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Low-Dose Mancozeb Exposure Impairs Lymphocyte BlastogenesisBlast genesis and Enhances Nitric Oxide Production in Chicken splenic cells In vitro


ABSTRACT
Aims: To evaluate the in vitro immunotoxicimmunotoxin potential of the fungicide mancozeb in chicken splenic lymphocytes by assessing its effects on B- and T-cell proliferation and nitric oxide (NO) production as an indicator of oxidative stress.  
Study Design: An in vitro experimental laboratory study using isolated chicken splenic lymphocytes to investigate immunomodulatory and oxidative stress–mediated effects of mancozeb exposure.  
Place of Study: The study was conducted in the Department of Veterinary Pathology, College of Veterinary and Animal Sciences and Department of Molecular Biology and Genetic Engineering, G.B. Pant University of Agriculture and Technology, PantnagarPant agar, India.  
Methodology:  Avian splenic lymphocytes were isolated under aseptic conditions and exposed in vitro to a thousand-fold diluted No Observable Effect Level (NOEL/10³) dose of mancozeb. B- and T-cell proliferation was evaluated using the lymphocyte proliferation assay (LPA), with lipopolysaccharide (LPS) and concanavalin-A (Con A) serving as B- and T-cell mitogens, respectively. Oxidative stress was assessed by estimating nitric oxide (NO) production in culture supernatants using the Griess reagent method. Statistical analysis was performed to compare treated and control groups.  
Results: Mancozeb exposure significantly suppressed lymphocyte proliferation. B-cell and T-cell blastogenesisblast genesis showed a reduction as compared to control. Additionally, nitric oxide production increased in mancozeb-treated cells relative to untreated controls, indicating enhanced oxidative/nitrosative stress. 
Conclusion:  In vitro exposure to low-level mancozeb significantly suppresses B- and T-lymphocyte proliferation and increases nitric oxide production, indicating oxidative stress–mediated immunotoxicimmunotoxin effects. The chicken splenic lymphocyte culture system serves as a sensitive and reliable in vitro model for preliminary screening of pesticide-induced immunomodulatory toxicity.
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1. INTRODUCTION
Pesticides represent a major class of environmental contaminants with well-documented toxicological impacts on multiple physiological systems, including the immune system. While insecticides have traditionally received considerable attention, fungicides—despite their extensive global use—have been comparatively underexplored in immunotoxicological research. Mancozeb, an ethylene bis-dithiocarbamate (EBDC) fungicide, is among the most widely applied agricultural fungicides worldwide and is extensively used for the control of fungal diseases in vegetables, fruits, and cereal crops (Belpoggi et al., 2002; Calviello et al., 2006; FAO reports ).  Its global consumption remains substantial in many regions (including India, China and Brazil) where it is applied extensively to fruits, vegetables and field crops (FAO   ; market analyses). 	Comment by Maher:  ,2022	Comment by Maher: ,2022
Human and occupational exposure to mancozeb occurs primarily via dermal contact and inhalation during mixing and spraying; biomonitoring and exposure studies have documented measurable dermal absorption among greenhouse and field workers, underlining exposure risk in agricultural settings.  Due to its broad agricultural application, human and environmental exposure to mancozeb is common. Occupational exposure primarily occurs through dermal contact and inhalation during mixing and spraying, and biomonitoring studies have confirmed measurable absorption among agricultural workers. In the environment, non-target organisms—including birds—are frequently exposed through contaminated feed, water and soil residues.  Mancozeb is metabolized to ethylenethiourea (ETU), a biologically active metabolite associated with thyroid disruption, oxidative damage and potential carcinogenic effects (WHO, 2004; Nordby et al., 2005). Experimental studies demonstrate that mancozeb induces reactive oxygen species (ROS) generation, lipid peroxidation and impairment of antioxidant defense systems (Calviello et al., 2006; Domico et al., 2007). Birds are sensitive non-target organisms for many agricultural chemicals. Recent ecotoxicological and mechanistic studies indicate that mancozeb (and its metabolites) can alter endocrine and reproductive parameters and induce oxidative stress in avian and other wildlife models; pesticide-driven oxidative stress has been linked to reduced fitness and altered immune responses in birds exposed in agricultural landscapes.
A major toxicological concern with respect to mancozeb and other dithiocarbamates is its primary metabolite ethylenethiourea (ETU), shown to cause thyroid and carcinogenic effects in test animals. Mancozeb and its metabolites are capable of crossing the placental barrier and can produce DNA damage and initiate tumors in fetal cells (Shukla and Arora, 2001). Mancozeb has been reported to be a multipotent carcinogenic agent on long term exposure (Belpoggi et al. 2002).	Comment by Maher: There is not in references list.

