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Abstract Lead is the most potent and persistent toxic metal found naturally in the
earth’s crust. Humans are exposed to lead particles through inhalation, ingestion,
or skin contact, through several sources that influence food, drinking water, soil,
and air. If this heavy metal enters the body, interferes with the organ systems. US
Centers for Disease Control and Prevention (CDC) recently declared that no level
of lead can be considered “safe”. The outcomes associated with lead exposure have
become more apparent and are an ever-increasing concern across the globe, as a
plethora of disorders are caused by its contact. Not only adults but young children
and fetuses are also vulnerable to its toxic effects leading to neurodevelopment and
kidney-related disorders. This chapter provides insight into the clinical manifestation
of lead exposure especially the impact on the mental health (neurodevelopment)
of the fetus, children, and adults, the mechanism of lead-induced neurotoxicity,
available biomarkers, challenges, mitigation, preventive measures, and therapy for
lead exposure. Future recommendations to undertake necessary steps to protect the
population from environmental toxicity have also conversed.
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4.1 Introduction

Lead (Pb) is the most potent and persistent toxic metal naturally occurring element
in the earth’s crust. Lead in the environment in present its inorganic form. A level
of 0.016 mg/dl of blood lead levels has been observed in pre-industrial humans,
indicating the minimum contribution of natural sources for adding lead to the envi-
ronment (Ezzati et al. 2004). Most lead exposure occurs through anthropogenic
activities. Known sources of lead exposure are cigarette smoke, combustion exhaust,
sewage sludge, fertilizers, mining, Pb-bearing sulfide deposits, Pb additives in petrol,
Pb water pipes, Pb in paints, toys, etc. (Meyer et al. 2008). These sources influence
food, drinking water, soil, and air. Drinking water is the major pathway of accu-
mulation of Pb in humans which arises mostly due to the use of lead piping, which
is still being used in some places (Neeti and Prakash 2013). Other sources of the
increased level of Pb in water are landfills, electroplating, Au—Ag-Pb—Zn mining,
etc. (Obeng-Gyasi 2019b). Lead exposure has also been associated positively with
socio-economic status and smoking (Remy et al. 2019). Humans are exposed to
lead particles through inhalation, ingestion, or via skin contact. Human fetuses are
exposed to lead through the placenta (Iwai-Shimada et al. 2019; Risova 2019; Singh
et al. 2020). Ingested inorganic Pb is mainly excreted through urine or feces. It has
been observed that children have a higher tendency of lead exposure than adults,
which can be explained on a body weight basis (Carrington et al. 2019).

In adult blood, more than 90% of lead is absorbed by the erythrocytes with a
half-life ranging from 28 to 36 days. However, some lead from the serum enters the
soft tissues and is accumulated in the brain, kidney, liver, muscles, bones, and teeth
over some time. In addition, as the age increases, the reserved pool of lead in the
bones during calcium deficiency, pregnancy, or menopause is released back into the
blood. This acts as an endogenous source of lead poisoning to various organs and is
a major risk (ATSDR 2010; Klotz and Géen 2017; Organization 2019).

Lead, being a heavy metal, interferes with the organ systems of the body (Mansouri
et al. 2020). Nowadays, it is very uncommon to find acute cases of lead toxicity
which usually occurs through occupational exposure or accidental exposure to lead-
containing agents. However, chronic cases of lead poisoning have been seen, as
determined by elevated levels of blood lead concentration. The six countries Algeria,
Yemen, Myanmar, North Korea, Iraq, and Afghanistan pose a higher risk of exposure
because these countries did not follow the international standard of low-lead levels
in the gasoline till 2013 (Cassleman et al. 2020). However, the developed nations
took the initiative and banned the lead-containing gasoline and paint which drastically
decreased chronic lead exposure but, low-level exposure remains a matter of concern
(Flora et al. 2012).

