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Increased consumption of energy-dense foods such as fructose-rich syrups represents one of the significant, growing concerns
related to the alarming trend of overweight, obesity, and metabolic disorders worldwide. Metabolic pathways affected by
fructose involve genes related to lipogenesis/lipolysis, beta-oxidation, mitochondrial biogenesis, gluconeogenesis, oxidative
phosphorylation pathways, or altering of circadian production of insulin and leptin. Moreover, fructose can be a risk factor
during pregnancy elevating the risk of preterm delivery, hypertension, and metabolic impairment of the mother and fetus.
Melatonin is a chronobiotic and homeostatic hormone that can modulate the harmful effects of fructose via clock gene
expression and metabolic pathways, modulating the expression of PPARγ, SREBF-1 (SREBP-1), hormone-sensitive lipase, C/
EBP-α genes, NRF-1, PGC1α, and uncoupling protein-1. Moreover, this hormone has the capacity in the rat of reverting the
harmful effects of fructose, increasing the body weight and weight ratio of the liver, and increasing the body weight and
restoring the glycemia from mothers exposed to fructose. The aim of this review is to show the potential crosstalk between
fructose and melatonin and their potential role during pregnancy.

1. Introduction

The cooccurrence of several metabolic problems affecting the
population has been described, including obesity, hypergly-
cemia, dyslipidemia, and hypertension, all of which lead
and also increase the risk of death [1]. Increased consump-
tion of energy-dense foods and sugar-sweetened beverage
represents one of the significant, growing concerns related
to the alarming trend of overweight, obesity, and metabolic
disorders worldwide. There are currently various sugars that
are added to foods as supplements to improve the commer-
cial properties of some products; among them are sucrose,
fructose, and honey [2]. However, there has been an increase
in the consumption of fructose-rich syrups for 50 years and it
today oscillates around 40% of daily sweetener consumption
[2]; this is due to the high sweetening power of fructose over
other available sugars such as glucose [2]. Fructose-rich
syrups are derived from maize (fructose 42–55%) and exhibit
a strong sweetening power, ranging from 1.16–1.28 times
compared to glucose (0.76) [2], which explains thewidespread

use of this sugar in the food industry. Fructose consumption
has gone from an average intake of 8.1 kg/person in the 90s
to a consumption of 65 kg/person per year during 2016 [3],
and probably, these analyses may underestimate the actual
fructose consumption [4], which could represent 18% higher
than the estimated to date [5].

Fructose was considered an ideal sugar to supplement
foods, due to its low glycemic index in function of its rapid
incorporation to glycolysis and the bypass that makes on
the activity of hexokinase, allowing its rapid metabolic
incorporation. However, it has been observed that excessive
fructose consumption increased the risk of insulin resis-
tance and lowering postprandial peak blood glucose level.
Also it induces a high circulating level of low-density
lipoprotein (LDL), elevated triglycerides, and increased risk
of developing obesity [3, 6, 7]. If this consumption of
fructose is with excessive intake of fats, the rise of resistance
to leptin hormone, hypertension, and cardiovascular disease
will happen [8, 9]. Finally, several of these alterations lead
to the appearance of metabolic syndrome, enhanced with
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the possible intracellular glucocorticoid production of
adipose tissue [9].

2. Fructose and Metabolism

Fructose is a ketohexose that can be present in many fruits
via hydrolysis of sucrose; uptake in the intestine occurs via
several glucose transporters that had the capacity to a greater
or lesser degree to transport the fructose such as transporters
Sglt1 and glucose transporter-5 (GLUT-5) [2]. However,

during the year 2009, employing confocal microscopy in a
mouse intestine, dense labeling of Glut-5 in the hairy portion
of the jejunum was observed suggesting that this transporter
could be the main protagonist of fructose transport [10].
With this observation plus a series of radioactive labeling
experiments of C14-labeled sugars, 75% of the absorbed fruc-
tose occurs through the GLUT-5 transporter [10]. GLUT-5 is
expressed not only in the intestine [11] but also in other cell
types such as skeletal muscle [12, 13], kidney [11], adipose
tissue [14], and pneumocyte [15], suggesting the ubiquitous
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Figure 1: Metabolization of fructose in the liver cell. The main transporter of fructose in the liver is Glut-2, which translocates ketohexose to
the cytoplasm and is transformed by the enzyme fructokinase to fructose-1-phosphate. After that, it is split into dihydroxyacetone phosphate
and glyceraldehyde (triose phosphates). The final step is the production of pyruvate and their transformation to acetyl-CoA by pyruvate
dehydrogenase; the latter product is a critical substrate for de novo lipogenesis.
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ability of fructose uptake in the body. The highest percentage
of fructose from fructose-containing food passes into the
bloodstream through the transport of fructose/glucose via
GLUT-2 transporter in the basal side of the enterocyte [16],
following an increase in the portal circulation of fructose
approximately twofold (0.025 to 0.05mM) and finally pro-
ducing an increase of about four times at a systemic level [17].

Uptake of about 50–70% of the circulating fructose is
made by the liver [17] suggesting that the dominant player
in the metabolism of fructose is hepatocyte. Fructose is
uptake by the liver via GLUT-2 [18] or to a lesser degree,
given of GLUT-5 [19]. Hepatic fructose is converted to
glyceraldehyde and dihydroxyacetone, and both molecules
can be transformed to glyceraldehyde-3-phosphate and
advanced via glycolysis to pyruvate (inhibiting glycolysis)

and converted via dihydroxyacetone into glycerol-3-
phosphate and finally into acetyl-CoA and lead to the synthe-
sis of VLDL fatty acids and lipoproteins [20] (see Figure 1).
At the level of peripheral tissues, such as muscle, uptake of
fructose can be made via GLUT-5 [12, 13]. However, muscle
cell does not express fructokinase, and the high value of Km
of hexokinase for fructose suggests that this pathway is not
critical for fructose metabolism [21].

Curiously, fructose supplementation of foods induces a
higher absorption of fructose (positive feedback), through
an increase in the transport of fructose by GLUT-5 of the
enterocyte and by inducing the transcriptional activation of
the GLUT-5 gene in about seven times [10]. The positive reg-
ulation of fructose uptake by GLUT-5 also can be induced by
glyceraldehyde supplementation [16] indicating that GLUT-
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and UCP1 [1, 48–50]. The molecular inhibition of PGC1α, PPAR α, NRF, SIRT1, and UCP1 by fructose [8, 22, 26, 28, 29, 32, 82, 83] can
be reverted by melatonin exposition [44, 51, 54–56]. Similarly, melatonin reverted the chrono-disruption, hyperuricemia, hypertension,
and impaired expression of clock genes [72–74, 84–86], finally modulating the negative effects of fructose on metabolism.
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5 expression not only is dependent on its ligand but also is a
product of fructose metabolism.

