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Melatonin is a hormone secreted in the pineal gland with several functions, especially regulation of circadian sleep cycle
and the biological processes related to it. This review evaluates the bioavailability of melatonin and resulting metabolites,
the presence of melatonin in wine and beer and factors that influence it, and finally the different benefits related to
treatment with melatonin. When administered orally, melatonin is mainly absorbed in the rectum and the ileum; it has a
half-life of about 0.45-1 h and is extensively inactivated in the liver by phase 2 enzymes. Melatonin (MEL) concentration
varies from picograms to ng/mL in fermented beverages such as wine and beer, depending on the fermentation process.
These low quantities, within a dietary intake, are enough to reach significant plasma concentrations of melatonin, and are
thus able to exert beneficial effects. Melatonin has demonstrated antioxidant, anticarcinogenic, immunomodulatory and
neuroprotective actions. These benefits are related to its free radical scavenging properties as well and the direct
interaction with melatonin receptors, which are involved in complex intracellular signaling pathways, including inhibition of
angiogenesis and cell proliferation, among others. In the present review, the current evidence on the effects of melatonin
on different pathophysiological conditions is also discussed.
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| 1. Introduction

Melatonin (MEL) is a neurohormone (N-acetyl-5-methoxytyramine) from the pineal gland that is produced as secondary
metabolite in the plant kingdom. Moreover, MEL synthesis occurs from tryptophan, 5-hydroxytryptophan, serotonin, and
ultimately N-acetylserotonin. In addition, MEL can similarly be produced by O-serotonin methylation followed by N-
methoxytryptamine acetylation in yeast 2,

MEL has been described in seeds such as rice and sweet corn, roots, leaves and fruits of a considerable variety of plants.
In fact, it is present in some fruits [Bl. The presence of MEL has also been described in olive oil, especially in extra virgin
olive oil, and in sunflower oil ¥, In addition, the presence of MEL in grapes and wines has been recently described. Iriti et
al. BB detected various amounts of MEL in different grape varieties. These authors described concentrations from 0.005
ng/g to 0.9 ng/g. Moreover, MEL has been found in even higher concentrations (245-423 ng/mL), in ten single-varietal
wines [8l. MEL and its isomers, despite not being present in grape musts, were detected in different finished wines. Finally,
some experimental winemaking methods revealed that MEL is formed after inoculation with yeast, with the role of
Saccharomyces cerevisiae being crucial 8,

MEL can even exert several beneficial effects for health in humans, demonstrating antioxidant, anticarcinogenic,
immunomodulatory and neuroprotective action. On the other hand, the biological activities of the most important MEL
metabolites, N-1-acetyl-N-2-formyl-5-methoxyquinuramine (AFMK) and N-1-acetyl-5-methoxyquinuramine (AMK), have
also been studied. AFMK is considered a powerful antioxidant, providing protection to DNA and lipids against oxidative
damage through diverse metabolic pathways. Instead, AMK is also a potent antioxidant that is able to inhibit the
biosynthesis of prostaglandins by binding to diazepam receptors 4.

As is the case with many secondary metabolites, MEL is able to stimulate endogenous antioxidant enzymes and/or
counteract free radicals (both in vitro and in vivo). Moreover, MEL is capable of capturing reactive oxygen species, such
as peroxynitrite 81 and even hydrogen peroxide in a dose-dependent way &, as well as demonstrating antioxidant
capacity in vitro through the ABTS* method 29,

Studies in vivo have also demonstrated its antioxidant effect. When administered in mice it was observed that MEL was
able to reduce chronic oxidative stress related to aging 11, and that it could even reduce blood pressure in men with
chronic hypertension 12!,



The role of MEL as a neuroprotective agent is also relevant. It has been successfully tested in sleep disorders, helping to
restore circadian rhythm, and is especially effective in patients with neurodegenerative diseases. Several trials have been
conducted with the aim of mitigating the consequences of diseases such as Alzheimer's, Parkinson's, Huntington's
disease or amyotrophic lateral sclerosis, obtaining satisfactory results. Finally, MEL has also managed to inhibit the
fibrinogenesis process significantly 1311141,

The amphipathic character of MEL allows it to cross physiological barriers, being present in the cytosol, mitochondria and
different biological membranes 12, Therefore, MEL provides the antioxidant defense where it is needed.

