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Evaluation of antioxidant biomarkers in liver, kidney, and heart of formalin-induced inflamed Wistar rats treated with aqueous extracts of Alstonia boonei
Abstract 
Inflammation is frequently accompanied by oxidative stress, which can disrupt antioxidant defenses and promote tissue injury. Alstonia boonei is widely used in traditional medicine, yet comparative evidence on the dose-dependent antioxidant effects of different plant parts under inflammatory conditions remains limited. This study evaluated the effects of aqueous extracts of A. boonei leaf, stem bark, and root bark on oxidative stress biomarkers in a formalin-induced inflammation model in Wistar rats. Rats were allocated to normal and formalin-induced control groups, an indomethacin-treated reference group, and extract-treated groups. Inflammation was induced by subcutaneous injection of 0.1 mL of 2% formalin into the hind paw on days 1 and 3. Extracts were administered orally at 150, 300, or 600 mg/kg body weight for 21 days; indomethacin (10 mg/kg) served as the standard anti-inflammatory control. Body weight was monitored during the study. After treatment, liver, kidney, and heart tissues were harvested and homogenized for biochemical assays. Oxidative status was assessed using malondialdehyde (MDA) as a lipid peroxidation index, alongside antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT). Data were analyzed using appropriate comparative statistics with significance set at p<0.05. Formalin induction elevated oxidative stress, reflected by increased MDA and altered antioxidant enzyme activities across organs. Leaf extract at lower doses generally improved antioxidant profiles by reducing MDA and supporting SOD/CAT activities, whereas higher doses—particularly of stem and root extracts—tended to worsen oxidative indices and/or dysregulate antioxidant enzymes. Overall, A. boonei exhibited dose- and plant-part–dependent effects, supporting cautious preclinical exploration and emphasizing the need for extract standardization and safety evaluation at higher doses.
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Introduction 
Herbal plants have long been vital in both the treatment and prevention of various illnesses and remain widely used across regions like Africa and Asia. These plants are abundant in phytochemicals, many of which hold potential as precursors for new drug development. To date, numerous bioactive compounds derived from medicinal plants have shown promise as foundations for innovative pharmaceuticals (Ugboko et al., 2020). Despite their widespread usage, affordability, and reliance in African communities, only a limited number have been thoroughly investigated or had their traditional applications scientifically validated, even though they are frequently used to manage conditions such as malaria, diarrhea, dysentery, cough, and inflammation (Mofokeng et al., 2022).
Inflammation is the body's natural defense mechanism against harmful stimuli such as toxins, infections, or cellular injury, typically presenting with redness, warmth, swelling, pain, and functional impairment (Gusev & Zhuravleva, 2022). While mild inflammation, particularly in organs like the liver, can be protective, severe or prolonged inflammation may cause tissue damage or organ failure (Matyas et al., 2021). Both infectious agents, such as bacteria and Plasmodium species, and non-infectious triggers can initiate inflammatory responses through pathways activated by components like lipopolysaccharides (LPS) (Harvanová & Duranková, 2025). Key inflammatory biomarkers include cytokines such as interleukins, C-reactive protein, tumor necrosis factor, malondialdehyde (MDA), thiobarbituric acid reactive substances (TBARS), and the enzyme creatine kinase, which is involved in cellular energy metabolism (Menzel et al., 2021).
A.boonei is a traditional medicinal plant recognized for its anti-inflammatory effects in ethnomedicine (Egho et al., 2022). It is rich in several bioactive compounds, including flavonoids, phenolics, alkaloids, and terpenes. Research has highlighted the importance of terpenes as key phytochemicals with a wide range of therapeutic benefits, such as antimicrobial, antimalarial, anticancer, and anti-inflammatory activities. The stem bark of A. boonei has specifically been noted for its analgesic, anti-inflammatory, antipyretic, and antioxidant effects (Mollica et al., 2022). This study was designed to evaluate the antioxidant response in Wistar rats treated with different concentrations of A. boonei extracts (from the leaf, stem bark, and root bark) following inflammation induced by formalin. The study is necessary because exposure to formalin, a widely used chemical in laboratories, industries, and healthcare settings, is known to induce significant toxic effects mediated largely through oxidative stress mechanisms.
Methodology 
Study Area
This work was done in the department of Pharmacology University of Benin, Benin City, Edo State, Nigeria.
Experimental Design
