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Antimutagenic Potential of Green Synthesized Silver Nanoparticles from Martynia annua Fruit Extract Against DMBA-Induced Mutagenicity in Swiss Albino Mice

Abstract
Aim: The present study was designed to evaluate the antimutagenic potential of green synthesized silver nanoparticles derived from Martynia annua fruit extract (MAF-AgNPs) against DMBA-induced mutagenicity in Swiss albino mice using chromosomal aberration and micronucleus assays.
Study Design: Experimental in-vivo animal study involving DMBA-induced mutagenicity and cytogenetic evaluation of the protective effect of MAF-AgNPs. 
Place and Duration of Study: Department of Zoology, University of Rajasthan, Jaipur, India.
Methodology: Male Swiss albino mice were randomly divided into five groups (n = 6 animals per group): normal control, carcinogen control, pre-treatment, post-treatment and throughout-treatment groups. MAF-AgNPs were administered orally by gavage at a dose of 50 mg/kg body weight/day. Mutagenicity was induced using 7,12-dimethylbenz[a]anthracene (DMBA) followed by croton oil promotion. Cytogenetic damage was evaluated by chromosomal aberration analysis and micronucleus assay in bone marrow cells. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test with the carcinogen control group (Group B) and results were expressed as mean ± SD.
Results: DMBA exposure significantly increased chromosomal aberrations from 4.50 ± 0.55% in the normal group to 33.00 ± 3.80% in the carcinogen control group (DMBA alone). Treatment with MAF-AgNPs significantly reduced aberrant cells to 11.33 ± 2.87% (pre-treatment), 14.83 ± 2.85% (post-treatment) and 9.00 ± 2.00% (throughout-treatment). Similarly, micronucleus frequency increased from 1.80 ± 0.45% to 3.50 ± 0.58% following DMBA exposure but decreased to 1.00 ± 0.71%, 1.67 ± 0.58% and 0.75 ± 0.50% in the respective treatment groups. The maximum protective effect was observed in the throughout-treatment group.
Conclusion: The findings indicate that MAF-AgNPs exhibit significant antimutagenic activity against DMBA-induced genetic damage, particularly when administered prior to and during exposure. However, as the study was conducted at a single dose level without mechanistic evaluation, further investigations involving dose-response analysis and molecular studies are required to confirm their chemoprotective potential.
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1. Introduction:
Cancer represents a major global public health challenge and remains one of the leading causes of morbidity and mortality worldwide (World Health Organization, 2024). A significant proportion of cancer initiation is associated with genomic instability resulting from DNA damage induced by environmental and chemical carcinogens (El Ghissassi et al., 2009). Among chemical carcinogens, polycyclic aromatic hydrocarbons are well known for their ability to induce mutagenic and clastogenic effects through metabolic activation and DNA adduct formation (Phillips, 1983). One such compound 7,12-dimethylbenz[a]anthracene (DMBA) is extensively used in experimental models to study chemically induced mutagenic stress due to its strong DNA-damaging potential (Klaunig et al., 2011). The metabolic activation of DMBA generates reactive intermediates that trigger oxidative stress, lipid peroxidation and chromosomal damage leading to mutagenic alterations in dividing cells (Valko et al., 2007). These early genetic lesions are considered critical initiating events in chemical-induced carcinogenic processes (Slaga et al., 1982). Chemoprevention has emerged as an effective strategy to mitigate chemically induced genetic damage through the use of natural or synthetic agents (Sporn, 1976). In this context, plant-derived bioactive compounds have gained attention due to their antioxidant and antimutagenic properties coupled with relatively low toxicity (Surh, 2003). Phytochemicals exert protective effects primarily by scavenging reactive oxygen species and stabilizing cellular redox homeostasis thereby preventing DNA damage (Johnson, 2007). Several dietary and medicinal plants including Curcuma longa (Thresiamma et al., 1998), Camellia sinensis (Kuroda & Hara, 1999), Azadirachta indica (Awasthy, 2001), Panax ginseng (Panwar et al., 2005), Acacia nilotica (Meena et al., 2006), Mentha piperita (Samarth et al., 2006), Ocimum sanctum (Siddique et al., 2007), Chlorophytum borivilianum (Kumar et al., 2010) and Calligonum polygonoides (Meghwal et al., 2024) have been reported to modulate mutagen-induced chromosomal alterations and micronucleus