Lead Effects in Infants and Children: A
Comprehensive Literature Review on
Neurotoxicity, Mismetallation, Microbiome
Dysbiosis, and Microbial Metallomics

This comprehensive literature review examines the profound and multifaceted impacts of lead exposure on infants
and children, exploring neurotoxicity, molecular mechanisms of mismetallation, microbiome dysbiosis, and emerging

insights from microbial metallomics research.



Overview of Lead Toxicity in Infants and Children

Lead (Pb) represents one of the most persistent environmental health challenges affecting infants and children
worldwide, with profound consequences for neurological development and systemic health. The metal demonstrates
remarkable persistence in biological systems, with approximately 90% accumulating in bone tissue for decades,
where it mimics calcium due to similar ionic properties. Critically, there is no identified safe exposure threshold for
lead, and contemporary contamination stems from multiple pathways including mining activities, battery
manufacturing, electronic waste recycling, deteriorating infrastructure, food and water sources, household dust, and

mouthing products containing lead.

The unique vulnerability of children to lead toxicity reflects their higher absorption rates through the gastrointestinal
tract and greater susceptibility of the developing nervous system. Early exposure—whether prenatal, in infancy, or
during early childhood—establishes conditions for both acute and chronic neurodevelopmental deficits. Blood lead
levels as low as 3.5 pg/dL have been associated with significant neurodevelopmental impairment, challenging
previous safety assumptions. Health Canada and international regulatory bodies have updated reference ranges
based on evidence linking lower lead levels to neurodevelopmental deficits, recognizing that symptoms may be

latent, subtle, and chronic.



Neurodevelopmental Effects: Prenatal and Early

Childhood Exposure

Prenatal Exposure Impacts

Prenatal exposure to lead represents a critical risk
period for neurodevelopmental compromise. A
prospective study of 363 mother-toddler pairs found
that prenatal lead exposure of 3.5 pg/dL was
associated with significantly lower receptive language
(p=0.008) and expressive communication scores (p =
0.006).

In a Bangladeshi cohort of 524 children, increased
blood lead was associated with decreased cognitive
scores on the Bayley Scales of Infant and Toddler
Development, with effects amplified when co-occurring

with other heavy metal exposures.

Multi-Country Evidence

A multi-country study of 310 children from artisanal
and small-scale gold mining areas demonstrated that
joint prenatal exposure to lead, mercury, cadmium, and

arsenic significantly reduced:

e Gross motor development by 17.78%
e Language ability by 55.36%

¢ General developmental milestones by 13.36%

These effects persisted into early childhood (3-4 years
of age), underscoring that lead's neurotoxic effects
emerge in infancy and persist through early childhood,
with language being among the most sensitive

developmental domains.



Specific Neurocognitive and Behavioral Domains

Affected

Cognitive Development

A systematic review and meta-
analysis of prenatal heavy metal
exposures confirmed that lead
significantly impairs cognitive
development even at low
exposure levels, with effects on
memory, executive functioning,
attention, processing speed, and

visuospatial skills.

Language Development

In Mexican children, prenatal co-
exposure to lead, mercury, and
manganese demonstrated that
language development
coefficients decreased by 1.5
points per 1 ug/dL increase in
maternal blood lead, with this
effect magnified when
manganese levels were

deficient.

Executive Functioning

Lead-exposed children from
mining-impacted communities
showed significantly greater
executive functioning difficulties,
particularly in behavioral,
emotional, and cognitive
regulation, with deficits
significantly associated with
lower nutritional status and

biological risk factors.

The critical periods for nervous system development extend from the embryonic period through adolescence, with
proliferation, migration, differentiation, synaptogenesis, myelination, and apoptosis representing key vulnerable

windows.



