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Utilizing melatonin to combat bacterial
infections and septic injury
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Melatonin, also known as N-acetyl-5-methoxytryptamine, is a ubiquitously acting molecule that is produced by the pineal gland
and other organs of animals, including humans. As melatonin and its metabolites are potent antioxidants and free radical
scavengers, they are protective against a variety of disorders. Moreover, multiple molecular targets of melatonin have been
identified, and its actions are both receptor-mediated and receptor-independent. Recent studies have shown that melatonin may
be useful in fighting against sepsis and septic injury due to its antioxidative and anti-inflammatory actions; the results generally
indicate a promising therapeutic application for melatonin in the treatment of sepsis. To provide a comprehensive understanding
regarding the protective effects of melatonin against septic injury, in the present review we have evaluated the published
literature in which melatonin has been used to treat experimental and clinical sepsis. Firstly, we present the evidence from studies
that have used melatonin to resist bacterial pathogens. Secondly, we illustrate the protective effect of melatonin against septic
injury and discuss the possible mechanisms. Finally, the potential directions for future melatonin research against sepsis are
summarized.

Abbreviations
A-ADMSCs, adipose-derived mesenchymal stem cells; AA-NAT, arylalkylamine-N-acetyltransferase; ASMT, N-
acetylserotonin O-methyltransferase; GPx, glutathione peroxidase; MDA, malondialdehyde; STAT1, signal transducer and
activator of transcription 1; UPR, unfolded protein response
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Introduction
Systemic infections by Gram-negative bacteria or other
pathogens are characterized by high mortality rates due to
the ‘sepsis syndrome’ (Rathinam et al., 2012). Recently, sepsis
was defined as a life-threatening organ dysfunction caused by
a dysregulated host response to infection (Singer et al., 2016).
Sepsis and sepsis-associated multi-organ failure are a
tremendous burden for health care systems. During sepsis,
imbalances in the ‘inflammatory network’ have been
observed; these imbalances are characterized by oxidative
stress, release of cytokines and mitochondrial dysfunction
(Cohen, 2002; Hotchkiss and Karl, 2003; Crouser, 2004; Buras
et al., 2005; Rittirsch et al., 2008; Rinaldi et al., 2009; Iskander
et al., 2013; Lowes et al., 2013). A number of studies indicate
that antioxidants may be useful to reduce septic organ
damage (Angstwurm et al., 2007; Lowes et al., 2008; Lowes
et al., 2013). Melatonin is a potent antioxidant as well as
being a hormone (Galano et al., 2015; Manchester et al.,
2015). Furthermore, it has been shown to exert protective
effects against the symptoms of severe sepsis and septic shock
(Gitto et al., 2001a; Escames et al., 2006a). Hence, a number of
clinical trials are ongoing to test its effects on sepsis and septic
shock.

Melatonin, also known as N-acetyl-5-methoxy-
tryptamine, is a functionally versatile molecule that is
produced by the pineal gland and other organs in animals,
including humans. Among its functions, the circadian
phase-shifting effects of melatonin have been clearly
reported (Moore, 1997; Hardeland et al., 2006). From
phylogenetics it has been found to be an old molecule, as its
origin can be traced back to 2.5–3.1 billion years ago
(Acuna-Castroviejo et al., 2014). It is a highly conserved
indole present in all living organisms from primitive bacteria
to humans (Vaughan et al., 1976; Manchester et al., 1995;
Tilden et al., 1997; Acuna-Castroviejo et al., 2014; Arnao
and Hernandez-Ruiz, 2014, 2015; Reiter et al., 2015). In
mammals, melatonin is secreted into the blood and
cerebrospinal fluid by the pineal gland (Yang et al., 2014)
and also into the extracellular space by many other tissues

(Venegas et al., 2012; Acuna-Castroviejo et al., 2014). The
radical scavenging effects of melatonin have been widely
documented both in vitro and in animal models (Gitto et al.,
2001b, 2009; Borges Lda et al., 2015; Yeung et al., 2015). As
a versatile molecule, it plays important roles in numerous
functions including sleep and circadian rhythm regulation
(Bourne and Mills, 2006), immunomodulation
(Santello et al., 2008), analgesia (Gitto et al., 2011), anti-
fibrosis (Hu et al., 2016b), anti-apoptosis (Leon et al., 2005;
Fischer et al., 2008; Liu et al., 2015) and endoplasmic
reticulum homeostasis (Hu et al., 2016a). Moreover,
melatonin may contribute to the control of pathogen
infections, including those due to viruses (Boga et al., 2012;
Tan et al., 2014), parasites (Santello et al., 2008; Kuehn et al.,
2009; Brazao et al., 2015; Laranjeira-Silva et al., 2015) and
bacteria (Tekbas et al., 2008). Melatonin has been shown to
be a potent antioxidant and anti-inflammatory (Manchester
et al., 1995; Galano et al., 2011, 2015; Reiter et al., 2013,
2016) and to have protective effects against sepsis and
multiple organ failure.

