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A B S T R A C T   

Diabetes mellitus (DM) is a chronic metabolic disease marked by hyperglycemia due to insulin 
deficiency or insulin resistance leading to many chronic complications. It is thus important to 
manage diabetes effectively in order to prevent and or delay these complications. Melatonin is 
produced by the pineal gland and regulates the wake-sleep circadian rhythm. Existing evidence 
suggests that melatonin may be effective in the management of DM. However, the evidence on the 
mechanism of the beneficial effect melatonin as a treatment for DM is limited. In this study, we 
investigated the effect of melatonin treatment on blood glucose, insulin (INS), AKT and super
oxide dismutase (SOD) gene levels in diabetic rats. Non-diabetic and diabetic rats were treated 
orally for 4 weeks with either 25 mg or 50 mg/kg body weight of melatonin. At the end of the 
study, pancreatic and liver tissues morphology, glucose homeostasis, serum insulin and SOD 
levels, hepatic gene and protein expression of SOD as protecting antioxidant enzyme and AKT as 
central element involved in PI3K/AKT insulin signaling pathway were estimated. Melatonin 
treated diabetic rats showed reduced hyperglycemia, and increased serum insulin and SOD levels. 
In addition, melatonin induced an increased gene and protein expression of SOD and AKT. In 
conclusion, melatonin may play a role in treating diabetic rats via stimulation of insulin secretion, 
insulin signaling and reduction in oxidative stress.   

1. Introduction 

Diabetes mellitus (DM) is a chronic endocrine and metabolic disease affecting millions of people worldwide. DM is a leading global 
health problem, with prevalence of 537 million in 2021, and expected to reach 592 million by 2035, globally as reported by the 
International Diabetes Federation (IDF) [1]. 
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DM is a chronic metabolic disease characterized by hyperglycemia due to a lack of insulin secretion or insulin resistance. There are 
three types of DM: Type 1, Type 2, and Gestational Diabetes. Type 1 diabetes is an autoimmune condition where the immune system 
abolishes insulin secreting pancreatic beta cells. Type 2 diabetes is a condition where the body is resistant to insulin even though it has 
enough insulin. Gestational diabetes occurs during pregnancy and typically resolves after delivery [2]. 

DM is a multifactorial disease involving both genetic and environmental factors, but the main initial abnormality is hyperglycemia. 
DM-induced hyperglycemia leads to chronic complications such as cardiovascular disease, nephropathy with end stage of kidney 
failure, neuropathy causing nerve damage, retinopathy that could lead to blindness if not managed properly, foot problems, that may 
lead to amputation, skin infections, gastroparesis with vomiting, gingivitis causing tooth loss sexual erection dysfunction, hypertension 
and bone osteopenia [3]. These complications of DM occur because of chronic hyperglycemia. Hyperglycemia causes overproduction 
of reactive oxygen species (ROS) which results in oxidative stress. ROS damages cells but the body’s protective antioxidant system, in 
normal condition, neutralizes ROS and other free radicals, thereby preventing oxidative stress [4]. 

Melatonin (5-methoxy-N-acetyltryptamine) is released by the pineal gland. Melatonin regulates the sleep-wake cycle along with 
other biological rhythms in the body. In humans melatonin production is typically highest at night and lowest during the day, which 
helps to promote restful sleep. In addition to its role in sleep regulation, melatonin has also been studied for its potential benefits in 
other areas, such as reducing jet lag, improving mood, and supporting the immune system and the body’s internal clock [5]. 

Moreover, there is some evidence to suggest that melatonin may have a beneficial effect on blood glucose control in people with 
DM. Research studies have shown that melatonin can help regulate insulin secretion and sensitivity, which are key factors in main
taining a healthy blood glucose levels. In particular, melatonin has been found to increase insulin sensitivity in the liver and muscle 
tissue, which can help to lower blood sugar levels. In addition to its potential effects on blood glucose, melatonin may also have other 
beneficial effects for people with DM. For example, melatonin reduces oxidative stress, inflammation, protecting DNA from oxidative 
damage and other diabetic complications associated with DM [6]. In another experiment, melatonin supplementation significantly 
reduced DM-induced sialic acid and thiobarbituric acid-reactive substances (markers of lipid peroxidation) and was able to restore 
euglycemia [7]. The administration of melatonin inhibited Syk/COX-1/SERCA signaling pathways that is involved in unfolded protein 
response-mediated myocardial cell death in DM [8]. Endoplasmic reticulum stress is one of the causes on insulin resistance [9]. It has 
also been reported that melatonin, when given at a dose of 10 mg/kg body weight for one month significantly reduced the severity of 
diabetic complications by augmenting the AMPK/SIRT1 pathways to improve mitochondrial health [10]. However, additional studies 
is required to fully appreciate the potential benefits and mechanisms of action of melatonin in the treatment of people with DM. 

