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Abstract

PE is a “multifactorial syndrome” in which ambient air pollution may contribute to
the etiology of PE. However, the underlying mechanism of this association is not
clearly elucidated. This dissertation aims at understanding the placental molecular
mechanism underlying the relationship of prenatal exposure to ambient air pollution
with preeclampsia and fetal growth by characterizing and evaluating the mediator
role of placental aging using mitochondrial DNA content, telomere length, DNA
methylation and gene expression analyses.

Scania in Sweden and Barcelona in Spain are the two main study areas. Maternal
Air Pollution in Southern Sweden (MAPSS) is a population-based cohort consisting
of 43,688 singleton pregnancies recorded from 2000 to 2009 in Scania, Sweden. For
placental molecular studies, we selected a sub-cohort of 361 mother-child pairs from
the Barcelona Life Study Cohort (BiSC), a prospective cohort consisting of 1080
mother-child pairs recruited between 2018 and 2021 as well as 137 participants from
unique biobank designed to study PE at Lund University. Each individual-level air
pollutant concentrations were estimated either by a high-resolution dispersion
model or passive sampling methods. Placental mtDNAcn and TL were measured
using qPCR. Placental DNAm and gene expression were analyzed with EPIC array
and by RNA-seq, respectively. Linear, logistic regression and linear mixed effects
models were used on SPSS and R statistical programs.

In a setting with fair air quality in Scania, the increased risk of PE and SGA were
associated with both linear exposure trend and quartile-specific exposure of ambient
particles and NOy. In a setting with moderate air quality in Barcelona, early
pregnancy exposure to ambient NO, measured by home-outdoor and personal
sensors were associated with lower birth weight and increased odds of having SGA
neonate, respectively. Although the mediatory role of placental mtDNAcn and
telomere length were not confirmed, prenatal exposure to ambient NOy and NO»
affect the placental aging process differently depending on the exposure
concentration and exposure period during pregnancy. We observed reduced
mtDNAcn and shorter TL in placenta in relation to exposure during first trimester,
whereas increased mtDNAcn in relation to NO, exposure during third trimester.
Prenatal exposure to ambient NOy during first trimester affected differential
placental DNA methylation in PE and NOx combined groups, resulting in placental
age deceleration and showing sexual dimorphism.

Placental senescence and aging may be the underlying molecular mechanism
linking the association between prenatal exposure to ambient air pollution and
pregnancy complications including preeclampsia and small-for-gestational age
foetuses and neonates.



Populérvetenskaplig sammanfattning

Luftfororeningar dr ett allvarligt miljoproblem som bidrar till fortida dodsfall Gver
hela vérlden. Luftfororeningar delas in i grova, fina och ultrafina partiklar baserat
pa deras storlek i forhallande till aerodynamiken. Detta dr en liknande process som
det fallande &dpplet fran trddet som inspirerade Newton att upptécka gravitationen.
Storleken pé partiklarna har storst betydelse nir det giller hédlsoeffekter. Ju mindre
partikelstorlek (dvs ultrafina partiklar), desto mer signifikant blir den negativa
effekten pa hilsan. Tidigare studier har funnit att ultrafina partiklar kan fardas djupt
ner till alveolerna i lungan dér gasutbytet av inandat syre och utandad koldioxid dger
rum.

Dessutom kan det transporteras till det systemiska blodflodet och orsaka
inflammation i olika organsystem i var kropp. Vid det hér laget har du formodligen
upptackt att ultrafina partiklar kan leta sig in i livmodern genom moderkakan. Det
har bevisats i djurexperimentella studier, men dess effekt pa ménniskors hélsa visas
av stora epidemiologiska studier dir barn fods for tidigt eller med lag fodelsevikt
ndr deras modrar bodde i de mycket fororenade omradena under graviditeten. Men
innan de paverkar det vixande barnet i livmodern, paverkar luftfororeningar hilsan
hos en gravid kvinna som orsakar graviditetsinducerad hypertoni.

Ungefir en av sex modrar dor av graviditetsinducerad hypertoni pa ett ar virlden
over. Sarskilt tondrsmddrar (<20 ar gamla) 16per storre risk &n dldre kvinnor 1 1ag-
och medelinkomstldnder. I min doktorsavhandling undersokte jag risken for
havandeskapsforgiftning och smahet hos bebisar i relation till luftféroreningar i
Sverige och Spanien. Vi utforde ocksé placenta molekyléra studier for att forsta de
underliggande biologiska effekterna av denna association.

I en miljo med rittvis luftkvalitet i Sk&ne wvar prenatal exponering for
luftféroreningar associerad med den 6kade risken for havandeskapsforgiftning och
spadbarn som &r sma for graviditetsdldern. I en miljo med mattlig luftkvalitet i
Barcelona var tidig graviditetsexponering for omgivande NO, uppmétt med
sensorer i hemmet och utomhus och personliga sensorer associerad med ligre
fodelsevikt respektive dkade chanser att f4 barn sma for graviditetsdldern. Prenatal
exponering for luftfororeningar paverkar ocksa placentans &dldrandeprocess genom
DNA-metylering, mitokondriell stress och telomerforkortning.

Sammantaget har resultaten av dessa studier ett antal viktiga implikationer for
framtida praktik. De reproduktiva hilsoeffekterna som behandlas i béda
studiemiljoerna med réttvis och mattlig luftkvalitet stoder starkt WHO:s
rekommendationer for uppdaterade globala gransvarden for luftkvalitet.
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Introduction

Definitions

Preeclampsia

Preeclampsia (PE) is a persistent de novo hypertension occurring at or after 20
weeks of gestation accompanied either with proteinuria or fetal growth restriction
or maternal organ dysfunction including HELLP syndrome (Hemolysis, Elevated
Liver enzymes, Low Platelets) (Brown et al., 2018). Although it affects 3% to 8%
of all pregnancies, PE is one of the three leading causes of direct maternal mortality
worldwide ("Geographic variation in the incidence of hypertension in pregnancy.
World Health Organization International Collaborative Study of Hypertensive
Disorders of Pregnancy," 1988; Ghulmiyyah & Sibai, 2012; Rath & Tsikouras,
2018) It is classified into early-onset and late-onset PE based on its development
before or after 34 weeks of gestation (Tranquilli et al., 2013). Although PE was
recorded as moderate and severe PE in the Swedish medical birth register and mild
and severe PE in the Spanish medical birth register, in this dissertation, total PE as
a combination of these classifications were used as an outcome variable. In addition,
PE is often associated with adverse birth outcome, such as preterm birth, small-for-
gestational age neonates and fetal growth restriction.