3. Consequences of Excessive Consumption of
Fructose: A New Risk
Factor during Pregnancy

At a molecular level, chronic exposition to fructose induce an
upregulation of sterol regulatory element binding protein-1

(SREBP-1c) and the enzyme acetyl-coenzyme A carboxyl-
ase that can lead to increase of fat synthesis and hyperuri-
cemia by high degradation of AMP and depletion of ATP
content in the liver, all caused by the excessive synthesis of
fructose-1-phosphate, a consequence of the excessive incor-
poration of fructose into blood circulation [8] which adds
to liver inhibitions of NRF-2 (antioxidant transcription
factor and liver steatosis inhibitor) and PGC1α expression
[22] and stimulation of gluconeogenesis via FOXO1 and
PEPCK expression [23]. All of which can also produce
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Figure 3: Effects of fructose and fructose plus melatonin over mothers and newborns in body weight and blood glucose levels. (a and b) show
the body weight ratio (a) at term compared to the first day of pregnancy and blood glucose level (b) from 4 mothers maintained with standard
diet (control) or supplemented daily with fructose (n = 4) or fructose plus melatonin (fructose +Mel, n = 4)). (c and d) show the body weight
(c) and blood glucose level (d) from newborns (3–5 days). Wistar rats (200–250 g) were fed daily with standard diet (pellet) or supplemented
with fructose-rich syrups equivalent to 2.7 g/kg/day (Great Value, USA) or fructose plus melatonin (Sigma-Aldrich, USA). Melatonin
supplementation was given daily in drinking water at 0.1mg/kg/day beginning at the third week and maintained after mating.
Measurement of body weight and glycemia was performed from newborns euthanized by decapitation. We obtained the blood sampling
in the tail tip, previously gently massaging the tail, and then using the Accu-Chek test strip system for glycemia measurement. The weight
of the mothers as expressed with the ratio between body weights at term versus the first day after mating (grams at term/grams at day 1).
∗Different from control, P < 0 05, one-way ANOVA, Newman–Keuls posttest. ∗∗Fructose versus fructose +melatonin. The protocol was
approved by the Ethics Committee of the University of Bío-Bío.
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an increased risk of insulin resistance, a high circulating
level of LDL, elevated triglycerides, increased risk of devel-
oping obesity [3], and rising resistance to leptin [8]. Sim-
ilarly, the acute consumption of fructose in obese subjects
showed an elevation of weight and liver fat, stimulation of
de novo lipogenesis, insulin secretion, and decreased hepatic
β-oxidation [24].

The absorption of fructose in the intestine occurs in
parallel with the uptake of NaCl, and curiously, an increase
of absorption in about 25% is detected in the presence of
fructose. The final output of that is an increase in body
volume due to the sodium hydration cloud, resulting in a sig-
nificant rise in systolic pressure by approximately 10% [10]
and finally hypertension [8, 25]. During pregnancy, fructose
consumption may increase the risk of preterm delivery in
an animal model [3] and can be associated with high levels
of homocysteine [26], suggesting a possible vascular alter-
ation associated to hypertension and, if we extrapolate to
human pregnancy, a possible preeclampsia [27]. Moreover,
fructose consumption during pregnancy increases the plas-
matic uric acid level [28] and the body-mass-and-liver ratio.
Besides, fructose increases the circulating levels of glucose,
insulin, free fatty acids, triglycerides, cholesterol, lipase,
insulin, TNFα, and IL-β. In the liver, fructose induces
hepatic steatosis by overexpression of the SREBP-1c and
FASN and a decrease in the expression of PGC1α, PPARα,
and phosphoenolpyruvate carboxykinase [26, 29]. Also in
the liver, fructose induces mRNA expression from Glut-2,
Glut-5, fatty acid synthase (FAS), and acetyl-CoA carboxyl-
ase (ACC1) [29]. Those metabolic symptoms are more
severe in ovariectomized animals where the triglyceride
levels are three times higher than the control diet. Effects
partially reverted in ovariectomized animals supplemented
daily with estradiol [30], suggesting that estradiol can pro-
tect against the adverse effects of fructose [31] or eventually
hypertension [30].

Fructose also increases in about 2-fold the insulin
levels in term-pregnant rats, raising plasma levels of fruc-
tose in embryos and newborns by about 1200 and 600
times, respectively. Moreover, fructose decreases placental
mass by about 10% [8], inhibits the placental expression of
NRF-2 and heme oxygenase-1 (HO-1), and induces oxidative
stress and a high level of lipid peroxidation in the liver of
fetuses [28]. Additionally, during labor, fructose consumption
has been shown to induce increased pyruvate and lactate con-
tent in newborns and increases maternal acidosis, elevating
the risk of developing complications during labor.At the same
time, increased glycemia, stimulation of gluconeogenic
enzymes, triglyceridemia, high levels of expression of
enzymes ACC2 and carnitine palmitoyltransferase (CPT1a),
decreased antioxidant enzymes and promoter cofactors
of β-oxidation-like PGC1α (major regulator of mitochon-
drial biogenesis) and PPARα [8], and acetyl-coenzyme A
carboxylase [8] are observed. Similarly, in newborns at 3
weeks old, an increase in body weight, blood glucose, insulin
blood, and liver triglyceride [32] is detected and later (at 9–16
weeks of age), an increase in systolic blood pressure [33, 34]
and hypoglycemia and an increase in the liver expression of
phosphoenolpyruvate carboxykinase are observed [26]. The
several adverse effects of fructose described during fetal/
neonatal life suggest to fructose is a high-risk factor during
the pregnancy.

4. A New Role of Melatonin: Inhibiting the
Metabolic Effects of Fructose

4.1. Melatonin and Metabolism. Melatonin is a lipophilic
indoleamine hormone synthesized by the pineal gland that
shows a plasmatic peak during dark hours that gives chro-
nobiologic information for the circadian organization of
metabolism. A second function proposed for melatonin is a
homeostatic role, regulating several aspects of fetal physiology
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Figure 4: Effects of fructose and fructose plus melatonin in the heart/body weight ratio (a) and liver/body weight ratio (b) of the
newborns (3–5 days), from mothers fed daily with standard diet (control) or supplemented with fructose-rich syrups or fructose plus
melatonin. ∗Different from control, P < 0 05, one-way ANOVA, Newman–Keuls posttest. ∗∗Fructose versus fructose +melatonin. The
protocol was approved by the Ethics Committee of the University of Bío-Bío.
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such as the development and maintenance of fetal physiology
or pregnancy. The third function of melatonin is to modulate
the redox status, via scavenger activity or regulating the
expression of antioxidant enzymes [35]. Melatonin acts
through membrane receptors named MT1 and MT2, and
both are G protein-coupled receptors; MT1 is associated
with Gi protein and inhibition of adenylyl cyclase and
stimulation of Ca2+-phospholipase C, whereas the MT2
receptor is associated with protein kinase C stimulation
and increase of Ca2+-IP3 [35]. Curiously, the concentration
of melatonin in mitochondria is higher than blood, and
this elevated concentration can be induced by PEPT1-2
transporter or the tissue-specific endogenous synthesis of
melatonin by mitochondria [36, 37].

