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Abstract

Brain development is impaired by maternal exposure to airborne toxins
from ambient air pollution, cigarette smoke, and lead. Shared postnatal
consequences include gray matter deficits and abnormal behaviors as well as
elevated blood pressure. These unexpectedly broad convergences have im-
plications for later life brain health because these same airborne toxins accel-
erate brain aging.Gene-environment interactions are shown forApoE alleles
that influence the risk of Alzheimer disease. The multigenerational trace of
these toxins extends before fertilization because egg cells are formed in the
grandmaternal uterus. The lineage and sex-specific effects of grandmaternal
exposure to lead and cigarettes indicate epigenetic processes of relevance to
future generations from our current and recent exposure to airborne toxins.
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INTRODUCTION

Environmental factors are the main cause of the 15-year divergence of life spans across socioeco-
nomic status (SES).We consider the role of airborne toxins from ambient air pollution (AirPoll),
cigarette smoke (CigS), and lead (Pb) as part of the ambient exposome across the life span (see the
sidebar titled Definitions).Developmental consequences of airborne toxins for later life health are

DEFINITIONS

Air pollution (AirPoll): The ambient air we breathe includes a complex mixture of particles and vapors that is
constantly changing during daily and seasonal cycles of sunlight and wind-borne sources (Finch 2018). Its multi-
farious components include organic and elemental carbon, polycyclic aromatic hydrocarbons (PAHs), metals, ions,
earth dust, and smoke from burning biomass. Airborne particulate matter (PM) is classified by size: coarse PM10
(≥10 μm diameter), fine PM2.5 (≤2.5 μm), and ultrafine PM0.1 (<0.1 μm). The US Environmental Protection
Agency monitors PM10 and PM2.5, but not PM0.1. PM0.1 may be the most dangerous because it deeply penetrates
into the lungs and because the greater surface area per mass ratio increases the chemical exposure.The larger PM10
are considered less dangerous; most are trapped by mucosa of the upper airways or swallowed. Rodent experimen-
tal studies typically use PM0.1 or PM0.2, which limits comparisons with epidemiological findings on PM2.5 and
PM10.

Exposome: The exposome framework was developed to comprehensively assess interactions of multiple ex-
ogenous and endogenous toxins across the human life course (Natl. Acad. Sci. Eng. Med. 2017). The exposome
concept extends prior approaches that characterized each factor with limited accounting for their interactions
and synergies. Wild (2012) identified three domains: the exogenous macrolevel (rural versus urban, social strat-
ification), the exogenous individual (diet, infections), and the endogenous domain (biomes, fat depots, injuries).
The exposome includes environmental exposure in all stages of life history, from prefertilization gametes to de-
velopment and later life. We developed this framework for brain aging in the Alzheimer exposome (Finch &
Kulminski 2019) and in human evolution (Trumble & Finch 2019).

Gerogen: We introduce the term gerogen to represent environmental toxins and stressors that accelerate ag-
ing processes as discussed for AirPoll and CigS. Exogenous gerogens shorten life expectancy in association with
increased risk of AD, cancer, and ischemic events. Endogenous gerogens include fat depots, hypercholesterolemia,
and hyperglycemia; all are risk factors for accelerated brain aging, cardiovascular disease, and premature mortality.

Polycyclic aromatic hydrocarbons (PAHs): These multiring organic compounds include carcinogens, e.g.,
benzo[a]pyrene, found in tobacco smoke and to varying extents in AirPoll. Besides carcinogenicity, some PAHs are
endocrine disruptors through interactions with steroid receptors.
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Table 1 Global mortality from air pollution, cigarette smoke, and lead

Pollutant Mortality, million/year Reference
Ambient air pollution
Household air pollution

6.5–9
4

Burnett et al. 2018, Landrigan et al. 2018,
WHO 2018

Cigarette smoke, direct
Secondhand smoke

8
0.65

GBD 2015 Tob. Collab. 2017

Lead 1 Inst. Health Metrics Eval. 2018

not widely discussed. Gerogens that accelerate later brain aging may have had a first impact on
a mother’s ovaries before her birth, when all egg cells are formed within the environment of the
grandmaternal uterus. Genetic influences on health and disease can be understood only in terms
of gene-environment (G×E) interactions for the individual exposome. As described in the section
titled Synthesis and Summary, this diverse literature shows unexpected convergences of AirPoll,
CigS, and Pb on development and aging, implying shared mechanisms throughout the life span.

AirPoll is associated with accelerated cognitive aging and Alzheimer disease (AD) (Calderón-
Garcidueñas et al. 2020b, Costa et al. 2020, Finch & Kulminski 2019). G×E interactions of
ApoE4 increased the association of AirPoll with AD risk in population-based studies (Cacciottolo
et al. 2017, Kulick et al. 2020). The ambient exposome of AD also includes CigS and Pb (Finch &
Kulminski 2019). Together, 20 million excess deaths are attributed to these three classes of air-
borne toxins (Table 1). However, their interactions are not resolved for mortality or AD during
improvements in air quality. Since 1950, use of leaded gasoline has gradually decreased, but Pb
continues to contaminate food and water (Frank et al. 2019).While smoking has decreased, more
than 13% of US adults smoke, exposing 40% of children to secondhand smoke (SHS), with a
lower SES excess.

The brain is vulnerable to AirPoll, CigS, and Pb during development and in adult life. The
later-life impact on the brain is less described for AirPoll than for CigS, and that of Pb is almost
uncharted. We hope to show how their impact on development is relevant to later-life brain
health. A life history approach to environmental toxicity was utilized for Pb toxicity (Reuben et al.
2017, Sobolewski et al. 2020), but has not considered interactions of Pb with AirPoll and CigS.
However, AirPoll and CigS interact with synergies exceeding twofold excess additivity (Table 2).
Three-way interactions are undefined for AirPoll, CigS, and Pb and merit examination for the
low SES exposome.

Inhaled and ingested AirPoll, CigS, and Pb may share toxic pathways and epigenetics. Because
AirPoll andCigS acceleratemany aging processes,we consider them to be gerogens.We anticipate
cohort-specific G×E interactions for outcomes of brain development that impact cognitive aging.

Table 2 Synergies of air pollution and cigarette smoke

Entity affected Study Supra-additivity
Body mass index Southern California Children’s Health Studya;

meta-analysis, 12 studiesb
1.3-fold excess
1.6-fold excess

Cardiovascular mortality American Cancer Society Prevention Study IIc 1.1-fold excess
Cancer of the lung American Cancer Society Prevention Study IIb 2.2-fold excess
Cognitive decline Health and Retirement Survey 2004d 1.9-fold excess

Table adapted from Forman & Finch (2018).
aMcConnell et al. (2015).
bTurner et al. (2014).
cTurner et al. (2017).
dAilshire & Crimmins (2014).
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Multigenerational effects are expected because ovarian oocytes are formed in the grandmaternal
uterus (Finch & Loehlin 1998). Lineage- and sex-specific effects of grandmaternal exposure to
Pb in mouse models indicate epigenetic processes of relevance to future generations from past
exposure to Pb from the decades of tetraethyl Pb in gasoline.

AirPoll AND BRAIN DEVELOPMENT

AirPoll adversely influences brain development. While many consequences are recognized for
childhood behavior and cognition, their implications for brain health in later life have not been
widely appreciated.We discuss examples from the rapidly expanding body of human observations,
followed by a detailed discussion of rodent experimental studies that identify cell and molecular
mechanisms.

Early Phases of Brain Aging

In 1907 Alzheimer described neurofibrillary degeneration in a woman aged 56 (Stelzmann et al.
1995), which became known as neurofibrillary tangles and was further characterized by hyper-
phosphorylation of tau (P-tau). Recently, brain imaging by PET (positron emission tomography)
showed the increasing prevalence of P-tau during middle age together with aggregates of the
amyloid peptide Aβ, despite apparent cognitive health, and wide variations between individuals
( Jack et al. 2018). Vascular micropathology and blood-brain barrier leakage also begin in early
middle age (Sweeney et al. 2019). Criteria for AD and other dementias include selective atro-
phy of brain regions indicative of neuron death in the entorhinal cortex-hippocampal pathway
as well as increased levels of P-tau and amyloid. The boundaries between normal aging and AD
are unresolved, and no biological definition of AD is widely accepted ( Jack et al. 2018, Musiek
& Holtzman 2015). Even children may have P-tau, as shown in postmortem histological studies
(Braak et al. 2011,Calderón-Garcidueñas et al. 2020a). Because P-tau also increases at later ages in
chimpanzees and macaque monkeys that do not develop neurodegenerative AD (Finch & Austad
2012), we consider P-tau as a biomarker for brain aging rather than for AD.

Air pollution and brain development. Inhaled urban black carbon particles reach the placenta
on the fetal and maternal sides and in proportion to their ambient residential levels, up to
30,000 particles/mm3 [Environmental Influence on Early Ageing (ENVIRONAGE) study]
(Saenen et al. 2015). Further studies showed oxidization of placental proteins and mitochondrial
DNA, shorter telomeres, and altered methylation of genes for DNA repair and tumor suppression
(Ladd-Acosta et al. 2019; Saenen et al. 2016, 2017, 2019). Placental telomere length was shortened
in proportion to ambient maternal particulate matter ≤2.5 μm (PM2.5), suggesting accelerated
aging.

Risks of premature birth are also increased by maternal exposure to AirPoll in the third
trimester. A benchmark study of 183 countries estimated that 18% of prematurity (<37 weeks) was
associated with PM2.5 exposure >10 μg/m3 (Malley et al. 2017). During the Summer Olympic
Games of 2008 when traffic was restricted, full term birthweights in Beijing were 23 g heavier than
for these months in prior or following years (Rich et al. 2015). In both studies, the third trimester
was most vulnerable to AirPoll. Premature birth may increase risks for accelerated cognitive de-
cline of aging, as suggested by retrospective studies that associated prematurity with 2.7-fold risk
of mild cognitive impairment at age 68 (Helsinki Birth Cohort) (Heinonen et al. 2015) and 1.66-
fold risk of premature cardiac disease (Ontario, Canada) (Silverberg et al. 2018).