[bookmark: _Toc142053833]The experiment aimed to induce arthritis-like inflammation in male Wistar rats using formalin. A total of 90 rats were divided into six main groups, each with 12 sub-groups consisting of five rats. Before the experiment, all rats were examined, weighed, labeled, and tagged. Inflammation was induced in the right hind paw of rats in Groups I to V through subaponeurotic injection of 0.1 mL of 2% formalin on the first and third day. Inflammation levels were measured daily using a veneer caliper. Rats in Groups II, III, IV, and VI received daily doses of plant extracts administered orally using an orogastric tube and syringe.
Ethical Approval
[bookmark: _Hlk142030489]Ethical approval for the study was granted by the Ministry of Agriculture and Food Security, Benin City, Edo State Nigeria, through their letter referenced V. 1041/97.
[bookmark: _Toc142053834]
Animal Stabilization and Feeding
[bookmark: _Toc142053835]Ninety male Wistar rats weighing between 148 g and 250 g were sourced from the Animal House of the Department of Pharmacology and Toxicology, University of Benin. The rats were acclimatized for 14 days under natural lighting conditions and fed standard rodent cubes with water provided ad libitum. Prior to the experiment, they were dewormed and given vitamin C to improve their health status. All procedures followed standard experimental protocols approved by the Faculty of Pharmacy Animal Ethics Committee, University of Benin.
Classification of Groups 
Ninety Wistar rats were used in the study and divided into six groups. Group I served as the control group (5 rats) and received 3 ml/kg of distilled water daily for 10 days without plant extract administration. Group II (15 rats) was the 150 mg/kg test group, subdivided into three subgroups, each receiving leaf, stem bark, or root extract after formalin-induced inflammation. Group III (15 rats) was the 300 mg/kg test group, with subgroups similarly receiving different parts of the plant extract post-inflammation. Group IV (15 rats) was the 600 mg/kg test group, with leaf, stem, and root extracts administered after inducing inflammation. Group V (5 rats) was the control drug group, which received 300 mg/kg of indomethacin following formalin-induced inflammation. Group VI (15 rats) served as the negative control group, receiving 300 mg/kg of each plant extract without inflammation, also divided into subgroups based on plant part. At the end of the experiment, animals were euthanized using chloroform anesthesia, and the liver, right kidney, and heart were collected. These organs were homogenized in saline, centrifuged, and the supernatant was stored for further analysis
Plant Specimen Collection
Aqueous Extract preparation
[bookmark: _Toc142053838]Different parts of the A. boonei plant were pulverized and weighed, with the leaves totaling 578 g, the stem bark 906.3 g, and the root 388 g. Aqueous extracts were prepared using the cold maceration method: the leaves and stem bark were each soaked in 10 L of distilled water, while the root was soaked in 7 L. The mixtures were stirred hourly using a glass stirrer and left to stand for 24 hours. Afterward, the extracts were filtered, concentrated using a rotary evaporator, and oven-dried at 33°C until completely dry. For administration, 2 g of the dried extract was dissolved in 5 mL of Tween 80 and 15 mL of distilled water, mixed thoroughly, stored in an airtight container, and refrigerated at 4°C.
Control Drug Preparation
Indomethacin (25 mg), used as the control drug in the experiment, was purchased from a registered pharmacy in Benin City. To prepare the solution, 100 mg of indomethacin was dissolved in 4 mL of 2% sodium bicarbonate and 16 mL of normal saline, then thoroughly mixed. The prepared solution was stored in an airtight container and kept refrigerated at 4°C.
Laboratory Analysis
[bookmark: _Hlk203997989]Superoxide Dismutase, SOD 
Superoxide dismutases was estimated spectrophotometrically by Epinephrine Autoxidation Method as described by Misra and Fridovich, 1972.
Assessment of lipid Peroxidation (MDA)
Lipid peroxidation in post mitochondrial fraction was estimated spectrophotometrically by thiobarbituric acid reactive substances (TBARS) method as described by Varshey and Kale (1990).
Determination of Reduced Glutathione (GSH) Level
[bookmark: _Hlk204095370]The Hydrogen Peroxide Decomposition Method described by Cohen et al., 1970 was adopted in estimating the level of catalase in homogenized organs.
Statistical analysis
The results were analyzed using the Statistical Package for Social Sciences program (SPSS) version 20.0 (Chicago IL). Values obtained from study were presented as mean ± standard error of mean (SEM). Student’s t –test and ANOVA was used for comparing the mean of plant extract at different doses with the control group. The grouped were analysed using a cross tabulation Pearson chi-square test. Within class, chi-square goodness of fit was applied. Level of significance was set at p<0.05.
RESULTS 
[bookmark: _Toc142054162][bookmark: _Hlk204081269]Table 1 Mean Comparison of Different concentration of plant parts on Body weight of Wistar rats 
	
