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Early life exposure to air pollution impacts neuronal and glial
cell function leading to impaired neurodevelopment
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Abstract

The World Health Organisation recently listed air pollution as the most significant
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threat to human health. Air pollution comprises particulate matter (PM), metals, black
carbon and gases such as ozone (O3), nitrogen dioxide (NO,) and carbon monoxide
(CO). In addition to respiratory and cardiovascular disease, PM exposure is linked
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with increased risk of neurodegeneration as well as neurodevelopmental impairments.
Critically, studies suggest that PM crosses the placenta, making direct in utero expo-
sure a reality. Rodent models reveal that neuroinflammation, neurotransmitter imbal-
ance and oxidative stress are triggered following gestational/early life exposure to PM,
and may be exacerbated by concomitant mitochondrial dysfunction. Gestational PM
exposure (potentiated by mitochondrial impairment in the metabolically active neona-
tal brain) not only impacts neurodevelopment but may sensitise the brain to subse-
quent cognitive impairment. Having reviewed this field, we conclude that strategies
are urgently required to reduce exposure to PM during this sensitive developmental

period.
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INTRODUCTION

Air pollution is one of the most pervasive and harmful environ-
mental toxicants in the modern world. The World Health Orga-
nization estimate that 9 in 10 people are exposed to polluted air,
contributing to an estimated 7 million deaths (World Health Organi-
zation, https://www.who.int/news-room/air-pollution. Press Release
02/05/18, accessed Oct 2020), ranging from respiratory complications
such as pneumonia or chronic obstructive pulmonary disease, to stroke

and cardiovascular conditions.[12]

Abbreviations: ASD, autism spectrum disorder; CO, carbon monoxide; CNS, central nervous
system; DE, diesel exhaust; DEP, diesel exhaust particles; DA, dopamine; E, embryonic; MDPs,
mitochondrial derived peptides; mtDNA, mitochondrial DNA; n, nano-particle sized; NDR,
neurodevelopmental regression; NO,, Nitrogen dioxide; O3, ozone; PM, particulate matter; P,
postnatal; RNS, reactive nitrogen species; ROS, reactive oxygen species; TLR4, Toll-like
receptor 4; TRAP, traffic related air pollution; UFPM, ultrafine particulate matter

The main components of air pollution include gases such as nitro-
gen dioxide (NO,), ozone (O3), sulphur dioxide (SO,) and carbon
monoxide (CO) as well as particulate matter (PM) composed of metals,
soil/dust and organic chemicals.[3] PM is classified by its aerodynamic
diameter, ranging from 10 um particles (PMyq), through to smaller
PM, s and ultrafine particles (UFPM), and chemical composition;
these alter its biological and pathological effects. Approximately 25%
of urban ambient particulate matter (PM, s) is derived from Traffic
Related Air Pollution (TRAP) with additional contributions from
domestic fuel burning, industry, human and natural sourcesl4! The
predominant route of exposure to TRAP is inhalation, and the smaller
PM particles penetrate further into the lungs (Figure 1A). However,
evidence suggests that PM, 5 and UFPM can enter the brain through
the olfactory system, eventually reaching the olfactory cortex and

migrating to other brain regions. Furthermore, peripheral exposure
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FIGURE 1 Routes and levels of exposure to air pollution. (A) The predominant direct route of exposure to air pollution is inhalation (1).
However, the brain can be exposed directly to smaller PM through the olfactory system (2), bypassing the blood brain barrier and migrating to
other brain regions. Indirect exposure results from a systemic inflammatory response affecting maternal and developing brain (3). Critically recent
research suggests that the foetal brain is also at risk from direct exposure from PM passing through the placenta (4). (B) Particulate matter
exposure varies both seasonally and by location. Mean PM,, 5 concentrations (ug m3) are shown in different cities from 2018-2020. Data were
obtained and analyzed from the open data framework, World Air Quality Index Project, providing an average daily air quality index collected by
relevant centers (UK-AIR, air quality information resource, Defra, UK, London Air Quality Network-Environmental Research Group, King’s College
London; Office of Environment and Heritage, New South Wales, Delhi Pollution Control Committee (Government of NCT of Delhi), India Central

