Heliyon 10 (2024) e33905

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Review article

Health benefits and health risks of contaminated fish
consumption: Current research outputs, research approaches,
and perspectives

Biresaw Demelash Abera , Mekuannt Alefe Adimas

Bahir Dar Institute of Technology, Bahir Dar University, Bahir Dar, 6000, Ethiopia

ARTICLE INFO ABSTRACT

Keywords: Background: Fish contains high-quality omega-3 fatty acids, protein, vitamins, and minerals and
Fish i due to this it is termed as an essential component of a balanced diet. But there have been concerns
Omega-3 fatty acids raised about the risks of consuming fish that is contaminated with toxins such as methylmercury,

PMg];l;yl mereury polychlorinated biphenyls (PCBs), dioxins, pesticides, and plastic waste. Consumption of

Health benefits contaminated fish containing these pollutants is raising global mortality and morbidity rates.

Health risks Scope and approaches: The review examines the current research outputs on the health benefits
and potential health risks of fish consumption. The review also discusses various approaches to
mitigating the health problems caused by fish consumption, highlights the roles of balancing the
risks and benefits when consuming fish.
Key findings and conclusion: Different findings indicated that contaminants cause cancer, kidney
failure, adverse neurological effect, cardiovascular diseases, and so on to vulnerable groups such
as pregnant, child breast-feeding and children. In conclusion, there is a need to get more tangible
evidence about the advantages and disadvantages of fish consumption to safeguard the wellbeing of the
society.

1. Introduction

Fish is considered as a staple food in many cultures and has long been known to be rich in essential nutrients such as protein, omega-
3 fatty acids [1], and sources of minerals (iodine, selenium), vitamin-D, and amino acids (taurine, carnitine, melatonin, tryptophan,
and polyamines) [2]. All these make the fish an important and delicious part of a healthy diet. Due to such reasons, the production and
consumption of fish has been increasing across the globe. As indicated in Fig. 1, in 2020, China constituted about 15 % of the global
captures, surpassing the combined totals of the second- and third-placed nations. Nearly 49 % of the world’s total capture production
was produced by the top seven producers (China, Indonesia, Peru, India, Russian Federation, United States of America, and Vietnam).

In the last 20 years, from 1998 to 2018, the average annual global intake of fish increased from 15.6 to 20.4 kg/year on a live weight
basis and from 11.5 to 15.1 kg/year in edible weight and by 2050, it is expected to increase from 93.6 to 152 million tons [4]. The
primary determinant of fish consumption across nations is their income, as illustrated in Fig. 2. Asians are the biggest users, followed
by Africans and Oceanians as the lowest.

Consumption of fish has various health benefits, including a lower risk of heart disease and stroke, fetal development as well as
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increased cognitive performance [5,6]. However, due to the presence of environmental contaminants and other potential hazards,
consumption of fish poses potential human health risks. Methyl mercury, polychlorinated biphenyls (PCBs), dioxins, and pesticides [7]
and also currently plastic wastes are common contaminates [8,9]. In addition, arsenic, cadmium, lead, selenium, polycyclic aromatic
hydrocarbons (PAHs) and chlorinated hydrocarbon pesticides are some other contaminants to fish [10]. Generally, the sources of fish
contaminants can be natural or anthropogenic. Natural sources include metals like mercury and arsenic from the earth’s crust, while
anthropogenic sources include pollutants from human activities like industrial chemicals and pesticides. Industrial chemicals and
pesticides enter the environment through manufacturing, waste disposal, agricultural practices, and PCBs, which were once widely
used in industrial applications [11]. Moreover, the degree of contamination depends on the fish species and growing areas (rural and
urbanization). These contaminants can accumulate in fish tissue and, when consumed in excess amounts, can have adverse health
effects on humans. Pregnant women child breast-feeding women and young children are highly likely affected by contaminants via fish
consumption [12]. In addition, consumption of contaminated fish also poses adverse health effects on adults. Therefore, the exposure
of consumers to methylmercury, PCBs, dioxins and pesticides via contaminated fish consumption induces adverse health effects such as
neurological damage, developmental delays in children and risk of cancer [13]. Fish species that are highly contaminated with methyl
mercury are shark, swordfish and king mackerel, and vulnerable groups should avoid consuming them, but they can consume salmon,
tuna, tilapia, cod, and catfish which are likely lower in methylmercury content.

Currently, plastic wastes also get great attention as a fish contaminant. This contaminant causes adverse health effects to consumers
such as, inflammation, oxidative stress, genotoxicity, tissue damage, cytotoxicity, neurotoxicity, immune system disruption, and
carcinogenesis [9]. So, fish consumption has been a topic of interest in the field of human nutrition for many years [14]. Due to
conflicting information available on the risks and benefits of consuming fish, it is important to have a comprehensive understanding of
current scientific evidence to make informed decisions about fish consumption. There is a need to better understand the complex
relationship between fish consumption and human health, and how it can be optimized to maximize benefits while minimizing
negative impacts. Thus, this review summarizes the current state of scientific knowledge on the risks and benefits of fish consumption
and provides recommendations and mitigation approaches for safe and healthy consumption patterns. This information could have a
significant contribution for future researchers, policy makers, concerned bodies like World Health Organization (WHO), Food and
Agriculture Organization (FAO) and United States Environmental Protection Agency (US EPA), consumers and fish processing
industries.

2. Health benefits of fish consumption

Due to its high nutritional value, fish is a nutrient-dense food, and its consumption has long been associated with several health
benefits as indicated in Fig. 3. Fish consumption helps to prevent heart disease, stroke, and other cardiovascular diseases due to its
omega-3 fatty acids [15]. Consuming fish twice a week can lower the risk of heart disease and stroke due to its high content of omega-3
fatty acids [16]. Omega-3 fatty acids also have been linked to reduced inflammation, improved blood lipid levels, and better vascular
function [17]. Additionally, fish is rich in protein, vitamins, and minerals that are essential for maintaining good health. For example,
salmon is a good source of vitamin-D and selenium, while tuna is high in vitamin By and potassium [18]. Therefore, it is important to
include a variety of fish in a diet to promote optimal nutrition and overall well-being.

