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ABSTRACT


Arsenic is a pervasive environmental toxicant that poses a serious threat to human and animal health through contamination of water and food sources. Chronic exposure to arsenic is known to induce oxidative stress, metabolic dysfunction and hepatocellular injury. The present study was undertaken to evaluate the protective potential of Moringa oleifera leaf extract (MOLE) against arsenic-induced toxicity using adult zebrafish (Danio rerio) as an experimental model. A total of 240 adult zebrafish were randomly divided into four groups: control, arsenic trioxide–exposed (50 µg/L), arsenic trioxide with MOLE at 200 mg/L and arsenic trioxide with MOLE at 400 mg/L, and treated for 60 days. At the end of the exposure period, liver tissues were collected and analyzed for key biochemical parameters, including total cholesterol (TC), triglycerides (TG), alanine aminotransferase (ALT) and aspartate aminotransferase (AST). Chronic arsenic exposure resulted in a significant elevation of TC, TG, ALT and AST levels compared to the control group, indicating impaired lipid metabolism and hepatocellular damage. Co-treatment with MOLE significantly and dose-dependently attenuated these arsenic-induced biochemical alterations, with marked reductions in hepatic lipid levels and liver enzyme activities. Although the parameters in MOLE-treated groups did not completely normalize to control values, they were substantially improved compared to the arsenic-only group. The ameliorative effects of MOLE are likely attributed to its rich content of phenolic and flavonoid compounds, which exert antioxidant, anti-inflammatory and hepatoprotective actions by reducing oxidative stress and stabilizing hepatocellular membranes. In conclusion, Moringa oleifera leaf extract exhibits significant protective effects against arsenic-induced hepatic and metabolic toxicity, highlighting its potential as a natural therapeutic agent.
Keywords: Arsenic, Biochemical, Hepatoprotective, Moringa oleifera, Zebrafish.

INTRODUCTION


Arsenic is a ubiquitous metalloid that naturally occurs in more than 200 mineral forms, and its release into the environment primarily results from the weathering, decomposition and leaching of arsenic-bearing minerals, making it a major contaminant of drinking water worldwide (Shakoor et al., 2016). Exposure to arsenic poses serious health risks to animals and humans, commonly occurring through the consumption of contaminated water, accidental ingestion of arsenic-treated seeds and food crops, or intake of fruits and vegetables containing residual arsenic from pesticide applications, thereby raising significant food safety concerns (Bertin et al., 2013).


The toxicological effects of environmental pollutants are traditionally evaluated using both rodent and non-rodent experimental models. In recent years, the zebrafish (Danio rerio) has emerged as a powerful vertebrate model system for studying genetics, embryonic development, environmental toxicology, drug pharmacology, DNA damage and repair mechanisms, carcinogenesis and various disease processes. Due to its genetic similarity to mammals, rapid development, transparent embryos and ease of maintenance, zebrafish is increasingly utilized for eco-environmental monitoring and for assessing the toxic potential of heavy metals, endocrine disruptors and organic pollutants (Dai et al., 2014). Moreover, zebrafish has gained prominence in drug discovery and pre-clinical toxicological screening, further validating its relevance as an experimental model organism (Van et al., 2017).


Arsenic toxicity is primarily mediated through the induction of oxidative stress, genotoxic damage and metabolic dysfunction, which collectively contribute to tissue injury and systemic toxicity. Therefore, natural compounds with strong antioxidant and cytoprotective properties are being actively explored as potential therapeutic agents against arsenic-induced toxicity. Moringa oleifera, commonly known as the drumstick tree, is a nutrient-rich plant containing an abundance of bioactive constituents such as β-carotene, essential amino acids, vitamins, proteins, polyphenols, flavonoids and other natural antioxidants. Extensive scientific evidence has demonstrated its diverse pharmacological activities, including anti-inflammatory, hepatoprotective, neuroprotective, antimicrobial, antidiabetic, anticarcinogenic and anti-aging effects (Azeem et al., 2023). Owing to its wide range of medicinal properties and nutritional value, Moringa oleifera also holds considerable importance in the food and pharmaceutical industries, in addition to its traditional uses.