Pollution Control Board, Beijing Environmental Protection Monitoring

to PM triggers systemic inflammation that is known to contribute
to brain pathology (Figure 1A). Therefore, although PM exposure is
strongly associated with cardiovascular and respiratory disease,[5-7!
increasing evidence suggests that air pollution not only contributes
to, but drives long-term adverse effects in the central nervous system
(CNS:L8)), Large scale studies carried out in diverse global popula-
tions have identified links between PM exposure and an increased
risk of neurodegenerative diseases such as Alzheimer’s disease and
related dementias!?~12] as well as amyotrophic lateral sclerosis, 3]
and Parkinson’s disease.[1214] As the majority of neurodegenerative
conditions occur spontaneously, risk factors such as environmental
toxicants may play a significant (yet preventable) role in triggering such
pathologies. In the case of air pollution, risk due to exposure can vary
widely depending on population density, industry and season; PM, 5
concentrations can differ as much as ten-fold between major cities
(Figure 1B).

Numerous epidemiological studies have provided well-documented
links between early life PM exposures (during pregnancy and early
childhood) and altered brain function, performance and behavior in
both humans and in equivalent animal models. Data suggest that early-
life exposure is associated with a plethora of altered behavior and
performance measures such as reduced cognition, working memory,
learning,15-18] attentiveness, reaction times,!??] communication, 20!
and behavioral regulation.[21] Mood disorders were also observed in
rodent models where anxiety-like symptoms and increased depressive
behaviors were displayed following PM exposure.[2223] These behav-
ioral data indicate the neurodevelopment trajectory is vulnerable to

the harmful effects of exposure to air pollution and studies link early-

center)

life PM exposure with an increased risk of autism spectrum disorder
(ASD).[24’34]

Recently black carbon particles were identified on the foetal side
of all human placentae examined in the study and significantly, par-
ticle load correlated with maternal exposure levels.[35] These data,
combined with previous observations in rabbits where DE-derived
nanoparticles were observed in placental trophoblasts,[3¢! provide dis-
turbing evidence that direct exposure of the developing foetus to PM
is likely (Figure 1A). Furthermore, evidence is accumulating that the
third trimester represents the most susceptible window for PM expo-
sure to impact pregnancy.!1929] Exposure to PM therefore affects the
CNS directly and indirectly with potentially life-long consequences.
PM exposure can also result in long lasting epigenetic modifications
with reduced histone methylation observed in both rodent and human
brain.[37-401 Furthermore, and most relevantly, in utero PM, 5 expo-
sure has been associated with global hypomethylation in human pla-
cental tissue.l41] Chronic exposure of the developing brain to PM
(postnatally and in utero) may therefore result in neurodevelopmental
delay/disorders and sensitise infants to longer term neurodegenerative
disease.

Here we review cellular mechanisms triggered in response to early
life PM exposure and highlight available evidence from in vitro studies
and in vivo rodent models exposed to PM during gestation (Table 1) and
in early life. These reveal neuroinflammation, neurotransmitter imbal-
ance and oxidative stress are crucial, interlinked players in the impair-
ment of the developing brain after PM exposure (Figure 2) and that
mitochondrial dysfunction may act to amplify these pathological mech-

