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Abstract 
Heavy metals have long been used in human activities, leading to increasing contamination and adverse effects on human, animal, and ecosystem health. Fish and shellfish consumption is a major source of human exposure to these metals. However, the mechanisms by which heavy metals are distributed and bioaccumulated in organisms remain unclear. This study conducted a scoping review of scientific literature on the mechanisms of distribution and bioaccumulation of mercury (Hg), lead (Pb), zinc (Zn), and copper (Cu) in humans, fish, and shellfish. Following PRISMA-ScR guidelines, PubMed and EMBASE were searched for articles published from January 2020 to December 2024. Eligible studies included observational or experimental research conducted in humans, fish, or shellfish, either in vivo or in vitro, as well as clinical trials and reviews in English, Spanish, or Portuguese that described the biochemical mechanisms of distribution and/or bioaccumulation of the selected metals in humans, fish and shellfish. Of 8331 articles identified, 28 met the inclusion criteria. Four addressed general mechanisms for all metals; 13 focused on Hg, 10 on Pb, 10 on Cu, and 6 on Zn, with some covering multiple metals. A total of the 28 studies, 19 (67,9%) focused on humans only, 6 (21,4%) on fish and/or shellfish only, and 3 (10,7%) on both humans and fish and/or shellfish. This review highlights growing concern over heavy metal bioaccumulation and distribution in humans, fish, and shellfish. It emphasizes the need for integrative research that combines molecular and physiological insights with environmental and social factors to enhance surveillance and inform protective strategies for vulnerable populations.
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Resumen
Antecedentes: Los metales pesados han sido utilizados durante mucho tiempo en las actividades humanas, lo que ha provocado un aumento de la contaminación y efectos adversos sobre la salud humana, animal y de los ecosistemas. El consumo de peces y mariscos constituye una fuente importante de exposición humana a estos metales. Sin embargo, los mecanismos mediante los cuales los metales pesados se distribuyen y bioacumulan en los organismos aún no están completamente claros. En este contexto, este estudio realizó una revisión de alcance de la literatura científica sobre los mecanismos de distribución y bioacumulación de mercurio (Hg), plomo (Pb), zinc (Zn) y cobre (Cu) en humanos, peces y mariscos. Para ello, se realizó una revisión de alcance siguiendo las directrices PRISMA-ScR. Se buscaron estudios en PubMed y EMBASE publicados entre enero de 2020 y diciembre de 2024. Se incluyeron estudios observacionales o experimentales realizados en humanos, peces o mariscos, ya sea in vivo o in vitro, así como ensayos clínicos y revisiones en inglés, español y portugués relacionados con los mecanismos de distribución y/o bioacumulación de los metales seleccionados. De los 8331 artículos identificados, 28 cumplieron con los criterios de inclusión. Cuatro abordaron mecanismos generales para todos los metales; 13 se centraron en Hg, 10 en Pb, 10 en Cu y 6 en Zn, y algunos abarcaron varios metales. De los 28 estudios, 19 (67,9%) se centraron únicamente en humanos, 6 (21,4%) en peces y/o mariscos únicamente, y 3 (10,7%) en humanos y peces y/o mariscos. En conjunto, la revisión evidencia una creciente preocupación por la bioacumulación de metales pesados y resalta la necesidad de investigaciones integradoras que relacionen mecanismos moleculares, factores ambientales y determinantes sociales para fortalecer la vigilancia y la protección de poblaciones vulnerables.
Palabras clave: metales pesados, peces, humanos, bioacumulación, salud pública, revisión exploratoria. 
1. Introduction 
Heavy metals are chemical elements with potential toxicity and are generally distributed in the environment (Kareem, Hussein and Rasheed, 2022). The growth, development, and metabolism of organisms depend on specific trace elements, such as copper (Cu), zinc (Zn), iron (Fe), manganese (Mn), iodine (I), molybdenum (Mo), cobalt (Co), and selenium (Se). However, since they can become harmful in large amounts, their metabolism and absorption are carefully controlled. Other metals, such as lead (Pb), mercury (Hg), cadmium (Cd), aluminum (Al), and arsenic (As), are toxic even at low doses and do not play vital biological roles (Fu and Xi, 2020; Moksnes et al., 2024).
Contamination by heavy metals is a global environmental concern because of its ability to persist in ecosystems, bioaccumulate, and resist degradation over time, making it a real potential danger to humans and animals (Waheed et al., 2020; Kareem, Hussein and Rasheed, 2022; Mathew, Sankarganesh and Joseph, 2022; Jamil Emon et al., 2023; Jeong et al., 2023; Coelho et al., 2024; Pan, Gong and Liang, 2024; Rajar et al., 2024). These contaminants originate from both natural and anthropogenic sources, including industrial, agricultural, and mining activities, wastewater drainage, pesticide use, and combustion byproducts (Londoño Franco, Londoño Muñoz and Muñoz Garcia, 2016; Monsalve Buriticá, Gastón and Abrego, 2019; Jomova et al., 2024).
A central concept in understanding this risk is bioaccumulation, the process by which certain organisms are unable to efficiently eliminate contaminants, leading to the progressive accumulation of these substances in their tissues, reaching concentrations higher than those in the surrounding environment (Jeong et al., 2023). This phenomenon is exacerbated by biomagnification, a process through which contaminants are transferred and increased along the food chain, resulting in even higher concentrations in organisms occupying higher trophic level (Monsalve Buriticá, Gastón and Abrego, 2019; Pan, Gong and Liang, 2024). In aquatic organisms such as fish and shellfish, heavy metals have a high capacity for both bioaccumulation and biomagnification, leading to elevated concentrations in their tissues, thereby affecting their nutritional quality, and consequently, posing a significant risk to human health (Waheed et al., 2020; Jaber et al., 2021; Anagha et al., 2022; Kareem, Hussein and Rasheed, 2022; Choudhury et al., 2023; Singh and Singh, 2023; Tanhan et al., 2023). This scoping review examines the mechanisms driving the distribution and bioaccumulation of mercury, lead, zinc, and copper in humans, fish, and shellfish, highlighting their implications for human and environmental health through seafood consumption.
Heavy metal contamination of water, soil and air systems is one of the most serious problems impacting food safety and public health at both global and local levels (Alleva et al., 2018). The consumption of contaminated fish and seafood represents a critical pathway of human exposure, particularly for communities in coastal and riparian areas that rely on fishing for food and economic sustenance (Londoño Franco, Londoño Muñoz and Muñoz Garcia, 2016; Basu et al., 2023). 
