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Abstract

:

Heavy metals play an important role in the homeostasis of living cells. However, these elements induce several adverse environmental effects and toxicities, and therefore seriously affect living cells and organisms. In recent years, some heavy metal pollutants have been reported to cause harmful effects on crop quality, and thus affect both food security and human health. For example, chromium, cadmium, copper, lead, and mercury were detected in natural foods. Evidence suggests that these elements are environmental contaminants in natural foods. Consequently, this review highlights the risks of heavy metal contamination of the soil and food crops, and their impact on human health. The data were retrieved from different databases such as Science Direct, PubMed, Google scholar, and the Directory of Open Access Journals. Results show that vegetable and fruit crops grown in polluted soil accumulate higher levels of heavy metals than crops grown in unpolluted soil. Moreover, heavy metals in water, air, and soil can reduce the benefits of eating fruits and vegetables. A healthy diet requires a rational consumption of foods. Physical, chemical, and biological processes have been developed to reduce heavy metal concentration and bioavailability to reduce heavy metal aggregation in the ecosystem. However, mechanisms by which these heavy metals exhibit their action on human health are not well elucidated. In addition, the positive and negative effects of heavy metals are not very well established, suggesting the need for further investigation.
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1. Introduction


Heavy metal contamination is a global phenomenon disrupting the ecosystem and creating serious risks for human health. The main challenges include increased urbanization, property transition, and industrial development, particularly in highly populated and emerging countries [1,2]. Heavy metals are both anthropogenic and natural in origin, and some of them such as chromium (Cr), vanadium, and nickel (Ni) are essential for human health in minor quantities. Indeed, these metals play an important role in cellular activity. However, some heavy metals have harmful effects on the environment as well as on living organisms [3]. Human exposure to heavy metals is triggered by inhalation, oral ingestion, and skin application [4]. Further, the balance between positive effects and side effects of heavy metals depends on their concentrations in living cells. Therefore, the levels of metal ions must be maintained within an appropriate range to prevent nutritional deficiencies, whereas higher concentrations can cause health concerns.



Cobalt (Co), copper (Cu), nickel, iron (Fe), manganese (Mn), zinc (Zn), molybdenum (Mo), and selenium (Se) are vital for living organisms, but can cause serious health complications if consumed above the safe limit [5,6,7,8,9,10]. Other metals such as arsenic (As), cadmium (Cd), chromium, and lead (Pb) are not essential for human health and can cause serious health complications even at low concentrations [11,12,13,14,15,16,17,18,19,20]. Under specific industrial and ecological conditions, metals constitute an important class of toxic substances. The ubiquitous exposure to heavy metals is of great interest. Toxic metals induce environmental pollution due to their extensive use in everyday life [21]. Toxic metals are dispersed in the environment to a large extent. Heavy metal distribution in the form of particulate matter or vapor by wind depends on their physical state. Meta components are transferred from the atmosphere into the soil or water surface, resulting in environmental pollution. Industrial effluents are the major source of metallic pollution in the hydrosphere. Toxic heavy metals such as nickel, lead, copper, chromium, cadmium, and arsenic occurring in wastewater represent environmental and health risk [22,23].



These metals are listed among the top twenty toxic chemicals by the United States Environmental Protection Agency [24,25]. Heavy metals enter the environment via traditional routes and anthropogenic mechanisms. They can be traced to a variety of sources, including soil erosion, natural earth crust weathering, mining, liquid waste, municipal sewage, and insecticides [26]. Soil and air pollution contributes to heavy metal accumulation in vegetables [27]. In fact, natural food contamination occurs through contact with contaminated soils or via air pollution [2]. Heavy metals accumulate in the human skeleton and fatty tissues, leading to depletion of key nutrients and resulting in central nervous system deficits, in addition to cardiac, gastric, hematological, hepatocellular, renal, neurodevelopmental, reproductive, and immune disorders, as well as intrauterine retardation [3]. This review assesses heavy metal contamination in plant foods and underscores the need to prevent the consumption of contaminated plant foods.




2. Different Heavy Metals and Their Toxicity


Current investigations demonstrate the toxic effects of heavy metals. Table 1 highlights the toxic effects and the underlying mechanisms of toxicity due to five major heavy metals, namely arsenic, chromium, cadmium, lead, and mercury (Table 1 and Figure 1). The results focus on preclinical and clinical outcomes involving acute and chronic metal exposures, as well as the associated adverse effects on target organs.



The most common natural sources of heavy metals in soil and agriculture include atmosphere, irrigation with sewage, pesticides, phosphate fertilizers, livestock manure, and sewage sludge. Other sources of anthropogenic contaminants derived from plants pose a major risk to human health following dietary intake of root crops contaminated with polluted soil or via direct atmospheric deposition of heavy metals on plant surfaces. In addition, particulate vehicular emissions may adversely affect global food safety [24].



