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ABSTRACT
Introduction: Melatonin, originally isolated from the mammalian pineal gland, was subsequently 
identified in many animal cell types and in plants. While melatonin was discovered to inhibit 
cancer more than 5 decades ago, its anti-cancer potential has not been fully exploited despite its 
lack of serious toxicity over a very wide dose range, high safety margin, and its efficacy.
Areas covered: This review elucidates the potential mechanisms by which melatonin interferes 
with tumor growth and metastasis, including its ability to alter tumor cell metabolism, inhibit 
epithelial-mesenchymal transition, reverse cancer chemoresistance, function synergistically with 
conventional cancer-inhibiting drugs while limiting many of their side effects. In contrast to its 
function as a potent antioxidant in normal cells, it may induce oxidative stress in cancer cells, 
contributing to its oncostatic actions.
Expert opinion: Considering the large amount of experimental data supporting melatonin’s 
multiple and varied inhibitory effects on numerous cancer types, coupled with the virtual lack 
of toxicity of this molecule, it has not been thoroughly tested as an anti-cancer agent in clinical 
trials. There seems to be significant resistance to such investigations, possibly because melatonin 
is inexpensive and non-patentable, and as a result there would be limited financial gain for its 
use.
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1. Introduction

Melatonin (N-acetyl-5-methoxy tryptamine) is functionally 
a highly diverse and multifaceted molecule. Originally 
identified and thought to be exclusive to the pineal 
gland, it is now apparent that this molecule is produced 
in many organs and possibly in the mitochondria of every 
cell. Melatonin is not unique to vertebrates but is also 
found in invertebrates and throughout the plant kingdom. 
It has been speculated that melatonin evolved 3.0 to 
2.5 billion years ago in prokaryotes and that it has been 
retained throughout evolution [1]. Because of its circadian 
rhythm in the blood, with exclusively high nighttime levels 
in vertebrates, very early it was proposed to be involved in 
circadian and circannual variations in physiology, thereby 
functioning as both a clock and as a calendar [2,3]. While 
these functions remain important, melatonin has 
a plethora of other actions, perhaps impacting every cell 
in an organism. Because of its ability to beneficially mod
ulate molecular physiology at the cellular level, melatonin 
has been referred to as a ‘smart’ molecule [4,5]. 
Melatonin’s link to cancer was initially described over five 
decades ago. This field of research has matured rapidly, 
especially within the last 20 years. Many of the new find
ings related to melatonin-cancer interactions are summar
ized in this review.

2. Melatonin: antioxidant actions in normal cells

Oxygen-based free radicals are generated throughout a cell, 
more so in the mitochondria when electrons escape as they 
are transferred between the complexes of the electron trans
port chain. Melatonin functions in neutralizing highly reactive 
species in normal cells while, unexpectedly, if exaggerates 
oxidative stress in some cancer cells. These diametrically 
opposed actions afford it advantages as an anti-cancer agent.

Melatonin was discovered as a direct free radical scavenger 
30 years ago [6]. In this study, melatonin’s ability to function as 
a hydroxyl radical (⋅OH) scavenger was examined with the use 
of 5,5’-dimethylpyrroline N-oxide (DMPO) as the spin trapping 
agent. The DMPO−⋅OH adduct formed was identified with the 
aid of an electrochemical detector attached to a high- 
performance liquid chromatography apparatus. The results 
were further verified by electron spin resonance spectroscopy 
(ESR) with a 1:2:2:1 ESR spectrum characteristic of the DMPO- 
⋅OH adduct being obtained; ESR is often considered as the 
most definitive means of identifying a molecule as a radical 
scavenger [7]. When melatonin was added simultaneously 
with DMPO to the reaction mixture, the ESR signal was inhib
ited in a dose-response manner, indicating that melatonin had 
quenched the ⋅OH. When two well-known radical scavengers, 
glutathione and mannitol, were tested in the same system, 
they proved less effective than melatonin. On the basis of 
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these and other findings, we concluded that melatonin is an 
important, endogenously-produced, non-enzymatic radical 
scavenger that likely also acts similarly within cells [6].

The results of this in vitro study were quickly supported by 
evidence that melatonin functions as a protection against 
oxidative stress in vivo [8–10]. Although both the in vitro and 
in vivo findings were initially met with considerable skepticism, 
the results were soon verified in other laboratories [11,12]. 
Currently, melatonin is well-known as a significant radical 
scavenger in normal cells, especially under conditions of ele
vated oxidative stress [13,14].

Of equal importance, however, is that the by-products 
that are formed when melatonin neutralizes a partially 
reduced oxygen derivative (a radical, also collectively 
referred to as reactive oxygen species or ROS), are likewise 
radical scavengers (Figure 1). The first of these to be 
identified was cyclic-3-hydroxymelatonin. Like the parent 
molecule, it is effective as a ROS scavenger [15]. Other 
metabolites that are also direct radical scavengers and 
inhibitors of oxidative stress include N-acetyl-N-formyl- 
5-methoxykynuramine (AFMK) and N-acetyl-5-methoxyky
nuramine (AMK) [16,17]. Some of these metabolites are 
even better scavengers than melatonin [18–20]. The differ
ential actions of melatonin’s metabolites as ROS scaven
gers make it impossible to attribute a specific percentage 
of the reduced oxidative stress to melatonin per se. The 
sequential neutralization of radicals by melatonin and its 
metabolic kin is referred to as the antioxidant cascade 
(Figure 1) [21]. Via this pathway, melatonin incapacitates 
multiple radical products in contrast to other well- 
established antioxidants that typically neutralize a single 
free radical. Besides protecting healthy macromolecules 
from destructive ROS, at least one molecule, i.e. DNA, 
when oxidatively damaged, can be repaired by enzymes 
stimulated by melatonin [22].

Often overlooked as a molecule with antioxidant activity is 
the chemical intermediate formed during melatonin biosynth
esis from serotonin, N-acetylserotonin (NAS). In recent years, 
NAS has been espoused to be neuroprotective with both 
antioxidant and anti-inflammatory activity [23]; NAS may be 
superior to melatonin in countering free radical damage [24]. 
The evidence for NAS functioning as a radical scavenger is 
indirect and, overall, the amount of data supporting its anti
oxidant activity is not as compelling as for melatonin and its 
derivatives. Nevertheless, NAS should not be ignored as to its 

benefits in warding off oxidative damage in light of evidence 
that melatonin can be reverse metabolized to NAS [25]; this 
backward conversion is a consequence of the activity of 
CYP1B1 (cytochrome P450 family 1 subfamily B member 1) 
and CYP1A2 (cytochrome 450 family 1 subfamily A member 2) 
[26], possibly driven by the aryl hydrocarbon receptor (AhR) 
(Figure 1). CYP1B1 is a monooxygenase involved in ROS gen
eration and induction of ferroptosis [27]; thus, an increase in 
the activity of this enzyme and consequent redox imbalance in 
cancer cells could inhibit their survival. Anderson [28,29] pre
sents a strong case for the NAS:melatonin ratio being critical 
for the optimal functioning of mitochondria, an organelle in 
which both NAS and melatonin are formed. An NAS:melatonin 
ratio that favors the former changes the intramitochondrial 
microenvironment, leading to perturbations in sirtuins, the 
AMPK-mTOR pathway and oxidative stress/PARP interactions, 
the combined functions of which could alter mitochondrial 
oxidative homeostasis. NAS is also a brain-derived neuro
trophic factor (BDNF) mimic, as indicated by its activation of 
the BDNF receptor, tyrosine receptor kinase B (TrkB). However, 
TrkB activation promotes the proliferation and survival of 
cancer stem-like cells, indicating that the release of NAS 
from any tumor microenvironment cell may enhance tumor 
survival [30].

Antioxidants can function in the reduction of oxidative 
stress by means other than scavenging ROS. In many cases, 
oxidative damage is prevented when enzymes metabolize 
toxic oxygen derivatives to less toxic or innocuous products. 
Thus, an antioxidant often functions in the protection of 
macromolecules from ROS by stimulating antioxidative 
enzymes; important enzymes in this category include glu
tathione peroxidase (GPx), glutathione reductase (GPx), cata
lase (CAT), both cytosolic and mitochondrial superoxide 
dismutase (SOD), peroxiredoxin (PRDx) (Figure 2) and gluta
mate-cysteine ligase (GCL), which enhances glutathione 
levels [31–35]. Melatonin also inhibits nitric oxide synthase 
(NOS), a pro-oxidative enzyme [36], and to deactivate hypo
chlorous, a free radical generator [37]. These indirect actions 
of melatonin in terms of reducing oxidative stress accumu
lated within a decade after melatonin was identified as 
a radical scavenger. Melatonin’s ability to modulate the activ
ity of enzymes that reduce the degree of oxidative stress is 
believed to be receptor-mediated in contrast to the direct 
scavenging functions which are receptor-independent, 
although these statements require further experimental 
verification.

Because of their high reactivity, ROS travel infinitesimally 
short distances before they interact with another molecule 
and their half-lives are equally extremely brief, often in the 
microsecond (10−6 s) time scale when measured in pure che
mical systems [38]. The interaction of a radical scavenger with 
a powerful oxidizing agent also depends to a degree on the 
molecular composition of the microenvironment where the 
reaction takes place [39]. Also, molecules can be compartmen
talized, e.g. by means of biomolecular condensates, which 
determine the rate at which nearby molecules may interact 
[40]. Nevertheless, it is generally agreed upon that a radical 
scavenger must be in the proximate vicinity of an electron- 
deficient reactant for it to be neutralized before it inflicts 

Article highlights 

● Melatonin is a highly versatile molecule since it functions as an 
antioxidant in normal cells and as a pro-oxidant in cancer cells.

● Melatonin’s pro-oxidative action in cancer cells is one means by 
which melatonin kills cancer cells.

● Melatonin reverses Warburg-type metabolism in cancer cells and 
converts them to a more normal phenotype.

● Melatonin prevents the epithelial-mesenchymal transition of cancer 
cells thereby inhibiting the progression of cancer.

● Melatonin reverses chemo- and radio-resistance of cancer cells, mak
ing them more vulnerable to conventional drugs.
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Figure 1. Free radicals, melatonin and melatonin metabolites as radical scavengers. This two-part figure illustrates (Top) the reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) (some are also known as free radicals) that indiscriminately damage essential molecules that lead to nitro/oxidative stress. Although 
they can be generated at multiple sites within cells, ROS are often abundantly produced in the mitochondria as a result of OXPHOS and can contribute to cancer 
initiation, growth and metastasis. It is the function of antioxidants to directly scavenge the ROS or enzymatically metabolize them to innocuous species. Melatonin, 
along with its metabolites including cyclic-3-hydroxymelatonin, N-acetyl-N-formyl-5-methoxytryptamine and N-acetyl-5-methoxytryptamine, are all radical scaven
gers (Bottom); this series of metabolites is known as the antioxidant cascade which is believed to be functional in normal cells. The precursor of melatonin, 
N-acetylserotonin, is also a documented antioxidant in normal cells. In cancer cells, reduced levels of these antioxidants contribute to oxidative stress. In the top 
illustration, up arrows indicate stimulation and down arrows indicate inhibition. AANAT, aralkyl amine-N-acetyltransferase; ASMT, acetylserotonin- 
O-methyltransferase; CAT, catalase; CYP1A2, cytochrome P450 family 1 subfamily A2 member; CYP1B1, cytochrome P450 family 1 subfamily B1 member; GCL, 
glutamine cysteine ligase; GPx, glutathione synthetase; GRd, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; hv, high energy visible 
light; MPO, myeloperoxidase; NOS, nitric oxide synthetase; SOD, superoxide dismutase.
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damage. Thus, since melatonin is present in mitochondria, 
major ROS-producing organelles, it is ideally situated to pro
vide on-site antioxidant protection.

