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Abstract

:

Environmental problems have always received immense attention from scientists. Toxicants pollution is a critical environmental concern that has posed serious threats to human health and agricultural production. Heavy metals and pesticides are top of the list of environmental toxicants endangering nature. This review focuses on the toxic effect of heavy metals (cadmium (Cd), lead (Pb), copper (Cu), and zinc (Zn)) and pesticides (insecticides, herbicides, and fungicides) adversely influencing the agricultural ecosystem (plant and soil) and human health. Furthermore, heavy metals accumulation and pesticide residues in soils and plants have been discussed in detail. In addition, the characteristics of contaminated soil and plant physiological parameters have been reviewed. Moreover, human diseases caused by exposure to heavy metals and pesticides were also reported. The bioaccumulation, mechanism of action, and transmission pathways of both heavy metals and pesticides are emphasized. In addition, the bioavailability in soil and plant uptake of these contaminants has also been considered. Meanwhile, the synergistic and antagonistic interactions between heavy metals and pesticides and their combined toxic effects have been discussed. Previous relevant studies are included to cover all aspects of this review. The information in this review provides deep insights into the understanding of environmental toxicants and their hazardous effects.






Keywords:


heavy metal pollution; pesticide risks; toxic effect; agroecosystem; health implications












1. Introduction


Due to enormous economic development and rapid growth in many fields, such as agriculture and industry, the environment is becoming more polluted [1]. Environmental pollutants are toxic substances that enter the environment from both anthropogenic and natural sources. Certain environmental processes, such as synthetic industries, coal conversion, and waste burning, result in hazardous problems for abiotic elements (water, air, and soil) and biotic communities (animals, plants, and humans) [2]. Usually, environmental toxicants include heavy metals and pesticides, and threaten the entire ecosystem, seriously damaging its function and structure [3].



Naturally, heavy metals are metals with a high atomic weight and a density greater than 5 g/cm3 [4]. Compared with their physical properties, the chemical characteristics of heavy metals are the most practical aspects. Environmental toxicity exceeding standard maximum residue limits (MRL) has received heightened consideration from think tanks worldwide [5,6]. Cadmium (Cd), lead (Pb), copper (Cu), and zinc (Zn) cause an alarming combination of environmental and health problems [4,5]. Heavy metals arise from many sources, such as industry, mining, and agriculture. In terms of the sources in the agricultural sector, these can be categorized into fertilization, pesticides, livestock manure, and wastewater [7]. Recently, the risk of heavy metals pollution in the environment has been increasing rapidly and creating turmoil, especially in the agricultural sector, by accumulating in the soil and in plant uptake [6]. The heavy metals contamination problem has become urgent, and needs radical and practical solutions to reduce the hazards as much as possible.



Even though heavy metals are needed for several organs of both plants and humans, they become toxic when their concentration exceeds the prescribed level. Many studies have been done in this area, reporting that the primary sources of heavy metals are agriculture, mining, agrochemicals, and industry. A study done by Xiao et al. [8] reported that agriculture and industry significantly influence heavy metals pollution in agricultural soil and plants, especially soils near cement and electroplating factories. In other words, the soil surface is a fertile place for storing heavy metals, and then transferring them to the plants by absorption along with water through the roots followed by the vascular system.



Heavy metal accumulation can be described as an aggregation of elements in the ecosystem. Plant roots are the essential point of contact for heavy metal ions transmitted from the soil. They tend to stabilize and connect the pollutants in the soil, therefore reducing their bioavailability. The mechanisms of heavy metals transmission to plants include (i) phytoextraction (subprocess of phytoremediation in which plants eliminate hazardous components from contaminated soil), (ii) phytostabilization (immobilization and reduction of the mobility of heavy metals in soil), and (iii) rhizofiltration (a form of phytoremediation to use plant roots to absorb the toxic substances). These metals cause damage to plants, and extend to harm human health through transference in the food chain [9,10].



Recently, due to the rapid evolution of technology, the ecosystem and humans have been exposed to many types of chemical toxicants, in particular, pesticides (herbicides, insecticides, and fungicides) [11,12]. Scientists have defined pesticides as synthesized chemical compounds used in many areas, including in the agricultural sector, to control pests [13]. Therefore, pesticides are considered as efficient, economical, and effective weapons in integrated pest management systems (IPMs) [14]. The uncontrolled use of pesticides causes their bioaccumulation in food chains, which leads to high risk to mammals and other non-target organisms [15]. In addition, the direct or indirect effect of pesticides on non-target organisms leads to an imbalance of the surrounding ecosystem [16]. Moreover, the pesticide residues remain in the plant parts, soil, air, and even penetrate into water [17]. Such residues are considered as one of the most destructive threats the ecosystem faces; these can exist in the environment for a long time, with carcinogenic effects [12].



The deleterious health problems caused by toxicants are increasing due to their penetration and accumulation through the food chain, and their persistence in the ecosystem [18]. Such contaminants can cause acute and chronic diseases in the human body, such as lung cancer, renal dysfunction, osteoporosis, and cardiac failure [19]. Tong et al. [20] mentioned the degree of human health threats posed by heavy metals in China’s urban areas during the period 2003–2009. The results showed that human health risk reports for heavy metals suggested that absorption was the primary route of exposure that has harmful effects on human health. The accumulation of heavy metals in internal human tissues can affect the central nervous system, and act as a pseudo-co-factor or promotor of some health problems, such as seizures (epilepsy), headache, and coma. Heavy metal contamination is considered as a health threat to both adults and children [21]. Pesticides are also hazardous to humans and other living organisms through contaminated food, water, or inhalation of contaminated air [22]. Exposure (whatever the level) to pesticides is hazardous to the behavior and physiology of humans [23]. Furthermore, pesticides are linked with a wide range of diseases, such as hypersensitivity, cancer, asthma, and hormonal disturbances. In addition, they can also lead to congenital disabilities, reduce birth weight, and even cause death [24,25].



Overall, in light of the aforementioned ecological risks, this review covers the sources of heavy metals, the classification of pesticides, and the types of both toxicants. It also discusses the properties of agricultural soils that change due to the contamination of heavy metals and pesticides. In addition, the harmful effects on different plant species ranging from infection to death have been discussed. The novelty of this study is to provide an integrated synthesis of knowledge on the complete pathway of both heavy metals and pesticides starts from their various sources, accumulation in soil and plant, and then reaching human beings. In addition, the synergistic and antagonistic interactions between heavy metals and pesticides, and their combined toxicity in soil, plants, and humans have been reported.




2. Sources of Heavy Metals


Scientists divided the sources of heavy metals into two major groups; natural and anthropogenic sources. Natural sources, such as sedimentary rocks, volcanic eruptions, soil formation, and rock weathering, while anthropogenic sources include industry, agriculture, mining, and domestic effluents [26]. However, pollution indicators are an effective mechanism for characterizing soil anthropogenic and geogenic pollution. Nevertheless, it should be noted that source apportionment may be difficult in many cases, despite sophisticated research technics applied [27]. Alloway [28] discussed the different sources of heavy metals and their origin variation, which include sedimentation of aerosol particles, raindrops containing heavy metal, and agrochemicals. Although the study reported many types of metals, it mainly focused on Cd, Pb, Cu, and Zn, which are the same studied heavy metals in this study.



2.1. Natural Sources of Heavy Metals


Among the natural sources of heavy metals, igneous and sedimentary rocks are considered as the most common. The concentration ranges (ppm) of heavy metals in the igneous and sedimentary rocks are listed in Table 1. It has been found that elements that existed in one rock type have varying proportions, as well as proportions of different elements vary from one rock type to another [29]. Heavy metals concentration can be determined according to the type of rocks and the surrounding ecosystem conditions [30]. In addition, soil formation is also considered as one of the main reasons of heavy metals accumulation besides river sediments.




2.2. Anthropogenic Sources of Heavy Metals


Industries, agriculture, mining, and wastewater are deemed anthropogenic sources of heavy metals. These sources significantly lead to the elevation of heavy metals concentration and pollution in the ecosystem, e.g., smelting that results in releasing Cu, Zn, and As; insecticides that contribute to release As; burning of fossil fuels that produces Hg, and cars exhaust that assists in releasing Pb [32]. In addition, daily human activities, such as farming, industrial processes, and manufacturing, impair the balance of the biosphere [33]. Figure 1 shows preeminent anthropogenic sources of heavy metals.




