Protective Effects of Syzygium aromaticum Extract on Oxidative Stress Biomarkers in Male Wistar Rats Exposed to Aluminium and Benzo[a]pyrene individually and in Combination 


ABSTRACT
Oxidative stress is a principal mechanism underlying the toxicity of environmental pollutants such as aluminium (Al) and benzo[a]pyrene (BaP), with co-exposure promoting excessive reactive oxygen species generation, lipid peroxidation, and depletion of antioxidant defences. Syzygium aromaticum (clove), a phenolic-rich medicinal plant with documented antioxidant properties, has not been adequately evaluated against oxidative damage from combined Al and BaP exposure. This study investigated the protective effects of S. aromaticum aqueous extract on oxidative stress biomarkers in male Wistar rats exposed orally for 28 days to Al (100 mg/kg) and BaP (100 mg/kg), individually and in combination. Fifty-four rats were allocated to nine groups (n = 6): normal control, Al-treated, BaP-treated, Al+BaP-treated, Al+BaP with S. aromaticum (1000, 1500, or 2000 mg/kg), S. aromaticum alone, and Al+BaP with ascorbic acid. Malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and reduced glutathione (GSH) were determined using standard spectrophotometric methods. Data were analysed by one-way ANOVA with Tukey's post hoc test (p < 0.05). Individual exposure to Al and BaP significantly increased MDA (12.80 and 12.04 nmol/mg protein vs. 3.28 in control, p < 0.001), while combined exposure produced the greatest elevation (13.71 nmol/mg protein, p < 0.001), with corresponding significant reductions in SOD, GPx, and GSH (p < 0.05-0.001); reductions in catalase activity did not reach statistical significance. S. aromaticum attenuated lipid peroxidation and restored antioxidant enzyme activities at all tested doses, with effects statistically comparable to those in the ascorbic acid standard group (p > 0.05). These findings suggest that S. aromaticum may confer protective effects against combined Al- and BaP-induced oxidative stress in this animal model, supporting further investigation of its potential as a natural antioxidant intervention.
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INTRODUCTION
Environmental pollution has become a major global public health concern owing to the increasing release of toxic chemicals into the ecosystem through industrialisation, urbanisation, agricultural activities, and fossil fuel combustion. Chronic exposure to environmental contaminants has been implicated in the pathogenesis of numerous diseases affecting the nervous, cardiovascular, hepatic, renal, and reproductive systems. Among the various mechanisms responsible for toxicant-induced tissue injury, oxidative stress has emerged as one of the most extensively studied and universally accepted pathways (Adeniji et al., 2019; Amirdivani et al., 2019). Oxidative stress results from an imbalance between the production of reactive oxygen species (ROS) and the antioxidant defence system, leading to oxidative damage of lipids, proteins, nucleic acids, and cellular organelles. Persistent oxidative stress disrupts normal cellular homeostasis and contributes significantly to the initiation and progression of several pathological conditions.
Aluminium (Al) is one of the most abundant metallic elements in the Earth's crust and is extensively utilised in food packaging, pharmaceuticals, water treatment, cosmetics, construction materials, and numerous industrial applications. Consequently, human exposure to aluminium has become virtually unavoidable through dietary intake, drinking water, occupational exposure, and environmental contamination. Although aluminium possesses no known physiological function in humans, excessive accumulation within biological tissues has been associated with neurotoxicity, hepatotoxicity, nephrotoxicity, immunotoxicity, and reproductive dysfunction (Mitra et al., 2022; Rajeswari & Sailaja, 2014). Experimental evidence suggests that aluminium toxicity is mediated primarily through excessive generation of reactive oxygen species, mitochondrial dysfunction, lipid peroxidation, impairment of antioxidant enzymes, and activation of inflammatory pathways. These oxidative events ultimately result in structural and functional damage to susceptible tissues.
Benzo[a]pyrene (BaP) is a high-molecular-weight polycyclic aromatic hydrocarbon (PAH) generated during the incomplete combustion of organic materials. Major sources of exposure include cigarette smoke, automobile exhaust, industrial emissions, grilled and smoked foods, crude oil combustion, and biomass burning (Jorge et al., 2021). Following absorption, BaP undergoes metabolic activation by cytochrome P450 enzymes to produce highly reactive intermediates capable of generating excessive reactive oxygen species and forming DNA adducts (Traini et al., 2023). These metabolites induce oxidative stress, inflammation, apoptosis, and cellular dysfunction in multiple organs (Traini et al., 2023). Numerous toxicological studies have demonstrated that BaP exposure is associated with significant alterations in antioxidant defence mechanisms, increased lipid peroxidation, and progressive tissue injury (Jorge et al., 2021; Traini et al., 2023).