Given the established role of oxidative stress and inflammation in arsenic-induced toxicity and the potent antioxidant potential of Moringa oleifera, the present investigation was undertaken to evaluate its possible ameliorative effects against arsenic toxicity. The study focuses on assessing arsenic-induced biochemical alterations in zebrafish and determining the protective efficacy of Moringa oleifera leaf extract.

MATERIALS AND METHODS

Location and Place of Work



The present investigation was carried out in the Department of Veterinary Pharmacology and Toxicology, College of Veterinary Science and Animal Husbandry, Nanaji Deshmukh Veterinary Science University (N.D.V.S.U.), Jabalpur, Madhya Pradesh.

Experimental Animals



A total of 240 healthy adult zebrafish (Danio rerio), aged 4–5 months, were used in the study. The fish were procured from a local aquarium supplier. The experimental protocol, including the number of animals and all procedures involved, was reviewed and approved by the Institutional Animal Ethics Committee (IAEC), College of Veterinary Science and Animal Husbandry, N.D.V.S.U., Jabalpur, Madhya Pradesh (IAEC No. 02/IAEC/Vety/2024). The zebrafish were randomly allocated into four experimental groups, each comprising 60 fish, and were subjected to different treatment regimens.

Animal Husbandry

Housing of Fish



Zebrafish were housed in standard glass aquaria with a capacity of 20 L, containing purified water and provided with continuous aeration to ensure adequate dissolved oxygen levels.

Acclimatization



Prior to the initiation of the experiment, all fish were acclimatized to laboratory conditions for a period of 15 days under close observation to ensure their health and adaptability.

Environmental Conditions



Throughout the experimental period, water temperature was maintained between 26–28°C, and pH levels were kept within the range of 6.8–7.4. Continuous aeration was provided using commercially available aerators. The tanks were cleaned at five-day intervals to remove debris and maintain hygienic conditions. Approximately 50% of the tank water was replaced with fresh water at each cleaning to maintain the desired concentrations of arsenic and Moringa oleifera extract in the respective treatment groups. A controlled photoperiod of 14 h light and 10 h dark was strictly followed.

Feeding of Animals



All zebrafish were fed twice daily at a rate of 10 mg/fish using a uniform diet comprising freeze-dried bloodworms and commercially available fish pellets (Tetra Bits Complete and Optimum Micro-pellet) throughout the study duration.

Experimental Materials

Collection and Processing of Plant Material



Fresh leaves of Moringa oleifera were obtained from the Department of Plant Physiology, Jawaharlal Nehru Krishi Vishwa Vidyalaya (J.N.K.V.V.), Jabalpur, Madhya Pradesh. The collected plant material was processed, and an ethanolic extract was prepared following the method described by Himi et al. (2024).

Experimental Design



To assess the ameliorative potential of Moringa oleifera against arsenic-induced toxicity, the zebrafish were divided into four experimental groups, each consisting of 60 fish, and treated as described below:

Table 01: Experimental design of the study
	Group
	No. of Animals
	Treatment

	T1
	60
	Control (normal RO water)

	T2
	60
	Arsenic trioxide (50 µg/L of water) once daily for 60 days

	T3
	60
	Arsenic trioxide (50 µg/L of water) + ethanolic extract of Moringa oleifera (200 mg/L of water) once daily for 60 days

	T4
	60
	Arsenic trioxide (50 µg/L of water) + ethanolic extract of Moringa oleifera (400 mg/L of water) once daily for 60 days


Collection of Samples



At the end of the experimental period (60th day), all zebrafish were humanely euthanized using the ice-cold method. Liver tissues were carefully dissected under a stereomicroscope and collected in phosphate-buffered saline (PBS) for subsequent biochemical analysis.

