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Abstract: Melatonin exerts a multitude of physiological functions including the regulation of the sleep
cycle and circadian rhythm. Although the synthesis of melatonin in the pineal gland is regulated by changes
in the light/dark cycle, the release of melatonin in the gastrointestinal tract is related to food consumption.
Melatonin regulates antioxidative processes and it improves T-helper cell response by stimulating
the production of specific cytokines. Melatonin is directly involved in preventing tumor initiation,
promotion, and progression in a variety of cancers of the gastrointestinal tract including colorectal cancer,
cholangiocarcinoma, hepatocarcinoma, and pancreatic carcinoma. This paper is a review of the literature

regarding melatonin in the gastrointestinal tract and as a potential therapy for gastrointestinal cancers.
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Melatonin tract contributes to the changes in melatonin concentration
found in the peripheral blood (11,12). Melatonin affects
the function of numerous cells and can be detected in
membrane, cytoplasmic, nuclear, and mitochondrial
compartments of several cell types (13). Also, melatonin
plays important roles in anti-oxidative processes, and it has

Melatonin is a natural compound with a multitude of
physiological functions such as the regulation of the sleep
cycle and the circadian rhythm (1,2). The primary sites of
melatonin synthesis and secretion are the pineal gland as
well as the gastrointestinal tract (e.g., small intestine and
liver), the retinal pigment epithelium, lymphocytes and
melanocytes in the skin (3-8). Although melatonin synthesis
in the pineal gland is inhibited by exposure to light and
activated during darkness, the release of melatonin in the
gastrointestinal tract seems to be also dependent on food
consumption (9,10). In some animal species, the levels of improves T-helper cell response by the production
melatonin in the gastrointestinal tract exceed the blood of specific cytokines including interleukin-2 (IL-2),
levels by 10-100 times (11). In addition, the gastrointestinal interleukin-6 (IL-6) interleukin-10 (IL-10), interleukin-12

been shown to have immune-enhancing properties. Indeed,
melatonin exerts its function by both autocrine and paracrine
mechanisms, thus affecting the function of lymphatic tissues
of the immune system, the gastrointestinal epithelia, and the
smooth muscles of the digestive system (14). Also, melatonin
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(IL-12), and interferon-y (IFN-y) (15). T-Helper cells
play a crucial role in the protection against malignancy.
Indeed, studies have shown that melatonin prevents tumor
initiation, promotion, and progression in a variety of tumors
such melanoma, breast, prostate, ovarian, hepatocellular,
biliary and colorectal cancer (16-25).

Gastrointestinal cancers

Pancreatic cancer is the third most common malignancy and
the fifth foremost cause of cancer-associated death among
gastrointestinal cancers (26-29). Pancreatic tumors are often
resistant to chemotherapy and radiotherapy and resistant to
apoptosis (30,31). Approximately, 80-95% of these tumors
have mutations in the KRAS2 gene, and 85-98% of these
tumors show mutations, deletions, or hypermethylation in
the CDKN2 gene (26,32-34).

Though the incidence of gastric cancer is decreasing
steadily around the world, it still remains a serious health
problem since is the second most common type of fatal
cancer (35-37). Extensive studies of potential therapeutic
actions for gastric cancer have made progress, but the
chance of success for patients with advanced gastric cancer
is not favorable.

Colorectal cancer is one of the leading types of cancers of
the gastrointestinal tract (38,39), and its prevalence has been
predicted to increase significantly by the year 2020 (40). It
has been estimated to increase from approximately 0.36% to
0.46% between 2000 and 2020 (40). Furthermore, it has been
suggested that colorectal cancer prevalence will increase much
more rapidly than the population in the United States (40).

Hepatocellular carcinoma is the fifth most common
strain of cancer in the world with more that half a million of
new cases every year (41-44). It has become a very serious
health problem around the world because of its relation to
infection with both hepatitis B and C viruses (45-47). Liver
transplantation and chemotherapy are crucial therapeutic
strategies utilized in the treatment of hepatocellular carcinoma.

Gastrointestinal cancer has taken precedence in
oncological research seeking to improve therapeutic
treatments, and recently, a major approach to this field has
been to examine the role of melatonin in the tumorigenesis
of gastrointestinal cancers.

