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Childhood Lead Exposure and Adult Neurodegenerative Disease
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Abstract

Millions of Americans now entering midlife and old age were exposed to high levels of lead, a
neurotoxin, as children. Evidence from animal-model and human observational studies suggest
that childhood lead exposure may raise the risk of adult neurodegenerative disease, particularly
dementia, through a variety of possible mechanisms including epigenetic modification, delayed
cardiovascular and kidney disease, direct degenerative CNS injury from lead remobilized from
bone, and lowered neural and cognitive reserve. Within the next ten years, the generation of
children with the highest historical lead exposures, those born in the 1960s, 1970s, and 1980s, will
begin to enter the age at which dementia symptoms tend to emerge. Many will also enter the age in
which lead stored in the skeleton may be remobilized at greater rates, particularly for women
entering menopause and men and women experiencing osteoporosis. Should childhood lead
exposure prove pro-degenerative, the next twenty years will provide the last opportunities for
possible early intervention to forestall greater degenerative disease burden across the aging lead-
exposed population. More evidence is needed now to characterize the nature and magnitude of the
degenerative risks facing adults exposed to lead as children and to identify interventions to limit
long-term harm.
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INTRODUCTION

When do neurodegenerative diseases, like Alzheimer’s (AD) and Parkinson’s (PD), begin?
The answer may be: at conception. As with many age-related conditions, neurodegenerative
diseases are increasingly considered to result from an array of insults and risk factors
operating differentially across the lifespan, with early life, pre- and post-natal emerging as a
critical window for the development of risk [1-3]. Following a Developmental Origins of
Health and Disease (DOHaD) theoretical approach [4], some emerging theories now view
abnormal age-related degeneration as the delayed consequence of disrupted neural
development [3, 5, 6].
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Although diseases like AD and PD appear to be fundamentally multifactorial in their
etiology and mixed in their pathology [7]—with many possible roads leading to the same
dysfunctional outcome—the identification of common early-life risk factors holds
significant promise for early intervention with at-risk individuals and for primary prevention
to reduce risks for future generations. With an aging global population, even small
reductions in risk could significantly lower the future worldwide burden of
neurodegenerative disease [8].

For millions of Americans now entering midlife and older age, childhood exposure to lead
may be one profound, ubiquitous risk factor for age-related neurodegenerative disease.

Until the early-1990s, lead was ever-present in American communities, with lead use in
paints, pipes, and gasoline resulting in high lead exposures across the population. Lead was
first added to gasoline in 1921 and, until phase-downs began in the mid-1970s, its use
increased exponentially [9]. In 1976, when the first America-wide lead-level surveillance
began, the average American’s blood-lead level was three times higher than the current
reference value for clinical attention [10]. Individuals, and particularly children, living in
highly urban areas, beside busy roads, or near lead-emitting industries had the highest
exposures [10-13].

Lead, a heavy metal able to substitute for calcium in the body, is a potent neurotoxin.
Though its harm for the developing child’s brain is by now wellknown [14], the risk that
lead poses for the exposed child later in life is still an active area of research [15].
Accumulating evidence from experimental and observational studies now suggests that
childhood lead exposures may result in lasting neural, epigenetic, and behavioral changes
not seen in exposed adults—changes that, together, may significantly alter exposed-
children’s risks for neurodegenerative disease in old age.

American children born in the 1960s, 1970s, and early 1980s experienced, en mass, lead
exposures of a magnitude not seen before or since [9, 13, 16]. Within the next ten years, the
oldest of these children will enter the age at which degenerative disease symptoms tend to
emerge. By then it will be too late to intervene.

This review article summaries the existing evidence linking lead exposure in childhood to
increased neurodegenerative disease risk in adulthood. It considers the possible mechanisms
by which increased risk could be conferred, including biological, behavioral, and epigenetic
paths, and it articulates the many gaps in knowledge that additional research should fill
while considering possible implications for public health and policy.

EVIDENCE LINKING CHILDHOOD LEAD EXPOSURE TO DEGENERATIVE
BRAIN DISEASE

Research studies on the potential neurodegenerative consequences of lead exposure have
primarily focused on risks for the two most common neurodegenerative diseases, AD and
PD. Box 1 describes the general pathological hallmarks of AD and PD. Although these
specific pathology syndromes result in selective degradation of different brain networks
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[17], there is considerable pathological overlap among them [18] and among related diseases
(e.g., Lewy-body dementia), with co-morbid or so-called “mixed pathologies” accounting
for most cases, particularly of diagnosed dementias [7, 19, 20]. Lead exposure may be a
common, or non-specific, risk factor for these disorders and, notably, has been linked to
other degenerative diseases not reviewed here, particularly amyotrophic lateral sclerosis [21,
22].

Both AD and PD are age-related, with age being their most significant risk factor. Idiopathic
AD and PD, the most common forms of each disease, have environmental exposures
consistently implicated in their etiology, with increased disease risk linked to exposure to
head trauma [23-25], air pollution [26-28], metals [29-31], pesticides [32], and chronic
stress [33].

No prospective longitudinal study has yet followed a group of lead-exposed children into old
age. The best evidence linking early-life lead exposure and late-life neurodegeneration
currently arrives from experimental studies using cellular and animal models, which allow
for examination of full-lifespan outcomes. These studies suggest a clear link between early-
life lead exposure and late-life brain disease. Observational studies in lead-exposed workers
and community-dwelling elderly have, meanwhile, provided consistent evidence that lead’s
neurotoxic activities can induce changes in the brain that are pro-degenerative and that
increase neurodegenerative risk years after exposure. Recently, a handful of limited follow-
up studies in lead-exposed children in young adulthood and at midlife provide some
additional suggestion of an exposure-outcome link. These three sources of evidence—
cellular and animal model studies, studies of adults exposed to lead, and longitudinal studies
of exposed children—are reviewed in order.

Evidence from cellular and animal studies

Basic cellular and animal studies have, over the last few decades, explicated the toxic actions
of lead within the central nervous system (CNS). Lead is a heavy metal that, in the body;, is
able to substitute for calcium, an element critical to neuronal signaling, neurogenesis,
mylenation, synaptic plasticity, and the functioning of glial cells [34, 35]. Lead is believed to
pass the blood-brain barrier through calcium channels and, once inside the brain, to enter
neurons and glial cells through similar channels [36]. Lead has a half-life in the brain of
roughly two years [37].

Inside neurons, lead: suppresses neurotransmitter release, which relies on calcium ions;
alters energy metabolism through the inhibition of NMDA-ion channels and the activation of
protein kinase C, and; blocks the release of calcium from mitochondria, leading to the
formation of reactive oxygen species, mitochondrial “self-destruction,” and apoptosis of the
neuron [35]. Lead also leads to neuronal death through enhanced lipid peroxidation and, in
glutamate-signaling neurons, excitotoxicity. During neural development lead can disrupt
neuron and glial migration, differentiation, and, for neurons, the formation of synapses [35].
Glutamate and dopamine systems appear to be preferentially vulnerable to lead, leading to
particular disruptions in hippocampal long-term potentiation and cortical executive-
functioning [35]. In mice, lead preferentially accumulates in the hippocampus and cerebral
cortex [38], a rough pattern also reported in humans [39].
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While most studies of lead toxicity have considered the immediate consequences of
exposure, over the past decade a number of studies have considered longer-term
consequences, particularly from early-life exposure. This research, conducted primarily in
mice and non-human primates, suggests that early-life lead exposure may hold
neurodegenerative consequences in old age.