The inner membrane of mitochondria is the site of the
final step in electron transport of oxidative phosphorylation
and is the site of reduction of O2 to water by a cytochrome
c oxidase (complex IV), but a dissipation of electrons by
complex I and III and generation of incomplete reduced oxy-
gen species such as superoxide, hydrogen peroxide, and
hydroxyl radical are occasionally observed [36–38]. The ele-
vated concentration of melatonin observed in mitochondria
can be helping in antioxidant protection, due to its free
radical scavenger capacity [36, 37] or the potential signal
transduction andmodulation of complex I activity, generated
by the MT1 or MT2 receptors expressed in the inner mem-
brane of the mitochondria [37, 39]. Also, the expression of
antioxidant enzymes such as GPx, GRd, SOD, and iNOS
[38, 40, 41] can be modulated by melatonin, giving the capac-
ity for antioxidant protection from carcinogen substances
such as safrole, Fenton’s reagents, glutathione depletion, car-
bon tetrachloride, and ionizing radiation and reduces the
toxicity of cyanide and hydroperoxide production [38, 42].
Moreover, melatonin inhibits mitochondrial permeability
transition pore opening and the apoptosis induced by
cytochrome c release [40, 41, 43].

Mitochondria are a critical protagonist of cell metabolism
and bioenergetics pathways such as fatty acid β-oxidation,
pyruvate oxidation, citric acid oxidation, and amino acid
oxidation together with the protein carriers of oxidative
phosphorylation (inner membrane). Curiously, mitochon-
drial dysfunction observed in obesity, diabetes, metabolic
syndrome, and dyslipidemias showed a reduction of mito-
chondria number after high-fat feeding [40], reduction of
mitochondrial size, and mitochondrial fission in diabetic
mice [44]. Melatonin has the capacity to increase the activity
of mitochondrial complex I and IV, elevate the synthesis of
ATP in a dose-dependent manner [36], revert the progressive
reduction of mitochondrial oxygen consumption during
sepsis [45], and restore the GSH, GPx, and GRd activities in
mitochondria after redox insult during sepsis [46].

At the supraphysiological level, the circadian production
of melatonin by the pineal gland gives the temporal signal for
the metabolic organization of glucose, lipid, and adiposity
[47]. Studies in the suprachiasmatic nucleus of the hypothal-
amus have shown that the uptake of 14C-deoxyglucose is
almost imperceptible during night hours but the pattern of
glucose uptake reaches a maximum during light hours, which
allows the 24 h oscillation of cell transcriptome [48]. At the

molecular level, circadian rhythms are governed by a tran-
scriptional/translational circuit of genes called clock genes,
which are named Bmal-1, Per-1–3, Clock, Cry1-2, and the
modulating factors PGC1α and Rev-erbα [1]. The clock
genes Bmal-1/Clock can be linked to consensus sequence
sites on promoters from Per and Cry genes or over promoters
of genes controlled by Clock such as hexokinase [35] or reg-
ulate the expression of a cofactor and coregulator such as his-
tone acetyltransferase p300/CBP. All of which determine the
circulating levels of hormones related to metabolisms such as
insulin, glucagon, growth hormone, glucocorticoid, and thy-
rotropin [48]. Impaired circadian rhythms by nocturnal
exposure to light and suppression of the hormone melatonin
are known as “chrono-disruptions” and have been associated
with metabolic diseases such as increased risk of type 2 diabe-
tes, increased weight gain, hypertrophy of adipose tissue,
gestational diabetes, and dyslipidemia [1, 48, 49]. Moreover,
the total inhibition of circadian clock by knockdown of clock
genes results in inhibition of insulin response and ectopic
accumulation of fat. Besides the decrease in numbers of mito-
chondria, downregulation of oxidative phosphorylation and
lowering of the expression of GLUT-4, hexokinase type 2
(HK-2), and phosphofructokinase and lowering of postpran-
dial glucose uptake [50] and decreased activity of pyruvate
dehydrogenase [49] and hypoglycemia due to the uncoordi-
nated expression of genes that regulate glycogenolysis are
observed [49].

A rat exposed to melatonin reestablishes the diurnal loco-
motor activity circadian rhythms, glycemia, and insulinemia
inhibited by diet-induced obesity [51]. Moreover, the noctur-
nal administration of melatonin reduces the insulin produc-
tion, food intake, and body weight gain [52]. Similarly, male
rat feeding with diet-induced obesity and exposure to mela-
tonin have been observed with a reduction in body mass
and visceral adiposity [53]. Moreover, the combination of
melatonin and metformin produces a synergistic effect on
body mass, suggesting that melatonin prevents the metabolic
disease [51]. At the molecular level, melatonin can increase
the expression and activity, via a melatonin receptor, of
SIRT1 and inhibit the acetylation of PGC-1α after cadmium
treatment in hepatocyte culture [54], suggesting the ubiqui-
tous effects of melatonin. However, different reports talk in
detail how melatonin could modify the metabolism related
to lipogenesis and lipolysis in the animal model. For example,
treatment with high concentration of melatonin (1mM) in
the adipose cell (crucial in the development of metabolic syn-
drome) induces the differentiation and the formation of
small lipid droplets and mitochondria. Moreover, it enhances
the expression of PPARγ and C/EBP-α genes and induces the
lipolysis similar to that induced by isoproterenol via stimula-
tion of expression of hormone-sensitive lipase (HSL), NRF-1
(nuclear respiratory factor-1), PGC1α, and uncoupling
protein 1 (UCP-1)—a marker of brown adipose tissue [55].
Similarly, melatonin in oocytes induces the increase of
amounts of lipid droplets and mitochondria, reduces the size
of lipid droplets, and stimulates the lipogenic, lipolytic, and
β-oxidation pathways inducing the expression of PPARγ,
SREBF-1 (SREBP-1), PGC1α, and hormone-sensitive lipase
[56]. In contrast, the brown adipose tissue (BAT) from
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newborn showed an induction of the expression PGC-1α,
UCP-1, PPARα, PPARγ, and C/EBP-α genes in animals with
mothers exposed to constant light (inhibitor of melatonin
production) [57].