Parameters of the Study

Biochemical Parameters



Following euthanasia, zebrafish were washed with pre-cooled PBS and homogenized in 270 µL of normal saline. The homogenates were centrifuged at 4°C at 2500 rpm for 10 minutes. The resulting supernatants were used to estimate total cholesterol (TC), triglycerides (TG) and the enzymatic activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) using commercially available diagnostic kits, as described by He et al. (2021).

Statistical Analysis



All experimental data were expressed as mean ± standard error (SE). Statistical analysis of biochemical parameters was performed using one-way analysis of variance (ANOVA) followed by Tukey’s B post hoc test. A probability value of p < 0.05 was considered statistically significant (Snedecor and Cochran, 1994).
RESULT AND DISCUSSION


Moringa oleifera is a medicinal plant with well-documented antioxidant, anti-inflammatory, antibacterial, anticancer, antidiabetic and hepatoprotective properties. These biological activities are primarily attributed to its rich composition of phenolic and flavonoid compounds, which play a critical role in mitigating oxidative stress by scavenging reactive oxygen species and thereby reducing the risk of chronic disorders, including diabetes, cardiovascular diseases, cancer and neurodegenerative conditions.



The present study aimed to evaluate the protective efficacy of Moringa oleifera leaf extract against arsenic-induced toxicity in adult zebrafish (Danio rerio). Biochemical assessments were performed using liver homogenates from experimental fish to determine alterations in key metabolic and hepatic markers. This approach facilitated a comprehensive evaluation of the ameliorative potential of Moringa oleifera in attenuating arsenic-induced biochemical disturbances.

Evaluation of Biochemical Parameters

Biochemical parameters serve as critical indicators of physiological and metabolic status, reflecting alterations in liver function and metabolic homeostasis under toxic stress. In the present study, key biochemical markers including total cholesterol (TC), triglycerides (TG), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were evaluated in liver homogenate of zebrafish following 60 days of exposure to arsenic trioxide and Moringa oleifera. These parameters are commonly used to assess hepatic integrity, lipid metabolism and degree of hepatocellular injury caused by toxicants or ameliorated by therapeutic interventions. 

The effects of daily administration of arsenic trioxide and M. oleifera on these biochemical parameters are summarized in Table 02 and illustrated in Figure 01, 02, 03 and 04. The mean value of TC (mmol/g protein) of zebrafish liver homogenate in T1, T2, T3 and T4 groups were 0.05 ± 0.09, 0.14 ± 0.02, 0.10 ± 0.02 and 0.08 ± 0.01 mmol/g protein, respectively. The mean value of TG (mmol/g protein) of zebrafish liver homogenate in T1, T2, T3 and T4 groups were 0.17± 0.02, 0.33 ± 0.03, 0.24 ± 0.02 and 0.19 ± 0.02 mmol/g protein, respectively. The mean value of ALT (U/mg protein) of zebrafish liver homogenate in T1, T2, T3 and T4 groups were 12.2 ± 1.0, 38.5 ± 2.3, 21.1 ± 1.2 and 17.3 ± 1.1 U/mg protein, respectively. The mean value of AST (U/mg protein) of zebrafish liver homogenate in T1, T2, T3 and T4 groups were 16.2 ± 1.9, 43.5 ± 4.3, 27.8 ± 2.2 and 21.3 ± 3.6 U/mg protein, respectively. 

The mean TC, TG, ALT and AST levels showed a significant elevation in arsenic trioxide exposed group (T2) when compared to the control (T1), indicating disruption in hepatic metabolism and enzyme leakage due to arsenic-induced hepatotoxicity. However, M. oleifera supplementation (T3 and T4) significantly (p<0.05) reduced these elevated values in a dose-dependent manner, suggesting partial restoration of normal liver function. Although the enzyme and lipid levels in M. oleifera treated groups remained slightly higher than the control, they were markedly lower than those of the arsenic-only group, confirming a protective role. 
Table 02:
Biochemical parameters in liver of zebrafish of all treatment groups 

	Treatment groups
	Parameters (Mean ± S.E.)