2.3. Agricultural Sources of Heavy Metals


Agroecosystems are usually affected by many types of pollutants, including agricultural pollutants, which are known as biotic and abiotic byproducts of farming practices. These pollutants usually cause contamination and degradation of the surrounding agroecosystem. Among the agricultural sources of heavy metals, fertilizers, pesticides, and sewage sludge are the most common [28]. The toxic heavy metals vary in nature and the way of accumulation, whether in soil or plants.



Fertilizers as a Source of Heavy Metals Accumulation in Agricultural Soil and Plant


Fertilizers supply different necessary nutrients to enhance plant growth and productivity and increase the soil organic matter. Thus, fertilizers improve soil fertility [34]. Fertilizers can be classified into organic (natural) and inorganic (synthetic) fertilizers. Organic or biofertilizers are produced after the anaerobic digestion (AD) process in the form of ammonium fertilizers (sulfate and nitrate) [35]. Inorganic fertilizers, also known as chemically manufactured/synthetic fertilizers, are a mix of inorganic substances and chemical materials [36]. Fertilizers, including organic and inorganic elements, are responsible for producing heavy metals in the soil. According to the region, Table 2 presents a comparison between the worldwide and European Union (EU), and how heavy metals in different types of fertilizers are varying. Phosphorus is widely used in fertilizer synthesis; simultaneously, it plays a significant role in heavy metals accumulation through its application to the soil [37]. Water-insoluble phosphorus fertilizers have been shown to produce phosphate rocks, which play a major role in the immobilization of metals by precipitation as metal phosphates in the soil [38]. Excessive use of fertilizers for a long time resulting in heavy metals accumulation in agricultural soils reduces soil fertility, and consequently decreases plant growth and productivity [39]. It is extremely challenging to recover the soil environment after heavy metals contaminate the soil. Cu, Zn, and Cd have a higher accumulation potential in agricultural soil due to the long-term use of fertilizers [40]. Phosphate fertilizers, liming materials, and bio-fertilizers are the main types of inorganic fertilizers that contribute to the release of heavy metals in agricultural soil and are then taken up by plants [41]. Therefore, they enter into the food chain and reach animals and humans [42].






3. Pesticides as an Environmental Pollutant


By 2050, the world population is estimated to exceed 10 billion, so the food production needs will spike, and world nations will try to overcome that [43,44]. According to Saravi and Shokrzadeh [45], world populations grow by an estimated rate of about 97 million/year.



Globally, crop injury is caused by approximately 50,000 plant pathogens species, 9000 insects and mites’ species, and 8000 weeds species [46]. These crop injuries are estimated as plant pathogens loss 13%, insect pests loss 14%, and weeds loss 13% [47]. In contrast, pesticides are necessary for plant production, especially the economically important crop species. According to the predictive studies, pesticides protect around one-third of total agricultural products worldwide [48]. Recently, about 2 million tons of pesticides are used globally as 47.5% for herbicides, 29.5% for insecticides, 17.5% for fungicides, and 5.5% for other pesticides [49,50], as shown in Figure 2.



Globally, the top-ranked pesticide consuming countries are China, followed by the USA, Argentina, Thailand, Brazil, Italy, France, Canada, Japan, and India [51]. Furthermore, Zhang [46] estimated that annual pesticide use would rise to 3.5 million tons globally in 2020. Moreover, he also estimated the total average of the annual pesticide usage (kg/ha) worldwide during 2010–2014, as presented in Figure 3. Japan was the highest with (18.94), while China (10.45), followed by Mexico (7.87), Brazil (6.166), Germany (5.123), France (4.859), UK (4.034), USA (3.886), and finally, India with the smallest value (0.26).



Pesticides are toxic substances or a mixture of substances that are naturally or chemically synthesized. These are widely used for controlling harmful weeds (herbicides), fungi (fungicides), bacteria (bactericides), and insect infestations (insecticides) in the agricultural field [52]. Moreover, these can be used against some disease carriers and pests (e.g., ticks, rodents, mosquitoes, and lice) in the entire ecosystem [22]. Agricultural fields are the largest consumer, which represent about 85% of the global production of pesticides. Furthermore, these can help suppress and prevent insect infestation outbreaks, fungi, and bacteria in moisturized areas (carpets, refrigerators, and cupboards, etc.) [53].




4. Pesticides Classification


4.1. Major Classes of Pesticides


Pesticides are classified into different groups based on the need of the applicant/user. There are three main classifications as follows: (1) Classification according to pesticides chemical structure, (2) according to the pest they kill, and (3) according to the mode of entry [54,55].



	
Classification according to the chemical structure of pesticides






The most common and helpful style is the classification according to their chemical structure and the nature of active ingredients. This classification is based on the physical and chemical characteristics of pesticide. Such information is beneficial for determining the application method, rate, and the precautions that need to be considered during the application. Within each class, there are many subclasses divided according to their toxicological and chemical composition characteristics. (i) Insecticides contain organochlorines, organophosphorus (OPs), carbamates, pyrethroids, neonicotinoids, and other chemical subclasses; (ii) herbicides contain sulfanilic and carbamic acid, phenylpyrazole, pyridinium, isoxazolyl urea, benzothiazolyl urea, etc.; (iii) fungicides contain carbamates, dithiocarbamates, carboxamides, etc. [55,56]. This subclasses classification is presented in Figure 4.



	
Classification according to the pest they kill






This classification category is based on the target pest’s species. The pesticide names reflect their activity by adding the Latin word “cide” (meaning killer) as a suffix after the corresponding name of pest that they kill. For example, insecticides (insect killer), herbicides (weed killer), fungicides (fungi killer), and bactericides (bacteria killer), etc. [56]. Essentially, not all pesticide names contain the suffix “cide” at the end. There are some pesticides named according to their functions, such as repellents (deters insects or pests away from the host), growth regulators, and attractants (attract pests by using some traps like light traps and sex pheromone traps) [59].



	
Classification according to the mode of entry






This classification explains how the pesticides enter their target’s body/system. It includes some modes of entry, for example, contact, systemic, stomach poisons, repellents, and fumigants, and detailed definitions and examples are presented in Table 3.




4.2. Minor Classes of Pesticides


The minor classes can be categorized into five classes of pesticides: (1) Classification according to the mode of action; (2) according to sources of origin; (3) according to the range of target pests it kills; (4) according to types of a pesticide formulation; (5) according to the toxicity of pesticides [57,60]. In line with our review scope, we will focus only on the last group of minor classes (according to pesticides’ toxicity).



	
Classification according to the toxicity of pesticides






Pesticide’s toxicity is the capability to cause injury to an organism. It is determined by exposing target organisms to a varying dosage of a particular formulation, according to hazardous health effects associated with toxic pesticide behavior. The World Health Organization (WHO) divided them into four types [61]. A lab experiment on rats was conducted by WHO to administrate the pesticide doses (orally and dermally). Then LD50 (median lethal dose, which kills 50% of the extensive experimental animal population) was calculated. The four categories ranked from the lowest to highest toxicity and expressed a certain toxicity level are shown in Table 4.





5. Effect of Heavy Metals Toxicity on Agricultural Soil and Plants


As everyone knows, the high level of heavy metal concentrations influences both soil and plant. WHO has set the permissible limits/MRL of their concentrations (mg·Kg−1) in soil and plant (Figure 5) [62]. The metals with high permissible limits are assumed as safe. In soil, the permissible limits of Pb are the highest, followed by Zn and Cu, while the permissible limits of Cd are the lowest. These limits’ values mean that the accumulation of Cd in the soil, even at a lower concentration, is more toxic than Cu, Zn, and Pb. While in the plants, the limit of Cu is the highest, followed by Pb, Zn, and Cd. On the contrary of the soil, Cu has the safest limits, followed by Pb and Zn, while Cd accumulation in plants is the most serious.



5.1. Effect of Heavy Metals Toxicity on Agricultural Soil


Heavy metals are considered as a part of the soil; however, they cause severe damage to the soil and plants when they are highly concentrated. Therefore, they are assumed as toxicants [63]. Chrastný et al. [64] studied the distance between the pollution source and the contaminated soils around a mining area near Olkusz town, Upper Silesia, South Poland. The studied soils were agricultural and forest soils. Their results showed that both soils are suffering from the smelting processes, but at various levels. The heavy metals Cd, Pb, and Zn concentrations were found to be 200, 25, and 20 mg·Kg−1, respectively. A study done by Raţiu et al. [65] investigated the heavy metals accumulation and their different concentrations around the Tisza River and its tributaries. Their findings stated that the concentration of Cd, Pb, Cu, and Zn in different studied areas were ranged as (1.3–21), (38–3630), (54–4850), (200–770) mg·Kg−1, respectively. These results revealed that the concentrations of the studied metals exceeded the permissible limits indicating their toxicity. The low availability of macro-nutrients and soil acidity are among the main problems associated with the accumulative heavy metals toxicity. These problems need to be overcome for the success of the phytostabilization process to remediate the contaminated soils. A comprehensive study was done by Sutkowska et al. [27], who assessed the content of heavy metals and their source apportionment in the Upper Silesia industrial region, Southern Poland. They used different developed pollution indicators to determine the heavy metals content in various soil layers. Their results stated that the concentration of heavy metal was in the following order from highest to lowest: Pb > Cd > Zn in the shallow layers. While in the deep layers, it was Zn > Cd > Pb. The concentration of all metals exceeded the geochemical background levels, indicating the high toxicity of the studied area.