anisms.
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TABLE 1 Rodent studies of gestational exposure to air pollution
Type of air
pollution Exposure Control Age/sex of
Species  exposure concentration exposure Analyses Key findings in offspring offspring Reference
Mice DEP 50-1000 Vehicle Molecular pathway « Increased proinflammatory Adult,M Boltonet al,,
(oropharyngeal  ugmLt Immunohistochemistry/ cytokines, increased TLR4 2013,2017
aspiration) Immunofluorescence signaling/caspase-1 activation
« “Activated” microglial morphology,
gross changes in cortical volume,
increased microglial-neuronal
interactions
Mice Diluted Diesel 250-300 Filtered  Molecular pathway « Increased proinflammatory P3,P21and Changetal,
exhaust (DE) ugm=s air Immunohistochemistry/ cytokines, increased P60, M&F 2019
Immunofluorescence DMNT 1/decreased Reelin
« Disorganization of cortical lamina
in the somatosensory cortex,
neuroinflammation
Mice Concentrated 92.69ugm™® Filtered  Immunohistochemistry/ « Hypermyelination in corpus P11-15, Klocke et al.,
ambient UFPM  (average air Immunofluorescence callosum, ventriculomegaly, M&F 2017,2018
exposure reduced hippocampal area. P11-15,
value) Hypermyelination in cerebellum M
Mice PM, 5 (during 600 ug m3 Filtered  Behavior « Increased anxiety-like behaviors P30 and Di Domenico
gestation and air Immunohistochemistry/ (P90) P90,M etal., 2020
early life) Immunofluorescence « Reduced corpus callosum volume
Molecular pathway (P90)
« Increased glial activation in
numerous brain regions
« Decreased hippocampal BDNF
expression
Mice PM, 5 25-250 Vehicle Molecular Pathway « B-vitamin alleviated oxidative P14 and P40, Wangetal,
(oropharyngeal  ugmL? Immunohistochemistry/ stress, neuroinflammation, M&F 2019
aspiration (max equiv ImmunofluorescenceBe-  mitochondrial damage, and
to 1000 havior synaptic dysfunction.
ugm-3) « B-vitamin restored hippocampal
neurogenesis
« Gestational B-vitamin intervention
corrected ASD-like behaviors
(P40)
Mice PM, 5 75—1000 Filtered  Behavior « Impaired spatial memory (P30) P14 and P30, Zhengetal,
ugm= air Electron microscopy « Mitochondrial damage in M&F 2018
Molecular pathway hippocampal ultrastructure
« Increased levels of c-Fos,
proapoptotic genes. Increased
secretions of pro-inflammatory
proteins, TNF-c and IL-18
Mice Nano-sizedand  100—300 Filtered  Behavior « Increased depressive behaviors Adults M&F  Haghanietal,,
sub-fraction ugm air Molecular pathway (M>F) 2020
PM (n/sPM) « Body fat greater and glucose
intolerance impaired (M). sPM
altered inflammatory and
glutamate associated genes in
cerebral cortex (F)
Mice Diluted Diesel 171ugm Filtered  Behavior « Reduced spontaneous locomotor ~ Adults,M Suzuki et al.,
exhaust (DE) (average air Molecular pathway activity 2010
exposure « Increased neurotransmitter levels
value) (dopamine and noradrenaline) in

the prefrontal cortex. Decreased
neurotransmitter turnover in
striatum, hippocampus, midbrain
and cerebellum

(Continues)
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TABLE 1 (Continued)
Type of air
pollution Exposure Control Age/sex of
Species  exposure concentration exposure Analyses Key findings in offspring offspring Reference
Mice Diluted Diesel 1000ugm™®  Filtered Behavior « Reduced spontaneous locomotor  Adults,M Yokotaet al.,
exhaust (DE) air Molecular pathway motor activity 2008
« Decreased DA signaling
Rats Ambient 340 ugm Filtered  Immunohistochemistry/ < Impaired neurogenesis (M). Adult, Woodward
Nano-sized air Immunofluorescence ‘Activated’ microgliain the M&F etal., 2018
TRAP Molecular pathway dentate gyrus and CA1
(gestation to Behavior « Altered BBB, with a 75% decrease
adulthood) of tight junction proteins
« Impaired memory and increased
depressive behaviors
Rats PM, 5 (during 438 ugm Filtered  Molecular pathway « Reduced OXTR protein, CAT and  P22,P29,P32 Emametal.,
gestation and (average air Behavior GSH concentrations (P22) and P43, 2020
early life) exposure « Repetitive/restricted behavior M
value) (P29 and P43) and poor social

CHRONIC NEUROINFLAMMATION FOLLOWING
EXPOSURE TO PM IS MEDIATED BY GLIAL CELL
ACTIVATION

Glial cells (including astrocytes, microglia, and oligodendrocytes) com-
prise over 80% of the human brain.[42! It is therefore unsurprising
that glial cell activation is a well-established outcome of PM exposure,
and increased numbers of astrocytes and microglia are evident in the
cortex, hippocampus, and dentate gyrus in rodents after exposure to
pM.[43] Considering their cardinal role in brain health, chronic neuroin-
flammation may have significant adverse consequences in the imma-

ture brain during development.