Oxidative stress occurs when there is inequity of ROS formation and the capability of the body to get ride and repair the damage 
caused by them. Oxidative stress has been implicated in the development of metabolic diseases, including DM. Antioxidants are 
substances that help to neutralize ROS and prevent oxidative damage. One of the antioxidant enzymes involved in this process is 
superoxide dismutase (SOD), which converts superoxide radicals into hydrogen peroxide and oxygen, thereby reducing the amount of 
ROS in the body [11]. The chronic hyperglycemia associated with diabetes causes non-enzymic binding of sugars to protein and lipid 
molecules to form advanced glycated end products (AGEs). AGEs, which are harmful compounds, in turn induce the generation of 
intracellular oxidative stress, which prompt the activation of a cascade of events that will lead to diabetes complications [3]. In 
addition, oxidative stress can impair insulin signaling and contribute to insulin resistance, further exacerbating the development of 
DM. Studies have shown that SOD activity is decreased in the livers of individuals with DM, suggesting that a reduced antioxidant 
activity may play a role in the pathogenesis of DM [12]. An increased level of SOD reduces oxidative stress in animal models of DM and 
subsequently improves insulin sensitivity. Overall, increased oxidative stress contributes to the development of metabolic diseases, 
including DM, an antioxidant such as SOD may be useful in preventing or treating these conditions [13]. 

Protein kinase B (AKT) is involved in many metabolic activities of cells such as cell propagation and durability. AKT activation is 
induced via downstream of phosphoinositide-3-kinase (PI3K) pathway. The PI3K/AKT signaling pathway plays an important role in 
regulating glucose homeostasis and insulin signaling in target organs such as the liver. Abnormalities in this pathway have been 
implicated in the development of DM. Insulin stimulates the activation of PI3K, which then activates AKT, leading to the translocation 
of glucose transporter type 4 (GLUT4) to the cell membrane, resulting in increased glucose uptake by the liver cells. AKT also activates 
glycogen synthase, which converts glucose into glycogen for storage in the liver [14]. Moreover, AKT inhibits gluconeogenesis, which 
is the process by which the liver produces glucose from non-carbohydrate sources. In DM, the PI3K/AKT signaling cascade is disrupted, 
leading to impaired insulin signaling and decreased glucose uptake by liver cells. This results in increased blood glucose levels and the 
development of hyperglycemia [15,16]. In addition, an irregular stimulation of the PI3K/AKT cascade leads to increased lipogenesis 
and fat deposition in hepatic tissues, contributing to the development of non-alcoholic fatty liver disease and other metabolic dis
orders. Overall, the PI3K/AKT signaling pathway plays a crucial role in the regulation of glucose and lipid metabolism in the liver, and 
abnormalities in this pathway can contribute to the development of DM and other metabolic disorders [17]. 

It is important for people with DM to maintain euglycemia and work closely with their healthcare team to prevent and manage 
these complications. Treatment typically involves lifestyle changes, medication, and monitoring blood glucose levels regularly. Many 
drugs are currently used in treatment of DM; however, the full control of patient’s hyperglycemia and other diabetic complications are 
still not completely achieved. Therefore, the aim of the current study was to evaluate the effect of melatonin on signs of DM in 
experimental diabetes and to determine whether melatonin has beneficial effect. 
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2. Materials and methods 

2.1. Experimental animals 

Male Wistar rats weight approximately 200 g were used for the experiment. The rats were obtained from the Animal House Facility 
of the College of Medicine and Health Sciences, United Arab Emirates University. All rats were kept in plastic cages at room tem
perature (25 ◦C) and controlled humidity with 12 h light and darkness cycle. Food and water were provided ad libitum [18]. Ethical 
clearance was received from the Animal Ethics Committee of the United Arab Emirates University (Process number ERA_2019_5931). 

2.2. Induction of diabetes in rats 

Diabetes mellitus was induced in rats by a single intraperitoneally (IP) injection of alloxan (Sigma, USA) at a dose of 120 mg/kg 
dissolved in sterile 0.9% saline [18]. Five days after the injection of alloxan, the blood glucose level of the rats was measured from tail 
vein. DM was confirmed if the fasting blood glucose level was equal or more than 200 mg/dl. The rats were later divided into six groups 
of six rats, consisting of normal, non-diabetic controls, melatonin-treated controls and untreated diabetic and melatonin-treated 
diabetic rats. The rats were treated orally with equal volumes of either saline or melatonin (Sigma, USA) for four weeks as follows:  

a) : Control untreated (C) rats (n = 6) received 1 ml of sterile 0.9% saline  
b) : Control melatonin low-dose treated (CML) rats (n = 6) received 25 mg/kg/day  
c) : Control melatonin high-dose treated (CMH) rats (n = 6) received 50 mg/kg/day  
d) : Diabetic untreated (D) rats (n = 6) received 1 ml of sterile 0.9% saline  
e) : Diabetic melatonin low-dose treated (DML) rats (n = 6) received 25 mg/kg/day  
f) : Diabetic melatonin high-dose treated (DMH) rats (n = 6) received 50 mg/kg/day 

The sample size for all groups and all experimental analyses were n = 6 rats per group. 
The doses and duration of melatonin treatment had previously been shown to improve glucose homeostasis by restoring the 

vascular action of insulin [19]. 
At the end of the study, rats were scarified and collect blood to estimate serum insulin and serum superoxide dismutase (SOD) 

levels. In addition, pancreas and liver fragments were collected for histological and molecular studies. 