5.1.1. Effect of Cadmium Toxicity on Agricultural Soil


Among the heavy metals, Cd accumulation in the soil is a ubiquitous problem because of the advanced agriculture technology, economic revolution, and the industry’s rapid development. Usually, soil pH and the content of organic matter are the major factors affected by Cd accumulation. With the decreasing of soil pH, Cd bioavailability increased, indicating a defect in soil properties. In 2015, Zeng et al. [66] studied the accumulation of heavy metals in three agricultural areas of Hunan province, China. The study investigated the content of heavy metals in each area. The results stated that Cd and Hg recorded the highest mean values among three tested areas (1.40 and 14.9 mg·Kg−1), respectively, which exceeded the Chinese environmental quality standards for soil. In contrast, as a western country example, Chrastný et al. [67] studied the Cd isotope composition in Olkusz. The study was carried out for two meadows and three forest soil profiles influenced by various contamination sources. Their findings indicated that the upper soils in the forest soil profile revealed that Cd isotope compositions were the heaviest, while the lightest were in the deeper soil humus layer. A comprehensive study done by Liao et al. [68] investigated the toxic effect of Cd on paddy soil properties. They used different kinetic and sigmoid dose-response models to determine ecological doses of Cd. Their results stated that Cd caused inhibitory effects on soil microbial activities, microbial growth, and microbial metabolic processes. Raiesi and Sadeghi [69] also studied the interactive consequences of Cd and salinity on soil microbes and enzymatic activities. Their findings reported the synergistic negative effect of Cd and salinity on soil properties. Moreover, their combined effect caused a reduction of microbial respiration and the content of microbial biomass in soil. Oumenskou et al. [70] measured the heavy metals contamination in agricultural soil using the GIS-based approach. Their results revealed that their concentration exceeded the limits set by WHO and FAO. An et al. [71] confirmed that Cd is highly mobile in the soil and consequently resulted in high toxicity that affected the essential microorganisms, inhibited microbial activities, and absorbed the organic matter in the soil, as well as changed the physicochemical characteristics.




5.1.2. Effect of Lead Toxicity on Agricultural Soil


Pb has been listed as a hazardous heavy metal pollutant due to its high toxicity [72]. Long-term exposure to low concentrations of Pb leads to high toxic levels. The main source of Pb contamination in the soil is its geogenic contribution, which reduces the soil microbial activities. The effects of Pb on soil are several, such as reducing soil nutrients, microbial diversity, and soil fertility [73]. Furthermore, earthworms (Eisenia fetida) are usually affected by Pb toxicity, which may cause earthworm mortality. Reducing Pb bioavailability in the soil through phytoremediation or phytostabilization strategies is an important issue that should be a focus of concern [74]. Many studies were done on the effect of Pb on agricultural soil in different geographical locations. Vega et al. [75] reported the impact of soil properties on absorption and retention of Pb. The results indicated that soil pH and cation exchange capacity were the important parameters influenced by Pb accumulation. In addition, Kumar et al. [76] stated that a negative correlation between Pb solubility and soil pH was found, indicating that the accumulation of Pb in the soil causes a defect in the plant absorption system from the soil. Pb also affects soil sorption capacity and humic acid content in the soil, as presented by [77]. Khan et al. [78] studied the single and joint effects of Pb and Cd on the soil microbial communities and some enzymatic activities. The findings showed that the microbial communities were extremely affected by the contamination. In addition, the inhibition of enzymes’ activities has also been noted. The combined toxic effects of Pb and Cd were obvious on the number of bacteria and actinomycetes, which were notably reduced. Naturally, some essential soil factors control the mobility and bioavailability of Pb in the soil, such as soil pH, organic matter, ionic exchange capacity, and texture, which are affected by Pb accumulation in the soil.




5.1.3. Effect of Copper Toxicity on Agricultural Soil


Cu is an important micronutrient that is essential and necessary for plants. In addition, it is a significant element in the soil. Cu toxicity is a type of poisoning that causes a defect in any system in which there are above the supra-optimal levels [79]. In agricultural soil, Cu availability is usually affected by several factors, such as soil pH, since its availability is usually higher in acidic soil than in alkaline and organic matter [80]. The high accumulation rate of Cu in the soil is often due to the use of Cu-based fungicides or because of other agricultural activities. Naturally, the range of Cu concentration in agricultural soil is between 5 and 30 mg·Kg−1, but this level depends on the condition and the soil’s location [81]. As an example of a European country, Caetano et al. [82], studied the Cu toxicity in natural soil in Portugal; the ecotoxicological assessment reported a negative correlation between the Cu concentration and urease activity. Urease is one of the extracellular enzymes that breakdown the organic matter of soil [83]. The results mentioned above were consistent with the study done by Gülser et al. [84]. Numerous studies informed that Cu toxicity could significantly inhibit soil microbial activities. Cu toxicity can also destruct cell membrane and cause protein denaturation in microbes. Wang et al. [85] studied the toxic effect of Cu on soil microorganisms and microbial biomasses. It has been found that the microorganisms extremely affected by the toxicity were in the following order: Bacteria > actinomycetes > fungi. A study done by Frenk et al. [86] demonstrated the negative effect of nanoscale Cu in the form of copper oxide (CuO) on the microbial groups of soil, such as Rhizobiales. Although the applied CuO concentration was only 1%, it caused a significant decrease in oxidation potential and changed the community formation. Shaw et al. [87] studied the long-term effect of Cu on agricultural soil functions. The results endorsed that Cu concentrations, which were over 200 mg·Kg−1 averted in agricultural soil due to high toxicity.




5.1.4. Effect of Zinc Toxicity on Agricultural Soil


Zn is an important micronutrient, promoting plant growth hormones and proteins [88]. It has an active role in plants’ metabolic and physiological processes since it is involved in sugar consumption. However, the imperilment of Zn toxicity is exhibited in its adverse effect on the soil microorganisms that contribute to enhancing soil fertility and structure [89]. The Zn toxicity has a notable relationship with the soil enzyme’s active sites, replacing certain cations that are crucial for cell performance [90]. Moreover, Barman et al. [91] stated that Zn deficiency affects the soil characteristics such as pH, the content of organic matter, bicarbonate content, and impedes the role of Mg and Fe in the soil. Pietrzykowski et al. [92] studied the content of Zn in contaminated soil located in southern Poland. Zn concentration was 10638 mg Kg−1, which exceeded the permissible limits indicating the great harm of this kind of soil to plants and humans. These findings are consistent with Ciarkowska et al. [93], who also demonstrated the high concentration of Zn in the studied soil, which harms the activities of the soil enzymes. Wyszkowska et al. [94] investigated the negative role of heavy metals toxicity on soil characteristics, microbes, and enzymes in Poland. Their study reported that high soil pH increased the bioavailability of Zn. Excessive concentrations of Zn and other metals disrupt the soil homeostasis. Moreover, inhibition of microbial enzymatic activities was also noted.





5.2. Effect of Heavy Metals Toxicity on Plants


Naturally, the plant requires essential elements for growth. Although these trace elements are essential, exposure to heavy metals can severely damage plants. The effect of heavy metals on plants starts in the rhizosphere, where metalliferous minerals and substances interact with root exudates. Cabala and Teper [95] studied the characteristics of the rhizosphere soils polluted by Zn–Pb mining, and thus their negative effect on plant roots. The carbonate formations transpiring on plant roots indicate vital oxidation and dissolution of minerals in the rhizospheres. These processes have been found to increase the metal ion concentrations in solutions of the rhizosphere. Cd toxicity causes a deficiency of minerals in plants [96]. A high concentration of Pb can cause different physiological and biochemical deficiencies [97]. In addition, Cu and Zn interact with each other, affecting the bioavailability of nutrients in the soil. The pathway and mechanism of action of heavy metals, starting from accumulation in the soil passing through the plant uptake reaching different parts of the plant, are shown in Figure 6. The heavy metals produce free radicals, resulting in elevation of intracellular levels of reactive oxygen species (ROS), causing oxidative stress, which causes damage to the biological molecules (e.g., proteins, nucleic acids, lipids, and enzymes). The defect in all these biological molecules causes many physiological problems, such as DNA, cell damage, and the inhibition of enzymatic activities, which may ultimately lead to the death of the entire plant [98].



