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Abstract

Epidemiological data provide varying degrees of evidence for associations between
prenatal exposure to ambient air pollutants and adverse birth outcomes (suboptimal
measures of fetal growth, preterm birth and stillbirth). To assess further certainty
of effects, this review examines the experimental literature base to identify mecha-
nisms by which air pollution (particulate matter, nitrogen dioxide and ozone) could
cause adverse effects on the developing fetus. It likely that this environmental insult
impacts multiple biological pathways important for sustaining a healthy pregnancy,
depending upon the composition of the pollutant mixture and the exposure window
owing to changes in physiologic maturity of the placenta, its circulations and the
fetus as pregnancy ensues. The current body of evidence indicates that the placenta
is a target tissue, impacted by a variety of critical processes including nitrosative/
oxidative stress, inflammation, endocrine disruption, epigenetic changes, as well as
vascular dysregulation of the maternal-fetal unit. All of the above can disturb pla-
cental function and, as a consequence, could contribute to compromised fetal growth
as well increasing the risk of stillbirth. Furthermore, given that there is often an
increased inflammatory response associated with preterm labour, inflammation is
a plausible mechanism mediating the effects of air pollution on premature delivery.
In the light of increased urbanisation and an ever-changing climate, both of which
increase ambient air pollution and negatively affect vulnerable populations such as
pregnant individuals, it is hoped that the collective evidence may contribute to deci-
sions taken to strengthen air quality policies, reductions in exposure to air pollution
and subsequent improvements in the health of those not yet born.

KEYWORDS
adverse birth outcomes, ambient air pollution, endocrine disruption, epigenetic changes,
inflammation, mechanisms, oxidative stress, placenta

1 | INTRODUCTION

Air pollution has been defined by the World Health
Organization (WHO) as the contamination of the indoor
or outdoor environment by any chemical, physical or bio-
logical agent that modifies the natural characteristics of
the atmosphere.' Findings from epidemiological and toxi-
cological research have also confirmed that this heteroge-
neous mix of gases and particulate matter (PM) modifies

public health.? A convincing body of evidence exists link-
ing exposure to ambient air pollutants and cardiores-
piratory disease.””® Data from an increasing number of
studies also suggest this environmental threat contributes
to a broader number of health effects including diabetes,’
suboptimal cognitive development,® cognitive decline’
and adverse birth outcomes including preterm delivery,'
low birthweight (LBW)!! and stillbirth.!*> Most of these
complications have also been associated with maternal
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exposure to tobacco smoke and are likely to be triggered
by similar mechanisms, i.e. inflammation and oxidative
stress.”>™'® It is also likely that air pollutants can induce
similar placental epigenetic alterations, such as maternal
smoking,"” ™ highlighting the possible long-term effects
of in utero exposure on the susceptibility to childhood and
adult diseases. This review stems from a larger ongoing
piece of work being undertaken by the UK Government's
Committee on the Medical Effects of Air Pollutants on ad-
verse birth outcomes.”® After a brief overview of the epi-
demiological evidence base, it summarises, through the
discussion of studies that have produced results of special
interest, our current understanding of the mechanisms
activated in placental tissue through which exposure to
particulate matter, nitrogen dioxide and ozone (i.e. the
modern day air pollutants that are most abundant in to-
day's urban environments and which are widely studied
for their health impact) may contribute to adverse birth
outcomes.

2 | EPIDEMIOLOGICAL EVIDENCE
OF THE EFFECTS OF AIR POLLUTION
ON ADVERSE BIRTH OUTCOMES

The epidemiological literature base of studies, system-
atic reviews and meta-analyses investigating associations
between maternal exposure to air pollutants and birth
outcomes is rapidly expanding. It is also characterised
by inconsistency (i.e. reporting positive and null associa-
tions) in the collective evidence. The most recent authori-
tative reports by professional bodies on ambient pollutants
are the U.S. Environmental Protection Agency Integrated
Science Assessments (ISAs).2 72 The ISA for PM concluded
that many studies provide evidence for a positive associa-
tion between exposure to particulate matter <2.5 microm
in diameter (PM, .) and fetal growth and PTB.?! The re-
sults of a recent large meta-analysis of ambient PM, . dur-
ing entire pregnancy and adverse birth outcomes build
upon these conclusions, reporting summary estimates
of 22 glower birthweight (95% uncertainty intervals [UI]
12-32; estimates from 44 studies), 11% higher risk of low
birthweight (LBW; 1.11, 95% UI 1.07-1.16; 40 studies) and
12% higher risk of PTB (1.12, 95% UI 1.06-1.19; 40 stud-
ies), each per 10 microg/m® increase in ambient PM2.5'24
It is noteworthy that in another meta-analysis, negative
associations between a change in grams (p) of term birth-
weight and ambient PM, . across the entire pregnancy
were observed at concentrations <10 microg/m’ (the WHO
air quality guideline value).”> The pooled estimates per
10 microg/m” increment in PM, . were p=-15.58g; 95%
CI -25.38 to —5.79) in the low PM, . exposure subgroup
(<10 microg/m’; 6 studies) and p=-16.58 g (95% CI —20.35
to —12.81) in the high PM, . exposure subgroup (>10 mi-
crog/m?; 20 studies).

