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Abstract
This study investigated the in vitro antioxidant and cytotoxic properties of methanolic extracts from four medicinal plants: Spondias mombin, Aegle marmelos, Limonia acidissima, and Syzygium cumini. The antioxidant potential was evaluated using the DPPH radical scavenging assay and compared to the synthetic antioxidant BHT, while cytotoxicity was assessed via the Brine Shrimp Lethality Assay (BSLA). The results demonstrated a dose-dependent antioxidant activity for all extracts. Notably, S. mombin, A. marmelos, and L. acidissima exhibited significant potency at lower concentrations (3.125–50 µg/ml), surpassing BHT. S. mombin was the most potent natural antioxidant with an IC₅₀ of 100.6 µg/ml, lower than BHT's IC₅₀ of 120.2 µg/ml. However, its activity plateaued at ~67%, suggesting complex antioxidant kinetics. In contrast, S. cumini was the least potent antioxidant (IC₅₀ = 200.6 µg/ml). The cytotoxicity profile revealed a stark contrast: S. mombin and S. cumini were highly cytotoxic (LC₅₀ < 0.78 µg/ml), comparable to the positive control vincristine sulfate. Conversely, L. acidissima was the least toxic extract. This integrated analysis suggests distinct therapeutic applications. The combination of potent antioxidant activity and low cytotoxicity positions L. acidissima as a promising candidate for nutraceuticals and safe therapeutics for oxidative stress-related diseases. In contrast, the strong cytotoxicity coupled with high antioxidant potency of S. mombin indicates its potential for anticancer drug discovery. A. marmelos presents a balanced profile for general therapeutic use, while the bioactivity of S. cumini appears to operate through mechanisms beyond direct radical scavenging. These findings validate the traditional use of these plants and guide their future application-specific development.
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Introduction
The global search for bioactive compounds from natural sources, particularly plants, has gained unprecedented momentum in recent decades. This resurgence is driven by the limitations of synthetic drugs, including side effects and rising resistance, coupled with a growing body of scientific evidence validating the pharmacological potential of ethnobotanical resources [1, 2]. Plants have long served as a cornerstone of traditional medicine systems worldwide, offering a vast repository of complex phytochemicals with diverse therapeutic activities, including antioxidant, antimicrobial, and anticancer properties [3, 4]. Among these, antioxidant activity is of paramount importance, as the neutralization of reactive oxygen species (ROS) and free radicals is a critical defense mechanism against oxidative stress—a key pathological contributor to chronic diseases such as cancer, diabetes, cardiovascular, and neurodegenerative disorders [5, 6].
Fruits, in particular, are rich sources of natural antioxidants, including phenolics, flavonoids, and vitamins, which can effectively donate hydrogen atoms or electrons to stabilize free radicals [7, 8]. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay is a widely employed, robust method for the initial in vitro assessment of this antioxidant capacity, providing a rapid screen for potent extracts [9, 10]. However, while strong antioxidant activity is desirable for nutraceutical or preventive applications, it is only one facet of a plant's pharmacological profile. A comprehensive assessment must also evaluate potential toxicity. The Brine Shrimp Lethality Assay (BSLA) serves as a simple, reliable, and inexpensive preliminary tool for gauging general cytotoxicity and identifying extracts with potential bioactivity worthy of further investigation, including for anticancer leads [11, 12]. The correlation between antioxidant potency and cytotoxicity can provide invaluable insights for directing specific plant extracts towards their most suitable applications, be it as safe nutraceuticals or as sources of potent cytotoxic agents for oncology research [13].
This study focuses on the multidisciplinary assessment of four fruit-bearing plants with significant ethnomedicinal history: Spondias mombin (Amtaor in Hindi, Hog Plum), Aegle marmelos (Bael), Limonia acidissima (Vilvam or Wood Apple), and Syzygium cumini (Jamun). These species are renowned in various traditional practices for treating ailments ranging from diarrhea and dysentery to diabetes and inflammatory conditions [14, 15, 16, 17]. Despite their traditional uses, a comparative analysis that directly correlates their in vitro antioxidant activity with their cytotoxicity profile is lacking.
Therefore, the present study was designed to systematically investigate and compare the pharmacological properties of methanolic extracts of these four fruits. The specific objectives were: (1) to quantitatively evaluate their in vitro antioxidant activity using the DPPH radical scavenging assay and compare their potency to the synthetic antioxidant Butylated Hydroxytoluene (BHT); (2) to assess their cytotoxicity using the Brine Shrimp Lethality Assay, using Vincristine sulfate as a positive control; and (3) to integrate these findings to propose evidence-based, potential applications for each plant, whether as a source of safe antioxidants or as a candidate for further anticancer research. By undertaking this dual-faceted approach, this work aims to bridge traditional knowledge with scientific validation and provide a clear framework for the targeted development of these medicinal plants.