formation. Notably, Calligonum polygonoides stem extract has demonstrated significant chemopreventive efficacy against DMBA-induced carcinogenesis by reducing oxidative stress and restoring antioxidant defence systems (Meghwal et al., 2025). Among such plants Martynia annua L. commonly known as Devil’s claw, Tiger’s claw, Baghnakh or Bichua belonging to the family Pedaliaceae is a medicinal plant traditionally used in Indian folk medicine for the treatment of inflammatory and skin-related disorders (Sharma et al., 2024). Phytochemical investigations have revealed the presence of phenolics, flavonoids, tannins and alkaloids in M. annua which are known for their antioxidant potential (Gupta & Deogadde, 2018). Experimental studies have reported significant antioxidant and pharmacological properties of M. annua suggesting its potential role in protecting against oxidative stress-mediated damage (Katare & Tyagi, 2020). Sharma et al. (2025a) reported that hydroalcoholic leaf extracts of M. annua are rich in phytochemicals including alkaloids, flavonoids, phenols, tannins, saponins, quinones and exhibit moderate but significant antioxidant activity. Fruits of M. annua are reported to possess higher phytochemical constituents including phenolics, flavonoids and other bioactive metabolites compared to roots and leaves (Arshad et al., 2017). Recent studies also demonstrated that fruit extracts exhibit significantly higher antioxidant potential than flower and leaf extracts indicating a greater richness of secondary metabolites in fruits (Sharma et al., 2025b). However, the direct bioavailability of phytochemicals is often limited which can be improved through nanoparticle-based delivery systems.
Recent advances in nanotechnology have provided innovative approaches to enhance the biological efficacy of natural products. Among various metallic nanoparticles such as silver, gold, copper, zinc etc. silver nanoparticles (AgNPs) have attracted considerable interest due to their antioxidant and cytoprotective properties (Gurunathan et al., 2015). Green synthesis of AgNPs using plant extracts offers an eco-friendly and biocompatible alternative to conventional chemical methods wherein plant phytochemicals act as both reducing and stabilizing agents (Iravani, 2011). Such phytochemical capped nanoparticles have been reported to exhibit enhanced biological activity with reduced toxicity (Ahmed et al., 2016). Emerging evidence suggests that silver nanoparticles can modulate oxidative stress pathways and attenuate chemically induced DNA damage, thereby highlighting their potential role as Genoprotective agents (Takáč et al., 2023). In addition, green synthesized AgNPs derived from plant extracts such as Caesalpinia pulcherrima (Moteriya & Chanda, 2017), Allium cepa (Heikal et al., 2020), Moringa oleifera (Alkan et al., 2022) and Vicia faba (Al-Saleh et al., 2025) have demonstrated significant antioxidant, antimutagenic and cytoprotective activities. Supporting this biosynthesized silver nanoparticles using M. annua leaf extract have also shown notable antibacterial and anticancer potential indicating their broad biological applicability (Abbigeri et al., 2024). Given the central role of oxidative stress and chromosomal damage in DMBA-induced mutagenicity agents capable of suppressing these effects may contribute to the preservation of genomic integrity (Henkler et al., 2010). Recent evidence further supports the multifunctional role of green-synthesized nanoparticles as silver and zinc oxide nanoparticles have been shown to exhibit significant antifungal, DNA protective, DNA cleavage and cytotoxic activities highlighting their potential in modulating genomic stability and cellular responses (Singh et al., 2026). In addition, silver nanoparticles have demonstrated protective effects against chemically induced genotoxicity in in-vivo micronucleus assays and in cultured human lymphocytes indicating their ability to mitigate cytogenetic damage and preserve genomic integrity (Castañeda-Yslas et al., 2024; Jauregui Romo et al., 2025). Our recent work on M. annua fruit-derived silver nanoparticles demonstrated successful green synthesis of stable phytochemical-capped MAF-AgNPs with confirmed nanoscale characteristics and significant in-vitro antioxidant and antibacterial activity suggesting their possible utility in protection against mutagenic stress (Jeengar et al., 2026).Therefore, the present study was designed to evaluate the antimutagenic potential of MAF-AgNPs against DMBA-induced mutagenic effects in Swiss albino mice with special emphasis on chromosomal aberrations and micronucleus formation.