The ISA for NOx reports that there is largely consistent
evidence to support an association between exposure to

Key clinical points

 Epidemiological data provide varying degrees of
evidence for associations between prenatal expo-
sure to ambient air pollutants and adverse birth
outcomes (suboptimal measures of fetal growth,
preterm birth and stillbirth).

o Human studies show associations between con-
centrations of particulate and gaseous air pollu-
tion and increased placental vascular resistance
to blood flow in the uterine circulation.

o Experimental evidence suggests exposure to air
pollution during pregnancy may be associated
with oxidative stress, inflammation and epige-
netic alterations in placental tissue and/or ma-
ternal/cord blood as well as perturbations in the
maternal fetal thyroid gland.

« In vitro work suggests PM can induce activation
of stress pathways seen in the placenta in cases of
FGR.

Future research

o Increased precision in quantifying (indoor and
outdoor) air pollution exposure among pregnant
individuals by employing reliable, low-cost port-
able devices/sensors and controlling the data for
maternal tobacco smoke exposure by measuring
cotinine levels in blood or urine.

o Use of multi-pollutant models to evaluate possible
additive/synergistic effects of an overall mix of
pollutants/identify independent effects of specific
pollutants.

o Studies that investigate whether there is a critical
exposure window during gestation for an effect of
air pollution on birth outcomes.

o Greater research into mechanisms underlying the
effects of ambient gaseous pollutants on adverse
birth outcomes.

o More studies that link exposure to air pollutants
and mechanistic endpoints with an adverse birth
outcome and sex of the fetus.

» Continued use of cross-omic techniques to facili-
tate the identification of interacting genes/path-
ways that may underlie molecular mechanisms.

NO, and fetal growth restriction (FGR) but inconsistent
results from studies that examined birthweight outcomes
and PTB.** A recent meta-analysis did not find an asso-
ciation between entire pregnancy NO, exposure and PTB
(relative risk [RR] 1.010, 95% CI 0.990-1.030, per 10 mi-
crog/m’ NO,, 20 studies) reflecting inconsistency in the
direction of associations observed in underlying studies.?®
The same meta-analysis reported an inverse association
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for first trimester NO, (RR 0.972, 95% CI 0.950-0.994, per
10 microg/m’ NO,; 21 studies), a null finding for second
trimester NO, (RR 1.002, 95% CI 0.970-1.034 per 10 mi-
crog/m’ NO,, 18 studies) and a positive association for
third trimester NO, exposure and PTB (RR 1.066, 95% CI
1.031-1.102 per 10 microg/m”’ NO,; 15 studies). The ISA for
O, concludes that while there is some evidence for the ef-
fects of O, on fetal growth (especially for continuous term
birthweight), findings were more consistent for an elevated
risk of PTB with ozone exposure during early to mid-preg-
nancy.”” A recent meta-analysis focusing on early preg-
nancy exposures is supportive of the latter.”” The pooled
odds ratio (OR, 95% CI) for a 10 ppb increase in ozone ex-
posure was 1.06 (1.03-1.10) in trimester 1 (17 studies) and
1.05 (1.02-1.08) in trimester 2 (15 studies).