Curiously, subjects with metabolic syndrome and type 2
diabetes, are detected to have a melatonin/insulin ratio lower
than lean people, 9.64 for subjects with metabolic syndrome
and type 2 diabetes and 15.36 for lean people [58], and obese
nondiabetic subjects showed a night melatonin concentra-
tion higher than those of lean patients and type 2 diabetes
patients [59]. Moreover, in rat treated 15 days with
melatonin, restoration of the specific activities of hepatic
hexokinase, glucokinase, and glucose 6-P dehydrogenase
from streptozocin-diabetic rats [60] is observed, and treat-
ment with melatonin has the capacity of stimulating SIRT3
activity which deacetylates other metabolic genes such as
FOXO3A, SOD2, and tricarboxylic acid enzymes [61].
Besides, melatonin suppressed the Warburg metabolisms of
cancer, via the inhibition of glucose uptake, lactate, and
LDH activity and increase in glycogen reservoirs in sarcoma
cells [62]. Similarly, in rat Sertoli cells, melatonin decreased
LDH protein levels, lactate production, and alanine produc-
tion and induced acetate content (essential for the mainte-
nance of a high rate of lipid synthesis) [63]. Besides, it
restores the mitochondrial function over metabolism, plays
a role in deciding stem cell fate of adipose-derived stem
cells, and inhibits adipogenic differentiation via inhibition
of expression of PPARγ, C/EBPα, and lipoprotein lipase
[64, 65]. However, melatonin is critical for circadian
expression of PPARγ in mature adipose tissue [66], sug-
gesting temporal and tissue-specific effects of melatonin
during differentiation.

4.2. Fructose and Chronobiologic Metabolism. At the circa-
dian level, excess fructose at inadequate hours has been found
to alter the individual’s metabolic and circadian response, as
observed in mice fed with fructose during daylight hours,
where there is an increase in levels of insulin and leptin by
about 50%, compared to mice fed with fructose during dark
hours [67]. At the same time, mice feeding during the day
or night hours for six weeks induce an increase of body
weight in about 1.8 and 1.3 times higher, respectively, than
ad libitum [67]. At the liver level, fructose inhibits the circa-
dian rhythm of Bmal-1 and causes a delay in the peak expres-
sion of Per-1 and Clock in about 9 and 2 hours, respectively.
At the same time, it reduces the amplitude of Bmal-1 and
Per-1 expression and decreases the rate of phosphorylation
of pAMPK and p-ACC, critical enzymes in the inhibition of
translocation of fatty acids to mitochondria, and its subse-
quent β-oxidation, finally inducing the synthesis of lipids in
the liver [68]. At the muscle level, fructose induces an
increase in the amplitude of oscillation of the Per-1 and
Bmal-1 genes and an increase in the phosphorylation ratio
of pAMPK, p-ACC, and the expression of transcription fac-
tor PPARα (stimulator of β-oxidation) which results in an
inhibition of translocation of fatty acids to the mitochon-
dria and thereby increasing the availability of substrate
for β-oxidation [68]. This previous metabolic desynchroni-
zation adds the observation in patients treated with

fructose-sweetened beverages, where the area under the curve
during 24 hours (AUC) of plasma glucose and insulin levels is
lower than those of patients who drank glucose-sweetened
beverages. Concurrently, these fructose-sweetened beverages
induce an increase in triglyceride production (AUC), indicat-
ing a potential correlation between the circadian system and
fat metabolism modified by fructose [69].

Melatonin is a chronobiologic and homeostatic agent in
different physiological systems [35], able to inhibit the
expression of clock genes, as it happens with the inhibition
of Bmal-1 and Per-2 in the adrenal gland [70, 71]. Thus, it
can modify the circadian functions of different physiological
systems. In experiments performed with mice of 6 weeks
feeding with fructose plus melatonin, melatonin reverted
the effects of visceral fat accumulation, the increase in leptin
and uric acid and insulin resistance, and the increase in blood
pressure by fructose treatment with melatonin [72, 73]. Also,
melatonin has been shown to have a vasodilatory effect on
the cerebral arteries of sheep fetuses [74] which has been
reverted in the newborn whose mothers were feeding with
fructose-rich diet, reverting hypertension and increased
renal expression of the soluble epoxide hydrolase enzyme
(correlated with hypercholesterolemia) as well [75].

Due to the several effects of melatonin on metabolism
and the potential crosstalk with fructose (see Figure 2), we
speculate that melatonin can modulate the adverse effects
of fructose; for this purpose, we maintained pregnant
rats with standard diet, high-fructose diet alone, or
high-fructose diet plus melatonin. The mothers exposed to
fructose induce an increase in body weight similar to that
observed previously by Yuruk and Nergiz-Unal [32], and
for the first time, we observed an enhanced effect of fructose
by melatonin (Figure 3(a)), similar with the increase in body
weight by melatonin observed previously in patients with
mood disorder treated with antipsychotics [76]. Moreover,
we detected in mothers, exposed to fructose, a low level of
blood glucose (Figure 3(b)), different from those reported
previously [32]. We speculate that these differences are due
to the low level of fructose intake of our experiment design
(2.7 g/kg/day) or the diet with a low level of fructose may help
control glycemic index similar to that reported previously for
fructose [77–79].

The newborn rat exposed during the pregnancy to fruc-
tose showed a reduction of body weight in about of 5% than
control (Figure 3(c)); this observation is similar to that
reported by Asghar et al., in pregnant mice [80]. During
pregnancy, the melatonin supplementation to mothers
exposed to fructose recovered the body weight of the
newborn (Figure 3(c)); we do not detect a difference in blood
glucose levels (Figure 3(d)), biparietal diameter, and femur
length in newborns in different treatments (data not
showed). Moreover, the treatment with fructose reduces the
weight ratio of the heart and body and melatonin has no
effects on the heart mass (Figure 4(a)). However, the weight
ratio of the liver and body showed a reduction with fructose
treatment during pregnancy; effects are reverted by melato-
nin supplementation (Figure 4(b)), similar to those observed
in liver injuries by fluoride and treated previously with
melatonin [81].
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5. Conclusion

Several metabolic points modified by fructose can be mod-
ulated by melatonin, via chronobiologic and homeostatic
actions, suggesting crosstalk between fructose and melato-
nin hormone. These melatonin effects on fetuses and new-
borns exposed to fructose during pregnancy have not yet
been studied at the molecular level. However, the available
data suggest the adverse effects of fructose in pregnancy
which can be reversed partially by melatonin; this can be
due to the capacity of the pineal hormone to modify the
expression of metabolic genes such as PGC1α, PPARα,
PPARγ, NRF, SIRT1, and C/EBPα, which are targets of
fructose. Therefore, melatonin can play a role in adult life
and pregnancy, partially protecting against metabolic
syndrome induced by fructose.