Free radicals are either the result essential metabolic 
events that normally occur in cells, e.g. electron transport 
chain (ETC), activity of oxidases, etc., or they are 
a consequence of external pathological influences. The 
ETC continually fuels ROS generation when it mishandles 
electrons as they pass through the complexes of the ETC 
in the inner mitochondrial membrane, in particular at 
complex I (NADH dehydrogenase) and complex III (ubiqui
none cytochrome c reductase) (Figure 2). Thus, mitochon
dria are the likely site of production of a significant 
portion of damaging radicals. Therefore, the presence of 
high concentrations of a radical scavenger in these orga
nelles would seem to be a good strategy to reduce the 

associated damage and maintain mitochondrial wellbeing 
[41]. Although measurements of the level of melatonin in 
mitochondria are limited, available data indicate that, 
among subcellular organelles, the highest concentration 
of melatonin is in the mitochondria [42]. This may be 
a result of its intramitochondrial synthesis [43] or the 
ease with which mitochondria sequester melatonin from 
blood [44], or more likely to both. Importantly, cancer cells 
damaged by oxygen-based reactants have only about half 
the level of melatonin relative to that in normal cells 
[45,46]; thus, protection of this critical organelle in cancer 
cells against oxidative stress is presumably likewise 
reduced.

Having optimal levels of melatonin in mitochondria of 
non-pathological cells to resist their continuous bombard
ment by free radicals originating from the ETC would 

Figure 2. An overview of the synthesis of melatonin in a mitochondrion and its intramitochondrial actions in a normal (non-pathological) cell. the pathway for the 
synthesis of melatonin from serotonin in mitochondria is the same as in the pineal gland; serotonin is first N-acetylated by the enzyme aralkylamine- 
N-acetyltransferase (AANAT) to N-acetylserotonin which is then O-methylated to melatonin. In addition to mitochondrial synthesis, melatonin can also be taken 
up from the systemic circulation via the PEPT1/2 receptor. AANAT, which is rate limiting in melatonin production, requires the co-substrate, acetyl coenzyme 
(AcCoa), along with serotonin for the synthesis of N-acetylserotonin. AcCoA is a product of pyruvate, the terminal metabolite of glucose metabolism in the cytosol. In 
cancer cells where Warburg-like metabolism occurs, pyruvate does not enter the mitochondria so it does not serve as a source of AcCoA. As a result, melatonin 
production is negatively impacted and in cancer cells; melatonin levels in cancer cells are reported to be only half those in normal cells. Many of the actions of 
melatonin within mitochondria relate to its ability to influence redox homeostasis. In normal cells, as depicted here, melatonin reduces apoptosis. In cancer cells, 
often opposite actions of melatonin are apparent (see text for details). AcCoA, acetyl coenzyme A; ADP, adenosine diphosphate; ASMT, acetylserotonin- 
O-methyltransferase (HIOMT – hydroxyindole-O-methyltransferase – the former name of ASMT); ATP, adenosine triphosphate; CAT, catalase; CoA, coenzyme A; 
Cyto c, cytochrome c; ETC, electron transport chain; IMM, inner mitochondrial membrane; IMS, intermembrane space; NAD+, nicotinamide adenine dinucleotide 
oxidized; NADH, nicotinamide adenine dinucleotide reduced; NK cells, natural killer cells; mPTP, mitochondrial membrane potential; MT1, melatonin receptor 1; 
OMM, outer mitochondrial membrane; PEPT ½, oligopeptide transporter; Pi, phosphate; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SIRT3, sirtuin 3; 
SOD2, superoxide dismutase 2 (mitochondrial superoxide dismutase).
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seem essential in limiting what has come to be known as 
mitochondrial diseases. Conversely, reduced melatonin 
concentrations in mitochondria of cancer cells may be 
a good thing in that it normally contributes to the cancer 
cell-killing potential of melatonin (see below).

3. Melatonin: pro-oxidant actions in cancer cells

The vast majority of studies unequivocally confirm the antiox
idant and oxidative stress-lowering capacities of melatonin 
resulting from its function as a direct free radical scavenger, 
its modulation of antioxidative and pro-oxidative enzymes, 
and its ability to chelate transition metals which generate, 
via the Haber-Weiss or Fenton reactions, the highly toxic ⋅OH 
(hydroxyl radical) [18]. However, contrary claims have also 
been made, the first of which was reported by Medina- 
Navarro and colleagues [47]. They found that melatonin exhib
ited pro-oxidant activity in a cell-free system where it 
increased damage to proteins and lipids. In systems contain
ing either cultured Jurkat cells [48] or human leukemia cell 
lines [49], both of which have a pathological phenotype, 
melatonin, at select concentrations, induced free radical gen
eration and cytotoxicity. The outcomes of the early studies, all 
of which were performed in vitro, generally indicated melato
nin promoted ROS production in cancer cells, and initiated cell 
death pathways; these changes were usually associated with 
pharmacological levels of melatonin in the incubation media 
[20]. The conventional membrane receptors, MT1 and MT2, 
seem not to have been involved in stimulating free radical 
generation since, luzindole, a classic melatonin membrane 
receptor blocker, did not change the outcome of the pro- 
oxidant studies [50].

The initial attempt to explain what the authors referred to 
as the antioxidant and conditional pro-oxidant actions of mel
atonin was provided by Zhang and Zhang [20]. They summar
ized the experimental situations, none of which were carried 
out in vivo, in which melatonin seemingly promoted free 
radical generation. As the authors point out in their summary 
of these early studies, the results were highly variable, and 
outcomes may have been related to the concentration of 
melatonin used or to the duration of treatment. There was 
certainly no uniform treatment during which the pro-oxidant 
actions were observed.

Some data were presented [20], however, to explain how 
melatonin could change its function from being highly anti
oxidant to one that generated ROS. When melatonin-treated 
U937 cells, a human myeloid leukemia cell line, were also 
exposed to chlorpromazine, a specific inhibitor of calmodulin, 
a rise in ROS generation was apparent [50]. Calmodulin, 
a multifunctional agent, binds melatonin with low affinity 
[51]. As envisioned, calcium-dependent PLA2 is normally 
bound in its inactive form by calmodulin. High concentrations 
of melatonin competitively frees PLA2 from calmodulin, sti
mulating arachidonic acid (AA) release, which, in turn, pro
motes 5-lipoxygenase (5-LOX) activity, resulting in excess ROS 
formation. Similarly, iPLA2 (calcium-independent phospholi
pase 2) or pharmacological suppression of 5-LOX activity also 
potentially enhances melatonin’s pro-oxidant action in cancer 

cells. While ample evidence shows that melatonin alters cal
modulin in various ways [18–20,52], there are no convincing 
follow-up studies supporting the hypothesis that melatonin 
drives ROS generation in pathological cells resulting in their 
death.

An alternative explanation for elevated cellular free radicals 
after melatonin treatment was advanced [53]. The authors 
found that melatonin transiently increased the transcription 
and translation of neuronal nitric oxide synthase (nNOS) which 
caused a reduction in the efficiency of oxidative phosphoryla
tion (OXPHOS), a lowering of the mitochondrial membrane 
potential, and a shift in cellular metabolism to glycolysis. 
They surmised that electron leakage was enhanced due to 
the inefficient OXPHOS, leading to the elevated chemical 
reduction of adjacent oxygen molecules. Although the authors 
did not know it at the time, the metabolic shift from OXPHOS 
to glycolysis likely reduced the intramitochondrial concentra
tions of melatonin [54–56], allowing free rein for the gener
ated ROS to damage and kill the cancer cells. If this theory is 
valid, free radical generation may not only be exaggerated in 
cancer cells, but because of the reduced cellular melatonin 
values as have now been reported [45,46], the produced ROS 
are uncontested and are available to damage essential 
molecules.

Both cytostatic and cytotoxic effects of melatonin have 
been observed when tested against various cancers; the 
basis for these differential effects remains unknown. 
Melatonin, in contrast to its actions in normal cells, can be pro- 
oxidant and pro-apoptotic in many cancer cells. However, with 
regard to cancer cell death, there is significant variability in 
how tumor cells respond to melatonin; the specific response 
may depend on the concentration of melatonin or on some 
aspect of the microenvironment in which the cells are situ
ated. Melatonin-mediated free radical generation in tumor 
cells could cause apoptosis by impacting either the intrinsic 
or extrinsic pathway of programmed cell death (Figure 3) [57]. 
Elevated ROS likely induces apoptosis via the mitochondrial 
(intrinsic) pathway. This occurs when free radicals modify the 
function of the mitochondrial permeability transition complex, 
leading to the translocation of Bax and Bak, proteins that 
promote the release of cytochrome c from the mitochondria 
into the cytosol and thereby initiate a cascade of caspase- 
mediated cell death [58]. Extrinsic cell death pathway occurs 
when external ligands such as Fas/CD95 or TNF-α (tumor 
necrosis factor α) activate cell surface receptors which stimu
late the development of the death signaling complex (DISC) 
and eventual stimulation of caspases-3 and −7, resulting in 
cancer cell suicide [59]. These findings suggest that depressing 
antioxidant enzyme levels in cancer cells, i.e. allowing free 
radicals to plunder at will, would aid in killing the tumor. 
Recent studies report that melatonin does in fact repress 
SOD, CAT, GPx, GRd, and glutathione S-transferase in colon 
cancer cells, resulting in an enhancement of oxidatively- 
damaged molecules and their death [60,61]. Oxidative stress 
is an important inhibitor of PTEN-induced kinase (PINK)1/mito
phagy coupled to the upregulation of major histocompatibility 
complex (MHC)-1, which enhances CD8+ T cell-driven apopto
sis in cancers and other ‘immune-mediated’ conditions, high
lighting the intimate link between the oxidative state in 
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tumors and intercellular interactions in the tumor microenvir
onment [62]. In addition to passively enhancing oxidative 
stress in colorectal cancer, melatonin decreased the mRNA 
and protein levels of two key inhibitors of apoptosis, XIAP 
(X-linked apoptosis protein) and survivin, thus further increas
ing the likelihood of the cancer cells to undergo programmed 
cell death (Figure 3).