The epidemiological evidence base for ambient air pol-
lution and stillbirth remains limited. Conclusions in the
ISAs included the presence of generally positive associ-
ations for PM2.521 and inconsistent findings for 03.23 A
recent meta-analysis also reported positive associations
with risk of stillbirth for entire pregnancy PM, . (OR 1.10,
95% CI 1.07-1.13; 7studies), third trimester PM, . (OR
1.09, 95% CI 1.01-1.18; 5 studies), and first trimester O,
(OR 1.03, 95% CI 1.00-1.05; 6 studies), each per 10 microg/
m?® increment, but no associations for NOZ.12 The effects
of traffic-related air pollutants, which dominate expo-
sures in urban environments where the majority of peo-
ple live, work and commute, on adverse birth outcomes
(term LBW, small for gestational age [SGA], term birth-
weight, PTB) have also undergone a recent evaluation by
the Health Effects Institute.”® For traffic-related PM, ., the
meta-analytical summary relative risks per 5microg/m’
increment were 1.11 (95% CI 1.03-1.20) for term LBW, 1.09
(1.04-1.14) for SGA and a mean difference in term birth-
weight of —17.3 (-33.2 to —1.5) g. In contrast to the findings
for ambient PM, . in general, the summary estimate for
traffic-related PM, ; and PTB was null (RR 0.99, 95% CI
0.90-1.09), likely reflecting compositional differences in
the particulate mix. Apart from an association between
NO, and term low birthweight (RR 1.02, 95% CI 1.01-1.03,
per 20microg/m® increment), results for traffic-related
NO,, NO, or elemental carbon in relation to risk of term
LBW, continuous birthweight at term, SGA or PTB were
largely null.

3 | GENERAL MECHANISMS OF
TOXICITY OF AIR POLLUTANTS

A succession of events involving gaseous and particulate
pollutant-induced pulmonary and systemic oxidative stress
and inflammation, mediated via redox sensitive signalling
pathways, are considered integrative biological pathways un-
derlying the harmful effects of ambient pollution on the car-
diorespiratory system.”**° An excessive oxidative challenge,
as opposed to the degree that is essential in physiological
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redox signalling and for steady-state maintenance of stress
response systems, creates an imbalance between the genera-
tion of reactive oxygen species (ROS) and antioxidant pro-
tection in favour of the former, causing excessive oxidative
damage.” Reactive nitrogen species (RNS) also exist and
when overproduced or under-eliminated can create damage
via nitrosative stress. Biomolecules that are targeted by ROS/
RNS include DNA, proteins, lipids and carbohydrates, giv-
ing rise to DNA mutations, lipid peroxidation and protein
oxidations, respectively. This can lead to appreciable impair-
ment of cellular function and, in the worst case, to cell death,
organ dysfunction and disease.”

Pollutants that make up the ambient pollutant mix are
free radicals (e.g. NO,) or have the ability to drive oxidative
reactions (e.g. PM, O,). Once inhaled, O, and NO, react
with proteins and lipids present in the lung lining fluid
compartment to produce secondary oxidant species.”* This
means that cellular responses to concentrations of gaseous
pollutants that overcome endogenous antioxidant defences
are not the result of a direct reaction of the pollutant with
epithelial cell surface components but are instead mediated
via a cascade of secondary, free radical-derived products.
Several more complicated and inter-related pathways exist
by which inhaled PM can generate oxidative stress at the
air-lung interface. These include an ability of the particle
surface per se to elicit oxidative stress and the carriage of
direct redox catalysts (e.g. transition metals, quinones)
or compounds (e.g. polycyclic aromatic hydrocarbons
[PAHs]) that can be metabolised to reactive electrophiles
in vivo.”

On reaching the lung surface, secondary oxidation prod-
ucts arising from gaseous and particulate pollutants, initi-
ate (via the activation of transcription factors) cytokine and
chemokine generation, adhesion molecule expression and
tight junction modification. These responses lead to the in-
flux of activated inflammatory cells from the vasculature
into the lung, which generates a second wave of pulmonary
oxidative stress accompanied by systemic inflammation and
oxidative imbalances. The latter, plus the translocation of
ultrafine and nanosize particles and/or particle constituents
(organic compounds, metals) across the alveolar membrane
into the general circulation, paves the way for toxicity within
the vasculature and at organ sites distant from the lung, in-
cluding the placenta.**

4 | MECHANISMS UNDERLYING
ADVERSE BIRTH OUTCOMES

The convincing evidence that air pollution-induced oxida-
tive stress and inflammation play critically important roles
in cardiorespiratory diseases, including maternal cardio-
vascular health,® suggests that the epidemiological associa-
tions observed between poor air quality and adverse birth
outcomes could be mediated, in part, by these key pathways.
Air pollution, however, likely impacts multiple biological
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mechanisms important for sustaining a healthy pregnancy,
depending upon the composition of the pollutant mixture,
and the exposure window owing to changes in physiologic
maturity of the placenta, circulations and fetus as pregnancy
ensues.