Melatonin may be effective at combating bacterial
infection, and previous studies have focused on the
protection mediated by melatonin against sepsis, especially
septic shock (Gitto et al., 2001a; Escames et al., 2006a;
Srinivasan et al., 2010, 2012), but the mechanisms remain
elusive. This review focuses on the pleiotropic protection of
melatonin against septic injury. Firstly, the effects of
melatonin against bacterial pathogens are summarized; these
studies indicate that melatonin may serve as a novel
antibiotic. Then, clinical evidence of melatonin utilization
is introduced. Next, we summarize the evidence
documenting the protection mediated by melatonin against
septic injury and discuss the possible mechanisms that
include melatonin’s ability to negate oxidative stress,
nitrosative stress, mitochondrial dysfunction and
inflammation. Finally, potential directions for future
melatonin research against sepsis are proposed. The
information compiled here should aid in the design of future
experimental and clinical research for assessing melatonin as
a therapeutic target for sepsis.

Tables of Links

TARGETS

Other protein targetsa Enzymesd

TNF-α COX-2

GPCRsb ERK1

MT1 receptor ERK2

MT2 receptor iNOS

Catalytic receptorsc MPO

NLRP3 nNOS

Sirtuin 1

LIGANDS

4-HAD LPS

IL-1β Melatonin

IL-6 NO

IL-10 Uric acid

Isoniazid

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (a,b,c,dAlexander et al., 2015a,b,c,d).
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Defensive effects of melatonin against
bacterial pathogens
Melatonin at doses from 31.25 to 125 mg·mL�1 inhibits
microbial growth, indicating it has antibacterial effects
against both Gram-positive and Gram-negative bacteria,
including methicillin-resistant Staphylococcus aureus and
carbapenem-resistant Pseudomonas aeruginosa and
Acinetobacter baumannii in vitro (Tekbas et al., 2008). A
possible mechanism of this inhibition may be the ability of
melatonin to reduce the availability of intracellular
substrates. The addition of melatonin into a regime of
eradication therapy increased Helicobacter pylori elimination
and accelerated duodenal ulcer cicatrization (Malinovskaia
et al., 2007; Celinski et al., 2011; Osadchuk et al., 2012) and
suppressed Klebsiella pneumoniae meningitis-induced neuro-
cognitive damage (Wu et al., 2011). Furthermore, tuberculosis
chemotherapy using isoniazid is improved by melatonin
(Wiid et al., 1999). Melatonin administration also reduced
the incidence of bacterial translocation in intestinal
ischaemia/reperfusion (Sozen et al., 2012), major liver
resection (Cetinkaya et al., 2002), and in rats with portal
hypertension (Topuz et al., 2012). Intriguingly, melatonin
therapy exerted anti-inflammatory effects but did not reduce
neuronal injury in a rabbit model of either Gram-positive
Streptococcus pneumoniae or Gram-negative Escherichia coli
meningitis; these failures may be attributed to the 12 h delay
in the administration of melatonin after the infection (Spreer
et al., 2006).

The possible protective mechanism of melatonin against
the excessive inflammatory reaction induced by bacterial
pathogens is another focus of interest. Melatonin typically
reduces pro-inflammatory cytokine levels (Mauriz et al.,
2013). It limits the severity of inflammatory diseases induced
by oral bacteria, LPS or the lethal toxin of Bacillus anthracis, as
revealed by inhibition of fimbria-induced expression of
COX-2 (Murakami et al., 2011), NO (Wang et al., 2004; Choi
et al., 2011), IL-6 (Choi et al., 2011; Wu et al., 2011), IL-1β
(Wang et al., 2004; Wu et al., 2011) and TNF-α (Shin et al.,
2000; Wang et al., 2004; Wu et al., 2011). A likely mechanism
is suppression of the activation of NF-κB (Chuang et al., 1996;
Choi et al., 2011; Murakami et al., 2011) and signal transducer
and activator of transcription 1 (STAT1) (Choi et al., 2011),
which is normally induced by the pathogens. Furthermore,
melatonin blocked NF-κB signalling induced by LPS from
Prevotella intermedia by inhibiting the nuclear translocation
and DNA-binding activity of the NF-κB p50 subunit, but not
by reducing NF-κB transcriptional activity at the level of
IκB-α degradation (Choi et al., 2011). Finally, the activation
of inflammatory cells after pathogen infection is inhibited
by melatonin (Cetinkaya et al., 2002; Wang et al., 2004; Wu
et al., 2011). The apoptotic and necrotic processes in the host
during infection are also suppressed by melatonin (Wang
et al., 2004; Wu et al., 2011).

The expression of melatonin synthesizing enzymes, that
is, arylalkylamine-N-acetyltransferase (AA-NAT) and
N-acetylserotonin O-methyltransferase (ASMT), is decreased
in the gastric mucosa of H. pylori-infected patients and rose
after H. pylori eradication (Chojnacki et al., 2013). Also,
nocturnal secretion of melatonin in subjects with
asymptomatic infection of H. pylori is higher than that in

patients with ulcer-like dyspepsia or with duodenal ulcer
disease, implying that lower nocturnal secretion of
melatonin may play role in the pathogenesis of upper
digestive tract diseases (Klupinska et al., 2006). But the
secretion of melatonin can be influenced by many factors
(Selmaoui and Thibault, 2002). Whether lower nocturnal
secretion of melatonin is a cause of upper digestive tract
diseases still needs further investigation.