Oxidative stress is increasingly recognized as a central mechanism underlying pesticide-mediated toxicity, including immune dysfunction (Sule et al., 2022).  The immune system is particularly sensitive to xenobiotic exposure, and even low-dose pesticide exposure can modulate lymphocyte proliferation and alter immune responsiveness (Galloway and Handy, 2003). In avian species, pesticide-induced oxidative stress has been linked to endocrine disruption, reduced reproductive fitness, and altered immune parameters, highlighting ecological vulnerability in agricultural landscapes. Previous investigations from our laboratory have demonstrated that various pesticide classes—including organophosphates and pyrethroids—suppress B- and T-lymphocyte proliferation and enhance oxidative stress in chicken splenic lymphocytes (Ambwani et al., 2010; 2018a; 2018b; 2019; 2024). These findings support the use of splenic lymphocyte culture as a sensitive in vitro model for eco-immunotoxicological evaluation.  Although mancozeb has been reported to induce immunomodulatory and oxidative effects in experimental models, limited information is available regarding its direct impact on avian lymphocyte proliferation under controlled in vitro conditions. Given the strong mechanistic link between oxidative stress and immune dysregulation, the present study was designed to evaluate the effects of low-level in vitro mancozeb exposure on:  B- and T-cell blastogenesisblast genesis using lymphocyte proliferation assay (LPA) and Nitric oxide (NO) production as a marker of oxidative stress in chicken splenic lymphocytes.

2. MATERIALS AND METHODS
2.1 Isolation of Avian Lymphocytes
Spleens were collected aseptically from healthy chickens obtained from a local slaughterhouse. Splenocytes were isolated under sterile conditions using density gradient centrifugation with Lymphocyte Separation Medium, following standardized protocols previously described (Ambwani et al., 2018b; Ambwani et al., 2024).
2.2 Assessment of Cell Viability
Cell viability was determined using 0.1% trypan blue dye exclusion method (Boyse et al., 1964). The viable cell count was adjusted to 1 × 10⁷ cells/ml in RPMI-1640 medium supplemented with 10% fetal bovine serum.	Comment by Maher: There is not in references list.

2.3 In vitro Exposure to Mancozeb
Commercial-grade mancozeb was procured from the local market. A thousand-fold diluted NOEL (NOEL/10³) dose was prepared in RPMI-1640 medium. Lymphocytes were exposed to the prepared concentration for 2 hours at 37°C in a CO₂ incubator. Following exposure, cells were washed twice and resuspended in complete culture medium.
2.4 Lymphocyte Proliferation Assay (LPA)
Lymphocyte blastogenesisblast genesis assay was performed using- Lipopolysaccharide (LPS; 5 µg/ml) for B-cell proliferation and Concanavalin-A (ConA; 5 µg/ml) for T-cell proliferation. After incubation, proliferation was assessed by measuring optical density (OD), and results were expressed as mean ΔOD ± SE (Ambwani et al., 2018b).
2.5 Nitric Oxide Estimation Assay
Nitric oxide production was measured using Griess reagent in a 96-well microplate format (Stuehr et al., 1988). Sodium nitrite was used to generate a standard curve, and NO concentration was expressed in µM/ml.
2.6 Statistical Analysis
Data were analyzed using Student’s t-test and ANOVA to determine significant differences between control and treated groups. Values were expressed as mean ± standard error. Statistical significance was considered at p < 0.01.

