
Abstract
Background: Heavy metals such as copper, arsenic, and lead are primarily released into the environment through anthropogenic 
activities. Due to their high toxicity and persistence, these elements pose significant threats to both human health and ecological 
systems. The main health concern associated with heavy metal exposure is cognitive impairment.
Methods: This review examined studies on the neurotoxic effects of copper, arsenic, and lead, as well as therapeutic strategies 
aimed at mitigating cognitive decline. Research published between 2000 and 2024 was identified through databases including 
Google Scholar, PubMed, and Web of Science. Both qualitative and quantitative studies were included, and a dual-review process 
was employed to enhance the accuracy and reliability of data extraction.
Results: Sources of heavy metal pollution include the combustion of fossil fuels, industrial processes, wastewater discharge, and 
improper hazardous waste management, all of which contribute to elevated environmental levels of toxic metals. These metals 
inhibit natural biodegradation processes, leading to increased biological toxicity. While trace levels of certain metals, such as 
copper, are necessary for physiological functions, chronic or excessive exposure to copper, arsenic, and lead has been linked to 
cognitive impairments and neurological disorders. Lead exposure is especially associated with severe cognitive deficits in children.
Conclusion: Exposure to elevated levels of copper, arsenic, and lead is strongly associated with neurotoxicity and cognitive 
decline. Current therapeutic interventions focus primarily on chelating agents and antioxidant therapy to reduce the accumulation 
and toxic effects of these metals. Continued research is essential to develop more effective strategies for the prevention and 
treatment of heavy metal-induced cognitive impairment.
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Introduction
A set of metals with higher atomic numbers (above 20) 
and higher densities (5 g/cm3), such as cadmium, lead, 
mercury, nickel, chromium, arsenic, copper, and zinc, are 
collectively referred to as heavy metals. Because of their 
potent inhibitory effects on biodegradation activities, 
these metals have a direct relationship with environmental 
pollution and biological toxicity issues (1). Some metals, 
such as copper, are typically cofactors in various enzymatic 
and metabolic pathways, required in small amounts as 
nutrients, and involved in these activities. All forms of life, 
including bacteria, plants, animals, and people, can become 
severely inhibited or killed by significant concentrations of 
these metals. Nevertheless, a select few metals, including 
cadmium (Cd), arsenic, and lead (Pb), are very toxic 
even at very low quantities (2). Lethal metal buildup in 

the human body causes serious health problems such as 
growth and developmental anomalies, carcinogenesis, 
neuromuscular defects, mental illnesses, and metabolic 
activity failure. As they accumulate in the ecological food 
chain and reach the body by ingestion or inhalation, 
heavy metals are persistent and bioaccumulative. They 
present a variety of risks to people, including carcinogens 
and poisoning through contaminated drinking water. 
Additionally, heavy metals enter the human body by 
breathing as a result of urbanization and traffic, industrial 
and agricultural operations, waste incineration, and 
mining (3). Exposure to heavy metals like copper (Cu), 
arsenic, and lead (Pb) can happen because of polluted 
food, water, or air, as well as risky jobs. Anthropogenic 
factors, such as the burning of gasoline with lead 
or uncontrolled industrial emissions, mining, and 
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recycling of electronic trash, are mostly to blame for this 
contamination (4). The ongoing use of hazardous metals 
in human activities, including electroplating, painting, 
tanning, textiles and dyes, papermaking, mining, and 
other industrial sectors, has increased dramatically and 
has become detrimental to the variety of life on Earth (5). 
Neurotoxicity caused by heavy metal exposure is a major 
problem, particularly for countries with industrialized 
economies. Even little amounts of heavy metal can change 
the neurodevelopmental trajectory, with lasting impacts 
on motor, emotional-social, and cognitive qualities even 
in later adulthood. Heavy metals such as arsenic, lead, 
and copper are well-documented neurotoxins that can 
have significant adverse effects on neurological health. 
Their mechanisms of action involve various biochemical 
pathways that disrupt normal neuronal function, leading 
to cognitive impairments and neurological disorders (6). 
However, a powerful medication capable of repairing 
brain-damaged tissue is required (7-10). Chelating drugs 
and antioxidants have shown some promise in the therapy 
of heavy metal-induced neurological deficits. However, it 
is not a permanent cure. As a result, a definitive therapy 
option for people suffering from cognitive impairment is 
required (11). This review article investigated cognitive 
impairment induced by heavy metals (copper, arsenic, 
and lead) and explored therapeutic approaches to mitigate 
the risk of neurotoxicity.

Methods
Search strategy
A comprehensive literature search was conducted to 
identify studies examining cognitive impairments linked 
to heavy metal exposure and therapeutic strategies aimed 
at mitigating neurotoxicity. The databases searched 
include PubMed, Google Scholar, and Web of Science, 
covering publications from January 2000 to March 2024. 
Keywords and Boolean operators were employed to refine 
the search, including terms such as heavy metals, copper, 
arsenic, lead, cognitive impairment, and therapeutic 
approaches. Filters were applied to include only peer-
reviewed articles published in English.