The most compelling evidence of this link is provided by a multi-decadal study of female
macaque monkeys differentially exposed to lead acetate in the first year of life. These
monkeys, born at the Health Protection Branch of the Canadian government in 1980, were
raised for studies on the developmental consequences of lead exposure. Following a number
of behavioral experiments across the 1990s, which linked lead to learning and memory
deficits [40, 41], the study animals were transferred to the U.S.-National Institute of
Environmental Health Sciences (NIEHS), where they were sacrificed, in 2003, in mid-
adulthood, at age 23 years. (Macaques are generally considered “old” by age 30; J Harry,
personal communication, February 16, 2018). Early blood tests indicated that the lead-
exposed monkeys had experienced moderate exposure, with blood-lead levels ranging from
19-26 pg/dL, moderately higher than the U.S. population average in the late 1970 s and well
above the current reference level (5 ug/dL). CNS tissue from nine study animals was made
available to researchers at the University of Rhode Island for research on long-term lead-
related pathology.

Upon examining the primate CNS tissue, investigators observed significantly greater AD-
like pathology in the frontal cortex of the lead-exposed monkeys (7= 5) than in the non-lead
exposed control monkeys (7= 4), including the presence of diffuse amyloid-p plaques and
neurofibrillary tangles [42]. These pathological signs were accompanied by: significantly
elevated mRNA levels of amyloid-p-related genes (e.g., amyloid-p protein precursor
(ABPP), transcription factor Sp1, and, marginally, BACE1); DNA methylation patterns
indicative of enhanced brain aging; and significant elevations in biomarkers of oxidative
DNA damage (8-ox0-dG). Greater AD-like hyperphosphorylation of tau and pathological
tau deposits were also observed [43].

Unfortunately, these follow-up studies were strictly immunohistochemical (NH Zawia,
personal communication, October 12, 2017), and the aged, lead-exposed macaques were not
subjected to any formal cognitive or behavioral tests prior to sacrifice, although no gross
behavioral abnormalities were noted in any of the macaques’ health records (J. Harry,
personal communication, February 16, 2018).

Complementary studies in mice have since provided finer details on the nature and timing of
lead’s possible neurodegenerative effects, with at least one study hinting that early-life may
represent a critical window for the development of later disease risk. In this study,
researchers exposed mice to low levels of lead: a) early in life (within the first month), b)
late in life (for three months beginning at midlife), or ¢) both early and late. In mice exposed
early in life, investigators detected AD-like deficits in learning and memory that were
accompanied by over-expression of AD-related genes [44] (e.g., genes coding for ARPP),
elevated production of AD-related proteins (e.g., tau), and elevated protein phosphorylation
at cellular sites matching those seen in brain extracts from AD patients (e.g., serine and

J Alzheimers Dis. Author manuscript; available in PMC 2019 April 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reuben

Page 5

threonine sites) [45]. Mice exposed to lead only in midlife displayed no observable
impairment in learning or memory ability and, further, evidenced no degenerative epigenetic
or morphological brain changes despite having experienced greater cumulative exposure
than the early-exposed mice. Notably, the AD-like pathological changes seen in the early-
life exposure mice mirrored those seen in the lead-exposed macaques [42, 43]. These
findings also match those reported from several other mouse studies [46—49] and from
studies in transgenic mice that produce amyloid-p plaques [50].

Collectively, the degenerative pathological outcomes seen in primates and mice exposed to
lead early in life suggest that lead exposure may hold long-term neurodegenerative
consequences for those individuals exposed in childhood. As mice exposed only at midlife
appear to suffer less degenerative pathology, childhood may represent a unique window of
vulnerability for the development of disease following lead exposure. As the studies of
adults workers and community-dwelling elders reviewed in the next section make clear,
however, degenerative disease risk may also increase in those heavily exposed to lead in
adulthood or, conversely, those exposed moderately in old age, which may represent a
second vulnerable period.

Evidence from adults exposed to lead

Studies of adults exposed to lead through their home environment or through employment in
lead-related industries have indicated a link between later-life lead exposure and
neurodegenerative disease. Lead is hypothesized to increase disease risk in exposed adults
by directly causing inflammatory and pro-degenerative intracellular oxidative damage. It is
not yet clear if the mechanisms operating to increase risk following adult exposures are the
same as those operating in exposed children. Nevertheless, studies of adults exposed to lead
provide confirmation of pro-degenerative neurotoxic activity.

Adult lead exposure and PD risk

A number of studies have reported increased rates of PD in adults exposed to lead
occupationally. In one U.S. case-control study with elderly participants, individuals with the
highest quartile of lifetime lead exposure, calculated from bone and blood-lead measures
and from analysis of probable occupational exposures, were found to have a two-fold greater
risk of PD than those in the lowest quartile of lifetime exposure [51]. A different case
control study using U.S. elders from a general population and bone-lead measurements of
cumulative lead exposure reported a three-fold greater risk for those in the highest quartile
of exposure compared to those in the first [52]. Occupational studies reliant on self-report
measures of lead exposure, determined through interviews about occupation and work tasks,
have generally failed to find associations between lead and PD [53-55], although at least one
such study reported considerably elevated risk of PD (OR = 5.24) in workers estimated to
have been exposed to lead andadditional metals (e.g., lead and copper or lead and iron) for
greater than 20 years [53]. Prospective studies linking industry lead emissions data to PD
risk at U.S. census tract [56] and county levels [57] have also failed to identify PD-lead
associations, suggesting that environmental-level exposures, which tend to be lower than
occupational-levels, may not alter risk or, conversely, that measures of industrial lead
emissions may be poor proxies for actual lead exposure.
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Adult lead exposure and AD risk

Unlike with PD, no studies have yet examined AD risk following adult lead exposure.
Numerous cross-sectional studies in older adults have, however, reported between-individual
cognitive deficits associated with lead exposure [58-63], and several retrospective and
prospective longitudinal studies have reported within-individual cognitive decline following
lead exposure [64-68]. Collectively, these studies examined lead-outcome associations in
both occupationally and environmentally exposed individuals and in socioeconomically and
ethnically diverse populations. In one representative study, of healthy elderly men from a
general U.S. population (the VA Normative Aging Study, VA-NAS), one interquartile range
of higher cumulative lead exposure associated with cognitive deficits akin to aging the brain
five additional years [65]. A 2007 review of the evidence collected to that point concluded
that there was “moderate evidence” of a likely causal relationship between adult lead
exposure and cognitive decline [64].

Cognitive deficits relative to peers and cognitive decline measured across many years
represent profound risk factors for AD [69-71], with the premorbid disease phase proceeded
by several years of “progressively accelerating” cognitive decline [69]. Cognitive deficits
associated with lead exposure consistently appear in AD-related domains, including verbal
and visual memory, attention and general executive functioning, and in domains related to
motor ability, manual dexterity, and visuospatial ability [64]. Studies are now being planned
to more directly evaluate AD diagnosis and symptom severity risk following adult lead
exposure (MG Weisskopf, personal communication, October 12, 2017).

Although adult lead exposure appears to confer risk for cognitive decline, a risk factor for
AD, it is not clear to what extent studies of lead exposed adults can generalize to lead
exposed children. One thing these studies do suggest, however, is that lead doses received in
the past, sometimes decades in the past, may lead to delayed or progressive effects in adults
[64]. Indeed, in both longitudinal and cross-sectional studies, measures of past lead exposure
(typically taken through non-invasive cortical bone K-shell X-ray fluorescence
measurements) were better predictors of cognitive impairment or decline than measures of
recent exposure in all study subjects except those still experiencing high exposures through
work [64]. A 2006 MRI follow-up in one of these groups that was found to have cognitive
decline (former organolead workers) reported that past lead exposure associated with the
prevalence of white matter lesions and region-specific brain atrophy 18 years after the
cessation of exposure. The authors hypothesized that the pattern of brain degeneration
detected was “a consequence of progressive changes” following lead exposure [72].

