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Abstract  

 This study assessed the nephroprotective potential of melatonin in a triple whammy-induced acute kidney injury 

(AKI) model using in vivo, in vitro, and in silico approaches. Thirty male rats were randomly assigned to 6 groups: Normal 

control, negative control, N-acetylcysteine (NAC) as a positive control, and 3 melatonin-treated groups (0.5, 1.0 and 1.5 

mg/kg). Treatments were administered orally for 5 days, followed by AKI induction via the triple whammy regimen for 

2 days. Renal function was evaluated using serum and urine biomarkers, and kidney tissues were examined histologically. 

In vitro antioxidant assays and molecular docking studies were performed to assess melatonin and NAC interactions with 

NF-κB and caspase-3. The triple whammy regimen significantly increased renal injury markers and caused structural 

kidney damage. High-dose melatonin (1.5 mg/kg) significantly improved serum creatinine, urea, and urinary protein 

levels (p < 0.05) and preserved glomerular and tubular architecture. In vitro, melatonin demonstrated strong antioxidant 

activity (IC₅₀ = 3.19 µg/mL), comparable to NAC (IC₅₀ = 3.10 µg/mL). Molecular docking revealed moderate to strong 

binding affinities of melatonin to caspase-3 (−6.0 kcal/mol) and NF-κB (−7.5 kcal/mol). In conclusion, melatonin confers 

nephroprotection in triple whammy-induced AKI potentially through antioxidant effects and interaction with apoptotic 

and inflammatory protein targets. Further studies are warranted to evaluate the translational potential of these findings in 

clinical settings. 
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Introduction 

 Acute kidney injury (AKI) is a critical global 

health issue, affecting approximately 13.3 million 

individuals annually and contributing to around 2 

million deaths worldwide [1]. Its prevalence ranges 

from 1% to 25% with mortality reaching 15% - 60%, 

and it places a substantial economic burden, accounting 

for up to 5% of hospital budgets and 1% of total 

healthcare expenditures [2]. Among the major causes of 

AKI, ischemia-reperfusion injury and drug-induced 

nephrotoxicity are well-characterized and are both 

driven by oxidative stress, inflammation, and apoptosis 

[3-6].  

 A well-known drug-related cause is the “triple 

whammy” combination, which consists of a renin-

angiotensin-aldosterone system (RAAS) inhibitor, a 

non-steroid anti-inflammatory drug (NSAID), and a 

diuretic. This combination impairs renal autoregulation 

by reducing circulating volume, blocking prostaglandin-

mediated afferent vasodilation, and limiting angiotensin 

II-mediated efferent arteriolar constriction [7,8]. 

Clinically, this combination markedly increases AKI 

risk, particularly in older adults and individuals with 
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dehydration, heart failure, or pre-existing renal 

dysfunction [9]. A large-scale analysis reported 7,466 of 

18,415 documented AKI cases were associated with 

triple whammy exposure [10]. 

 Melatonin (N-acetyl-5-methoxytryptamine) is a 

pleiotropic hormone primarily secreted by the pineal 

gland, known for its role in regulating circadian rhythms 

and modulating immune responses [11]. Beyond its 

neuroendocrine functions, melatonin exerts broad 

systemic effects through its receptors [12]. Melatonin 

has been known to possess antioxidant and anti-

inflammatory effects, acting through ROS reduction, 

enhancement of antioxidant enzymes, and suppression 

of proinflammatory cytokines [13,14]. These 

mechanisms support its nephroprotective activity in 

various models of ischemic-reperfusion injury and drug-

induced nephrotoxicity [15,16].   

 However, whether melatonin can protect the 

kidney from damage due to impaired renal 

autoregulation is still undetermined. Therefore, this 

study aimed to evaluate the nephroprotective potential 

of melatonin against triple whammy–induced AKI using 

in vivo, in vitro, and in silico approaches. N-

acetylcysteine (NAC), a thiol antioxidant and 

glutathione precursor, was used as a positive control due 

to its well-recognized nephroprotective effects [17,18]. 

