


Consequences of Toxic Heavy Metals on Environment and Human Health: A Review


Abstract:
Heavy metals are significant environmental pollutants that persist in various ecosystems due to their toxicity and ability to remain in the atmosphere environment, contaminating soil, water, and living organisms. These contaminants can bioaccumulate in the human body, posing serious health risks. While some heavy metals are generated by human activities, the majority occur naturally. Living organisms can be exposed to heavy metals through the food chain as they interact with environmental elements such as soil, water, and air, which can amplify their harmful effects. Humans are particularly vulnerable to the combined effects of multiple heavy metals rather than exposure to a single substance metal. This combination can lead to oxidative stress and inflammatory processes, resulting in damage to various organs. This review highlights the fate of heavy metals and their toxicological effects on different organ systems. Some metals influence developmental and biological processes, while others accumulate in specific organs, potentially leading to a range of illnesses. In this work, we have reviewed the toxicity of several heavy metals such as lead, cadmium, chromium, mercury, and their impact on the environment and human health,
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Introduction:
Naturally occurring heavy metals are found in the earth's crust, but most environmental contamination and human exposure stem from human activities like mining, smelting, industrial production, and the use of metal-containing compounds (Wang et al.,2020). The increasing exposure to heavy metals poses significant health risks, as contamination of water, air, and food with these toxic substances has become a global concern affecting millions worldwide (Tchounwou et al., 2016). While the harmful effects of heavy metals are well-known, recent research suggests that certain metals like nickel, copper, and zinc are essential for human health and occur naturally whereas, elements such as Lead (Pb), Mercury (Hg), Arsenic (As), Chromium (Cr) and Cadmium (Cd), have no known biological role and, are harmful to the animals beyond a certain range. Occupational exposure refers to the contact humans have with toxic substances in the workplace, while non-occupational or environmental exposure pertains to the same chemicals encountered by the general public (Dixit et al., 2015). Non-occupational exposure can occur through ingestion of contaminated food and water or through skin contact. Monitoring heavy metal levels in water sources, air, and food is essential for safeguarding the health of both humans and animals (Luo et al., 2020; Azeh Engwa et al., 2019). Food crops grown in environments contaminated with heavy metals causes these elements to bioaccumulate in human food chains via geo-chemical cycles. Chronic poisoning effects on animals have been commonly observed if adequate every day intake amounts are surpassed. Most metallic elements are harmful due to their tendency to accumulate in the soft tissues of animals. Each metal operates through distinct mechanisms and biological pathways within the target system (Qasem et al., 2021).
Chronic exposure to low levels of toxic heavy metals in the environment can result in long-term health issues, as symptoms may not manifest immediately unlike in cases of acute poisoning. While chronic exposure to heavy metals can elevate the risk of cancer, their carcinogenic potential is not always definitive. Some heavy metals may have a limited ability to cause mutations in DNA but can still disrupt gene expression, potentially impacting cell growth and development (Ekere et al., 2017). Furthermore, these metals can impede DNA repair mechanisms and alter the functioning of genes. The International Agency for Research on Cancer (IARC) classifies certain heavy metals according to their potential to induce cancer in humans.
Method: 
This review aims to provide an in-depth examination of the current research regarding the toxic mechanisms of heavy metals, with a particular focus on mercury, lead, cadmium, chromium, and arsenic. It delves into their respective adverse effects and underlying toxic pathways. The analysis involves a comparison and discussion of pertinent findings sourced from diverse scientific databases like PubMed, Web of Science (ISI), Scopus, and Google Scholar, utilizing search terms such as mercury, lead, cadmium, chromium, toxicity, poisoning, and intoxication.
Heavy metals in the environment
Heavy metals are considered trace elements due to their presence in very low concentrations (ranging from parts per billion to less than ten parts per million (Goyer et al., 2001). in various environmental sources. Factors such as temperature, phase association, adsorption, and sequestration can affect their bioavailability. Lead, a non-biodegradable metal that occurs naturally in limited amounts, is on the rise in the atmosphere due to human activities like manufacturing, mining, and burning fossil fuels. Exposure to high levels of lead is harmful to the human body, with children being especially susceptible. Children are at greater risk of lead poisoning from contact with lead-contaminated dust in their surroundings (Loh et al., 2016).	Comment by lfr: Close this bracket appropriately	Comment by lfr: No reference
Cadmium is a heavy metal that poses significant environmental and occupational risks. It is naturally found in black shale and is primarily sourced from volcanic activity, parent materials, marine sedimentary rocks, and phosphates (Bakshi et al., 2018).. The earth's crust contains an average cadmium concentration of about 0.1 mg/kg, with marine phosphates containing the highest levels at about 15 mg/kg. Cadmium is released into the atmosphere through natural processes and human activities, leading to exposure for animals and humans through various pathways. Pollution of aquatic ecosystems by cadmium is primarily caused by absorption, industrial discharge, and surface runoff, impacting soil and sediment quality. Human and animal poisoning from cadmium can occur through the ingestion of contaminated food, inhalation of polluted air, or consumption of cadmium-rich water. Due to its lack of benefits for plant growth and metabolic activities, cadmium is not conducive to ecological processes (Hayat et al., 2018).	Comment by lfr: No reference
Table 1: Toxic Metal in Industrial Sewages
	Metal
	Manufacturing Industries