Progressive degenerative changes following adult lead exposure have been detected as gross
abnormalities in brain morphometry (e.g., white matter lesions and regional atrophy) [72],
but also as more subtle alterations in brain health, which appear to be AD-like. In particular,
adult lead exposure has been connected to abnormal ratios of brain metabolites in the
hippocampus. A small (7= 31) magnetic resonance spectroscopy (MRS) follow-up of the
healthy, elderly members of the VA-NAS with the highest and lowest rates of cumulative
lead exposure reported brain metabolite ratios in the hippocampus of the most lead-exposed
subjects that are typically seen in the preclinical phases of AD, notably an increase in the
ratio of myinsitol-to-creatine [73]. Two MRS studies of heavily-exposed middle-aged
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Chinese and Taiwanese workers in lead-related industries have reported similar findings,
with higher exposure workers displaying greater AD-like abnormalities in brain metabolites
in the hippocampus [74, 75]. These metabolic abnormalities are believed to signal the
beginning of the hippocampal neuron loss and gliosis associated with AD [73, 76]. MRI
measures in the lead-exposed Chinese workers confirmed that these abnormalities were
accompanied by hippocampal atrophy [75], a common biomarker for the mild cognitive
impairment that precedes AD diagnosis [77, 78]. High brain-lead concentrations have,
additionally, been reported following autopsy of lead-exposed Japanese workers with
dementia and diffuse neurofibrillary tangles with calcification [79].

Evidence from children exposed to lead

The earliest evidence linking childhood lead exposure to neurodegeneration comes from a
1931 case of a lead poisoned Cincinnati child [80]. Stricken with lead-related
encephalopathy after ingesting leaded paint at age two, the child experienced progressive
mental deterioration until his death, at age 44, of pneumonia. Brain autopsy following death
revealed expansive atrophy associated with AD, in cortical, temporal and hippocampal brain
areas, with neural tissue in these regions clouded by neurofibrillary tangles that, even then,
were considered hallmarks of AD. At that time at least two other cases of individuals highly
exposed to lead “from a very early age” were found, after death, to have experienced AD-
type pathology [81]. Following these cases, researchers at Indiana University observed the
formation of neurofibrillary tangles in cortical and hippocampal neurons in rabbits within
hours of injecting the animals with tetraethyllead [81].

Few cases of childhood lead poisoning have since been followed-up in the literature,
although one group of lead-poisoned children treated at Boston’s Children Hospital in the
1940s were given cognitive tests in middle age (7= 33, Mean age = 55 years). Evidence of
age-related degeneration was not noted at that time, but significant, widespread cognitive
deficits relative to matched controls were detected, 50 years after “cessation of exposure”
[82].

While cases of lead poisoning can describe the most extreme long-term consequences of
early-life lead exposure, the best evidence for the risks facing the millions of Americans
exposed environmentally to lead as children in the 1960s, 1970s, and 1980s will come from
follow-up studies in general population samples of children born in those years. The few
such studies conducted to date suggest that the neurologic harm and cognitive deficits
associated with childhood lead exposure persist into adulthood and middle age and are
accompanied by changes in brain morphometry, white matter integrity, and metabolism.
These studies are summarized in Table 1.

It is not yet clear if the functional, structural, and metabolic abnormalities found in adults
exposed to lead as children are indicative of increased risk for neurodegenerative disease,
although the evidence from animal studies reviewed earlier suggest that they may be.
Notably, in one group of lead exposed children (n7=55) who had their blood assayed at age
29, childhood lead exposure was linked to altered expression of genes related to the
production of amyloid-p, the hallmark AD protein [83]. Study members with greater
childhood lead exposure also had lower plasma amyloid-B4; levels, a phenomenon often,
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though not always, seen in AD patients [83]. This year the oldest age follow-up in lead
exposed children, in a population-representative cohort of New Zealanders born in 1972—
1973, reported evidence of cognitive deficits in middle-aged adults exposed to lead as
children and, further, of cognitive decline across the 30 years preceding follow-up [84]. As
noted earlier in this review, cognitive deficits relative to peers and cognitive decline
measured across many years represent risk factors for AD [69-71], although these are
generally used as risk predictors in older populations (e.g., those >65 years old).

POTENTIAL MECHANISMS OF DISEASE RISK

As reviewed above, lead exposure has been linked to brain abnormalities, cognitive decline,
and increased degenerative disease risk long after the cessation of exposure, in mice, non-
human primates, and humans. Two classes of potential mechanisms of action are considered
here:

1 Those that increase disease pathology, wherein early-life lead exposure drives
changes in brain health that lead directly to increased pathology in adulthood
(e.g., loss of synapses, neuronal death, etc.). The best evidence for such a direct
lead-disease link involves early-life lead exposures altering epigenetic regulation
to drive degenerative protein pathology. Adult brain pathology resulting from
lead-induced cardiovascular and kidney disease and from circulating lead
remobilized from bone during menopause and osteoporosis also represent
potential, but understudied, direct disease pathways.

2. Those that increase susceptibility to disease pathology, wherein early-life lead
exposure drives changes in brain health that lead indirectly to increased clinical
outcomes in adulthood (e.g., functional impairment, clinical symptoms, etc.) by
making the brain less likely to maintain function in the face of normal age-
related decline or other unrelated pathology. Such indirect mechanisms include
altered brain reserve through early neuronal loss (structural susceptibility) and
altered cognitive reserve through early deficits in intellectual and self-regulatory
ability (functional susceptibility).

Generally speaking, too little evidence exists to determine which of these potential
mechanisms, if any, are primarily responsible for altering cognitive outcomes or disease
risks in exposed individuals. Some mechanisms, particularly altered epigenetic regulation,
have received considerable attention while others, including cardiovascular and kidney
disease, remain largely uninvestigated. These potential disease pathways are discussed, with
suggestions offered for future research.

Mechanisms that may increase disease pathology

Epigenetic modification—Much of the recent attention to lead’s potential role as a
driver of degenerative brain disease has focused on lead’s role as a potential modifier of
gene regulation in exposed individuals [31, 85]. In particular, early-life lead exposure has, in
mice, been linked to perturbed regulation and expression of a number of genes related to
neuronal development and the neural/glial response to stressors like metals and pathogens.
Many of these genes have been implicated in degenerative disease pathology, including
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those that code for the expression of serine/threonine protein phosphatases [86] (implicated
in tau pathology), ABPP [87], and the beta-secretase enzyme [88] (implicated in amyloid-f
pathology). Lead appears to alter gene expression primarily by decreasing DNA
methytransferase activity in effected cells [87].

In all, roughly 150 genes appear to be differentially expressed in mice exposed to lead early
in life [49]. Some of these genes, like those coding for ABPP, are overexpressed in old age
relative to healthy controls, leading to pathological protein accumulations [89]. Other genes,
like those coding for neprilysin, which removes amyloid-p from the brain, are under-
expressed in old age relative to healthy controls, leading to ineffective responses to
accumulating proteins [89].

Notably, lead exposure appears to alter cellular epigenetic processing predominantly when
exposure occurs early in life. In their study of brain changes in mice following lead exposure
at different ages, investigators from the University of Rhode Island found no significant
epigenetic or pathologic abnormalities in mice exposed to lead at midlife, while significant
alterations had been observed, in both tau and amyloid-p relevant pathways, in adult mice
exposed to lead in the first month of life [44, 45]. This general trend, of later-life dysfunction
only following early-life exposure, has been reported in other studies of lead-exposed mice
using different exposure protocols to examine other degenerative outcomes, like oxidative
stress [48, 49].

Of particular relevance to the aging U.S. population, recent evidence suggests that epigenetic
changes associated with lead exposure can lay dormant until old age, at least in mice. In a
mouse study of “life-time” ABPP gene expression following early-life lead exposure, for
example, a transient peak in ABPP gene expression in the mouse cortex immediately after
lead exposure was followed by months of normal gene expression levels [88]. These levels
abruptly increased again toward the end of the study-mice lifespans (Fig. 1) and were
accompanied by accumulation of ABPP and amyloid-B in effected cortex tissue [88]. In this
study, as in previous ones that tested the effects of early versus late-life lead exposures, only
mice exposed early in life evidenced significant gene expression or protein level changes.