1.1  Mercury (Hg)
[bookmark: _Int_yLPDguQk][bookmark: _Int_oaGGkjYr]Hg is considered as one of the top 10 substances of major public health concern by the World Health Organization (WHO) (World Health Organization, 2024b). Both natural and anthropogenic sources of this extremely toxic chemical compound are found in the environment. It exists in three forms: organic mercury (methylmercury [Me-Hg] or ethylmercury [Et-Hg]), inorganic mercury (Hg+, Hg2+), and elemental mercury (Hg0). Among these, Me-Hg is the most hazardous due to its high neurotoxicity and bioavailability (Waheed et al., 2020; Balali-Mood et al., 2021; de los Santos, Pastor and Calonge, 2023; Pan, Gong and Liang, 2024).  
Human activities constitute the main source of Hg emissions and exposure. These include artisanal gold mining, coal burning, light bulb manufacturing, agricultural use of fungicides, production of cosmetics, paint, batteries, medical and industrial supplies, and consumption of contaminated fish and shellfish (Waheed et al., 2020; Balali-Mood et al., 2021; de los Santos, Pastor and Calonge, 2023; Jomova et al., 2024; Pan, Gong and Liang, 2024; World Health Organization, 2024b).
Mercury enters the human body via inhalation, dermal contact, or gastrointestinal absorption, and even low-level exposure can affect multiple organs, particularly during gestation and early childhood (Balali-Mood et al., 2021; Jomova et al., 2024; World Health Organization, 2024b).  
Chronic exposure to mercury has been strongly associated with neurological disorders, such as Alzheimer's disease, Parkinson's disease, cognitive impairments and mental disorders (Balali-Mood et al., 2021; de los Santos, Pastor and Calonge, 2023; Jomova et al., 2024; World Health Organization, 2024b). Cardiovascular, ophthalmic, pulmonary, and renal effects have also been reported, and its potential role in carcinogenesis remains under investigation (Rhee et al., 2020; Balali-Mood et al., 2021; Pamphlett, Doble and Bishop, 2021b, 2021a; de los Santos, Pastor and Calonge, 2023; Jomova et al., 2024; Pan, Gong and Liang, 2024). 
1.2  Lead (Pb)
Pb is an extremely toxic metal historically employed in different industrial sectors, including mining, metallurgy, and the production of batteries, paint, gasoline, pesticides, and pipes. These activities contribute significantly to the spread of this toxic metal in the environment and its accumulation in aquatic ecosystems (Fu and Xi, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Kareem, Hussein and Rasheed, 2022; Pan, Gong and Liang, 2024; World Health Organization, 2024a). Under such conditions, Pb shows a strong tendency to bioaccumulate in fish and shellfish tissues, accelerating its biomagnification throughout the food chain and increasing the risk of human exposure through its consumption (Kareem, Hussein and Rasheed, 2022; Mathew, Sankarganesh and Joseph, 2022; Jamil Emon et al., 2023). 
In 2021, exposure to lead (Pb) was responsible for more than 1.5 million deaths globally and resulted in the loss of more than 33 million disability-adjusted life years (World Health Organization, 2024a). Human exposure occurs through domestic and occupational sources via ingestion, inhalation, or dermal contact (Fu and Xi, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Balali-Mood et al., 2021; World Health Organization, 2024a). Prolonged exposure has been linked to adverse effects across multiple organ systems, particularly in children and women of childbearing age, due to its neurotoxicity, renal impairment, and cardiovascular effects (Sridevi Sangeetha and Umamaheswari, 2020; Jomova et al., 2024; World Health Organization, 2024a).  
Pb exposure is strongly associated with cardiovascular diseases such as ischemic heart disease, cerebrovascular accidents, and hypertension (Sridevi Sangeetha and Umamaheswari, 2020; Jomova et al., 2024; Pan, Gong and Liang, 2024; World Health Organization, 2024a). It is also linked to renal dysfunction, reproductive effects, and marked neurotoxicity that compromises brain development and cognitive function in children (Sridevi Sangeetha and Umamaheswari, 2020; Kothapalli, 2021; Jomova et al., 2024; World Health Organization, 2024a). These effects are mediated by immunomodulation, oxidative stress and inflammation (Balali-Mood et al., 2021; Cirovic et al., 2023; Döndü et al., 2023). 
1.3  Zinc (Zn)
Unlike Pb and Hg, Zn is an essential trace element that supports a wide range of physiological functions (Kareem, Hussein and Rasheed, 2022; Schoofs, Schmit and Rink, 2024). However, when accumulated in high amounts, zinc can become toxic to both aquatic and human organisms (Kareem, Hussein and Rasheed, 2022). Major sources of Zn include industrial processes such as smelting and electroplating, as well as its use in mining operations and in products such as vitamin supplements, cosmetics and sunscreens (Jeong et al., 2023; Schoofs, Schmit and Rink, 2024). 
Zn can enter the human body through topical, oral, and inhalation exposure (Schoofs, Schmit and Rink, 2024). According to the WHO, intake above the upper limit of 45 mg/day (690 µmol/day) for adults may result in adverse effects (World Health Organization and Food and Agriculture Organization of the United Nations, 2004). Although Zn has antioxidant properties, excessive levels have been associated with metabolic alterations and neurotoxicity, including Alzheimer’s disease, Parkinson's disease, seizures and multiple sclerosis (Leitão et al., 2022; Mukherjee, Saha and Karan, 2022; Górska et al., 2023; Schoofs, Schmit and Rink, 2024; Yang et al., 2024). Adverse effects have also reported in the digestive, urinary, and respiratory systems, as well as possible associations with certain cancers (Moksnes et al., 2024; Schoofs, Schmit and Rink, 2024).   
1.4  Copper (Cu)
Cu is an indispensable micronutrient involved in multiple physiological processes; however, excess exposure can induce toxic effects (Maung et al., 2021; Górska et al., 2023). Toxicological assessments have established a provisional maximum tolerable intake of 0.5 mg/kg body weight per day, above which chronic exposure may result in immunotoxicity and developmental disorders (Joint FAO and WHO Expert Committee on Food Additives (JECFA), 1982; Yang et al., 2024). Long-term exposure has been linked to liver damage in children and to neurodegenerative disorders such as Alzheimer's disease and Parkinson's disease (Londoño Franco, Londoño Muñoz and Muñoz Garcia, 2016; Mathys and White, 2017; Alsiary et al., 2020; Maung et al., 2021; Górska et al., 2023), as well as cataract formation (Palomino-Vizcaino et al., 2023). 
Despite these risks, copper remains widely used in electrical equipment, construction, agriculture, and manufacturing industries (Londoño Franco, Londoño Muñoz and Muñoz Garcia, 2016). 