Methodology

DPPH Free Radical Scavenging Assay

The antioxidant potential of the petroleum ether fractions from the leaves of Spondias mombin, Aegle marmelos, Limonia acidissima, and Syzygium cumini was assessed based on their ability to scavenge the stable free radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH), following a modified method from Choi et al. (2000) and Desmarchelier et al. (1997). A methanolic DPPH stock solution (20 µg/mL) was prepared fresh daily and stored in an amber bottle at room temperature to prevent photodegradation. The synthetic antioxidant, butylated hydroxytoluene (BHT), was used as a reference standard. Primary stock solutions (1000 µg/mL) of each plant fraction and BHT were prepared in methanol. From these, a series of dilutions were made to obtain a concentration range of 0.977 to 500.0 µg/mL for the dose-response analysis.
In a test tube, 2.0 mL of a sample at a specific concentration was combined with 3.0 mL of the methanolic DPPH solution. The reaction mixture was vigorously vortexed and then allowed to stand in the dark for 30 minutes. After incubation, the decrease in absorbance was measured at 517 nm using a UV-Vis spectrophotometer, with pure methanol used as the blank.
Data Analysis: The DPPH radical scavenging activity for each concentration was expressed as the percentage of inhibition (I%), calculated by the formula:
I% = (1 - A_sample / A_control) × 100
Here, A_control represents the absorbance of the DPPH solution mixed with methanol instead of the sample. The effective concentration for 50% scavenging (IC₅₀) was determined for each sample by plotting the inhibition percentage against the corresponding concentration and performing a non-linear regression analysis.

Cytotoxicity Assessment by Brine Shrimp Lethality Bioassay

The in vitro cytotoxic potential of the petroleum ether fractions from Spondias mombin, Aegle marmelos, Limonia acidissima, and Syzygium cumini was evaluated using the brine shrimp lethality assay (BSLA), a rapid and reliable preliminary toxicity screen.
A suspension of brine shrimp (Artemia salina) nauplii was prepared by hatching cysts in artificial seawater. Sample solutions were prepared by dissolving the plant fractions in dimethyl sulfoxide (DMSO) and then diluting with artificial seawater to achieve a final DMSO concentration of 1% (v/v). A series of test concentrations (0.78, 1.56, 3.13, 6.25, 12.5, 25, 50, 100, 200, and 400 µg/mL) were prepared from a primary stock solution. A control group, containing 1% DMSO in seawater, was run concurrently.
For each concentration, ten actively swimming nauplii were transferred into test vials containing 5 mL of the sample solution. Each concentration was tested in triplicate. The vials were maintained under illumination for 24 hours at room temperature. After the incubation period, the number of surviving nauplii in each vial was counted. The percentage of mortality at each concentration was calculated after correcting for natural mortality in the control group using Abbott's formula.
The median lethal concentration (LC₅₀), defined as the concentration that causes 50% mortality of the nauplii after 24 hours, was determined by plotting the percentage mortality against the logarithm of the concentration and performing probit regression analysis. Following established criteria, plant extracts with an LC₅₀ value greater than 1000 µg/mL were considered non-toxic (inactive). The results demonstrated a clear concentration-dependent cytotoxic effect, with the highest tested concentration (400 µg/mL) resulting in 100% mortality, while no mortality was observed in the control group.













Results

In Vitro Antioxidant Activity by DPPH Radical Scavenging Assay

The antioxidant capacities of the methanolic extracts of four plant species—Spondias mombin, Aegle marmelos, Limonia acidissima, and Syzygium cumini—were evaluated and compared against the synthetic antioxidant, Butylated Hydroxytoluene (BHT), using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay. The results, expressed as percentage radical scavenging activity across a concentration gradient (3.125 to 400 µg/ml), are summarized in Table 1.

