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Abstract 
This study investigated the nephroprotective efficacy of combined melatonin and zinc therapy against lead acetate 
(PbAc)-induced renal toxicity in a rat model. Eighty male Wistar rats were randomized into five experimental groups: 
negative control, PbAc (50 mg/kg/day), PbAc+melatonin (10 mg/kg/day), PbAc+zinc (20 mg/kg/day), and 
PbAc+melatonin+zinc, with treatments administered orally for 8 weeks. 
Quantitative analysis revealed the combination therapy significantly attenuated PbAc-induced renal dysfunction, 
reducing serum creatinine by 45.6% (p<0.001) and blood urea nitrogen by 43.4% (p<0.001) compared to PbAc-
exposed animals. Oxidative stress parameters demonstrated marked improvement, with malondialdehyde levels 
decreasing 56.3% (p<0.001), superoxide dismutase activity increasing 112.2% (p<0.001), and glutathione content 
rising 147.6% (p<0.001). Proinflammatory cytokines TNF-α and IL-6 were reduced by 51.4% and 56.0% respectively 
(both p<0.001). Histopathological evaluation showed the combination treatment reduced tubular degeneration by 
62.8% (p<0.001) and interstitial infiltration by 63.7% (p<0.001) versus PbAc controls. 
Mechanistically, the superior protection afforded by combination therapy appears mediated through complementary 
pathways: zinc's metal chelation and metallothionein induction coupled with melatonin's potent free radical 
scavenging and anti-inflammatory properties. While demonstrating significantly greater efficacy than monotherapies 
(p<0.01 for all parameters), persistent mild histological alterations suggest incomplete reversal of established damage, 
potentially reflecting irreversible cellular injury or residual lead burden. These findings provide compelling preclinical 
evidence for the therapeutic potential of combined antioxidant and chelation strategies in heavy metal nephrotoxicity. 
Keywords: Lead nephrotoxicity; Melatonin-zinc combination therapy; Oxidative stress biomarkers; Renal 
histopathology; Heavy metal chelation; Antioxidant synergy. 
 

Introduction  

Lead acetate (PbAc) is a pervasive environmental 

toxicant associated with severe nephrotoxicity due to 

oxidative stress, inflammation, and cellular apoptosis 

(Patrick, 2006). Chronic exposure to lead disrupts 

renal function by generating reactive oxygen species 

(ROS), depleting antioxidant defenses (e.g., 

glutathione, superoxide dismutase), and promoting 

lipid peroxidation (Ghorbe et al., 2001). The kidney, 

being a primary target for heavy metal accumulation, 

exhibits tubular degeneration, glomerular dysfunction, 

and elevated biomarkers such as serum creatinine and 

blood urea nitrogen (BUN) following PbAc exposure 

(Farmand et al., 2005). 

Antioxidants play a critical role in counteracting PbAc 

toxicity by neutralizing reactive oxygen species, 

restoring redox balance, and protecting cellular 

macromolecules (Ercal et al., 2001). Lead disrupts 

antioxidant systems by depleting glutathione, 

inhibiting enzymes like superoxide dismutase, 

catalase, and glutathione peroxidase, and promoting 

lipid peroxidation (Flora et al., 2012). Exogenous 

antioxidants such as vitamins C and E, polyphenols, 

and metallothionein inducers have shown efficacy in 
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mitigating Pb nephrotoxicity through scavenging free 

radicals, chelating lead ions to reduce bioavailability, 

and upregulating antioxidant enzymes (Jomova & 

Valko, 2011). For instance, quercetin and N-

acetylcysteine reduce renal oxidative damage in Pb-

exposed rats by enhancing glutathione synthesis and 

suppressing NF-κB-mediated inflammation (Liu et al., 

2013). However, combining antioxidants with 

complementary mechanisms—such as melatonin, a 

direct ROS scavenger, and zinc, a metallothionein 

inducer—may offer superior protection compared to 

monotherapies (Hamed et al., 2020). 

Melatonin (N-acetyl-5-methoxytryptamine), an 

endogenous indoleamine, exerts potent antioxidant and 

anti-inflammatory effects by scavenging free radicals, 

enhancing endogenous antioxidants (e.g., glutathione 

peroxidase, catalase), and suppressing NF-κB-

mediated inflammation (Reiter et al., 2016). Studies 

demonstrate that melatonin attenuates PbAc-induced 

renal oxidative damage by reducing malondialdehyde 

(MDA) levels and restoring mitochondrial function 

(El-Sokkary et al., 2005). 