In general, early lead exposure appears to repress gene expression later in life [49].
Interestingly, most of the genes repressed after early lead exposure are typically upregulated
during normal aging. Such genes, which code for DNA repair enzymes [48], immune
response to pathogens, cell metabolism, and metal binding [49], are suspected to be involved
in compensatory or reactive responses to “stressors acting on the aging brain” [49]. In this
way, early life lead exposure may both exacerbate pathologic processes (e.g., those leading
to protein accumulation and oxidative damage) and undermine the brain’s ability to cope or
respond to these pathological processes. Again, thus far such epigenetic effects have
primarily been observed in mice exposed to lead in early life, and not in those exposed in
adulthood [48, 49, 88, 90].

These animal findings have largely yet to be replicated in humans; however, at least one
analysis of gene expression in a small group of lead-tested children (n = 39) followed-up at
age 29 reported significant associations between prenatal lead exposure and the differential
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expression, three decades later, of a number of genes related to neural development and
amyloid-B production and deposition (e.g., ADAM9, RTN4, LRPAP1) [83]. Study members
with higher prenatal lead exposure also had lower levels of amyloid-p protein in their blood
plasma, a phenomenon thought to reflect greater compartmentalization of amyloid- in the
brain. (AD patients also tend to have lower amyloid-p plasma levels than healthy controls)
[91, 92]. These findings represent important extensions of the findings from animal studies
and warrant replication in larger cohorts.

Two recent reviews provide longer summaries of the epigenetic mechanisms linking lead
exposure to neurodegenerative disease [31, 85]. Both conclude that epigenetic modification
may be a primary mechanism by which early-life lead exposure may exert
neurodegenerative effects.

Adult mobilization of sequestered lead in bone—Adult mobilization of lead
sequestered in bone during childhood could also potentially drive adult disease pathology,
although this mechanism has received little research attention. Only 1% of the body burden
of lead is accounted for by lead in the blood. In children, the skeleton is estimated to contain
70% of the lead stored in the body; in adults the skeleton contains roughly 95% [93-95].
While the elimination half-time of lead in the blood is approximately one month, lead may
be stored in bone for decades [95]. Within the bone, lead is “essentially inert” [94], but
resorption, or “turnover,” of bone tissue can re-mobilize stored lead to form a novel,
endogenous source of exposure for other organ systems [95]. Evidence suggests that lead
remobilization from bone can lead to significant availability of lead to sensitive organs, like
the brain, during high-turnover events, including pregnancy, nursing, peri and post-
menopause, and 0steoporosis.

No studies have yet evaluated whether childhood lead exposures may lead to adult
neurodegenerative disease through the pathway of bone re-mobilization —but evidence on the
nature and magnitude of such remobilization suggests that this is a plausible mechanism
linking childhood exposure to adult disease, one which would benefit from increased
investigation. Box 2 summarizes what is known about the nature and magnitude of harm
posed by childhood lead recirculated in adulthood. For now we may conclude: first, that lead
stored in bone can be mobilized and re-circulated decades after the cessation of exposure;
and, second, that the greater the magnitude of the initial exposure, the greater the subsequent
exposure [94-98].

Cardiovascular/systemic organ disease—A final mechanism through which
childhood lead exposure may be a direct driver of degenerative brain disease (i.e., may drive
actual brain pathology) may be through the disruption of other, non-CNS organ systems that,
in turn, help determine the integrity of the aging brain. No studies have yet examined this
mechanistic pathway between early-life lead exposure and later-life cognitive decline and
degeneration directly. However, lead is known to disrupt organ function and health in a
number of systems integral to brain health, including the cardiovascular and renal systems,
which suggests that this mechanism may be worth greater research attention.
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Chronic lead exposure, even at low levels (<5 pg/dL), is considered to cause hypertension
[99], and adult occupational and residential exposure has been linked to increased rates of
coronary heart disease, peripheral arterial disease, alterations in cardiac rhythm, elevations
in blood homocysteine levels, and ischemic heart disease [100, 101]. In one VA-NAS
sample, for example, the risk of ischemic heart disease was five times greater in individuals
in the highest tertile of bone lead levels compared to those in the lowest [101]. Experimental
studies suggest that this pathology is induced through oxidative stress, inhibited endothelial
repair, and impaired angiogenesis [102].

Hypertension, cardiovascular disease, and high homocysteine levels all represent profound
risk factors for dementia and degenerative brain disease, as thickening cerebral arteries can
lead to infarction and poor-perfusion-related hypoxia that, in turn, leads to neuronal death
and the up-regulation of pathological protein pathways, including ABPP [103]. Children are
known to suffer hypertensive effects of lead exposure [104] but no studies appear to have yet
examined adult cardiovascular outcomes in lead-exposed children. A recent mortality
linkage study using data from the third National Health and Nutrition Examination Survey
(NHANES-III) has, however, performed a roughly 20-year follow-up on a representative
cohort of lead-tested U.S. adults (Mean age at baseline = 44.1) [105]. That study reported
significantly elevated risk of cardiovascular disease-related (HR1.70) and ischemic heart
disease-related (HR2.08) mortality for individuals at the 90th percentile of blood-lead levels
at baseline compared to those at the 10th percentile, suggesting that cardiovascular harms
from early lead exposure persist over time and may result in premature death. Should
children exposed to lead suffer greater rates of hypertension and cardiovascular disease in
adulthood, they would also be placed at greater risk of cardiovascular-related degenerative
brain pathology.

Lead exposure, even at low levels, is now also considered a “cofactor” in kidney disease,
with greater lead dose associated with worse renal function [106]. As with hypertension and
cardiovascular disease, chronic kidney dysfunction represents a risk factor for cognitive
decline, dementia, and neurodegenerative disease [107, 108]. Part of the effect is likely
attributable to kidney disease leading to poor cardiovascular health, but direct brain-kidney
interaction has also been proposed, as the consequences of renal dysfunction (e.g., anemia,
toxic uremic accumulation, chronic inflammation, acidosis, etc.) can directly impair CNS
health [108]. Again, should children exposed to lead suffer greater rates of kidney disease in
adulthood, they would be placed at greater risk of degenerative brain pathology. These
organ-system-related risks require greater research attention.

Mechanisms that may increase disease susceptibility

Lead harms the developing brain in ways that may increase the risk for neurodegenerative
disease later in life by directly causing disease pathology (e.g., epigenetic changes leading to
pathological protein accumulation). However, even in the absence of direct lead-triggered
disease in adulthood, child-hood lead exposures may increase the susceptibility of the aging
brain to lose function in the face of normal age-related decline. Specifically, lead-related
losses in brain (structural) and cognitive (functional) reserve may make lead-exposed
children more likely to develop diagnosable neurodegenerative disease later in life.
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Structural susceptibility

Following a “structural” mechanistic approach to considering lead’s long-term toxic effects,
an early loss of functioning neurons and neural networks may later reduce the brain’s
capacity to sustain function amid atrophy and neuronal loss associated with normal aging
(Fig. 2) [109, 110]. Such a hypothesis was first proposed nearly two decades ago as one
explanation for idiopathic PD [111]. Since then, the concept has been expanded to explain
the influence of early-life events on the risk for neurodegenerative diseases more broadly
[109]. Lead would be pro-degenerative through a structural mechanism by decreasing
overall passive “brain reserve” [112].

What is brain reserve — and does lead alter it?

“Reserve” is a concept that seeks to account for individual differences in susceptibility to
age-related degenerative disease, particularly for those individuals that maintain high
function in the face of advanced pathology [112]. Brain reserve involves the contribution of
brain morphology, or structure, to an individual’s tolerance to pathology while cognitive
reserve, in contrast, involves the contribution of brain function. Brain reserve is considered
to be primarily quantitative and, according to reserve theory, is likely related to the number
of neurons and synapses an individual can afford to lose before pathology manifests in
symptoms of clinical impairment (Fig. 2). The brain reserve concept is supported by
numerous studies reporting lower rates of dementia in individuals with larger premorbid
brain size [113-116].