2.1. Arsenic


Exposure to the highly toxic arsenic can be either occupational or through polluted food and water [44]. It is found in water, food, and environment as a contaminant in several forms: inorganic (As3+ and As5+), organic, metalloid (As0), and arsine (AsH3). The toxicity of As compounds occurs in the following order: organic arsenicals < As0 < inorganic species (As5+ < As3+) < arsine [28,45]. Metallic arsenic is an ecological toxin naturally present in all soils [46]. The major human exposure to arsenic in the ecosystem is polluted water. Arsenic enters the human food chain following exposure to polluted crops and feed [47]. Arsenic is not crucial but is generally toxic to plants. The roots are usually exposed first to arsenic resulting in inhibition of root growth [47]. It is widely present in the form of oxides of iron, sodium, and calcium, and is highly toxic and carcinogenic [48]. The inorganic arsenic compounds, namely arsenite and arsenate, are considered to be fatal to living beings and very harmful to the environment. Arsenic is the 20th most abundant element on earth. Humans encounter arsenic in natural and industrial sources. Improper disposal of arsenic-based chemicals can pollute drinking water [49]. Accidental consumption of arsenic by children or in suicide attempts can cause acute poisoning [50]. Interaction between arsenic and sulphydryl groups in cells impairs cellular enzymes and interferes with mitosis.



2.1.1. Mechanism of Arsenic Toxicity


Compared with arsenic, the arsenic metabolites formed enzymatically in biological systems can cause considerable side effects. During arsenic biotransformation, harmful inorganic arsenic compounds are methylated by bacteria, fungi, and humans to produce monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA). During this biotransformation, inorganic arsenic species are enzymatically transformed into methylated arsenic compounds, which are the final metabolites and biomarkers associated with persistent arsenic levels. Both MMA and DMA products are formed via biomethylation and excreted in the urine, indicating chronic exposure to arsenic [51]. Previous studies suggested that arsenic is detoxified via methylation; however, other recent studies have shown conflicting results, demonstrating the increased toxicity of other methylated metabolites containing trivalent forms of arsenic compared with arsenite alone [52] (Figure 2). Further genotoxicity assays have shown that arsenic compounds inhibit DNA repair and induce chromosomal alterations, sister chromatid exchanges, and micronuclei formation in cultured human and rodent cells and exposed human cells [53]. Some in vitro studies investigating the carcinogenic mechanisms of arsenic have shown that this molecule and its compounds are cytotoxic and induce morphological changes in Syrian hamster embryo cells (SHE) as well as mouse C3H10T1/2 and BALB/3T3 cells [54,55]. An in vitro study of DNA damage using the comet test showed that arsenic trioxide (As2O3) induces DNA damage in human lymphocytes and mouse leukocytes [56]. Moreover, it has been shown that arsenic compounds induce gene amplification, inhibit mitosis, block DNA repair, and activate the expression of oxidative stress protein heme oxygenase and the c-fos gene in mammalian cells [57]. Trouba et al. [58] and Zhao et al. [59] reported that chronic exposure to high levels of arsenic increases the sensitivity of cells to mitogenic stimulation and altered mitogenic signaling contributes to its carcinogenicity. In this sense, arsenic can act as a carcinogen by causing DNA hypomethylation, which in turn increases the gene expression. Likewise, arsenic represents a potent stimulator of transactivation of the protein kinase regulated by extracellular Erk1 and AP-1, and an efficient inducer of the expression of c-fos and c-jun genes [60]. In contrast, other recent clinical trials have shown that As2O3 may be used to treat acute promyelocytic leukemia (APL) [61,62]. As2O3 is a tumor-specific agent that selectively induces apoptosis in APL cells [63,64]. Numerous cell culture and human studies of cancer chemotherapy in APL have shown that As2O3 treatment inhibits cell cycle and apoptosis of malignant cells. Other in vitro studies have also reported that arsenic modulates protein and gene expression, DNA synthesis, mitosis and/or apoptotic mechanisms, and genotoxicity in many cells including T cells, monocytes, microvascular endothelial cells, melanocytes, and keratinocytes [65], dendritic cells, dermal fibroblasts, colon cancer cells [61], lung cancer cells [66], human leukemia cells [67], Jurkat-T lymphocytes, and human hepatic carcinoma cells [68].




2.1.2. Systemic Effects of Dietary Arsenic


Exposure to soluble inorganic arsenic can trigger instant death, via vomiting, damage to the nervous system, and hemodynamic instability. This lethal effect can be triggered by the ingestion of a large amount of arsenic [69]. Long-term neurological effects, strokes, and cancers in sites other than the skin, kidneys, bladder, and lungs are triggered by exposure to the lowest levels of arsenic [46]. It has a weak effect on diabetes and reproduction, and a major impact on heart attacks, high blood pressure, and other circulatory diseases. Arsenic can also contaminate food and water bases such as shellfish and other seafood, as well as fruits and vegetables. Arsenic toxicity occurs due to exposure to contaminated wine or due to malicious intent. Long-term exposure to arsenic can cause skin changes such as redness and swelling in addition to sensory and motor nerve abnormalities. Further, the function of liver and kidneys may be affected [70]. Arsenic has been classified as a carcinogen by the Environmental Protection Agency (EPA).