4.1 | Human studies

The experimental research summarised below originates
from human pregnancy cohort studies that have assessed,
for example, relevant biomarkers in biological samples (i.e.
maternal blood and urine, placental tissue, cord blood) col-
lected during pregnancy and at birth. These studies are vital
to further our understanding, owing to specific inadequacies
(e.g. fundamental differences in gestational sac structure,
placentation, circulations, fetal/placental weight ratios, or-
ganogenesis phases and gestational length) of animal mod-
els. Table S1 provides details those studies linking maternal
exposure to ambient air pollutants to a given mechanistic
endpoint and an adverse birth outcome and Table 1 provides
a top-level summary of the mechanistic changes that have
been observed.

4.1.1 | Effecton the placental circulations

The oxidative and inflammatory properties of air pollution
are linked to many pathophysiological changes in the car-
diovascular system that ultimately increase cardiovascular
morbidity and mortality. These include prominent effects on
the vasculature leading to endothelial dysfunction and ar-
terial vasoconstriction,*® both of which are associated with
PTB and abnormal fetal growth.*”

Studies have investigated placental vascularisation and
function in relation to air pollution exposure and have re-
ported contradictory effects on placental vascular resistance
to blood flow in the uterine circulation.”®* Two of these
studies, using maternal personal exposure, found that higher

40,43 : :
NO, exposure is associated with a lower mean artery

pulsatility index (PI). Conversely, other studies reported that
maternal exposure to NO, is associated with an increased
uterine resistance index (RI)*° and increased incidence of bi-
lateral uterine notching.*? Similarly, Ouidir et al.*' observed
an increased resistance index of the left uterine artery asso-
ciated with exposure to NO, as well as PM, ..

412 | Ocxidative stress
Human placentation is characterised by the migration of pla-
cental trophoblastic cells into the uterine wall, transforming
the maternal arteries into low-velocity, high-conductance
vessels and controlling the entry of oxygenated maternal
blood to the placenta.*** Disruption of this process is as-
sociated with hyperoxia or fluctuating levels of oxygen
inside the placenta - disturbances found in common preg-
nancy complications such as miscarriage, pre-eclampsia and
FGR.*®* Oxygen free radicals are an inevitable by-product
of aerobic metabolism and some degree of placental oxida-
tive stress likely occurs at the end of the first trimester,*® reg-
ulating formation of the placental membranes.* Placental
malperfusion generates chronically high levels of oxidative
stress causing indiscriminate damage to biomolecules and
disruption of signalling pathways. These have immediate
consequences for the outcome of a pregnancy, but also pre-
dispose the offspring to metabolic, cardiovascular and neu-
ropsychiatric disorders and certain cancers in adult life due
to structural and epigenetic changes in organ systems.*’
Exacerbation by maternal exposure to air pollution of the
heightened oxidative state during a standard pregnancy may
overcome mechanisms that minimise the deleterious effects
of ROS production. Several approaches have been under-
taken to investigate an exacerbation of oxidative stress in
response to ambient air pollution exposure during gestation
and whether such an effect has the potential to have an ad-
verse effect on birth outcomes. These include studies on bio-
markers of nitrosative/oxidative stress, oxidative potential

TABLE 1 Changes observed in human mechanistic studies in association with increased concentrations of ambient pollutants.

Mechanism Studied changes

Oxidative stress

mtDNA content

Inflammation Intrauterine inflammation

Biomarkers (CRP, IL-1p, [L-6 & TNF-a)

Epigenetic alterations Global DNA methylation

DNA methylation of HSD11B2
DNA methylation of H19

Oxidative DNA damage/tyrosine nitration

Result (in placenta and/or maternal/cord blood)

Increased with PMZAS/PMIOSL’54
Increased with N0253

Decreased with PMZ_S/PMIOSG’S8
Decreased with N0259

Increased with PM2.579

Increased with PM, ./ PM1077’78’8°’87
Increased with NOZ78
Increased with 0377’80

Decreased with PMOA1/PMZAS/PMIO/'[rafﬁcW’100
Decreased with NO(%101
Decreased with 031 !

Increased with PMZ‘S98

Decreased with PMZ;O4
Increased with N02104
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(OP; the capacity of particles to directly cause damaging ox-
idative reactions) of ambient pollution and genetic suscepti-
bility due to polymorphisms in antioxidant genes.

Biomarker studies have shown associations between
ambient concentrations of PM and NO, and mark-
ers of nitrosative (3-nitrotyrosine [3-NT]) and oxidative
(8-0x0-7,8-dihydro-2’-deoxyguanosine [8-OHdG]) stress in
the placenta and/or maternal/cord blood'* (Table 1). 3-NT
is the stable product of tyrosine nitration with the reactive
oxygen species peroxynitrite and while nitration of placental
proteins is evident in standard pregnancies, the presence of
nitrosative stress has also been linked with diminished pla-
cental vascular reactivity,”” which could in turn compromise
placental function and thus fetal development and growth.

