Assessment of heavy metal cytotoxicity and antioxidant assays in freshwater ciliates, Paramecium multimicronucleatum
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Abstract
This study investigates the cytotoxic effects of heavy metals (HMs), specifically copper (Cu) and cadmium (Cd), on the ciliated protist Paramecium multimicronucleatum. Using ecotoxicological tests and antioxidant assays, we evaluated the toxicity of these metals single and binary mixtures. Acute toxicity tests revealed that Cd was more toxic than Cu. The 1-hour LC20 and LC50 values for Cd were 1.4 mg L⁻¹ and 2.4 mg L⁻¹, respectively, compared to 2.1 mg L⁻¹ and 3.7 mg L⁻¹ for Cu. After 24 hours, Cd toxicity increased (LC20: 0.8 mg L⁻¹; LC50: 1.1 mg L⁻¹), while Cu toxicity decreased (LC20: 1.4 mg L⁻¹; LC50: 2.3 mg L⁻¹). In binary mixtures, interactions between Cd and Cu exhibited both synergistic and antagonistic effects. At 1 hour, a Cd + Cu mixture at 0.5 + 0.25 toxic units (TU) showed synergism (Observed Cytotoxicity (OCT): 22.67% vs. Expected Cytotoxicity (ECT): 9%), whereas an equitoxic mixture (0.5 + 0.5 TU) displayed antagonism (OCT: 5.33% vs. ECT: 19%). After 24 hours, synergism intensified at higher Cd concentrations, while antagonism persisted at lower Cu concentrations. We also analyzed total phenolic content (TPC) and α,α-diphenyl-β-picrylhydrazyl (DPPH) radical scavenging activity in P. multimicronucleatum extracts, confirming the presence of phenolic compounds and antioxidant activity. In binary mixtures, intracellular TPC consistently exceeded extracellular levels, peaking at 0.5 + 0.25 TU (Cd + Cu) after 1 hour and at 0.25 + 1 TU after 24 hours. DPPH scavenging activity followed a concentration-dependent pattern, with maximal intracellular activity observed at 0.5 + 0.5 TU (1 hour) and 0.75 + 0 TU (24 hours). Both intracellular and extracellular antioxidant capacities significantly increased in metal-exposed cells compared to controls. These findings highlight the concentration- and time-dependent cytotoxic effects of Cd and Cu, as well as their complex interactions. The study emphasizes the importance of assessing both individual and combined heavy metal effects in aquatic organisms to advance our understanding of ecotoxicological mechanisms. Moreover, the results demonstrate that P. multimicronucleatum has strong potential as a bioindicator for heavy metal pollution in aquatic ecosystems, offering valuable insights for ecological risk assessment.