5.2.1. Effect of Cadmium Toxicity on Plant


Cd is considered as a non-essential and dangerous heavy metal, as it is found in the environment through some anthropogenic sources causing risks to the whole ecosystem [99,100]. According to mobility, bioavailability, and concentration, most Cd ions are absorbed by plant roots; however, the remaining amount can be absorbed directly from the atmosphere [101]. In addition, Cd enters plant cells via other transporters such as Calcium (Ca) channels and accumulate in roots, shoots, and edible parts [100]. A high concentration of Cd in plants causes many physiological and biochemical changes [102]. Furthermore, Cd accumulation in plants results in toxic effects such as inhibition of some processes (minerals transportation, photosynthetic apparatus, and nutrient uptake). In addition, it can inhibit the transportation of Fe into plant shoots [99,103]. Cd has a toxic influence on plant phenotype (e.g., reducing plant weight and length of roots and shoots), cytotoxicity (e.g., reducing chlorophyll content and inhibiting photosynthetic performance), and metabolic processes (e.g., chlorosis and cell damage) [104]. Seregin et al. [105] reported that xylem parenchyma was responsible for heavy metals translocation into conducting tissues; however, the transportation of Cd through the xylem was limited. Gratão et al. [106] stated that Cd toxicity could decrease the roots’ dry mass and length. Recently, a study done by Vardhan et al. [107] investigated the ecological effect of Cd ions on Lactuca sativa seeds using Pichia sp. and Azotobacter chroococcum. The results revealed that Cd (II) inhibited seed germination, reduced the biomass, and hindered the growth and development of roots. In addition, the Cd (II) had a negative impact on microbial growth.




5.2.2. Effect of Lead Toxicity on Plant


Like Cd and mercury (Hg), Pb is not essential for plant growth [108]. Pb is considered as a useful and toxic metal at the same time [109]. It has been categorized as a major pollutant due to its high toxicity [110]. Usually, Pb ions are transported from the soil to the plant via roots through the xylem [111]. Pb toxicity is serious to plants even at low concentrations, which obstructs healthy plant growth and reduces crop yield and productivity [112]. The risk of Pb toxicity in plants is evident in reducing the nutrient uptake and deactivating the permeability of the cell membrane [113]. Pb accumulation in plants causes physiological problems, such as DNA damage and destroying root and shoot systems [114], and affects the enzymatic activities [115]. The effect of Pb toxicity on plants was studied by Nas et al. [116]. The results indicated that a high concentration of Pb affected the fresh biomass and plant growth. The results obtained were consistent with the previous study of Cimrin et al. [117]. A study on soybean crops done by Hamid et al. [118] investigated the toxic effect of Pb on crop growth; the results obtained demonstrated a decrease in the chlorophyll content in the plant. Kushwaha et al. [119] demonstrated that Pb inhibited seed germination and decreased the protein content. They also noted that if the Pb level exceeds the critical threshold, morphological and physiological processes would be severely affected.




5.2.3. Effect of Copper Toxicity on Plant


In terms of worldwide consumption, Cu is ranked third after steel and aluminum. A small amount of Cu is a necessary element for plant nutrition and seed production. However, at high concentrations, Cu is considered a very toxic metal [120,121]. Cu uptake by the plant depends on several factors, such as physicochemical characteristics of the soil and other physiological parameters of the plant [122]. Naturally, the Cu concentration in the roots is higher than in shoots because the root system is responsible for the Cu ions’ uptake from the soil. Kopittke et al. [123] reported that the highest concentration of Cu in the roots was found in the root epidermis. A review article by Adrees et al. [124] stated that Cu toxicity led to a decrease in the crop yield, biosynthesis of chlorophyll, and plant productivity by modification of photosynthesis and nutrients. The concentration of 5 mg Kg−1 of Cu is sufficient to harm the plant, reducing plant growth and productivity. For productivity and morphological effects, Barbosa et al. [125] studied the impact of excessive Cu concentration on the maize plant. Their results indicated that plant height was decreased significantly by raising the applied dose of Cu. Aly et al. [126] also studied the negative effects of the high concentration on maize plants. The findings reflected a noticeable decrease in the shoot length, indicating that the toxic effect of Cu reaches all parts of the plant.




5.2.4. Effect of Zinc Toxicity on Plant


Zn is a crucial micronutrient for all living organisms, including plants [127]. Zn is considered as the second most readily available transition metal in organisms after Fe, and it has a strong relation with all enzymatic activities. Usually, Zn is transmitted from the soil as Zn2+ and enters the plant via roots [128]. Zn plays a critical role in photosynthetic redox reactions [129]. Accumulation of Zn in plant roots or shoots causes severe damages. Excessive Zn in plant cells causes high turbulence in physiological processes in plants, followed by plant death [130]. A previous study by Ebbs et al. [131] stated that Zn toxicity led to chlorosis for younger leaves at the early stage of exposure, then reached the old leaves. Another study was done by Hammerschmitt et al. [132] on different types of plants to investigate the Zn toxicity on the young peach tree. The results demonstrated that the accumulation of Zn in the root system prevented the elements from transportation to the leaves. Moreover, the dry matter productivity was also negatively affected. Song et al. [127] stated that the exposure to Zn significantly decreased the root length and the photosynthesis. A critical review done by Balafrej et al. [133] summarized the effect of Zn hyperaccumulation in plants and noted that all the physiological and biochemical mechanisms in plants were affected, indicating the harmful effect of Zn accumulation in plants. As a summary of the above-mentioned negative effects of heavy metals, the most common toxic effects of heavy metals (Cd, Pb, Cu, and Zn) on soil and plants are listed in Table 5.






6. Effect of Pesticides Toxicity on Agricultural Soil and Plants


The excessive and uncontrolled use of pesticides on different crop species leads to harmful effects on beneficial biota, including honey bees, predators, birds, plants, small mammals, and humans. In addition, these ramifications create an imbalance in the biodiversity of the entire ecological system [14,140,141]. Many systemic pesticides, their derivatives, and metabolites are investigated to be moderately safe to beneficial biota, especially beneficial insects, after their direct contact with such toxicants when they feed on plant tissues. As systemic pesticides can contaminate the floral and extrafloral nectar parts when transmitted systemically through the plant’s vascular system, it leads to high percentages of mortality to honeybees and nectar-feeding parasitoids [142].



Moreover, many pesticides, such as chlordane, dieldrin, hexachlorobenzene thiobencarb, and endrin, resist degradation (persistent organic pollutants) and remain in the environment for a long time. Furthermore, persistent pesticide residues can be bio-accumulated and reach up to a bio-concentration more than 70,000-fold compared with the original concentration [22,143]. A study done by Ligor et al. [144] investigated the residues of five neonicotinoids (thiamethoxam, imidacloprid, acetamiprid, clothianidin, and thiacloprid) that were detected in different honey samples collected from different countries. The concentrations of residues depended on the used amount of pesticides (excessive or moderate use), which reflect the accumulation and the toxic effects of such residues on pollinators (honeybees) and other beneficial organisms. The mechanistic pathway of pesticides starting from the time of application followed by photodegradation, absorption by the plant parts (stem, leaves, or fruit), or sorption at the soil level. Once the pesticides reach the soil, they undergo several biodegradation processes; chemical decomposition (pH, humidity, and temperature) and biological degradation (microorganisms’ enzymes). The pesticides residues and degradation by-products uptake through roots via xylem to the entire plant parts causing some deleterious effects to soil and plant. These effects include overproduction of ROS, oxidative stress, DNA damage, photosynthetic blockage, necrosis, chlorosis, leaves twisting, and ultimately ended with plant death (Figure 7) [145,146].



