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ABSTRACT 

The sustainability of our food systems. Carcinogenic contaminants in aquatic habitats carry substantial risk for marine organ isms and, consequently, humans via 

food webs. Persistent environmental pollutants, including industrial chemicals and by-products, damage the DNA of aquatic organisms and drive carcinogenesis 

with ramifications for biodiversity and ecosystem stability. The paper describes AquaCarcNet to model carcinogen-induced DNA damage processes in aquatic 

organisms mechanistically. AquaCarcNet incorporates numerous mechanisms such as DNA adduct formation, DNA repair, and mutation accrual with different 

potential environmental variables such as contaminants, pollutant concentration, and water chemistry. Simulations suggest an increasing amount of damage with 

dose-dependence and possible implied thresholds for exposure. Predictions showed unavoidable genetic harm following chronic exposure within a number of 

scenarios; because of that, the assessment of risk is impactful, valuable, and important. AquaCarcNet generated a broader understanding not only of outcomes for 

individuals but also for communities, along with potential points of intervention. Risk mitigation and prevention could happen by better management practices in 

recovery (e.g., contaminant removal) and reduced exposure for aquatic organisms. These modelling accomplishments improve our understanding of 

carcinogenesis in the aquatic realm and represent an improved opportunity for management of chemicals and environmental determinants by predictive modelling. 

These two additional purposes form considerable advances in understanding carcinogen-induced DNA damage, adverse effects on aquatic life, and of individual 

foods on the pathway through the food system using biological mechanisms, and potential loss of function if there is damage, frequency of occurrence, etc, relative 

to different exposures through AquaCarcNet. 
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INTRODUCTION 
Aquatic ecosystems are becoming contaminated with a variety of carcinogens from industrial discharges, runoff from agricultural land, and urban waste [3]. 

These carcinogens are likely to be a considerable threat to aquatic organisms through DNA damage, which leads to mutations, tumour formation, and ultimately 

impaired population dynamics [9]. Understanding the mechanisms under which aquatic species may respond to DNA damage from carcinogens is vital for 

protecting biodiversity and human health, as seafood is a considerable source of the human diet [11].  

 

The complexity of the carcinogenesis process and how carcinogens may induce DNA damage are multifaceted, encompassing DNA adduct formation, subsequent 

repair, and mutation accumulation. Moreover, variations in environmental contamination (i.e., contaminant mixtures, exposure time and duration, and species-

specific responses) could further complicate our understanding. Thus, traditional laboratory and field approaches will inevitably fail to capture the reality of many 

of these multifactorial interactions. 

 

To help overcome these challenges, computational modelling provides an opportunity. The AquaCarcNet model is developed to mechanistically simulate DNA 

damage caused by carcinogens in aquatic organisms and relate biological and environmental variability. The proposed framework  uses a novel and dynamic 

system to predict carcinogen impact and could further explore mitigative measures. The aim is to advance research into carcinogenesis while situating it within 

the field of aquatic toxicology using a dynamic, mechanistic, and environmentally meaningful model, while obtaining an appreciation for the biological pathways 

that govern aquatic organisms’ response to DNA damage. 

 

MECHANISTIC MODELING FRAMEWORK 
Biological Pathways Represented in the Model 

The AquaCarcNet model is an integrated computational model developed to simulate DNA damage processes involving carcinogen exposure in aquatic species. 

The model is composed of multiple biological components to represent fundamental processes involved in carcinogenesis (e.g., formation of DNA adducts, 

nucleotide excision repair cascades, accumulation of mutations within a cell over time). These various components are presented in a way that includes an 

interactive timeline from an initial carcinogen exposure to a possible cellular transformation.  

