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Abstract

Sepsis is a major cause of mortality in critically ill patients and develops as a result of the host
response to infection. In recent years, important advances have been made in understanding the
pathophysiology and treatment of sepsis. Mitochondria play a central role in the intracellular events
associated with inflammation and septic shock. One of the current hypotheses for the molecular
mechanisms of sepsis is that the enhanced nitric oxide (NO) production by mitochondrial nitric oxide
synthase (MtNOS) leads to excessive peroxynitrite (ONOO~) production and protein nitration,
impairing mitochondrial function. Despite the advances in understanding of its pathophysiology,
therapy for septic shock remains largely symptomatic and supportive. Melatonin has well docu-
mented protective effects against the symptoms of severe sepsis/shock in both animals and in
humans; its use for this condition significantly improves survival. Melatonin administration counter-
acts mtNOS induction and respiratory chain failure, restores cellular and mitochondrial redox status,
and reduces proinflammatory cytokines. Melatonin clearly prevents multiple organ failure, circula-
tory failure, and mitochondrial damage in experimental sepsis, and reduces lipid peroxidation, indi-
ces of inflammation and mortality in septic human newborns. Considering these effects of
melatonin and its virtual absence of toxicity, the use of melatonin (along with conventional ther-
apy) to preserve mitochondrial bioenergetics as well as to limit inflammatory responses and oxida-
tive damage should be seriously considered as a treatment option in both septic newborn and adult
patients. This review summarizes the data that provides a rationale for using melatonin in septic
shock patients.

Introduction

Sepsis is a common cause of mortality in intensive care units (Baker & Huynh 1995;
Sands etal 1997) and develops as a result of the host response to microbial invasion
(Peters et al 2003). Sepsis is clinically characterized by severe hypotension and hyperac-
tivity to vasoconstrictor agents and often culminates in multiple organ failure. Signifi-
cant complications from sepsis include central nervous system dysfunction, adult
respiratory distress syndrome, liver failure, acute renal failure and disseminated intra-
vascular coagulation.

Sepsis is defined as infection with evidence of systemic inflammation (Annane etal 2005;
Calandra & Cohen 2005) and can be caused by bacterial pathogens, fungi, viruses and para-
sites. Lipopolysaccharide (LPS), a component of the cell walls of Gram-negative bacteria, is
the predominant agent responsible for the initiation of sepsis (Sriskandan & Cohen 1995; Peters
etal 2003). LPS initially binds to the acute-phase LPS-binding protein in the plasma (Jack etal
1997). Although multiple mammalian receptors for LPS have been identified, the most import-
ant receptor appears to be CD14. It has been suggested that TRL4 plays a key role in the
immune response to Gram-negative infections (Laflamme & Rivest 2001). Under these condi-
tions, there is a rapid activation of the innate immune response and the release of a variety of
humoral mediators. LPS induces gene activation and, hence, inflammatory mediator expression
(Guha & Mackman 2001). LPS activates a number of intracellular signalling pathways, includ-
ing nuclear factor xB, thereby allowing rapid gene induction and the expression of inflamma-
tory mediators, which include, in addition to cytokines, chemokines, lipid mediators, inducible
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nitric oxide synthase (iNOS), enzyme activities, adhesion mole-
cules, myocardial depressant substances and heat-shock pro-
teins (Muller et al 2002; Victor etal 2004; Tsiotou et al 2005). In
addition, LPS directly inhibits both glucose and lipid metabo-
lism and causes hepatotoxicity, renal failure and lipid peroxida-
tion (LPO) via the induction (Crespo etal 1999). LPO, induced
by free radicals, is an important cause of destruction and dam-
age to cell membranes, since polyunsaturated fatty acids of cel-
lular membranes are readily degraded by this process with
consequent disruption of membrane integrity. Membrane perox-
idation leads to changes in membrane fluidity and permeability
and also the rates of protein degradation are accelerated, eventu-
ally leading to cell lysis (Garcia etal 1997). Besides these reac-
tions, which are induced by invading microorganisms, also
included are the activation of neutrophils, monocytes and
microvascular cells (Tsiotou etal 2005). Leukocytes release
numerous proteases to combat infections. The progression of
the inflammatory response leads to multiple organ dysfunction
and multiple organ failure (Hack & Zeerleder 2001).

Despite recent progress in critical care therapy, sepsis is
still associated with a high mortality rate (40-50%) (Cohen
2002; Bhatia & Moochhala 2004). Under normal conditions,
an equilibrium between proinflammatory and anti-inflamma-
tory mediators exists, but this balance is disrupted in sepsis
and the disturbance is manifested by profound changes in the
relative levels of production of different mediators (Pinsky
2001).

