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ABSTRACT

Diabetes is a global health problem, with the latest data showing a global prevalence of 536,6 million
(10,5%) people. The risk factors involved in the pathogenesis of diabetes, especially Type 2 Diabetes
Mellitus (T2DM), are also varied, including a combination of risk factors such as age, obesity, sedentary
lifestyle, environmental factors, and genetics. On the other hand, the complications associated with
T2DM are also quite diverse, including diabetic neuropathy, retinopathy, nephropathy, and
cardiovascular disease. Several theories have been proposed to explain the pathogenesis of
complications in T2DM, one of which is cell damage due to oxidative stress. Melatonin is a hormone
produced by the pineal gland known for its antioxidant properties, which can provide various therapeutic
effects and health benefits, including in T2DM patients. Objective to explain further the bioactivity of
melatonin, food sources of melatonin, and the role of melatonin in the pathophysiology of diseases
related to its therapeutic potential in individuals with T2DM. This literature review selected various
related scientific studies published within the last 10 (ten) years. A literature search was conducted
through databases, such as PubMed and Science Direct, with the keywords "melatonin”, "Type 2
Diabetes Mellitus", "pathophysiology", and "therapeutic potential”. Hyperglycemia in T2DM leads to
excessive ROS production, which then causes oxidative stress accumulation and insulin resistance
induction. Oxidative stress is known to be associated with many other complications of diabetes, such
as cardiomyopathy, retinopathy, and diabetic neuropathy. Melatonin has been shown to protect diabetes
through various mechanisms, such as increasing antioxidant status, inhibiting the apoptotic pathway,
suppressing inflammation, and acting as a neuroprotective agent. Melatonin supplementation can be
used as a therapeutic step to improve pathological conditions in patients and reduce the incidence of
T2DM complications.
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INTRODUCTION

Diabetes Mellitus (DM) is a global health problem, with the latest data showing a global
prevalence of 536,6 million (10,5%) people in 2021. This is expected to continue to increase to
12,2% or approximately 783,2 million by 2045. Middle-income countries are expected to
experience a greater increase in the relative prevalence of around 21,1% compared to high-
income (12,2%) and low-income (11,9%) countries between 2021 and 2045 (Sun et al., 2022).
Diabetes mellitus (DM) is a group of common metabolic disorders associated with
hyperglycemia conditions. Based on the pathogenesis process, DM can be classified into two
major groups: Type 1 Diabetes Mellitus (T1DM) and Type 2 Diabetes Mellitus (T2DM). Unlike
T1DM, which is associated with autoimmunity, T2DM is more commonly associated with
insulin deficiency and insulin secretion, which causes a decrease in insulin function in the body
(Jameson et al., 2020). The risk factors involved in the pathogenesis of T2DM are also varied,
including the combination of risk factors such as age, obesity, sedentary lifestyle,
environmental factors, or genetics (Prasad & Groop, 2015; Wu et al., 2014).
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On the other hand, the complications of patients with T2DM are also quite varied, such as
diabetic neuropathy, retinopathy, nephropathy, and cardiovascular disease. According to the
data, about 40% of people with T2DM develop diabetic kidney disease, leading to chronic
kidney disease (CKD), which contributes to half of new cases of end-stage renal disease
(ESRD) each year (Gregg et al., 2014). In addition, people with T2DM have a 2-4 times higher
risk of developing cardiovascular disease, which can lead to death (Jin & Ma, 2021). Several
theories of pathogenesis complications in T2DM have been introduced, one of which is cell
damage due to oxidative stress. This occurs when there is an imbalance between the production
and elimination of reactive oxygen species (ROS) by the antioxidant system (Aranda-Rivera et
al., 2022). When hyperglycemia occurs, ROS is overproduced through several mechanisms,
such as mitochondrial dysfunction, labile glycation, glucose auto-oxidation, and intracellular
polyol pathways (Bondeva & Wolf, 2014). Elevated glucose levels trigger the formation of
advanced glycation end products (AGESs) that impact ROS production and activation of the
inflammatory signal cascade. Ultimately, this chronic inflammatory process manifests as a
diabetes complication (Mok et al., 2019). Chawla et al. stated in their study that the production
of AGEs was observed to increase in individuals with hyperglycemia compared to healthy
controls (Chawla & Kumar Tripathi, 2019).

