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Abstract
Heavy metal exposure and toxicity pose significant risks to human health, resulting in endocrine dysruption, oxidative stress, neurodegeneration and breakdown of the immune system. This study evaluated the in vitro antioxidant and metal chelating capacity of combined plant extracts ginger, garlic, and turmeric.  In vitro antioxidant methods adopted were 2,2-diphenyl-1-picryl-hydrazyl (DPPH), nitric oxide, hydroxyl radical scavenging, reducing power of extracts by utilizing a Fe³⁺ to Fe²⁺ transformation assay, chelating power of the extracts by measuring their ability to inhibit Fe²⁺-ferrozine complex formation and total antioxidant capacity (TAC) which measured the ability of an extract to neutralize free radicals. The results showed that Group 5 (40% ginger, 30% garlic, 30% turmeric) and Group 9 (40% turmeric, 30% garlic, 30% ginger) showed the highest levels of DPPH radical scavenging activity, achieving over 84% inhibition at 1000 μg/ml. These groups displayed a progressive increase in antioxidant activity with increasing concentration, reaching levels comparable to the standard control, gallic acid, which presented 91.50% inhibition at 500 μg/ml and 82.05% at 200 μg/ml. Group 5 also demonstrated the highest nitric oxide scavenging activity, achieving 94.98% inhibition at 2000 µg/mL and 90.75% inhibition at 1000 µg/ml. The Group 5 combination also presented the highest hydroxyl radical scavenging outcome in the assay achieving an 86.77% inhibition at 4000 µg/ml, which was the highest percentage inhibition among all the test groups. The appropriate combination ratios in this study showed enhanced radical scavenging, indicating mixtures more effectiveness in mitigating metal-induced oxidative stress than single extracts.
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Introduction
The gross increase in industrial, agricultural, transportation and other daily activities of man is causing a massive increase in the levels of pollutants, particularly heavy metals in soil, water, and air environments (Singh et al., 2022; Wan et al., 2024). The resultant environmental pollution has become a global menace with chronic and acute negative effect on the health of significant number of human population, resulting in the development of various disease conditions. Heavy metals pollution results in enormous harmful effects on  human health and the ecosystem (Jomova et al., 2025). Human health is severely impacted by heavy metal pollution, which has recently emerged as a global issue. The extensive occurrence of heavy metals is a result of both natural events and human activities. Heavy metals, including mercury, arsenic, lead, nickel, cadmium and iron, are among metals of interest causing adverse health consequences due to chronic exposure (Njoku et al., 2023). The widespread availability of these potentially dangerous elements poses serious health risks to individuals and communities everywhere (Laoye et al., 2025; Latif et al., 2025).
The toxicity of heavy metals is depending on concentration, period of exposure and route of exposure. Heavy metal exposure takes place on human beings through inhalation from the atmosphere, intake through food and drinking water and, absorption through the skin by dermal contact leading to bioaccumulation in living organisms.
Lead (Pb) exposure has been linked to neurodevelopmental issues, causing cognitive and behavioral impairments particularly in children, (Ramírez et al., 2021; Collin et al., 2022). Cadmium exposure, commonly from tobacco smoke and some foods, is linked to kidney damage and an increased risk of cancer (Charkiewicz et al., 2023 ; Rasin et al., 2025). Arsenic exposure, primarily through contaminated water and food, has been linked to skin lesions, cardiovascular diseases, and various cancers (Das et al., 2012 ; Khan et al., 2022). Arsenic exposure as also seen in other toxic metals induces generation superoxide (O2), and this alters various cell signaling pathways resulting in the subsequent production of H2O2 and *OH radicals causing DNA damage, altering of the antioxidant enzymes' capacity, and generation of lipid peroxide (Medda et al., 2020; Palma-Lara et al., 2020)