Study selection
Studies were included if they met the following criteria: 
(1) addressed the neurotoxic effects of at least one heavy 
metal; (2) included qualitative, quantitative, or mixed-
methods research; and (3) assessed therapeutic or 
interventional strategies to reduce cognitive impairment. 
The exclusion criteria included non-peer-reviewed 
papers, animal-only studies (unless directly relevant 
to therapeutic mechanisms), and articles lacking clear 
outcome measures related to cognition. Initial screening 
was based on titles and abstracts, followed by full-text 
reviews for eligibility.

Data extraction
Data were extracted independently by two reviewers using 
a standardized form. Extracted information included 
study design, sample size, type and duration of heavy 
metal exposure, intervention or therapeutic approach, 
outcome measures, and key findings. Any discrepancies 
between the reviewers were resolved through discussion 
or consultation with a third reviewer to ensure consistency 
and objectivity.

Critical appraisal
The quality of the included studies was assessed using 
appropriate appraisal tools based on the study design. 
Randomized controlled trials were evaluated using the 
Cochrane Risk of Bias Tool, while observational studies 
were assessed with the Newcastle-Ottawa Scale. Studies 
were rated as high, moderate, or low quality, and this 
assessment informed the strength of the conclusions 
drawn in the synthesis.

Results 
Heavy metals and cognitive impairment
Heavy metals can lead to cognitive impairment, resulting 
in decreased activity and increased risk of disability (12). 
Globally, the cognitive function deficit is growing, and it is 
anticipated that the shortfall would grow proportionately 
greater in developing nations (13). As people age, their 
physical and mental abilities deteriorate, which is 
typically inversely correlated with an increase in oxidative 
stress and aberrant protein aggregation. Heavy metals 
have toxic effects in biological systems via bonding to 
sulfhydryl groups and reactive oxygen species generation. 
Additionally, the risk of cognitive processes deteriorating 
is considerably enhanced if they are exposed to numerous 
chemicals that lead to oxidative stress (14). Toxic metals 
that obstruct crucial developmental processes, such 
as cellular proliferation, migration, differentiation, 
synaptogenesis, myelination, and apoptosis in the 
central nervous system, can harm the growing brain 
(15). Neuronal functions are disrupted, and the risk of 
neurodegeneration is raised, due to the growing CNS’s 
limited ability to make up for cell loss and neural network 
disturbances (16). Heavy metals, such as mercury, lead, 
manganese, copper, iron, aluminum, bismuth, thallium, 
and arsenic, have a significant influence on cognitive 
impairment, particularly in the etiology of Parkinson’s 
disease, according to an epidemiological study (17, 18). 
The authors of a recent study have claimed that these 
metals can also activate the production of genes that may 
cause neurodegeneration. These molecular flaws result in 
neurodegeneration, which causes motor abnormalities, 
cognitive impairments, memory problems, and learning 
problems (19).

Researchers have discovered that lead, arsenic, and 
copper operate as poisons that can impair cognitive 
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function, cause neurological issues, and increase the 
likelihood of Alzheimer’s and Parkinson’s disease (20). 
Then, future studies will be more effective if researchers 
are aware of these correlations. In both people and animal 
models, metal poisoning disrupts brain development and 
hinders cognition, memory, and learning (21). Clinically, 
chronic ingestion of excess metals usually results in 
neurological symptoms such as headaches, dizziness, 
and motor, cognitive, and memory problems (22). 
Additionally, symptoms could be the first indicator of a 
neurodegenerative process. It is the result of the fusion 
of various elements, including genetic makeup, poor 
lifestyle, and external stressors (23).

Lead and cognitive impairments
The World Health Organization (WHO) has identified 
lead (Pb) as one of ten chemicals of major public 
health concern that require action by Member States 
to protect the health of workers, children, and women 
of reproductive age (24). Even though lead has been 
banned from petrol, paint, and water pipes, significant 
amounts of lead still exist, especially in underprivileged 
areas of modern cities, transition zones, and city centers. 
There are also high concentrations near lead mines and 
in developing nations, but even for the remaining areas, 
there is no safe threshold. The environmental element 
lead has always increased neurologic and psychiatric 
illness. In particular, in underprivileged communities, 
it also results in developmental abnormalities (25). 
According to a study by Wu et al high blood levels of 
lead are associated with impaired cognitive functions, as 
confirmed by correlation studies, and patients with severe 
cognitive impairment had the highest blood levels of 
lead (26). Lead is primarily absorbed through inhalation 
and ingestion, with inhalation being more efficient 
than ingestion. Absorption occurs through passive and 
facilitated diffusion, with passive diffusion playing a 
minor role in total absorption. Evidence suggests that 
cumulative environmental lead exposure in adulthood is 
neurotoxic, with impaired memory, judgment, attention 
span, and problem-solving skills being hallmarks of 
Alzheimer’s disease. So, a 4-year prospective evaluation 
of cognitive function showed that learning and memory 
were associated with lead exposure long after exposure 
ceases (27). Some carrier proteins, such as divalent 
metal transporter 1 (DMT1) and calbindin, have been 
proposed for basolateral Ca2 + transfer in enterocytes. 
Lead exposure not only can mimic calcium ions (Ca²⁺) 
due to its similar charge and size, allowing it to interfere 
with calcium-dependent processes, but also negatively 
affects synaptic plasticity mechanisms such as long-term 
potentiation (LTP). These disruptions affect memory 
and learning through synaptic transmission and impair 
neurotransmitter release, particularly affecting systems 
like acetylcholine and changes in the expression of brain-

derived neurotrophic factor (BDNF) and N-methyl-
D-aspartate (NMDA) receptor (28). Furthermore, lead 
exposure triggers inflammatory responses in the brain, 
leading to the activation of microglia and the release of 
pro-inflammatory cytokines. This neuroinflammatory 
environment can disrupt neuronal function and 
contribute to cognitive decline. Lead exposure has 
been linked to mitochondrial impairment, resulting in 
decreased ATP production and increased oxidative stress. 
This dysfunction contributes to neuronal cell death, 
especially in Alzheimer’s disease (29). 