2.3. Weight of the animals used 

The total body weights of the experimental rats were measured at the end of the experiment using a 9001 Sartorius laboratory scale 
(Hertfordshire, UK). 

2.4. Glucose tolerance test 

Glucose tolerance test (GTT) was performed on the rats at the end of the four-week study. using an intraperitoneal (i.p.) injection of 
glucose after overnight fasting for 18 h according to a previously reported method [20]. Briefly, each rat was given an i.p. glucose load 
of 2 g/kg body weight followed by measurement of blood glucose level from the tail vein with a glucometer (OneTouch Ultra, LifeScan, 
PA, USA). The fasting blood glucose levels were measure at 0 (before glucose challenge), 30, 60, 120 and 180 min after i.p injection of 
glucose. 

2.5. Biochemical parameters 

At the end of the experiment, the animals were anaesthetized with diethyl ether for blood and tissue collection for the estimation of 
insulin and superoxide dismutase. Insulin concentration in serum was measured using a Merck Millipore ELISA Assay Kit (Darmstadt, 
Germany), according to the manufacturer’s protocol. Serum superoxide dismutase (SOD) activity levels were spectrophotometrically 
estimated with the indirect assay method based on xanthine oxidase and a color reagent using a Sigma kit (Missouri, USA) as described 
according to the manufacturer protocol. Briefly, the method is based on the fact that SOD can catalyze the dismutation of the su
peroxide anion into hydrogen peroxide in tissue samples. 

2.6. Tissue histological analysis 

Rats were dissected for the collection of liver and pancreatic tissues. These tissue fragments were used for both histological and 
genes and protein expression estimation. Liver and pancreas tissues were cleaned in phosphate buffered saline, and then directly fixed 
in formalin solution. Tissue samples were dehydrated with ethanol series formed by xylene clearing and embedded in paraffin wax. 
Tissues were sectioned with microtome for hematoxylin and eosin staining [21]. Histological images used for analysis were 18 (3 per 
each rat) per group (n = 6). 
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2.7. Immunofluorescence analysis 

Isolated pancreatic tissue fragments were fixed in Zamboni’s fixative, embedded in paraffin wax, and processed for immunoflu
orescence according to a previously reported method [22]. Briefly, rabbit anti-insulin monoclonal antibody (ab181547, Abcam, MA, 
USA, 1:1000) conjugated to goat anti-rabbit IgG (FITC), (ab6717, Abcam, MA, USA, 1:1000) and mouse anti-glucagon monoclonal IgG 
antibody (sc-514592, Santa Cruz Biotechnology, TX, USA, 1:1000) conjugated to donkey anti-mouse IgG (TRITC), (ab6817, Abcam, 
MA, USA, 1:1000) were used to detect insulin and glucagon, respectively in the tissues. Sites of immunoreaction were viewed using 
Olympus fluorescence microscope (Hamburg, Germany). 18 immunofluorescence images were used for analysis (3 per each rat) per 
group (n = 6). 

2.8. Quantitative real time PCR (qRT-PCR) 

Rat liver tissues were used for estimation of gene expression levels of the mRNA transcripts related to insulin signal pathway and 
antioxidant genes via quantitative real-time (qRT-PCR). The total RNA was extracted using trizol, and cDNA was generated with the 
help of reverse transcriptase with random hexamer. All quantitative PCR reactions were performed on an Applied Biosystems Quant 
Studio™ 5 Real-Time PCR System, using the SYBR Green-based detection method of Comparative CT (ΔΔCT) method (Applied Bio
systems) using specific primers sequences for the target genes. The values of average threshold cycle (Ct) were used to determine the 
relative differences between control, non-diabetic group and melatonin-treated group. The relative expression of the measured genes 
was adjusted to the internal control: glyceraldehyde 3-phosphate dehydrogenase for each gene. Relative changes in gene expression 
were calculated by ΔΔCt (threshold cycle) method. Fold change values were calculated using equation 2− ΔΔCt as previously described 
method [23]. Primer sequences used for the qRT-PCR experiment is given in Table 1. 