Sirtuin3 (SIRT3), a class III histone deacetylase, which is 
located primarily in the mitochondrial matrix, has major roles 
in influencing intracellular metabolism and in regulating mito
chondrial oxidative stress. The latter is achieved when mela
tonin upregulates the SOD2 transcription factor, FOXO3a, 
resulting in the increased dismutation of the O2

⋅− to H2O2 

[63]. In HeLa cancer cells, melatonin exaggerates oxidative 
stress generated by the cytotoxin, shikonin (SHK), leading to 
apoptosis [64]. The effects of the combination of SHK and 
melatonin are reversed by treatment with conventional anti
oxidants, indicating the involvement of ROS. These findings 
are consistent with the pro-oxidant actions of melatonin dur
ing the process of killing cancer cells. Somewhat in contrast to 
these results, we recently reported that in the Lewis mouse 

lung cancer model (using three different cell lines), melatonin 
treatment stimulated SIRT3, increased the activity of pyruvate 
dehydrogenase complex, and reprogrammed cell metabolism 
by converting the metabolic profile from cytosolic glycolysis 
(Warburg-type metabolism) to mitochondrial OXPHOS [65]. 
This change not only elevated the activities of complexes 
I and IV as well as (adenosine 5’-triphosphate; ATP) synthesis 
but also enhanced intramitochondrial oxidizing environment, 
resulting in cancer cell damage and death. Switching the 
metabolic profile of pathological cells is a common feature 
of melatonin [54,66]. While the processes by which melatonin 
kills cancer cells differed between studies [64,65], the end- 
result, i.e. cancer cell death due to elevated oxidative stress, 
was the same.

Sirtuin 1 (SIRT1) is also linked to melatonin’s ability to 
suppress tumor proliferation and growth. In non-pathological 
cells, melatonin upregulates SIRT1 activity [67]. In contrast, 
treatment of osteosarcoma cells with melatonin diminished 
SIRT1 activity, thereby increasing the pro-oxidant profile and 
its cancer-killing action. Pharmacological manipulations of 
SIRT1, i.e. inhibition or stimulation, supported the notion of 

Figure 3. Presumed mechanisms involved in melatonin-mediated induction of apoptosis in cancer cells. Normally, cancer cells utilized a number of ploys to escape 
undergoing apoptosis such as upregulating survivin and XIAP (X-linked inhibitor of apoptosis protein). These, in turn, inhibit the caspases that mediated apoptosis. 
Both of these potent survival factors are repressed my melatonin in cancer cells. Moreover, melatonin inhibits both SMAC (second mitochondria-derived activator of 
caspase) and cytochrome c which, via downstream processes, also induce the execution caspases that lead to apoptosis. The upregulation of TNFα (tumor necrosis 
factor α) contributes to the extrinsic pathway of apoptosis; TNFα along with other proinflammatory agents is inhibited by melatonin in many situations. The net 
result of these actions and others is a reduction in the death of cancer cells, allowing the tumor to continually enlarge. AIF, apoptosis inducing factor; APAF1, 
apoptotic protein activating factor 1; Ask-12, apoptosis signal-regulating kinase 1; Bak, nuclear encoded proapoptotic factor; BCL-2, B-cell lymphoma 2-gene; BH3- 
proteins, proapoptotic family members; CAD, caspase activated DNases; CAT, catalase; ETC, electron transport chain; FasL, Fas ligand; GPx, glutathione peroxidase; 
JNK, jun N-terminal kinase; MCL-1, myeloid cell leukemia 1 protein; ROS, reactive oxygen species; SOD ½. superoxide dismutase 1 and 2; Trx1, thioredoxin 1.
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melatonin killing cancer cells by exaggerating free radical 
generation [68].

Akt, a serine/threonine kinase, has wide-spread actions in 
normal cells including the inactivation of pro-apoptotic pro
teins, maintenance of oxidative homeostasis, regulation of 
glucose metabolism, and phosphorylation of a range of pro
teins such as glycogen synthase kinase-3β (GSK-3β) [69]. 
Melatonin alters Akt activity in both non-cancer and cancer 
cells. In SK-MEL-1 human melanoma cells, melatonin 
enhanced GSK-3β dephosphorylation by inhibiting Akt which 
resulted in a marked increase in ROS generation [70]. 
Moreover, Nrf2 (nuclear erythroid 2-related factor 2) was 
downregulated; this contributed to the oxidizing environment 
of the cells by diminishing antioxidant enzyme responses. 
Thus, as in several other experimental models, melatonin’s 
negative actions on cancer cells stem, at least in part, from 
its stimulation of pro-oxidant actions, with a concurrent dimin
ished antioxidant state.

4. Melatonin changes cancer cell metabolism

In multicellular organisms, the majority of cells when they 
reach their differentiated state, generate ATP required for 
proliferation and other cellular processes via OXPHOS. In con
trast, many cancer cells adopt a seemingly inefficient but rapid 
alternate means of producing ATP. When this occurs, energy is 
primarily generated during cytosolic glycolysis; it is not always 
clear how glycolysis for ATP synthesis benefits cancer cells but 
they often flourish using this pathway. This metabolic adjust
ment made by cancer cells was discovered a century ago [71], 
and is conventionally referred to as the Warburg effect or 
aerobic glycolysis as it occurs even when there is ample oxy
gen to support mitochondrial OXPHOS. During this process, 
pyruvate, the end product of glucose metabolism does not 
enter the mitochondria but rather undergoes fermentation to 
lactate in the cytosol and is subsequently released from the 
cells, acidifying the tumor microenvironment; this affords the 
cancer cells advantages in terms of invasion and metastasis 
[72]. Warburg-type metabolism is reversible and plays impor
tant roles in epithelial-mesenchymal transition (EMT) of cancer 
cells [73].

In 2014, Blask and coworkers [74], while investigating the 
metabolism of human breast cancer xenografts growing in 
immune-compromised nude rats, collected tumor tissues at 
4-hour intervals over a 24-hour light:dark cycle. They observed 
pronounced 24-hour rhythms of all tumor metabolic para
meters measured such as glucose uptake or lactate release, 
(Figure 4) indicating major differences between tumor meta
bolism during the day and at night. Their findings suggested 
that cancers were metabolically highly active during the day 
when they employed Warburg-type metabolism but were 
metabolically quiescent at night. The authors also measured 
blood-melatonin rhythm in tumor-bearing rats and, as 
expected, melatonin levels were highly elevated at night rela
tive to those measured during the day. Suspecting that the 
melatonin rhythm was driving the marked variation in tumor 
cell metabolism, the nocturnal melatonin rise was suppressed 
in another group of rats by exposing them to light at night. 
Profound changes in tumor metabolism occurred such that 

the cancer cells maintained very high activity throughout the 
24-hour period; the tumors also grew at a faster rate com
pared to those in animals maintained in a conventional light: 
dark cycle (Figure 4).

The marked circadian rhythms in Warburg-type metabolic 
parameters showed that tumors exhibited different metabolic 
profiles during the day than at night, and that the differences 
temporally correlated with circulating melatonin levels. Thus, 
melatonin switched the tumors from using Warburg metabo
lism during the day to typical OXPHOS at night. What this 
means is that some tumors may be only cancerous part-time, 
and function normally at other times [75]. These results have 
important implications for cancer research wherein most 
investigations are performed on tumors collected during 
the day, perhaps providing misleading information. Also, 
when cancer metabolism is investigated using cultured cells, 
which are not exposed to the circadian melatonin rhythm, 
critical data will likely be lost. Finally, these data lend credence 
to the observations that nocturnal light exposure increases 
cancer frequency in humans due to suppression of melatonin 
[76].

The reversal of aerobic glycolysis in cancer cells by melato
nin has been confirmed in several cancer cell types. Unlike in 
the original publication [74], which depended on the rise of 
endogenous melatonin to switch Warburg-type metabolism to 
OXPHOS, subsequent studies used exogenously administered 
melatonin and achieved the same result. For example, orally 
administered melatonin overcame aerobic glycolysis in leio
myosarcoma xenografts [77,78]. Concurrently, every metabolic 
parameter of the tumors reflected the switch to OXPHOS and 
the previously identified cancer cells became non- 
pathological. Changes associated with the metabolic shift 
induced by melatonin included reduced uptake of linoleic 
acid (a growth factor for cancer cells) and loss of its conversion 
to the mitosis-mediating agent, 13-hydroxyoctadecadienoic 
acid (13-HODE), along with suppressed DNA synthesis and 
decreased phospho-activation of several key enzymes (Akt, 
GSK3β and ERK ½). Simultaneous administration of S20928, 
a membrane melatonin receptor blocker, reversed the actions 
of melatonin on cancer cell metabolism.

Dauchy and coworkers [79] employed a different approach 
to determine melatonin association with aerobic glycolysis in 
hepatoma 7288CTC xenografts. To test whether the quality of 
daytime light would change the pattern of the nocturnal 
melatonin rise, they exposed tumor-bearing rats to blue- 
enriched light (465–485 nm) during the day and to conven
tional darkness at night. What must have been unanticipated 
findings, they observed that the nocturnal melatonin peak was 
7-fold higher because of blue daytime light exposure. They 
measured many of the same parameters as estimated by Mao 
et al [78] in their previous publication. While melatonin repro
grammed the metabolic activity of the hepatoma cells to 
a more normal phenotype, the more robust rise in nighttime 
melatonin levels was not more effective in reducing aerobic 
glycolysis than the regular nighttime increase.

Collectively, these findings have important clinical impli
cations. We described tumors in cancer patients that are 
less cancer-like at night and more cancer-like during 
the day as part-time cancers [75]. As envisioned, during 
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the day at least select cancers exhibit aerobic glycolysis and 
are maximally proliferative thus exhibiting more rapid 
growth; they undergo a melatonin-mediated switch to 
OXPHOS at night and to a more normal cell phenotype, 
growing more slowly. Thus, if melatonin is used as 
a treatment for cancer, it likely should be given during 

the day to suppress tumor growth rather than at night 
when it is usually taken to promote sleep. Also, hospitalized 
cancer patients (and others as well) should be maintained 
daily in the dark as long as convenient to ensure a robust 
nocturnal melatonin rise; this could be readily achieved 
with eye shades. This only applies to individuals at an age 

Figure 4. Circadian variations (black line) in metabolic parameters of human MCF-7 breast cancer xenografts growing subcutaneously in nude rats. The tumors were 
collected at 4-hour intervals over a light:dark cycle (alternating light-dark bar below the figures) for the measurements that were made. Besides the data shown in 
this figure, many other measurements were made and all varied similarly. Clearly, the daily light period is associated with high cancer cell metabolism while during 
darkness the tumors are relatively metabolic dormant. The high glucose uptake and elevated lactate release during the day indicate that during the light period, the 
tumors were undergoing Warburg-type metabolism while at night they apparently had switched to OXPHOS. Thus, they seem to be functioning with a cancer 
phenotype during the day; at night the cells had a more normal metabolic state. These rhythms were obviously being driven by the endogenous melatonin rhythm 
since suppressing circulating nocturnal melatonin levels with light at night (LAN) (the alternating white and red bar under the figures) led to a persistent high 
metabolic activity (red line) throughout the 24-hour period; moreover, these tumors grew more rapidly (bottom left). The weight of the tumors was estimated by 
measuring the tumors and performing the appropriate calculations. Data reconfigured from Blask et al. [74] and printed with permission (originally published under 
the Creative Commons Attribution license).
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where they normally exhibit a nocturnal melatonin increase. 
Most individuals lose the ability to produce melatonin in 
advanced age, a change that also gives cancer cells an 
advantage in terms of growth and metastasis.