In summary, a reduced expression of AA-NAT and ASMT
results in lower melatonin levels. The reduced melatonin
levels may favour the translocation of bacteria and increase
the incidence of infection; these changes are inhibited by
melatonin administration (Cetinkaya et al., 2002; Sozen
et al., 2012; Topuz et al., 2012) (Figure 1). In summary,
melatonin may serve as a novel antibiotic to defend against

Figure 1
An illustration of the protection mediated by melatonin against
sepsis. Pathogen infection or other disorders may reduce the
expression of the melatonin-forming enzymes, AA-NAT and ASMT.
This alters the secretion of this important molecule and lowers
circulating levels of melatonin. The altered secretory rhythm or
decreased secretion of melatonin contributes to the bacterial
translocation and the incidence of sepsis. These effects are reversed
by melatonin administration.
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bacterial pathogens, and the possible mechanisms involve
the suppression of NF-κB and STAT1 (Figure 2B).

Melatonin and bacterial pathogens in
veterinary medicine and botany
Melatonin can be extracted from prokaryotic species,
including aerobic photosynthetic and anoxygenic
photosynthetic bacteria, suggesting that, as proposed,
melatonin dates back to the prokaryotic cell and that it
appeared very early in evolution (Manchester et al., 1995,
2015; Tilden et al., 1997). Melatonin exerts immu-
nomodulatory properties and has broad applications in
veterinary medicine. As an adjuvant, melatonin (18 or
36 mg per sheep, implanted s.c. in the left ear) reduces the
lag time in response to thrombin, indicating its beneficial
effects on platelet aggregation, and increases the titre levels
of antibodies and serum IgG, indicating it enhances the
immune response to vaccination against A1 and C strains of
Dichelobacter nodosus (Regodon et al., 2009a,b). Furthermore,

nitrosative stress, induced by foot rot vaccine at 42 days post-
vaccination, is neutralized by melatonin administration
(Ramos et al., 2010). Humoral and cellular immune responses
to killed Pasteurella multocida (P52 strain) vaccine are
augmented in rats receiving exogenous melatonin at 4 h post
vaccination as compared with only slightly reduced
responses in rats treated with melatonin at 16 h post
vaccination (Korde et al., 2005), which supports the
hypothesis that the effect of melatonin on the immune
system is time-dependent (Esquifino et al., 2004). The data
collectively show that melatonin administration may have
applications in the design of prophylactic strategies against
bacterial infections. The results also show that the timing of
melatonin administration is important for it to have a
modulatory effect on the immune response in rats (Korde
et al., 2005). In plants as well, melatonin is a novel defence
signalling molecule against pathogen attack (Lee et al.,
2014). Transgenic plants with AA-NAT-HIOMT genes
integrated into the genome express higher melatonin
production, which helps reduce damage resulting from
excessive free radicals (Wang et al., 2009).

Figure 2
Protective mechanisms of melatonin against sepsis. (A) A summary of protective mechanisms of melatonin. The beneficial pleiotropic actions of
melatonin against sepsis seem to relate to an inhibition of oxidative stress, nitrosative stress, mitochondrial dysfunction and inflammation. (B)
Melatonin’s actions on inflammation during sepsis. A bacterial infection or LPS insult activates NF-κB or STAT1; this promotes the production
of inflammatory cytokines, which are inhibited by melatonin.
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No differences were observed in the percentage of E. coli
O157:H7 positive faecal samples in steers receiving 0.5-
mg·kg�1 body weight melatonin; however, 5.0 mg·kg�1 body
weight melatonin significantly reduced the percentage of
faecal samples containing E. coli O157:H7 (Edrington et al.,
2008). In another study, 5.0 mg·kg�1 body weight melatonin
treatment was without effect on daily faecal shedding, on
luminal content concentrations or on the percentage of
gastrointestinal tract tissue positive for the inoculated strain
of E. coli O157:H7 (Edrington et al., 2009). Although
melatonin did not influence the shedding patterns or
gastrointestinal populations of E. coliO157:H7, the tendency
for melatonin-treated sheep to shed fewer E. coli O157:H7 as
the study progressed warrants further examination (Schultz
et al., 2006). Providing melatonin for a longer period of time
or at higher concentrations may clarify whether melatonin
has a role in seasonal shedding patterns of E. coli O157:H7
in livestock.

The cell surface hydrophobicity of microorganisms is a
characteristic that has been associated with the colonization
of mammalian epithelia and with their capacity to induce
diseases. Melatonin (46.5 mg·L�1) induced a reduction in
the surface hydrophobicity and adherence of E. coli, which
was reversed by a protein synthesis inhibitor
(chloramphenicol) (Uberos et al., 2001). Oxidative stress
plays an important role in modifying the surface
characteristics of E. coli; this could affect the capacity of the
microorganism to adhere to epithelia. These data indicated
that melatonin may protect against bacterial infections by
inhibiting the bacterial colonization of tissues. Regarding
this, the cell surface hydrophobicity of Neisseria meningitidis
was increased as the melatonin concentration rose again,
indicating that melatonin may play a role in the variable
pathogenicity of bacteria (Uberos et al., 2000). The effects of
melatonin on the surface characteristics of microorganisms
may vary among different microorganisms. Melatonin is not
mutagenic in the Ames test for Salmonella typhimurium
(Neville et al., 1989).