| 2. Melatonin, Bioavailability, and Pharmacokinetics
2.1. Bioavailability

MEL absorption shows site dependency in the intestinal tract, being mainly absorbed in the rectum and the ileum.
However, the absorption behaviors of MEL are more complicated when simultaneously dosed with excipients. Moreover,
the absorption rate of MEL can be affected by the tissue damage, the formation of micellar complexes—characterized by
NMR analysis—, the distribution of the particle size. For example, higher sodium cholate and sodium oleate
concentrations are able to decrease the absorption of MEL due to the formation of micellar complexes, notwithstanding
histological tissue injury. It is important to note that new insights in absorption of MEL and effects of common
pharmaceutical excipients could be valuable for oral dosing in clinical pharmacokinetics in addition to stablish new oral
formulations.

The elimination stage of orally administered MEL is biphasic, with a half-life of about 0.45-1 h depending on the
administered dose, a fact that could be probably explained by the possible saturation of catabolic pathways. The
differences observed on elimination half-life regarding age are probably due to the differences in metabolism. Finally, MEL
is partially insoluble in water and it could influence the dissolution into the gastrointestinal tract 261,

MEL is inactivated in the liver by 6-hydroxylation, followed by sulfate and glucuronide conjugation, which leads to its main
urinary metabolite 6-sulfatoxymelatonin 2. It is important to note that liver clears more than 90% of the plasmatic MEL
and is the primary site for its metabolism. MEL is originally hydroxylated before being excreted in urine as sulfate and, to a
minor extent, as glucuronide conjugates.

The excretion of urine 6-sulfatoxymelatonin meticulously matches plasmatic MEL profile and only about 1% of circulating
MEL is finally excreted in the urine without changes. 3-Hydroxymelatonin is also detected in urine and could denote the
generation of the OH" radical. In addition to reduced pineal secretory activity, subjects with liver cirrhosis show a minor
MEL clearance, with the consequent postponed rise of plasmatic MEL peak and augmented daytime concentration of
MEL.

The plasmatic profile of MEL shows wide intersubject variation. However, it is actually reproducible daily in the same
person on behalf of one of the most robust circadian rhythms. It provides a good evaluation of MEL secretion if absence of
renal or hepatic function is normal.

In some people, the nocturnal secretion of MEL is really short or even absent. The concerns of reduced MEL secretion on
susceptibility to rhythmic organization and morbidity are still unknown. Plasmatic MEL is mainly bound to albumin (70%)
and, to a minor extent, to orosomucoid, reaching every tissue—and is able to cross the blood-brain barrier—and
modulating brain activity (L8],

Matthews et al. 19 studied MEL metabolism in healthy volunteers. Urinary concentration of 6-sulfatoxymelatonin was
similar in men and women (ranging from 6.3 to 30.9 mg/24 h). There was marked rise in nocturnal 6-sulfatoxymelatonin
with > 80% of the total 24 h excretion comprised in the first urine sample. Following intravenous administration of MEL (1
mg), 99.7% was excreted within the first 24 h.

2.2. Pharmacokinetics

The bioavailability of MEL has been studied and very well described by the literature, showing an absorption reaching up
to 33% after oral administration. However, the efficacy of MEL is still uncertain, needing more studies that to prove the
good availability of MEL.

MEL has a noticeable hepatic uptake, reducing bioavailability if it is orally administered. Moreover, MEL was determined
for healthy individuals and patients with cirrhosis, establishing a normal MEL production of 28.8 mg/day for the healthy
population, and 12.3 mg/day for cirrhotic patients 2. Kennaway et al. [21 reported the effect of possible structural



modifications of MEL on plasmatic MEL half-life, showing a major uptake of 6-hydroxyMEL sulfate 22, Golovanov et al.
(23] stydied the pharmacokinetics of MEL administered orally, intravenously or intramuscularly in rabbits and dogs. The
maximum plasmatic concentration was achieved earlier and clearance from the blood was faster in rabbits than dogs for
both oral and intravenous MEL. In fact, dogs showed higher area-under-the curve after oral MEL administration than
rabbits. Therefore, the bioavailability was bigger for dogs than rabbits. After intramuscular MEL treatment, bioavailability
between the species showed to be similar in both cases.

