
REVIEW ARTICLE

Journal of Diabetes & Metabolic Disorders (2023) 22:1073–1082
https://doi.org/10.1007/s40200-023-01289-z

Background

Diabetes is an illness caused by lack of insulin secretion 
or insulin resistance that will show itself through hyper-
glycemia [1]. Every year, the number of diabetic patients 
increases worldwide. Estimations done by International 
Diabetes Federation (IDF) shows that by the year 2045, 
783 million of world population will be diabetic [2].

Diabetes is associated with various complications, and 
one such complication is diabetic foot ulcers. Diabetic 
neuropathy (DN) [3–5], hyperglycemia [4] and peripheral 
arterial disease [5] are the primary causes of diabetic foot 
ulcers. Other factors, including delayed wound healing 
and immune suppression, also contribute to the develop-
ment of diabetic foot ulcers [6]. If foot ulcers left untreated, 
these may progress to blackening of foot and amputation 
[5]. Therefore, effective treatment and prevention of com-
plications such as hyperglycemia, neuropathy and vascular 
damage, can help reduce the risk of foot ulcers and future 
amputations.
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Abstract
Objectives Diabetes and its complications, as a major health concern, are associated with morbidity and mortality around 
the world. One of these complications is diabetic foot ulcer. Factors such as hyperglycemia, neuropathy, vascular damage 
and impaired immune system can cause foot ulcers. The present review aims to study the potential effects of melatonin, the 
main product of pineal glands, on diabetic foot ulcers.
Methods A narrative review was performed using present literature in an attempt to identify the different aspects of melato-
nin’s impact on diabetic foot ulcers by searching related keywords in electronic databases without any restriction.
Results This review shows that, melatonin has anti-diabetic effects. It is effective in reducing the risk of hyperglycemia, 
neuropathy, vascular damage and immune system impairment in diabetic patients. By reducing these complications with 
melatonin, correspondingly, the incidence of diabetic foot ulcers may also decrease in these patients.
Conclusions The results of this study indicate promising properties of melatonin while dealing with diabetic foot ulcers and 
their common underlying conditions, but still, it needs to be investigated more in future studies.
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Recently, a relation between melatonin and blood glu-
cose and insulin level has been found. Melatonin is a cir-
cadian endocrine hormone, secreted by the pineal glands in 
the dark at night [7, 8] (Fig. 1). Melatonin is an antioxidant 
and has a free radical scavenger effect [9–11]. Thus, mela-
tonin has shown promising effect on diabetic neuropathy, 
retinopathy, nephropathy, immunity and cardiovascular dis-
ease [8–10]. It also effects insulin production [8] and insu-
lin resistance [10]. In this review we focus on the potential 
effects of melatonin on reducing the risk of diabetic foot 
ulcers.

Melatonin

The pineal gland secretes melatonin in response to the onset 
of darkness at night [7–9]. Factors such as light exposure 
[9], obesity and type 2 diabetes [7, 9] have a decreasing 
effect on melatonin. Melatonin is an antioxidant and has a 
free radical scavenger effect and ROS scavenger by itself [9, 
10]. Pancreatic beta cells, produce mass amounts of ROS 
which will end in oxidative stress. Oxidative stress is the 
reason of many diabetic complications [9]. Hyperglycemia, 
for instance induces oxidative stress and injures ganglion 
neurons [12]. Aside from being an antioxidant and ROS 
scavenger, melatonin has direct effect on other diabetes 
related complication, such as cardiovascular disease, dia-
betic neuropathy and retinopathy.

Here’s the revised paragraph with corrected grammar:

Melatonin and hyperglycemia

As previous mentioned, hyperglycemia increases the risk 
of developing diabetic foot ulcers. Studies have indicated a 
correlation between high insulin resistance and low levels of 
melatonin in the body. Melatonin has two main receptors in 
the human body, melatonin receptor 1 (MT1) and melatonin 
receptor 2 (MT2). These two receptors are also expressed in 
the pancreatic tissue and islet cells. These receptors raise the 

possibility of an increase in insulin production with higher 
levels of melatonin in type 2 diabetic patients. Melatonin 
also reduces the overstraining aspect of high insulin produc-
tion in beta cells. This path results in a lower risk of hyper-
glycemia in these patients (Fig. 2) [9, 12, 13]. Melatonin 
also has a role in glucose intolerance. Study on pinealecto-
mized rats, has shown an increased glucose intolerance and 
insulin resistance. The rats daily blood glucose levels were 
altered as well as a great shift of glucose levels at night. 
But, treating these rats with melatonin, showed a signifi-
cant decrease in glucose intolerance [9, 12]. In a study pub-
lished in 2011, 36 type 2 diabetic patients were divided into 
two groups, placebo and receiving 2 mg of melatonin for a 
period of 5 months. This study shows that after 3 weeks of 
melatonin intake, before going to bed, didn’t show any dif-
ference in blood sugar or glycosylated hemoglobin (HbA1c) 
levels. However, after 5 months of melatonin treatment, a 
beneficial effect on HbA1c level was seen in these patients, 
a significant decrease from 9.13% ± 1.55–8.47% ± 1.67%. 
Also, the mean serum glucose level was significantly lower 
after 5 months than after the third week tests [14]. In another 
study, 64 type 2 diabetic patients received placebo for 12 
weeks and then received 6 mg of melatonin for another 12 
weeks. They measured these patients fasting blood sugar 
(FBS), total triglyceride (TG), total cholesterol (CHOL), 
high-density (HDL) and low-density lipoprotein (LDL) 
cholesterol and HbA1c at baseline, 12 and 24 weeks. After 
3 months of melatonin intake, a significant lower level of 
Hb1c was seen compared to the baseline figures, 7.65% ± 
0.0686% versus 7.1% ± 0.111%. The mean FBS had also 

Fig. 2 Schematic representation of the mechanism by which melatonin 
protects hyperglycemia. Melatonin attaches to MT1 and MT2 recep-
tors, which effect K-Ca channels and increase Ca levels. Increase in Ca 
levels increase insulin secretory granules which result in higher levels 
of insulin. (Original figure by the authors)

 

Fig. 1 Schematic representation of the melatonin secretion in the pineal 
gland (major pineal gland hormone). (Original figure by the authors)
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decreased significantly after 12 weeks of intake. HDL levels 
were increased at the end of the study, but no change in TG, 
CHOL and LDL levels were seen [15]. Membrane signaling 
by melatonin receptors is presented in Fig. 3 [16, 17].

Melatonin and diabetic neuropathy

Diabetic Neuropathy (DN) is a highly seen neurological 
complication in patients with diabetes [18]. DN affects near 
50% of this population [19]. This complication includes 
peripheral, autonomic, proximal and focal neuropathy. 
Peripheral neuropathy is the most common form of DN and 
serves as the main cause of foot ulceration, neuropathic pain 
and amputation [18–20]. Some peripheral nervous system 
damage mechanisms are observed in foot nerve damage. The 
interaction of oxidative stress and inflammation caused by 
hyperglycemia, hyperlipidemia and insulin resistance play 
an important role in DN pathogenesis [7, 9, 21]. The men-
tioned interaction results in an increase in polyol, advanced 
glycation end products (AGEs), protein kinase C (PKC), 
Poly ADP ribose polymerase (PARP) and hexosamine [22, 
23]. Aside from the mentioned metabolites, insulin signal-
ing is also lost. They all lead to mitochondrial dysfunction, 
altered gene expression and diminished K-channel activity 
and augmented Na-channel activity. All of these, along with 

oxidative stress and inflammation, result into nerve damage 
and cell death [22].