Melatonin and sepsis in the clinical
setting
The circadian rhythm of melatonin production and secretion
is impaired in patients with severe sepsis (Mundigler et al.,
2002; Verceles et al., 2012). Similarly, there also seems to be
a possible correlation between the impaired rhythm of
melatonin secretion and post-operative sepsis in elderly
patients who have had surgery (Leardi et al., 2000), which
showed that the i.v. injection of LPS or lipoteichoic acid,
major pro-inflammatory components of Gram-negative
bacteria, lowered serum melatonin levels possibly because
of its rapid utilization as an antioxidant (Jiang-Shieh et al.,
2005). Moreover, peak concentrations of TNF-α and IL-6 were
positively correlated with melatonin levels, suggesting that
low melatonin availability alters circadian gene expression
in the early stages of sepsis, leading to changes in pro-
inflammatory cytokine release (Li et al., 2013). Depressed
melatonin levels induced by alcohol use disorders are
correlated with elevated intestinal permeability, LPS-binding
protein (a marker of endotoxaemia) and LPS, showing that

the suppression of melatonin may promote gut leakiness
and endotoxaemia (Swanson et al., 2015). But these findings
require confirmation (Kawada, 2015).

Gitto et al. (2001a) conducted the first study where
melatonin was given to human septic newborns and
demonstrated that when administered via an intravenous
route, melatonin improved the clinical outcome of these
infants, as judged by measurement of sepsis-related serum
parameters. A recent study also demonstrated that melatonin
significantly improves the clinical and laboratory outcomes
of neonatal sepsis (El Frargy et al., 2015). Furthermore,
melatonin is observed to improve the survival rate and reduce
the degree of oxidative damage in septic newborns (Gitto
et al., 2001a; El Frargy et al., 2015). However, these studies
were not randomized controlled trials. In a phase I dose
escalation study, melatonin was administered to healthy
volunteers at oral doses ranging from 20 to 100 mg per
person, and other than mild transient drowsiness, no adverse
effects were seen including no alterations in sleeping patterns
(Galley et al., 2014). Furthermore, melatonin was rapidly
cleared from the blood regardless of the dose given. An
ex vivo study was also conducted. Blood was obtained from
the volunteers and it was found that melatonin had
beneficial effects on LPS-induced oxidative stress,
mitochondrial dysfunction and cytokine responses (Galley
et al., 2014). Collectively, an altered secretory rhythm or
possibly a reduced secretion of melatonin resulting from
pathogen infection may contribute to sepsis severity, while
systemically administered melatonin clearly attenuates the
effects of infection (Figure 1).

Protection mediated by melatonin
against septic injury
For the mechanisms of sepsis to be investigated,
endotoxaemia is widely used as an experimental model in
animals and volunteers under controlled conditions.
Melatonin exhibits protective effects in severe septic shock
and septic organ injury induced by pathogens or LPS
(Figure 3 and Table 1). Melatonin significantly improved
median survival times and survival rates in rodents
administered a lethal dose of LPS, zymosan or polymicrobial
insults (Maestroni, 1996; Reynolds et al., 2003; Paskaloglu
et al., 2004; Carrillo-Vico et al., 2005; Yavuz et al., 2007; Wu
et al., 2008; Zhang et al., 2013; Fink et al., 2014). Furthermore,
melatonin also shortened the recovery time in animals with
Candida sepsis (Yavuz et al., 2007). Melatonin administration
following haemorrhagic shock reduced mortality from a
subsequent septic challenge (Wichmann et al., 1996). The
protective effects of melatonin are associated with the
inhibition of sepsis-associated apoptotic processes, a
reduction in oxidative damage and probably a reduced
inflammatory response (Carrillo-Vico et al., 2005).

Melatonin prevents circulatory failure and septic shock in
rats with endotoxaemia (Wu et al., 2001). In a sepsis model of
a heart injury, melatonin attenuated cardiac dysfunction
with a higher left ventricular ejection fraction (Zhang et al.,
2013). The contraction response to phenylephrine or
noradrenaline and the endothelium-dependent relaxation
response to acetylcholine in thoracic aortic rings and
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pulmonary artery rings were depressed after LPS
administration (d’Emmanuele di Villa Bianca et al., 2004;
Xing et al., 2005; Wu et al., 2008). During septic shock-
associated multiple organ dysfunction syndrome, delay
hypotension was observed (d’Emmanuele di Villa Bianca
et al., 2004; Wu et al., 2008). The vascular hyporeactivity
observed in endotoxaemic rats was significantly improved
when melatonin was given. The deformability of red blood
cells decreases significantly in the LPS-treated animals, and
this response was attenuated after melatonin administration
in septic rats (Yerer et al., 2004).

LPS administration and sepsis also induce fatigue and
decreased contractility of the ileum, urinary bladder and
diaphragm, which can be attenuated or even reversed and
returned to control levels by melatonin administration
(Paskaloglu et al., 2004; Kurcer et al., 2006). Reduced
melatonin levels are associated with increased intestinal
permeability (Swanson et al., 2015). In such cases, melatonin
administration attenuates apoptotic cell death in both
intestinal epithelium and lamina propria (Ozdemir et al.,
2007) and prevents LPS-induced gastrointestinal
disturbances (De Filippis et al., 2008).

