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 This study evaluates the health risks associated with heavy 
metal contamination in seafood consumption within 
modern food systems, focusing on contamination sources, 
environmental drivers, exposure pathways, and 
toxicological effects. Using a qualitative Systematic 
Literature Review (SLR) approach, this study synthesizes 
recent research to examine how heavy metals enter aquatic 
environments and accumulate in marine organisms. The 
findings indicate that contamination is influenced by 
multiple factors, including industrial pollution, aquaculture 
practices, and climate-related changes that affect metal 
mobility and bioavailability. Bioaccumulation and 
biomagnification are identified as key processes 
contributing to human exposure through seafood 
consumption. At the biological level, heavy metals exert 
toxic effects through mechanisms such as oxidative stress 
and cellular damage, leading to potential long-term health 
risks. This study highlights the need for integrated risk 
assessment approaches that consider environmental 
dynamics and cumulative exposure in evaluating seafood 
safety. 
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1. Introduction 

Heavy metal contamination in seafood has become a growing concern in 

modern food systems due to its implications for human health and food safety. 

Aquatic environments are increasingly exposed to pollutants originating from 

industrial, agricultural, and urban activities, leading to the accumulation of toxic 

metals in water bodies and aquatic organisms (Yunusa et al., 2023). Marine 

organisms, particularly fish and shellfish, have the capacity to accumulate heavy 

metals in their tissues, which can subsequently be transferred to humans through 

dietary consumption. This accumulation is influenced by environmental conditions, 

species characteristics, and trophic levels, making seafood a significant pathway of 

exposure to toxic metals (Salam et al., 2019). 

In addition to natural accumulation processes, anthropogenic activities such 

as aquaculture intensification and food processing may further contribute to 

contamination levels in seafood products. These factors highlight the complexity of 

contamination sources and the need for comprehensive assessment of seafood safety 

(Emenike et al., 2022). Recent studies have emphasized that environmental changes, 

including climate change and pollution dynamics, play a critical role in influencing 

heavy metal distribution in aquatic ecosystems. Variations in temperature, salinity, 

and water chemistry can alter metal mobility and bioavailability, thereby affecting 

their uptake by marine organisms (Mok et al., 2023). 

The interaction between environmental pollution and ecological processes 

further enhances the persistence and spread of heavy metals within marine systems. 

This interaction contributes to long-term contamination patterns that are difficult to 
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control and monitor effectively (Cabral et al., 2019). Once introduced into the food 

chain, heavy metals may undergo bioaccumulation and biomagnification, resulting 

in higher concentrations at higher trophic levels. This process increases the risk of 

exposure for humans consuming seafood, particularly in populations with high 

seafood intake (Milenkovic et al., 2019). 

From a toxicological perspective, heavy metals can induce adverse biological 

effects through mechanisms such as oxidative stress and cellular damage. These 

mechanisms are associated with a range of health outcomes, including neurological 

disorders and chronic diseases (Pyatha et al., 2022). The persistence and non-

degradable nature of heavy metals further amplify their risk, as repeated exposure 

can lead to cumulative effects within the human body. This cumulative exposure is 

a critical factor in assessing long-term health risks associated with seafood 

consumption (Sonone et al., 2020). 

More recent evidence also suggests that emerging factors, such as interactions 

between pollutants and environmental stressors, may further complicate risk 

assessment. These interactions can influence toxicity levels and modify the behavior 

of contaminants within biological systems (Duchenne-Moutien & Neetoo, 2021). 

Despite extensive research on heavy metal contamination in seafood, many studies 

focus on isolated aspects of contamination or toxicity without integrating 

environmental, biological, and exposure-related factors into a unified framework. 

This fragmented approach limits the ability to fully understand the complexity of 

risks associated with seafood consumption. 
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Accordingly, there is a need for a comprehensive analysis that integrates 

contamination pathways, environmental drivers, bioaccumulation processes, and 

toxicological mechanisms. Such an approach is essential for improving the 

assessment of health risks and supporting more effective food safety management 

strategies. 

Therefore, this study aims to evaluate the health risks associated with heavy 

metal contamination in seafood consumption within modern food systems by 

synthesizing existing literature on contamination patterns, environmental influences, 

and toxicological effects. By adopting a qualitative Systematic Literature Review 

(SLR) approach, this study seeks to provide an updated and integrated perspective 

on heavy metal exposure and its implications for human health. 