PM exposure results in microglial activation

Microglia are the resident innate immune cells of the brain; they are
pivotal to normal brain development, contributing to neurogenesis,
synaptic pruning, myelination and angiogenesis.[44]

Exposure of primary mouse microglia to diesel exhaust particles
(DEP) or PM, 5 for 4-24 h resulted in increased production of proin-
flammatory cytokines (IL1-3, IL6) accompanied by a characteristic mor-
phological change indicative of activation and increased reactive oxy-
gen species (ROS) production.[4>4¢] Similar effects were observed in
studies of primary rat microglia using a smaller particle size after
both acute (<24 h) and chronic (<7 days) treatments!4748] and in a
microglial cell line with acute treatment using PM2.5.149-51] Primary
mixed glial cultures and microglial cell line experiments suggest that
PM activate proinflammatory gene expression via toll-like receptor
4/NF-xB signaling.[52-55]

Co-cultures of primary microglia with rodent cerebellar granulel4°!
or corticall#65657] neurons have established that exposure to DEP
and/or PMy 5 (and subsequent proinflammatory cytokine produc-

tion) reduced neurite outgrowth and increased neurotoxicity by
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FIGURE 2 Overview of PM exposure in the immature brain.
Direct or indirect exposure of the immature brain to air pollution
(comprising gases e.g., nitrogen dioxide [NO,], ozone [O3], particulate
matter [PMg, PM, 5, UFPM] and other compounds [e.g., black carbon,
metals]) can result in perturbation of cellular mechanisms in neurons
and glia, causing neurodevelopmental delay and long term impairment

2-3-fold. Co-treatment with drugs that blocked microglial activation
and reduced the expression of proinflammatory cytokines (piogli-
tazone, minocycline) had neuroprotective roles.451 A significant
increase in extracellular glutamate levels was recorded following
PM, s exposure, which exacerbated neuronal cell death.57] Inter-
estingly, neurotoxicity was substantially increased in co-cultures
pre-exposed to amyloid 8 oligomers.[46] These observations were
reproduced in hippocampal organotypic culture generated from a
triple transgenic model of Alzheimer’s disease where microglial activa-
tion and amyloid 8 production were increased after exposure to UFPM
(<4 um).

In vivo, exposure to TRAP in rodent models of neurodevelopment
and ageing have identified increased microglial activation across
multiple brain regions. Offspring of rats were exposed to maternally-
inhaled nanoparticle-sized PM throughout gestation and for 25 further
weeks. Following this exposure, increased Iba1 staining (a marker for
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activated microglia) was observed in specific hippocampal subregions,
potentially representing the influence of neuroinflammation on neuro-
genesis in these regions.[58! Both chronic and intermittent gestational
PM exposure (TRAP or DEP) in rodent models showed increased
expression of TLR4, increased formation of the NLRP3 inflammasome
and its downstream effector, caspase-1, in their offspring.[43-58-61]
Interestingly, DEP-mediated neuroinflammation resulted in increased
expression of DNA methyl transferase 1 and subsequent inhibition
of Reelin expression; polymorphisms of Reelin have been identified
in ASD.[60] Oropharyngeal exposure of pregnant mice to DEP from
embryonic day (E)2, resulted in activated microglia and increased
cortical volume in the foetal brain at E18; DEP-driven alteration in
cortical volume was absent in TLR4™~ brains.[43] Significantly, the
increase in volume was reversed by postnatal day (P)30 and in males,
cortical volume was decreased, but microglia-neuron interactions
increased suggesting that microglia were actively phagocytosing

neurons.