Although dynamic measures of brain structure are now receiving research attention
(particularly biomarkers of adult neurogenesis) the static measures of whole brain volume
and head circumference (a measure of premorbid brain size) represent the best-studied
measures of brain reserve to date [112]. In numerous cross-sectional studies in diverse
populations, brain size and head circumference have been linked to the risk of developing
AD [113, 117], the age of symptom onset [118], and the severity of symptoms [117, 119].
Brain size has also been linked to the severity of dementia symptoms in PD [120]. The
effects are particularly pronounced for those with lower than average brain and head size
[121]. In a large cross-sectional study of aging Manhattanites, for example, women in the
lowest quintile of head circumference were nearly three times more likely to have AD after
adjustments were made for age, education, and ethnicity [113].

The brain accomplishes the majority of its growth (93%) by age 6 [2]. Pre and post-natal
lead exposure up to this age has been linked to retarded brain and head growth in a number
of studies, in the U.S., Mexico, and Greece [122-125], with an increase in child blood-lead
level of 10 pg/dL relating to between 0.33 cm and 0.52 cm smaller head diameter, in both
cross-sectional and longitudinal studies. While no studies have yet evaluated the role of
diminished brain size in fostering long-term lead-related cognitive impairment or disease,
the magnitude of head size deficits seen in lead-exposed children are within the range for
elevated dementia risk in later-life. In the cross-sectional study of aging Manhattanites
described earlier, the group mean difference in head circumference between elders with AD
and those without was 0.57 cm, after adjustments were made for age, education, gender, and
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ethnicity. In that population, meanwhile, an increase in cross-sectional brain size of one cm2
associated with a delay in AD symptom onset of one third of a year [118].

36 weeks pre-natal gestational age and 12-months post-natal age appear to be critical
windows for lead exposure to influence brain and head size development [123]. Lead
exposures within this window that decrease brain size will also decrease brain reserve unless
neuroplasticity mechanisms somehow compensate for early losses. Few studies have
examined brain-size changes over time in lead-exposed children but MRI-based follow-up of
the children in the Cincinnati Lead Study at age 20 reported the persistence of lead-related
brain alterations, particularly decreased brain volume, decades after lead exposure [126].
This finding suggests that adults exposed to lead as children could have lower brain reserve
than less exposed peers, putting them at greater risk of dementia.

Behavioral susceptibility

Following a “behavioral” mechanistic approach to considering lead’s long-term toxic
effects, early disruption of the brain’s development may alter exposed children’s cognitive
and behavioral development in ways that would later increase the risk of degenerative
disease, specifically by reducing their capacity to sustain function amid the atrophy and
neuronal loss associated with normal aging [109, 110]. Lead would be pro-degenerative
through a behavioral mechanism by decreasing overall active “cognitive reserve” [112], and,
possibly, by increasing health risk behaviors.

What is cognitive reserve — and does lead alter it?

The concept of cognitive reserve views brain function during cognition as a factor capable of
altering an individual’s tolerance to brain pathology. Under this view, brain-damaged
individuals with the same brain size and the same degree of brain pathology may still
experience different levels of functional impairment as a result of differences in their brains’
cognitive efficiency, capacity, or flexibility [127]. Such functional reserve is considered
modifiable and is believed to reflect the contribution of both genes and life experiences.
Unlike brain reserve, cognitive reserve cannot be measured directly, but is instead typically
measured through proxies believed to relate to an individual’s cognitive activity, such as
intelligence, years of education, and the degree of intellectual complexity required by
occupational tasks and leisure pursuits. The concept of cognitive reserve is supported by
numerous studies finding lower risks of cognitive decline [115], AD [128-130], and
dementia in PD [120] in individuals with higher cognitive reserve as measured by proxies
like 1Q, education and occupational attainment. The latent cognitive reserve construct has
demonstrated both convergent and discriminant validity in multiethnic cohorts [131]. And,
finally, adults exposed to lead have been found to suffer fewer cognitive deficits if they have
higher cognitive reserve prior to exposure [132].

All evidence suggests that childhood lead exposure lowers cognitive reserve in exposed
individuals. Even low-level (<7.5 ug/dL) early-life lead exposure has been linked to
significantly lower child intellectual function, attention, focus, emotion regulation ability,
and fine motor skills [14]. Young children with higher lead burdens have also been found to
display greater hyperactivity, distractibility and antisocial behavior [133, 134]. Intellectual
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and behavioral deficits in lead-exposed children appear to persist into adulthood [135-137]
and, in at least one midlife follow-up study, into middle-age [84].

Regardless of intellectual ability, lead exposed children appear to consistently under-perform
in school and, on average, leave school earlier than less exposed peers [14]. This, in turn,
may set up lead-exposed children for lower-socioeconomic-status jobs in adulthood with
potentially lower intellectual demands [138]. In the one midlife follow-up study of a general
population of lead-exposed children, those with higher lead exposures did, in fact, attain
slightly lower-status occupations than their less exposed peers and, on average, than their
own parents [84]. This outcome was partially but significantly mediated (40% of the effect)
by cognitive decline following lead exposure.

If childhood lead exposure did not trigger degenerative brain disease directly, the known
intellectual and behavioral consequences of such exposure would nevertheless make exposed
individuals less tolerant of later brain pathology. Lowered cognitive reserve suggests that
adults exposed to lead as children will be at greater risk of developing dementia regardless
of their risk for pathology.

Finally, if lead-related child behavioral dysfunction were to result in the performance of
greater health risk behaviors, such as substance abuse, unhealthy eating, or poor sleep
hygiene, then lead-exposed individuals may experience greater rates of degenerative disease
than their less exposed peers [139-141]. This physical link has not been evaluated, although
there is some evidence of increased substance abuse in lead-exposed individuals [142],
which is supported by limited experimental studies in mice [143, 144].

IMPLICATIONS FOR PUBLIC HEALTH AND POLICY

The accumulating research findings that suggest that childhood lead exposures may lead,
directly or indirectly, to diagnosable neurodegenerative outcomes hold several implications
for public health and policy.

Implications for the global burden of disease

Childhood lead exposures from the 1960s, 1970s, and 1980s could plausibly lead to a
greater overall incidence of dementia in the U.S. and other developed countries in the
coming years. Across the developed world, dementia rates have been in steady decline for at
least the past thirty years, a phenomenon partially attributed to greater rates of educational
attainment (cognitive reserve) among aging individuals and, additionally, to better treatment
of cardiovascular disease, although the precise reasons behind the decline are not known
[145-147]. Such declines likely do not, however, reflect the influence of historic child-hood
lead exposures, which may have peaked in the U.S. around the mid-1970s [9, 13, 148].

Lead was first added to gasoline to improve engine performance in the early 1920s [9, 149].
From then onwards the use of leaded gasoline increased steadily in the U.S. until the mid
1970s, when the introduction of platinum catalytic converters, which are ruined by lead,
triggered a phase-down in leaded gasoline use that was later accelerated in the early 1980s
by U.S.-Environmental Protection Agency regulations responding to public health concerns.
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Although there was no routine population surveillance of American blood-lead levels before
1976, when lead testing was added to the second National Health and Nutrition Examination
Survey (NHANES-I11), analysis of historical trends in U.S. consumption of lead in gasoline
and the levels of lead found in lake sediments, sphagnum moss, and sampled populations’
teeth enamel suggests that individuals now age 65 years and older (those considered in
national dementia surveys) likely experienced childhood lead exposures similar to those of
children born in the late 1980s, after lead had largely been phased out of use in gasoline [9,
16]. (From 1988-1991, the average blood-lead level for a child under the age of 5 years was
3.75 pg/dL, well below the current reference value) [13]. Americans now in their 40 s and 50
s, meanwhile, born in the 1960s and the 1970s, represent those with the greatest childhood
lead exposures. From 1976-1980, the average blood-lead level for a child under the age of 5
years was 16.0 pug/dL, over three times the current reference value [148]. Figure 3 depicts
the high, and declining, blood-lead levels recorded across the years of the NHANES-II,
1976-1980.