Molecular Mechanisms: Lead-Induced
Mismetallation and Protein Dysfunction

Ion Mimicry and Metal Displacement

Lead's primary pathophysiological mechanism operates through ion mimicry—its ability to mimic essential metals
by replacing them in critical enzymes and proteins, resulting in severe functional disruption. This mismetallation
disrupts cellular processes by displacing zinc, calcium, iron, and manganese from their normal binding sites in
essential enzymes and structural proteins. The ionic similarity between lead and calcium permits lead to enter cells
through calcium channels and interfere with calcium-dependent signaling, thereby disrupting neurotransmitter

release, synaptic plasticity, and neural development.
Protein Mismetallation and Enzyme Inactivation

Mismetallation with lead and other toxic metals represents a distinct class of metal toxicity affecting
metalloenzymes and metalloproteins. When manganese accumulates in excess, it causes selective disruption of
coenzyme Q (CoQ) biosynthesis through mismetallation and proteolytic degradation of Coq7/, a diiron hydroxylase
enzyme, leading to mitochondrial bioenergetic failure. This mechanism parallels lead-induced dysfunction, as both
metals can displace the native metal cofactors of critical enzymes. In Group B Streptococcus, excess metal ions cause
mismetallation and cytotoxicity through mechanisms that compromise protein function and promote cell death under

host immune conditions.



Essential Metal Deficiency and Competitive
Effects

3X 37.77%

Higher Toxic Metal Burden Zinc Deficiency

Toxic metal burdens in infants and children were Of child subjects were estimated to be zinc-deficient, a
approximately three times higher than in their mothers status with profound implications for neurodevelopment

for lead, cadmium, and aluminum (p < 0.0001)

Remarkably, metallomics analysis of 77 child-mother pairs revealed that toxic metal burdens in infants and children
were approximately three times higher than in their mothers for lead, cadmium, and aluminum (p < 0.0001), while
simultaneously, essential metal levels—zinc, magnesium, and calcium—were significantly lower in children than
in their mothers. Significant inverse correlations emerged between zinc and lead (r=0.267, p=0.019) and between
magnesium and arsenic (r=0.514, p < 0.0001), indicating that 37.7% of child subjects were estimated to be zinc-

deficient, a status with profound implications for neurodevelopment.

Zinc plays irreplaceable roles in DNA replication, protein synthesis, and immune function, while magnesium serves
as a cofactor for over 300 enzymes. The combined burden of elevated lead and depleted essential metals creates
a "double hit" scenario where lead's mismetallation effects are amplified by deficiency of protective micronutrients.
This phenomenon suggests that elevated zinc and magnesium supplementation may provide protection against

lead-induced neurotoxicity, though this remains an area requiring further targeted intervention studies.



Lead-Induced Alterations in Gut Microbiota
Composition

Prenatal lead exposure is negatively associated with gut microbiota composition and function in childhood, with
effects detected years after initial exposure. In a pilot analysis of 123 children (ages 9-11 years) from the
PROGRESS cohort in Mexico City, mean prenatal maternal blood lead was 33.6 ug/L in the second trimester and
34.9 pg/L in the third trimester. Analysis revealed a consistent negative relationship between prenatal maternal
blood lead and the gut microbiome at ages 9-11, including measures of alpha and beta diversity, microbiome

mixture analysis, and individual taxa.

Weighted quantile sum (WQS) regression analysis showed a negative association between prenatal lead exposure
and the gut microbiome for both second trimester (3=0.17, 95% Cl) and third trimester (=0.17, 95% Cl) exposures.
Specific bacterial taxa significantly affected by prenatal lead included Ruminococcus gnavus, Bifidobacterium

longum, Alistipes indistinctus, Bacteroides caccae, and Bifidobacterium bifidum—all of which had weights above

the importance threshold in 80% or more of weighted quantile sum repeated holdouts.



Microbial Clique Analysis and Broader Dysbiosis

Patterns
Microbial Clique Analysis and Lead-Associated Dysbiosis

Using a novel Microbial Co-occurrence Analysis (MiCA) approach, researchers identified specific microbial cliques—
groups of bacteria that co-occur and interact—that were significantly reduced in abundance with lead exposure.
Prenatal lead exposure in the second trimester was associated with a two-taxa microbial clique comprising
Bifidobacterium adolescentis and Ruminococcus callidus, as well as a three-taxa clique that additionally included
Prevotella clara. Increasing second-trimester lead exposure was associated with significantly increased odds of
having the two-taxa microbial clique below the median relative abundance (odds ratio = 1.03, 95% ClI),
demonstrating that lead reduces the abundance of probiotic microbial communities during critical developmental

windows.

