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RESUMO.-[Avaliação histomorfométrica e imuno-
histoquímica do córtex cerebral frontal em ratos diabéticos 
após o tratamento com melatonina.] O sistema nervoso 

central é vulnerável a complicações originadas pelo diabetes 
estresse oxidativo no cérebro e resultando em lesões no córtex 
cerebral, dentre outras regiões. A insulina e hipoglicemiantes 
ainda são os tratamentos mais utilizados, entretanto, pesquisas 
atuais com modelo experimental do diabetes sugerem a 
utilização de antioxidantes como, por exemplo, a melatonina. 
Assim, testamos a hipótese de que a melatonina exógena 
pode diminuir ou prevenir os efeitos do diabetes no córtex 
frontal do cérebro de ratos. Foram utilizados 50 ratos albinos, 
divididos em 5 grupos: GC = ratos sem indução ao diabetes, 
GD = ratos induzidos ao diabetes pela estreptozotocina, 
GDM = ratos induzidos ao diabetes pela estreptozotocina e 
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The central nervous system is vulnerable to complications caused by diabetes. These 
complications lead to increased oxidative stress in the brain, resulting in damage to the 
cerebral cortex, among other regions. Insulin and hypoglycemic agents are still the most 
widely used treatments. However, current research with an experimental model of diabetes 
suggests the use of antioxidants, such as melatonin. Thus, we tested the hypothesis that 
exogenous melatonin may decrease or prevent the effects of diabetes in the frontal cortex 
of the rat brain. Fifty albino rats were allocated into five groups: GC = rats without diabetes 
induction, GD = diabetic rats induced by streptozotocin, GDM = streptozotocin-induced and 
melatonin-treated diabetic rats, GDI = diabetic rats induced by streptozotocin and treated with 
insulin, GDMI = diabetic rats induced by streptozotocin and treated with melatonin and insulin 
simultaneously. Diabetes was induced by intraperitoneal administration of streptozotocin 
(60mg/kg). Insulin (5U/day) was administered subcutaneously and melatonin (10mg/kg) by 
drinking water; both treatments last days after. We analyzed animals’ weight, the cytokines 
IL-6 and TNF-α, apoptosis, glycogen, and did morphometry and histopathology of the frontal 
cortex were analyzed. The results showed that the cerebral cortex of the diabetic animals 
presented axonal degeneration, reduced number of neurons in the cortex, reduced glycogen, 
increased IL-6 and TNF-α expression, high apoptotic index, and reduced animal weight and 
the brain. Treatment with melatonin associated or not with insulin prevented such effects. 
Thus, we conclude that melatonin associated with insulin may be an alternative for avoiding 
the impact of diabetes in the brain’s frontal cortex.
INDEX TERMS: Frontal cerebral cortex, diabetes, brain, melatonin, cytokines, apoptosis, morphometry, rats, Brazil.

PVB-6421 MF

Histomorphometric and immunohistochemical 
evaluation of the frontal cerebral cortex in diabetic rats 

after treatment with melatonin1

Marina G.P. Baptista2*, Cintia G.M. Ferreira2, Yuri M.L. Albuquerque2, 
Carolline G. D’assunção2, Rebeca C. Alves2, Valéria Wanderley-Teixeira3 

and Álvaro A.C. Teixeira3

1 Received on September 10, 2019.
Accepted for publication on November 6, 2019.

2 Laboratório de Histologia, Departamento de Morfologia e Fisiologia Animal, 
Universidade Federal Rural de Pernambuco (UFRPE), Rua Dom Manoel de 
Medeiros s/n, Dois Irmãos, Recife, PE 52171-900, Brazil. *Corresponding 
autor: marinaabaptistaa@gmail.com

3 Departamento de Morfologia e Fisiologia Animal, Universidade Federal 
Rural de Pernambuco (UFRPE), Rua Dom Manoel de Medeiros s/n, Dois 
Irmãos, Recife, PE 52171-900, Brazil.

Histomorphometric and immunohistochemical 
evaluation of the frontal cerebral cortex in 

diabetic rats after treatment with melatonin

[Avaliação histomorfométrica e imuno-histoquímica 
do córtex cerebral frontal em ratos diabéticos após o 

tratamento com melatonin].

Baptista M.G.P., Ferreira C.G.M., Albuquerque Y.M.L., 
D’assunção C.G., Alves R.C., Wanderley-Teixeira V. & 

Teixeira A.A.C.  
 

mailto:marinaabaptistaa@gmail.com
https://orcid.org/0000-0002-9718-9318
https://orcid.org/0000-0002-7504-4900
https://orcid.org/0000-0002-8556-896X
https://orcid.org/0000-0001-9533-5476
mailto:marinaabaptistaa@gmail.com


Marina G.P. Baptista et al.1078

Pesq. Vet. Bras.       

tratados com melatonina, GDI = ratos induzidos ao diabetes 
pela estreptozotocina e tratados com insulina, GDMI = ratos 
induzidos ao diabetes pela estreptozotocina e tratados com 
melatonina e insulina simultaneamente. O diabetes foi induzido 
pela administração intraperitoneal de estreptozotocina 
(60mg/kg). A insulina (5U/dia) foi administrada por via 
subcutânea e a melatonina (10mg/kg) pela água de beber. 
Ambos tratamentos foram realizados durante 30 dias após 
a indução. Foram analisados o peso dos animais, do cerebro, 
as citocinas IL-6 e TNF-α, apoptose, glicogênio, além da 
morfometria e histopatologia do córtex frontal. Os resultados 
mostraram que o córtex cerebral dos animais diabéticos 
apresentou degeneração axonal, redução do número de 
neurônios no córtex, redução do glicogênio, aumento da 
expressão do IL-6 e TNF-α, elevação do índice apoptótico, além 
da redução do peso dos animais e do cérebro. O tratamento 
com melatonina associada ou não a insulina preveniu tais 
efeitos. Assim, concluímos que a melatonina associada ou 
não a insulina pode ser uma alternativa na prevenção dos 
efeitos do diabetes no córtex frontal do cérebro.

TERMOS DE INDEXAÇÃO: Córtex cerebral frontal, diabetes, cérebro, 
melatonina, citocinas, apoptose, morfometria, ratos.