A number of studies have also observed significant as-
sociations between increased concentrations of PM*®™>®
and N0259 during pregnancy and decreased placental/
cord blood mtDNA content (Table 1), indicative of mito-
phagy and mitochondrial death.®® By regulating energy,
placental mitochondria are essential to the proper for-
mation and functioning of the organ and a healthy preg-
nancy.®’ Mitochondria are the major intracellular source
and primary target of ROS and, compared with nuclear
DNA, mtDNA is more sensitive to oxidative stress due a
lack of protective chromatin structure, histones and in-
trons and less efficient repair mechanisms.®>* Oxidative
stress therefore has the potential to have an adverse ef-
fect on placental mitochondria and in doing so impairs
the ability of the placenta to support the growing fetus
through energy-dependent processes such as active trans-
port and hormone secretion. Estimates from one study
indicated that a 10 microg/m” increment in average NO,
exposure during pregnancy was associated with a 4.9% de-
crease in placental mtDNA content and a 48-g decrease
in birthweight®® (Table S1). However, other studies exam-
ining links between air pollution concentrations, markers
of oxidative stress and an adverse birth outcome do not
provide evidence that an increased oxidative burden with
increased exposure during pregnancy is associated with
preterm or negative indices of fetal growth.”>* Studies
that have sought to evaluate the involvement of oxidative
stress by examining whether the OP of PM, . modifies
the relation between PM, . mass concentrations/expo-
sures and adverse birth outcomes have reported mixed re-
sults, possibly indicative of different assays employed and
birth outcomes evaluated®® (Table S1). Studies focusing
on gene-environment interactions in pregnant women
suggest an interaction between exposure to air pollution
during pregnancy and genetic polymorphisms in antioxi-
dant genes that results in an increased risk of preterm de-
livery®®’ (Table S1).

413 | Inflammation

Maternal inflammatory responses are modified to estab-
lish and maintain a viable pregnancy. Although the second
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trimester is a predominantly anti-inflammatory state, el-
evated inflammatory signals take place during implanta-
tion,*® placentation® and in preparation for delivery.”®”"
It is possible therefore that the proinflammatory effects of
air pollutants could disturb these delicate balances and in
doing so elicit adverse birth outcomes. In this regard, PTB
is generally regarded as a syndrome resulting from multiple
causes including inflammation’? through the early activa-
tion of cytokines such as interleukin (IL)-1f and tumour
necrosis factor-o (TNF-a), which are otherwise part of
the body's normal preparatory step for term deliveries.”>”
Furthermore, inflammation may affect placental growth,
development and function, which in turn can lead to FGR,”
and cytokines can cross the placental barrier and interfere
with fetal development.”®

Studies investigating whether air pollution impacts the
maternal-fetal inflammatory response, measuring intra-
uterine inflammation or biomarkers in maternal blood
in early/mid-pregnancy and/or cord blood, have reported
associations with ambient concentrations of PM’""*® and
0377’80 (Table 1). Although concentrations of NO, have not
been associated with a maternal inflammatory response,
associations with higher cord blood CRP concentrations
have been reported’””® (Table 1). Only one of these studies
extended their analysis to look for associations between
the maternal (but not cord blood) inflammatory biomark-
ers and birth outcomes®® (Table S1). No associations were
observed for birthweight, but elevated levels of mater-
nal CRP were associated with modestly older gestational
age at birth. As a result of the inflammatory response to
pregnancy, maternal CRP levels increase slightly during
standard pregnancies, generally peaking during the third
trimester.*"®* However, a greater increase in CRP levels
has been reported in women whose pregnancies are com-
plicated by FGR and preterm delivery.*>"®* Furthermore,
elevated CRP levels in cord blood have been found in SGA
neonates.*

PM, . exposure in the first trimester or around mid-gesta-
tion is associated with an increase in maternal serum IL-1p,
IL-6 and TNF-a.* PM,, exposure has also been positively
associated with serum cytokines IL-6 but inversely associ-
ated with cervico-vaginal cytokine TNF-a.*®

414 | Epigenetic alterations

High DNA synthesis rates and extensive epigenetic remod-
elling (e.g. methylation, demethylation and re-methylation)
during embryogenesis®»*° suggest that the fetal epigenome is
a link between early life exposure to environmental factors
and both adverse birth outcomes and later life events.” >
Epigenetic regulation of genes is also crucial in placental
growth and functioning.”* Modification, during a suscepti-
ble time window, of expression of genes involved in key pla-
cental cellular processes has the potential to contribute to
abnormal placental and/or fetal development. Indeed, altera-
tions in placental DNA methylation patterns and microRNA
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expression have been reported in association with fetal
growth and adverse maternal exposures such as alcohol and
tobacco smoke.”>*®