3. RESULTS
3.1 B-Cell BlastogenesisBlast genesis
The in vitro effects of mancozeb on B-cell proliferation in avian splenic lymphocytes are presented in Figure 1. Control lymphocytes stimulated with lipopolysaccharide (LPS) exhibited a mean delta optical density (ΔOD) of 0.266 ± 0.016. In contrast, lymphocytes exposed to mancozeb showed a marked suppression of B-cell blastogenesisblast genesis with a mean ΔOD of 0.104 ± 0.001. This represents a 60.90% decrease in B-cell proliferation in mancozeb-treated cells compared to the control group, indicating significant suppression of mitogen-induced lymphocyte activation following in vitro exposure to mancozeb.
3.2 T-Cell BlastogenesisBlast genesis
The effect of mancozeb on T-cell proliferation is summarized in Figure 2. Concanavalin-A (ConA) stimulated control lymphocytes showed a mean ΔOD of 0.288 ± 0.021. Mancozeb-treated lymphocytes demonstrated a substantial reduction in T-cell blastogenesisblast genesis, with a mean ΔOD of 0.127 ± 0.032. This corresponds to a 55.90% decrease in T-cell proliferation relative to control cells, demonstrating significant impairment of T-lymphocyte responsiveness following mancozeb exposure.
3.3 Oxidative Stress Assay (Nitric Oxide Estimation)
Oxidative stress was assessed by measuring nitric oxide (NO) production in the culture supernatant. The results are presented in Figure 3. Control cells exhibited a mean NO concentration of 30.39 ± 0.994 µM/ml. In comparison, mancozeb-treated lymphocytes produced significantly higher NO levels, with a mean concentration of 48.25 ± 0.874 µM/ml. This reflects an approximate 58.80% increase in nitric oxide production in mancozeb-exposed cells relative to control, indicating enhanced oxidative/nitrosative stress following in vitro exposure.
These findings demonstrate that in vitro exposure to mancozeb significantly suppresses lymphocyte blastogenesisblast genesis and enhances oxidative stress in chicken splenic lymphocytes.
4. DISCUSSION
The present study demonstrates that in vitro exposure of chicken splenic lymphocytes to a low-level concentration of mancozeb significantly suppresses both B- and T-cell proliferation while simultaneously enhancing nitric oxide production. These findings indicate that mancozeb exerts immunotoxicimmunotoxin effects that are closely associated with oxidative and nitrosative stress mechanisms.  Mancozeb and its metabolite ETU have been shown to increase reactive oxygen species generation and disrupt antioxidant defense systems, including superoxide dismutase and catalase (Calviello et al., 2006; Domico et al., 2007). Excessive ROS and reactive nitrogen species can impair mitochondrial function, alter redox-sensitive signaling pathways, and interfere with lymphocyte activation, ultimately leading to reduced proliferative responses. The observed increase in nitric oxide production further supports activation of oxidative/nitrosative pathways. Elevated NO levels are known to exert cytostatic effects, inhibit mitochondrial respiration, and modulate lymphocyte signaling (Stuehr & Nathan, 1989), which may collectively contribute to the suppression of blastogenesisblast genesis observed in this study. 
The reduction in B- and T-cell proliferation aligns with earlier reports of immunosuppressive effects of dithiocarbamatedithiocarbamates fungicides (Kackar et al., 1997). In ecological contexts, pesticide-induced oxidative stress in birds has been associated with endocrine disruption, compromised immune competence, and reduced reproductive performance. Thus, the convergence of oxidative stress and immune modulation observed here has important implications for avian health in agricultural ecosystems. 
Recent in vitro studies provide further mechanistic insight into mancozeb toxicity (Lori et al., 2021). In human HepG2 and A549 cell lines, mancozeb induced significant cytotoxicity at higher concentrations, predominantly via necrotic pathways, and demonstrated clear genotoxic potential in comet and micronucleus assays, indicating both clastogenicclast genic and aneugenican eugenic effects. Although intracellular ROS levels were not consistently elevated, upregulation of oxidative stress–responsive genes (NRF2) and xenobiotic metabolism marker CYP1A1 supports activation of pro-oxidant signaling pathways. Differential modulation of DNA repair genes (ERCC1, OGG1) suggests impaired base excision repair alongside activation of nucleotide excision repair mechanisms, contributing to genomic instability (Lori et al., 2021). 
Chronic exposure studies further reveal endocrine-disrupting effects, including reduced spermatogenic cell populations, decreased serum estradiol, progesterone, and testosterone, and significant suppression of thyroid hormones (T3, T4) with associated histopathological alterations. Notably, overt hepatotoxicity was absent under chronic exposure conditions, indicating tissue-specific susceptibility (Kwon et al., 2018).  Together, these findings underscore that mancozeb exerts toxicity through integrated mechanisms involving oxidative signaling, genotoxic stress, DNA repair interference, and endocrine disruption—pathways relevant to its immunotoxicimmunotoxin and potential carcinogenic effects.
Occupational exposure studies demonstrating dermal absorption of mancozeb among agricultural workers further underscore the relevance of investigating immunotoxicimmunotoxin endpoints even at low concentrations. Although epidemiological evidence linking dithiocarbamates to specific cancer outcomes remains complex and evolving, oxidative stress is widely recognized as a contributing mechanism in chronic disease development, including carcinogenesis. The mechanistic insights provided by the present in vitro findings therefore add value to ongoing risk assessment discussions. Study indicates that several pesticide classes not traditionally prioritized in avian risk assessments warrant closer examination. These include plant growth regulators such as chlormequat, herbicides like pendimethalin, fungicides including mancozeb, and molluscicidesMolluscicide such as metaldehydemet aldehyde. Despite their widespread use, the potential ecological impacts of these compounds on bird populations remain insufficiently characterized and merit more comprehensive investigation (Tassin and Goulson, 2020).
Our results are consistent with previous pesticide immunotoxicity studies conducted in this laboratory involving organophosphates and pyrethroids (Ambwani et al., 2010; 2018a; 2018b; 2019; 2024), collectively suggesting that oxidative stress represents a common mechanistic pathway underlying pesticide-induced immune suppression across chemical classes.  Importantly, the avian splenic lymphocyte culture system proved to be a sensitive and reproducible model for detecting subtle immunomodulatory alterations induced by pesticide exposure. This in vitro approach provides an ethically sound and mechanistically informative platform for preliminary screening of immunotoxicimmunotoxin hazards while reducing reliance on whole-animal experimentation.