INTRODUCTION
For several years, interest in the effects of diabetes on the 
brain has increased significantly. The central nervous system 
is vulnerable to complications caused by diabetes caused by 
chronic hyperglycemia (Van-Harten et al. 2006, Francis et al. 
2008, Kodl et al. 2008, Yau et al. 2009, Yang et al. 2011, Huang 
et al. 2012, Yoon et al. 2017). Several studies have shown 
that vascular and metabolic changes associated with chronic 
hyperglycemia can cause brain damage, cerebral atrophy, 
structural and electrophysiological changes, and impairment of 
cognitive function (Van-Elderen et al. 2010, Franc et al. 2011, 
Louzada & Vargas 2015). Although several studies report 
adverse effects of diabetes mellitus on the hippocampus, 
hypothalamus, and cerebellum (Jackson-Guilford et al. 2000, 
Piotrowski et al. 2001, Beauquis et al. 2006, Khaksar et al. 
2010, Ahmadpour & Haghir 2011), research has shown that 
diabetic patients have lesions in the white matter of the frontal 
cortex of the brain (Hsu et al. 2012).

Diabetes stimulates neuron damage, increasing the number 
of apoptotic cells and cognitive impairment followed by a 
marked increase in oxidative stress in the brain (Wang et al. 
2010). In addition, patients with diabetes have higher levels 
of plasma concentrations of pro-inflammatory cytokines such 
as IL-6 and TNF-α, where they can potentiate inflammation. 
With significant advances made in our knowledge, it is 
possible to understand the mechanisms involved in the origin 
of brain complications so that new treatment modalities are 
being explored (Edwards et al. 2008). Thus, recent strategies 
for the prevention and treatment of complications resulting 
from diabetes have been studied. Insulin and hypoglycemic 
agents are still the most used treatments. However, current 
research with an experimental model of diabetes points to 
new antioxidants as a therapeutic approach for the prevention 
and treatment of neurological damage (Louzada & Vargas 
2015). Several studies point to melatonin as an antioxidant 
and a free radical scavenger, as it stimulates the activity of 

antioxidant enzymes such as superoxide dismutase and 
glutathione reductase (El-Sokkary et al. 2003).

This hormone also plays an important role in the 
neuroprotection of several neurodegenerative disorders whose 
pathogenesis involves reactive oxygen species (Baydas et al. 
2001), in addition to having anti-inflammatory effects and 
modulating the tumor necrosis factor-alpha (TNF-α) and the 
interleukin 6 (IL-6) (Hernandez-Velázquez et al. 2016). We 
then tested the hypothesis that exogenous melatonin may 
decrease or prevent the effects of diabetes on the frontal 
cortex of the rat brain.

MATERIALS AND METHODS
Experimental rats. The experiment was carried out at the 

“Laboratório de Histologia” of the “Departamento de Morfologia e 
Fisiologia Animal” of the “Universidade Federal Rural de Pernambuco” 
(UFRPE). Fifty 60 days old, virgin, albino rats (Rattus norvegicus 
albinus) of the Wistar lineage, weighing approximately 250g, were 
used The rats came from the vivarium of the UFRPE. The animals 
were kept in cages with food and water ad libitum, remaining in 
standard conditions of ±22oC with a light period between 6 a.m. - 18 
p.m., divided into the following groups: control group (GC) = rats 
without diabetes induction, diabetic group (GD) = streptozotocin 
diabetes-induced rats, GDI = streptozotocin diabetes-induced rats 
treated with insulin, GDM = streptozotocin diabetes-induced rats 
treated with melatonin, GDMI = streptozotocin diabetes-induced rats 
treated with melatonin and insulin simultaneously. The experimental 
protocol was approved by the institutional Ethics Committee, 
protocol no. 36/2017.

Experimental rats. Diabetes was induced by intraperitoneal 
administration of a streptozotocin solution (Sigma Chemical Co., 
USA) after a 14-hour fast. Streptozotocin was diluted in 10mM 
sodium citrate buffer and pH 4.5, in a single dose of 60mg/kg of 
animal weight. GC group rats received equivalent doses of saline 
solution in the same way, and after 30 minutes of treatment, all 
rats were fed typically (Dall’Ago et al. 2002). Diabetes diagnosis 
was confirmed after seven days of streptozotocin administration. 
Only rats that had blood glucose above 200mg/dL (Glucometer Kit 
Accu-Chek Activ) were included in the study (Spadella et al. 2005). 
The fasting glycemia was monitored during the experimental period 
on days 0 (before induction), 7 (confirmation of diabetes), 15, and 
30 days after administration of melatonin or insulin.

Melatonin treatment. Melatonin (Sigma, St. Louis/MO, USA) 
treatment was carried out for 30 days. Melatonin (10mg/kg) was 
dissolved in ethanol and diluted in saline and added to drinking water. 
The 700mL bottles were covered with aluminum foil and placed in 
the cages at the beginning of the night 1039 (6 p.m.) and removed 
the following morning (6 a.m.). During the day, water was restricted.

Insulin treatment. Insulin was administered subcutaneously 
for 30 days, at a dose of 5U/day, with two units of insulin at 10 a.m. 
and three remaining units at 7 p.m. (Pinheiro et al. 2011).

Weighing of animals and their brains. The rats in the experimental 
groups were weighed daily in the course of the experiment. After 
30 days of treatment, the animals were euthanized with ketamine 
hydrochloride (80mg/kg) and xylazine (6mg/kg), intramuscularly, 
associated with 100mg/kg intraperitoneal thiopental. Subsequently, 
the brains were removed and weighed on an analytical scale. Frontal 
cortex fragments were fixed in 10% buffered formaldehyde and 
processed for inclusion in paraffin.

Histology and Histopathology. Cross-sections of the frontal 
cortex were stained for histopathology with hematoxylin and eosin 
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(HE) for routine analysis and periodic acid-Schiff stain (PAS) for 
glycogen evaluation. The glycogen content was quantified through 
images captured using a Sony®1061 Video camera, coupled to the 
Olympus® 1062 Bx50 microscope, which was submitted to the Gimp 
2.0 application to elaborate an RGB (Red-Green-Blue) histogram. 
(Oberholzer et al. 1996).

Morphometry. We evaluated three slides per animal/group. The 
estimate of volume [V (ref)] of the cortex was by the Cavalieri Method 
(Gundersen et al. 1988) the one of the neurons’ numerical density 
(Nv) in the cortex by a previously described method (Gundersen 
et al. 1988, Villeda-Hernández et al. 2006). The estimate of the 
total numbers of neurons (N) was calculated using the following 
formula: N = V (ref) - Nv (Korbo et al. 1990, West 1993). In the white 
matter, a morphometric evaluation of the percentage of nerve fibers 
was performed using a 10x eyepiece containing a 25-point Waibel 
reticulum internally (Weibel et al. 1966) and a 40x objective, where 
six fields were counted, all at random and clockwise, taking into 
account only the points that affected the fibers. In total, 150 points 
were counted per animal totaling 450 points per group.