Melatonin, also known as N-acetyl-5-methoxy-tryptamine, is a hormone produced by the pineal
gland and is known for its antioxidant properties (Meng et al., 2017; Reiter et al., 2016).
Melatonin has been widely researched and shown to have varying therapeutic effects and health
benefits. Some of these are regulating human physiological rhythms, relieving sleep-related
disorders, such as jet lag and insomnia, boosting the immune system, anti-aging and anti-
inflammatory effects, as well as having anticancer activity (S. J. Chen et al., 2016);(F Li et al.,
2013). Furthermore, melatonin also exhibits neuroprotective effects and facilitates the control
of chronic diseases, such as cardiovascular disease, diabetes, and obesity (Agil, EI-Hammadi,
et al., 2015; Agil, EImahallawy, et al., 2015);(Pandi Perumal et al., 2013). Several studies have
shown that melatonin may play a role in various aspects related to T2DM. Some evidences
suggest that melatonin may reduce diabetes complications by repairing oxidative damage.
Pancreatic beta (B) cells are very susceptible to oxidative stress because they are known to
produce endogenous ROS in high amounts and do not have much expression of antioxidant
enzymes. Therefore, melatonin is believed to reduce diabetes complications, such as
neuropathy, cardiovascular disease, and diabetic retinopathy (J. Wang & Wang, 2017). The
high prevalence of T2DM and its complications, as well as the knowledge of the antioxidant
effects of melatonin, prompted the authors to further review and provide updated references
regarding the relationship of melatonin with T2DM. This review then discusses the bioactivity
of melatonin, the dietary source of melatonin, and the role of melatonin in the pathophysiology
of potentially therapeutic-related to the diseases in people with T2DM.

METHOD

This literature review sampled various relevant scientific studies published within the last 10
(ten) years. Literature searches were conducted through databases, such as PubMed and Science
Direct, with the keywords "melatonin”, "Type 2 Diabetes Mellitus"”, "pathophysiology", and
"therapeutic potential”. All studies discussing melatonin's bioactivity, melatonin food sources,
melatonin's role in the pathophysiology of T2DM, and melatonin's potential as a therapy for
T2DM were included in this study, while other studies that did not address the population and
corresponding samples were excluded. The literature that met the inclusion criteria was
analyzed systematically, and the results of the analysis were presented in the form of
appropriate articles, tables, and diagrams to provide an understanding of the role of melatonin
as a therapeutic potential for individuals with T2DM.
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RESULTS
Researchers obtained 370 journal articles identified through five databases and screened
through titles. Full-text articles that have been selected for eligibility are obtained totaling 31
journal articles. Furthermore, an assessment was carried out based on research articles that had
met the inclusion and exclusion criteria, a total of 11 articles were obtained that could be used
in the literature review contained in Figure 1. The results of the analysis and synthesis of 11
journal articles are in Table 1 as follows:

Literatureidentified through Science Direct, ProQuest, CINAHL, and PubMed databases

(n=370)
il Literature is issued:
Literature in screening through titles: (,n - 3,3 %)
(n=370) > Inappropriate title
Camnot be accessed without paving
Onlv abstract no full text
L J
Full-Text articles are then reviewed for Literature issued: (n = 20}
feasibility: Literature is a review of theories, opinions
(n=731) >

Y

Literature that meets inclusion criteria:

m=7)

Indusion criteria:
- Full text
- Literature in the form of quantitative

v

Figure 1. Diagram Literature

DISCUSSION

Bioactivity of Melatonin as an Antioxidant

Reaction Oxygen Species (ROS), or free radicals, play an important role in various
physiological processes in the human body, such as regulating the circulation and respiratory
system, erythropoietin production, and signal transduction. In addition, free radical compounds
at certain levels can also increase cell survival by inducing cell proliferation and differentiation
(Barton et al., 2016; Bielli et al., 2015). However, suppose the concentration of free radical
compounds exceeds the required threshold to be beneficial. In that case, they can cause
apoptosis and even cell necrosis through the mechanisms of DNA and RNA damage, protein
denaturation, and lipid peroxidation, resulting in a range of health problems, including aging,
inflammatory, carcinogenic, chronic metabolic diseases, neurodegenerative disorders, and
sepsis (H. H. Chen et al., 2014; Paredes et al., 2014; A. K. Singh & Haldar, 2014; Zephy &
Ahmad, 2015).