Endothelial dysfunction plays a central role in the patho-
genesis of sepsis (Hack & Zeerleder 2001). The endothelium
is a major target of sepsis-induced substance generation and
endothelial cell damage accounts for much of the pathology
of septic shock (Morrison & Ulevitch 1978; Brackett etal
1990). In addition, endothelial cells themselves may generate
proinflammatory mediators in response to bacterial pathogens
(Hack & Zeerleder 2001; Henneke & Golenbock 2002).
Cyclooxygenase (COX)-2 is induced by proinflammatory
stimuli in migratory cells and inflamed tissues (Vane etal
1998). Prostaglandins formed from arachidonic acid by the
enzymatic action of COX-2 also play important roles in
inflammation (Keifer & Dannhard 2002). The result is an
increase in microvascular permeability, oedema formation
and hypotension, resulting in a hyperdynamic shock charac-
terized by increased cardiac output and loss of peripheral vas-
cular resistance (Peters et al 2003; Tsiotou etal 2005).

There is considerable evidence supporting a link between
free radicals and endothelial injury. Experimental and clinical
data reveal that endothelium-derived substances such as
endothelin and nitric oxide (NO) are two important mediators
in the pathogenesis of septic shock, leading to fatal multiple
organ dysfunction (Iskit & Guc 2003). The potent vasocon-
strictor, endothelin, appears to produce mesenteric ischaemia,
which is also considered an important factor related to the
high mortality seen in sepsis-related syndromes (Baykal etal
2000a).

Cytokines in sepsis

An improper activation of the inflammatory processes with
increased proinflammatory cytokines characterizes sepsis and
septic shock. Cytokines are immunoregulatory peptides with

potent inflammatory actions. Tumour necrosis factor « (TNF-
a) and interleukin 1(IL-1) are generated by activated macro-
phages and they act via specific cell membrane receptors
(Putensen & Wrigge 2000; Aldridge 2002). TNF-a is an
important soluble mediator of inflammation and its release is
elevated early during sepsis. Binding of TNF-« to its receptors
leads to cell activation through nuclear factor B translation. In
turn, IL-1 stimulates the production of proteases and generation
of reactive oxygen species (ROS) (Tsiotou etal 2005), result-
ing in the initiation of inflammatory cell migration into tissues
(Cohen 2002). Moreover, IL-1 and TNF-« act synergistically
leading to the expression of factors including other proinflam-
matory cytokines such as IL-8 and IL-12 (Kumar etal 1996),
which are involved in tissue inflammation (Baggionili etal
1994). IL-8 causes neutrophil chemotaxis, directional migra-
tion, and expression of surface adhesion molecules (Baggionili
etal 1994; Baggionili 1995); circulating levels of IL-8 predict
morbidity and mortality (Hack etal 1992). A number of other
cytokines, including IL-4, IL-10, IL-13 and interferon v may
also be involved in the pathogenesis of sepsis; they amplify the
effects of the above-mentioned inflammatory mediators.

Cytokines released in the course of sepsis are also
involved in another series of events. They stimulate a proco-
agulant state, leading to capillary obstruction, ischaemia and
organ dysfunction (Levi 2001). Complement activation,
mainly C5a, which is a potent anaphylatoxin and chemoat-
ractant, plays an important role in host defence, resulting in
increased vascular permeability, leukocyte attraction, immo-
bilization, phagocytosis and cell lysis. Phospholipase A2,
inducible cyclooxygenase and 5-lipoxygenase, which pro-
duce proinflammatory prostaglandins and leukotrienes, are
likewise induced by cytokines (Annane etal 2005).

Reactive oxygen and nitrogen species

ROS are partially reduced derivatives of molecular oxygen
(0,); included in this group of reactants is the superoxide rad-
ical (0,%), hydrogen peroxide (H,0,), hydroxyl radical
(HO®) and hypochlorous acid (Fink 2002). Under physiologi-
cal conditions, a homeostatic balance exists between the
formation of ROS and their removal by endogenous scaveng-
ing antioxidants (Gutteridge & Mitchell 1999). Oxidative
stress occurs when this balance is disrupted by excessive pro-
duction of ROS and/or inadequate antioxidant defence. In
mammalian cells, the majority of ROS are formed during cel-
lular respiration and by leukocytes as part of the normal host
defence against infecting microorganisms (Webster & Nunn
1988). ROS act also as messenger molecules in cellular sig-
nalling and gene activation, and they enhance nuclear factor
+B activation (Horton 2003).

In recent years, increasing evidence suggests the involve-
ment of reactive nitrogen species (RNS), mainly NO, in cellu-
lar damage resulting from sepsis. The main source of NO
during endotoxaemia is iNOS, which is induced by the coop-
erative effects of inflammatory cytokines (Lanone etal 2000;
Carreras etal 2004). Excessive NO production is clearly
implicated in the pathogenesis of septic shock (Thiemermann
& Vane 1990) and, as a result, pharmacological inhibition of
iNOS would presumably be beneficial in sepsis (Hobbs etal
1999). Unfortunately, clinical trials using iNOS inhibitors



failed to show a beneficial effect in septic shock patients
(Ruetten & Thiemermann 2000).