Immunohistochemistry (IL-6 and TNF-α). The expression of 
inflammatory cytokines was determined using antibodies to IL-6 and 
TNFα (Santa Cruz Biotechnology) at the 1:30 dilution. The slides were 
deparaffinized and rehydrated in xylol and alcohols. The antigenic 
recovery was carried out using a solution of citrate buffer (pH 8.0) 
at a high temperature in the microwave for 5 minutes. Endogenous 
peroxidase was inhibited by a solution of hydrogen peroxide (3%) 
in methanol. The nonspecific antigen-antibody reaction was blocked 
by incubating the slides in PBS and 5% bovine serum albumin 
(BSA) for one hour. All antibodies (Santa Cruz Biotechnology Inc., 
Santa Cruz/CA, USA) were diluted in PBS/BSA 1% for one hour. 
Subsequently, the slides were treated with the secondary antibody 
for thirty minutes. The antigen-antibody reaction was observed 
through a brown precipitate after applying 3-3-diaminobenzidine 
for four minutes and counterstained with hematoxylin. The images 
were captured using a Sony® Video camera, coupled 1089 to the 
Olympus® Bx 50 microscope, which was subjected to the Gimp 2.0 
application for quantification by means of RGB Histogram (Red-Green-
Blue) (Oberholzer et al. 1996. For apoptosis, the TUNEL method 
(Kit Apoptag - Millipore) was used. The cuts were initially dewaxed 
and hydrated and then immediately incubated in PBS (pH 7.4) for 5 
minutes at room temperature. Then, proteinase K was applied to the 
slides for 15 minutes. The slides were washed in distilled water and 
incubated in hydrogen peroxide for 5 minutes at room temperature. 
The sections were washed in PBS and incubated in equilibrium 
buffer for 60 minutes at 4°C. The sections were then incubated in 
TdT at 37°C for 1 hour in a humid chamber. The stop solution was 
applied for 10 minutes at room temperature, and then the slides were 
washed in PBS and incubated in anti-digoxigenin. The slides were 

rinsed in PBS, and the sections were revealed with a chromogenic 
diaminobenzidine substrate (DAB, DakoCytomationTM) (±20 min), 
and counterstained with hematoxylin for 20 to 30 seconds. Then, the 
slides were washed in running water, dehydrated in increasing alcohol 
concentrations, and placed in xylol to be assembled and observed 
under a light microscope. The apoptotic index was determined by 
counting the percentage of positive cells from at least 500 nuclei 
subdivided into ten fields chosen at random using the 40X objective 
(Wu et al. 2013).

Statistical analysis. The following parameters were statistically 
analyzed: morphometry, animal weight, brain weight, glycogen 
quantification, apoptotic index, TNFα, and IL-6 expression. The 
method used was Ruskal-Wallis non-parametric method with Dunn’s 
posthoc (P<0.05).

RESULTS
Glycemic levels

Before the process of inducing diabetes, all animals in 
the experimental groups had blood glucose levels below 
120mg/dL, with no significant differences. At seven days, all 
groups, except for control, had blood glucose above 300mg/
dL. After 15 and 30 days of treatment, only the animals in 
the diabetic group (GD) continued to have a very high mean 
glucose (474mg/dL), while the groups treated with insulin 
(GDI), melatonin (GDM), and melatonin/insulin (GDMI) 
exhibited glucose values statistically similar to the control 
group (GC) (Table 1).

Weight of rats and their brains
There was progressive weight loss in the GD groups of rats 

compared to the control and the other treated groups. The 
treated groups (GDI, GDM, and GDMI) also showed weight 
reduction compared to the control, but without significant 
differences (Table 2). In analyzing the weight of brains 
from rats of the experimental groups, the GD rats showed 
a significantly lower value compared with other groups 
(Table 2). The groups treated with insulin (GDI), melatonin 
(GDM), and melatonin/insulin (GDMI) showed no relevant 
differences when compared to the GC group (Table 3).

Histopathology and histochemistry
In the cortical region, histopathological, there was no 

degeneration, atrophy, or neuronal vacuolization. However, 
in the white matter, a significant number of regions showed 
several nerve fibers devoid of axons in animals in the GD 
group (Fig.1). Histochemical analysis by PAS revealed a 
significant reduction in glycogen in animals’ cortex in the 

Table 1. Serum glucose levels (mg/dL) in rats the control and experimental groups

Groups Day 0
Induction

Day 7
Confirmation 

Day 15
After induction  

Day 30
After induction  

GC 960.75 ± 5.17a 99.17 ± 2.14b 102.30 ± 3.47b 110.80 ± 7.46b
GD 95.00 ± 3.36a 349.06 ± 12.02a 348,80 ± 11.43a 474.00 ± 9.87a
GDI 92.25 ± 4.38a 338.77 ± 9.43a 110.30 ± 7.59b 128.30 ± 10.23b

GDM 92.00 ± 3.55a 343.91 ± 7.88a 117.50 ± 9.80b 120.30 ± 8.16b
GDMI 91.64 ± 3.09a 335.48 ± 11.22a 108.44 ± 8.12b 119.58 ± 7.39b

P 0.0763 0.0223 0.0066 0.0132
a,b Means followed by the same letter in the columns do not differ significantly by Dunn’s test (p<0.05); GC = control group, GD = diabetic group, 
GDI = diabetic group treated with insulin, GDM = diabetic group treated with melatonin, GDMI = diabetic group treated with insulin and melatonin
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Table 2. Weight (mg/dL) of the rats in the control and experimental groups

Groups Day 0
Induction

Day 7
Confirmation 

Day 15
After induction  

Day 30
After induction  

GC 245.30 ± 7.54a 273.80 ± 2.50a 284.50 ± 19.82a 305.50 ± 6.85a
GD 247.80 ± 9.28a 202.50 ± 7.72c 144.30 ± 7.18c 118.00 ± 3.55c
GDI 246.30 ± 6.39a 241.30 ± 11.59b 242.00 ±10.03b 264.30 ± 3.40b

GDM 240.00 ± 7.07a 237.30 ± 8.84b 235.00 ± 10.98b 255.30 ± 9.81b
GDMI 239.80 ± 5.56a 243.00 ± 3.74b 238.50 ± 17.82b 259.30 ± 3.20b

P value 0.4242 0.0101 0.0323 0.0004
a,b,c Means followed by the same letter in the columns do not differ significantly by Dunn’s test (p<0.05); GC = control group, GD = diabetic group, 
GDI = diabetic group treated with insulin, GDM = diabetic group treated with melatonin, GDMI = diabetic group treated with insulin and melatonin.

Table 3. Weight (g) of the brains from rats the control and experimental groups
Groups GC GD GDI GDM GDMS P value

1.29 ± 0.07a 1.10 ± 0.02b 1.35 ± 0.05a 1.31 ± 0.04a 1.32 ± 0.01a 0.0112
a,b Means followed by the same letter in the columns do not differ significantly by Dunn’s test (p<0.05); GC = control group, GD = diabetic group, 
GDI = diabetic group treated with insulin, GDM = diabetic group treated with melatonin, GDMI = diabetic group treated with insulin and melatonin.