Therefore, in order to prevent and treat diseases caused by oxidative stress, many studies have
discussed products that exhibit antioxidant activity and the ability to counteract free radicals,
including melatonin (Deng et al., 2013); (A. N. Li et al., 2014; Y. J. Zhang et al., 2015).
Melatonin is an indoleamine compound that is generally produced by the pineal gland in
mammals during the nighttime, regulated by the suprachiasmatic nucleus of the hypothalamus
and inhibited by light. However, several studies suggest that melatonin is also produced outside
the pineal gland, unrelated to circadian rhythms, in organs such as in the digestive system,
ovaries, lymphocytes, macrophages, retina, and skin (Tan, et al., 2015). The production of
melatonin outside the pineal gland has a paracrine or autocrine effect, which affects the
neuroendocrine hormone response, particularly in its capacity as a local antioxidant (Acufia-
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Castroviejo et al., 2014; Tan et al., 2015). Melatonin is derived from tryptophan, which is
converted into serotonin after hydroxylation and decarboxylation reactions. Serotonin is then
converted to melatonin in two sequential reactions catalyzed by serotonin of N-acetyl-
transferase (SNAT) and N-acetylserotonin O-methyltransferase (ASMT), with N-acetyl
serotonin as an intermediate product. Several studies have proposed that mitochondria are the
primary site of melatonin synthesis due to the presence of melatonin-forming enzymes, SNAT,
and ASMT, as well as the 14-3-3 accessory protein, which prevents SNAT degradation and
increases SNAT’s affinity for serotonin (Reiter et al., 2018).

Figure 1 illustrates melatonin biosynthesis and the intracellular signal transduction pathway
activated by stimulation of melatonin-specific receptors. The upper left shows the intracerebral
site of melatonin biosynthesis, the pineal gland, while the lower left gives an idea of melatonin
biosynthesis in mitochondria. As the illustration explains, melatonin is synthesized in the
mitochondrial matrix but can also enter mitochondria via certain transporters. Then, melatonin
activates specific MT1 and MT?2 receptors on the outer membrane of mitochondria, inhibiting
the production of MPTP and ROS and stimulating ETC and UCP by autocrine. The interaction
of melatonin with specific MT1 and MT2 receptors and RZR/ROR receptors in the nucleus
through the activation of different metabolic pathways is described on the right.

Figure 2. Biosynthesis and intracellular signal transduction pathway of melatonin

Description: AAAD, aromatic L-amino acid decarboxylase; AC, adenylate cyclase; AFMK,
N1-acetyl-N2-formyl-S-methoxykynuramine (melatonin metabolite); ASMT, N-acetylserotonin
O-methyltransferase; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine
monophosphate; DAG, diacylglycerol; ETC, electron transfer chain; GC, guanylate cyclase;
IP3, inositol triphosphate; MPTP, mitochondrial permeability transition pore; MT1-MT3,
melatonin specific receptor 1, 2, 3; PLC, phospholipase C; QR-2, quinone reductase 2; ROS,
reactive oxygen species; RZR/ROR, retinoid Z receptor/retinoid acid receptor-related orphan
receptor; SNAT, serotonin N-acetyltransferase; TPH, tryptophan hydroxylase; UCP, protein
uncoupling. Two factors limit the melatonin synthesis pathway: the lack of SNAT enzymes and
the limited availability of tryptophan. Melatonin has a half-life of about 20 to 40 minutes and
instantly diffuses into the blood and cerebrospinal fluid after being secreted. Due to its
lipophilic and hydrophilic properties, melatonin diffuses easily through cell membranes. It can
be detected in other body fluids, such as saliva, breast milk, sperm/semen, amniotic fluid, or in
urine as 6-sulfatoxymelatonin (aMT6), and the main metabolite of melatonin. The distribution
of melatonin in the body is uneven, with its concentration higher in the cerebrospinal fluid than
in the blood. Changes in blood melatonin levels, ranging from a few pg/mL during the day to
50-100 pg/mL at night, are considered to represent variations in levels throughout the body
(Rzepka-Migut, 2020). An oral melatonin dose of 0.1-0.3 mg can reach a range of physiological
concentrations, but higher doses (up to 10 mg) are also safe and have no adverse effects. The
pharmacokinetic properties of melatonin preparations may vary and affect bioavailability: 1 to
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10 mg can increase plasma melatonin levels from 3 to 60-fold from their normal peak (Costello
etal., 2014).