 

Within AquaCarcNet, variables can be included in the model to improve predictive validity from the baseline assessment (e.g., types of carcinogens in aquatic 

ecosystems (urocilyc compounds, heavy metals), concentration of carcinogens, and water parameters (e.g., pH, temperature, dissolved oxygen, etc.). Each of the 

variables can simulate exposure conditions encountered in their habitat [4] [13]. 
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Table 1: Summary of Key Study Variables and Their Relevance in AquaCarcNet 

Variable Description Example in Study Relevance to DNA Damage 

Mechanism 

Carcinogen Type Class of contaminants found in aquatic 

environments 

Polycyclic aromatic hydrocarbons (PAHs), 

heavy metals 

Determines the DNA adduct formation 

pathway 

Exposure Scenario Mode and duration of carcinogen 

exposure 

Acute high-dose spike, chronic low-dose Influences damage accumulation and 

repair saturation 

Environmental 

Conditions 

Water chemistry and physical 

parameters 

pH, temperature, dissolved oxygen Modulates carcinogen stability and 

organismal uptake 

Biological Endpoint A biomarker or effect measured in an 

organism 

DNA adduct concentration, mutation 

frequency 

Direct indicators of carcinogenesis risk 

Preventive 

Intervention 

Action to reduce exposure or enhance 

defence 

Wastewater treatment, antioxidant 

supplementation 

Mitigates DNA damage and mutation 

progression 

Risk Threshold Critical level beyond which damage is 

irreversible 

30 µg·L⁻¹ PAHs for chronic exposure Guides policy and environmental 

management 

 

Table 1 summarizes key variables involved in the AquaCarcNet predictive model for carcinogen-induced DNA damage in aquatic organisms. The table 

summarizes the type of variable, an example from the study, and relevance to carcinogenesis pathways. The table provides details on the examples regarding 

contaminant type, exposure scenario, environmental conditions, biological endpoints, preventive interventions, and risk thresholds, signifying the 

multidisciplinary integration of toxicology, environmental sciences, and computational modelling that comprises the AquaCarcNet. These variables provide a 

mechanistic understanding and support the use of interventions to mitigate or prevent carcinogenic risks to organisms.  

 

Integration of Environmental and Computational Components 

Mathematically, the AquaCarcNet model employs systems of differential equations of coupled chemical kinetics and probabilistic algorithms of stochastic 

processes to discover the kinetics of the reaction and model the processes in particular cellular pathways [7]. This process results in a hybrid model that can model 

the deterministic biological processes of exposure and random mutational events. Through a series of model iterations, the AquaCarcNet model will provide a 

prediction of DNA damage outcomes in changing biological and environmental contexts and can serve as a tool to assess carcinogenic threat risk and preventative 

options in aquatic environments. 

 

SIMULATION SCENARIOS AND PREDICTIVE INSIGHTS 
Comparative Analysis of Exposure Scenarios 

The AquaCarcNet model simulated a variety of carcinogen exposure scenarios representing realistic aquatic conditions. These scenarios include single carcinogen 

exposures, such as specific polycyclic aromatic hydrocarbons (PAH), as well as complex mixtures of carcinogens, for example, industry runoff that may contain 

multiple carcinogenic compounds. Both acute high-dose and chronic low-dose exposure scenarios may be modelled, allowing for evaluation of short-term and 

long-term effects on aquatic organisms [1] [15]. 

 

The key results predicted by the model showed a clear dose-dependent increase in levels of DNA damage and the subsequent increase in mutation rate. For 

chronic exposure scenarios, it was noted that DNA repair processes become overwhelmed, leading to the accumulation of mutations, thereby increasing 

carcinogenic risk [10]. For mixed carcinogen scenarios, the effects are compounded, leading to higher levels of DNA damage than predicted by exposures to 

individual agents [2]. The model also indicated threshold concentrations, above which irreversible genetic damage may occur. 

