
 

Melatonin Research (Melatonin Res.)                              http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (3) 479-494; doi: 10.32794/mr112500106                              479 

 

Research Article  

 

A combination of melatonin and moderate-intensity aerobic exercise 

improves pancreatic beta-cell function and glycemic homeostasis in type 2 

diabetic model of animals 
 

Eduardo de Almeida Leite1a, Patricia Rodrigues Lourenço Gomes1a, Eloisa Aparecida 

Vilas-Boas1, Ana Cláudia Munhoz1, Lívia Clemente Motta-Teixeira1, José Sinésio da 

Silva Junior1, Angelo Rafael Carpinelli1 and José Cipolla Neto1* 
 

1Department of Physiology and Biophysics, Institute of Biomedical Sciences, University of 

Sao Paulo, Sao Paulo, Brazil 
aThese authors contributed equally 

*Correspondence: cipolla@icb.usp.br, Tel: +551130917466 or +5511971695000 

 

Running title: Melatonin and aerobic exercise improves pancreatic beta-cell function and 

glycemic homeostasis 

 

Received: August 2, 2012; Accepted: September 27, 2021  

 

ABSTRACT 

 

     Nocturnal melatonin secretion is important for preservation of ß-cell mass and function. 

Knowing that type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized 

by hyperglycemia caused by the elevated resistance of peripheral tissues to insulin, reduction 

in pineal melatonin and disturbances of insulin secretion by pancreatic ß-cells.  In this 

context, exercise is considered one of the most valuable non-pharmacological approaches for 

treatment of T2DM. Considering the beneficial role of melatonin on glycemic metabolism in 

physical exercise, we investigated the effects of moderate-intensity aerobic exercise plus 

melatonin on glycemic homeostasis, the morphology and architecture of pancreas in 

spontaneous T2DM animals [Goto-Kakizaki (GK) rats]. The results confirmed that melatonin 

alone reduced the mass of epididymal white adipose tissue (WAT); however, only the 

combination of melatonin and physical exercise significantly reduced caloric intake, body 

weight, WAT and improved glucose tolerance and insulin sensitivity in T2DM rats. This 

combination also reduced apoptosis of cells in pancreatic islets. We observed either 

melatonin or the combination was able to reduce insulinemia. However, only the combination 

improved the morphology of the pancreatic islets. Thus, we conclude that in GK rats, 

melatonin plays a crucial role in the functionality of the pancreas to improve insulin 

sensitivity of peripheral tissues and, consequently, to maintain the glucose homeostasis. In 

addition, the combination is more efficiency to improve glucose tolerance and integrity of 

pancreatic islets in GK rats than melatonin alone. 
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___________________________________________________________________________ 

 

1. INTRODUCTION 

  

     Melatonin and insulin have strong association in vertebrates. Insulin potentiates pineal 

melatonin production (1, 2) while melatonin inhibits insulin production and release (3). 

Additionally, nocturnal melatonin secretion is responsible for preservation of ß-cell mass and 
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function in humans (4-6). Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder 

characterized by hyperglycemia, the resistance of peripheral tissues to insulin and 

disturbances of insulin secretion (7).  An association between the pathology of T2DM and 

decreased melatonin secretion in diabetic patients and Goto-Kakizaki rats (GK) has been 

observed (8-10). GK rats is a non-obese and spontaneous (genetic) T2DM model and has 

been widely used to investigate the development of T2DM and its complications (11-17). In 

uterus, GK fetus shows reduced pancreatic ß-cell mass, shortly after birth, these rats present 

normal blood glucose. However, when GK rats reach 28 days of age, they have basal 

hyperglycemia, impaired insulin secretion and increased hepatic glucose production (18-20) 

and  after 56 days  they develop peripheral insulin resistance(21). 