2. Materials and Methods:
2.1 Chemicals:
All chemicals used in the present study were of analytical grade and were procured from HiMedia Laboratories (India) and Merck (India). The tumour initiator 7,12-dimethylbenz(a)anthracene (DMBA), colchicine and the tumour promoter croton oil were purchased from Sigma Chemical Company, USA.

2.2 Experimental animals and ethical approval:
All experimental procedures were carried out after obtaining prior approval from the Institutional Animal Ethics Committee (IAEC), Department of Zoology, University of Rajasthan, Jaipur (Protocol approval no. UDZ/IAE/2023-I/21 dated 11 August 2023) and were conducted in strict accordance with the guidelines of the Committee for Control and Supervision of Experiments on Animals (CCSEA), Department of Animal Husbandry and Dairying, Ministry of Fisheries, Animal Husbandry and Dairying, Government of India, India. Male Swiss albino mice (7–8 weeks old; body weight 24 ± 2 g) were procured from the Lala Lajpat Rai University of Veterinary and Animal Sciences (LUVAS), Hisar, Haryana, India. The animals were housed in polypropylene cages under standard laboratory conditions with a controlled photoperiod (14 h light: 10 h dark) and ambient temperature (25 ± 2 °C) in the departmental animal house. Mice were provided with a standard laboratory diet (Ashirwad Industries, Chandigarh, India) and drinking water ad libitum. Prior to the initiation of experiments all animals were allowed to acclimatize for seven days and were regularly monitored for general health and signs of illness. Only healthy and properly acclimatized animals were included in the study.

2.3 Plant Material collection:
Fresh fruits of M. annua L. were collected from in and around Jaipur city, Rajasthan, India, during the rainy season and authenticated by Herbarium, Department of Botany, University of Rajasthan, Jaipur, India (RUBL No. 211763). The collected fruits were washed thoroughly with running tap water followed by distilled water to remove adhering debris and contaminants. The fruits were shade dried at room temperature and then finely powdered using a mechanical grinder. The powdered material was stored in airtight containers until further use.

2.4 Green Synthesis of Silver Nanoparticles:
Silver nanoparticles (AgNPs) were synthesized using M. annua fruit extract (MAF) as a biological reducing and stabilizing agent. The plant extract was prepared by Soxhlet extraction using a methanol: water solvent system (3:1, v/v) at 40–45°C for 72 h following the CG-04 protocol (WHO, 1983). The extract was then concentrated by evaporating the solvent under reduced pressure, dried, and stored in an airtight container at room temperature for further use. For the synthesis of nanoparticles 0.1 mL of MAF extract solution (1.0 mg/mL) was added to 10.0 mL of 1.0 mM silver nitrate (AgNO₃) solution under continuous magnetic stirring at 50°C and 500 rpm for 3 h. The reaction mixture was maintained under dark conditions to prevent photo-reduction of silver ions. The formation of MAF-AgNPs was indicated by a visible colour change of the reaction mixture. Upon completion of the reaction the mixture was concentrated using a rotary evaporator under reduced pressure to remove excess solvent. The concentrated suspension was then centrifuged at 6000 rpm for 15 min to obtain the nanoparticle pellet. The pellet was washed repeatedly with ethanol to remove unreacted silver ions and residual phytochemicals. These purified nanoparticles were dried in a hot air oven at 30–35°C until a constant weight was obtained. The dried MAF-AgNPs were collected and stored under sterile conditions for further characterization and biological evaluation (Jeengar et al., 2026).

2.5 Induction of DMBA-Mediated Mutagenicity:
Mutagenic stress was induced using a well-established DMBA exposure protocol commonly employed for evaluating mutagenic and clastogenic effects in-vivo. Prior to chemical exposure the dorsal interscapular region of the mice was shaved to facilitate uniform topical application. The mutagenic agent 7,12-dimethylbenz(a)anthracene (DMBA) was dissolved in analytical grade acetone to obtain a concentration of 2.0 mg/mL and 50 µL of this solution was applied topically to the shaved dorsal surface of each mouse to initiate DNA damage. Two weeks following DMBA application repeated topical exposure to croton oil (1.0% v/v in acetone; 100 µL) was carried out three times per week for 14 weeks to sustain chemical-induced oxidative and mutagenic stress. This exposure regimen is known to enhance DMBA-mediated chromosomal damage without being used as a primary endpoint for tumour burden in the present study. Throughout the experimental period animals were regularly monitored for general health status, behavioural changes and signs of toxicity. 