As heavy metals are not biologically degraded, their bioaccumulation in ecosystems is increasing. Although fish and shellfish constitute essential protein sources, they may also contain high concentrations of these metals (Waheed et al., 2020; Chan et al., 2021; Kareem, Hussein and Rasheed, 2022; Mathew, Sankarganesh and Joseph, 2022; Jamil Emon et al., 2023; Tanhan et al., 2023; Coelho et al., 2024; Pan, Gong and Liang, 2024). This highlights the need to better understand metal accumulation mechanisms to support effective prevention and mitigation strategies, given the limited availability of integrative reviews. 
2. Methodology
This review followed the elements outlined in the 2020 PRISMA statement for systematic reviews (PRISMA) and the PRISMA extension for scoping reviews (PRISMA-ScR). The objective of this study was to identify studies related to the biochemical mechanisms of the distribution and bioaccumulation of Hg, Pb, Zn, and Cu in humans, fish and shellfish. 
A literature search was carried out in the PubMed and EMBASE databases. The search terms and strings were selected and adapted for each database:
PubMed: ("heavy metals" OR "heavy metal" OR "mercury" OR "copper" OR "zinc" OR "lead") AND ("bioaccumulation" OR "distribution") AND ("human" OR "fish" OR "shellfish") 
EMBASE: ('heavy metal*':ab,ti OR 'mercury':ab,ti OR 'copper':ab,ti OR 'zinc':ab,ti OR 'lead':ab,ti) AND ('bioaccumulation':ab,ti OR 'distribution':ab,ti) AND ('human':ab,ti OR 'fish':ab,ti OR 'shellfish':ab,ti) AND ([english]/lim OR [portuguese]/lim OR [spanish]/lim) AND [2020-2024]/py
The inclusion criteria focused on observational or experimental research conducted in humans, fish, or shellfish, either in vivo or in vitro, as well as clinical trials and reviews, published between January 1, 2020, and December 31, 2024, in English, Spanish or Portuguese, that reported biochemical mechanisms of distribution and/or bioaccumulation of the selected heavy metals. A study was considered eligible if either its first online publication date or its formal issue date fell within this period. No restriction was applied regarding the route of exposure. Studies that did not meet these criteria were excluded.
After excluding duplicate records, two reviewers independently screened titles and abstracts according to the inclusion and exclusion criteria via the RAYYAN tool (Ouzzani et al., 2016). The full texts of potentially eligible studies were subsequently retrieved and independently assessed by reviewers. Discrepancies during the selection and data extraction process were resolved by consensus with the participation of a third reviewer.  
Once the final articles were selected, analyzed and independently extracted the data, which were recorded in a Microsoft Excel spreadsheet, including information on: authors, year of publication, title, DOI, country of study, methodology, species and/or genus, target cell/tissue/organ, metal analyzed, and described biochemical mechanism. The study selection process is represented using a PRISMA flow diagram (Figure 1).
[image: ]Figure 1. PRISMA flow diagram of the study selection process.









The diagram shows the number of records identified, screened, assessed for eligibility, and included in the review, following PRISMA 2020 guidelines.
The review protocol was registered in the Open Science Framework (OSF) (van den Akker et al., 2023) and is available at: https://doi.org/10.17605/OSF.IO/9EWJZ
3. Results
Description and selection of studies 
Through the search, 8331 articles were identified. After excluding duplicates, the titles and abstracts of 5566 articles were screened, and 172 full texts were reviewed. Of these, 141 were excluded for the following reasons: 116 did not mention the distribution and/or bioaccumulation mechanisms of the selected metals, 16 did not meet the inclusion criteria related to publication type, and 12 were excluded for other reasons (e.g., publication date outside the inclusion range, lack of access, or retracted articles). The remaining 28 articles met the eligibility criteria and were included in this review (Figure 1).
Among the 28 selected articles, 4 provided a general overview of the distribution and bioaccumulation mechanisms for all heavy metals considered (Balali-Mood et al., 2021; Jeong et al., 2023; Parida and Patel, 2023; Jomova et al., 2024). The remaining studies focused specifically on one of the more common metals: 13 articles on Hg (Fu and Xi, 2020; Maniero et al., 2020; Rana, 2020; Balali-Mood et al., 2021; Novo et al., 2021; Pamphlett, Doble and Bishop, 2021a; Aalami et al., 2022; Abd Elnabi et al., 2023; Jeong et al., 2023; Parida and Patel, 2023; Jomova et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024), 10 on Pb (Rana, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Kothapalli, 2021; Abd Elnabi et al., 2023; Parida and Patel, 2023; He et al., 2024; Jomova et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024; Almashhadany et al., 2025), 10 on Cu (Castaldo et al., 2020; Luo et al., 2020; Maung et al., 2021; Górska et al., 2023; Cai and Wang, 2024; Gui and Wang, 2024; Kumar et al., 2024; Rolić et al., 2024; Sailer et al., 2024; Locatelli and Farina, 2025), and 6 on Zn (Jeon, Yu and Choi, 2020; Abd Elnabi et al., 2023; Górska et al., 2023; Ma and Wang, 2023; Kumar et al., 2024; Rolić et al., 2024). Some studies have addressed more than one metal (Rana, 2020; Balali-Mood et al., 2021; Abd Elnabi et al., 2023; Górska et al., 2023; Jeong et al., 2023; Parida and Patel, 2023; Jomova et al., 2024; Kumar et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024). 
In terms of study type, most are reviews (n = 20; 71,4%) (Fu and Xi, 2020; Rana, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Balali-Mood et al., 2021; Kothapalli, 2021; Maung et al., 2021; Novo et al., 2021; Aalami et al., 2022; Abd Elnabi et al., 2023; Górska et al., 2023; Jeong et al., 2023; Parida and Patel, 2023; Gui and Wang, 2024; Jomova et al., 2024; Kumar et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024; Sailer et al., 2024; Almashhadany et al., 2025; Locatelli and Farina, 2025), followed by experimental studies (n = 6; 21,4%) (Jeon, Yu and Choi, 2020; Luo et al., 2020; Maniero et al., 2020; Ma and Wang, 2023; Cai and Wang, 2024; He et al., 2024) and observational studies (n=2; 7,1%) (Pamphlett, Doble and Bishop, 2021a; He et al., 2024).