     Exercise is considered one of the most valuable non-pharmacological approaches in 

T2DM treatment (22). It improves  glucose tolerance(23) and glucose-dependent insulin 

release.  In addition, it also preserves islet architecture, ß-cell viability and insulin content 

(24, 25). On other hand, melatonin supplementation restores the metabolic adaptations 

evoked by physical exercise in pinealectomized animals (26) and in elderly who have 

decreased melatonin synthesis and secretion (27). Therefore, considering the beneficial 

effects of melatonin on glycemic metabolism in physical training process, we investigated the 

effects of the combination of moderate-intensity aerobic exercise and melatonin 

supplementation in glycemic homeostasis, morphology and architecture linked to the function 

of the endocrine pancreas in GK rats.  

 

2. METHODS  

 

2.1. Animals. 

 

     Male Goto Kakizaki (GK) rats, 12 weeks old, obtained from Charles River Laboratories 

International, Inc. (Wilmington, MA, USA). The animals were kept in our facility at 22 ± 2oC 

on a 12L:12D light-dark cycle. Standard chow (Nuvilab1, Curitiba, Brazil) and water were 

available ad libitum. Three-month-old rats were randomly divided into 4 experimental 

groups, so that the mean body weight between groups was approximately 300 grams. GK 

(sedentary control), GM (sedentary GK treated with melatonin), TG (trained GK) and TGM 

(trained GK treated with melatonin). Then, the exercised groups underwent adaptation to the 

treadmill. Finally, both the melatonin supplementation protocol and the exercise protocol 

were started. All experimental procedures were approved by the Animal Ethical Committee 

(protocol number 86/2016). 

 

2.2. Production of spontaneous type 2 diabetic animals (GK strain). 

 

     The GK strain was generated under the hypothesis that spontaneous diabetic rats would be 

produced from normal rats by repeated selective breeding, promoting high blood glucose 

levels in the offspring and a spontaneous DM2 state (28). Briefly, 211 rats of the Wistar 

strain were submitted to oral GTT. Of these, 9 males and 9 females were selected as a 

breeding stock (P). By the breeding, 162 offspring were obtained and GTT was repeated in 

these offspring. According to the test result, 12 male and 13 female rats were finally selected 

as a breeding stock (F1). 204 offspring (F2) were obtained. The same procedure was repeated 

in this generation. For the selection of breeding rats, the second GTT was repeated within two 

weeks in rats selected by the first test. Animals with two impaired tests were chosen. 

Consanguinity, especially sibling reproduction, was avoided. Goto et al (28), demonstrated 

that impaired glucose tolerance was observed after crossing selected animals for 16 

generations. 
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2.3. Melatonin treatment. 

  

     The melatonin groups received 3mg/kg of melatonin (Sigma Chemical Company, St 

Louis, MO, USA) in drinking water during the entire study (three months). Melatonin water 

was offered only during the 12 hours of the dark phase. At light phase melatonin-free water 

was provided. Melatonin solution was prepared daily based on the water consumption and 

body weight of each animal.  

 

2.4. Exercise training protocol.  

 

     The physical training protocol lasted 12 weeks, 5 times/week, and was performed on a 

programmable treadmill, adapted to train 12 rats simultaneously. The protocol used was 

adapted from Mendes et al. 2013 (27). Before starting training, the rats of the TG and TGM 

groups were adapted to the treadmill for one week, 10 minutes/day, at low speed (0.5 km / h). 

The training was performed by gradual increases in exercise intensity, defined by speed and 

time, as shown in Table 1. The protocol did not include changes in the inclination of the 

treadmill. The protocol maintained the training intensity between 50-80% of the VO2 max. 

  

Table 1. Exercise training protocol. 

 

WEEK ADAP. 1 2 3 4 5 6 7 8 9 10 11 12 

SPEED 

(KM/H) 

0.5 0.5 0.6 0.6 0.7 0.8 0.9 1 1 1.1 1.2 1.3 1.3 

TIME 

(MIN) 

10 10 15 20 20 30 30 35 35 40 40 40 40 

 

     The animals were trained in the dark phase of the light-dark cycle, in accordance to their 

circadian phase of activity. In order to avoid any putative synchronizing effect of the training 

activity,  animals were trained at random times within the 12 hours of the dark phase (29). 