The clearance of MEL has been studied in man after intravenous injection of 5 or 10 mg and after 5 hours infusion of 20
mg, showing biexponential decline 24!, Le Bars et al. [23 reported plasmatic pharmacokinetics of MEL, showing maximum
activity in the brain after the injection of 9.5 mg/kg. The results of that study confirmed that MEL freely crosses the blood—
brain barrier and that 6-sulfatoxymelatonin is the major plasma metabolite that can be found. Cavallo et al. 28] performed
a pilot study on adult males showing dose linearity, absence of saturation kinetics, and unaltered metabolism and urinary
excretion for doses of 0.1, 0.5 and 5.0 mg/kg. The results of the pharmacokinetic study confirmed no significant gender
differences in adults.

The review of the literature specifies that oral bioavailability of MEL in humans and animal models reveals that the
apparent elimination half-life of MEL following intravenous dose of 3 mg/kg was 19.8, 18.6, and 34.2 min, respectively, in
rats, dogs, and monkeys 24, Fluvoxamine is a selective serotonin reuptake inhibitor that is known to increase plasmatic
MEL concentration. However, it is not clear whether these effects might be attributed to increased MEL production or
decreased removal of plasmatic MEL. The last hypothesis was examined by Hartter et al. 28, who coadministrated
fluvoxamine to a 17-fold high serum concentration. Haertter et al. (22 studied the influence of concomitant caffeine intake
on the pharmacokinetics of oral MEL, showing a noticeable effect of caffeine on the bioavailability of oral MEL.

MEL shows volatile absorption from the gastrointestinal tract and—as commented before—extensive first-pass hepatic
metabolism. Therefore, oral bioavailability of MEL varies widely between different subjects. MEL distribution follows on
open one—or two—compartments, while its elimination may be described by biphasic first order kinetics £,

MEL is typically administered orally at doses of 1-5 mg, which leads to pharmacological concentration in plasma. It has
been reported that oral administration of 0.3 mg given 2—4 h before bedtime leads to normal nighttime plasmatic MEL
concentration B1l. In addition,180 min after oral administration of 80 mg of MEL, plasma MEL concentration increases with
an absorption half-life of 0.4 h and an elimination half-life of 0.8 h [22. There have been observed huge interindividual
variations among subjects for MEL absorption (reaching even 25-fold differences). It is important to note that plasmatic
MEL and half-life change depending on the dose, time of administration, and the type of oral preparation used 23,
Moreover, the MEL receptor sensitivity is increased between 17.00h and 20.00 h B4 The preservation of the high-
amplitude circadian rhythm of MEL, with its high nocturnal concentration and low daytime concentration, is critical for the
therapeutic treatment with exogenous MEL.

| 3. Melatonin in Fermented Products

MEL concentration varies from picograms to ng/mL of product in fermented beverages such as wine and beer. Although
the concentration is low it seems that these concentrations are sufficient in the dietary intake to measure their effects by
different methods. Although the MEL content can vary in different non-fermented products, it seems clear that the
alcoholic fermentation process is decisive for the formation of MEL, since it is generated after inoculation with yeasts, the
role of Saccharomyces cerevisiae being crucial 2!,

3.1. Quantity of MEL in wines

MEL concentration varies with fermentation, presenting its highest value between the first and second day of fermentation.
It should be taken into account that several factors can affect the concentration of MEL in red wine, such as
agrochemicals used, winemaking practices, fermenting microorganisms or even the composition of the grapes used 38,

Several authors have described the presence of MEL in wines, as shown in Table 1 BZ. Mercolini et al. found values of
0.4 and 0.5 ng/mL in Sangiovese red wines and Trebbiano white wine B8, and found 0.3 and 0.5 ng/mL in varieties of
Albana grappa and grape juice B9, Stege et al. found values of 0.16 ng/mL for Malbec red wine, 0.24 ng/mL for Cabernet
Sauvignon red wine and 0.32 ng/mL for Chardonnay white wine 29, Vitalini et al. ¥4 values of 4.1 and 8.1 ng/mL for
Gropello and Merlot wine varieties, respectively. Rodriguez-Naranjo et al. found values between 74 and 322 ng/mL for
Presses wines (Sauvignon, Merlot, Syrah, Tempranillo and Tintillo de Rota) and between 250 and 340 ng/mL for Racked



wines (Sauvignon, Merlot, Syrah, Tempranillo, and Tintilla de Rota) . Vitalini et al. found values between 0.14 and 0.62
ng/mL for varieties of single-variety red wines, 0.05-0.31 ng/mL for polyvarietal red wines, 0.18 ng/mL for white wine and
between 0 and 0.31 ng/mL for Dessert wines and 0.11-0.13 ng/mL for Modena balsamic vinegars .