Astrocyte activation and oligodendrocyte
dysfunction follows PM exposure

Although microglial activation is well documented following PM expo-
sure, there is evidence implicating aberrant functioning of astrocytes
in PM-induced neurotoxicity through mixed glial experiments.!52531
However, in primary astrocytes exposed to PM, 5, there was a notable
increase in GFAP expression, indicative of activation, which was accom-
panied by increased oxidative stress markers.[¥2] Examination of a
rat astrocyte Cé astroglioma cell line exposed to < PM,5 for up
to 24 h also found increased markers of activation including iNOS
and 1L-18.163] In parallel, activation of JAK2/STAT3 and p38/JNK/ERK
MAPK-mediated signaling was increased, promoting proinflammatory
gene expression. In utero and in the early postnatal period, expo-
sure to PM, 5 in mice resulted in dose-dependent increases in GFAP
expression.[43:64-67]

Oligodendrocytes mediate the myelination of axons, a process that
predominantly occurs in the third trimester of pregnancy and into
the first years of life. Gestational exposure to ambient PM (UFPM
to < PMy5) resulted in increased ventricle size and increased myelin-
positive staining of the corpus callosum in mice of both sexes at P11-
15.16869] Hypermyelination was also observed in the cerebellum of
male mice at the same age following gestational exposure.[6?] Male
mouse pups exposed to the same UFPM < PM, 5 postnatally (at P4-7
and P10-13, equivalent to human third trimester) retained increased
lateral ventricle size until adulthood.[7%] This postnatal exposure to PM
at a critical developmental period resulted in a reduction in the size
of the corpus callosum at P14 in both sexes although hypomyelina-
tion was only observed in males. Astrocyte/microglial activation was
evident throughout the time course,[¢8-79] suggesting impaired oligo-
dendrocyte maturation leading to an altered myelination trajectory
as observed in preterm brain,/”!] although oxidative stress-mediated

oligodendrocyte cell death has not been ruled out.
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PM EXPOSURE RESULTS IN NEUROTRANSMITTER
IMBALANCE LINKED TO NEUROINFLAMMATION

Glutamate is the major excitatory neurotransmitter in the brain and
impairments in its extracellular clearance by glial cells can result in
oligodendrocyte damage, excitotoxic neuronal cell death and microglial
activation. Exposure of mouse pups to ambient UFPM at P4-7 and
P10-13 resulted in excitotoxicity that persisted until early adulthood,
through a sustained increase in hippocampal glutamate.[”2! Chronic
ambient DEP exposure (4 weeks) increased glutamatergic NMDA
receptor subunit expression especially in combination with systemic
inflammation, which also led to impaired learning and memory.!73!
Increased NMDA receptor subunit expression was also observed in
mouse hippocampal slices following nano-particle sized (n)PM expo-
sure, accompanied by increased glutamatergic AMPA receptor sub-
unit expression.!”4] However, electrophysiological (EPSC) measure-
ment of synaptic function was decreased, suggesting impaired local-
ization of AMPA and NMDA receptors, potentially due to increased
S-nitrosylation and impaired insertion of AMPA receptors into the
synaptic membrane.[5774] |n vitro, in primary rat hippocampal neurons
exposed to nPM, co-treatment with AP5, a NMDA receptor antagonist
blocked S-nitrosylation, neurotoxicity and attenuated the inhibition of
neurite outgrowth.[74-7¢] An in vitro comparison of human primary
neurons and rat cortical neurons exposed to PM, s (24 h) found that
human neuronal viability was significantly decreased compared with
rat neurons.!>7] Addition of conditioned medium from PM, 5-exposed
microglia produced a further decrease in viability in rat primary neu-
rons. This neurotoxicity was blocked by pretreatment with MK801, an
NMDA receptor antagonist suggesting that glial cell production of glu-
tamate contributes to the excitotoxic environment evoked by exposure
to PMI57] and further cementing the link between neuroinflammation
and excitotoxicity.72]

Dopaminergic neurotransmitter signaling is also targeted by expo-
sure to PM, significant in light of human population studies linking
exposure to air pollution with the incidence of Parkinson’s disease.[14]
In co-cultures of primary rat mesencephalic neurons and microglia,
exposure to DEP resulted in loss of neuronal viability and reduced
dopamine (DA) uptake.l””] This functional impairment in DA neurons
was prevented by CD11b/MAC1 inhibitor treatment again linking neu-
roinflammation with neurotransmitter dysfunction.l4”! In vivo, gesta-
tional exposure to DEP led to decreased DA turnover in the striatum
and nucleus accumbens, and a reduction of spontaneous locomotor

activity in male offspring.[78.79]