Warburg-type metabolism is often identified as 
a hallmark of cancer cells [80]. The studies summarized 
here show that this characteristic metabolic type may, how
ever, be present only about half the time in tumor cells. 
Thus, placing Warburg metabolism on a list of identifying 
features of tumor cells, without its qualification to daytime 
or nighttime measurements, may not be valid. Metabolic 
reprogramming to aerobic glycolysis is an adaptation that 
allows cancer cells to survive and proliferate at a rapid 
pace, maintain their tumorgenicity, resist attacks from 
immune cells, retain their cell stemness, become resistant 
to chemotherapies, and maintain the cellular microenviron
ment in a state that facilitates cell invasion and metastasis. 
Additionally, epithelial-mesenchymal transition, 

a requirement for the transition of normal cells to the 
cancer phenotype, is also dependent on nutrients provided 
by aerobic glycolysis [73]. Even though the specific mechan
isms by which melatonin governs the type of glucose meta
bolism utilized and limits cancer development is unknown, 
the fact that an endogenously-produced molecule can con
vert cancer cells to a less cancerous state by directly or 
indirectly modulating each of these features should find 
great interest among experimental and clinical oncologists.

5. Melatonin inhibits the epithelial-mesenchymal 
transition

Epithelial-mesenchymal transition is a reversible process char
acteristic of most carcinomas. This change imparts important 
advantages to the tumor cells including making them 
mesenchymal-like (stem cell phenotype). The presence of 
stem cells in tumors supports tumorigenesis and enhances 

Figure 5. A summary of the proposed actions by which supplemental melatonin limits cancer cell metastasis. Melatonin, when taken orally or given via any other 
route, enters the blood and is absorbed by both normal and cancerous cells. Experimental evidence is compelling that melatonin functions via multiple means to 
impede cancer metastasis while simultaneously preserving the well-being of normal cells by protecting them from oxidative stress. Some of the actions utilized by 
melatonin to reduce the likelihood of cancer cells extravasating into the vascular system and establishing growth sites in remote organs include, a) preventing the 
degradation of cellular adhesion molecules (occludin, E-cadherin, integrin, etc.) that anchor cells to each other and to the basement membrane, b), reducing 
cytoskeletal re-organization, which improves the ability of cancer cells to invade adjacent tissues, by downregulating ROCK (Rho-associated kinase), MLCK (myosin 
light chain kinase) and vimentin, c), upregulating GSK-3β (glycogen synthesis kinase β) to inhibit β-catenin to prevent the epithelial-mesenchymal transition (EMT) 
by inhibiting slug and snail, d), preventing the breakdown of the extracellular matrix by suppressing matrix metalloproteinases (MMP) enzymes thereby increasing 
the difficulty of cancer cells to invade, e), converting Warburg-type metabolism to mitochondrial oxidative phosphorylation, f), and limiting the ingrowth on new 
blood and lymph vessels restricting the ability of cancer cells to metastasize. Additional details are available in the text. ET-1, endothelin-1; NF-ĸB, nuclear factor-ĸB; 
OXPHOS, oxidative phosphorylation; VEGF, vascular endothelial growth factor.
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metastasis. This change requires disruption of cell:cell and cell: 
matrix attachments as a result of dissolution of E-cadherin, 
integrins and other adhering molecules making the cells 
increasingly mobile, invasive and more resistant to genotoxic 
treatments (Figure 5). EMT also makes it possible for cancer 
cells to extravasate into blood and lymphatic vessels and 
disseminate to remote sites. The molecular events associated 
with EMT involve a number of transcription factors (ZEB family, 
Snail, Slug, Twist) and also remodeling of the cytoskeleton 
[81]. Other signaling pathways involved in EMT include NF- 
ĸB, AP-1, Notch, Hedgehog, and Wnt. Transcription factors 
such as Snail and others often constitute the cargoes of exo
somes, one of several types of nanosized vesicles that are 
released by both normal and, more abundantly, by cancer 
cells [82]. Exosomes play important functions in the degrada
tion and remodeling of the extracellular matrix, making it 
easier for cancer cells to invade adjacent tissues.

Melatonin has proven highly effective in limiting EMT 
and thereby also curtailing metastasis. Metastatic tumor 
sites typically cause a higher degree of mortality than do 
primary tumors; thus, restricting the dissemination of can
cer cells is of paramount importance since tumors are only 
diagnosed after they have been initiated and are already 
progressing. Melatonin interferes with many molecular 
events required for EMT. It prevents changes in basal to 
apical polarity of tumor cells, and upregulates adhesion 
molecules such as E-cadherin and β1-integrin, restricting 
their detachment from the matrix and from adjacent cells 
[83]. Suppressing E-cadherin is also important since it 
normally upregulates numerous factors after it binds to β- 
catenin; β-catenin aids in the nuclear transcription of the 
EMT transcription factors, Snail and Slug (Figure 5). For 
example, in a mouse model of chronic restraint stress 
which promotes abdominal metastasis of ovarian cancer 
cells, melatonin treatment effectively attenuated the 
abdominal burden by partially inhibiting EMT markers 
involved in the AKT/β-catenin/Slug axis [84]. 
Concurrently, the cytoskeleton, which determines cellular 
polarity and contractual forces that allow movement, is 
reconfigured in cancer cells undergoing EMT to allow for 
improved migration. Melatonin resists cytoskeletal changes 
by inhibiting kinases, ROCK1 (Rho-associated kinase 1) and 
MLCK (myosin light chain kinase) [85], and interfering with 
changes in vimentin, a major cytosol intermediate filament 
(Figure 5). Additional actions of melatonin that impeded 
EMT included interference with NF-ĸB signaling [86] and 
direct or indirect downregulation of the classic transcrip
tion factors such as Slug, Snail, and Twist. Which of these 
actions are receptor independent and which are receptor 
mediated has not been established [87].

To assist with the invasion of cancer cells into sur
rounding tissues and vascular/lymphatic channels, cancer 
cells secrete matrix metalloproteinases (MMP-9, −2, −7) 
that digest collagen and non-collagen fibers and proteo
glycans that constitute the extracellular matrix to facilitate 
their migration. In a variety of different microenviron
ments, including the protein network encircling cancer 
cells, melatonin prevents the MMP enzyme-mediated 
breakdown of the matrix [88], making the invasion of the 

tumor cells into the surrounding tissue more difficult 
(Figure 5).

A consequence of EMT and the related molecular perturba
tions is the improved likelihood for extravasation of the neo
plastic cells into blood and lymph vessels. To ensure the 
availability of blood vessels, tumor cells promote the ingrowth 
of new branches on the vessels that already exist in the 
vicinity, a process referred to as angiogenesis. Among the 
various pro-angiogenic factors released by cancer cells, vascu
lar endothelial growth factor (VEGF) is one of the most impor
tant [89]. It induces endothelial cells to sprout, organize into 
tubules and coalesce with vessels that already exist. The tumor 
cells then extravasate into the newly formed vessels allowing 
them to metastasize to remote organs (Figure 5). Melatonin 
inhibits VEGF in experimental tumor models by modulating 
hypoxia-inducible factor-1α (HIF-1α) and is associated with 
reduction in VEGF secretion in advanced cancer patients. 
Several mechanisms have been proposed to explain melato
nin-mediated inhibition of HIF-1α-induced transcription. These 
include altering the activity of the von Hippel-Lindau protein, 
a ubiquitin ligase, changing the redox homeostasis of the cell, 
activating MT1 receptor, or altering microRNAs that impact HIF 
[90–92].

Endothelin-1 (ET-1), also called preproendothelin-1, is 
secreted by endothelial cells and upregulates VEGF which 
normally aids in tumor angiogenesis. Melatonin effectively 
reduced ET-1 expression by mechanisms that involved down
regulation of FoxO1 and NF-ĸB in colon cancer cells, pointing 
to an additional process by which it limits the ingrowth of 
blood vessels in enlarging tumors [81].

6. Melatonin reverses cancer cell chemoresistance

Chemoresistance is a major obstacle in the successful treat
ment of many cancer types. One feature that relates to the 
sensitivity or insensitivity of cancer cells to drug treatment is 
their heterogeneity; this aspect allows some cells to resist the 
killing effects of chemotherapies while others are vulnerable 
to the same treatment paradigm. The mechanisms by which 
cancer cells circumvent or overcome the tumor cell cytotoxi
city of chemotherapeutic agents are seemingly multiple, 
including high catabolism of xenobiotics, increased produc
tion of growth factors and DNA repair capacity, enhanced 
efflux of drugs, gene mutations, and epigenetic alterations 
[93]. First, to effectively inhibit cancer growth the drug must 
gain access to the tumor cells in sufficient amounts; in some 
cases, the unique features of a tumor microenvironment pre
vent this from happening. When DNA repair processes are 
enhanced, they can counteract the efficacy of the chemother
apy. Likewise, adjustments of the cell cycle and a reduction in 
apoptosis contribute to cancer cell resistance as does the 
activation of signal transduction pathways related to cell sur
vival. The efficiency of autophagy, the status of blood supply, 
and the tumor microenvironment also impact the degree of 
resistance to a specific chemotherapy. Drugs that change the 
redox status of the cancer cell have also been shown to have 
efficacy in reversing chemoresistance. Finally, the presence of 
a stem cell-like phenotype allows them to avoid the cell-killing 
potential of chemotherapeutic agents. Thus, any drug that 
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reverses tumor insensitivity presumably acts via one or all of 
these mechanisms, but in essentially all cases the specifics of 
drug sensitivity-reversal remain unknown [94].