Predominantly, the articles mentioned mechanisms in humans only (n = 19) (Fu and Xi, 2020; Jeon, Yu and Choi, 2020; Maniero et al., 2020; Rana, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Balali-Mood et al., 2021; Kothapalli, 2021; Maung et al., 2021; Novo et al., 2021; Pamphlett, Doble and Bishop, 2021a; Aalami et al., 2022; Górska et al., 2023; Parida and Patel, 2023; Gui and Wang, 2024; He et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024; Sailer et al., 2024; Locatelli and Farina, 2025), 6 articles described these processes in fish or shellfish only (Castaldo et al., 2020; Luo et al., 2020; Ma and Wang, 2023; Cai and Wang, 2024; Kumar et al., 2024) , and 3 articles addressed both humans and fish or shellfish (Abd Elnabi et al., 2023; Jomova et al., 2024; Almashhadany et al., 2025). Detailed information for each article is presented in Supplementary Table 1. 
3.1  Mercury (Hg)
Among the 13 articles that addressed the mechanisms of Hg, 11 focused on humans (Fu and Xi, 2020; Maniero et al., 2020; Rana, 2020; Balali-Mood et al., 2021; Novo et al., 2021; Pamphlett, Doble and Bishop, 2021a; Aalami et al., 2022; Parida and Patel, 2023; Jomova et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024), and 3 focused on fish and/or shellfish (Abd Elnabi et al., 2023; Jeong et al., 2023; Jomova et al., 2024). 
In humans, studies have identified different cells and organs as primary bioaccumulation targets. In the case of Hg, studies emphasize that the place of bioaccumulation depends on the chemical form in which it is found. Aalami et al. (Aalami et al., 2022) noted that all forms of Hg (elemental, inorganic and organic) can accumulate in organs and tissues such as the liver, kidneys, hair, and nails.
Elemental Hg tends to accumulate in erythrocytes, the kidney, the heart, and the brain (Aalami et al., 2022).  Inorganic Hg reportedly accumulates in the kidneys (Fu and Xi, 2020; Balali-Mood et al., 2021; Jomova et al., 2024), brain (Aalami et al., 2022), thyroid cells (Pamphlett, Doble and Bishop, 2021a) and, in vitro study, in both tumor and nontumor human breast cell lines (Maniero et al., 2020). 
The organic form, particularly methylmercury (Me-Hg), has been the most extensively studied. It primarily accumulates in the central nervous system, specifically the brain (Fu and Xi, 2020; Novo et al., 2021; Parida and Patel, 2023; Jomova et al., 2024; Rolić et al., 2024). In addition, accumulation has been reported in the liver (Novo et al., 2021; Parida and Patel, 2023; Jomova et al., 2024), kidneys (Novo et al., 2021; Parida and Patel, 2023; Jomova et al., 2024), bone marrow (Parida and Patel, 2023), nerve (Parida and Patel, 2023), and skin (Jomova et al., 2024). These findings support the systemic bioaccumulation of organic Hg proposed by Balali-Mood et al. (Balali-Mood et al., 2021).  
The mechanisms underlying Hg bioaccumulation also vary by chemical form.
Elemental Hg diffuses easily through biological membranes because of its solubility, facilitating its entry into the bloodstream (Fu and Xi, 2020; Aalami et al., 2022; Parida and Patel, 2023; Jomova et al., 2024). Owing to this characteristic, it also crosses the placental barrier (Aalami et al., 2022; Parida and Patel, 2023) and the blood-brain barrier (Fu and Xi, 2020; Aalami et al., 2022; Parida and Patel, 2023; Jomova et al., 2024), facilitating its arrival at structures such as the brainstem, cerebellar nuclei and spinal cord (Aalami et al., 2022). In erythrocytes, elemental Hg is subsequently oxidized to inorganic Hg through catalase activity (Aalami et al., 2022; Jomova et al., 2024), where it accumulates in cells and in tissues containing hydrogen peroxide and peroxidase (Fu and Xi, 2020). 
With respect to inorganic Hg, Fu & Xi (Fu and Xi, 2020), Maniero et al. (Maniero et al., 2020) and Pamphlett et al. (Pamphlett, Doble and Bishop, 2021a), agree that this form has a high affinity for cellular proteins. Pamphlett et al. (Pamphlett, Doble and Bishop, 2021a) reported that this affinity is related to the presence of cations for thyroid cancer, a metallothionein and sulfhydryl (thiol) (-SH) groups in certain proteins. Jomova et al. (Jomova et al., 2024) emphasized that, owing to its limited solubility, inorganic Hg tends to accumulate mainly in the kidneys, which is mediated by its binding to cysteine.
Me-Hg is the most studied organic form. Me-Hg can circulate in plasma (Novo et al., 2021; Parida and Patel, 2023) or bind to nucleophilic groups such as thiol (-SH) and selenol (-SeH) in proteins and enzymes (Rana, 2020; Balali-Mood et al., 2021; Novo et al., 2021; Parida and Patel, 2023; Jomova et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024). Moreover, Jomova and colleagues (Jomova et al., 2024) emphasized that it may also engage in weaker interactions with carboxyl (-COOH), amide (-CONH₂) and amino (-NH₂) groups, enabling its distribution to organs such as the intestine, brain, liver and kidneys (Novo et al., 2021; Rolić et al., 2024). 
Once absorbed into the bloodstream, Novo et al. (Novo et al., 2021) and Parida & Patel (Parida and Patel, 2023) reported that most Me-Hg rapidly accesses red blood cells. Although the mechanisms of transport of Me-Hg in plasma are not fully understood, Novo et al. (Novo et al., 2021) suggested that its main form of transport is through binding to hemoglobin, which is supported by Rolić et al. (Rolić et al., 2024). In addition, Novo et al. (Novo et al., 2021) reported that Me-Hg can also form covalent bonds with albumin via thiol (-SH) groups.
On the other hand, Me-Hg crosses the blood-brain barrier when conjugated with cysteine (Novo et al., 2021; Parida and Patel, 2023) via the LAT1 transporter (L-type amino acid transporter 1) (Novo et al., 2021), facilitating brain accumulation (Novo et al., 2021; Rolić et al., 2024). Jomova et al. (Jomova et al., 2024) reported that, owing to its lipophilicity, Me-Hg also crosses the placental barrier. Parida & Patel (Parida and Patel, 2023) further suggested that Me-Hg may also be transported in association with metallothioneins and glutathione.
Studies into bioaccumulation mechanisms in fish and shellfish have shown results consistent with findings in humans, particularly regarding the high affinity of Hg for thiol (-SH) groups (Abd Elnabi et al., 2023; Jomova et al., 2024), as well as its ability to bind to cysteine-containing proteins (Abd Elnabi et al., 2023; Jeong et al., 2023; Jomova et al., 2024). 
