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Excessive levels of heavy metal(loid)s (HMs) in natural environments pose a serious threat to living beings worldwide. HM exposure causes irreversible damage to structural components and metabolic processes in living organisms, as has been observed in multiple studies on various organisms. In the natural environment, biological individuals interact with others through the food web rather than exist independently, which facilitates the transfer of HMs in the food web. However, the difference in HM toxicity among different biological species has not been elucidated. This review provides information on the speciation and migration of HMs in different environments to clarify the HM exposure routes of different biological species. The differences in the biotoxicity of HMs to different species, from microbes to humans, are emphasized. The relationship between HM toxicity and biological species is confirmed by the fact that HMs can be transferred and bioaccumulated along the food chain. Effective strategies for decreasing HMs emissions and removing HMs from the environment are briefly discussed. Finally, the limitations of the present study and future perspectives are discussed.
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1 INTRODUCTION
Heavy metal(loid) (HM) pollution resulting from anthropogenic activities, such as smelting, electroplating, mining, and sewage irrigation, is a severe environmental issue worldwide (Zhang et al., 2018; Chatterjee and Abraham, 2019; Turner, 2019; Zhao et al., 2019; Yao et al., 2020). Excessive HMs in natural environments pose a threat to ecological security and health (Gress et al., 2015; Hu et al., 2016; Alvarez-Ortega et al., 2019; Giani et al., 2021). HMs such as arsenic, cadmium, chromium, lead, mercury, and zinc have been designated as priority pollutants by the United States Environmental Protection Agency (Chowdhury et al., 2016). Long-term exposure of HMs may lead to serious damage to cells and functional disorders in organisms. Therefore, the biotoxicity of HMs has attracted widespread attention.
HMs are not biodegradable, but remain in the environment for decades, even after the removal of their point sources (Gall et al., 2015), causing incalculable biological damage (Zhao et al., 2019; Zhang et al., 2019; Hausladen et al., 2018; M et al., 2012; Itabashi et al., 2019). The interactions between HMs and organisms extra- and intracellularly induce adverse effects. The chemical groups on the cell surface can bind extracellular HMs, which interfere with the cellular uptake of nutrients (Murthy et al., 2014). The interaction between HMs and the outer membrane usually causes structural damage to cells (Cao et al., 2019). In addition, severe oxidative damage may be induced by HMs when they enter cells through non-specific chemiosmotic metal uptake systems or certain transporters (Thatoi et al., 2014; Bienert and Tamas, 2018). Intracellular HMs can replace metal cofactors in the active centers of enzymes, resulting in denaturation and inactivation of these enzymes (Balistrieri et al., 2018). DNA damage may be induced by intracellular HMs by decreasing the DNA content and destroying the DNA structure (Nicolaus et al., 2016). Numerous studies have demonstrated that HMs cause serious biological toxicity through the above interaction mechanisms (Gjorgieva Ackova, 2018; Kushwaha et al., 2018). Some studies have suggested that these interactions may be affected by various environmental factors, leading to changes in HM toxicity. However, this issue has not been thoroughly discussed.
Previous studies have shown HM toxicity is partly affected by abiotic and biotic factors. Thorough studies have been conducted on the effects of abiotic factors (e.g., Eh, pH, surface charge, minerals, and organic matter content) on HM toxicity. The change of Eh and pH may interfere with the speciation of HMs (Yamaguchi et al., 2011); Minerals, such as clay minerals, can absorb HMs on their surface (Gu et al., 2019); Dissolved organic matters regulate the bioavailability of HMs (Li et al., 2021). Thus, these abiotic factors can reduce the mobility of HMs in the natural environment through adsorption, complexation, or co-precipitation to decrease the toxicity of HMs (Wang et al., 2018), and disturb the speciation of HMs to change their toxicity (Zhao et al., 2017). Biotic factors also play key roles in HM toxicity. Previous studies have focused on the toxicity of HMs to one or more classes of organisms (Voica et al., 2016; Li et al., 2019; Riyazuddin et al., 2021; Lai et al., 2022). For archaea and bacteria, HM exposure induces the adaptive expression of genes that regulate the microbial community structure and functional diversity (Stevenson et al., 2017; Xu et al., 2019). For fungi, morphological changes in mycelia are triggered by HMs, and spore formation and germination are sensitive to HMs, certain fungi can accumulate high levels of HMs in cells (Viti et al., 2014; Kapahi and Sachdeva, 2017). Plants absorb organic and inorganic HMs from the environmental media via their roots and leaves, which alter cellular ionic homeostasis and disrupt photosynthesis (Dubey et al., 2018; Di et al., 2019). For animals, including humans, exposure to HMs damages basic body organs, such as the kidney and liver, and causes serious diseases such as cancer (Rehman et al., 2021). However, these studies did not explore the toxicity of HMs in multiple biological species. Moreover, organisms interact with others through the food web in different environmental media (air, water, and soil), which accurately reflects the toxicity of HMs in the natural environment.
This review briefly explores the speciation and migration of HMs in different environmental media, and discusses up-to-date discoveries of the biological effects of HMs on different organisms, including archaea and bacteria, fungi, plants, animals, and humans, to provide a comprehensive understanding of HMs threats to the environment and health. HMs are transferred and bioaccumulated in the food chain in natural terrestrial or aqueous ecosystems, which puts predators, including humans, at risk of exposure to high concentrations of HMs. We also proposed efficient strategies for the prevention and control of HMs.
2 HEAVY METAL(LOID)S IN DIFFERENT ENVIRONMENTAL MEDIA
HMs enter the environment (air, water, and soil) via the deposition of atmospheric particulates, the release of metal-enriched sewage sludge and effluents, and the disposal of by-products and residues from metal mining processes (Popoola et al., 2017) (Figure 1). The source and settled environmental media of HMs determine their chemical speciation which play decisive roles in their migration and toxicity (Lee et al., 2016) (Figure 1). Atmospheric HMs flow into the soil and water through dry and wet deposition, while some of the HMs in the soil and water return into the atmosphere through evaporation. HMs circulate in different media via deposition, surface runoff, and evaporation.
[image: Figure 1]FIGURE 1 | The sources, migration, and speciation of HMs in different environmental media.
2.1 Atmosphere
HMs in the atmosphere result from both natural processes (foliage emissions, volcanic activity, and water evaporation) and anthropogenic processes (primarily industrial and automotive emissions) (Table 1). Atmospheric HMs exist mostly in inorganic forms, including elemental-gaseous, oxidized-gaseous, and particulate-bound states (Lee et al., 2016). For example, gaseous elemental mercury (Hg0) and gaseous oxidized mercury (Hg2+) are often referred to as total gaseous mercury (Lee et al., 2016). Hg2+ can be secondarily formed through the oxidation of Hg0 following the formation of particulate-bound mercury. Organic species of HMs in the air are considered to be of negligible importance, except in areas of pesticide application or biotic activity (Mandal and Suzuki, 2002).
TABLE 1 | HM emission from different sources into the air (Simeonov et al., 2011; Shahid et al., 2017b).
[image: Table 1]Air dispersion is an important route for the global migration of HMs. The predominance of inorganic forms of atmospheric HMs results in their high mobility. The spatial distribution of HMs in the atmosphere largely depends on the impact of current and past industrial activities as well as traffic movements in the surrounding area (Skrbic et al., 2018). In the Pearl River Delta, Guangzhou, China, a high concentration of As has been identified and attributed to the proximity to dense industrial HM point sources (Ye et al., 2021). Moreover, the content of HMs in the atmosphere varies greatly with distance from emission sources. Airborne As concentrations could exceed 1 μg/m3 near emission sources (Pringle and Jervis, 1987), ranging from 10 to 200 ng/m3 in urban areas, and lower than 10 ng/m3 in rural areas (Shahid et al., 2017b). In addition, HMs in the atmosphere can be transported over long distances owing to their relatively inert nature, low water solubility, and low deposition velocity. The levels of atmospheric HMs in European countries have increased over the last several decades (Uzu et al., 2009; Schreck et al., 2011), which might be attributed to the long-distance transport of HMs in the atmosphere. Therefore, high mobility is the most important risk posed by atmospheric HMs, leading to the continuous expansion and dispersal of pollution. Additionally, HMs are easily adsorbed onto atmospheric particles and easily dissolved in rainwater, resulting in HM enrichment and contamination of the surface environment through both dry and wet deposition. Combating atmospheric deposition should be considered an important goal for regional HM pollution management.