To the authors’ knowledge, the first report document
ing the ability of melatonin to overcome in vivo cancer 
chemoresistance is that by Dauchy and colleagues [95]. In 
their study, the authors subcutaneously implanted estro
gen receptor-positive (ERα+) MCF-7 human breast cancer 
cells into immunocompromised nude rats; thereafter, the 
xenografts were measured daily to determine their rate of 
growth. In rats kept under constant light, which prevented 
the nighttime rise in circulating melatonin, the tumors 
initiated their growth and development more rapidly 
than those in the animals maintained under a 12:12 
light:dark environment with a confirmed circadian melato
nin rhythm. When the tumors were sufficiently large, 
attempts were made to inhibit their further growth by 
treating the animals with an anti-estrogenic agent, tamox
ifen. The breast tumors in the rats maintained under 
a 12:12 cycle rapidly collapsed, i.e. they responded to 
chemotherapy. In contrast, the tumors in rats lacking 
a nighttime rise in melatonin were completely unrespon
sive to tamoxifen treatment such that they exhibited con
tinued rapid growth. In a further extension of the study, 
the authors provided rats that lacked endogenous mela
tonin by adding it to their drinking fluid; this quickly 
reversed the insensitivity of the tumors to tamoxifen 
such that their growth was inhibited. Thus, melatonin 
clearly overcame chemoresistance. At the morphological 
level, apoptosis, autophagy and reduced cellular prolifera
tion were apparent in the tumors treated with tamoxifen 
and melatonin, but beyond that, the specific molecular 
mechanisms of cancer inhibition and chemoresistance 
were not identified. Obviously, the findings of Dauchy 
et al [95], indicate that light at night which suppresses 
the melatonin rhythm may be a risk factor not only for 
accelerating breast cancer growth but also for rendering 
them resistant to tamoxifen. This obviously has important 
implications for the treatment of women with breast can
cer using tamoxifen who live in areas where nocturnal 
light pollution is prominent, e.g. in many cities, or for 
those who do night shift work [76]. Likewise, the data 
probably has direct applications to elderly humans as 
melatonin rhythm is naturally severely dampened in the 
aged, presumably making them increasingly susceptible to 
not only cancer initiation but also to tumor chemoresis
tance and to metastasis [96].

As an example of the importance of these findings, 
Xiang and colleagues [97] reported that the exposure of 
breast cancer tumor-bearing rats exposed to light-at-night, 
which prevents the nocturnal rise in blood melatonin 
levels, also caused cancer cells to become unresponsive 
to paclitaxel treatment; however, adding supplemental 
melatonin reestablished the sensitivity of the cancer to 
paclitaxel. The authors believe these findings have impli
cations for the treatment of human cancers since the 

nocturnal environment, where light pollution generally 
inhibits melatonin secretion and enhances the frequency 
of cancer [97], makes them less likely to be inhibited by 
chemotherapeutic drugs.

Doxorubicin (DOX; adriamycin), an anthracycline antibio
tic, is a prototypical anti-cancer agent which is widely used in 
the treatment of a myriad of cancer phenotypes. This che
motherapy has a variety of intracellular targets which deter
mine its efficacy in killing cancer cells, among which is the 
generation of ROS [98]; as with many other chemotherapies, 
tumor cells eventually become resistant to doxorubicin. The 
first report that noted the ability of melatonin to reduce 
tumor resistance to DOX was published using cultured 
human hepatocellular carcinoma cells (HepG2 and SMMNC- 
7721 cells) [99]. In this study, endoplasmic reticulum (ER) 
stress-mediated chemoresistance was induced using tunica
mycin; concurrent treatment of the cells with melatonin 
reversed the insensitivity of the cells to DOX. Some of the 
molecular changes that occurred included down-regulation 
of the PI3K/AKT pathway, elevation of the levels of C/EBP- 
homologous protein (CHOP) and decreased expression of 
survivin, a protein of the Inhibitor of Apoptosis (IAP) family. 
Hepatocellular carcinoma is a highly common malignancy 
that commonly develops drug resistance; if melatonin 
reverses chemoresistance induced by other stressors, it 
could drastically improve the treatment of this deadly cancer. 
Also using HepG2 cells that were resistant to DOX, Hamed 
and colleagues [100] recently confirmed the ability of mela
tonin to reverse the failure of DOX to inhibit cancer cells 
in vitro. ATP-binding cassette (ABC) efflux transporters deter
mine the intracellular bioavailability of a drug, xenobiotic, 
etc. In their study, Hamed et al. [100], showed that genes 
commonly involved in chemoresistance such as ABCB1, 
ABCC1, ABCC5 and ABCG2, were inhibited, while caspases 
−3 and −7, NRF2 and p53 genes were highly expressed 
because of melatonin exposure. Alvarez-Fernandez and col
leagues [101] extended these findings and documented that 
the ABCG2 receptor plays a central role in determining the 
biodistribution of not only melatonin but some of its meta
bolites as well. Xiang and colleagues [102] contributed 
in vivo data when they observed that resistance of ERα+ 
MCF-7 tumors to DOX was reversed when the animals bear
ing the tumors were housed under conditions that allowed 
them to express elevated melatonin levels at night.

Also using a hepatocellular carcinoma model, Lee and col
leagues [103] provided the most complete mechanistic infor
mation to explain the resistance of these cells to DOX. For 
these studies, the authors developed a chemo-resistant hepa
tocellular carcinoma cell line, named R-HepG2; these cells had 
a phenotype characteristic of cancer stem cells (CSC). They 
also expressed high levels of P-glycoprotein (P-gp), a marker of 
CSC, which ensured easy drug efflux and significantly 
enhanced their survival capacity. Many cancer cells undergo 
metabolic reprogramming and adopt a glycolytic phenotype 
(Warburg-type glucose metabolism) for cytosolic ATP synth
esis. Unlike the parent cells from which they were derived 
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(HepG2), the R-HepG2 cells were not switched to a Warburg- 
type metabolism. Moreover, they exhibited greatly increased 
tolerance to DOX, i.e. they were chemo-resistant, with 
a significant reduction in intracellular concentration of the 
drug. Also, the drug efflux by P-gp was the result of mitochon
drial ATP production (as opposed to glycolytic ATP) and was 
associated with glutamine metabolism, as blockade of gluta
mine reduced the sensitivity of R-HepG2 cells to DOX. Thus, 
the mechanisms of chemoresistance required an altered meta
bolic reprogramming phenotype which changed drug efflux 
into R-HepG2 cells (CSC phenotype). This research showed 
that chemo-resistant cancer cells were relatively glucose inde
pendent and used an alternate metabolite, glutamine, to 
maintain ATP required for DOX resistance; R-HepG2 cells 
were interpreted to be in a quiescent state [103]. Glutamine 
is an abundant circulating amino acid with essential roles in 
cancer cells including those described here for ATP synthesis 
and also for the production of enzyme antioxidants to main
tain redox homeostasis [104]. Relative to the topic of the 
current review, although not measured in the study [103], 
presumably mitochondria in R-HepG2 cells maintained high 
concentrations of melatonin, a potent radical scavenger, to aid 
in controlling the oxidizing environment of these organelles; 
high levels of melatonin in the mitochondria would likely 
protect hepatic cancer cells from DOX toxicity [98].

Cisplatin is a DNA damaging chemotherapeutic agent 
commonly used to treat highly invasive nasopharyngeal 
carcinoma (NPC); as with other chemotherapies, however, 
these tumors often become resistance to the killing effects 
of cisplatin. Zhang and coworkers [105] explored whether 
melatonin would reduce cisplatin chemo-resistance as 
with DOX. They reported that in both in vitro studies 
using NPC cells and in vivo investigations that involved 
the use of an orthotopic NPC xenograft mouse model, 
melatonin reversed the chemo-resistance to cisplatin and, 
moreover, even without cisplatin given concurrently, it 
substantially reduced the growth of NPC. These effects 
were associated with suppression of the Wnt/β-catenin 
signaling pathway. Based on these findings [105], the 
authors advocate the combined use of melatonin in the 
treatment of NPC.

A fluoropyrimidine-based drug, 5-fluorouracil (5-FU), is 
a primary chemotherapy used to treat colorectal cancer. 
The cancer inhibitory actions of 5-FU are exerted primarily 
by its suppression of thymidylate synthase (TYMS); this 
enzyme induces the synthesis of thymidylate, a necessary 
precursor of DNA. As previously described for other such 
medications, acquired resistance is a feature of persistent 
5-FU use; therefore, reversing resistance is pivotal for 
improving the use of this drug to combat colorectal can
cer. Sakatani and colleagues [106] utilized eight human 
colon cancer cell lines to examine the ability to melatonin 
to overcome the resistance of these cells to 5-FU. 
Melatonin not only reversed 5-FU resistance via 
a mechanism involving the downregulation of TYMS and 
augmented expression of miR-215-5p, but markedly 
improved the cytotoxicity of 5-FU when the drugs were 
used in combination. Additionally, melatonin by itself sty
mied colorectal cell growth and enhanced apoptosis. With 

experimental evidence, the authors endorsed the com
bined use of melatonin in combination with 5-FU as 
a strategy to treat advanced colorectal cancer patients.

7. Conclusions

Globally, an estimated 10 million people die each year from 
cancer. While cancer deaths have declined over the last 3 
decades, progress has been agonizingly slow considering the 
financial investment earmarked for finding cures. In the US, 1 
of 2 females and 1 of 3 males who develop cancer die as 
a result of the disease. There are also marked racial disparities 
in the percentage of people who develop and die of cancer. 
Cancer is most frequently associated with aged individuals 
with 9 of 10 cases diagnosed occurring in people over 45  
years of age. The frequency of death from metastatic cancer is 
significantly higher than those who die of primary cancer. 
Even cancer survivors have residual consequences resulting 
from the cancer itself or from the medical treatment instituted 
to inhibit tumor growth.

Melatonin is an endogenously produced, functionally multi
faceted molecule that has intrinsic oncostatic activity. In light 
of the slow progress that is being made in controlling cancer 
growth and improving survival, it is imperative that all reason
able treatment options be exploited. Experimental, and 
a modicum of clinical data have overwhelmingly indicated 
the potential of melatonin in negatively impacting several 
aspects of tumorigenesis. Coupled with its very limited toxicity 
even at extremely high doses, its consideration for its exten
sive testing in clinical trials and experimental use as 
a treatment for cancer is merited.

The fact that melatonin induces oxidative stress in tumors 
which contributes to their death, reverses the metabolic pro
file of tumors, impedes epithelial to mesenchymal transition 
and overcomes chemo and/or radio-therapeutic resistance 
emphasizes the importance and urgency of studies that 
attempt to establish melatonin as a routine treatment/co- 
treatment for cancer. Also, of noteworthy importance is that 
one major action of melatonin is to reduce metastases which, 
when it occurs, is a worst-case scenario for cancer patients. 
Finally, the elevated frequency of cancer diagnosis in the aged 
should be considered as endogenous melatonin levels drop 
dramatically in many people as they age; the loss of this 
intrinsic anti-tumor agent may be associated with the elevated 
frequency of cancer onset or the prophylactic use of melato
nin may defer tumor initiation and development.