3.2  Lead (Pb)
A total of 10 articles were identified, all of which focused on studies conducted in humans (Rana, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Kothapalli, 2021; Abd Elnabi et al., 2023; Parida and Patel, 2023; He et al., 2024; Jomova et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024; Almashhadany et al., 2025). Only one study addressing the distribution and/or bioaccumulation mechanisms of Pb in fish or shellfish has been published (Almashhadany et al., 2025).
Pb is distributed in different tissues of the body. There is a general agreement that the main sites of bioaccumulation are bone tissue (Sridevi Sangeetha and Umamaheswari, 2020; Parida and Patel, 2023; Jomova et al., 2024), kidneys (Sridevi Sangeetha and Umamaheswari, 2020; Parida and Patel, 2023; Jomova et al., 2024), liver (Sridevi Sangeetha and Umamaheswari, 2020; Jomova et al., 2024) and erythrocytes (Sridevi Sangeetha and Umamaheswari, 2020; He et al., 2024). Additionally, some authors have extended its distribution to soft tissues, specifically the central nervous system (Kothapalli, 2021; Jomova et al., 2024), muscle tissue (Jomova et al., 2024), adipose tissue (Jomova et al., 2024) and lungs (Jomova et al., 2024).  
Although some studies present similar descriptions, Jomova et al. (Jomova et al., 2024) noted that these processes are not completely clear. Sridevi & Umamaheswari (Sridevi Sangeetha and Umamaheswari, 2020) reported that Pb is absorbed through passive and facilitated diffusion. Once in the organism, Pb undergoes acidification and oxidation processes, allowing it to form bonds with proteins and enzymes through thiol (-SH) groups (Rana, 2020; Kothapalli, 2021; Abd Elnabi et al., 2023; Parida and Patel, 2023; He et al., 2024; Pan, Gong and Liang, 2024). Among the proteins involved are albumin (He et al., 2024; Jomova et al., 2024) and divalent metal transporter 1 (DMT1), whose involvement in Pb transport has been proposed (Sridevi Sangeetha and Umamaheswari, 2020; Jomova et al., 2024; Rolić et al., 2024). In addition, Jomova et al. (Jomova et al., 2024) reported the presence of this transporter in the kidney and small intestine.
Lead blending with proteins has been connected to their capacity to compete with other essential elements such as Zn (Kothapalli, 2021), iron (Fe) (Jomova et al., 2024) and calcium (Ca) (Kothapalli, 2021; Jomova et al., 2024; Pan, Gong and Liang, 2024; Almashhadany et al., 2025), for their respective transport mechanisms. With respect to Ca, Jomova et al. (Jomova et al., 2024) reported that Pb competes for L-type Ca channels, whereas Pan, Gong and Liang (Pan, Gong and Liang, 2024) suggested that it also interferes with the calmodulin protein. In bone tissue, divalent Pb ion (Pb²⁺) can substitute for Ca ions (Ca²⁺) in the phosphate groups (Ca²⁺-O=P-) of hydroxyapatite, forming stable complexes (Pb²⁺-O=P-) (Jomova et al., 2024). Beyond human tissues, Almashhadany et al. (Almashhadany et al., 2025) reported that Pb also competes with Ca for absorption in the gastrointestinal tract of the blue crab (Callinectes sapidus), given that Pb²⁺ has a higher affinity than Ca itself for calcium-binding proteins and receptors.
In terms of lead transport in the organisms, it has been reported that plasma (Sridevi Sangeetha and Umamaheswari, 2020) and, specifically, erythrocytes, are the main metal transporters (Parida and Patel, 2023; Jomova et al., 2024). This occurs because Pb binds to the enzyme delta-aminolevulinic acid dehydratase (ALAD) (Parida and Patel, 2023; Jomova et al., 2024; Almashhadany et al., 2025). A similar binding has been reported for ferrochelatase (Almashhadany et al., 2025), another enzyme of the heme biosynthetic pathway. As stated by Kothapalli (Kothapalli, 2021), Pb may also be transported via ligands or diffuse as free ions in the bloodstream.
During prenatal and neonatal development, Kothapalli (Kothapalli, 2021) emphasized that the blood-brain barrier and cerebrospinal fluid continue to transport Pb and other metals into the central nervous system, through metal compartmentalization mechanisms or mechanisms of heavy-metal sequestration. Other studies have confirmed the ability of Pb to cross the blood-brain barrier (Sridevi Sangeetha and Umamaheswari, 2020).
3.3  Zinc (Zn)
Zinc (Zn) is the metal with the fewest number of studies identified with respect to its bioaccumulation mechanisms (n = 6), four studies analyzed its distribution in humans (Jeon, Yu and Choi, 2020; Abd Elnabi et al., 2023; Górska et al., 2023; Rolić et al., 2024), whereas two did so in fish and/or shellfish (Ma and Wang, 2023; Kumar et al., 2024). 
There is no clear consensus on which organ the bioaccumulation of Zn occurs in humans. One study revealed its presence in intestinal cells under in vitro conditions (Jeon, Yu and Choi, 2020), whereas another study reported its presence in the liver (hepatocytes), muscle and bone (Rolić et al., 2024). A third study identified additional sites of Zn accumulation in the cells of the nervous system, such as oligodendrocytes and glial cells (Górska et al., 2023). 
Rolić et al. (Rolić et al., 2024) reported that Zn absorption in the small intestine is mediated by divalent metal transporter 1 (DMT1) and by proteins of the ZRT family, IRT-like protein (ZIP), particularly the zinc transporter ZIP4, which facilitates its uptake in this organ and its subsequent distribution to other tissues. Similarly, by using in vitro models of intestinal transport, Jeon et al. (Jeon, Yu and Choi, 2020) reported that zinc oxide (ZnO) is transported across intestinal barriers, mainly in the form of Zn ions.
According to Abd Elnabi et al. (Abd Elnabi et al., 2023), once ingested, zinc undergoes acidification and oxidation processes, enabling it to interact with proteins and enzymes and therefore form stable bonds. Rolić et al. (Rolić et al., 2024) reported that Zn is transported mainly in the bloodstream and is bound to proteins, with albumin, transferrin and α2 -macroglobulin being the most distinctive.
Górska et al. (Górska et al., 2023) emphasized that zinc transporters, especially ZnT-1, allow Zn entry into glial cells, which results in the accumulation of this metal. Moreover, neuronal synaptic vesicles have been shown to contain high concentrations of Zn, most likely due to the presence of synaptic membrane proteins with particular Zn-binding sites.
