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Abstract: Melatonin is a neurohormone that is mainly secreted by the pineal gland. It coordinates
the work of the superior biological clock and consequently affects many processes in the human
body. Disorders of the waking and sleeping period result in nervous system imbalance and generate
metabolic and endocrine derangements. The purpose of this review is to provide information
regarding the potential benefits of melatonin use, particularly in kidney diseases. The impact on
the cardiovascular system, diabetes, and homeostasis causes melatonin to be indirectly connected
to kidney function and quality of life in people with chronic kidney disease. Moreover, there are
numerous reports showing that melatonin plays a role as an antioxidant, free radical scavenger,
and cytoprotective agent. This means that the supplementation of melatonin can be helpful in
almost every type of kidney injury because inflammation, apoptosis, and oxidative stress occur,
regardless of the mechanism. The administration of melatonin has a renoprotective effect and inhibits
the progression of complications connected to renal failure. It is very important that exogenous
melatonin supplementation is well tolerated and that the number of side effects caused by this type of
treatment is low.

Keywords: melatonin; kidney diseases; renoprotective effect; chronic kidney disease; nephrotoxicity;
acute kidney injury

1. Introduction

Melatonin, discovered in the late 1950s, is a pleiotropic neurohormone that is mainly
produced in the pineal gland. While it is released from different tissues, it acts also as a
local regulatory molecule [1]. The elementary role of melatonin is to transmit information
concerning the daily cycle of light and darkness to the different parts of the human body,
which ultimately affects the functioning of the entire organism [2]. However, there are
many reports showing that this is not the only mechanism and function of this particle.
It has been proven that melatonin also takes part in antioxidative, anti-inflammatory,
antiapoptotic, and immune processes [1,3–13]. Moreover, melatonin participates in the
detoxification of free radicals, bone formation, reproduction, and body mass regulation
and has an influence on cardiovascular homeostasis [14–17]. The renoprotective effect of
melatonin has been the subject of reports in the last decade that have found that melatonin
not only ameliorates sleep disorders in patients with chronic kidney disease (CKD) but
also has a beneficial effect on blood pressure and provides protection in oxidative stress
and inflammation [18–20], which occur in a wide variety of kidney injuries such as CKD,
glomerulonephritis, contrast-induced kidney injury, drug-induced nephrotoxicity, and
acute ischemia–reperfusion injury. This review summarizes the physiology of action and
the final effects of melatonin treatment in different types of kidney injuries.

2. The Biosynthesis and Metabolism of Melatonin

Melatonin is a neurohormone whose main source is the pineal gland [21]. The pro-
duction of melatonin is dependent on the light/dark cycle. Interestingly, light can either
suppress or initiate melatonin synthesis [22,23]. When it is received by the retina, the
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signal is sent to the suprachiasmatic nuclei of the hypothalamus [24]. Later, it goes through
the upper part of the cervical spinal cord, where the synapses, which are connections
with preganglionic cell bodies of the superior cervical ganglia, are located. Finally, it
reaches the pineal gland. The signal is mainly transmitted by a neuromediator called nore-
pinephrine [22]. It binds with beta-adrenergic receptors and stimulates the pineal gland
to produce melatonin [24]. The synthesis starts with the hydroxylation of the amino acid
tryptophan (by tryptophan-5-hydroxylase) to 5-hydroxytryptophan, then decarboxylation
(by 5-hydroxytryptophan decarboxylase) to serotonin. This is followed by the acetylation of
serotonin to form N-acetylserotonin (by arylalkylamine-N-acetyltransferase). The conclud-
ing stage is the methylation of N-acetylserotonin by acetylserotonin-O-methyltransferase.
After all above-mentioned reactions, it is possible to obtain the final product, which is
melatonin [17] (Figure 1).
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The production process of melatonin takes place mostly during the night [22,23]. Both
the synthesis and secretion length are directly dependent on the duration of the sleep
period. It is a time-based transmitter that conveys information about the round-the-clock
cycle of light and darkness to the body [25,26]. However, it is important to emphasize that
the pineal gland is not the only place where melatonin is synthesized. It is also produced
by retinal photoreceptors [27], the gastrointestinal tract [28,29], bone marrow [30], the
liver, the kidneys, the thyroid, the pancreas, the thymus, the spleen, the carotid body, the
reproductive tract, and endothelial cells. Human skin is also a place where all enzymes
involved in production process are expressed [10]. There are two G-protein-coupled
melatonin receptors: MT1 and MT2 [31]. After their activation, the intracellular level of the
second messenger cyclic adenosine monophosphate (cAMP) is decreased. The result is a
modification of signaling pathways below protein kinases A and C, and a cAMP reaction
with an element-binding protein [10,32]. Melatonin receptors are widespread. Most of
them are distributed in the central nervous system, but they are also located in peripheral
body parts such as the retina, cerebral and peripheral arteries, the kidneys, the pancreas,
the adrenal cortex, the testes, and immune cells [33,34].

3. The Biological Role of Melatonin
3.1. The Nervous System

It is well known that the concentration changes of melatonin take part in sleep–wake
cycle disorders, mood disturbances, disabilities of cognitive skills, troubles with learning
and memory problems, protection of the nervous system, drug abuse, and cancer processes.
Therapies based on pharmacological agonists of melatonin (agomelatine, ramelteon, and
tasimelteon), which also affect MT1/MT2 receptors, have been the subject of research
interest in recent years [35]. Melatonin can be a potential course of action for novel
antidepressants, which affect the concentrations of neurotrophins or neurotransmitters. In
addition, they cause a reduction in the proinflammatory cytokine level in the serum [36].
The neuroprotective effect of melatonin is used in the treatment of Alzheimer’s, Parkinson’s,
and Huntington’s diseases as well as amyotrophic lateral sclerosis, stroke, and brain
trauma [7,37]. Due to its antioxidant properties, melatonin acts as a scavenger of free
radicals and regulates numerous reactions at the molecular level, including oxidative
stress, inflammation, and apoptosis [38,39]. It has also been documented that melatonin is
an inhibitor of calpain, whose activity is significant in the pathogenesis of many central
nervous system disorders [40].