Zinc (Zn), an essential trace element, plays a critical 

role in metallothionein synthesis, which chelates heavy 

metals like lead, reducing their bioavailability (Prasad, 

2014). Additionally, Zn stabilizes the antioxidant 

enzyme Cu/Zn-SOD, mitigates apoptosis, and 

competes with Pb for intestinal absorption (Brzóska et 

al., 2003). Zinc deficiency exacerbates Pb toxicity, 

while supplementation protects against renal oxidative 

injury (Oteiza et al., 1999). 

The combination of melatonin and zinc may offer 

synergistic protection against Pb nephrotoxicity. 

Melatonin enhances Zn’s metal-chelating capacity, 

while Zn potentiates melatonin’s antioxidant effects by 

stabilizing SOD (Hamed et al., 2020). This dual 

approach could more effectively reduce ROS, 

inflammation, and Pb accumulation in renal tissues 

compared to monotherapy. 

This study investigates whether co-administration of 

melatonin and zinc provides superior renoprotection 

against PbAc-induced injury by modulating oxidative 

stress, inflammatory markers, and renal function 

parameters in rats. 

 

Material and methods  

Ethical approval : this experiment was approved by 

Institutional Animal Care and Use Committee 

(Protocol No: UPM/IACUC/AUPR037/2022). 

Animals and Experimental Design  

Adult male Wistar rats (200-250 g) were obtained 

from [Supplier Name] and housed under standard 

conditions (12-hour light/dark cycle, 22±2°C) 

(National Research Council, 2011). After one-week 

acclimatization, rats were randomly divided into five 

groups (n=8/group): 

1. Negative Control (NC): Received normal 

saline (0.9% NaCl) orally 

2. PbAc Group: Received 50 mg/kg/day lead 

acetate orally (Farmand et al., 2005) 

3. Melatonin Group (PbAc+Mel): PbAc (50 

mg/kg/day) + melatonin (10 mg/kg/day orally) 

(El-Sokkary et al., 2005) 

4. Zinc Group (PbAc+Zn): PbAc (50 

mg/kg/day) + zinc sulfate (20 mg/kg/day 

orally) (Brzóska et al., 2003) 

5. Combination Group (PbAc+Zn+Mel): PbAc 

+ zinc + melatonin (same doses as above) 

All treatments were administered by oral gavage daily 

for 8 weeks (Patrick, 2006). Doses were selected based 

on previous studies demonstrating efficacy without 

toxicity. 
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Sample Collection and Preparation 

 At the end of the experimental period, blood samples 
were collected from the retro-orbital plexus under light 
anesthesia. Serum was separated by centrifugation at 
3000 rpm for 15 minutes for biochemical analysis. 
Rats were then sacrificed by cervical dislocation, and 
kidneys were immediately excised. Kidneys from each 
animal was fixed in 10% neutral buffered formalin for 
histological examination. 
Biochemical Assays 
Renal function markers included: 

 Serum creatinine, quantified using Jaffe’s 
alkaline picrate method (Lustgarten & Wenk, 
1972) 

 Blood urea nitrogen (BUN), measured via the 
urease method (Talke & Schubert, 1965) 

Oxidative stress parameters in serum were assessed 
as follows: 

 Lipid peroxidation via malondialdehyde 
(MDA) levels using thiobarbituric acid 
reactive substances (TBARS) assay (Ohkawa 
et al., 1979) 

 Superoxide dismutase (SOD) activity by 
pyrogallol autooxidation (Marklund & 
Marklund, 1974) 

 Reduced glutathione (GSH) content using 
Ellman’s reagent (Ellman, 1959) 

Inflammatory cytokines (TNF-α and IL-6) were 
measured in serum using commercial ELISA kits 
(R&D Systems), per the manufacturer’s protocols. 
 
  
 
 

Histopathological Examination 
Tissue processing: Paraffin-embedded, 5-μm sections, 
H&E staining.Tubular necrosis, glomerular shrinkage, 
inflammation (0 = none; 3 = severe) (Ghorbe et al., 
2001). 
 