Several studies have investigated the efficacy of plant extracts in ameliorating the adverse effects of combined heavy metal exposure (Nash et al 2022 Njoku et al., 2022; Mao et al 2019). The use of Allium sativum (garlic) extract has been investigated for its ability to counteract the combined toxicity of arsenic, lead, and mercury (Nwokocha et al. (2012). Studies shows that ginger (Zingiber officinale) extracts alleviated lead induced renal toxicity in male rats by enhancing the levels of glutathione, and activities glutathione peroxidase, glutathione-s-transferase and catalase (Rostamkhani et al, 2022; Wang et al., 2025). Other studies have reported the potentials of Curcumin in the amelioration of hypertension, endothelial dysfunction and oxidative stress in rats with chronic exposure to lead and cadmium. Further studies have demonstrated the potential protective effects of Curcuma longa supplementation on cadmium-induced toxicity in rat lowering cadmium toxicity caused on liver and kidney tissues by reduced intensity of cadmium-induced oxidative stress (Tubsakul et al., 2021; Tang et al., 2023; Moldoveanu et al., 2025).
These adverse effects caused by chronic exposure to heavy metals from food, drinks and environment which mechanism of toxicity stems from induction of oxidative stress. This informed the study that aims to evaluate the in vitro antioxidant capacity of combined plant extracts of garlic, ginger and turmeric in varying fractions. The use of plant extracts in treating combined heavy metal toxicity presents a promising avenue for therapeutic intervention. These natural compounds offer a potential alternative or complementary approach to conventional treatments, emphasizing the importance of continued research to unlock their full therapeutic potential.

MATERIALS AND METHODS
Procurement and authentication of plant samples
The selected plants samples of garlic, ginger and turmeric were purchased February 2024 from a local market in Ihiagwa in Owerri West Local Government Area of Imo State Nigeria. The plants were identified by a plant taxonomist in the Department of Biology of the Federal University of Technology Owerri. The plant samples were deposited at the herbarium of the Department  with voucher numbers FUTO/H21142, FUTO/H21143, FUTO/H21144 for garlic, ginger and turmeric respectively. The plants samples were cleaned, air dried under shade for four weeks in the Laboratory of the Department of Biochemistry, Federal University of Technology Owerri. The plant samples were pulverized  separately using an Electric blender, sieved and stored in separate airtight containers.
Preparation of plant extracts
The extracts were prepared by blending and mixing ginger, garlic, and turmeric powders in warm distilled water, followed by filtration. This method ensured that the bioactive compounds were adequately extracted. The aqueous extract of the single plant samples was prepared by adding 25 g of plant sample powder into 100 mL of warm distilled water. This was allowed to stand for 2 hours with intermittent shaking and then filtered with a muslin cloth. The filtrated was filtered further with Whatman No. 1 paper to get the final extract used for the in vitro radical scavenging assay. The combinations were prepared by measuring the percentage weight of the dried samples to make 25g of total dried plant powder. The experimental design and grouping of samples are as follows:
[bookmark: _Hlk177889403]Group 1: G- ginger = 100% ginger
Group 2: A- garlic = = 100% garlic
Group 3: T- Turmeric = 100% turmeric
Group 4: (60G: 30A:10T) = 60% ginger, 30% garlic, 10% turmeric
Group 5: (40G: 30A: 30T) = 40% ginger, 30% garlic, 30% turmeric
Group 6: (60A:30G:10T) = 60% garlic, 30% ginger, 10% turmeric
Group 7: (40A: 30G: 30T) = 40% garlic, 30% ginger, 30% turmeric
Group 8: (60T:30A:10G) = 60% turmeric, 30% garlic, 10% ginger 
Group 9: (40T: 30A: 30G) = 40% turmeric, 30% garlic, 30% ginger

In vitro radical scavenging activities of plant extracts
The scavenging activity of extracts for the radical 2, 2-diphenyl-1-picrylhydrazyl (DPPH) was determined according to the method of Blois (1958) as described by Velazquez et al (2003). The scavenging effect of extract on nitric oxide was measured according to the method of Marcocci et al. (1994) as described by Alisi and Onyeze (2008). The reducing power of the extracts were assessed using Fe3+/Fe2+ transformation in the presence of the test compound as described by Oyaizu (1986) and Hsu et al. (2006). Hydroxyl radical scavenging ability of extracts was measured by assessing 2-deoxyribose degradation by hydroxyl radicals generated from Fe3+/ascorbate/ EDTA/H2O2 system as described by Halliwell et al. (1987). The reaction mixture consisted of deoxyribose (2.8mM), FeCl3 (0.1mM), EDTA(0.1mM), H2O2 (1mM), ascorbic acid (0.1mM), KH2PO4/K2HPO4–KOH buffer (20mM, pH 7.4) and the extract (0 – 3000 µg/ml) in a final volume of 1.0 ml. After incubation for 1 hr at 37oC, deoxyribose degradation was measured as thiobarbituric acid reactive substances (TBARS) by the method of Ohkawa et al. (1975), as modified by Liu et al. (1990). The total antioxidant capacity of sample extracts was determined by using phosphomolybdenum method as described by Prieto et al. (1999). Chelation power on ferrous (Fe2+) ions of the prepared extracts was measured by the method of Dinis et al.(1994) with slight modifications .