2.9. Western blot analysis 

Rats’ liver tissues were homogenized in RIPA lysis buffer (Thermo Fisher Scientific, Illinois, USA) on ice using a tissue homogenizer 
(Omni International, GA, USA). The homogenates were subjected to centrifugation at 13,000×g for 20 min at 4 ◦C and the supernatants 
were decanted to measure protein concentrations by protein assay kit using Bradford method according to the manufacturer’s pro
cedures (Bio Rad, California, USA). Tissue lysates were mixed with equal amount of 2X loading buffer. Samples were separated on SDS- 
polyacrylamide gel. The proteins extracts were blotted and transferred to a polyvinylidene difluoride membrane (PVDF) in a transfer 
buffer at 4 ◦C for 1 h. The membrane was blocked for 1 h at room temperature with 5% nonfat milk in TBS buffer. The membrane was 
then incubated overnight at 4 ◦C with either, AKT Rabbit monoclonal antibody (ab179463, Abcam, MA, USA, 1:10000), or superoxide 
dismutase (SOD) rabbit recombinant antibody (ab51254, Abcam, MA, USA, 1:50000), or anti-GAPDH Rabbit Recombinant antibody as 
housekeeping loading control (ab181602, Abcam, MA, USA, 1:10000), followed by incubation for 1 h with horseradish peroxidase 
(HRP) Goat anti-rabbit IgG secondary antibody (65–6120, Invitrogen, MA, USA, 1:10000) in 1% nonfat milk. The signals were 
visualized and the images of the blots were obtained using the enhanced chemiluminescence system (32106, Thermo Scientific, MA, 
USA) with a CCD camera. The relative expression of the proteins with reference to GAPDH, the housekeeping protein was estimated 
with Image Lab 4.1 software [24]. 

2.10. Morphometric analysis 

The number of pancreatic islet cells, the size of pancreatic islets and enlarged sinusoids of the liver were analyzed using Image J® 
(NIH, Bethesda, Maryland, USA). The counting was done blindly without a knowledge of the respective groups. 

2.11. Statistical analysis 

Values obtained were estimated as mean ± standard error of the mean (SEM). Statistical significance were calculated by Students t- 
test and (ANOVA) using Statistical Package for Social Sciences (SPSS) version 29.0 for Windows (SPSS Inc., Chicago, IL, USA). Sig
nificant differences were assessed using Duncan’s Multiple Range test. Only values of p < 0.05 were considered as significant. 

Table 1 
Primer sequences used for qRT-PCR.  

Gene Forward Primer (5’→3’) Reverse Primer (5’→3’) 

AKT TGAGACCGACACCAGGTATTTTG GCTGAGTAGGAGAACTGGGGAAA 
SOD CCGGTGCAGGGCGTC TCCTGTAATCTGTCCTGACACCA 
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA  
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3. Results 

3.1. Effect of melatonin treatment on body weight 

Four weeks of melatonin treatment on the body weight showed no significant difference between melatonin treated groups 
compared to either control or diabetic groups, respectively (Fig. 1). 

3.2. Effect of melatonin treatment on intraperitoneal glucose tolerance test (IPGTT) and fasting blood glucose levels 

The blood glucose level results of IPGTT showed that there are markedly (P < 0.05) reductions in blood glucose levels of normal, 
non-diabetic control and melatonin-treated diabetic groups compared to untreated non-diabetic control and untreated diabetic groups 
at 0, 60 and 120 min after glucose challenge (Fig. 2A). The reduction in the level of fasting blood glucose in the control group treated 
with melatonin (CML group) was significant (P < 0.05) when compared to untreated control group. Moreover, a significant (P < 0.05) 
reduction in fasting blood glucose was observed in both groups of diabetic groups treated with melatonin (DML, DHL) when compared 
to untreated diabetic group D (Fig. 2B). The area under the curve of the plot is depicted in Fig. 2C. 

3.3. Effect of melatonin treatment on serum insulin and antioxidant serum superoxide dismutase (SOD) levels 

Serum insulin levels in all melatonin treated groups (normal and diabetic) showed increment in comparison to the untreated 
control and untreated diabetic groups. The increment was most notable (p < 0.05) in DMH group of rats compared to that of untreated 
diabetic group (Fig. 3A). 

Moreover, serum SOD level increased significantly after treatment of diabetic rat with high dose of melatonin (Fig. 3B). 

3.4. Effect of melatonin treatment on liver and pancreas histopathology 

Liver and pancreatic tissue samples were processed for hematoxylin and eosin staining and investigated with Nikon Light mi
croscope.to determine whether there are morphological changes. 

In the non-diabetic control group (C), the architecture of the liver including the hepatic lobules was intact with cords of hepatocytes 
surrounding the central vein. The polygonal shaped cells and the large nuclei are organized sides by side with the neighboring he
patocytes, which are associated with sinusoids. In the untreated diabetic group (D), the sinusoids surrounding the hepatocytes were 
dilated. Treatment of diabetic rats with melatonin markedly improved the morphology of the liver (Fig. 4A). The number of dilated 
sinusoids decreased significantly after treatment with melatonin (Fig. 4B). 

The structure of pancreatic islets in the control group was intact and appears normal. In the diabetic group, however, the structure 
and size of the islets of Langerhans increased after melatonin treatment (Fig. 5A). Treatment of normal and diabetic rats with 
melatonin significantly (p < 0.05) increased the size of islets of Langerhans (Fig. 5B). 

3.5. Effect of melatonin treatment on the number of insulin- and glucagon-immuno-positive cells in the pancreas 

Our results show that melatonin treatment leads to increases in the number of insulin-containing beta cells and slight decrease in 
the number of glucagon-containing alpha cells in the pancreatic islets of both normal, non-diabetic control and untreated diabetic rats 
when compared with untreated, non-diabetic control rats and untreated diabetic rats (Fig. 6A, B, C). 