AirPoll impairs brain development (Guxens et al. 2018), as shown in three examples. In the
Cincinnati Childhood Allergy and Air Pollution Study, gray matter volumes were 3% smaller by
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Figure 1

(a) Magnetic resonance imaging (MRI) of white matter surfaces. (b) Myelination growth (volume) was
retarded in children with inverse correlation to third trimester levels of polycyclic aromatic hydrocarbon
(PAH) (data from Mothers and Children Study, New York City). Figure adapted with permission from
Peterson et al. (2015). Copyright 2015 American Medical Association; all rights reserved.

magnetic resonance imaging (MRI) volume for high versus low residential exposure up to age
12 years (Beckwith et al. 2020). The vulnerable regions included posterior frontal and anterior
parietal lobes and the cerebellum.Because lower SES typically increases exposure to AirPoll (Hajat
et al. 2015), it is not surprising that lower SES was also associated with impaired brain develop-
ment. The Generation R Study further showed myelin deficits in preadolescents in association
with developmental exposure; AirPoll factors were further resolved in multicomponent models
for NOx, silicon, and zinc (Lubczyńska et al. 2020). Maternal polycyclic aromatic hydrocarbons
(PAHs) are also implicated. In the Mothers and Children Study, myelin volume varied inversely
with maternal levels of PAHs (see the sidebar titled Definitions), as shown for frontal cortex
(Figure 1) (Peterson et al. 2015). These same prefrontal cortical regions are altered in autism
spectrum disorder (ASD). The slower cognitive processing speed and impaired impulse control
varied linearly with myelin volume and PAH exposure. Sources of maternal PAH included urban
traffic together with maternal and household smoking.

Autism spectrum disorder. AirPoll has emerged as an environmental risk factor for ASD.Amul-
tiethnic sample showed 1.2-fold ASD risk for boys per 6.5 μg/m3 of PM2.5 in the third trimester
( Jo et al. 2019). These 2,471 cases came from 246,420 births from Kaiser Permanente of South-
ern California, 1999–2009. This largest cohort study to date confirmed the male bias of AirPoll-
associated ASD for Los Angeles (Volk et al. 2011), other US states (McGuinn et al. 2020), and
Sweden (Oudin et al. 2019). Experimental studies also show gestational vulnerability of males to
AirPoll for behavior dysfunctions, as discussed in the section titled Behavior.

Metabolism and obesity.Gestational AirPoll exposure is associated with postnatal adiposity and
diabetes in population-based studies. Fetal leptin and adiponectin increased with higher maternal
exposure to PM2.5 (MIREC Study, 1,257 maternal-infant pairs) (Lavigne et al. 2016). Elevated
leptin anticipates postnatal adiposity because cord blood leptin is correlated with fat mass at birth
(Avon Longitudinal Study of Parents and Children) (Simpson et al. 2017). Risk of pediatric di-
abetes (insulin deficient) was doubled for first trimester exposure to elevated ozone (Elten et al.
2020).

www.annualreviews.org • Developmental Exposure to Air Pollution 26.5
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Figure 2

The body mass index of children aged 10–18 years exposed to secondhand smoke (SHS) and near roadway
air pollution (NRP). From longitudinal annual measurements of 3,318 children and subadults aged
10–18 years in the Southern California Children’s Health Study. These effects showed dose responses with
the number of household smokers. Figure adapted from McConnell et al. (2015) (public domain).

Childhood obesity was associated with prenatal and postnatal PM2.5 exposure in the Boston
Birth Cohort (1,446 mostly low SES children) up to age 7 years (Mao et al. 2017). Associations
with PM2.5 were strongest for pregnancy and the first 2 years.

CigS interacts with AirPoll. Children living near a roadway had higher body mass index
(BMI) at ages 10–18 in the Southern California Children’s Health Study (McConnell et al. 2015)
(Figure 2). SHS exposure also increased BMI.Moreover, the combination of living near a roadway
and SHS exposure was synergistic, with 30% higher impact than simple additivity. Together, these
epidemiological findings show the continuity of prenatal and postnatal AirPoll effects on child-
hood obesity into young adulthood and interactions of overlapping biological substrates. AirPoll-
CigS interactions are discussed further in the section titled Tobacco.

Arterial aging and cardiovascular disease.Children’s blood pressure was increased by gesta-
tional exposure to PM2.5 in two prospective studies, the Boston Birth Cohort (1,293 mothers;
Zhang et al. 2018) and the Programming Research in Obesity, Growth, Environment and Social
Stressors (PROGRESS) study fromMexico City (537 mothers; Rosa et al. 2020). The latter study
defined a critical window duringmidgestation for association of ambient PM2.5 with systolic pres-
sure at age 4 years. The carotid artery stiffness of young adults varied in proportion to prenatal
PM2.5 exposure (Breton et al. 2016). The loss of 5% carotid elasticity per 15 μg/m3 of PM2.5 was
equivalent to premature arterial aging by two or more years. The acceleration of carotid aging by
AirPoll for prenatal and postnatal exposure shows its scope as a gerogen.

Rodent exposure models.The main AirPoll source for experimental studies is ambient PM col-
lected from traffic-related air pollution (TRAP). The diverse experimental paradigms used for
developmental exposure differ in composition and exposure schedules (Table 3). Some studies
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Table 3 Developmental exposure paradigms for rodents

Pollutant Mass Delivery/schedule Age examined
Diesel exhaust
Direct (Bolton et al. 2012) 2 mg/m3 Inhalation/E9–E17: daily (9 days) E18; 4–5 months; 6 months
Direct (Yokota et al. 2016) 90 μg/m3 Inhalation/E2–E17, 8 h/day 3 months
DEPs (Bolton et al. 2013,
2014, 2017)

50 μg Oropharyngeal aspiration/E2–E17, every
3 day (6 doses)

PND 60; 4–5 months;
7 months

DEPs (Ehsanifar et al. 2019) 350–400 μg/m3 Inhalation/3-week gestation: 2, 4, and 6 h/day 8–9 weeks
TRAP
CAPs (Klocke et al. 2017,
2018a,b)

90 μg/m3 Inhalation/gestation 0.5–16.5, 6 h/day PNDs 11–15 and 57–61

Filter nPM (Davis et al.
2013)

350 μg/m3 Inhalation/premating 7 days + 3-week
gestation 5 h/day∗; 3 days/week (150 h)

5 months

Filter nPM (Haghani et al.
2020a)

300 μg/m3 Inhalation/gestation: 5 h/day; 3 days/week
(total 45 h)

8 months

Asterisk indicates 7 weeks before conception + 3-week gestation. Abbreviations: CAPs, concentrated ambient particles; DEPs, diesel exhaust particles; nPM,
nanosized particulate matter; PND, postnatal day; TRAP, traffic-related air pollution.

use diesel exhaust (DE) directly or as DE particles (DEPs) collected on a filter, which are sus-
pended in water for intubation directly into lungs (oropharyngeal aspiration) (Bolton et al. 2013)
or reaerosolized for inhalation (Ehsanifar et al. 2019). However, both DE and DEPs lack roadway
dust and chemical modifications by sunlight, ozone, etc. Ambient TRAP is collected as concen-
trated ambient particulate matter for direct inhalation (Klocke et al. 2017, 2018a,b).We collected
PM0.2 on filters developed by Constantinos Sioutas (University of Southern California) (Misra
et al. 2002). Filter-deposited PM0.2 is eluted by sonication and reaerosolized for inhalation stud-
ies at stable concentrations (Morgan et al. 2011). We designated these eluates as filter-collected
PM0.2 from which we eluted nanosized PM (nPM). The nPM is a subfraction of total PM0.2,
which is deficient in PAHs, iron, and other reactive metals; total PM0.2 was also collected directly
in slurry (sPM0.2) (Haghani et al. 2020a). Ozone also adversely impacts rodent brains (Costa et al.
2019, Jiang et al. 2019, Mumaw et al. 2016) but is not discussed because of space constraints.

Our initial study exposed female mice for 7 weeks 5 h/day, 3 days/week before mating to expose
the preconceptual oocyte during its maturation and continuing through gestation (Davis et al.
2013). Subsequently, we showed that gestation exposure alone had the same impact (Haghani
et al. 2020a). Other groups exposed pregnant mice on specific gestational days: The Bilbo lab
used oropharyngeal aspiration every 3 days during E2–E17 (Bolton et al. 2013), while the Cory-
Slechta lab exposed mice for 6 h/day from E0.5–E16.5 (Klocke et al. 2017).

Developmental Exposure of Rodents Alters the Brain and Behavior
of Neonates and Adults

Next, we discuss how the exposure of rodents to AirPoll during early development can induce
neuroinflammation. Males are more vulnerable to long-lasting effects on behavior, neurogenesis,
myelination, and neurotransmitters. The developmental impact of AirPoll may be seated in dif-
ferentially expressed genes, which are more numerous in adult males than females. These effects
in rodents parallel human responses.