RESULTS
In this study, different combinations (fractions) of samples of dried and pulverized ginger, garlic, and turmeric were evaluated for their scavenging activity at various concentrations (50–1000 μg/mL), with gallic acid used as a standard control. The results (Table 1) recorded Group 5 (40% ginger, 30% garlic, 30% turmeric) and Group 9 (40% turmeric, 30% garlic, 30% ginger) as the highest DPPH radical scavenging activity, achieving over 84% inhibition at 1000 μg/mL. These groups presented a progressive increase in antioxidant activity with increasing concentration, reaching levels comparable to the standard control, gallic acid, which had 91.50% inhibition at 500 μg/ml and 82.05% at 200 μg/ml. 
Results of nitric oxide radical scavenging capacities is presented in Table 2. The results show that the nitric oxide radical scavenging capacity increased as concentration increased across all groups, which is consistent with concentration-dependent antioxidant activity. The control, which contained no extracts, showed 0% inhibition, while the standard antioxidant, quercetin, achieved significant scavenging capacities demonstrating 96.48% at 1000 µg/mL. Among the extracts: Group 5 (40G: 30A: 30T) exhibited the highest nitric oxide scavenging activity, achieving 94.98% inhibition at 2000 µg/mL and 90.75% inhibition at 1000 µg/mL, suggesting a synergistic effect among ginger, garlic, and turmeric. Group 4 (60G: 30A: 10T), with a higher proportion of ginger, also demonstrated strong activity (89.83% inhibition at 2000 µg/ml), but slightly less than Group 5, possibly due to the reduced turmeric content.
The results of the reducing power of the plant extracts are presented in Table 3. The reducing power of single extract -Ginger (Group 1) presented a steadily increasing reducing power with a final OD of 1.433 at 5000 µg/mL. Garlic (Group 2) demonstrated moderate reducing power compared to ginger, with a maximum OD of 1.8625 at 5000 µg/mL. However, garlic's activity at lower concentrations (100-1000 µg/mL) was significantly higher than ginger, suggesting a more potent effect at lower doses. Turmeric (Group 3) recorded the highest reducing power among the single extracts, with an OD of 1.8625 at 5000 µg/mL. This suggests that turmeric is particularly effective in reducing ferric ions, underscoring its strong antioxidant potential. 
The combined extracts such as Group 4 (60% ginger, 30% garlic, 10% turmeric) and Group 5 (40% ginger, 30% garlic, 30% turmeric) showed relatively lower reducing power compared to individual extracts, with maximum ODs of 0.585 and 0.5315, respectively. Group 6 (60% garlic, 30% ginger, 10% turmeric) and Group 7 (40% garlic, 30% ginger, 30% turmeric) presented moderate reducing power, peaking at 0.376 and 0.435 OD, respectively. Garlic’s influence appears to dominate in these mixtures, maintaining a reasonable level of antioxidant activity. Group 8 (60% turmeric, 30% garlic, 10% ginger) and Group 9 (40% turmeric, 30% garlic, 30% ginger) demonstrated stronger reducing power, with ODs of 0.585 and 0.5315, respectively. Turmeric’s high antioxidant potential may have contributed significantly to these combinations.
The results of the hydroxyl radical scavenging assay (Table 4) shows the capacity of different combinations of ginger, garlic, and turmeric extracts to inhibit hydroxyl radical activity, measured as a percentage inhibition of deoxyribose degradation with quercetin used as the standard control. At 50 µg/mL, inhibition was low across all groups, with garlic (Group 2) showing the highest inhibition at 11.37%. As the concentration increased, hydroxyl radical scavenging activity improved across all test groups. At 200 µg/mL, turmeric (Group 3) and the combination of 60% ginger, 30% garlic, and 10% turmeric (Group 4) showed notable increases in inhibition (27.96% and 32.39%, respectively). At 1000 µg/mL, all combinations, including the individual plant samples (ginger, garlic, turmeric), showed significantly enhanced scavenging abilities, with turmeric (Group 3) and Group 4 (60% ginger, 30% garlic, 10% turmeric) combination reaching inhibition percentages of 62.05% and 83.10%, respectively. The combination ratios of 60% turmeric, 30% garlic, and 10% ginger (Group 8) and 40% turmeric, 30% garlic, and 30% ginger (Group 9) also recorded appreciable scavenging activities, particularly at higher concentrations, with Group 9 achieving 84.46% inhibition at 4000 µg/mL.
The Total Antioxidant Capacity (TAC) measures the ability of an extract to neutralize free radicals, expressed here in milligrams of gallic acid equivalents (GAE) per gram of extract. The results from Table 5 show varying antioxidant capacities with Group 8 (60% turmeric, 30% garlic, 10% ginger) recording the highest TAC at 208.12 mg GAE/g extract. The TAC results shows that Groups with higher proportions of turmeric, such as Group 3 (100% turmeric) and Group 8, consistently show high antioxidant capacities. The mixed groups, such as Group 4 (60% ginger, 30% garlic, 10% turmeric) and Group 6 (60% garlic, 30% ginger, 10% turmeric), also displayed high antioxidant capacities, with values exceeding 100 mg GAE/g extract. The combination of the three ingredients appears to enhance antioxidant activity, even with varying proportions.
The chelating power of the extracts was determined at different concentrations (0 mg/mL to 80 mg/mL) by measuring their ability to inhibit Fe²⁺-ferrozine complex formation, with absorbance values recorded at 562 nm. Results showed that Group 2 (100% Garlic) recorded the highest chelation effect of 87.941% at 80 mg/mL, making it the most effective extract overall in chelating Fe²⁺ ions at high concentrations. Group 3 (100% Turmeric) also performs well, especially at 10 mg/mL presenting high chelation activity (79.076%), reaching 87.236% at 80 mg/mL. Also, the combination Groups- Group 6 (60% Garlic, 30% Ginger, 10% Turmeric) and Group 7 (40% Garlic, 30% Ginger, 30% Turmeric) both recorded strong inhibitory capacities, with chelation effects exceeding 84% at 80 mg/mL.
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Table 1: Results of DPPH radical scavenging