In addition to its cardiovascular benefits, fish consumption has been associated with improved cognitive function [5,19,20] and
reduced risk of dementia [21], which is common and affect older adults. Dementia, a general term for impaired memory, thinking, and
decision-making, is a common form of Alzheimer’s disease, characterized by initial memory impairment and cognitive decline [22].
Though dementia mostly affects older adults, it is not a part of normal aging of human being [23]. Additionally, research suggests that
regular fish consumption may be associated with reduced symptoms of depression and anxiety, but this regular consumption should be
in line with Food and Drug Authority (FDA)’s and WHO’s daily intake recommendations [14,24]. Table 1 shows the general
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Fig. 1. Top ten global fish production in 2020 [3]. (Source: Food and Agriculture Organization of the United Nations. Reproduced with permission.)
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consumption of fish recommended by WHO/FDA for different target groups. Other studies have shown that fish oils omega-3 fatty
acids may enhance neuronal growth and function which play a role in brain health [25].

However, the recommended fish consumption may depend on the income of the countries. Mostly, poor nations, especially Africa
and Asia, may not consume the above recommended amounts of fish since they may not be able to afford it.

Consumption of a long-chain omega-3 fatty acids, in particular docosahexaenoic acid (DHA), is crucial for brain and eye devel-
opment and as well as for mental health in early childhood and adulthood [28]. Consumption of omega-3 fatty acids also improves
learning, memory, cognitive well-being, and blood flow in the brain [29]. Moreover, some research suggests that regular fish intake
may reduce the risk of age-related cognitive decline and dementia [30,31].

Another benefit of fish consumption is its potential to promote weight loss and weight management [32] since fish is a low-calorie,
high-protein food that can help people feel satiated and satisfied after meals [2]. In fact, some studies have found that incorporating
fish into a weight loss diet can lead to greater fat loss compared to diets that exclude fish or other animal proteins [33]. Additionally,
choosing fish as a protein source may be beneficial for individuals with type 2 diabetes, as it has been shown to improve glycemic
control and insulin sensitivity [34,35].

Finally, there is evidence to suggest that regular fish consumption may have anti-inflammatory [36], analgesic (anti-nociceptive)
[37] and immunoregulatory [2] properties. This is due to the presence of certain bioactive compounds found in fish, such as astax-
anthin and omega-3 fatty acids, which can help reduce inflammation throughout the body. As inflammation has been linked to a
number of chronic conditions, including arthritis and cancer, this anti-inflammatory effect may have significant health benefits. Fish is
high in immunoregulatory substances such as omega-3 fatty acids, melatonin, tryptophan, taurine, and polyamines [2]. Furthermore,
regular fish consumption promotes the growth of beneficial gut microbiota, such as short-chain fatty acid-producing bacteria [38,39].
However, due to the increasing amount of fish contamination, regular consumption leads to health risks.

To avoid health risks, it is important to select fish with low contaminates and follow safe recommendations from concerned or-
ganizations. Certain fish, such as salmon, trout, and sardines, are low in contaminants, making them a safer option for breastfeeding
mothers, and ~ 114 g servings of these fish not more than two times per week have little mercury and optimal levels of omega-3 fatty
acids for pregnant or nursing women and people with heart disease [40]. Kolipinski et al. (2020) [40] reported that a pregnant woman
of average weight might take ~114 g servings per week providing at least 25 % of the weekly required omega-3 consumption leads to
less ingestion of contaminants. Whereas adults would have to eat 142-680 g portions of shrimp, catfish, tilapia, clams, and scallops to
meet the omega-3 recommendation for pregnant women and people with heart disease [40]. In fact, consuming fish during lactation
has been associated with positive outcomes such as improved infant cognitive development, visual acuity, and immune function [41,
42].

3. Sources of contaminants

Even though fish is a major source of protein and other nutrients it can also be a source of contaminants, such as heavy metals,
polychlorinated biphenyls (PCBs), dioxins, and furans which can accumulate in fish tissues and can pose a health risk to consumers.
According to Akhtar et al., (2020) [43], the sources of fish contaminants can be divided into two main categories: natural and
anthropogenic. Natural sources of contaminants include metals that are released from the earth’s crust, such as mercury and arsenic.
Mercury is a naturally occurring metal that is found in the earth’s crust. It can be released into the environment from volcanic activity,
mining, and the burning of fossil fuels. Mercury can also be found in fish that live in contaminated waters. Arsenic is another naturally
occurring metal that is found in the earth’s crust. It can be released into the environment from mining, smelting, and the burning of
fossil fuels. Arsenic can also be found in fish that live in contaminated waters.

Anthropogenic sources of contaminants include pollutants that are released into the environment from human activities, such as
industrial chemicals and pesticides. Industrial chemicals and pesticides are two major sources of anthropogenic contaminants in fish.
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Fig. 2. Aquatic food consumption by continent, 1961-2019 [3]. (Source: Food and Agriculture Organization of the United Nations. Reproduced
with permission.)
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Fig. 3. Some health benefits of fish consumption [16-23].

Table 1

WHO Recommendations of fish consumption.
Target Group WHO/FDA Recommendations References
Adult 340 gm/week [26,27]
children 170 gm/week
Pregnant women 340 gm/week
Breastfeeding women 340 gm/week

Industrial chemicals can enter the environment through industrial processes, such as manufacturing and waste disposal. Pesticides can
enter the environment through agricultural practices, such as spraying and runoff. PCBs are a group of synthetic chemicals that were
once widely used in industrial applications. PCBs can enter the environment through industrial processes and waste disposal. PCBs can
also be found in fish that live in contaminated waters. Dioxins and furans are a group of toxic chemicals that are formed as byproducts
of industrial processes, such as incineration and smelting. Dioxins and furans can enter the environment through air pollution and can
be deposited on land and water. Dioxins and furans can also be found in fish that live in contaminated waters.