Owing to the invisible presence of atmospheric HMs in land surface air, they pose a great threat to the health of plants, animals, and people. HMs in ambient air can accumulate in plant leaves through foliar transfer after the deposition of atmospheric particles on leaf surfaces (Shahid et al., 2017b). Plants growing near smelters showed high foliar levels of HMs, which resulted in HMs flowing from the polluted air into the food webs, illustrating that crops in the area provide a potential pathway directly to humans, thereby threatening human health (Uhlig and Junttila, 2001). In addition, HMs in the air can easily enter the human body through ingestion, inhalation, and dermal contact (Rout et al., 2012; Cao et al., 2015). Hg0 enters the human body through the respiratory tract and accumulates in the liver, kidneys, and brain (Clarkson and Magos, 2006), resulting in serious organ damage. Compared to other exposure routes, indoor dust which acts as a carrier of inorganic and organic pollutants including HMs (Tan et al., 2016), poses the greatest threat to humans, especially children. It was reported that the level of Pb reached 639.10 μg/g in indoor dust at the location which was exposed to high traffic density and lead fuel usage (Tan et al., 2016). Some researchers have reported that the concentrations of Pb, Ni, Cd, Co, Cu, and Cr in indoor dust increase when the size of dust particles decreases (Hassan, 2012). Smaller dust particles have a larger total surface area that comes into contact with HMs in the environment, resulting in higher levels of HMs in smaller dust particles (Almeida et al., 2011).
2.2 Water and Sediments
The routes through which HMs enter an aqueous environment are diverse (Reza and Singh, 2010) (Table 2). The natural geological weathering of rocks and soil, which is directly exposed to surface waters, is usually the largest natural source (Karbassi et al., 2007). Some diffusion pathways, including surface runoff and atmospheric deposition, are also important natural sources of HMs in aqueous environments (Zahra et al., 2014). Anthropogenic sources mainly include mining, disposal of untreated and partially treated effluents, metal chelates from different industries, indiscriminate use of fertilizer, and improper waste disposal such as liquid leaching from smelting waste (Nouri et al., 2008; Malik et al., 2010). HMs discharged into aquatic systems are distributed in both the aqueous phase and sediments. Because of adsorption, hydrolysis, and co-precipitation, only a small portion of free metal ions remain in the water, while a large portion are deposited in sediments (Varol and Şen, 2012). HMs settled in sediments may be resuspended and cause secondary contamination of the aqueous phase. Therefore, the assessment of HM pollution in aquatic environments should emphasize sediment analysis (Hou et al., 2013).
TABLE 2 | Source and concentration of HMs in the aqueous environment.
[image: Table 2]HMs generally exist in a stable, single ionic state in the aqueous phase. HMs are present in various chemical forms in sediments, exhibiting different behaviors in terms of mobility, biological availability, and potential toxicity (Singh et al., 2005; He et al., 2011; Qiao et al., 2013). The diverse chemical forms in sediments are mainly attributed to the interaction between HMs and complex sediment matrices, including carbonates, Fe/Mn oxides, organic matters, sulfides, and silicates (Wang et al., 2010; Hou et al., 2013). The nature of the sediment particles and physicochemical conditions play a critical role in the geochemical fractionation and mobility of HMs (Gao and Li, 2012). In addition, biological processes change the chemical forms of HMs in sediments, resulting in their release from sediments or conversion from inorganic to organic materials, through processes such as methylation (Zhao et al., 2017). Changes in the chemical forms of HMs, mediated by sediment particles and organisms, influence their potential toxicity and threat to ecosystems (Li et al., 2007). The methylation of HMs could greatly increase their biotoxicity, as methyl-HMs would be biomagnified within aquatic food webs.
Water and sediments provide sites for biogeochemical cycling and are the base level of the food web. Thus, the aquatic environment is a key channel for biota to be exposed to HMs. Aqueous environments contaminated with HMs, particularly drinking water, pose a threat to human health. Plants are exposed to HMs in water by irrigation with HM-polluted water and root uptake of HMs from groundwater. Owing to the scarcity of freshwater sources, agricultural soils in many areas of the world are irrigated with untreated wastewater (Mustapha and Adeboye, 2014). Although wastewater contained low levels of HMs, the plants had higher values of metals due to accumulation, which threatens plant growth and crop yield. Excessive uptake of HMs in plants interferes with physiological processes, such as gaseous exchange, CO2 fixation, respiration, and nutrient absorption (Ahmed and Slima, 2018). Of these HMs, Cd is of particular concern in plants because of the high levels of Cd accumulation in leaves, which may be consumed by animals or humans (Nagajyoti et al., 2010). Additionally, HMs in the aqueous environment also accumulate in aquatic animals, such as fish and clams, some of which have been acknowledged as an integral component of a well-balanced diet. Therefore, diet is also the main route of HM exposure in the general population.
2.3 Soils
Both natural and anthropogenic activities can lead to excessive HM concentrations in the soil (Table 3). Natural weathering and erosion of crustal materials or deposition of HMs emitted into the atmosphere by volcanic activities, account for 80% of natural sources of soil HMs (Hou et al., 2017). Forest fires and biogenic sources also contribute to soil HMs (Bao et al., 2016). Natural HMs in soils exist as diverse mineral forms. However, soil HMs mainly stem from anthropogenic activities, such as traffic emissions (Eichler et al., 2015), domestic emissions, the weathering of building and pavement surfaces, sewage irrigation, fertilizer and pesticide application (Yang et al., 2013), mining, smelting, and other industrial activities (Li et al., 2015), and waste dumping and disposal (Ren et al., 2018). Compared with HMs in the atmosphere and water, soil HMs are more harmful owing to their concealment, stagnancy, and accumulation properties. Soil usually acts as both a sink and a source of a variety of pollutants and therefore has a significant influence on living organisms (Khan et al., 2010). When accumulated, HMs pose a serious threat to soil ecosystems, leading to soil degradation and a reduction in agricultural production. In addition, due to surface runoff and leaching HMs migrate underground and pollute groundwater (Guo et al., 2013). Therefore, HMs are widespread in soil system (Tahar and Keltoum, 2011).
TABLE 3 | Source and concentration of HMs in soils.
[image: Table 3]The concentrations of soil HMs are dynamic and change with a variety of natural and anthropogenic activities, as well as the interactions of HMs with the soil matrix and biota (Xia et al., 2014). These interactions cause the absorption, leaching, and redox of HMs in the soil. Clay minerals, an important soil constituent, can absorb HMs and decrease their mobility, resulting in HM accumulation in soils (Zhang et al., 2012). These absorption and leaching processes can be affected by the soil pH, ionic strength, and the presence of competing metals (Zhang et al., 2012). The redox of HMs usually occurs in soils, especially for HMs with variable oxidation states (such as Cr). This mainly depends on soil Eh, pH, surface charge, and organic matter content (Choppala et al., 2018). Meteorology and topography may also affect the concentrations of HMs in soils and ecosystems (Shen et al., 2017). Apart from the HM concentration, the mobility and bioavailability of HMs determine the biological toxicity of HMs in soils. The mobility and bioavailability of HM fractions evaluated using sequential extraction techniques depend on their binding forms. The exchangeable fraction can be adsorbed by organisms that are enriched in the food chain. Redox-active carbonate fractions are present and are easily converted by the soil matrix or organisms to other forms. Exchangeable and carbonate fractions are the primary contributors to the bioavailability of HMs in soils (Li et al., 2015). HMs in the residual fraction are trapped within the crystalline structure of minerals and are the least mobile fraction (Zhang et al., 2017), therefore the smallest threat to biota. The addition of soil amendments, such as biochar and kaolin (Wang et al., 2018), can reduce the bioavailability of the HMs in soil by increasing the pH, adsorption, complexation, or co-precipitation. Therefore, a comprehensive understanding of the biogeochemical behavior of HMs in natural soils is crucial for assessing their environmental risks.
Soil is an important source of human HM exposure via direct (inhalation, ingestion, and dermal contact) and indirect pathways (HM-enriched crop ingestion). HMs can be strongly adsorbed by soil particles as well as plant roots, which poses a serious health risk if humans or livestock ingest polluted soils or soil particles adsorbed on the surface of leafy vegetables and root crops (Wuana and Okieimen, 2011). In addition, elevated concentrations of HMs in soils have been shown to decrease soil microbial biomass, diversity, and activities (Abdu et al., 2016). Microorganisms are regarded as the most sensitive to HM stress among all soil organisms. A few microorganisms utilize HMs as electron donors or acceptors during metabolic processes, but the survival of most microbes is threatened by HM exposure. HMs adversely affect the growth, morphology, and biochemical activities of microbial populations, ultimately resulting in decreased bacterial biomass and diversity (Chen et al., 2013). Intracellular HMs can damage cellular membranes, alter enzyme specificity, disrupt cellular functions, and damage DNA structures (Macomber and Hausinger, 2011).
3 TOXICITY OF HEAVY METAL(LOID)S TO DIFFERENT ORGANISMS
HMs can be classified as essential metals required for biological physiology and function and non-essential metal (loid)s with unknown biological functions (Osman et al., 2019). Although essential metals are crucial for the structure of cell membranes, proteins, and DNA, their excess is lethal to cells (Lemire et al., 2013). Some non-essential metal(loid)s, such as Hg, Pb, and As, are extremely toxic to most organisms even at exceptionally low concentrations (Kalaivanan and Ganeshamurthy, 2016; Guo et al., 2017). Organisms have significant differences in their structure and function, resulting in diverse and distinct responses to HMs. Understanding the perturbing processes of HMs in different biological systems is crucial to facilitate the assessment of the toxicity of HMs to different prokaryotes and eukaryotes. Here, we explored the toxic effects of HMs on prokaryotes (archaea and bacteria) and eukaryotes (fungi, plants, animals, and humans). We found that the toxicity symptoms of HMs to different organisms were quite different (Table 4) and further discussed the toxic mechanisms involved.