2.6 Antimutagenic study:
The antimutagenic potential of MAF-AgNPs were evaluated using a DMBA-induced mutagenicity in male Swiss albino mice. Animals were randomly allocated into five experimental groups with six animals (n=6) in each group and were treated as described below (Fig. 1). MAF-AgNPs were administered orally by gavage in distilled deionized water (DDW) at an optimized dose of 50 mg/kg body weight per day. The selected dose (50 mg/kg body weight) was determined based on preliminary dose optimization studies in which multiple doses (25, 50, 75 and 100 mg/kg) were evaluated. The dose of 50 mg/kg was chosen as it produced no observable signs of toxicity, morbidity or mortality while demonstrating hepatic oxidative stress markers including lipid peroxidation (LPO) and reduced glutathione (GSH) levels.
Group A (Normal): Animals received distilled deionized water only and were not exposed to either the carcinogen or MAF-AgNPs.
Group B (Carcinogen Control): Animals were treated with DMBA and subsequently exposed to croton oil to sustain DMBA-mediated mutagenic damage and no MAF-AgNPs treatment was administered.
Group C (Pre-treatment Group): Animals were administered MAF-AgNPs orally at a dose of 50 mg/kg body weight daily for 14 consecutive days prior to DMBA application, followed by DMBA initiation and croton oil promotion identical to the carcinogen control group.
Group D (Post-treatment Group): Animals were first subjected to DMBA initiation and croton oil promotion in the same manner as the carcinogen control group. MAF-AgNPs was administered orally at 50 mg/kg body weight daily starting from the next day following DMBA application and continued for 16 weeks until the termination of the experiment.
Group E (Throughout-treatment Group): Animals received MAF-AgNPs orally at a dose of 50 mg/kg body weight daily starting 14 days prior to DMBA application and continuing throughout the experimental period until termination (18 weeks). DMBA and croton oil treatments were performed in the same manner as in the carcinogen control group.
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Fig. 1: Graphical representation of experimental groups for the study of anti-mutagenic potential of MAF-AgNPs in Swiss albino mice. Created with https://BioRender.com

Throughout the experimental period all animals were observed daily for health status, signs of morbidity or mortality, behavioural abnormalities and gross morphological changes. Particular attention was paid to the appearance of skin papillomas or tumours on the dorsal surface. At the end of the experimental period animals were humanely sacrificed in accordance with CCSEA guidelines and tissues were collected for the assessment of antimutagenic potential including chromosomal aberrations and micronucleus induction.

2.7 Chromosomal Aberration Analysis:
Chromosomal aberration analysis was performed to evaluate the mutagenic effect of DMBA and the antimutagenic potential of MAF-AgNPs in bone marrow cells. At the end of the experimental period Swiss albino mice were administered colchicine (4 mg/kg body weight, intraperitoneally) approximately 2 h before sacrifice to arrest dividing cells at metaphase. Bone marrow cells were then collected aseptically from the femurs and processed according to a modified method of Preston et al. (1987). The harvested bone marrow was flushed into 0.56% potassium chloride (KCl) hypotonic solution and incubated at 37°C for 20 min to allow proper swelling of the cells followed by centrifugation at 1000 rpm for 10 min. The resulting pellet was repeatedly fixed in freshly prepared Carnoy’s fixative (methanol: acetic acid, 3:1) to obtain adequate chromosome spreading.
The fixed cell suspension was dropped onto clean, grease-free slides and air-dried. The slides were stained with 5% Giemsa for 15 min rinsed with distilled water cleared in xylene and mounted with DPX. Chromosomal aberrations were examined under a light microscope at 1000× magnification using an oil immersion objective. For each animal 100 well-spread metaphase plates (bone marrow metaphase cells) per mouse were scored for structural and numerical chromosomal aberrations including aberrant cells, chromosome breaks, chromatid breaks and other abnormalities. All observations were performed in a blinded manner to minimize observer bias. 