The mechanism of heavy metal carcinogenicity is not well understood. Some heavy metals are carcinogenic primarily due to their binding to regulatory proteins involved in apoptosis, DNA repair and synthesis, and cell cycle regulation [71]. Some toxicity studies have shown that certain transcription factors (TFs) such as p53, nuclear factor-kappa B (NF-κB), and activator protein 1 (AP-1) are targets for arsenic and cadmium. Therefore, the inability to control the expression of protective genes can lead to uncontrolled cell growth and division [72]. Studies evaluated mutations in RAS proteins or increased activation following exposure to carcinogenic heavy metals. Ngalame et al. [73] reported the overexpression of RAS in human prostate epithelial cells after exposure to arsenic. In another investigation, cadmium exposure increased the levels of transcription factors jun and fos, as well as ERK 1/2 in vitro. In cultured cells, chromium (VI) also induced overexpression of c-jun. The kinase cascade was not deactivated, and the mutated RAS protein lost its inactivation. In addition, the gene expression of activated ERK 1/2 or intensified jun and fos was continued. Thus, a continuously activated proliferation was induced via irreversible activation of signaling pathway, thereby inducing increased tumor formation [74]. Ding et al. [75] showed that arsenic inhibits DNA repair by inhibiting poly ADP-ribose polymerase 1 (PARP-1), a DNA repair enzyme. Resistance to apoptosis due to heavy metal exposure disrupts basic cellular defense.



Oxidative stress in the reproductive organs led to comparable inactivation of the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), as well as a simultaneous increase in lipid peroxidation following arsenic intoxication [76].





2.2. Lead (Pb)


Numerous studies have established the increased levels of lead toxicity [77,78]. Excessive exposure to lead can cause serious health issues in humans in addition to severe environmental contamination. The origins of lead toxicity can be traced to food, soil, air, industrial emissions, drinking water, e-waste, industrial process, herbal products, smoking, traditional medicines, cosmetics, and domestic sources [79,80,81]. Similarly, other sources of lead contamination include paints and gasoline in the faucets, pewter pitchers, toys, storage batteries, lead bullets, glazed ceramics, and plumbing pipes [82,83]. Annually, vehicles consume approximately 100 to 200,000 tons of lead in the United States. Lead is a very harmful metal that interferes with different physiological pathways in plants and unlike other metals such as copper, zinc and manganese, it has no biological role [84,85]. A high lead concentration in plants increases the synthesis of ROS by adversely affecting the photosynthetic and chlorophyll metabolism [86]. Studies suggest that lead reduces the quality of tea and biomass by altering its chemical composition [87]. It was found that exposure to even a low concentration of lead in plants causes extremely high ion instability, leading to large metabolic variation via potent inhibition of plant growth and photosynthetic capacity.



2.2.1. Lead Toxicity Mechanism


Lead interferes with a variety of metabolic processes, including calcium metabolism and protein reactions. Lead replaces calcium in the body and interacts with biological components, interfering with their normal function [88]. In living cells, lead poisoning is mostly mediated via ionic mechanisms and oxidative stress. Oxidative stress in living cells is attributed to the differences between the levels of antioxidants and free radicals to detoxify the reactive intermediates or restore the destructive effects. Figure 1 represents the toxicity of heavy metals in cells and the equilibrium between subsequent defense and ROS production induced by antioxidants. Antioxidants, such as glutathione, exist in the cell to protect against free radicals such as H2O2. However, higher levels of lead exposure increase ROS levels while decreasing the levels of antioxidants [89].



Since glutathione occurs in oxidized (GSSG) and decreased (GSH) states, the reduced form of glutathione generates equivalents (H++ e−) from the thiol classes of cysteine to ROS to ensure their stability. Reduced glutathione rapidly binds to an additional glutathione molecule after donating the electron and results in glutathione disulfide (GSSG) formation in the presence of the enzyme glutathione peroxidase. Under normal conditions, the oxidized form (GSSG) represents 10%, while the reduced form of GSH represents 90% of the overall content [90]. The GSSG concentration increases the concentration of GSH under oxidative stress. Another biomarker for oxidative stress is lipid peroxidation, which occurs when free radicals withdraw electrons from lipid molecules in the cell membrane [91,92]. The higher concentration of ROS at the cellular level may alter the structural integrity of cells, nucleic acids, proteins, lipids, and membranes, resulting in stress [93]. The ionic mechanism of lead toxicity usually occurs as the lead ions outnumber other monovalent cations such as Na+ and bivalent cations such as Fe2+, Ca2+, and Mg2+, which ultimately disrupts the metabolic rate of the cells. The ionic mechanism of lead poisoning alters the intra and intercellular signaling mechanisms, cell adhesion, apoptosis, ionic transportation, protein folding, mutation, release of neurotransmitters, and enzyme regulation. Furthermore, lead contamination alters the expression of protein kinase C, which regulates memory storage and neuronal function [92]. Lead remains a harmful environmental pollutant with high toxic effects on humans. Lead exposure is considered to be the most common cause of lead poisoning disease, with symptoms primarily affecting the gastrointestinal (GI) tract and central nervous system (CNS) in both children and adults [28]. Exposure to lead can induce cardiovascular, urinary, respiratory, and neurological diseases via immune modulation, and inflammatory and oxidative mechanisms, which can cause an imbalance in the oxidant-antioxidant system and subsequently lead to inflammatory responses in various organs, especially the renal system. Exposure to lead can alter the physiological functions of the body, leading to many diseases [94].