Studies exploring whether prenatal exposure to air
pollution is associated with epigenetic modifications and
adverse birth outcomes have primarily focused on global
DNA methylation or differential gene-specific methyla-
tion in placental tissue or maternal/cord blood at birth.
Those that have examined global methylation or DNA
methylation within LINE-1 repetitive elements (fre-
quently used as surrogate markers for global methylation)
have observed a lower degree of methylation in associa-
tion with exposure to PM®""*° and living close to a major
roadway'®® (Table 1). Decreased DNA methylation has
also been observed in the few studies that looked at asso-
ciations with NO, and 03.101

The finding of a lower degree of placental global DNA
methylation in association with exposure to ambient PM
in early pregnancy,” including the critical stages of im-
plantation, is of interest considering that disturbance of
maintenance DNA methylation in placental tissue is as-
sociated with abnormal embryonic development in the
mouse model.'”* Moreover, LINE-1 down-regulation can
induce an inflammatory response, potentially explain-
ing the negative correlations that have been reported
with PTB.'” Studies focusing on locus-specific methyl-
ation (and importantly genes relevant to placental/fetal
development) have found that prenatal exposure to par-
ticulate or gaseous pollutants is associated with altered
DNA methylation of HSDI11B2 (glucocorticoid metabo-
lism)*® and H19 (fetal growth)m4 (Table 1). The negative
associations between LEP methylation status in the pla-
centa and both PM, . exposure and placental NTp, sug-
gest that oxidative/nitrosative stress might contribute
to associations between PM, . and placental epigenetic
events. Indeed, one mechanism by which air pollution ex-
posure is thought to modify DNA methylation involves
the reaction of ROS and RNS with DNA with subsequent
strand breaks, base modification, and inter-strand and
intra-strand crosslinks. Global hypomethylation ensues,
owing to the inability of DNA methyltransferases to rec-
ognise the damaged DNA."

However, little evidence exists that these epigenetic
changes may be an underlying mechanism by which air pol-
lution may adversely affect birth outcomes. The majority of
studies have not extended their analysis to look at a mediat-
ing effect of disrupted DNA methylation patterns on the re-
lation between air pollution exposure during pregnancy and
adverse birth outcomes or have found no significant associ-
ations between an epigenetic modification and an adverse
birth outcome (Table S1). Cai et al.,”® however, reported that
associations of PM,, exposure during early pregnancy with
DNA methylation were more evident in FGR newborns than
in normal newborns, and Vos et al.'® reported a significant
association between mitochondrial DNA methylation and
birthweight.

4.1.5 | Endocrine disruption
A steady balance of thyroid hormones regulates metabo-
lism and stimulates differentiation and growth of the
fetus. During the first trimester the fetus depends on a
maternal supply of thyroid hormones until the thyroid
gland becomes fully functional at around 10-12 weeks of
gestation.'® Maternal hyper- and hypothyroidism are as-
sociated with increased risk of a LBW'*?'% and studies
also suggest that fetal thyroid function is instrumental in
regulating fetal growth."”®"® A number of studies have
suggested that the maternal™™* and fetal'""'">"¢ thy-
roid glands may be susceptible to prenatal PM exposures.
Findings from Janssen et al.''! highlight the potential in-
fluence of PM, . exposure on fetal thyroid function and
fetal growth. Ambient PM, . concentrations were inversely
associated with cord blood thyroid stimulating hormone
(TSH) and free thyroxine (FT4) concentrations and the
free thyroxine/free triiodothyronine ratio (FT4/FT3) ratio
and were positively associated with FT3 levels. Although
neither FT3 nor TSH levels in maternal or cord blood were
associated with birthweight, an 11% decrease in cord blood
FT4 was associated with a 56-g decrease in mean birth-
weight (Table S1). Shields et al."'” reported that in healthy
pregnancies, placental weight was positively associated
with cord blood FT4 levels and posited that thyroid hor-
mones could influence fetal growth indirectly by affect-
ing placental growth. These researchers also reported that
lower FT4 levels in cord blood were associated with a lower
birthweight. A role for oxidative stress in the disruption
of thyroid function by PM is supported by findings of in-
creased ROS concentrations in goitrous thyroid glands.'"”
An effect of maternal exposure to PM,, and NO, on pla-
cental development and function is supported by one study
reporting associations with lower concentrations of pla-
cental growth factor (PIGF) and higher concentrations of
soluble fms-like tyrosine kinase 1 (sFlt) in umbilical cord
blood*? (Table S1). Whereas PIGF is important for placental
development and angiogenesis, sFlt-1 binds to this protein
and thereby inhibits its activity."’® The findings of van den
Hooven et al.**’® are consistent with an anti-angiogenic
state. PM,; and NO, exposures were not associated with
placenta to birthweight ratio but were associated with lower
placenta weight.