The presence of melatonin has been shown to have a vital role in maintaining physiological
balance in the human body. According to the results of the study, melatonin at 10 mg/kg was
found to increase the efficiency of the electron transport chain in mitochondria in aged rates,
reducing electron leakage and free radical formation (Meng et al., 2017). On the other hand,
melatonin is also effective in interacting and collaborating with other reducing molecules, such
as reductase and some non-enzyme-reducing agents, to maintain the body's normal balance. An
in vitro study reported that melatonin's ability to scavenge hydroxyl radicals (-OH) is much
higher than other reducing agents, such as vitamin E, glutathione, and mannitol. Melatonin also
has a significant ability to inhibit vasoconstriction caused by hydrogen peroxide in the human
umbilical artery. Besides quenching ROS/RNS, melatonin, and its metabolites can also
modulate or capture other molecules, such as oxoferryl radicals derived from hemoglobin.
Furthermore, in vitro and/or in vivo tests, melatonin has been shown to chelate toxic metals,
such as cadmium, mercury, arsenic, lead, aluminum, and chromium, all of which are involved
in the formation of free radicals (Hernandez-Plata et al., 2015; Karabulut-Bulan et al., 2015; M.
Li et al., 2016; Navarro-Alarcon et al., 2014; Y. Zhang et al., 2017). Melatonin may also
stimulate the synthesis of other antioxidants, such as gamma-glutamylcysteine synthetase (y-
GCS), limiting the GSH synthesis enzyme rate in human vascular endothelial cells (ECV304).
It also has been observed that under normal conditions, melatonin at a concentration of 1 nM
can regulate the expression of antioxidant enzymes (AOE) in two types of nerve cells, thereby
increasing the mRNA of superoxide dismutase (SOD) and glutathione peroxidase (GPx).

Several studies have reviewed various pathological conditions related to oxidative stress that
can be addressed with the beneficial effects of melatonin. In vitro observations show that small
doses (100 uM) of melatonin can reduce the oxidation of low-density lipoprotein (LDL),
thereby inhibiting the course of atherosclerosis (Bonnefont-Rousselot, 2010). Melatonin
therapy has also been proven to be effective in experimental models of hepato-pulmonary
syndrome, where a study in Wistar rats demonstrated a decrease in vasodilation and pulmonary
fibrosis, lipoperoxidation and oxidative stress, as well as an increase in the ratio of lung weight
to body weight and changes in PCO2 and PO; after intraperitoneal administration of melatonin
20 mg/kg body weight for 14 days (Bosco et al., 2019). Melatonin supplementation may also
aid in the treatment of thrombotic/hemolytic diseases associated with changes in the redox state.
Experiments conducted on Swiss albino rats treated with 50 uM hemin (a hemoglobin
degradation product) showed that administering 20 mg/kg body weight melatonin for 3 days
helped reduce the amount of ROS and lipid peroxidation induced by hemin. Melatonin also
increases GSH levels and increases the number of circulating platelets that will inhibit
ferroptosis caused by ROS, a type of iron-mediated cell death, and platelet activation as well as
reduce the amount of inflammatory cytokines IL-6, 1L-23, TNF-a, and increasing the anti-
inflammatory production of IL-10, thus reversing the effects of hemin (Naveen Kumar et al.,
2019).