Neurotoxicants may be defined as any substance or chemical that alters the regular
operation and/or compromise adaptability in the central and/or peripheral nervous
system, either during development or at maturity (Cardenas-Iniguez et al. 2022).
Approximately, 200 substances can fall under neurotoxicants.
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In the last two decades, lead neurotoxicity has been well recognized. Previous
norms related to safe levels of lead was restricted to blood lead level < 10ug/dL,
however, more recently, the US Centers for Disease Control and Prevention (CDC)
updated and recommended that no level of lead can be considered “safe” (Bellinger
2018; Betts 2012). In the recent estimation of the global disease burden, lead has
been ranked 17th to 30th most important contributor to the disability-adjusted life
years (DALY) (Lim et al. 2012). The outcomes associated with lead exposure have
become more apparent and are an ever-increasing concern across the globe. Not
only adults but also young children are vulnerable to its toxic effects leading to
neurodevelopment and kidney-related disorders (Murata et al. 2009). A plethora
of disorders are caused by lead exposure. The adverse effects include behavioral
alterations in children and neuronal developmental disorders in infants, a deficit in
motor coordination, and cardiovascular disorders. In addition, its chronic exposure
reduces fertility and causes renal dysfunction, convulsion, or even coma (Lustberg
and Silbergeld 2002; Weaver et al. 2005).

A report by WHO (2004) states that in the year 2000, ~ 120 million people
had blood lead levels between 5 and 10 mg/dl and nearly the same number had
values > 10 mg/dl. This report further revealed that 90% of these children belong to
underdeveloped countries. 40% of these children had blood lead concentrations of
> 5 mg/dl and 50% had blood lead concentrations of > 10 mg/dl (Ezzati et al. 2004).
A shocking figure of 9.8 million disability-adjusted life years (DALYs) was caused
by the disease burden from mild mental retardation associated with lead exposure
(Ezzati et al. 2004). Furthermore, the report of the Global Burden of disease dataset
2019 confirmed that ~ 800 million children have hazardous levels of lead in their
bodies. The majority of the cases belong to Southeast Asia and India is the highest
contributor to it. In India, nearly 275 million children are reported with raised lead
levels and out of total deaths due to lead poisoning, 26% of deaths are reported in
India GBD Compare (Metrics IFH Evaluation 2017).

This chapter provides insight into clinical manifestation of lead exposure espe-
cially the impact on the mental health (neurodevelopment) of the fetus, children, and
adults, the mechanism of lead-induced neurotoxicity, available biomarkers, chal-
lenges, mitigation, preventive measures, and therapy for lead exposure. There is a
need to undertake necessary steps to protect the population from environmental toxi-
city, future recommendations for the same have been discussed in the concluding
part of the chapter.

4.2 Material and Methodology

This review paper includes a systematic search in Google scholar, PubMed, and
MEDLINE. The search was conducted using different keyword strings as ((“Lead
exposure” OR “Lead toxicity” OR “Lead effects”) AND “Mental health”) on Google
Scholar, and ((“Lead exposure” OR “Lead toxicity” OR “Lead effects”) AND
(“Human brain” OR “cognitive” OR “Behavioral problems”)) on PubMed and
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Fig. 4.1 PRISMA flow chart illustrating the selection process of the included studies. Source Page
etal. (2021)

Medline. The keywords were searched in the title and abstracts of the research papers.
No criteria was set to select population-based studies. The screening of literature was
done from 2013 to 2023. The search was confined to English language and included
data on humans only. Besides the database search, a manual search including the
reference lists of original articles and previous reviews was also performed. The
studies based on association or effects of lead exposure, toxicity on humans were
included for the present paper (Fig. 4.1 PRISMA flow diagram). Out of these, only
those studies which complied with the inclusion criteria were included. Blogs, private
websites, and newspaper articles were excluded. A total of 29 studies were screened
for the review.

4.3 Lead and Mental Health

Environmental and occupational lead exposure is a serious public health concern.
The individuals at high exposure are prone to encephalopathy, anemia, and kidney
damage. Even the lower doses of exposure can alter the cognitive development in
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children as well as in adults (Fenga et al. 2016). It is well documented that blood
lead levels are inversely associated with neuropsychological development. It can also
affect the mental conditions like anger, mood, general distress, schizophrenia, and
violence (Cassleman et al. 2020). Because of its health risks even at low exposure,
it has been suggested that there is no safe level of lead exposure.