Small fetus

Low birth weight

Babies born weighing less than 2500 grams is termed as low birth weight (LBW)
(WHO, 2004).

Small-for-gestational age

Smallness of fetus and neonates are defined as small-for-gestational-age (SGA) if
their birth weight fell below the 10™ centile (Figueras et al., 2008).
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Fetal growth restriction

Small neonates can be classified into low-risk SGA and true fetal growth restriction
(FGR) based on estimated birthweight centile, doppler velocimetry of uterine artery
(UtA) and cerebroplacental ratio (CPR) measured at routine third trimester fetal
echosonography. The CPR is calculated as the ratio of middle cerebral artery (MCA)
to umbilical artery (UA) pulsatility index (PI) values, measured by Doppler
ultrasound (Baschat & Gembruch, 2003). Low-risk SGA is diagnosed when small
babies present any of the following: SGA in between 3™-9" centile or CPR doppler
index more than 5™ centile or UtA pulsatility index less than 95" centile. Those
presenting any of the following: SGA less than 3™ centile or CPR doppler index less
than 5" centile or UtA pulsatility index more than 95" centile, were classified as
true FGR (Figueras & Gratacoés, 2014).

The two-stage model of preeclampsia

The early-onset and late-onset PE evolve in different pathways in the first stage and
converges on syncytiotrophoblast stress with placental dysfunction at the onset of
the maternal syndrome of PE caused by generalized vascular inflammation in the
second stage (Redman et al., 2022). The incomplete remodelling of the spiral
arteries along with focal oxidative stress in the vicinity of the spiral artery causes
malplacentation and later on placental malperfusion in the first stage of early-onset
PE with concomitant FGR. In the first stage of late-onset PE, with normal
placentation, progressive placental hypoxia and fetal stress along with massive
growth of chorionic villous tree persists from the beginning of the second half of
pregnancy without any known well-established cause (Redman et al., 2022). The
second stage of PE is syncytiotrophoblast stress featuring with oxidative stress,
endoplasmic reticulum stress, mitochondrial stress, apoptosis, autophagy, necrosis
and syncytial knots as well as producing large amount of vascular endothelial
growth factor-1 (VEGF-1), also known as the soluble fms-like tyrosine kinase-1
(sFlt-1), and placental growth factor (PIGF).

Ambient air pollution

Ambient particulate air pollution is the fourth leading risk factor for attributable
deaths for both males and females accounting for 2.92 million and 3.75 million
deaths of all female and male deaths in 2019, respectively (Murray et al., 2020).

Nitrogen oxides (NOy) is a toxic gas in the atmosphere. It includes nitric oxide (NO),
a colorless and odorless gas, and nitrogen dioxide (NO.), a reddish-brown gas with
a strong odor. Total NO, concentrations are composed of primary NO, emission
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from diesel exhaust (up to 25%), secondary NO, formed by the reactions of NO and
ozone (O3) (70%) and regional background (Casquero-Vera et al., 2019).
Particulate matter is a mixture of solid particles and aerosols varying in its
aerodynamic diameter: being less than 10 pum (PMo) and 2.5 um (PMzs). PMysis
one of the three major and rapidly increasing risk exposures globally in 2019
(Murray et al., 2020). 90% of PM; s pollution is generated from diesel engines in
cities (Bernasconi et al., 2022). Other emission sources include the combustion of
coal, oil, and gasoline. WHO 2021 update on global air quality guidelines
recommends a maximum level of 5 pg/m’® for PM,s, 15 pg/m® for PMjo and 10
ug/m’® for NO, for preventing the global community from health effects related to
long-term exposure (World Health Organization, 2021).

Oxidative stress has been proposed to be the major mechanism of the adverse health
effect of air pollution exposure. Each interquartile range increase in prenatal
exposure to ambient PM; s during the first trimester was statistically significantly
associated with increased maternal serum malondialdehyde (MDA), a biomarker of
systemic lipid peroxidation, and total antioxidant capacity (Zhang et al., 2020). On
the other hand, higher plasma levels of haematocrit, MDA and nitrates during first
trimester were statistically significantly associated with the later development of PE
in twin pregnancies (Ramiro-Cortijo et al., 2020). In a mouse experimental study,
chronic PM, s exposure induce systemic cellular inflammatory response through
Toll-like receptor (TLR)4/NADPH oxidase-dependent mechanism (Kampfrath et
al., 2011). Monocytes in the peripheral blood from early-onset PE had higher TLR4
expression when compared with late-onset PE (Romao-Veiga et al., 2020). A recent
meta-analysis showed that short-term exposure to ambient PM,s was associated
with increased serum levels of MDA (Li et al., 2020).

PE is a “multifactorial syndrome” in which ambient air pollution may contribute to
the etiology of PE (Gyselaers, 2020; Pedersen et al., 2014). Systematic reviews
suggest that early pregnancy exposure to ambient air pollution is associated with
increased risk of PE (Bai et al., 2020; Pedersen et al., 2014; Yu et al., 2020).
However, the underlying mechanism of this association is not clearly elucidated,
numerous studies have attempted to explain how external and internal factors
influence the risk of hypertensive disorder of pregnancy by using the pregnancy
exposome approach (Hu et al., 2020; Robinson & Vrijheid, 2015).