 

 
Figure 1: Predicted DNA Damage Levels Under Different Carcinogen Exposure Scenarios in AquaCarcNet 

 

Figure 1 presents predicted values for the level of DNA damage - as indicated by relative DNA adduct frequency - in aquatic species by four modelled scenarios 

- single acute exposure, single chronic exposure, mixed acute exposure, and mixed chronic exposure. The graph depicts that chronic and mixed exposures pose 

significantly greater mutation risk when compared to single acute exposures; additional effects that are indicated in a non-linear dose-response relationship support 

the importance of long-term monitoring and/or mixed-contaminant interpretations within aquatic systems. 
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Dose Response Patterns and Model Validation 

Model predictions of risks to aquatic life in AquaCarcNet were validated with available experimental data from laboratory experiments and the field, which 

showed strong agreement in trends for markers of DNA damage and frequency of mutations, thereby establishing confidence in the model's predictions for risk 

assessment purposes. The model also demonstrated nonlinear dose-response relationships that increased understanding of the role of low-dose exposure of chronic 

duration in the process of carcinogenesis. This information can provide a more accurate basis for establishing environmental standards and for assessing human 

health risks associated with targeted carcinogens in effluent discharges from industries.  

 

PREVENTIVE AND MITIGATION STRATEGIES INFORMED BY THE MODEL 
Targeted Pollution Control and Biological Defences 

The predictive power of AquaCarcNet allows for the identification of key points of intervention to prevent carcinogen exposure and DNA damage in affected 

aquatic environments. The results indicate specific contaminants - i.e., PAHs and heavy metals - that contribute to a greater extent than their concentration and 

presence in a biological sample suggests to the total amount of DNA adducts and mutation accumulation. If we can reduce the amount of these high-risk pollutants 

entering the ecosystem through more regulation of industrial discharges and wastewater treatment, we can significantly reduce the risk of carcinogenic exposure 

[5] [8]. 

 

The model can also provide support for evaluating specific biological and/or chemical preventative agents, such as DNA repair stimulators or antioxidants, that 

could potentially reduce DNA damage when exposed to affected ecosystems [6][12]. AquaCarcNet simulation results demonstrate that these purported biological 

and/or chemical agents can improve cellular defences and potentially slow down mutagenesis. 

 

Policy, Monitoring, and Risk Management Applications 

From a policy level, it provides insight into the management of the environment by providing numerically relevant concentrations of carcinogens, indicating 

regulatory limits, and prioritizing remediation efforts. The science-based approach helped to quantifiably set the standard of action for policymakers, ensuring 

that we promote aquatic health and food safety to the best of our ability. 

 

Similarly, AquaCarcNet identifies specific biomarkers and environmental measures that can be explored as part of an ongoing monitoring program. If the markers 

of DNA damage and contaminants are sampled and then observed in comparison to the predictions of the AquaCarcNet model in terms of potential carcinogenic 

stressors, early intervention can often be implemented more quickly. Collectively, they provide a more integrated approach to prevention, mitigation, and 

sustainable management of carcinogenic risk in aquatic ecosystems [14]. 

 

CONCLUSION  
AquaCarcNet is a substantial advance in our ability to understand the mechanistic methods of DNA damage associated with carcinogen exposure in aquatic 

systems. AquaCarcNet has biologically based actions with environmental conditions to robustly predict the formation of DNA adducts, adduct repair, and the 

accumulation of mutations from exposure across a variety of exposure conditions. The model does more than predict this information; it supports hazard-based 

decisions that make assessment of carcinogenicity possible, thus supporting the protection of aquatic ecosystems and the human consumption of these ecosystems 

in a manner that is less hazardous. There are limitations with the current model, including simplifying assumptions that were made for specific biochemical 

pathways, as well as a limited species range that primarily looks at representative aquatic species. Other limitations include the inability to currently include 

molecular-level interactions or the complexity of multi-scalar aspects of the environment. Future work will focus on the incorporation of molecular docking 

studies that will enable more realistic docking studies in terms of describing DNA binding affinities with the carcinogens, expanding the species range from the 

original model to include more aquatic taxa, and multi-scalar modelling approaches that link molecular, cellular, and population-level effects. This will improve 

both accuracy and application. AquaCarcNet is a good example of the predictive computational model's role in carcinogenicity research, where it can facilitate 

proactive approaches to prevent harms and/or support improved policy settings. The continued development of predictive computational tools will be necessary 

to help mitigate the damaging risks of carcinogenicity and to improve the understanding of the importance of aquatic biodiver sity and the adverse impacts on 

public health. 
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