 

Materials and methods 

 Drugs and chemicals 

 Melatonin supplements were sourced from 

SWANSON® distributors (Indonesia). The drug 

combination used to induce triple whammy-associated 

acute kidney injury consisted of ibuprofen 400 mg 

(TRIFA, Indonesia), ramipril 5 mg (NOVELL, 

Indonesia), and injectable furosemide (BERNOFARM, 

Indonesia). N-acetylcysteine (SAMPHARINDO, 

Indonesia) was obtained from licensed local 

pharmacies. Laboratory chemicals, including 70% 

ethanol, diethyl ether, and 10% neutral buffered 

formalin, were supplied by a certified chemical 

distributor in Makassar, Indonesia. 2,2-diphenyl-1-

picrylhydrazyl (DPPH) for antioxidant analyses was 

purchased from Sigma Chemical Co. (USA). 

 

 Animal preparation 

 Male Wistar rats 8 - 10 weeks old and weighing 

180 - 220 g (n = 30) were used in this study. The animals 

were housed in polycarbonate cages under controlled 

environmental conditions (22 ± 2 °C temperature, 55 ± 

10% relative humidity, and a 12-hour light/dark cycle), 

with free access to a standard laboratory diet and 

drinking water ad libitum. Animals were acclimatized to 

the laboratory environment for 1 week prior to the 

initiation of the experiment to minimize stress-related 

variability. The study protocol was reviewed and 

approved by the Ethics Committee of the Faculty of 

Pharmacy, Hasanuddin University, Indonesia (Ethical 

Approval No. 1086/UN4.17/KP.06.05/2025). 

 

 Triple whammy combination 

 The triple whammy regimen consisted of 

ibuprofen (124 mg/kg body weight), ramipril (0.5 

mg/kg), and furosemide (3.72 mg/kg). Ibuprofen and 

ramipril were suspended in 0.5% sodium carboxymethyl 

cellulose (Na. CMC) and administered orally twice 

daily, while furosemide was given via intraperitoneal 

injection once daily. The selected doses were 

determined based on preliminary experiments, which 

successfully induced AKI in rats while avoiding 

excessive systemic toxicity. 

 

 Experimental protocols 

 A total of 30 male Wistar rats were randomly 

assigned into 6 experimental groups (n = 5 per group): 

A normal control receiving vehicle only (Na CMC); a 

negative control receiving triple whammy 

administration without pre-treatment; a positive control 

pre-treated with NAC 41 mg/kg; and 3 melatonin pre-

treated groups receiving 0.5 mg/kg (low dose), 1.0 

mg/kg (medium dose), or 1.5 mg/kg (high dose) of 

melatonin. Melatonin doses were determined using 

standard interspecies conversion from typical human 

doses of 5 - 15 mg/day. Similarly, the NAC dose was 

calculated from the standard 400 mg/day human 

regimen. All pre-treatments (melatonin or NAC) were 

administered once daily for 5 consecutive days. On days 

6 and 7, triple whammy drugs were administered to 

induce AKI. On day 8, animals were anesthetized for 

sample collection; blood was obtained via the orbital 

vein for serum urea and creatinine analysis, and urine 

samples were collected for evaluation of renal function 

markers. 
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 Blood and urine analysis 

 Blood samples were centrifuged at 2,500 rpm for 

30 min to obtain serum. Serum urea and creatinine were 

measured using commercial reagent kits following the 

manufacturer’s instructions, and analyzed with a semi-

automated clinical chemistry analyzer (Humalyzer® 

4000, Human Diagnostics, Germany). Urine samples 

were collected individually from each rat using 

metabolic cages. The collected urine was immediately 

analyzed using a Verify® U-120 urine analyzer (Urit 

Medical, China) to assess urinary protein levels.  

 

 Histopathological examination 

 Following euthanasia with cervical dislocation, 

the kidneys were surgically removed and immediately 

rinsed with normal saline to remove residual blood. The 

organs were subsequently fixed in 10% neutral buffered 

formalin for 48 h to preserve tissue architecture. Post-

fixation, the kidneys were sectioned longitudinally and 

processed into paraffin blocks using standard 

histological techniques. Paraffin-embedded tissues were 

cut into 4 - 5 µm sections using a rotary microtome 

(Leica RM2235, Germany) and floated on a 40 °C water 

bath to flatten the sections. The sections were then 

mounted on glass slides and air-dried for 2 h at room 

temperature. Hematoxylin and eosin (H&E) staining 

was performed to evaluate general histological 

morphology. Histopathological evaluation was 

conducted under a light microscope (Olympus CX43, 

Japan) at a magnification of 40×. Representative 

photomicrographs were captured using a calibrated 

digital camera attached to the microscope. Blinded 

assessment of histological changes was performed by an 

experienced pathologist. 