6.1. Effect of Pesticides Toxicity on Agricultural Soil


Many pesticides are being used extensively in the agricultural field to prevent pest damage and improve crop production without considering their harmful effects. As a result of that uncontrolled use, pesticide residues significantly congregate in the soil and increase the contamination, which is directly or indirectly harmful to fauna and flora [147,148]. On the soil level, pesticides can alter the physico-chemical and biological properties of the soil. They can also ultimately disturb microbial activity [149]. Filimon et al. [150] studied the negative impacts of two insecticides (Cypermethrin and Thiomethoxam) on the soil to test a range of physical parameters and determine some biochemical and microbial activities. The results showed that Thiomethoxam leads to a decrease in phosphatase activity by 6.5% compared with control. The number of nitrifying bacteria significantly decreased to 58.1%. Physico-chemical properties were positively correlated with phosphatase, urease, and dehydrogenase activities, while negatively correlated with the aerobic nitrogen-fixing bacteria (Azothobacter vinellandi) and nitrifying-bacteria. Moreover, Cypermethrin leads to a decrease in the activity of the dehydrogenase enzyme by 32.8%. Likewise, the number of nitrifying bacteria decreased by 74%. In addition, humidity and pH values were directly proportioned with urease and dehydrogenase activities and the number of nitrifying bacteria as (r > + 0.9) and (r > + 0.8), respectively.



Recently, Al-Ani et al. [151] determined the influence of two insecticides, Miraj (Alphacypermethrin 10%) and Malathion (50% WP), on soil microorganisms (actinomycetes, fungi, and bacteria) and CO2 production. The results revealed that CO2 production decreased significantly for both insecticides. At week seven, the CO2 production values were 32% and 36% for Miraj insecticide concentrations 100 and 200 ppm, respectively. While for Malathion application with 50, 100, and 200 ppm, the CO2 production values decreased by 42, 45, and 52%, respectively. Moreover, the number of microorganisms and the microbial activity inversely proportional to the insecticide’s concentrations were added to the soil samples. These results agree with Yousaf et al. [152], who presented the poisonous nature of insecticides to soil microorganisms due to the reduction in the production rate of CO2. Goswami et al. [153] showed similar data that applying high concentrations of Cypermethrin insecticide leads to a severe impact on soil respiration and biomass. The effect of organophosphorus insecticides (dimethoate, diazinon, and Malathion) on soil’s microbial communities during 24, 48, and 72 h. The results reflected that microbial growth was significantly inhibited according to the concentration and the exposure time [154]. The repeated application of chlorpyrifos, Malathion, lindane, and endosulfan insecticides reduced the nitrification and denitrification processes in the soil even when these insecticides are applied at the field-recommended doses [155]. Many earlier studies focus on the hazardous effects of different insecticides on various plant species and agricultural soils. Carbamate pesticides inhibit the activity of the nitrogenase enzyme of Azospirillum sp. Furthermore, they suppress the growth of various types of soil fauna [156,157]. Niewiadomska [158] stated that imazetapir, carbendazim, and thiram pesticides reduced nitrogenase activity in some plant species, including Rhizobium trifolii, R. leguminosarum, and Sinorhizobium melilot in cultivated samples and under field conditions. Quinalphos decreases soil nitrification and ammonification processes [159,160].



The application of herbicides, especially glyphosate-based herbicides, causes various risks on microbial fauna depending on the application period [161]. Some indirect risks to biodiversity occurred due to the alternation in the physiological and biosynthetic mechanisms of soil ecosystems [162]. Some combinations of herbicides with heavy metals and inorganic fertilizers inhibit the functions of microbial soil communities [163,164]. Such communities are highly intolerant of herbicides’ synergistic interaction with other compounds than the application of a single herbicide [165]. For example, Arif et al. [166] reported that Bromoxynil and Methomyl herbicides decrease the oxidation reaction of methane (CH4) to CO2. 2,4-D decreases the activity of nitrogenase, phosphatase enzymes, and hydrogen photoproduction of purple non-sulfur bacteria and harm the activities of Rhizobium sp. [167,168]. Moreover, Glyphosate leads to a reduction in phosphatase enzyme activity and the growth activity of azotobacter [156,169].



Fungicides are classified as the third broadly used pesticide group after insecticides and herbicides that are being used effectively nowadays for crop protection [170]. Furthermore, they cause harmful effects on non-target organisms such as soil microbial communities and influence soil biochemical processes like respiration [171,172]. Baćmaga et al. [173] investigated that the urease enzyme was the most sensitive to the excessive exposure of azoxystrobin. Baćmaga et al. [174] reported that Falcon 460 EC fungicide significantly suppresses the activity of alkaline phosphatase, acid phosphatase, catalase, urease, and dehydrogenase enzymes in soil samples. In addition, overexposure to these active ingredients causes harmful effects on soil-dwelling microbial communities. Fungicides can neutralize soil enzyme activity due to the alleviation of some substances, such as compost and manure [175,176]. Saha et al. [177] reported that tebuconazole has short-term hazardous effects on soil enzymatic activities (arylsulfatase, phosphatase, urease, and fluorescein). Baćmaga et al. [176] stated that the Chlorothalonil affected the soil microbial communities and the biochemical properties. Moreover, they lead to the stimulation of heterotrophic and actinobacteria. The hazardous effects of Chlorothalonil were observed with applications higher than the recommended doses.




6.2. Effect of Pesticides Toxicity on Plants


Plant transpiration facilitates the absorption of pesticides, which are soluble in soil, into all parts of the plant [50]. Pesticides translocation occurs through the root system, followed by the vascular system. The presence of their metabolites in the plant vascular system is determined by factors like their reactions with soil and plant, doses of applied pesticide, biochemical and physicochemical properties of pesticide, and the mechanism of pesticide entry [60]. The deleterious effects of pesticides on plants can be detected as chlorosis, burns, leaves twisting, stunting, and necrosis [146,178]. The exposure to organophosphorus insecticide chlorpyrifos suppressed the nitrogen metabolism and growth of Vigna radiata L. (mung bean) [179]. Parween et al. [180] investigated chlorpyrifos insecticide’s metabolism and the response of the anti-oxidative enzymatic system of Vigna radiata L. during the different stages of growth after the application. The results showed that chlorpyrifos increased the rate of lipid peroxidation and proline content at a concentration of 1.5 mM during the post-flowering time. Moreover, ascorbate and glutathione levels significantly declined during all developmental stages. The activity of antioxidant enzymes increased with all concentrations during the pre-flowering stage. Sharma et al. [178,181] found that Imidacloprid insecticide caused a reduction in the levels of many phytochemical substances in Brassica juncea, mustard plant.



Spraying herbicides around the vegetative parts of plants negatively affects the flowering and seed production of plants [182]. Such changes cause pigment discoloration and affect the antioxidant enzymes involved in the defense system, lipid peroxidation, and endogenous hormone levels of non-target plants [183]. Kaya and Doganlar [184] reported that the application of imazapic herbicide induces some phytotoxic effects for tobacco plants, including carotenoids, jasmonic acid, antioxidant enzyme activity, and malondialdehyde contents. Recently, Fernandes et al. [185] investigated the effect of glyphosate-based herbicides (GBH) on a non-target plant (Medicago sativa L.). The results reflected an increase in lipid peroxidation that leads to the suppression of roots and shoots growth. Overall, GBH-contaminated soils can greatly destroy the development of non-target plants.



The excessive use of fungicides exerts risky influences on plants (during different growth stages) that cannot be eliminated directly [186,187]. The Falcon 460 EC fungicide showed adverse effects on root elongation and seed germination of some plant species, Sorgo Saccharum, Lepidium sativum, and Sinapsis alba. In addition, the most inhibitory effects were observed on S. alba [174]. Hydrogen peroxide levels were increased significantly in tomato plants when exposed to different concentrations of Chlorothalonil fungicide [188]. Furthermore, Xia et al. [189] reported negative effects on stomatal conductance, photosynthetic rate, and cellular CO2 of the photosynthetic system in cucumber plants. Ijaz et al. [190] examined the activity of five fungicides involved in triazole and strobilurin classes on two growth stages (course of pod development and green floral bud stages). The findings indicated that there was a significant influence on the leaf area. Carbendazim has the most negative bearing on seed germination and a reduction in the pea’s net growth (Pisum sativum L.). Three tested fungicides (Carbendazim, kitazin, and hexaconazole) caused considerable consequences like cellular damages, cytotoxicity, and retardation in root morphology. Due to the fungicides stress, photosynthetic pigment formation and grains production was prohibited. Moreover, some morphological disturbances and alternations in the stomatal behavior of pea leaves [191]. As a summary of the above-mentioned hazardous effects of pesticide, the most common toxic effects of pesticides (insecticides, herbicides, and fungicides) on soil and plant are listed in Table 6.