Melatonin significantly decreased the elevated liver
bioenergetics in LPS and sepsis-induced liver injury (Wang
et al., 2004). Moreover, histological degenerative changes
and cellular necrosis were observed in the liver of rats
after LPS treatment, effects that were counteracted by
melatonin administration (Wang et al., 2004). Melatonin
also protected against acute lung injury in endotoxaemic
rats, as evidenced by decreased wet/dry tissue weight
ratios and increased PaO2 (Shang et al., 2009), and
sepsis-induced polyneuropathy as evidenced by
electromyography.

Endotoxaemia is associated with a significant rise in the
serum levels of aspartate transaminase, alanine transaminase,
γ-glutamyl-transferase, alkaline phosphatase, creatinine, urea
and uric acid; these changes obviously reflect hepatic and

renal dysfunction in septic shock-associated multiple organ
dysfunction syndrome. Each of these changes is attenuated
by melatonin treatment (Crespo et al., 1999; Wu et al.,
2008). Clearly, sepsis-induced multiple organ damage,
including that in the liver, kidney, heart, lung, diaphragm
and brain, can be ameliorated by concurrent melatonin
treatment (Sener et al., 2005).

Protective mechanisms of melatonin
against sepsis

Antioxidative effects
The production of reactive oxygen species is strongly
increased in the aorta, brain and liver of animals suffering
from septic shock (Wu et al., 2001, 2008; Carrillo-Vico et al.,
2005; Kleber et al., 2014). Higher superoxide and lipid
peroxide production including malondialdehyde (MDA), 4-
hydroxylalkenal and thiobarbituric acid reactive substances
are a common result of LPS toxicity. These perturbations
appear concomitantly with lower total antioxidant capacity
levels including reduced activity of SOD and glutathione
peroxidase (GPx) (Crespo et al., 1999; Paskaloglu et al.,
2004; Wang et al., 2004; Yerer et al., 2004; Carrillo-Vico
et al., 2005; Sener et al., 2005; Escames et al., 2006b; Ozdemir
et al., 2007; Shang et al., 2009; Erbas et al., 2013). LPS-induced
oxidative damage is further confirmed by histological
examination of the related tissues (Sener et al., 2005). The
administration of melatonin to septic animals reverses the
morphological damage and increases the activities of the
antioxidative enzymes that are inhibited during sepsis or
LPS exposure (Crespo et al., 1999; Basile et al., 2004;
d’Emmanuele di Villa Bianca et al., 2004; Wang et al., 2004;
Carrillo-Vico et al., 2005; Escames et al., 2006b; Lopez et al.,
2006b; Ozdemir et al., 2007; De Filippis et al., 2008; Li Volti
et al., 2012; Erbas et al., 2013; Ortiz et al., 2014).

Figure 3
A summary of the melatonin’s multiple protective actions against septic injury. Herein, we describe the protection against severe septic shock and
septic organ injury induced by bacteria or LPS. RBC, red blood cell.
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Table 1
The protective effects of melatonin against septic shock and septic organ injury

Models Time frame Dose of melatonin Beneficial effects Reference

Swiss mice injected with
0.75 mg per animal
LPS i.p.

Double doses 30 min
prior and 1 h after LPS
administration

10 mg·kg�1 i.p. Melatonin improves the
survival rates of mice

(Carrillo-Vico et al.,
2005)

Sprague Dawley rats
performed with caecal
ligation and puncture

Signal dose just after
surgery

0.01, 0.1, 1.0 or
10 mg·kg�1 i.v.

Melatonin improves the
median survival time of
rats

(Fink et al., 2014)

C3H/HeN mice performed
with caecal ligation and
puncture

Signal dose just after
surgery

1.0 mg·kg�1 i.v. Melatonin improves the
median survival time of
mice

(Fink et al., 2014)

C57BL/6 mice injected
with 25 mg·kg�1 LPS i.p.

Signal dose just after LPS
administration or 3 and
6 h later.

1, 2, 3, 4, 5 or
10 mg·kg�1 s.c.

Melatonin improves the
survival of mice

(Maestroni, 1996)

Sprague Dawley rats
injected with 500 mg·kg�1

zymosan A i.p.

Single dose daily from LPS
administration at 17:00 h

0.8 mg·kg�1 s.c. Melatonin improves the
survival rates of rats

(Reynolds et al.,
2003)

Wistar rats performed
with cecal ligation and
puncture

3, 6 and 12 h after surgery 3 mg·kg�1 i.v. Melatonin attenuates the
multiple organ
dysfunction syndrome
and improves the survival
rates

(Wu et al., 2008)

Wistar rats injected with
a single dose of 106 U
Candida albicans cells
mixed in 500 μL of saline
i.v.

Single dose daily from
1 week prior to sepsis
induction until 3 weeks
after sepsis induction

200 μg·kg�1·day�1

i.p.
Melatonin shortens the
time to improvement

(Yavuz et al., 2007)

Wistar rats performed
with cecal ligation and
puncture

3, 6, 12, 18 and 24 h
after surgery

30 mg·kg�1 (first
dose i.p. and the
remaining doses
s.c.)

Melatonin attenuates
heart failure and lowers
the mortality rates

(Zhang et al., 2013)

Wistar rats injected with
8x106 U·kg�1 i.p.

Three doses 30 min prior
and 1 and 3 h after LPS
administration

30 mg·kg�1 i.p. Melatonin prevents the
hyporeactivity to
phenylephrine and
improves the septic shock

(d’Emmanuele di
Villa Bianca et al.,
2004)

Wistar Kyoto rats injected
with 10 mg·kg�1 LPS i.v.