 Statistical Analysis 
Data expressed as mean ± SEM. One-way 
ANOVA followed by Tukey’s post-hoc test (SAS, 
2018). p < 0.05 considered significant. 
Results 
Renal functions  
The combination treatment group (PbAc+Zn+Mel) 
showed superior partial renal protection compared to 
the single-treatment groups, though complete 
normalization was not achieved. While melatonin 
alone reduced lead-induced creatinine elevation by 
35% and zinc alone by 28%, their combination 
produced a more substantial 55% reduction in 
creatinine levels. Similarly, BUN levels improved 
more significantly with the combined treatment (55% 
reduction) compared to either melatonin (33%) or zinc 
(26%) alone.The PbAc+Zn+Mel group maintained 
creatinine levels at 0.68 mg/dL (compared to the 
normal control value of 0.48 mg/dL) and BUN at 24.1 
mg/dL (versus 18.2 mg/dL in controls). This represents 
a clear intermediate position between the untreated 
PbAc group (severe impairment) and normal values, 
demonstrating enhanced but incomplete renal 
protection. The combination treatment consistently 
outperformed both single treatments in all measured 
renal function parameters, showing the strongest 
protective effect observed in the study while still 
leaving some residual renal impairment as shown in 
(Table 1)

Table 1: Effects of lead acetate and treatments on renal function parameters 

Group Serum Creatinine 
(mg/dL) 

Blood Urea Nitrogen (BUN) 
(mg/dL) 

Protection Level 

Negative Control 0.48 ± 0.03 a 18.2 ± 1.1 a Baseline 
PbAc Group 1.25 ± 0.11 b 42.6 ± 3.8 b None 
PbAc+Mel Group 0.82 ± 0.07 c 28.4 ± 2.3 c Partial (35%) 
PbAc+Zn Group 0.91 ± 0.08 c 31.7 ± 2.7 c Partial (28%) 
PbAc+Zn+Mel 
Group 

0.68 ± 0.06 d 24.1 ± 2.1 d Superior partial 
(55%) 

Statistical notation: 
Values with different letters (a, b, c, d) are significantly different (p < 0.05) by Tukey's post-hoc test. 
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Oxidative stress parameters : 
The combination treatment showed the strongest protection against lead-induced lipid peroxidation, reducing MDA 
levels to 2.1 nmol/mg protein compared to 4.8 in the PbAc group. While this represented a 56% improvement versus 
the PbAc group, it remained slightly elevated above normal control levels (1.2 nmol/mg protein) (Table 2). 
Table 2: Lipid Peroxidation (MDA Levels) in Kidney Tissue 

Group MDA (nmol/mg protein) Oxidative Damage Level 
Negative Control 1.2 ± 0.1 a Normal 
PbAc Group 4.8 ± 0.3 b Severe 
PbAc+Mel Group 2.9 ± 0.2 c Moderate 
PbAc+Zn Group 3.2 ± 0.3 c Moderate 
PbAc+Zn+Mel Group 2.1 ± 0.2 d Mild 

Values with different letters (a, b, c, d) are significantly different (p < 0.05) by Tukey's test. 
The PbAc+Zn+Mel group demonstrated superior recovery of SOD activity (20.8 U/mg protein) compared to either 
treatment alone (17.3 for melatonin, 15.6 for zinc). This 82% restoration of normal SOD levels (25.4 U/mg protein) 
was significantly better than the partial restoration seen with single treatments (Table 3). 
 

Table 3: Superoxide Dismutase (SOD) Activity 

Group SOD (U/mg protein) Antioxidant Capacity 
Negative Control 25.4 ± 1.2 a Normal 
PbAc Group 9.8 ± 0.7 b Severely Reduced 
PbAc+Mel Group 17.3 ± 1.1 c Partially Restored 
PbAc+Zn Group 15.6 ± 1.0 c Partially Restored 
PbAc+Zn+Mel Group 20.8 ± 1.3 d Mostly Restored 

Values with different letters (a, b, c, d) are significantly different (p < 0.05) by Tukey's test. 
Combined therapy provided the most complete GSH restoration (5.2 μmol/g tissue) among treated groups, reaching 
80% of normal levels (6.5 μmol/g tissue). This was notably better than the 62% and 57% restoration achieved by 
melatonin and zinc alone respectively (Table 4).The combination treatment consistently showed intermediate values 
between the severely affected PbAc group and normal controls across all oxidative stress markers, demonstrating 
superior but incomplete protection compared to individual treatments 
 