4.3.1 Effects on the Fetus

Human embryonic and fetal growth are the foundation for healthiness and illness
across the lifespan. The exposure of fetus to lead can have a deep impact on its growth,
as it can cross the placental barrier and accrues in the tissues of the developing fetus
(Gundacker and Hengstschldger 2012). BPb level of 1015 pg/dL in the women of
reproduction age affects the growing fetus. The exposure events of lead happening
before the child birth are correlated to various long-term health and behavioral issues
(Brubaker et al. 2009; Canfield et al. 2005; Cecil et al. 2011). It is assumed that
intrauterine contact to lead disrupts the development of brain networks before birth.
Interrupted connectivity in utero may lead to reduction in the integrity of network
structure, which in turn may result in cognitive deficits linked with neurotoxic insults
from lead exposure. The fetus exposed to lead deviate from characteristic patterns
of neurodevelopment as per fetal resting-state functional connectivity (RSFC) MRI
study. The relatively lesser age-linked rise in cross-hemispheric connections and
increased connectivity of the superior frontal gyrus and the posterior cingulate cortex
has been reported in prenatal lead-exposed fetuses (Thomason et al. 2019).

4.3.2 Cognitive and Behavioral Effects in Children

There are numerous studies citing the potency of lead to affect the cognition and
behavior of children. Moreover, different blood lead levels show different types of
cognitive and behavioral problems. Earlier it was known that blood lead levels at
10 pg/dL and above can cause cognitive and behavioral problems among children.
Blood concentrations at or below 10 g/dL resulted in neurophysiological and neurobe-
havioral deficits. It may have an impact on academic performance (Liu et al. 2013)
distractibility, memory problems, decreased verbal and quantitative scores, impaired
visual-motor coordination, and longer reaction times (Bellinger 2008; Canfield et al.
2003a, b; 2004; 2005; Chiodo et al. 2004; Dietrich et al. 1993; Lanphear et al.
2005; Rocha and Trujillo 2019). However, recent studies found concrete evidence
of significant damage to the brain at levels below 5 pg/dL. Studies conducted by
various researchers (Canfield et al. 2003a, b; Chiodo et al. 2004; Lanphear et al.
2005) showed that children with blood lead levels of below 5 pg/dL are linked
to impulsivity, deficiencies in verbal processing, non-verbal thinking, reading, and
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arithmetic, reaction time, attention, as well as low scores on a variety of achieve-
ment tests. Simple reaction time, teacher report cards, and neuropsychological tests
have all shown that children’s attention is interrupted at levels below 3 g/dL (Chiodo
et al. 2004; Després et al. 2005; Min et al. 2009). Moreover, it has been proved that
continuous low-level lead exposure leads to cognitive and psychological impairment
instead high-level exposure results in seizures, commas, and death.

Generally, lead toxicity is asymptomatic in children. However, children below the
age of 5 years may show symptoms like poor appetite, lethargy, weight loss, abdom-
inal pain, vomiting, constipation, headache, irritability, tiredness, and nervousness
(Collin et al. 2022). Anemia is one of the symptoms of lead toxicity and thus, the pale
color (a result of anemia) of children may signify lead exposure. Children who have
been exposed to lead may also have learning issues. Lead encephalopathy exhibits
symptoms like seizures, vomiting, clumsiness, agitation, etc. The symptomatic cases
of lead poisoning must be treated immediately.

Table 4.1 illustrating the few works conducted on infants and children for showing
a positive association of lead exposure and mental health. It is well documented that
different biomarkers including blood, urine, bone can successfully estimate the lead
exposure in children. However, most of the studies used blood (venous, umbilical)
as a choice of biomarker. It is clear from the table that blood lead levels even at
2.9 ng/L can affect the mental health of children. Rodriguez-Carrillo et al. (2022)
did not find any association between urine lead concentration (median: 0.42 pg/L)
and behavioral functions (Rodriguez-Carrillo et al. 2022).