Glossary

PPAR: Peroxisome proliferator-activated receptor
NRF-1: Nuclear respiratory factor-1
C/EBP: CCAAT/enhancer-binding protein
GLUT-5: Glucose transporter-5
GLUT-2: Glucose transporter-2
UCP-1: Uncoupling protein 1
SREBP-1: Sterol regulatory element-binding protein 1

(stimulator of transcription of sterol-regulated
genes)

PGC1α: Peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha

FASN: Fatty acid synthase
PEPCK: Phosphoenolpyruvate carboxykinase
ACC1: Acetyl-CoA carboxylase
CPT1a: Carnitine palmitoyltransferase 1a
AMPK: 5-Prime-AMP-activated protein kinase
LDL: Low-density lipoprotein
SIRT: Sirtuin
Bmal-1: Aryl hydrocarbon receptor nuclear translocator-

like protein 1
Clock: Circadian locomotor output cycles kaput
Per: Homolog of period, drosophila
E-Box: Promoter sequence for binding of clock-Bmal-1

complex (CACGTG)
ROS: Reactive oxygen species.

Conflicts of Interest

None of the authors have a conflict of interest.

Acknowledgments

Funds were received from CONICYT (79112027) (Chile)
and FONDECYT (1171393).

References

[1] F. J. Valenzuela, J. Vera, C. Venegas et al., “Evidences of poly-
morphism associated with circadian system and risk of pathol-
ogies: a review of the literature,” International Journal of
Endocrinology, vol. 2016, Article ID 2746909, 12 pages, 2016.

[2] G. A. Bray, S. J. Nielsen, and B. M. Popkin, “Consumption of
high-fructose corn syrup in beverages may play a role in the
epidemic of obesity,” The American Journal of Clinical
Nutrition, vol. 79, no. 4, pp. 537–543, 2004.

[3] J. Zheng, Q. Feng, Q. Zhang, T. Wang, and X. Xiao, “Early life
fructose exposure and its implications for long-term cardio-
metabolic health in offspring,” Nutrients, vol. 8, no. 11, 2016.

[4] R. W. Walker, K. A. Dumke, and M. I. Goran, “Fructose con-
tent in popular beverages made with and without high-
fructose corn syrup,” Nutrition, vol. 30, no. 7-8, pp. 928–935,
2014.

[5] E. E. Ventura, J. N. Davis, and M. I. Goran, “Sugar content of
popular sweetened beverages based on objective laboratory
analysis: focus on fructose content,” Obesity, vol. 19, no. 4,
pp. 868–874, 2011.

[6] D. E. Haslam, N. M. McKeown, M. A. Herman, A. H.
Lichtenstein, and H. S.Dashti, “Interactions between genetics
and sugar-sweetened beverage consumption on health
outcomes: a review of gene–diet interaction studies,” Frontiers
in Endocrinology, vol. 8, p. 368, 2018.

[7] R. A. Evans, M. Frese, J. Romero, J. H. Cunningham, and K. E.
Mills, “Fructose replacement of glucose or sucrose in food or
beverages lowers postprandial glucose and insulin without
raising triglycerides: a systematic review and meta-analysis,”
The American Journal of Clinical Nutrition, vol. 106, no. 2,
pp. 506–518, 2017.

[8] D. M. Sloboda, M. Li, R. Patel, Z. E. Clayton, C. Yap, and
M. H. Vickers, “Early life exposure to fructose and offspring
phenotype: implications for long term metabolic homeosta-
sis,” Journal of Obesity, vol. 2014, Article ID 203474, 10
pages, 2014.

[9] B. Legeza, P. Marcolongo, A. Gamberucci et al., “Fructose,
glucocorticoids and adipose tissue: implications for the
metabolic syndrome,” Nutrients, vol. 9, no. 5, 2017.

[10] S. Barone, S. L. Fussell, A. K. Singh et al., “Slc2a5 (Glut5) is
essential for the absorption of fructose in the intestine and
generation of fructose-induced hypertension,” The Journal of
Biological Chemistry, vol. 284, no. 8, pp. 5056–5066, 2009.

[11] A. Castelló, A. Gumá, L. Sevilla et al., “Regulation of GLUT5
gene expression in rat intestinal mucosa: regional distribution,
circadian rhythm, perinatal development and effect of diabe-
tes,” The Biochemical Journal, vol. 309, no. 1, pp. 271–277,
1995.

[12] H. S. Hundal, A. Ahmed, A. Gumà et al., “Biochemical and
immunocytochemical localization of the «GLUT5 glucose
transporter» in human skeletal muscle,” The Biochemical
Journal, vol. 286, no. 2, pp. 339–343, 1992.

[13] N. Nomura, G. Verdon, H. J. Kang et al., “Structure and mech-
anism of the mammalian fructose transporter GLUT5,”
Nature, vol. 526, no. 7573, pp. 397–401, 2015.

[14] T. Kayano, C. F. Burant, H. Fukumoto et al., “Human
facilitative glucose transporters. Isolation, functional charac-
terization, and gene localization of cDNAs encoding an
isoform (GLUT5) expressed in small intestine, kidney, mus-
cle, and adipose tissue and an unusual glucose transporter
pseudogene-like sequence (GLUT6),” The Journal of Biological
Chemistry, vol. 265, no. 22, pp. 13276–13282, 1990.

[15] K. Mamchaoui, Y. Makhloufi, and G. Saumon, “Glucose trans-
porter gene expression in freshly isolated and cultured rat
pneumocytes,” Acta Physiologica Scandinavica, vol. 175,
no. 1, pp. 19–24, 2002.

8 International Journal of Endocrinology



[16] C. Patel, V. Douard, S. Yu, N. Gao, and R. P. Ferraris,
“Transport, metabolism, and endosomal trafficking-
dependent regulation of intestinal fructose absorption,”
The FASEB Journal, vol. 29, no. 9, pp. 4046–4058, 2015.

[17] C. Patel, K. Sugimoto, V. Douard et al., “Effect of dietary
fructose on portal and systemic serum fructose levels in rats
and in KHK−/− and GLUT5−/− mice,” American Journal of
Physiology-Gastrointestinal and Liver Physiology, vol. 309,
no. 9, pp. G779–G790, 2015.

[18] V. Douard and R. P. Ferraris, “Regulation of the fructose trans-
porter GLUT5 in health and disease,” American Journal of
Physiology-Endocrinology and Metabolism, vol. 295, no. 2,
pp. E227–E237, 2008.