 

 Antioxidant activity assay 

 The antioxidant activity of melatonin and N-

acetylcysteine was evaluated using the DPPH radical 

scavenging assay. Stock solutions (1 mg/mL) were 

prepared in methanol, and serial dilutions (10 - 50 ppm) 

were tested in triplicate. In a 96- well plate, 100 μL of 

DPPH solution was mixed with 100 μL of each sample 

concentration. After incubation, absorbance was 

measured at 517 nm using a microplate reader. The 

percentage of radical scavenging was calculated, and 

IC₅₀ values were determined using Microsoft Excel. 

 

 Molecular docking procedure 

 The in-silico analysis was conducted to compare 

the binding potential of melatonin and NAC toward key 

inflammatory and apoptotic regulators of AKI. The 3D 

structures of melatonin (PubChem CID: 896) and NAC 

(PubChem CID: 12035) were retrieved from PubChem 

database. NF-κB (PDB ID: 4DN5) and caspase-3 (PDB 

ID: 3DEI) were selected as target proteins based on prior 

literature identifying them as central mediators of 

inflammation and apoptosis in AKI models [19,20]. 

Their crystallographic structures were obtained from the 

RCSB Protein Data Bank. 

 Protein and ligand preparation were performed 

using UCSF Chimera’s Dock Prep module, which 

included removal of crystallographic water molecules, 

addition of polar hydrogens, and assignment of 

Gasteiger charges. A validation step was carried out 

through redocking of native ligands into their respective 

binding sites, and RMSD values were calculated to 

confirm protocol reliability. RMSD values were 1.041 

Å for NF-κB and 2.641 Å for caspase-3, both within 

acceptable ranges for docking reproducibility [21]. 

 For NF-κB, the docking grid box was set to 

28×12×20 points (XYZ) with center coordinates of 

−9.333, 29.083 and −4.444. For caspase-3, the grid 

dimensions were 30×30×30 points, centered at −46.620, 

15.373, −22.195. Docking simulations were performed 

using AutoDock Vina integrated in UCSF Chimera. The 

exhaustiveness parameter was set to 8, which is the 

standard and recommended level for balanced speed and 

accuracy. A total of 10 docking poses (num_modes = 

10) were generated for each ligand–protein pair, and the 

pose with the lowest binding energy was selected for 

further analysis.  

 Binding affinities (kcal/mol) were extracted from 

Vina output, where more negative values indicate 

stronger interactions. Key interactions, including 

hydrogen bonds, hydrophobic contacts, and proximity to 

catalytic residues, were visualized and analyzed using 

BIOVIA Discovery Studio Visualizer. 

 

 Statistical analysis 

 All results are expressed as mean ± standard 

deviation (SD). Statistical analyses were performed 

using GraphPad Prism version 10.4.2. Data normality 

was assessed using the Shapiro-Wilk test. For normally 

distributed data, differences between groups in 
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biomarker levels were analyzed using 1-way analysis of 

variance (ANOVA), followed by Tukey’s post hoc test. 

Non-parametric data, including urinalysis were 

analyzed using the Kruskal-Wallis test, followed by 

Dunn’s Multiple comparison test for post hoc 

comparisons. A p-value of < 0.05 was considered 

statistically significant. 

 

Results and discussion 

 Renal biomarkers 

 Acute kidney injury was successfully induced by 

the triple whammy drug combination, as reflected by 

marked elevations in serum creatinine and urea levels 

(Figure 1). The normal control group showed baseline 

creatinine and urea values of 1.08 ± 0.24 mg/dL and 51.5 

± 7.18 mg/dL, respectively. In contrast, rats receiving 

triple whammy combination exhibited more than a 2-

fold increase in serum creatinine (2.34 ± 0.46 mg/dL) 

and a nearly 6- fold rise in serum urea (310.6 ± 57.85 

mg/dL), confirming significant renal impairment. This 

pattern aligns with the known mechanism of triple 

whammy–induced AKI, in which combined 

hemodynamic disturbances compromise glomerular 

filtration and precipitate acute renal dysfunction [7,8]. 

 Proteinuria further supported the occurrence of 

kidney injury. While urinary protein was undetectable in 

the normal group, the AKI group showed measurable 

protein levels (0.72 ± 0.38 mg/dL), indicating 

glomerular and tubular damage. This finding is 

consistent with reports identifying protein leakage as an 

early marker of nephron injury driven by oxidative 

stress, inflammation, and disruption of the filtration 

barrier [22,23]. 