Recent experimental evidence likewise supports oxidative stress as a prominent component of BaP toxicity in male rat models (Jorge et al., 2024).
In real-world environmental settings, humans are seldom exposed to a single toxicant. Rather, simultaneous exposure to multiple pollutants occurs through contaminated air, food, water, and occupational environments. Such combined exposure may produce additive or synergistic toxic effects that exceed those produced by individual toxicants because several contaminants converge on common molecular pathways, particularly oxidative stress and inflammation (Zeng et al., 2022). Despite the widespread occurrence of both aluminium and benzo[a]pyrene, relatively few studies have investigated the biochemical consequences of their combined exposure. Understanding the interaction between these toxicants is essential for accurately assessing environmental health risks and identifying effective therapeutic interventions capable of mitigating their cumulative toxicity.
Oxidative stress represents a critical mechanism underlying the toxicity of both aluminium and benzo[a]pyrene. Reactive oxygen species generated following toxicant exposure readily attack membrane phospholipids, resulting in lipid peroxidation and formation of malondialdehyde (MDA), a widely recognised biomarker of oxidative damage (Dahiru et al., 2022). Concurrently, endogenous antioxidant defence systems become overwhelmed, leading to reduced activities of enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), together with depletion of reduced glutathione (GSH), one of the principal non-enzymatic antioxidants responsible for maintaining intracellular redox homeostasis. The depletion of these antioxidant defences further amplifies oxidative injury, perpetuating cellular dysfunction and tissue degeneration (Mannucci et al., 2022).
Because oxidative stress is central to the pathogenesis of toxicant-induced diseases, considerable attention has been directed towards identifying naturally occurring antioxidants capable of restoring redox balance and protecting biological systems from oxidative injury. Plant-derived phytochemicals have emerged as promising therapeutic agents because of their ability to scavenge free radicals, enhance endogenous antioxidant enzyme activities, inhibit lipid peroxidation, and modulate inflammatory signalling pathways (Taghipour et al., 2023). Their relative safety, accessibility, and broad pharmacological activities have stimulated increasing interest in their application as complementary strategies for the prevention and management of environmentally induced toxicity.
Syzygium aromaticum (L.) Merr. & L.M. Perry, commonly known as clove, is an aromatic medicinal plant belonging to the family Myrtaceae. Its dried flower buds are rich in bioactive phytochemicals, including eugenol, eugenyl acetate, β-caryophyllene, flavonoids, tannins, and phenolic acids (Taghipour et al., 2023). Among these constituents, eugenol is regarded as the principal bioactive compound responsible for many of the biological activities of clove (Nisar et al., 2021). Numerous experimental studies have demonstrated that S. aromaticum exhibits potent antioxidant, anti-inflammatory, antimicrobial, anti-apoptotic, and cytoprotective properties. These pharmacological effects have largely been attributed to its capacity to neutralise reactive oxygen species, inhibit lipid peroxidation, preserve membrane integrity, and enhance endogenous antioxidant defence systems. Consequently, S. aromaticum has been investigated as a potential therapeutic agent against oxidative stress-mediated disorders affecting various organs.
Recent studies further support the antioxidant activity of S. aromaticum preparations in both chemical assays and experimental models (Boughroud et al., 2025; Iroha et al., 2026; Ounaceur et al., 2023).
Although previous investigations have reported the antioxidant activities of S. aromaticum in several experimental models, evidence regarding its protective efficacy against oxidative stress induced by the combined exposure to aluminium and benzo[a]pyrene remains limited (Akinwande et al., 2019; Taghipour et al., 2023). Most available studies have focused on single-toxicant exposure, which does not adequately reflect the complex environmental conditions encountered by human populations. Furthermore, limited information exists regarding the ability of S. aromaticum to restore both enzymatic and non-enzymatic antioxidant defence mechanisms following concurrent exposure to these environmentally relevant toxicants. Addressing this knowledge gap is important for advancing the understanding of natural antioxidant interventions against mixed toxicant exposure.