2.7.1. Percentage of Aberrant Cells
The percentage of aberrant cells represents the proportion of metaphase cells exhibiting one or more chromosomal abnormalities and were calculated using the formula:
Percentage of aberrant cells (%) = (Number of aberrant metaphase cells / Total number of metaphase cells scored) × 100

2.7.2. Chromosome Breaks
Chromosome breaks involve complete breaks affecting both chromatids at the same location and were calculated using the formula:
Percentage of chromosome breaks (%) = (Number of chromosome breaks / Total number of metaphase cells scored) × 100

2.7.3. Chromatid Breaks
Chromatid breaks are single-strand discontinuities occurring in one chromatid of a chromosome and were calculated using the formula:
Percentage of chromatid breaks (%) = (Number of chromatid breaks / Total number of metaphase cells scored) × 100

2.8 Micronucleus Induction Analysis:
Micronucleus (MN) induction analysis was performed as a widely accepted in-vivo method for evaluating mutagenicity and chromosomal damage particularly clastogenic and aneugenic effects. Micronuclei are small extranuclear bodies formed as a result of chromosome breakage or chromosome mis-segregation during cell division and serve as reliable indicators of mutagenic events (Kasamoto et al., 2013). In the present study, the in-vivo micronucleus assay in Swiss albino mice was used to assess chromosomal damage in bone marrow erythrocytes. Animals were euthanized 24 h after colchicine treatment and bone marrow was extracted from the femur using fetal bovine serum (FBS). Bone marrow smears were prepared on clean glass slides, air-dried and fixed in methanol. Micronuclei were visualized by Giemsa staining and examined under a light microscope at 1000× magnification. The frequency of micronucleated cells was determined according to established scoring criteria to assess mutagenic damage (Kasamoto et al., 2013). A total of 100 bone marrow polychromatic erythrocytes (PCEs) per mouse were examined and the frequency of micronucleated cells were recorded according to standard scoring criteria. The percentage of micronuclei frequency was calculated using the following formula:
Micronucleus frequency (%) = (Number of micronucleated polychromatic erythrocytes (MN-PCEs) / Total number of polychromatic erythrocytes (PCEs) scored) × 100

3. Results:
3.1 Chromosomal Aberration Analysis:
The effect of MAF-AgNPs on DMBA-induced chromosomal aberrations in bone marrow cells of Swiss albino mice (Table 1, Fig. 2, 3 &4). The normal group showed a baseline chromosomal damage with 4.50 ± 0.55% aberrant cells, 0.84 ± 0.41% chromosome breaks and 1.50 ± 0.84% chromatid breaks. The carcinogen control (DMBA alone) showed showed a significantly elevated chromosomal damage with 33.00 ± 3.80% aberrant cells, 6.17 ± 1.17% chromosome breaks and 12.50 ± 2.59% chromatid breaks. Administration of MAF-AgNPs reduced DMBA-induced chromosomal damage in all treatment groups. In the pre-treatment group the percentage of aberrant cells decreased to 11.33 ± 2.87% while chromosome breaks and chromatid breaks were reduced to 1.17 ± 0.41% and 3.17 ± 0.75%, respectively. In the post-treatment group, the percentage aberrant cells were 14.83 ± 2.85% with 1.50 ± 0.55% chromosome breaks and 6.00 ± 0.89% chromatid breaks. The throughout-treatment group showed the greatest protective effect with 9.00 ± 2.0% aberrant cells 1.00 ± 0.63% chromosome breaks and 3.17 ± 0.75% chromatid breaks. Overall, MAF-AgNPs showed a clear protective effect against DMBA-induced chromosomal damage, and the maximum protection was observed in the throughout-treatment group. 
Table 1: Effect of MAF-AgNPs on DMBA-induced chromosomal aberrations in bone marrow cells of Swiss albino mice. values are expressed as mean ± SD (n = 6).
	Treatment Groups
	Total No. of Metaphase Plate Analysed Per Mouse
	% Aberrant cells
	% Chromosome Breaks
	% Chromatid Breaks

	Group A Normal
	100
	4.50 ± 0.55
	0.84 ± 0.41
	1.50 ± 0.84

	Group B Carcinogen control
	100
	33.00 ± 3.80
	6.17 ± 1.17
	12.50 ± 2.59

	Group C Pre treatment
	100
	11.33 ± 2.87
	1.17 ± 0.41
	3.17 ± 0.75

	Group D Post treatment
	100
	14.83 ± 2.85
	1.50 ± 0.55
	6.00 ± 0.89

	Group E Throughout treatment
	100
	9.00 ± 2.0
	1.00 ± 0.63
	3.17 ± 0.75



 
Fig. 2: Effect of MAF-AgNPs on DMBA-induced chromosomal aberrations showing aberrant cells in bone marrow cells of Swiss albino mice. Values are expressed as mean ± SD (n =6). Statistical significance was determined using one-way ANOVA followed by Dunnett’s post hoc test with the carcinogen control group (Group B): *a=p<0.001, *b=p<0.01, *c=p<0.05, NS=p>0.05. 