Melatonin biosynthesis

Melatonin is synthesized in the pineal gland, and released
into the serum in a circadian pattern, corresponding to
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light and dark cycles (4). After leaving the pineal gland,
melatonin enters the blood stream as an endocrine
compound, and regulates biological rhythms such as the
sleep-wake cycle. Recent studies have shown that melatonin
is synthesized in a number of tissues/organs including in
the eye, lymphocytes, mast cells and the gastrointestinal
tract (3-7). Melatonin released by these peripheral tissues
is not released into the blood in excessive amounts (as
opposed to the amount produced in the pineal gland) but
rather it acts locally as an autocrine and/or paracrine signals
(48,49). The exposure to light and/or dark, which regulates
the release of melatonin by the pineal gland, is received
in the suprachiasmatic nuclei via retinal photosensitive
ganglionic cells (13). Superior cervical ganglion (SCG)
postganglionic neurons produce fibers that stimulate the
pineal gland and release norepinephrine, thus regulating
melatonin synthesis. Norepinephrine released during the
night binds to B-adrenergic receptors on pinealocytes, thus
activating adenylyl cyclase/cAMP signaling that stimulates
the synthesis of melatonin (50,51). During the daytime,
the suprachiasmatic nucleus (which regulates the circadian
oscillation in the brain) inhibits the release of norepinephrine,
suppressing the production of melatonin (52).

Melatonin synthesis starts from the amino acid tryptophan,
which is then converted into 5-hydroxytryptophan. At that
point, it becomes serotonin, which is then acetylated to form
N-acetylserotonin. This process happens by the action of the
enzyme, arylalkylamine-N-acetyltransferase. The acetylated
serotonin is then converted into melatonin by hydroxyindole-
O-methyltransferase, which is the rate-determining enzyme
(slow-step) in the synthesis of melatonin (53).

Production of melatonin appears to decline gradually with
aging as elderly individuals have been shown to have low
levels of melatonin (54,55). However, it is possible that other
factors besides aging regulate the change in melatonin levels
in elderly people (54). Other factors associated with age such
as chronic diseases, depressed mood, physical disabilities,
poor perceived health may contribute to sleep disturbances
that would affect the circadian rhythm of older people
contributing to the reduction in melatonin levels (54).

Melatonin in the lower gut

Melatonin levels in the gastrointestinal tract are unrelated
to melatonin levels synthesized in the pineal gland.
These proposed findings are supported by the fact that
pinealectomy in rats have no influence on the levels of
melatonin in the gastrointestinal tract (56). Also, the
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concentrations of melatonin in the gastrointestinal tract
decrease with aging. Indeed, studies have shown that the
melatonin levels in the mucosa of the ileum and distal
colon are higher in older compared to younger mice (57).
Circulating melatonin during the daytime may originate
from the gastrointestinal tract (57). These variations in
melatonin levels also suggest that melatonin regulates the
digestion and control of food consumption.

Even though several animal studies show protective
effects of melatonin in colitis models, the therapeutic role
of melatonin in inflammatory bowel disease (IBD) is still
unclear (13). Several research groups have tested the effects
of the self-administration of melatonin in IBD. It has been
presented that the self-administered use of melatonin as a
self-directed treatment for jet lag on international flights, the
patient observed that his ulcerative colitis (UC) symptoms
were virtually absent (58,59). Meanwhile, other studies
showed melatonin exacerbated symptoms associated with UC
or Crohn’s disease (60,61). Further studies, especially clinical
trials should be performed to evaluate a possible beneficial
or detrimental effect of melatonin in IBD despite those basic
researches strongly suggest beneficial effects.

Melatonin metabolism

Melatonin is primarily metabolized in the liver, where it is
hydroxylated in the sixth carbon position by cytochrome
P,5, mono-oxygenases. Then, it is conjugated to sulfate and
released as 6-sulfatoxymelatonin (62).

Melatonin is metabolized in all cells without the use of
enzymes, and it can also be metabolized extracellularly with
oxidants and free radicals. Through these steps melatonin is
converted into cyclic-3-hydroxy melatonin when it acquires
two hydroxyl radicals. This process is referred to as the
kynurenine pathway of melatonin metabolism, in which
enzymatic reactions, pseudo enzymatic reaction involving
oxoferryl-hemoglobin, photo catalytic reactions, reactions
with oxygen free radicals, and ozonolysis take place. During
the conversion process of melatonin to N'-acetyl-N*-
formyl-5-methoxykynuramine (AFMK) as many as four
radicals can be consumed. It has been suggested that AFMK
is the primary metabolite of melatonin (63).