Fig. 1. No marked body weight changes were discerned between melatonin-treated and untreated control groups. Values are mean ± SEM (n = 6).  
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3.6. Effect of melatonin treatment on the gene expression of protein kinase B (AKT) and superoxide dismutase (SOD) 

We examined the effect of melatonin treatment of the gene expression of AKT, an important signaling molecule and that of SOD a 
key antioxidant in the liver. Melatonin treatment, at high doses, caused significant increase (p < 0.05) in AKT gene expression in 
diabetic rats when compared to untreated diabetic rats (Fig. 7A). The gene expression of superoxide dismutase (SOD) increased 
significant (p < 0.05) in DML and DMH groups when compared to untreated diabetic group (Fig. 7B). 

3.7. Effect of melatonin treatment on the protein expression of protein kinase B (AKT) and superoxide dismutase (SOD) 

In addition to measuring the gene expression of AKT and SOD in the liver of all groups of rat, we also examined the protein ex
pressions of these molecules to determine whether the increase in gene expression is associated with an increase in protein expression. 
The densitometric analysis results of the western blot showed significant increase (p < 0.05) in AKT protein expression of rats treated 
with low and high dose of melatonin compared to that of untreated diabetic rats. Treatment with melatonin significantly increased (p 
< 0.05) SOD protein expression in diabetic compared to untreated diabetic group (Fig. 8A, B, C, Supplement Fig, 1). 

Fig. 2. Shows [A]: Blood glucose values after intraperitoneal glucose tolerance test (IPGTT) performed at the end of the experiment. Values are 
presented as mean ± SEM. *P < 0.05 versus either non-diabetic control group (C), or diabetic (D) group. Note the blood glucose-reduction effect of 
melatonin in control and diabetic rats. [B]: Fasting glucose levels at the end of the study (120 min after IPGTT glucose challenge). [C]: Areas under 
the curve for all groups of rats. Values are expressed as mean ± SE, (n = 6). *P < 0.05 versus the control group (C) and versus the diabetic 
(D) groups. 
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Fig. 3. [A]: Serum insulin levels of rats at the end of the four-week experiment. Values are presented as mean ± SEM. *P < 0.05 versus the control 
group (C) and versus the diabetic (D) groups. (n = 6). [B]: Serum superoxide dismutase (SOD) levels at the end of the study. Values are expressed as 
mean ± SEM. *P < 0.05 versus either non-diabetic control group (C) or untreated diabetic (D) groups. (n = 6). 

Fig. 4. [A] Histological study of liver sections from different rat groups. Section from (C) control untreated control group showing normal liver 
architecture of hepatic cords and central vein with normal size of relatively narrow spaces of hepatic sinusoids. In CML and CMH sections of normal 
control melatonin treated groups showing also normal liver architecture with normal spaces of hepatic sinusoids. In section (D) from untreated 
diabetic group showing general deteriorative histological liver changes with much dilated sizes of hepatic sinusoids. In DML and DMH sections from 
diabetic group treated with melatonin showing near normal liver architecture restoring the normal size of hepatic sinusoids. The number of dilated 
sinusoids pe field was significantly reduced after treatment with melatonin [B]. Scale bar = 2 μm; C = non-diabetic control rats, CML = control rats 
treated with low dose of melatonin, CMH = control rats treated with high dose of melatonin, D = diabetic control, DML = diabetic rats treated with 
low dose of melatonin, DMH = diabetic rats treated with high dose of melatonin. Values are mean ± SEM (n = 6). *p < 0.05. 
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4. Discussion 

The prevalence of DM continues to be high. DM currently affects about 1 out of 10 people globally and it considered as the third 
most common disease affecting human being worldwide [25]. Therefore, it is essential to increase our knowledge about DM, its 
progression and to find out more effective and prominent treatment for a complete cure. 

In the current study, we examine the effects of melatonin on the metabolic and gene expression of key molecules in experimental 
diabetes mellitus. Our study shows that the body weight was not significantly altered after treatment of normal and diabetic rats with 
melatonin. This observation is in contrast to those of previous studies [26,27] but in accordance to recent reports [28–30]. The dif
ferences between observed may be due to duration of study, doses used and the type of animal used in the study. Our study however 
confirmed that melatonin had no effect on body weight in all melatonin treated groups. 

A previous study reported that diabetic rats have a low blood melatonin level [31], and because of that it was recommended that it 
should be included in antidiabetic blood glucose lowering therapies [32]. Indeed, insulin resistance established in diabetic obese mice 
correlated with a reduced melatonin synthesis and melatonin administration promoted the glucose homeostasis [33]. A similar low 
melatonin levels was detected in diabetic patients and melatonin administration improved the glucose tolerance test [34,35] and 
decreased the glycated hemoglobin percentage [36]. Moreover, melatonin treatment for obese persons enhanced insulin sensitivity 
[37]. Similarly, in a recent report, melatonin improved insulin sensitivity and reduced fasting blood glucose [38]. In yet another study, 
melatonin treatment in diabetic rats increased insulin level and improved glucose homeostasis [39]. Diabetic complications are closely 
related to over production of free radicals and appearance of oxidative stress condition [40], which is accompanied with insulin 
resistance and a decline in antioxidant enzymes such as SOD, catalase, glutathione peroxidase that cause cells and tissues injuries [41, 
42]. Moreover, melatonin treatment in diabetic rats, increased the antioxidant enzyme such as SOD and decreased free radicals and 
oxidative stress [43]. 