Fig.1. Photomicrograph of white matter of the brain from the rats of the experiment.(A) Control group (GC), (B) diabetic group (GD), (C) 
diabetic group treated with insulin (GDI), (D) diabetic group treated with melatonin (GDM) and (E) diabetic group treated with insulin 
and melatonin (GDMI). Note in (A), (C-E) predominance of nerve fibers (arrowhead), in (B) scares nerve fibers suggesting a degenerative 
process. HE, obj.20x. Insert: marked neuronal vacuolization. Nerve fibers without axon (arrows). HE, obj.20x. (F) Percentage of nerve 
fibers. Means followed by the same letter do not differ significantly from each other by Dunn’s test (p<0.05). 
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Fig.2. Photomicrograph of the cerebral cortex of animals in the experimental groups. (A) Control group (GC), (B) diabetic group (GD), (C) 
diabetic group treated with insulin (GDI), (D) diabetic group treated with melatonin (GDM) and (E) diabetic group treated with insulin 
and melatonin (GDMI). PAS, obj.20x. (F) Pixel quantification of glycogen content. Note a significant reduction in the GD group. Means 
followed by the same letter do not differ significantly by Dunn’s test (p<0.05).
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GD group compared to the other groups. The animals in 
the groups treated with melatonin associated or not with 
insulin showed characteristics similar to those observed in 
the control animals (Fig.2).

Morphometry
The quantification of neurons in the frontal cortex of 

the brain of animals in the experimental groups revealed a 
significant reduction in animals in the GD group compared 
to the other groups. There were no significant differences 
between the GC and those treated with melatonin with or 
without insulin (Fig.3).

Immunohistochemistry (IL-6, TNF-α) and apoptosis
Immunohistochemistry for IL-6 revealed that the animals 

in the diabetic group (GD) had a strong marking in the cerebral 
cortex (Fig.4B) However, in the control group (GC) (Fig.4A), 
treated with insulin (GDI) (Fig 4C), melatonin (GDM) (Fig.4D) 
and melatonin/insulin (GDMI) (Fig.4E) showed a similar 
marking, with no significant difference between these groups 
(Fig.4F). For the TFN-α, the GC (Fig.5A), GDI (Fig.5C), GDM 
(Fig.5D), and GDMI (Fig.5E) had an equivalent mark, showing 
no significant difference. On the other hand, the GD (Fig.5B) 
showed a strong marking in the cortical region, differing 
significantly from the other groups (Fig.5F). The TUNEL test 
revealed a high rate of apoptosis in the GD group’s cerebral 
cortex compared to animals in the other groups (Fig.6).

DISCUSSION
Regarding glycemic values, studies indicate that melatonin does 
not reduce hyperglycemic values in a state of diabetes (Cam et 
al. 2003). However, research on experimental models suggests 
that there is a positive relationship between melatonin and 
insulin. Sartori et al. (2009) showed that melatonin increased 
insulin sensitivity, in addition to stimulating the secretion of 
this hormone. This corroborates our findings that the animals 
in the group treated with melatonin and insulin had glucose 
values similar to those in the control group.

It is known that the loss of muscle mass is a characteristic of 
the diabetic state. This is believed to be the result of a change 
in protein metabolism in the state of hyperglycemia, in which 
this can be characterized by an increase in the catabolism of 
proteins and fats, leading to a decrease in the animals’ body 
mass (Luciano & Mello 1998, Moura et al. 2012), which may 
justify the results observed in animals in the diabetic group. On 
the other hand, the animals in the groups treated with insulin 
associated or not with melatonin also showed weight loss 
in relation to the animals in the control group, but with less 
intensity than those in the diabetic group. This demonstrates 
that both insulin and melatonin can regulate body weight 
through energy balance, in which all energy captured by food 
is used and stored as energy storage (Sbem 2017).

The brain is hugely dependent on glucose and hyperglycemia 
(Yamada et al. 2002, Blurton-Jonesa et al. 2009), and disorders 
of neuronal glucose transport and metabolism in hyperglycemia 
can induce an increased number of free radicals in diabetic 
conditions and subsequently negatively affect the production 
of the brain-derived neurotrophic factor (BDNF). BDNF plays 
an essential role in the survival of neurons, their growth (axons 
and dendrites), and synapses’ formation and function (Yamada 
et al. 2002, Blurton-Jonesa et al. 2009). This could explain 
the axonal degeneration of the in white matter and reduced 
levels of glycogen in the cortex of the diabetic rats, which was 
prevented in animals treated with melatonin regardless of 
the association with insulin, probably due to the ability of 
this indoleamine to promote the expression of BDNF (Luo et 
al. 2017). Concerning insulin, it was reported (Ghasemi et al. 
2013), the presence of more significant numbers of receptors 
for this hormone in several sites such as the olfactory bulb, 
cerebral cortex, hippocampus, cerebellum, and choroid plexus, 
suggesting its importance in neuronal survival, synaptic 
plasticity and glucose absorption (Banks 2004).

There was a reduction in the number of neurons in the 
rats’ frontal cortex from the diabetic group without treatment. 
This is undoubtedly related to the high apoptotic index 
observed in these animals, explaining the reduction in brain 
weight concerning rats in the other groups. Apoptosis is a 
series of processes programmed to carry out cell death and 
plays a significant role in maintaining tissue homeostasis. 
When deregulated, this process is associated with several 
pathological states such as neurodegenerative diseases and 
diabetes mellitus (Lee & Pervaiz 2007, Dorsemans et al. 2017).

In previous studies related to the central nervous system, the 
administration of exogenous melatonin resulted in a decrease 
in TUNEL-positive cells, indicating the neuroprotective effect 
of this hormone and suggesting that melatonin could act in 
the prevention of neurodegenerative diseases by inhibiting 
the intrinsic pathway of apoptosis (Lima et al. 2005, Tuzcu & 
Baydas 2006, Ferreira et al. 2010). Regarding insulin, it can 