NO is believed to be a key component in vasopressor-
resistant and myocardial depression of septic shock
(Tsiotou et al 2005). Normally, NO participates in a vari-
ety of homeostatic activities, including control of vascular
tone, modulation of nerve transmission and regulation of
the activity of a variety of proteins. Bacterial products
such as LPS, and certain inflammatory mediators, particu-
larly interferon -, TNF-a, IL-18 and platelet activator
factor, are related to iNOS induction (Victor etal 2004).
Once expressed, iNOS is continuously active during
inflammation, producing elevated amounts of NO in the
cell. Although large quantities of NO may kill bacteria,
fungi and tumour cells, they may also induce excessive
vasodilatation and nitrosative stress to host tissues
(Weitzberg 2005).

NO overproduction interferes with mitochondrial
respiration and induces apoptosis and necrosis. NO can
also bind to a component of catalase and reversibly inhibit
H,0, breakdown by this enzyme (Brown 1995, 2001). NO
reacts with O,°7, leading to ONOO™ formation (Lipton et al
1993), a cytotoxic pro-oxidant, which oxidizes sulfhydryl
groups that in turn generate HO® (Beckman etal 1990),
causing tissue injury during sepsis. Another RNS, namely
nitrogen dioxide, can also produce critical cellular injury.
Additionally, RNS cause DNA damage, an important
means of tissue injury associated with oxidative stress
(Liaudet et al 2002).

ROS and RNS disrupt tissue integrity and function, which
leads to cell necrosis. During oxidative stress, these reactive
species are responsible for cellular LPO, DNA and protein
oxidation, and mitochondrial impairment, which alter mem-
brane fluidity and permeability (Garcia etal 1997; Yerer etal
2003), thereby disrupting cell function (Zimmerman 1995).
Oxidative damage to mitochondria results in altered respira-
tion and uncoupling; mitochondria may be changed to a
degree such that cytochrome c release, caspase activation and
apoptosis follow. Thus, pharmacological intervention with
agents that either block the production of ROS and/or RNS,
or scavenge these reactive molecules once they have been
formed, may ameliorate the severity of sepsis (Bhatia &
Moochhala 2004).

NO and mitochondria

At low concentrations, NO competes with O, at the level of
complex IV (cytochrome c oxidase) and reversibly inhibits
this enzyme in the mitochondrial electron transport chain
(ETC) (Brown 2001). It is now recognized that the rate of cel-
lular energy supply depends on the mitochondrial O,/NO
ratio (Boveris etal 2001). This indicates that NO is a physio-
logical regulator acting directly on the ETC.

In a variety of studies in experimental animal and human
tissues, mitochondrial dysfunction during sepsis was observed
(Mela etal 1970; Crespo etal 1999; Boveris etal 2002;
Escames etal 2003). High levels of NO produced by iNOS are
a major cause of the cytotoxic and genotoxic effects of sepsis,
and they are related to the irreversible inhibition of mito-
chondrial respiration and cell death (Titheradge 1999).
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High concentrations of NO reduce electron transfer along the
mitochondrial ETC. The impairment of the ETC increases
electron leakage and the production of O,°", which, in turn,
reacts with NO to yield ONOO™. Both NO and ONOQO™ are
capable of irreversibly inhibiting the four respiratory com-
plexes and ATP synthase, thereby decreasing ATP produc-
tion (Lizasoain et al 1996; Cadenas et al 2000; Escames et al
2003, 2006). ONOO™ also inhibits other enzymes, including
aconitase, NADH- and succinate-dehydrogenases and
superoxide dismutase (SOD); changes in the activities of
these enzymes further perturb mitochondrial dysfunction
(Brown 1999, 2001).

Recently, a specific mitochondrial isoform of NOS
(mtNOS) was reported (Ghafourifar & Richter 1997); this
enzyme is responsible for the intramitochondrial produc-
tion of NO (Giulivi etal 1998). This constitutively
expressed mtNOS isoform presumably derives from a
nNOS isoform (Tatoyan & Giulivi 1998; Kanai et al 2001;
Elfering et al 2002). We recently demonstrated that endo-
toxaemia induces the expression and activity of a mtNOS
isoform, which is associated with mitochondrial impair-
ment (Escames et al 2003). Further experiments confirmed
the existence of an inducible mtNOS isoform derived from
iNOS (Acufia-Castroviejo etal 2005; Loépez etal 2005).
The terms mtcNOS and mtiNOS have been proposed for
the constitutive, nNOS-derived and inducible, iNOS-
derived mtNOS, respectively (Acufia-Castroviejo etal
2005). Although constitutively expressed in mitochondria,
mtiNOS mainly influences mitochondrial function after its
induction in pathophysiological states such as sepsis
(Escames et al 2003, 2006; Lopez et al 2005). Thus, inhibi-
tion of mitochondrial respiration and the resulting energy
failure observed in sepsis may reflect the overproduction
of NO due to mtiNOS induction rather than NO produced
by cytosolic iNOS (Acuiia-Castroviejo et al 2005; Escames
etal 2006). While high levels of NO are responsible for a
significant portion of the pathophysiological manifesta-
tions resulting from mitochondrial damage during sepsis,
the situation is further aggravated by the coupling of NO
with O,°” to form ONOO™. ONOO™ inhibits the ETC lead-
ing to a further increase in O,*” production and oxidative
damage, eventually culminating in apoptosis (Escames
etal 2003). Thus, mtiNOS seems to be a significant con-
tributor to the mitochondrial impairment observed in sep-
sis (Acufia-Castroviejo etal 2005; Escames etal 2006).
Mitochondrial impairment during sepsis is consistent with
the reduced body temperature and the decreased whole
body oxygen uptake that are characteristic of septic shock
(Boveris et al 2002).