     Both at the beginning and at the end of the training protocol, the incremental load test was 

performed in order to confirm the training efficiency. Therefore, the trained animals were 

submitted to exercise on a treadmill with a gradual increase in speed (0.5 km/h every 3 min) 

until their exhaustion (30) . 

 

2.5. Body weight, food intake and blood glucose levels. 

 

     The weekly body weight and daily food intake were measured during the experimental 

period. In addition, food intake was calculated in Kcal by converting the sum of the weekly 

consumption during the experimental protocol from the nutritional table provided by the 

manufacturer (Nuvilab1, Curitiba, Brazil). 

     For blood glucose analysis, blood samples from the animals' tails were measured on test 

strips and glucometer (Optium Blood Glucose Test Strips and Optium Xceed, Medisense, 

Oxford, UK) at the beginning and at the 10th experimental week, in the light period (ZT 14) 

after a 10-hour fast. 

 

2.6. Intraperitoneal glucose tolerance test (GTT). 

 

     The animals were submitted to an intraperitoneal (i.p.) injection with 2g/kg of 20% 

glucose, at ZT 10, after fasting for 8 hours. Tail blood samples were collected at times 0, 5, 

10, 15, 30, 60 and 120 min for menstruation blood glucose. To estimate glucose tolerance, 
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the area under the curve (AUC) was calculated from the basal blood glucose using Prism 

software, version 8.0 (GraphPad Software, LLC). 

 

2.7. Intraperitoneal insulin tolerance test (ITT). 

 

     The animals were submitted to an i.p. injection with 0.5 IU/kg of insulin (Humulin R; Eli 

Lilly), at ZT 10, after 5 hours of food deprivation. Tail blood samples were collected at times 

0, 5, 10, 15, 20, 25 and 30 min for menstruation blood glucose. The constant rate for glucose 

disappearance (Kitt) was calculated using the formula 0.693/half-life using Prism software, 

version 8.0 (GraphPad Software, LLC)(31).  

 

2.8. Tissue collection - Pancreatic islet isolation. 

  

     24 hours after the last exercise training session (ZT 14), animals were deeply anesthetized 

with an i.p. injection of ketamine and xylazine (7.5:1/kg) and pancreas was collected and 

immediately processed. Pancreatic islets were isolated as described previously(32). Briefly, 

after distension via pancreatic duct injection with collagenase (0.68 mg/mL), pancreas was 

removed and digested in a shaking water bath at 37 oC. Pancreatic islets were isolated from 

GK, GM, TG and TGM groups. 

 

2.9. Cell viability, apoptosis and death. 

 

     Cell viability, apoptosis and cell death were identified by flow cytometry using the Guava 

ViaCount Assay (Millipore, Billerica, MA)(32). Briefly, groups of 30 islets were disrupted 

with trypsin and resuspended in 200 μL of RPMI-1640 medium. Then, 175 μL of the cell 

suspension was added to 25 μL of ViaCount reagent and incubated for five minutes at room 

temperature. Data acquisition was performed in the flow cytometer Guava EasyCyte 

(Millipore) and data analysis was performed using the ViaCount software module. 

 

2.10. Pancreatic histological assessment. 

 

     Tails of the pancreas were immersed in 4% (wt/vol) paraformaldehyde fixative solution 

for 24 h and submerged in a solution for cryoprotection (sucrose 20%) for 48h. The samples 

were dehydrated by serial increasing concentrations of ethanol, paraffin embedded. Serial 

sections (5 μm tick and 200 μm apart from each other) were mounted using glass slides and 

stained with hematoxylin and eosin (HE). All slides were observed under a microscope 

(Leica Imaging System, Germany). The images were calibrated and analyzed with the Aperio 

ImageScope software (Leica Imaging System, Germany), then, (i) islets density (islets/cm2), 

(ii) pancreatic islets area and (iii) islet size were measured according to Weibel (33).   