3.2. The Immune System

Another important role of melatonin is its ability to immunomodulate and strengthen
immune surveillance [41]. It stimulates the production of different lines of cells involved
both in humoral and cell-mediated immunity, such as macrophages, natural killer cells,
and CD4+ cells, and affects the synthesis of a wide variety of cytokines [42]. The direct anti-
viral and anti-bacterial effects of melatonin have been documented [43–45]. During severe
infections, the administration of melatonin has been found to have immunomodulatory,
antioxidative, and cytoprotective functions [44,46,47]. It has been proven that due to its
beneficial pleiotropic effects, the administration of melatonin reduces mortality in both
viral and bacterial inflammation [48]. Considering the evidence supporting the role of
this hormone in directing oxidative stress and inflammatory processes, as well as the
management of immune reactions, examinations involving patients with viral infections
caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) have also
been conducted. They showed that the administration of melatonin as an adjuvant therapy
might be beneficial and that it should be considered during Coronavirus Disease 2019
(COVID-19) [6,49,50].
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3.3. The Gastrointestinal Tract

Melatonin in the digestive system, besides its antioxidant effect and ability to stimulate
the immune system, reduces the secretion of hydrochloric acid, enhances the regeneration of
the epithelium, and increases microcirculation. All of these functions make melatonin one of
the therapeutic options for preventing different diseases of gastrointestinal tract, e.g., colorectal
cancer, ulcerative colitis, gastric ulcers, and irritable bowel syndrome. It may also be
helpful during treatment [51,52]. It has been documented that melatonin supplementation
results in the complete remission of gastroesophageal reflux disease. It has a protective
role against acute and chronic irritants that affect the esophagus and stomach. It is also
effective in healing ulcers [53]. Moreover, some studies have confirmed that melatonin has
strong supporting effects on hepatocytes in the prevention of non-alcoholic steatohepatitis
(NASH) [54].

3.4. The Respiratory System

A positive therapeutic potential of melatonin has been also discovered in patients
suffering from pulmonary disorders. Melatonin prevents inflammation, eliminates several
oxygen-derived reactants, detoxifies nitric oxide, and takes part in apoptosis, including in
cancer cells. It also inhibits the proliferation of these malignant cells [55–57]. In a fairly
similar mechanism, melatonin influences the restriction of pulmonary fibrosis. It reduces
endothelial cell proliferation, invasion, and migration [55,58]. Moreover, it can minimize
the gathering of inflammatory cells and reduce the expression of inflammatory mediators,
such as cyclooxygenase-2. The amount of proinflammatory cytokines also decreases, which
consequently leads to the inhibition of cellular proliferation [59]. The role of melatonin
during respiratory tract infections is also important and is discussed in the section regarding
the immune system.

3.5. Endocrinology and Gynecology

Clinical trials with melatonin administration have been conducted on animal and
human groups. According to contemporary knowledge, melatonin can improve fertility,
oocyte quality, maturation, and the number of embryos [14,60]. Moreover, a positive
effect during pregnancy has been suggested. The protection of neurogenesis, a supportive
impact on the placenta, and a reduction in oxidative stress are mechanisms that increase
the reproductive rate and improve embryo–fetal development [60,61]. Reactive oxygen
species cause disturbances during pregnancy. They are also responsible for complications
in the perinatal period. Melatonin is a scavenger of free radicals. It has also antioxidative
and cytoprotective abilities. There is a possibility that it can be crucial for a successful
pregnancy. Not only is the role of melatonin in human gendering important, its support is
also necessary when neonatal pathologies occur [62,63]. Melatonin is a supervisor during
the process of deoxyribonucleic acid (DNA) methylation and histone alteration. In this way,
radical changes in gene expression are avoided. The fetus is protected from the occurrence
of pathologies. An insufficient concentration of melatonin during pregnancy can leave
endocrine disorders in the genetic code during early ontogenesis, which subsequently
develop in childhood [64].

3.6. Other Functions

Some additional, very important functions of melatonin in the human body are de-
scribed in the section about kidney diseases below. The roles of this hormone in different
parts of human body are summarized in Figure 2.
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4. The Role of Melatonin in Kidney Diseases
4.1. The Role of Melatonin in Chronic Kidney Disease

Chronic kidney disease (CKD) is currently one of the leading public health problems
worldwide. It affects almost 13% of the world population [65]. CKD is associated with
many complications, such as malnutrition; anemia; hyperlipidemia; overhydration; and
endocrine, mineral bone, and metabolic disorders [65–67]. Patients with CKD, especially
those who are treated with renal replacement therapy, frequently suffer from sleep distur-
bances [68]. It has been reported that 80% of end-stage renal disease patients complain
about sleep disorders [69–72]. The complications of CKD intensify insomnia as well as
depression, anxiety, and itch, which often affect patients with decreased kidney func-
tion [73–75]. A chronic deficit of sleep can lead to metabolic and endocrine disorders, e.g.,
diabetes, obesity, or hypertension [76–81]. Behavioral interventions and pharmacologi-
cal treatments are often not sufficient [82]. There is convincing evidence that melatonin
efficiently accelerates falling asleep; regulates the duration of wake times; and improves
concentration, reflexes, and cognitive functions [83–88]. It has been documented that
hemodialysis patients suffer from disturbances in the diurnal rhythmicity of the sleep–
wake cycle and melatonin concentrations [89,90]. Melatonin synchronizes the circadian
rhythms, improves the quality of sleep, and is involved in neuronal survival [91]. It has
been found that it prevents further implications of sleeplessness such as neurodegenerative
diseases [83,92]. Melatonin administration is recommended for different types of sleep
disorders, as it synchronizes the circadian rhythms, depending on the time of day when
the drug is taken [93]. Edalat-Nejad et al. carried out a 6-week randomized, double-blind,
cross-over clinical trial in hemodialysis patients. Melatonin was administered to patients at
bedtime. As a result, the quality of sleep improved [94]. It should not be overlooked that
melatonin supplementation is well tolerated, with a small number of side effects [87,88,91].
In the available clinical trials, exogenous melatonin is an effective drug with a low risk of
dangerous side effects in patients with CKD [68,95,96]. Ramelteon, a melatonin-receptor
agonist, is also approved for the treatment of insomnia. It has been reported that it is safe
and effective [97].