Melatonin Food Sources

Melatonin can be found in a wide variety of food ingredients, but there are significant
differences in melatonin content between different types of food. For example, much higher
level of melatonin was observed in legumes and medical plants than in other plant foodstuffs
(Oladi et al., 2014). The uneven distribution of melatonin in animal and vegetable ingredients
is due to different biophysical dynamic features in the individual constituent organs of animals
or plants (Tan et al., 2014). In edible plants, fruits have the lowest melatonin content, while
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seeds and leaves have the highest melatonin content. The concentration of melatonin in plant
food products also depends on the environment in which plants are cultivated, such as
temperature, duration of sunlight, ripening process, agrochemical treatment, and others (C.
Wang et al., 2016). Therefore, it is important to clarify the factors affecting melatonin
concentration in food to adopt an effective approach, such as seed germination, to increase
melatonin content in the diet.

On the other hand, it is known that melatonin concentrations not only differ between species
but also among different varieties of the same species. Therefore, variations in melatonin
content may be caused by differences in extraction and detection techniques used and by
modification of biosynthesis and metabolism of indoleamine compounds by different
environmental conditions. Regarding the melatonin biosynthetic pathway, the process is similar
between animals (humans) and plants, but there are several different factors that affect the
melatonin content in these food sources (Figure 2) (Salehi et al., 2019).

PFLANTS HUMANS

TRYPFTOPMAN

/\

Figure 3. Comparison of melatonin biosynthesis processes in plants and humans/animals
(Salehi et al., 2019)

Various plant-based food sources can be an alternative to melatonin sources, including cereals,
fruits, vegetables, legumes and seeds, yeast, vegetable oils, etc. Cereals are one of the food
ingredients that can be found widely worldwide. The data showed that an average of 96,5 ng/g
and 16 ng/g melatonin content were obtained in corn and rice, respectively. Completing these
findings, Setyaningsih et al. also reported that pigmented rice had a higher melatonin content,
with non-gluten black rice having a melatonin content almost twice as high as glutinous rice
and regular white rice. In addition, the same study also revealed that the melatonin content in
rice that has been processed is only 1/3 of the melatonin content that can be found in whole rice
(Setyaningsih et al., 2015). Melatonin is also found in commonly consumed fruits, such as
grapes, cherries, and strawberries. The highest melatonin content in these three fruits ranged
from 8,9 ng/g in grape skins, 13,46 ng/g in cherries, and 11,26 ng/g in strawberries. Other fruits
are believed to contain melatonin at relatively low levels (Mercolini et al., 2012; Stiirtz et al.,
2011). The most studied vegetables for their melatonin content were peppers and tomatoes,
with average concentrations of 11,9 ng/g and 14,77 ng/g.

Legumes and seeds, including white and black mustard seeds, have relatively high levels of
melatonin, reaching 189 ng/g and 129 ng/g, respectively. Melatonin levels in legumes and seeds
can increase significantly during germination, such as in germinated soybeans, which can
increase melatonin levels by up to 400% compared to raw soybeans. The same thing occurs
with germinated green bean seeds. On the other hand, coffee beans contain rich melatonin
beverages because they contain very high levels, especially when roasted (Aguileraetal., 2015).
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Melatonin is also found in juice, cocoa, balsamic vinegar but not in concentrates or teas,
including green and black tea (Marcolini et al., 2012; Striith et al., 2011). Melatonin is also
found in yeasts, especially Saccharomyces cerevisiae, which is widely used in bread making
and the alcohol industry with a melatonin concentration of about 2,2 ng/g (Tan et al., 2015).

As for animal-based food sources, melatonin can be found in eggs, fish, and meat, with higher
levels observed in eggs and fish compared to meat (Tan et al., 2015). In addition, humans can
consume melatonin through the breast and other animal milks (Karunanithi et al., 2014; Tan et
al., 2015). The melatonin content in breast milk is influenced by circadian rhythms similar to
plasma fluctuations, with relatively low levels during the day and relatively high at night.
Pumping breast milk at night can increase its benefits as a source of melatonin. During the
nighttime, melatonin concentrations are estimated to be approximately ten times higher than
during the daytime (Milagres et al., 2014). Melatonin is also detected in colostrum at
concentrations comparable to plasma levels, which can be beneficial to newborns who
experience melatonin deficiency in the first few weeks of life.