7. Synergism and Antagonism between Heavy Metals and Pesticides in Agricultural Soil and Plant


Despite the high toxicity that may occur from a single component, there is another complex interaction, which may occur between two or more toxic mixtures, causing unpredictable toxicity. This co-occurrence between toxicants may increase (synergism) or decrease (antagonism) the joint toxicity, whether in soil or plants. This joint toxicity could be stronger (synergistic), similar (additive), or weaker (antagonistic) than the single one. Some factors are controlling the co-occurrence, such as bioavailability and biotransformation of these toxicants [198].



Up to now, there has been a lack of available data about the joint toxic effects of heavy metals and other chemical compounds, such as pesticides, on agricultural soil and plant. However, some few studies have discussed the combined toxicity of heavy metals and some pesticides, indicating their severe joint toxicity. One of the most common and sensitive soil toxicity indicators is the earthworm [199]. Wang et al. [200] studied the effect of combined toxicity of heavy metal (Cd) with five types of insecticides on the earthworms. Their findings reported that 21 ternary mixtures showed different interactive effects. Among them, 11 mixtures exhibited synergistic effects, while 5 recorded antagonistic effects. These results revealed that synergistic interactions could occur more than antagonistic ones.



There are no adequate studies that reported the synergistic/antagonistic interaction between heavy metals and pesticides in plants as well. Chen et al. [201] reported the synergistic effect of 2,4-dichlorophenol (2,4-DCP) with Zn and Cu in ryegrass-planted soil. The results revealed an increase in the solubility and toxic activity of heavy metals to plant compared with 2,4-DCP free samples. Numerous studies reported the combined interactions and effects of heavy metals and pesticides, and are presented in Table 7.




8. Effect of Heavy Metals and Pesticides Toxicity on Human Health


8.1. Effect of Heavy Metals Toxicity on Human Health


Metallic elements are naturally existing environmental components found in the earth’s crust, and their compositions vary according to the different origins and regions [211]. Their presence is considered unique because their complete removal from the environment is difficult once they enter it [212]. Due to the toxic effects, long-term accumulation, and bio-magnification characteristics, heavy metal pollution, even at low concentrations, has attracted widespread attention. Heavy metals are considered one of the most critical toxicants among the multilayered soil and environmental pollutants [213,214]. The existence of heavy metals in the ecosystem increases the potential intake of such toxic components by the living organisms and their accumulation in many body organs, including kidney, liver, bone, etc. Moreover, the accumulation of these metals causes deleterious damage to various body systems, such as nervous, skeletal, endocrine, immune, circulatory, etc. [215,216]. Various diseases associated with the toxicity of heavy metals are presented in Figure 8.



Globally, humans are exposed to heavy metals through inhalation (breathing) or ingestion (drinking or eating). People working at or around factories that use these metals and their compounds are at a high risk, as is being near a site where these metals have been illegally discharged. Lifestyle subsistence can also face higher risks of exposure and health effects related to hunting and fishing practices. Recently, the effect of these toxic substances on human health is an intense concern due to ubiquity of exposure. According to the increased use of a wide variety of metals in manufacturing and our daily life through modern applications, problems resulting from the environmental toxic metal emissions have assumed serious dimensions [217].



8.1.1. Effect of Heavy Metal Toxicity on Children’s Health


Toxic heavy metals have certain penetrating mechanisms, including swallowing, dermal absorption, and inhalation, which cause health effects resulting from heavy metals exposure. The effects of heavy metals on children’s health have become more severe than adults. More consideration should be given to heavy metals due to their high toxicity risk, extensive application, and prevalence [218].



According to Chunhabundit [219], Cd toxicity can cause renal damage due to damaged proximal convoluted tubules, which are associated with mitochondrial dysfunction. Moreover, Cd exposure resulted in osteoporosis [220], pediatric cancer, and it has been related to stunted development in children [221]. Gardner et al. [222] stated that Cd exposure was adversely correlated with infant size at birth (height and weight).



Pb exposure is one of the most common preventable poisonings of childhood. Children are particularly vulnerable to Pb toxicity and suffer irreversible neurological deficits affecting the learning ability and behavior [223]. Surma is a popular eye cosmetic paste used as an eyeliner for children in Afghanistan and other countries in the Middle East, Asia, and Africa. It has been confirmed to contain Pb and potentially cause Pb toxicity in infants, leading to permanent damage to multiple organ systems [224]. Evens et al. [225] reported that children exposed to Pb showed inattentiveness, hyperactivity, and irritability. In addition, extremely high Pb exposure levels have been found to cause an increase in dullness, irritability, and shorter attention span in the central nervous system, subsequently resulting in seizures, epilepsy, coma, headache, and even death [226].



Cu is essential to brain function, but it can be toxic if the cellular concentration exceeds the metabolic requirement [227]. In children, elevated serum Cu levels have been associated with impaired working memory. Zhou et al. [228] have proposed that high Cu concentrations can affect working memory through impaired attention. Wilson Disease (WD) is a hereditary disorder predominantly attributed to hepatocellular Cu disposition due to Wilson ATPase dysfunction, a P1B-ATPase encoded by the gene ATP7B. Although hepatic disorder is normal in children/adolescents, psychiatric, neurological, and hematological clinical manifestations occur. Very young children may have the clinically evident hepatic disease due to WD [229].



Zn toxicity has been infrequently reported in children. Extreme acute intake has been associated with poor appetite, diarrhea, nausea, headaches, and vomiting. In 2003, Arsenault and Brown [230] found that preschool children had Zn intake that surpassed the dietary reference intake, and about 36% of the children had diets containing Zn exceeded the established upper intake level. In the USA, combining enhanced accessibility of Zn-fortified food coupled with increased usage of Zn supplements could contribute to excessive consumption between children [231]. Zn-induced Cu deficiency was identified due to Cu rivalry at the same absorption site [232]. High oral Zn consumption stimulates metallothionein that binds oral Cu and excretes it out of the body [233]. Moreover, Zn supplements can influence the metabolism of lipoproteins, including low-density lipoprotein, high-density lipoprotein, and cholesterol [234]. Excessive Zn supplementation had been shown to contribute to an impaired immune response [235] and may interfere with numerous medicines, including antibiotics (tetracycline and quinolone) and diuretics such as thiazides [236].




8.1.2. Effect of Heavy Metal Toxicity on Adults


Almost all cells and tissues of the human system could be affected by certain heavy metals. Cd and its compounds can interfere in calcium metabolism, renal tubular dysfunction, osteoporosis, bone diseases, and lung cancer [237]. Neurodegenerative diseases, diabetes, and breast and prostate cancers have been reported to be associated with Cd toxicity [238]. Epidemiological studies documented that exposure to Cd may promote the development of musculoskeletal diseases, such as rheumatoid arthritis, osteoporosis, and osteoarthritis [239]. Cd exposure affects male reproductive systems and semen quality, impairs spermatogenesis, particularly hormonal synthesis/release and sperm motility. According to clinical and human trials, Cd also impairs fertility, reproductive hormonal equilibrium, and affects menstrual cycles [240]. Scientists suspect that Cd may pose a threat to pregnant women. One study suggests that Cd may damage the placenta and reduce the weight of the newborn baby [241]. Cd inhalation can lead to significant damage to the lungs and may even cause death [242].



Pb has a broad spectrum of negative impacts on body systems. Symptoms are predominantly non-specific, for example, decreasing the cognitive function in adults, miscarriage in females, infertility in males, behavioral defects in children. Anemia, renal dysfunction, hypertension, and abdominal colic are also common symptoms [243]. Moreover, Pb is extremely serious to the fetus due to its cross through the placenta, and it can also induce adverse birth effects, including preterm birth [244]. It may cause a reduction of circulating maternal thyroid hormone that impacts overall growth trajectories. Pb results in neurotoxicity, nephrotoxicity disorders and affects heme synthesis [245]. Pb has been reported to give rise to toxicity by substituting Zn for heme synthesis and depleting the function of heme synthesizing enzymes. Various types of neurological syndrome, including Pb encephalopathy and palsy, have been documented to be extremely intoxicated by Pb [246]. It is carcinogenic, and high exposure levels may cause death [247].



Cu is a toxic element found in high concentrations in the brain, liver, and kidneys [248]. Cu toxicity typically induces gastrointestinal (GI) side effects such as stomach pain, hematemesis, melena, jaundice, anorexia, and vomiting combined with erosive gastropathy [249]. In addition, altered mentation, coma, headache, and tachycardia may also accompany GI side effects [250]. Patients with intravascular Cu toxicity (i.e., impaired hemodialysis fluid infusion) may show signs/symptoms of intravascular hemolysis, and individuals with glucose-6-phosphate deficits are at high risk for hematological adverse effects of Cu. Neurological symptoms, such as exhaustion, depression, irritability, agitation, and concentration difficulties were also reported. In most acute forms, Cu toxicity results in rhabdomyolysis, heart and renal failure, methemoglobinemia, intravascular hemolysis, hepatic necrosis, encephalopathy, and eventually mortality [251]. Excess Cu concentrations induce oxidative stress and DNA damage, and reduce cell proliferation [252].