[19] S. Karim, D. H. Adams, and P. F. Lalor, “Hepatic expression
and cellular distribution of the glucose transporter family,”
World Journal of Gastroenterology, vol. 18, no. 46,
pp. 6771–6781, 2012.

[20] S. S. Elliott, N. L. Keim, J. S. Stern, K. Teff, and P. J. Havel,
“Fructose, weight gain, and the insulin resistance syndrome,”
The American Journal of Clinical Nutrition, vol. 76, no. 5,
pp. 911–922, 2002.

[21] L. Tappy and K.-A. Lê, “Metabolic effects of fructose and the
worldwide increase in obesity,” Physiological Reviews, vol. 90,
no. 1, pp. 23–46, 2010.

[22] D. Nigro, F. Menotti, A. S. Cento et al., “Chronic adminis-
tration of saturated fats and fructose differently affect
SREBP activity resulting in different modulation of Nrf2
and Nlrp3 inflammasome pathways in mice liver,” The
Journal of Nutritional Biochemistry, vol. 42, pp. 160–171,
2017.

[23] M. Balakumar, L. Raji, D. Prabhu et al., “High-fructose diet is
as detrimental as high-fat diet in the induction of insulin
resistance and diabetes mediated by hepatic/pancreatic
endoplasmic reticulum (ER) stress,” Molecular and Cellular
Biochemistry, vol. 423, no. 1-2, pp. 93–104, 2016.

[24] M.-R. Taskinen, S. Söderlund, L. H. Bogl et al., “Adverse effects
of fructose on cardiometabolic risk factors and hepatic lipid
metabolism in subjects with abdominal obesity,” Journal of
Internal Medicine, vol. 282, no. 2, pp. 187–201, 2017.

[25] A. V. Klein andH. Kiat, “Themechanisms underlying fructose-
induced hypertension: a review,” Journal of Hypertension,
vol. 33, no. 5, pp. 912–920, 2015.

[26] M. Li, C. M. Reynolds, D. M. Sloboda, C. Gray, and M. H.
Vickers, “Maternal taurine supplementation attenuates mater-
nal fructose-induced metabolic and inflammatory dysregula-
tion and partially reverses adverse metabolic programming in
offspring,” The Journal of Nutritional Biochemistry, vol. 26,
no. 3, pp. 267–276, 2015.

[27] G. Makedos, A. Papanicolaou, A. Hitoglou et al., “Homocyste-
ine, folic acid and B12 serum levels in pregnancy complicated
with preeclampsia,” Archives of Gynecology and Obstetrics,
vol. 275, no. 2, pp. 121–124, 2007.

[28] S. Rodrigo, L. Rodríguez, P. Otero et al., “Fructose during
pregnancy provokes fetal oxidative stress: the key role of
the placental heme oxygenase-1,” Molecular Nutrition &
Food Research, vol. 60, no. 12, pp. 2700–2711, 2016.

[29] A. Song, S. Astbury, A. Hoedl, B. Nielsen, M. E. Symonds,
and R. C. Bell, “Lifetime exposure to a constant environ-
ment amplifies the impact of a fructose-rich diet on glucose
homeostasis during pregnancy,” Nutrients, vol. 9, no. 4,
2017.

[30] D. Galipeau, S. Verma, and J. H. McNeill, “Female rats are pro-
tected against fructose-induced changes in metabolism and
blood pressure,” American Journal of Physiology-Heart and
Circulatory Physiology, vol. 283, no. 6, pp. H2478–H2484, 2002.

[31] M. Bundalo, S. Romic, S. Tepavcevic et al., “Fructose-rich diet
and insulin action in female rat heart: estradiol friend or foe?,”
European Journal of Pharmacology, vol. 811, pp. 141–147,
2017.

[32] A. A. Yuruk and R. Nergiz-Unal, “Maternal dietary free or
bound fructose diversely influence developmental program-
ming of lipogenesis,” Lipids in Health and Disease, vol. 16,
no. 1, p. 226, 2017.

[33] Y.-L. Tain, W.-C. Lee, K. L. H. Wu, S. Leu, and J. Y. H. Chan,
“Maternal high fructose intake increases the vulnerability to
post-weaning high-fat diet-induced programmed hyperten-
sion in male offspring,” Nutrients, vol. 10, no. 1, 2018.

[34] Y.-L. Tain, J. Y. H. Chan, and C.-N. Hsu, “Maternal fructose
intake affects transcriptome changes and programmed hyper-
tension in offspring in later life,” Nutrients, vol. 8, no. 12,
p. 757, 2016.

[35] F. J. Valenzuela, J. Vera, C. Venegas, F. Pino, and C. Lagunas,
“Circadian system and melatonin hormone: risk factors for
complications during pregnancy,” Obstetrics and Gynecology
International, vol. 2015, Article ID 825802, 10 pages, 2015.

[36] R. J. Reiter, S. Rosales-Corral, D. X. Tan, M. J. Jou, A. Galano,
and B. Xu, “Melatonin as a mitochondria-targeted antioxidant:
one of evolution’s best ideas,” Cellular and Molecular Life
Sciences, vol. 74, no. 21, pp. 3863–3881, 2017.

[37] R. Hardeland, “Melatonin and the electron transport chain,”
Cellular and Molecular Life Sciences, vol. 74, no. 21,
pp. 3883–3896, 2017.

[38] D. Acuna-Castroviejo,M.Martin,M.Macias et al., “Melatonin,
mitochondria, and cellular bioenergetics,” Journal of Pineal
Research, vol. 30, no. 2, pp. 65–74, 2001.

[39] A. Ahluwalia, I. M. Brzozowska, N. Hoa, M. K. Jones, and A. S.
Tarnawski, “Melatonin signaling in mitochondria extends
beyond neurons and neuroprotection: implications for angio-
genesis and cardio/gastroprotection,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 115, no. 9, pp. E1942–E1943, 2018.

[40] N. J. Prado, L. Ferder, W. Manucha, and E. R. Diez, “Anti-
inflammatory effects of melatonin in obesity and hyperten-
sion,” Current Hypertension Reports, vol. 20, no. 5, p. 45, 2018.

[41] P. Pan, H. Zhang, L. Su, X. Wang, and D. Liu, “Melatonin
balance the autophagy and apoptosis by regulating UCP2 in
the LPS-induced cardiomyopathy,” Molecules, vol. 23, no. 3,
2018.

[42] D. Acuña-Castroviejo, G. Escames, J. León, A. Carazo, and
H. Khaldy, “Mitochondrial regulation by melatonin and its
metabolites,” Advances in Experimental Medicine and Biology,
vol. 527, pp. 549–557, 2003.