4.3.3 Lead Exposure and Mental Health in Adults

Around the globe, usage of leaded gasoline was at its peak from 1940 to the early
1900s. Therefore, it is expected that millions of adults must have lead exposure
during their childhood phase. Adult lead poisoning in adults is usually brought on by
the usage of traditional medicine and occupational exposure (Kumar 2009). There
is an agreement that children exposed to lead suffer from low IQ levels, inattention,
hyperactivity, and tend to indulge in violence, antisocial behavior, etc., but research
focused on neurobehavioral functioning in adults gives mixed opinions. However,
most of the studies found a positive association between lead exposure and psychiatric
problems in adults (Cassleman et al. 2020). Occupational exposure to lead can affect
general intellectual performance, processing, attention, visuospatial abilities, and
motor functions (Fenga et al. 2016).

Lead encephalopathy is rarely seen in adults but individuals using traditional
medicines or having occupational exposure to lead may suffer from it (Kumar 2009).
Generally, high level of lead exposure (occupational) in adults shows symptoms like
limb and abdominal pain, headache, numbness, tingling in hands and feet, memory
loss, and mood swings. Abnormal and low sperm count can be a reason for lead
exposure in men. Women exposed to lead during pregnancy may experience miscar-
riage or deliver a premature baby. Sustained low-level exposure leads to anemia.
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Adults exposed to lead may show aggression (more than normal), hyperactivity, and
insomnia. Delirium, coma, seizures, numbness, and motor deficits are some other
symptoms.

Table 4.2 describes that individuals having blood lead levels even at a level of
0.6 pg/L can show symptoms of ill mental health in adults. Bone is also used as
a biomarker for the estimation of long-term exposure of lead in adults. The adults
having elevated levels of lead may experience psychiatric problems including anxiety,
fatigue. They may suffer from Alzheimer’s disease schizophrenia and Parkinson’s
disease.

4.4 Mechanism of Lead-Induced Neurotoxicity

Of all the organ affected, lead accumulation primarily affects the brain and elicits
excito-toxicity of the brain, the release of various neurotransmitters, the second
messenger system, as well as apoptosis. One of the major effects is its function
to substitute for calcium which results in mitochondrial dysfunction and apoptosis
cascade leading to neuronal death. Mitochondrial dysfunction results in increased
reactive oxygen species and activation of programmed cell death (Simons 1986).
Since various enzymes such as acetylcholine, dopamine, and neurotransmitters are
dependent on calcium signaling, the substitution with lead alters their activity (Gold-
stein 1993). In addition, lead delays the differentiation of glial progenitors that
can cause demyelination and hypomyelination. Indirectly, lead also dysregulates
chemosynthesis with increased production of aminolevulinic acid (ALA) further
inhibiting the gamma aminobutyric acid receptors (GABA). As a result of this
cascade, anemia occurs along with a deficit in neurocognitive ability. These symp-
toms might appear immediately or may be delayed with common symptoms including
reduced intellectual ability, vision loss, and behavioral issues (Hwang 2007; Lidsky
and Schneider 2006).