2.2.2. Dietary Effects of Lead on Kidney


Exposure to lead can damage kidneys and also cause kidney failure, based on several studies. Large doses of lead can induce serious kidney damage such as rupture of proximal tubular function, resulting in glycosuria, aminoaciduria, and hyperphosphaturia (Fanconi-like syndrome), which are reversible. Nevertheless, repetitive or continuous exposure can induce toxic stress on the kidney, resulting in chronic and irreversible nephropathy (interstitial nephritis) due to lead toxicity (Figure 3). However, no concomitant developmental studies involving undernutrition are available [95]. The impact of chronic lead intoxication before conception on the biochemical parameters and renal collapse was investigated in rats. In this study, the male Wistar rats were treated for 8 weeks with lead acetate, which led to a decrease in animal body weight [96]. This result is consistent with other studies reporting diminished growth due to insufficient food intake following loss of appetite caused by lead exposure. The anorectic impact exerted by this toxic metal supports its role in catecholaminergic, glutamatergic, and serotoninergic neurotransmission. In addition to the anorectic impact in the treated rats, the water consumption was decreased significantly (p < 0.05) compared with the control group.



This reduction in water intake is related to the dose, which explains the decreased weight following lead exposure. An important factor in urinary chemistry is to elucidate kidney function [97]. Urinary volume is clearly enhanced in the lead group. Improved urine output may be due to the diuretic impact of lead. In this study, no specific gravity or variation in pH was noticed. The study by Ghorbe et al. [95] revealed a decline in urinary pH mainly from day 45 of the investigation. A number of studies reported that the crystals adversely affected the pathogenesis of hypercalciuria but not renal failure. The Ca/Ox ratio and the level of supersaturation affect crystalluria, which promotes nucleation, precipitation of calcium oxalate, successive crystal growth, and amplified urinary calcium concentration. In fact, crystals are formed due to the presence of a protein in the urine. However, lead exposure caused inflammation of the urinary tract in rats. In addition, the level of calcium and phosphorus ions in the urine increased, as well as the levels of calcium and lead acetate. The increased levels of these ions suggest the possibility of calcium phosphate crystal formation.



Renal failure results from renal lesions, reduced permeability of the kidney barrier in the lower urinary tract, or disturbed metabolism following lead contamination. Therefore, the reduction in urine and the increase in serum creatinine are attributed to lead toxicity. Rats exposed to lead showed a decrease in urea in the urine, although serum urea levels increased following chronic renal failure. Ghorbe et al. [95] have shown that oral administration of lead acetate increases blood urea and serum creatinine levels. The serum glucose level is reduced due to the inhibition of glucose uptake and transport by lead. Acute lead intoxication is attributed to the formation of intranuclear insertion bodies [97]. These bodies represent the assembly of both intracellular and extracellular materials, due to metabolic disturbances and altered nuclear permeability. Blood lead concentration increases up to 50 μg/dL due to its high absorption, which attenuates glomerular filtration rate and results in glomerular sclerosis. Renal damage is caused by an increase in the concentration of calcium, phosphorus, uremia, and creatinemia, as well as a decrease in creatinuria and glycemia. A study of nephrotoxicity induced by lead in male rats concluded that exposure to lead acetate for about 8 weeks caused several disorders and nephropathies.





2.3. Nickel (Ni)


Nickel is present in very low concentrations in the environment. It is the main component of steel and other metal products. It is largely found in jewelry as well as in some food products, such as chocolate and fats. Nickel absorption is increased by consuming vegetables that are cultivated on polluted soils. The absorption of nickel from plants is greater than from vegetables [98].



2.3.1. Systemic Effects of Nickel


Contact with nickel can trigger various secondary effects, such as allergy, cardiovascular and renal diseases, pulmonary fibrosis, and lung and nasal cancer. Although the molecular mechanisms of nickel-induced toxicity are unclear, mitochondrial dysfunction and oxidative stress are believed to play a primary and crucial role [99]. In addition, exposure to highly polluted nickel environment can cause a variety of pathological effects [100,101]. Long-term exposure to nickel in the body can cause lung fibrosis, renal and cardiovascular illness, and respiratory cancer in humans [102,103]. Animal studies, however, have revealed that several nickel compounds, such as nickel subsulfide, nickel chloride, nickel oxide, and nickel sulfate, exhibit carcinogenic potential [104]. Lung cancers such as adenocarcinomas, squamous cell carcinomas, and fibrosarcomas were found in mice exposed to nickel oxide (7 mg Ni/m 3; 6 h/day; 5 days/week) [105]. Indeed, treatment with a single dose of nickel (NiSO4; 0.05 mg Ni/kg, body weight) resulted in homonymous hemianopsia (intraocular effect) for 2 h in a human study. [106]. Furthermore Al-Rikaby et al. [107] reported that exposure to nickel nitrite causes pronounced adverse effects in the blood and organs such as heart, liver, and kidney, suggesting that nickel nitrate is a hazardous pollutant [107].




2.3.2. Chronic Bronchitis


Nickel exposure can lead to chronic bronchitis and lung and nasal cancers. Chronic bronchitis is a type of chronic obstructive pulmonary disease (COPD) involving inflammation in bronchial tubes filled with mucus, resulting in breathing difficulty as well as cough. The chronic inflammation is attributed to prolonged exposure to nickel in the air. Nickel levels are higher among people who work in nickel-processing plants.