	Cadmium
	Electronics, Phosphate Fertilizer, Pigments and Paints 

	Lead
	Paints, Battery

	cChromium
	Metal Plating, Tanning, Rubber and Photography

	cCopper
	Plating, Rayon and Electrical

	Mercury
	Chlor-Alkali, Scientific Instruments, Chemicals

	Nickel
	Electroplating, Iron Steel

	Arsenic
	Metal Hardening, Phosphate and Fertilizer, Paints and Textile



Chromium is a potentially harmful element that can be found in two main forms in the environment: chromium (III) and chromium (VI). Chromium (III) is considered less dangerous than chromium (VI), with the two forms being able to convert into each other during industrial processes (Coetzee et al., 2020). While elemental chromium [Cr (0)] is not naturally occurring, it is introduced into different environmental components such as air, water, and soil through a combination of natural sources and human activities. Industrial operations, particularly in metal processing, tanneries, chromate production, stainless steel welding, and the manufacturing of chrome pigments, contribute significantly to the release of chromium. This element is commonly used in various commercial applications like industrial welding, chrome plating, dyes and pigments, leather production, wood preservation, and as an anticorrosive agent in cooking systems and boilers (Wang et al., 2006)
Manganese, the most common hazardous heavy metal, can be found in various oxidation states in the environment. When methylcyclopentadienyl manganese tricarbonyl (MMT), an additive in gasoline, is burned, manganese oxides are emitted into the air. Although manganese is essential for many bodily functions, consuming too much can result in serious toxicity according to O'Neal and Zheng (2015).
Arsenic is a common element found in trace amounts in various environmental sources. It can exist in different forms, including trivalent and pentavalent arsenate inorganic forms, as well as organic methylated metabolites like monomethylarsonic acid (MMA), dimethyl arsenic acid (DMA), and trimethyl arsine oxide. Arsenic pollution comes from both natural causes such as volcanic activity and soil erosion, as well as human activities (Tellez-Plaza, et al., 2013).
Heavy metals Toxicity on human health
Cardiovascular toxicity
Cadmium is a hazardous metal recognized for its toxic nature and carcinogenic properties. Being exposed to cadmium can result in various health concerns, such as kidney disease, bone abnormalities, and cardiovascular issues (Toxicological Profile for Cadmium, 2002). Exposure to cadmium at low to moderate levels has been associated with various health conditions, including hypertension, diabetes, atherosclerosis, peripheral arterial disease, chronic kidney disease, heart attacks, strokes, and heart failure (Hellström et al., 2001; Peters et al., 2010). Lead toxicity is a commonly reported issue related to exposure to heavy metals, particularly affecting children. Lead serves no beneficial purpose in human metabolism. Exposure to