TABLE 4 | HM-induced toxicity in different biological species.
[image: Table 4]3.1 Archaea and Bacteria
Archaea and bacteria thrive in various environments, such as soil, sediments, and wetlands, which provide excellent settings for microbe-HMs interactions. They play critical roles in the modification, activation, and distribution of HMs in the environment (Sterritt and Lester, 1980; Polizzotto et al., 2008). However, excessive levels of HMs in the environment threaten the survival of prokaryotes (Table 4). Studies of HM toxicity have been performed on single bacterial strains (Huang et al., 2019b), microbial communities (Xu et al., 2019), and microcosms (Ward et al., 2019). The underlying toxicity mechanisms of growth inhibition and functional weakening can be summarized as follows: membrane disruption, oxidative damage, protein inactivation, and genotoxicity (Figure 2).
[image: Figure 2]FIGURE 2 | The possible toxic mechanism of HMs to prokaryotes. (A) Oxidative damage resulting from excessive ROS; (B) Structural disruption and metal ion immobilization on membranes; (C) Protein regulation; (D) DNA damage caused by oxidative stress and metal ions.
3.1.1 Oxidative Damage
The entry of HMs into microbial cells causes a series of oxidative stresses due to the over-production of reactive oxygen species (ROS) (Figure 2A). Owing to the presence of unpaired valence shell electrons, ROS are chemically highly reactive molecules and generally short-lived and unstable. This is an unavoidable consequence of aerobic metabolism (Malaviya and Singh, 2016). Certain HMs, including Cr, As, Sb, and Hg, undergo redox reactions in the presence of oxygen and induce the production of ROS directly via the Fenton-like or Haber-Weiss reactions. Other HMs without redox activity, such as Cd, Pb, Ni, and Zn, indirectly induce ROS production through their interactions with sulfur (Iannone et al., 2010). These metal cations show a high affinity for sulfur, and their interactions inhibit the activity of some enzymes depending on the thiol or cysteine groups, which facilitates the production of ROS (Steunou et al., 2020). The ROS induced by HMs include hydrogen peroxide (H2O2), superoxide anions (•O2−), singlet oxygen (½O2), hydroxyl radicals (•OH), alkoxyl (RO•), peroxyl (RO2•), organic hydroperoxide (ROOH), and fatty acid hydroperoxide (Garnier et al., 2006). Excessive ROS can lead to oxidative stress, which damages biomolecules, such as DNA, proteins, and lipids (Hu et al., 2020). Accordingly, a few antioxidant enzymes are stimulated by HMs to scavenge ROS and protect cell components. Superoxide dismutase (SOD) catalyzes the dismutation of •O2− to H2O2. Subsequently, catalase catalyzes the reduction of H2O2 to water (Yao et al., 2018). Ni2+ exposure of Burkholderia vietnamiensis and Pseudomonas putida multiplied ROS and increased the number of oxidative stress-associated defense proteins, including SOD, thioredoxin, and ferredoxin NADP reductase, as well as a thiol-specific antioxidant (Macomber and Hausinger, 2011).
3.1.2 Membrane Dysfunction
HM exposure directly destroys the integrity of cell walls and membranes. Archaea and bacteria actively alter the composition of their cell walls and membranes to protect essential components of the cells by preventing HMs from crossing cell membranes (Figure 2B). The cell wall is the first component of microbial cells that encounters metal ions. Exposure to Cr(VI) and Cu(II) resulted in extensive morphological abnormalities in Bacillus sp. S3, with the appearance of irregular cell walls and the separation of cell membranes from the cell walls (Zeng et al., 2020). Partial metals accumulate in different chemical groups on the cell membrane, such as carboxyl and phosphate groups. In P. putida CZ1, Cu2+ stress induced the synthesis of carboxyl-rich acidic polysaccharides in extracellular polymeric substances and phosphate-rich phospholipids in cell walls and cell membranes, both of which are involved in the extracellular binding of Cu (Lin et al., 2020). Carboxyl is the main functional group of Cu adsorbed by P. putida (Chen et al., 2007). Therefore, the outer membrane of cells plays a decisive role in determining the amount of metal that penetrates the cytoplasm. The transmembrane of HMs through unspecific chemiosmotic metal uptake systems usually causes structural inconsistencies in the cytoplasmic membrane (An et al., 2019). Pb entry causes cytoplasmic membrane disruption and changes the mesosomal structure (Sterritt and Lester, 1980).
3.1.3 Protein Regulation
HMs that penetrate the cell membrane can react with intracellular components and replace the metal constituents in the active centers of enzymes (Figure 2C), especially metalloproteins (Yuan et al., 2020), resulting in the denaturation and inactivation of enzymes (Zhang et al., 2016a). Mercuric reductase, MerA, from Azotobacter chroococcum contains four cysteine residues that act as a class of nickel binding sites. 100 μM Ni2+ exposure caused a 62% loss of MerA activity (Ghosh et al., 2001). In addition, HMs can bind to either the catalytic residues of non-metal enzymes to block catalysis, or the catalytic sites of enzymes to influence activity allosterically. HMs-induced oxidative stress can also affect protein function to some extent (Macomber and Hausinger, 2011). Mostly, the intracellular overloaded oxidative stress induced by HMs leads to the decrease of enzyme activities, or even inactivation (Voica et al., 2016). Not all protein activities are reduced under HM stress, the presence of HMs may stimulate the production of some enzymes to resist and detoxify HMs. The arising oxidative stress can induce the overexpression of antioxidant enzymes like glutathione transferase, SOD, and catalase to scavenge ROS (Thatoi et al., 2014). Metallothioneins show a strong affinity for metals such as Ag, Zn, Cd, Cu, and Hg. The presence of such HMs induced the intracellular synthesis and secretion of metallothionein-like proteins to immobilize HMs, which have been found in Synechococcus spp., E. coli, and P. putida (Gupta and Joia, 2016; Osman et al., 2019). For microbial survival, some oxidase or reductases for HM biotransformation, such as chromate reductase (Thatoi et al., 2014), arsenite oxidase (Yan et al., 2019), and arsenate reductase (Hu et al., 2021), may be induced to increase their activities by HMs to detoxify HMs.
3.1.4 Genotoxicity
DNA damage is a hallmark of oxidative stress (Figure 2D). HMs affect genetic material in various ways, including decreasing DNA content and damaging DNA structure (e.g., modified bases, single- and double-strand breaks, DNA-protein crosslinks, 8-hydroxyguanine, DNA demethylation and base oxidation, and sister chromatid exchange) (Shahid et al., 2017a). For example, Cd can be transported across cellular or nuclear membranes and disrupt DNA repair and replication by binding directly or indirectly to DNA or proteins (Liu et al., 2012). Cd exposure also causes ladder-like DNA degradation (Andosch et al., 2012). HMs indirectly cause DNA damage or oxidation via ROS production. The •OH radical is highly electrophilic and can oxidize DNA by reacting with the pyrimidine aromatic rings (Nzengue et al., 2011). The RO2• radicals are distributed to the hydroperoxides, which induces the protonation reaction (Shahid et al., 2017a). The purine bases of DNA are more sensitive to HM-induced ROS, particularly those with a lower oxidation potential. HMs also interfere with RNA metabolism, trigger programmed cell death, cause chromatin fragmentation, and affect genetic functioning by affecting protein structure (Behboodi and Samadi, 2004).
3.2 Fungi
Soil, water, and rich sediments are ideal for fungi growth and reproduction. However, these sites are also sinks for HMs released into the environment. Both essential and non-essential HMs in excess threaten the survival of fungi including yeasts and filamentous fungi (Miller, 1960). HMs in the natural environment may directly interact with active groups and extracellular enzymes of fungi. The HMs taken up by the fungi cause a series of physiological responses (Baldrian, 2003), which include the decline of growth and metabolic activity, morphological changes of the growing mycelium, inhibition of enzyme activity, and adverse effects on reproduction (Table 4).
3.2.1 Growth
After HMs enter the fungal cell, they affect both single reactions and complex metabolic processes. Growth inhibition is the most common and significant phenomenon associated with HM exposure. Even 0.1–0.2 mM of Cd led to severe growth inhibition of the white-rot fungus Schizophyllum commune (Lilly et al., 1992). Hg exposure decreased the growth rate of Phanerochaete chrysosporium and the protein content of the mycelia (Dhawale et al., 1996). As we know, the essential metals are relatively less toxic. The growth of P. chrysosporium was significantly limited in the presence of only 50 mg/L of Ni, Cd, and Pb, whereas the growth decrease was barely noticeable when exposed to 150 mg/L of Co and Cu, and 300 mg/L of Mn (Falih, 1998). Such a view does not apply to all fungal species, and sometimes essential metals may be more toxic than non-essential metals to certain species. In Ganoderma lucidum, the toxicity of HMs decreases in the order Hg > Cd > Cu > U > Pb > Mn = Zn (Tham et al., 1999). Similar to prokaryotes, the decrease in fungal biomass is sometimes accompanied by a prolonged lag phase, which was previously recorded in a culture of Pycnoporus cinnabarinus exposed to Hg (Mandal et al., 1998). The presence of HMs also interferes with fungal soil colonization. A significant decrease was observed in the growth of Agrocybe perfecta on a straw when exposed to Cd (Baldrian, 2003).