Neuroinflammation.Gestational AirPoll exposure induces multiple inflammatory responses in
brains of prenatal, neonatal, and adult rodents. Specifically, E18 brains from gestational DE/DEP

www.annualreviews.org • Developmental Exposure to Air Pollution 26.7
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Figure 3

(a) Proinflammatory cytokines are increased in mice by gestational exposure to diesel exhaust particles
(DEPs) alone (No stress) compared to control air (CTL) or with the added stress of nest restriction (NestR).
Ratios of IL1β/IL10 in adult forebrains of mice. Sexes diverged in direction of response to DEPs and NR.
Panel a adapted from Bolton et al. (2013) (public domain). (b) Male-specific neuron vulnerability of neonatal
mice. Neuron density in the nucleus accumbens at postnatal day (PND) 14 after exposure to concentrated
ambient particles (PM0.2 at 45 μg/m3) on PNDs 4–7 and 10–13. Panel b adapted with permission from
Cory-Slechta et al. (2019). Asterisks in both panels indicate p < 0.05.

exposure had elevated proinflammatory cytokines, including IL1β, IL6, and MCP1 (Bolton et al.
2012), and microglial activation (Bolton et al. 2012, 2017). These effects persist into adult ages
with major sex differences (Bolton et al. 2013, 2017). The ratio of IL1β:IL10 in the adult fore-
brain showed opposite responses by sex to gestational exposure to DEPs; sex differences were
augmented by combining DEPs with nest restriction as a maternal stress (Bolton et al. 2013)
(Figure 3a). Some responses are mediated by TLR4 (Bolton et al. 2017), an inflammatory path-
way also activated by adult nPM exposure (Haghani et al. 2020a, Woodward et al. 2017a). Sex
differences in cerebral cortex transcriptomes are described below.

Behavior. A sex-specific increase of depressive behaviors from gestational nPM was found for
males in two studies: at age 4 months (forced swim test) (Figure 4a) (Haghani et al. 2020a) and
persisting to 8 months (tail suspension test) (Davis et al. 2013). Similarly, Bilbo’s lab showed in-
creased anxiety (open field or elevated zero maze) in males but not females from gestational DEPs
combined with a high-fat diet (Bolton et al. 2012, 2014). The sex specificity of impulsivity differed
by age of exposure assessed by a fixed-interval schedule of reinforcement. Postnatal exposure in-
creased the impulsivity of F1 males, whereas adult exposure induced female excess (Allen et al.
2014b).

26.8 Finch • Morgan



DP02CH26_Finch ARjats.cls October 21, 2020 14:16

0

50

100

Ti
m

e 
im

m
ob

ile
 (s

)

150

Male Male CTL
nPM

31 ± 8%
45 ± 8%

CTL
nPM

18 ± 7%
9 ± 3%

Female

200

a   Forced swim b   Male NSCs c   Postnatal differentiation

0.0

0.2

0.1

0.3

Ed
U

/N
eu

N 0.4

0.5

Stage 1 Stage 3

*
**

Control
nPM

Control
nPM

Figure 4

Gestational nPM exposure impairs behavior, neurogenesis, and neuronal differentiation. (a) Male mice
exhibit depressive-like behaviors (forced swim test), but females do not. Panel a adapted from Haghani et al.
(2020a) (CC BY-NC-ND 4.0). (b) Neurogenesis (EdU+NeuN+ cells) in the dentate gyrus was reduced 50%
by gestational nPM. The p-values are indicated by asterisks: ∗, p < 0.05; ∗∗, p < 0.01. Panel b adapted from
Haghani et al. (2020b) (CC BY). (c) In vitro postnatal neuronal differentiation was reduced by 50% for stage
3 nonpyramidal and pyramidalneurons, while stage 1 neurons were increased 50%. Panel c reproduced from
Davis et al. (2013) (CC BY). Abbreviations: CTL, control air; EdU, ethynyl-2′-deoxyuridine; NeuN,
neuronal nuclei; nPM, nanosized particulate matter; NSCs, neural stem cells.

Neurogenesis, myelination, and neurotransmitters. Processes underlying the behavioral ef-
fects of gestational exposure are emerging for related cell and biochemical changes. Three studies
show impaired neuronal proliferation. Postnatal TRAP caused 35% lower neuron density in the
nucleus accumbens of male rats (Cory-Slechta et al. 2019) (Figure 3b). Proliferation of adult neu-
ronal stem cells was decreased by 50% by gestational exposure alone (Figure 4b) (Haghani et al.
2020b) and by exposure during gestation plus young adulthood exposure (Woodward et al. 2018).
Neuronal differentiation assessed in cell culture was also impaired by gestational exposure (Davis
et al. 2013): Neonatal cultures from the cerebral cortex had 50% fewer maturing stage 3 neu-
rons with long neurites and more early-stage neurons (Figure 4c). While this suggests impaired
development, adult brain weight is normal.

Brain structures were grossly altered in some experimental paradigms. Postnatal exposure en-
larged cerebral ventricles ofmales (Allen et al. 2014a, 2017),whereas gestational exposure enlarged
ventricles of both sexes (Klocke et al. 2017). The corpus callosum was enlarged by gestational ex-
posure in both sexes by age 2 months (Klocke et al. 2017). This hypermyelination corresponded
to a maturational stage shift of oligodendrocytes (postnatal days 11–15: mature CC1+ > imma-
ture Olig2+) (Klocke et al. 2018a).Microbleeds, an accelerated aging pathology, were increased by
gestational exposure brain-wide followed by postnatal exposure (Cory-Slechta et al. 2019, Klocke
et al. 2018b) and in the hippocampus after gestational plus adult exposure (Woodward et al. 2018).

Behavioral changes were accompanied by changes in neurotransmitters and receptors. For ex-
ample, DE-exposed male mice exhibiting greater social isolation-induced territorial aggressive
behavior than controls also had more dopamine in the prefrontal cortex and nucleus accumbens,
but lower serotonin (Yokota et al. 2016). DEP-exposed male mice had decreased hippocampal
NR2A and NR3B [measured by polymerase chain reaction (PCR)] (Ehsanifar et al. 2019). The
greater sensitivity of males to early postnatal exposures and of females to adult exposures in fixed-
interval performance (discussed in the section titled Behavior) was associated with increased glu-
tamate/dopamine ratios in postnatally exposed males and adult exposed females. Importantly,
both sexes showed increased glutamate in the hippocampus and frontal cortex. In prenatally
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Figure 5

Male-specific metabolic effects of gestational filter-collected PM0.2 [nanosized particulate matter (nPM)]
exposure. (a) Gestational nPM increased the body weight of male mice (prepubertal, 4 weeks) but did not
alter female weight at this age. (b) Body fat was greater in males at 4 weeks. (c) Glucose tolerance at 16 weeks
was impaired in males. The area under the curve (AUC) for blood glucose (mg/dL) during a 2-h glucose
challenge was increased by gestational exposure, indicating glucose intolerance. Asterisks indicate p-values:
∗, p < 0.05; ∗∗, p < 0.01. Figure adapted from Haghani et al. (2020a) (CC BY-NC-ND 4.0).

exposed males, but not females, increased hippocampal glutamate levels caused an imbalance of
excitatory:inhibitory neurotransmission (glutamate:gamma aminobutyric acid) (Allen et al. 2017).
Changed gene expression for neurotransmitter functions is discussed in the section titled Tran-
scriptome Responses to Developmental AirPoll Exposure.

Metabolic effects.While gestational exposure of rodents did not alter litter size or initial birth-
weight (Bolton et al. 2012,Davis et al. 2013, Klocke et al. 2017),metabolic effects emerged in later
life. Prepubertal males were heavier (Figure 5a) and fatter (Figure 5b) at age 4 weeks (Haghani
et al. 2020a), confirming effects of gestational DE exposure (Bolton et al. 2012). Glucose tol-
erance was impaired in males but not females (Figure 5c) (Haghani et al. 2020a). Gestational-
to-adulthood nPM exposure also caused male-specific increased food intake, adiposity, and glu-
cose intolerance (Woodward et al. 2019). Corresponding regulators include decreased levels of
neuropeptide Y (anorexigenic) in the hypothalamus and insulin receptor mRNA in adipocytes
(Woodward et al. 2019). These findings confirm the male specificity for lower hypothalamic neu-
ropeptide Y and increased obesity in a different TRAP model, beginning 7 weeks before mat-
ing and continuing through weaning (University of Maryland and Fudan University; Chen et al.
2017). Moreover, premating exposure to concentrated ambient PM2.5 alone enlarged adipocytes
for grandsons (Xu et al. 2019). This key observation shows that AirPoll can impact maturing
oocytes before fertilization.

Transcriptome responses to developmental AirPoll exposure.The transcriptome of the adult
hippocampus and cerebral cortex responded to AirPoll during development with 29 differen-
tially expressed genes, e.g., IL17 and other cytokines, as well as the AD-related Psen2 (Figure 6)
(Haghani et al. 2020b). PCR also identified decreased expression of synapse-related genes includ-
ing glutamatergic genes (GluA1, GluA2, Glt1, Glul, Glast, Grin1, and Nmda3a) (Haghani et al.
2020a). The increased expression of serotonin receptors HTR1b (1.5×) and HTR1D (2.5×) was
male specific (Haghani et al. 2020b). Another subset with Mir9 (noncoding microRNA) and IL12
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Figure 6

Gestational AirPoll exposure (nPM) alters gene expression in the hippocampus of adult mice by analysis of the Rseq transcriptome.
(a) Sex-specific hippocampal RNA responses. The number of DEGs at p < 0.005 significance is indicated on the bar chart. (b) DEGs are
associated with depressive behaviors, glucose intolerance, and body fat. Canonical pathways and upstream regulators were identified by
ingenuity pathway analysis. Abbreviations: AirPoll, air pollution; AUC, area under curve; DEGs, differentially expressed genes; IPGTT,
intraperitoneal glucose tolerance test; nPM, nanosized particulate matter. Figure adapted from Haghani et al. (2020b) (CC BY).

was correlated with depressive behavior and with adiposity and glucose intolerance (heat map,
Figure 6b). Other body-wide interactions with brain gene expression are anticipated.