Role of Melatonin in the Pathophysiology of DMT2

Insulin is a hormone secreted by the human pancreas and is responsible for regulating blood
glucose levels. The incidence of insulin depends on the activity of MT1 and MT2 receptors,
where MT1 and MT2 acceptors are expressed in human pancreatic tissue so that melatonin can
directly regulate the production of insulin or glucagon on the islets of Langerhans. When
melatonin binds to its receptors and forms complexes with G(Gi) inhibitory proteins, an
activated signaling cascade inhibits AC/cCAMP and GC/cGMP pathways, decreasing CAMP
levels (Mulder, 2017; Shah et al., 2021). The decrease in CAMP levels, which is a potentiator
of insulin secretion, then results in a decrease in the secretion of the compound. However,
melatonin may also increase secretion of inositol triphosphate (IP3) or glucagon via the Gg/11
signaling cascade that activates phospholipase C (Mulder, 2017);(Pesckhe et al., 2013
Melatonin levels tend to be low during the daytime when insulin secretion increases, and
conversely, melatonin level increases at night, leading to decrease in insulin levels and an
increase in glucose levels. Studies show that melatonin secretion decreases with age, and
insulin resistance increases (M. Singh & Jadhav, 2014). Research indicates that melatonin also
affects the growth and differentiation of pancreatic cells. Thus, it can be concluded that
melatonin plays an important role in the insulin production in pancreatic 3 cells. The
suppression of melatonin secretion due to night light exposure has been considered as a critical
risk factor for DMT2 (Fonken & Nelson, 2014). An in-vivo study in mice demonstrated a
functional link between melatonin and insulin, with the discovery that the lack of melatonin-
infusing effect on insulin secretion could lead to elevated cCAMP levels in mice with activated
MT2 receptors, resulting in increased insulin secretion and greater pancreatic B cell mass.
Therefore, MT2 receptors also contribute in the inhibition of melatonin on insulin secretion
(Greenhill, 2016).

The pineal gland regulates the balance of blood glucose levels and insulin production by
pancreatic B-cells, so patients with T2DM experience decreased melatonin levels in the body
and increased melatonin membrane receptors (Tuomi et al., 2016). In this case, increased
melatonin membrane receptor mRNA expression is thought to compensate for low melatonin
levels in T2DM patients. Genetic factors, such as the G risk allele in the MTNR1B gene, also
increase mRNA expression in 3 cells, reducing cAMP production, decreasing insulin secretion,
increasing plasma glucose, and supporting the course of T2DM. Clinical studies show that
melatonin may help control blood sugar by reducing fasting blood glucose levels but not
increasing insulin secretion (Mok et al., 2019). In terms of the protective effect, melatonin plays
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a role in preventing B-cells from functional damage in DTM2 (She et al., 2015). Recent studies
have shown that removal of MT1 through pinealectomy can improve glucose intolerance and
insulin resistance affecting the rhythm of daily blood glucose levels and increasing blood
glucose concentrations at night. In the case of diabetes, hyperglycemia conditions increase the
production of NADH and FADH2 and also inhibit the delivery of protons to complex Il in the
electron transport chain. Hyperglycemia means an increase in intracellular glucose
concentration and then increased production of superoxide anion in non-insulin-dependent cells.
As a result, the production of free radicals becomes uncontrolled and accumulates in the body.
This oxidative stress can damage insulin signaling and disrupt insulin secretion, which can lead
to insulin resistance and complications (Wan et al., 2013). According to some research studies,
melatonin can help the treatment of diabetes and metabolic syndrome because it can provide
anti-atherogenic effects (Lo, et al., 2017). Decreased melatonin levels can increase the risk of
developing T2DM, particularly in women (Rybka et al., 2016). Melatonin deficiency can be
one of the characteristics of DMT2 because melatonin production in diabetics that can be
impaired due to hyperglycemia, as explained by Amaral et al. in their study (Amaral et al.,
2014). Melatonin treatment can help lower fasting blood sugar levels, plasma leptin, and serum
fatty acids and improve insulin resistance. However, melatonin treatment can also cause
hypogonadism side effects in male due to changes in the hypothalamus circuit that controls
reproduction (Oliveira et al., 2018).