Therefore, the present study investigated the protective effects of Syzygium aromaticum extract on oxidative stress biomarkers in male Wistar rats exposed to aluminium and benzo[a]pyrene, administered individually and in combination. Specifically, the study evaluated alterations in malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and reduced glutathione (GSH) following toxicant exposure and assessed the capacity of S. aromaticum to ameliorate oxidative damage through restoration of endogenous antioxidant defence systems. The findings of this study are expected to provide further insight into the therapeutic potential of S. aromaticum as a natural antioxidant against oxidative stress associated with environmental toxicant exposure.


Materials and Methods
Chemicals and Reagents
Analytical-grade aluminium chloride (AlCl₃) and benzo[a]pyrene (BaP) were used as the experimental toxicants. Ascorbic acid served as the reference antioxidant. All chemicals and reagents used for the biochemical analyses were of analytical grade and procured from certified commercial suppliers. Diagnostic assay reagents used for the estimation of oxidative stress biomarkers were prepared according to the manufacturers' instructions.
Dose Selection
The doses of AlCl₃ (100 mg/kg) and BaP (100 mg/kg) were selected based on previously validated protocols demonstrating reproducible induction of oxidative stress in rat models without excessive acute mortality (Kadhim et al., 2024; Weyand et al., 1995). The S. aromaticum extract doses (1000, 1500, and 2000 mg/kg) were selected based on prior studies demonstrating antioxidant efficacy of clove extract within this range without observed toxicity (Taghipour et al., 2023). The ascorbic acid dose (100 mg/kg) was selected based on a previous study in male Wistar rats in which oral administration at this dose for 28 days produced antioxidant effects against toxicant-induced oxidative stress (Asejeje et al., 2022).
Collection and Authentication of Plant Material
Dried flower buds of Syzygium aromaticum (L.) Merr. & L.M. Perry were obtained from a certified herbal market in Nigeria. Botanical authentication was carried out by a qualified taxonomist in the Department of Plant Science and Biotechnology, University of Port Harcourt (UNIPORT), Nigeria.
Preparation of Syzygium aromaticum Extract
The dried flower buds were thoroughly cleaned, air-dried where necessary, and pulverized into a fine powder using an electric grinder. The powdered material was extracted using distilled water by maceration for 7 days with intermittent agitation. The extract was filtered through Whatman No. 1 filter paper and concentrated under reduced pressure using a rotary evapourator at a controlled temperature. The concentrated extract was further dried to obtain a stable crude extract, which was stored at 4°C until use. Fresh suspensions were prepared daily in distilled water immediately before administration.
Experimental Animals
Fifty-four healthy adult male Wistar rats weighing approximately 160 g were obtained from the Animal House of the University of Port Harcourt (UNIPORT). Animals were housed in clean polypropylene cages under standard laboratory conditions (22 ± 2°C; relative humidity 50–60%; 12-hour light/12-hour dark cycle) with unrestricted access to standard laboratory feed and clean drinking water. The animals were acclimatised for two weeks before the commencement of the experiment.
Experimental Design
Following acclimatisation, the animals were randomly assigned to nine experimental groups (n = 6 per group):
1. Group I (Normal Control): Received distilled water only.
2. Group II (Aluminium): Received aluminium chloride (100 mg/kg body weight).
3. Group III (Benzo[a]pyrene): Received benzo[a]pyrene (100 mg/kg body weight).
4. Group IV (Aluminium + Benzo[a]pyrene): Received aluminium chloride (100 mg/kg) and benzo[a]pyrene (100 mg/kg).
5. Group V (Al + BaP + S. aromaticum 1000 mg/kg): Received aluminium chloride, benzo[a]pyrene, and Syzygium aromaticum extract (1000 mg/kg body weight).
6. Group VI (Al + BaP + S. aromaticum 1500 mg/kg): Received aluminium chloride, benzo[a]pyrene, and Syzygium aromaticum extract (1500 mg/kg body weight).
7. Group VII (Al + BaP + S. aromaticum 2000 mg/kg): Received aluminium chloride, benzo[a]pyrene, and Syzygium aromaticum extract (2000 mg/kg body weight).