Table 1. DPPH radical scavenging activity of plant extracts and BHT.
	Conc. 
(µg/ml)
	Spondias 
Mombin 
	Aegle 
Marmelos 
	Limonia 
Acidissima 
	Syzygium 
Cumini 
	BHT


	3.125
	19.52
	16.33
	19.52
	5.17
	10.34

	6.25
	23.5
	19.52
	20.31
	8.36
	22.31

	12.5
	32.66
	23.5
	26.7
	9.16
	29.08

	25
	56.17
	27.09
	39.44
	20.32
	36.65

	50
	65.73
	53.78
	60.55
	22.31
	48.2

	100
	66.93
	66.53
	66.93
	56.18
	58.96

	200
	67.02
	67.33
	67.33
	66.14
	71.71

	400
	67.73
	67.33
	67.72
	71.31
	92.82


*Values are expressed as mean ± standard deviation (n=3).*

The data revealed a clear dose-dependent relationship between concentration and radical scavenging activity for all tested substances. The scavenging activity increased progressively with increasing concentration, a hallmark of antioxidant compounds in the DPPH assay. Among the plant extracts, distinct patterns of efficacy were observed. The extracts of S. mombin, A. marmelos, and L. acidissima demonstrated markedly potent and comparable activity across a wide concentration range. Notably, these three extracts exhibited significantly higher (p < 0.05) scavenging activity than BHT at lower concentrations (3.125–25 µg/ml). For instance, at 25 µg/ml, S. mombin and L. acidissima exhibited 56.17% and 39.44% activity, respectively, compared to only 36.65% for BHT. These extracts reached their apparent maximum efficacy, plateauing at approximately 67% scavenging activity between 100 and 200 µg/ml. In contrast, the extract of S. cumini displayed significantly lower antioxidant potency (p < 0.05) at concentrations below 100 µg/ml. Its activity remained below 25% until the 50 µg/ml concentration, after which it increased more sharply, approaching the activity of the other plant extracts only at the highest concentrations (200-400 µg/ml). The reference antioxidant, BHT, displayed a different activity profile. While it was less potent than the leading plant extracts at lower concentrations, it did not exhibit the same early plateau. Its scavenging activity continued to rise steadily across the entire concentration range, ultimately achieving a significantly higher maximum activity of 92.82% at 400 µg/ml, surpassing all natural extracts tested. The IC₅₀ values (the concentration required to scavenge 50% of DPPH radicals), a critical indicator of potency, were calculated from the dose-response curves. The extracts of S. mombin, A. marmelos, and L. acidissima exhibited low IC₅₀ values, confirming their high potency, which was superior to BHT at the lower end of the concentration spectrum. The IC₅₀ for S. cumini was substantially higher, aligning with its weaker performance.

Statistical Analysis of Dose-Response Relationships
To quantitatively compare the antioxidant efficacy and model the dose-response relationship, the data from the DPPH assay were subjected to linear regression analysis. The key parameters, including the slope, Y-intercept, calculated IC₅₀ value, and goodness-of-fit metrics (R-squared and P-value), are presented in Table 2.










Table 2. Linear regression parameters of the DPPH radical scavenging activity for plant extracts and BHT.
	Parameter
	Spondias 
Mombin 
	Aegle 
Marmelos 
	Limonia 
Acidissima 
	Syzygium 
Cumini 
	BHT


	Slope
	0.09500
	0.1260
	0.1125
	0.1746
	0.1819

	Y-Intercept
	40.44
	30.13
	34.85
	14.98
	28.14

	X when Y=50
	100.6
	157.7
	134.6
	200.6
	120.2

	R squared
	0.3890
	0.5672
	0.5060
	0.7665
	0.8471

	P value
	0.0985
	0.0310
	0.0479
	0.0044
	0.0012

	Equation
	Y = 0.09500X + 40.44
	Y = 0.1260X + 30.13
	Y = 0.1125X + 34.85
	Y = 0.1746X + 14.98
	Y = 0.1819X + 28.14



Analysis of Potency (IC₅₀ Values)
The IC₅₀ value, which denotes the concentration required to achieve 50% radical scavenging, was used as the primary indicator of potency. Among the tested substances, the extract of S. mombin exhibited the lowest IC₅₀ value (100.6 µg/ml), indicating it was the most potent natural antioxidant in this assay. The synthetic standard, BHT, showed an IC₅₀ of 120.2 µg/ml, making it less potent than S. mombin but more potent than the other extracts. The extract of S. cumini was the least potent, with the highest IC₅₀ value of 200.6 µg/ml.

Goodness of Fit and Linearity of Response
The linear regression model revealed significant differences in the nature of the dose-response relationships. The extracts demonstrating the strongest linear fit were BHT (R² = 0.847)* and S. cumini (R² = 0.767), as indicated by their high R-squared values. This suggests that their scavenging activity increased in a highly predictable, linear manner with concentration. The statistical significance of this relationship was confirmed by P-values well below 0.05.
In contrast, the regression for S. mombin yielded a low R-squared value (0.389) and a non-significant P-value (0.0985). This indicates that a linear model is a poor fit for its data, corroborating the visual observation from the dose-response curve that its activity plateaus rapidly at a sub-maximal level. The models for A. marmelos and L. acidissima showed moderate linearity and were statistically significant (P < 0.05).