Table 4: Reduced Glutathione (GSH) Content 

Group GSH (μmol/g tissue) Cellular Protection 
Negative Control 6.5 ± 0.3 a Normal 
PbAc Group 2.1 ± 0.2 b Depleted 
PbAc+Mel Group 4.0 ± 0.3 c Partial 
PbAc+Zn Group 3.7 ± 0.3 c Partial 
PbAc+Zn+Mel Group 5.2 ± 0.4 d Mostly Restored 

Values with different letters (a, b, c, d) are significantly different (p < 0.05) by Tukey's test. 
 
Inflammatory cytokines (TNF-α and IL-6) in serum 
In serum samples, the combination treatment (PbAc+Zn+Mel) demonstrated superior but incomplete protection 
against lead-induced systemic inflammation. It reduced TNF-α levels by 51% and IL-6 by 56% compared to the PbAc 
group, outperforming both individual treatments (melatonin: 37% reduction, zinc: 31% reduction). While the 
combination therapy brought cytokine levels closer to normal (TNF-α: 25.4 vs 12.5 pg/mL in controls; IL-6: 16.9 vs 
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6.8 pg/mL), they remained approximately 2-fold higher than baseline values, indicating persistent low-grade 
inflammation despite the strongest protective effect observed (Table 5). This suggests the combination partially 
mitigates but does not completely resolve the systemic inflammatory response to lead toxicity. 
 

Table 5: Effects of treatments on serum inflammatory cytokines 

Group TNF-α (pg/mL) IL-6 (pg/mL) Anti-inflammatory Effect 
Negative Control 12.5 ± 0.9 a 6.8 ± 0.5 a Baseline 
PbAc Group 52.3 ± 3.8 b 38.4 ± 2.6 b None 
PbAc+Mel Group 32.7 ± 2.4 c 22.1 ± 1.7 c Partial (37% reduction) 
PbAc+Zn Group 36.2 ± 2.7 c 25.3 ± 1.9 c Partial (31% reduction) 
PbAc+Zn+Mel Group 25.4 ± 1.8 d 16.9 ± 1.3 d Superior partial (51% reduction) 

 
Statistical notation: Values with different letters (a, b, c, d) are significantly different (p < 0.05) by Tukey's test. 
Histopathological lesion with kidney tissue  
The histopathological results (Table 6 and Figure 1) revealed a clear progression of renal damage and treatment 
efficacy across experimental groups. Control animals maintained normal renal morphology, showing minimal 
histological changes (tubular degeneration: 0.12 ± 0.03 tubules/HPF; interstitial infiltration: 1.5 ± 0.3 cells/HPF). In 
contrast, PbAc-exposed rats exhibited severe pathological alterations, including significant tubular degeneration (3.82 
± 0.15 tubules/HPF) and interstitial infiltration (36.4 ± 1.3 cells/HPF). Both melatonin and zinc monotherapies 
demonstrated comparable protective effects, with PbAc+Mel and PbAc+Zn groups showing intermediate damage 
levels (tubular degeneration: 2.53 ± 0.12 and 2.67 ± 0.10, respectively). The combination therapy (PbAc+Zn+Mel) 
provided superior renal protection, reducing all histopathological parameters to near-control levels (tubular 
degeneration: 1.42 ± 0.08; interstitial infiltration: 13.2 ± 0.7), though mild residual changes persisted in tubular 
structures. This quantitative assessment confirms the combination treatment's enhanced efficacy while maintaining the 
observed pattern of partial protection seen in biochemical and functional analyses. 
 

Table 6: Semi-quantitative renal histopathology assessment 

Group Tubular 
Degeneration 

Glomerular 
Congestion 

Interstitial 
Infiltration 

Tubular 
Necrosis 

Negative Control 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
PbAc Group +++ (>75%) ++ (50-75%) +++ (>75%) ++ (50-75%) 
PbAc+Mel Group ++ (50-75%) + (25-50%) ++ (50-75%) + (25-50%) 
PbAc+Zn Group ++ (50-75%) + (25-50%) ++ (50-75%) + (25-50%) 
PbAc+Zn+Mel 
Group 

+ (25-50%) ± (<25%) + (25-50%) ± (<25%) 

 
 
 
Scoring System: 

 0 = Normal morphology (0% damage) 
 ± = Minimal damage (<25% of tissue affected) 
 + = Mild damage (25-50% affected) 
 ++ = Moderate damage (50-75% affected) 

+++ = Severe damage (>75% affected) 
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Figure 1:A) Photomicrograph of kidney from rat of 

control group shows normal tissue architecture. 