     To calculate circularity, pancreatic islets were delimited, and both their area and 

circularity were automatically calculated using ImageJ 1.50 software (National Institutes of 

Health, Bethesda, MD). A circularity value closer to 1 indicates a circular shape and closer to 

0 indicates more irregular shape(34).  

 

2.11. Measurement of insulinemia by enzyme-linked immunosorbent (ELISA) assay. 

 

     20 μL of venous blood were collected from the animal's tail at the beginning of the 

glucose tolerance assay. Thus, blood was collected at times 0, 5, 10, 15 and 120 minutes after 

intraperitoneal injection with a 20% glucose solution, using a dose of 2 g/Kg at ZT 10. Then, 

the serum was extracted to measure insulinemia by Rat/Mouse Insulin enzyme-linked 
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immunosorbent assay (Merck-Millipore, Massachusetts, EUA). Data were normalized and 

transformed into ng/mL using a dose-response curve with sigmoidal equation. 

 

2.12. Statistical analyses. 

 

     For incremental load test analysis was used paired Student's t test (supplementary data). 

For the other analyses, Two-way ANOVA was used, followed by the Bonferroni’s multiple 

comparison test. Both performed using Prism version 8.0 (GraphPad), considering P ≤ 0.05. 

 

3. RESULTS 

 

3.1. Effects of melatonin and/or exercise on WAT, caloric intake, body weight. 

 

     Body weight was assessed every week throughout the experimental protocol. At the 

beginning of the experiment, animals in the four groups had similar body weight (Figure 1a), 

but at the end of 12 weeks, the exercise plus melatonin group (TGM) showed decrease in 

body weight when compared to the sedentary group (GK) and the melatonin alone group 

(GM) (Figure 1b). Moreover, after the sixth week of exercise, TGM maintained the lower 

body weight compared to the GK until the end of the study (Figure 1c). Besides, the weight 

variation, calculated by the difference between the final and initial values (delta of body 

weight) (Figure 1d), showed that both TG and TGM presented less body weight variation, 

indicating that the body weight gain was lower in these groups compared to GK and GM.    

Fig. 1. Changes of the body weight.  

     a) At the beginning of the study; b) at the end of the study; c) changes of body weight over 

the 12 weeks of study and d) difference between initial and final body weight. Data are 

expressed as mean ± SEM (n=14-15 rats/group). * TGM vs. GK and GM; ** GK vs TG and 

TGM, # GM vs TG and TGM.  a GK vs TG; b GK vs TGM; c GM vs TGM, respectively. All 

symbols represent P < 0.05. 
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     Food intake was monitored weekly (Figure 2a). The average intake over the period 

(Figure 2b) and the caloric intake in Kcal were calculated (Figure 2c), respectively. There 

were no differences among groups in the average food intake (Figure 2b). However, TGM 

consumed less calories compared to GK and GM (Figure 2c). The combination of exercise 

and melatonin supplementation was more efficient to maintain lower body weight at the end 

of the study than other groups (Figure. 2c). 

     There were no significant differences as to the body size, measured by the length of the 

tibia (Figure 2d), muscle hypertrophy of the soleus (Figure. 2e) and EDL muscles (Figure. 2f) 

and   the inguinal WAT (Figure. 2g) among groups. However, melatonin supplementation 

was able to significantly decrease the amount of epididymal WAT (Figure. 2h), and the 

combination of exercise and melatonin significantly reduced the amount of retroperitoneal 

WAT (Figure. 2i). Thus, the TGM group showed significant reduction of epididymal and 

retroperitoneal WAT mass compared to the GK and GM groups. 