The dysregulation of the circadian rhythm is connected with a higher risk of cardio-
vascular events [98–102]. The strong association between cardiac reactions and time of day
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is the reason why myocardial infarction (MI), sudden cardiac death, and ischemic stroke
are more likely to occur in the early morning [103–105]. Moreover, there have also been ex-
aminations assessing healing after MI, depending on the circadian rhythm [106,107]. It was
proven that any disruptions result in alterations in immune responses, which are crucial
for scar formation and the functioning of the heart in the future. During a clinical trial with
mice in the proliferative phase, 1 week after MI, less blood vessels formed in the infarcted
area compared with the control group. Echocardiography after 14 days showed increased
left ventricular dilation and infarct expansion [106]. This proves that the stabilization of
the biological clock is needed to maintain homeostasis in the whole organism and support
recovery [108]. It has been found that melatonin provides protection by activating silent
information regulator 1 (SIRT1), which acts in a receptor-dependent manner. It causes a
reduction in apoptotic protein expression and an increase in antiapoptotic protein [109].
Moreover, melatonin protects cells from reactive oxygen species [110,111]. It results in an
improvement in cardiac function, a reduction in oxidative damage, and a decline in my-
ocardial apoptosis [112,113]. Oxidative stress causes cellular injuries in the vascular system
and induces inflammatory processes [114,115]. It is directly involved in the pathogenesis of
cardiovascular diseases [98]. Among patients in the early stages of chronic kidney disease,
the incidence of cardiovascular events is significantly higher. Moreover, the prevalence rate
increases commensurably with the advancement of kidney function deterioration [116].
Unfortunately, cardiovascular diseases are a frequent reason for the increased morbidity
and mortality in this group of patients [43,117–120]. New therapies are sought to prevent
cardiovascular complications in CKD patients. Antioxidant therapies and clinical trials
are being conducted [121]. Melatonin has been documented to participate in controlling
oxidative stress and has been shown to have a positive influence on the cardiovascular
system [98,122,123].

Atherosclerosis and hypertension are also frequent complications of CKD [120,124].
On the other hand, hypertension can lead to a deterioration of kidney function and is the
second leading cause of end-stage renal disease [125]. There are several mechanisms of
hypertensive renal damage, such as the renin–angiotensin–aldosterone system (RAAS),
oxidative stress, endothelial dysfunction, and genetic determinants. Inflammation and
fibrosis lead to glomerular sclerosis, tubular atrophy, and interstitial fibrosis [126]. In addi-
tion, advanced kidney disease can cause difficulties in blood pressure normalization [127].
It has been proven that melatonin may play a role in reducing blood pressure during the
day and night by influencing changes in the endothelium and in the functioning of the au-
tonomic nervous system and the renin–angiotensin system. Moreover, it reduces oxidative
stress [68,128]. A clinical trial whose aim was to observe the regulation of blood pressure
by melatonin showed that after pinealectomy and in other cases when the concentration of
melatonin in the plasma decreased, patients should receive melatonin supplementation
in order to maintain the correct blood pressure values [129]. Melatonin also takes part in
delaying atherosclerosis [130–132]. The degree of changes in blood vessels is higher in
proportion to the progression of renal disease. The pathogenesis is connected to systemic
inflammation and the increased amount of reactive oxygen species [120,133]. Increased
carotid artery intima–media thickness, carotid arterial wall stiffness, and coronary artery
calcification are also common in children with chronic kidney disease [134]. The study by
Zhang proved that melatonin reduces the atherosclerotic plaque in the aorta [135]. This is
very important because the stage of atherosclerosis is a strong predictor of the mortality rate
due to cardiovascular disease in patients with CKD [133,136]. Anti-inflammatory treatment
strategies could be beneficial [137].

Obesity and diabetes are states that often coexist with CKD and deepen kidney
injury [138–140]. Diabetic nephropathy occurs in one third of diabetic patients [141].
Adipocytes trigger the release of proinflammatory cytokines [138,142]. Serum concentra-
tions of C-reactive protein, adiponectin, resist in, interleukin-6, tumor necrosis factor-alpha,
monocyte chemoattractant protein-1, and CD68 are responsible for chronic inflamma-
tion [143]. While the levels of these molecules are high in blood circulation, they bind with
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receptors that are located in the cell membranes of renal tissues. As a result of this connec-
tion, the kidneys are damaged [144]. Melatonin, with its antioxidant and anti-inflammatory
abilities, influences this process through several mechanisms such as NF-κB amelioration
and NLRP3-inflammasome signals, reducing proinflammatory protein expression in the
serum, regulating metabolic conversion and the energy balance, activating receptors in
adipocytes, and sensitizing adipocytes to insulin and leptin [145,146]. Obesity is associated
with hemodynamic, structural, and histological renal changes [138]. The hypertrophy
of glomeruli and tubules is observed. Focal segmental glomerulosclerosis, or bulbous
sclerosis, is also possible. The gradual progression of nephropathy is connected with renal
hemodynamic changes, insulin resistance, and lipid metabolism disorders [147]. These
effects are crucial for the progression of kidney diseases and are also associated with the
advancement of cardiovascular complications. Melatonin has a hypolipidemic impact by
enhancing endogenous cholesterol clearance mechanisms [148,149]. It takes part in biliru-
bin acid production and suppresses low-density lipoprotein receptor activity. It also causes
an increase in the level of irisin and accelerates cholesterol excretion in the feces [150]. In an
experiment with mice, lipid accumulation varied considerably during the administration of
melatonin. It was reduced, and the expression of lipid metabolic genes was minimized [151].
Melatonin not only influences the causes of hypercholesteremia but also protects tissues
from the toxic effects of oxidized lipoproteins [152]. It is assumed that this is an effect of
melatonin’s impact on cell membranes [153,154]. Melatonin treatment has also been proven
to be beneficial in diabetic patients [155–157]. Alack of this hormone causes a reduction
in glucose transporter type 4 (GLUT4) gene expression, which results in the development
of glucose intolerance and insulin resistance [156]. Moreover, melatonin enhances insulin
secretion and β-cell existence. Islet sensitivity to cAMP is higher during melatonin supple-
mentation, and it results in an increase in insulin secretion [158]. Simultaneously, melatonin
stimulates glucagon release [155]. It has been documented that there are some occasional
changes in the coding of the melatonin receptor gene MTNR1B [155,157]. This consequently
causes an inhibition of melatonin binding and information transmission. This is ultimately
associated with a higher risk of type 2 diabetes mellitus [155–157,159–161]. A reduced
level of melatonin is also implicated in the pathogenesis of type 2 diabetes [160,161]. A
study by Mok that included numerous clinical trials with the use of melatonin supple-
mentation in patients with diabetes proved that melatonin administration may be a new
therapeutic method to improve the diabetic condition and reduce the prevalence of diabetic
complications [159,161].

4.2. The Role of Melatonin in Glomerulonephritis

Glomerulonephritis is a collection of different types of kidney damage at the level of
the glomerulus. This group has a variety of causative factors. However, most of them are
the consequences of immune processes [162].