All of the previous studies were in accordance with our study, where melatonin treatment improved glucose handling and lowers 
blood glucose levels in both non-diabetic normal control and untreated diabetic groups as recorded in IPGTT. Melatonin also reduced 

Fig. 5. [A]: Histological (H & E stain) study of pancreas from different rat groups. Section from untreated normal control group (C) shows normal 
architecture of islet of Langerhans. Sections from melatonin treated normal control groups (CML and CMH) also revealed normal pancreases ar
chitecture with slightly bigger size of islets of Langerhans. Section from untreated diabetic group (D), shows a significantly smaller islet of Lang
erhans compared to those from melatonin-treated rats [B]. Sections from diabetic groups treated with melatonin (DML and DMH) shows a near 
normal islet size and architecture. Scale bar = 2 μm. C = non-diabetic control rats, CML = control rats treated with low dose of melatonin, CMH =
control rats treated with high dose of melatonin, D = diabetic control, DML = diabetic rats treated with low dose of melatonin, DMH = diabetic rats 
treated with high dose of melatonin. Values are mean ± SEM (n = 6). *p < 0.05. 
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the fasting blood glucose, increased both serum insulin and serum SOD levels indicating that melatonin has hypoglycemic action, 
secretagogue effect of enhancing insulin secretion and promoting SOD activity. In addition, melatonin itself acts as a protective 
antioxidant agent [30]. 

DM has been reported to cause liver histological degenerative hepatocytes shrinkage and necrotic impairment with wide demol
ished sinusoids vascularization and disoriented linear hepatic cords as reported in previous study [44]. Diabetic complications with 
over-production of free radicals lead to hepatocellular destruction [45]. Other studies on diabetic mice had revealed liver hypertrophy 
with distended hepatocyte nuclei and cytoplasmic distortion with less glycogen granules [46]. Diminished hepatocytes glycogen 
synthesis because of insulin deficiency in diabetic rat was alleviated by melatonin treatment which induces the glycogenesis from the 
glucose content in the liver cells [47]. In our study, melatonin treatment, recovered the deteriorative liver tissue in diabetic rats. 
Melatonin reduced hepatocyte vascularization and necrosis with increment of glycogen cytoplasmic granulation and restoring near 
normal liver tissue histology. Our finding was in agreement with previous study [45], where the structure of the liver is restored. The 
ability of melatonin to keep liver architecture intact could due to its inhibitory action on hepatotoxic free radicals through enhancing 
the antioxidant beneficial activity of glutathione peroxidase and SOD as recorded in previous study [48]. In addition, elevation of lipid 
peroxidation in the liver tissues of diabetic rats was reduced because of the antioxidant activity of melatonin [49]. These finding are in 
agreement with our observations in the current study on histological analysis of liver tissues after melatonin treatment. Accordingly, 
melatonin could play a significant protective role on hepatocytes damage as a potent antioxidant scavenger, in addition to its pro
moting action on many antioxidant enzymes such as SOD in opposing the insulting damage of elevated free radicals in diabetic rats 
[50]. 

DM causes necrosis of the islets of Langerhans resulting in islets with a very small size [51–53]. These findings could be due to 
oxidative stress, accelerated cell death and inflammatory progression [54]. Our study showed melatonin treatment caused significant 
improvement in islet size of Langerhans of diabetic in comparison to that of untreated diabetic rats. In the current study, melatonin 
treatment improved pancreatic beta cells proliferation as shown in our melatonin treated rats in contrast to untreated control and 
diabetic groups. The increase in number and neogenesis of newly added beta cells is probably associated with elevated serum insulin 
secretion in melatonin treated groups coupled with a reduction in oxidative stress level. Our finding was in concordance with those of 

Fig. 6. [A]. Immunofluorescence double labeled images showing the pattern of distribution of insulin-containing beta cells (green fist column) and 
glucagon-containing alpha cells (red second column) and merged images for all groups (third column), in pancreatic islets of normal and diabetic 
rats. Rats’ pancreas tissues were immunofluorescent stained and examined under fluorescence microscope at X400 magnification. C = non-diabetic 
control rats, CML = control rats treated with low dose of melatonin, CMH = control rats treated with high dose of melatonin, D = diabetic control, 
DML = diabetic rats treated with low dose of melatonin, DMH = diabetic rats treated with high dose of melatonin. Scale bar = 2 μm. Morphometric 
analysis of the immunofluorescence images showed significant increases in the number of pancreatic beta [B] and alpha [C] cells (n = 6). Figures [B] 
and [C] shows histograms of the number of insulin and glucagon immunoreactive cells, respectively, after melatonin treatment. Note that the 
number of insulin-, and glucagon-positive cells has significantly increased after melatonin treatment. Values are mean ± SEM (n = 6). *p < 0.05. 
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previous studies [30, 55]. For example, in one study, melatonin treatment in mice recovered the pancreatic beta cell function and 
improved the insulin sensitivity and glucose metabolism. These results are in concurrent with previous studies that reported that 
melatonin administration reduced the oxidative stress via enhancing antioxidant activity and improving the pancreatic tissues 
morphology through anti-inflammatory action of melatonin [56,57]. The improvement of the pancreatic histology shown in the 
current study is associated with melatonin reducing glucose level and increasing insulin secretion. This protective effect of melatonin 
could be established via the hypoglycemic and antioxidant action of melatonin [58]. 