Relevance to humans. Behavioral and genomic responses to developmental AirPoll may cause a
predisposition to ASD, adiposity, and accelerated brain aging. The male excess of ASD in hu-
mans parallels the male excess of anxiety, impulsivity, social isolation-aggression, and reduced
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social interactions in developmentally exposed rodents, described in the section titled Neuro-
genesis, Myelination, and Neurotransmitters. Increased levels of IL17 are a potential link to ASD
(Gumusoglu et al. 2020, Reed et al. 2020). The microRNAMir9-1 was associated with sex-specific
depressive behavior and systemic metabolic changes that have adverse interactions with brain ag-
ing and AD risk. Mir9-1 also regulates NFĸB1 and other transcriptional mediators of neurode-
generation and stress responses.

The large neuronal deficits in the nucleus accumbens from postnatal exposure to concentrated
PM0.2 (Figure 3b) should encourage study of other brain regions for altered neuron density. The
50% loss of adult neurogenesis from developmental exposure could accelerate the loss of neural
stem cells (NSCs) during aging. A smaller initial NSC pool would be more rapidly depleted dur-
ing the exponential decline of NSC during normal aging (Kuhn et al. 1996). Other experimental
reductions of NSC impaired learning and increased vulnerability to depression and stroke (Peng
& Bonaguidi 2018).

Adult gene expression of at least 10 glutamate and monoamine-related enzymes and receptors
was altered by developmental exposure. We anticipate interactions of the glutamate deficits with
adult exposure to AirPoll, which have damaged glutamatergic neurons in multiple studies. For
example, nPM AirPoll exposure consistently decreased GluR1 subunit (Cacciottolo et al. 2017,
Morgan et al. 2011) and neurite atrophy of CA1 pyramidal neurons, while sparing neurites of
the dentate gyrus (Woodward et al. 2017b). This selective vulnerability to AirPoll of adult CA1
neurites corresponds to the selective CA1 neurodegeneration during AD. Gestational nPM did
not alter expression of amyloid pathway genes, with the possible exception of Presenilin 2. Future
studies will examine the impact of developmental AirPoll on lipid rafts, in which amyloid peptide
production is increased by adult exposure (Cacciottolo et al. 2020).

The increased fat and glucose intolerance of developmentally exposed male rodents paral-
lels the obesogenic impact of AirPoll on children. The persistence of adiposity for three gener-
ations suggests that prefertilization oocytes are vulnerable to AirPoll. Grandmaternal CigS also
has multigenerational effects.

TOBACCO

CigS is associated with excess global mortality and morbidity throughout life, on the same scale
as AirPoll (Table 1). Both cause similar diseases and accelerate aging, from the lung to heart
to artery to brain. Despite the recent reduction of CigS, more than 30% of US pregnancies are
exposed to CigS: 7% of gravid women actively smoke (Drake et al. 2018), while 25% of pregnan-
cies are exposed to SHS (Homa et al. 2015). Altogether, SHS impacts 4 of 10 US children aged 3–
11 years (Homa et al. 2015).Maternal CigS is considered the main preventable cause of growth re-
tardation, neonatal deaths, stillbirth, and miscarriage (Diamanti et al. 2019). However, few studies
have examined neurodevelopmental consequences (Moore et al. 2020). SES factors were included
as covariates in these examples but are not resolved for distinct impact. Little is known of SES in-
teractions with the combination of CigS and AirPoll, which may synergize with childhood obesity
and age-related conditions in the heart, lung, and brain (Table 2).

CigS and AirPoll share PAHs and other chemicals arising from the combustion of organic ma-
terials, although the chemical overlap varies by local AirPoll. Because CigS has a short path from
combustion to direct inhalation, CigS typically has much higher levels of carbon monoxide (CO),
nitric oxides, and PAHs than does AirPoll, as discussed for brain development (Figure 2). The
PAHs include at least 16 proven human carcinogens and hundreds of other potential carcinogens
and toxins (Hecht 2012, Intern. Agency Res. Cancer 2004). Both AirPoll and CigS also have free
radicals that can damage DNA and that are implicated in lung cancer (Pryor 1997). Both share Pb
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(a,b) Heavy metals in particulate matter (PM) of air pollution (AirPoll) and cigarette smoke (CigS). The
smallest class, <0.2 μm, has the most lead (Pb) for AirPoll (μg/g) and CigS (μg/m3). Metals for AirPoll
calculated by Dr. Arian Saffari (University of Southern California) based on near-roadway samples in Los
Angeles, CA, USA, 2012–2014 (Shirmohammadi et al. 2015, 2016). Iron and copper were not available by
PM size. Abbreviations: As, arsenic; Cd, cadmium; Cr, chromium. Panel a adapted from Forman & Finch
(2018), and data in panel b from Wang et al. (2016).

and other heavy metals: 1–2 μg of Pb is inhaled per pack of 20 cigarettes (Ashraf 2012). The Pb
content of smaller PM is enriched for both AirPoll and CigS (Forman & Finch 2018) (Figure 7),
both of which penetrate deeply into the lungs. Sources of AirPoll Pb in the roadway samples in
Figure 7 include leaded fuel (still allowed for piston aircraft), chemical industries, batteries, paint,
roadways, and soil (Frank et al. 2019).

Developmental Exposure to CigS

Fetal growth is consistently impaired by maternal CigS. For example, in the Generation R Study
of 10,000 Rotterdam pregnancies, risk of prematurity with 200 g smaller birthweight was three-
fold higher from maternal daily smoking of nine or more cigarettes; the third trimester was most
vulnerable ( Jaddoe et al. 2008a,b). Similarly, the third trimester shows dose dependence of CigS
for head size (skull width), femur length, and abdominal circumference (Figure 8) (Abraham et al.
2017).

The prospective Behavior and Mood in Babies and Mothers Study associated maternal CigS
with neurological dysfunctions. Prenatally, the spontaneous body movement activity was 30%
higher in smoking mothers (Stroud et al. 2018). Postnatally, this higher spontaneous prenatal
activity predicted with lower attention and self-regulation.Exposed infants had 60% lower cortisol
stress responses. Epigenetic effects of maternal CigS included that the promoter for the placental
glucocorticoid receptor (NR3C1 gene) had >50% less DNA methylation (DNAme) at two CpG
sites (Stroud et al. 2014).

Maternal smoking adversely impacts brain development, consistent with the smaller skull width
(Figure 8). Impaired cerebral cortex development is suggested by computerized tomography scans
from the huge UKBiobank sample (Salminen et al. 2019): At age 62, perinatal CigS was associated
with smaller parietal and pericalcerine cerebral cortexes. This sample had 30% more psychiatric
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Meta-analysis of 10,000 pregnancies from 16 studies showing that maternal cigarette smoke impairs fetal
growth. Z-scores for abdominal circumference, femur length, and skull width (biparietal diameter). Figure
adapted from Abraham et al. (2017) (CC BY).

disorders; the smaller cortical areas could have arisen during development or from accelerated
aging. In the PIPARI Study of preterm infants,maternal CigS decreased the volumes of the frontal
lobe and cerebellum (Ekblad et al. 2010). Cognitive impairments of CigS are indicated but, like
the impact on brain size, may interact with maternal alcohol and drug use and other SES-related
factors (Gibson & Porter 2018, Palmer et al. 2016).

Longitudinal studies document cognitive-behavioral consequences of maternal CigS with in-
creased risk of conduct disorder, lower IQ, and substance abuse for young adults (Kristjansson
et al. 2018, Lotfipour et al. 2014, Obel et al. 2009). These findings are consistent with increased
severity of attention deficit hyperactivity disorder (ADHD) and other behavioral problems from
gestational CigS found in several studies (Hartman & Craig 2018, Thakur et al. 2013). SES dif-
ferences include 40% higher smoking by lower income African American women than Hispanic
women. The postnatal impact of maternal CigS gives strong rationale to study the interactions of
CigS with maternal alcohol and drug use and diet.

Contrary to AirPoll associations with autism (see the section titled AirPoll and Brain Devel-
opment), CigS exposure has not consistently shown associations with ASD. For the Danish pop-
ulation of one million siblings from 1991 to 2011, ASD did not differ by CigS exposure when
analyzed for family factors (Kalkbrenner et al. 2020). Nonetheless, ASD risk may be 50% higher
for the F2 generation of grandmaternal smoking lineages without F1maternal smoking; this study
also did not find any F1 association of ASD with F0 maternal smoking (Golding et al. 2017). A
grandmaternal effect could arise from maternal smoking effects on the daughter ovary, which de-
velops before birth (Finch &Loehlin 1998).The divergence of CigS with AirPoll for autism could
be due to different neural targets, but it also raises the unexpected possibility that the higher lev-
els of CO and nitric oxide in CigS might protect against the shared neurotoxic components of
AirPoll.

Childhood BMI is also increased by postnatal exposure to SHS, exacerbated by AirPoll
(Figure 2) (McConnell et al. 2015), and in the US-wide sample from The National Health
and Nutrition Examination Survey (NHANES) (Kim et al. 2014). The SHS impact is further
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augmented by residence near major roadways, which increases exposure to AirPoll (near roadway
air pollution curve, Figure 2). The synergy of this combination (Table 2) has major implica-
tions for accelerated aging of arteries and brain. Higher childhood BMI increases risk for adult
dyslipidemias (elevated triglycerides and LDL cholesterol) that, in turn, increase risk of heart
attack (Yan et al. 2019). Midlife dyslipidemias also increase AD (Reitz 2013). Triglyceridemia
at midlife was associated with the presence of pathological amyloid and tau 20 years later
(bioFINDER, Sweden; Nägga et al. 2018). Cohorts of developmental CigS exposure should be
studied at midlife for blood lipids and cognition.

Adult CigS is strongly associated with increased AD risk in multiple studies, e.g., the
Atherosclerosis Risk in Community (ARIC) study (population based; Deal et al. 2020) and the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) (clinical cohorts; Durazzo et al. 2014).
Mouse models show that CigS is proamyloidogenic (increased the amyloid load of AD-transgenic
mice; Moreno-Gonzalez et al. 2013) and neuroinflammatory for adult offspring with maternal
CigS exposure (increased IL1R, IL6, and TLR4; Chan et al. 2016).