17



Placental molecular mechanisms underlying the effects
of long-term exposure to ambient air pollutants

Placental mitochondrial DNA content

Mitochondria are cell organelles where oxidative phosphorylation to produce
adenosine triphosphate occurs. Due to high energy electron transfer during the
energy metabolism, free radicals capable of oxidation is contained within
mitochondrial double membrane. When mitochondria are under stress, these free
radicals are released to the cytoplasm and damage cell molecules causing oxidative
stress. Mitochondrial DNA (mtDNA) is susceptible to oxidative stress damage due
to its structure of two strands without histone shield (Lee & Wei, 2000). MtDNA
copy number (mtDNAcn) vary by each mitochondrion, cell type, tissue and organ.
MtDNA is inherited only from mother. Prenatal exposure to ambient air pollution
has been found to be associated with reduced placental mtDNAcn, whereas
placentas from pregnancies complicated with early-onset PE had increased
mtDNAcn when compared with normotensive controls (Clemente et al., 2017;
Janssen et al., 2012; Vishnyakova et al., 2016).

Placental telomere length

Human telomeres consists of tandem repeats of “TTAGGG” and are located at the
end of each chromosome (Blackburn, 1991). Telomere-driven replicative cell
senescence is a critical end point of a cell going to senescence and apoptosis due to
telomere shortening from successive cell replication process (Hayflick &
Moorhead, 1961; Panczyszyn et al., 2020). Such high guanine content renders
telomeres sensitive to reactive oxygen species (ROS) and thus leads to accelerated
telomere shortening (Panczyszyn et al., 2020; Richter & Zglinicki, 2007). Previous
studies investigating the association between air pollution exposure and telomere
length showed inconsistent findings. Increase in annual mean exposure to NOx,
NO;, PM; s and PM( were associated with longer telomere (Walton et al., 2016).
Maternal exposure to traffic-related air pollution and lack of green environment
surrounding the residence were associated with shorter placental telomere length
(Bijnens et al., 2015). Telomere was shorter in placentas from pregnancies
complicated with PE, FGR and PE with FGR (Tal Biron-Shental et al., 2010).

Placental DNA methylation

DNA methylation (DNAm) is defined as an addition of methyl group at the 5’
position of cytosine in CpG dinucleotides (CpGs) in CpG islands located abundantly
in gene promoters and repetitive DNA elements in human genome (Rakyan et al.,
2011). CpGs in gene-promoters are mostly unmethylated whereas in gene bodies
and in repetitive DNA elements are mostly methylated (Suzuki & Bird, 2008). The
main roles of DNAm is to regulate gene expression and to protect genome integrity
by suppressing transposable element transcription which could otherwise integrate
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into new chromosome by translocations (Levin & Moran, 2011). DNAm is the most
stable epigenetic marker which is heritable during cell division. It also plays a
critical role in cell differentiation and epigenetic reprogramming during embryonic
development during first trimester (Collas et al., 2007). Environmental exposures
during early pregnancy can potentially induce additional DNAm and alter gene
expression resulting in increased susceptibility to disease (Jirtle & Skinner, 2007;
Saenen et al., 2019).

The villous syncytiotrophoblast is the major cell type in the placenta (Gude et al.,
2004) and has been suggested to explain the hypomethylation of the placental
genome across gestation (Bianco-Miotto et al., 2016) due to its low levels of
methylated cytosine residues (5’mC) and de novo methylation enzymes, namely
DNMT 3a and 3b (Fogarty et al., 2015). Furthermore, the underlying differentiating
cytotrophoblast cells with methylated cytosine residues (5’'mC) constantly fuse to
syncytiotrophoblast (Mayhew et al., 1999). Therefore placental DNA methylation
has been reported to be largely dependent on the methylation profile of
cytotrophoblast cells (Grigoriu et al., 2011). Moreover, number of Hofbauer cells
and especially dendritic cell-specific ICAM-grabbing non-integrin (DC-SIGN)
expressing Hofbauer cells in the placental villous core were found to be decreased
in PE placenta (Tang et al., 2013; Yang et al., 2017). DC-SIGN positive Hofbauer
cells are suggested to be involved in the immune tolerance during pregnancy (Reyes
& Golos, 2018). Placental DNA methylation may be one of the underlying
mechanistic links connecting prenatal exposure to ambient air pollution and PE.

Placental gene expression

DNA methylation along with other epigenetic modifications regulate gene
expression (Bianco-Miotto et al., 2016), however, the findings are inconsistent
among the following few multi-omics studies that have analyzed both methylome
and transcriptome of the same placentas from preeclamptic and normotensive
pregnant women. Xuan et al. (2016), Sundrani et al. (2013) and (Blair et al., 2013)
have identified negative correlation, whereas Leavey et al. (2018) have found no
association between DNA methylation and gene expression. Moreover, inhibin was
found to be the only biomarker for preeclampsia by multi-omics approach (Benny
et al., 2020). Nevertheless, there are only few studies investigating integrated multi-
omics concerning the exposure to ambient air pollution exposure (Alfano et al.,
2018). Long term exposure to ambient NOx was associated with hypomethylation
and 9 enriched pathways relating to immune regulation (Plusquin et al., 2017).
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Aim

This dissertation aims at understanding the placental molecular mechanism
underlying the relationship of prenatal exposure to ambient air pollution with
preeclampsia and fetal growth by characterizing and evaluating the mediator role of
placental aging using mitochondrial DNA content, telomere length, DNA
methylation and gene expression analyses.

Paper 1

The major objective of this study was to investigate the association between prenatal
exposure to ambient air pollutants (black carbon, NOx, PM,s, PMig) and
preeclampsia in Scania, Sweden

Paper 11

The aim of this study was to identify how prenatal exposure to ambient NOx was
associated with preeclampsia by analysing the possible mediation effects of
placental relative telomere length and mitochondrial DNA content.

Paper 111

This paper investigates placental DNA methylation pattern and gene expression in
relation to prenatal exposure to ambient NOy among preeclamptic cases and
normotensive controls.