This path shows melatonin contributes in neurological 
complications of diabetes. So, it can be used as a treatment 
of DN. Due to melatonin’s antioxidant activity, it prevents 
neuron apoptosis in diabetic patients. It reduces factors such 
as ethanol-induced ROS, NF-κB activation and increases 
factors such as Nrf2 (an antioxidant) and heme oxygen-
ase-1 [24]. Melatonin also has an increasing effect on the 
formation and release of neurotransmitters, which shows a 
better neuronal function in these patients [25]. The melato-
nin beneficial effect is shown in Fig. 4 [26–28]. In a study 
conducted by Metwally et al. on diabetic male Wistar rats 
induced by streptozotocin (STZ), the rats were treated with 
50 mg/kg of melatonin per day for 45 days, starting 72 h 
before STZ injection. Metwally et al.’s findings show an 
improvement in diabetes-induced oxidative stress and neu-
rodegeneration. This shows that melatonin has great effect 
on neurological complications of hyperglycemia [29]. In a 
study on diabetes induced by STZ on female Wistar albino 
rats shows the effect of melatonin on diabetic neuropathy. 
These rats received 10 mg/kg melatonin per day for 14 days. 
After 2 weeks, fresh samples of hippocampal and dorsal 
root ganglion were taken. The results show that melatonin 
treatment has a beneficial role in improving oxidative stress 
and reducing neuron death which results in improved DN 

Fig. 3 Schematic representation 
of the membrane signaling by 
melatonin receptors MT 1 and 
MT 2. In part of the figure is 
shown the interaction of Gi with 
adenyl cyclase (AC) to decrease 
cAMP levels and therefore cyclic 
AMP-dependent protein kinase 
activity (PKA) and interaction 
of G q with phospholipase C 
(PLC) leading to the cleavage of 
phosphatidyl inositol diphosphate 
(PIP2) into inositol triphosphate 
(IP3) and diacylglycerol (DAG). 
These second messengers 
stimulate increased intracel-
lular Ca2 + and protein kinase C 
(PKC), respectively. In another 
part of the figure is shown the 
melatonin/MTNR/Raf-1/ERK 
signaling pathway. Melatonin 
binds to the MT2 receptor 
followed by reduced cAMP 
production and PKA inhibition. 
In turn, this inactivates the Ras/
Raf-1/ERK pathway, eventu-
ally decreasing insulin gene 
transcription. (Original figure by 
the authors)
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polymerase (PARP) and hexosamine result in an impaired 
neuronal function. Studies indicate that the malfunction of 
neurons plays a major part in the occurrence of diabetic foot 
ulcers. [18–20].

Melatonin and vascular damage

Diabetes vascular disease has a wide range of atherosclero-
sis related disease. Coronary artery disease, peripheral vas-
cular disease and stroke are examples of diabetes induced 
vascular complications. Long-term follow-up of blood glu-
cose control has shown a decrease in atherosclerosis related 
complications in diabetic patients [32]. Insulin resistance 
and hyperglycemia are the main factors of diabetic vas-
cular disease [7, 8, 10, 32]. There are multiple molecular 
mechanisms that explains hyperglycemic induced compli-
cations. Increase in polyol pathway, activation of diacylg-
lycerol (DAG)/protein kinase C (PKC) pathway, increased 
oxidative stress, increase in AGE (advanced glycation end) 

[30]. In 2013, STZ-diabetic Sprague-Dawley rats received 
3 and 10 mg/kg melatonin for periods of 2 weeks. Melatonin 
intake in these rats, shows improved levels of neurotrans-
mitters, glutamate and gamma-aminobutyric acid (GABA). 
Jangra et al. suggest that melatonin has a beneficial effect 
on central nervous system (CNS) damage caused by diabe-
tes [25]. Ali et al. gave diabetic-induced female Sprague-
Dawley rats a single dose of 20 mg/kg of melatonin. After 
four hours, samples of brain were taken to observe the 
results. The acute levels of melatonin showed a reduction in 
NF-κB active levels. Also, this treatment showed a decrease 
ethanol-induced apoptosis, neurodegeneration and neuro-
inflammatory levels. The presence of melatonin had also a 
great effect on ROS levels due to its antioxidant activity. 
The results of this study demonstrate that acute melatonin 
treatment, has a preventive effect on DN [31]. These path-
ways, reduction of neurotransmitters, GABA and gluta-
mate, increased levels of ROS, increased in polyol, AGEs 
production, protein kinase C (PKC), Poly (ADP-ribose) 