Table 1. MEL content in different types of wines depending on grape variety, country and harvest. Adapted from Meng et

al (42],

Wine Variety Country Vintage MEL Content (ng/mL) Reference
Sangiovese Red Wine 0.4

Italy 2005 [38]
Trebbiano White Wine 0.5
Albana Grappa 0.3

Italy 2009 [43]
Grape Juice 0.5
Malbec Red Wine 0.16
Cabernet Sauvignon Red Wine Argentina 2005 0.24 [40]
Chardonnay White Wine 0.32
Gropello 4.1

Spain 2009 [41]
Merlot 8.1
Presses Wines Spain 74-322

2008 [6]

Racked Wines Italy 250-423
Monovarietal Red Wines Italy 2009 0.14-0.62
Polyvarietal Red Wines Italy 2010 0.05-0.31
White Wine Italy 2010 0.18 [36]
Dessert Wines Italy 2007 0-0.31
Modena Balsamic Vinegars Italy 2008 0.11-0.13

In a study where tryptophan and certain metabolites, including MEL, were simultaneously analyzed in several types or red
wine, MEL values ranged from 0.038 + 0.001 g/L to 0.063 + 0.004 g/L , data consistent with those shown by Vitalini et al.
as 0.05-0.062 g/L .

It should be noted that the presence of MEL in the grape is not always reflected later in the wine, as shown in a study of
Goémez et al. 44 where the concentration of MEL of the grape was 120-160 ng/g and yet in the wine of those grapes there
was no longer MEL but a MEL isomer that ranged from 18 to 24 ng/g.

It is important to remark that the oral bioavailability of MEL after intake of a glass of wine is not known, which is not the
case for polyphenols, perhaps due to the complex food matrix that may influence the absorption of active metabolites,
since it is in the form of a supplement that is consumed at high doses and has been known for years 43, However, the



presence of ethanol seems to improve the amount of MEL, given its solvent ability, by improving the permeability of
membranes 3],

Varoni et al. evaluated the serum MEL levels after administering a wine enriched with MEL vs a wine with placebo in
humans and it was observed that the maximum MEL concentrations were within 60 minutes, being 8.7 + 2.2 pg/ min for
the MEL group and 6.7 £ 0.6 pg/ min for placebo wine, obtaining an area under the curve of 993 + 162 vs 745 + 88 pg/min
of the MEL vs placebo group, respectively, without observing significant differences. As for salivary concentration, the
peak was reached at 45 min after MEL intake, also without statistical significance, returning after 120 min to placebo
levels.

3.2. Quantity of Melatonin in Beer

Beer is part of the usual consumption of a large number of people, and is characterized by having a wide variety of
bioactive nutraceutical and phytochemical compounds such as polyphenols and antioxidants presenting B-complex
vitamins, ascorbic acid, citric acid, etc. As for the MEL content present in beer, a study of 18 brands of beer present on the
market, featuring different alcohol content, showed how all beers featured MEL being directly proportional to the alcohol
content at higher MEL content, with values varying from 51.8 + 2.2 pg/mL—non-alcoholic beer—to 169.7 + 8.7 pg/mL—
beer. Such an effect could be due to the solubility of MEL in alcohol. Another study of 20 varieties of beer showed that
MEL content ranged from 58 + 1.44 pg/mL in beverages with 0—2% volume of alcohol to 169 + 2.4 pg/mL in beers with 7—
7.8% volume of alcohol, data consistent with the previous study. In addition, another study produced beer by hand and
measured the concentration in the different manufacturing processes obtaining a final value of 333 pg/mL in a beer of 5%
volume of alcohol after the second fermentation, which are values that are three times higher than commercial beers 48!,
In terms of composition, high levels of MEL (339 £ 9 pg/mL) were found in barley of concentrated musts versus low
amounts in hops 33 + 10 pg/mL ¥ |t seems that what happens in wine, where the concentration of MEL is attributable to
the fermentation process rather than the content of the grapes, is different in beer, where it can be attributed to the
content in barley.
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