Zn is known to be relatively non-toxic, especially if taken orally. However, manifestations of overt toxicity symptoms (epigastric pain, vomiting, nausea, and fatigue) will occur with elevated intakes of Zn. Although clear symptoms of toxicity require the ingestion of comparatively large quantities of Zn, there is evidence that using Zn supplements by humans can have adverse effects under certain circumstances [253]. Zn-induced neurotoxicity has been shown to play a role in neuronal damage and mortality associated with traumatic brain injury, stroke, epilepsy, and neurodegenerative diseases. During the regular firing of “zincergic” neurons, vesicular free Zn is released into the synaptic cleft, where multiple post-synaptic neuronal receptors are modulated. However, excessive Zn released after injury or illness contributes to excitotoxic neuronal death [254]. Increased Zn levels and oxidative stress are the two main factors in developing amyloid plaques in the neuronal tissue of Alzheimer’s patients [255]. Heavy metal toxicity may result in metabolic syndrome, which describes the co-occurrence of triggers that raise one’s risk of heart disease and other disorders such as diabetes [256].





8.2. Effect of Pesticides Toxicity on Human Health


Since the modes of action for pesticides are not species-specific, concerns have been raised about the environmental threats associated with their exposure across different routes (e.g., contaminants in drinking and water food) [22]. Pesticide poisoning is a global public health concern, with almost 300,000 deaths every year worldwide. Pesticide exposure is inevitable; there are multiple methods in which people are exposed to pesticides [257]. Workers in the pesticides sector, transporters of these hazardous substances, farmers, crop vendors, and customers are subjected to various pesticide concentrations [258]. Usually, pesticides are transmitted across the human body by circulation; however, they may be excreted through exhaling air, skin, and urine [14]. There are four common ways pesticides could enter the human body: oral [14], dermal [259], eye [260], and respiratory tract [261]. Pesticide toxicity varies based on the type of exposure, which includes oral, dermal, or respiratory [24].



The risk of pesticide contamination related to health hazards depends not only on how harmful the products are, but also on the extent of the exposure dose [22]. Pesticides toxicity is commonly known to cause only life-threatening diseases such as many types of cancer; however, many other diseases are linked with these toxicants. Most of these disorders can be fatal if they are untreated and compromise an individual’s life quality. Studies also revealed a close relationship between pesticides and cancer development in both adults and children. The people closely associated with pesticide exposure were reported to be at a high-risk level for numerous malignancies, such as neuroblastoma, leukemia, soft tissue sarcoma, Burkitt lymphoma, non-Hodgkin lymphoma, Wilm’s tumor, lung cancer, ovarian cancer, and rectum [262,263,264]. Several epidemiological and clinical studies have documented a relationship between pesticide toxicity and symptoms of bronchial hyper-reactivity and asthma. Pesticide exposure may lead to the exacerbation of asthma by inflammation, irritation, or immunosuppression (Figure 8) [261,265]. Emerging scientific pieces of evidence showed that exposure to environmental toxicants may cause diabetes. Exposure to pesticides, specifically organochlorines and their metabolites, is reported to impart a high risk of developing type 2 diabetes and its comorbidities [266].



Epidemiological studies investigated that environmental factors (e.g., pesticides) play a key role in Parkinson’s disease (PD) initiation. Most studies were conducted to discover a correlation between pesticide exposure and PD. The findings showed a significant positive relationship between them. A potential risk of PD was found to be associated with rotating crops. Furthermore, paraquat was confirmed to be positively correlated with the increased risk of PD. Freire and Koifman [267] and Brouwer et al. [268] documented a relationship between PD and some pesticides use, such as herbicides (paraquat), insecticides (organophosphate and rotenone), and fungicides (cyprodinil, fenhexamid, and thiophanate-methyl). Exposure to such pesticides at adequate doses could increase sperm abnormalities, fetal growth retardation, decrease aberrant fertility abortions, and birth defects risks [269]. The majority of pesticides, including organophosphorus compounds, influence the male reproductive pathways by reducing sperm activities (e.g., counts, viability, density, and motility), suppression of spermatogenesis, decreasing testis weights, and impairing sperm DNA [270]. Observational research of workers exposed to pesticides, concurrently with laboratory animal models, demonstrated how these compounds are responsible for detrimental effects on health. Nevertheless, understanding the molecular mechanism of how pesticides influence human health is critical. Pesticides inhibit the activity of endocrine hormones, release time, or imitate these hormones, which decrease fertility and cause genital tract abnormalities in both males and females [271]. Simultaneously, they cause altered immune function and numerous forms of cancer [272]. Genetic disruption by pesticides can be generally divided into three main classes; (i) pre-mutagenic damages like DNA strand breaks [273], DNA adducts [274], (ii) gene mutations, such as insertions, deletions, inversions, and translocation [275], (iii) chromosomal aberrations, including loss or gain of the entire chromosome (aneuploidy), deletion or breaks (clastogenicity), and chromosomal rearrangements [276]. Genetic changes due to pesticide exposure resulting in polymorphisms leading to an altered affinity to their ligand or modification in the expression of the downstream target genes [277].



Although pesticides are designed to deter, eliminate, or control undesirable pests, many studies have raised questions about the environmental and human health risks associated with such pesticides. Hence, natural biological control agents (viruses, insects, beneficial bacteria, and nematodes) can be used as control strategies. In addition, all stakeholders, including governmental departments, nongovernmental organizations, and producers should make broad-spectrum efforts in research, quality enhancement, product monitoring and registration, and introduce pesticide usage policies while advocating public education concerning pesticides.




8.3. Combined Toxic Effects of Mixtures of Heavy Metals and Pesticides on Human Health


Daily exposure to multiple toxicants increases the threat to human body organs. In a combined form, heavy metals and pesticides pose an upsurge to this menace. Only a little is known about the toxicity of heavy metal-pesticide mixture. Nevertheless, these mixtures may cause impulsive repercussions due to their interaction with each other and with the environment [278]. The literature also lacks knowledge about cellular and molecular changes occurring in human cells and altering human genetics. Some studies conducted on animal models, including but are not limited to a study that found that the spermatogenic element was lost significantly, together with disorganization and seminiferous epithelium and lacking maturation of germs cells in rats due to the combined effect of Cd and diazinon [279]. Cytotoxicity analysis of Cd and chlorpyrifos mixture resulted in lipid accumulation in hepatocytes, causing an increase in hepatic toxicity [280]. A recent investigation on patients related to different occupations with pancreatic cancer exposed to pesticides found that they had higher concentrations of Cd and Mn [281]. Researchers hypothesized that exposure to chemical mixtures occurring at high concentrations and the influence of co-exposure of multiple toxicants need to be further studied.





9. Conclusions


This review highlighted the toxic repercussions of heavy metals and pesticides on three important components of the ecosystem (soil, plants, and humans). The harmful effects of heavy metals and pesticides were comprehensively discussed. In addition, their implications on human health were also observed. Cd is extremely mobile in the soil and consequently affects the essential microorganisms and absorbs soil’s organic matter. Soil pH and sorption capacity can be negatively affected by Pb accumulation. Moreover, Cu has a harmful effect on soil microbial groups, such as Rhizobiales. Whereas Zn can inhibit the activities of beneficial microbes and bacteria. Cd causes inhibition of minerals transportation and negatively affects plant’s microbial growth. Pb accumulation in plants causes DNA damage, chlorophyll content reduction, and inhibition of seed germination. Decreasing crop yield and biosynthesis of chlorophyll are the most negative consequences of Cu toxicity. Moreover, Zn blocks the translocation of nutrients to leaves and decreases photosynthesis causing plant death.



The discussion mentioned above highlights that pesticide residues cause direct and indirect damage to fauna, flora, physicochemical, and biological properties of agricultural soil. Furthermore, they can decrease the enzymatic activity and inhibit the soil microbial communities. Pesticides can cause chlorosis, necrosis, leaves twisting, and photosynthesis malfunctioning due to oxidative stress. Furthermore, many studies investigated that different classes of pesticides lead to nitrogen metabolism suppression, increasing and decreasing some enzymes activity. Moreover, leaf pigmentations can be changed, and fruits and grains may stop growing.