Paper IV

The main aim of this investigation was to assess the several aspects of fetal growth
indicators associated with prenatal exposure to ambient NO, measured by personal,
home-outdoor and home-indoor sensors as well as to determine whether placental
senescence measured by telomere length and mitochondrial DNA content explains
the underlying mechanism of the association.
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Material and methods

Study population

Scania in Sweden and Barcelona in Spain are the two main study areas. Scania is
the southernmost and the second most densely populated province of Sweden with
1.41 million inhabitants in total and 127 people per square kilometre (km?)
(Regionfakta, 2022). As can be seen from Figure 1, Scania’s largest city, Malmd,
ranked at 59 with fair air quality based on its PM, s annual mean concentration of
8.2 pg/m’ in the past two calendar years (European Environment Agency, 2022).
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Figure 1. Air quality in Sweden (European Environment Agency, 2022)
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Barcelona city is the capital of the autonomous community of Catalufia and the
second most densely populated metropolitan city in Spain, with approximately 1.64
million inhabitants in total and 16094 people per km® (Instituto Nacional de
Estadistica, 2022). Out of 344 European cities, Barcelona ranked at 244 with
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moderate air quality based on its PM, s annual mean concentration of 13.3 pug/m® in
2020 and 2021 (Figure 2) (European Environment Agency, 2022).
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Figure 2. Air quality in Spain (European Environment Agency, 2022)

All studies followed the ethics conduct and data protection according to the national
rules. Ethics approval was obtained from Lund University Ethical Review Board
LU803-2 (2015/14) and (Dnr 696/2014) in Paper I, 1I and III. The Barcelona Life
Study Cohort (BiSC) study was approved by the Ethical Review Board of Parc de
Salut Mar (CEIm - Parc de Salut Mar) under the project reference number
2018/8050/1 (“Pre-natal exposure to AIR pollution and pre- and post-Natal Brain
Development”) in Paper 4. All participants gave written informed consent.

Paper 1

Maternal Air Pollution in Southern Sweden (MAPSS) is a population-based cohort
consisting of 43,688 singleton pregnancies recorded from 2000 to 2009 in Scania,
Sweden. MAPSS is based on the local birth register, Perinatal Revision Syd, with
98% coverage of all births as well as individual air pollution exposure
concentrations modelled at each maternal residential address within the catchment

22



area of hospitals in Malm6, Lund and Trelleborg (Figure 3). Additional
sociodemographic and socioeconomic factors were obtained from Statistics Sweden
and linked to MAPSS based on unique personal identification number.
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Figure 3. A map of Scania, Sweden
SUS - Skane University Hospital in Lund and Malmé are marked in red and air quality monitoring
stations in Scania are marked in black. Figure created by Kristoffer Mattisson.

Paper Il and 111

The study population of placental molecular studies, Paper II and III, in Scania were
based on the unique biobank data designed to study preeclampsia at the Department
of Obstetrics and Gynaecology, Lund University. The study participants were
recruited from the catchment areas of Skéne University Hospital in Lund and Malmo
(Figure 4).

Paper II was a cross-sectional study of 42 preeclamptic and 95 arbitrarily selected
normotensive pregnant women whose prenatal exposure to ambient NOx were
modelled at their residential addresses using the Gaussian plume dispersion
modelling in Scania, Sweden.

Study III involved 111 participants in total. For the DNA methylation analysis,
between-subjects 2x2 factorial design was employed and therefore subjects were
divided into four combined groups based on PE status and prenatal exposure to
ambient NOx: PE cases with low NOy exposure, PE cases with high NOx exposure,
normotensive controls with low NOy exposure, and normotensive controls with high
NOx exposure. A total of 17 subjects were included in the analyses of differential
gene expression, and therefore we compared PE cases with normotensive controls.
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Figure 4. A study area of placental molecular studies in relation to the association between
ambient NO, exposure during pregnancy and preeclampsia in Scania, Sweden
Figure created by Kristoffer Mattisson

Paper IV

The Barcelona Life Study Cohort (BiSC) is a prospective cohort consisting of 1080
mother-child pairs recruited between 2018 and 2021 from three collaborating
hospitals (Hospital Sant Joan de Déu, Hospital Clinic-La Maternitat and Hospital de
Sant Pau i la Santa Creu) (Figure 5). Criteria for selecting the subjects were as
follows: aged between 18 and 45 years, had singleton pregnancy and spoke either
Catalan, Spanish or English. Eligible women who matched this inclusion criteria
were identified by midwives during the first prenatal visit (between 8-14 weeks of
gestation). Exclusion criteria consisted of having high-risk pregnancy, complex
chronic conditions or mental illness and permanent residence located outside the
boundary of Barcelona city. Of the initial cohort of 1080 mother-child pairs, 361
were included in the analysis based on its complete set of data on ambient NO;
exposure, placental biomarkers, clinical and covariate data.
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Air pollution exposure assessment

Unlike the brief description of air pollutants in the introduction, it is necessary to
clarify how exposure to air pollution differs from the definition of air pollution.
Exposure refers to how much quantity of air pollutant that an individual experience
over certain study period. Each individual-level air pollutant concentrations were
estimated either by a dispersion model or passive sampling methods in all studies.
A Gaussian plume air dispersion model on ENVIMAN software was employed for
estimating the individual modelled exposure levels of air pollutants (BC, locally
emitted PM, s and PM,, total PM» 5 and PM o, NOx) of MAPSS birth cohort in Paper
I as well as in Paper II and III. Personal exposure to NO,, home-outdoor and home-
indoor NO; concentrations were measured for 24 hours and seven days during first
and third trimesters by a passive diffusion tube by Gradko Environmental passive
dosimeters (Gradko International Ltd., UK) in Paper I'V.