8. Group VIII (S. aromaticum only): Received Syzygium aromaticum extract (1000 mg/kg body weight).
9. Group IX (Al + BaP + Ascorbic Acid): Received aluminium chloride, benzo[a]pyrene, and ascorbic acid (100 mg/kg body weight).
All treatments were administered orally once daily for 28 days.
Sample Collection
Twenty-four hours after the final treatment, animals were fasted overnight and anaesthetised by inhalation of diethyl ether inside a certified, functional chemical fume hood to prevent vapour accumulation and protect laboratory personnel. Following anaesthesia, animals were euthanised by cervical dislocation, and blood samples were immediately collected by cardiac puncture into appropriately labelled EDTA and heparinised sample bottles for subsequent haematological and biochemical analyses. Serum was separated by centrifugation at 3000 rpm for 10 minutes. The testes were excised immediately, rinsed in ice-cold normal saline, blotted dry, weighed, and homogenised in phosphate-buffered saline (pH 7.4). The homogenates were centrifuged at 10,000 × g for 15 minutes at 4°C, and the resulting supernatants were collected and stored at −20°C until biochemical analyses.
Determination of Oxidative Stress Biomarkers
Lipid Peroxidation Assay
Lipid peroxidation was evaluated by determining malondialdehyde (MDA) concentration using the thiobarbituric acid reactive substances (TBARS) method (Aguilar Diaz De Leon & Borges, 2020). The assay is based on the reaction between malondialdehyde and thiobarbituric acid under acidic conditions and at an elevated temperature to produce a pink chromogen, the absorbance of which was measured spectrophotometrically at 532 nm. Results were expressed as nmol MDA/mg protein.
Superoxide Dismutase (SOD) Activity
Superoxide dismutase activity was determined using the method based on the enzyme's ability to inhibit the autoxidation of epinephrine under alkaline conditions (Sun et al., 1988). Absorbance changes were monitored spectrophotometrically, and enzyme activity was expressed as units per milligram of protein (U/mg protein).
Catalase (CAT) Activity
Catalase activity was estimated by measuring the rate of decomposition of hydrogen peroxide. The decrease in absorbance resulting from hydrogen peroxide degradation was monitored spectrophotometrically at 240 nm, and enzyme activity was expressed as U/mg protein (Hamza & Hadwan, 2020).
Glutathione Peroxidase (GPx) Activity
Glutathione peroxidase activity was determined by measuring the rate at which reduced glutathione was oxidised in the presence of hydrogen peroxide (Sattar et al., 2024). Enzyme activity was quantified spectrophotometrically according to the standard assay protocol and expressed as U/mg protein.
Reduced Glutathione (GSH)
Reduced glutathione concentration was determined using Ellman's reagent (5,5'-dithiobis-(2-nitrobenzoic acid), DTNB), which reacts with sulfhydryl groups to produce a yellow-coloured chromophore measurable at 412 nm. GSH concentration was expressed as μmol/mg protein (Ellman, 1959).
Protein Estimation
Total protein concentration in tissue homogenates was determined by the Bradford method (Bradford, 1976), using bovine serum albumin as the standard, to allow expression of biomarker values per milligram of protein.
Statistical Analysis
All data were collected and expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using IBM SPSS Statistics (Version 27) and GraphPad Prism (Version 10.4.2). To determine significant differences between group means, a one-way analysis of variance (ANOVA) was conducted. Where significant differences were observed, Tukey’s multiple-comparisons test (Tukey’s HSD) was used as the post hoc test to separate the means. A probability value of less than 0.05 (p < 0.05) was considered statistically significant. The results were presented in graphical form. A single asterisk (*) indicates an adjusted p-value ≤ 0.05; two asterisks (**) indicate p ≤ 0.01; three asterisks (***) indicate p ≤ 0.001; and four asterisks (****) indicate a highly significant difference at p ≤ 0.0001.


RESULTS
Effect on Superoxide Dismutase (SOD)
One-way ANOVA revealed a significant effect of treatment on SOD activity (F(8,45) = 28.48, p < 0.001). Exposure to aluminium alone (27.44 ± 2.49 U/mg protein) and benzo[a]pyrene alone (25.37 ± 3.43 U/mg protein) significantly reduced SOD activity compared with the normal control (66.98 ± 5.35 U/mg protein; p < 0.001 for both). Combined Al+BaP exposure produced the greatest reduction (18.70 ± 4.53 U/mg protein; p < 0.001 vs. control). Treatment with S. aromaticum extract at 1000, 1500, and 2000 mg/kg significantly restored SOD activity (79.19 ± 5.67, 68.92 ± 3.00, and 74.12 ± 2.87 U/mg protein, respectively; all p < 0.001 vs. Al+BaP group), with no significant difference from the normal control group at any dose (p > 0.05). SAE alone (75.24 ± 5.03) and the ascorbic acid-treated group (59.92 ± 6.55) also did not differ significantly from control.