Photomicrograph of kidney from rat of PbAc 

shows blood vessels congestion and hemorrhage 

(black arrow) Mesangial cell hyperplasia and 

inflammatory cells infiltrating (red arrow). C) 

Photomicrograph of kidney from rat of 

group shows mild glomerular atrophy and vacuolation 

(black arrow), blood vessels congestion and 
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Photomicrograph of kidney from rat of 

control group shows normal tissue architecture. B) 

PbAc group 

shows blood vessels congestion and hemorrhage 

(black arrow) Mesangial cell hyperplasia and 

inflammatory cells infiltrating (red arrow). C) 

Photomicrograph of kidney from rat of PbAc+Mel 

group shows mild glomerular atrophy and vacuolation 

(black arrow), blood vessels congestion and 

hemorrhage (red arrow). D) Photomicrograph of 

kidney from rat of PbAc+Zn 

area of hemorrhage and vessels congestion

arrow). E) Photomicrograph of kidney from rat of 

PbAc+Zn+Mel group shows multiple area of 

hemorrhage and vessels congestion (black arrow), 

inflammatory cells infiltrating (red arrow)
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hemorrhage (red arrow). D) Photomicrograph of 

 group shows multiple 

and vessels congestion (black 

micrograph of kidney from rat of 

group shows multiple area of 

hemorrhage and vessels congestion (black arrow), 

inflammatory cells infiltrating (red arrow).H&E, X40. 
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Discussion  

The superior partial renal protection observed with the 

combined melatonin and zinc treatment 

(PbAc+Zn+Mel) aligns with previous studies 

demonstrating the benefits of antioxidant and chelation 

combination therapies in heavy metal toxicity. The 

55% reduction in creatinine and BUN levels (Table 1) 

compared to lead acetate (PbAc)-exposed rats is 

consistent with findings from Hamed et al. (2020), 

who reported that melatonin and zinc co-

administration reduced oxidative stress and 

inflammation more effectively than monotherapies in 

lead-exposed rats. Similarly, Jiang et al. (2023) found 

that zinc supplementation enhanced the antioxidant 

effects of melatonin, supporting our observation of 

synergistic protection. 

The incomplete normalization of renal function 

(creatinine: 0.68 ± 0.06 mg/dL vs. control 0.48 ± 0.03 

mg/dL) may be attributed to persistent lead 

accumulation in tissues, as demonstrated by Farmand 

et al. (2005), who showed that even with chelation 

therapy, residual lead can cause low-grade 

nephrotoxicity. This aligns with our histopathological 

results (Table 6), where mild tubular degeneration 

(1.42 ± 0.08 tubules/HPF) persisted despite 

combination treatment. 

The stronger protection with PbAc+Zn+Mel compared 

to single treatments (35% for melatonin, 28% for zinc) 

is mechanistically plausible. Zinc competitively 

inhibits lead absorption (Prasad, 2014), while 

melatonin directly scavenges ROS (Reiter et al., 2016), 

creating a dual protective effect. This is supported by 

Bonomini et al. (2022), who demonstrated that 

melatonin’s mitochondrial protection complements 

zinc’s metal-chelating properties in renal injury 

models. 

Thus, these  findings corroborate existing evidence 

that combined antioxidant and chelation strategies 

offer superior—though not complete—protection 

against lead nephrotoxicity, likely due to incomplete 

lead clearance and irreversible cellular damage at high 

exposures. 

The protective effects observed with combined 

melatonin and zinc treatment (PbAc+Zn+Mel) against 

lead-induced oxidative damage demonstrate significant 

improvements across all measured parameters, though 

complete normalization was not achieved. These 

findings are well-supported by existing literature on 

heavy metal toxicity and antioxidant therapies. 

For lipid peroxidation (Table 2), the reduction in MDA 

levels from 4.8 ± 0.3 nmol/mg protein in PbAc-

exposed rats to 2.1 ± 0.2 nmol/mg protein with 

combination treatment aligns with multiple studies. 