Antioxidants

For counteracting free radical damage, cells are equipped
with a variety of antioxidants and free radical scavengers.
Antioxidants prevent oxygen radical formation by enzymati-
cally removing their precursors or by converting radical prod-
ucts to less reactive molecules; these enzymes include SOD,
glutathione peroxidase (GPx) and catalase. SOD rapidly pro-
motes the conversion of O,"” to H,0,. Catalase and GPx, the
latter requiring reduced glutathione (GSH) for its action,



1156 Germaine Escames et al

catalyse the conversion of H,0, to H,O. GSH itself also has
direct antioxidant activity, via donation of hydrogen ions, to
repair damaged DNA (Victor etal 2004). GSH is an essential
intracellular antioxidant in protecting normal cells from oxi-
dative injury. Free radical scavengers react directly with ROS
already formed; the best known of these scavengers are vita-
min C and E (Victor etal 2004). Vitamin E, S-carotene, lyco-
pene, and coenzyme Q, due to their lipid solubility, especially
protect cellular membranes from free radical damage, while
vitamin C, because of its aqueous solubility, reduces oxida-
tive damage in the cytosol. Mitochondria contain their own
system of antioxidants, which includes an isoform of SOD
and the glutathione redox cycle.

The total antioxidant potential of patients with sepsis is
significantly reduced resulting in massive free radical dam-
age and eventually death (Cowley etal 1996; Victor etal
2004). Besides alterations in GSH metabolism in sepsis,
LPS produces oxidative stress, which reduces plasma antioxi-
dant capacity and potentiates depletion of GSH (Carbonell
etal 2000). Transgenic mice overexpressing human GPx
exhibit a decreased sensitivity to endotoxic shock and an
increased rate of survival even after the administration of a
large LPS dose (Mirochnitchenko etal 2000). Thus, the
GSH-related antioxidant system is an important protective
mechanism of the cell against oxidative damage and, addi-
tionally, it is a critical factor in the development of the
immune response.

Therapeutic approaches in septic shock

The economic cost of severe sepsis is considerable. In the
USA, around 700 000 patients per year develop severe sepsis
(Angus & Wax 2001; Angus etal 2001; Martin etal 2003),
with a financial cost of about $24 000 per patient (Angus etal
2001). However, in contrast to the major therapeutic achieve-
ments in other fields of medicine, there is not yet a specific
treatment for septic shock, in part due to our lack of know-
ledge of the underlying mechanisms (Iskit & Guc 2004). The
current treatments for sepsis remain largely symptomatic and
supportive. A combination of antibiotic treatment, which
reduces infection, and haemodynamic, respiratory and meta-
bolic support are used to restore tissue perfusion and to nor-
malize cellular metabolism. When hypotension results mainly
from myocardial depression, inotropic agents are used first
(Annane et al 2005). Optimization of the haemodynamic sta-
tus may require blood transfusion. Patients may be treated
with O, and, when they have acute lung injury or acute respi-
ratory distress syndrome, with intensive mechanical ventila-
tion (Petrucci & Lacovelli 2004). Daily haemodialysis or
continuous veno—venous haemofiltration is used in patients
with acute renal failure (Schrier & Wang 2004).

Besides symptomatic treatment, blocking specific steps in
the septic cascade have been tested as to their potential bene-
fits. However, attempts to modify endotoxin release failed to
improve outcome (Ziegler etal 1991; McCloskey etal 1994).
A randomized trial with the platelet-activating factor, acetyl-
hydrolase, for reducing the inflammatory response in septic
patients did not yield conclusive results (Opal etal 2004).
High doses of corticosteroids and non-steroid anti-inflamma-
tory drugs have been also used to combat the inflammatory

response in sepsis, but these drugs failed to improve survival
(Bernard etal 1997; Annane etal 2004, 2005). Monoclonal
antibodies targeting LPS (Greenberg etal 1991; Zeigler etal
1991) also proved ineffective (Warren etal 1993).

Serum concentrations of anticoagulants often decrease
during sepsis, whereas diffuse microembolism thrombus
formation is thought to have a central role in the develop-
ment of organ dysfunction. Natural anticoagulant proteins
such as antithrombin III, activated protein C and tissue-fac-
tor-pathway inhibitor have been examined in septic patients.
Only activated protein C significantly decreased mortality
(Bernard et al 2001; Gluck & Opal 2004), but its use is cur-
rently restricted to patients with a greater severity of the dis-
ease or coagulation disorders (Polderman & Girbes 2004).
Recent studies with other anti-inflammatory agents suggest
that the severity of sepsis, as reflected by the mortality rate,
may be of importance in reducing O,*” generation
(Eichacker etal 2002; Cui etal 2004). Other interventions
used to reduce either ROS generation or their actions have
exerted minor beneficial effects in a variety of experimental
models of shock. These therapeutic approaches include the
use of N-acetylcysteine (Ozdulger et al 2003), tempol (Thie-
mermann 2003), and SOD mimetics (Salvemini & Cuzzoc-
rea 2003). However, the mortality rates of patients with
severe sepsis remain high (Angus & Wax 2001). Since the
elevated mortality rate in patients with septic shock still
remains, other approaches to address this serious condition
require exploration (Parrillo 1993). We discuss here the
rationale for the use of melatonin in the pharmacological
treatment of sepsis.