To get a glimpse of how air pollution differs between the study settings, Screening
for High Emission Reduction Potential on Air (SHERPA) tool allows to understand
how the air quality in Malmo6 and Barcelona are influenced by different emission
sources. As shown in Figure 6, a large proportion of total mass of urban PM;s in
Malmb is a transboundary air pollution by spatial allocation as well as traffic and
agriculture sectors by sectoral allocation (European Commission Joint Research
Centre et al., 2021). In contrast in Barcelona, almost half of urban PM, s is emitted
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in the core city mostly from the industrial and residential sources (Figure 7)
(European Commission Joint Research Centre et al., 2021).
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Figure 6. Urban PM2.5 spatial and sectoral allocation of Malmo, Sweden (SHERPA v.2.2.0)
(European Commission Joint Research Centre et al., 2021)

Emission sources: T — transport, | — industry, A — agriculture, R — Residential, S — shipping, O — other,
N — Natural, E — External.
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Figure 7. Urban PM.; spatial and sectoral allocation of Barcelona, Spain (SHERPA v2.2.0)
(European Commission Joint Research Centre et al., 2021)

Emission sources: T — transport, | — industry, A — agriculture, R — Residential, S — shipping, O — other,
N — Natural, E — External.
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Paper I, Il and 111

ENVIMAN is a software with several modules. Data management module consists
of emission sources data (traffic count, car models, car exhaust, type of tires etc)
and meteorological data (wind speed, wind direction, temperature and global solar
radiation). Dispersion modelling module estimates concentrations of NOx, PM; s
and PMo over the 100m x 100m grid in two years 2000 and 2011. Hourly
concentrations of NOx were calculated according to pregnancy length from the date
of birth and backwards. Hourly concentrations of PM» s and PM;o were estimated
approximately by calendar months, from January till December, and for the one
month prior to the conception date. Using R software, the hourly concentrations
were aggregated into monthly mean concentrations for the months of 2000 and
2011.

Furthermore, in ArcGIS program, the monthly mean concentrations of 2000 and
2011 were inserted and by interpolation with atmospheric ventilation index, the
individual-level pollutant concentrations of years in between (2001-2009) were
estimated at each participant’s residential address. Atmospheric ventilation index
was calculated at the Department of Environment at City of Malmo for each month
of this time period. It estimates how well the atmosphere disperses the smoke from
its source in the atmospheric mixed layer on any given day. It is a product of the
average wind velocity in the mixed layer and the height of the mixed layer.

Detailed description of the Gaussian plume air dispersion model can be found in
Rittner et al. (2020). In brief, PM, s and PM, concentrations were modelled at seven
monitoring stations in Scania, as shown in Figure 3 above. For validation, the
measured concentrations at the monitoring stations at Malmo City Hall and Vavihill
were compared with the modelled concentrations using R’ Pearson correlation
method. Moderate to strong correlation were found with a variable R’ values
between 0.46 and 0.83 for PM;¢ and 0.44 and 0.86 for PM,s. BC was measured for
shorter period and it was unable to validate measured values with the modelled
values (Rittner et al., 2020).

NOx model was adopted from Stroh et al. (2012). There was a good agreement
between the measured and modelled concentrations of NO; at individual exposure
levels (= 0.8, p > 0.001).

Paper IV

We measured home-outdoor, home-indoor, and personal NO, concentrations for 24
hours and seven days a week around 12" week of gestation during first trimester as
well as around 32" week of gestation during third trimester with Gradko
Environmental passive dosimeters (Gradko International Ltd., UK). The home-
outdoor measuring tube was installed on the most exposed fagade in the window or
a balcony. Home-indoor tube was placed near the bedside at participant’s home. The
personal exposure to NO; were measured using passive diffusion tubes installed on
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the shoulder strap of a backpack. The study participants were asked to carry the
backpack during the week-long measurement period. They were allowed to leave
the tube hanging at a minimum height of 1.5 m while they are at home, but instructed
to put on the backpack whenever they were going outside. All instructions for proper
installation (during COVID-19 lockdown) and usage were given by the trained field
workers.

Quality control measures were taken using at least two laboratory blank tubes in
each batch when samples were sent to the laboratory. As a reference NO, monitor,
two simultaneous tubes were installed at the urban background reference station of
Palau Reial for a week every month. There was a good agreement between the
reference NO, monitor and passive tubes (R>=0.88).

Statistical methods

Clinical outcome

Outcome variables including PE and SGA were created as secondary variables in
MAPSS on Paper I as well as in Paper II and I1I in accordance with their definitions.

In Paper 1V, the customized birth weight standard for a Spanish population was
adopted for estimating birthweight centile (Figueras et al., 2008). For FGR, CPR
centiles were estimated using normative reference values developed by Baschat and
Gembruch (2003). To following three criteria was adopted to subclassify small
babies to low-risk SGA or true FGR: (1) SGA in between 3™-9™ centile or SGA less
than 3" centile; (2) CPR doppler index more than 5™ centile or less than 5™ centile;
and (3) UtA pulsatility index less than 95" centile or more than 95™ centile,
respectively (Figueras & Gratacos, 2014).

Placental outcome

Paper Il and IV

Placental senescence was assessed based on the changes in placental relative
mtDNAcn and telomere length. In Study II (N=137 placental samples) and Study
IV (N=591 placental samples), placental DNA was extracted from the collected
biopsy of placental villious parenchyma using Allprep® DNA/RNA/miRNA
Universal kit from Qiagen, following the manufacturer’s instructions. Using a real-
time quantitative polymerase chain reaction (PCR), the target gene used to
determine mtDNAcn was MT-TL1 encoding the Mitochondrially Encoded TRNA-
Leu (UUA/G) 1 in Paper Il and MT-NDI encoding the Mitochondrial encoded
NADH dehydrogenase subunit 1 in Paper IV. For relative telomere length
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quantification, TELI and TEL?2 primers were used for Paper II, whereas in Paper IV,
TelC and TelG primers were used. The ratios of both mtDNAcn and telomere native
sequences copy numbers to nuclear single-copy reference genes (haemoglobin beta
(HBB) in Paper Il and haemoglobin subunit gamma gene (HBGI/ and HBG2
primers) in Paper V) were determined as relative mtDNAcn and telomere length,
respectively.

Paper 11T

Bisulfite treatment was performed on 500 ng DNA extracted from 111 placental
villous parenchyma using EZ-96 DNA Methylation kit v 1.1 (Zymo Research,
Irvine, CA, USA). Genome-wide DNA methylation analysis was conducted at the
Center for Translational Genomics (CTG), Lund University using Infinium
MethylationEPIC BeadChip (Illumina, San Diego, CA, USA) targeting over
850,000 CpG sites. Placental DNA methylation preprocessing and data analysis
were performed using the statistical software R and R packages ChAMP, minfi,
Planet (placental cell type and epigenetic clock), limma, and missMethy]l.