Broader Patterns of Heavy Metal-Induced Dysbiosis

Lead exposure disrupts gut dysbiosis through multiple mechanisms that extend beyond simple compositional
changes. In general, environmental chemical exposures including heavy metals induce gut dysbiosis that may result
in obesity, diabetes, gastrointestinal, immunological, and neurobehavioral disorders. The dysbiosis can occur through
shifts in microbiota favoring pathogenic species that produce virulence factors such as lipopolysaccharide (LPS).
Bacterial factors and metabolites may be transmitted to distal sites including the brain, or bacteria-produced

metabolites may mimic host-produced hormones, or epimutations may alter gene expression patterns.

A comprehensive recent review synthesizing findings on heavy metal influences on gut microbiota found that
arsenic, cadmium, lead, and mercury alter microbial composition and result in changes in gene expression,
metabolism, immunity, and neurological function. These alterations establish dysbiosis—a pathological microbial
ecosystem state characterized by reduced diversity and enrichment of pathogenic taxa—that itself becomes a risk

factor for various pediatric disorders.



Microbial Metallomics and Metal-Microbe

Interactions
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Metallomics as Assessment Tool

Metallomics—the comprehensive
analysis of the metallome (all metal
and metalloid concentrations within
biological systems) combined with
genomic, proteomic, and
metabolomic approaches—has
emerged as a powerful tool for
understanding how heavy metals
affect microbial communities and
host health. In infants and children,
metallomics analysis revealed that
lead concentrations in some
individuals were several tens of
times higher than in their mothers,
with burden levels correlating
inversely with essential
micronutrients critical for normal
microbiota function and immune

development.

Bacterial Metal Resistance

Heavy metal exposure of gut
microbiota generates selective
pressure for metal-resistant bacteria
and co-enrichment of antibiotic
resistance genes (ARGs) through a
process called co-selection. In
individuals with long-term exposure
to heavy metals around mining areas,
the oral microbiota showed altered
composition with enrichment of
metal-resistant bacteria such as
Rhodococcus and Delftia, while
sensitive taxa including
Streptococcus and Prevotella were
depleted.

Co-Selection of Resistance
Genes

Metal resistance genes (MRGs) co-
occur with antibiotic resistance genes
in microbiota from contaminated
environments, creating a dual threat
where environmental metal stress
drives the selection for bacteria
resistant to both metals and
antibiotics. This co-selection
phenomenon has profound clinical
implications, as it creates multidrug-
resistant pathogens in communities
with concurrent heavy metal and
antibiotic selection pressures—
precisely the conditions found in
many low-income and mining-
adjacent communities where children

experience elevated lead exposure.



The Lead-Microbiome-Brain Axis: Integration and
Mechanisms

Microbiota as a Mediator of Lead Neurotoxicity

Emerging evidence indicates that the gut microbiota serves as a critical mediator of lead-induced neurotoxicity
through the gut-brain axis. The nutritional modulation of the gut microbiome, particularly through dietary factors
that support beneficial bacteria and SCFA production, may reduce the neurotoxic effects of prenatal lead exposure.
This represents a novel intervention opportunity, as dietary and probiotic strategies could potentially offset some

lead-related neurodevelopmental risks.

The bacterial species significantly reduced by lead exposure—particularly Bifidobacterium longum and other SCFA-
producing bacteria—are critical for maintaining intestinal barrier integrity and producing neuroactive metabolites that
influence CNS function. The loss of these bacteria disrupts the production of beneficial metabolites and allows
increased intestinal permeability, facilitating bacterial translocation and systemic inflammation that can cross the

blood-brain barrier and exacerbate neuroinflammation in the developing brain.
Lead-Induced Dysbiosis and Short-Chain Fatty Acid Deficiency

Short-chain fatty acids (SCFASs), particularly butyrate, acetate, and propionate, represent critical bacterial metabolites
produced by the colonic microbiota. These metabolites serve multiple essential functions: they provide energy for
colonic epithelial cells, regulate intestinal pH, promote intestinal barrier function through tight junction protein
expression, modulate immune cell differentiation and function, and cross the blood-brain barrier where they
influence neuroinflammatory and neuroimmune processes. The reduction in butyrate-producing bacteria
(Roseburia, Faecalibacterium, and Eubacterium species) with lead exposure directly decreases SCFA production,

thereby reducing these neuroprotective metabolites at a critical developmental stage.