The influence of historic childhood lead exposures on degenerative disease rates in the U.S.
may not become apparent for another decade at least, as the children with the highest
exposures enter the age at which degenerative disease endpoints begin to emerge, at and
above age 65 years [150]. It is not clear what the magnitude of additional risk childhood lead
exposure may confer on aging individuals, or indeed, if this additional risk may be offset by
improvements in diet, education, cardiovascular health or physical activity that may
otherwise be driving the current downward trends seen in degenerative disease rates. The
decline in dementia rates witnessed over the past few decades is consistent, however, with
there now being increasingly lower levels of lead in the environment. Both child and adult
lead exposures have been dropping steadily in the U.S. since the late 1970s, following the
removal of lead from gasoline and food cans, the general deindustrialization of the economy,
and the gradual strengthening of air quality standards and pollution abatement technology.
Indeed, the prevalence of American adults with elevated blood-lead levels (=25 pg/dL) has
declined nearly three-fold over the last twenty years (Fig. 4) [151]. Lower adult lead
exposures could plausibly have contributed to recent declines in national dementia rates.
They could also have contributed to a parallel trend seen, in at least one multi-decadal Swiss
study, of lower rates of brain amyloid-f burden in elders autopsied across the years of 1972—
2006 [152], a phenomenon likely unrelated to increases in cognitive reserve. (Declines in
blood-lead levels in the Swiss population over the past three decades mirror those of the U.S.
and the U.K.) [153]. Whether the aging of children highly exposed to lead will reverse these
trends remains to be seen.

Implications for social justice and community preparedness

While exposure to lead was once a ubiquitous experience across the U.S., the highest
exposures were always concentrated among poor and minority groups living in large cities
or near lead-emitting industries [11, 13, 154]. Low-income and minority communities are
also, incidentally, those at the greatest risk for degenerative brain disease, a phenomenon
currently attributed to differences in educational and occupational attainment (cognitive
reserve), physical health, particularly diabetes and cardiovascular disease, and exposure to
childhood adversity and stress [155-158]. Recent expert panel reviews have concluded that
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African-Americans are now roughly twice as likely to develop AD as non-Hispanic Whites,
and Hispanics one and a half times as likely [157].

Should childhood lead exposures result in greater rates of dementia and adult brain disease,
historic exposures will add to the already high disease burdens experienced in low income
and minority communities. As these communities also experience the greatest obstacles to
receiving degenerative disease diagnosis, treatment, and care [157, 159], the long-term
burdens from childhood lead exposures may fall particularly hard on disadvantaged
communities. This will, in turn, present additional barriers to upward social mobility, as
family members with brain diseases like dementia carry significant emotional and financial
costs. In 2016, nearly 16 million families provided over 18 billion hours in unpaid care for
family members with dementia (roughly 22 hours a week on average) [157]. In national
surveys, most unpaid care providers report high levels of emotional and physical stress, with
half reporting having to cut back on spending or saving due to the cost of providing care
[157].

In the future, public responses to community-level lead exposure events occurring in low-
income or minority communities may have to consider expanded diagnostic, treatment, or
caregiving opportunities for degenerative brain disease to avoid exaggerating existing
inequalities in health and social outcomes decades later.

Implications for preventative medicine

For most Americans, lead exposure is a thing of the past. Yet millions with high exposures in
childhood are now entering their fourth and fifth decade of life. Is it possible to intervene
with these individuals now to lower disease risk in the coming years? No intervention
studies have yet considered whether it is possible to improve neurological outcomes in
adults exposed to lead in childhood, but targeting such individuals with concerted
intervention could hold promise for improved population-level prevention of brain disease.
A number of interventions exist, for example, that show encouraging results for improving
cognitive and neurological outcomes in individuals known to be at elevated risk owing to
other factors, such as APOE status and cardiovascular disease. These interventions warrant
research attention for use in lead-exposed populations and are reviewed in greater detail in
the following section on future research needs.

RESEARCH NEEDED TO FILL KEY KNOWLEDGE GAPS

The evidence reviewed in this report should be considered preliminary and merely
suggestive for a number of reasons.

First, the extant literature suffers from a number of limitations common to toxicological
studies. Primarily, despite a wealth of mechanistic information provided by decades of
neurotoxicological studies of lead-exposed animals, the entwinement of lead exposure and
socioeconomic status in most developed countries limits the full identification of lead’s
impact on child and adult outcomes that are also ultimately entwined with socioeconomic
status, including: intellectual ability, physical illness, and educational and occupational
attainment. Nearly all observational lead-studies adjust statistically for possible confounding
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by socioeconomic status, but sampling bias, uninvestigated interaction effects, and residual
confounding remain common threats to validity [160]. Additionally, both experimental and
observational toxicological research suffers from an over-emphasis on significant findings
[161], with negligible associations, particularly in studies examine low-level lead exposures,
receiving far less attention and follow-up investigation [160].

Second, there are a number of research gaps that need to be filled before we can accurately
characterize the potential neurodegenerative risks facing lead-exposed children. Notably,
animal model evidence suggesting a link between early-life lead exposure and adult
neurodegenerative disease requires confirmation from adult follow-up studies in lead-test
child cohorts, such as those listed in Table 1. This is a critical step, as findings from research
in animal models of neurodegenerative disease have generally failed to replicate at expected
levels in studies in humans subjects, particularly when interventions have been examined
[162, 163]. As it will be many years before lead-tested child cohorts are sufficiently aged for
degenerative disease endpoints to emerge, however, waiting for full confirmation of animal
model findings will be neither practical nor ethical. The window for possible pre-morbid
intervention will close within the next two decades for the most highly exposed Americans —
those born in the early 1970’s. Research questions that may be investigated now include
those concerning the magnitude of disease risk, the nature of disease mechanisms and
moderating factors, and the possibility of post-exposure intervention to limit disease
development.

Research questions concerning disease risk

Does adult lead exposure increase risk for Alzheimer’s disease or other
dementias?—Adult lead exposure has been linked to the risk of developing PD [51, 52,
164] and of experiencing accelerated cognitive decline, a risk factor for dementia [63-68].
No study appears to have yet examined AD or dementia risk directly. Longitudinal or cross-
sectional studies in lead-tested elderly individuals that include dementia diagnoses and
measurements of symptom severity could significantly extend the evidence base on the long-
term risks facing lead-exposed individuals and provide increased confirmation that lead
exposure may drive such outcomes. Bakulski et al. [31] discuss potential approaches to
measuring lead-dementia associations in adults, including the possibility of simultaneous
measurement of AD pathology and lead-load in tissue samples donated to AD Research
Centers.

Are lead-exposed children at greater risk of heart or kidney disease in
adulthood?—While adults exposed to lead develop hypertension and cardiovascular and
kidney disease at greater rates [100-102, 107, 108], there have been no concerted
evaluations of whether children exposed to lead are at elevated risk for these same diseases
in adulthood. Recent long-term follow-ups in exposed young adults suggest that
cardiovascular disease can emerge decades after lead exposure [105]. Whenever possible,
follow-up studies in lead-tested children should evaluate risk for non-CNS physical disease
outcomes, particularly cardiovascular disease and kidney disease. Harmful in their own
right, such organ pathologies also increase the risk for degenerative brain disease.
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What environmental or genetic factors influence individual variation in long-
term outcomes following childhood lead exposure?—The most informative studies
of lead toxicity include measures of susceptibility alongside measures of exposure and
disease outcome [165].

On the genetic front, a number of polymorphisms have been identified that are believed to
influence susceptibility to lead, including those that alter lead uptake, retention, and
bioavailability (Table 2) [166]. Evidence of these genes’ role in lead toxi-codynamics comes
from experimental studies using animal and cellular models to test hypotheses about
molecular mechanisms [166] and, additionally, from large, genome-wide association studies,
which have provided confirmation of a significant relationship between many of these genes
and blood-lead levels [167, 168]. Thus far, only a few studies on lead-disease risk have
included measures of genetic susceptibility. (Notable exceptions include studies of incident
coronary heart disease [166], cognitive status [169, 170], and essential tremor [171] in older
adults). Future studies on the long-term consequences of childhood lead exposure will be
more informative for disease prevention if consideration can be given to also measuring
genetic susceptibility. Many of the genes identified in lead toxicodynamics have also been
implicated in degenerative disease risk, particularly APOE [172, 173], HMOX1 [174], and
GST [175].