	DPPH radical scavenging (Test groups)
	Control

	Conc (μg/ml)
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8
	Group 9
	Conc (μg/ml)
	Gallic acid (Standard)

	 
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	
	% Inhibition

	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	50
	5.77
	1.22
	4.79
	12.06
	8.41
	3.09
	7.96
	5.60
	3.65
	5
	9.45

	100
	10.14
	4.08
	10.16
	16.34
	13.24
	14.66
	22.00
	13.31
	14.58
	10
	22.20

	150
	19.81
	9.65
	17.56
	27.63
	21.81
	25.57
	24.46
	22.24
	29.69
	20
	34.96

	200
	25.74
	17.80
	23.08
	40.66
	31.62
	30.46
	36.90
	33.98
	38.37
	50
	48.50

	300
	36.51
	29.48
	31.49
	48.95
	53.43
	36.97
	46.02
	46.06
	47.92
	80
	53.07

	400
	45.87
	35.87
	49.06
	52.72
	74.14
	39.74
	56.44
	56.74
	57.81
	100
	62.05

	500
	54.60
	43.61
	50.51
	65.18
	77.41
	40.07
	62.08
	69.00
	69.79
	150
	69.45

	800
	60.53
	51.77
	64.59
	70.82
	82.55
	50.00
	67.15
	76.01
	83.16
	200
	82.05

	1000
	63.34
	61.41
	77.79
	76.85
	84.42
	68.89
	77.57
	81.26
	84.38
	500
	91.50










Table 2: Result of Nitric oxide radical scavenging capacities 
	Nitric oxide radical scavenging capacities of Test groups
	Control