The etiopathogenesis of lupus nephritis is not well understood. It is connected to the
activation of the NLRP3 inflammasome, which is a member of the NLR family (NOD-like
receptors). It is involved in the synthesis of proinflammatory cytokines [163,164]. Histo-
logical examination reveals severe renal damage. The widening of tubules and capillaries
and the extendedness of the mesangial matrix can be observed. It is manifested by hyper-
trophy of the mesangium, glomerular atrophy, and the thickening of the capillary walls
and basement membrane. It has been proven that the described alterations are reduced
during melatonin treatment [165]. Melatonin, with its important antifibrotic, antioxidative,
anti-inflammatory, and pro- and anti-apoptotic effects, inhibits lupus-related nephropathy
and gives a chance to avoid the complications of autoimmune diseases [166,167].

Focal segmental glomerulosclerosis (FSGS), which is another type of glomerulonephri-
tis, depends on focal and segmental glomerulosclerosis with tubular involution and inter-
stitial fibrosis [168]. One of the discovered candidate genes, which allowed researchers to
know the exact mechanism of FSGS and find guidelines for the diagnosis and therapy of
the discussed disease, is Melatonin Receptor 1A (MTNR1A) [169].
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The efficacy of melatonin therapy was also assessed in a group of patients with mem-
branous nephropathy. There were several beneficial aspects during melatonin treatment: a
significant reduction in proteinuria, an improvement of glomerular damage, a decreased
deposition of immunocomplex, a decrease in the subpopulation of CD19+ B cells, and
proinflammatory cytokines with a one-step increase in the expression of anti-inflammatory
cytokines. Moreover, the secretion of reactive oxygen species was minimized. All these find-
ings show that melatonin treatment prevents the development of membranous nephropathy
using many different pathways [170].

4.3. The Role of Melatonin in Contrast-Induced Kidney Injury

Contrast-induced acute kidney injury (CI-AKI) is a condition in which a progressive de-
terioration of kidney function is observed a few days after contrast administration. Precisely,
it should be described as an increase in serum creatinine ≥0.3 mg/dL or ≥1.5–1.9 times
above normal in the 48–72h following contrast medium administration [171]. This is con-
sistent with the definition of AKI in The Kidney Disease: Improving Global Outcomes. This
situation is a result of the direct impact of contrast medium on the kidneys. Nephrotoxicity
is manifested by damage to tubular epithelial cells. Moreover, vasoactive molecules are
released. They stimulate oxidative stress, leading to ischemic injury [172]. The direct
cytotoxic effect and the hemodynamic alterations are two key mechanisms in the patho-
physiology of CI-AKI [173]. Endothelial cell apoptosis and inflammation also occur during
CI-AKI [174]. All these changes lead to eGFR reduction [175]. Multiple pharmacologic
strategies, usually in connection with maintaining proper hydration, are still used to pre-
vent CI-AKI [176]. In many trials, various techniques to avoid injuring renal cells with
free radicals were attempted, but the roles of most of them, including antioxidant agents,
remain unclear [177,178]. The most extensively studied techniques are N-acetylcysteine,
which removes reactive forms of oxygen from the organism, and nitric oxide, which dilates
the vessels [178]. The role of free radicals is crucial in renal vasoconstriction. Numerous
data have shown the renoprotective effect of melatonin, as assessed by the normalization
of creatinine and urea in the serum, positive alterations in histological examination of renal
tissues, and decreases in the levels of early indicators of kidney injury and neutrophil-
gelatinase-associated lipid (NGAL) injury [179]. The use of melatonin as a premedication
in examinations with contrast caused a relevant enhancement of the expression of Sirt3
and decreased the ac-SOD2 K68 level. As a result, oxidative stress was significantly de-
creased [180]. Taking into account the anti-inflammatory function of melatonin, it may play
a role as one of the effective preventive strategies for CI-AKI [180].

4.4. The Role of Melatonin in Treatment-Induced Nephrotoxicity

Acute kidney injury is a common complication of drug administration. Drug nephro-
toxicity is divided into two types, depending on the pathomechanism. The first one is
mediated by inflammation and is commonly referred to as acute interstitial nephritis. It
is usually caused by an allergic reaction. The second type is known as toxic acute tubu-
lar necrosis. It occurs when the pharmacologic agents or their metabolites act as direct
tubular toxins [181]. There are numerous factors that influence the kidney response to
pharmacological treatment. Some of them depend on patient (gender, age, and genes),
drug (dose, solubility, and direct nephrotoxic effect) and kidney factors (blood flow and
proximal tubular uptake of the drug) [182]. The most common risk factors among patients
suffering from drug-induced nephropathy include an elderly age, dehydration, pre-existing
renal dysfunction, and the simultaneous use of other nephrotoxins [183]. Unfortunately,
incomplete renal recovery is observed in one third of patients with drug-induced nephro-
toxicity. The duration of injury prior to diagnosis is important [184]. It is not easy to
observe the early symptoms of kidney damage because minor changes in renal function are
often clinically asymptomatic [185]. The metabolism of drugs is a process coordinated by
multiple renal enzyme systems, including CYP450 and flavin-containing monooxygenases.
During biotransformation, toxic metabolites and reactive oxygen species are produced. The
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accumulation of these molecules leads to oxidative stress. All these reactions contribute
to kidney injury [186]. There are several well-documented drugs that cause acute kidney
disease. The prolonged administration of cyclosporine A (CsA) and alterations in the struc-
tures of kidneys were studied using electron microscopy and morphometry. Apoptosis
and the necrosis of proximal tubules with dislocated brush borders, swollen mitochon-
dria, multiple lysosomes, unformed basement membranes of the glomeruli, and atypical
mesangial matrices were observed. Treatment with melatonin partially prevented these
disturbances/disorders. Melatonin also attenuated damage caused by CsA [187]. Renal
fibrosis was observed following treatment with CsA and exposure to carbon tetrachloride
(CCl4). Melatonin minimized the accumulation of leukocytes by reducing the expression of
iNOS and p38-mitogen-activated protein kinase (MAPK). It also protected kidneys against
the flow of mononuclear cells and fibrosis, which are induced by CCl4 [188]. Nephrotoxicity
is also the main adverse outcome of vancomycin administration. There is also a connection
between vancomycin and oxidative stress. After the administration of vancomycin, the
production of intracellular reactive oxygen forms in LLC-PK1 cells located in the renal
tubules was higher and caused cellular apoptosis [189]. The supplementation of melatonin
reduced the episodes of acute kidney injury during treatment with this antibiotic [190]. This
is similar to cisplatin therapy. The number of renal complications is relatively high [191].
The apoptosis and necroptosis of renal cells are the pathomechanisms of kidney injury
during treatment with cisplatin. The anti-inflammatory properties of melatonin allow
it to inhibit these processes. This is possible due to the upregulation of RIPK1, and the
RIPK3-multiprotein complex, which plays a crucial regulatory function in the initiation of
cell death, is significantly attenuated by melatonin [192].