3.2.2 Mycelial Morphology
The decrease in fungal growth rate caused by HMs is often accompanied by morphological changes in the growing mycelium. S. commune exposure to increasing concentrations of HMs (Cd) led to an increase in aerial hyphae formation, morphological changes in hyphae, the development of loops and connective filaments, and an increase in hyphal branching (Lilly et al., 1992). The fungus Daedalea quercina cultivated in liquid media with Cd exhibited shortening and irregular appearance of surface hyphae (Gabriel et al., 1996b). Morphological changes induced by HMs are common to all groups of fungi. The addition of Cd to the culture of the ectomycorrhizal fungus Paxillus involutus increased the number of laterals per branch point but decreased the distance between branch points, increasing hyphal density (Darlington and Rauser, 1988). Fungal cultures grown in the presence of HMs can also change their discoloration. When cultivated in the presence of Cd, S. hirsutum produced a yellow-orange pigment both extracellularly and in the mycelium, Trametes versicolor produced a brown pigment (Mandal et al., 1998). When S. commune was cultivated in liquid media containing Pb, black mycelial pellets were formed, while the controls were creamy (Gabriel et al., 1994). In addition, some studies on Aspergillus have revealed the importance of mycelial morphology in HMs tolerance. The cell surface properties of Aspergillus versicolor change along with the morphology of the fungal mycelia when exposed to Cr(VI) (Das et al., 2008). The cell wall components of the mycelia possess major binding sites for Cr(VI), and thus prevent Cr(VI) transport into the cytoplasm and prevent contact between Cr(VI) and intracellular organelles.
3.2.3 Enzymatic Activities
Similar to prokaryotes, HMs are generally potent inhibitors of enzymatic reactions in fungi. Hg exerts its toxic effect mainly by binding to the -SH groups present in the active or regulatory sites of enzymes and causing their irreversible inactivation. Cu and Cd can bind to aromatic amino acid residues in the enzyme molecules, resulting in a loss of enzymatic activity. HMs also cause oxidative damage to proteins by inducing oxidative stress associated with the production of ROS such as •OH or •O2− (Stohs and Bagchi, 1995). Meanwhile, intracellular antioxidant enzymes like SOD are typically induced by HMs. In the ectomycorrhizal fungus P. involutus, Cd activates SOD, which is responsible for Cd resistance by decomposing •O2− (Jacob et al., 2001). For the lignin-degrader, white-rot fungi, most attention has been paid to metal toxicity toward extracellular enzymes (Baldrian, 2003). The extracellular enzymes produced often face independently high concentrations of HMs, and their enzymatic activities may be lost during HM exposure since they are not protected by cell-associated metal-detoxication mechanisms. In addition, HMs can get onto cells through transporters, which influence the production of enzymes at the levels of transcriptional and translational regulation.
In addition, low concentrations of essential HMs are necessary for the development of ligninolytic enzyme systems. The addition of low concentrations of Zn and Cu to the metal-free synthetic cultivation medium increased the activity of lignin peroxidase and Mn-peroxidase in P. chrysosporium, promoting the solubilization and mineralization of lignin (Singhal and Rathore, 2001). Some essential HMs, such as Mn and Cu, are directly involved in reactions catalyzed by ligninolytic enzymes. Because Mn is directly involved in the catalytic cycle of Mn-dependent peroxidase (MnP), it plays an important role in lignin degradation. Mn has been reported to play a regulatory role in the expression of MnP and the laccase enzyme during lignin degradation (Baldrian, 2003). Cu, a cofactor of the laccase enzyme, is involved in fungal lignin degradation and is present in the catalytic centers of various enzymes. Recent studies have demonstrated that Cu plays an important regulatory role in laccase production as observed in various fungal species such as Ceriporiopsis subvermispora, T. versicolor, P. ostreatus, etc. The transcription levels of laccase genes in T. versicolor increased within 15 min of Cu addition (Collins and Dobson, 1997). Supplementation with Cu significantly increased the production of all laccase isoenzymes produced by the fungus P. ostreatus (Munoz et al., 1997). In P. chrysosporium and M. quercophilus, the production of extra laccase isoenzymes, which are not present under natural conditions, was observed after Cu addition. Little is known about the effects of HMs on intracellular enzymes in fungi. The activity of ribonuclease from P. tuberregium is inhibited by Hg, Zn, Ni, Ca, and Pb (Wang et al., 1998).
3.2.4 Reproduction
HMs are harmful to the reproduction of fungi, which has been confirmed in different taxonomic groups of fungi. In saprophytic and mycorrhizal fungi, the reproductive stages of development (spore formation and germination) are much more sensitive to HMs than mycelial growth (Baldrian, 2003). In white-rot fungi, fruiting sensitivity differs between species. During a growth experiment on a straw with 0.05–1 mM of Cd, A. perfecta failed to produce fruit bodies, whereas Pleurotus ostreatus was much less sensitive and did succeed in producing fruit bodies (Gabriel et al., 1996a). Favero et al. (1990) found in another strain of P. ostreatus that sporocarp formation remained unaffected by up to 285 mg/L of Cd. Cd preferentially accumulated in the fungal caps at 56 mg/L compared to 36 mg/L when Cd preferentially accumulated in the stems. When straw was overlaid with non-sterile Cd-containing soil, A. perfecta and P. ostreatoroseus failed to produce fruiting bodies at 50 mg/L of Cd, whereas P. ostreatus produced fruit bodies even at 500 mg/L of Cd (Gabriel et al., 1996a). Approximately 15% of the HMs present in the soil were translocated into sporocarps. The overload of Cd, Hg, and Co was found to be toxic for sporocarp development of V. volvacea which is cultivated for food (Purkayastha and Mitra, 1993). The accumulation of HMs in edible fungi flows into the human body via food intake, which leads to unpredictable health risks and necessitates further study.
3.3 Plants
Plants growing in HM-contaminated soils or irrigated with HM-contaminated water show visible symptoms, including dysplasia, chlorosis, and occasionally death. HMs interfere with physiological processes, such as CO2 fixation, respiration, and nutrient absorption, even at low levels (Figure 3). Cr has been reported to affect the biochemistry and physiology of crops adversely (Zeng et al., 2011). Excessive Cd accumulation in plant tissues can result in numerous toxic morphological, physiological, and biochemical effects (Shahid et al., 2017a). Therefore, exposure to HMs may induce toxic effects on several biochemical processes in plants, mainly in plant germination, root growth and length, stem growth, and leaf development.
[image: Figure 3]FIGURE 3 | The morphological and physiological changes in plants induced by HMs.
3.3.1 Seed Germination
HM toxicity during seed germination is one of physiological effects of HMs on plants (Singh et al., 2013). 0.5 mM in Cr(VI) almost completely inhibited seed germination of Phaseolus vulgaris (Sharma et al., 2016), similar to Triticum aestivum at 100 mg/L of Cr(VI) (Dotaniya et al., 2014). Amylase hydrolysis of starch is responsible for supplying sugars to emergent embryos. Cr and Co exposure decreased amylase activity which reduced the amount of sugar available to developing embryos, thereby inhibiting seed germination (Zeid, 2001).
3.3.2 Photosynthesis
HMs affect the photosynthetic apparatus and photosynthesis, leading to a decrease in plant growth and productivity, or even plant death. HMs induce changes in thylakoid arrangement, complete distortion of the chloroplast membrane, and affect both light and dark reactions by inhibiting the Hill reaction (Zeid, 2001). Exposure to Hg2+, Cu2+, and Cd2+ had adverse effects on the freshwater microalga, Chlorella vulgaris, including reduced photochemical quantum yield, decreased chlorophyll fluorescence ratio, minimized fluorescence yield, and non-photochemical quenching (Oh and Chan, 2015). Cr(VI) stress negatively influences photosynthesis in terms of electron transport, CO2 fixation, enzyme activity, and photophosphorylation (Shanker et al., 2005). Cr(VI) exposure induces a decrease in chlorophyll-a, chlorophyll-b, total chlorophyll, and carotenoids in Oryza sativa L. (Sharma et al., 2016). Under HM stress, electrons generated during photochemical processes may not be primarily used for carbon fixation, which leads to a reduced rate of photosynthesis. For example, electron transport can be efficiently blocked by the redox change of Cr(VI) which occurs in the Cu and Fe carriers, or the Cr(VI) binding to the heme group of cytochromes (Dixit et al., 2002). Metals such as Cr(VI) have a high oxidative potential and can reduce photosynthesis by producing ROS as an alternative sink for electrons via oxygen reduction as part of the Mehler reaction (Shahid et al., 2017a; Shahid et al., 2017b). HM-induced ROS production is an important mechanism that interferes with photosynthesis. While the chloroplast membranes are rich in polyunsaturated fatty acids which are a target of ROS-induced peroxidation, ROS induced structural alterations to the pigment-protein complexes, which occurred in three steps: 1) degradation and destabilization of the proteins of the antenna complex; 2) substitution of Mg2+ with H+ ions, resulting in pre-optimization of the chlorophylls; and 3) damage to the thylakoid membranes (Shahid et al., 2017c). Therefore, metal-induced ROS, directly and indirectly, interferes with photosynthetic machinery, resulting in reduced pigment content and plant growth (Shahid et al., 2014). Some studies have reported that Cr(VI) and Cr(III) stress might inhibit pigment biosynthesis by degrading d-aminolacvulinic acid dehydratase (Dey and Mondal, 2016), which is a key enzyme in chlorophyll biosynthesis. In addition, HMs can interfere with different steps of pigment biosynthesis, likely by competing with Fe and Mg for uptake and transport to the leaves, even depleting the chlorophyll content by replacing Mg ions from the active sites (Dey and Mondal, 2016).