Maternal CigS also has epigenetic effects that are observed in neonatal blood cells ( Joubert
et al. 2012). A recent study of large samples showed association of neonatal blood DNAme with
birthweight for 900 CpG sites (meta-analysis of 24 birth cohorts, 8,825 neonates) (Küpers et al.
2019). Per 10% change in DNAme, birth weight differed by 180 g. Genes with the largest asso-
ciations areMAP4K2 (increased DNAme, immune functions) and DHCR24 (decreased DNAme,
cholesterol metabolism, decreased expression in AD). The four Hispanic and two African Amer-
ican cohorts also showed modest persistence of DNAme into childhood. By adulthood, the asso-
ciations of DNAme with birthweight dwindled, and these genes lacked consistent association of
DNAme with mRNA in other studies. The relation of DNAme to birthweight is undefined and
could be a consequence of retarded growth (Fragou et al. 2019). Paternal smoking may also alter
children’s DNAme (Mørkve Knudsen et al. 2019).

Animal studies of CigS use reference cigarettes ( Johnson et al. 2009) to generate defined lev-
els of nicotine and PM2.5 per micrograms per cubic meter, paralleling mouse AirPoll exposure.
Growing evidence shows adult deficits in memory and behaviors. Mice exposed from gestation
throughweaning spentmore time in an open field, suggesting less anxiety, and had impaired spatial
memory in Morris and Cincinnati water maze tests (Amos-Kroohs et al. 2013). At age 6 months,
the hippocampal proteome of gestationally exposed mice had changes in 34 proteins, including
50% loss of SIRT1, a key regulator of glucose metabolism, and changes of up to 25% changes in
enzymes of glucose metabolism (Neal et al. 2014, 2016). These authors hypothesize that memory
deficits from gestational CigS arise from energy limitations. Other studies show synaptic deficits
in circuits that mediate cognition and behavior. The hippocampal glutamatergic synapses in CA1
neurons had deficits of GluA2 receptors in association with increased postnatal impulsivity and
impaired attention (Polli et al. 2020). Neonatal CigS exposure also impaired hippocampal synap-
tic development through deficits of synaptic proteins (PSD95, synaptophysin), in correspondence
with impaired spatial memory (Torres et al. 2015).

Among the hundreds of chemical toxins in CigS, nicotine and benzo[a]pyrene (BaP) are strong
candidates for developmental neuroteratogens. Two notable studies show the impact of nicotine
ingestion by rodents during pregnancy, approximating the nicotine of a daily pack of cigarettes.
Electrophysiological studies showed selective impairments of glutamatergic GluA2 and GluN2A
receptor functions in hippocampal CA1 neurons (Polli et al. 2020). Behavioral deficits included
impaired attention, hyperactivity, and increased impulsivity, which are core symptoms of human
clinical ADHD. Grandmaternal nicotine ingestion (F0) had two generations of impact on behav-
ior, causing greater nicotine preference, hyperactivity, and cholinergic receptor function (Buck
et al. 2019). Moreover, the F1 and F2 generations without nicotine exposure had 30–50% lower
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levels of the enzymes that epigenetically regulate gene expression, includingMECP2,DNMT3A,
and HDAC2 in cerebral cortex, in addition to twofold higher phosphorylation of HDAC2 (Buck
et al. 2020). These findings are relevant to the increasing use of smokeless cigarettes (vaping),
which may reduce exposure to tobacco carcinogens but does not blunt the nicotine addiction.
Thus, the twofold higher risk of smoking in children of parental smokers (Leonardi-Bee et al.
2011) has neurobiological as well as cultural components.

Gestational exposure to BaP, an infamous carcinogen in CigS, caused sex-specific behavioral
impairments, e.g., increased hyperactivity by 25% in both sexes and decreased fear responses by
20% in males (Hawkey et al. 2019). As noted earlier, BaP is variably present in AirPoll. Maternal
ingestion of BaP at gestation days 14–17 also impaired cortical neuron responses to whisker stim-
ulation with 50% decrease of the glutamate receptor subunit NMDA-NR2b (McCallister et al.
2008).

CO is also produced at high levels in CigS that can impair fetal growth in rodents (Carmines
& Rajendran 2008). The RESPIRE Study of Guatemalan villages associated household CO from
open-hearth fires with childhood deficits of motor control and short-term memory; the third
trimester had the strongest associations (Dix-Cooper et al. 2012). Household CO is a global neu-
rotoxin (Levy 2017).

Toxic metals in CigS include Pb (Figure 7), and smokers have elevated blood levels of Pb, 30–
70% above nonsmokers (NHANES; Agency Toxic Subst. Dis. Registry 2019, table 5). However,
neonatal cord blood levels of Pb and other heavy metals have not shown consistent elevations with
maternal smoking (authors’ survey of Agency Toxic Subst. Dis. Registry 2019).

Despite pervasive medical and societal sanctions, smoking during pregnancy continues in at
least 10% of the pregnant population in the United States and transatlantic countries, led by
Ireland with 38% (Lange et al. 2018). The growing use of e-cigarettes (US Dep. Health Hum.
Serv. 2016) is compounding the apparently intractable hazard of nicotine to public health. We
anticipate that e-cigarettes will contribute to maternal effects of smoking beyond the effects of
nicotine through Pb and other toxic emanations (Olmedo et al. 2018). Next, we consider ambient
sources of Pb for overlapping toxicity with AirPoll and CigS.

LEAD TOXICITY: PLUMBING THE BRAIN

The element Pb is highly toxic and has no role in any enzyme activity or biochemical process.
One million deaths/year are attributed to Pb exposure, 50% more than are attributed to SHS
(Table 1). Pb exposure is also associated with intellectual disability, distinct from known genetic
factors, accounting for>60% of the global burden (Inst.HealthMetrics Eval. 2018). Lower SES is
associated with increased Pb exposure, e.g., non-Hispanic African American children are sevenfold
more likely than non-Hispanic white children to have blood Pb of 10–20 μg/dL (Bernard &
McGeehin 2003). Nationwide, African American children are at least fourfold more likely to have
elevated Pb ≥5 μg/dL (Yeter et al. 2020). Many populations of low-income countries have even
greater Pb exposure.

Pb enters the body by three main routes: inhalation, ingestion, and skin absorption (Agency
Toxic Subst. Dis. Registry 2019). This monograph from the US Department of Health and Hu-
man Services gives a critical and comprehensive summary of Pb toxicity. Inhalation of ambient
Pb increased for several generations with the expanding addition of tetraethyl Pb to gasoline to
improve its combustion starting in the 1920s. During the past 70 years, the most developed coun-
tries have legislatively decreased exposure to traffic-derived Pb. The highest phase of airborne Pb
exposure was before 1975 in the United States, followed by >90% reductions by 1990 (Dignam
et al. 2019). In 1973, a gallon of gasoline typically contained 2–3 g of Pb. Average blood Pb levels
dropped 50% by 1981, followed by gradual further reduction of 94% since 2000. Pb’s toxicity
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Table 4 Neurobehavioral associations of blood lead 1–10 μg/dL

Entity affected Children Adults
Decreased cognition, including full-scale IQ Yes Yes
Decreased attention Yes Yes
Impaired fine motor skills Yes Yes
Impaired visual-motor integration Yes Yes
Increased risk Autism spectrum behaviors Amyotrophic lateral

sclerosis

Data from Agency Toxic Subst. Dis. Registry (2019, pp. 127–28).

was known to early manufacturers, but legislative restrictions were only gradually achieved; the
Clean Air Act of 1996 finally banned its on-road use (EPA 1996). This seven-decade delay equals
a life span. The declining exposure to Pb did not have immediate benefits because of its multiyear
retention.Most Pb is retained in bone, with a long half-life of 5–10 years, while the brain receives
a minor portion (<1%), with a half-life of 2 years (Leggett 1993).

Blood Pb from ≤10 to >50 μg/dL adversely impacts cognitive, motor, and sensory functions
across all ages (Table 4). Children’s full-scale IQ showed log-linear response to blood Pb, de-
creasing by 2.9 IQ points per μg/dL, over a range of 0.9–7.4 μg/dL. Brain MRI volume decreased
with blood Pb >10 μg/dL. The cognitive impact for full-scale IQ in children may extend below
1.0 μg Pb/dL (meta-analysis of seven studies) (Budtz-Jørgensen et al. 2013; updated in Agency
Toxic Subst. Dis. Registry 2019, p. 155). Prenatal Pb effects include higher risk of prematurity
in prospective birth cohort studies from China (Cheng et al. 2017), Massachusetts (Perkins et al.
2014), and England (Taylor et al. 2014).

The Cincinnati Lead Study (1979–2016) enrolled a birth cohort of 90% African Americans
from the inner city exposed to high levels of Pb, even >50 μg/dL. At age 6 years, frontal lobe
gray matter MRI volumes varied inversely with blood Pb (Cecil et al. 2008). Although both sexes
had similar blood Pb, only boys had Pb-brain association. Their IQ and fine motor coordination
also varied inversely with blood Pb. By age 22, criminal arrests varied directly with blood levels
for men; women had many fewer arrests despite the same range of blood Pb (Wright et al. 2008).
These associations cannot be direct effects of Pb and may be understood as impulsive behaviors
from impaired executive functions. Behavioral consequences of Pb are being further analyzed in
the multiethnic and US-wide Adolescent Brain Cognitive Development Study of children aged
9–10 years (Marshall et al. 2020). High Pb exposure was associated with smaller cerebral cortex
volume and lower cognitive scores in low SES families (Figure 9), extending below 5 μg Pb/dL.
The highest risk group had 10% deficits in cortical volume and cognition. There is no safe lower
threshold for Pb, paralleling AirPoll and CigS.