Properties of melatonin

Besides its ubiquitous presence in animals, melatonin is also
present in plants (Reiter & Tan 2002; Kolar & Machackova
2005). In the animal kingdom, melatonin is a highly con-
served molecule found in organisms from unicells to
humans (Hardeland & Fuhrberg 1996; Hardeland &
Poeggeler 2003) In vertebrates, melatonin is the main secre-
tory product of the pineal gland, from where it is released
into the blood (Reiter 1991) and perhaps into the cerebrospi-
nal fluid (Skinner & Malpaux 1999; Reiter & Tan 2003); in
both these fluids its concentration exhibits a circadian
rhythm since melatonin secretion occurs during darkness.
Melatonin is also found in high concentrations, much higher
than in the blood, in other body fluids and tissues, and it is
differentially distributed in organs and in subcellular
organelles (Menendez-Pelaez & Reiter 1993; Tan etal 1994;
Skinner & Malpaux 1999; Acuiia-Castroviejo etal 2003;
Reiter & Tan 2003). Besides its synthesis in the pineal
gland, melatonin is also produced in other organs, including
the retina (Ivanova & Iuvone 2002), gastrointestinal tract
(Motilva etal 2001), skin (Slominski etal 2005) and bone
marrow (Tan etal 1999). Its broad extracellular and intra-
cellular distribution in addition to its synthesis in a variety
of organs may explain the role of melatonin in modulating a
number of physiological processes through a variety of
mechanisms.

Melatonin is a powerful antioxidant and directly scavenges
both ROS and RNS (Tan etal 1993; Reiter 1995; Acuia-



Castroviejo etal 2001; Reiter etal 2001; Allegra etal 2003;
Reiter & Tan 2003). Melatonin prevents LPO (Escames etal
1997) and preserves membrane permeability by increasing its
fluidity (Garcia etal 1997). Melatonin reduces mitochondrial
hydroperoxide levels and restores GSH homeostasis and mito-
chondrial function in organelles under oxidative stress (Martin
etal 2000a, b, 2002; Acuiia-Castroviejo etal 2001, 2003).
Melatonin also stimulates ~-glutamylcysteine synthase, thereby
increasing intracellular GSH synthesis (Urata etal 1999).
Moreover, the indoleamine has indirect antioxidant effects,
since it stimulates the activities of the two enzymes involved in
the GSH cycling, namely GPx and glutathione reductase
(Martin etal 2000a; Reiter etal 2000; Rodriguez etal 2004;
Escames etal 2006; Lopez etal 2005). In addition to mela-
tonin’s multiple direct and indirect antioxidant and anti-inflam-
matory actions, several metabolites that are formed when
melatonin functions as a free radical scavenger, that is N1-
acetyl-N2-formyl-5-methoxykynuramine (AFMK) and NI-
acetyl-5-methoxykynuramine (AMK), also possess significant
antioxidative and anti-inflammatory activity (Ressmeyer etal
2003; Mayo etal 2005). COX-2 inhibition by melatonin and
AFMK or AMK may account for many protective effects,
including those observed in neurodegenerative diseases. Drugs
that have high potency for inhibiting COX-2 and a lesser effect
on COX-1 would provide potent anti-inflammatory activity
with fewer side-effects. Melatonin prevents specifically the acti-
vation of the proinflammatory enzymes COX-2 without simulta-
neous inhibition of the COX-1 enzyme (Mayo etal 2005). Thus,
not only the parent molecule, melatonin, but also its metabolites
are protective against oxidative stress (Tan etal 2003).

More recently, melatonin was found to counteract the inhi-
bition of respiratory complexes and restore normal function
of the respiratory chain by increasing the activities of mito-
chondrial complex I and IV (Martin etal 2000a, b). These
protective actions of melatonin may involve an effect on the
expression of mtDNA. Melatonin increases the expression of
mtDNA encoded polypeptide subunits I, I and III of complex
IV in mitochondria from rat liver in a time-dependent man-
ner, which correlates with the increase in complex IV activity
(Acufia-Castroviejo etal 2002, 2003). One consequence of
melatonin’s action in mitochondria is an increase in ATP pro-
duction (Martin etal 2002). Thus, melatonin restores the
functional mitochondrial activity that is depressed in some
pathological situations (Acufia-Castroviejo etal 2002; Ledn
etal 2004).