3.3.3 Nutrient Uptake
HMs, which are structurally similar to other essential ions, may interfere with plant mineral nutrition in a complex manner. Several previous studies have reported that Cr(VI) and Cr(III) interfere with the uptake of essential nutrients, including Mg, P, K, Mn, Fe, Cu, and Zn in Cocos nucifera; N, P, and K in Oryza sativa; K, Fe, Mn, Mg, Ca, and P in Salsola kali; S, P, Zn, Mn, and Cu in Brassica oleracea; and Fe, Mn, Zn, and Cu by Amaranthus viridis (Shahid et al., 2017c). Therefore, the competitive binding of HMs to common carriers can decrease the uptake of many essential nutrients. Another reason for the HM-induced decrease in nutrient uptake is the decrease in the activity of plasma membrane H+ ATPase (Shanker et al., 2005). Exposure to high levels of HMs may displace essential nutrients from physiological binding sites. The antagonistic interaction between HMs and essential nutrients may be due to their interference both within the soil and inside the plant tissues. Some studies have also reported synergistic interactions between HMs and essential nutrients such as Cu, Mn, Ca, and Mg (Singh et al., 2013).
3.3.4 Plant Biomass
HMs significantly affect root growth and development of plants. The decrease in root growth has been demonstrated in P. vulgaris induced by 0.5 mM of Cr(VI) (Sharma et al., 2016). HMs also affect the number of secondary roots and the development of lateral roots. In Zea mays, compared to Cu and Fe, Cr(VI) treatment reduced root length and number of root hairs, along with causing a brownish appearance, due to a decrease in root cell division (Mallick et al., 2010). Some researchers have even reported an extension of the cell cycle and a decrease in the mitotic index of root tip cells under HM toxicity (Zou et al., 2006; Sundaramoorthy et al., 2010).
Plant stem growth is another parameter that is frequently affected by HM exposure. When Zea mays and P. vulgaris were exposed to 0.5 mM of Cr(VI) and 9 mg/L of Cr(VI), respectively, a decrease in stem growth was observed (Mallick et al., 2010; Sharma et al., 2016). This decrease in stem growth and height can be attributed to HM-reduced root growth and development, resulting in decreased water and nutrient translocation to the aboveground plant parts. Increased HM transport to shoot tissues can directly interact with sensitive plant tissues (e.g., leaves) and processes (e.g., photosynthesis), which affects the cellular metabolism of shoots, and thereby reduce plant height (Shahid et al., 2017a).
Leaf growth parameters are appropriate bioindicators of HM toxicity. HM exposure reduced the growth of leaf, and the leaves were comparatively smaller, wilted, and chlorotic compared to the control sample (Dago et al., 2014). Previous studies have reported that HMs induced leaf chlorosis and necrosis (Ropek and Para, 2003). Continuous and long-term HM application caused the old leaves to become necrotic, permanently wilted, dry, and shed. Some authors have also reported a decrease in leaf area in response to high levels of HM exposure. This can be the result of a decrease in cell division and the number of cells in the leaves due to the involvement of oxidative stress (Gallego et al., 1996). HM toxicity reduces the size and number of leaves in watermelon plants and turns them yellow and wilted due to the loss of turgor hung down from petioles (Shahid et al., 2017a).
High plant biomass is a prerequisite for high plant yields. HMs have been reported to induce noxious effects on several physiological and biochemical processes, which compromises plant yield and productivity equally (Sharma et al., 2016). When exposed to HMs in soil, the plant growth and grain yield of Triticum aestivum L. wheat significantly decreased, and Cd was the most toxic metal, followed by Cu, Ni, Zn, Pb, and Cr (Athar and Ahmad, 2002). HMs induced decreases in plant development, growth, and yield due to several factors, including reduced water and nutrient uptake, decreased cell division and cell division rate, imbalances in nutrient uptake and translocation, the inefficiency of selective inorganic nutrient uptake, enhanced production of reactive radicals and the resulting oxidative stress, substitution of essential nutrients from key molecules and ligands, and oxidative damage to sensitive plant tissues (Shanker et al., 2005; Singh et al., 2013). All these factors, separately or in combination, affect plant growth, development, and yield at the cellular, molecular, organ, and plant levels. However, which of these factors is more severely affected depends on the plant type and chemical speciation of HMs (Dago et al., 2014). In addition, the effect of HMs on plant development varies according to plant species. Generally, transgenic and hyperaccumulator plants have increased potential for selective accumulation and tolerance of HMs (Rehman et al., 2015).
3.4 Animals
The toxic effects of HMs have been studied in different animal species, and HM exposure causes a decrease in growth, development, and reproduction in animals, similar to plants. However, the primary consideration should be that HMs can accumulate in food webs (Agah et al., 2009; Wise et al., 2011; Wang et al., 2019; Zhou et al., 2019).
The aquatic environment is the largest sink of HM pollution, and numerous studies have concentrated on the toxicity of HMs to aquatic animals (Ji et al., 2015; Tan et al., 2019; Xu et al., 2021). For example, Cd tends to accumulate in mollusks at higher concentrations than in other major species groups, such as crustaceans and fish (Tan et al., 2019). When ingested by animals and humans, Cd can lead to kidney dysfunction, skeletal damage, and cancer (Satarug and Moore, 2004). According to the World Health Organization, oral ingestion of as little as 0.125 mg Cd/kg body weight may result in health issues (Cui et al., 2019). Additionally, the accumulation of HMs in aquatic animals increases with age. The contents of As, Cd, Cr, Co, Pb, Ni, Sb, and Zn in the muscles and livers of grunt, flathead, greasy grouper, tiger-tooth croaker, and silver pomfret fish species were determined (Agah et al., 2009). Almost all metals were found to accumulate in flathead, greasy grouper, and tiger-tooth fishes, whereas older fishes seemed to accumulate more (Agah et al., 2009). Animal muscle and liver tissues appear to be good bioindicators for identifying environmental exposure to metallic contaminants. Recently, Cr in the marine environment has become a concern, especially for the health of sperm whales, and recent data have shown that some whales have very high Cr skin levels. Particulate and soluble chromate induced concentration-dependent increases in cytotoxicity and genotoxicity in sperm whale skin fibroblasts, and Cr-DNA adducts induced by Cr(VI) caused a stalled replication fork and resulted in chromosomal aberrations (Wise et al., 2011). Cr(III) and Cr(VI) seemed to have no significant effect on the survival rate, hatching rate, or spontaneous movement of zebrafish. However, the malformation rate in the Cr(VI)-exposed group was increased, and both Cr(III) and Cr(VI) exposure exhibited decreasing changes in swimming distance and disturbance of sensitivity to light and darkness (Xu et al., 2021). Cr exposure significantly stimulated ROS generation, resulting in neurotoxicity in zebrafish, which is associated with metabolic disturbances. The clam, regarded as a dominant species, is widespread in estuarine and coastal waters of East Asia, where it is used as feed for crab aquaculture and acts as a potential vector for transferring contaminants to humans (Tan et al., 2019). When clams were exposed to Cd-contaminated waters, Cd tended to accumulate in clams at higher concentrations than in other species, such as crustaceans and fishes (Tan et al., 2019). With an increase in salinity in estuarine waters, Cd bioaccumulation in clams decreased, and thus Cd toxicity decreased monotonically (Tan et al., 2019).
HMs are also widely distributed in soil, resulting in bioaccumulation in the soil biota, which may ultimately affect human health (Yang et al., 2018). Earthworms are important environmental indicators of soil, and their activity may influence the species, mobility, and partitioning of HMs in soil (Sizmur et al., 2011). However, the adverse effects of HMs on earthworms are rarely discussed. Studies have shown that As(V) exposure results in a significant decline in body weight and extremely high mortality of the earthworm Metaphile sieboldi (Wang et al., 2019). It caused serious pathological damage due to arsenic uptake and accumulation through the earthworm gut and epidermal contacted with polluted soil. Meanwhile, As(V) exposure disturbs the gut microbiota, and the earthworm gut can be a reservoir of microbes capable of reducing As(V) and extruding As(III) (Wang et al., 2019). Springtails (Collembola Isotomidae) are soil organisms that have been used to study the effects of chemicals in ecotoxicity tests (van Gestel, 2012). The collembolan species Folsomia candida was used to assess the effect of major cations (Ca2+, Mg2+, Na+, K+, and H+) on Cd toxicity. Ca2+ and Mg2+ protected the springtails from Cd toxicity due to competitive absorption, while Na+, K+, and H+ had less competition with free Cd ions for binding to the uptake sites of the collembolans (Ardestani and van Gestel, 2019). These results emphasize the important role of the surrounding chemical environment in determining metal toxicity in invertebrates.
As humans are also mammals, the toxicity of HMs to humans can be predicted to some extent by studying the response of mammals. When exposed to Pb, Cd, and Hg mixtures at human environmental exposure levels, rats experienced damage to multiple organs including the brain, heart, liver, kidneys, and testicles, as well as impairments in neurobehavioral functions (Zhou et al., 2019). Statistically significant increases in liver cells CYP450 and PON1, kidney cells KIM1, and a decrease in testicle cells SDH were observed. In the brain, significant increases in oxidative stress, intracellular free Ca, and cell apoptosis were detected. Further neurobehavioral testing revealed that exposure to metal mixtures caused dose-dependent impairments in learning, memory, and sensory perception (Zhou et al., 2019). Exposure to the metal mixture also disrupted synapse remodeling, which may be associated with pathways involved in dendritic spine growth, maintenance, and elimination.