Lead is available for ingestion through the digestive 
tract, where it quickly distributes to soft body tissues such 
as the kidney, bone marrow, liver, and brain, but bio-
accumulates in the bloodstream and bones. Numerous 
mechanisms, including the inhibition of enzymatic 
activity, the induction of oxidative stress, the disruption 
of the actions of necessary cations, particularly calcium, 
zinc, and iron, the disruption of the integration of cellular 
membranes and organelles, and the modification of cell 
signaling, are used to cause the toxic effects of lead (30). 

Research indicates that lead exposure reduces glucose 
uptake, which leads to impaired energy metabolism 
in neurons by down-regulating GLUT4 transporters. 
Moreover, it can compromise the integrity of the BBB, 
leading to increased permeability and allowing toxins to 
enter the CNS, which these disruptions contributes to 
cognitive decline (31).

Biologically significant processes like metal transport, 
energy metabolism, apoptosis, ionic conduction, cell 
adhesion, inter- and intracellular signaling, various 
enzymatic processes, protein maturation, and genetic 
regulation can all be affected by lead poisoning because 
of its capacity to replace other polyvalent cations in the 
molecular machinery of living organisms. The long-
term effects of lead poisoning may result in behavioral 
changes as well as cognitive and motor impairment (32). 
Furthermore, it has been reported that children who are 
exposed to lead may suffer from encephalopathy, which 
manifests as hyperirritability, ataxia, convulsions, stupor, 
coma, and even death. Lower lead exposure levels can cause 
non-fatal neurobehavioral consequences. Lead is thought 
to have permanent impacts on the brain and behavior 
(33). Lead is a neurotoxicant that has been connected to 
brain changes in kids, including IQ reduction, a worsening 
of attention deficit and hyperactivity disorder, memory 
loss, and problems with academic performance. Lead 
exposure during the developmental stage has neurotoxic 
effects on the brain’s final stages of development, such 
as synaptogenesis and differentiation. Lead exposure 
during nursing and pregnancy permanently alters future 
cognitive and behavioral development (34).

Arsenic and cognitive impairments
Arsenic is a widespread environmental contaminant, 
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causing health issues globally. It is promoted through 
anthropological actions like smelting, burning fossil 
fuels, and pesticide production. Arsenic impacts brain 
morphology and physiological changes, leading to 
increased oxidative stress and neurotoxicity (35). Arsenic 
exposure causes neurological disorders through molecular 
mechanisms like cytotoxicity, increased reactive oxygen 
species, chromosomal aberrations, and DNA damage. 
Studies show a correlation between increased arsenic in 
drinking water and behavioral disorders like decreased 
locomotor activity, impaired cognitive functions, and 
prenatal complications. Arsenic can cross the blood-brain 
barrier, accumulating in brain areas like the striatum and 
hippocampus (31). Long-term exposure to arsenic can 
result in arsenicosis, a chronic condition that can cause 
cancer, diabetes mellitus, cardiovascular disease, and 
hypertension. Arsenic is a “silent pandemic” since it can 
impair cognitive function in low quantities (36). Arsenic 
can breach the blood-brain barrier and has detrimental 
effects that are only partially reversible on learning, IQ, 
brain weight, working memory, and spatial memory, 
especially in the developing brain (37). Also, it has been 
reported that arsenicosis alters neurobehavioral function 
by altering the ultra-structure of the hippocampus and 
spatial memory in animal models and causes oxidative 
stress, inflammation, and angiogenesis in neurons (32). 
This process is mediated by the upregulation of bone 
morphogenetic protein-2 (BMP2) signaling pathways, 
which subsequently inhibit BDNF /TrkB signaling, 
essential for neuronal survival (33). Additionally, elevated 
heavy metal release and the absorption of these chemical 
substances through the mouth, skin, and eyes have an 
impact on human health and cause cognitive diseases. 
Arsenic exposure raises the levels of beta-amyloid protein 
and causes hyperphosphorylation of tau protein, both of 
which lead to neurodegeneration, according to research 
conducted in ex vivo cell cultures (38). Additionally, 
all areas of the brain are enhanced in terms of cellular 
apoptosis pathways, including caspase-3 and caspase-9, 
which increase oxidative stress and neuronal cell death (39). 
Brinkel et. al, claimed that long-term exposure to arsenic 
might cause mental retardation as well as developmental 
disorders as physical, cognitive, psychological, sensory, 
and speech problems (40). According to some studies 
using the mini-mental state examination test, estimated 
regional groundwater arsenic concentrations were found 
to be negatively correlated with neuropsychological 
performance, adding more evidence to the possibility that 
exposure to arsenic at low concentrations may have an 
adverse effect on neurocognitive functioning (41).