Fig. 4 Potential mechanism(s) of action of melatonin in diabetes. PLC: 
phospholipase C, PKA: protein kinase A, GSH: reduced glutathione, 
GSSG: oxidized glutathione, GPx: glutathione peroxidase, Nrf2: 
nuclear factor erythroid 2-related factor 2, AKT: protein kinase B, 
ERK: extracellular signal-regulated kinase, MAPK: mitogen-activated 

protein kinase, SIRT1: silent information regulator 1, FoXO1: fork 
head box protein O1, AMPK: AMP-activated protein kinase,, ROS: 
reactive oxygen species, NF-kB: nuclear factor kappa-light-chain-
enhancer of activated B cells. (Original figure by the authors)
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in the form of citrate, which is reconverted by ATP citrate 
lyase (ACL). Acetyl-CoA is then carboxylated into malo-
nyl-CoA in the presence of acetyl-CoA carboxylase (ACC) 
as catalyzer. Malonyl-CoA and acetyl-CoA are used as sub-
stances to produce palmitate in the presence of fatty acid 
synthase (FAS). Afterwards, malonyl-CoA is converted 
back into acetyl-CoA via malynol-CoA decarboxylase 
(MCD). Long-chain fatty acyl-CoA synthetase (LCFACS) 
catalyzes the esterification of fatty acids. Long-chain fatty 
acyl-CoA, such as palmitoyl-CoA are imported to the mito-
chondria for fatty acid oxidation by the enzyme named 
carnitine palmitoyltransferase 1 (CPT1). The later enzyme 
is inhibited allosterically by malonyl-CoA. Depending on 
requirements, the saturated fatty acids created by FAS can 
be metabolized, desaturated, derived to triglyceride or chan-
neled to phospholipids and derivates in charge of signaling 
and membrane functions. ACC, MCD and FAS activities are 
controlled by AMP-activated protein kinase (AMPK) which 
is composed of two regulatory subunits (β1 or β2 and γ1 or 
γ2 or γ3) and catalytic subunit (α1 or α2). Melatonin has an 
impact on AMPK. It increases the enzymes activity which 
will inhibit lipid production. It also decreases the activity of 
ACC. Thus, fatty acid TG synthetize activity is reduced and 
it results in the reduction of products such as palmioyl-CoA 
and acyl-CoA. These effects of melatonin have a great role 
in decreasing the risk of hyperlipidemia (Fig. 5) [40]. Pre-
viously mentioned, high levels of ROS result in oxidative 
stress which has a role in forming diabetic complications 
[21]. ROS production is increased by abnormal metabolism 
of glucose, FFA and other reactive metabolites in diabetes 

products formation and activation also increased hexos-
amine pathway are some of these most studied pathways. 
[10, 32]. Increase in polyol pathway activation will cause 
vascular pathologies through osmotic damage and reduc-
tion in Na+-K+-ATPase activity. This pathway will result 
in decreased cellular levels of NADPH and increased 
NADH/NAD+ ratio which will result in an imbalance of 
intercellular redox. This changed balanced results in oxida-
tive stress. Increased oxidative stress leads to endothelial 
cells dysfunction [33]. Increased levels of glucose will end 
up in high concentration of DAG in many cells such as aor-
tic endothelial cells [32]. Chronic elevated levels of DAG 
activate PKC pathways. Other methods of PKC activation 
are ROS species and free fatty acids (FFA) [34, 35]. Ele-
vated PKC activation has been related to alteration in blood 
flow, basement membrane thickening, increase in vascular 
permeability, abnormal angiogenesis, excessive apoptosis, 
increased leukocyte adhesion and change in enzyme activ-
ity such as Na+-K+-ATPase, cPLA2, PI3K and mitogen 
activated protein kinase (MAPK) [36]. Furthermore, PKC 
activation results in overexpression of plasminogen activa-
tior-1 (PAI-1) [37], NF-κB activation [38] and the activa-
tion of NADPH oxidase [39] in many vascular cells such as 
endothelial cells, smooth muscle cells, pericytes and mesan-
gial cells [38]. The PKC activation is an underlying factor 
in the pathology of cardiovascular disease in patients with 
chronic hyperglycemia [39]. Also, extra glucose in the cell 
ends into the production of pyruvate in the cytoplasm by 
glycolysis pathway. Pyruvate is turned into acetyl-CoA in 
the mitochondria. Then it is transported to the cytoplasm as 