 
Fig. 2. Food intake of the different groups. 

      a) During the period of the entire study.; b) average food intake and c) Kcal 

consumption; d) Tibial length, (e – f) weight of muscles and (g – i) weight of adipose tissues. 

Data are expressed as mean ± SEM (n=14-15 rats/group). a TGM vs GK, GM and TG, b GM 

vs GK and TG, c GK vs GM, TG and TGM, d TGM vs GM, e GM vs TG, f GK vs TG and TGM, 
g GM vs TG and TGM, h GK vs GM, iTGM vs GK and TG, *vs GK and GM, **vs GM and 

TGM, @GK vs TGM; respectively All symbols represent P < 0.05. 

 

3.2. Exercise and melatonin supplementation improve glucose tolerance and insulin 

sensitivity. 

 

     There were no significant differences as to the fasting glucose levels among groups, 

comparing the 1st and the last (10th) week of the study periods (Figure 3e). In the beginning of 

the study, no significant differences in glucose tolerance were observed among groups 

(Figure 3a). However, glucose tolerance was significantly improved in TGM group compared 

to other groups after 10 weeks of treatment (Figure 3b). Regarding the insulin sensitivity, 

there were no obvious differences among groups in the 1st week of the study (Figure 2c); but 
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in the 10th week of the study, both GM and TGM groups had significantly improved their 

insulin sensitivity compared to the rest of the groups and the TGM had better effect even than 

that of GM group (Figure 3d). 

Fig. 3. Effects of melatonin and/or exercise on glucose and insulin tolerances in GK rats. 

      (a and c) at the 1st week and (b and d) at the 10th week of the study. Timeline changes in 

glucose levels vs time and the AUC or Kitt are shown in each panel. e) Fasting glucose at the 

1st and 10th week of the studyl. Data are expressed as mean ± SEM (n=6-7 rats/group).. a 

GK vs GM, b GK vs TGM, c TGM vs GK and GM, d TGM vs GM and TG, e GK vs. TG, *GK 

vs TGM, **GK vs GM and TGM, @TG vs TGM, respectively. All symbols represent P<0.05. 

 

3.3. Effects of melatonin and/or exercise on endocrine and apoptotic cells of islets.  

 

     A significant decrease in pancreatic endocrine area was observed in both GM and TGM 

groups compared to the GK group (Figure 4b). The same pattern was observed as to the islet 

density (size of the islets per field) (Figure 4d). There were no significant differences in size 

of the islets (Figure 4c), cell viability (Figure 5a), cell death (Figure 5c) and the pancreatic 

islets among all groups. Interestingly, the percentage of apoptotic cells was reduced in TGM 

group compared to groups that did not receive melatonin supplementation (Figure 5b). 

 

3.4. Effects of melatonin and/or exercise on insulinemia. 

 

     Animals treated with melatonin and/or exercise, had significant low insulinemia at 10 

weeks of study compared to the first week (Figure 6a and c). For example, at the first phase 

of insulin secretion, 15 minutes after glucose administration, insulinemia remained low 

compared to the end of the test (Figure 6d); however, this pattern was not observed in the 

first week of the study (Figure 6b).  Regarding the function of ß-cells, which is commonly 

related to the shape and size of the islets, we observed that the TGM group had increased 
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circularity compared to the other groups (Figure 5d). No difference in the size of the islets 

was observed among groups (Figure 5e and 5f). 

 

Fig. 4. Effects of melatonin and/or exercise on morphology of pancreatic islets. 

     a) micrography of a segment of pancreas from GK, GM, TG and TGM groups at the 12th 

week (HE, 100x). Black arrows indicate the pancreatic islet (endocrine pancreas) in relation 

to the exocrine pancreas. (b) pancreatic islets area, (c) islet size and (d) islet density. Data 

are expressed as mean ± SEM (n=6-8 rats/group). *GK vs GM and TGM, P <0.05. 