Developmental exposure to Pb also increases risk factors for heart disease and later-life
neurodegenerative disease. Prenatal Pb exposure increased postnatal blood pressure with log-
linearity: At age 5 years, systolic blood pressure increased by 0.58 mm Hg for doubled maternal
Pb, according to the New Hampshire Birth Cohort Study (NHBCS) (Farzan et al. 2018). The
NHBCS also showed smaller head size and body weight in top quartiles of toenail Pb (Signes-
Pastor et al. 2019).

Middle-age cognitive deficits at age 38 years varied inversely with blood Pb at age 11 in the
range of 4 to 28 μg Pb/dL, according to the Dunedin Multidisciplinary Health and Development
Study, 1972–1973 birth cohort (Reuben et al. 2017): Per 5μg/dL of childhood blood Pb,Wechsler
Adult Intelligence Scale scores were depressed by 1.6 points. Higher childhood blood Pb was also
associated with downward SES mobility and more psychopathology; the IQ decline contributed
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Figure 9

Socioeconomic status alters vulnerability of children aged 9–10 to lead (Pb) exposure. The Adolescent Brain
Cognitive Development Study, a multiethnic US-wide sample of 10,000, evenly distributed by sex and
income: Asian, 2%; African American, 15%; Hispanic, 20%; White, 53%; other, 10%. (a) Cognitive test
scores using the NIH Toolbox. Data from Weintraub et al. (2013). (b) Cerebral cortex volume measured with
magnetic resonance imaging. Exposure to Pb is a risk scale assessment based on census tract data validated
for blood Pb in select populations. Data from Marshall et al. (2020).

40% of the SES association with blood Pb. Reuben et al. (2019) proposed pathways from exper-
imental models by which high childhood Pb exposure could increase risk of AD and Parkinson’s.
We further suggest that the lower SES vulnerability to Pb may arise from poor diet and multiple
stressors experienced by lower SES individuals, together with supra-additive synergies of Pb with
AirPoll and CigS.

ApoE may also modulate Pb toxicity. In the VA Normative Aging Study, bone Pb was associ-
ated with faster cognitive aging at age 67: Per quartile of Pb, cognitive loss was accelerated 5 years
(Weisskopf et al. 2004). Only ApoE4 carriers had associations of Pb with cognitive loss based on
allele dose (Prada et al. 2016). ApoE alleles may also influence the body load of mercury (Hg),
another toxic heavy metal and industrial pollutant that may co-occur with Pb. In rural Brazilians,
ApoE2 carriers had lower Hg levels in hair than ApoE4 carriers (Arrifano et al. 2018). Their Hg ex-
posure is attributed to upstream gold mining, which contaminated their dietary fish and drinking
water. Globally, dental fillings are a source of blood Hg. Dental patients with neuro-psychiatric
issues symptomatic of Hg toxicity had 50% excess of ApoE4 (Godfrey et al. 2003). We anticipate
G×E interactions of Pb with AirPoll and CigS for risk of heart disease and later-life neurodegen-
erative disease. Epigenetic effects are also expected because white blood cell DNAme is influenced
by Pb, Hg, and other metals (Martin & Fry 2018).

Animal responses to Pb also show its long-term neurotoxicity. An intriguing example is ac-
celerated brain aging phenotypes in macaque monkeys fed Pb. Two groups were fed Pb on dif-
ferent schedules. The infantile fed group ingested Pb from birth to 14 months, yielding 32–
36 μg/dL versus control 3–6 μg/dL; another group was fed continuously. By age 8 years, the
continuous Pb group had more perseverative errors and other cognitive impairments than the
infantile Pb group (Rice 1992). The modest cognitive impact of Pb in young adults did not antic-
ipate remarkable acceleration of brain aging phenotypes at middle age in the infantile fed group
(Wu et al. 2008). At age 23, the infantile Pb group had larger amyloid plaques in the frontal
cortex, with 50% more amyloid β-peptides (Figure 10a) and 50% more total tau and P-tau
(Figure 10b,c). DNA oxidative damage was modestly increased (8-oxo-dG, +20%), and there
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Figure 10

Accelerated brain aging phenotypes of monkeys fed lead (Pb) from birth to age 14 months (1.5 mg/kg, daily) and examined at age
23 years. (a) Frontal cortex amyloid β-peptides (total Aβ soluble and fibrillary Aβ, guanidinium extract). (b) Total tau protein.
(c) Phospho-tau (P-tau). No Pb was detected in controls and Pb-treated monkeys (<0.1 ng/g brain). Figure adapted from Wu et al.
(2008); copyright 2008 Society for Neuroscience.

were modest neurofibrillary changes in the frontal cortex. No behavioral or cognitive observa-
tions were reported, and the continuously fed Pb group was not mentioned. Although lacking
cognitive or behavioral data, this unique study of monkeys shows that early Pb exposure can
accelerate brain aging in a primate. As a caveat, these findings do not suffice for AD diagnosis.
While monkeys normally accumulate brain amyloid and P-tau at more advanced ages, these usual
aging changes do not reach clinical-grade AD cognitive or neurodegenerative changes (Finch &
Austad 2012).

Mouse models of Pb ingestion show that Pb neurotoxicity parallels some aspects of CigS (Du
et al. 2015). Adult mice of several genotypes had impaired memory and exploratory behavior, with
male excess. The relatively low blood Pb levels of 2–5 μg/dL confirm conclusions from human
studies: There is no safe lower threshold for Pb exposure (Singh et al. 2018, Tena et al. 2019).
Within 6 weeks of oral Pb, AD transgenic mice had doubled amyloid plaque loads and worsened
spatial learning (Gu et al. 2012). The higher Pb content in amyloid plaques is consistent with the
proaggregating activity of Pb for amyloid β-peptides (Meleleo et al. 2019). The ApoE4 allele also
increased cognitive deficits from Pb in mice (Engstrom et al. 2017).

Gestational Pb exposure impacts behaviors for three generations of C57BL/6mice, as shown in
rigorous studies by Cory-Slechta and colleagues (Cory-Slechta et al. 2017; Sobolewski et al. 2018,
2020; Weston et al. 2014). Mice were fed Pb 2 months before mating and continued through
weaning. The neonatal Pb levels of 10–15 μg/dL serum met the Centers for Disease Control and
Prevention 2012 level of concern but were below Pb serum levels prevalent in the United States
before 1980. Half the F0 mice were subjected to brief restraint stress in later gestation. Adults
of the F1 generation progeny without further Pb had altered cognition, behavior, and stress re-
sponses, together with DNAme. Some effects of maternal Pb differed by sex: At 2 months, only
F1 males had altered corticosterone regulation, with 50% lower basal levels and larger response to
brief social stress. Subsequent generations were formed from male and female lines of the mater-
nally exposed F1, generating eight lineages of the F3 generation (160 litters). The F3 generation
had normal blood and bone Pb. The litter size and weaning weight were normal, but sporadic
runting appeared in the F3 generation.

The grandmaternal Pb effects varied among the male and female lineages for conditioned
responses (fixed-interval schedule of reward), for glucocorticoid receptors in the hippocampus and
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cerebral cortex, and for DNAme of the Bdnf and Th genes, which modulate synaptic plasticity and
neurotransmission. Interactions of grandmaternal Pb and restraint stress differed by sex across the
eight lines: Lines of F3 females had lower corticosterone and more locomotor activity. Combined
Pb and restraint stress strongly altered DNAme of the Bdnf and Th genes in the frontal cortex and
hippocampus.

These rigorous studies should stimulate further analysis of mechanisms on the roles of epi-
genetic influences that may include methylation of histones and DNA and behavioral influences
from maternal nurture. Later-life neurobehavioral effects are anticipated from grandmaternal Pb
by findings from other labs that developmental Pb exposure decreased histone methylation and
DNA methyltransferases up through age 2 years, the mouse life span (Dou et al. 2019; Eid et al.
2016, 2018). Exposure of macaques to Pb during nursing increased tau mRNA and protein (Bihaqi
et al. 2014), which may anticipate the acceleration of neurofibrillary changes in monkeys discussed
above.

Studies on Pb developmental impact, like those on AirPoll, are in an earlier stage than those
on CigS. Other trace elements that may interact with Pb neurotoxicity include arsenic, cadmium,
and Hg. Genetic vulnerability to Pb and Hg is indicated for ApoE4 carriers. Does the resistance
to arsenic in some populations (Apata & Pfeifer 2020) extend to Pb and Hg? Currently, genetic
technology and single-cell analysis could identify cell- and tissue-specific gene networks and tar-
gets of intervention. For example, RNA sequencing of human brain progenitor cells during Pb
exposure in vitro shows modulation of cell cycle, mTOR signaling, and nerve growth factors (Reis
et al. 2019). Single-cell genomics on brain regions affected by Pb may identify neural circuit level
dynamics of Pb toxicity across the life span.

SUMMARY AND SYNTHESIS

The comparison of AirPoll, CigS, and Pb summarized from the previous sections shows many
shared pathological phenotypes from developmental and adult exposure (Table 5a,b). The extent
of these shared responses has not been widely noted. Their concurrence suggests shared toxic and
teratogenic pathways.

We perceive a multigenerational continuum of environmental influences including the grand-
maternal uterus wherein our mother’s ovaries form eggs for the next generation (Finch & Loehlin
1998). AirPoll can adversely impact eggs before fertilization, as shown for maternal transmission
of obesity for three generations after a single preconceptual exposure to AirPoll (Xu et al. 2019).
Moreover, ovarian follicles are decreased by prenatal exposure to diesel exhaust (Ogliari et al.
2013). The potential for multigenerational epigenetic effects on longevity is shown by altering
histone methylation, which increased life span for three generations in the worm Caenorhabditis
elegans (Greer et al. 2011). Three-way interactions are undefined for AirPoll, CigS, and Pb, and
complex G×E interactions are anticipated.

