin as part of its antifibrotic
effects. Similarly, several investigations carried out with different
hepatic disease models have also reported antioxidant properties of
melatonin directly related to its positive activity on abrogating
NAFLD and hepatic ischemic injury, among others (Bosco et al., 2019;
Joshi et al., 2021; H. W. Li et al., 2021). Together with oxidative
stress, inflammation is a process highly associated with hepatic
damage (Mortezaee & Khanlarkhani, 2018), where melatonin has also
been demonstrated to modulate the inflammatory response in
several liver pathologies by restraining an overactivated response
derived from chronic liver injury (Laliena et al., 2012; H. W. Li et al.,
2021) or even from hepatotoxicity (Yang et al., 2021). Considering
the results summarized in the present systematic review (see
Figure 4), melatonin could potentially act as an effective antifibrotic
agent through its antioxidant and anti-inflammatory properties.

Otherwise, a small number of studies analyzed some processes
underlying the beneficial effects of melatonin on liver fibrosis, such as
apoptosis, autophagy, and circadian clocks, among others (Figure 4).
Melatonin administration has proved to modulate both apoptosis and
autophagy in a cell and context-dependent manner, by promoting
HSCs apoptosis and restraining hepatocyte apoptosis (Choi et al.,
2015; Das et al., 2017; Esrefoglu et al., 2017; D. J. Li et al., 2019;
Mortezaee et al., 2018; Ostrycharz et al., 2020; Renzi et al., 2011);
and by either inhibiting or inducing autophagy (Kang et al., 2016; San-
Miguel et al., 2015; Stacchiotti et al., 2019). This is in line with
melatonin-derived changes in apoptotic and autophagic markers,
which were decreased in different hepatic pathologies caused by liver
injury, liver ischemia, and hepatotoxicity (Barangi et al., 2020; Kang
et al., 2014; H. W. Li et al, 2021; Yang et al, 2021). Likewise,
contrary results were also observed in benzo(a)pyrene-injured liver
and HCC, where melatonin promoted autophagy and apoptosis of
tumoral hepatocytes, respectively (Barangi et al., 2020; Carbajo-
Pescador et al., 2013; EI-Magd et al., 2019). These results suggest
that melatonin-associated effects on apoptosis and autophagy could
be directly related to its antifibrotic activity (Figure 4). Nonetheless,
the low number of conducted studies and the differential role played
by melatonin raise the need for further analysis to accurately
determine the role of apoptosis and autophagy modulation.

Circadian clock has a key role in liver physiology and its alteration
is known to favor fibrosis (Gonzélez-Fernandez et al., 2018; Joshi
et al., 2021), where melatonin has shown to restore the circadian
machinery altered during fibrosis progression in results from included
studies (Figure 4) (Chen et al., 2019; Gonzélez-Fernandez et al., 2018;

Renzi et al., 2011). Beneficial effects of this indole in reestablishing
circadian rhythms have been also observed in other liver pathologies,
including NAFLD (Joshi et al., 2021) and HCC (Sanchez et al., 2018).

Regarding signaling pathways, published articles have focused
only on vascular-related pathways and lipid metabolism (see
Figure 4). Changes due to melatonin administration have been briefly
assessed, showing an antiangiogenic action of the indolamine (Chen
et al.,, 2019; Wu et al., 2017) as well as inhibition of the Sphk1/S1P
pathway (Gonzélez-Ferndndez et al, 2017). A blockage in the
sphingosine-related pathways due to melatonin administration has
also been reported in FHF, associated with other melatonin
protective actions in the liver (Crespo et al, 2016). Contrarily,
despite the broadly described antiangiogenic role of melatonin in liver
cancer (EI-Magd et al., 2019), there are no studies performed on
other liver pathologies.

Finally, as shown in Figure 4, some evidence have associated
melatonin actions against hepatic fibrosis with alterations in the
expression and function of different miRNAs (Stacchiotti et al., 2019;
Wu et al.,, 2017). Synergistic effects exerted by miRNA, either alone
or combined, have been related to HSCs activation as well as to the
progression of liver fibrosis through interaction with molecules
derived from different signaling pathways (Jiang et al, 2017).
Similarly, melatonin has also demonstrated to prevent benzo(a)
pyrene hepatotoxicity through modulation of the miR-34a/SIRT1/
autophagy axis (Barangi et al., 2020).

However, despite the crucial role that melatonin seems to exert
in circadian rhythms maintenance, as well as in key signaling
pathways and microRNAs modulation, as part of its beneficial role
in liver fibrosis, additional studies need to be performed to clearly

determine the exact mechanisms of action.

4.1 | Limitations

The main limitations found in this systematic review are due to the
high variation in the study design. As mentioned in the results
section, the range of melatonin dosages used is wide, ranking from
UM to mM units, and treatment duration differs from minutes to
several days. Although the melatonin concentrations used in the
included studies are within safe ranges, higher consistency in dose
selection across studies would be of greatest interest, together with
clinical analysis of plasma levels of melatonin in the animal models as
part of the study design to establish safe dosing ranges. Moreover, up
to six different administration routes of melatonin were employed.
These high variations in study design become a relevant limitation
and hinder the correct understanding of melatonin's effects on liver
fibrosis. Although the variety in the methods used for fibrosis
induction could also suppose a limitation, more than a half of the
studies employed the same method, improving the consistency in the
study design. Finally, melatonin effects were evaluated mainly as a
single treatment, with only one publication in which a potential
combination of melatonin with other compounds was analyzed in

liver fibrosis.
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5 | CONCLUSION AND FUTURE
PERSPECTIVES

The present study constitutes the first systematic review in which
melatonin effects on liver fibrosis have been deeply described.
Biological evidence reported in the last years regarding cellular and
molecular mechanisms of melatonin antifibrotic actions has been
reviewed in detail. A large number of articles have demonstrated the
beneficial effects of melatonin administration on liver fibrosis
through the modulation of several mechanisms and processes
(oxidative stress, inflammation, apoptosis, autophagy, circadian
clocks, among others). However, further studies are needed to fully
determine and clarify the exact mechanisms that mediate the
protective effects of melatonin, since novel findings could improve
the clinical onset of human patients with not only hepatic fibrosis but

also different liver pathologies.
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