2. Literature Review 

2.1. Environmental Drivers and Climate Influence 

Heavy metal contamination in seafood originates from both natural and 

anthropogenic sources that introduce toxic elements into aquatic environments. 

Industrial discharge, agricultural runoff, and urban wastewater are major 

contributors to the presence of heavy metals in marine ecosystems (Yunusa et al., 

2023). Aquaculture practices also play a role in contamination, as feed composition, 

water quality, and farming conditions can influence the accumulation of metals in 

fish and shellfish. These factors highlight the complexity of contamination pathways 

within controlled and natural aquatic systems (Emenike et al., 2022). 
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In addition to environmental sources, food processing and handling may 

contribute to contamination levels in seafood products. Processing methods such as 

canning and storage can introduce or alter metal concentrations, further increasing 

exposure risks (Rana et al., 2023). 

2.2. Environmental Drivers and Climate Influence 

Environmental conditions significantly influence the distribution and 

behavior of heavy metals in aquatic systems. Climate-related changes, including 

temperature fluctuations and altered hydrological cycles, can affect the mobility and 

bioavailability of metals (Mok et al., 2023). The interaction between climate change 

and marine pollution creates synergistic effects that intensify contamination in 

coastal and estuarine environments. These interactions can enhance the release and 

transport of heavy metals, increasing their presence in seafood (Cabral et al., 2019). 

Emerging food safety challenges related to climate change further complicate 

contamination dynamics by altering ecological balances and exposure pathways. 

These changes introduce new uncertainties in predicting contamination patterns and 

associated risks (Duchenne-Moutien & Neetoo, 2021). 

2.3. Bioaccumulation and Human Exposure Pathways 

Heavy metals can accumulate in aquatic organisms through direct absorption 

from water and ingestion of contaminated food sources. This process leads to the 

retention of metals in tissues over time, contributing to increased internal 

concentrations (Sonone et al., 2020). Bioaccumulation is often accompanied by 

biomagnification, where metal concentrations increase along the food chain, 
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resulting in higher levels in predatory species. This phenomenon significantly 

elevates exposure risks for humans consuming seafood (Milenkovic et al., 2019). 

Seafood consumption is therefore recognized as a primary pathway for 

human exposure to heavy metals, particularly in regions where fish and shellfish 

constitute a major part of the diet. The extent of exposure depends on consumption 

patterns, species type, and contamination levels (Zhuzzhassarova et al., 2024). 

2.4. Toxicological Mechanisms and Health Effects 

The toxic effects of heavy metals are largely mediated by their ability to induce 

oxidative stress and disrupt cellular homeostasis. These processes can damage 

biomolecules such as lipids, proteins, and DNA, leading to adverse health outcomes 

(Pyatha et al., 2022). In addition to oxidative mechanisms, heavy metals can interfere 

with enzymatic activity and metabolic processes, further contributing to toxicity. 

These disruptions may result in neurological, renal, and cardiovascular disorders 

(Waqas et al., 2024). 

Chronic exposure to heavy metals is particularly concerning due to their 

persistence and ability to accumulate in the human body over time. This cumulative 

effect increases the likelihood of long-term health impacts even at relatively low 

exposure levels (Jinadasa et al., 2021). 

2.5. Emerging Risks and Modern Food System Challenges 

Recent studies highlight that heavy metal contamination is influenced not only 

by traditional pollution sources but also by emerging factors within modern food 

systems. Interactions between environmental stressors and contaminants may alter 

toxicity and exposure patterns (Duchenne-Moutien & Neetoo, 2021). The increasing 
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complexity of global food systems, including intensified production and distribution 

networks, further contributes to the variability of contamination levels in seafood. 

These complexities require more comprehensive approaches to risk assessment and 

management (Gulati et al., 2022). 

Overall, the literature indicates that heavy metal contamination in seafood is 

a dynamic and multifactorial issue that requires integration of environmental, 

biological, and systemic perspectives to fully understand its impact on human health. 