Birth cohorts exposed to ambient Pb from leaded gas from 1970 to 1980 may show a corre-
sponding gradient of risk for neurodegenerative disease after age 50 in our current year. Genomic
responses by the brain include systemic influences and lung to brain, together with direct toxic
effects. The stronger impact of Pb on brain development in lower SES individuals (Figure 9) may
include synergies of AirPoll, CigS, and Pb. This potential three-way interaction is missing from
Table 2 and is not discussed elsewhere to our knowledge.

A mechanistic framework for G×E may be developed from forthcoming epigenetic data for
diverse human populations. Beyond their developmental impact on young adults, AirPoll, CigS,
and Pb may be considered as gerogens that accelerate aging processes in brain, arteries, and sys-
temic metabolism. Some accelerated aging changes are also risk factors for brain and vascular
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Table 5 Air pollution, cigarette smoke, and lead compared for shared responses

Entity affected Air pollution Cigarette smoke Lead
a. Developmental exposure
Birth prematurity ++ Human++ ++
Head size NR Human++ ++
Autism spectrum +++ Human no link++ +++
Other abnormal behaviors +++ Rodent++ +++
Cognitive deficits +++ NR ++
Gray matter deficit ++ NR +++
White matter deficit Rodent++ NR NR
Adult neurogenesis deficits Rodent++ NR NR
Blood pressure (systolic) +++ +++ +
Blood dyslipidemias NR Human++ NR
Atherosclerosis +++ +++ NR
Glucose intolerance +++ NR NR
Adiposity +++ +++ +++
Male excess adiposity +++ NR NR
Accelerated brain aging +++ +++ ++
ApoE allele differences NR NR NR
DNA methylation +++ +++ +++
Transgenerational impact Rodent++ +++ Rodent++
b. Adult exposure
Adult neuronal stem cells Rodent+ NR NR
Alzheimer’s disease +++ +++ NR
Ischemic events Human++ +++ NR
Glucose intolerance Human++ Human++ Rodent++
ApoE allele differences +++ ++ +
DNA methylation +++ +++ +++

Strength of evidence: NR, no reports; +, single report; ++, multiple studies; +++ shown for humans and animal models.

disease. The lineage- and sex-specific effects of grandmaternal exposure to Pb indicate epigenetic
processes of relevance to future generations from our current and recent exposure to airborne
toxins.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We appreciate critical reading by Laura Carstensen (Stanford University), Marja Jylhä
(Tampere University), Deborah Cory-Slechta (University of Rochester), and Amin Haghani and
Mara Mather (University of Southern California). Graphs in Figures 2–10 were drawn by Troy
Palmer. These studies were supported by National Institute on Aging grants to C.E.F. (R01
AG051521 and P01 AG055367) and H.C. Chui (P50 AG05142).

www.annualreviews.org • Developmental Exposure to Air Pollution 26.21



DP02CH26_Finch ARjats.cls October 21, 2020 14:16

LITERATURE CITED

Abraham M, Alramadhan S, Iniguez C, Duijts L, Jaddoe VW, et al. 2017. A systematic review of maternal
smoking during pregnancy and fetal measurements with meta-analysis. PLOS ONE 12:e0170946

Agency Toxic Subst.Dis. Registry. 2019.Toxicological profile for lead: draft for the public comment,May 2019. Rep.,
Agency Toxic Subst. Dis. Registry, Atlanta. https://www.atsdr.cdc.gov/toxprofiles/tp13.pdf

Ailshire JA, Crimmins EM. 2014. Fine particulate matter air pollution and cognitive function among older
US adults. Am. J. Epidemiol. 180:359–66

Allen JL, Liu X, Pelkowski S, Palmer B, Conrad K, et al. 2014a. Early postnatal exposure to ultrafine par-
ticulate matter air pollution: persistent ventriculomegaly, neurochemical disruption, and glial activation
preferentially in male mice. Environ. Health Perspect. 122:939–45

Allen JL, Liu X, Weston D, Prince L, Oberdörster G, et al. 2014b. Developmental exposure to concentrated
ambient ultrafine particulate matter air pollution in mice results in persistent and sex-dependent behav-
ioral neurotoxicity and glial activation. Toxicol. Sci. 140:160–78

Allen JL, Oberdorster G,Morris-Schaffer K,Wong C, Klocke C, et al. 2017. Developmental neurotoxicity of
inhaled ambient ultrafine particle air pollution: parallels with neuropathological and behavioral features
of autism and other neurodevelopmental disorders.Neurotoxicology 59:140–54

Amos-Kroohs RM,WilliamsMT,Braun AA,GrahamDL,Webb CL, et al. 2013.Neurobehavioral phenotype
of C57BL/6J mice prenatally and neonatally exposed to cigarette smoke.Neurotoxicol. Teratol. 35:34–45

Apata M, Pfeifer SP. 2020. Recent population genomic insights into the genetic basis of arsenic tolerance
in humans: the difficulties of identifying positively selected loci in strongly bottlenecked populations.
Heredity 124:253–62

Arrifano GPF, Martín-Doimeadios RCR, Jiménez-Moreno M, Fernández-Trujillo S, Augusto-Oliveira M,
et al. 2018. Genetic susceptibility to neurodegeneration in Amazon: apolipoprotein E genotyping in
vulnerable populations exposed to mercury. Front. Genet. 9:285

AshrafMW.2012.Levels of heavymetals in popular cigarette brands and exposure to thesemetals via smoking.
ScientificWorldJournal 2012:729430

Beckwith T, Cecil K, Altaye M, Severs R, Wolfe C, et al. 2020. Reduced gray matter volume and cortical
thickness associated with traffic-related air pollution in a longitudinally studied pediatric cohort. PLOS
ONE 15(1):e0228092

Bernard SM,McGeehin MA. 2003. Prevalence of blood lead levels >5 μg/dL among US children 1 to 5 years
of age and socioeconomic and demographic factors associated with blood of lead levels 5 to 10 μg/dL,
Third National Health and Nutrition Examination Survey, 1988–1994. Pediatrics 112:1308–13

Bihaqi SW, Bahmani A, Adem A, Zawia NH. 2014. Infantile postnatal exposure to lead (Pb) enhances tau
expression in the cerebral cortex of aged mice: relevance to AD.Neurotoxicology 44:114–20

Bolton JL, Auten RL, Bilbo SD. 2014. Prenatal air pollution exposure induces sexually dimorphic fetal pro-
gramming of metabolic and neuroinflammatory outcomes in adult offspring.Brain Behav. Immun. 37:30–
44

Bolton JL, Huff NC, Smith SH, Mason SN, Foster WM, et al. 2013. Maternal stress and effects of prenatal
air pollution on offspring mental health outcomes in mice. Environ. Health Perspect. 121:1075–82

Bolton JL,Marinero S,Hassanzadeh T,Natesan D, Le D, et al. 2017.Gestational exposure to air pollution al-
ters cortical volume,microglial morphology, and microglia-neuron interactions in a sex-specific manner.
Front. Synaptic Neurosci. 9:10

Bolton JL, Smith SH, Huff NC, Gilmour MI, Foster WM, et al. 2012. Prenatal air pollution exposure in-
duces neuroinflammation and predisposes offspring to weight gain in adulthood in a sex-specific manner.
FASEB J. 26:4743–54

Braak H, Thal DR, Ghebremedhin E, Del Tredici K. 2011. Stages of the pathologic process in Alzheimer
disease: age categories from 1 to 100 years. J. Neuropathol. Exp. Neurol. 70(11):960–69

Breton CV, Mack WJ, Yao J, Berhane K, Amadeus M, et al. 2016. Prenatal air pollution exposure and early
cardiovascular phenotypes in young adults. PLOS ONE 11(3):e0150825

Buck JM,O’Neill HC, Stitzel JA. 2020. Developmental nicotine exposure engenders intergenerational down-
regulation and aberrant posttranslational modification of cardinal epigenetic factors in the frontal cor-
tices, striata, and hippocampi of adolescent mice. Epigenetics Chromatin 13:13

26.22 Finch • Morgan

https://www.atsdr.cdc.gov/toxprofiles/tp13.pdf


DP02CH26_Finch ARjats.cls October 21, 2020 14:16

Buck JM, Sanders KN, Wageman CR, Knopik VS, Stitzel JA, O’Neill HC. 2019. Developmental nico-
tine exposure precipitates multigenerational maternal transmission of nicotine preference and ADHD-
like behavioral, rhythmometric, neuropharmacological, and epigenetic anomalies in adolescent mice.
Neuropharmacology 149:66–82

Budtz-Jørgensen E, Bellinger D, Lanphear B, Grandjean P; Int. Pool. Lead Study Investig. 2013. An interna-
tional pooled analysis for obtaining a benchmark dose for environmental lead exposure in children. Risk
Anal. 33:450–61

Burnett R, Chen H, Szyszkowicz M, Fann N, Hubbell B, et al. 2018. Global estimates of mortality associated
with long-term exposure to outdoor fine particulate matter. PNAS 115:9592–97

Cacciottolo M,Morgan TE, Saffari AA, Shirmohammadi F, Forman HJ, et al. 2020. Traffic-related air pollu-
tants (TRAP-PM) promote neuronal amyloidogenesis through oxidative damage to lipid rafts.Free Radic.
Biol. Med. 147:242–51

CacciottoloM,WangX,Driscoll I,WoodwardN,Saffari A, et al. 2017. Particulate air pollutants, APOE alleles
and their contributions to cognitive impairment in older women and to amyloidogenesis in experimental
models. Transl. Psychiatry 7:e1022