	Conc (μg/ml)
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8
	Group 9
	Quercetin Standard

	Conc (μg/ml)
	% Inhibition
	% Inhibition NO* Garlic
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	Conc (μg/ml)
	% Inhibition

	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	50
	8.12
	12.36
	7.89
	18.25
	20.63
	10.98
	34.31
	26.11
	26.06
	10
	33.46

	100
	17.48
	10.28
	14.38
	38.33
	41.96
	23.75
	44.51
	36.95
	44.05
	20
	46.77

	200
	30.18
	15.19
	23.12
	65.75
	65.65
	34.50
	48.96
	45.65
	52.64
	50
	68.35

	400
	35.90
	23.02
	30.55
	75.83
	71.37
	45.87
	63.74
	52.65
	61.89
	100
	75.57

	800
	40.06
	30.75
	46.24
	84.08
	82.98
	57.87
	72.95
	65.19
	68.87
	150
	84.32

	1000
	47.03
	38.68
	54.89
	87.42
	86.82
	63.86
	79.43
	72.05
	73.27
	250
	90.21

	2000
	59.42
	45.66
	63.91
	89.83
	89.96
	71.65
	84.25
	81.49
	85.02
	500
	94.20

	2500
	61.91
	47.55
	69.64
	91.08
	90.98
	79.75
	89.01
	82.08
	87.59
	800
	95.91

	4000
	76.69
	52.45
	81.39
	92.92
	94.98
	88.79
	90.72
	87.02
	90.75
	1000
	96.48











Table 3: Results of Reducing power Assay 
	Reducing power of Test Groups
	Control

	Single
	Group 1
	Group 2
	Group 3
	Combined
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8
	Group 9
	Gallic acid Standard
	 

	Conc (μg/ml)
	Mean OD
	Mean OD
	Mean OD
	Conc (μg/ml)
	Mean OD
	Mean OD
	Mean OD
	Mean OD
	Mean OD
	Mean OD
	Conc (μg/ml)
	Mean OD

	0
	0
	0
	0
	0
	0.028
	0.029
	0.028
	0.026
	0.016
	0.023
	0
	0.025

	100
	0.085
	0.020
	0.061
	50
	0.047
	0.039
	0.034
	0.035
	0.026
	0.027
	5
	0.094

	250
	0.136
	0.073
	0.187
	100
	0.059
	0.052
	0.037
	0.058
	0.050
	0.050
	10
	0.132

	500
	0.215
	0.103
	0.252
	200
	0.072
	0.059
	0.045
	0.061
	0.059
	0.050
	15
	0.167

	1000
	0.388
	0.122
	0.470
	400
	0.100
	0.085
	0.057
	0.080
	0.078
	0.067
	20
	0.250

	2000
	0.663
	0.194
	1.071
	800
	0.182
	0.159
	0.077
	0.098
	0.093
	0.099
	30
	0.370

	4000
	1.156
	0.259
	1.294
	1000
	0.204
	0.194
	0.097
	0.113
	0.122
	0.140
	40
	0.513

	5000
	1.433
	0.295
	1.863
	2000
	0.384
	0.334
	0.180
	0.207
	0.239
	0.288
	50
	0.750

	 
	 
	 
	 
	2500
	0.439
	0.399
	0.217
	0.263
	0.272
	0.376
	 
	 

	 
	 
	 
	 
	4000
	0.585
	0.532
	0.268
	0.342
	0.367
	0.435
	 
	 










Table 4: Results of Hydroxyl radical scavenging
	Hydroxyl radical scavenging
	Standard Control

	 
	Group 1
	Group 2
	Group 3
	Group 4
	Group 5
	Group 6
	Group 7
	Group 8
	Group 9
	Quercetin Standard

	Conc (μg/ml)
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	% Inhibition
	Conc (μg/ml)
	% Inhibition

	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	50
	4.35
	11.37
	9.85
	3.94
	5.85
	7.56
	4.74
	0.80
	5.99
	10
	9.34