      

Fig. 5. Effects of melatonin and/or exercise on viability, apoptosis and death of cells in 

pancreatic islets. 

      a) Cell viability, b) apoptotic cells, c) cells death and d) percentage of circular-shaped 

islets; e) relative % of small islets with a circular shape and f) relative % of large islets with 

a circular shape. Data are expressed as mean ± SEM (n=6-8 rats/group). *GK vs TGM; 

**TG vs TGM, respectively. All symbols represent P <0.05. 
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Figure 6. Effects of melatonin and/or exercise on the basal insulinemia.  

    The data were recorded   at 5, 10, 15 and 120 minutes after glucose stimulation in the 1st 

(a, b) and in the 10th experimental week (c, d). Data are expressed as mean ± SEM (n=4 

rats/group). aGK vs GM; TG and TGM; bGK vs GM and TGM; cGK vs TGM; *120 min vs 15 

min in GK; **120 min vs 0, 5, 10 and 15 min in GK, TG and TGM; $120 vs 10 and 15 min in 

TGM; and $$120 vs. 5, 10 and 15 min in GM, respectively. All symbols represent P <0.05. 

 

4. DISCUSSION 

 

     Following the progress of T2DM, the impairment of glucose homeostasis is attributed to 

the insulin resistance of the peripheral tissues and the reduced insulin production/secretion of 

the pancreatic ß-cells. T2DM is usually associated with increases in obesity and physical 

inactivity, thus, exercise appears to be a key strategy for reversing this trend. Physical activity 

could reduce the risk of T2DM by 47 to 58% in high-risk populations (35-37), and this 

reduction could persist for 10 years following the initial intervention (38). In this context, we 

investigated the potential effects of melatonin and/or aerobic physical exercise on the T2DM 

animal model.  In order to analyze the possible benefits of these interventions on glucose 

metabolism, the focus was given to the ß-cell function and viability. 

     Melatonin is an important player in the regulation of energy metabolism, including body 

weight, insulin sensitivity, and glucose tolerance (39). In our study, we observed that 

melatonin is able to decrease body weight when combined with physical exercise for five 

weeks in the GK rats. From the seventh week onwards, the TGM group maintained a 

significant weight reduction compared to control and melatonin alone groups. Usually,  

T2DM patients are suggested to perform the aerobic exercise  (40). Considering weight loss 

at the end of the study, it is evident that after 12 weeks of interventions, the TGM and the TG 

groups achieved the similar result.  However, the caloric intake over 12 weeks in the TGM 

group is significantly low compared to the other groups. 
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     One of the main actions of melatonin is to participate in the circadian organization of 

metabolic functions and their association to the circadian behavioral cycles which regulates  

food intake and energy expenditure (39). However, Frese et al. (41) demonstrated that the 

pineal glands of GK animals exhibited  different pattern in   expression  of melatonin 

synthetic enzymes compared to the wild type animals. For example, the precursors for 

melatonin synthesis in their pineal glands were reduced as well as the reduced noradrenaline 

level. These alterations indicate the  reduced nocturnal synthesis of melatonin  in the  in vivo 

and in vitro conditions And, Buonfiglio et al. (42) reported  that melatonin replacement 

promoted   reduction in food intake, body weight, adiposity and hyperphagia after a 24-hour 

fasting. In this context, our findings showed that GK animals did not have the high caloric 

consumption compared to TG animals, thus the caloric expenditure by exercise can explain 

the decrease in body weight of the TG group with no apparent change in body composition. 

On other hand, the combination of aerobic exercise and melatonin supplementation promoted 

a reduction in caloric intake, loss of body weight and less adiposity. 

     It was reported  that even having  an intact pineal gland with normal  melatonin 

production in young rats,  melatonin supplementation   was still able to achieve a  long-term 

body weight loss  (roughly by 25%) and the reduced size of the visceral fat deposits (by 50%) 

(43). The same anti-obesogenic and weight-gain effects of melatonin were seen in animals of 

diet-induced obesity (44, 45) and also in older animals. Our results indicate that the 

mechanisms that involve weight loss via melatonin and physical exercise are present in the 

TGM group. 