Fig.3. Estimation of the number of neurons in the cerebral cortex 
of animals in the experimental groups. Control group (GC), 
diabetic group (GD), diabetic group treated with insulin (GDI), 
diabetic group treated with melatonin (GDM), diabetic group 
treated with insulin and melatonin (GDMI). Means followed by 
the same letter do not differ significantly from each other by 
the Dunn test (p<0.05).
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Fig.4. Immunohistochemistry for IL-6 in the brain of the rats. Observe in (A) control group (GC),  (C) diabetic group treated with insulin 
(GDI), (D) diabetic group treated with melatonin (GDM) and (E) diabetic group treated with insulin and melatonin (GDMI) weak 
marking, and in (B) diabetic group (GD) strong marking in the cortical layer. (F) Quantification in pixels. Note a significant increase in 
the GD group. Means followed by the same letter do not differ significantly by Dunn’s test (p<0.05).
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Fig.5. Immunohistochemistry for TNF-α in the brain of the rats. Observe in (A) control group (GC),  (C) diabetic group treated with insulin 
(GDI), (D) diabetic group treated with melatonin (GDM) and (E) diabetic group treated with insulin and melatonin (GDMI) weak 
marking, and in (B) diabetic group (GD) strong marking in the cortical layer. (F) Quantification in pixels. Note a significant increase in 
the GD group. Means followed by the same letter do not differ significantly by Dunn’s test (p<0.05).
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Fig.6. Immunohistochemistry for apoptosis in the brain. Observe in (A) control group (GC),  (C) diabetic group treated with insulin (GDI), 
(D) diabetic group treated with melatonin (GDM) and (E) diabetic group treated with insulin and melatonin (GDMI) weak marking, 
and in (B) diabetic group (GD) strong marking in the cortical layer. (F) Apoptotic index. Note a significant increase in the GD group. 
Means followed by the same letter do not differ significantly by Dunn’s test (p<0.05).
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inhibit apoptosis in situations of oxidative stress, ischemia, 
and toxicity of the β-amyloid peptide (Ghasemi et al. 2013).

Pro-inflammatory cytokines play a crucial role in the 
pathogenesis of diabetes (Ghosh et al. 2015). Our results indicate 
a strong marking of IL-6 and TNF-α in the cortical area of the 
rats’ frontal brain in the diabetic group compared to rats in the 
other groups. This points out to a neurodegenerative process 
that can compromise brain functions (Wajant et al. 2003, 
Cutando et al. 2015). However, these effects were prevented 
by melatonin with or without insulin, indicating this hormone 
is a potent inhibitor of inflammatory interleukins (Kumar 
& Sharma 2010, Seraphim et al. 2000). Other studies link 
the binding of insulin to the regulation of the inflammatory 
response since this hormone participates in processes that 
inhibit the production of inflammatory cytokines such as 
IL-6 and TNF-α .

CONCLUSION
The treatment with melatonin associated with insulin proved 
to be beneficial in preventing the effects of diabetes on the rat 
brain’s frontal cortex. However, this administration’s clinical 
and physiological importance requires further clarification 
to understand better the mechanisms by which melatonin 
exerts these beneficial effects.

Conflict of interest statement.- The authors have no conflicts of interest 
to declare.

REFERENCES
Ahmadpour S.H. & Haghir H. 2011. Diabetes mellitus type 1 induces dark 

neuron formation in the dentate gyrus: a study by Gallya’s method and 
transmission eléctron microscopy. Rom. J. Morphol. Embryol. 52(2):575-579. 
<PMid:21655645>

Banks W.A. 2004. The source of cerebral insulin. Eur. J. Pharmacol. 490(1/3):5-
12. <https://dx.doi.org/10.1016/j.ejphar.2004.02.040> <PMid:15094069>

Baydas G., Erçel E., Canatan H., Donder E. & Akyol A. 2001. Effect of melatonina on 
oxidative status of rat brain, liver and kidney tissues under constant light exposure. 
Cell. Biochem. Funct. 19(1):37-41. <https://dx.doi.org/10.1002/cbf.897> 
<PMid:11223869>

Beauquis J., Roig P., Homo-Delarche F., De-Nicola A. & Saraiva F. 2006. Reducced 
hipocampal neurogenesis and number hilar neurones in streptozotocin 
induced diabetic mice: reversion by antidepressant treatment. Eur. J. Neurosci. 
23(6):1539-1546. <https://dx.doi.org/10.1111/j.1460-9568.2006.04691.x> 
<PMid:16553617>

Blurton-Jonesa M., Kitazawaa M., Martinez-Coriaa H., Castelloa N.A., 
Mallerb F., Loring J.F., Yamasakia T.R., Poona W.W., Greena K.N. & Laferla 
F.M. 2009. Neural stem cells improve cognition via BDNF in a transgenic 
model of Alzheimer disease. Proc. Natl. Acad. Sci. 106(32):13594-13599. 
<https://dx.doi.org/10.1073/pnas.0901402106> <PMid:19633196>

Cam M., Yavuz O., Guven A., Ercan F., Bukan N. & Ustündag N. 2003. Protective 
effects of chronic melatonin treatment against renal injury in streptozotocin-
induced diabetic rats. J. Pineal Res. 35(3):212-220. <https://dx.doi.
org/10.1034/j.1600-079x.2003.00082.x> <PMid:12932206>

Cutando A., Montero J., Gomez-de-Diego R., Ferrera M.J. & Lopez-Valverde 
A. 2015. Effect of topical application of melatonin on serum levels of 
C-reactive protein (CRP), interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-α) in patients with type 1 or type 2 diabetes and periodontal 
disease. J. Clin. Exp. Dent. 7(5):e628-33. <https://dx.doi.org/10.4317/
jced.52604> <PMid:26644840>

Dall’ago P., Silva V.O., De-Angelis K.L., Irigoyen M.C., Fazan R.J. & Salgado 
H.C. 2002. Reflex control of arterial pressure and heart rate in short-term 

streptozotocin diabetic rats. Braz. J. Med. Biol. Res. 35(7):843-849. <https://
dx.doi.org/10.1590/S0100-879X2002000700013>

Dorsemans A.C., Couret D., Hoarau A., Meihac O., Lefebvre D.C. & Diotel N. 
2017. Diabetes, adult neurogenesis and brain remodeling: New insights 
from rodent and zebrafish models. Neurogenesis 4(1):e1281862. 
<https://dx.doi.org/10.1080/23262133.2017.1281862> <PMid:28439518>

Edward J.L., Vicent A.M., Cheng H.T. & Feldman E.L. 2008. Diabetic neuropathy: 
mechanisms to management. Pharmcol. Ther. 120(1):1-34. <https://dx.doi.
org/10.1016/j.pharmthera.2008.05.005> <PMid:18616962>

El-Sokkary G.H., Kamel E.S. & Reiter R.J. 2003. Prophylactic effect of melatonin 
in reducing lead-induced neurotoxicity in the rat. Cell. Mol. Biol. Lett. 
8(2):461-470. <PMid:12813579>

Ferreira C.S., Maganhin C.C., Simões R.S., Girão M.J.B.C., Baracat E.C. & Soares-Jr 
J.M. 2010. Melatonina: modulador de morte celular. Revta Assoc. Med. Bras. 
56(6):715-718. <https://dx.doi.org/10.1590/S0104-42302010000600024>