Fig. 5 prevented hyperlipidemia by up-regulating the AMPK pathway 
and regulation of lipid metabolism. AMPK: AMP-activated protein 
kinase, SREBP1: sterol regulatory element binding protein-1, ACC: 
Acetyl-CoA carboxylase, ACL: ATP citrate lyase, FAS: fatty acid syn-
thase, HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase, SCD: 

stearoyl-CoA desaturase, AST: aspartate aminotransferase, ALT: ala-
nine aminotransferase, TG: triglyceride, Cho: cholesterol, LDL: low-
density lipoprotein cholesterol, HDL: high-density lipoprotein choles-
terol, CPT-1: Carnitine palmitoyl transferase 1, AKT: protein kinase B. 
(Original figure by the authors)
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cell production and activity, reducing oxidative stress and 
inflammation, and maintaining immune system balance. Its 
antioxidant and anti-inflammatory properties contribute to 
a healthier immune system and optimal immune responses 
(Fig. 6) [50]. Melatonin receptors are expressed on some T 
cells and B cells [51]. Studies on mice treated with melato-
nin show that it may also increase the proliferation of T cells 
and the production of natural killer cells and monocytes in 
their bone marrow [52, 53]. Some studies show that melato-
nin intake in mice has decreased the expression of interleu-
kin-2 (IL-2) and interferon-γ (IFN-γ) and the expression of 
T helper 2 cell cytokines like IL-4 and IL-10 has increased 
[54, 55]. Ozkanlar et al. assessed the effect of melatonin on 
diabetic rats’ immune system. In this study, they had four 
groups of male Smrague-Dawley rats: control (C) group, a 
melatonin (Mel) group receiving 10 mg/kg/per day of mela-
tonin for 15 days, diabetic (DM) group who were diabe-
tes induced with alloxan which received placebo and the 
diabetic-melatonin (DM-Mel) group who after developing 
diabetes with alloxan received 10 mg/kg per day of mela-
tonin for 15 days. The results show a significant increase 
in WBC, neutrophil count of DM group compared to the 
control rats. Compared to DM group, WBC, monocyte and 
neutrophil count were significantly lower in the DM-Mel 
group. Furthermore, WBC, monocyte and neutrophil count 
were significantly lower in Mel group compared to the C 
group. As for cytokine figures, IL-1β was slightly lower in 
the DM-Mel group comparing to the DM group. But TNF-α 
did not change in DM-Mel rats. A significant increase in 
both cytokines was seen in DM rats compared to the control 
group. Thus, study shows that melatonin can be used as an 
immune-modulatory agent in diabetes [56]. Apoptosis and 
inflammation are two mechanisms that cause this damage. In 
these patients, increase in inflammatory cytokines, such as 
IL-8, IL-6 and TNF-α, decrease in anti-inflammatory cyto-
kines, IL-10 and IL-2, and decrease in antioxidant barrier is 
seen. These three pathways result in increased inflammation 
and apoptosis. Thus, wound healing process is impaired and 
will eventually result into diabetic foot ulcers [57].

The aforementioned complications, including hypergly-
cemia, diabetic neuropathy, vascular problems, and impaired 
immunity, are underlying causes of diabetic foot ulcers [3–
6]. By effectively managing or preventing these complica-
tions, the risk of diabetic foot ulcers can be reduced. Recent 
studies on the effects of melatonin have shown its potential 
in lowering the risk of diabetic neuropathy [24, 25, 29–31], 
hyperglycemia [9, 12, 14, 15], vascular complications [8, 
9, 12, 16, 43–47] and improving immunity [50] in diabetic 
patients. It also helps the body have stronger immunity [56]. 
By reducing these complications, the incidence of diabetic 
foot ulcer may also decrease in affected individuals. It is 
worth mentioning that factors related to melatonin cycle, 