PM EXPOSURE INCREASES OXIDATIVE STRESS,
OVERPOWERING ANTI-OXIDANT RESPONSES

Oxidative stress, an imbalance of antioxidants and free radicals leading
to tissue damage, is a cardinal pathway associated with PM exposure
and PM-induced neurotoxicity and is a pathological hallmark of both

in vitro cellular and in vivo brain experiments. Moreover, pathway
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enrichment analysis in pregnant women indicates that maternal
oxidative stress-related pathways are altered, ultimately resulting in
an increased risk of pregnancy complications.[8%] PM exposure results
in a dramatic increase in ROS and reactive nitrogen species (RNS) in
primary rodent microglial46:5%55571 and neurons(5174] resulting in
significant damage to cellular components including proteins, lipids
and DNA. Both acute and chronic exposure of adult rodents to inhaled
PM, 5 result in increased oxidative stress markers such as SOD1 and
NRF2 in the brain accompanied by lipid peroxidation.[81-841 NRF2 is a
transcription factor that can counteract ROS production and is vital for
maintaining redox balances in the cell. Male rats chronically exposed
to coarse, fine and UFPM increased antioxidant HO-1 and SOD-2
gene expression in the presence of NRF2 activation in the striatum.[81]
However, Sotty and colleagues found that despite its activation,
NRF2 failed to achieve sufficient protection against UFPM < PM, 5-
mediated-oxidative burst in vitro in epithelial BEAS-2B cells.[85]

The immature CNS is particularly susceptible to oxidative stress
injury due to its high metabolic activity, low level of antioxidants,
and high cellular content of proteins and lipids.[8¢] Chronic exposure
to stress-inducing toxins such as PM during early life, resulting in
increased production or reactive oxygen or reactive nitrogen species
(ROS/RNS), therefore have the potential of overwhelming the limited
antioxidant system.[5?] Gestational exposure of pregnant rodents to
inhaled PM, 5 increased the expression of markers of oxidative stress
in their pups.[658788] Syuch exposure led to increased intracellular
ROS production accompanied by GSH depletion and the activation of
NF-xB,[¢4] lipid peroxidation, signal changes in transport expression
and function, a decrease of various tight junction proteins, blood
brain barrier compromise and matrix metalloproteinase activation
in their offspring.[6587] Male mouse pups gestationally exposed to
PM, s had an aberrant expression of oxidative stress biomarkers
CAT, OK-1, and SOD, which ultimately led to the downregulation of
the oxytocin receptor, known to modulate key neurodevelopmental
outcomes and associated with development of autism spectrum
disorder.[8789] |t is noteworthy that many of these outcomes are due
to air pollution inducing systemic oxidative stress and inflammation in
non-neuronal tissues. Although systemic exposure to air pollution has
shown to induce oxidative stress in mouse brain, the exacerbating and
direct effect of DEP-induced systemic inflammation on neurotoxicity
requires further elucidation.[82] However, antioxidant agents such
as vitamin Bé, B12, and folic acid blocked PM, s-induced oxidative
stress, abnormal DNA methylation and the aberrant expression of
synapse-related genes in the hippocampus in offspring as well as

normalizing the autism-like behavioral outcomes observed.[¢4]

MITOCHONDRIAL DYSFUNCTION IS TRIGGERED
BY MULTIPLE ROUTES FOLLOWING PM EXPOSURE
AND MAY OFFER A NEW THERAPEUTIC TARGET

Mitochondria reside in all cells in the brain, a tissue known for its high
metabolic demand, and brain mitochondria are some of the most long

lived in the body.[?°! Therefore, efficient mitochondrial function and

quality control is vital to preserve the resilience of brain to injury.
Mitochondria are well known for their ability to generate ATP through
oxidative phosphorylation, their calcium buffering and steroid hor-
mone synthesis. In addition, they play key roles in cell death, regulating
neurite outgrowth and synaptic function and mediating the inflamma-
tory response.[192] Mitochondria therefore have the capacity to play
a significant role in the brain’s response to PM exposure.