2.4. Cadmium (Cd)


Cadmium is the most important pollutant in the environment. Excessive and toxic levels of cadmium cause serious problems not only in humans but also in animals [108]. This heavy metal can affect the cardiovascular system, liver, pancreas, kidneys, lungs, and testes. Liver and kidneys are more sensitive to the toxic effects of cadmium. Serious and most chronic effects of cadmium are observed in the liver. Cadmium concentrations in the blood below 10 μg/L suggest renal dysfunction [109]. The risks of liver dysfunction are not widely described, although a single dose of cadmium can trigger toxicity. However, the relationship between cadmium and liver dysfunction was only investigated in a few studies. Many scientists found no apparent abnormalities in aspartate aminotransferase and alanine aminotransferase levels related to liver function. We concluded that blood cadmium concentrations higher than normal increase the risk of liver dysfunction. Serum liver enzymes may also be elevated due to exposure to this heavy metal [110].




2.5. Chromium (Cr)


Chromium, a trivalent element, is an important mineral required for optimal health [111]. Chromium picolinate is used for the treatment of refractory type 2 diabetes mellitus, as it is absorbed comparatively better than trivalent chromium. It also enhances insulin sensitivity to maintain glucose homeostasis in both animals and humans [112]. However, some studies showed that trivalent chromium exhibits toxicity [113,114]. The second form of chromium, hexavalent chromium, has been considered toxic in humans following chronic exposure orally or via inhalation, with high levels causing damage to the kidneys, liver, and immune, blood and gastrointestinal systems. Ulceration and sensitivity of the skin, as well as contact dermatitis, can be caused by dermal exposure to this compound [115].



Effects of Chromium on Heart


Studies investigating the effect of chromium picolinate on the cardiovascular system suggest some relationship with carbohydrate metabolism [116]. The standard correlation between persistent diabetes (type 2) and several cardiovascular diseases (irregular vascular functions, elevated blood pressure, and ischemic heart disease) suggest cardiovascular effects of the supplements. Treatment of hypertensive rats with chromium picolinate alleviates the blood pressure induced by sucrose and also improves the vasodilator response elicited by acetylcholine and nitroprusside [117]. In humans, the levels of lipids, proteins, and carbohydrates are conserved by chromium. Binding of chromium to insulin receptors improves the function of insulin in the cell wall. Many studies adopt different methods to measure growth, for example, carcass characteristics, immune functions, reproduction, and tissue deposition [112]. These methods utilize chromium nicotinate, chromium picolinate, and chromium propionate. In kidneys, liver, pancreas, muscles, and blood, the concentration of chromium is improved by nanoparticles of chromium-loaded chitosan provided as a nutritional supplement. The biological availability of inorganic chromium is less than that of organic chromium [118].





2.6. Iron (Fe)


Iron is needed by the body and many biological systems. It is present in trace amounts. Iron also plays an important role in sustaining aerobic life on earth. Iron toxicity is most evident in cats, dogs, and several other animals. Excessive iron consumption has been linked to accidental death in children aged below 6 years.



Normal Percentages of Iron


The percentage of iron in myoglobin is 5–10%. In hemoglobin, the percentage is nearly 70% in mammals. Iron changes to ferrous form (Fe+2) upon binding to normal hemoglobin and myoglobin. The remaining 25% of iron in ferric form (Fe+3) is transferred to organs such as spleen, liver, and bone marrow, where it is converted to ferritin and hemosiderin. Iron is vital for many iron-containing enzymes such as catalase, peroxidase, and cytochrome-c ferric iron [119].






3. Heavy Metal Contaminants in Fruit and Vegetable Crops


Heavy metals, for example, cadmium, copper, chromium, lead, and mercury, are major environmental pollutants. The presence of heavy metals in water, atmosphere, and soil can cause serious problems in all living organisms (Figure 4). Additions of heavy metals to the soil have antagonistic effects on diet, crop growth rate, and environmental health.



The bioaccumulation of heavy metals in food can be extremely dangerous for human health. These metals enter the human body via inhalation and ingestion. This contamination is determined by soil mobility and bioavailability [120]. Here, we discuss the heavy metal contamination in fruit and vegetable crops.



3.1. Crops Contaminated with Heavy Metals


3.1.1. Rice


Rice is a popular food in Asia. The presence of heavy metals and contaminants in rice-based diets increases several risk factors for the human body. Recent studies evaluated the dietary exposure to heavy metals in rice and found elevated concentrations of various heavy metals such as arsenic, lead, and chromium in 71 irrigated and rain-fed rice (Table 1). During the irrigated season and due to the use of contaminated irrigation water, the concentration of heavy metals in the rice grains is generally high: arsenic, 0.153 ± 0.112 and 0.140 ± 0.080 mg/kg; cadmium, 0.073 ± 0.069 and 0.038 ± 0.032 mg/kg; lead, 0.264 ± 0.125 and 0.147 ± 0.077 mg/kg; and chromium, 1.208 ± 0.913 and 0.986 ± 0.796 mg/kg in irrigated and rain-fed rice, respectively [121]. Groundwater contaminated with arsenic is the biggest factor contributing to the high levels of arsenic in the rice samples. Contamination of industrial effluents is related to the higher levels of cadmium, lead, and chromium. In Bangladeshi adults, based on daily rice consumption of 400 g per 60 kg body weight, the estimated daily intake of arsenic, cadmium, lead, and chromium is 18.6–214 µg, 2.6–119 µg, 25.0–241 µg, and 59.0–1846 µg, respectively. Rice alone may contribute up to 46%, 57%, 50%, and 60% of the maximum tolerable daily intake (MTDI) for arsenic, cadmium, lead, and chromium, respectively, which in fact is an important factor in the dietary intake of these elements when compared with other food materials and drinking water. Therefore, for individuals consuming rice or rice products, e.g., in South Asia, the accumulation of heavy metals in rice grains is a big distress.