3.5 Humans
Environmental and occupational exposure to HMs poses a huge threat to human health owing to their accumulation in the food chain, direct contact through dermal exposure, and inhalation exposure (Seyfferth et al., 2019). Pb pollution was estimated to cause 0.6% of the world’s disease burden and 853,000 deaths in 2013 (Shi et al., 2019). An investigation of HM exposure in populations living in the Panasqueira mine area of central Portugal found a higher internal dose of elements such as As, Cr, Pb, Mn, Mo, and Zn in exposed individuals (Coelho et al., 2012; Coelho et al., 2014). Furthermore, HM contamination in the Panasqueira mine area had induced genotoxic damage in individuals working in the mine or living beings in the area (Coelho et al., 2013). Long-term exposure to HMs may have toxic effects on various organ systems and cause various clinical symptoms. The target of many HMs, such as As and Cd, is bone tissue which results in toxic and chronic effects (Akbal et al., 2015). Furthermore, the ingestion of Cd dust or aerosol particulate matter from soil causes chronic effects on human health, including lung cancer, pulmonary adenocarcinomas, prostatic proliferative lesions, bone fractures, kidney dysfunction, and hypertension. Chronic exposure to As dust can have adverse effects such as dermal lesions, peripheral neuropathy, skin cancer, and peripheral vascular disease (Zukowska and Biziuk, 2008). The excessive intake of Pb (PM2.5, Pb2+ ions, or organo-Pb) can damage the nervous, skeletal, circulatory, enzymatic, endocrine, and immune systems (Li et al., 2014). In general, health risks were much higher for children than for adults, suggesting that children are more vulnerable to HM pollution than adults. Therefore, children should be regarded as a priority for protection against HMs in their surroundings, especially street dust (Hou et al., 2019). Relatively low levels of HM exposure that do not greatly affect the mother may jeopardize fetal development and influence subsequent development and behavior during childhood (Horton et al., 2018; Punshon et al., 2019). In addition, As and Pb can be transported freely through the placenta (the ratio of fetal: maternal blood lead is about 0.7–0.9) and across the blood-brain barrier, as is Hg (Gundacker et al., 2010; Gundacker and Hengstschläger, 2012). Cd transfer is less distinctive but tends to accumulate in placental tissue, where it may interfere with Zn transport and affect the synthesis of endocrine hormones and cellular functions (Esteban-Vasallo et al., 2012; Chen et al., 2014). However, HMs often do not exist alone in the environment; they usually coexist in air, water, and soil and can enter the human body via a variety of routes to impact human health (Zhou et al., 2019). Pb, Cd, and Hg were measured simultaneously in blood, serum, and urine samples from the United States and Chinese populations (Wu et al., 2013; Ding et al., 2014). An observational prevalence survey in Korea showed that exposure to environmental Pb and Cd mixtures in adults and exposure to environmental Cd in adolescents may increase the risk of hearing loss (Choi and Park, 2017). In vitro studies were designed to reveal the interactions among Pb, Cd, and Hg at human environmental exposure levels in cultured cells. When individual metals were below the “no observed adverse effect” levels, the synergistic toxic effect of Pb, Cd, and Hg co-exposure was more serious than any individual metal or even the combination of two metals (Zhou et al., 2018).
At present, the cytotoxicity and genotoxicity of HMs on human cells in vivo or in vitro are mainly studied using several typical cell lines, including Jurkat cells, HepG2 cells, HeLa cells, Human hepatocarcinoma HuH-7 cells, etc. For Jurkat cells from human T-cell leukemia, both Cr(III) and Cr(VI) cause DNA damage through different mechanisms, and the effect of Cr(III) was greater than that of Cr(VI). Cr(VI) intercalates DNA and Cr(III) interfere with base-pair stacking (Table 2) (Fang et al., 2014). HeLa cells exposed to 10 μM concentrations of Cr(VI), Cr(V), or Cr(IV) displayed comet tail formation, indicating the breakage of DNA strands. Following Cr(VI) and Cr(V) exposure, and not Cr(IV), HeLa cells exhibit a significant dose-dependent decrease in DNA synthesis, representing activation of the S-phase cell cycle checkpoint (Wakeman et al., 2017). HeLa cells exposed to Cr(VI) or Cr(V) instead of Cr(IV) showed a dramatic reduction in the number of mitotic cells, indicating that Cr(VI) or Cr(V) induced G2 checkpoint activation and a lack of G2 arrest in response to Cr(IV) (Wakeman et al., 2017). It should be noted that several other cell lines, including 293T and human primary fibroblast cell lines, also show a similar reduction when exposed to Cr(VI) or Cr(V). In addition to HeLa cells, human head and neck squamous cell carcinoma or FaDu cells (pharynx epithelia), normal human lung fibroblast 19Lu cells, and mouse lung fibroblast WT13 cells treated with Cr(VI) or Cr(V) all showed ATM kinase (a DNA damage regulator) auto-phosphorylation, but cells exposed to Cr(IV) displayed no ATM phosphorylation. This suggests that the cellular DNA damage response to Cr(IV) was significantly reduced, unlike the response to Cr(V) or Cr(VI) (Wakeman et al., 2017). Different speciation of Cr shows varying cytotoxicity and genotoxicity in human cells; however, Cr(V) is the primary cytotoxic intermediate produced by the metabolism of Cr(VI). A comparison of Cr(III)-EDTA cytotoxic and genotoxic activity with Cr(VI) and Cr(III)-nitrate activity in human hepatoma (HepG2) cell lines revealed that Cr(VI) exposure resulted in a decrease in cell viability, DNA damage, and significant formation of micronuclei. Cr(III)-nitrate induced the formation of DNA strand breaks but did not affect genomic stability, while Cr(III)-EDTA complex had no influence on DNA integrity and the genomic stability of HepG2 cells (Novotnik et al., 2016). Organic HMs such as methylmercury are more biologically toxic than inorganic HMs. Methylmercury is the most toxic form of Hg, and fish contributes greatly to the Hg intake of animal and human populations. Predatory species, including swordfish, sharks, and tuna, have higher levels of mercury, and swordfish, displayed the highest content (Sevillano-Morales et al., 2015). Therefore, fish consumption may represent a risk for transferring methylmercury in humans. An investigation of the toxicity of methylmercury chloride (CH3HgCl) and methylmercury hydroxide (CH3HgOH) to the cultured neuroblastoma cell line, SH-SY5Y, was conducted (Patnaik and Padhy, 2018). The cytotoxicity and genotoxicity experiments indicated that CH3HgCl was more toxic than CH3HgOH to SH-SY5Y cells because of the more severe nuclear disruption caused by CH3HgCl.
4 BIOACCUMULATION OF HEAVY METAL(LOID)S IN THE FOOD CHAIN
HMs remain in the environment for decades, even after the removal of their point sources, and cause long-term damage to organisms. Therefore, concerns regarding the accumulation and transfer of HMs at different levels in food chains are increasing. Many factors govern the bioaccumulation and transfer rates of metals in different ecosystems, including the properties of HMs, the response of organisms to HMs, and the structure of the food chain (Butt et al., 2018). Here, we emphasize the accumulation of HMs in the food chains of different ecosystems.
Soil, as an HM reservoir, provides a medium for HM cycling in nature (Cao et al., 2010). A portion of soil HMs enters the food chain through the producer plants (Figure 4) as the electrochemical gradient of metal ions between the plasma membrane of root cells and the soil causes their uptake in plants (Li et al., 2018). Most of the absorbed HMs are stored in the roots, and some are transferred to other plant parts; for example, hyperaccumulators accumulate HMs in their aerial parts (Cui et al., 2021). Insects occupy important positions in the food chains of most terrestrial ecosystems, as they are a protein-rich food source for numerous animal groups (Butt et al., 2018). They inadvertently absorb HMs by ingesting contaminated plants or debris. They may also absorb HMs through their exoskeletons (Hobbelen et al., 2006). HMs ingested by these insects can be transferred to their predators along the food chain (Green et al., 2010). An investigation of the accumulation of Zn, Cd, and Pb in the agricultural food chains of soil-berseem-aphid-ladybird beetles showed higher accumulation of Pb and Zn but no bioaccumulation of Cd (Butt et al., 2018). This indicated that different metals showed variable bioaccumulation rates depending on their toxicity and retention. Studies have reported that birds have a high risk of exposure to HMs through feeding on contaminated seeds and insects (Liang et al., 2016; Xia et al., 2021). This may cause the rapid transfer of metals to the local populations of animals and humans (Figure 4).
[image: Figure 4]FIGURE 4 | A schematic model of bioaccumulation of HMs in terrestrial and aqueous food chains. The arrow indicates the gradual enrichment of heavy metals.
HM pollution in water, including marine pollution, is a widespread environmental problem. This not only relates directly to HM exposure in humans but also to food safety. Marine organisms, such as fish, provide high-quality functional protein and polyunsaturated fatty acids omega-3, specifically eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which have beneficial effects on health (Matias et al., 2022). However, they can also contain contaminants such as HMs, which may represent a potential risk to human health. HMs released by natural and anthropogenic activities enter the ocean through atmospheric deposition, surface runoff, and precipitation. In marine environments, HMs can be methylated by microorganisms, bioconcentrated by phytoplankton, and bioaccumulated by organisms along the food chain (Figure 4). Among them, MeHg in prey is bioavailable for predators and is strongly retained in marine organisms once assimilated, leading to a stepwise increase in Hg concentrations along the food chain (biomagnification) and its bioaccumulation with age in organisms (Matias et al., 2022). Previous studies have demonstrated a trend of increasing Hg concentrations from producers to primary consumers to secondary consumers (Eagles-Smith et al., 2018; de Almeida Rodrigues et al., 2019). In the Southern Ocean ecosystem, the lowest Hg concentrations were observed in E. superba (0.007 ± 0.008 μg g−1), and the highest values were observed in the predator seabird Macronectes giganteus (12.090 ± 14.177 μg/g). Hg concentrations have a significant positive relationship with trophic levels, biomagnifying nearly 2 times its concentration at each level (Matias et al., 2022).