Figure 1: Effect of Extract on Superoxide Dismutase Level. 
Data are presented as Mean ± SEM (n=6). “a” indicates significant difference (p < 0.05) compared to Normal Control (Group 1). “b” indicates significant difference (p < 0.05) compared to Negative Control (Group 4). A single asterisk (*) indicates an adjusted p-value ≤ 0.05; two asterisks (**) indicate p ≤ 0.01; three asterisks (***) indicate p ≤ 0.001; and four asterisks (****) indicate a highly significant difference at p ≤ 0.0001.


Effect on MDA
MDA levels differed significantly across groups (F(8,45) = 17.65, p < 0.001). Aluminium (12.80 ± 1.21 nmol/mg protein), BaP (12.04 ± 0.99 nmol/mg protein), and combined Al+BaP exposure (13.71 ± 1.81 nmol/mg protein) all produced significant elevations in MDA relative to control (3.28 ± 0.27 nmol/mg protein; p < 0.001 for all). Treatment with S. aromaticum extract at all three doses significantly reduced MDA relative to the Al+BaP group (p < 0.001), restoring levels that were not significantly different from control (1000 mg/kg: 3.97 ± 0.65; 1500 mg/kg: 5.65 ± 0.72; 2000 mg/kg: 5.60 ± 0.62 nmol/mg protein; all p > 0.05 vs. control).



Figure 2: Effect of Syzygium aromaticum Extract on MDA level. 
Data are presented as Mean ± SEM (n=6). “a” indicates significant difference (p < 0.05) compared to Normal Control (Group 1). “b” indicates significant difference (p < 0.05) compared to Negative Control (Group 4). A single asterisk (*) indicates an adjusted p-value ≤ 0.05; two asterisks (**) indicate p ≤ 0.01; three asterisks (***) indicate p ≤ 0.001; and four asterisks (****) indicate a highly significant difference at p ≤ 0.0001.


Effect on Catalase
A significant overall effect of treatment on catalase activity was observed (F(8,45) = 14.74, p < 0.001), driven primarily by differences among the S. aromaticum-treated groups rather than by toxicant-induced reductions relative to control. Although catalase activity was numerically lower following aluminium (18.55 ± 2.49 U/mg protein), BaP (24.92 ± 2.10 U/mg protein), and combined exposure (18.76 ± 1.67 U/mg protein) compared with control (43.74 ± 2.17 U/mg protein), these reductions did not reach statistical significance in post hoc comparisons (p = 0.050, 0.292, and 0.054, respectively). Treatment with S. aromaticum significantly increased catalase activity relative to the toxicant-exposed groups (p < 0.001-0.012), with the 1500 mg/kg group (70.81 ± 8.17 U/mg protein) showing activity significantly above control (p = 0.027).



Figure 3: Effect of Syzygium aromaticum Extract on Catalase level. 
Data are presented as Mean ± SEM (n=6). “a” indicates significant difference (p < 0.05) compared to Normal Control (Group 1). “b” indicates significant difference (p < 0.05) compared to Negative Control (Group 4). “c” indicates significant difference (p<0.05) compared to the Standard Drug (Group 9). A single asterisk (*) indicates an adjusted p-value ≤ 0.05; two asterisks (**) indicate p ≤ 0.01; three asterisks (***) indicate p ≤ 0.001; and four asterisks (****) indicate a highly significant difference at p ≤ 0.0001.