Fig. 3: Effect of MAF-AgNPs on DMBA-induced Chromosomal Aberrations, showing chromosome breaks and chromatid breaks in bone marrow cells of Swiss albino mice. Values are expressed as mean ± SD (n =6). Statistical significance was determined using one-way ANOVA followed by Dunnett’s post hoc test with the carcinogen control group (Group B): *a=p<0.001, *b=p<0.01, *c=p<0.05, NS=p>0.05.
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Fig. 4: Photomicrograph of metaphase plate for aberrant cells analysis showing chromosome breaks, chromatid breaks, exchange, rings and fragments indicated by arrows observed in bone marrow cells of Swiss albino mice (1000X).

3.2 Micronucleus Assay:
The frequency of micronucleated polychromatic erythrocytes (MN-PCEs) in bone marrow cells of Swiss albino mice (Table 2 & Fig. 5&6). The normal group (Group A) exhibited a low baseline micronucleus frequency of 1.80 ± 0.45% indicating minimal spontaneous chromosomal damage. The carcinogen control group (Group B) treated with DMBA showed a significant increase in micronucleus frequency (3.50 ± 0.58%) compared with the normal group. Administration of MAF-AgNPs reduced micronucleus formation relative to the carcinogen control group. In the pre-treatment group (Group C) micronucleus frequency decreased to 1.00 ± 0.71% corresponding to a 71.43% reduction compared with Group B. Similarly, the post-treatment group (Group D) showed a micronucleus frequency of 1.67 ± 0.58% representing a 52.29% reduction compared with the carcinogen control. The throughout-treatment group (Group E) exhibited a micronucleus frequency of 0.75±0.50% corresponding to an 78.57% reduction relative to the carcinogen control.
Table 2:  Effect of MAF-AgNPs on micronucleus formation in bone marrow cells of Swiss albino mice. Values are expressed as mean ± SD (n = 6) and percentage reduction relative to the carcinogen control group B.
	Treatment Groups
	Total No. of PCEs Analysed per Mouse
	Micronuclei %
	% Reduction (vs Group B)

	Group A Normal
	100
	1.80±0.45
	-

	Group B Carcinogen control
	100
	3.50±0.58
	-

	Group C Pre treatment
	100
	1.00±0.71
	                 71.43

	Group D Post treatment
	100
	1.67±0.58
	52.29

	Group E Throughout treatment
	100
	0.75±0.50
	78.57




Fig. 5: Effect of MAF-AgNPs on micronucleus formation in bone marrow polychromatic erythrocytes (PCEs) of Swiss albino mice. Values are expressed as mean ± SD (n =6). Statistical significance was determined using one-way ANOVA followed by Dunnett’s post hoc test with the carcinogen control group (Group B): *a=p<0.001, *b=p<0.01, *c=p<0.05, NS=p>0.05. 
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Fig. 6: Photomicrograph of bone marrow polychromatic erythrocytes (PCEs) showing micronucleus formation indicated by arrows in bone marrow cell of Swiss albino mice (1000X). 