4.4.1 Effects of Lead on Neurodevelopment

The brain is extremely sensitive to Pb during the developmental period and espe-
cially during the gestational period which is marked by neuronal proliferation,
migration, and differentiation. Lead exposure adversely affects the developing brain
even at minute levels (Bellinger 2008; Liu et al. 2014). During early develop-
ment, hippocampal-dependent spatial learning and memory are affected as lead
exposure alters the NR1 and NR2 subunits and signaling of N-methyl-D-aspartate
(NMDA ) receptors (Guilarte and McGlothan 1998). Additionally, Pb exposure alters
brain-derived neurotrophic factors (BDNF) (Neal et al. 2010) as well as impairs
hippocampal LTP via epigenetic modulation through DNA methyltransferases and
methyl cytosine binding proteins (Schneider et al. 2013). From the animal studies on
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neonatal rats, it is clear that alterations of long-term potentiation (LTP) and paired-
pulse facilitation (PPF) of hippocampal dentate gyrus occurred (Ruan et al. 1998).
This hippocampal long-term potentiation is an important component of learning as
well as memory. With lead exposure, the dendritic spines, the crucial structure of
pyramidal neurons are severely affected. Such changes can cause a reduction or
loss of learning and memory function. Any deviation in synaptic formation, matu-
ration, or structural alterations is detrimental to the development of the brain. Post-
synaptic neuroligins (NLGNs) are integral proteins that are required for synapto-
genesis, dendritic spine maturation, and its stability. Upon lead exposure, NLGN
proteins are disrupted and causes altered dendritic spine formation in hippocampus
(Zhao et al. 2018). In addition, exposure to lead might result in abnormal alteration of
the synaptic transmission that is often associated with memory impairment. This was
predicted from a study, where it was observed that PB-exposed rats had decreased
expression of NR2A and phosphorylated GluR1 causing synoptical morphological
and functional alterations in the hippocampal CA1 pyramidal neurons that ultimately
leads to behavioral changes (Wang et al. 2016). From previous studies, it has already
been established that children with the blood lead concentration of 10 pg/dL are also
susceptible to intellectual impairment exhibiting low intelligent quotient. Accord-
ingly, each increase of 10 pg per deciliter in the blood results in a significant decline
in the IQ by 4.6 points which is considered to be a tremendous decline (Canfield
et al. 2003a, 2003b; Heidari et al. 2022; Lanphear et al. 2005). During fetal develop-
ment, lead can cross the placental membrane. In an assessment of prenatal exposure
to lead, it has been observed that levels of lead in the cord blood were 1.23 pg/dl
indicating that during development, lead can effortlessly pass the placental barrier
and accrue in the blood of the fetus (Jedrychowski et al. 2009; Vigeh et al. 2014). A
study observed that levels of lead in the first-trimester maternal plasma and whole
blood can be a predictor of neurodevelopmental disorders in the early stage of life
(Hu et al. 2006). Interestingly, epigenetic modifications such as DNA methylation are
known to play a part in hampered neurodevelopment. This was estimated by a study
wherein trimester-specific maternal blood lead concentrations, DNA methylations
in umbilical cord blood, and infant neurodevelopmental outcomes were measured
(Rygiel et al. 2021).

Moreover, exposure to Pb makes modification in nitric oxide synthase which alters
the brain vasculature, consequently affecting the serotonergic system and may inten-
sify aggressive behavior (Martinez-Lazcano et al. 2018). So, the neurobehavioral
dysfunctions and deficits in cognition can be linked to environmental Pb exposure
(Santa Maria et al. 2019).

4.5 Available Biomarkers of Lead Exposure

Biological monitoring measures are important for the evaluation of the toxicological
agents that might be detrimental to human health and the environment (Berlin et al.
1982). Biomarker monitors and measures the interaction with the biological system
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and the physical, chemical, or biological agents. Biomarkers give an index of the
contamination of the biological system and identify the risk factors associated with
it. A variety of biomarkers exists to determine the toxicity of an element such as
biological fluids like blood, and urine, and biological tissues such as hair, bone, and
nail are being tested for lead exposure. Despite this, the difficulty in assessment
exists due to the complex toxico-kinetics of lead within the tissue. Blood is the
most common biomarker to assess the levels of ingested/inhaled lead. In humans,
more than 50% of lead is transferred to the bloodstream upon exposure (DeSilva
1981). Other biomarkers include bone, teeth, hair, and nail (Barbosa et al. 2005).
Bone lead levels have been correlated with serum lead levels in adults that confers
its use as a potential biomarker (Herndndez-Avila et al. 1998; Hu et al. 1998). Hair
is an attractive biomarker for monitoring lead exposure, as it is readily available
and obtained via non-invasive procedures and is of low cost (Schuhmacher et al.
1991). Nails have been also used for the detection of chronic exposure of lead due
to its several advantages. Lead in nail is considered to remain uneffected from the
metabolic activities of the body and reflects the long-term exposure of lead. In this
regard, toenails are considered to be superior than fingernails because toenail remains
less exposed to the other environmental contaminations (Nowak and Chmielnicka
2000; Takagi et al. 1988).