4.1.6 | Insights from metabolomic research

Metabolomic research is being increasingly used in mater-
nal-fetal medicine to identify biological changes associated
with fetal growth.""” Examples include the analysis of ma-
ternal plasma and urine to identify metabolites predictive of
small for gestational age babies and a PTB."**"'*? For stud-
ies investigating metabolic changes in response to environ-
mental exposures, analysis of amniotic fluid, the placenta
and cord blood would be particularly relevant as the sample
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contains the essential nutrients, hormones and immunologi-
cal factors as well as potentially harmful xenobiotic metabo-
lites to which the developing fetus is directly exposed. The
use of metabolomics to identify altered biological pathways
in the fetus in response to prenatal exposure to air pollu-
tion is a recent area of research.'>™'** It is noteworthy, how-
ever, that among the metabolomic features and pathways
identified to date, are oxidative stress and inflammation, i.e.
mechanisms already implicated using more traditional ap-
proaches.'”* A study by Laine et al.'*> assessing the effects
of prenatal exposure to mixtures of air pollutants (PM, .,
PM,,, NO,, NO,, ultrafine particles and OP of PM, ) on
birthweight in a pooled birth cohort assessed mechanistic
interactions between metabolomic signatures and targeted
inflammatory proteins in cord blood pooled (Table S1).
Exposure to three different mixture pollutant models was
found to be negatively associated with birthweight. For ex-
ample, increased concentrations of a PM, ., PM,; and NO,
mix was estimated to result in an approximate 96-g decrease
in birthweight. This relation was found to be mediated by
inflammatory proteins (IL-17 and epidermal growth factor)
and 665 metabolomic features, including several involved in
fetal development and growth.

4.2 | Animal studies

While recognising that animal studies are less useful for
understanding the underlying effects of air pollution on
adverse birth outcomes in humans (e.g. owing to distinct
differences in human and rodent placentas), experimental
studies do have value, given that so much of the human
mechanistic data is associative. Well-characterised expo-
sures and the capacity for invasive procedures are strengths
of animal inhalation experiments that facilitate the dem-
onstration of biological plausibility for effects through
various biological mechanisms. Studies in rodents investi-
gating effects of maternal exposure to diesel exhaust (DE)
or DE particles (>300 microg PM/m” before and/or during
gestation) have reported several effects on placentation
including decreased vascularisation and perfusion,'* in-
jury in association with increased embryo resorption'?’
and a reduction in cells responsible for structural integ-
rity."?® Pregestational and gestational exposure of mice to
ambient air (PM, .: 27.5 microg/m?; NO,: 101 microg/m?;
CO: 1.81 microg/m’; SO,: 6.66 ppm) in exposure chambers
placed in a location with high traffic density resulted in
decreased fetal weights and changes in functional mor-
phology of the placenta'? and umbilical cord."*” Exposure
of rats before (5 times per week for 3 weeks) and/or dur-
ing pregnancy (for 14 days) to concentrated PM, . (600 mi-
crog/m® for 60 minutes) lowers placental concentrations
of the angiogenic factors (vascular endothelial growth
factor and its receptor fetal liver kinase 1)."*' A number
of these changes were accompanied by an inflammatory
response and oxidative stress.'>”"2#13%132133 Oz0ne expo-
sure (0.4 or 0.8 ppm 4h/day during implantation) led to
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changes in uterine arterial resistance and a lower offspring
cTs 134,135
weight.