On the environmental front, psychosocial stressors and poverty have been proposed as
modifiers of the long-term effects of early-life lead exposure [176]. In lead-exposed mice the
presence of prenatal or postnatal stressors appears to amplify lead-related alterations in
learning, impulsivity, HPA-axis activation, and dopaminergic and glutamatergic CNS
dysregulation [177-180]. In humans, meanwhile, exposure to psychosocial stressors has
been found to modify lead-associations with hypertension, cognitive impairment, and mental
status in older adults and elderly men [181-183]. Lead impacts on child cognitive
development have also been reported to be greater in children with lower socioeconomic
status backgrounds [184-188]. Future studies linking childhood lead exposure to adult
neurodegenerative disease should examine the role of socioeconomic status and recent or
childhood psychosocial stressors as potential effect modifiers in addition to potential
confounding variables [189].

Research questions concerning disease mechanisms

To what extent does childhood-lead stored in bone threaten adult health?—
Lead mobilization from bone has been recorded in pregnant women, nursing mothers, peri
and post-menopausal women, and in aged men and women with osteoporosis. Although
there is no level of lead exposure considered “safe,” and mobilized lead has been found to
reach significant levels for those highly exposed in childhood [96, 190, 191], the
contribution of mobilized lead to adult disease has not been evaluated directly. To what
extent does this physical mechanism explain the link between early-life lead exposure and
later-life disease and dysfunction?

These questions are complicated by the possibility that childhood lead exposure may exert
delayed harm through “silent” epigenetic dysregulation and through indirect effects on
lifetime brain and cognitive reserve. Nevertheless, the primary question of mobilized lead’s
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influence on disease risk may be answered through experimental animal studies that
compare the effects of early versus late-life lead exposure in the release rate of lead from
bone and the magnitude of such release necessary for pathology to emerge. Differences in
the mobilization of lead among similarly exposed study animals may allow for the teasing
apart of disease risk resulting from delayed/silent effects versus acute effects from mobilized
lead. Similar comparisons may be possible through follow-up studies in adult women
entering menopause who were lead tested as children (Table 1).

To what extent do lead-related alterations of brain/cognitive reserve influence
neurodegenerative disease risk following childhood exposures?—The potential
of childhood lead exposure to significantly alter child levels of brain reserve (measured
directly through head circumference and brain volume) and cognitive reserve (measured
through proxies like intellectual ability and educational attainment) is well established. More
evidence is needed, however, on the persistence of these alterations into midlife and old age.
Structural and functional neuroimaging of lead-tested child cohorts (Table 1) at midlife
could provide confirmation of the long-term persistence of neural and functional
abnormalities and indicate differential risk of later susceptibility to degenerative disease.
Reports from imaging studies involving members of the Cincinnati Lead Study suggest that
brain volume losses and other structural abnormalities associated with childhood lead
exposure persist to at least young adulthood [126].

No studies have yet directly considered the role of altered susceptibility to age-related brain
disease (e.g., altered brain and cognitive reserve) as a potential mediator of the effects of
early-life lead on late-life degenerative disease and cognitive decline. Neuroimaging of lead-
tested child cohorts could provide such information when disease end-points emerge over
the coming decades. In the nearer term, animal model studies could test this potential
mechanism by incorporating measures of brain and cognitive reserve into studies linking
lead exposure to disease pathology. Brain reserve can be measured directly, as macro or
microstructural anatomical differences, while cognitive reserve may be measured through
performance on learning or cognitive tasks adjusted for measures of brain pathology [127].

Do humans experience the same epigenetic changes following childhood lead
exposure as those seen in animals exposed to lead early in life?—A wealth of
studies in animal models have reported pathological alterations of epigenetic regulation in
the brains of animals exposed to lead early in life [87]. In at least one study these alterations
were found to remain dormant until midlife, after which they induced pathological AD-like
protein accumulation [88]. If these animal findings hold in humans, children exposed to lead
may experience pro-degenerative epigenetic alterations in adulthood and old age. This
theory requires testing. To date only one follow-up study in a cohort of lead-tested children
has examined epigenetic markers [83]. This small (7= 39) exploratory study reported a
number of gene expression differences among individuals with differential lead exposure in
childhood, many of which have been implicated in AD onset and pathology. These findings
warrant replication in a larger sample. Based on findings from animal studies, we would
predict lead-exposed children would show significant gene expression changes by midlife in
genes related to neurodevelopment in early-life and implicated in degenerative disease in
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late-life. Kovacs et al. [5] provide a helpful review of the neurodevelopmental pathways thus
far implicated in degenerative disease which may show dysregulation following early insult.

Research questions concerning post-exposure interventions—Are there
interventions for lead-exposed children that can delay or limit long-term neurodegenerative
consequences? As animal model studies continue to illuminate the pathways linking early-
life lead exposure to adult neurodegenerative disease, it may be possible to evaluate whether,
specifically, midlife or later interventions can improve outcomes in lead exposed subjects.
Such evidence would inform studies on prevention and reversibility in lead-exposed children
now entering midlife and old age and could inform studies on degenerative disease
prevention more generally.

Several early-life interventions show promise for potentially limiting harm in lead-exposed
children. Vitamin and mineral supplementation has been known for some time to limit child
susceptibility to lead [192]. More recently, flavonol-rich dark cocoa supplementation was
found to improve cognition and neuroinflammation markers in air pollution-exposed
children [193], suggesting that adding chocolate to the diets of lead-exposed children could
potentially provide some measure of neuroprotection —a speculation that requires testing.
And, in rats, enriched cage environments have been reported to limit or reverse some of the
developmental injuries from early lead exposure [194, 195], suggesting that children
exposed to lead may see ameliorative benefits from enhanced educational opportunities or
enriched home environments.

For those Americans entering midlife and old age now, a primary question is whether
intervention may improve outcomes decades after lead exposure has ceased. Analysis of
known modifiable risk factors for dementia by the Lancet Commission on Dementia
Prevention, Intervention, and Care may shed some light on this question. The Commission
estimated last year that one third of all dementia cases could be prevented if known adult
risk factors, including physical inactivity, midlife hypertension, diabetes, depression, and
obesity, were eliminated [196]. A recent U.S.-National Academies of Sciences, Engineering
and Medicine (NASEM) committee commissioned by the U.S.-National Institute on Aging
identified three specific interventions against cognitive decline and dementia that are
currently supported by “encouraging although inconclusive” evidence (Table 3) and eight
promising interventions for which there was not enough evidence to determine impact [197].

A full review of possible interventions against degenerative brain disease is outside the
scope of this report. However, the best evidence now suggests that multimodal intervention,
including a combination of physical, nutritional, social, and cognitive interventions, may
prove the most effective for altering long-term risks [196]. It should be possible to test many
of these interventions in experimental animal studies to see if they may reverse some of the
long-term consequences of early lead exposure. While many of these interventions are not
easily adaptable for use in animal studies, those that are, including increased physical
activity, sleep quality adjustments, and some dietary interventions, could, in theory,
counteract or limit long-term harm following early lead exposure. Rodents allowed to run
show enhanced learning ability, for example, with accompanying hippocampal neurogenesis
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[198, 199]. Early physical activity in mice has, additionally, been linked to life-long
neurogenic benefits [200].

Finally, calcium supplementation has been shown to reduce bone loss in postmenopausal
women [201] and bone-lead remobilization in pregnant and nursing mothers [202]. This
suggests that such supplementation could be effective against bone-lead remobilization in
aging adults. It should be possible to test these and other interventions in animal models and
adult follow-ups in lead tested child cohorts.