 Pretreatment with melatonin at the lower doses 

(0.5 and 1.0 mg/kg) did not significantly reduce serum 

creatinine, urea, or urinary protein levels, suggesting 

insufficient renal protection at these doses. In contrast, 

melatonin at 1.5 mg/kg markedly improved kidney 

function, with creatinine and urea values reduced to 1.41 

± 0.26 and 91.0 ± 16.1 mg/dL, respectively. Urinary 

protein was also nearly undetectable (0.06 ± 0.08 

mg/dL), approaching levels observed in the normal 

control. These findings support a dose-dependent 

protective effect of melatonin, consistent with its known 

antioxidant, anti-inflammatory, and mitochondrial-

stabilizing actions [24,25]. 

 Interestingly, NAC did not significantly improve 

renal outcomes in this study, which possibly reflects 

both dose-related and model-specific factors. Although 

NAC is widely recognized for its antioxidant and 

glutathione-restoring properties [26], its renoprotective 

efficacy is highly dose-dependent and varies across AKI 

models [27,28]. The dose used in this study was selected 

through human-to-rat conversion from the commonly 

administered 400 mg/day regimen. however, attempts to 

increase the dose were not feasible because NAC-

pretreated rats exhibited gastrointestinal bleeding after 

triple-whammy exposure. This prevented further dose 

escalation and limited our ability to evaluate NAC 

across a therapeutic range. 

 

Figure 1 Comparison of serum and urinary biomarker levels among treatment groups. a) Creatinine, b) Urea, c) Urine 

Protein levels. 
 

a. b. 

 

c. 
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 Renal histopathological changes 

 The kidneys of the normal control group exhibited 

well-preserved architecture, characterized by normal 

glomeruli, intact Bowman’s capsules, and organized 

tubular structures, confirming physiological renal 

morphology (Figures 2(a) and 2(b)). In contrast, rats in 

the negative control group demonstrated classical 

features of acute kidney injury, including Bowman’s 

capsule dilatation, tubular protein casts, interstitial 

hemorrhage, and inflammatory cell infiltration (Figures 

2(c) and 2(d)). These morphological alterations are 

consistent with previous reports describing glomerular 

and tubular damage resulting from ischemic and 

oxidative stress-induced injury [29]. 

 NAC treatment conferred partial histological 

protection, as evidenced by the attenuation of 

inflammatory cell infiltration and improved tubular 

preservation (Figure 2e-f). However, the persistence of 

glomerular dilatation and protein casts suggests that 

NAC’s antioxidant effect was not sufficient to fully 

prevent structural damage. Lower doses of melatonin 

(0.5 and 1.0 mg/kg) failed to confer significant 

histological protection, as indicated by persistent 

glomerular and tubular damage (Figures 2(g) - 2(j)). 

Conversely, treatment with 1.5 mg/kg melatonin 

markedly restored renal architecture, with the absence 

of glomerular dilatation, tubular casts, or hemorrhagic 

lesions (Figures 2(k) and 2(l)). These findings are 

consistent with melatonin’s known ability to preserve 

histological integrity through the suppression of 

oxidative stress, inflammation, apoptosis, and sirtuin 

(SIRT) family in renal tissues [30-32]. Melatonin’s 

lipophilic nature allows it to penetrate cellular and 

mitochondrial membranes [33], where it scavenges 

reactive oxygen species and stabilizes mitochondrial 

function. This feature of melatonin is more likely to 

underlie the improved histological and biochemical 

profiles observed at the highest dose. 

\

 

Figure 2 Histopathological features of kidney tissue. (A,B) normal control; (C,D) negative control; (E,F) NAC 41 mg/kg; 

(G,H) melatonin 0.5 mg/kg; (I,J) melatonin 1.0 mg/kg; (K,L) melatonin 1.5 mg/kg. Indicators of acute kidney injury 

include dilated Bowman’s capsules (red arrows), tubular protein casts (green arrows), inflammatory cells (blue arrows), 

and tubular degeneration (black arrows). 
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 Predicted interaction with molecular targets 

 The docking analysis evaluated melatonin’s 

interaction with NF-κB and caspase-3, 2 central 

regulators of inflammation and apoptosis in AKI. 