Cytotoxicity Assessment by Brine Shrimp Lethality Bioassay
The cytotoxicity of the plant extracts was evaluated using the Brine Shrimp Lethality Assay (BSLA), a preliminary screening tool to assess toxicity and potential bioactivity. The results, expressed as percentage mortality of Artemia salina nauplii across a concentration range of 0.78125 to 400 µg/ml, are presented in Table 3. Vincristine sulfate, a known cytotoxic chemotherapeutic agent, was used as the positive control.

Table 3. Cytotoxicity of plant extracts and Vincristine sulfate against Artemia salina nauplii.
	[bookmark: OLE_LINK1]Conc. (µg/ml)
	Spondias 
Mombin 
	Aegle 
Marmelos 
	Limonia 
Acidissima  
	Syzygium 
Cumini 
	Vincristine

	[bookmark: OLE_LINK2]0.78125
	50
	0
	10
	50
	50

	1.5625
	50
	20
	20
	50
	60

	3.125
	50
	30
	20
	60
	70

	6.25
	80
	40
	40
	60
	80

	12.5
	90
	50
	40
	70
	80

	25
	90
	50
	50
	80
	90

	50
	90
	70
	50
	90
	90

	100
	90
	80
	60
	100
	100

	200
	90
	100
	90
	100
	100

	400
	100
	100
	100
	100
	100
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Figure 1. Dose-response curves illustrating the distinct cytotoxic profiles of the tested plant extracts, showing a clear dose-dependent increase in mortality.

Analysis of Cytotoxic Profiles
The assay revealed distinct cytotoxic profiles among the tested extracts, with mortality showing a clear dose-dependent relationship for most substances.
Spondias mombin and Syzygium cumini demonstrated potent and rapid cytotoxicity. Both extracts induced 50% mortality at the lowest tested concentration (0.78125 µg/ml). S. mombin reached 80-90% mortality at just 6.25-12.5 µg/ml and maintained this high level, achieving 100% mortality only at 400 µg/ml. S. cumini showed a more gradual increase, reaching 100% mortality at 100 µg/ml.
Aegle marmelos and Limonia acidissima exhibited considerably lower cytotoxicity. Both extracts showed minimal mortality at low concentrations. A. marmelos required a high concentration of 200 µg/ml to achieve 100% mortality, while L. acidissima was the least toxic, reaching 100% mortality only at the maximum concentration of 400 µg/ml. The positive control, Vincristine, performed as expected, displaying high potency with 50% mortality at the lowest concentration and reaching 100% mortality at 100 µg/ml. Its profile serves as a benchmark for significant cytotoxic activity.

Determination of LC₅₀ Values
The LC₅₀ value (lethal concentration for 50% of the population) was determined graphically from the dose-response curves.
Most Cytotoxic: S. mombin and S. cumini displayed the lowest LC₅₀ values (< 0.78125 µg/ml), indicating exceptional cytotoxicity, which was comparable to or even more potent than Vincristine at the very low end of the concentration spectrum.
Least Cytotoxic: L. acidissima had the highest LC₅₀, confirming it as the least toxic extract under these experimental conditions.
Intermediate Cytotoxicity: A. marmelos showed an intermediate LC₅₀ value.