The channels of human exposure to HMs include accidental ingestion and dermal adsorption by soil and surface water. Even without direct exposure to HMs, humans can also accumulate HMs in the body through food chains, such as the intake of grains, fruits, vegetables, meats, eggs, milk and dairy products, and freshwater fish (Huang et al., 2019a). This is concerning because humans must consume a large amount of food, some of which may contain excessive HMs. Long-term exposure to HMs or accidental ingestion can cause various diseases; therefore, effective measures must be taken to prevent and limit HM distribution in the atmosphere, soil, and water.
5 PREVENTION AND CONTROL STRATEGIES FOR HEAVY METAL(LOID)S
The health of humans and other organisms is threatened by anthropogenic sources of HMs, such as mining waste, automobile exhaust, and industrial effluents. Effective prevention and control of HM pollution could prevent their transfer into the environment, and thereby reduce biological exposure to HMs. Efforts should be made to reduce the concentrations of HMs in the environment to minimize their subsequent transfer to living organisms. There are three main prevention and control strategies: 1) source control is to implement cleaner production and management to reduce the discharge of HM-containing wastewater, waste gas, and waste residue; 2) process control is to cut off the channels to prevent HMs from spreading to the environment, or to disrupt the migration and transformation behaviors to eliminate HMs in the environment; 3) end treatment, once HMs enters the ecological environment, they will be treated by physical, chemical, biological, and other methods (Figure 5).
[image: Figure 5]FIGURE 5 | Glimpses of prevention and control strategies for HMs in the environment to mitigate health risks to organisms.
Source control is one of the most effective strategies for HM prevention and control. Cleaner production is the most common means for source control and can reduce or eliminate pollutant emissions and maximize the utilization of resources. Pollution control of coal-fired power plants includes coal washing before burning, post-combustion cleaning through selective catalytic reduction (SCR), electrostatic precipitators or fabric filters, and wet flue gas desulfurization (Zhu et al., 2016). At present this is the best available technology to control HM abatement in coal-fired power plants. Source control can diminish the discharge of HMs at the pollution source based on management, relevant departments adopting supervision, point source governance, treatment, monitoring, control, and other means. Source control measures were used to reduce the HMs in the sludge fundamentally and ensure the safety and reliability of the fertilizer made from the sewage sludge (Wenke et al., 2013). Second, effective process control can prevent HMs produced during industrial processes from entering the environment. An impermeable barrier layer is an effective and conventional strategy for controlling or minimizing the effects of solid HM-containing waste. Some special materials prepared from sewage sludge can be used as barriers for waste landfills because of their low permeability and strong retardation of HM pollutants. Zn and Cd in waste landfills are effectively retarded by compacted municipal sewage sludge owing to precipitation and adsorption (Zhang et al., 2016a). Third, the end treatment is the last barrier to avoiding direct exposure of organisms to HMs and restricts the further diffusion and migration of HMs already in the environment. Passivation and stabilization are the most common approaches to limit the further diffusion and migration of HMs in the environment and has proven an effective and economical technique. For example, Cd-contaminated water and soil were immobilized using hydroxy ferric combined acid-base modified sepiolite, which exhibited a more significant passivation effect on biologically available Cd in the soil (Xie et al., 2020). Although the source and process control of HM pollution has significantly decreased the flow of HMs into the environment, numerous HMs were already detected in the ecosystem (Singh et al., 2005; Csavina et al., 2012; Shen et al., 2017). Research on the end treatment of HMs is the most abundant and includes physical, chemical, and biological approaches. The physical and chemical processes for HM removal include chemical precipitation and filtration, chemical oxidation or reduction, electrochemical treatment, reverse osmosis, and ion exchange. The common disadvantages of physical and chemical methods are the high consumption of chemical reagents and energy, considerable costs, and secondary pollution. Therefore, bioremediation is currently the most promising and environmentally friendly method for HM end treatment. To survive in the presence of HMs, many organisms have evolved extensive networks for HM biosorption, transport, and transformation, allowing them to tolerate extreme environments. Based on these characteristics, the efficient bioremediation of HM-contaminated environments was exploited, which consists of fauna remediation such as Cd removal from biogas residues by earthworms (Sun et al., 2020), phytoremediation such as HM harvesting from soils by hyperaccumulators (Sarwar et al., 2017), and microbial remediation such as Cr(VI) and As(III) detoxification by chromate-reducing bacteria and arsenite-oxidizing bacteria (Malaviya and Singh, 2016; Ye et al., 2020).
6 CONCLUSION AND FUTURE PERSPECTIVES
This review underlines the issue of HM pollution worldwide and the need for immediate action. Owing to rapid industrial development, the number of HMs in the environment is still increasing, posing a serious threat to all kinds of organisms. Since all living beings are made up of same elements and substances, the toxicity of HMs to different organisms is consistent to a certain extent. At the cellular level, HM exposure causes cell membrane damage, oxidative stress, enzymatic activity change and DNA damage. At the biological individual level, HMs can lead to the inhibition of growth, the decrease of biomass, and the change of metabolic activities. Also, the reproductive organs or components, as well as the reproductive process, may be destroyed by HMs. However, there are a lot of differences in the number and function of cells from different species, so the response of organisms to HMs is quite different. Some organisms, such as archaea, bacteria, and fungi, can tolerate HMs at a certain concentration due to their own HM resistance system; certain fungi and plants can absorb and accumulate HMs in their bodies, so as to avoid the impact of HMs on their metabolism. Unfortunately, the bioaccumulation, bioadsorption, or biotransformation of HMs is limited, high level of HMs inevitably destroys these processes and cause fatal damage to organisms. In addition, the biomagnification of HMs along the food chain, which is happening all the time in the ecosystem polluted by HMs, cannot be ignored. Among all kinds of organisms, humans, which are apex predators, are at great risk of exposure to higher concentrations of HMs owing to the biomagnification of HMs along food chains. Some effective strategies preventing food from HM pollution should be implemented, including enhancing the treatment of HM pollution caused by various industries, strengthening the inspection and supervision of food safety and strictly eliminating foods with HMs, expanding the production and promotion of organic safe food with pollution-free and additive-free. However, at present, researchers pay more attention to the treatment of environmental HMs, and there are few studies to guide populations how to effectively avoid HM exposure along the food chain. Further studies on HM toxicity can focus on the influence of HMs on food safety.
In addition, a comprehensive analysis of the available literature suggests that numerous studies have concentrated on the risk of HMs in some countries or areas, rather than discussing the issue on a global scale. However, recent research has demonstrated that HMs have reached the Antarctic and Arctic regions via global water and atmospheric circulation (Marina-Montes et al., 2020; Perryman et al., 2020; Jensen et al., 2021; Matias et al., 2022). Since HMs released into the environment inevitably migrate and transform due to their physicochemical and biological properties, further research is required to assess the ecological and health risks of HMs in the natural environment on a global scale.
This review highlights the major gaps in the risk assessment of HMs and suggests that 1) the role of different industrial processes and environmental media with respect to the speciation of emitted HMs, should be explored further to clearly understand the chemical forms of HMs, thereby facilitating the development of treatment technology. 2) The database regarding human health risks due to the consumption of metal-contaminated food should be supplemented, especially for urban agriculture and aquatic products. This will help to ensure food safety. 3) Although many HM remediation technologies have been developed, efficient strategies for managing the production, usage, discharge, and recycling of HMs require further research to minimize their risk to organisms.
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Water leachates obtained from
leaching of mine wastes