4. Types of contaminants in fish

It is known that fish can contain contaminants including methylmercury, PCBs, dioxins, pesticides and more recently plastic wastes
that can cause restrictions to fish consumption [44,45]. In addition, arsenic, cadmium, lead, selenium, and chlorinated hydrocarbon
pesticides are some other contaminants to fish [10,46]. These contaminants are often the result of human activities such as industrial
pollution, runoff from agricultural practices, and atmospheric deposition from sources such as coal-fired power plants. These con-
taminants can find their way into the aquatic food chain through industrial waste, agriculture, or other human activities. They can
accumulate over time in fish as they are absorbed from water sources and food, potentially leading to adverse health effects in humans
who consume them. Therefore, fish contaminants, ways to enter the food chain, and their potential health risks to consumers are
discussed in detail in the following sections.

4.1. Mercury and its derivative (methylmercury)

Mercury is a heavy metal and well-known toxic environmental contaminant that can accumulate in fish tissue and pose risks to
human health when consumed in excess. It is a naturally occurring element that can be found in rocks, soil, and water [47] and in
marine ecosystem [48]. In nature, mercury exists in three forms, elemental, inorganic and organic [40]. Elemental mercury can be
found in the atmosphere, while inorganic and organic mercury can be predominantly found in soil, water and plants [49]. It has also
become a prevalent pollutant and is rising in the atmosphere as a result of human activities [50].

Inorganic mercury can be converted to methyl mercury by the action of anaerobic bacteria [51], and microorganisms in soil and
water. Mercury is transformed into methylmercury by the metabolic activities of algae and bacteria, which subsequently bio-
accumulates up through the trophic levels [40]. In addition, when mercury is in contact with aquatic sediments, it can be converted to
methylmercury [47]. Therefore, methylmercury is the main type of contaminant that exist in fish [52-54]. It enters the human body
through the food chain via infected fish, shellfish, and wildlife that have been polluted by poisonous microbes. After being absorbed
into the human body, methylmercury enters the circulation and causes a variety of neurological disorders [55], neurotoxicity [56,571,
central nervous system (brain and spinal cord) damage, kidney damage [58], minamata disease [59]. Certain fish species, such as
shark, swordfish, king mackerel, and tilefish, are known to contain higher levels of methylmercury and are considered to be risky for
consumption, particularly for pregnant women and young children [60].

4.1.1. How mercury enters into fish flesh?
Mercury enters the marine from a range of natural and artificial sources, ultimately accumulating in fish and other aquatic species’
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tissues [52]. Mercury enters the aquatic food chain through a variety of pathways. One important pathway is atmospheric deposition,
where mercury that has been released from natural sources or human activities settles onto land or water surfaces [61,62]. Atmo-
spheric deposition is one of the major ways that mercury enters to oceans and lakes [54]. Mercury is released into the atmosphere
through natural processes, such as volcanic eruptions, as well as anthropogenic activities, including coal-fired power plants and mining
operations [47]. The released mercury eventually settles in water bodies, where it is converted to methylmercury, which is absorbed by
small aquatic organisms and eventually consumed by larger predatory fish. Mercury can also enter aquatic systems through runoff or
erosion of contaminated soil, as well as through industrial processes such as coal combustion [43,63]. Another important pathway is
direct discharge of mercury-containing waste into waterways from factories and mines [64]. For example, gold mining operations
often use mercury to extract gold from ore, leading to significant environmental contamination [65]. These human activities have led
to widespread contamination of fish worldwide, with some species containing levels of methylmercury that exceed safe consumption
guidelines [66]. The other way is through diet. Fish can ingest mercury directly from contaminated water or from prey that have
ingested mercury [67]. The diet of fish plays a critical role in mercury bioaccumulation. Benthic organisms that live in sediment, such
as worms, may concentrate mercury in their bodies and serve as a food source for bottom-feeding fish. Similarly, zooplankton, which
are consumed by small fish, can also contain elevated levels of methylmercury [68]. As these smaller fish are consumed by larger
predatory species, the concentrations of mercury can increase considerably up the food chain. The process of biomagnification occurs
when organisms at higher trophic levels consume prey that contains lower amounts of methylmercury. This bioaccumulation occurs up
the food chain until it reaches predatory species such as sharks, swordfish, and tuna [69]. These predatory fish can accumulate very
high concentrations of methylmercury and are therefore of concern to human health. Mercury can also enter fish flesh through their
gills or skin [70-72]. When fish breathe, they take in water that contains mercury and then it can be absorbed through the gills or skin.
Another key pathway for mercury exposure in fish is through contaminated water [52]. This can happen due to both natural and
manmade causes. Runoff from agricultural areas and city garbage can pollute rivers and lakes significantly. Runoff from agricultural
fields and municipal waste can introduce significant contaminants to rivers and lakes [73]. Additionally, mercury may be present in
sediments and soil, which can leach into the water and accumulate in fish tissue [74].

The amount of methylmercury that a fish accumulates rely on a various of aspects, such as the concentration of methylmercury in
the environment, the fish’s diet, and the fish’s size [52,75]. Fish that live in areas with high concentrations of mercury, such as near
industrial facilities or in polluted waters, and fish that eat other fish that have accumulated methylmercury are more likely to have high
levels of methylmercury in their flesh. Finally, larger fish could have much amount of methylmercury in their flesh than smaller fish.