Franc D.T., Kodl C.T., Mueller B.A., Muetzel R.L., Lim K.O. & Seaquist E.R. 2011. 
High connectivity between reduced cortical thickness and disrupted white 
matter tracts in long-standing type 1 diabetes. Diabetes 60(1):315-319. 
<https://dx.doi.org/10.2337/db10-0598> <PMid:20980455>

Francis G.J., Martinez J.A., Liu W.Q., Xu K., Ayer A., Fine J., Tuor U.I., Glazner 
G., Hanson L.R., Frey II.W.H. & Touth C. 2008. Intranasal insulin prevents 
cognitive decline, cerebral atrophy and whitematter changes inmurine 
type I diabetic encephalopathy. Brain 131(Pt 12):3311-3334. <https://
dx.doi.org/10.1093/brain/awn288> <PMid:19015157>

Ghasemi R., Haeri A., Dargahi L., Mohamed Z. & Ahmadiani A. 2013. Insulin in 
the brain: sources, localization and functions. Mol. Neurobiol. 47(1):145-
171. <https://dx.doi.org/10.1007/s12035-012-8339-9> <PMid:22956272>

Ghosh S., Banerjee S. & Parames P. 2015. The beneficial role of curcumin 
on inflammation, diabetes and neurodegenerative disease: A recent 
update. Food Chem. Toxicol. 83:111-24. <https://dx.doi.org/10.1016/j.
fct.2015.05.022> <PMid:26066364>

Gundersen H.J.G., Bendtsen T. F., Korbo L., Marcussen N., Moller A., Nielsen 
K., Nyengaard J.R., Pakkenberg B., Sorensen F.B., Vesterby A. & West 
M.J. 1988. Some new, simple and efficient stereological methods and 
their use in pathological research and diagnosis. APMIS 96(5):379-394. 
<https://dx.doi.org/10.1111/j.1699-0463.1988.tb05320.x> <PMid:3288247>

Hernandez-Velázquez B., Camara-Lemarroy C.R., González-González J.A., Garcia-
Compean D., Monreal-Robles R., Cordero-Perez P. & Munõz-Espinosa L.E. 
2016. Efectos de la melatonina en la respuesta inflamatória aguda associada 
con la colangiopancreatografia retrógrada endoscópica: un ensayo clínico 
aleatorizado, doble ciego y controlado con placebo. Revta Gastroenterol. 
Méx. 81(3):141-148. <https://dx.doi.org/10.1016/j.rgmx.2016.03.003>

Hsu J.L., Chen Y.L., Leu J.G., Jaw F.S., Lee C.H., Tsai Y.F., Hsu C.Y., Bai C.H. & Leemans 
A. 2012. Microstructural white matter abnormalities in type 2 diabetes 
mellitus: a diffusion tensor imaging study. NeuroImage. 59(2):1098-1105. 
<https://dx.doi.org/10.1016/j.neuroimage.2011.09.041> <PMid:21967726>

Huang M., Gao L., Yang L., Lin F. & Lei H. 2012. Abnormalities in the brain of 
streptozotocin-induced type 1 diabetic rats revealed by diffusion tensor 
imaging. NeuroImage Clin. 1(1):57-65. <https://dx.doi.org/10.1016/j.
nicl.2012.09.004>

Jackson-Guilford J., Leander J.D. & Nisenbaum L.K. 2000. The effect of 
streptozotocin-induced diabetes on cell proliferation in the rat dentate 
gyrus. Neurosci. Lett. 293(2):91-94. <https://dx.doi.org/10.1016/s0304-
3940(00)01502-0> <PMid:11027841>

Khaksar Z., Jelodar G. & Hematian H. 2010. Effect of maternal diabetes on 
cerebellum histomorphometry in neonatal rats. J. Shaheed Sadoughi Univ. 
Med. Sci. Health Serv. 18(1):56-63.

Kodl C.T., Franc D.T., Rao J.P., Anderson F.S., Thomas W., Mueller B.A., Lim 
K.O. & Seaquist E.R. 2008. Diffusion tensor imaging identifies deficits in 
White matter microstructure in subjects with type 1 diabetes that correlate 

https://pubmed.ncbi.nlm.nih.gov/21655645/
https://dx.doi.org/10.1016/j.ejphar.2004.02.040
https://pubmed.ncbi.nlm.nih.gov/15094069/
https://dx.doi.org/10.1002/cbf.897
https://pubmed.ncbi.nlm.nih.gov/11223869/
https://dx.doi.org/10.1111/j.1460-9568.2006.04691.x
https://pubmed.ncbi.nlm.nih.gov/16553617/
https://dx.doi.org/10.1073/pnas.0901402106
https://pubmed.ncbi.nlm.nih.gov/19633196/
https://dx.doi.org/10.1034/j.1600-079x.2003.00082.x
https://dx.doi.org/10.1034/j.1600-079x.2003.00082.x
https://pubmed.ncbi.nlm.nih.gov/12932206/
https://dx.doi.org/10.4317/jced.52604
https://dx.doi.org/10.4317/jced.52604
https://pubmed.ncbi.nlm.nih.gov/26644840/
https://dx.doi.org/10.1590/S0100-879X2002000700013
https://dx.doi.org/10.1590/S0100-879X2002000700013
https://dx.doi.org/10.1080/23262133.2017.1281862
https://pubmed.ncbi.nlm.nih.gov/28439518/
https://dx.doi.org/10.1016/j.pharmthera.2008.05.005
https://dx.doi.org/10.1016/j.pharmthera.2008.05.005
https://pubmed.ncbi.nlm.nih.gov/18616962/
https://pubmed.ncbi.nlm.nih.gov/12813579/
https://dx.doi.org/10.1590/S0104-42302010000600024
https://dx.doi.org/10.2337/db10-0598
https://dx.doi.org/10.1093/brain/awn288
https://dx.doi.org/10.1093/brain/awn288
https://pubmed.ncbi.nlm.nih.gov/19015157/
https://dx.doi.org/10.1007/s12035-012-8339-9
https://pubmed.ncbi.nlm.nih.gov/22956272/
https://dx.doi.org/10.1016/j.fct.2015.05.022
https://dx.doi.org/10.1016/j.fct.2015.05.022
https://pubmed.ncbi.nlm.nih.gov/26066364/
https://dx.doi.org/10.1111/j.1699-0463.1988.tb05320.x
https://pubmed.ncbi.nlm.nih.gov/3288247/
https://dx.doi.org/10.1016/j.rgmx.2016.03.003
https://dx.doi.org/10.1016/j.neuroimage.2011.09.041
https://pubmed.ncbi.nlm.nih.gov/21967726/
https://dx.doi.org/10.1016/j.nicl.2012.09.004
https://dx.doi.org/10.1016/j.nicl.2012.09.004
https://dx.doi.org/10.1016/s0304-3940(00)01502-0
https://dx.doi.org/10.1016/s0304-3940(00)01502-0
https://pubmed.ncbi.nlm.nih.gov/11027841/


1087

Pesq. Vet. Bras.       