Heavy metals and pesticides cause deleterious implications for human health. Different body organs can be affected along with body systems. Heavy metals toxicity causes serious problems for children and adults by ingestion, inhalation, and dermal adsorption. The harmful health implications of heavy metals can be concluded as neurodegenerative disorders, musculoskeletal diseases, and reproductive hormonal imbalance. Pesticide exposure causes hazardous effects, such as soft tissue sarcoma, ovarian cancer, lung cancers, asthma, and endocrine disruption. Moreover, they cause genetic damages. They also play an important role in Parkinson’s disease promotion and the DNA damage of sperm. As future perspectives and recommendations, the co-occurrence of toxic mixtures, their interactions, and combined toxicity must be investigated in detail. We also suggest that further studies should be carried out on new approaches to the phytoremediation and bioremediation of environmental toxicants.
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Figure 1. Anthropogenic sources of heavy metal pollution. 
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Figure 2. Percentages of global pesticide use (Modified from De et al. [49], Sharma et al. [50]). 
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Figure 3. Total averaged pesticide use per year (Kg/ha) during 2010–2014 (Obtained from Zhang [46]). 
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Figure 4. Pesticide classification by pest they kill and the chemical composition (Modified after Yadav and Devi [57]; Fishel and Ferrell [58]). 
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Figure 5. Permissible limits for concentrations of heavy metals in the soil and plants (Modified after WHO [62]). 
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Figure 6. Mechanism of action and pathway of heavy metals toxicity in soil and plant. 
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Figure 7. Mechanistic pathway of pesticides toxicity in soil and plant. 
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Figure 8. Negative effects of heavy metals and pesticides toxicity on human health. 
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Table 1. Range of heavy metal concentrations (ppm) in igneous and sedimentary rocks (Modified from Cannon et al. [31]).
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	Metals
	Basaltic Igneous
	Granite Igneous
	Shales and Clays
	Black Shales
	Sandstone





	Cd
	0.006–0.6
	0.003–0.18
	0.0–11
	<0.3–8.4
	-



	Pb
	30–160
	4–30
	18–120
	20–200
	-



	Cu
	48–240
	5–140
	18–180
	34–1500
	2–41



	Zn
	2–18
	6–30
	16–50
	7–150
	<1–31
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Table 2. Comparison between heavy metal concentrations (mg·Kg−1) in different types of fertilizers and livestock manure around the world and in the EU (Modified from Alloway [28]).
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Heavy Metals

	
P Fertilizers

	
N Fertilizers

	
Lime Fertilizers

	
Manure Fertilizers




	
Worldwide

	
EU

	
Worldwide

	
EU

	
Worldwide

	
EU

	
Worldwide

	
EU






	
Cd

	
0.1–170

	
13

	
0.05–8.5

	
0.9

	
0.04–.01

	
0.2

	
0.3–0.8

	
–




	
Pb

	
1.0–300

	
26

	
1.0–15

	
2.0

	
2.0–125

	
5.6

	
2.0–60

	
–




	
Cu

	
7.0–225

	
13

	
2–1450

	
1.9

	
20–1250

	
8.2

	
6.6–350

	
–




	
Zn

	
50–1450

	
236

	
1.0–42

	
5.0

	
10–450

	
22

	
15–250

	
–
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Table 3. Pesticides classification according to the mode of entry (Modified from Yadav and Devi [57]).
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	Mode of Entry
	Definition
	Example





	Contact pesticides
	They enter the target’s body by direct contact (especially the physical contact). This type of pesticide enters the body via the epidermal layer.
	Diquat dibromide



	Systemic pesticides
	They are absorbed by the plant vascular system, then translocate to the remaining untreated tissues.
	Glyphosate



	Stomach poisons
	They enter the target’s body via their digestive tract during their food ingestion, followed by death due to the poisoning.
	Malathion



	Repellents
	They do not enter the target’s body and kill them; they only push back and resist the pests to keep them away from the host.
	Methyl anthranilate



	Fumigants
	They kill the pests by producing vapor (gaseous state) of the pesticide. These vapors enter the pest’s body through the spiracles (tracheal system).
	1,3-dichloropropene
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Table 4. Classification according to the toxicity of pesticides set by the World Health Organization (WHO) [61].
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WHO Type

	
Toxicity Level

	
LD50 for the Rat(mg/kg Body Weight)

	
Examples




	
Oral

	
Dermal






	
Type Ia

	
Extremely hazardous

	
<5

	
<50

	
Parathion, Dieldrin




	
Type Ib

	
Highly hazardous

	
5–50

	
50–200

	
Eldrin, Dichlorvos




	
Type II

	
Moderately hazardous

	
50–2000

	
200–2000

	
DDT, Chlordane




	
Type III

	
Slightly hazardous

	
>2000

	
>2000

	
Malathion
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Table 5. Heavy metal toxicity forms and their toxic effects on soil and plants.
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Heavy Metals

	
Toxicity Form

	
Toxic Effects

	
References




	
Soil

	
Plant






	
Cd

	
Cd+2

	
Kill microorganisms, absorb organic matter, and change soil physicochemical characteristics.

	
Reduce biomass and root length, inhibit seed germination, and reduce stem conductivity.

	
[70,99,107,134,135]




	
Pb

	
Pb+2

	
Change soil pH, affect soil sorption capacity, and reduce soil fertility.

	
DNA damage, decrease chlorophyll content, decrease protein content, and cause stunted foliage.

	
[32,74,135,136]




	
Cu

	
Cu salts

	
Change urease activity, affect microbial communities, and decrease oxidation potential.

	
Root deformation, decrease shoot length, reduce polypeptides, and change in lipid content.

	
[82,86,135,137]




	
Zn

	
Zn+2

	
Change bicarbonate and organic matter content, inhibit enzymatic activity, and affect soil pH.

	
Variation in enzymatic activity, obstruction of elements transmission, and cause interveinal chlorosis.

	
[93,135,138,139]
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Table 6. Toxic effects of pesticides on agricultural soil and plant.






Table 6. Toxic effects of pesticides on agricultural soil and plant.





	
Pesticide Type

	
Toxic Effects

	
References




	
Soil

	
Plant

	






	
Insecticides

	
Destruction of microbial structural proteins, symbiotic attributes reduction, change soil chemistry and enzymatic activity.

	
Reduction in grain protein content, blockage of stomatal conductance, and alterations in the photosynthetic process.

	
[192,193]




	
Herbicides

	
Reduction of the soil nutrients availability and suppression of phosphatase and nitrogenase activities.

	
Alteration of the physiological and biochemical plant efficiency, increasing the susceptibility of plants toward diseases.

	
[156,194]




	
Fungicides

	
Interruption of phosphatase, urease, and dehydrogenase activities and inhibition of the nitrifying bacterial growth.

	
Reduction of chlorophyll and carotenoid concentrations, destruction of chloroplasts, stomatal closure, and electron transfer suppression.

	
[195,196,197]
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Table 7. Interaction between heavy metals and pesticides and their joint toxic effect on agricultural soil and plant.
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Heavy Metal

	
Pesticide

	
Joint Interaction

	
Joint Toxic Effect

	
References






	
Soil organisms




	
Cd

	
λ-cyhalothrin

Chlorpyrifos, Atrazine

	
Antagonism

Synergism

	
Earthworm mortality.

	
[200]




	
Pb

	
Acetochlor

Glyphosate

	
Synergism

Antagonism

	
Na

Change soil pH.

	
[202,203]




	
Cu

	
Acetochlor

Cypermethrin

	
Synergism

Synergism & Antagonism

	
Earthworm mortality.

Change catalase activity.

	
[204,205]




	
Zn

	
Chlorpyrifos

2,4-DCP

	
Synergism

Antagonism

	
Reduce acetylcholinesterase activity.

Limited effect on Zn dissolution.

	
[201,206]




	
Plant parts




	
Cd

	
Acetochlor

Bensulfuron-methyl

	
Synergism

Synergism

	
Decline soluble protein content, Affect nitrate reductase activity, suppression of roots and shoots growth.

	
[207]




	
Pb

	
Acetochlor

	
Synergism & Antagonism *

	
Root elongation inhibition.

	
[202]




	
Cu

	
Glyphosate

	
Synergism & Antagonism *

	
Change tissue structure of the cell membrane, severe production of ROS, membrane lipids peroxidation.

	
[208,209]




	
Zn

	
Glyphosate

	
Antagonism

	
Reduce the phytotoxicity of destructive weeds.

	
[210]








Na: not available; * concentration-dependent.
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