Melatonin receptors

Some of the effects of melatonin depend on the activation
of membrane receptors, which are also expressed in the
gastrointestinal tract including the ileum, colon and the
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liver (13,16,64,65). These receptors are named melatonin-1
receptor (MT1), MT2, and MT3. MT1 and MT2 are part
of the G-protein coupled receptor (GPCR) family, and they
share a common seven-transmembrane structure. These two
receptors activate distinct intracellular signaling pathways,
some of which mediate adenylate cyclase inhibition (64)
and phospholipase C beta activation (66,67). The MT2
receptor couples to several signaling pathways including
phosphoinositol production, the inhibition of guanylate
cyclase pathway as well as the inhibition of adenylate
cyclase. M'T3, on the other hand, binds to the enzyme,
quinonereductase 2 (QR2). Activation of this enzyme-
substrate complex by melatonin suggests that melatonin
protect against oxidative stress due to its antioxidative
properties (13).

In a study performed in rat pancreas, stomach, colon,
and duodenum, M'T2 immunoreactivity was found in the
muscularis mucosae and the circular and longitudinal muscle
layers of the gastrointestinal tract (68). These findings
suggest that the M'T2 receptors may regulate intestinal
motility. Melatonin receptors may also mediate the effects of
melatonin on the efficacy of the immune system.

Melatonin and the immune system

Melatonin can also increase natural killer cell activity
and Th2 cell-mediated immune responses (69,70). Also,
melatonin has been shown to protect human and murine
CD4" T cells from apoptosis by inhibiting CD95 ligand
mRNA and protein up-regulation in response to TCR/CD3
stimulation (71). Melatonin affects T cell tolerance by a IL-
2-dependent pathway, but the vast majority of the effects
of melatonin on lymphocyte function is mediated by MT1
receptors (72).

Increased numbers of CD4" CD25" regulatory T cells
(Tregs) have been demonstrated in the tumor of patients
and animal models with gastric cancer. A recent has
evaluated the role of Tregs in melatonin inhibition of gastric
cancer growth both in vive and in vitro (73). This study has
also shown that melatonin decreased the number of Tregs
and Forkhead box p3 (Foxp3) expression in tumor tissue.
The study suggested that melatonin inhibition of gastric
cancer could be due to down-regulation of CD4" CD25"
Tregs and Foxp3 expression in tumor tissue (73).

Melatonin and colorectal cancer

A recent study has demonstrated the presence of melatonin
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binding sites in the mucosa and the submucosa of the human
colon (74). Specifically, in this study it was demonstrated (by
radioimmunoassay) that melatonin concentration in control
patient tissues was 46799 pg/g, whereas daytime melatonin
levels in colorectal cancer patients were 3,147+87.8 pg/g
tissue (74).

It was also found that increased colonic crypt cell
proliferation had occurred in rats, indicating that melatonin
pathways were involved in tumorigenesis in the colon (75).
Another study suggested that small bowel crypt cell hyperplasia
occurred after the pinealectomy, but the mechanism by
which this occurred was not evaluated (13). In a recent study,
it has been shown that melatonin regulates preneoplastic
patterns caused by constant light exposure in the colon (76).
The proposed mechanism by which melatonin controls
colon cancer involves the inhibition of tumor angiogenesis,
maintenance of the intracellular level of glutathione, and
modulation of mitotic and apoptotic processes.

Other factors affecting tumor development in relation
to melatonin include the modulation of estrogen receptors,
regulation of cell cycle, expression of growth factors and
antioxidants, and increased gap junctions (77,78). Melatonin
has also been shown to alter the oxidative properties and
to reduce the rate of production of nitric oxide in cultured
colon cancer cells (79). The clinical trials that have been
conducted using melatonin in relation to colorectal cancer
are few and not of great quality. These studies have not
yielded data to confirm the efficacy of melatonin for
colorectal cancer. Controlled clinical trials are still needed
in order to establish melatonin’s role in cancer treatment
more concretely.

Melatonin in hepatocellular carcinoma and
cholangiocarcinoma

A recent study has demonstrated that melatonin inhibits
the growth of rat hepatoma 7288CTC cells by a receptor-
mediated inhibition of tumor linoleic acid uptake and its
metabolism to 13-hydroxyoctadecadienoic acid (13-HODE),
which is the mitogenic signal for linoleic acid-dependent
tumor growth (80). Melatonin inhibition of the growth
of the growth of rat hepatoma 7288CTC cells was also
associated with reduced cAMP levels, and phosphorylation
of ERK 172 (80).