Effect on GPX
GPx activity differed significantly across groups (F(8,45) = 17.30, p < 0.001). BaP exposure produced the most pronounced reduction (28.67 ± 3.56 U/mg protein vs. 127.00 ± 7.21 in control; p < 0.001), followed by combined Al+BaP exposure (55.25 ± 5.80; p = 0.002) and aluminium alone (61.17 ± 3.49; p = 0.005); notably, the reduction in the combined Al+BaP group was less severe than in the BaP-only group. Treatment with S. aromaticum restored GPx activity to levels not significantly different from control at 1500 mg/kg (133.50 ± 4.83), 2000 mg/kg (127.67 ± 15.13), and in the SAE-alone (125.00 ± 13.72) and ascorbic acid (123.33 ± 13.88) groups (all p = 1.000). The 1000 mg/kg dose (178.33 ± 20.86) showed a non-significant trend towards exceeding control levels (p = 0.062).


Figure 4: Effect of Syzygium aromaticum Extract on GPX level. 
Data are presented as Mean ± SEM (n=6). “a” indicates significant difference (p < 0.05) compared to Normal Control (Group 1). “b” indicates significant difference (p < 0.05) compared to Negative Control (Group 4). “c” indicates significant difference (p < 0.05) compared to the Standard Drug (Group 9). A single asterisk (*) indicates an adjusted p-value ≤ 0.05; two asterisks (**) indicate p ≤ 0.01; three asterisks (***) indicate p ≤ 0.001; and four asterisks (****) indicate a highly significant difference at p ≤ 0.0001.


Effect on GSH
GSH concentration differed significantly across groups (F(8,45) = 15.96, p < 0.001). Aluminium (111.00 ± 9.80 μg/mg protein), BaP (132.50 ± 15.44), and combined Al+BaP exposure (70.00 ± 7.53, the greatest depletion) all significantly reduced GSH relative to control (267.83 ± 7.18; p < 0.001 for all). Treatment with S. aromaticum significantly improved GSH relative to the Al+BaP group at all doses (p < 0.001-0.007), with the 1500 mg/kg group showing the greatest recovery (197.83 ± 11.78). However, unlike SOD and MDA, GSH levels in all treatment groups, including the ascorbic acid standard (142.50 ± 18.51), remained significantly below control (p < 0.001-0.024), indicating only partial restoration of glutathione stores.



Figure 5: Effect of Extract on GSH level. Data are presented as Mean ± SEM (n=6). “a” indicates significant difference (p < 0.05) compared to Normal Control (Group 1). “b” indicates significant difference (p < 0.05) compared to Negative Control (Group 4). A single asterisk (*) indicates an adjusted p-value ≤ 0.05; two asterisks (**) indicate p ≤ 0.01; three asterisks (***) indicate p ≤ 0.001; and four asterisks (****) indicate a highly significant difference at p ≤ 0.0001.


DISCUSSION
The present study investigated the protective effects of Syzygium aromaticum extract against oxidative stress induced by aluminium and benzo[a]pyrene exposure in male Wistar rats. The findings demonstrated that individual exposure to either toxicant significantly disrupted the antioxidant defence system, and combined exposure generally produced the most pronounced oxidative imbalance, evidenced by elevated malondialdehyde (MDA) levels and concomitant reductions in superoxide dismutase (SOD), glutathione peroxidase (GPx), and reduced glutathione (GSH). Catalase (CAT) activity showed a similar downward trend following toxicant exposure, although this did not reach statistical significance. Notably, GPx reduction was less severe in the combined Al+BaP group than following BaP exposure alone, indicating that the interaction between these toxicants was not uniformly additive across all biomarkers assessed. Administration of S. aromaticum extract attenuated these alterations across all tested doses, indicating a substantial antioxidant and cytoprotective effect.
Lipid peroxidation is one of the earliest biochemical consequences of excessive reactive oxygen species (ROS) generation (Dahiru et al., 2022; Mannucci et al., 2022). In the present study, exposure to aluminium and benzo[a]pyrene significantly increased MDA concentrations, indicating enhanced oxidative degradation of membrane lipids. Malondialdehyde is a widely recognised biomarker of oxidative stress because it reflects the extent of free radical-mediated peroxidation of polyunsaturated fatty acids within cellular membranes. Elevated MDA levels suggest severe disruption of membrane integrity, increased cellular permeability, and impairment of normal cellular functions. The more pronounced increase observed following combined exposure indicates that aluminium and benzo[a]pyrene may exert additive effects through convergent oxidative pathways (Zeng et al., 2022). Aluminium has been shown to promote ROS generation through interference with mitochondrial electron transport and disruption of intracellular iron homeostasis, whereas benzo[a]pyrene undergoes cytochrome P450-mediated bioactivation to reactive metabolites capable of generating free radicals and initiating lipid peroxidation (Jorge et al., 2021; Traini et al., 2023). The interaction of these mechanisms likely accounts for the greater oxidative injury observed in animals exposed to both toxicants simultaneously. 