	3ml
Negative control 
	150mg/kg
	300mg/kg
	600mg/kg
	Indomethacin
Positive control
	p-value

	Leaves
	191.72±6.96a
	189.38±9.91a
	175.78±6.45a
	199.60±6.30a
	197.46±5.90a
	0.197

	Stems
	191.72±6.96ab
	198.16±10.44ab
	174.62±6.61a
	210.88±2.98b
	197.46±5.90ab
	0.039

	Roots
	191.72±6.96a
	180.44±5.95a
	185.50±7.16a
	211.28±11.89a
	197.46±5.90a
	0.108





[bookmark: _Toc142054172]Table 1 compares the mean body weights of Wistar rats treated with varying concentrations (150, 300, and 600 mg/kg) of Alstonia boonei leaves, stems, and roots, as well as Indomethacin and a water-treated control group. The control group maintained a consistent mean weight of 191.72 ± 6.96 g. Among the treatment groups, the leaves and roots showed fluctuations in body weight across doses, but none of these changes were statistically significant. In contrast, the stem extract at 600 mg/kg led to a significant increase in body weight (210.88 ± 2.98 g), with a p-value of 0.039, indicating a meaningful difference from the control group (p < 0.05). This suggests that only the high-dose stem extract of A. boonei had a significant dose-dependent effect on body weight, while the leaves and roots did not
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[bookmark: _Hlk204081304]Table 2: Mean comparison of A. boonei on Liver antioxidant status of formalin induced Wistar rats
	
	
	3 ml/kg
DH2O
	150 mg/kg
	300 mg/kg
	600 mg/kg
	Indomethacin
	300 mg/kg only
Without induction
	F-value
	p-value

	Leaves
	MDA 
	26.30±0.01a
	23.99±0.60ab
	23.44±0.10b
	38.25±0.02c
	34.05±1.09c
	36.05±0.67cd
	127.794
	0.000

	 
	SOD 
	9.38±0.01a
	9.45±0.05a
	9.49±0.01a
	5.16±0.01b
	7.98±0.68c
	6.03±0.07b
	46.829
	0.000

	 
	CAT 
	138.46±0.02a
	157.24±4.80b
	165.82±0.96b
	120.73±0.04c
	134.13±3.25a
	134.35±0.08a
	48.122
	0.000

	Stem
	MDA 
	26.30±0.01a
	32.07±6.34a
	52.08±4.73b
	37.75±0.21a
	34.05±1.09a
	38.38±0.01ab
	77.759
	0.000

	 
	SOD 
	9.38±0.01a
	8.45±0.80ab
	5.94±0.69bc
	7.03±0.77abc
	7.98±0.68ab
	5.27±0.01c
	94.042
	0.000

	 
	CAT 
	138.46±0.02ab
	150.60±10.96a
	118.91±4.67b
	119.66±0.49b
	134.13±3.25ab
	121.12±0.01b
	55.253
	0.001

	Root
	MDA 
	26.30±0.01a
	37.43±0.01b
	37.34±0.05b
	37.30±0.02b
	34.05±1.09c
	37.36±0.03b
	102.340
	0.000

	 
	SOD 
	9.38±0.01a
	8.45±0.02ab
	8.38±0.07ab
	8.29±0.02ab
	7.98±0.68b
	8.27±0.02ab
	64.640
	0.045

	 
	CAT 
	138.46±0.02a
	120.37±0.02b
	120.24±0.09b
	120.16±0.01b
	134.13±3.25a
	119.63±0.33b
	52.339
	0.000