[41]. ROS byproducts also elevate PKC which will end in 
activating NADPH oxidase that increases ROS production 
[21]. Also increased levels of FFA result in higher levels 
of ROS [42]. These pathways will result in higher oxida-
tive stress in patients with diabetes and cardiovascular dam-
age. Hyperlipidemia is one of the most common reasons of 
atherosclerosis. Hyperlipidemia is highly seen in diabetic 
patients [9]. Melatonin intake of 10 mg/kg per day for 6 
weeks in Zucker diabetic rats, shows a reduction in LDL-
cholesterol as well as an increase in HDL-cholesterol [43]. 
In another study on diabetic male Wistar rats, a significant 
reduction in serum TG levels was seen after melatonin treat-
ment for 6 weeks [12]. In 2018, Hadjzadeh et al. studied the 
effect of melatonin on serum concentrations of TG, LDL-
chol, HDL-chol and total cholesterol (TC). They divided 40 
male Wistar rats into 5 groups: control, diabetic and three 
groups of STZ-induced diabetics, each group receiving dif-
ferent levels of melatonin, 5 mg/kg, 10 mg/kg and 20 mg/kg 
for 14 days. The results indicate lower levels of LDL, TG 
and TC in diabetic rats treated with melatonin [44]. Studies 
show that exogenous melatonin intake acts as antioxidant. 
This is how melatonin has a beneficial effect on hyperlip-
idemia. It increases antioxidant enzymes and glutathione 
levels, removes free radicals and decreases lipid peroxida-
tion [16]. Along with endogenous melatonin, it has a ben-
eficial effect on reducing oxidative stress [45]. Melatonin 
also increases antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase and glutathione peroxidase (GPX). 
A study on STZ-induced diabetic Wistar rats with melatonin 
intake of 50 mg/kg/day, shows that these rats have a higher 
levels of antioxidant enzymes. Therefore, better vascular 
function has been seen among them [8, 46]. In 2000, the 
effect of melatonin intake was assessed in alloxan induced 
diabetes male Wistar rats. This study shows a reduction in 
antioxidant enzymes in these rats after becoming diabetic 
comparing to the control group. Diabetic rats were treated 
with melatonin for overall 7 weeks. After this period, SOD 
and glutathione peroxidase concentrations were restored 
significantly in these rats [47]. Increase in ROS, hyperlip-
idemia induced by high glucose level, PKC activation and 
increase in ACC, MCD and FAS activity are the underlying 
factors of vascular complication seen in patients with dia-
betes. Studies show that vascular complications in diabetic 
patients have a great role in the incidence of diabetic foot 
ulcers [3, 7]. Also, the anti-inflammatory and antioxidative 
effects of Melatonin have been seen in several other studies 
[48, 49].

Melatonin and immune function

Melatonin plays a significant role in the immune sys-
tem by regulating immune functions, enhancing immune 

1 3

1078



Journal of Diabetes & Metabolic Disorders (2023) 22:1073–1082

Authors’ contributions Zahra Sajjadpour and Zahra Hoseini Tavassol: 
Investigation, designing, writing – original draft, visualization. Hamid 
Reza Aghaei Meybodi: Conceptualization, designing, writing – review 
& editing. Maryam Eskandarynasab: Investigation, visualization, 
writing – review & editing. Mahnaz Pejman Sani: Conceptualization, 
designing, project administration, supervision, writing – review & ed-
iting. Shirin Hasani-Ranjbar and Bagher Larijani: Conceptualization, 
writing – review & editing. All authors reviewed and approved the 
final manuscript.

Funding Not applicable.

Data Availability Not applicable.

Declarations

Conflict of interest The authors declare that they have no conflict in-
terests.

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

such as lifestyle [58], climate [59], and ethnic differences 
[60] could be targeted in personalized medicine research 
focusing on diabetic foot ulcers and their underlying condi-
tions. Moreover, future research efforts may aim to deter-
mine the optimal dosage of melatonin, as a metabolite 
involved in circadian rhythm, for the control and prevention 
of diabetic foot ulcers.

Conclusion

Studies show that melatonin is effective in the underly-
ing conditions of diabetic foot ulcers. Therefore, conduct-
ing additional observational and clinical studies involving 
individuals with diabetes could enhance our understanding 
of the impact of melatonin on the prevention and treatment 
of diabetic foot ulcers. Overall, considering the impact of 
melatonin on hyperglycemia, neuropathy, vascular damage 
and immune system this study suggests that melatonin with 
its potential therapeutic and preventive properties may con-
tribute to reducing the risk of diabetic foot ulcers.
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