3. Methods 

This study employs a qualitative Systematic Literature Review (SLR) approach 

to evaluate the health risks associated with heavy metal contamination in seafood 

consumption within modern food systems. The SLR method is selected to 

systematically synthesize existing scientific knowledge from multiple disciplines, 

including environmental toxicology, food safety, and public health, without 

generating new empirical data. The literature search was conducted using major 

academic databases and publisher platforms, including Google Scholar, Scopus-

indexed journals, and databases such as Elsevier, Springer, and MDPI. The search 

strategy utilized combinations of keywords such as “heavy metals,” “seafood 

contamination,” “marine pollution,” “bioaccumulation,” “climate change,” and 

“human health risk” to identify relevant studies addressing contamination sources, 

environmental drivers, exposure pathways, and toxicological effects. The inclusion 

criteria were limited to peer-reviewed articles published between 2019 and 2024 to 

ensure relevance to current scientific developments and alignment with modern 
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food system dynamics. Studies were selected based on their direct relevance to heavy 

metal contamination in seafood and its implications for human health, including 

research on environmental influences, bioaccumulation processes, and toxicity 

mechanisms. Studies focusing on non-aquatic systems or lacking clear linkage to 

human exposure were excluded. The selected literature was analyzed using 

qualitative thematic synthesis, which involved identifying recurring patterns, 

conceptual relationships, and convergent findings across studies. The analysis was 

structured around key thematic areas, including sources of contamination, 

environmental and climate-related drivers, bioaccumulation and exposure pathways, 

and toxicological mechanisms. Rather than applying quantitative meta-analysis, this 

study emphasizes conceptual integration to provide a comprehensive understanding 

of how heavy metal contamination in seafood contributes to human health risks in 

modern food systems. 

4. Results 

This section presents the synthesized findings on heavy metal contamination 

in seafood, focusing on contamination sources, environmental drivers, exposure 

pathways, and associated health risks. The results indicate that contamination is 

influenced by both traditional pollution sources and emerging environmental 

factors, leading to complex exposure patterns in modern food systems. 

4.1. Sources and Environmental Drivers of Heavy Metal Contamination 

The findings show that heavy metal contamination in seafood originates from 

multiple sources, including industrial discharge, agricultural runoff, and urban 
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wastewater. These sources introduce toxic metals into aquatic environments, where 

they persist and accumulate over time (Yunusa et al., 2023). Aquaculture systems 

also contribute to contamination through feed inputs and water quality conditions, 

which can influence the uptake of metals in aquatic organisms (Emenike et al., 2022). 

Environmental factors such as climate change play a significant role in altering 

the distribution and bioavailability of heavy metals in marine ecosystems. Changes 

in temperature and water chemistry can enhance the mobility and uptake of metals 

by marine organisms (Mok et al., 2023). The interaction between climate change and 

marine pollution further intensifies contamination dynamics, particularly in coastal 

and estuarine environments. These combined effects increase the persistence and 

spread of heavy metals in seafood (Cabral et al., 2019). 

Table 1. Sources and Environmental Drivers of Heavy Metal 

Contamination in Seafood 

Source 
Category 

Origin Environmental Driver Impact on Seafood 

Industrial 
pollution 

Mining, manufacturing, 
waste discharge 

Metal release into water 
bodies 

Increased contamination 
in aquatic species 

Agricultural 
runoff 

Fertilizers, pesticides 
Transport through surface 
water 

Accumulation in aquatic 
environments 

Aquaculture 
systems 

Feed, water conditions 
Controlled environment 
variability 

Uptake in farmed fish 
and shellfish 

Climate change 
Temperature, salinity 
changes 

Altered metal mobility and 
bioavailability 

Enhanced absorption in 
marine organisms 

Combined 
factors 

Multiple sources 
Interaction of pollution and 
environmental stressors 

Increased contamination 
complexity 
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4.2. Exposure Pathways and Toxicological Risk 

The results indicate that heavy metals enter the human body primarily through 

seafood consumption, where contaminated organisms serve as a direct exposure 

pathway. This pathway is particularly significant in populations with high seafood 

intake (Zhuzzhassarova et al., 2024). Bioaccumulation processes lead to the retention 

of heavy metals in aquatic organisms, increasing their concentration over time and 

enhancing exposure risk (Sonone et al., 2020). Biomagnification further amplifies 

these risks by increasing metal concentrations at higher trophic levels, making 

predatory species a major source of human exposure (Milenkovic et al., 2019).At the 

biological level, heavy metals exert toxic effects through mechanisms such as 

oxidative stress, which can damage cellular structures and disrupt normal 

physiological functions (Pyatha et al., 2022). 