Ligand interactions, including hydrogen bonding and 

key residue contacts, are summarized in Tables 1 and 2 

and visualized in Figures 3 and 4. 

 For NF-κB, the native ligand AGS showed the 

strongest binding (−8.9 kcal/mol). Melatonin exhibited 

a comparatively strong affinity (−7.5 kcal/mol) and 

formed a hydrogen bond with Lys429, a residue 

involved in stabilizing the p65/p50 dimer and its DNA-

binding interface [34]. Additional non-covalent 

interactions with Ala427, Val414, Leu406, and Cys533 

indicate that melatonin engages residues important for 

maintaining NF-κB structural integrity. This interaction 

profile suggests that melatonin may hinder NF-κB 

activation and thereby dampen downstream 

inflammatory signaling. These computational results 

align with experimental evidence showing that 

melatonin inhibits IκBα degradation and p65 nuclear 

translocation, thereby reducing expression of 

inflammatory mediators such as TNF-α, IL-6, and COX-

2 in kidney injury models [35]. 

 NAC demonstrated weaker affinity for NF-κB 

(−4.2 kcal/mol), forming only limited interactions with 

Lys429 and Asn576. This is consistent with the 

established view that NAC modulates NF-κB activity 

mainly through redox-dependent pathways rather than 

direct protein binding [36]. Its minimal receptor 

engagement may partly explain the modest biological 

effects observed in this study. 

 For caspase-3, melatonin showed moderate 

affinity (−6.0 kcal/mol) relative to the native ligand 

(−8.1 kcal/mol). It formed multiple hydrogen bonds 

with Arg207, Arg64, Ser205, and Gly165 near the 

catalytic pocket, suggesting potential interference with 

caspase-3 activation [19]. Interactions with His121 and 

Met61, residues adjacent to the catalytic cysteine, 

further support the possibility of steric or allosteric 

modulation. These findings are consistent with prior in 

vivo studies reporting reduced caspase-3 expression and 

activity following melatonin treatment in renal injury 

models [37,38]. 

In comparison, NAC displayed weaker binding to 

caspase-3 (−4.6 kcal/mol), forming fewer hydrogen 

bonds and engaging less critical residues. This supports 

the notion that NAC’s anti-apoptotic activity occurs 

mainly through restoration of redox balance rather than 

direct inhibition of apoptotic enzymes [39,40]. 

 

Table 1 Binding affinities and interacting amino acid residues of melatonin and N-acetylcysteine with the NF-κB protein. 

Compounds 
Binding Affinity 

(kcal/mol) 
Hydrogen Bond Residues Other Bonds/Interaction Residues 

Melatonin −7.5 Lys429 
Ala427, Val414, Cys533, Leu522, Leu406, 

Gln479, Met469 

N-Acetylcsytein −4.2 Lys429, Asn576 Asp534 

Native ligand (AGS) −8.9 
Leu406, Leu472, Glu470, Phe411, 

Gly412, Gly409, Ser410 

Lys429, Lys517, Met469, Asp519, Ala427, 

Leu522, Cys533, Val414 
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Figure 3 Visualization of molecular docking interactions with the NF-κB receptor: (a) native ligand AGS; (b) melatonin; 

and (c) N-acetylcysteine (NAC). 

 

 

Table 2 Binding affinities and interacting amino acid residues of melatonin and N-acetylcysteine with the Caspase-3 

protein. 

Compounds 
Binding Affinity 

(kcal/mol) 
Hydrogen Bond Residues Other Bonds/Interaction Residues 

Melatonin −6.0 Arg207, Arg64, Ser205, Gly165 His121, Met61 

N-Acetylcsytein −4.6 Gly122, Ser205 His121, Tyr204, Gly165 

Native ligand (RXB) −8.1 Tyr204, Ser209 Arg207, Phe256, Trp206 
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Figure 4 Visualization of molecular docking interactions with the caspase-3 protein: (a) native ligand AGS; (b) melatonin; 

and (c) N-acetylcysteine (NAC). 

 

 

 In vitro antioxidant activity 

 Based on DPPH radical scavenging assay, 

melatonin exhibited an IC₅₀ of 3.19 µg/mL, while N-

acetylcysteine showed an IC₅₀ of 3.10 µg/mL (Table 3). 