CONCLUSIONS

Lead is a profound neurotoxin that disrupts child brain development in myriad ways.
Follow-up studies in lead-exposed children suggest that early lead-related deficits in brain
health and cognitive function persist and may even enhance by adulthood. In adults exposed
to lead, toxic injuries to the brain appear to be pro-degenerative, leading to faster rates of
cognitive decline, the presence of biomarkers of AD, and a greater odds of developing PD.
Studies in animal models, meanwhile, implicate early lead exposure in a host of AD-like
pathologic changes detectible in old age, changes which appear to be driven, in part, by
epigenetic modifications that trigger or exacerbate pathological protein accumulation and
undermine typical compensatory responses. Under-studied but plausible biological
mechanisms also link childhood lead exposure to adult degenerative disease through
potentially-mediating cardiovascular and kidney pathologies and through the potential
remobilization during menopause and osteoporosis of lead stored in bone. Lead-related
deficits in brain (structural) and cognitive (functional) reserve also suggest greater
susceptibility to normal age-related cognitive loses for aging lead-exposed children.

Taken together the accumulated evidence suggests that America’s most highly-lead exposed
children, who were born in the 1960s, 1970s, and 1980s, may be at greater risk of
neurodegenerative disease as they age. Such risk could act to retard or even reverse the
improvements in dementia rates seen in developed countries over the past few decades—
improvements that could have reflected, in part, the results of lowered lead exposures in
aging adults. These risks will also be borne most acutely by minority and socially
disadvantaged populations, who experienced higher lead burdens in childhood and now see
the greatest obstacles to receiving dementia diagnosis and care.

Better characterization of the magnitude and nature of the risks facing adults exposed to lead
as children will inform efforts to intervene with at-risk individuals before disease end points
emerge. Yet the window for intervention grows smaller every day, and interventions that
show promise already exist. Now is the time to focus increased attention on this issue. While
we seek to safeguard today’s children from the harms of lead exposure, let us not forget
yesterday’s children, whose needs may grow in the coming years.
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Box 1

The general hallmarks of Alzheimer’s disease (AD) and Parkinson’s disease
(PD)

AD is associated with progressive atrophy in cortical and hippocampal brain areas and
with the formation of amyloid-f plaques and neurofibrillary tangles between neurons.
Plaques and tangles result from abnormal accumulation of amyloid-f protein precursor
(ABPP) and microtubule-associated protein tau respectively.

PD is associated with progressive loss of dopaminergic neurons in the substantia nigra of
the mid-brain and with the presence of Lewy body protein clumps between neurons,
resulting from abnormal accumulation of the a.-synuclein protein, among others [229].
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Box 2
How lead absorbed in childhood recirculates later in life

Lead is incorporated into bone during bone formation and remains sequestered until
“turnover,” or resorption, of the bone tissue [94]. In young children bone turnover rates
are high, and lead accumulation is limited. As children age, however, bone formation
slows, and from roughly age 11 onward lead may begin to accumulate [230]. Though
lead stored in the body’s soft, “trabecular” bone, which contains the marrow, tends to be
released over the course of several years, lead stored in the more rigid “cortical” bone,
which supports the body, can have an elimination half-time of anywhere from 5 to 50
years [94]. Greater initial lead exposures appear to result in larger half-times for the
stored lead and, indeed, greater levels of lead remobilization [94, 95].

Bone loss begins, in humans, within the third decade of life, when bone resoprtion rates
exceed formation rates [231]. From this time until death, the average woman will lose
35% of her cortical bone and 50% of her trabecular bone; the average man will lose over
25% of his cortical bone and 37% of his trabecular bone [231]. For women, bone loss
occurs most acutely during pregnancy and lactation, when calcium is needed for the
developing offspring, and during perimenopause (beginning roughly in the 4th decade of
life) and menopause. For men, bone loss appears to be relatively constant, with some
acceleration in the 5th decade of life onward in those who will develop osteoporosis
[231-233].

For pregnant and nursing women and middle-aged and elderly men and women, bone
resorption may be a “potentially important” source of lead dose in adulthood [95-97,
234-236]. For example, in a 1988 comparison of 2,981 women at various stages of pre
and post-menopause in the second National Health and Nutrition Examination Survey
(NHANES-II), post-menopausal women had, on average, blood-lead levels 2.56 pg/dL
higher than pre-menopausal women, after controlling for potential cohort effects and
other covariates, like race and socioeconomic status [96]. (The mean blood-lead level for
pre-menopausal women in the study was 11.63 pg/dL). In a small (7= 15) study of
pregnant Australian women, published in 1999, blood-lead levels increased between 10%
and 50% (Mean = 25%) during pregnancy and between 30% and 95% (Mean = 65%) in
the post-partum period [237]. For the most highly exposed subject, an “extra” 10.1 ug of
lead was released into the blood per day over the gestation and postpartum periods. In a
separate case study of a pregnant Australian women with high childhood lead exposures,
pregnancy actually appeared to trigger acute lead poisoning thirty years, in her case, after
the cessation of lead exposure [190, 191].

Though it is clear that bone-lead mobilization can be significant, it is difficult,
methodologically, to determine the extent to which adult lead burdens arising from
resorbed bone represent lead accumulated in childhood rather than more recently.
Retrospective studies using teeth extracted for dental necessity may shed light on this
issue, as core tooth enamel provides a record of lead exposure at the time of tooth
formation (childhood) that preserves the ratio of lead isotopes present at the time for later
comparison with isotope ratios of lead circulating in the blood in adulthood [16].
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At least one creative study, from California, has used stable lead isotope analysis to
examine the potential contribution of early-life lead exposure to later-life blood-lead
levels. This study examined lead in blood and in removed bones from older male and
female hip and knee joint replacement patients (7= 5, age range 52—75 years) to
determine the percent of lead in the patient’s blood that was “old” lead accumulated
decades earlier and mobilized from the skeleton [98]. The authors reported that between
40% and 70% of the lead circulating in patient blood (the percent varied by patient)
derived from bone-lead stores that resembled the isotopic composition of environmental
lead in California from several decades prior [98].
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Fig. 1.

Eagrly—life lead exposure results in delayed gene expression changes in mice. This figure
shows the level of amyloid-p protein (APP) mRNA expression in cortex tissue in mice
exposed to lead early in life (Pb-E) and in control mice (Con) across the life span.
Reproduced from Basha et al. [88], The Journal of Neuroscience.
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Fig. 2.

Ez?rly brain damage could lead to increased risk of degenerative disease by reducing the
brain’s capacity to sustain function in the face of normal age-related neuronal loss. The
figure presents a theoretical model of differential onset of Parkinson’s disease (PD)
symptoms where the loss of dopamine (DA) producing neurons in the substania nigra
proceeds similarly for those with and without developmental damage but the onset of PD
symptoms occurs earlier for those with early damage. Reproduced from Landrigan et al.
[109], Environmental Health Perspectives.
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Tr?e average American’s blood-lead level in 1976 was 3 times greater than the current
reference value for clinical attention (5 pg/dL). Surveillance of blood-lead levels across the
U.S. began in 1976, with the second National Health and Nutrition Examination Survey
(NHANES-II). At that time, according to NHANES-I1I estimates, the majority of Americans
had blood-lead levels that are now deemed harmful; 85.0% of white children and 97.7% of
black children aged 1 to 5 had blood-lead levels greater than 2 times the current reference
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value [14]. Reproduced from Annest et al. [148], US-Centers for Disease Control and
Prevention.
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Adult blood-lead levels have continued to decline over the past two decades. This figure
depicts the U.S. national prevalence rate (per 100,000 employed adults aged =16 years) of
reported cases of elevated blood-lead levels (=10 pg/dL and =25 pg/dL) by year from the
State Adult Blood Epidemiology and Surveillance Programs, United States, 1994-2012.
Reproduced from Alarcon et al. [151], US-Centers for Disease Control and Prevention.
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