30 min prior to and 2 and
4 h after the injection of
LPS

1 or 3 mg·kg�1 i.v. Melatonin attenuates the
circulatory failure

(Wu et al., 2001)

ICR mice injected with
20 mg·kg�1 LPS i.p.

Signal dose 6 h after the
injection of LPS

5 mg·kg�1 s.c. Melatonin improves the
survival rates of mice

(Wu et al., 2001)

Sprague Dawley rats
injected with 4 mg·kg�1

LPS i.p.

Double doses 30 min prior
to and 60 min after LPS
administration

5 mg·kg�1 i.p. Melatonin increases the
contraction response of
thoracic aortic rings to
phenylephrine and
increases the
endothelium-dependent
relaxation response of
pulmonary artery rings to
acetylcholine

(Xing et al., 2005)

Swiss Albino rats injected
with 10 mg·kg�1 LPS i.p.

Signal dose 4 h after LPS
administration

10 mg·kg�1 i.p. Melatonin elevates the
deformability of red
blood cells

(Yerer et al., 2004)

Wistar Albino rats injected
with 4 mg·kg�1 LPS s.c.

Signal dose 30 min prior
to LPS administration

4 mg·kg�1 i.p. Melatonin attenuates
the impairment of
diaphragm function

(Kurcer et al., 2006)

10 mg·kg�1 i.p. Melatonin restores the
decreased contractility

(Paskaloglu et al.,
2004)

continues
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In addition to melatonin’s direct radical scavenging
actions (Tan et al., 1993; Reiter, 1996; Reiter et al., 2005;
Manchester et al., 2015), possible mechanisms of its
protective actions may involve ERK1/2 signalling and the
activation of nuclear receptor subfamily 4, group A, member
1 (Kleber et al., 2014). Sepsis also reduces the expression of
the transcription factor cAMP response element-binding
protein H, which is totally overcome by melatonin (Kleber
et al., 2014).

Anti-nitrosative effects
Inducible NOS (iNOS) impairs cardiac mitochondrial
function during sepsis, but neuronal NOS (nNOS) may be
protective. Sepsis and LPS promote the induction of iNOS
activity (Crespo et al., 1999; Wu et al., 2001; Lopez et al.,
2006b; Escames et al., 2007; De Filippis et al., 2008; Ortiz
et al., 2014). Melatonin administration inhibits the
induction of iNOS, reduces NO production and preserves
the ratio of activity of nNOS/iNOS in septic mice (Crespo
et al., 1999; d’Emmanuele di Villa Bianca et al., 2004; Yerer

et al., 2004; Escames et al., 2006b, 2007; Lopez et al., 2006b;
De Filippis et al., 2008; Wu et al., 2008; Ortiz et al., 2014).
Plasma nitrate concentrations reflect the rate of NO
synthesis. The inhibition of NOS is associated with a
parallel reduction in the highly toxic peroxynitrite.
Melatonin readily inhibits LPS-induced increase in
nitrite/nitrate levels (Carrillo-Vico et al., 2005;
d’Emmanuele di Villa Bianca et al., 2004; Maestroni,
1996). Thus, melatonin treatment blunts sepsis-induced
nitrosative stress (d’Emmanuele di Villa Bianca et al.,
2004; Escames et al., 2007; Ortiz et al., 2014).

Oxidative and nitrosative stress during septic injury
always occur concurrently (Escames et al., 2007; Ortiz et al.,
2014). Elevated oxidative stress in septic mice is accompanied
by reduced mitochondrial production of ATP and
mitochondrial dysfunction in iNOS+/+ but not in iNOS�/�

animals; this indicates that sepsis-induced iNOS is
responsible for the rise in mitochondrial impairments due
to oxidative damage during sepsis (Escames et al., 2006b;
Lopez et al., 2006a,b).

Table 1 (Continued)

Models Time frame Dose of melatonin Beneficial effects Reference

Wistar Albino rats
performed with cecal
ligation and puncture

Double doses 30 min
prior to and 6 h after
surgery

of the ileal and bladder
tissues

Subjects with alcohol use
disorder

– – Decreased melatonin is
associated with increased
intestinal permeability

(Swanson et al., 2015)

Wistar Albino rats injected
with 3 mg·kg�1 LPS i.p.

Signal dose just after LPS
administration or 3 and
6 h later.

10 mg·kg�1 i.p. Melatonin attenuates the
apoptotic cell death in
intestinal epithelium and
lamina propria

(Ozdemir et al.,
2007)

Swiss OF1 mice injected
with 20 mg·kg�1 LPS i.p.

Signal dose 6 h after the
injection of LPS

10 mg·kg�1 i.p. Melatonin prevents
gastrointestinal
disturbances

(De Filippis et al.,
2008)

C57BL/6J mice and
Kunming mice injected
with 2.5 mg Bacillus
Calmette–Guerin and
7.5 μg LPS i.v.

Single dose daily since
10 days prior to LPS
administration

0.25, 1.0 or 4.0
mg·kg�1 given
by gavage

Melatonin reduces the
activities of serum
aspartate transaminase
and alanine transaminase

(Wang et al., 2004)

Sprague Dawley rats
injected with 6 mg·kg�1

LPS i.v.