3.1.2. Wheat


Wheat-based diets are associated with several risk factors due to the presence of heavy metals and contaminants (Table 1). Wheat (Triticum aestivum) crop is the main and integral part of the diet. It contains proteins, carbohydrates, and some inorganic micronutrients [122]. When the accumulation of heavy metals is below controlled limits, wheat grain ingestion is safe [123]. However, when accumulation exceeds the safe limits, it leads to toxic effects and a range of diseases in humans [124]. The concentration ranges of cadmium, lead, arsenic, nickel, copper, zinc, chromium, and manganese are 0.011–0.039, 0.166–0.209, 0.005–1.113, 0.015–2.060, 0.089–4.625, 0.111–3.169, 0.013–1.018, and 0.100–4.467 mg/kg of wheat, respectively [124].





3.2. Vegetables Contaminated with Heavy Metals


3.2.1. Potato


Potato (Solanum tuberosum) is one of the primary food crops in the world. It contains highly digestible carbohydrates and protein, and therefore represents an excellent source of vital nutrients [125]. Heavy metals play both positive and negative roles in human life. Heavy metals, for example, mercury, lead, copper, and cadmium, are extremely toxic to the health of the ecosystem. Heavy metals such as iron, zinc, copper, and manganese are essential to human health. Unnecessary fertilization and pollution of irrigation water are sources of heavy metal pollution in areas of potato cultivation (Table 1). Extremely high intake of important heavy metals can result in toxic effects [126]. The concentrations of iron, copper, zinc, manganese, lead, nickel, and cadmium in potato were 48.87–72.64, 3.07–5.43, 13.80–18.88, 6.93–13.06, 0.51–0.77, 2.02–3.55, and 0.08–0.32 mg/kg, respectively. The accumulation of heavy metals in potato was in the order of iron > zinc > manganese > copper > nickel > lead > cadmium [127].




3.2.2. Tomato


Tomato (Solanum lycopersicum) is an edible food crop. It is used as a staple in several diets around the world. Heavy metals are stored in both edible and non-edible parts of many fruits and vegetables. Food safety concerns make this one of the most serious environmental issues. Vegetables grown in heavy metal-polluted soil carry a higher level of heavy metals than those grown in unpolluted soil [84]. In tomatoes, the concentrations of lead, cadmium, copper, zinc, and chromium are 0.14–0.28, 0.004–0.06, 1.64–2.86, 6.46–8.42, and 0.02–0.08 mg/kg, respectively (Table 1) [128].




3.2.3. Lettuce


Lettuce (Lactuca sativa) is a leafy vegetable. It is used as a staple in several foods around the world. It provides a source of highly digestible carbohydrates as well as protein. Vegetables are a good source of vitamins, minerals, and fiber, and they are also good for human health. These products, appropriately, contain both vital and toxic metals with a wide range of concentrations [129]. In lettuce, the concentrations of lead, cadmium, copper, zinc, and chromium are 0.48–0.63, 0.02–0.12, 1.12–2.44, 8.09–13.6, and 0.09–0.17 mg/kg, respectively (Table 1) [128].




3.2.4. Cabbage


Cabbage (family Brassicaceae) is an edible food crop. It is a rich source of protein. Vegetables grown in heavy metal-contaminated soil have a higher concentration of heavy metals than those grown in uncontaminated soil [84]. In cabbage, the concentrations of lead, cadmium, copper, zinc, and chromium are 0.22–0.53, 0.006–0.08, 1.84–3.40, 6.86–14.3, and 0.03–0.13 mg/kg, respectively (Table 1) [128].




3.2.5. Carrot


Carrot is an edible vegetable crop consumed as a staple food in several diets around the world. It is a source of keratin. Carrots are a good base of vitamins, minerals, and fiber and are also good for health. Carrots contain both crucial and toxic metals over a wide range of concentrations [129]. In carrots, the concentrations of lead, cadmium, copper, zinc, and chromium are 0.12–0.23, 0.01–0.05, 1.14–2.33, 8.22–10.6, and 0.06–1.22 mg/kg, respectively (Table 1) [128].