Table 2 summarizes the effects of varying doses of Alstonia boonei extracts (leaves, stems, and roots) on liver antioxidant markers (MDA, SOD, and CAT) in formalin-induced Wistar rats. Compared to control and Indomethacin-treated groups, the results showed significant differences across treatments. At lower concentrations (150 and 300 mg/kg), especially with leaf extracts, there was a notable antioxidant effect: MDA levels decreased, while SOD and CAT activities increased, indicating reduced oxidative stress. In contrast, the 600 mg/kg dose of the leaf extract reversed this trend, showing elevated MDA and reduced SOD and CAT levels, suggesting oxidative damage at high doses. The stem and root extracts showed less favorable outcomes. The stem extract, particularly at 300 mg/kg, led to the highest MDA levels and reduced SOD and CAT activity. Similarly, root extracts consistently elevated MDA and lowered antioxidant enzyme activity across all doses.
[bookmark: _Toc142054174]Table 3: Mean comparison of A. boonei on Kidney antioxidant status of formalin induced Wistar rats
	
	
	3 ml/kg
DH2O
	150 mg/kg
	300 mg/kg
	600 mg/kg
	Indomethacin
	300 mg/kg only
Without induction
	F-value
	        p-value

	Leaves
	MDA 
	26.41±0.01a
	23.09±0.83b
	23.45±0.67b
	35.43±0.02c
	32.07±0.87d
	30.09±0.06d
	77.759
	0.000

	 
	SOD 
	6.20±0.01a
	6.43±0.06a
	6.51±0.02a
	3.81±0.02b
	4.83±0.26c
	5.36±0.06d
	94.042
	0.000

	 
	CAT 
	128.52±0.01a
	130.83±0.58ab
	133.72±0.96b
	115.79±0.65c
	120.47±1.84d
	129.79±0.26ab
	55.253
	0.000

	Stem
	MDA 
	26.41±0.01a
	29.56±3.17ab
	39.27±2.02c
	31.86±1.42bc
	32.07±0.87abc
	35.58±0.01bc
	7.204
	0.000

	 
	SOD 
	6.20±0.01a
	5.59±0.63a
	3.65±0.36b
	4.70±0.35ab
	4.83±0.26ab
	3.81±0.01b
	8.139
	0.000

	 
	CAT 
	128.52±0.01a
	127.64±5.29a
	109.74±3.38b
	114.58±0.81b
	120.47±1.84ab
	113.20±0.01b
	8.468
	0.000

	Root
	MDA 
	26.41±0.01a
	30.20±0.01b
	30.03±0.10b
	29.85±0.07b
	32.07±0.87c
	29.63±0.10b
	8.637
	0.000

	 
	SOD 
	6.20±0.01a
	6.31±0.01a
	6.39±0.03a
	5.67±0.31ab
	4.83±0.26c
	5.22±0.03bc
	5.910
	0.000

	 
	CAT 
	128.52±0.01a
	117.02±0.45b
	119.83±0.80b
	120.17±0.04b
	120.47±1.84b
	117.59±1.55b
	6.076
	0.000



Table 3 highlights the impact of Alstonia boonei extracts on kidney antioxidant status in formalin-induced Wistar rats, using MDA, SOD, and CAT as biomarkers. Significant differences were observed across all treatments (p = 0.000). At lower doses (150–300 mg/kg), the leaf extract showed beneficial antioxidant effects by reducing MDA levels and maintaining SOD and CAT activities. However, at 600 mg/kg, these benefits reversed, with increased MDA and decreased enzyme activities, indicating oxidative stress. In contrast, the stem and root extracts generally led to increased MDA and reduced SOD and CAT levels, especially at higher doses, suggesting they may compromise kidney antioxidant defense. Overall, the leaf extract at 150–300 mg/kg proved most effective in supporting kidney antioxidant status, while higher doses and other plant parts appeared to promote oxidative imbalance.
[bookmark: _Toc142054176][bookmark: _Hlk204081461]Table 4: Mean comparison of A. boonei on Heart antioxidant status of formalin induced Wistar rats
	
	
	3 ml/kg
DH2O
	150 mg/kg
	300 mg/kg
	600 mg/kg
	Indomethacin
	300 mg/kg only
Without induction
	F-value
	p-value

	 Leaves
	MDA 
	25.68±0.01a
	23.66±0.51a
	23.18±0.01a
	38.08±0.02b
	32.82±1.34c
	31.34±0.08c
	7.102
	0.000

	 
	SOD 
	5.31±0.01a
	7.00±0.43b
	7.48±0.03b
	4.11±0.01cd
	4.75±0.14ac
	3.89±0.02d
	6.732
	0.000