Judging from the sale of melatonin, the number of indivi
duals using this medication, e.g. for sleep, on a daily basis has 
markedly increased over the last three years;it is assumed this 
trend will continue for the foreseeable future. It is likely that, 
in most cases, melatonin is being used by individuals later in 
life. As a result, a well-controlled epidemiological investigation 
related to the frequency of specific or all cancer types when 
compared to individuals who have never used this medication 
is in order, considering the duration of usage, frequency of use 
and dosage of melatonin. It is imperative that the large num
ber of potential benefits of this endogenously-produced, non
toxic molecule be utilized for the benefit of humankind. Not to 
do so seems both unethical and unscientific.
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8. Expert opinion

Many of the findings summarized in this review have, 
unfortunately, been ignored at the clinical level. As dis
cussed in the current review, melatonin has extensive 
experimental support as a multifunctional anti-cancer 
agent, particularly in reference to its ability to interfere 
with the invasiveness and metastatic properties of tumors. 
These observations have high relevance, considering that 
metastatic cancer is generally a more serious situation 
than is a primary cancer. It is the opinion of the authors 
that the findings have not been seriously considered and 
tested by the pharmaceutical industry as well as not being 
introduced to practicing physicians since melatonin, as 
a natural endogenously-produced molecule is not paten
table per se, and is uncommonly inexpensive to produce 
even at the required pharmacological purity for human 
use. Thus, the financial gain from the use of this agent 
is much lower than that of prescription medications. 
Coupled with the essential lack of toxicity of melatonin 
over an extremely wide dose range, especially relative to 
that of most oncostatic agents currently in use, it is 
imperative that clinical trials that either test melatonin 
alone or in combination with conventional chemothera
pies to suppress cancer progression and metastasis is 
supported. The synergistic actions as a pro-oxidant in 
tumor cells as well as its ability to rewire cellular metabo
lism, which provides tumor cells with rapidly generated 
ATP and an accelerated propensity to produce the neces
sary molecular building blocks for the enlarging biomass, 
clearly make it a valuable oncostatic agent. Additionally, 
melatonin impedes epithelial-to-mesenchymal transition 
and interferes with the growing tumor’s ability to acquire 
nutrients and metastasize by restricting angiogenesis. The 
most used anti-cancer agents also have side effects that 
are substantial and are characteristically diminished by 
concurrent melatonin treatment. Even if the only benefit 
of concurrent melatonin administration would be 
a reduction in collateral toxicity, this would be important 
for the long-term welfare of patients. Moreover, some 
chemotherapies are dose-limited because of their side 
effects; reduction of these side-effects by melatonin may 
allow higher doses of the anti-cancer drug to be used 
with greater cancer-killing potential. The chemo- and/or 
radio-resistance that eventually accompanies the use of 
many anticancer agents is also a serious issue. The pub
lished experimental findings clearly show that for the 
chemotherapies tested, melatonin either prevents or 
reverses cancer insensitivity to anti-cancer drugs and 
radiotherapy. Extensive and expensive efforts are being 
made to identify molecules that interfere with cancer 
drug insensitivity. Since melatonin has been shown to 
have this capacity in animal studies, it is essential that 
this information be used in the design of human clinical 
trials. Cancer has long plagued the human population and 
although treatments have shown steady improvement in 
cancer outcomes, there is great room for improvement. 
The authors suggest one molecule, melatonin, as a very 

viable option for testing. Finally, since artificial light at 
night suppresses endogenous melatonin production and 
secretion, cancer patients should be educated about the 
dangers of random light exposure at night, and lighting in 
healthcare facilities should be reconfigured to reduce 
nighttime light exposure.

Funding

This paper received no funding.

Declaration of interest
The authors have no relevant affiliations or financial involvement with any 
organization or entity with a financial interest in or financial conflict with 
the subject matter or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or options, expert 
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures
Peer reviewers on this manuscript have no relevant financial or other 
relationships to disclose.

ORCID
Russel J. Reiter http://orcid.org/0000-0001-6763-4225
Ramaswamy Sharma http://orcid.org/0000-0003-2346-5305

References

Papers of special note have been highlighted as either of interest (•) 
or of considerable interest (••) to readers.

1. Tan DX, Manchester LC, Liu X, et al. Mitochondria and chloroplasts 
as the original sites of melatonin synthesis: a hypothesis related to 
melatonin’s primary function and evolution in eukaryotes. J Pineal 
Res. 2013;54(2):127–138. doi: 10.1111/jpi.12026

2. Ingram DK, London ED, Reynolds MA. Circadian rhythmicity and 
sleep: effects of aging in laboratory animals. Neurobiol Aging. 
1982;3(4):287–297. doi: 10.1016/0197-4580(82)90017-3

3. Reiter RJ. The melatonin rhythm: both a clock and a calendar. 
Experientia. 1993;49(8):654–664. doi: 10.1007/BF01923947

4. Mir SM, Aliarab A, Goodarzi G, et al. Melatonin: A smart molecule in 
the DNA repair system. Cell Biochem Funct. 2022;40(1):4–16. doi:  
10.1002/cbf.3672

5. Sagrillo-Fagundes L, Bienvenue-Pariseault J, Vaillancourt CM, et al. 
Melatonin: The smart molecule that differentially modulates autop
hagy in tumor and normal placental cells. Plos One. 2019;14(1): 
e0202458. doi: 10.1371/journal.pone.0202458

6. Tan D-X, Chen LD, Poeggeler B, et al. Melatonin: A potent endo
genous hydroxyl radical scavenger. Endocr J. 1993;1:57–60. 

• This study was the first to document the free radical scaven
ging activity of melatonin.

7. Floyd RA, Bronsdon A, Commoner B. ESR signals during 
x-irradiation of tissue: their characteristics and relationship to the 
cancerous state. Ann N Y Acad Sci. 1973;222(1 Electron 
Spin):1077–1086. doi: 10.1111/j.1749-6632.1973.tb15324.x

8. Melchiorri D, Reiter RJ, Attia AM, et al. Potent protective effect of 
melatonin on in vivo paraquat-induced oxidative damage in rats. 
Life Sci. 1995;56(2):83–89. doi: 10.1016/0024-3205(94)00417-Q 

• This study was the first to prove that melatonin reduced oxi
dative stress invivo

EXPERT REVIEW OF ENDOCRINOLOGY & METABOLISM 13



9. Melchiorri D, Reiter RJ, Sewerynek E, et al. Paraquat toxicity and 
oxidative damage. Reduction by melatonin. Biochem Pharmacol. 
1996;51(8):1095–1099. doi: 10.1016/0006-2952(96)00055-X

10. Vijayalaxmi RR, Sewerynek E, Poeggeler B, et al. Marked reduction 
of radiation-induced micronuclei in human blood lymphocytes 
pretreated with melatonin. Radiat Res. 1995;143(1):102–106. doi:  
10.2307/3578932

11. Bromme HJ, Ebelt H, Peschke D, et al. Alloxan acts as a prooxidant 
only under reducing conditions: influence of melatonin. Cell Mol 
Life Sci. 1999;55(3):487–493. doi: 10.1007/s000180050305

12. Zang LY, Cosma G, Gardner H, et al. Scavenging of reactive oxygen 
species by melatonin. Biochim Biophys Acta. 1998;1425(3):469–477. 
doi: 10.1016/S0304-4165(98)00099-3

13. Hardeland R. Redox biology of melatonin: discriminating 
between circadian and noncircadian functions. Antioxid 
Redox Signal. 2022;37(10–12):704–725. doi: 10.1089/ars.2021. 
0275

14. Pandi-Perumal SR, BaHammam AS, Brown GM, et al. Melatonin 
antioxidative defense: therapeutical implications for aging and 
neurodegenerative processes. Neurotox Res. 2013;23(3):267–300. 
doi: 10.1007/s12640-012-9337-4

15. Tan DX, Manchester LC, Reiter RJ, et al. A novel melatonin 
metabolite, cyclic 3-hydroxymelatonin: a biomarker of in vivo 
hydroxyl radical generation. Biochem Biophys Res Commun. 
1998;253(3):614–620. doi: 10.1006/bbrc.1998.9826

16. Burkhardt S, Reiter RJ, Tan DX, et al. DNA oxidatively damaged 
by chromium(III) and H(2)O(2) is protected by the antioxidants 
melatonin, N(1)-acetyl-N(2)-formyl-5-methoxykynuramine, 
resveratrol and uric acid. Int J Biochem Cell Biol. 2001;33 
(8):775–783. doi: 10.1016/S1357-2725(01)00052-8

17. Galano A, Tan DX, Reiter RJ. On the free radical scavenging activ
ities of melatonin’s metabolites, AFMK and AMK. J Pineal Res. 
2013;54(3):245–257. doi: 10.1111/jpi.12010

18. Galano A, Tan DX, Reiter RJ. Melatonin as a natural ally against 
oxidative stress: a physicochemical examination. J Pineal Res. 
2011;51(1):1–16. doi: 10.1111/j.1600-079X.2011.00916.x

19. Paredes SD, Reiter RJ. Melatonin: helping cells cope with oxi
dative disaster. Cell Membr Free Radic Res. 2010;2:99–111.

20. Zhang HM, Zhang Y. Melatonin: a well-documented antioxidant 
with conditional pro-oxidant actions. J Pineal Res. 2014;57 
(2):131–146. doi: 10.1111/jpi.12162

21. Tan DX, Manchester LC, Terron MP, et al. One molecule, many 
derivatives: a never-ending interaction of melatonin with reactive 
oxygen and nitrogen species? J Pineal Res. 2007;42(1):28–42. doi:  
10.1111/j.1600-079X.2006.00407.x

22. Perez-Gonzalez A, Castaneda-Arriaga R, Alvarez-Idaboy JR, et al. 
Melatonin and its metabolites as chemical agents capable of 
directly repairing oxidized DNA. J Pineal Res. 2019;66(2): 
e12539. doi: 10.1111/jpi.12539

23. Kang JH, Guo XD, Wang YD, et al. Neuroprotective Effects of 
N-acetylserotonin and Its Derivative. Neuroscience. 
2023;517:18–25. doi: 10.1016/j.neuroscience.2023.02.017

24. Vasicek O, Lojek A, Ciz M. Serotonin and its metabolites reduce 
oxidative stress in murine RAW264.7 macrophages and prevent 
inflammation. J Physiol Biochem. 2020;76(1):49–60. doi: 10.1007/ 
s13105-019-00714-3

25. Anderson G, Reiter RJ. Glioblastoma: Role of Mitochondria 
N-acetylserotonin/Melatonin Ratio in Mediating Effects of miR-451 
and Aryl Hydrocarbon Receptor and in Coordinating Wider 
Biochemical Changes. Int J Tryptophan Res. 
2019;12:1178646919855942. doi: 10.1177/1178646919855942

26. Mokkawes T, de Visser SP. Melatonin Activation by Cytochrome 
P450 Isozymes: How Does CYP1A2 Compare to CYP1A1? Int J Mol 
Sci. 2023;24(4):3651. doi: 10.3390/ijms24043651

27. Panda SK, Peng V, Sudan R, et al. Repression of the 
aryl-hydrocarbon receptor prevents oxidative stress and ferroptosis 
of intestinal intraepithelial lymphocytes. Immunity. 2023;56(4):797– 
812 e794. doi: 10.1016/j.immuni.2023.01.023

28. Anderson G. Breast cancer: Occluded role of mitochondria 
N-acetylserotonin/melatonin ratio in co-ordinating 

pathophysiology. Biochem Pharmacol. 2019;168:259–268. doi: 10. 
1016/j.bcp.2019.07.014

29. Anderson G. Tumour microenvironment: roles of the aryl hydro
carbon receptor, O-GlcNAcylation, Acetyl-CoA and melatonergic 
pathway in regulating dynamic metabolic interactions across cell 
types—tumour microenvironment and metabolism. Int J Mol Sci. 
2020;22(1):141. doi: 10.3390/ijms22010141

30. Anderson G. Tumor microenvironment and metabolism: role of the 
mitochondrial melatonergic pathway in determining intercellular 
interactions in a new dynamic homeostasis. Int J Mol Sci. 2022;24 
(1):311. doi: 10.3390/ijms24010311

31. Abe M, Reiter RJ, Orhii PB, et al. Inhibitory effect of melatonin on 
cataract formation in newborn rats: evidence for an antioxidative 
role for melatonin. J Pineal Res. 1994;17(2):94–100. doi: 10.1111/j. 
1600-079X.1994.tb00119.x

32. Barlow-Walden LR, Reiter RJ, Abe M, et al. Melatonin stimulates 
brain glutathione peroxidase activity. Neurochem Int. 1995;26 
(5):497–502. doi: 10.1016/0197-0186(94)00154-M

33. Kotler M, Rodriguez C, Sainz RM, et al. Melatonin increases gene 
expression for antioxidant enzymes in rat brain cortex. J Pineal Res. 
1998;24(2):83–89. doi: 10.1111/j.1600-079X.1998.tb00371.x

34. Pablos MI, Reiter RJ, Chuang JI, et al. Acutely administered mela
tonin reduces oxidative damage in lung and brain induced by 
hyperbaric oxygen. J Appl Physiol. 1985;83(2):354–358. doi: 10. 
1152/jappl.1997.83.2.354

35. Pablos MI, Reiter RJ, Ortiz GG, et al. Rhythms of glutathione perox
idase and glutathione reductase in brain of chick and their inhibi
tion by light. Neurochem Int. 1998;32(1):69–75. doi: 10.1016/S0197- 
0186(97)00043-0. 