	100
	8.71
	18.32
	16.51
	16.34
	8.52
	13.13
	14.96
	5.62
	17.83
	20
	27.37

	200
	16.84
	29.03
	27.96
	32.39
	22.52
	17.24
	29.78
	10.98
	22.55
	50
	41.71

	400
	29.61
	35.00
	31.03
	40.85
	29.26
	25.33
	32.74
	18.07
	25.99
	100
	50.26

	800
	39.77
	38.37
	35.95
	50.70
	55.85
	42.31
	46.37
	38.96
	36.94
	150
	60.39

	1000
	48.48
	47.67
	41.68
	58.87
	57.63
	45.62
	50.81
	50.20
	47.52
	250
	65.92

	2000
	51.23
	58.02
	48.47
	71.83
	68.45
	53.18
	62.81
	58.63
	63.82
	500
	72.24

	2500
	60.81
	67.67
	58.85
	75.77
	76.46
	66.84
	64.74
	66.93
	75.80
	800
	81.84

	4000
	66.91
	74.30
	62.05
	83.10
	86.77
	77.19
	80.74
	83.13
	84.46
	1000
	90.66









Table 5: Total antioxidant capacity in milligramgallic acid equivalent per gram extract (GAE mg/g extract)
	 
	Group 1 TAC (GAE mg/g extract)
	Group 2 TAC (GAE mg/g extract)
	Group 3 TAC (GAE mg/g extract)
	Group 4 TAC (GAE mg/g extract)
	Group 5 TAC (GAE mg/g extract)
	Group 6 TAC (GAE mg/g extract)
	Group 7 TAC (GAE mg/g extract)
	Group 8 TAC (GAE mg/g extract)
	Group 9 TAC (GAE mg/g extract)

	 
	75.84
	43.89
	108.28
	96.90
	93.58
	100.47
	152.89
	217.89
	142.03

	 
	70.27
	44.16
	101.20
	107.04
	81.95
	98.14
	140.17
	205.25
	145.44

	 
	74.82
	44.03
	104.74
	101.97
	81.60
	107.92
	128.68
	193.80
	126.82

	 
	75.58
	45.91
	103.07
	96.90
	80.54
	104.66
	138.92
	215.52
	141.10

	Mean
	74.13
	44.50
	104.32
	100.70
	84.42
	102.80
	140.17
	208.12
	138.85

	Standard Deviation
	2.61
	0.95
	3.01
	4.85
	6.14
	4.35
	9.92
	11.01
	8.23



Table 6: Chelation power on ferrous (Fe2+) ions by the extracts
	Concentration of extract used
	Group 1 (% Inhibition by 100% ginger)
	Group 2 (% Inhibition by 100% garlic)
	Group 3(% Inhibition by 100% tumeric)
	Group 4 (% Inhibition by 60% ginger, 30% garlic, 10% turmeric)
	Group 5 (% Inhibition by 40%ginger, 30%garlic, 30% turmeric)
	GROUP 6 (% Inhibition by 60% garlic, 30% ginger, 10% turmeric)
	GROUP 7 (% Inhibition by 40% garlic, 30% ginger, 30% turmeric)
	GROUP 8 (% Inhibition by 60% turmeric, 30% garlic, 30% ginger)
	GROUP 9 (% Inhibition by 40% turmeric, 30% garlic, 30% ginger)

	0mg/ml
	-0.001
	0
	-0.001
	
	
	
	
	
	