Histomorphometric and immunohistochemical evaluation of the frontal cerebral cortex in diabetic rats after treatment with melatonin

with reduced neurocognitive function. Diabetes 57(11):3083-3089. 
<https://dx.doi.org/10.2337/db08-0724> <PMid:18694971>

Korbo L., Pakkenberg B., Ladefoged O., Gundersen H.J., Arlien-Søborg P. 
& Pakkenberg H. 1990. An efficient method for estimating the total 
number of neurons in rat brain cortex. J Neurosci. Methods 31(2):93-100. 
<https://dx.doi.org/10.1016/0165-0270(90)90153-7> <PMid:2181205>

Kumar A. & Sharma S.S. 2010. NF-kappa B inhibitory action 1301 of 
resveratrol: a probable mechanism of neuroprotection in experimental 
diabetic neuropathy. Biochem. Biophysic Res. 394(2):360-365. 
<https://dx.doi.org/10.1016/j.bbrc.2010.03.014> <PMid:20211601>

Lee S.C. & Pervaiz S. 2007. Review Apoptosis in the pathophysiology of 
diabetes mellitus. Int. J. Biochem. Cell Biol. 39(3):497-504. <https://dx.doi.
org/10.1016/j.biocel.2006.09.007> <PMid:17074529>

Lima E., Soares J.M.J., Del-Carmen S.G.Y., Gomes V.S., Priel M.R., Baracat E.C., 
Carvalheiro E.A., Naffah-Mazzacoratti M.G. & Amado D. 2005. Effects of 
pinealectomy and the treatment with melatonin on the temporal lobe 
epilepsy in rats. Brain Res. 1043(1/2):24-31. <https://dx.doi.org/10.1016/j.
brainres.2005.02.027> <PMid:15862514>

Louzada S.M. & Vargas C.R. 2015. Encefalopatia diabética e depressão: dano 
oxidativo no cérebro. Clin. Biomed. Res. 35(4):184-195. <https://dx.doi.
org/10.4322/2357-9730.59313>

Luciano E. & Mello M.A.R. 1998. Atividade física e metabolismo de proteínas 
em músculo de ratos diabéticos experimentais. Revta Paul. Educ. Fís. 
12(2):202-209.

Luo Y., Peng M. & Wei H. 2017. Melatonin promotes brain-derived neurotrophic 
factor (BDNF) expression and anti-apoptotic effects in neonatal hemolytic 
hyperbilirubinemia via a phospholipase (PLC) - mediated mechanism. Med 
Sci Monit. 23:5951-5959. <https://dx.doi.org/10.12659/msm.907592> 
<PMid:29247156>

Moura L.P., Gomes R.J., Leme J.A., Voltarelli F.A., Ribeiro C., Moura R.F., Araújo 
M.B., Luciano E. & Mello M.R. 2012. Insulina pancreática de ratos diabéticos 
tipo 1 submetidos a um protocolo de treinamento físico individualizado. 
Motricidade. 8(1):23-32. <https://dx.doi.org/10.6063/motricidade.8(1).234>

Pinheiro L.S., Melo A.D., Andreazzi A.E., Caires Júnior L.C., Barros Costa M.& 
Gonzalez-Garcia R.M. 2011. Protocol of Insulin therapy for streptozotocin-
diabetic rats based on a study of food ingestion and glycemic variation. 
Scand. J. Lab. Anim. Sci. 38(2):117-127.

Piotrowski P., Wierzbicka K. & Smialek M. 2001. Neuronal death in the rat 
hippocampus in experimental diabetes and cerebral ischaemia treated 
with antioxidants. Folia Neuropathol. 39(3):147-154. <PMid:11770125>

Sartori C., Dessen P., Mathieu C., Monney A., Bloch J., Nicod P., Scherrer U. & 
Duplain H. 2009. Melatonin Improves glucose homeostasis and endothelial 
vascular function in high-fat diet-fed insulin-resistant mice. Endrocrinology 
150(12):311-317. <https://dx.doi.org/10.1210/en.2009-0425> 
<PMid:19819971>

Sbem 2017. Posicionamento da SBEM sobre a melatonina Sociedade Brasileira 
de Endocrinologia e Metabologia. Available at <https://www.endocrino.
org.br/media/uploads/PDFs/posicionamento_sobre_melatonina_sbem.
pdf> Accessed on Dec. 29, 2019.

Seraphim P.M., Sumida D.H., Nishide F.Y., Lima F.B., Neto Cipolla J. & Machado 
U.F. 2000. A glândula pineal e o metabolismo de carboidratos. Arq. Bras. 
Endocrinol. Metab. 44(4):331-338. <https://dx.doi.org/10.1590/S0004-
27302000000400009>

Tuzcu M. & Baydas G. 2006. Effect of melatonin and vitamin E on diabetes-
induced learning and memory impairment in rats. Eur. J. Pharmacol. 
537(1/3):106-110. <https://dx.doi.org/10.1016/j.ejphar.2006.03.024> 
<PMid:16626697>

Van-Elderen S.G.C., De-Roos A., De-Craen A.J.M., Westendorp R.G.J., Blauw 
G.J., Jukema J.W., Bollen E.L.E.M., Middelkoop H.A.M., Van-Buchem M.A. 
& Van-Der-Grond J. 2010. Progression of brain atrophy and cognitive 
decline in diabetes mellitus. Neurology 75(11):997-1002. <https://dx.doi.
org/10.1212/WNL.0b013e3181f25f06> <PMid:20837967>

Van-Harten B., De-Leeuw F.E., Weinstein H.C., Scheltens P. & Biessels G.J. 2006. 
Brain imaging in patients with diabetes - a systematic review. Diabetes 
Care 29(11):2539-2548. <https://dx.doi.org/10.2337/dc06-1637> 
<PMid:17065699>

Villeda-Hernández J., Méndez-Armenta M., Barroso-Moguel R., Trejo-Solis 
M.C., Guevara J. & Rios C. 2006. Morphometric analysis of brain lesions in 
rat fetuses prenatally exposed to low-level lead acetate: correlation with 
lipid peroxidation. Histol. Histopathol. 21(6):609-617. <https://dx.doi.
org/10.14670/HH-21.609> <PMid:16528671>

Wajant H., Pfizenmaier K. & Scheurich P. 2003. Tumor necrosis factor 
signaling. Cell Death Differ. 10(1):45-65. <https://dx.doi.org/10.1038/
sj.cdd.4401189> <PMid:12655295>