	
	Total cholesterol  (mmol/g protein)
	Triglyceride (mmol/g protein)
	Alanine amino-transferase    (U/mg protein)
	Aspartate amino-transferase   (U/mg protein)

	T1
	0.05b ± 0.09
	0.17b± 0.02
	12.2c ± 1.0
	16.2b ± 1.9

	T2
	0.14a ± 0.02
	0.33a ± 0.03
	38.5a ± 2.3
	43.5a ± 4.3

	T3
	0.10ab ± 0.02
	0.24b ± 0.02
	21.1b ± 1.2
	27.8b ± 2.2

	T4
	0.08b ± 0.01
	0.19b ± 0.02
	17.3bc ± 1.1
	21.3b ± 3.6


*Means bearing different superscript differ significantly (p<0.05) with “a” denoting the highest mean.

The increased TC and TG in the arsenic-intoxicated group reflect hepatic lipid accumulation, which can lead to lipotoxicity, steatosis and inflammatory responses (Li et al., 2024). Similarly, elevated ALT and AST activities signify hepatocellular damage and leakage of transaminases into the cytoplasm. Arsenic exposure is known to impair lipid metabolism and elevate hepatic enzyme activity (Sheikh et al., 2014), consistent with previous findings. The reduction of these biochemical alterations by M. oleifera leaf extract suggests its potent hepatoprotective and lipid-regulating effects, likely attributed to its rich antioxidant and bioactive constituents. Thus, M. oleifera demonstrates a significant capacity to counteract arsenic-induced biochemical and metabolic disturbances, highlighting its therapeutic potential against hepatotoxicity and related oxidative damage. 
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Figure 01: Total cholesterol (TC) level in liver of zebrafish

Figure 02: Triglyceride (TG) level in liver of zebrafish

Figure 03: Alanine aminotransferase (ALT) level in liver of zebrafish


Figure 04: Aspartate aminotransferase (AST) level in liver of zebrafish

Heavy metal exposure also severely interferes with normal plant physiology and biochemical functioning, leading to reduced growth and development. Electrochemical and cellular components such as protein-like substances, extracellular matrix-associated molecules and immune-based elements can act as reliable indicators of metal stress. Together, these biomarkers offer an efficient and integrated approach for monitoring heavy metal toxicity in plants and assessing its environmental and biological impacts (Tyagi et al., 2024). 
Khalid et al. (2024, b) systematically demonstrated that arsenic exposure causes significant disruption of biochemical homeostasis in Labeo rohita, as indicated by elevated hepatic enzymes (ALT, AST and ALP), increased cortisol levels and compromised antioxidant defense mechanisms, reflecting hepatic stress and metabolic imbalance. The study further established that dietary supplementation with Moringa oleifera leaf extract at 2% and 4% levels effectively mitigated these arsenic-induced biochemical alterations in a dose- and time-dependent manner, with the 4% supplementation exhibiting greater protective efficacy. These findings substantiate the hepatoprotective and biochemical restorative potential of Moringa oleifera, highlighting its applicability as a functional feed additive for alleviating arsenic-induced toxicity in fish.
In parallel to our observations, Sheikh et al. (2014) have reported that exposure to arsenic markedly elevates the serum activities of ALP, AST and ALT enzymes whose simultaneous increase is indicative of liver damage, with AST and ALT serving as more specific markers of hepatic injury. Dietary supplementation with Moringa oleifera leaves has been shown to significantly counteract these arsenic induced elevations, demonstrating a hepatoprotective effect. Such findings collectively support the therapeutic potential of Moringa oleifera leaves in mitigating or preventing arsenic related liver toxicity in humans or animals.
Reda et al. (2023) also reported that exposure to abamectin significantly elevated serum AST and ALT activities, indicating hepatocellular injury and disrupted lipid metabolism by increasing total cholesterol (TC) and triglycerides (TG). Supplementation with Moringa oleifera extract effectively reduced AST and ALT levels, demonstrating hepatoprotective effects, while also normalizing TC and TG levels, reflecting its lipid-regulating potential. These findings align with previous studies reporting that Moringa oleifera leaves can mitigate hepatic damage and improve lipid profiles, supporting their therapeutic potential against toxin-induced metabolic and liver dysfunction.