	10mg/ ml
	78.73
	63.836
	79.076
	44.683
	56.382
	70.212
	56.382
	45.388
	56.382

	20mg/ml
	82.271
	68.801
	82.271
	56.382
	68.801
	74.111
	68.082
	63.477
	68.082

	40mg/ml
	85.465
	76.601
	84.746
	68.801
	73.047
	77.306
	73.766
	76.601
	76.241

	80mg/ml
	81.911
	87.941
	87.236
	80.501
	69.866
	84.041
	84.746
	84.746
	73.766






Discussion
The high DPPH radical-scavenging activity demonstrated in this study by the combinations of ginger, garlic, and turmeric presents the combination as highly valuable in protective and ameliorative therapies, especially in conditions characterized by oxidative stress, such as toxicant exposure. Oxidative stress occurs when there is an imbalance between free radicals (ROS) and antioxidants in the body, leading to cellular damage and inflammation (Pham-Huy et al., 2008; Chaudhary et al., 2023; Dash et al., 2025). The results indicate that the mixture of ginger, garlic, and turmeric provided synergistic DPPH radical scavenging capacity with Group 5 and Group 9 presenting superior DPPH scavenging activity compared to the individual plants (Groups 1, 2, and 3). Furthermore Turmeric-dominant combinations (Group 8 and Group 9) consistently displayed high DPPH scavenging activity, which correlates with turmeric’s well-established radical-scavenging properties due to its active compound curcumin (Prieto et al., 1999; Jakubczyk et al., 2020; Fuloria et al., 2022). The synergistic DPPH scavenging activity of the combinations of Groups 5 and 9 can help neutralize ROS, thus protecting cells from oxidative damage. Turmeric, in particular, through its active compound curcumin, has been shown to inhibit lipid peroxidation and DNA damage, which are common outcomes of oxidative stress. Garlic and ginger further support this activity by providing additional protective mechanisms, such as the modulation of inflammatory pathways and enhancement of detoxification processes (Arreola et al., 2015; Shang et al., 2019; Ballester et al., 2022). This suggests that combinations like Group 5 and Group 9 could be particularly effective in therapeutic formulations designed to prevent or reduce oxidative damage caused by environmental toxins, pollutants, or chemical exposure. Their use in functional foods or supplements could also support overall health by boosting the body’s antioxidant defenses.
Nitric oxide is a reactive free radical involved in cellular signaling, but its overproduction during oxidative stress contributes to inflammation and tissue damage (Marcocci et al., 1994; Abramson et al., 2001; Ujowundu et al., 2023; Lelieveld et al., 2024). The ability of natural compounds to scavenge nitric oxide, as seen in this study, indicates their protective role in preventing oxidative damage. In this study, Group 5 (40G: 30A: 30T) presented the highest nitric oxide scavenging activity, and this may be attributed to the balanced combination of ginger, garlic, and turmeric. These plants are rich in bioactive compounds with known antioxidant properties. Ginger contains gingerols and shogaols, which have demonstrated radical-scavenging properties (Dugasani et al., 2010; Mao et al., 2019). Garlic is rich in allicin and sulfur compounds, which can neutralize nitric oxide radicals (Banerjee et al., 2003). Turmeric contains curcuminoids, such as curcumin, which are potent antioxidants and known nitric oxide scavengers (Aggarwal & Harikumar, 2009). Studies have shown that chronic exposure to heavy metals, such as lead, cadmium, and mercury, induces the production of reactive oxygen species (ROS) and nitric oxide radicals. Metals disrupt cellular redox balance, leading to oxidative stress and activation of inflammatory pathways (Amin and Pourbabaki, 2024 Kolawole et al., 2025). Nitric oxide, when produced excessively in response to metal-induced stress, reacts with superoxide to form peroxynitrite, a highly reactive and toxic compound that can cause lipid peroxidation, DNA damage, and protein nitration (Beckman & Koppenol, 1996). Natural compounds that can scavenge nitric oxide and reduce oxidative stress are valuable in mitigating the toxic effects of heavy metals. The extracts of ginger, garlic, and turmeric, as shown in this study, possess potent nitric oxide scavenging properties, which may make them effective in reducing the oxidative damage caused by metal exposure.
The reducing power of bioactive compounds is a measure of their ability to donate electrons and neutralize free radicals, an important aspect of antioxidant activity (Oyaizu, 1986). The results from this study indicated that turmeric (Group 3) recorded the highest reducing power among the single extracts, closely followed by garlic (Group 2) and ginger (Group 1). This is consistent with previous findings that turmeric contains high levels of curcuminoids, which are known for their potent antioxidant properties (Cozmin et al., 2024 ; Xu et al., 2025). Garlic, rich in sulfur-containing compounds like allicin, showed moderate reducing power, especially at lower concentrations, indicating its ability to act as an effective antioxidant in smaller doses (Banerjee et al., 2003). The combined extracts, however, showed a lower reducing power than the individual components. This may be due to a