lead can occur through various sources, including lead-containing paint, food stored in lead containers, and contaminated water. Prolonged exposure to lead can result in numerous health problems, such as arteriosclerosis, hypertension (Tellez-Plaza et al., 2008) thrombosis, atherosclerosis, and heart disease. These conditions are influenced by factors like oxidative stress (Kianoush et al.,2013), reduced nitric oxide availability, elevated levels of vasoconstrictor prostaglandins, changes in the renin-angiotensin system, decreased vasodilator prostaglandins, disruption of calcium signalling in vascular smooth muscle cells, increased inflammation and endothelial dysfunction, and altered vascular responses to stimuli. Prolonged lead exposure can lead to higher blood pressure levels, while mercury has been found to cause harm to the nerves, kidneys, liver, and heart. Recent studies have also shown cardiovascular damage from mercury, as levels in hair have been associated with elevated oxidized LDL levels in arterial plaques, acute coronary events, and atherosclerosis (Boskabady et al.,2016). Cobalt exposure can result in temporary weakening of the heart's pumping ability, a form of heart muscle damage called systolic cardiac depression. While cobalt-induced cardiomyopathy can progress slowly and be life-threatening, survivors typically experience recovery of their heart function. Additionally, there may be an increase in T cell proliferation associated with these toxic exposures (Packer, 2016). Some of the necessary metals (Co, Cu, Cr, Ni, and Se) and toxic metals (As, Cd, Pb, and Hg) are metallo-estrogens and may raise the risk of CVD by disrupting hormones (Choe et al.,2003).      	Comment by lfr: No reference	Comment by lfr: No reference
Hepatotoxicity
Cadmium exposure primarily affects the kidneys and liver. Acute exposure leads to cadmium accumulation in the liver, causing dysfunction. This disrupts cellular redox balance, inducing oxidative stress and liver cell damage. Both acute and chronic exposure can cause hepatotoxicity, potentially leading to liver failure and increased cancer risk, as noted by Hyder et al. (2013). "Chronic lead exposure damages liver cells, inducing oxidative stress. When paired with organic solvents, lead's harmful effects on the liver can intensify due to shared toxicological properties (Malaguarnera et al., 2012). Prolonged exposure to lead may deplete glycogen and cause cellular infiltration in the liver, potentially leading to chronic cirrhosis. (Hegazy and Fouad, 2014). Arsenic exposure can lead to liver lesions and increased risk of liver cancers, including hepatocellular carcinoma and angiosarcoma (Lu et al., 2001; Liaw et al., 2008). Copper accumulation in the liver, as seen in Wilson's disease, can cause oxidative stress and liver damage. Elevated hepatic copper levels are also associated with cholestatic liver diseases, primarily due to impaired biliary excretion rather than infection (Yu et al., 2019).