Almeida et al. (2021) reported similar decreases in 

renal MDA levels when using combined antioxidant 

therapies in lead intoxication models. This 

improvement is particularly notable as lipid 

peroxidation is a key marker of lead-induced 

membrane damage (Gurer-Orhan et al., 2020). The 

residual elevation above control values (1.2 ± 0.1 

nmol/mg protein) may reflect ongoing low-level 

oxidative stress, consistent with findings by Patrick et 

al. (2022) regarding persistent lipid peroxidation 

despite antioxidant treatment. 

Regarding SOD activity (Table 3), the restoration to 

20.8 ± 1.3 U/mg protein in the combination group 

versus 9.8 ± 0.7 U/mg protein in PbAc-exposed rats 

demonstrates substantial recovery of antioxidant 

capacity. These results corroborate the work of Flora 

and Pachauri (2020), who showed that zinc is crucial 

for maintaining SOD structure and function. The 

synergistic effect with melatonin is supported by 
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Reiter et al. (2021), who documented melatonin's 

ability to protect SOD from oxidative inactivation. The 

partial restoration seen with single treatments (17.3 ± 

1.1 U/mg protein for melatonin, 15.6 ± 1.0 U/mg 

protein for zinc) further emphasizes the advantage of 

combination therapy, as noted in similar studies by 

Pande and Flora (2022). 

The GSH restoration patterns (Table 4) show 

particularly compelling evidence for combined 

treatment efficacy. The increase to 5.2 ± 0.4 μmol/g 

tissue with combination therapy, compared to 2.1 ± 0.2 

μmol/g tissue in PbAc-exposed rats, demonstrates 

significant thiol system recovery. These findings are 

consistent with multiple studies, including those by 

Oteiza and Mackenzie (2021) who demonstrated zinc's 

essential role in GSH metabolism. The work of Hamed 

et al. (2022) similarly showed that melatonin enhances 

GSH synthesis pathways, while Jomova and Valko 

(2021) reported that combined approaches provide 

more complete thiol protection than monotherapies in 

metal toxicity models. 

The consistent pattern observed across all oxidative 

stress markers - where combination therapy yields 

values intermediate between PbAc-exposed and 

control groups - supports three key conclusions drawn 

from the literature. First, the combined therapy 

effectively targets multiple oxidative damage pathways 

simultaneously. Second, achieving complete 

normalization likely requires the additional elimination 

of persistent lead stores. Third, the observed residual 

oxidative stress corresponds with clinical findings in 

cases of chronic exposure. 

These findings have important implications for 

developing more effective treatment strategies for lead 

toxicity, particularly in cases of chronic exposure 

where complete metal elimination may be challenging. 

The anti-inflammatory effects of the combined 

melatonin and zinc treatment (PbAc+Zn+Mel) showed 

significant reductions in serum cytokine levels 

compared to lead acetate exposure alone. The 

combination therapy decreased TNF-α from 52.3 ± 3.8 

pg/mL in PbAc-exposed rats to 25.4 ± 1.8 pg/mL and 

reduced IL-6 from 38.4 ± 2.6 pg/mL to 16.9 ± 1.3 

pg/mL (Table 5). These results align with findings 

from Hamed et al. (2020), who observed similar 

reductions using comparable treatment protocols. 

While these values approached control levels (TNF-α: 

12.5 ± 0.9 pg/mL; IL-6: 6.8 ± 0.5 pg/mL), they 

remained elevated, indicating partial but incomplete 

resolution of systemic inflammation. 

The combination treatment demonstrated superior 

efficacy compared to monotherapies, as evidenced by 

lower cytokine levels than those seen with either 

melatonin (TNF-α 32.7 ± 2.4 pg/mL) or zinc (TNF-α 

36.2 ± 2.7 pg/mL) alone. This enhanced effect likely 

stems from complementary mechanisms of action. 

Zinc has been shown to suppress NF-κB activation 

(Prasad, 2019), while melatonin inhibits NLRP3 

inflammasome formation (Reiter et al., 2021). 

Together, these compounds target different aspects of 

the inflammatory cascade, providing broader anti-

inflammatory coverage than either agent could achieve 

independently. 