In a recent study which was intended to observe and
evaluate the effects of anticarcinogenic functions of
melatonin, N-nitrosodiethylamine (NDEA), which is a
carcinogen that induces liver cancer, was used to inject
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Wistar male rats (81). This was followed by weekly
injections of carbon tetrachloride or vehicle for six weeks.
Melatonin or its vehicle was administered two hours before
lights out on a daily basis for 20 weeks. After dissection, the
results showed that the NDEA had stunted body weight
gain and produced sizable liver tumors (81). In addition,
NDEA increased levels of alanine transaminase, plasma
aspartate transaminase, and o-fetoprotein. Administration
of melatonin proved to have significantly hindered tumor
development, presumably by way of its antioxidant effects,
both direct and indirect.

In a clinical trial with 35 patients having advanced
tumors of the digestive tract, a treatment regimen utilizing
low-dose IL-2 and melatonin was tested (82). Fourteen
patients had colorectal cancer, eight had gastric cancer,
six had hepatic carcinoma, and seven had pancreatic
adenocarcinoma. Complete response was achieved in two of
the patients, one of which had gastric cancer and the other
hepatic carcinoma. An additional six patients showed tumor
regression.

In another study, patients with advanced primary
hepatocellular carcinoma were treated with transcatheter
arterial chemoembolization (TACE) alone, or
simultaneously with melatonin (83). The efficacy of the
TACE alone was 16 percent, whereas the efficacy of
TACE with melatonin was 28 percent. The survival
rate of half, one, and two years in the TACE group was
82 percent, 54 percent, and 26 percent (83). The survival
rate of the TACE and melatonin group was 100 percent,
68 percent, and 40 percent (83).

Cholangiocarcinoma is a cancer that arises from
the malignant transformation of bile duct epithelial
cells (i.e., cholangiocytes) (84-86). The occurrence of
cholangiocarcinoma has been on the rise for the past
decades (87-89). Cholangiocarcinoma is often anti-
symptomatic until it reaches an advanced stage in its
development, in which it becomes characterized by
obstructive symptoms (89). Cholangiocarcinoma is
resistant to conventional forms of chemotherapy, with
surgical resection being the only effective therapy (89).
We have recently shown that the enzymes [serotonin
N-acetyltransferase or (AANAT), and acetylserotonin
O-methyltransferase (ASMT)] regulating melatonin
synthesis as well melatonin secretion are downregulated
in cholangiocarcinoma lines and human biopsy samples
compared to normal controls (16). Conversely, the
expression of the melatonin receptors, MT1 and MT2,
increased in CCA lines and biopsy samples compared to
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controls (16). Also, melatonin decreased the growth of human
cholangiocarcinoma lines implanted into nude mice by increased
AANAT, ASMT expression and melatonin synthesis and
decreased MT1/MT2 expression (16) (Figure 14,B). We also
observed increased necrosis in sections from melatonin-
treated mice compared with control mice (Figure 14,B).
There was a decrease in cholangiocarcinoma proliferation
(by proliferating cell nuclear antigen (PCNA)) and an
increase in biliary apoptosis (by cleaved caspase-3) in
tumor sections from melatonin-treated mice compared to
control mice (Figure 1A4,B). Overexpression of AANAT
was also shown to inhibit cholangiocarcinoma growth (16).
We concluded that there is dysregulation of the
AANAT/ASMT/melatonin®> melatonin receptor axis in
cholangiocarcinoma that decreased melatonin secretion,
thus enhancing cholangiocarcinoma growth.

Melatonin as an adjuvant therapy for
hepatocellular carcinoma

One previous study examined the cytostatic efficiency
of doxorubicin applied together with melatonin to
rats with transplantable Morris hepatoma (90). It was
demonstrated that administration of melatonin together
with doxorubicin decreased the extent of tumour necrosis
and the apoptotic tumour cells but, on the other hand,
decreased the number of apoptotic cardiomyocytes.
Therefore, melatonin weakens the cytotoxic activity of
doxorubicin by the decreased proportions of necrotic
and apoptotic cells of transplantable Morris hepatoma.
Melatonin protects also cardiomyocytes by decreasing
doxorubicin-induced apoptosis in the cells.