Based on research, Kumar reviewed the neurotoxicity 
of the lead, cadmium, and arsenic mixture and discovered 
that long-term exposure to these environmental toxins puts 
the brain at extreme risk for damage. They discovered that 
even at low concentrations, as cause’s cognitive deficit by 

modulating the N-methyl-D-aspartate (NMDA) receptor 
and significantly deactivates the protective enzymes 
(antioxidants) such as Glutathione peroxidase (GPx) 
and Glutathione (GSH), which leads to programmed cell 
death, with the brain hippocampus as its primary target 
region (42). High amounts of arsenic in drinking water 
and/or urine are linked to peripheral nerve abnormalities, 
decreased conduction velocity, neuropathy, and altered 
sensory function (42). Arsenic exposure has also been 
linked to altered adult cognition and mental health. In 
children aged 8 to 11 years, exposure to arsenic has been 
associated with a decline in working memory and full-
scale IQ scores (43). Long-term arsenic exposure may 
induce epigenetic modifications that alter gene expression 
related to neurodevelopment and cognitive function. Such 
changes can have transgenerational effects, impacting not 
only the exposed individuals but also their offspring (44). 
The cumulative effects of these molecular mechanisms 
manifest as behavioral deficits, including impaired 
attention, working memory issues, and reduced verbal 
comprehension in affected populations (44).

Copper and cognitive impairments
Every tissue in the body contains copper, which is 
necessary for vital bodily processes and is the third-most 
abundant trace metal (after iron and zinc) (45). Diet is 
a person’s main exogenous supply of copper. Legumes, 
potatoes and potato derivatives, meat, nuts and seeds, 
chocolate, and shellfish all contain copper. Depending on 
the regional area and the copper level of the diet, the daily 
consumption is approximately 1.5 mg. The relationship 
between intake and bioavailability is inverse, ranging 
from 60 to 70% (45). The maximum safe dose is 10 mg 
per day when there is no liver dysfunction. Chemical 
forms of copper, competitive rivalry with other metals 
(zinc, iron, selenium, and cadmium), and malabsorption 
syndromes all affect absorption. Ceruloplasmin, an 
enzyme found in serum, binds 96% of the serum’s total 
copper content in healthy humans; the remaining 4% is 
found in copper-amino acid complexes, albumin, and 
transcurrent. The largest quantities of copper are found 
in the liver, brain, kidney, and heart, and they vary with 
age and gender (46). Cu transporter 1 (Ctr1) and divalent 
metal transporter 1 (DMT1) are two transporter proteins 
that mediate the import of copper into cells (47). The 
cerebellum, hippocampus, basal ganglia, many synaptic 
membranes, and cell bodies of cortical pyramidal and 
cerebellar granular neurons are the main locations of 
copper in the brain (48). For metabolic usage, the brain 
accumulates heavy metals like copper. Cu is a key player 
in numerous physiological pathways in the brain, either 
as a structural component or as a cofactor of several 
enzymes (49). Cu is abundant in the locus coeruleus 
and the substantia nigra, both of which are pigmented 
tissues and contain catecholaminergic cells (50). Due 
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to its ability to interact with oxygen species and bind 
to SH groups, copper can cause an unbalanced state of 
copper homeostasis in the brain, which has been linked 
to neurodegenerative diseases (51). The Blood Brain 
Barrier (BBB) and/or Blood CSF Barrier (BCB), which 
divide the brain interstitial space from the blood and 
cerebrospinal fluid (CSF), are sources of peripheral Cu 
that are transferred over to the brain. The BCB helps to 
maintain the Cu homeostasis in the extracellular fluids 
of the brain, whereas the BBB controls the input of Cu 
into the brain. Neurodegenerative illnesses have been 
linked to changes in Cu homeostasis (52). Wilson’s 
illness, a hereditary impairment of copper metabolism, 
manifests as Parkinsonism. Anxiety and depression 
are caused by brain function being disrupted by excess 
and insufficient copper (53). Also, multiple sclerosis 
patients may have a greater Cu/Zn ratio than controls 
(54). Studies have demonstrated that the reduction-
oxidation cycles of oxidative stress that result in the 
production of H2O2 are caused by the hypermethylation 
of a peptide. The precursor protein binds to copper and 
lowers it, which controls the toxicity and oxidative stress 
of copper. Excessive copper promotes the production 
of reactive oxygen species (ROS), which can damage 
cellular components such as lipids, proteins, and DNA. 
This oxidative damage exacerbates neuronal toxicity 
and contributes to cognitive deficits (44). In addition, 
elevated copper levels can disrupt glutamate signaling 
pathways, leading to excitotoxicity. This mechanism has 
been implicated in neuronal death within critical brain 
regions associated with memory and learning, such as 
the hippocampus (55). Copper has been shown to inhibit 
the phosphorylation of cAMP response element-binding 
protein (CREB), a key regulator of BDNF. Reduced BDNF 
levels are associated with impaired synaptic plasticity and 
cognitive decline (56). The biochemical underpinning 
of copper toxicity in Alzheimer’s disease is provided by 
metal ionophores, which enhance neurodegenerative 
processes. So, copper, peroxides, and their activity were 
shown to be higher in Alzheimer’s patients than in 
healthy controls (57). By examining ceruloplasmin level 
and activity, Arredondo et al evaluated the function of 
copper in multiple sclerosis etiology. They discovered 
that free copper levels dramatically rose in the serum of 
multiple sclerosis participants, along with an increase in 
ceruloplasmin levels and a decrease in its activity (58).