dilution effect or the interactions between different bioactive compounds that could inhibit each other's activity. For instance, phenolic compounds in turmeric might compete with sulfur compounds in garlic or gingerols in ginger for binding sites or electron donation, resulting in a diminished overall antioxidant capacity (Chowdhury et al., 2021; Nash et al., 2022). This finding underscores the complexity of combining natural extracts, where the expected synergistic effects might not always occur. Ginger, though less potent than turmeric and garlic in this study, also has notable metal-chelating properties due to its gingerol content. It has been shown to reduce lead-induced hepatotoxicity and oxidative stress in animal models, demonstrating its role as a protective agent against metal toxicity (Chowdhury et al., 2021; Nash et al., 2022). The combined extracts, although showing moderate reducing power, may still offer complementary benefits when used as metal chelators. For example, turmeric’s ability to chelate iron and lead, garlic’s efficiency in chelating cadmium and mercury, and ginger’s protective effects against lead toxicity may together provide a broader spectrum of metal chelation. However, the reduced antioxidant power of the combinations compared to individual extracts suggests that these mixtures may need to be optimized to achieve the desired chelation effects without losing efficacy. This is particularly important in chronic metal exposure, where sustained chelation over time is needed to reduce body burden without overwhelming the system with excessive doses of any single component (Kim et al., 2019; Ceramella et al., 2024).
Hydroxyl radicals are highly reactive species that cause oxidative damage to biomolecules, such as lipids, proteins, and DNA, contributing to various degenerative diseases (Dash et al., 2025 ; Chandimali, et al., 2025). The ability to scavenge these radicals is crucial for reducing oxidative stress. In this study, ginger, garlic, and turmeric extracts, both individually and in combination, demonstrate hydroxyl radical scavenging activity, with the efficacy improving at higher concentrations. The 60% ginger, 30% garlic, 10% turmeric combination showed remarkable hydroxyl radical scavenging effect. This may be attributed to the interaction of the bioactive compounds including gingerol, allicin, and curcumin, each contributing to the neutralization of hydroxyl radicals (Lobo et al., 2010). The varying results across different combinations highlight the importance of determining the optimal ratios for maximum antioxidant effects.
From the results, the group with the most significant TAC is Group 8 (60% turmeric, 30% garlic, 10% ginger), with a mean TAC of 208.12 mg GAE/g extract. This value significantly exceeds the TAC values for other groups, emphasizing turmeric's potent antioxidant activity, particularly in high concentrations. Other groups with a higher proportion of turmeric also had elevated antioxidant capacities, such as Group 9 (40% turmeric, 30% garlic, 30% ginger) with 138.85 mg GAE/g extract and Group 3 (100% turmeric) with 104.32 mg GAE/g extract. The significance of this combination as an antioxidant therapy lies in the ability of the plant extracts to neutralize free radicals and reduce oxidative stress more effectively when the three components are combined, particularly in turmeric-dominant mixtures. This could provide a basis for the use of these mixtures in antioxidant-rich supplements or functional foods to combat oxidative damage (Kim et al., 2021 ; Tuong et al., 2023 ; Urbańska et al., 2025). Turmeric’s curcumin, in particular, has been shown to protect against lipid peroxidation, DNA damage, and protein oxidation (Aggarwal &Harikumar, 2009). The addition of ginger and garlic enhances the overall effect by providing complementary antioxidant mechanisms to improve cellular defenses (Adegbola et al., 2021; Shaukat et al., 2023).

Conclusion
The combination ratios in this study (e.g., Group 5 with 40% ginger, 30% garlic, and 30% turmeric) showed enhanced 2,2-diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging, nitric oxide scavenging, hydroxyl radical scavenging outcome indicating that these mixtures could be more effective in mitigating metal-induced oxidative stress than single extracts. Whereas the group with the most significant TAC and reducing power was Group 8 (60% turmeric, 30% garlic, 10% ginger), with a mean TAC of 208.12 mg GAE/g extract and ODs of 0.585 respectively. Turmeric’s higher proportion may have contributed significantly to these combinations. These results reveal that combinations of ginger, garlic, and turmeric, particularly in near-equal ratios, offer enhanced antioxidant capacity compared to their individual components. This synergistic effect makes these combinations highly valuable as potential protective and therapeutic agents against oxidative stress and metal toxicity. Their dual role as antioxidants and metal chelators provides a strong basis for their application in health-promoting formulations and therapies aimed at reducing oxidative damage and mitigating the effects of chronic toxicant and metal exposures.
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