4.2. PCBs

PCBs are another group of contaminants that can be present in fish [76,77]. PCBs are a group of synthetic organic chemicals that
were widely used in electrical equipment [78,79] and other industrial applications [78] until they were banned in the 1970s due to
their toxicity and persistence and harmful effects on human health and the environment [7]. Despite the ban, PCBs persist in the
environment and food chain, including in fish and seafood. PCBs bioaccumulate and biomagnify in the food web, meaning that as fish
consume smaller organisms, such as plankton and smaller fish, PCB levels increase in their tissues over time. PCBs have been linked to
cancer [80], immune system dysfunction including thymicatrophy and suppressed immune responses and cardiovascular diseases,
such as stroke and hypertension [7], and neurodevelopmental problems in children [81]. PCB concentrations in fish tissue were
strongly correlated with industrialization and urbanization [82]. Thus, PCB contaminants can accumulate in fish tissue through both
natural processes and human activities [83]. As a result, certain fish species such as trout, salmon, and catfish may contain higher levels
of PCBs than others [84]. The bioaccumulation of PCBs in fish can also vary depending on factors such as age, sex, and feeding habits.
For example, larger and older fish tend to have higher levels of PCBs than smaller and younger ones due to their longer exposure time
and greater accumulation. Fish that feed on other fish or are high up in the food chain may also have higher levels of PCBs due to
biomagnification [85].

4.2.1. How PCBs enter to the fish?

PCBs enter fish through various pathways. One of the primary ways is through contaminated waterways [86,87]. PCBs can be
released into water from industrial discharges, waste disposal sites, and urban runoff. Once released into water, PCBs can adhere to
sediment and accumulate in the benthic food chain [88,89]. Fish that feed on bottom-dwelling organisms can therefore become
contaminated with PCBs from the sediment. Additionally, PCBs can travel long distances through water currents and rivers, spreading
contamination to other regions.

Another route of PCB contamination in fish is through atmospheric deposition [90]. PCBs can be transported by air from their
original sources to remote areas where they can then be deposited onto land or water surfaces. Once deposited, PCBs can be taken up by
aquatic plants or creatures that are eaten by fish [91]. Additionally, high levels of PCB contamination in fish have been found in areas
close to urban centers and industrial sites, indicating that atmospheric deposition may contribute to a significant amount of PCB
contamination [7].

Furthermore, there is evidence that PCBs can be absorbed through fish gills [92]. Fish have a unique respiratory system that allows
them to extract oxygen from water by passing it over their gills. However, this also means that pollutants, including PCBs, can be taken
up by the gills and enter the bloodstream. This can result in direct transfer of PCBs from water to fish and can lead to high levels of
contamination in fish that are exposed to heavily polluted waterways.

Once these chemicals enter into waterways, they can be taken up by organisms at the base of the food chain such as phytoplankton
and zooplankton. PCBs can accumulate and magnify in these organisms over time due to their lipophilic nature, meaning they have an
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affinity for fats.

Moreover, it has been found that some fish species preferentially accumulate more PCBs than others. For example, studies have
shown that some species of large predatory fish, such as swordfish and shark, tend to have higher levels of PCB contamination than
other fish [93]. This is likely due to the fact that these fish are at the top of the food chain and feed on other fish that have already
accumulated PCBs, leading to biomagnification in their tissues.

4.3. Dioxins

Dioxins are highly toxic chemicals that can be present in the fatty tissues of some fish species [85]. These compounds are formed as
byproducts of industrial processes such as waste incineration and chemical manufacturing [94]. They are persistent in the environment
and can accumulate in the food chain, posing a risk to human health. Fish are particularly vulnerable to dioxin contamination, as they
can absorb dioxins through their food and water. Dioxins can affect fish at all stages of their life cycle, from eggs to adults. In fish eggs,
dioxins can cause developmental defects, such as deformed spines and fins [95]. In some fish species, dioxins can cause stunted growth
and delay sexual maturation, liver damage, and reproductive problems [96]. Dioxins’ reproductive toxicity is primarily mediated by an
aryl hydrocarbon receptor (AhR) [97]. Dioxins can also pose a risk to human health if they are consumed in fish. Exposure to high
levels of dioxins has been linked to cancer [98], reproductive, immune, nervous, and endocrine system disorders [99], coronary artery
disease, diabetes, affect metabolism, reduced testosterone and thyroid hormones, porphyria, endometriosis, skin, tooth, and nail
abnormalities, early menopause, and altered growth factor signaling [100]. Due to this, the USEPA has set a limit for dioxins in fish of
0.00000003 parts per million (ppm). This limit is based on the amount of dioxins that is known to cause adverse health effects in
animals. The risk of dioxin exposure from fish consumption depends on a number of factors, including the type of fish, the amount of
fish consumed, and the level of dioxin contamination in the fish [100]. Fish that are high in fat, such as salmon, tuna, and mackerel, are
more likely to contain dioxins than fish that are low in fat. The level of dioxin contamination in fish can vary depending on the location
of the fish and the type of water it lives in.