Potential Therapeutics Melatonin as a Preventive Effort on DMT2 Complications

As is well known, DMT2 can cause some complications in patients, both microvascular and
macrovascular. In this regard, melatonin is considered as a potential solution to prevent and
therapeutic properties for various complications that may arise due to diabetes. Diabetic
cardiomyopathy is one of the common complications of T2DM, defined as changes in the
myocardium structure and function without other cardiac risk factors (Borghetti et al., 2018).
Diabetic cardiomyopathy is characterized by increased myocardial fibrosis which can result in
systolic dysfunction, then describes the inability of the heart to pump enough blood throughout
the body, or commonly known as heart failure (Ahire et al., 2013); (Jia, et al., 2018). The main
pathogenic factors in the development of diabetic cardiomyopathy are hyperglycemia, systemic
insulin resistance, and impaired signaling of insulin metabolism in the heart. These factors
trigger several pathways that lead to vascular endothelial dysfunction, adrenergic activity,
impaired mitochondrial calcium handling, renin-angiotensin system activation, myocardial
ischemia/functional hypoxia, oxidative stress, mitochondrial dysfunction, inflammation,
endoplasmic reticulum stress, and cardiomyocyte death (Pourhanifeh, etal., 2020). The benefits
of melatonin as an antioxidant have been proven effective in preventing heart damage due to
T2DM, where melatonin can reduce oxidative damage to myocardial cells and inhibit extrinsic
and intrinsic apoptosis pathways (Amin, et al., 2015). In an experimental study, melatonin can
improve antioxidant status and reduce the level of lipid peroxidation as well as apoptosis
markers in the heart tissue of diabetes-induced rats close to control values (Amin et al., 2015;
Yu et al., 2017). Melatonin can also maintain mitochondrial function in the diabetic rat hearts
by increasing mitochondrial biogenesis and deacetylation of mitochondrial antioxidant
enzymes. This effect occurs through activation of the cGMP-PKGIa, SIRT1-PGCla, and
AMPK-PGC1a-SIRT3 signaling pathways (Amin et al., 2015). The activation of the PGCla-
SIRT3 signaling pathway is key in the cardioprotective action of melatonin, which can increase
mitochondrial SOD activity, oxidative phosphorylation of complexes I, 111, and 1V, and reduce
mitochondrial lipid peroxidation, ROS formation, and myocardial apoptosis (Amin et al., 2015).

Diabetic retinopathy is a diabetes-related microvascular complication that is a leading cause of
vision loss in the working-age population (Das et al., 2012). In hyperglycemic conditions,
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increased oxidative stress can cause thickening of the lower layer of the retina known as
microangiopathy, that appears in diabetic retinopathy. In addition, because retinal tissue is rich
in lipids, it is highly susceptible to oxidative stress. The condition of increased oxidative stress
in diabetes also results in blood vessel leakage and increased permeability leading to the
development of diabetic macular edema (Gundongan, et al, 1969;Mitshuhashi et |, 2013). The
pathogenesis process of retinopathy in diabetes involves oxidative stress, inflammation and
autophagy (Dehdashtian et al., 2018). Oxidative Stres can trigger inflammatory processes that
result in retinal membrane structure and damage biomolecules that can trigger apoptosis and
increase the expression of VEGF and matrix metallopeptidase 9 (MMP9). Inflammation can
occur acutely or in the form of low-grade chronic inflammation that produces high amounts of
leukocytes, causing capillary occlusion (Crooke, et al., 2017; Djordjevic et al., 2018). This
condition can cause upregulation of VEGF in response to ischemic conditions and then trigger
vascular dilatation, microaneurysms, neovascularization, blood-retinal barrier disorders,
angiogenesis, and other vascular abnormalities. A study has detected markers, such as
thiobarbituric acid reactive substances (TBARS) and advanced oxidation protein products
(AOPP), which are the markers of lipid peroxidation and protein oxidation, respectively, in
diabetic-induced mice and serum patients suffering from diabetic retinopathy. In addition,
apoptosis of retinal neurons also occurs in pathogenesis because ganglion died cells that have
a higher proportion of apoptosis cells (Djordjevic et al., 2018; Ozdemir et al., 2014); (Yang et
al, 2013). On the other hand, there is an increase in NO levels through upregulation of iNOS,
which forms peroxynitrite, leading the production of malondialdehyde (MDA) through lipid
peroxidation decomposition. High serum MDA levels support the hypothesis of increased toxic
oxidative stress compounds (Kumar et al., 2014; Kumawat et al., 2014).