Medication therapy for heavy metal poisoning 
Chelation therapy 
Chelation therapy is a medical treatment designed 
to remove heavy metals from the body through the 
administration of chelating agents (59). This therapy is 
particularly effective for treating heavy metal poisoning, 
including exposure to lead and arsenic, thereby 
potentially decreasing neurotoxicity associated with 

these substances (60). The process involves the binding 
of chelators to toxic metal ions, forming stable complexes 
that facilitate their excretion from the body, typically 
via urine. Chelators are either water or lipid-soluble. 
They work by forming complex structures with heavy 
metals. These agents contain specific binding sites that 
interact with metal ions, effectively “trapping” those (61). 
Although aqueous solubility facilitates transport and 
elimination via the kidney, a lipophilic chelator may be 
able to penetrate cellular membranes (including those 
in the central nervous system) to chelate intracellular 
components. A lipophilic chelator may also be excreted 
in larger amounts through the bile (61). Not only animals, 
but also plants, create chelating chemicals, and the 
metallothionein content of meals may impact hazardous 
metal bioavailability and metabolism (62). Furthermore, 
glutathione is a powerful chelator implicated in cellular 
response, metal cation transport, and excretion, as well 
as a biomarker for toxic metal overload (63). Chelation 
therapy, while potentially lifesaving for individuals 
suffering from heavy metal toxicity, is associated with 
various risks and side effects. Commonly reported 
adverse effects include nausea, vomiting, diarrhea, and 
headaches. More serious complications can arise, such as 
kidney damage and electrolyte imbalances, particularly 
hypocalcemia (low calcium levels), as well as allergic 
reactions. Additionally, chelators may inadvertently bind 
to essential metals like calcium and zinc, which can lead 
to deficiencies if not carefully monitored throughout the 
treatment process (61).

Pharmaceutical chelators
Small organic compounds that form coordination 
complexes with sulfur, oxygen, and/or nitrogen atoms 
create pharmaceuticals that chelate metal ions in solution. 
They play a crucial role in treating heavy metal poisoning 
and managing conditions associated with metal overload.

Dimercaprol
Dimercaprol (British anti-lewisite, BAL) is a chemical 
that comprises two -SH (sulfhydryl) and one hydroxyl 
group and is often used for arsenic, mercury, lead, and 
gold, but has significant side effects. Chelation occurs 
when a metal atom/ion binds with a thiol group to form 
a stable metal-ligand complex, which is then eliminated 
by the kidneys. Arsenic and lead react with BAL to 
generate a stable 5-membered ring complex. Despite 
its effectiveness, dimercaprol has a narrow therapeutic 
window and can cause significant side effects, including 
hypertension, tachycardia, nausea and vomiting, pain at 
the injection site, and nephrotoxicity and increased renal 
concentration of certain metals like cadmium (64). 

Dimercaptosuccinic acid (DMSA)
This chemical, commonly known as succimer, is a BAL 
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analog which have been developed due to the potential 
adverse effects of 2, 3-Dimercaprol. They are less toxic 
and can be administered orally (65). DMSA has two 
carboxylic groups and two thiol groups, the latter of which 
participates in the metal-ligand process. This substance 
is used to treat lead, mercury, and arsenic poisoning, 
especially in children (66). Although DMSA is generally 
well-tolerated, with fewer side effects compared to other 
chelators, it has some side effects, like gastrointestinal 
discomfort, rash, elevated liver enzymes, and neutropenia. 
Furthermore, because of its ability to bind with essential 
minerals, it is recommended that patients avoid taking 
trace mineral supplements on the same day as DMSA 
administration (67).

Penicillamine
This chemical is primarily used to detoxify the body of 
excess copper. Penicillamine is a derivative of penicillin 
but lacks antimicrobial properties. It is often used to treat 
Wilson’s disease as a rare autosomal recessive copper 
metabolism disorder in which copper accumulates in the 
brain and other organs. Nevertheless, it causes neurological 
problems to deteriorate in 20-30% of Wilson’s disease 
patients. Penicillamine works by binding to toxic metals, 
such as copper, lead, mercury, and arsenic, forming 
soluble complexes that are excreted in urine (67). This 
chelation process helps reduce the toxic effects of these 
metals on the body. In addition to its chelating properties, 
penicillamine can also form disulfide bonds with cysteine, 
aiding in the treatment of cystinuria by preventing the 
formation of cystine stones. Trientine hydrochloride and 
tetrathiomolybdate are utilized in such circumstances. 
Penicillamine has a significant risk of adverse effects such 
as neutropenia, thrombocytopenia, renal toxicity, rash, 
fever, nausea, vomiting, and anorexia, which necessitates 
close monitoring during treatment (68). 

Ethylenediaminetetraacetic acid (EDTA)
EDTA is a synthetic chelating agent widely used in the 
treatment of severe and moderate lead poisoning. It can 
bind tightly to lead ions, forming stable complexes that 
are then excreted by the kidneys. This process reduces the 
toxic effects of lead on various body systems, particularly 
the nervous system (69). However, healthcare providers 
must carefully monitor patients for side effects, such as 
local pain at injection sites, malaise, fatigue, headaches, 
urinary frequency, and even nephrotoxicity. They should 
adjust treatment protocols as necessary to ensure safety 
and efficacy (70).