Melatonin reduces O, consumption by liver mitochondria,
an effect that may protect this organelle from excessive oxi-
dative damage (Sewerynek etal 1999; Karbownik et al 2000;
Reyes Toso etal 2003). Furthermore, the genomic effects of
melatonin include the inhibition of the expression of iNOS
and mtiNOS (Crespo etal 1999; Escames etal 2003), two
pro-oxidant enzymes involved in the septic response and cel-
lular impairment. Melatonin also reduces apoptosis due to its
antioxidant and free radical scavenging properties (Jou etal
2004), although a direct interaction between melatonin and
mitochondrial permeability transition pore has been also pro-
posed (Andrabi et al 2004; Rivas etal 2005).

The action of melatonin on mitochondria may be mediated
by the antioxidant and direct free radical scavenging proper-
ties of the indolamine, which protect this organelle from oxi-
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dative damage. Also, its actions on mtDNA, which increase
the expression of the respiratory complex subunits encoded
by mtDNA, as well as a direct interaction of melatonin with
the mitochondrial permeability transition pore, may contrib-
ute to melatonin’s protective effects at the mitochondrial
level (Ledn et al 2005).

In a number of pathologies, including models of neuro-
degenerative diseases, in which high production of free rad-
icals is a primary cause of the condition, melatonin has
documented protective actions (Reiter etal 2004). Indeed,
melatonin has potent neuroprotective properties. Melatonin
reduces the damaging effect of kainic acid and N-methyl-D-
aspartate in-vivo (Dabbeni-Sala etal 2001; Escames etal
2004). In a model of Parkinson’s disease, melatonin amelio-
rated the reduction of tyrosine hydroxylase positive fibres
and the lipid peroxidation in the striatum (Acuifia-Castro-
viejo etal 1997), reduced mitochondrial DNA damage (Tan
etal 1994; Chen etal 2005), prevented the inhibition of
mitochondrial complex I activity induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (Khaldy etal 2003) and
inhibited dopamine autoxidation (Khaldy etal 2000). In
models of Alzheimer’s disease, melatonin prevented neuro-
degenerative changes (Matsubara etal 2003; Feng etal
2004; Lahiri et al 2004; Wang et al 2004; Esparza et al 2005)
and, in humans, it significantly slowed the progression of
the disease (Cardinali et al 2002; Wu & Swaab 2005). Many
reports have shown a protective effect of melatonin on epi-
lepsy in humans (Molina-Carballo et al 1997).

These data indicate that melatonin efficiently counteracts
oxygen radical pathology and suggests that mitochondria are
an important target for the action of melatonin in the cell.
Melatonin improves the bioenergetics of the cell, promotes
more efficient nuclear and mitochondrial genomic repair
mechanisms, increases GSH levels and elevates ATP produc-
tion (Acuiia-Castroviejo etal 2001).

Melatonin in sepsis

Considering its multiple actions, and the fact that NO seems
to be a key factor in sepsis and iNOS is one of the main tar-
gets of melatonin action, it is not surprising that melatonin
administration is beneficial in restoring homeostasis in sep-
sis. Sewerynek et al (1995a, b) first documented a reduction
in LPS-induced oxidative damage after melatonin adminis-
tration. In these studies, melatonin reduced LPO of
membranes and attenuated hepatic leukocytosis. More
recently, also using the LPS model of sepsis in rats, it was
shown that melatonin counteracted a variety of metabolic
alterations (Crespo etal 1999). In these experiments, we
demonstrated that melatonin significantly reduced LPO and
counteracted the LPS-induced NO production in lungs and
liver. These results document a dose-dependent inhibition of
iNOS activity by melatonin. Melatonin also reduced the
expression of iNOS mRNA. Thus, melatonin may reduce
NO production during sepsis, mainly by inhibiting iNOS
expression.

In other studies, melatonin counteracted LPS-induced
multiple organ dysfunction syndrome and protected animals
against endotoxaemia and death (Crespo etal 1999; Reynolds
2003). Wu etal (2001) reported that melatonin inhibits both
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TNF-« release into the plasma and O, production in the
aorta of septic rats. Thus, the beneficial haemodynamic
actions of melatonin were likely associated with its anti-
inflammatory effects on cytokines such as TNF-q, its sup-
pression of iNOS expression and its antioxidant properties.
Additional studies have demonstrated that melatonin signifi-
cantly reduces ONOO™ formation and poly(ADP-ribose) syn-
thase activation (Cuzzocrea etal 1998; Cuzzocrea & Caputi
1999), limits LPO and replenishes the GSH content of several
organs (El-Sokkary etal 1999; Paskalolu etal 2004; Sener
etal 2005) in experimental sepsis. Melatonin also inhibits the
elevated myeloperoxidase activity and scavenges hypochlo-
rous acid (Zavodnik et al 2004), suggesting that the protective
effects of melatonin are in part related to the inhibition of
neutrophil infiltration, scavenging of the reactant that neu-
trophils generate, and restores the contractility of muscle tis-
sues (Paskalolu etal 2004; Sener etal 2005).