• This study showed that melatonin also has indirect actions as 
an antioxidant by stimulating antioxidative enzymes.

36. Noda Y, Mori A, Liburdy R, et al. Melatonin and its precursors 
scavenge nitric oxide. J Pineal Res. 1999;27(3):159–163. doi: 10. 
1111/j.1600-079X.1999.tb00611.x

37. Dellegar SM, Murphy SA, Bourne AE, et al. Identification of the 
factors affecting the rate of deactivation of hypochlorous acid by 
melatonin. Biochem Biophys Res Commun. 1999;257(2):431–439. 
doi: 10.1006/bbrc.1999.0438

38. Halliwell B. Use of desferrioxamine as a ‘probe’ for iron-dependent 
formation of hydroxyl radicals. Evidence for a direct reaction 
between desferal and the superoxide radical. Biochem Pharmacol. 
1985;34(2):229–233. doi: 10.1016/0006-2952(85)90129-7

39. Schaich KM, Borg DC. Fenton reactions in lipid phases: iron solubi
lity,OH production, and initiation of lipid oxidation. Basic Life Sci. 
1988;49:153–156.

40. Loh D, Reiter RJ. Melatonin: regulation of biomolecular conden
sates in neurodegenerative disorders. Antioxid (Basel). 2021;10(9). 
doi: 10.3390/antiox10091483

41. Mocayar Maron FJ, Ferder L, Reiter RJ, et al. Daily and seasonal 
mitochondrial protection: Unraveling common possible mechan
isms involving vitamin D and melatonin. J Steroid Biochem Mol 
Biol. 2020;199:105595. doi: 10.1016/j.jsbmb.2020.105595

42. Venegas C, Garcia JA, Escames G, et al. Extrapineal melatonin: 
analysis of its subcellular distribution and daily fluctuations. 
J Pineal Res. 2012;52(2):217–227. doi: 10.1111/j.1600-079X.2011. 
00931.x 

• This is the first report to show the marked differences in the 
subcellular distribution of melatonin with very high concentra
tion in mitochondria.

43. Suofu Y, Li W, Jean-Alphonse FG, et al. Dual role of mitochondria in 
producing melatonin and driving GPCR signaling to block cyto
chrome c release. Proc Natl Acad Sci U S A. 2017;114(38):E7997– 
E8006. doi: 10.1073/pnas.1705768114 

• This study proved the presence of the melatonin-forming 
enzymes in mitochondria

44. Acuña-Castroviejo D, Noguiera-Navarro MT, Reiter RJ, et al. 
Melatonin actions in the heart; more than a hormone. Melatonin 
Res. 2018;1(1):21–26. doi: 10.32794/mr11250002

45. Cucielo MS, Cesario RC, SIlveira HS, et al. Melatonin reverses the 
Warburg-type metabolism and reduces mitochondrial membrane 

14 R. J. REITER ET AL.



potential of ovarian cancer cells independent of MT1 receptor 
activation. Molecules. 2022;27(24):4350. doi: 10.3390/ 
molecules27144350 

• This is one of two studies documenting cancer cell mitochon
dria have only half the levels of melatonin than do normal cell 
mitochondria.

46. Gaiotte LB, Cesario RC, Silveira HS, et al. Combination of melatonin 
with paclitaxel reduces the TLR4-mediated inflammatory pathway, 
PD-L1 levels, and survival of ovarian carcinoma cells. Melatonin Res. 
2022;5(1):34–51. doi: 10.32794/mr112500118 

• This is one of two studies documenting cancer cell mitochon
dria have only half the levels of melatonin than do normal cell 
mitochondria.

47. Medina-Navarro R, Duran-Reyes G, Hicks JJ. Pro-oxidating proper
ties of melatonin in the in vitro interaction with the singlet oxygen. 
Endocr Res. 1999;25(3–4):263–280. doi: 10.1080/ 
07435809909066147

48. Wolfler A, Caluba HC, Abuja PM, et al. Prooxidant activity of mel
atonin promotes fas-induced cell death in human leukemic Jurkat 
cells. FEBS Lett. 2001;502(3):127–131. doi: 10.1016/S0014-5793(01) 
02680-1

49. Buyukavci M, Ozdemir O, Buck S, et al. Melatonin cytotoxicity in 
human leukemia cells: relation with its pro-oxidant effect. Fundam 
Clin Pharmacol. 2006;20(1):73–79. doi: 10.1111/j.1472-8206.2005. 
00389.x

50. Radogna F, Paternoster L, De Nicola M, et al. Rapid and transient 
stimulation of intracellular reactive oxygen species by melatonin in 
normal and tumor leukocytes. Toxicol Appl Pharmacol. 2009;239 
(1):37–45. doi: 10.1016/j.taap.2009.05.012

51. Benitez-King G, Huerto-Delgadillo L, Anton-Tay F. Binding of 
3H-melatonin to calmodulin. Life Sci. 1993;53(3):201–207. doi: 10. 
1016/0024-3205(93)90670-X

52. Menendez-Menendez J, Martinez-Campa C. Melatonin: an 
anti-tumor agent in hormone-dependent cancers. 
Int J Endocrinol. 2018;2018:1–20. doi: 10.1155/2018/3271948

53. Sarti P, Magnifico MC, Altieri F, et al. New evidence for cross talk 
between melatonin and mitochondria mediated by a 
circadian-compatible interaction with nitric oxide. Int J Mol Sci. 
2013;14(6):11259–11276. doi: 10.3390/ijms140611259

54. Reiter RJ, Sharma R, Ma Q. Switching diseased cells from cytosolic 
aerobic glycolysis to mitochondrial oxidative phosphorylation: 
A metabolic rhythm regulated by melatonin? J Pineal Res. 
2021;70(1):e12677. doi: 10.1111/jpi.12677

55. Reiter RJ, Sharma R, Rosales-Corral S, et al. Melatonin: 
A mitochondrial resident with a diverse skill set. Life Sci. 
2022;301:120612. doi: 10.1016/j.lfs.2022.120612

56. Reiter RJ, Sharma R, Rosales-Corral S. Anti-warburg effect of mela
tonin: a proposed mechanism to explain its inhibition of multiple 
diseases. Int J Mol Sci. 2021;22(2):764. doi: 10.3390/ijms22020764

57. Sanchez-Sanchez AM, Martin V, Garcia-Santos G, et al. Intracellular 
redox state as determinant for melatonin antiproliferative vs cyto
toxic effects in cancer cells. Free Radic Res. 2011;45(11– 
12):1333–1341. doi: 10.3109/10715762.2011.623700

58. Gampa SC, Garimella SV, Pandrangi S. Nano-TRAIL: a promising 
path to cancer therapy. Cancer Drug Resist. 2023;6(1):78–102. doi:  
10.20517/cdr.2022.82

59. Shoshan-Barmatz V, Arif T, Shteinfer-Kuzmine A. Apoptotic proteins 
with non-apoptotic activity: expression and function in cancer. 
Apoptosis. 2023;28:1–24. doi: 10.1007/s10495-023-01835-3

60. Buldak RJ, Pilc-Gumula K, Buldak L, et al. Effects of ghrelin, leptin 
and melatonin on the levels of reactive oxygen species, antioxidant 
enzyme activity and viability of the HCT 116 human colorectal 
carcinoma cell line. Mol Med Rep. 2015;12(2):2275–2282. doi: 10. 
3892/mmr.2015.3599

61. Mihanfar A, Yousefi B, Ghazizadeh Darband S, et al. Melatonin 
increases 5-flurouracil-mediated apoptosis of colorectal cancer 
cells through enhancing oxidative stress and downregulating sur
vivin and XIAP. Bioimpacts. 2021;11(4):253–261. doi: 10.34172/bi. 
2021.36

62. Anderson G, Almulla AF, Reiter RJ, et al. Redefining autoimmune 
disorders’ pathoetiology: implications for mood and psychotic dis
orders’ association with neurodegenerative and classical autoim
mune disorders’ association with neurodegenerative and classical 
autoimmune disorders. Cells. 2023;12(9):1237. doi: 10.3390/ 
cells12091237

63. Reiter RJ, Ma Q, Sharma R. Melatonin in mitochondria: mitigating 
clear and present dangers. Physiology. 2020;35(2):86–95. doi: 10. 
1152/physiol.00034.2019

64. Li M, Wu C, Muhammad JS, et al. Melatonin sensitises 
shikonin-induced cancer cell death mediated by oxidative stress 
via inhibition of the SIRT3/SOD2-AKT pathway. Redox Biol. 
2020;36:101632. doi: 10.1016/j.redox.2020.101632

65. Chen X, Hao B, Li D, et al. Melatonin inhibits lung cancer devel
opment by reversing the Warburg effect via stimulating the 
SIRT3/PDH axis. J Pineal Res. 2021;71(2):e12755. doi: 10.1111/ 
jpi.12755

66. Reiter RJ, Sharma R, Rosales-Corral S, et al. Melatonin and patholo
gical cell interactions: mitochondrial glucose processing in cancer 
cells. Int J Mol Sci. 2021;22(22):12494. doi: 10.3390/ijms222212494

67. Naaz S, Mishra S, Pal PK, et al. Activation of SIRT1/PGC 1alpha/SIRT3 
pathway by melatonin provides protection against mitochondrial 
dysfunction in isoproterenol induced myocardial injury. Heliyon. 
2020;6(10):e05159. doi: 10.1016/j.heliyon.2020.e05159