Finally, in fish, and consistent with what has been reported in humans, the findings converge in identifying the liver as the central organ of Zn bioaccumulation (Ma and Wang, 2023; Kumar et al., 2024). Ma & Wang (Ma and Wang, 2023) reported that in Sparus aurata this bioaccumulation is associated with changes in the expression of the ZIP1, ZIP4, and ZIP8 transporters, as well as ZnT-1 and metallothioneins, identifying the liver and intestine as the main organs of accumulation; this is consistent with Kumar et al. (Kumar et al., 2024), who attributed this accumulation to the presence of metallothioneins in liver tissue. 
3.4  Copper (Cu)
In the case of Cu (n = 10), six studies examined its distribution in humans (Maung et al., 2021; Górska et al., 2023; Gui and Wang, 2024; Rolić et al., 2024; Sailer et al., 2024; Locatelli and Farina, 2025), while four examined it in fish and/or shellfish (Castaldo et al., 2020; Luo et al., 2020; Cai and Wang, 2024; Kumar et al., 2024). 
In humans, research indicates that Cu tends to accumulate mainly in the central nervous system, especially in the brain, oligodendrocytes, and glial cells (Górska et al., 2023; Locatelli and Farina, 2025), in the intestine (Maung et al., 2021; Locatelli and Farina, 2025), in the liver (Gui and Wang, 2024; Rolić et al., 2024; Sailer et al., 2024; Locatelli and Farina, 2025), in the kidney (Locatelli and Farina, 2025), and in muscle tissue (Maung et al., 2021). Górska et al., Maung et al., Rolić et al., Locatelli et al. and Sailer et al. (Maung et al., 2021; Górska et al., 2023; Rolić et al., 2024; Sailer et al., 2024; Locatelli and Farina, 2025) agree that Cu is taken up and transported by copper transporter 1 (CTR1), which facilitates its entry into the cells where it accumulates. Sailer et al. (Sailer et al., 2024) further note that Cu²⁺ can also be taken up by ivalent metal transporter 1 (DMT1), without requiring the prior reduction step needed for the CTR1 pathway.
Maung et al. (Maung et al., 2021) and Rolić et al. (Rolić et al., 2024) reported that Cu is absorbed at the gastrointestinal level, primarily in the small intestine, with Maung et al. (38) identifying the jejunum as the main site of absorption.
Different studies describe the mechanisms involved in Cu distribution and bioaccumulation. Maung et al. and Gui et al. (Maung et al., 2021; Gui and Wang, 2024) agree that, in enterocytes, Cu is reduced from its ionic form (Cu²⁺) to its cuprous form (Cu⁺) by enzymes such as dipeptidyl peptidase 1 (DPP1), STEAP (Six-Transmembrane Epithelial Antigen of the Prostate), and STEAP2 (Six-Transmembrane Epithelial Antigen of the Prostate 2), and is subsequently taken up by enterocytes through CTR1, a point also noted by Locatelli et al. (Locatelli and Farina, 2025), who adds that uptake can also occur via ivalent metal transporter 1 (DMT1). From there, Cu follows different routes: one fraction is stored by metallothioneins, which regulate its bioavailability in the intestine, while the other fraction is transported to the liver (Maung et al., 2021). Before reaching the liver, Cu binds to ceruloplasmin (Maung et al., 2021; Gui and Wang, 2024; Sailer et al., 2024), albumin (Gui and Wang, 2024; Sailer et al., 2024), and α2-macroglobulin (Sailer et al., 2024) in the bloodstream, facilitating its circulation; it then enters the liver through the hepatic portal vein, where it enters hepatocytes (Maung et al., 2021) via CTR1 (Gui and Wang, 2024; Locatelli and Farina, 2025) and is distributed to different intracellular compartments by chaperone proteins such as Atox1 (Antioxidant 1 copper chaperone), CCS (Copper Chaperone for Superoxide Dismutase), and Cox17 (Locatelli and Farina, 2025). Locatelli et al. and Gui et al. (Gui and Wang, 2024; Locatelli and Farina, 2025) both point to the role of metallothioneins (MT1, MT2, and MT3) in hepatic Cu storage.
Finally, Maung et al. (Maung et al., 2021) reported that, in the liver, the ATPase ATP7B facilitates the mobilization of excess Cu into the bile, allowing its excretion. Gui et al. (Gui and Wang, 2024) also mentions the role of ATPase ATP7A and ATP7B in intestinal Cu distribution.
In a broader review on the distribution of heavy metals in glial cells and their implications for neurodegenerative disease, Górska et al. (Górska et al., 2023) reported that Cu is stored in the cell cytoplasm through CTR1-facilitated transport and also highlight the role of the choroid plexus in transporting Cu (and other metals) between the blood and cerebrospinal fluid. Locatelli et al. (Locatelli and Farina, 2025), in turn, notes that in the central nervous system, Cu is stored via metallothioneins and glutathione and is mobilized toward synapses through ATP7A and ATP7B.
In fish, Kumar et al. (Kumar et al., 2024) and Castaldo et al. (Castaldo et al., 2020) reported that the liver showed the highest level of Cu accumulation, a phenomenon likely attributable to the presence of metallothioneins; Castaldo et al.(Castaldo et al., 2020) further notes that this accumulation is also associated with CTR1 expression. Cai et al. (Cai and Wang, 2024) report that Cu distribution in Mytilus edulis is associated with metallothioneins. Finally, Luo et al. (Luo et al., 2020) note that a Cu-supplemented diet increases the expression of hemocyanin (HC1 and HC2), ceruloplasmin activity, and metallothionein expression (MT1 and MT2) in Scylla paramamosain, with the metal accumulating in the carapace and hepatopancreas.
Discussion
Exposure to heavy metals represents an important public health challenge, especially in vulnerable populations. This review compiles the available evidence on the mechanisms of the distribution and bioaccumulation of Hg, Pb, Zn and Cu in humans, fish and shellfish, with the purpose of understanding the processes that determine their ability to bioaccumulate and even biomagnify these compounds associated with various harmful effects on human health. 