	 
	CAT 
	128.37±0.02a
	132.26±0.99a
	133.67±0.13a
	168.67±0.26b
	209.42±10.90c
	131.78±0.82a
	6.447
	0.000

	 Stem
	MDA 
	25.68±0.01a
	29.06±4.11ab
	42.08±2.65c
	36.93±0.46bcd
	32.82±1.34abd
	38.21±0.01cd
	23.909
	0.000

	 
	SOD 
	5.31±0.01ab
	6.21±0.84a
	3.75±0.30b
	4.24±0.06b
	4.75±0.14ab
	4.18±0.01b
	12.799
	0.001

	 
	CAT 
	128.37±0.02a
	146.38±19.07ab
	129.66±22.70a
	188.58±8.19bc
	209.42±10.90c
	166.19±0.20a
	15.137
	0.001

	 Root
	MDA 
	25.68±0.01a
	30.61±0.02b
	30.61±0.01b
	30.60±0.01b
	32.82±1.34b
	32.84±1.36b
	10.282
	0.000

	 
	SOD 
	5.31±0.01ab
	6.19±0.01a
	6.26±0.01a
	6.26±0.01a
	4.75±0.14b
	5.50±0.47ab
	8.384
	0.000

	 
	CAT 
	128.37±0.02a
	216.48±0.14b
	216.86±0.21b
	217.10±0.03b
	209.42±10.90b
	211.17±3.65b
	50.512
	0.000


Table 4 summarizes the effects of Alstonia boonei extracts on heart antioxidant status in formalin-induced rats. The results revealed significant changes (p < 0.05) in oxidative stress markers (MDA, SOD, and CAT) across all treatment groups. At 150–300 mg/kg, the leaf extract reduced MDA levels and increased SOD and CAT activities, indicating enhanced antioxidant protection. However, at 600 mg/kg, MDA increased sharply and antioxidant enzymes declined, suggesting oxidative stress. The stem extract showed a dose-dependent rise in MDA and inconsistent antioxidant enzyme levels, reflecting a disrupted antioxidant balance at higher doses. Similarly, the root extract consistently elevated MDA while CAT levels rose markedly, likely as a compensatory response to oxidative damage. Overall, moderate doses of leaf extract provided the most effective antioxidant protection for the heart, whereas high doses of stem and root extracts may contribute to oxidative imbalance.