4.4. Pesticides

Pesticides including herbicides, insecticides, and fungicides are a major source of water pollution, and they can contaminate fish
and other aquatic organisms. Pesticides can enter marine environment by subsurface drainage, leaching, runoff, and spray drift. Fish
can then be exposed to pesticides through their food, their water, or by direct contact. There are three main ways that pesticides are
introduced to fish and aquatic creatures. Orally, through drinking or consuming contaminated water, dermal absorption, and inha-
lation through gill uptake during respiration. Pesticides, including dichlorodiphenyltrichloroethane (DDT) and its metabolites,
organophosphate, carbamates, organochlorine, pyrethroids, and necotenoides have also been found in fish [101]. DDT usage has been
banned but the chemical persists in soil and water and can still be detected in some fish species. The health effects of exposure to
pesticides in fish are not well established, but it affects the production of reactive oxygen species (ROS) and free radicals, leads to
oxidative stress damage and significantly destructs the normal cellular structure of different tissues, and a variety of histopathologies in
different fish tissues [102]. Pesticides also have a variety of harmful effects on fish, including neurotoxicity, reproductive toxicity,
immunotoxicity and carcinogenicity [102]. Due to reproductive toxicity caused by pesticides, fertility, hatching success and larval
survival can be decreased [103]. This results in a scarcity of fish for human consumption. In addition to the direct effects of pesticides
on fish, they can also have indirect effects on the ecosystem. Pesticides can kill off beneficial insects and other organisms, which can
lead to a decline in the food supply for fish. Pesticides can also alter the physical and chemical properties of water, which can make it
less suitable for fish habitat. The presence of pesticides in fish tissue also poses health risks to consumers. Pesticides can accumulate in
the tissues of fish, and they can be passed on to humans who eat them. Studies have shown that exposure to pesticides can increase the
risk of cancer, reproductive problems, depression, neurological deficits, diabetes, respiratory diseases, fetal death, spontaneous
abortion, and genetic diseases to consumers [104]. This showed that the pesticide residues pose a significant threat to human health
and the environment, prompting increased interest in eliminating them. It is difficult to understand global trends in pesticide con-
centrations in streams, fish, and humans, as well as pesticide removal procedures using various adsorbents. To mitigate this problem,
various methods, including adsorption, advanced oxidation, membrane filtration, phytoremediation, bioremediation, and activated
sludge, are used [105]. Recently research focus on phytoremediation and Nanotechnology. Phytoremediation is a cost-effective and
environmentally friendly method for removing methyl parathion pesticides from water and soil. Natural and cost-effective adsorbents
like waste jute fiber carbon, Rhizopus oryzae biomass, and Typha australis leaf powder have been used for this purpose. Aquatic
macrophytes, such as Eichornia crassipes and Pistia strateotes, have been found to be effective in removing pyrethroid pesticides.
Mangroves, which are exclusive to coastlines, have been found to be more effective in reducing contaminant levels than non-mangrove
systems. However, phytoremediation has limitations such as selecting suitable plant species for specific pesticide removal, coexisting
with other ions and organics, determining soil and pH effectiveness, and disposing of biomass waste Nano materials like nanoparticles,
nanotubes, and nanocomposites offer advantages in pesticide removal due to their easy fabrication, quick results, and high efficiency.

4.5. Histamine
Even though the consumption of fish has numerous nutritional benefits, the presence of environmental contaminants and biogenic

amines like histamine is a global concern. Histamine is a naturally occurring compound in some types of fish, and its presence can be
increased when fish is improperly stored or processed. Histamine is formed by bacteria when fish is improperly stored, handled, or
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cooked and during spoilage and fermentation of fish and fish products [106,107]. Scombrotoxin poisoning, also known as histamine
fish poisoning, is caused by the ingestion of high levels of histamine in certain types of fish, such as tuna and mackerel that is char-
acterized by symptoms such as flushing, headache, rapid or irregular heartbeat, sweating, and diarrhea [108]. These symptoms can
occur within 20-30 min and lasts for 4-48 h after consuming the contaminated fish, and they can be severe in some cases [109]. The
symptoms severity is influenced by individual’s sensitivity and the extent of histamine consumed. To reduce the risk of scombroid
poisoning, it is important to follow guidelines for safe fish consumption including proper storage and cooking [107]. This includes
keeping it at the appropriate temperature (4 °C) during transport and storage and cooking it thoroughly before consumption. The level
of safe fish consumption varies depending on the species of fish and individual characteristics such as age and pregnancy status.
Scombrotoxin poisoning mainly affects pregnant women and young children and they should take extra care when consuming fish
[107,110]. To mitigate the aforementioned problems, further research is needed to better understand the risks associated with his-
tamine in fish and to establish appropriate safe limits for its consumption [106].

4.6. Bioremediation of fish contaminants

Toxicants in the environment have been successfully reduced recently by the application of several approaches, including
adsorption, physio-biochemical, molecular, and phytoremediation mechanisms [111]. Bioremediation is a crucial process for reducing
pollutants like plastics, heavy metals, PCB, and agrochemicals in the environment. It involves removing, breaking down, detoxifying,
and immobilizing pollutants. Microorganisms, especially several bacterial species, aerobes and anaerobes, play a key role in this
bioremediation process [112]. Phytoremediation is a bioremediation technique involving plants and microbes to reduce pollutants in
aquatic environments. Microbial enzymes convert toxic contaminants to safe ones. Some Lactobacillus spp. effectively remediate heavy
metals through acidification, biosorption, and bonding. Microorganisms like bacteria, fungi, and algal species detoxify heavy metals
for environmental cleanliness [111,113].

5. Health risks of fish consumption

Fish, rich in omega-3 fatty acids, can reduce heart disease risk, triglyceride levels, plaque growth, blood pressure, and benefit
developing babies [17]. However, fish contamination by heavy metals like methylmercury, pollutants like PCBs, and dioxins [114],
harmful bacteria like vibrio species [115] and plastic wastes can negatively impact human health. Fish can take in these contaminants
from the water and the food they eat. Different groups of fish consumers are affected by consuming contaminated fish. But, the most
vulnerable groups of consumers that can be highly likely affected by consuming fish are pregnant women, child breast-feeding women
and children [116]. Adults can also be affected by fish contaminants. Therefore, types of fish contaminants with their health risks for
each vulnerable group are discussed in detail.

5.1. Health risks of fish consumption for pregnant woman

Pregnant women are often advised to consume fish due to its nutritional benefits, including omega-3 fatty acids that are important
for fetal brain development [117]. However, fish also contains a variety of contaminants that can pose a risk to both the mother and
developing fetus [118].

Fish contains harmful levels of environmental contaminants such as methylmercury, PCBs, dioxins [119], and brominated flame
retardants (BFRs) [120], which can pose significant risks to human health, especially for pregnant women and developing fetuses [12].
Exposure to these chemicals has been associated with adverse neurological, developmental, endocrine, reproductive, and immune
effects in offspring, as well as increased risk of preterm birth, low birth weight, and cognitive deficits [121].

According to Misser et al. (2022) [122], prenatal exposure to methylmercury has been linked to adverse developmental outcomes
such as impaired cognitive function and behavioral problems. High levels of methylmercury in fish can also lead to fetal growth re-
striction and preterm birth [118].

In addition to methylmercury, PCBs, dioxins, and other persistent organic pollutants have been linked to negative effects on
reproductive health and immune function, as well as increased cancer risk [7]. Pregnant women are therefore advised to avoid
consuming predatory fish species such as shark, swordfish, tilefish, and king mackerel, which tend to have higher levels of these
contaminants [123].