     In addition to the aforementioned findings, in the 10th week of study, the TGM animals 

showed improvement in glucose tolerance. This was reflected by the better glycemic control 

during the process of GTT of this group of rats compared to the GK animals. However, 

despite the improved glucose tolerance in TGM group at the end of the test (minute 120) their 

glycemia had not completely returned to baseline level. On the other hand, both GM and 

TGM groups showed improved insulin sensitivity with better result in TGM group. . It is well 

known that regular physical activity improves glucose tolerance (36, 46). However, our study 

shows that only the combination of moderate-intensity aerobic exercise and melatonin 

supplementation could improve glucose tolerance in GK rats.  

     Melatonin plays a fundamental role for metabolic adaptations associated to physical 

activity in both adipose and muscle tissues (26, 47). Previously our group have reported that 

in older animals, exercise plus melatonin improve glucose tolerance, physical capacity, 

citrate synthase activity, liver and muscle glycogen content, body weight, PI3K protein 

expression, MAPK and AMPK in the liver and upregulate the expression of GLUT4 and 

AMPK proteins in muscle. This indicates that in hypomelatoninemic condition (as diabetes, 

aging and pinealectomy) melatonin supplementation is crucial for the metabolic adaptations 

under the aerobic exercise (27). 

     Goto and Kakizaki (28) reported that GK rats  have already developed insulin resistance 

and glucose intolerance in the absence of an obese phenotype at 10 weeks of age. The 

mechanisms  remain unclear (12). However, we show that supplementation of melatonin with 

3 mg of /kg/day for 10 weeks improved insulin sensitivity, regardless of physical exercise. 

An association of  glucose homeostasis and  circadian rhythm is supported by studies of 

circadian misalignment which show profound perturbations of plasma glucose and insulin 

levels in humans (3, 48) as well as  in rats (49). Considering that T2DM is a chronic 

metabolic disorder characterized by hyperglycemia, as a consequence of both the resistance 

of peripheral tissues to insulin and disturbances of insulin secretion by the pancreatic ß-

cell(7), therefore, alterations of  the pancreatic function  is the key  feature of this disease. 

     It is known that GK animals present complications in the synthesis and secretion of 

insulin, and less mass of pancreatic ß-cells is already in prenatal periods (11, 13). Another 
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important aspect is that peripheral hyperglycemia reduces  the synthesis and secretion of 

pineal melatonin in these animals (41). Our findings show that supplementation with 

melatonin, regardless of physical exercise, decreased the area of the endocrine pancreas, as 

well as its density. Interestingly, only the combination of melatonin and physical exercise 

decreased the apoptotic cells, in addition to improving the circularity of islets. In the study, 

we observed that there was an elevated insulinemia in the GK group at the age of 10 weeks, 

which was not surprised since the aging worsens the T2DM in these animals. However, all 

other groups (GM, TG and TGM) showed a improve insulinemia, evidencing a possible 

protection against the worsening of the diabetic condition. 

     Maintenance of healthy ß-cell mass involves a dynamic balance between cell replication, 

neogenesis and apoptosis. Prior to the development of T2DM, ß-cell mass reflects whole 

body adiposity and insulin resistance. Therefore, as ß-cell mass increases to compensate for 

greater whole-body insulin demand, the feedback system is maintained by increases in ß-cell 

turnover through controlled mechanisms of proliferation/neogenesis and  ß-cell death (50). In 

humans with T2DM,  a shift is toward an increase in apoptosis that outweighs cell neogenesis 

in ß-cells (51). 