Similarly, Hamed et al. (2022) reported that exposure of Nile tilapia to zinc oxide nanoparticles induced significant biochemical disturbances, including elevated serum glucose, cortisol, liver enzymes (ALT, AST, ALP), renal markers, cholesterol and LDH, alongside reductions in total protein, albumin and globulin. These changes indicate hepatic, renal and metabolic stress caused by zinc oxide nanoparticles in fish. Dietary supplementation with the Moringa oleifera leaf nanoparticles effectively restored these biochemical parameters to near-control levels, demonstrating a strong protective effect. Fish fed with Moringa oleifera alone showed no significant alterations compared to controls, highlighting the safety and therapeutic potential of Moringa oleifera in mitigating zinc oxide induced toxicity.

Shao et al. (2024) investigated the effects of long-term consumption of arsenic-contaminated feed in mice to elucidate liver-specific toxic outcomes. Their findings demonstrated that chronic dietary arsenic exposure disrupts hepatic lipid metabolism, a process closely associated with the onset and progression of liver diseases. Notably, significant changes in triglyceride and diacylglycerol levels were observed, reflecting compromised lipid synthesis, storage and overall energy balance in the liver. These metabolic disturbances represent a critical mechanistic event in liver pathogenesis and underscore dietary arsenic as an important risk factor for metabolic dysfunction and hepatic disease.
Khalid et al. (2024, a) conducted a study and demonstrate that sub-lethal arsenic exposure induces significant immunological and hematological disturbances in Labeo rohita, thereby compromising fish health and quality. Dietary supplementation with Moringa oleifera leaf extract effectively mitigated these adverse effects in a dose and time-dependent manner, with 4% supplementation showing superior protective efficacy. These findings highlight the potential of Moringa oleifera as a natural, eco-friendly therapeutic agent for alleviating arsenic-induced toxicity in aquaculture species.
In favour of our findings, Yuan et al. (2022) also reported in his study that Moringa oleifera seed extract significantly reduced total cholesterol (TC) and triglyceride (TG) levels in hyperlipidemic zebrafish in a dose-dependent manner, without affecting growth. These results indicate a strong hypolipidemic effect and suggest potential hepatoprotective benefits, likely reducing hepatic stress markers such as ALT and AST. This supports the therapeutic potential of Moringa oleifera in managing lipid-related conditions and liver dysfunction. These findings suggests that the bioactive compounds in Moringa oleifera significantly lowers TC, TG, ALT and AST levels and provide hepatoprotective and antioxidant effects by reducing oxidative stress and inflammation in arsenic toxicity. 
CONCLUSION


The present study demonstrates that chronic exposure to arsenic trioxide induces pronounced biochemical disturbances in adult zebrafish, as evidenced by significant elevations in hepatic total cholesterol (TC), triglycerides (TG) and liver marker enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST). These alterations reflect hepatocellular injury, impaired lipid metabolism and disruption of metabolic homeostasis. In contrast, supplementation with Moringa oleifera leaf extract (MOLE) effectively mitigated arsenic-induced biochemical changes in a dose-dependent manner, with both treatment groups (T3 and T4) showing significant reductions in ALT, AST, TC and TG levels compared to the arsenic-only group. Overall, these findings highlight the therapeutic potential of Moringa oleifera as a natural protective agent against arsenic-induced hepatotoxicity and metabolic dysfunction. Additionally, the zebrafish model proved to be a robust and sensitive system for evaluating environmental toxicants and phytotherapeutic interventions. Further studies involving molecular signaling pathways and histopathological assessments are warranted to elucidate the precise mechanisms underlying the protective effects of Moringa oleifera.
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