Only 17 extracted RNAs of all placental samples had RIN value over 7. At CTG,
total RNA library was prepared using the TruSeq® Stranded mRNA Library Prep
(20020594, Illumina, San Diego, CA, USA) and quality control was performed
using LabChip DNA High Sensitivity Reagent kit (CLS138948, Perkin Elmer,
Waltham, MA, USA) and DNA 1K/12K/Hi Sensitivity Assay LabChip (760517,
Perkin Elmer). Using the QuantlIT® dsDNA HS Assay Kit (Q33120, Thermo
Fischer, Waltham, MA, USA), the library pool was quantified and sequenced as
paired-end, 75-bp reads on a NovaSeq 6000 (Illumina). Raw data were processed
using the FastQC tool on the bel2fastq software (Illumina, San Diego, CA, USA)
and the reference genome sequence from the Ensembl database, the Human
GRCh38 as well as the StringTie software.

Data analysis

IBM SPSS Statistics software (IBM, Chicago, IL, USA), version 25 was used for
the statistical analyses of Paper I and II. The statistical software R, version 4.0.208

and 4.2.2 (The R Foundation for Statistical Computing) were used for Paper III and
V.

The continuous dependent variables (mtDNAcn, TL and birthweight) were tested
for normality first and in case of skewed distribution, it was log2-transformed.
Complete case analysis was applied in all studies by excluding all observations with
missing values in the categorical predictors. Based on a priori knowledge, maternal
age, maternal pre-pregnancy body mass index (BMI), season of birth and fetal sex
were the covariates adjusted for all studies (Bartsch et al., 2016; Casquero-Vera et
al., 2019; lodice et al., 2018; Martens et al., 2017; Pedersen et al., 2014; Phillips et
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al., 2004; Rudra & Williams, 2005; Silva et al., 2020; Wacker et al., 1998). Directed
acyclic graph was employed to select the covariates for adjustment in Paper I
(Figure 8). Mothers who had a history of smoking were excluded from the placental
molecular studies in Scania due to its known influence on DNA methylation (Lee
& Pausova, 2013) as well as its protective effect on PE (Cudmore et al., 2007; Wei
etal., 2015). In Barcelona study, we added “smoking anytime during pregnancy” as
a covariate for the analysis of association between prenatal NO, exposure and fetal
growth indicators. Other covariates adjusted for the models, but not exclusively in
all studies, include parity, gestational age, maternal country of birth, education level,
annual household income, child ethnicity, and maternal comorbidity (diabetes
mellitus, gestational diabetes, essential hypertension, and maternal alcohol
consumption during pregnancy.
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Figure 8. Directed Acyclic Graphs to guide the selection of potential confounders for the
association between the ambient air pollution and preeclampsia: (yellow) exposure; (blue with 1)
outcome; (red dot) common cause; (blue dot) ancestor (Mandakh et al., 2020).

In Paper I, binary logistic regression models were applied in univariate and
multivariable analyses for all pollutants during each trimester exposure period as
well as entire pregnancy. The effect size was reported in adjusted odds ratio (OR)
with 95% confidence interval (CI) for both linear-exposure increase and quartile-
specific exposure for all pollutants. In Paper II and III, for the association between
prenatal NOy exposure and risk of PE, adjusted OR with 95% CI were estimated
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using logistic regression. For the analysis of prenatal NOx exposure and placental
mtDNAcn or TL, linear regression model with same set of covariates were used to
report the regression coefficient with 95% CI as an effect estimate.

In Paper 111, to predict gestational age (GA) acceleration or deceleration, “control
placental clock” (CPC) was applied using the R package Planet by regressing the
predicted GA to the chronological GA (Horvath, 2013). If the residual value is
positive, the placenta ages faster than the normal physiological process and therefore
accelerating the placental epigenetic clock. In contrast, if it is negative residual
value, the placenta ages slower than expected and termed as GA deceleration. Linear
regression model was used to determine the GA acceleration/deceleration
differences amongst the PE and NOx combined groups.

Moreover, singular value decomposition (SVD) analysis was performed to identify
the covariates, including technical and biological variables, that were associated
with the DNAm. ComBat adjustments in ChAMP was applied to remove the
technical variations presented in the first and second principal components. From
the estimated placental cell type proportions, syncytiotrophoblast and Hofbauer
cells were included in the final regression model. In addition, pre-pregnancy BMI,
gestational age, fetal sex, and DNA concentration were included as covariates for
the final model. Differentially Methylated Positions (DMPs) were reported in M-
values (log, ratio of methylated and unmethylated probes) using linear regression
model adjusted with aforementioned covariates. The g-value determined by
Benjamin-Hochberg false discovery rate (FDR) method was used for assessing the
statistical significance level. In addition, fetal-sex stratified analyses were
performed. Furthermore, Interaction network and Gene ontology analyses were
performed for genes that had CpGs with ¢ <0.1 in the DMP analyses using
ConsensusPathDB and gometh function in the R package missMethyl. The final
gene expression analysis consisted of 18,524 genes. The R packages, limma and
Limma voom were used for differentially expressed genes analysis.

In Paper 1V, the associations between nitrogen dioxide (NO»), birthweight, SGA
and FGR were estimated using linear and logistic regression models adjusted for
covariates. For analysis of association between prenatal NO, exposure and placental
mtDNAcn and TL, linear mixed effects models were employed by considering the
random effects, including hospital of delivery and qPCR plate number.

To assess the mediatory role of placental relative mtDNA content or telomere length
in the association between prenatal NOy exposure and PE or prenatal NO; exposure
and fetal growth indicators in Paper I and IV, the standard Baron and Kenny (1986)
method of mediation analysis was employed. The mediation is tested through three
step regressions including, (1) the prenatal NOx or NO; exposure predicting the odds
of PE or fetal growth indicators, repectively (2) the prenatal NOx or NO; exposure
predicting the mediators, namely, placental relative mtDNAcn or telomere length,
and (3) prenatal NOx or NO, exposure and the mediators predicting the clinical
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outcome, including PE and fetal growth indicators. At first and second steps, the
associations should be statistically significant to conduct the third step. If there is
complete mediation, prenatal NOx or NO, exposure should not be statistically
significant whereas mediators are statistically significant. On the other hand, if there
is a partial mediation, the coefficient for prenatal NOx or NO, exposure should be
reduced after the mediator is controlled as compared to the coefficient in the first
step (Baron & Kenny, 1986).
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Summary of results

Paper 1

The incidence of PE was 1034 (2.9%) of CCA study population (N = 35,570).
Preeclampsia was more prevalent among pregnant women with the following risk
factors: obese (BMI > 30), gestational diabetes, and both essential and gestational
hypertension. Higher proportion of PE cases were observed for Nordic-born women
when compared with mothers born in other countries.