Infections induced by fish consumption during pregnancy can harm a developing fetus. These infections can be fatal to the mother,
fetus, or newborn when it is untreated. Furthermore, it can lead to viral infections, potentially causing spontaneous abortions or organ
diseases [124]. However, pregnancy exposure to methylmercury is unlikely to be a significant risk factor for low neurodevelopmental
functioning [57,125,126] especially in terms of cognitive performance [126] in early childhood.

Therefore, it is recommended that pregnant women consume a variety of low-mercury fish that provide essential nutrients without
exposing them to excessive levels of contaminants. The US FDA and EPA advise a maximum intake of 8-12 ounces (2-3 servings) per
week of cooked fish low in mercury, such as shrimp, salmon, canned light tuna, tilapia, and catfish [127]. According to FDA
recommendation, pregnant women, women of childbearing age, and young children should also avoid high-mercury fish such as shark,
swordfish, king mackerel, and tilefish [26] which can accumulate more toxins in their tissues due to their longer lifespan and higher
trophic level in the food chain. By following these guidelines and taking appropriate safety measures when handling and preparing
fish, pregnant women can enjoy the benefits of fish consumption while minimizing the risks to their health and that of their offspring.

In addition to contaminants, some species of microbs such as E. coli, Aeromonas hydrophila, Yersinia spp., Brucella spp., Shigella spp.,
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Salmonella spp., Streptococcus iniae, Clostridium botulinum, Klebsiella spp., and Edwardsiella tarda are already isolated from fish [128].
Therefore, some fish species may harbor infectious agents such as Listeria monocytogenes, Vibrio parahaemolyticus, and Salmonella
spp., which can cause foodborne illnesses in pregnant women [129]. These pathogens can cross the placenta and infect the fetus,
leading to miscarriage, stillbirth, or severe neonatal infection. To minimize the risk of foodborne illness, pregnant women should avoid
eating raw or undercooked fish, refrigerated smoked fish, and sushi made with raw fish.

5.2. Health risks on breastfeeding women

Consumption of fish contaminated with methylmercury, PCBs, dioxins and pesticides is associated with numerous health risks to
pregnant and breastfeeding women. These contaminants accumulate in fatty tissues, and are present in higher amounts in larger
predatory fish species [114]. Breastfeeding women are particularly vulnerable to these contaminants since they can be transferred
from the mother’s body to the infant via breast milk [130,131]. The study conducted by Mahaffey et al. (2009) [132] found that PCB
levels were positively associated with fish consumption in breastfeeding women. To prove these outcomes, additional studies should be
conducted.

Methyl mercury accumulation in the body can lead to neurological and developmental problems in infants whose mothers consume
large amounts of mercury-contaminated fish during pregnancy and breastfeeding [12]. This is of particular concern for breastfeeding
women and therefore, pregnant, and breastfeeding woman must take care during consumption of these fish species.

PCBs and dioxins have also been associated to a variety of negative health consequences in breastfeeding women, including
cognitive and neurobehavioral impairments, dementia, immune system dysfunctions, cardiovascular disease, and cancer [7].
Particularly, PCBs showed reduced birth weight, smaller head circumference, shortened gestational age, and altered neuro-
development in infants when consumed during pregnancy [133].

To minimize the possible risks linked with fish intake during breastfeeding, there are safe consumption guidelines that breast-
feeding women should follow. The American College of Obstetricians and Gynecologists (ACOG) advises breastfeeding women to
consume up to 340 g of fish per week. Breastfeeding women should choose low-mercury fish such as salmon, trout, and herring, which
are rich in omega-3 fatty acids [134]. WHO recommends that breastfeeding women limit their consumption of fish known to be high in
PCBs and dioxins. Therefore, breastfeeding women should follow safe consumption guidelines and choose low-polluted fish to ensure
optimal health benefits while minimizing potential risks.

5.3. Health risks of fish consumption for children

Like pregnant and breast-feeding woman, consumption of contaminated fish in general also can pose risks to children’s health.
According to the Al-Saleh et al. (2020) [57], high methylmercury exposure in children can cause developmental delays, cognitive
deficits, and other health issues. Children are highly susceptible to methylmercury’s toxic effects, particularly during their early brain
development stages, which increases their risk of neurologic impairment [135]. Children who eat fish frequently, particularly
high-mercury fish, may be at risk of these impacts. Moreover, children are more vulnerable to the harmful effects of mercury because
their brains and bodies are still developing. A study conducted by Ref. [136] found that children who consumed higher amounts of fish
with high levels of mercury were at an increased risk for cognitive deficits and developmental delays. The same study also found that
children whose mothers had higher mercury levels during pregnancy had decreased cognitive ability as well. Another potential risk of
consuming contaminated fish for children is reproductive harm. A study published in Environmental Health Perspectives found that
prenatal exposure to PCBs was associated with lower IQ scores in school-aged children [137]. Moreover, some research has suggested
that exposure to mercury from contaminated fish may increase the risk for autoimmune disorders such as diabetes mellitus in children
[138].

To minimize the risks of fish consumption for children, the EPA recommends that parents limit their intake of high-mercury fish
such as shark, swordfish, king mackerel, and tilefish. Instead, they should choose low-mercury fish such as salmon, trout, and haddock.
To reduce the risk of foodborne illness in children advises them to avoid raw or undercooked fish and shellfish. By following these
recommendations, parents can ensure that their children get the benefits of fish with limited exposure to excessive levels of con-
taminants. Therefore, pregnant women and young children should avoid consuming certain types of fish with high levels of mercury
such as swordfish, shark, king mackerel and tilefish.