When it comes to different types of therapy, drugs are not the only treatment that can
cause nephrotoxicity. Radiation is also limited by the possibility of kidney injury. It depends
on the dose and time of exposure. It is estimated that after 6 months of radiotherapy,
patients develop latent acute nephritis, and chronic nephritis may occur after 18 months of
the treatment. Melatonin scavenges hydroxyl radicals, inhibits nitric oxide synthase, and
increases the stimulation of antioxidant enzymes with significant functions in the organism,
including superoxide dismutase and glutathione dismutase. The protective effect of this
hormone was assessed using both light and electron microscopy [193].

4.5. The Role of Melatonin in Acute Ischemia–Reperfusion Injury

Surgical procedures also sometimes result in acute kidney injury. Cardiac surgery
and renal transplantation are operations during which melatonin treatment has a positive
effect on kidney deterioration. Cardiac surgery causes renal dysfunction in approximately
7.7% of patients [194]. Acute kidney injury during cardiac surgery is associated with
higher morbidity and mortality and often prolongs hospitalization. There are several
factors that lead to renal dysfunction after cardiac surgery, such as nonpulsatile blood flow;
catecholamines and mediators of inflammation that circulate in the blood; and kidney injury
caused by an embolus and free hemoglobin, which is released from destroyed erythrocytes.
All of them lead to renal complications [195]. The time of ischemia correlates with the
degree of kidney damage and its irreversibility (Table 1) [196].

Table 1. Morphological alterations in the kidneys, depending on the time of ischemia.

15 Min of Ischemia 25 Min of Ischemia and 120 Min after
Blood Reflow

60 Min of Ischemia and 120 Min after Blood
Reflow

Insignificant black leak
Minimal invertible injury to

tubular cells
No evolution changes to

necrosis

Modest back leak
Expansion of cell injury to necrosis in
single cells, but convoluted proximal

tubules are not involved

Severe black leak
Necrosis in convoluted and straight proximal

tubular cells, irreparable cell injury, and necrotic
cells and sporadic areas of the tubular basement

membrane are stripped of epithelium
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There are several examinations that suggest a potential therapeutic effect of melatonin
in minimizing renal injury during ischemia and reperfusion [197–199]. A histopatho-
logical assessment of kidney injury after melatonin treatment showed that the damage
was smaller [197]. This may be explained by multiple pathways, e.g., a lower level of
the lipid peroxidation marker malondialdehyde, higher activity of superoxide dismutase
and catalase, reduced apoptosis due to minimized DNA damage, and a suppression of
inflammation, which is expressed by reductions in the concentrations of tumor necrosis
factor-alpha, interleukin-1β, nuclear factor kappa B, kidney injury molecule-1, IL-18, matrix
metalloproteinase, and neutrophil-gelatinase-associated lipocalin [200].

The anti-inflammatory and anti-oxidative functions of melatonin have also been
observed among kidney transplant recipients. The administration of melatonin led to
improved kidney function after renal transplantation. It was manifested by serum levels
of biomarkers such as neutrophil-gelatinase-associated lipocalin, whose concentration
was significantly decreased after the administration of melatonin [201]. In addition, the
inhibition of oxidative stress, apoptosis, and the secretion of proinflammatory cytokines and
the impedance of neutrophil and macrophage accumulation as well as increased autophagic
outflow were observed during melatonin treatment [197]. In conclusion, melatonin, with its
antioxidant effects, is potent for inverting the consequences of acute kidney ischemia [202].

5. Summary

Melatonin has both direct and indirect influences on the well-being of patients with
CKD. Firstly, it regulates the day and night cycle and maintains the proper quality of sleep.
Sleeping disorders lead to depression and behavioral complications. Deficient sleep is
connected to physical weakness, an increased level of aggression, and attention disorders.
It also restricts the social life and personal development due to memory deterioration
or reductions in performance on physical examinations. Furthermore, abnormalities in
melatonin production or secretion are connected to pathologies of the nervous system,
such as Alzheimer’s and Parkinson’s diseases. Besides controlling the circadian rhythm,
the melatonin profile in human physiology has certain additional effects related to the
glucose balance, the control of blood pressure, phosphocalcic metabolism, and hemostasis.
The process of kidney degeneration is often an implication of the frequent prevalence
of arterial hypertension, diabetes mellitus, atherosclerosis, and obesity. Melatonin has
been proven to have beneficial effects in all of these complications. Melatonin also plays
a direct renoprotective role. Moreover, it can be helpful in almost every type of kidney
injury because inflammation, apoptosis, and oxidative stress occur without regard to the
mechanism. Melatonin regulates mitochondrial metabolism and ATP production and
protects mitochondria. It inactivates free radicals by attaching one or more electrons
and thus reduces oxidative stress. Due to these mechanisms, melatonin enables normal
mitochondrial functions and protects patients from subsequent apoptotic implications and the
death of kidney cells. The role of this hormone in kidney disease is summarized in Figure 3.

So far, there have been many studies of exogenous melatonin administration to animals.
However, the number of human studies with the use of melatonin is not high, but it is
increasing. According to the available clinic trials, melatonin can improve the quality of life
and prolong survival in patients with CKD.
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4. Kleszczyński, K.; Kim, T.K.; Bilska, B.; Sarna, M.; Mokrzynski, K.; Stegemann, A.; Pyza, E.; Reiter, R.J.; Steinbrink, K.; Böhm, M.;
et al. Melatonin exerts oncostatic capacity and decreases melanogenesis in human MNT-1 melanoma cells. J. Pineal Res. 2019, 67,
e12610. [CrossRef]

5. Tan, D.X.; Manchester, L.C.; Esteban-Zubero, E.; Zhou, Z.; Reiter, R.J. Melatonin as a Potent and Inducible Endogenous
Antioxidant: Synthesis and Metabolism. Molecules 2015, 20, 18886–18906. [CrossRef] [PubMed]

6. Reiter, R.J.; Sharma, R.; Ma, Q. Switching diseased cells from cytosolic aerobic glycolysis to mitochondrial oxidative phosphoryla-
tion: A metabolic rhythm regulated by melatonin? J. Pineal Res. 2021, 70, e12677. [CrossRef]

7. Reiter, R.J.; Sharma, R.; Ma, Q.; Rorsales-Corral, S.; de Almeida Chuffa, L.G. Melatonin inhibits Warburg-dependent cancer by
redirecting glucose oxidation to the mitochondria: A mechanistic hypothesis. Cell Mol. Life Sci. 2020, 77, 2527–2542. [CrossRef]
[PubMed]