                     [image: Impact of heavy metals on the environment and human health: Novel  therapeutic insights to counter the toxicity - ScienceDirect]
              Figure 1: Effect of heavy metals on human health ( Harischandra et al., 2019)
Nephrotoxicity
The presence of lead can have harmful effects on different organs, with the kidneys being especially vulnerable. Acute exposure to lead can result in lead nephropathy, which may manifest as proximal tubular dysfunction resembling Fanconi syndrome. Conversely, chronic lead nephropathy is defined by tubular atrophy, interstitial fibrosis, renal failure, hyperplasia, and glomerulonephritis (Wang et al., 2013). In rats, the subcutaneous administration of PbA at a dose of 100 mg/kg body weight resulted in increased levels of lipid peroxidation markers such as MDA and 4-HDA in the liver and kidneys when compared to control animals. Furthermore, PbA led to a decrease in levels of SOD and total GSH in the liver and kidneys of rats as reported by El-Sokkary et al. in (2005). Additionally, exposure to PbA at a concentration of 500 mgPb/L in drinking water was found to induce apoptosis by triggering the release of mitochondrial cytochrome C, inhibiting Bcl-2 proteins, and activating caspase-3 in the kidneys of exposed rats, as indicated by Liu et al. in (2012).	Comment by lfr: No reference	Comment by lfr: is this correct?	Comment by lfr: Cite this properly
Cadmium (Cd) is a naturally-occurring but rare element found in soil and minerals in the form of sulfide, sulfate, carbonate, chloride, and hydroxide salts as well as in water. When present in contaminated water, cadmium can disrupt essential bodily mechanisms, potentially causing short-term or long-term health issues (Cao et al., 2018). Exposure to cadmium has been linked to nephrotoxicity, which can manifest in severe clinical symptoms like glucosuria, Fanconi-like syndrome, phosphaturia, and aminoaciduria (Reyes et al., 2013). When the proximal tubular epithelium in the kidneys is directly exposed to cadmium, it can lead to increased cadmium levels in urine, aminoaciduria, 32-microglobulinuria, and glucosuria. This exposure can also lead to impaired reabsorption of renal tubular phosphate. Prolonged exposure to cadmium can be linked to conditions such as renal tubular acidosis, renal failure, and hypercalciuria, according to Friberg et al. in (2019). Investigation of kidney tissues of Wistar rats exposed to 1 mg/m3 Hg vapor per day revealed histological alteration of the kidneys after 45 days (Akgül et al., 2016). The gastrointestinal tract (GIT) and kidneys are the main organs impacted by mercury (Hg) salts. Prolonged exposure can lead to conditions such as acute tubular necrosis, immunological glomerulonephritis, or nephrotic syndrome, primarily due to the preferential accumulation of Hg ions in the renal tubule epithelial cells. As a result, elevated Hg levels can cause significant renal damage. Additionally, chronic exposure to elemental mercury vapors, inorganic mercury, and ingestion of Hg2+ salts has been associated with nephrotic syndrome, which is characterized by acute tubular necrosis, proteinuria, and albuminuria (Sanchez et al., 2018)
Neurotoxicity
Neurotoxicity refers to the damaging effects of toxic substances like lead, arsenic, and mercury on the nervous system. Lead exposure impacts both central and peripheral nervous systems, with peripheral effects being more pronounced in adults. Notably, neurotoxicity can occur from both high and low doses of exposure (Rehman et al., 2018). Lead exposure, especially in early childhood when the brain is still developing, can cause permanent neurological harm (Hosni et al, 2013), with the brain being the most vulnerable organ to its effects. Neurodegenerative defects, including amyotrophic lateral sclerosis, Parkinson’s disease, Alzheimer’s disease, and multiple sclerosis, result from neurotoxicity induced by cadmium (Branca et al., 2018). Studies involving primary cultures of neurons and glia, isolated mitochondria from mouse brains, and non-neuronal cell lines have demonstrated a strong link between oxidative stress and decreased levels of glutathione (GSH) (Tönnies et al., 2017). Central nervous system (CNS) damage was indicated by increased expression of the key signalling molecule c-fos in the cortex and hippocampus, along with evidence of mercury (Hg) accumulation in the brains of treated rats (Bijoor et al., 2012). Additionally, administering lead acetate (PbA) at a dose of 15 mg/kg to pregnant Wistar female rats led to the induction of pro-inflammatory cytokines, such as TNF-α and IL-1β, in the hippocampus and forebrain of immature rat brains. These findings suggest that prolonged exposure to lead promotes inflammation in the developing CNS of rats, likely due to the activation of glial cells [54]. Furthermore, lead exposure resulted in necrotic changes in the kidneys, liver, and brain [55].