Nutritional and Microbiome-Based Intervention
Strategies

Zinc, Magnesium, and Essential Micronutrient Sufficiency

Given the inverse correlations between toxic metal burdens and essential micronutrient levels in
children, ensuring adequate dietary intake and supplementation of zinc, magnesium, iron, and calcium
1 represents a critical intervention pathway. Zinc plays roles in metallothionein synthesis, DNA repair,
immune function, and neural development, while magnesium serves as a cofactor for antioxidant
enzymes including superoxide dismutase. In one study, biomarker analysis showed that dietary zinc
deficits impact metallothionein (MT) protein levels in children with autism, and were associated with

bioaccumulation of lead and/or mercury in children exhibiting neurodevelopmental symptoms.

Dietary Strategies to Support Beneficial Microbiota

Dietary interventions that increase the abundance of complex carbohydrates and fiber specifically
promote the growth of SCFA-producing bacteria, potentially offsetting lead-induced dysbiosis. Pre-
5 biotic fiber (inulin, oligofructose, polydextrose) selectively promotes the growth of beneficial
Bifidobacterium and Roseburia species, which are reduced in lead-exposed children. Several studies
demonstrated that low-abundant SCFA-producing species can serve as functional insurance when
dysbiosis occurs, with their administration enhancing alpha diversity and shifting community

composition closer to control levels.

Probiotics and Postbiotics

Specific probiotic strains with documented lead-binding capacity or SCFA production may provide
therapeutic benefit for lead-exposed children. Exopolysaccharides (EPS) from probiotic bacteria can
3 effectively reduce heavy metal toxicity and mobility, potentially enhancing the gut microbiota's ability
to regulate metal homeostasis and host metabolism. The administration of metal-tolerant microbial
consortia to plants improved their tolerance to heavy metals, suggesting that similar consortia-based

approaches might benefit children with lead exposure.

Future Personalized Intervention Approaches

Integrating multi-omics data—including metallomics, metagenomics, metabolomics, and proteomic
profiling—with machine learning approaches may enable development of personalized intervention
strategies tailored to individual children's metal burden, microbiota composition, and nutritional status.

4 The Constrained Disorder Principle offers a framework for understanding how to maintain microbial
diversity within therapeutic boundaries, moving beyond simple "more diversity is better" paradigms to
recognize that optimal diversity is individualized and context-dependent. Future precision medicine
approaches will likely combine lead exposure reduction, environmental remediation, nutritional
support, microbiota-targeted therapies, and cognitive/behavioral interventions in coordinated

strategies tailored to individual risk profiles.



Summary and Future Directions

Lead toxicity in infants and children represents a complex multisystem challenge affecting neurodevelopment
through direct molecular mechanisms and increasingly recognized microbiota-mediated pathways. Lead's primary
mechanism of ion mimicry causes mismetallation of critical enzymes and proteins, disrupting essential biological
processes while simultaneously depleting children's body stores of protective essential metals. Prenatal and early
childhood exposure creates lasting alterations in gut microbiota composition, reducing beneficial SCFA-producing
bacteria while enriching metal-resistant pathogens. These microbiota changes perpetuate a dysbiotic state
characterized by reduced production of neuroprotective metabolites and increased intestinal permeability. The
combination of direct lead neurotoxicity and dysbiosis-mediated neuroinflammation creates a convergent pathway to

neurodevelopmental impairment.

Emerging metallomics and multi-omics approaches reveal the integrated nature of lead toxicity, moving beyond the
traditional focus on lead alone to consider the simultaneous burden of multiple metals and the depletion of essential
elements. Microbial metallomics data demonstrate that heavy metal exposure selects for metal-resistant bacteria
carrying co-selected antibiotic resistance genes, creating evolutionary pressure for multidrug-resistant pathogens.
Future interventions must consider lead toxicity as a systemic challenge requiring integrated approaches
combining environmental exposure reduction, lead chelation where indicated, nutritional optimization of essential
micronutrients, and targeted microbiota-based therapies. Research priorities include longitudinal studies
characterizing lead-microbiota-neurodevelopment relationships in diverse populations, mechanistic studies defining
critical periods of microbiota disruption, development and validation of microbiota-targeted interventions, and

determination of optimal nutritional strategies to support lead-exposed children.
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