5.4. Health risks of fish consumption for adults

The consumption of contaminated fish can expose adults to various health risks, such as heavy metal toxicity (e.g., mercury, lead,
cadmium) and accumulation of POPs [114,139]. High levels of methylmercury exposure can damage the nervous system, leading to
tremors, depression, memory problems [140,141], neurological damage, kidney damage, and reproductive problems in adults [48].
However, Downer et al. (2017) [142] stated that there is rare information that frequent fish consumption raises the risk of cardio-
vascular disease in a community. But a recent study by Ref. [143] showed that even low-level mercury exposure from fish consumption
may increase the risk of cardiovascular disease for adults. Therefore, like other vulnerable groups, it is important for adults to choose
fish with lower levels of contaminants and limit their intake of high-mercury fish for optimal health.

In addition, other heavy metals such as lead and cadmium are also found in fish and cause harmful effects on the kidneys, bones,
and nervous system to adults [107,144]. POPs may accumulate in the fatty tissues of fish and affect the immune system, reproductive
organs, and hormonal balance of adults [95,133].
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PCBs can be linked to cancer and other health problems in adults [145]. Higher levels of PCBs in blood were associated with an
increased risk of prostate cancer in men [146,147] and breast cancer in women [148]. According to Ref. [149], exposure to PCB can
cause the risk of cancer which is 20 % higher in men than women.

To reduce the risks associated with fish consumption, it is recommended to follow safe consumption guidelines. For instance, the
WHO adpvises limiting the intake of predatory fish species and consuming smaller fish that are low in contaminants [107]. Individuals
with health conditions such as liver or kidney diseases should also consult a healthcare provider before consuming fish. It is also
recommended to vary the types of fish consumed to avoid overexposure to one particular contaminant. By doing so, adults can benefit
from the nutritional advantages of fish while minimizing the potential risks associated with its consumption.

6. Effect of plastic wastes in fish

The global issue of plastic waste has become a significant environmental concern, with the potential to harm marine life, including
fish. Plastic waste has become a major problem in our oceans and water bodies. As a result, many marine animals, including fish, are
negatively impacted by the presence of plastic waste in their environment [150].

Because of their polymeric nature and the existence of various plasticizers, plastics are composed of H, C, N, Cl, and other com-
ponents that contribute to their longevity and make them low/non-biodegradable and its natural breakdown could take thousands of
years [104]. But, plastic degradation is primarily caused by mechanical abrasion, resulting in the formation of micro- and nano-plastics
due to prolonged UV radiation exposure (due to photooxidation) and weathering processes (high temperature and humidity,
decomposition or loss of plasticizers) [104,151,152].

Fish is crucial for freshwater ecosystems, providing food and livelihoods for millions, and contributing to the economy through
exporting, tourism, and recreation in developing countries [153]. When fish ingest plastic waste, the waste can accumulate in their
digestive systems, leading to blockages and other physical harm [154] leading to starvation. Additionally, plastic waste can adsorb and
concentrate pollutants in the water, such as pesticides, heavy metals (e.g., mercury lowered fish swimming velocity and resistance time
considerably) and persistent organic pollutants (POPs) [105,155]. When fish consume these pollutants that are attached to plastic
waste, they can become contaminated with these harmful toxins.

Fish can uptake microplastics from seawater through passive (by gill water filtration) and active means (via prey confusion),
consuming contaminated prey, and using nets for capture [156]. Microplastics are characterized as small pieces of plastic <5 mm in
size with no lower limit established and found in aquatic system, formed from larger debris fragmentation or introduced into water and
sediments as micro- or nano-sized particles [8,157]. These include fishing gear fragments, vehicle tyres, packages and drink bottles,
paints, synthetic textiles, cosmetics and personal care products, and electrical equipment. According to the report of [156] micro-
plastics were identified in 49 % of 150 examined fish, with 35 % in the gastrointestinal tract, 36 % in the gills, and 32 % in the dorsal
muscle. Also Khan et al. (2024) [153] stated that, in the Rio de la Plata Estuary, microplastics were discovered in the stomach contents
of coastal freshwater fish. The presence of microplastics was found in all of the studied fish (100 %) and the concentrations in stomach
contents were much higher near sewage outflow. Moreover, a study conducted by Savoca et al. (2021) [158] found that, of 171,774
marine and estuarine fish species revealed that over two-thirds had ingested plastic, while only one-quarter were well-studied and
commonly ingested. Plastic waste contaminants can cause various health risks in fish, including mortality, reduced feeding rate,
reduced growth, behavioral changes, decreased predatory performance, neurotoxicity, and intestinal damage due to acetycholines-
terase inhibition and oxidative stress [159,160] and several other adverse effects such as reduced growth rates, altered reproductive
behavior, weakened immune systems and even death [9,161]. It is important for individuals and organizations to take action to reduce
plastic waste to minismize its impact on fish and other marine life. This could be achieved through initiatives such as reducing plastic
consumption, proper disposal of plastic waste and supporting policies that aim to minimize plastic pollution.

6.1. Effect of plastic wastes on human health through fish consumption

Aquatic fish may absorb plastic wastes actively by feeding in the water column, or inadvertently by devouring seafood-like species
and/or by consuming prey that has previously ingested plastic wastes [9]. Microplastics may be absorbed by fish intake after digestion.
As with nanoplastics, the cellular uptake of microplastics may be greatly impacted by their interactions with surrounding biological
components like proteins, phospholipids, or carbohydrates [156,162-164]. According to Barcel6 et al. (2023) [165] human body can
absorb microplastics smaller than 150 pm. Prominently, microplastics with particle sizes of smaller than 2.5 pm can enter the cir-
culatory system by gastrointestinal adsorption and direct inhalation which cause inflammation and dose-dependent accumulation in
the human body [154,166-168]. Fish consumption, along with air, water, and other food sources, exposes the human body to
microplastics through physical and chemical pathways like endocytosis and persorption; causes to the human health such as
inflammation, oxidative stress, genotoxicity, tissue damage, cytotoxicity, neurotoxicity, immune system disruption, and carcino-
genesis [9].

As mentioned above, plastic wastes have shown a significant adverse effect on living things. Thus, further research on micro-
plastics, pollutants, and health effects in fish and seafood should be conducted in collaboration with governmental and non-
governmental sectors to formulate effective plastic waste management systems.