4.3 | Invitro studies

A number of in vitro studies have been performed to ex-
plore mechanistic insights into how air pollution may
affect placental structure and function. Most of these
have been based on HTR-8/SVneo cells, a widely used
first-trimester trophoblast cell line; this, however, has
been shown to be a mix of trophoblast and mesenchy-
mal cells."*® Caution should therefore be exercised when
extrapolating results based on these cells to the pla-
centa. Nonetheless, culture of HTR-8/SVneo cells with
either PM, , or PM,, collected at sites of urban traffic
showed uptake of particles into perinuclear endosomes
within 30 minutes of exposure'’ and the mitochondria
by 24 hours in association with vacuolation of organelles,
dilation of endoplasmic reticulum cisternae and chro-
matin aggregation within the nucleus.'*® High doses of
urban PM, . or PM,; (5000 ng/mL) caused increased se-
cretion of IL-6 and reduced secretion of human chorionic
gonadotropin by 48 hours, whereas release of progester-
one was either increased or not affected."””"*® Proteomic
analysis revealed 29 differentially expressed proteins
consistent with the pattern observed in cases of FGR.
Cell number was decreased after 7 days, due to increased
cell death.”® Overall, the findings suggest PM induced
activation of stress pathways seen in the placenta in cases
of FGR."® These results are consistent with findings of
cytotoxicity and reduced proliferation of HTR-8/SVneo
cells following exposure to PM, , with cell cycle arrest at
the G2/M phase."*” In addition, a reduced mitochondrial
membrane potential consistent with induction of apopto-
sis was demonstrated. Importantly for placentation, the
invasive potential of the cells was significantly reduced
due to increased expression of the migration inhibitors
TIMP1 and TIMP2. Deficient, shallow trophoblast in-
vasion is a unifying feature of many complications of

141
pregnancy.

5 | CONCLUSIONS

Epidemiological data provide varying degrees of evidence,
albeit inconsistent at times, of associations between con-
centrations of ambient air pollutants during pregnancy and
adverse birth outcomes. Overall, the effects of air pollution
may represent a milder version of what has been reported
for active maternal smoking, which is strongly linked to
premature delivery and FGR."”> Within this context, one of
the main biases of large epidemiological studies is the lack
of accurate data on both maternal active and passive smok-
ing. Exposure to ambient air pollution and tobacco smoke
during pregnancy is likely to have a cumulative effect on the
incidence of PTB and SGA.
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FIGURE 1

Experimental evidence indicates that the placenta is a target tissue following maternal exposure to ambient air pollutants during

pregnancy. Progression of effects from left to right: grey =exposure; blue =initial effect; pink = intermediate effects; purple =clinical effect.

To assess further the certainty of effects stemming from
poor ambient air quality, biological plausibility can be
sought by identifying the mechanisms by which exposure
to air pollution could cause adverse effects on the develop-
ing fetus. Although the underlying mechanistic pathways
have not yet been elucidated, the current body of experi-
mental evidence does lend biological plausibility, indicat-
ing that the placenta is a target tissue, impacted by a variety
of critical processes including nitrosative/oxidative stress,
inflammation, endocrine disruption, epigenetic changes,
as well as vascular dysregulation of the maternal-fetal
unit. All of the above can disturb placental function and,
as a consequence, could contribute to compromised fetal
growth as well increasing the risk of stillbirth (Figure 1).
Furthermore, given that there is an increased inflamma-
tory response during preterm delivery, inflammation is a
plausible mechanism mediating the effects of air pollution
on premature labour.

Caution should be used in the interpretation of the find-
ings from the human mechanistic studies, partly owing to
the associative nature of much of the evidence as well as
some notable limitations. As not all studies linked concen-
trations of air pollutants and a given mechanistic endpoint
with a clinical outcome, the relevance of experimental find-
ings to the epidemiological evidence may be questioned.
Furthermore, while there has been an emphasis on ambi-
ent PM, effects of gaseous pollutants have been under-re-
searched. The potential for misclassification of exposure is
also high, as the majority of the epidemiological studies with
a nested mechanistic component use measures of air pollu-
tion exposure generated from regional monitoring stations
and modelling methods. Such studies do not allow granu-
lar measurement of changing exposure when study partic-
ipants travel to different (in/outdoor) microenvironments.

It is important therefore that animal studies report adverse
effects on placentation and fetal weight and are support-
ive of a contribution by oxidative and inflammatory path-
ways and that in vitro work suggests pollutants can induce
activation of stress pathways seen in the placenta in cases
of FGR. Future studies, however, should take into account
the sex of the fetus, as mounting evidence indicates that the
placenta responds differentially to stress in a sex-dependent
fashion.'*?

In summary, the current body of experimental evidence
demonstrates that ambient air pollutants potentially affect a
variety of critical processes that may underpin adverse birth
outcomes caused by poor air quality during pregnancy. In
doing so, they begin to add support for causality of epide-
miological associations. In the light of increased urbanisa-
tion and an ever-changing climate, both of which increase
ambient air pollution and negatively affect vulnerable popu-
lations such as pregnant individuals, it hoped that the collec-
tive evidence may contribute to decisions taken to broaden
air quality policies, reductions in exposure to air pollution
and subsequent improvements in the health of those not yet
born.
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