4.6 Treatment to Reduce Lead Levels in Human Body

The most effective treatment available to quickly reduce the blood lead level is
chelation therapy (Collin et al. 2022). In 1950, the early chelating agent, EDTA, was
fetched into clinical use as an antidote for lead toxicity. In chelation therapy, which
is a clinical intervention, chelating agents like calcium disodium ethylene diamine
tetraacetic acid (CaNa 2 EDTA), Succimer (2,3 meso-dimercaptosuccinic acid or
DMSA, oral chelating agent, for mild and asymptomatic cases), are administered,
which in turn binds to Pb and removes it from the different tissues of the body (Hao
etal. 2013). DMSA being an antioxidant significantly diminishes Pb-induced oxida-
tive stress and apoptosis (Obeng-Gyasi 2019a). Though chelation therapy consider-
ably removes the Pb ions from the body, however, because of the side effects of the
chelating agents, their use is limited to severe cases of overexposure to heavy metals
(Aasethetal. 2015; Kushwaha et al. 2018). Another medical treatment for individuals
with overt lead intoxication involves decontamination and supportive care (Kosnett
et al. 2007).
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4.7 Prevention Therapy

Lead poisoning affects many organs in adults as well as in children. The prevention of
exposure to lead through the environment is the primary therapy. The most common
sources of lead exposure in children and adults are air, soil, water, paint chips, candies,
and toys; some of which can be easily avoided (Collin et al. 2022). Secondary preven-
tion includes regular screening through different biomarkers. Depending upon the
levels of lead found medical therapies and dietary supplements may help to lower the
level of lead in the body but cannot remove it completely. The early detection of lead
poisoning and monitoring of blood lead levels may avoid significant consequences.
Preventing direct exposure and taking a proper diet rich in natural antioxidants, vita-
mins (Flavonoids), iron may prevent lead build-up in the tissues (Collin et al. 2022;
Wang et al. 2021).

4.8 Suggestions and Recommendations

Ithas become increasingly evident from the previous data that even alow level of envi-
ronment toxicity to lead can be significantly hazardous to young adolescents leading
to various mental disorders and intellectual deficits. In addition, it is also responsible
for various cancers, cardiovascular diseases, kidney disorders, and gastrointestinal
problems.

e To prevent the lead toxicity in air, policymakers need to design/ update the laws
to protect the environment effectively.

e Efforts have to be made at global levels via formation of administrative policies,
promoting research in the field, and making stringent laws for monitoring pollution
levels.

e Association of lead toxicity and its effects on developing brain resulting in
behavior and intellectual deficits has been clearly reported. Still, the efforts to
control its exposure are inadequate both at the national and international levels.
To prevent various health-related issues due to potential toxins, it is important to
identify these and restrict their usage before they enter the environment.

e Various programs could be created at government level to aware public about the
health hazards to these toxins via distributing pamphlets, pasting posters in public
places, and by advertisements on television and social media.

® Also, it is important to educate people on various sources of exposure and routes
of inhalation.

e Few suggestions and recommendations for preventing environmental toxicity
include

— Industries need to certify that that the raw material used and the final product
as well as factory emissions are not environment hazardous.
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— Itis important to assess the effect of potential toxins on the developing brain
by various relevant bodies including pollution control boards and agencies

— The prevalence of mental disorders, intelligence deficits, and learning
disabilities should be recorded in a national database which needs to regularly
updated.

¢ [ongitudinal studies need to be designed to study the effect of different toxins
on brain at multiple exposure timings as majority of intellect issues are a cumu-
lative effect of chemical and social exposure from fetal life to childhood. There-
fore, neuroimaging at starting from the fetal period to adulthood may help to
monitor the different stages of brain development and maturation, under various
environmental conditions.

e [tis important to assess neuropsychological and behavioral aspects of children at
early ages through standardized instruments.

4.9 Conclusions

Previous studies and data’s suggest that lead neurotoxicity may be a contributing
factor for adverse mental health outcomes, even at levels generally considered to
pose low or no risk. Thus, no blood concentration of lead is safe; its neurological
and behavioral effects are thought to be irreversible. WHO has also identified lead
as one of 10 chemicals of major public health concern needing immediate action
by Member States to protect the health of workers, children and women. Efforts
has to be made at the national and international levels to control the lead exposure.
Adverse behavioral outcomes observed in children with similarly low blood lead
levels emphasizes the need for considering ways to further reduce environmental lead
exposures. Therefore, it is important to state the awareness and advocacy surrounding
the issue of such neurotoxicant exposures in order to influence policy makers that
can enact legislation to largely mitigate and eliminate these toxic environmental
exposures.
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