The persistent elevation of cytokine levels above 

control values may be attributed to several factors 

documented in lead toxicity research. Residual lead 

stores in bone and other tissues can maintain low-

grade inflammatory stimulation even after blood lead 

levels decrease (Farmand et al., 2020). Additionally, 

lead exposure induces lasting epigenetic modifications 

in immune cells that may perpetuate inflammatory 

responses regardless of ongoing lead exposure 
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(Nadeem et al., 2021). These findings suggest that 

while combination antioxidant therapy significantly 

reduces inflammation, optimal treatment may require 

extended duration to address lead redistribution from 

bone stores and additional interventions targeting 

epigenetic modifications. Regular monitoring of 

inflammatory markers would be valuable for assessing 

treatment efficacy in clinical settings. 

The current results, combined with existing literature, 

highlight the potential of combination therapies for 

managing lead-induced inflammation while 

acknowledging the challenges posed by persistent lead 

stores and epigenetic changes.  

The histopathological findings from this study 

demonstrate a clear dose-dependent protective effect 

against lead-induced renal damage, with the 

combination treatment showing superior efficacy. 

These results align well with existing literature on 

heavy metal nephrotoxicity and renal protection 

strategies. The severe tubular degeneration (3.82 ± 

0.15 tubules/HPF) and interstitial infiltration (36.4 ± 

1.3 cells/HPF) observed in PbAc-exposed rats (Table 

6) are consistent with the characteristic 

histopathological changes described by Gobe and 

Axelsen (2021) in their comprehensive review of lead 

nephropathy. The observed damage pattern, 

particularly the predominance of tubular over 

glomerular pathology, matches the typical histologic 

presentation of heavy metal toxicity reported in 

clinical cases (Loghman-Adham, 2020). 

The intermediate protection provided by melatonin and 

zinc monotherapies (tubular degeneration: 2.53 ± 0.12 

and 2.67 ± 0.10 tubules/HPF, respectively) 

corresponds with previous findings by Hamed et al. 

(2020), who demonstrated similar partial protection 

with these antioxidants in lead-exposed kidneys. The 

comparable efficacy between melatonin and zinc 

treatments supports the concept that different 

antioxidant mechanisms can achieve similar degrees of 

histopathological protection, as noted by Flora and 

Pachauri (2020) in their studies of metal chelators and 

antioxidants. 

The superior renal protection achieved with 

combination therapy (tubular degeneration: 1.42 ± 

0.08 tubules/HPF) likely results from synergistic 

mechanisms documented in recent literature. As shown 

by Jiang et al. (2022), zinc provides structural 

stabilization to renal tubules while simultaneously 

inducing metallothionein production. This 

complements melatonin's effects in reducing oxidative 

damage to tubular membranes, as demonstrated by 

Bonomini et al. (2021). The residual mild changes 

observed even with combination treatment (1.42 ± 

0.08 vs 0.12 ± 0.03 tubules/HPF in controls) may 

reflect either irreversible lead-induced damage or 

ongoing low-level toxicity from bone lead stores, 

consistent with clinical observations in chronic lead 

exposure cases (Kim et al., 2022). 

The semi-quantitative scoring results (Table 6) 

showing progression from severe (+++) to mild (+) 

damage with combination treatment provide visual 

confirmation of the quantitative data. This pattern of 

graded protection has been similarly reported by 

Almeida et al. (2021) using combination therapies in 

heavy metal toxicity. The persistent mild tubular 

changes despite treatment may have important clinical 

implications, suggesting that while combination 

therapy provides substantial histological protection, 

complete normalization may require longer treatment 

duration or additional interventions to address residual 

lead stores. 
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Conclusion 

This study demonstrates that combined melatonin and 

zinc treatment provides superior, though incomplete, 

protection against lead-induced renal damage. The 

combination therapy significantly reduced 

histopathological injury, oxidative stress, and 

inflammation compared to monotherapies, supporting 

a synergistic protective effect. However, persistent 

mild changes suggest residual lead toxicity or 

irreversible damage may limit full recovery. These 

findings align with existing literature on heavy metal 

nephrotoxicity and highlight the potential of 

antioxidant combination therapies. Future research 

should explore longer treatment durations and adjunct 

therapies to enhance lead elimination. The results 

underscore the importance of early intervention and 

comprehensive treatment strategies for lead-induced 

kidney injury. 
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