Natural chelators
Natural chelation is the process of utilizing naturally 
occurring substances to bind and eliminate toxic metals 
from the body (71). These natural chelators play a crucial 
role in reducing the harmful effects of heavy metal 

exposure, an issue that has become increasingly significant 
in today’s world due to pollution and industrial activities.

Allium sativum
Allium sativum, commonly known as garlic, has been 
studied for its potential role in the chelation therapy 
of heavy metals. Its sulfur-containing compounds, 
particularly allicin, contribute to its ability to bind and 
facilitate the excretion of toxic metals from the body. 
Two mechanisms may aid in the detoxification of heavy 
metals; 1. Sulfur compounds that can form complexes 
with heavy metals, thereby enhancing their solubility 
and facilitating their excretion through urine and feces 
(72) and, 2. Antioxidant properties which help mitigate 
oxidative stress caused by heavy metal exposure, reducing 
cellular damage and promoting overall detoxification 
processes (73). 

Cilantro
Cilantro (Coriandrum sativum) is a Mediterranean 
plant native to Europe. Cilantro contains biochemical 
constituents, such as citric acid and phytic acid that can 
bind to heavy metal ions. This binding enhances the 
solubility of these metals, allowing them to be excreted 
more easily through urine and feces. Studies suggest 
that cilantro can help remove significant amounts of 
lead (87%), mercury (91%), and aluminum (74%) from 
the body within approximately 45 days when used in 
conjunction with chlorella, a green alga known for its 
detoxifying properties (74). Moreover, cilantro is rich in 
antioxidants, which help mitigate oxidative stress caused 
by heavy metal exposure. This action reduces cellular 
damage and promotes overall detoxification processes. 
By protecting cells from free radicals generated during 
heavy metal toxicity, cilantro contributes to improved 
health outcomes. In mice, cilantro hindered localized lead 
insertion in the brain (75).

Ginkgo biloba
Ginkgo biloba is one of the herbal medicines that can be 
used as a supplement for lead-poisoned patients. Ginkgo 
biloba prevents lead poisoning and restores metabolic 
characteristics. A patented method outlines a process for 
removing lead from ginkgo biloba extract, which involves 
soaking the leaves in water and using iron sulfide (FeS) 
to replace toxic metal ions with iron ions, significantly 
reducing lead content to safe levels (76). Furthermore, 
Ginkgo biloba causes free radicals to be trapped, resulting 
in decreased oxidative stress and increased glutathione 
levels, and ameliorating neurotoxicity. Although ginkgo 
biloba is generally considered safe for most individuals 
when taken at the recommended dose, it can interact 
with blood-thinning medications and may increase 
bleeding risk. Individuals should consult healthcare 
providers before starting ginkgo biloba, especially those 
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with pre-existing health conditions or those taking other 
medications (77).

Curcumin
Curcumin, a bioactive compound derived from the 
rhizome of Curcuma longa (turmeric), has gained 
attention for its potential role in detoxifying heavy metals 
from the body. It has been shown that curcumin has a 
neuroprotective effect on cadmium-induced hippocampal 
neurodegeneration. The fundamental method involved 
decreasing prefrontal cortical neuroinflammation and 
oxidative stress while increasing the amount of viable 
prefrontal cortex neuronal cells. They discovered that 
curcumin can treat these behavioral and biochemical 
deficits caused by heavy metals (78). In addition, Flora 
et al investigated the effects of curcumin on cognitive 
impairment caused by a heavy metal mixture. Because of its 
high gastrointestinal absorption and capacity to penetrate 
the blood-brain barrier, curcumin’s physicochemical 
properties and pharmacokinetics are consistent with 
its therapeutic effects in cognitive impairment (79). 
Curcumin can be consumed in various forms, including 
turmeric powder used as a spice in cooking, curcumin 
supplements in capsule or tablet form for higher doses, 
and golden milk (80). Curcumin is generally considered 
safe for most individuals when consumed in moderate 
amounts. However, high doses may cause gastrointestinal 
discomfort or interact with certain medications like 
anticoagulants. It is advisable to consult a healthcare 
provider before starting curcumin supplements, especially 
for individuals with underlying health conditions or those 
taking other medications.

Silymarin and silymarin-encapsulated liposome 
nanoparticles 
Silymarin is well-known for its hepatoprotective, 
antioxidant, and anti-inflammatory properties. 
However, its efficacy is diminished due to limited oral 
bioavailability. They discovered that creating silymarin-
encapsulated liposome nanoparticles was substantially 
more successful than typical zinc therapy in terms of 
decreasing immobility and lowering liver enzymes. 
Creating silymarin-encapsulated liposome nanoparticles 
improved oral silymarin delivery and alleviated symptoms 
of copper poisoning (81).