3.3. Fruits Contaminated with Heavy Metals


3.3.1. Avocado Pear


Avocado pear is widely used for gastronomic and dietary purposes. Avocado fruits are primarily composed of cellulose, hemicellulose, and pectin, which contribute to their smoothness and rigidity. Because of the presence of vitamins and mineral salts, fresh fruits and vegetables are extremely important in the diet. They also contain water, calcium, sulfur, iron, and potash [130]. However, heavy metal contamination can reduce the benefits of fruit consumption. These heavy metals are mostly recalcitrant in the environment. They are non-biodegradable and thermostable, and hence, they can easily accumulate to lethal levels. In avocado pear, the concentrations of cadmium, copper, zinc. iron, lead, nickel, manganese, and cobalt are 0.15, 3.10, 8.87, 28.60, 1.69, 3.34, 1.31, and 1.62 mg/kg, respectively (Table 1) [131].




3.3.2. Orange


Orange is generally used for gastronomic and dietary purposes. The fruits contain pectic and cellulosic materials that contribute to their rigidity and texture. Fresh vegetables and fruits are of great importance in the diet due to the abundance of minerals and vitamins [130]. In orange, the concentrations of cadmium, copper, zinc, iron, lead, nickel, manganese, and cobalt are 0.10; 0.23; 7.22; 19.0; 5.80; 2.99; 1.09; and 1.67 mg/kg, respectively (Table 1) [131].




3.3.3. Pawpaw


Pawpaw is widely used for gastronomic and dietary purposes. The fruits are made up of essential cellulose and hemicellulose ingredients that contribute to their rigidity. Fresh vegetables and fruits are of great importance in the diet because of an abundance of minerals and vitamins [130]. In pawpaw, the concentrations of cadmium, copper, zinc, iron, lead, nickel, manganese, and cobalt are 0.22, 05.29, 07.31, 29.60, 05.57, 05.87, 01.03, and 3.56 mg/kg, respectively (Table 1) [131].




3.3.4. Pineapple


Pineapple is commonly used for gastronomic and dietary purposes. The fruits mainly contain pectic and cellulose substances responsible for their texture. Because of the presence of vitamins and mineral salts, fresh fruits and vegetables are extremely important in the diet [130]. In pineapple, the concentrations of cadmium, copper, zinc, iron, lead, nickel, manganese, and cobalt are 0.08, 0.64, 6.78, 25.70, 4.52, 1.16, 2.60, and 1.43 mg/kg, respectively (Table 1) [131]. We always use fruits within safe limits to secure our life. A comparison of the concentrations of heavy metal accumulation in many crops, fruits, and vegetables was made. Heavy metals present in crops, fruits, and vegetables do not pose a direct threat to human health. However, continued consumption of these crops, fruits, and vegetables, even with adequate contamination levels, can lead to accumulation in the body and have long-term lethal consequences. Therefore, it is essential to implement an annual monitoring program for heavy metals in food (Table 1).






4. Heavy Metal Toxicity Biomarkers


Toxicology requires necessary tools and knowledge to assess exposure to toxic agents, measure the extent of the possible toxic response, and determine the likelihood of adverse effects. Thus, the techniques and tools necessary to perform this type of analysis are called “biomarkers”. In recent years, the emphasis has been on environmental viability of individuals and populations exposed to chemical pollution, which opens up many possibilities for rapid and sensitive detection of chemical stress in organizations [117]. Mussali-Galante et al. [132] investigated three types of biomarkers most commonly used to analyze heavy metal pollution in the environment at all levels of biological organization.



4.1. Types of Exposure Biomarkers


4.1.1. Internal Dose Biomarkers


Because of their reliability, precision, and relevance to individual risk, they are the most widely used biomarkers [133]. They are used in combination with parameters of external exposure. Currently, several techniques are available for highly sensitive analysis of very low concentrations of chemicals or their metabolites in various cells, organs, or body fluids. These biomarkers explain the differences in absorption, metabolism, bioaccumulation, and excretion of the compound in question. They indicate the actual dose of the substance in a specific organism and tissues [120]. These are used as internal dosimeters to measure metal exposure, such as total inorganic arsenic or its metabolites in hair, blood, nails, and urine [121].




4.1.2. Biologically Active Dose Biomarkers


These biomarkers appear relatively early in the path of disease exposure. Some of them have been linked to an enhanced risk of developing diseases like cancer. The best-known examples are DNA adducts, which are formed by covalent bonding of all or part of a metal molecule with chemical fragments of DNA, which are products generated when an activated chemical species binds covalently to negatively charged fragments. In this regard, DNA adducts are among the most informative biomarkers that can be used to measure exposure to genotoxic agents [134].





4.2. Role of Biomarkers in the Molecular Detection of Adverse Effects


Biomarkers reflect initial changes that may lead to clinical disease [135]. These biomarkers are not evidence of disease caused by environmental pollution, but rather tools for understanding a process that can eventually lead to negative consequences [136]. They can detect changes in important genetic targets such as DNA, including DNA breaks and chromosomal and micronuclear aberrations. Arsenic has been implicated in numerous studies investigating the role of biomarkers at the biochemical level, providing a wealth of information involving oxidative damage to DNA and proteins, as well as alterations in a wide range of enzymes such as DNA repair and metal-binding proteins [137]. Single-stranded (SSB) and double-stranded (DSB) DNA breaks are used to assess the potential consequences of environmental metal pollution in order to determine the genotoxic damage caused.