Wang C.F., Li D.Q., Xue H.Y. & Hu B. 2010. Oral supplementation of catalpol 
ameliorates diabetic encephalopathy in rats. Brain Res. 1307:158-165. 
<https://dx.doi.org/10.1016/j.brainres.2009.10.034> <PMid:19852947>

Weibel E.R., Kistler G.S. & Scherle W.F. 1966. Practical stereological methods 
for morphometric cytology. J. Cell Biol. 30(1):23-38. <https://dx.doi.
org/10.1083/jcb.30.1.23> <PMid:5338131>

West M.J. 1993. Regionally specific loss of neurons in the aging human 
hippocampus. Neurobiol. Aging 14(4):287-293. <https://dx.doi.
org/10.1016/0197-4580(93)90113-p> <PMid:8367010>

Wu X., Cheng B., Cai Z.D. & Lie-Ming L. 2013. Determination of the apoptotic 
index in osteosarcoma tissue and its relationship with patients prognosis. 
Cancer Cell Int. 13(1):56. <https://dx.doi.org/10.1186/1475-2867-13-56> 
<PMid:23734671>

Yamada K., Mizuno M. & Nabeshima T. 2002. Role for brain-derived neurotrophic 
factor in learning and memory. Life Sci. 70(7):735-744. <https://dx.doi.
org/10.1016/s0024-3205(01)01461-8> <PMid:11833737>

Yang C., De-Visser A., Martinez J.A., Poliakov I., Rosales-Hernandez A., Ayer A., 
Garven A., Zaver S., Ricon N., Xu K., Tuor U.I., Schmidt A.M. & Toth C. 2011. 
Differential impact of diabetes and hypertension in the brain: adverse 
effects in white matter. Neurobiol. Disease 42(3):446-458. <https://dx.doi.
org/10.1016/j.nbd.2011.02.007> <PMid:21324363>

Yau P.L., Javier D., Tsui W., Sweat V., Bruehl H., Borod J.C. & Convit A. 2009. 
Emotional and neutral declarative memory impairments and associated 
white matter microstructural abnormalities in adults with type 2 
diabetes. Psychiatry Res. 174(3):223-230. <https://dx.doi.org/10.1016/j.
pscychresns.2009.04.016> <PMid:19906514>

Yoon S., Cho H., Kim J., Lee D.W., Kim G.H., Hong Y.S., Moon S., Park S., Lee 
S., Bae S., Simonson D.C., Simonson D.C. & Lyoo I.K. 2017. Brain changes 
in overweight/obese and normal-weight adults with type 2 diabetes 
mellitus. Diabetologia. 60(7):1207-1217. <https://dx.doi.org/10.1007/
s00125-017-4266-7> <PMid:28447116>

https://dx.doi.org/10.2337/db08-0724
https://pubmed.ncbi.nlm.nih.gov/18694971/
https://dx.doi.org/10.1016/0165-0270(90)90153-7
https://pubmed.ncbi.nlm.nih.gov/2181205/
https://dx.doi.org/10.1016/j.bbrc.2010.03.014
https://pubmed.ncbi.nlm.nih.gov/20211601/
https://dx.doi.org/10.1016/j.biocel.2006.09.007
https://dx.doi.org/10.1016/j.biocel.2006.09.007
https://pubmed.ncbi.nlm.nih.gov/17074529/
https://dx.doi.org/10.1016/j.brainres.2005.02.027
https://dx.doi.org/10.1016/j.brainres.2005.02.027
https://pubmed.ncbi.nlm.nih.gov/15862514/
https://dx.doi.org/10.4322/2357-9730.59313
https://dx.doi.org/10.4322/2357-9730.59313
https://dx.doi.org/10.12659/msm.907592
https://pubmed.ncbi.nlm.nih.gov/29247156/
https://dx.doi.org/10.6063/motricidade.8(1).234
https://pubmed.ncbi.nlm.nih.gov/11770125/
https://dx.doi.org/10.1210/en.2009-0425
https://pubmed.ncbi.nlm.nih.gov/19819971/
https://www.endocrino.org.br/media/uploads/PDFs/posicionamento_sobre_melatonina_sbem.pdf
https://www.endocrino.org.br/media/uploads/PDFs/posicionamento_sobre_melatonina_sbem.pdf
https://www.endocrino.org.br/media/uploads/PDFs/posicionamento_sobre_melatonina_sbem.pdf
https://dx.doi.org/10.1590/S0004-27302000000400009
https://dx.doi.org/10.1590/S0004-27302000000400009
https://dx.doi.org/10.1016/j.ejphar.2006.03.024
https://pubmed.ncbi.nlm.nih.gov/16626697/
https://dx.doi.org/10.1212/WNL.0b013e3181f25f06
https://dx.doi.org/10.1212/WNL.0b013e3181f25f06
https://pubmed.ncbi.nlm.nih.gov/20837967/
https://dx.doi.org/10.2337/dc06-1637
https://pubmed.ncbi.nlm.nih.gov/17065699/
https://dx.doi.org/10.14670/HH-21.609
https://dx.doi.org/10.14670/HH-21.609
https://pubmed.ncbi.nlm.nih.gov/16528671/
https://dx.doi.org/10.1038/sj.cdd.4401189
https://dx.doi.org/10.1038/sj.cdd.4401189
https://pubmed.ncbi.nlm.nih.gov/12655295/
https://dx.doi.org/10.1016/j.brainres.2009.10.034
https://pubmed.ncbi.nlm.nih.gov/19852947/
https://dx.doi.org/10.1083/jcb.30.1.23
https://dx.doi.org/10.1083/jcb.30.1.23
https://pubmed.ncbi.nlm.nih.gov/5338131/
https://dx.doi.org/10.1016/0197-4580(93)90113-p
https://dx.doi.org/10.1016/0197-4580(93)90113-p
https://pubmed.ncbi.nlm.nih.gov/8367010/
https://dx.doi.org/10.1186/1475-2867-13-56
https://pubmed.ncbi.nlm.nih.gov/23734671/
https://dx.doi.org/10.1016/s0024-3205(01)01461-8
https://dx.doi.org/10.1016/s0024-3205(01)01461-8
https://pubmed.ncbi.nlm.nih.gov/11833737/
https://dx.doi.org/10.1016/j.nbd.2011.02.007
https://dx.doi.org/10.1016/j.nbd.2011.02.007
https://pubmed.ncbi.nlm.nih.gov/21324363/
https://dx.doi.org/10.1016/j.pscychresns.2009.04.016
https://dx.doi.org/10.1016/j.pscychresns.2009.04.016
https://pubmed.ncbi.nlm.nih.gov/19906514/
https://dx.doi.org/10.1007/s00125-017-4266-7
https://dx.doi.org/10.1007/s00125-017-4266-7
https://pubmed.ncbi.nlm.nih.gov/28447116/

	_Hlk62132699
	_Hlk62134290