Diabetic neuropathy is defined as a set of common neurological complications of diabetic
patients which include peripheral, autonomic, proximal and focal neuropathy. Peripheral
neuropathy is the most common type and can progress to more serious conditions, such as foot
ulcerations, gait disorders, amputations, and neuropathic pain (R. Singh, et al, 2014). There are
several types of peripheral nervous system damage associated with diabetes, one of the most
frequently occurring is stocking-glove neuropathy due to structural damage to axons and
Schwann cells in the foot nerves. Several factors that induce diabetes include hyperglycemia,
dyslipidemia, and insulin resistance that interact with each other. This event triggers activation
of several pathological signaling pathways such as polyols, AGE production, protein kinase C
(PKC), polymerase (PARP), poly (ADP-ribose), and hexosamine, leading to metabolic changes
in the form of loss of insulin signaling, mitochondrial dysfunction, changes in gene expression
and ion flow defects (increased Na* channel activity and decreased K* channel activity) along
with oxidative stress and inflammatory processes leading to nerve damage and cell death
(Feldman, et al., 2017); (Zenker et al., 2013). Some neuroactive substances are believed to play
a role in the pathogenesis of diabetes-related neuropathy include changes in gamma-
aminobutyric acid (GABA) and glutamate concentrations in the hippocampus (Jangra, et al.,
2013)

An experimental study using a rat model demonstrated the effectiveness of melatonin in
reducing dopaminergic fiber degeneration in the hippocampus. Another experimental study
showed similar results that oxidative stress can damage a number of brain regions with a
decrease in acetylcholinesterase activity and an increase in NAD and MDA. However,
therapeutic intervention with melatonin supplementation has restored the recovery of NAD and
MDA levels. On the other hand, melatonin has also been proven to reduce hyperglycemic
conditions induced gliosis processes in some brain regions (Leeboonngam, et al., 2018;
Metwally, et al., 2018). Moreover, melatonin significantly increases potent endogenous
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antioxidants, Nrf2 and heme oxygenase-1, to reduce the ROS populations and suppress
neuronal inflammation by reducing NF-«xB activation (Ali, et al., 2018). Anti-apoptotic effects
are also suggested through stimulation of PTEN-induced putative kinase 1 (PINK1) expression
via MT2/Akt/NF-kB pathway (Onphachanh et al., 2017). Regarding metabolic changes,
melatonin can prevent mitochondrial dysfunction and apoptosis in Schwann cells by
upregulating Bcl2, NF-kB, mTOR, and Wnt signaling pathways (Tiong, et al., 2019). Increased
insulin resistance, which is a pathological condition observed in T2DM patients, is thought to
lead to worsening cognitive decline and neuropathy. Insulin resistance leads to endoplasmic
reticulum stress, and melatonin administration has been shown to improve this condition by
suppressing the ASK1 signaling pathway (Song & Kim, 2017). Research conducted by Seyit,
et al. also proved that melatonin significantly increases the speed of nerve conduction and
promotes Schwann cell proliferation in mice with diabetic neuropathy (Chang et al., 2014; Seyit,
etal., 2016)

CONCLUSION

Hyperglycemia in T2DM leads to excessive ROS production, leading to an accumulation of
oxidative stress and induction of insulin resistance. Oxidative stress is known to be associated
with many other diabetes complications, such as cardiomyopathy, retinopathy, and diabetic
neuropathy. Better treatment regimens are required to target pathogenic pathways associated
with oxidative stress to improve this diabetic condition. Melatonin provides protection on
diabetes through various mechanisms, such as enhancing antioxidant status, inhibiting
apoptotic pathways, suppressing inflammation, and acting as a neuroprotective agent.
Melatonin also plays an important role in glycemic control by reducing fasting blood glucose
concentrations, improving insulin resistance, and increasing insulin sensitivity in cells.
Therefore, melatonin supplementation can be used as a therapeutic measure to improve
pathological conditions in patients and reduce the incidence of complications of T2DM.
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