Mitochondrial dysfunction following PM exposure

Mitochondrial dysfunction can be initiated via a variety of mechanisms
including calcium influx, metabolic imbalance, impaired electron
transport chain/ATP depletion, and mitochondrial permeabilization;
the consequences are cellular energy crises, ROS production, and
subsequent oxidative stress. In line with studies in respiratory and
cardiovascular models of air pollution, mitochondria in the CNS
cell population are increasingly being investigated as a target of air
pollution.[?3) In vitro, PM, 5 exposure induced mitochondrial fragmen-
tation in the neuron-like SH-SY5Y cell line, impaired ATP production,
induced mitochondrial ROS production, and decreased mitochondrial
membrane potential.[88]

Metabolic activity in the olfactory system, a primary route of entry
for PM to the brain, may also be vulnerable to air pollution. Following
exposure to PMq, PMy5 or PMyq for up to 24h, primary human
olfactory mucosal cells displayed increased oxidative stress (most
significant for smaller PM) accompanied by decreased mitochondrial
membrane potential and impaired basal and maximal respiration.[94]
ATP production was also significantly impaired in cells treated with
PM, 5 or PMyq. In addition to reduced antioxidant expression, alter-
ations in mitochondrial fission and fusion genes were also observed
in the nasal mucosa of rats exposed to PM25.[95] Mice exposed to
UFPM via intranasal inhalation had decreased learning and memory,
increased inflammation and ROS generation, and a diminished mito-
chondrial gene expression in the hippocampus.>?1 This inhibition of
mitochondrial genes was also separately observed in mouse lung tissue
following intratracheal inhalation of DEPs.[9¢]

The energy demands of the brain are normally high, but during
periods of neurodevelopment, sustained energy provision is criti-
cal. Few studies have examined the effect of gestational exposure
to PM on mitochondria in the brain. Offspring of mice exposed to
PM, 5 throughout gestation showed evidence of increased neuronal
apoptosis, mitochondrial matrix swelling, and structural damage
in the hippocampus of mouse pups following gestational exposure
to PM.[6697] Similarly to rodents exposed to PM postnatally,[5%97]
gestationally-exposed offspring, tested at P30, demonstrated impaired
spatial learning.[6¢! Increased ROS and NO production and decreased
neurite outgrowth were observed in wild-type mouse hippocampal
cultures treated with UFPM, altering NMDA receptor function and
decreasing evoked post-synaptic currents of CA1 neurons.74]

Recently, a comprehensive analysis was conducted to determine
changes in the rat brain proteome when exposed to coarse, PM, 5
or UFPM particles for 1, 3, and 10 months.[?8] At all time points
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FIGURE 3 Cellular mechanisms altered in the brain following PM exposure. Exposure in utero and in early life can trigger a wide variety of
mechanisms broadly categorized into neurotransmitter imbalance, neuroinflammation and oxidative stress. Mitochondrial dysfunction, also
triggered by exposure to PM, amplifies and potentiates these pathological effects. Unless this pathway integration is fully understood, therapeutic
intervention will be only partially successful and the risks to the developing and ageing brain from exposure to air pollution are significant

and following exposure to both PM,s and UFPM, mitochondrial
activity was impaired through dysregulated expression of proteins
involved in electron transport chain complexes. Additionally, down-
regulation of NADPH was observed, implying a reduction in antioxi-
dant capability.!?8] These changes were accompanied by impairment of
cellular processes required for development of dopaminergic neurons
within the substantia nigra perhaps contributing to the potential vul-

nerability to Parkinson’s disease after PM exposure.

