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Abstract  
Background: The widespread use of herbicides in modern agriculture, particularly paraquat (PQ) and 
2,4-dichlorophenoxyacetic acid (2,4-D), raises significant concerns for human health and 
environmental safety [1]. Although the toxicological profiles of these compounds are well-
documented individually, real-world exposures typically involve mixtures, making it essential to 
assess their combined effects, which may differ substantially from single-compound toxicity [1]. To 
address this knowledge gap, this study aimed to investigate the toxicological interactions between PQ 
and 2,4-D and to evaluate the potential protective role of N-acetylcysteine (NAC) using 
Caenorhabditis elegans as a discovery platform. Methods: Synchronized L1-stage animals of the 
DC19 strain [bus-5(br19)] (~200/condition) were exposed, in liquid medium, to increasing 
concentrations of PQ (0-10 mM) and 2,4-D (0-40 mM), either individually or in combination, for 72 
h [2]. The survival rate was assessed by counting the number of live and dead worms after the exposure 
period. Using a sublethal concentration (0.5 mM), we further explored the influence of herbicides, 
either individually or in combination, on (1) animal development, lifespan and reproductive fitness 
[3]. Results: PQ and 2,4-D reduced animal survival in a concentration-dependent manner, with 
significant effects observed at concentrations ≥1 mM for PQ and ≥10 mM for 2,4-D (p < 0.001). 
Notably, NAC prevented the reduction in animal survival caused by both herbicides, showing a more 
pronounced protective effect against PQ-induced toxicity. In co-exposure experiments, the effects of 
PQ (5 mM) on animal survival were partially restored in the presence of 2,4-D (0,5 mM), and 
conversely, the effects of 2,4-D (25 mM) were also ameliorated by PQ (0.5 mM). No significant 
changes in animal development progression were observed for PQ or 2,4-D, either individually or in 
combination. Nevertheless, animal lifespan was significantly reduced across all exposed groups. 
Conclusions: These findings indicate that co-exposure to PQ and 2,4-D elicits significant 
toxicological interactions, emphasizing the importance of assessing pesticide mixtures under 
environmentally relevant exposure conditions. The protective effects of NAC on animal survival 
further support the involvement of oxidative stress-mediated mechanisms. Additionally, the observed 
reduction in animal lifespan highlights the potential long-term detrimental effects of these herbicides. 
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