Both melatonin and NAC demonstrated very strong 

antioxidant activity, with IC₅₀ < 50 µg/mL, indicating 

strong radical scavenging activity [41]. The antioxidant 

capacity of melatonin is consistent with its 

renoprotective effects, particularly in mitigating 

oxidative stress through multiple mechanisms. 

Melatonin has been shown to reduces ROS production 

in a sepsis-induced AKI model [13]. 

 

 

Table 3 The comparison between radical scavenging activities of Melatonin and N-Acetylcysteine. 

Sample IC50 (µg/ml) R2 Equation 

Melatonin 3.19 0.9497 y = 6.3219x + 37.617 

N-Acetylcsytein 3.10 0.9656 y = 18.917x + 27.439 
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 Additionally, melatonin enhances endogenous 

antioxidant defenses by upregulating key enzymes such 

as superoxide dismutase, glutathione reductase, and 

glutathione peroxidase, while also lowering lipid 

peroxidation [42]. Moreover, melatonin can chelate 

transition metals involved in the Fenton and Haber- 

Weiss reactions, thereby inhibiting the formation of 

highly reactive hydroxyl radicals and further reducing 

oxidative damage [25]. 

 Several studies have demonstrated pleiotropic 

activities of melatonin, highlighting its antioxidant, anti- 

inflammatory, and anti-apoptotic properties [43]. In 

cisplatin-induced AKI models, melatonin demonstrated 

nephroprotection by inhibiting both apoptosis and 

necroptosis [35]. Similarly, in sepsis-induced AKI 

models, melatonin reduced renal damage by modulating 

ROS levels [13]. Consistent with these findings, 

melatonin's nephroprotective effect was believed due to 

its ability to neutralize free radicals at the subcellular 

level and regulate inflammatory cytokines, restoring the 

balance between apoptosis and cell survival [16]. 

 This study highlights melatonin’s renoprotective 

potential through multiple mechanisms, including 

potent free radical scavenging and inhibition of the NF-

κB inflammatory cascade and caspase-3-mediated 

apoptosis. These effects support its promise as a 

therapeutic agent against drug-induced acute kidney 

injury, particularly under triple whammy conditions. 

However, limitations such as the short-term evaluation 

and translational gap between animal models and human 

pathology warrant further investigation. 

 

 Limitation 

 Several limitations should be considered when 

interpreting the findings of this study. The relatively 

small sample size may restrict the robustness of the 

statistical comparisons and limits the strength of the 

conclusions. Additionally, the short duration of 

observation allowed us to capture only the acute phase 

of kidney injury; therefore, potential long-term effects 

of melatonin or NAC could not be assessed. 

 Another important limitation is the use of a single 

NAC dose. Although the selected dose was based on 

clinical conversion, attempts to explore a broader dose 

range were not feasible due to gastrointestinal bleeding 

observed in NAC-pretreated rats following triple-

whammy exposure. This restricted our ability to fully 

evaluate NAC’s therapeutic profile and may partly 

explain its limited renoprotective effect in this model. 

 Histopathological evaluation was performed 

descriptively, without a quantitative scoring system. 

While the images clearly demonstrated structural 

improvements, the absence of semi-quantitative scoring 

reduces objectivity. Future studies should incorporate 

validated semiquantitative or quantitative scoring 

methods to make direct comparison across treatment 

groups. 

 Finally, as with all animal studies, the rat model 

cannot fully replicate the complexity of human AKI, 

especially in the context of polypharmacy and 

comorbidities. Thus, while the findings offer 

meaningful insights, they should be interpreted with 

caution, and further studies with larger cohorts, longer 

follow-up, multiple dosing regimens, and standardized 

histological scoring are needed to confirm and extend 

these results. 

 

Conclusions 

 Triple whammy-induced AKI represents a 

relevant model for studying nephrotoxicity. 

Administration of high-dose melatonin showed a 

tendency to ameliorate renal injury, as evidenced by 

improved biomarkers and histological protection of 

glomerular and tubular structures. These findings were 

supported by in vitro and in silico studies, which 

indicated the antioxidant potential and affinity of 

melatonin for key regulators of inflammation and 

apoptosis (NF-κB and caspase-3). 

The results were interpreted cautiously due to 

limitations, including the small sample size, short 

observation period, and the use of a rat model. The 

renoprotective effect was primarily observed at high 

doses, and thus optimal dosing and safety require further 

investigation. Overall, melatonin shows potential for 

protecting against renal injury, but further studies are 

needed before considering clinical application. 
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