8. Reiter, R.J.; Sharma, R.; Simko, F.; Dominguez-Rodriguez, A.; Tesarik, J.; Neel, R.L.; Slominski, A.T.; Kleszczynski, K.; Martin-
Gimenez, V.M.; Manucha, W.; et al. Melatonin: Highlighting its use as a potential treatment for SARS-CoV-2 infection. Cell Mol.
Life Sci. 2022, 79, 143. [CrossRef]

9. Reiter, R.J. Oxidative damage in the central nervous system: Protection by melatonin. Prog. Neurobiol. 1998, 56, 359–384.
[CrossRef]

10. Slominski, A.T.; Hardeland, R.; Zmijewski, M.A.; Slominski, R.M.; Reiter, R.J.; Paus, R. Melatonin: A Cutaneous Perspective on its
Production, Metabolism, and Functions. J. Investig. Dermatol. 2018, 138, 490–499. [CrossRef]
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154. Drolle, E.; Kučerka, N.; Hoopes, M.I.; Choi, Y.; Katsaras, J.; Karttunen, M.; Leonenko, Z. Effect of melatonin and cholesterol on the
structure of DOPC and DPPC membranes. Biochim. Biophys. Acta 2013, 1828, 2247–2254. [CrossRef] [PubMed]

155. Garaulet, M.; Qian, J.; Florez, J.C.; Arendt, J.; Saxena, R.; Scheer, F.A.J.L. Melatonin Effects on Glucose Metabolism: Time To
Unlock the Controversy. Trends Endocrinol. Metab. 2020, 31, 192–204. [CrossRef]

156. Karamitri, A.; Jockers, R. Melatonin in type 2 diabetes mellitus and obesity. Nat. Rev. Endocrinol. 2019, 15, 105–125. [CrossRef]
[PubMed]

157. Nagorny, C.; Lyssenko, V. Tired of diabetes genetics? Circadian rhythms and diabetes: The MTNR1B story? Curr. Diab. Rep. 2012,
12, 667–672. [CrossRef]

158. Costes, S.; Boss, M.; Thomas, A.P.; Matveyenko, A.V. Activation of Melatonin Signaling Promotes β-Cell Survival and Function.
Mol. Endocrinol. 2015, 29, 682–692. [CrossRef]

159. She, M.; Laudon, M.; Yin, W. Melatonin receptors in diabetes: A potential new therapeutical target? Eur. J. Pharmacol. 2014, 744,
220–223. [CrossRef]

160. Patel, R.; Parmar, N.; PramanikPalit, S.; Rathwa, N.; Ramachandran, A.V.; Begum, R. Diabetes mellitus and melatonin: Where are
we? Biochimie 2022, 202, 2–14. [CrossRef]

161. Mok, J.X.; Ooi, J.H.; Ng, K.Y.; Koh, R.Y.; Chye, S.M. A new prospective on the role of melatonin in diabetes and its complications.
Horm. Mol. Biol. Clin. Investig. 2019, 40, 1–9. [CrossRef] [PubMed]

162. Couser, W.G.; Johnson, R.J. The etiology of glomerulonephritis: Roles of infection and autoimmunity. Kidney Int. 2014, 86, 905–914.
[CrossRef] [PubMed]

163. Oliveira, C.B.; Lima, C.A.D.; Vajgel, G.; Sandrin-Garcia, P. The Role of NLRP3 Inflammasome in Lupus Nephritis. Int. J. Mol. Sci.
2021, 22, 12476. [CrossRef]

164. Peng, X.; Yang, T.; Liu, G.; Liu, H.; Peng, Y.; He, L. Piperine ameliorated lupus nephritis by targeting AMPK-mediated activation
of NLRP3 inflammasome. Int. Immunopharmacol. 2018, 65, 448–457. [CrossRef]

165. Bonomini, F.; Dos Santos, M.; Veronese, F.V.; Rezzani, R. NLRP3 Inflammasome Modulation by Melatonin Supplementation in
Chronic Pristane-Induced Lupus Nephritis. Int. J. Mol. Sci. 2019, 20, 3466. [CrossRef] [PubMed]

166. Dos Santos, M.; Favero, G.; Bonomini, F.; Stacchiotti, A.; Rodella, L.F.; Veronese, F.V.; Rezzani, R. Oral supplementation of
melatonin protects against lupus nephritis renal injury in a pristane-induced lupus mouse model. Life Sci. 2018, 193, 242–251.
[CrossRef] [PubMed]

167. Zhao, C.N.; Wang, P.; Mao, Y.M.; Dan, Y.L.; Wu, Q.; Li, X.M.; Wang, D.G.; Davis, C.; Hu, W.; Pan, H.F. Potential role of melatonin
in autoimmune diseases. Cytokine Growth Factor Rev. 2019, 48, 1–10. [CrossRef] [PubMed]

168. Fogo, A.B. Causes and pathogenesis of focal segmental glomerulosclerosis. Nat. Rev. Nephrol. 2015, 11, 76–87. [CrossRef]
169. Zhu, X.; Tang, L.; Mao, J.; Hameed, Y.; Zhang, J.; Li, N.; Wu, D.; Huang, Y.; Li, C. Decoding the Mechanism behind the Pathogenesis

of the Focal Segmental Glomerulosclerosis. Comput. Math Methods Med. 2022, 2022, 1941038. [CrossRef]
170. Wu, C.C.; Lu, K.C.; Lin, G.J.; Hsieh, H.Y.; Chu, P.; Lin, S.H.; Sytwu, H.K. Melatonin enhances endogenous heme oxygenase-1

and represses immune responses to ameliorate experimental murine membranous nephropathy. J. Pineal Res. 2012, 52, 460–469.
[CrossRef]

171. van der Molen, A.J.; Reimer, P.; Dekkers, I.A.; Bongartz, G.; Bellin, M.F.; Bertolotto, M.; Clement, O.; Heinz-Peer, G.; Stacul, F.;
Webb, J.A.W.; et al. Post-contrast acute kidney injury—Part 1: Definition, clinical features, incidence, role of contrast medium
and risk factors: Recommendations for updated ESUR Contrast Medium Safety Committee guidelines. Eur. Radiol. 2018, 28,
2845–2855. [CrossRef]

172. Chandiramani, R.; Cao, D.; Nicolas, J.; Mehran, R. Contrast-induced acute kidney injury. Cardiovasc. Interv. Ther. 2020, 35, 209–217.
[CrossRef] [PubMed]

173. Bansal, S.; Pathel, R.N. Pathophysiology of Contrast-Induced Acute Kidney Injury. Interv. Cardiol. Clin. 2020, 9, 293–298.
[CrossRef] [PubMed]