As shown in Table 1, each 1 pg/m’ increase in locally emitted BC during entire
pregnancy was associated with increased risk of PE (AOR 2.14; 95% CI: 1.48, 3.09,
p < 0.01). Similar patterns were observed for all trimesters as well as for each 5
ng/m’ increment in locally emitted PMa s and PMo at all exposure windows. Early
pregnancy exposure seems to be more prominent for the association with PE, as can
be seen from all statistically significant associations for all pollutants, including
long-range transboundary air pollution shown in the total PM> s and PM o results.
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Table 1. Adjusted odds ratios (AOR) from the complete case analysis (CCA) on the effects of maternal
exposure to ambient particles on risk for preeclampsia associated with a 1 ug/m?® increase in the
concentration of BC and 5 ug/m® increase in the concentration of local and total PM, s and PM;, (with the
intermediate variables? derived from DAGs) (Mandakh et al., 2020).

Entire pregnancy

First trimester

Second trimester

Third trimester

Exposure AORS (95% CI)  AORS(95% CI)  AORS (95% Cl) AORS (95% Cl)
Black 935/32341 970/33544 976/33475 982/33606
carbont (n/N) 2.14* 1.89** 2.08* 1,77+
(1.48, 3.09) (1.34, 2.65) (1.45, 2.98) (1.28, 2.45)
893/30892 962/33086 946/32547 979/33573
1
"°°7'nm’)'2'5 2.74% 2,01 211 1.78*
(1.68, 4.47) (1.34,3.02) (1.42, 3.13) (1.22, 2.61)
908/31033 973/33400 954/32610 972/33240
1
"°°a(‘|'1l':q“;” 0 1.50** 1.31% 1.32% 1.32%
(1.19, 1.89) (1.09, 1.58) (1.11, 1.58) (1.11, 1.57)
742/25050 909/31103 844/28468 827/27659
1
T°ta:n'7m2'5 1.08* 1.31% 1.14 1.27*
(1.27, 3.09) (1.06, 1.61) (0.92, 1.42) (1.03, 1.56)
909/31039 974/33411 954/32605 972/33240
b4
TOt?:qu“;” 0 1.40% 1.04% 1.10 1.11
(1.13,1.72) (1.09, 1.41) (0.97, 1.26) (0.98, 1.24)

?Intermediate variables are gestational diabetes, essential hypertension, gestational hypertension.

TEstimates are for each 1 pg/m?® increase of black carbon particles. *Estimates are for each 5 ng/m?®
increase of local and total PM,s and PM;,. SAdjusted for maternal age, body mass index, parity,
smoking, diabetes mellitus, gestational diabetes, essential hypertension, gestational hypertension,
maternal country of birth, education level, annual household income, fetal sex, year and season of
birth. *p-value < 0.05 as compared to the healthy controls. **p-value < 0.01 as compared to the healthy

controls.

Moreover, the association between both linear exposure trend and quartile-specific
exposure of BC, local PM; s and PMy, the risk of PE was pronounced when PE was

accompanied with SGA (Table 2).
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Table 2. Adjusted analysis for PE with SGA vs. PE without SGA in relation to the exposure quartiles of

local PM, s particles (ug/m®) during each window of exposure (Mandakh et al., 2020).

Local PMz's

Adjusted ORS (95% Cl)

Range, pg/m?® PE with SGA PE without SGA
Entire pregnancy 193/30192 700/27747

Linear (5 ug/m?) 4.33 (1.56, 12.04)** 2.56 (1.48, 4.43)**
Q1 (0.13 -0.96) Reference Reference

Q2 (0.96 — 1.50) 1.09 (0.69, 1.73) 1.18 (0.94, 1.49)
Q3 (1.50 - 2.08) 1.42 (0.92, 2.21) 1.24 (0.98, 1.57)
Q4 (2.08 — 7.52) 1.65 (1.06, 2.58)* 1.50 (1.19, 1.90)**
First trimester 209/32783 761/30148

Linear (5 ug/m?) 2.57 (1.13, 5.82)* 1.96 (1.24, 3.10)**
Q1 (0.09 - 0.89) Reference Reference

Q2 (0.89 - 1.42) 1.19 (0.77, 1.83) 1.01 (0.81, 1.25)

Q3 (1.42 - 2.11)
Q4 (2.11 - 10.68)

1.36 (0.89, 2.09)
1.59 (1.03, 2.45)*

1.21 (0.97, 1.50)
1.32 (1.05, 1.65)*

Second trimester 199/31800 747/29230
Linear (5 pug/m?3) 2.87 (1.26, 6.55)* 2.00 (1.28, 3.11)**
Q1 (0.08 — 0.88) Reference Reference

Q2 (0.88 — 1.40) 0.77 (0.49, 1.21) 1.03 (0.82, 1.28)
Q3 (1.40 — 2.09) 1.20 (0.80 1.81) 1.02 (0.82, 1.28)
Q4 (2.09 - 10.5) 1.29 (0.84, 1.99) 1.31 (1.04, 1.65)*
Third trimester 206/32800 773/30149
Linear (5 pug/md) 2.65(1.19, 5.92)* 1.65 (1.07, 2.53)*
Q1 (0.10 - 0.83) Reference Reference

Q2 (0.83 — 1.35) 1.71 (1.10, 2.65)* 1.20 (0.97, 1.49)
Q3 (1.35 - 2.05) 1.72 (1.10, 2.68)* 1.26 (1.01, 1.57)*

Q4 (2.05 — 9.64) 1.92 (1.21, 3.05)** 1.25 (0.99, 1.58)

SAdjusted for maternal age, body mass index, parity, smoking, diabetes mellitus, gestational
diabetes, essential hypertension, gestational hypertension, maternal country of birth, education
level, annual household income, fetal sex, year and season of birth. *p-value < 0.05 as compared to
the healthy controls. **p-value < 0.01 as compared to the healthy controls.