Soi from a sewage irfigation
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Surface soil from coal power
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Pearl River, China

The Swat District, northern
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The CPB in Xiinhot, China
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and Kushtia districts,
Bangladesh

Pollution source

Fly ash and surface water carriage; water irigation,
fertiizer, and pesticide application

Fly ash and surface water carriag

Sewage irigation; addition of manures, fertiizers,
and pesticides

E-waste recycling workshop

Hg mine

Hg-long-term sewage irrigation; Cr, Ni, and Zn-
industrial activities and dust deposition; Pb and Cu-
industry and dust, traffic-related factors

Shooting ranges

Coal powering

Usage of fertilizers that accumulate HMs

HMs and their
concentration
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Hg up to 760 g of Hg in
leachate/g

Hg 0.52-5.05 mg/kg
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7n 88.93-600.59 mg/kg
Pb 37.69-117.62 mg/kg
Cu 30.23-145.36 mg/kg
Pb up to 21,000 mgkg

As 4.39-47.00 mg/kg

Cu 5.58-23.55 mg/kg
Mn 163.75-464.67 mg/kg
Fe 464.1-11,535.9 mg/kg
PD 21.96-318.49 mg/kg
Cd 9.17-11.68 mg/kg

Zn 72.19-110.66 mg/kg

Referennce

Yang et al. (2013)

Khan et al. (2013)
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Takigami (2014)

Gray et al. (2015)

Tao et al. (2016)

Kelebemang et al.
(2017)
Zhang et al. (2020)

Nahar et al. (2020)
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Drinking water supply

options

River water

Potable water

Sediments

Sediments

Surface sediments

The core sediments

Anaerobic sediments

Location

The bypass 601 superfund site

Patancheru, Medak District,
Andhra Pradesh, India

In southwest coastal areas of
Bangladesh

The Lake Dalinouer, China

Around the Maltese Islands

Qualidia lagoon, Morocco

Nador lagoon (Mediterranean
coast), Morocco

The Dongping Lake,
Shandong, East China

The Western Xiamen Bay,
China

The Meiiang Bay of Lake
Taihu, China

Pollution source

Lead battery recycling operation

Solid and liquid wastes emanating from the industrial
activiies

Use of metal roofs for collection of rainwater

Mining, disposal of untreated and treated effiuents; metal
chetates from different industries and indiscriminate use of
fertizer containing HMs

Corrosion from the distributing tap water pipeline systems

Agricultural areas; urban sewage; oyster farming and
traditional land uses
Wastewater discharges from the urban and industrial areas;

drainage of the old iron mine located in the Atalayoum
promontory and/or El Bachir estuary

Natural sources; industrial and mining sources; agriculture
sources

Deposit and industrial emission

Industrial and mining sources; agriculture sources

HMs and their
cconcentration

Pb 150-1,800 mgkg
Zn 100-250 mg/kg
Mn 2.9-14,971.0 gL
Fe 38.8-576.0 pg/L
Ni 39-274.4 gL
2n31.4-310.2 gL
As 2.9-1,257.0 g/l
Fe 44-4,800 pg/L

Mn 1.0-850 /L

20 9.5-1,700 pg/L

Cu 44-65 g/l

Pb 176-244 pg/L

Zn 6-50 g/l

Al 26-356 pg/lL

Fe 132-1,225 pg/L.
Zn 115-504 pglL

Pb 30.6-140.5 mg/kg
Zn 173.2-326.4 mg/kg
Cr 29.9-116.9 mg/kg
Cr 22.4-172.2 mg/kg
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Ni 20.2-95.2 mg/kg
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Zn 55.1-1,250.0 mg/kg
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Zn 79.9-115.4 mg/kg
Pb 40.3-64.2 mg/kg
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Categories

Archaea

Bacteria

Fungi

Plants

Animals

Hunan cells

Name

Haloferax strain BBK2
Thermococcus fumicolans
Pyrococcus strain GB-D

Metallosphaera sedula DSM
5348"

Cupriavidus gilardii CR3

Shewanella oneidensis MR-1

Arthrobacter sp. JM018

Yeast (S. cerevisiae SIR576)
Edible fungi (V. volvacea)

Entomopathogenic fungi
(Beauveria bassianz)

Pisum sativum

Vigna angularis

Trigonelia foenumgraecum L

Sperm whale (Physeter
macrocephalus)
Swiss mice

Jurkat cells

HepG2 cells and human
fibroblasts

Human hepatocarcinoma HuH-7
cell

Doses of HMs

Cd (up to 4.0 mM, 805.28 mg/)
Zn, Co, and Cu (1 pM-10 mh)

Co®* (0.01 mM, 0.6 mM)
Cu?* (4 mM, 8 mM)

NiZ* (1 mM, 8 mM)
UO,** (0.2 mM, 0.6 mM)
2Zn®* (15 mM, 30 mM

CuCl; (0.1, 05, 1.0, and 1.5 mM)

K,CrO; (312 mg/L)

Zn (50 uM)

CrO; at 300 MM and CrCly at

150 mM

2,5, and 8 yM CdCl,

30-100 mg/L Cufl), Nifh, Cal(l,
Zn(l), Cr(V)) and muli metal mixture

10, 40, and 80 ppm (Na;Cr;07)

1071°-10"" M (KCr,07)

2, 4,6, and 8 ppm (GO

Particulate Cr(vi) 0.05-10 pg/cm®
and soluble Cr(Vl) 1-25 uM
25, 50, and 100 mg/kg Cr{Vl)

GrO; at 300 mM
CrCly at 150 mM

Crivl) at 20.2 pg/mi
Cr{l)-nitrate at >1.0 pg/ml
Cr(Vi) at 100 pg/mi

Toxicity

Interaction with polysaccharides, proteins, lipids;
accumlation in cell components.

Growth inhibition; high sensitiviy to other environmental
stress.

Growth defect; oxidative stress; transcriptomic response of
genes related to the cell cycle, DNA repair, and oxidative
stress.

Inhibit growth; upregulation of sulfur metabolism, iron-sulfur
cluster, and cel secretion systems.

Differential expressed proteins involved in flagellar assembly,
ribosomes, transport, sulfur metaboiism, and energy
metabolism.

Displacement and/or substitution of essential ions from
celular sites; blocking functional groups of important
biochemical molecules.

DNA Damage; induce mutations; Cr(lll)-induced DNA
degradation; structural changes in DNA molecules.
Decreased mycelum growth; increased melatonin levels.
Decrease n biomass and increase in metal uptake; significant
variation in the roughness values; hyphae deformation; cell
mermbrane damage.

Chromosomal aberation (stickiness, bridge, laggard,
clumping, fragment, c-mitosis); chromosome disintegration n
loop.

Fragmentation; stickiness of chromosomes; restitution
nucleus; random grouping at anaphase; micronuclei;
multinucleate condition; chromosome bridges at anaphase
and C-metaphase.

RNA ampliication; chromosomal aberrations such as
G-mitosis, delayed anaphase, stickiness, laggards, vagrants
(physiological aberrations), and chromatin bridges;
chromosormal breaks.

Aberrations, missing, and damage in metaphases; cell cycle
arrest.

DNA damage; hepatic oxidative stress/hepatocyte
apoptosis.

DNA Damage; Cr(Vl) intercalates DNA; Cr(lll) interferes base
pair stacking
Formation of DNA strand breaks; formation of micronuclei.

Decrease in DNA migration.
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