     Individuals with T2DM are thought to have improper ß-cell adaptations that hinder ß-cell 

growth and regeneration and promote premature ß-cell death, resulting in impaired glucose 

tolerance and reduced fasting glucose clearance (52, 53).  Interestingly, both intermittent 

stress and regular exercise stimulate ß-cell neogenesis through various actions including 

signaling through insulin receptor substrate (IRS-2), thereby allowing for normal ß-cell 

function (54). In current study, we did not observe any increase in the ß-cell neogenesis in the 

exercise or exercise plus melatonin animals. Notably, the melatonin treatment alone reduced 

the area and density of the endocrine tissue. In this case, we must consider the genetic 

characteristic of the animal to develop T2DM without an obese phenotype, different from the 

more prevalent T2DM caused by the association between genetic predisposition and 

environmental factors. On the other hand, there was a decrease in insulinemia in all groups 

with interventions.  

     The results are in accordance with previous reports related to the insulin sensitivity and 

glucose tolerance. Thus, these results demonstrate that the combination of aerobic exercise 

and melatonin supplementation plays a protective role on pancreatic function and peripheral 

metabolic response. Thereby, we observed that, despite the decrease in the mass of pancreatic 

islets, the improved circularity and the decrease in apoptosis were able to improve glucose 

homeostasis (both in glucose tolerance and insulin sensitivity). The lower demand for 

circulating insulin observed also reflects in a lower ß-cell overload, which may explain the 

decrease of apoptosis. Although insulinemia was also decreased in the GM and TG groups, 

only the TGM group had its glucose tolerance be improved, while only the groups 

supplemented with melatonin had an improvement in insulin sensitivity. 

     The short-term exercise  improves insulin sensitivity in humans (55), and regular daily 

exercise decreases the risk of developing T2DM in rodents (56-59) and in humans (37, 60, 

61). Indeed, exercise is an important regulator of normal glucose tolerance as it increases 

GLUT4 translocation within stimulated skeletal muscle, which is protective against T2DM 

development (62). Moreover, long-term daily exercise improves insulin action, as well as 

GLUT4 translocation in skeletal muscle, in both healthy and insulin-resistant individuals 

(63). Regular exercise improves insulin action on peripheral skeletal muscle while decreasing 

insulin requirements. These changes are hypothesized to be direct improvements in ß-cell 

adaptation to chronic exercise stimulus that helps to prevent ß-cell exhaustion by preserving 

mass (64). 

     In addition to physical exercise, melatonin also regulates energy metabolism (5). In 

T2DM, nocturnal melatonin was shown to be necessary for the preservation and survival of 
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ß-cells (65). Through MT1 receptors linked to Gi protein, in addition to decreasing cAMP, 

melatonin activates additional signaling pathways that act in the phosphorylation of IGF-R, 

IR, IRS-1, AKT, MAPK, ERK1/2 and STAT3 in pancreatic islets (6). Phosphorylation of 

these proteins triggers signaling pathways that regulate processes essential to cell survival 

and proliferation in mammals, including pancreatic islet cells. Furthermore, there is 

consistent scientific evidence supporting that melatonin inhibits insulin secretion in islets (66) 

and clonal ß-cell lines (67-71). As indicated by previous studies, melatonin in 

pharmacological, as well as physiological, concentrations distinctively reduces receptor-

mediated insulin release from isolated rat pancreatic islets (72, 73) and from rat insulinoma ß-

cells (INS-1) in a dose-dependent manner (71). 

     Thus, we conclude that melatonin plays a crucial role in the functionality of the endocrine 

pancreas, as well as in the mechanisms involved in insulin sensitivity by insulin-dependent 

tissues and, consequently, in glucose homeostasis. In addition, although the mechanisms are 

not fully understood, it appears that only the combination of melatonin and moderate-

intensity aerobic exercise is able to improve glucose tolerance, playing a protective role in 

pancreatic islets. Considering the worldwide prevalence of T2DM, the rates of physical 

inactivity in the population and, sometimes, shift work and even the use of night lights for 

leisure activities, our findings are relevant to open paths to be explored in an attempt to 

minimize health damage related to T2DM, physical inactivity and use of melatonin for 

therapeutic purposes. 
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