4. Discussion:
The present study demonstrates that green synthesized silver nanoparticles derived from Martynia annua fruit extract (MAF-AgNPs) exert a significant protective effect against DMBA-induced genotoxicity in Swiss albino mice as evidenced by a marked reduction in chromosomal aberrations and micronucleus formation in treated groups compared with the carcinogen control (DMBA alone). The pronounced increase in cytogenetic damage observed in the DMBA-treated group confirms the strong mutagenic potential of DMBA and validates the suitability of the experimental model for evaluating antimutagenic interventions. DMBA is a well-recognized polycyclic aromatic hydrocarbon that undergoes metabolic activation to highly reactive intermediates capable of inducing oxidative stress, DNA adduct formation, strand breaks and chromosomal instability in mammalian cells (Miller & Miller, 1981). Oxidative stress is considered a major mechanism underlying chemical carcinogenesis and genotoxic injury induced by xenobiotics such as DMBA (Klaunig et al., 2011). The present findings are therefore in agreement with previous reports demonstrating that DMBA exposure causes marked cytogenetic damage and micronucleus induction in mammalian systems (Krishna & Hayashi, 2000).
A substantial reduction in the frequency of aberrant cells, chromosome breaks, chromatid breaks, and micronucleated cells was observed following administration of MAF-AgNPs. Notably, the protective effect was most pronounced in the throughout-treatment group, followed by the pre-treatment group whereas the post-treatment group exhibited comparatively lower protection. This consistent trend across both chromosomal aberration analysis and micronucleus assay suggests that MAF-AgNPs are more effective in preventing the initiation and early progression of mutagen-induced cytogenetic injury than in reversing damage once it has been established. Such a pattern is biologically plausible because the genotoxic action of DMBA begins with early oxidative and electrophilic insult to DNA and antioxidant-based interventions are generally more effective when present before or during the initial phase of chemical exposure (Valko et al., 2007). The greater efficacy of pre-treatment and throughout-treatment schedules is also consistent with the fundamental principle of chemoprevention, according to which early and sustained intervention offers greater biological protection than delayed treatment (Sporn, 1976).
The stronger response observed in the throughout-treatment group indicates that continuous exposure to MAF-AgNPs may help maintain genomic protection throughout the period of DMBA- and croton oil-mediated mutagenic stress. This suggests that the nanoparticles may not only suppress the initial oxidative damage induced by DMBA but may also contribute to sustained stabilization of the intracellular redox environment during prolonged chemical challenge. Such prolonged protection is especially relevant in multistage carcinogenesis models, where repeated promoting stimuli enhance the persistence of genetic injury and oxidative imbalance (Slaga et al., 1982).
The antimutagenic activity observed in the present investigation may reasonably be attributed to the combined effects of the phytochemical constituents of M. annua fruits and the nanoscale formulation of the synthesized particles. Phytochemical investigations have shown that M. annua contains phenolics, flavonoids, tannins and other bioactive constituents with established antioxidant potential (Gupta & Deogadde, 2018). Fruit extracts of M. annua have also been reported to possess comparatively high antioxidant activity suggesting a greater abundance of bioactive secondary metabolites in the fruits than in other plant parts (Arshad et al., 2017). More recent work further supports that M. annua fruit extracts exhibit notable antioxidant and antibacterial properties reinforcing their relevance as a biologically active source material for nanoparticle synthesis (Sharma et al., 2025b). These phytochemicals may protect against DMBA-mediated genotoxicity by scavenging reactive oxygen species, reducing oxidative damage to DNA and membranes and preserving cellular redox homeostasis (Johnson, 2007).
In addition to the intrinsic activity of plant phytoconstituents, the green synthesis of silver nanoparticles may further enhance biological efficacy. Plant-mediated nanoparticle synthesis is considered an eco-friendly and biocompatible strategy in which phytochemicals act as both reducing and stabilizing agents (Iravani, 2011). Such phytochemical-capped nanoparticles have been reported to display improved biological activity due to increased surface reactivity, greater stability and enhanced cellular interaction (Ahmed et al., 2016). Therefore, the significant reduction in chromosome and chromatid breaks observed in the present study may reflect improved delivery and effectiveness of M. annua-derived bioactive molecules through nanoparticle formulation. The possibility that nanoparticle synthesis enhances bioavailability and biological accessibility of active phytochemicals provides a plausible explanation for the marked antimutagenic response recorded in the treated groups.
The micronucleus data further strengthen the antimutagenic interpretation of the study. Micronuclei arise from acentric chromosome fragments or whole chromosomes that fail to be incorporated into daughter nuclei during cell division and are therefore widely recognized as reliable indicators of chromosomal damage and mitotic dysfunction (Kasamoto et al., 2013). In the present study DMBA produced a clear increase in micronucleus frequency whereas administration of MAF-AgNPs significantly lowered this frequency in all treatment groups. The concordant reduction in both metaphase chromosomal abnormalities and micronucleated cells indicates that MAF-AgNPs provide a genuine cytogenetic protective effect rather than an isolated assay-specific response. The use of these two independent endpoints therefore enhances confidence in the conclusion that MAF-AgNPs contribute to the preservation of genomic integrity under chemically induced mutagenic stress.