In a recent study aimed to evaluate the growth-
inhibiting and apoptosis-inducing effects of melatonin
alone or in combination with chemotherapeutic drugs (e.g.,
Doxorubicin), melatonin was shown to inhibit the growth of
HepG2 and Bel-7402 cells in a dose-dependent manner (91).
The combination of the two treatments increased the
inhibitory effect and induction of hepatocyte apoptosis
compared to the individual treatments. In summary,
melatonin and Doxorubicin synergistically affect the growth
of the human hepatoma cell lines, HepG2 and Bel-7402 by
down-regulation of Bcl-2 and up-regulation of Bax (91).

Melatonin in pancreatic carcinoma cells

Heat shock proteins are chaperones that regulate protein
folding and degradation. Recent studies suggest that heat
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shock protein 27 (HSP27) regulate the promotion of tumor
growth and the development of resistance to chemotherapy
and radiotherapy (92).

In this contest, a recent study has shown that melatonin
affects HSP27 protein expression in human pancreatic
carcinoma cells (PANC-1) (93). Specifically, treatment with
melatonin increased not only the cytoplasmic protein level,
but also the nuclear phosphorylated HSP27 protein level
in the PANC-1 cells in comparison to control cells. The
authors suggested that melatonin stimulates the production
and phosphorylation of HSP27 in PANC-1 and possibly
inhibits apoptosis in these cells.

Conclusions

The antiproliferative and immunomodulatory effects
of melatonin have been demonstrated in a multitude
of cancers including those of the gastrointestinal tract.
Melatonin has shown some success in the treatment of
advanced hepatocellular carcinoma in combination with
doxorubicin, through the inducement of cellular apoptosis,
and the inhibition of cell proliferation (Figure 2). At the
same time, melatonin has been shown to successfully
enhance the immunomodulatory effects of IL-2 therapy
(Figure 2). In cholangiocarcinoma, melatonin inhibited
carcinogenesis in vivo and in vitro by both autocrine/
paracrine mechanisms. The antioxidative effects of
melatonin have been shown through further observation of
melatonin receptors in the inhibition of several signaling
pathways in colorectal and liver cancer. In summary, recent
developments in the role and pathology of melatonin in
cancers of the gastrointestinal tract have contributed to the
improvement of therapeutic treatments for these cancers.
The autocrine/paracrine modulation (e.g., by specific
agonists/antagonists and/or exposure to dark/light) of
melatonin synthesis by changes in the enzymes (AANAT
and ASMT) regulating the synthesis of this chemical may
be an important therapeutic tool for the management of a
number of cancers.

Acknowledgements

This work was supported by the Dr. Nicholas C. Hightower
Centennial Chair of Gastroenterology from Scott & White
Hospital, a VA Research Career Scientist Award, and the
NIH grants DK58411 and DK062975 to both Drs. Alpini
and Glaser and the NIH grant DK081442 to Dr. Glaser.
Disclosure: The authors declare no conflict of interest.

Transl Gastrointest Cancer 2013;2(1):11-20



16 Glenister et al. Melatonin regulation of gastrointestinal cancer development

A ;
600 =—o=\/ehicle
500 - =& Melatonin
i= |
£ 400
8
‘% 300 A .-
Q Start the treatment JY SURF ST, i
g 200 lof melatonin -
'—
100 -
0 T s T T T T T T : T T T sl
10 13 15 17 24 26 29 31 34 36 38 41 43
(Days)
B Vehicle Melatonin Vehicle Melatonin
H&E ASMT
PCNA Melatonin
Cleaved ;n*l
MT1 f==
caspase-3
AANAT %

Figure 1 34 days after melatonin administration, there was a decrease in tumor size in nude mice treated with melatonin compared to
controls. Representative pictures of the tumors from both groups of mice, and a summary graph of each data point are shown. A.Data
are mean + SEM of tumor size evaluations from four mice per each group. *P<0.05 vs. the corresponding values of tumor volume of
control mice. B. There was increased necrosis in sections from melatonin-treated mice compared to control mice. There was decreased
cholangiocarcinoma proliferation (by PCNA) and increased biliary apoptosis (by cleaved caspase-3) in tumor sections from melatonin-treated
mice compared to controls. There was increased in the expression of AANAT, ASMT, melatonin and a decrease in MT1/MT2 expression in
nude mice treated with melatonin compared to controls. Orig. magn., x125. Data are mean + SEM. *P<0.05 vs. the corresponding values of
tumor volume of nude mice treated with vehicle. Reproduced with permission from ref. (9)
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