With respect to the accumulation sites, in humans, the liver and kidney were identified as the main bioaccumulation organs for the four metals studied. Hg tends to be deposited mostly in these organs, as well as in erythrocytes and in the central nervous system, specifically in the brain (Fu and Xi, 2020; Balali-Mood et al., 2021; Novo et al., 2021; Aalami et al., 2022; Parida and Patel, 2023; Jomova et al., 2024; Rolić et al., 2024). Pb, in addition to accumulating in the liver and kidneys, has an increased affinity for bone tissue, erythrocytes and the central nervous system (Sridevi Sangeetha and Umamaheswari, 2020; Kothapalli, 2021; Parida and Patel, 2023; He et al., 2024; Jomova et al., 2024). With respect to Zn, although there is variability among studies, significant accumulation has been observed in the liver, muscle and bone (Jeon, Yu and Choi, 2020; Rolić et al., 2024). Finally, Cu is concentrated mainly in the liver, with additional deposits in the central nervous system, intestine and muscle (Maung et al., 2021; Rolić et al., 2024; Locatelli and Farina, 2025). A possible explanation for their preferential accumulation in liver and kidneys is their central role in the processes of detoxification, storage and distribution of metals, which favor the storage of these compounds in these structures, as suggested by other studies (Waheed et al., 2020; Choudhury et al., 2023). 
With respect to the mechanisms that explain such accumulation, in humans, Hg0  and Pb are absorbed and distributed mainly by diffusion, which enables their entry into the bloodstream (Fu and Xi, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Aalami et al., 2022; Parida and Patel, 2023; Jomova et al., 2024).  Moreover, Hg0, Pb and Zn require oxidation processes to form bonds with proteins and enzymes, whereas Cu must be reduced to Cu+ before being taken up by cells (Fu and Xi, 2020; Kothapalli, 2021; Aalami et al., 2022; Abd Elnabi et al., 2023; Gui and Wang, 2024; Rolić et al., 2024; Sailer et al., 2024). 
Similarly, Hg and Pb show signs of affinity for thiol (-SH) groups, whereas Hg and Cu tend to bind preferentially to metallothioneins, favoring their connection with cellular proteins (Fu and Xi, 2020; Maniero et al., 2020; Rana, 2020; Balali-Mood et al., 2021; Kothapalli, 2021; Maung et al., 2021; Novo et al., 2021; Pamphlett, Doble and Bishop, 2021a; Parida and Patel, 2023; Gui and Wang, 2024; He et al., 2024; Jomova et al., 2024; Pan, Gong and Liang, 2024; Rolić et al., 2024; Locatelli and Farina, 2025). In terms of their distribution through the bloodstream, Hg, Pb and Zn circulate mostly bound to albumin, whereas Cu is bound mainly to ceruloplasmin (Novo et al., 2021; Gui and Wang, 2024; He et al., 2024; Jomova et al., 2024; Rolić et al., 2024; Sailer et al., 2024). 
For intestinal absorption, both Zn, Pb and Cu use divalent metal transporter 1 (DMT1). Specifically, the ZIP4 transporter facilitates the entry of Zn into enterocytes (Sridevi Sangeetha and Umamaheswari, 2020; Jomova et al., 2024; Rolić et al., 2024). Finally, both mercury (Hg) and Pb have been demonstrated to be able to cross the blood-brain barrier (Fu and Xi, 2020; Sridevi Sangeetha and Umamaheswari, 2020; Kothapalli, 2021; Novo et al., 2021; Aalami et al., 2022; Parida and Patel, 2023; Jomova et al., 2024), and Hg may cross the placental barrier (Aalami et al., 2022; Parida and Patel, 2023; Jomova et al., 2024).
However, each metal has particular absorption and distribution mechanisms. In humans, Hg additionally uses the LAT1 transporter (L-type amino acid transporter 1) for its distribution (Novo et al., 2021) and shows a high affinity for hemoglobin (50, 52) and for cysteine-containing proteins (Novo et al., 2021; Parida and Patel, 2023; Jomova et al., 2024). Pb is transported in erythrocytes linked to the enzyme delta-aminolevulinic acid dehydratase (ALAD) (Parida and Patel, 2023; Jomova et al., 2024; Almashhadany et al., 2025). It also competes with Ca, Zn, and Fe for transport through ion channels (Kothapalli, 2021; Jomova et al., 2024; Pan, Gong and Liang, 2024). This competitive behavior supports the observations of different authors (Coelho et al., 2024; Moksnes et al., 2024) who argue that compounds such as Pb and Hg, which are considered nonessential elements, can imitate and use the absorption and distribution mechanisms of essential elements, even interrupting the normal functions of the body. With respect to Zn, the involvement of the ZnT-1 transporter has also been described (Górska et al., 2023; Ma and Wang, 2023), while Cu enters cells through the copper transporter 1 (CTR1), after being reduced in the intestine by the enzymes dipeptidyl peptidase 1 (DPP1) and STEAP (Six-Transmembrane Epithelial Antigen of the Prostate) (Maung et al., 2021; Górska et al., 2023; Gui and Wang, 2024; Rolić et al., 2024; Sailer et al., 2024; Locatelli and Farina, 2025). 
Among the articles reviewed, Hg and Pb were the metals whose mechanisms of bioaccumulation and distribution in humans were described in a greater number of studies, whereas Zn and Cu were less represented among the articles that met the inclusion criteria of this review. This difference might be attributed to the fact that Hg and Pb are nonessential chemical substances that are commonly linked to toxicity, in contrast to Zn and Cu, which are essential micronutrients for various physiological functions (Fu and Xi, 2020; Moksnes et al., 2024). Although the latter can also generate adverse effects when they accumulate at high concentrations, they are not usually the main focus of studies on heavy metal toxicology; therefore, it is necessary to strengthen research and environmental monitoring of contamination by these elements, which, although essential, can lead to adverse effects on human, animal and ecosystem health.
For the mechanisms in fish and shellfish, although the available information is more limited, principles like those observed in humans have been identified. The liver constitutes the main organ for Zn and Cu bioaccumulation, which is attributed to the high metallothionein content in this tissue (Castaldo et al., 2020; Luo et al., 2020; Ma and Wang, 2023; Kumar et al., 2024). Hg, in turn, shows a strong affinity for thiol groups (-SH), favoring its binding to cysteine-rich proteins (Abd Elnabi et al., 2023; Jeong et al., 2023; Jomova et al., 2024). Pb, analogous to what has been described in humans, competes with Ca for absorption, mechanisms documented in Callinectes sapidus (Almashhadany et al., 2025).
However, insufficient studies have been conducted on the mechanisms in fish or shellfish, which in fact reveals an important gap in scientific literature. This review represents an urgent call to promote research and the dissemination of information on this topic, as well as to foster the articulation between studies in human health, aquatic and environmental toxicology, to achieve a comprehensive approach that allows a deeper understanding and a more effective response to this problem.
The findings of the present review have important implications for public health and food safety, especially in the context of communities with chronic exposure to metals that are difficult to avoid. The partial identification of these mechanisms allows a better understanding of the etiology of certain adverse effects and why certain communities are more vulnerable to this contamination.