Calderón-Garcidueñas L, Herrera-Soto A, Jury N, Maher BA, González-Maciel A, et al. 2020a. Reduced
repressive epigenetic marks, increased DNA damage and Alzheimer’s disease hallmarks in the brain of
humans and mice exposed to particulate urban air pollution. Environ. Res. 183:109226

Calderón-Garcidueñas L, Torres-Jardón R, Kulesza RJ, Mansour Y, González-González LO, et al. 2020b.
Alzheimer disease starts in childhood in polluted Metropolitan Mexico City. A major health crisis in
progress. Environ. Res. 183:109137

Carmines EL, Rajendran N. 2008. Evidence for carbon monoxide as the major factor contributing to lower
fetal weights in rats exposed to cigarette smoke. Toxicol. Sci. 102:383–91

Cecil KM, Brubaker CJ, Adler CM,Dietrich KN, AltayeM, et al. 2008.Decreased brain volume in adults with
childhood lead exposure. PLOS Med. 5:e112

Chan YL, Saad S, Pollock C, Oliver B, Al-Odat I, et al. 2016. Impact of maternal cigarette smoke exposure on
brain inflammation and oxidative stress in male mice offspring. Sci. Rep. 6:25881

Chen M,Wang X, Hu Z, Zhou H, Xu Y, et al. 2017. Programming of mouse obesity by maternal exposure to
concentrated ambient fine particles. Part. Fibre Toxicol. 14:20

Cheng L, Zhang B, Huo W, Cao Z, Liu W, et al. 2017. Fetal exposure to lead during pregnancy and the risk
of preterm and early-term deliveries. Int. J. Hyg. Environ. Health 220:984–89

Cory-Slechta D, Sobolewski M, Varma G, Schneider JS. 2017. Developmental lead and/or prenatal stress
exposures followed by different types of behavioral experience result in the divergence of brain epigenetic
profiles in a sex, brain region, and time-dependent manner: implications for neurotoxicology.Curr. Opin.
Toxicol. 6:60–70

Cory-Slechta DA, Sobolewski M,Marvin E, Conrad K, Merrill A, et al. 2019. The impact of inhaled ambient
ultrafine particulate matter on developing brain: potential importance of elemental contaminants.Toxicol.
Pathol. 47:976–92

Costa LG, Cole TB, Dao K, Chang YC, Coburn J, Garrick JM. 2020. Effects of air pollution on the nervous
system and its possible role in neurodevelopmental and neurodegenerative disorders. Pharmacol. Ther.
9:107523

Costa LG, Cole TB, Dao K, Chang YC, Garrick JM. 2019. Developmental impact of air pollution on brain
function.Neurochem. Int. 131:104580

Davis DA, Bortolato M,Godar SC, Sander TK, Iwata N, et al. 2013. Prenatal exposure to urban air nanoparti-
cles in mice causes altered neuronal differentiation and depression-like responses. PLOS ONE 8:e64128

Deal JA, Power MC, Palta P, Alonso A, Schneider ALC, et al. 2020. Relationship of cigarette smoking and
time of quitting with incident dementia and cognitive decline. J. Am. Geriatr. Soc. 68:337–45

Diamanti A, Papadakis S, Schoretsaniti S, Rovina N, Vivilaki V, et al. 2019. Smoking cessation in pregnancy:
an update for maternity care practitioners. Tob. Induc. Dis. 17:57

Dignam T, Pomales A, Werner L, Newbern EC, Hodge J, et al. 2019. Assessment of child lead exposure in a
Philadelphia community, 2014. J. Public Health Manag. Pract. 25:53–61

www.annualreviews.org • Developmental Exposure to Air Pollution 26.23



DP02CH26_Finch ARjats.cls October 21, 2020 14:16

Dix-Cooper L, Eskenazi B, Romero C, Balmes J, Smith KR. 2012. Neurodevelopmental performance among
school age children in rural Guatemala is associated with prenatal and postnatal exposure to carbon
monoxide, a marker for exposure to woodsmoke.Neurotoxicology 33:246–54

Drake P, Driscoll AK, Mathews TJ. 2018. Cigarette smoking during pregnancy: United States, 2016. Data Brief
305, Nat. Cent. Health Stat., Hyattsville, MD

Dou JF, Farooqui Z, Faulk CD, Barks AK, Jones T, et al. 2019. Perinatal lead (Pb) exposure and cortical
neuron-specific DNA methylation in male mice.Genes 10:274

Du Y, Ge MM, Xue W, Yang QQ, Wang S, et al. 2015. Chronic lead exposure and mixed factors of
gender×age×brain regions interactions on dendrite growth, spine maturity and NDR kinase. PLOS
ONE 10:e0138112

Durazzo TC,MattssonN,WeinerMW; Alzheimer’s Dis.Neuroimaging Initiat. 2014. Smoking and increased
Alzheimer’s disease risk: a review of potential mechanisms. Alzheimer’s Dement. 10(Suppl. 3):S122–45

Ehsanifar M, Jafari AJ, Nikzad H, Zavareh MS, Atlasi MA, et al. 2019. Prenatal exposure to diesel exhaust par-
ticles causes anxiety, spatial memory disorders with alters expression of hippocampal pro-inflammatory
cytokines and NMDA receptor subunits in adult male mice offspring. Ecotoxicol. Environ. Saf. 176:34–41

Eid A, Bihaqi SW,Hemme C, Gaspar JM, Hart RP, Zawia NH. 2018. Histone acetylation maps in aged mice
developmentally exposed to lead: epigenetic drift and Alzheimer-related genes. Epigenomics 10:573–83

Eid A, Bihaqi SW, Renehan WE, Zawia NH. 2016. Developmental lead exposure and lifespan alterations in
epigenetic regulators and their correspondence to biomarkers of Alzheimer’s disease.Alzheimer’s Dement.
2:123–31

Ekblad M, Korkeila J, Parkkola R, Lapinleimu H, Haataja L, et al.; PIPARI Study Group. 2010. Maternal
smoking during pregnancy and regional brain volumes in preterm infants. J. Pediatr. 156:185–90

Elten M, Donelle J, Lima I, Burnett RT, Weichenthal S, et al. 2020. Ambient air pollution and incidence
of early-onset paediatric type 1 diabetes: a retrospective population-based cohort study. Environ. Res.
184:109291

Engstrom AK, Snyder JM, Maeda N, Xia Z. 2017. Gene-environment interaction between lead and
Apolipoprotein E4 causes cognitive behavior deficits in mice.Mol. Neurodegener. 12(1):14

EPA (US Environ. Prot. Agency). 1996. EPA takes final step in phaseout of leaded gasoline. Press release, Jan. 29.
https://archive.epa.gov/epa/aboutepa/epa-takes-final-step-phaseout-leaded-gasoline.html

Farzan SF, Howe CG, Chen Y, Gilbert-Diamond D, Cottingham KL, et al. 2018. Prenatal lead exposure and
elevated blood pressure in children. Environ. Int. 121(Part 2):1289–96

Finch CE. 2018.Global Air Pollution in Aging and Disease: Reading Smoke Signals. San Diego, CA: Academic
Finch CE, Austad SN. 2012. Primate aging in the mammalian scheme: the puzzle of extreme variation in brain

aging. Age 34:1075–91
Finch CE, Kulminski AM. 2019. The Alzheimer’s disease exposome. Alzheimer’s Dement. 15:1123–32
Finch CE, Loehlin JC. 1998. Environmental influences that may precede fertilization: a first examination of

the prezygotic hypothesis from maternal age influences on twins. Behav. Genet. 28:101–6
Forman HJ, Finch CE. 2018. A critical review of assays for hazardous components of air pollution. Free Radic.

Biol. Med. 117:202–17
Fragou D, Pakkidi E, Aschner M, Samanidou V,Kovatsi L. 2019. Smoking and DNAmethylation: correlation

of methylation with smoking behavior and association with diseases and fetus development following
prenatal exposure. Food Chem. Toxicol. 129:312–27

Frank JJ, Poulakos AG, Tornero-Velez R, Xue J. 2019. Systematic review and meta-analyses of lead (Pb) con-
centrations in environmental media (soil, dust, water, food, and air) reported in the United States from
1996 to 2016. Sci. Total Environ. 694:133489

GBD 2015 Tob. Collab. 2017. Smoking prevalence and attributable disease burden in 195 countries and terri-
tories, 1990–2015: a systematic analysis from theGlobal Burden of Disease Study 2015.Lancet 389:1885–
906

Gibson L, Porter M. 2018. Drinking or smoking while breastfeeding and later cognition in children. Pediatrics
142(2):e20174266

GodfreyME,Wojcik DP,Krone CA. 2003.Apolipoprotein E genotyping as a potential biomarker for mercury
neurotoxicity. J. Alzheimers Dis. 5:189–95

26.24 Finch • Morgan

https://archive.epa.gov/epa/aboutepa/epa-takes-final-step-phaseout-leaded-gasoline.html


DP02CH26_Finch ARjats.cls October 21, 2020 14:16

Golding J, Gregory S, Iles-Caven Y, Nowicki S. 2017. The mid-childhood and adolescent antecedents of
women’s external locus of control orientation.Wellcome Open Res. 2:53

Greer EL, Maures TJ, Ucar D, Hauswirth AG, Mancini E, et al. 2011. Transgenerational epigenetic inheri-
tance of longevity in Caenorhabditis elegans.Nature 479:365–71

Gu H, Robison G, Hong L, Barrea R,Wei X, et al. 2012. Increased β-amyloid deposition in Tg-SWDI trans-
genic mouse brain following in vivo lead exposure. Toxicol. Lett. 213:211–19

Gumusoglu SB, Hing BWQ, Chilukuri ASS, Dewitt JJ, Scroggins SM, Stevens HE. 2020. Chronic
maternal interleukin-17 and autism-related cortical gene expression, neurobiology, and behavior.
Neuropsychopharmacology 45:1008–17
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