Vitamin C (ascorbate)
Gracia et al investigated the effectiveness of vitamin C 
(ascorbate), a neuroprotective and neuromodulatory 
antioxidant, in preventing lead-induced neuronal 
impairments. Their findings suggest that redox and 
bioenergetics changes are an underlying aspect of 
the synaptic dysfunction seen in embryonic lead 
neurotoxicity, perhaps contributing to abnormalities 
in the creatures’ motor, behavioral, and psychological 

features. Furthermore, they establish ascorbate as a 
critical component of a treatment strategy against 
lead-induced neurotoxicity, particularly for early-life 
exposures (82). Research suggests that adequate levels of 
vitamin C can reduce the accumulation of heavy metals 
in vital organs such as the liver and kidneys. This effect 
is particularly important in preventing long-term damage 
associated with chronic exposure to toxic metals. Vitamin 
C is generally safe for most individuals when consumed 
at recommended doses (2,000 mg per day). However, 
excessive intake may lead to gastrointestinal discomfort 
or diarrhea. It is essential to consult a healthcare provider 
before starting high-dose vitamin C supplementation, 
especially for individuals with underlying health 
conditions or those taking other medications (74).

Epigallocatechin-3-gallate (EGCG)
The polyphenolic substance EGCG is the main 
component of green tea. Research has shown that EGCG 
can help mitigate the toxic effects of various heavy metals 
through several mechanisms. EGCG can bind to heavy 
metals, such as lead, cadmium, and mercury, forming 
stable complexes that facilitate their excretion from the 
body. This chelation process reduces the bioavailability 
of these toxic metals, thereby decreasing their harmful 
effects on cellular and organ function. Additionally, as a 
powerful antioxidant, EGCG scavenges ROS generated 
during heavy metal exposure (80). Neutralizing these 
free radicals helps protect cells from oxidative stress 
and damage associated with heavy metal toxicity. EGCG 
activates the nuclear factor erythroid 2-related factor 
2 (Nrf2) pathway, which plays a crucial role in cellular 
defense against oxidative stress and inflammation. This 
activation enhances the expression of various detoxifying 
enzymes and antioxidants, further aiding in the 
detoxification process (83). Despite its potential benefits, 
there are challenges associated with using EGCG for heavy 
metal detoxification, such as bioavailability and dosing. 
However, green tea polyphenols are relatively powerful 
metal chelators, binding to metal ions such as copper and 
iron, and have been shown to reduce neurotoxicity (84).

Carvacrol
Carvacrol, as a phenolic monoterpenoid compound, 
exists in the essential oils of thyme. It has been shown 
that carvacrol alleviated the inflammation and apoptosis-
related proteins’ heavy metal-induced neurotoxicity 
in the rat. Caracole scavenges free radicals and reduces 
oxidative stress in cells (85). This property is particularly 
important in the context of heavy metal toxicity, where 
oxidative stress is a significant contributor to cellular 
damage. By mitigating oxidative damage, carvacrol may 
enhance the body’s ability to detoxify heavy metals. 
Carvacrol is commonly considered safe when consumed 
in typical dietary amounts. However, high doses or 
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concentrated forms may lead to gastrointestinal irritation 
or other adverse effects. As with any supplement or 
natural product aimed at detoxification, it is advisable to 
consult healthcare professionals before use, especially for 
individuals with pre-existing health conditions or those 
taking medications (80).

Herbal fibers
Herbal fibers have an essential function in heavy 
metal detoxification. According to research, eating 
fiber decreases toxicity exposure due to enhanced 
gastrointestinal motility. The most essential plant fiber 
is pectin. It is a type of soluble fiber found in a variety 
of fruits. Consumption of pectin-rich fruits in the diet 
improves digestion and, due to pectin’s high propensity 
to bind heavy metals, can aid in the detoxification process. 
While herbal remedies offer a complementary approach 
to conventional treatments for heavy metal poisoning, 
caution is advised. Herbal treatments should not replace 
medical interventions but can be integrated into a broader 
detoxification strategy that includes dietary adjustments 
and lifestyle changes (86). 

Other therapeutic methods
Plasma exchange/plasmapheresis
If there is high metal toxicity, plasma exchange treatment 
can be employed as an alternative therapy in an emergency. 
This procedure involves the removal of plasma from the 
blood and its replacement with a substitute solution, 
effectively reducing the concentration of harmful 
substances, including heavy metals, in the bloodstream. 
According to several studies, plasma exchange is most 
effective for inorganic mercury and may be therapeutic 
when combined with chelation therapy during the early 
stages of poisoning (87). However, plasmapheresis 
represents a valuable tool in the management of heavy 
metal toxicity, offering rapid detoxification and improved 
patient outcomes.

Enriched environment (Animal studies)
An independent investigation revealed that low-dose 
co-exposure to lead can produce cognitive and synaptic 
plasticity deficits, and that prompt intervention with an 
enriched environment can rectify these abnormalities. 
The enriched environment included pre- and post-
weaning enrichment methods designed to give significant 
sensory and social stimulation. Various stimuli, including 
lemon water and peppermint oil, rough abrasive paper 
and a smooth marble plate, various flavors of candy, a 
hard paper tube, warm water, and a flash lamp, were used 
to assess rat pups’ senses of smell, touch, taste, vestibule, 
heat, and vision (82).