7. Mortality rate due to fish consumption

Some studies indicated that the impact of contaminated fish consumption has increased mortality and morbidity rates over the
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world as indicated in Table 2. According to the report of Jayedi et al. (2018) [169], from 71,384 total participants’ 21,194 (all-cause
deaths: 16,295 and cardiovascular disease (CVD) deaths: 4899) were died within 17 year follow-up with 20 g/day serving. From this,
the total percentage death was 29.69 %. From this, the total percentage death was 29.69 %. As Bakre et al. (2022) [170] reviewed,
from total participants of 4165 [1387 once a week or less serving 110 (33.43 %) were died, 1129 > Once a week and < daily serving 78
(23.71 %) were died, 631 once a day serving 48 (14.59 %) were died, 274> Daily serving 19 (5.78 %) were died] through fish
consumption. As Philibert et al. (2022) [171] studied, 239 [113 (47.28 %) females and 136 (56.9 %) males] were died from the total
participants of 633 (308 females and 325 males) with mercury> 15 pg/g at least once serving. Donat-Vargas et al. (2020) [172] re-
ported that 16779 (24.13 %) females and males were died from the total participants of 69497 by a nutritional-toxicological aspect of
fish consumption. According to the finding of Zhou et al. (2023) [173], 75574 (17.53 %) of 383248 oily fish consumption and 70092
(16.26 %) of 410499 non-oily fish consumption were died with >2serving/week. Wallin et al. (2018) [174] reported, 794(15.56 %) of
5103 female participants were died by coronary heart disease (CHD) and type-2 diabetes case with fish consumption 1-3 ser-
vings/month. In summary, as we understood from different findings, consuming food substances with more than the dosage could
associated with many risks of human health (e.g. CVD and cancer) cause for death. Therefore, taking with the baseline of the rec-
ommended dose could be implemented and well-practiced worldwide.

8. Various approaches to mitigating the risks associated with fish consumption

There are several approaches that can be taken to mitigate the risks associated with fish consumption. These include:

Control the environmental contamination: Replacement of products and processes containing environmental contaminants
with products and processes without those contaminants may be one of the most powerful preventive measures for influencing the
entire flow of fish contaminants through the aquatic environment.

Regulation and maximum allowable limits: Implement advises from concerned organizations. The FDA advises pregnant
women, breast-feeding mothers, and young children to avoid eating mercury-rich fish such as shark, swordfish, king mackerel, and
tilefish than mercury-free fish include salmon, shrimp, pollock, and catfish. The FDA recommends that adults eat no more than
~ 340 g of fish per week, and that children eat no more than ~170 g per week. Therefore, strictly follow the WHO, FDA and USEPA
fish consumption guidelines. In general, avoid fish that have been caught in polluted waters. Fish that have been caught in polluted
waters may be more likely to contain contaminants.

Culinary treatments: Numerous factors influence the metal concentration in cooked and raw seafood, such as metal speciation,
the cooking method, cooking time, temperature and the presence of different food additives. For example, cooking treatment
lowers the bio-accessibility of Hg, i.e., it is reduced by 16 % for Hg (II) and 19 % for MeHg [113]. Cooking fish properly at 63 °C also
used to kill harmful microorganisms.

Table 2
Mortality rate due to fish consumption.
Research studies Serving No of participant Mortality Reference
Total (%)
Fish consumption and risk of all-cause and cardiovascular 17 years (follow-up 71,384 All-cause 29.69 [169]
mortality: year) 20 g/d deaths: 6295
CVD deaths:
4899
Impact of fish consumption on all-cause mortality in older =~ Once a week or less 1387 = 110 n= 33.43 [170]
people with and without dementia: a community- > Once a week and < 1129 4165 78 329 23.71
based cohort study daily
Once a day 631 48 14.59
> Daily 274 19 5.78
Mercury exposure and premature mortality in the Mercury> 15 pg/g at Female 308 113 47.28  [171]
Grassy Narrows First Nation community: a least once Male 325 136 56.9
retrospective longitudinal study
Cardiovascular and cancer mortality in relation to dietary 1 year (follow-up year) Female 32952 16776 (6338  24.13 [172]
polychlorinated biphenyls and marine 165 and 231 ng/day for Male 36545 by CVD and
polyunsaturated fatty female and male 5421 by
acids: a nutritional-toxicological aspect of fish respectively cancer)
consumption
Association of oily fish and non-oily fish intakes with all- >2serving/week) Oily fish 383,248 75,574 17.53  [173]
cause mortality consumption
and cause-specific mortality: a large Non-oily fish 410,499 70,092 16.26
population-based prospective study consumption
Fish consumption in relation to myocardial infarction, 1-3 servings/month Female 5103 326 CHD 15.56  [174]
stroke and mortality among women and men with and 468 type
type 2 diabetes: A prospective cohort study 2 diabetes
case)
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¢ Applying bioremediation strategies: Bioremediation is a convenient and ecofriendly option that can be used to restore the
contaminated environment by removing toxic metals from the environment. Bioremediation of toxicants can be done by
adsorption, physio-biochemical mechanisms, and molecular mechanisms.

9. Conclusion

Fish consumption offers numerous health benefits, including reducing cardiovascular disease risk, improving cognitive function,
and promoting weight loss. However, it also poses potential health risks due to environmental contaminants like mercury, PCBs,
dioxins, pesticides, and plastic waste. Pregnant, breastfeeding, and children are most vulnerable, with adverse neurological, devel-
opmental, and immune effects in offspring. In addition, high levels of methyl mercury can lead to developmental delays, cognitive
deficits, and lower IQ scores in children. Mitigating these risks can be achieved through choosing limiting consumption of contami-
nated fish and follow proper cooking. In developing countries, the problem is more likely high. Therefore, further research is needed to
better understand the risks associated with fish contaminants. The results of the research could be an important input to future re-
searchers, policy makers and consumers.
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