5. CONCLUSIONS
The present investigation demonstrates that in vitro exposure to a low-level concentration of mancozeb significantly suppresses both B- and T-lymphocyte proliferation while markedly enhancing nitric oxide production in chicken splenic cells. The concurrent inhibition of lymphocyte blastogenesisblast genesis and elevation of nitric oxide levels strongly indicate that mancozeb induces oxidative and nitrosative stress–mediated immunotoxicimmunotoxin effects. These findings suggest that even sub-toxic, low-dose exposure to mancozeb may compromise adaptive immune responsiveness through oxidative imbalance, potentially increasing susceptibility to infections and impairing immune competence in exposed organisms. Given the extensive agricultural use of mancozeb and the ecological vulnerability of avian species, such immunomodulatory effects warrant careful consideration in environmental and veterinary toxicology. 
The chicken splenic lymphocyte culture system proved to be a sensitive, reproducible, and ethically favorable in vitro model for screening pesticide-induced immunotoxicity. This system offers a valuable alternative to whole-animal experimentation and can serve as a rapid preliminary platform for evaluating mechanistic pathways involved in pesticide-mediated immune dysregulation. Further investigations are warranted to elucidate the precise molecular mechanisms underlying mancozeb-induced oxidative stress, including assessment of reactive oxygen species generation, antioxidant enzyme activity (SOD, catalase, GPx), and mitochondrial dysfunction. Downstream signaling pathways involved in lymphocyte activation and redox-sensitive transcription factors such as NF-κB and Nrf2 should be examined. Long-term and repeated low-dose exposure models to better simulate field-relevant conditions be evaluated.  Apoptosis, DNA damage, and genomic instability endpoints to determine potential links between oxidative stress and carcinogenic risk should be explored in suitable in vitro/ in vivo models. Collectively, the present findings contribute to provide evidence that oxidative stress represents a central mechanism in pesticide-induced immunotoxicity and underscore the need for re-evaluation of chronic low-dose exposure risks associated with widely used fungicides such as mancozeb.
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Figure 1: Effects of mancozeb and cow urine on B cell blastogenesis in avian lymphocytes






Figure 2: Effects of mancozeb and cow urine on T cell blastogenesisblast genesis in avian lymphocytes



Figure 3: Effects of mancozeb on nitric oxide (NO) concentration in mononuclear cells
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