The PI3K/AKT insulin signaling pathway has a major role in liver glucose uptake, and in other tissues [59,60]. Impairment of 
PI3K/AKT signaling promotes insulin resistance in liver cells accompanied mainly with diabetes. Insulin binding to the insulin re
ceptors on hepatocyte membrane induces intracellular activation of insulin receptor substrate that stimulates PI3K which activates 
AKT that upregulates many downstream beneficial biological actions including glucose uptake and glycogenesis [61–63]. 

One of the major consequences of diabetic complications is the development of oxidative stress, a damaging condition that cause 
overproduction of free radicals such as reactive oxygen species (ROS) [42]. DM-induced oxidative stress in could lead to cell membrane 
distortion, cell death, tissue injury that ultimately, intensify more free radical production [64]. In addition, hyperglycemia is strongly 
accompanied with elevated levels of ROS production in mitochondria during ATP production [65]. The protective body system against 
free radicals includes many endogenous antioxidants such as SOD, glutathione, and glutathione peroxidase [66]. SOD levels have been 
recorded to be decreased in the liver of diabetic rats with elevated cell apoptosis [67,68]. Studies have shown that melatonin sup
plementation has a beneficial effect on the antioxidant defense system in the liver of diabetic rats. In diabetes, there is an increase in 
oxidative stress due to the production of reactive oxygen species (ROS), which can damage tissues and lead to complications [69]. In 
one study, diabetic rats were treated with melatonin and the liver tissue was analyzed. The results showed that melatonin supple
mentation increased the activity of SOD in the liver, which helped to reduce oxidative stress and prevent damage to liver cells [70]. 
Furthermore, melatonin was found to reduce lipid peroxidation, a process by which free radicals attack and damage the lipids in cell 
membranes, leading to cell damage and death. Melatonin was also found to increase the levels of glutathione, a key antioxidant 
molecule that helps to protect cells from oxidative stress [71]. Additionally, melatonin itself can act as an antioxidant by scavenging 
free radicals and reducing oxidative stress. This can help to protect cells and tissues from damage and reduce the risk of various 
diseases associated with oxidative stress, such as cardiovascular disease, cancer, and neurodegenerative disorders [72]. Moreover, 
melatonin can prevent DNA oxidative damage and protect against cancer development [73]. Overall, these previous studies were in 
agreement with our result of the melatonin antioxidant activity by increasing SOD gene and protein expressions in diabetic rats. This 
would suggest that melatonin could help to improve the antioxidant defense system in the liver of diabetic rats. Additionally, 

Fig. 7. Gene expression fold-change values derived from qPCR data. The changes in expression of [A] protein kinase B (AKT) and [B] superoxide 
dismutase (SOD) genes in rats’ liver were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) the housekeeping gene and plotted 
with respect to equivalent tissues from control and untreated rats. C = non-diabetic control rats, CML = control rats treated with low dose of 
melatonin, CMH = control rats treated with high dose of melatonin, D = diabetic control, DML = diabetic rats treated with low dose of melatonin, 
DMH = diabetic rats treated with high dose of melatonin. Values are mean ± SEM (n = 6). *p < 0.05. 
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melatonin treatment has been found to reduce the expression of genes involved in inflammation and oxidative stress, which are known 
to contribute to the development of DM. This suggests that melatonin may also have both anti-inflammatory and antioxidant effects 
that can help to protect the liver from damage caused by high blood sugar levels [74]. 

Therefore, the use of melatonin treatment in diabetic rats may to have a positive effect in the regulation of expression of genes 
responsible for glucose uptake in the liver, and may be a useful therapeutic strategy for the management of diabetes and in preventing 
diabetic complications associated with oxidative stress. 