We have previously demonstrated that melatonin prevents
mitochondrial oxidative damage and inhibits mtiNOS expres-
sion and activity induced by LPS in rat lung and liver mito-
chondria (Figure 1) (Escames etal 2003). In these experiments,
melatonin also restored ETC activity which was inhibited by
sepsis (Figure 2). Moreover, melatonin is a scavenger of both
NO and ONOO™ or radicals generated therefrom (Blanchard
etal 2000). The inhibition of mtiNOS by melatonin, in addi-
tion to its scavenging of both ROS and RNS may account for
many of the protective effects of the indolamine against endo-
toxaemia, including the recovery of ETC activity and ATP
production. Since melatonin increases the efficiency and
activities of the respiratory complexes, reduces electron leak-
age, and thereby curtails O,* and H,0, generation, it limits
damage due to LPS toxicity.

In a search for the source of mtiNOS, we recently per-
formed a series of experiments in a model of sepsis induced
by caecal ligation and puncture in both normal and iNOS
knockout mice (Escames etal 2006; Lépez etal 2005). The
activity of mtNOS and nitrite levels significantly increased
after sepsis in iNOS** mice. These animals also exhibited a
significant inhibition of the respiratory chain activity and an
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Figure 1  Effects of melatonin on lipopolysaccharide (LPS) induced

mitochondrial nitric oxide synthase (mtNOS) activity in lung mitochon-
dria of 3-month-old rats. Mean =+ s.e. of six to eight experiments per
group, each assayed in duplicate. *P < 0.001 versus vehicle; *P < 0.001
versus LPS (data from Escames et al 2003).
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Figure 2  Effects of melatonin on the activities of complex I and IV in
lung mitochondria of lipopolysaccharide (LPS) treated 3-month-old rats.
Mean = s.e. of six to eight experiments per group, each assayed in dupli-
cate. *P < 0.001 versus vehicle; #p < 0.001 versus LPS (data from
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Figure 3 Mitochondrial nitric oxide synthase (mtNOS) activity meas-
ured in skeletal muscle mitochondria. Closed bars represent constitutive
mtNOS and open bars represent inducible mtNOS activity. *P < 0.05
and ***P < (0.001 versus control; P < 0.001 versus sepsis; P <
0.001 versus iNOS**.

increase in mitochondrial oxidative stress. Interestingly,
mtNOS activity remained unchanged in iNOS™~ septic mice
(Figure 3), and the mitochondria of these animals were unaf-
fected by sepsis. Our results further confirm that melatonin
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Figure 4 Percent and duration of survival of septic mice without or
with melatonin treatment. Sepsis was induced by caecal ligation and
puncture. Each group contained 20 mice at the onset.

administration to iNOS** mice counteracts mtNOS induction

and respiratory chain failure and improves the activity of
complexes I, II, III and IV. Melatonin normalizes the GSH
pool and increases the glutathione reductase activity. Mela-
tonin also restores normal membrane dynamics and limits
LPO in septic animals. The results suggest that sepsis-
induced mtNOS is responsible for the increase of mitochon-
drial impairment due to oxidative stress, while melatonin
treatment counteracts mitochondrial failure to the same
extend as the lack of the iNOS gene. Melatonin treatment is
also a protective factor against vascular injury during endo-
toxic shock since it limits vascular smooth muscle contractile
dysfunction (d’Emmanuele di Villa Bianca etal 2004).

It is known that O,"" oxidizes catecholamines, including
dopamine, noradrenaline (norepinephrine) and adrenaline (epine-
phrine), to products that cause vasoconstriction (Macarthur etal
2000). Thus, vascular hyporeactivity to catecholamines impairs
successful treatment of hypotension in septic shock (Heikkila
1985). d’Emmanuele di Villa Bianca etal (2004) demonstrated
that the vasoconstrictive actions of catecholamines were
increased by melatonin. They also investigated the mechanism
of the loss of vascular contractility in aorta rings collected from
rats treated with LPS and they found that melatonin inhibits
PARS expression in the aorta. PARS is a nuclear enzyme that
is activated following DNA damage; this leads to a cascade of
events that cause necrosis (Ha & Snider 1999). Erythrocyte
deformability, which is critical for a microcirculatory system to
function effectively, is also prevented by melatonin (Yerer etal
2004). Furthermore, melatonin inhibits endothelin converting
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enzyme-1, which is required for endothelin synthesis (Kilic
etal 2004). The reduction in endothelin would also assist mela-
tonin in protecting against septic shock. In high doses, mela-
tonin also directly reduces mesenteric blood flow and LPS-
induced TNF-« generation (Baykal etal 2000b). These benefi-
cial effects of melatonin are likely related to its antioxidant
properties and inhibition of iNOS protein expression (Crespo
etal 1999; Escames etal 2006; Lopez etal 2005).

It is well established that circadian melatonin secretion is
impaired in severe septic patients (Mundigler etal 2002).
Cytokines such as IL-15 and TNF-a were found to drastically
reduce pineal serotonin content in pineal explants or cell cul-
tures from neonate animals (Tay etal 2001). Since serotonin
is a precursor in the synthesis of melatonin, a reduction in this
amine in the pineal gland would likely limit melatonin gen-
eration and the reduction in melatonin may in part contribute
to the pathophysiology of septic shock (Jiang-Shieh etal
2005).