[43] I. Odinokova, Y. Baburina, A. Kruglov et al., “Effect of melato-
nin on rat heart mitochondria in acute heart failure in aged
rats,” International Journal of Molecular Sciences, vol. 19,
no. 6, 2018.

[44] M. Ding, N. Feng, D. Tang et al., “Melatonin prevents
Drp1-mediated mitochondrial fission in diabetic hearts
through SIRT1-PGC1α pathway,” Journal of Pineal
Research, no. article e12491, 2018.

[45] C. Doerrier, J. A. García, H. Volt et al., “Identification of
mitochondrial deficits and melatonin targets in liver of septic

9International Journal of Endocrinology



mice by high-resolution respirometry,” Life Sciences, vol. 121,
pp. 158–165, 2015.

[46] D. Acuña-Castroviejo, I. Rahim, C. Acuña-Fernández et al.,
“Melatonin, clock genes and mitochondria in sepsis,” Cellular
and Molecular Life Sciences, vol. 74, no. 21, pp. 3965–3987,
2017.

[47] R. J. Reiter, D.-X. Tan, A. Korkmaz, and S. Ma, “Obesity and
metabolic syndrome: association with chronodisruption, sleep
deprivation, and melatonin suppression,” Annals of Medicine,
vol. 44, no. 6, pp. 564–577, 2012.

[48] S. Panda, “Circadian physiology of metabolism,” Science,
vol. 354, no. 6315, pp. 1008–1015, 2016.

[49] S. Schiaffino, B. Blaauw, and K. A. Dyar, “The functional
significance of the skeletal muscle clock: lessons from Bmal1
knockout models,” Skeletal Muscle, vol. 6, no. 1, p. 33, 2016.

[50] B. D. Harfmann, E. A. Schroder, M. T. Kachman, B. A. Hodge,
X. Zhang, and K. A. Esser, “Muscle-specific loss of Bmal1 leads
to disrupted tissue glucose metabolism and systemic glucose
homeostasis,” Skeletal Muscle, vol. 6, no. 1, p. 12, 2016.

[51] A. P. Thomas, J. Hoang, K. Vongbunyong, A. Nguyen,
K. Rakshit, and A. V. Matveyenko, “Administration of melato-
nin and metformin prevents deleterious effects of circadian
disruption and obesity in male rats,” Endocrinology, vol. 157,
no. 12, pp. 4720–4731, 2016.

[52] E. Peschke, H. Schucht, and E. Mühlbauer, “Long-term enteral
administration of melatonin reduces plasma insulin and
increases expression of pineal insulin receptors in both Wistar
and type 2-diabetic Goto-Kakizaki rats,” Journal of Pineal
Research, vol. 49, no. 4, pp. 373–381, 2010.

[53] G. Favero, A. Stacchiotti, S. Castrezzati et al., “Melatonin
reduces obesity and restores adipokine patterns and metabo-
lism in obese (Ob/Ob) mice,” Nutrition Research, vol. 35,
no. 10, pp. 891–900, 2015.

[54] P. Guo, H. Pi, S. Xu et al., “Melatonin improves mitochondrial
function by promoting MT1/SIRT1/PGC-1 alpha-dependent
mitochondrial biogenesis in cadmium-induced hepatotoxicity
in vitro,” Toxicological Sciences, vol. 142, no. 1, pp. 182–195,
2014.

[55] H. Kato, G. Tanaka, S. Masuda et al., “Melatonin promotes
adipogenesis and mitochondrial biogenesis in 3T3-L1 preadi-
pocytes,” Journal of Pineal Research, vol. 59, no. 2, pp. 267–
275, 2015.

[56] J.-X. Jin, S. Lee, A. Taweechaipaisankul, G. A. Kim, and B. C.
Lee, “Melatonin regulates lipid metabolism in porcine
oocytes,” Journal of Pineal Research, vol. 62, no. 2, 2017.

[57] M. Seron-Ferre, H. Reynolds, N. A. Mendez et al., “Impact of
maternal melatonin suppression on amount and functionality
of brown adipose tissue (BAT) in the newborn sheep,”
Frontiers in Endocrinology, vol. 5, p. 232, 2015.

[58] R. Robeva, G. Kirilov, A. Tomova, and P. Kumanov,
“Melatonin-insulin interactions in patients with metabolic
syndrome,” Journal of Pineal Research, vol. 44, no. 1,
pp. 52–56, 2008.

[59] S. Mäntele, D. T. Otway, B. Middleton et al., “Daily rhythms of
plasma melatonin, but not plasma leptin or leptin mRNA, vary
between lean, obese and type 2 diabetic men,” PLoS One, vol. 7,
no. 5, article e37123, 2012.

[60] M. Akmali, R. Ahmadi, and M. Vessal, “Pre- and post-
treatment of streptozocin administered rats with melatonin:
effects on some hepatic enzymes of carbohydrate metabolism,”
Archives of Iranian Medicine, vol. 13, no. 2, pp. 105–110, 2010.

[61] J. C. Mayo, R. M. Sainz, P. González Menéndez, V. Cepas, D.-
X. Tan, and R. J. Reiter, “Melatonin and sirtuins: a «not-so
unexpected» relationship,” Journal of Pineal Research,
vol. 62, no. 2, 2017.

[62] A. M. Sanchez-Sanchez, I. Antolin, N. Puente-Moncada et al.,
“Melatonin cytotoxicity is associated to Warburg effect inhibi-
tion in Ewing sarcoma cells,” PLoS One, vol. 10, no. 8, article
e0135420, 2015.

[63] C. S. Rocha, A. D. Martins, L. Rato, B. M. Silva, P. F. Oliveira,
and M. G. Alves, “Melatonin alters the glycolytic profile of
Sertoli cells: implications for male fertility,”Molecular Human
Reproduction, vol. 20, no. 11, pp. 1067–1076, 2014.

[64] V. Basoli, S. Santaniello, S. Cruciani et al., “Melatonin and vita-
min D interfere with the adipogenic fate of adipose-derived
stem cells,” International Journal of Molecular Sciences,
vol. 18, no. 5, 2017.

[65] Y.-H. Rhee and J.-C. Ahn, “Melatonin attenuated adipogenesis
through reduction of the CCAAT/enhancer binding protein
beta by regulating the glycogen synthase 3 beta in human mes-
enchymal stem cells,” Journal of Physiology and Biochemistry,
vol. 72, no. 2, pp. 145–155, 2016.

[66] T. d. S. M. de Farias, A. C. de Oliveira, S. Andreotti et al.,
“Pinealectomy interferes with the circadian clock genes
expression in white adipose tissue,” Journal of Pineal Research,
vol. 58, no. 3, pp. 251–261, 2015.