The potential of mitochondria-targeted treatments to
mitigate exposure to PM

The multifaceted nature of their function may place mitochondria at
the crossroads of the injury responses described earlier. In addition to
being a major contributor of ROS and RNS, mitochondria can support

a sustained inflammatory response, both through formation of the

inflammasomel?9! as well as by release of pro-inflammatory mitochon-
drial DNA (mtDNA), which can act as a damage-associated molecular
pattern.!100] Glutamate-mediated excitotoxicity results in calcium
influx, mitochondrial swelling, loss of mitochondrial membrane poten-
tial and instigation of cell death mechanisms.![201] These functions may
become more significant in a metabolically active environment such
as the developing brain. Further support for this hypothesis comes
from a very recent investigation of mitochondrial oxygen consumption
rate of peripheral blood mononuclear cells of children with ASD
(with and without neurodevelopmental regression (NDR);[192]). This
pivotal study identified that prenatal exposure to air pollution resulted
in prolonged alterations in mitochondrial respiration. In addition,
these alterations impacted neurodevelopment and behavior with
differences linked to direct (energy producing) and indirect (oxidative
stress) effects of mitochondrial impairment. Finally, mitochondrial
respiration was increased in children with ASD+NDR but decreased

in children with ASD alone.192] Therefore, therapies targeted at
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maintaining mitochondrial homeostasis may provide a new avenue for
pharmacological intervention with the potential for lifelong impact.
Pre-treatment of mice with Metformin (targeting complex | of the
ETC) decreased mitochondrial ROS production, prevented release of
proinflammatory IL6 and reduced vulnerability to arterial thrombo-
sis (a model of stroke) in response to PM, 5 exposure.103] |n vitro
studies have also provided evidence that mitochondrial derived pep-
tides (MDPs, e.g., humanin) may protect mitochondrial function fol-
lowing PM exposure. In vitro studies using SH-SY5Y cells following
24 h exposure to UFPM showed an increased oxidation of mtDNA
and decreased mitochondrial oxygen consumption rate, which was res-
cued by pre-treatment with MDPs.[194] |n vivo, the mitochondrially-
targeted antioxidant MitoQ was administered to rats prior to chronic
exposure to simulated vehicle exhaust (5 h/day, 2 weeks;[103]). MitoQ
pre-treatment prevented mitochondrial ROS production, normalized
measures of mitochondrial dynamics, and mitochondrial antioxidant
defences, and reduced evidence of neuropathological behavior pheno-
types (e.g., anxiety/depression;!105]). Mitochondrial-targeted therapies
(e.g., SS peptides;[196]) may therefore warrant more extensive investi-
gation in the context of neuroprotection in both the adult and develop-

ing brain following chronic exposure to air pollution.

CONCLUSION AND OUTLOOK

This review highlights that early-life exposure to air pollution is associ-
ated with a wide range of interlinked direct and indirect cellular path-
ways leading to neurodevelopmental impairments with consequences
for later life (Figure 3). Exposure to PM evokes a complex system of
glial cell activation, neuroinflammation, neurotransmitter imbalance,
and oxidative stress; mitochondrial dysfunction is emerging as a con-
vergence point for the propagation of these pathological signals. Glia
and neuronal cell culture models provide a simplified environment
in which to analyse and manipulate cell-specific signaling pathways.
Rodent models have proved to be a critical tool in studying the early
life effects of PM exposure on brain function through pre- and post-
natal exposure supporting the observations made in vitro (Table 1).
Such studies in rodents have highlighted the consequences of glia acti-
vation and development of a proinflammatory environment for which
the immature brain is ill-equipped to compensate. Subsequent damage
to oligodendrocytes, white matter tracts and brain regions specializ-
inginlearning and memory act to impair neurodevelopment, leading to
lifelong behavioral consequences. These rodent models are also criti-
cal if we are to understand the sex-specific differences in neurodevel-
opmental disorders such as ASD and the impact of differential gene
expression regulating processes such as antioxidant defences. Indeed,
many of the cellular pathways described here have been reported to be
dysfunctional in people with ASD. Questions persist regarding effect
size, critical susceptible windows, direct versus indirect exposure and
the impact on the ageing brain. However, there remains an urgent and
unmet need for strategies to decrease exposure to PM during preg-
nancy and early life, in order to reduce the risk of subsequent neuro-

logical impairment.
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