Discussion 
A. boonei is a plant species belonging to the Apocynaceae family. Indigenous to West Africa, it is commonly found in nations like Nigeria, Ghana, and Ivory Coast. The tree is valued for its strong, long-lasting wood, which is widely utilized in building, carpentry, and the production of various wooden items. Additionally, A. boonei holds an important place in traditional West African medicine, where it is employed in managing numerous health conditions (Okoye et al., 2021).
This study revealed that only the stem extract of A. boonei at a dose of 600 mg/kg led to a significant increase in body weight compared to the control group (p = 0.039), whereas the leaf and root extracts showed no notable weight variations across all tested doses. These results differ from the observations made by Onyeneke and Anyanwu, (2018), who reported a marked reduction in food consumption and body weight in Wistar rats with high-carbohydrate-induced obesity. Similarly, the current findings contradict those of Anyanwu et al., (2018), who found that the alkaloid-rich fraction of A. boonei exhibited anti-obesity effects, as shown by reduced body weight in rats on a high-fat diet. The weight gain observed in the present study could be attributed to the presence of various phytochemicals in A. boonei, such as alkaloids, flavonoids, tannins, and saponins. At elevated doses, these compounds may enhance appetite, improve nutrient uptake, and influence metabolic functions, potentially contributing to increased body mass.
This research demonstrated that A. boonei extracts significantly influenced key liver antioxidant indicators such as MDA (a marker of lipid peroxidation), SOD, and CAT in Wistar rats with formalin-induced inflammation (p < 0.05). At lower doses of 150–300 mg/kg, the leaf extract notably reduced MDA levels while enhancing SOD and CAT activity, suggesting a strong protective antioxidant effect in the liver. However, at a higher dose of 600 mg/kg, the trend reversed: MDA levels rose considerably and antioxidant enzyme activity declined, indicating oxidative stress likely triggered by the elevated concentration. These results are consistent with earlier findings. For instance, Taiwo et al., (2018) showed that aqueous leaf extracts of A. boonei at doses between 250–500 mg/kg shielded rats from liver damage caused by isoniazid and rifampicin, leading to reduced MDA levels and maintained antioxidant enzyme function. Similarly, stem bark extracts have shown antioxidative properties in other studies. Yet, in contrast to the current results, Adjouzem et al., (2020) found that in a colitis model, A. boonei doses ranging from 125–250 mg/kg led to marked reductions in MDA and increases in SOD and CAT. Adesina et al., (2025) also reported that stem bark extracts significantly restored antioxidant enzyme levels, protecting against isoniazid-induced liver enzyme disruption.The differing outcomes in this study may be attributed to the dose-dependent effects of A. boonei where lower doses promote antioxidant activity by enhancing enzyme function and limiting oxidative damage, while higher doses may overwhelm the system, leading to oxidative imbalance.
The results of this study indicate that administering A. boonei leaf extract at low to moderate doses (150 mg/kg and 300 mg/kg) led to a significant decrease in MDA levels and either preserved or slightly improved SOD and CAT activity when compared to the control group. These findings suggest that the leaf extract, especially at these concentrations, offers protective antioxidant benefits to kidney tissue by reducing lipid peroxidation and supporting enzymatic defense mechanisms. A study by Ojo et al., (2014) on dichlorvos-induced kidney toxicity similarly reported that aqueous extracts of A. boonei leaves reduced oxidative damage and restored levels of antioxidant enzymes such as SOD, CAT, and GPx paralleling the results observed at 150–300 mg/kg in the present study. Similarly, research by Nkono et al., (2015) highlighted A. boonei toxicity at elevated doses (1000 mg/kg), which aligns with the current findings showing that at 600 mg/kg, the protective effects of both the leaf and stem extracts were diminished. The rise in oxidative stress markers in the kidneys at high doses of A. boonei extract may be due to an excess of phytochemicals, which can overwhelm the kidney’s natural antioxidant systems and trigger the overproduction of reactive oxygen species (ROS), ultimately leading to oxidative damage.
This study explored the effects of A. boonei extracts (from the leaves, stem bark, and root bark) on heart antioxidant markers in formalin-induced Wistar rats. All measured parameters showed statistically significant variations (p < 0.05), indicating that both the plant part and dosage influenced the outcomes. At lower and moderate doses (150–300 mg/kg), the leaf extract significantly lowered MDA concentrations, while SOD levels rose markedly and CAT activity showed a mild increase, although not statistically different from the control group. These antioxidant effects support the findings of Akinnawo et al., (2017), whose study in rats demonstrated that A. boonei leaf extract effectively neutralizes free radicals and prevents oxidative damage. The current results are also consistent with those of Mollica et al., (2022), who reported that methanol extracts of A. boonei leaves and stem bark had strong antioxidant and reducing effects, with the leaf extract showing superior radical scavenging ability.However, at the highest tested dose (600 mg/kg), there was a noticeable increase in oxidative stress and a decline in antioxidant activity. This biphasic response mirrors the observations of Okoye et al., (2021), who advised caution when using A. boonei extracts, noting that excessive dosages or prolonged use could lead to toxic effects.
Conclusion 
Based on the findings of this research, it can be concluded that the leaves of A. boonei contain bioactive compounds with notable antioxidant activity, showing effectiveness and relative safety in combating oxidative stress. However, it is important to exercise caution, as high doses (600 mg/kg) of the extract may lead to toxic effects and potential health risks.
Limitations and Future Research
This study used a single formalin-induced inflammation model and a relatively short exposure period, so the findings may not generalize to other inflammatory etiologies or chronic disease courses. Extracts were prepared as crude aqueous preparations without quantitative phytochemical profiling or standardization, limiting reproducibility and making it difficult to link effects to specific constituents. Outcomes were restricted to enzymatic and lipid-peroxidation markers in three organs; key translational endpoints (paw edema/clinical scoring, cytokines, serum biochemistry, histopathology, and oxidative markers such as GSH) were not comprehensively assessed. Potential sex-specific responses and pharmacokinetic behavior were not evaluated.
Future research should standardize extracts (yield, fingerprinting, marker compounds), expand dose–response testing with dedicated toxicity studies, and include blinded, randomized designs with sufficient sample sizes. Mechanistic work should examine inflammatory signaling pathways and antioxidant gene regulation, alongside histology and systemic biomarkers. Validation across additional models and longer follow-up will strengthen translational relevance for clinical translation efforts.
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