4.3. Biomarkers of Susceptibility


Given the importance of metabolism in toxicological research, there is substantial interest in the role of genetic variations in toxic response, as well as variations in susceptibility and related markers [138]. Several enzymes linked to disease show significant differences in terms of activity levels within the population, such as N-acetyl-transferase, several cytochromes P-450 (CYP), and glutathione transferase (GST), among others [139]. In some studies, trace metals have been shown to regulate CYP expression, as well as heavy metals such as mercury and lead [140]. Each of these enzymes has a colossal role in activating or detoxifying chemical exposure. Similarly, the genetic loci of these and other metabolic enzymes have been identified, allowing the detection of polymorphisms and phenotypic differences in the population. Polymorphisms and differences in enzymatic activity may play a role in different metal responses [141]. Single nucleotide polymorphisms (SNPs) are the most common types of DNA sequence variation in human genome, which contribute to phenotypic diversity by influencing the risk of certain diseases and the variable response to the ecosystem [139]. Therefore, the study and detection of SNPs is important when studying responses to metal exposures.





5. Conclusions


Despite their beneficial role in homeostasis, several heavy metals in water, air, and soil can cause serious biological and cellular effects in humans and other organisms. Contamination with these metals can diminish the health benefits of consuming fruits, crops, and vegetables, suggesting that different heavy metals exhibit toxic effects mediated via different mechanisms. However, these mechanisms were not completely elucidated, suggesting the need for further investigation into their toxicity.



Reducing the risk associated with the use of food crops polluted with heavy metals is a priority that requires a well-planned approach. To improve food security, the sources of heavy metal contamination must be reduced by implementing and enforcing laws and regulations, as well as adopting good agricultural practices. Despite the scarcity of farmland for plant growth, care should be taken when planting near industrial and mining sites. Furthermore, an assessment based on the accumulation of various heavy metals in soil and food crops is required to minimize public health challenges caused by the consumption of polluted agricultural crops.



We should always use food items within safe limits. Biological remediation, such as phytoremediation, may be an environmentally friendly and cost-effective method to reduce the toxicity of heavy metals in lightly polluted soil. Using secure measures, environmental technologies such as nano-tools and farmer brotherhood consciousness could greatly improve opportunities for regional economy and livelihood. Environmental pollution is a major contributor to this threat, which must be addressed by reducing heavy metal pollution and implementing sustainable agricultural practices.



The study limitations relate to the correlation between positive and negative effects of different heavy metal compounds. Indeed, as we indicated, some heavy metals play an important role in homeostasis and their toxicities are related only to their concentrations. Therefore, further studies are needed to evaluate the toxicity of heavy metals at different concentrations and establish the correlation between positive and negative effects of different heavy metals. Moreover, the degree of toxicity of each heavy metal was not well established, suggesting the need to determine the toxicity of each compound at the field level.
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Figure 1. The cellular effects of heavy metals, as well as the balance between ROS production and antioxidant defense. 
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Figure 2. Arsenic toxicity mediated via different cellular mechanisms. 
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Figure 3. Effects of elevated lead concentration in the blood. 
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Figure 4. Effects of heavy metals on vegetables. 
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Table 1. Comparison of the effects and mechanisms of heavy metal toxicity, due to cadmium, lead, mercury, chromium, and arsenic [28].
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	Toxic Metals
	Organ Toxicity
	Disrupted Macromolecule/Mechanism of Action
	Refs





	Mercury (Hg)
	CNS injuries

Renal dysfunction

GI ulceration

Hepatotoxicity
	Aquaporin mRNA reduction

Glutathione peroxidase inhibition

Increased c-fos expression

ROS production

Enzyme inhibition

Thiol binding (GSH conjugation)
	[1,29,30]



	Lead (Pb)
	CNS injury

Hematological changes (anemia)

Pulmonary dysfunction

GI colic

Liver damage

Reduced pulmonary function

Cardiovascular dysfunction
	Enhanced levels of inflammatory cytokines:

IL-1β, TNF-α, and IL-6 in the CNS

Increased serum ET-1, NO, and EPO levels

Inactivation of δ-ALAD and ferrochelatase (inhibition of heme biosynthesis)

Reduced GSH, SOD, CAT, and GPx levels
	[31,32,33,34]



	Chromium (Cr)
	Kidney dysfunction

GI disorders

Dermal diseases

Increased occurrence of cancers, including bladder, kidneys, lungs, larynx, testicular, bone, and thyroid
	DNA damage

Genomic instability

Oxidative stress and ROS generation
	[35,36]



	Cadmium (Cd)
	Degenerative bone disease

Kidney dysfunction

Liver damage

Lung injuries

GI disorders

Metabolic syndromes associated with Zn and Cu

Cancer
	miRNA expression dysregulation

Apoptosis

Endoplasmic reticulum stress

Cd-MT absorption by the kidneys

Dysregulation of Ca, Zn, and Fe homeostasis

Low serum PTH levels

ROS generation

Altered phosphorylation cascades
	[37,38,39,40]



	Arsenic (As)
	Cardiovascular dysfunction

CNS injury

Skin and hair changes

Liver damage

GI discomfort
	Alterations in neurotransmitter homeostasis

Uncoupler of oxidative phosphorylation (inhibition of ATP formation)

Damaged capillary endothelium

Thiol binding (GSH conjugation)
	[41,42,43]
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