Signal dose 30 min prior
to LPS administration

10 mg·kg�1 i.p. Melatonin decreases
wet/dry tissue weight
ratios and increases PaO2

(Shang et al., 2009)

Sprague Dawley rats
performed with cecal
ligation and puncture

Signal dose 1 h after the
surgery

10, 20 or 40
mg·kg�1 i.p.

Melatonin improves
sepsis-induced
polyneuropathy

(Erbas et al., 2013)

Wistar rats injected with
10 mg·kg�1 LPS i.v.

Signal dose 30 min prior to
LPS administration, signal
dose 60 min after LPS
administration, double doses
30 min prior to and
60 min after administration,
or six doses–one injection
30 min prior to LPS
administration and five
injections beginning 60 min
after LPS administration

10, 20 or 60
mg·kg�1 i.p.

Melatonin counteracts
multiple organ and
metabolic alterations,
including the rise in the
serum levels of aspartate
transaminase, alanine
transaminase, γ-
glutamyl-transferase,
alkaline phosphatase,
creatinine, urea and uric
acid

(Crespo et al.,
1999)
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Protective effects against mitochondrial
dysfunction
Septic mice exhibit respiratory chain impairments and
reduced ATP production (Lopez et al., 2006a; Escames et al.,
2006b; 2007). In the rat, myocardial mitochondrial
cytochrome c oxidase activity is depressed as a result of septic
heart injury (Zhang et al., 2013). Mitochondrial dysfunction
resulting from LPS toxicity is improved by melatonin
administration (Escames et al., 2006b; Lopez et al., 2006a,b;
Zhang et al., 2013). The normalization of the production of
ATP mediated by melatonin probably explains the reduction
of the mortality reported elsewhere in experimental and
clinical sepsis after treatment with indoleamine (Gitto et al.,
2001a; Lopez et al., 2006a).

The protection mediated by melatonin against septic
injury is associated with the maintenance of mitochondrial
homeostasis, which is likely, in part, to be attributed to
inhibition of oxidative stress and nitrosative stress (Escames
et al., 2007; Lopez et al., 2006b; Ortiz et al., 2014; Wu et al.,
2008). Mitochondria are also thought to play a central role
in the intracellular events associated with inflammation
(Escames et al., 2006a; Lopez et al., 2006b), a process also
associated with septic shock.

Anti-inflammatory effects
The injurious effects of sepsis and lethal consequences of
septic shock are associated with the production and release
of numerous pro-inflammatory cytokines (Carrillo-Vico
et al., 2005). Melatonin exhibits multiple interactions within
the immune system (Guerrero and Reiter, 2002; Carrillo-Vico
et al., 2005). Below, we summarize the role of melatonin in
inflammation induced during sepsis.

Pro-inflammatory cytokine levels including TNF-α, IL-1β
and INF-γ at the local site of injection and in plasma are
observed to be elevated in animal models of sepsis; these
alterations are attenuated by melatonin (Wu et al., 2001,
2008; Carrillo-Vico et al., 2005; Yavuz et al., 2007; Shang
et al., 2009; Erbas et al., 2013). The anti-inflammatory
cytokine IL-10 levels both locally and systemically are
likewise markedly elevated by LPS and were even further
augmented when melatonin was given (Carrillo-Vico et al.,
2005; Shang et al., 2009). Melatonin is also effective in
reversing the elevated adhesion molecules, such as vascular
cell adhesion molecule-1 (VCAM-1) and E-selectin levels that
accompany sepsis (Yavuz et al., 2007). Finally, elevated
myeloperoxidase (MPO) activity and the infiltration of
polymorphonuclear neutrophils into respiratory and hepatic
tissues is reduced when melatonin is administered to septic
rodents (Wu et al., 2001, 2008; Paskaloglu et al., 2004).

The inhibition of inflammation mediated by melatonin
has been attributed to an attenuation of NF-κB translocation
and binding to DNA (Chuang et al., 1996; De Filippis et al.,
2008; Shang et al., 2009). NF-κB and Nod-like receptor pyrin
containing 3 (NLRP3) closely interact (Bauernfeind et al.,
2009; Garcia et al., 2015; Ortiz et al., 2015; Dong et al.,
2016), leading to a pro-inflammatory and pro-oxidant status
in various organs during sepsis and septic shock. Melatonin
administration blunts NF-κB transcriptional activity through
a sirtuin 1-dependent NF-κB deacetylation in septic mice,
which further decreases the NF-κB-dependent pro-

inflammatory response and restores redox balance and
mitochondrial homeostasis, thus inhibiting the NLRP3
inflammasome (Garcia et al., 2015; Volt et al., 2016).

In summary, melatonin is a multi-protective molecule
against sepsis, via suppression of oxidative stress, nitrosative
stress, mitochondrial dysfunction and inflammation
(Figure 2A). Interestingly, other studies showed that during
sepsis, melatonin also enhances the general immune
response and mediates alterations in the cellular stress
mechanisms via the unfolded protein response (UPR) and
the acute phase response (Effenberger-Neidnicht et al., 2014;
Kleber et al., 2014). This indicates that melatonin also
activates inflammation and UPR during the acute phase
response and that the protective mechanisms of melatonin
against sepsis may be time- and phase-dependent (Figure 2A).