174. Zhang, F.; Lu, Z.; Wang, F. Advances in the pathogenesis and prevention of contrast-induced nephropathy. Life Sci. 2020, 259,
118379. [CrossRef]

175. Vlachopanos, G.; Schizas, D.; Hasemaki, N.; Georgalis, A. Pathophysiology of Contrast-Induced Acute Kidney Injury (CIAKI).
Curr. Pharm. Des. 2019, 25, 4642–4647. [CrossRef]

176. Shang, W.; Wang, Z. The Update of NGAL in Acute Kidney Injury. Curr. Protein Pept. Sci. 2017, 18, 1211–1217. [CrossRef]
[PubMed]

177. Zhang, C.; Suo, M.; Liu, L.; Qi, Y.; Zhang, C.; Xie, L.; Zheng, X.; Ma, C.; Li, J.; Yang, J.; et al. Melatonin Alleviates Contrast-Induced
Acute Kidney Injury by Activation of Sirt3. Oxid. Med. Cell Longev. 2021, 2021, 6668887. [CrossRef] [PubMed]

178. Su, X.; Xie, X.; Liu, L.; Lv, J.; Song, F.; Perkovic, V.; Zhang, H. Comparative Effectiveness of 12 Treatment Strategies for Preventing
Contrast-Induced Acute Kidney Injury: A Systematic Review and Bayesian Network Meta-analysis. Am. J. Kidney Dis. 2017, 69,
69–77. [CrossRef] [PubMed]

179. Pistolesi, V.; Regolisti, G.; Morabito, S.; Gandolfini, I.; Corrado, S.; Piotti, G.; Fiaccadori, E. Contrast medium induced acute kidney
injury: A narrative review. J. Nephrol. 2018, 31, 797–812. [CrossRef] [PubMed]

180. Chaikias, G.; Drosos, I.; Tziakas, D.N. Prevention of Contrast-Induced Acute Kidney Injury: An Update. Cardiovasc. Drugs Ther.
2016, 30, 515–524. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbamem.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23714288
http://doi.org/10.1016/j.tem.2019.11.011
http://doi.org/10.1038/s41574-018-0130-1
http://www.ncbi.nlm.nih.gov/pubmed/30531911
http://doi.org/10.1007/s11892-012-0327-y
http://doi.org/10.1210/me.2014-1293
http://doi.org/10.1016/j.ejphar.2014.08.012
http://doi.org/10.1016/j.biochi.2022.01.001
http://doi.org/10.1515/hmbci-2019-0036
http://www.ncbi.nlm.nih.gov/pubmed/31693492
http://doi.org/10.1038/ki.2014.49
http://www.ncbi.nlm.nih.gov/pubmed/24621918
http://doi.org/10.3390/ijms222212476
http://doi.org/10.1016/j.intimp.2018.10.025
http://doi.org/10.3390/ijms20143466
http://www.ncbi.nlm.nih.gov/pubmed/31311094
http://doi.org/10.1016/j.lfs.2017.10.038
http://www.ncbi.nlm.nih.gov/pubmed/29097157
http://doi.org/10.1016/j.cytogfr.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/31345729
http://doi.org/10.1038/nrneph.2014.216
http://doi.org/10.1155/2022/1941038
http://doi.org/10.1111/j.1600-079X.2011.00960.x
http://doi.org/10.1007/s00330-017-5246-5
http://doi.org/10.1007/s12928-020-00660-8
http://www.ncbi.nlm.nih.gov/pubmed/32253719
http://doi.org/10.1016/j.iccl.2020.03.001
http://www.ncbi.nlm.nih.gov/pubmed/32471670
http://doi.org/10.1016/j.lfs.2020.118379
http://doi.org/10.2174/1381612825666191210152944
http://doi.org/10.2174/1389203717666160909125004
http://www.ncbi.nlm.nih.gov/pubmed/27634444
http://doi.org/10.1155/2021/6668887
http://www.ncbi.nlm.nih.gov/pubmed/34122726
http://doi.org/10.1053/j.ajkd.2016.07.033
http://www.ncbi.nlm.nih.gov/pubmed/27707552
http://doi.org/10.1007/s40620-018-0498-y
http://www.ncbi.nlm.nih.gov/pubmed/29802583
http://doi.org/10.1007/s10557-016-6683-0
http://www.ncbi.nlm.nih.gov/pubmed/27541275


Cells 2023, 12, 838 18 of 18

181. Markowitz, G.S.; Perazella, M.A. Drug-induced renal failure: A focus on tubulointerstitial disease. Clin. Chim. Acta 2005, 351,
31–47. [CrossRef] [PubMed]

182. Perazella, M.A. Pharmacology behind Common Drug Nephrotoxicities. Clin. J. Am. Soc. Nephrol. 2018, 13, 1897–1908. [CrossRef]
183. Singh, N.P.; Ganguli, A.; Prakash, A. Drug-induced kidney diseases. J. Assoc. Physicians India 2003, 51, 970–979.
184. Krishnan, N.; Perazella, M.A. Drug-induced acute interstitial nephritis: Pathology, pathogenesis, and treatment. Iran. J. Kidney

Dis. 2015, 9, 3–13. [PubMed]
185. Perazella, M.A.; Moeckel, G.W. Nephrotoxicity from chemotherapeutic agents: Clinical manifestations, pathobiology, and

prevention/therapy. Semin. Nephrol. 2010, 30, 570–581. [CrossRef] [PubMed]
186. Perazella, M.A. Renal vulnerability to drug toxicity. Clin. J. Am. Soc. Nephrol. 2009, 4, 1275–1283. [CrossRef]
187. Stacchiotti, A.; Lavazza, A.; Rezzani, R.; Bianchi, R. Cyclosporine A-induced kidney alterations are limited by melatonin in rats:

An electron microscope study. Ultrastruct. Pathol. 2002, 26, 81–87. [CrossRef] [PubMed]
188. Hu, W.; Ma, Z.; Jiang, S.; Fan, C.; Deng, C.; Yan, X.; Di, S.; Lv, J.; Reiter, R.J.; Yang, Y. Melatonin: The dawning of a treatment for

fibrosis? J. Pineal Res. 2016, 60, 121–131. [CrossRef]
189. Qu, S.; Dai, C.; Guo, H.; Wang, C.; Hao, Z.; Tang, Q.; Wang, H.; Zhang, Y. Rutin attenuates vancomycin-induced renal tubular

cell apoptosis via suppression of apoptosis, mitochondrial dysfunction, and oxidative stress. Phytother. Res. 2019, 33, 2056–2063.
[CrossRef]