Cadmium's neurotoxicity stems from neural cell death via apoptosis, triggered by factors such as impaired neurogenesis, inhibited neuron gene expression, epigenetic effects, and endocrine disruption (Wang and Du, 2013). Wilson's disease, caused by excess copper retention, leads to neurobehavioral abnormalities resembling schizophrenia. Zinc deficiency hinders neurodevelopment, though effects of excessive zinc are unclear (Cai et al., 2005). Research suggests copper exacerbates zinc-induced neurotoxicity (Tanaka & Kawahara, 2017). Additionally, studies show low-dose chromium exposure can cause brain damage in animal models (Salama et al., 2016). 
Carcinogenicity
Lead is a toxic substance known for its carcinogenic properties, which can disrupt the body's DNA repair processes. It also impacts genes that regulate tumour growth and alters the structure and sequence of chromosomes by generating reactive oxygen species (ROS). Furthermore, lead interferes with transcription by displacing zinc from certain regulatory proteins (Silbergeld et al., 2000). Mercury produces reactive oxygen species (ROS) that can enhance tumorigenic signalling and support the proliferation of cancerous cells. These ROS contribute to carcinogenesis by damaging cellular proteins, lipids, and DNA, resulting in significant cellular harm (Reczek and Chandel, 2017). Chromium (Cr) is a naturally occurring heavy metal found in the Earth's crust and seawater, often released during industrial activities. A recent meta-analysis indicated that exposure to chromium (VI) may lead to increased mortality and a higher incidence of various cancers, including lung, larynx, bladder, kidney, testicular, bone, and thyroid cancers in humans (Deng et al., 2019). Arsenic, on the other hand, induces epigenetic changes, damages DNA, alters the expression of the p53 protein, modifies histones, affects DNA methylation, and decreases p21 expression (Park et al., 2015). Arsenic poisoning heightens cancer risk by binding to DNA-binding proteins and impeding the DNA repair process (Garcia-Esquinas et al., 2013).
Immunological toxicity
Chromium can adversely affect the human immune system in several ways. High levels of hexavalent chromium can reduce the capacity of alveolar macrophages to engulf particles and weaken the body's humoral immune response. Additionally, chromium can induce two types of hypersensitivity reactions: type I (anaphylactic) and type IV (delayed). Research has established a connection between chromium exposure and the onset of allergic contact dermatitis in multiple studies (Bruynzeel et al., 1988). Both acute and chronic exposure to lead can have detrimental effects on the immune system, resulting in various immune responses, including heightened allergies, increased vulnerability to infectious diseases, autoimmune disorders, and a potential risk of cancer (Hsiao et al., 2011). Certain demographic groups with a history of lead exposure may be at a higher risk for lung, stomach, and bladder cancers. Lead exposure can enhance the production of B and T cells and influence major histocompatibility complex (MHC) activity (Kasten-Jolly et al., 2010). This toxic substance can disrupt both cellular and humoral immune responses, potentially impairing T-cell function and raising the likelihood of developing autoimmunity and hypersensitivity reactions (Mishra, 2009).
Conclusion:
Exposure to heavy metals can arise from both environmental and external sources. Ingesting these metals can result in severe toxicity and potentially life-threatening consequences. Our analysis indicates that oral ingestion is a prevalent route for heavy metal exposure. Elevated levels of heavy metals can inflict significant damage on various organs, leading to immunological issues, respiratory problems, increased cancer risk, kidney complications, osteoporosis, and more. It is essential to avoid products containing high levels of toxic heavy metals. Raising awareness about the dangers of heavy metal exposure can empower individuals to minimize their contact with these harmful substances. Additionally, further research is necessary to enhance our understanding of the molecular mechanisms underlying human exposure to combinations of toxic metals and their potential public health implications.	Comment by lfr: Recast	Comment by lfr: This has never been mentioned nor discussed in the body of work
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