The reduction in hepatic insulin PI3K/AKT signaling pathway may reduce the release and transport of glucose transporter-2 (GLUT- 
2) molecules in the hepatocyte vesicles leading to a reduced liver glucose uptake [75]. Moreover, a reduction in AKT could inhibit liver 
glycogenesis leading to a decrease in liver glycogen synthesis in diabetic rats [76]. AKT impairment may lead to marked elevation in 
blood glucose level, coupled with insulin resistance in diabetes [77], because of the inability of AKT to stimulate glycogen synthesis. 
Melatonin has a potential therapeutic benefit for diabetes management. It has been reported that melatonin exerts its effects through 
the modulation of glucose metabolism in the liver, a major organ involved in glucose homeostasis [78]. The PI3K/AKT signaling 
pathway is a key pathway involved in glucose metabolism and insulin signaling in the liver. It has been shown in previous study that 
melatonin treatment can modulate the activity of this pathway in diabetic rats, leading to improved glucose metabolism and insulin 
sensitivity [77]. Melatonin treatment has also been shown to activate the PI3K/AKT signaling pathway in the liver of diabetic rats, 
culminating in marked phosphorylation of AKT and downstream targets such as GSK-3β and FoxO1. Our results on the ability of 
melatonin to improve blood glucose level is in accordance with [79]. The PI3K/AKT signaling pathway is activated by insulin and is 
responsible for the activation of glucose transporters in the liver, which in turn leads to an increase in glucose uptake and utilization. 
Melatonin treatment has been shown to stimulate the PI3K/AKT signaling pathway and increase the expression of glucose transporters 
in the liver which is responsible for glucose uptake. This can help to lower blood sugar levels and improve glucose tolerance and insulin 
sensitivity in diabetic rats [80]. In addition, melatonin treatment has also been shown to decrease the expression of certain genes 
involved in glucose production, such as gluconeogenic enzymes, which further improves glucose metabolism in the liver [81]. 

In the current study we studied the mechanism of action of melatonin on PI3K/AKT insulin signaling pathway via estimation of 

Fig. 8. [A]. Western blot analysis of protein kinase B (AKT) and superoxide dismutase (SOD) in the liver of normal, non-diabetic control and 
diabetic rats treated with melatonin. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the housekeeping protein was used for 
protein normalization. The calculated protein expression of AKT [B] and SOD [C] is given. The C = non-diabetic control rats, CML = control rats 
treated with low dose of melatonin, CMH = control rats treated with high dose of melatonin, D = diabetic control rats, DML = diabetic rats treated 
with low dose of melatonin, DMH = diabetic treated rats with high dose of melatonin. The raw blots of Fig. 8A is provided in Supplement Fig, 1. 
Values are means ± SEM (n = 6). *p < 0.05. 
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gene and protein expression of AKT. AKT gene and protein expression levels were reduced in untreated diabetic rats. Melatonin treated 
diabetic groups showed elevation in AKT gene and protein expressions that would potentially reduce the impairment of insulin 
resistance in liver tissues. This suggests that melatonin could potentially be used as a therapeutic agent for diabetes management. 

5. Limitations of the study 

The major limitation of the study is the model used, the alloxan-induced diabetes rodent model, which is similar to human type 1 
diabetes. In alloxan and streptozotocin murine models, there is a significant reduction in insulin level because of loss of pancreatic beta 
cell [82,83]. A model of type 2 DM, such Goto-Kakizaki, Zucker diabetic, or Wistar rat fed on high-fat diet would have had a more 
common parameters when compared to human type 2 DM [84]. In spite of this shortcomings, hyperglycemia is a common denominator 
in both type 1 and type 2 DM, where chronically high blood glucose level can stimulate the formation of AGEs. The AGEs will then bind 
to their receptors on the plasma membrane of several cells to induce ROS generation and oxidative stress [3,10,85]. The other lim
itations are the duration of the study and the dosage of alloxan and melatonin. A longer duration of more than four weeks and a higher 
dosage of melatonin (>50 mg/kg body weight) or alloxan (120 mg/kg body weight) may have resulted in a different outcome. The 
other limitations of this study is the absence of sleep evaluation even though the sleep cycle in rats is polyphasic (~12 h) in contrast to 
monophasic sleep (~8 h) pattern in humans [86,87]. Since melatonin is known to be a sleep enhancer [88], would been an additional 
supplemental data that would have supported other findings in this study. Additional limitations are the lack of assessment of skeletal 
and adipose tissues. These tissues play important role in glucose uptake [89,90], and their assessment would have provided additional 
insight into how melatonin mitigates the signs of experimental diabetes. 

6. Conclusion 

Melatonin has the potential to improving blood glucose homeostasis in diabetic rats. It is tempting to speculate that one mechanism 
by which this may occur is through the modulation of AKT and SOD gene expressions in hepatocytes. Studies have found that 
melatonin treatment can lead to increased expression of genes regulating glucose uptake and metabolism, and decreased expression of 
genes involved in glucose production. Additionally, melatonin improves insulin sensitivity and reduce oxidative stress in hepatic 
tissue, which can also contribute to its beneficial effects on glucose metabolism. Overall, melatonin treatment may have a positive 
impact on the expression of gene regulating glucose in diabetic rats and could be a promising drug that could be added to the arsenal of 
diabetes treatment. 
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[55] M.C. Kahya, M. Naziroğlu, Melatonin reduces lens oxidative stress level in STZ-induced diabetic rats through supporting glutathione peroxidase and reduced 

glutathione values, Journal of Cellular Neuroscience and Oxidative Stress. 8 (2) (2016 Jul 1) 588–594. 
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