Prospects
Sepsis is a major cause ofmortality in critically ill patients and
develops as a result of the host response to infection.
Numerous studies have documented the protective actions
of melatonin against septic injury through multiple
mechanisms. However, short-term melatonin administration
after haemorrhage significantly improves survival in animals
subjected to a septic challenge, but continuous melatonin
treatment did not improve survival, as compared with
vehicle-treated mice subjected to septic shock (Wichmann
et al., 1996). The duration of melatonin administration needs
to be considered when it is used. There are substantial
physiological changes both in experimental animal models
of sepsis and in human septic patients, and thus, the time
window for interventions may be brief (Annane et al., 2005).

Although a variety of earlier studies have demonstrated
the multifactorial protection afforded by melatonin against
sepsis, additional information is needed. Mutual interactions
of melatonin and the immune system have been proposed
but are not yet fully understood (Guerrero and Reiter, 2002).
While the administration of melatonin significantly
improved median survival time in septic rats, it did not
significantly alter the immune response, nor did it lower the
elevated concentrations of inflammatory cytokines (Fink
et al., 2014). Melatonin protects against LPS-induced
diaphragm function impairments, without preventing the
rise in muscle MDA content, suggesting that this protection
may be independent of melatonin’s antioxidant properties
(Kurcer et al., 2006). Although a single melatonin injection
protects mice treated with a lethal dose of LPS, this beneficial
action did not apparently involve T-helper cells or inhibition
of inflammatory cytokines or macrophage NO generation
(Maestroni, 1996). These results indicate that the protective
effects of melatonin against sepsis may be independent of
these changes, and the protective mechanisms of melatonin
against sepsis may be time- and phase-dependent.

Melatonin possesses significant antioxidant activity
during sepsis. It may be possible to further improve this
action of melatonin by delivering the molecule with specific
drug delivery systems, for example, by means of a
melatonin-loaded nanomedicine (Li Volti et al., 2012).
Supplementation with melatonin–selenium nanoparticles at
the dose of 10 mg·kg�1 (composed of 9.9 mg·kg�1 melatonin
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and 0.1 mg·kg�1 selenium) had a greater capacity to protect
against hepatocellular damage than a similar dose of
melatonin (10 mg·kg�1) alone (Wang et al., 2005). This extra
benefit may relate to its higher antioxidant efficacy in
decreasing lipid peroxidation and increasing GPx activity.

In combination with other interventions, melatonin also
contributes to the improvement in septic organ injury. A
combined treatment with melatonin and adipose-derived
mesenchymal stem cells (A-ADMSCs) was superior to A-
ADMSC alone in protecting the kidneys from sepsis-mediated
damage (Chen et al., 2014). In addition to melatonin, the
selective melatonin receptor agonist ramelteon also
significantly improved median survival time in rats with
polymicrobial sepsis (Fink et al., 2014). These actions were
completely antagonized by co-administration of themelatonin
receptor antagonist luzindole (Fink et al., 2014), showing that
the protective effect of melatonin was likely to be mediated
via melatonin’s membrane receptors, MT1 and MT2.

Melatonin is a functionally versatile molecule. The
protective effects of melatonin against septic organ injury
and septic shock have been widely demonstrated in animal
models. Several clinical studies also support the clinical use of
melatonin in human endotoxaemia (Gitto et al., 2001a; Galley
et al., 2014). These results, while interesting, require additional
confirmation before melatonin is routinely used as a co-
treatment/treatment for septic organ injury and septic shock
(Dennery, 2001). Thus, considering the high mortality rate
for septic patients, physiological investigations are urgently
needed in this area (Zicca and Tissieres, 2012). Hence it is
exciting that several controlled trials (NCT01858909,
NCT01724424 and NCT01087359 registered in ClinicalTrials.
gov; ISRCTN70688534 and ISRCTN17088991 registered in
ISRCTN registry; and 2014-002840-42, 2008-006782-83 and
2009-017825-21 registered in EU Clinical Trials Register) are
being conducted in various centres (Table 2). We expect the
results from the ongoing trials to further confirm the safety
and beneficial effects of melatonin.

Concluding remarks
When taken out of its endocrine context, melatonin is
protective against sepsis and septic injury. The altered
secretory rhythm or decreased secretion of melatonin
resulting from pathogen infection may further contribute to
sepsis syndrome, since this serious condition is less severe
following melatonin administration (Figure 1). The down-
regulation of melatonin may be attributed to the reduced
expression of AA-NAT and ASMT, the enzymes that convert
5-HT to melatonin. Depressed melatonin levels seem to
promote bacterial translocation, and the incidence of these
disorders can be inhibited by melatonin administration
(Figure 1). In addition to its potential use in humans,
melatonin exerts immunomodulatory properties with a
broad application in veterinary medicine. Additionally,
melatonin may serve as a novel antibiotic to defend against
bacterial pathogens, and the possible mechanisms involved
are the suppression of NF-κB and STAT1 (Figure 2B). Notably,
melatonin was shown to be protective against severe septic
shock and septic organ injury induced by pathogens,
especially bacteria and its membrane component LPSTa
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(Figure 3 and Table 1). The beneficial pleiotropic actions of
melatonin against sepsis seem to relate to its inhibition of
oxidative stress, nitrosative stress, mitochondrial
dysfunction and inflammation. However, a small number of
reports have shown that sometimes melatonin also activates
inflammation and UPR during the acute phase of the
response (Figure 2A).
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