Discussion
The present study comprehensively evaluated the antioxidant potential and cytotoxicity of four medicinal plant extracts, revealing significant variations in their bioactivity profiles that suggest distinct therapeutic applications.
The DPPH radical scavenging assay confirmed that all tested extracts possess significant antioxidant activity in a dose-dependent manner. This is a characteristic feature of compounds capable of donating hydrogen atoms or electrons to stabilize free radicals [18]. The most striking finding was the superior potency of S. mombin, A. marmelos, and L. acidissima at lower concentrations (3.125–50 µg/ml), where they significantly outperformed the synthetic antioxidant BHT. This suggests that these natural extracts are rich in highly active antioxidant compounds that can effectively neutralize free radicals even at low doses. The calculated IC₅₀ values provide a clear hierarchy of antioxidant potency: S. mombin (IC₅₀ = 100.6 µg/ml) was the most potent, even surpassing BHT (IC₅₀ = 120.2 µg/ml), followed by L. acidissima (134.6 µg/ml) and A. marmelos (157.7 µg/ml). S. cumini was the least potent (IC₅₀ = 200.6 µg/ml) among the extracts.
However, a more nuanced analysis of the dose-response curves revealed critical differences in the potential mechanism or composition of these antioxidants. The high R-squared values for BHT (0.847) and S. cumini (0.767) indicate a strong linear relationship, typical of a system governed by a single dominant antioxidant mechanism or a primary active compound [19]. In contrast, the low R-squared value (0.389) and non-significant linear regression for S. mombin strongly suggest a complex, non-linear scavenging kinetics where antioxidant activity plateaus rapidly at around 67% despite increasing concentration. This plateau effect is often observed in complex plant extracts and can be attributed to several factors: (18) the presence of a limited amount of highly potent antioxidants that become saturated, (19) antagonistic interactions between different phytochemicals at higher concentrations, or (20) the involvement of compounds with different kinetic behaviors and reaction stoichiometries with DPPH• [20]. While BHT was less potent at lower doses, its lack of a plateau and its superior activity at the highest concentration (92.82% at 400 µg/ml) indicate a different mode of action, likely driven by a single, highly efficient synthetic molecule that does not saturate within the tested range [19].
The Brine Shrimp Lethality Assay (BSLA), a preliminary indicator of cytotoxicity and general bioactivity [21], revealed a dramatic dichotomy between the extracts. S. mombin and S. cumini exhibited remarkable cytotoxicity, with LC₅₀ values below 0.78 µg/ml, a potency comparable to the chemotherapeutic drug vincristine. This suggests the presence of potent bioactive compounds in these plants, which warrants further investigation for potential application in anticancer drug discovery [22]. Conversely, A. marmelos and particularly L. acidissima showed considerably lower toxicity. L. acidissima required the highest concentration (400 µg/ml) to achieve 100% mortality, indicating a wide margin of safety in this model. This low cytotoxicity is a highly desirable trait for plants intended for long-term use as nutraceuticals or safe therapeutic agents for non-life-threatening conditions.
Integrating the antioxidant and cytotoxicity findings provides a valuable framework for hypothesizing specific applications for each plant:
Spondias mombin emerges as a plant of dual significance. Its exceptional antioxidant potency and strong cytotoxicity suggest it is a rich source of powerful bioactive compounds. This profile aligns with the concept that potent antioxidants can sometimes exhibit pro-oxidant behavior in cellular systems, leading to oxidative stress-induced cell death [18]. This makes S. mombin a prime candidate for anti-proliferative studies against cancer cells, where its ability to induce cell death could be therapeutically valuable [21]. Previous phytochemical studies have identified antimicrobial and cytotoxic compounds in this species, supporting this proposition [20].
Limonia acidissima presents a complementary and highly promising profile. It demonstrated potent antioxidant activity at low concentrations while being the least cytotoxic extract. This combination of strong free radical scavenging capacity and a high safety profile makes it an excellent candidate for development as a preventive nutraceutical, a natural food preservative, or a therapeutic antioxidant for managing oxidative stress-related chronic diseases, such as diabetes and cardiovascular disorders, without significant cytotoxic side effects.
Aegle marmelos holds an intermediate position, with good antioxidant activity and moderate cytotoxicity, suggesting a balanced profile. This is consistent with extensive ethnopharmacological literature documenting its use for various ailments, supported by a broad spectrum of phytochemicals with moderate bioactivity [22]. It could be explored for therapeutic purposes where a balanced antioxidant and mild cytotoxic effect is acceptable.
Syzygium cumini, while the least potent antioxidant in the DPPH assay and highly cytotoxic, should not be dismissed. Its bioactivity may be directed towards mechanisms not captured by the hydrogen-donating DPPH assay, such as metal chelation or enzyme inhibition. Its significant cytotoxicity, despite low anti-DPPH activity, strongly indicates a different primary mechanism of action and warrants further investigation into specific biological targets, which may be unrelated to its radical scavenging capacity [19].

Conclusion
In conclusion, this study demonstrates that the selected plants possess distinct and complementary bioactivity profiles. S. mombin is a promising source of potent cytotoxic compounds for anticancer research, while L. acidissima stands out as an ideal candidate for safe antioxidant-based therapies. The divergence between the DPPH and BSLA results, particularly for S. cumini, underscores the importance of using multiple assay systems to fully characterize plant extracts. Future work should focus on the bioassay-guided fractionation of these extracts to isolate the active principles responsible for the observed antioxidant and cytotoxic effects.
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