Melatonin clearly prevents multiple organ failure, circula-
tory failure and mitochondrial damage in experimental sepsis
(Crespo etal 1999; Wakatsuki etal 2001; Wu etal 2001;
Escames etal 2003, 2006; Lopez etal 2005). The evidence is
compelling that melatonin improves survival in animals with
septic shock (Figures 4 and 5) (Maestroni 1996; Wichman
etal 1996; Wu etal 2001; Reynolds etal 2003). Based on
these findings, Gitto etal (2001) utilized melatonin to treat
septic human newborns. This study demonstrated the efficacy
of melatonin as a therapy; it significantly reduced several
parameters of sepsis, for example levels of lipid peroxidation
products (Figure 6) and death in the treated neonates com-
pared with controls. The mortality of newborns with sepsis is
high, usually between 30% and 50% (Perez & Weiman
1997). In the study of Gitto etal (2001), three of 10 septic
children who were not treated with melatonin died within
72 h after diagnosis of sepsis and, more importantly, none of
the 10 septic newborns treated with melatonin died. In the
study, a total of 20 mg of melatonin was used orally in two
doses of 10 mg each, with a 1-h interval, within the first 12h
after diagnosis. This was the first study where melatonin was
given to human newborns. The comparison of serum parameters
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Figure 5 Effect of melatonin on sepsis in rats given a 500 mg kg™!
intraperitoneal injection of zymosan. Within 5 days, 45 of 45 rats given
zymosan (plus diluent) (#) died. Conversely, when zymosan-treated rats
were also given daily injections of melatonin (0.8 mg kg™ subcutane-
ously) (@), 33 of 45 rats (73%) survived for at least 10 days. No control
rats (M) died during the experimental period (data from Reynolds et al
2003).
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Wi
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Figure 6 Mean + s.d. serum levels of lipid peroxidation products
(MDA, malondialdehyde; 4-HDA, 4 hydroxyalkanals) in septic human
newborn without melatonin treatment, and 1 and 4 h after being given
20 mg melatonin orally. Ten septic newborns were given conventional
therapy and 10 were given conventional therapy plus melatonin. *P <
0.05 versus other groups (data from Gitto et al 2001).

between melatonin-treated and untreated septic newborns
indeed confirmed the antioxidant (reduction in serum LPO)
and the anti-inflammatory (reduction in C reactive protein)
effects of melatonin. The white blood cell count and the abso-
lute neutrophil count also significantly decreased in the mela-
tonin-treated infants, but they remained elevated in the
untreated newborns. Subsequently, melatonin was also used
to treat newborn humans suffering from hypoxia or respira-
tory distress. In these studies as well, melatonin improved the
clinical outcome (Fulia etal 2001; Gitto etal 2001). Finally,
melatonin modified serum inflammatory and oxidative stress
parameters and improved the clinical course of surgically
treated neonates (Gitto etal 2004a, b).

A variety of studies, including those in children and adult
humans (Molina-Carballo etal 1997; Seabra et al 2000; Jan
etal 2000), have shown that melatonin has low toxicity.
Studies conducted under the guidelines of US National Tox-
icity Program found little evidence of toxicity in rats treated
throughout pregnancy with massive doses (10-200 mg kg™
daily) of melatonin (Jahnke et al 1999). In addition to mater-
nal health, this group examined prenatal survival, fetal
bodyweight, and incidence of fetal malformations. None of
these indices indicated that melatonin had any significant
toxicity.

Conclusions and clinical implications

Sepsis is a major cause of mortality in critically ill patients
and develops as a result of the host response to infection.
Many mechanisms are involved in the pathophysiology of
septic shock, including the release of cytokines and the acti-
vation of neutrophils, monocytes and microvascular endothe-
lial cells. The decline in organ function is triggered by a
reduction in intramitochondrial activity and oxidative phos-
phorylation, leading to reduced cellular metabolism. In

sepsis, there is an association between NO overproduction,
excessive free radical generation, antioxidant depletion,
energy failure and mitochondrial inhibition.

Preserved organ function remains a fundamental principle
in the care of septic patients. Although progress has been
made in the treatment of sepsis, the continued high mortality
rate in severe sepsis and septic shock is a sobering reflection
of the insufficiency of current therapeutic approaches.

There is a significant mortality reduction when septic new-
borns are treated with melatonin. Besides counteracting mito-
chondrial oxidative stress, melatonin also suppresses iNOS/
mtNOS expression and, thus, the use of melatonin alone or in
combination with other antioxidants may improve the clinical
outcome of septic patients as already shown by Gitto etal (2001).

The findings summarized here have important therapeutic
implications for the potential use of melatonin. There are
numerous published examples in which favourable and statis-
tically significant positive effects have been observed with
the use of melatonin in sepsis. These studies herald the prom-
ising therapeutic application of melatonin in the treatment of
sepsis and septic shock in humans and we hope that this
report will serve to initiate future clinical trials. The use of
melatonin may assist considerably in reducing the mortality
of this lethal condition.
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