The significant reduction in superoxide dismutase activity observed following toxicant exposure further confirms impairment of endogenous antioxidant defence mechanisms. Superoxide dismutase constitutes the first enzymatic line of defence against oxidative stress by catalysing the conversion of superoxide anions into hydrogen peroxide (Yu & Xiao, 2021). Reduced SOD activity therefore permits the accumulation of superoxide radicals, thereby amplifying oxidative damage and promoting secondary free radical reactions. Similar reductions in SOD activity have been reported in experimental models of aluminium and polycyclic aromatic hydrocarbon toxicity, where excessive ROS generation overwhelms endogenous antioxidant capacity (Olanrewaju et al., 2021; Zeng et al., 2022). Restoration of SOD activity following treatment with S. aromaticum indicates preservation of antioxidant enzyme function and enhanced scavenging of superoxide radicals, thereby limiting oxidative injury.
Catalase activity showed a numerical, though not statistically significant, reduction in toxicant-treated animals. Catalase plays an essential role in cellular antioxidant defence by rapidly converting hydrogen peroxide into water and molecular oxygen, thereby preventing the formation of highly reactive hydroxyl radicals through Fenton-type reactions (Yu & Xiao, 2021). Although the reductions observed in this study following aluminium, BaP, and combined exposure did not reach statistical significance, the consistent downward trend is in line with the pattern observed for the other antioxidant biomarkers. Administration of S. aromaticum significantly increased catalase activity relative to the toxicant-exposed groups, with the 1500 mg/kg dose producing activity significantly above the normal control, suggesting a potentially stimulatory effect on catalase at this dose. This finding is broadly consistent with previous reports demonstrating the ability of clove-derived phytochemicals to enhance endogenous antioxidant enzyme activities under conditions of oxidative stress (Akinwande et al., 2019; Taghipour et al., 2023).
Glutathione peroxidase and reduced glutathione constitute another critical component of intracellular antioxidant defence. Glutathione peroxidase utilises reduced glutathione as a cofactor to detoxify hydrogen peroxide and lipid hydroperoxides, thereby protecting cellular membranes from oxidative injury (Mannucci et al., 2022). In the present study, significant reductions in GPx activity and GSH concentration following aluminium and benzo[a]pyrene exposure indicate depletion of intracellular antioxidant reserves as a consequence of sustained oxidative stress. Depletion of GSH compromises cellular redox homeostasis, enhances susceptibility to oxidative injury, and promotes mitochondrial dysfunction and apoptosis (Yu & Xiao, 2021). The ability of S. aromaticum extract to restore both GPx activity and GSH concentration suggests improved maintenance of intracellular redox balance and enhanced capacity to neutralise reactive oxygen species generated during toxicant exposure.
The antioxidant effects observed in the present study are likely attributable to the diverse phytochemical constituents of S. aromaticum, particularly eugenol, which has been extensively reported as one of the most potent naturally occurring phenolic antioxidants (Nisar et al., 2021). Eugenol possesses a phenolic hydroxyl group capable of donating hydrogen atoms to neutralise free radicals, thereby terminating lipid peroxidation chain reactions. In addition to direct free radical scavenging, eugenol and other phenolic constituents of clove have been reported to enhance endogenous antioxidant enzyme activities, preserve glutathione homeostasis, inhibit inflammatory mediators, stabilise biological membranes, and reduce mitochondrial oxidative damage (Taghipour et al., 2023). Other bioactive compounds identified in S. aromaticum, including flavonoids, tannins, and β-caryophyllene, may also contribute synergistically to the observed antioxidant effects through complementary mechanisms involving radical scavenging, metal ion chelation, and modulation of oxidative stress signalling pathways (Taghipour et al., 2023). It should be noted that the S. aromaticum extract used in this study was not independently subjected to chemical characterisation (either GC-MS or HPLC analysis); therefore, the attribution of the observed antioxidant effects to eugenol and other specific phytochemicals is based on the established phytochemical profile of S. aromaticum reported in the literature (Taghipour et al., 2023) rather than direct chemical confirmation in the present extract batch.