68. Cheng Y, Cai L, Jiang P, et al. SIRT1 inhibition by melatonin exerts 
antitumor activity in human osteosarcoma cells. Eur J Pharmacol. 
2013;715(1–3):219–229. doi: 10.1016/j.ejphar.2013.05.017

69. Riquelme I, Perez-Moreno P, Mora-Lagos B, et al. Long non-coding 
RNAs (lncRnas) as Regulators of the PI3K/AKT/mTOR pathway in 
gastric carcinoma. Int J Mol Sci. 2023;24(7):6294. doi: 10.3390/ 
ijms24076294

70. Perdomo J, Quintana C, Gonzalez I, et al. Melatonin induces mela
nogenesis in human SK-MEL-1 melanoma cells involving glycogen 
synthase kinase-3 and reactive oxygen species. Int J Mol Sci. 
2020;21(14):4970. doi: 10.3390/ijms21144970

71. Warburg O. On the origin of cancer cells. Science. 1956;123 
(3191):309–314. doi: 10.1126/science.123.3191.309

72. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the 
Warburg effect: the metabolic requirements of cell proliferation. 
Science. 2009;324(5930):1029–1033. doi: 10.1126/science.1160809

73. Fedele M, Sgarra R, Battista S, et al. The epithelial–mesenchymal 
transition at the crossroads between metabolism and tumor pro
gression. Int J Mol Sci. 2022;23(2):800. doi: 10.3390/ijms23020800

74. Blask DE, Dauchy RT, Dauchy EM, et al. Light exposure at night 
disrupts host/cancer circadian regulatory dynamics: impact on the 
Warburg effect, lipid signaling and tumor growth prevention. Plos 
One. 2014;9(8):e102776. doi: 10.1371/journal.pone.0102776 

• This report showed the marked light:dark variation in invivo 
cancer cell metabolism

75. Reiter RJ, Sharma R, Rodriguez C, et al. Part-time cancers and role of 
melatonin in determining their metabolic phenotype. Life Sci. 
2021;278:119597. doi: 10.1016/j.lfs.2021.119597

76. Stevens RG, Brainard GC, Blask DE, et al. Breast cancer and circadian 
disruption from electric lighting in the modern world. CA Cancer 
J Clin. 2014;64(3):207–218. doi: 10.3322/caac.21218

77. Cucielo MS, Cesario RC, Silveira HS, et al. Melatonin reverses the 
warburg-type metabolism and reduces mitochondrial membrane 
potential of ovarian cancer cells independent of MT1 receptor 
activation. Molecules. 2022;27(14):4350. doi: 10.3390/ 
molecules27144350

78. Mao L, Dauchy RT, Blask DE, et al. Melatonin suppression of aerobic 
glycolysis (Warburg effect), survival signalling and metastasis in 
human leiomyosarcoma. J Pineal Res. 2016;60(2):167–177. doi: 10. 
1111/jpi.12298

79. Dauchy RT, Wren-Dail MA, Dupepe LM, et al. Effect of Daytime 
Blue-enriched LED light on the nighttime circadian melatonin inhi
bition of hepatoma 7288CTC warburg effect and progression. 
Comp Med. 2018;68(4):269–279. doi: 10.30802/AALAS-CM-17- 
000107

EXPERT REVIEW OF ENDOCRINOLOGY & METABOLISM 15



80. Hanahan D, Monje M. Cancer hallmarks intersect with neuroscience 
in the tumor microenvironment. Cancer Cell. 2023;41(3):573–580. 
doi: 10.1016/j.ccell.2023.02.012

81. Su SC, Hsieh MJ, Yang WE, et al. Cancer metastasis: Mechanisms of 
inhibition by melatonin. J Pineal Res. 2017;62(1):e12370. doi: 10. 
1111/jpi.12370

82. Park SH, Lee EK, Yim J, et al. Exosomes: Nomenclature, Isolation, 
and Biological Roles in Liver Diseases. Biomol Ther. 2023;31 
(3):253–263. doi: 10.4062/biomolther.2022.161

83. Wu SM, Lin WY, Shen CC, et al. Melatonin set out to ER stress 
signaling thwarts epithelial mesenchymal transition and peritoneal 
dissemination via calpain-mediated C/EBPbeta and NFkappaB 
cleavage. J Pineal Res. 2016;60(2):142–154. doi: 10.1111/jpi.12295

84. Bu S, Wang Q, Sun J, et al. Correction: Melatonin suppresses 
chronic restraint stress-mediated metastasis of epithelial ovarian 
cancer via NE/AKT/beta-catenin/SLUG axis. Cell Death Dis. 2020;11 
(9):726. doi: 10.1038/s41419-020-02958-0

85. Ortiz-Lopez L, Morales-Mulia S, Ramirez-Rodriguez G, et al. ROCK- 
regulated cytoskeletal dynamics participate in the inhibitory effect 
of melatonin on cancer cell migration. J Pineal Res. 2009;46 
(1):15–21. doi: 10.1111/j.1600-079X.2008.00600.x

86. Minocha T, Das M, Rai V, et al. Melatonin induces apoptosis and cell 
cycle arrest in cervical cancer cells via inhibition of NF-kappaB 
pathway. Inflammopharmacology. 2022;30(4):1411–1429. doi: 10. 
1007/s10787-022-00964-6

87. Cucielo MS, Freire PP, Emilio-Silva MT, et al. Melatonin enhances 
cell death and suppresses the metastatic capacity of ovarian cancer 
cells by attenuating the signaling of multiple kinases. Pathol Res 
Pract. 2023;248:154637. doi: 10.1016/j.prp.2023.154637

88. Nguyen BT, Lin C-Y, Chang T-K, et al. Melatonin inhibits chondro
sarcoma cell proliferation and metastasis by enhancing miR-520f- 
3p production and suppressing MMP7 expression. J Pineal Res. 
2023;72:e12872. doi: 10.1111/jpi.12872

89. Saharinen P, Eklund L, Pulkki K, et al. VEGF and angiopoietin 
signaling in tumor angiogenesis and metastasis. Trends Mol Med. 
2011;17(7):347–362. doi: 10.1016/j.molmed.2011.01.015

90. Hill SM, Belancio VP, Dauchy RT, et al. Melatonin: an inhibitor of 
breast cancer. Endocr Relat Cancer. 2015;22(3):R183–204. doi: 10. 
1530/ERC-15-0030

91. Vriend J, Reiter RJ. Melatonin and the von Hippel-Lindau/HIF-1 
oxygen sensing mechanism: A review. Biochim Biophys Acta. 
2016;1865(2):176–183. doi: 10.1016/j.bbcan.2016.02.004

92. Zonta YR, Martinez M, Camargo IC, et al. Melatonin Reduces 
Angiogenesis in Serous Papillary Ovarian Carcinoma of 
Ethanol-Preferring Rats. Int J Mol Sci. 2017;18(4):763. doi: 10.3390/ 
ijms18040763

93. Bukowski K, Kciuk M, Kontek R. Mechanisms of Multidrug 
Resistance in Cancer Chemotherapy. Int J Mol Sci. 2020;21 
(9):3233. doi: 10.3390/ijms21093233

94. Garcia-Ortega DY, Cabrera-Nieto SA, Caro-Sanchez HS, et al. An 
overview of resistance to chemotherapy in osteosarcoma and 

future perspectives. Cancer Drug Resist. 2022;5(3):762–793. doi:  
10.20517/cdr.2022.18

95. Dauchy RT, Xiang S, Mao L, et al. Circadian and melatonin disrup
tion by exposure to light at night drives intrinsic resistance to 
tamoxifen therapy in breast cancer. Cancer Res. 2014;74 
(15):4099–4110. doi: 10.1158/0008-5472.CAN-13-3156. 

• This is the first report documenting the ability of melatonin to 
overcome chemoresistance (tamoxifen).

96. Sharman EH, Sharman KG, Bondy SC. Extended exposure to dietary 
melatonin reduces tumor number and size in aged male mice. Exp 
Gerontol. 2011;46(1):18–22. doi: 10.1016/j.exger.2010.09.004

97. Xiang S, Dauchy RT, Hoffman AE, et al. Epigenetic inhibition of the 
tumor suppressor ARHI by light at night-induced circadian melatonin 
disruption mediates STAT3-driven paclitaxel resistance in breast 
cancer. J Pineal Res. 2019;67(2):e12586. doi: 10.1111/jpi.12586

98. Govender J, Loos B, Marais E, et al. Mitochondrial catastrophe during 
doxorubicin-induced cardiotoxicity: a review of the protective role of 
melatonin. J Pineal Res. 2014;57(4):367–380. doi: 10.1111/jpi.12176

99. Fan L, Sun G, Ma T, et al. Melatonin reverses tunicamycin-induced 
endoplasmic reticulum stress in human hepatocellular carcinoma 
cells and improves cytotoxic response to doxorubicin by increasing 
CHOP and decreasing survivin. J Pineal Res. 2013;55(2):184–194. 
doi: 10.1111/jpi.12061

100. Hamed AR, Yahya SMM, Nabih HK. Anti-drug resistance, 
anti-inflammation, and anti-proliferation activities mediated by 
melatonin in doxorubicin-resistant hepatocellular carcinoma: 
in vitro investigations. Naunyn Schmiedebergs Arch Pharmacol. 
2023;396(6):1117–1128. doi: 10.1007/s00210-023-02385-w

101. Alvarez-Fernandez L, Gomez-Gomez A, Haro N, et al. ABCG2 trans
porter plays a key role in the biodistribution of melatonin and its 
main metabolites. J Pineal Res. 2023;74(2):e12849. doi: 10.1111/jpi. 
12849

102. Xiang S, Dauchy RT, Hauch A, et al. Doxorubicin resistance in breast 
cancer is driven by light at night-induced disruption of the circa
dian melatonin signal. J Pineal Res. 2015;59(1):60–69. doi: 10.1111/ 
jpi.12239

103. Lee ACK, Lau PM, Kwan YW, et al. Mitochondrial Fuel Dependence 
on Glutamine Drives Chemo-Resistance in the Cancer Stem Cells of 
Hepatocellular Carcinoma. Int J Mol Sci. 2021;22(7):3315. doi: 10. 
3390/ijms22073315

104. Yang L, Venneti S, Nagrath D. Glutaminolysis: A Hallmark of Cancer 
Metabolism. Annu Rev Biomed Eng. 2017;19:163–194. doi: 10.1146/ 
annurev-bioeng-071516-044546

105. Zhang J, Xie T, Zhong X, et al. Melatonin reverses nasopharyngeal 
carcinoma cisplatin chemoresistance by inhibiting the Wnt/beta-
catenin signaling pathway. Aging. 2020;12(6):5423–5438. doi: 10. 
18632/aging.102968

106. Sakatani A, Sonohara F, Goel A. Melatonin-mediated downregula
tion of thymidylate synthase as a novel mechanism for overcoming 
5-fluorouracil associated chemoresistance in colorectal cancer cells. 
Carcinogenesis. 2019;40(3):422–431. doi: 10.1093/carcin/bgy186

16 R. J. REITER ET AL.