[67] M. Morris, I. C. Araujo, R. L. Pohlman, M. C. Marques,
N. S. Rodwan, and V. M. A. Farah, “Timing of fructose
intake: an important regulator of adiposity,” Clinical and
Experimental Pharmacology & Physiology, vol. 39, no. 1,
pp. 57–62, 2012.

[68] N. Chapnik, S. Rozenblit-Susan, Y. Genzer, and O. Froy,
“Differential effect of fructose on fat metabolism and clock
gene expression in hepatocytes vs. myotubes,” The Interna-
tional Journal of Biochemistry & Cell Biology, vol. 77, Part A,
pp. 35–40, 2016.

[69] K. L. Stanhope, S. C. Griffen, B. R. Bair, M. M. Swarbrick, N. L.
Keim, and P. J. Havel, “Twenty-four-hour endocrine and met-
abolic profiles following consumption of high-fructose corn
syrup-, sucrose-, fructose-, and glucose-sweetened beverages
with meals,” The American Journal of Clinical Nutrition,
vol. 87, no. 5, pp. 1194–1203, 2008.

[70] C. Campino, F. J. Valenzuela, C. Torres-Farfan et al.,
“Melatonin exerts direct inhibitory actions on ACTH
responses in the human adrenal gland,” Hormone and
Metabolic Research, vol. 43, no. 5, pp. 337–342, 2011.

[71] F. J. Valenzuela, C. Torres-Farfan, H. G. Richter et al., “Clock
gene expression in adult primate suprachiasmatic nuclei and
adrenal: is the adrenal a peripheral clock responsive to melato-
nin?,” Endocrinology, vol. 149, no. 4, pp. 1454–1461, 2008.

[72] S. F. Ewida and D. R. Al-Sharaky, “Implication of renal
Aquaporin-3 in fructose-induced metabolic syndrome and
melatonin protection,” Journal of Clinical and Diagnostic
Research, vol. 10, no. 4, pp. CF06–CF11, 2016.

[73] A. Kitagawa, Y. Ohta, and K. Ohashi, “Melatonin improves
metabolic syndrome induced by high fructose intake in rats,”
Journal of Pineal Research, vol. 52, no. 4, pp. 403–413, 2012.

[74] C. Torres-Farfan, F. J. Valenzuela, M. Mondaca et al.,
“Evidence of a role for melatonin in fetal sheep physiology:
direct actions of melatonin on fetal cerebral artery, brown adi-
pose tissue and adrenal gland,” The Journal of Physiology,
vol. 586, no. 16, pp. 4017–4027, 2008.

10 International Journal of Endocrinology



[75] Y.-L. Tain, S. Leu, K. L. H. Wu, W.-C. Lee, and J. Y. H. Chan,
“Melatonin prevents maternal fructose intake-induced pro-
grammed hypertension in the offspring: roles of nitric oxide
and arachidonic acid metabolites,” Journal of Pineal Research,
vol. 57, no. 1, pp. 80–89, 2014.

[76] F. Romo-Nava, D. Alvarez-Icaza González, A. Fresán-Orellana
et al., “Melatonin attenuates antipsychotic metabolic effects: an
eight-week randomized, double-blind, parallel-group,
placebo-controlled clinical trial,” Bipolar Disorders, vol. 16,
no. 4, pp. 410–421, 2014.

[77] F. S. Atkinson, K. Foster-Powell, and J. C. Brand-Miller,
“International tables of glycemic index and glycemic load
values: 2008,” Diabetes Care, vol. 31, no. 12, pp. 2281–2283,
2008.

[78] A. I. Cozma, J. L. Sievenpiper, R. J. de Souza et al., “Effect of
fructose on glycemic control in diabetes: a systematic review
and meta-analysis of controlled feeding trials,” Diabetes Care,
vol. 35, no. 7, pp. 1611–1620, 2012.

[79] D. DavidWang, J. L. Sievenpiper, R. J. de Souza et al., “Effect of
fructose on postprandial triglycerides: a systematic review and
meta-analysis of controlled feeding trials,” Atherosclerosis,
vol. 232, no. 1, pp. 125–133, 2014.

[80] Z. A. Asghar, A. Thompson, M. Chi et al., “Maternal fructose
drives placental uric acid production leading to adverse fetal
outcomes,” Scientific Reports, vol. 6, no. 1, article 25091, 2016.

[81] J.-J. Zhang, X. Meng, Y. Li et al., “Effects of melatonin on liver
injuries and diseases,” International Journal of Molecular
Sciences, vol. 18, no. 4, p. 673, 2017.

[82] K. Sodhi, N. Puri, G. Favero et al., “Fructose mediated non-
alcoholic fatty liver is attenuated by HO-1-SIRT1 module in
murine hepatocytes and mice fed a high fructose diet,” PLoS
One, vol. 10, no. 6, article e0128648, 2015.

[83] J. Dobner, C. Ress, K. Rufinatscha et al., “Fat-enriched rather
than high-fructose diets promote whitening of adipose tissue
in a sex-dependent manner,” The Journal of Nutritional
Biochemistry, vol. 49, pp. 22–29, 2017.

[84] N. Mendez, L. Abarzua-Catalan, N. Vilches et al., “Timed
maternal melatonin treatment reverses circadian disruption
of the fetal adrenal clock imposed by exposure to constant
light,” PLoS One, vol. 7, no. 8, article e42713, 2012.

[85] B. B. Otálora, J. A. Madrid, N. Alvarez, V. Vicente, and M. A.
Rol, “Effects of exogenous melatonin and circadian synchroni-
zation on tumor progression in melanoma-bearing C57BL6
mice,” Journal of Pineal Research, vol. 44, no. 3, pp. 307–315,
2008.

[86] R. J. Reiter, D.-X. Tan, A. Korkmaz et al., “Light at night,
chronodisruption, melatonin suppression, and cancer risk: a
review,” Critical Reviews in Oncogenesis, vol. 13, no. 4,
pp. 303–328, 2007.

11International Journal of Endocrinology


	Potential Crosstalk between Fructose and Melatonin: A New Role of Melatonin—Inhibiting the Metabolic Effects of Fructose
	1. Introduction
	2. Fructose and Metabolism
	3. Consequences of Excessive Consumption of Fructose: A New Risk Factor during Pregnancy
	4. A New Role of Melatonin: Inhibiting the Metabolic Effects of Fructose
	4.1. Melatonin and Metabolism
	4.2. Fructose and Chronobiologic Metabolism

	5. Conclusion
	Glossary
	Conflicts of Interest
	Acknowledgments