Administration of S. aromaticum extract produced a marked improvement in antioxidant biomarkers across all three tested doses (1000, 1500, and 2000 mg/kg), rather than a strictly monotonic dose-dependent pattern. For SOD and MDA, the 1000 mg/kg dose produced effects comparable to, or exceeding, those of the higher doses, while the 1500 mg/kg dose produced the greatest recovery in GSH. This suggests that the protective effect of S. aromaticum plateaus within the dose range tested, rather than increasing progressively with dose. Notably, across all biomarkers, the extract-treated groups produced antioxidant effects statistically comparable to those observed with ascorbic acid, a well-established antioxidant reference compound. This finding indicates that S. aromaticum possesses considerable antioxidant efficacy, even at the lowest dose tested, and may represent a promising natural alternative for mitigating oxidative stress associated with environmental toxicant exposure.
The present findings are consistent with previous reports demonstrating that natural antioxidant-rich plant extracts protect against chemically induced oxidative injury through enhancement of endogenous antioxidant defences and suppression of lipid peroxidation (Akinwande et al., 2019; Falade et al., 2022). However, unlike many earlier investigations that evaluated single-toxicant exposure, the present study employed a combined aluminium and benzo[a]pyrene exposure model that more closely reflects real-life environmental conditions (Mitra et al., 2022; Zeng et al., 2022). This experimental design strengthens the translational relevance of the findings and provides additional evidence supporting the therapeutic potential of S. aromaticum under complex environmental exposure scenarios.
Limitation
Although the present study demonstrates significant antioxidant effects of S. aromaticum, certain limitations should be acknowledged. The study primarily evaluated biochemical indices of oxidative stress without investigating molecular pathways regulating antioxidant responses, such as nuclear factor erythroid 2-related factor 2 (Nrf2), heme oxygenase-1 (HO-1), nuclear factor-kappa B (NF-κB), or apoptotic signalling proteins (Yu & Xiao, 2021). Furthermore, characterisation of individual phytochemicals responsible for the observed biological effects was beyond the scope of this investigation. Future studies incorporating molecular analyses, gene and protein expression profiling, molecular dynamics simulations, and pharmacokinetic evaluation would provide a more comprehensive understanding of the mechanisms through which S. aromaticum confers protection against mixed environmental toxicant exposure.


CONCLUSION
The findings of the present study demonstrate that exposure to aluminium and benzo[a]pyrene, both individually and in combination, induces oxidative stress by disrupting the endogenous antioxidant defence system and promoting lipid peroxidation. The observed elevation in malondialdehyde levels, together with the depletion of superoxide dismutase, glutathione peroxidase, and reduced glutathione, confirms that oxidative stress is a major mechanism underlying the toxicity of these environmental contaminants; catalase showed a similar, though not statistically significant, downward trend. For most biomarkers assessed, combined exposure produced more severe oxidative damage than exposure to either toxicant alone, suggesting a predominantly additive interaction between aluminium and benzo[a]pyrene, although this pattern was not observed for glutathione peroxidase, where BaP alone produced the greatest reduction.
Administration of Syzygium aromaticum extract effectively ameliorated these alterations across all tested doses by suppressing lipid peroxidation and restoring both enzymatic and non-enzymatic antioxidant defences, although the magnitude of protection did not increase in strict proportion to dose across all biomarkers. The improvement in oxidative stress biomarkers demonstrates the ability of S. aromaticum to preserve cellular redox homeostasis and protect biological tissues against free radical-mediated injury. These protective effects are presumed, based on the established literature, to be attributable in part to eugenol and other phenolic constituents of the extract, which possess potent free radical scavenging and antioxidant properties, although the extract used in this study was not independently chemically characterised.
Overall, the present study provides experimental evidence supporting the antioxidant potential of Syzygium aromaticum as a natural therapeutic agent against oxidative damage induced by mixed environmental toxicants. Given the increasing human exposure to multiple environmental pollutants, the use of antioxidant-rich medicinal plants such as S. aromaticum may represent a promising complementary strategy for reducing oxidative injury and its associated pathological consequences. Future studies should focus on elucidating the molecular mechanisms underlying these protective effects through gene and protein expression analyses, advanced computational modelling, and well-designed clinical investigations to facilitate the translation of these findings into preventive and therapeutic applications.
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