Heavy metal contamination poses a direct threat to the environment as well as to human and animal health. This interrelationship can be better understood from the One Health approach, which emphasizes the intrinsic link between human, animal and ecosystem health (European Commission, 2006). From this perspective, one can recognize and understand the potential of heavy metals to move through the environment and bioaccumulate along trophic chains, affecting multiple species, such as fish and shellfish, and ultimately reaching humans (Onyena et al., 2024). The above findings support the importance of this review, which partially elucidates the mechanisms that mediate this accumulation, guiding the direction of future research and highlighting the importance of clarifying these mechanisms and the poor comprehension of these basic but important pathophysiological aspects.
In relation to food safety, this review reveals that little information is available on the mechanisms of accumulation and distribution, especially for fish and shellfish. This gap in research is particularly concerning, given that the ingestion of these organisms, together with the consumption of contaminated water, is one of the main sources of heavy metal poisoning (Chan et al., 2021; Anagha et al., 2022; Kareem, Hussein and Rasheed, 2022; Basu et al., 2023; Jamil Emon et al., 2023) (e.g., EU legislation has established maximum permissible levels for mercury [0.5 mg/kg wet weight] and lead [0.3 mg/kg wet weight] in fishery products) (European Commission, 2006). In addition, fishery products represent an important source of protein and essential micronutrients, accounting for 20% of the average per capita animal protein intake of 3200 million people (Food and Agriculture Organization of the United Nations (FAO), 2024). 
Although the toxic effects of these substances can impact the entire population, indigenous and tribal communities are disproportionately affected. This is largely due to their geographical location and strong economic dependence on seafood products, increasing their consumption patterns and hence, their vulnerability (Basu et al., 2023). This situation has greater relevance in the context of the increase in global fisheries and aquaculture production, which in 2022 reached 223.2 million tons, and in the face of the current panorama of food insecurity, where billions of people worldwide lack access to nutritious, safe and sufficient food (Food and Agriculture Organization of the United Nations (FAO), 2024; Food and Agriculture Organization of the United Nations (FAO) et al., 2024). 
In view of this scenario, there is an urgent need to develop public policies and strengthen institutional, and community capacities aimed at recognizing the risk posed by increasing exposure to heavy metals. Even though it is not always possible to avoid the consumption of aquatic products, given the nutritional risk-benefit situation, understanding these bioaccumulations mechanisms can simplify the arrangement of strategies that contribute to reducing absorption and mitigating toxic effects in both fish and humans. Without forgetting the importance of regulation in the use, handling and disposal of these compounds used in numerous industrial activities, risk management, surveillance of water and food quality, and environmental monitoring of the presence and levels of heavy metals in ecosystems through the articulation and coordination of different governmental actors in the health, veterinary and environmental sectors, which together with academia, all protect communities with the highest degree of vulnerability to chronic exposure to heavy metals.
As a result, this study has several limitations. One of them is the difficulty in characterizing the mechanisms of absorption and distribution due to the influence of multiple contextual factors related to the environment, water, fish and human characteristics, such as temperature, pH, water alkalinity, age, sex or nutritional status, which may influence the concentration of these pollutants in organisms (Akinsanya et al., 2020; Sridevi Sangeetha and Umamaheswari, 2020; Mathew, Sankarganesh and Joseph, 2022; Jeong et al., 2023; El-Fahla et al., 2024). Although this review did not have the main objective of analyzing the influence of these factors, a significant number of studies mention them as contextual elements but do not integrate them into the explanation of the absorption processes, distribution or bioaccumulation, and it is important to cover them in future research.  
Furthermore, in the current context, the pollution of fish and influent is not caused by a single metal or only by heavy metals; the presence of mixtures of metals and other contaminants, such as microplastics and organic pollutants, may cause synergistic or antagonistic effects on aquatic organisms (Jeong et al., 2023) and major human health impacts. The previous concern was not covered in the review and may be a limitation to understanding these processes in real contexts, given how dynamic the environment in which they take place is.
Finally, at the methodological level, during the development of this scope review, none of the studies included had the main purpose of describing or analyzing the mechanisms of bioaccumulation and distribution of the heavy metals of interest. In most cases, references to these mechanisms appeared as supplementary information introduced to contextualize results focused on other objectives, such as the quantification of environmental concentrations, the evaluation of toxicological risks or the characterization of the clinical effects of metal exposure. This limited the depth and level of detail with which the mechanisms were addressed in the studies analyzed, without neglecting the importance of the findings presented here, which allowed a general understanding of the mechanisms used by these metals. 
This issue was compounded by the fact that much of the research reviewed was narrative review. The prevalence of this type of study reflects the scarcity of recent primary research focused on the processes of bioaccumulation and distribution of these metals but also raises important methodological challenges, considering that not following systematic methodologies for literature search, selection and critical evaluation, biases in the development of the review and the mechanisms mentioned here may be introduced. 
4. Conclusions and perspectives
This review underscores the growing concern regarding the bioaccumulation and distribution of heavy metals such as mercury (Hg), lead (Pb), zinc (Zn), and copper (Cu) in humans, fish and shellfish. Although these findings are valuable for understanding the impact of heavy metals, several issues remain unresolved. Few studies have explored in depth the biochemical mechanisms behind the bioaccumulation and distribution of these metals in fish, shellfish, and humans. Moreover, the reviewed studies did not address interactions with contextual and individual factors that may influence these processes. By identifying these gaps, this review contributes to environmental health surveillance by emphasizing the need to conduct and disseminate research to comprehensively examine the multiple mechanisms through which metals are distributed and accumulate in the tissues of organisms, as well as their interactions with other metals and environmental pollutants. Even less attention has been given to the role of chemical speciation in shaping bioavailability and tissue distribution, despite its critical influence on toxicokinetic.
[bookmark: _Int_rv1SGW0P]Many studies tend to look at metal exposure in isolation, without considering the broader context. Environmental conditions, social vulnerability, and individual health factors all play a role in shaping how exposure occurs and how harm occurs. Ignoring these dimensions can lead to public health responses that are too narrow or not well suited to the realities of affected communities. Thus, this review highlights the importance of incorporating social and environmental determinants into research on toxic metal exposure and essential steps toward designing context appropriate interventions and surveillance strategies. 
To strengthen environmental health surveillance and policymaking, research that not only elucidates the molecular and physiological mechanisms of heavy metal transport and transformation but also integrates social, environmental, and behavioral determinants of exposure is imperative. Such an interdisciplinary approach can enhance risk assessment frameworks, inform regulatory policies and guide preventive actions tailored to vulnerable populations especially in regions where environmental contamination intersects with food insecurity, poverty, and limited access to healthcare.
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