190. Hong, T.S.; Briscese, K.; Yuan, M.; Deshpande, K.; Aleksunes, L.M.; Brunetti, L. Renoprotective Effects of Melatonin against
Vancomycin-Related Acute Kidney Injury in Hospitalized Patients: A Retrospective Cohort Study. Antimicrob. Agents Chemother.
2021, 65, e0046221. [CrossRef]

191. Wu, W.F.; Wang, J.N.; Li, Z.; Wei, B.; Jin, J.; Gao, L.; Li, H.D.; Li, J.; Chen, H.Y.; Meng, X.M. 7-Hydroxycoumarin protects against
cisplatin-induced acute kidney injury by inhibiting necrotosis and promoting Sox9-mediated tubular epithelial cell proliferation.
Phytomedicine 2020, 69, 153202. [CrossRef] [PubMed]

192. Kim, J.W.; Jo, J.; Kim, J.Y.; Choe, M.; Leem, J.; Park, J.H. Melatonin Attenuates Cisplatin-Induced Acute Kidney Injury through
Dual Suppression of Apoptosis and Necroptosis. Biology 2019, 8, 64. [CrossRef]

193. Kucuktulu, E. Protective effect of melatonin against radiation induced nephrotoxicity in rats. Asian Pac. J. Cancer Prev. 2012, 13,
4101–4105. [CrossRef]

194. Garwood, S. Renal insufficiency after cardiac surgery. Semin. Cardiothorac. Vasc. Anesth. 2004, 8, 227–241. [CrossRef]
195. Mangano, C.M.; Diamondstone, L.S.; Ramsay, J.G.; Aggarwal, A.; Herskowitz, A.; Mangano, D.T. Renal dysfunction after

myocardial revascularization: Risk factors, adverse outcomes, and hospital resource utilization. The Multicenter Study of
Perioperative Ischemia Research Group. Ann. Intern. Med. 1998, 128, 194–203. [CrossRef]

196. Donohoe, J.F.; Venkatachalam, M.A.; Bernard, D.B.; Levinsky, N.G. Tubular leakage and obstruction after renal ischemia:
Structural-functional correlations. Kidney Int. 1978, 13, 208–222. [CrossRef]

197. Yang, J.; Liu, H.; Han, S.; Fu, Z.; Wang, J.; Chen, Y.; Wang, L. Melatonin pretreatment alleviates renal ischemia-reperfusion injury
by promoting autophagic flux via TLR4/MyD88/MEK/ERK/mTORC1 signaling. FASEB J. 2020, 34, 12324–12337. [CrossRef]

198. Yang, C.C.; Sung, H.; Chiang, J.Y.; Chai, H.T.; Chen, C.H.; Chu, Y.C.; Li, Y.C.; Yip, H.K. Combined tacrolimus and melatonin
effectively protected kidney against acute ischemia-reperfusion injury. FASEB J. 2021, 35, e21661. [CrossRef] [PubMed]

199. Dun, R.L.; Lan, T.Y.; Tsai, J.; Mao, J.M.; Shao, Y.Q.; Hu, X.H.; Zhu, W.J.; Qi, G.C.; Peng, Y. Protective Effect of Melatonin for Renal
Ischemia-Reperfusion Injury: A Systematic Review and Meta-Analysis. Front. Physiol. 2022, 12, 791036. [CrossRef]

200. Zahran, R.; Ghozy, A.; Elkholy, S.S.; El-Taweel, F.; El-Magd, M.A. Combination therapy with melatonin, stem cells and extracellular
vesicles is effective in limiting renal ischemia-reperfusion injury in a rat model. Int. J. Urol. 2020, 27, 1039–1049. [CrossRef]
[PubMed]

201. Panah, F.; Ghorbanihaghjo, A.; Argani, H.; Haiaty, S.; Rashtchizadeh, N.; Hosseini, L.; Dastmalchi, S.; Rezaeian, R.; Alirezaei, A.;
Jabarpour, M.; et al. The effect of oral melatonin on renal ischemia-reperfusion injury in transplant patients: A double-blind,
randomized controlled trial. Transpl. Immunol. 2019, 57, 101241. [CrossRef] [PubMed]

202. Aktoz, T.; Aydogdu, N.; Alagol, B.; Yalcin, O.; Huseyinova, G.; Atakan, I.H. The protective effects of melatonin and vitamin E
against renal ischemia-reperfusion injury in rats. Ren. Fail. 2007, 29, 535–542. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.cccn.2004.09.005
http://www.ncbi.nlm.nih.gov/pubmed/15563870
http://doi.org/10.2215/CJN.00150118
http://www.ncbi.nlm.nih.gov/pubmed/25599729
http://doi.org/10.1016/j.semnephrol.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21146122
http://doi.org/10.2215/CJN.02050309
http://doi.org/10.1080/01913120252959254
http://www.ncbi.nlm.nih.gov/pubmed/12036096
http://doi.org/10.1111/jpi.12302
http://doi.org/10.1002/ptr.6391
http://doi.org/10.1128/AAC.00462-21
http://doi.org/10.1016/j.phymed.2020.153202
http://www.ncbi.nlm.nih.gov/pubmed/32169782
http://doi.org/10.3390/biology8030064
http://doi.org/10.7314/APJCP.2012.13.8.4101
http://doi.org/10.1177/108925320400800305
http://doi.org/10.7326/0003-4819-128-3-199802010-00005
http://doi.org/10.1038/ki.1978.31
http://doi.org/10.1096/fj.202001252R
http://doi.org/10.1096/fj.202100174R
http://www.ncbi.nlm.nih.gov/pubmed/34029398
http://doi.org/10.3389/fphys.2021.791036
http://doi.org/10.1111/iju.14345
http://www.ncbi.nlm.nih.gov/pubmed/32794300
http://doi.org/10.1016/j.trim.2019.101241
http://www.ncbi.nlm.nih.gov/pubmed/31446153
http://doi.org/10.1080/08860220701391738
http://www.ncbi.nlm.nih.gov/pubmed/17654314

	Introduction 
	The Biosynthesis and Metabolism of Melatonin 
	The Biological Role of Melatonin 
	The Nervous System 
	The Immune System 
	The Gastrointestinal Tract 
	The Respiratory System 
	Endocrinology and Gynecology 
	Other Functions 

	The Role of Melatonin in Kidney Diseases 
	The Role of Melatonin in Chronic Kidney Disease 
	The Role of Melatonin in Glomerulonephritis 
	The Role of Melatonin in Contrast-Induced Kidney Injury 
	The Role of Melatonin in Treatment-Induced Nephrotoxicity 
	The Role of Melatonin in Acute Ischemia–Reperfusion Injury 

	Summary 
	References