Wet cupping therapy (WCT) 
It has been shown that wet cupping therapy is a classic 

blood-letting method that can be used to treat a variety of 
ailments. The goal of their investigation was to evaluate 
heavy metal contents in wet cupping blood with venous 
blood samples. This study included 24 healthy volunteers. 
Wet cupping therapy was conducted after venous blood 
samples were drawn, and wet cupping blood samples 
were taken. All samples were analyzed using Inductively 
Coupled Plasma Mass Spectrometry to determine heavy 
metal levels. In the study, moist cupping blood had 
considerably greater levels of selected heavy metals than 
venous blood. Heavy metals may be removed from the 
body via wet cupping therapy (88).

Discussion 
This review provides a comprehensive synthesis of the 
current knowledge regarding cognitive impairments 
caused by three prevalent heavy metals- copper, arsenic, 
and lead- and examines the spectrum of therapeutic 
interventions available. The evidence demonstrates 
that exposure to these metals poses a serious threat to 
neurological health, contributing not only to cognitive 
decline but also potentially aggravating neurodegenerative 
diseases.

The neurotoxic mechanisms underlying copper, 
arsenic, and lead toxicity are complex and often 
converge on shared pathways such as oxidative stress, 
neuroinflammation, and disruption of neurotransmitter 
systems, while also exhibiting distinct metal-specific 
effects. For example, lead’s capacity to mimic calcium 
interferes with vital cellular signaling and synaptic 
plasticity; arsenic’s ability to cross the blood-brain barrier 
and induce DNA damage results in widespread neuronal 
dysfunction; and copper’s dual role as both an essential 
nutrient and a potent toxin highlights the delicate balance 
necessary for maintaining neurological homeostasis. The 
review underscores that even low-level, chronic exposure-
especially during critical developmental periods-can 
cause lasting impairments in cognitive functions such 
as memory, attention, and learning, and may contribute 
to the pathogenesis of disorders like Alzheimer’s and 
Parkinson’s disease (Fig. 1) (89).

In addressing these challenges, therapeutic strategies 
have primarily focused on chelation therapy and 
antioxidant supplementation. Pharmaceutical chelators-
including DMSA, BAL, penicillamine, and EDTA-are 
well-established in managing both acute and chronic 
poisoning by facilitating metal excretion (Fig. 1). 
Nevertheless, their use is often limited by significant 
side effects, a lack of specificity that can lead to depletion 
of essential minerals, and restricted effectiveness in 
reversing established neurological damage or crossing the 
blood-brain barrier. This highlights the review’s assertion 
that while these agents can be life-saving, they do not 
represent a definitive cure for cognitive impairments 
induced by metal toxicity (90).
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Natural chelators and antioxidants, derived from 
sources such as garlic, cilantro, ginkgo biloba, curcumin, 
silymarin, vitamin C, and EGCG, offer a promising 
complementary or alternative approach. These 
compounds frequently exhibit multiple mechanisms of 
action, including direct metal binding, potent antioxidant 
capacity, anti-inflammatory effects, and neuroprotection. 
Notably, curcumin, Quercetin (91), and EGCG have 
demonstrated the ability to cross the blood-brain barrier 
and attenuate neuroinflammation and oxidative stress. 
Moreover, nanoparticle formulations of silymarin have 
improved bioavailability, addressing a common limitation 
of natural compounds (89). However, enthusiasm for 
these natural remedies must be tempered by the need for 
more rigorous, large-scale clinical trials to confirm their 
efficacy, optimal dosing, safety, and standardization. 
While preliminary and preclinical studies are encouraging, 
robust validation remains essential. Additionally, 
emerging and less conventional therapies- such as plasma 
exchange for severe acute toxicity, enriched environmental 
stimulation (which has shown promise in reversing some 
deficits in animal models), and wet cupping therapy (with 

preliminary evidence suggesting metal removal)- expand 
the therapeutic landscape. Nonetheless, these approaches 
require further investigation to establish their clinical 
effectiveness and underlying mechanisms (89). 

The strength of this review lies in its comprehensive 
examination of copper, arsenic, and lead neurotoxicity 
alongside a broad spectrum of therapeutic strategies. 
However, a key limitation- reflective of the current 
state of the field- is the gap between understanding the 
mechanisms of toxicity and developing truly restorative 
treatments. Most existing therapies primarily focus on 
detoxification and limiting further damage, rather than 
repairing established neuronal injury or fully recovering 
lost cognitive functions. Additionally, the complexity 
of mixed metal exposures, which are common in real-
world settings, remains insufficiently explored. This 
area requires deeper investigation to better understand 
potential synergistic or additive toxic effects and to guide 
more effective interventions.

Conclusion
Heavy metals like copper, arsenic, and lead pose 
serious risks to biodiversity and human health. Long-
term exposure to these metals has been associated with 
neurodegenerative conditions and cognitive decline in 
adults. These metals not only can disrupt normal brain 
function by interfering with neurotransmitter systems 
and causing oxidative stress, but also damage neuronal 
cells, impairing memory, attention, and language skills. 
Therapeutic and preventive strategies-including removal 
of exposure, chelation, antioxidant support, and emerging 
novel therapies-hold promise in preventing neurotoxicity 
induced by heavy metals. Given the persistent cognitive 
and neurological risks posed by even low-level, chronic 
exposures, particularly during critical developmental 
periods, ongoing research is crucial to optimize 
interventions that not only reduce metal burden but also 
restore neurological function and prevent long-term 
neurodegenerative consequences.
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