These toxic effects are associated with a range of health outcomes, including 

neurological disorders and systemic toxicity, particularly under conditions of 

prolonged exposure (Waqas et al., 2024).Chronic exposure to heavy metals leads to 

cumulative effects within the human body, increasing the likelihood of long-term 

health risks even at low levels of intake (Jinadasa et al., 2021). 

Table 2. Integrated Exposure and Health Risk Framework of Heavy Metals 

in Seafood 

Process Stage Description Mechanism 
Health Risk 
Implication 

Environmental 
contamination 

Introduction of metals 
into aquatic systems 

Pollution from 
multiple sources 

Initial exposure risk 

Bioaccumulation 
Retention of metals in 
aquatic organisms 

Tissue accumulation 
over time 

Increased internal 
concentration 
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Process Stage Description Mechanism 
Health Risk 
Implication 

Biomagnification 
Transfer across trophic 
levels 

Food chain 
amplification 

Higher exposure in 
humans 

Biological interaction 
Interaction with cellular 
systems 

Oxidative stress and 
cellular damage 

Functional 
impairment 

Chronic exposure Repeated dietary intake 
Cumulative toxic 
effects 

Long-term health 
risks 

 

4.3. Interpretation of Key Findings 

The synthesis demonstrates that heavy metal contamination in seafood is not 

solely the result of isolated pollution events but rather a consequence of 

interconnected environmental and biological processes. These processes interact to 

create complex exposure patterns that vary across ecosystems and dietary contexts. 

A key insight is that environmental changes, particularly those related to climate 

dynamics, play an increasingly important role in shaping contamination levels and 

exposure risks. This indicates that traditional approaches to food safety may need to 

be adapted to account for evolving environmental conditions. 

Furthermore, the findings highlight that the health risks associated with heavy 

metals are strongly influenced by cumulative exposure and biological mechanisms. 

This underscores the importance of integrating environmental, exposure, and 

toxicological perspectives in assessing the safety of seafood consumption in modern 

food systems. 
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5. Discussion 

The findings highlight that heavy metal contamination in seafood is a complex 

and dynamic issue shaped by the interaction of environmental, biological, and 

human-related factors. Rather than being driven solely by isolated pollution sources, 

contamination reflects a system-level process where industrial activities, aquaculture 

practices, and environmental changes collectively influence the presence and 

distribution of toxic metals. This interconnected nature of contamination suggests 

that traditional approaches focusing on single sources or isolated conditions may not 

adequately capture the full scope of exposure risks associated with seafood 

consumption. 

Another important implication is the increasing role of environmental change 

in modifying contamination patterns and exposure pathways. Factors such as climate 

variability and ecosystem shifts can alter the mobility, bioavailability, and 

accumulation of heavy metals in aquatic organisms, thereby influencing human 

exposure levels. In addition, the cumulative nature of exposure, combined with 

biological mechanisms such as bioaccumulation and oxidative stress, underscores 

the importance of long-term risk evaluation. These findings emphasize the need for 

more integrative and adaptive approaches to food safety assessment that consider 

both environmental dynamics and cumulative health risks in modern food systems. 

6. Conclusion 

This study demonstrates that heavy metal contamination in seafood is a 

multifactorial issue driven by a combination of environmental pollution, aquaculture 
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practices, and changing ecological conditions. The findings show that contamination 

is not limited to isolated sources but results from interconnected processes within 

aquatic systems that influence the accumulation of toxic metals in marine organisms. 

This highlights the need to consider seafood safety within the broader context of 

modern food systems. 

From an analytical perspective, the study integrates contamination sources, 

environmental drivers, bioaccumulation processes, and toxicological mechanisms 

into a comprehensive framework for understanding health risks. The results indicate 

that heavy metals exert their effects through shared biological pathways, such as 

oxidative stress and cellular disruption, which contribute to adverse health 

outcomes. This integrated understanding emphasizes that risk is shaped not only by 

the presence of contaminants but also by their interaction with environmental and 

biological factors. 

In practical terms, the findings underscore the importance of advancing 

current risk assessment approaches to better reflect real-world exposure conditions. 

Future research should focus on incorporating environmental variability, cumulative 

exposure, and emerging factors such as climate-related changes into safety evaluation 

models. Strengthening these approaches is essential for improving food safety 

management and protecting human health in the context of evolving food systems. 
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