The present results are also in line with previous reports on plant-mediated silver nanoparticles and their genoprotective or cytoprotective activities. Biosynthesized silver nanoparticles from Caesalpinia pulcherrima have been shown to possess antioxidant, cytotoxic and genotoxic modulatory properties (Moteriya & Chanda, 2017). Likewise, green synthesized silver nanoparticles have been reported to induce significant biological responses in experimental systems involving Allium cepa (Heikal et al., 2020), Moringa oleifera (Alkan et al., 2022) and Vicia faba (Al-Saleh et al., 2025). Recent studies have also indicated that silver nanoparticles can mitigate induced cytogenotoxic damage in both in-vivo and in-vitro systems, thereby supporting their role in protecting genomic integrity (Castañeda-Yslas et al., 2024). Similarly, silver nanoparticles have shown protective effects against sodium arsenite-induced cytogenotoxicity in cultured human lymphocytes, indicating their potential to reduce chromosomal injury under chemically stressful conditions (Jauregui Romo et al., 2025). These studies collectively support the view that phytochemical-mediated AgNPs are not merely passive nanocarriers but biologically active systems capable of modulating oxidative and cytogenetic damage.
The findings of the present study also extend our earlier work on MAF-AgNPs in which successful synthesis and characterization of stable nanoparticles were demonstrated along with significant in-vitro antioxidant and antibacterial activity (Jeengar et al., 2026). The current in-vivo evidence complements that earlier physicochemical and bioactivity profile and suggests that the antioxidant potential previously observed in-vitro may translate into measurable cytogenetic protection under chemically induced mutagenic stress. Thus, the present investigation provides an important biological extension of prior findings and supports the emerging therapeutic relevance of MAF-AgNPs in the context of chemoprevention.
An important strength of this study lies in the use of two independent cytogenetic endpoints, both of which showed the same general pattern of protection. The agreement between chromosomal aberration analysis and micronucleus assay increases the reliability of the results and indicates that MAF-AgNPs play a substantial role in maintaining chromosomal stability during exposure to DMBA. Such concordance is particularly valuable in genotoxicity studies because chromosomal aberration analysis detects direct metaphase damage while the micronucleus assay captures the downstream consequences of chromosome breakage or mitotic missegregation (Preston et al., 1987; Krishna & Hayashi, 2000).
Despite these promising observations, the present study has certain limitations. The antimutagenic effect of MAF-AgNPs was evaluated at a single dose level, which limits assessment of dose-response relationships. In addition, the study relied primarily on cytogenetic endpoints and did not include complementary molecular or biochemical biomarkers such as DNA adduct estimation, reactive oxygen species measurement, antioxidant enzyme profiling or analysis of apoptosis-related signaling pathways. Furthermore, a comparator group receiving crude fruit extract alone was not included making it difficult to distinguish the relative contribution of nanoparticle formulation from that of the plant extract itself. The study also did not examine long-term toxicity or tumor outcome and therefore the full chemopreventive efficacy of MAF-AgNPs remains to be established. These limitations indicate that, although the present findings strongly support a protective effect of MAF-AgNPs against DMBA-induced mutagenicity additional dose-response, mechanistic and long-term studies are still required.
Overall, the findings of the present investigation indicate that green synthesized MAF-AgNPs possess significant antimutagenic potential against DMBA-induced genetic damage in Swiss albino mice. The greater efficacy of prophylactic and continuous treatment schedules suggests that these nanoparticles may be more useful in preventing the initiation of mutagenic injury than in reversing already established cytogenetic alterations. Taken together, the antioxidant richness of M. annua fruits the enhanced biological performance associated with plant-mediated nanoparticle synthesis and the consistent protective effects observed across two cytogenetic endpoints support the potential of MAF-AgNPs as a promising candidate for further development in nanomedicine-based chemoprevention. 

5. Conclusion:
The present in-vivo study demonstrates that green synthesized MAF-AgNPs significantly attenuated DMBA-induced chromosomal aberrations and micronucleus formation in Swiss albino mice thereby demonstrating clear antimutagenic potential in-vivo. The greater efficacy observed in the pre-treatment and throughout-treatment groups indicates that these nanoparticles are more effective in preventing the initiation of mutagenic damage than in reversing already established cytogenetic injury. The consistency of results across two independent cytogenetic endpoints further supports the protective role of MAF-AgNPs in maintaining genomic stability.
6. Limitations of the study:
The antimutagenic effect of MAF-AgNPs was evaluated at a single dose and only in male Swiss albino mice which limits dose-response and sex-based interpretation. The study was based mainly on chromosomal aberration and micronucleus assays without complementary molecular or biochemical markers of oxidative stress and DNA damage. In addition, long-term toxicity, carcinogenic outcome and comparison with crude fruit extract were not assessed. Therefore, further studies involving multiple doses, molecular biomarkers and long-term safety evaluation are required to confirm the full chemopreventive potential of MAF-AgNPs.
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