As shown in Table 3 in Paper I, the association between the exposure to locally-
emitted PM; s during the third trimester and the risk of PE showed a clear dose-
response relationship between quartiles with AOR (95% CI) being 1.27 (1.05, 1.55)
at second quartile, 1.32 (1.08, 1.61) at third quartile and 1.36 (1.10, 1.67) at fourth
quartile. Similar pattern was observed with local PM;o. When comparing the lowest
quartile of exposure to the highest quartile of exposure to ambient NOx, BC, local
PM, s and PM,, the significant association with increased risk of PE were found for
all exposure windows.
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Paper I1

Those exposed to higher NOy concentrations during the first trimester (> 11.9
ug/m*) had increased odds of developing PE (OR 4.0; 95% CI: 1.4, 11.1; p = 0.008).
Also, higher NOy exposure during entire pregnancy (> 12.0 pg/m?) was associated
with increased odds of PE (OR 3.7; 95% CI: 1.3, 10.4; p = 0.012). Those exposed
to higher NO, concentrations during the first trimester (> 11.9 ug/m*) had reduced
placental relative mtDNAcn (-0.20; 95% CI: -0.36, -0.04; p = 0.01). Placental
relative mtDNAcn did not appear to mediate the association between prenatal
exposure to ambient NOy and PE during first trimester. No association was observed
with placental relative TL with prenatal exposure to ambient NOy and PE.

Paper 111

Six DMPs (q < 0.05) were identified when comparing controls with low NOx
exposure to cases with high NOx exposure. 14 DMPs were identified when
comparing PE cases to controls with high NOx exposure. No differentially expressed
genes (q < 0.05) were found.

When comparing PE cases with high NOx exposure to normotensive controls with
low NOy exposure, hypomethylation of Y4PI was found. It may play a role in
trophoblast fusion and proliferation in PE, thereby potentially also contributing to
defective villous maturation and impaired placental function.

For those exposed to higher NO, concentrations (> 12.1 pg/m®) during early
pregnancy, PE cases had more hypomethylated DMP c¢g26672098, PEBP1 (cancer),
MICAL1 (cytokinesis), CD163 (Hofbauer cell in placenta) than controls. This
finding is consistent with the previous study in which hypomethylated DMP
cg26672098 was found to be associated with early-onset PE.

Placentas of pregnancies with female fetuses presented more DMPs (N = 309) than
male-derived placentas (N = 1). Female placentas had more hypomethylated
positions than male placentas.

Placentas from PE cases with high NOy exposure showed significant GA
deceleration compared to placentas from controls with low NOy exposure (beta =
—0.61, p=0.035, model R? = 0.03).
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Figure 8. Differences in GA acceleration between combined PE status and NOx exposure groups
(Engstrom et al., 2021)

Paper 1V

Each 1 pg/m® of home-outdoor NO; increase was associated with a decrease in birth
weight of 6.05 grams (95% CI: -10.4, -1.7, p=0.006) during entire pregnancy and of
5.3 grams (95% CI: -8.9, -1.6, p=0.005) during the first trimester. Moreover,
personal NO, exposure during first trimester was associated with increased odds of
SGA neonate (adjusted OR 1.033; 95% CI: 1.004, 1.062; p=0.02). Home-outdoor
NO; exposure during third trimester was associated with increased placental relative
mtDNAcn (1.003 fold-change, 95% CI: 1.0002, 1.006, p=0.038). Each 1 pg/m® of
home-indoor NO, increase was associated with placental relative telomere
shortening (0.997 fold-change, 95% CI: 0.995, 0.999, p=0.014). The odds of SGA
was associated neither with placental relative mtDNAcn (AOR 1.02; 95% CI: 0.52,
2.03; p = 0.94) nor placental relative TL (AOR 1.43; 95% CI: 0.54, 3.91; p = 0.47).
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Discussion

In a setting with fair air quality in Scania, the increased risk of PE and SGA were
associated with both linear exposure trend and quartile-specific exposure of ambient
particles and NOy. In a setting with moderate air quality in Barcelona, early
pregnancy exposure to ambient NO, measured by home-outdoor and personal
sensors were associated with lower birth weight and increased odds of having SGA
neonate, respectively. Although the mediatory role of placental mtDNAcn and
telomere length were not confirmed, prenatal exposure to ambient NOy and NO»
affect the placental aging process differently depending on the exposure
concentration and exposure period during pregnancy. We observed reduced
mtDNAcn and shorter TL in placenta in relation to exposure during first trimester,
whereas increased mtDNAcn in relation to NO; exposure during third trimester.
Prenatal exposure to ambient NOx during first trimester affected differential
placental DNA methylation in PE and NOx combined groups, resulting in placental
age deceleration and showing sexual dimorphism.

Our finding of gestational age deceleration in placentas from PE cases with high
NOx exposure indicated the effect of exposure rather than PE on placental
pathology. Previous studies have reported that placentas from pregnancies
complicated with PE have been found to be associated with accelerated placental
aging (Girchenko et al., 2017; Mayne et al., 2017). In contrast, the exposure to
ambient nitrogen dioxide was associated inversely with gestational age acceleration
(White et al., 2019), whereas PM,s exposure was positively associated with
circadian pathway genes (Nawrot et al., 2018). Growing body of literature on
molecular study of placenta found differential DNAm in PE placentas (Cirkovic et
al., 2020) as well as in relation to the exposure to ambient air pollution during
pregnancy (Neven et al., 2018). Prenatal exposure to ambient NO, during first and
second trimesters was associated with hypomethylation of two CpGs located at
ADORA2B (A adenosine receptor), a gene suggested to be involved in trophoblast
proliferation and invasion in PE (Abraham et al., 2018; Darashchonak et al., 2014).

Placental DNAm findings display sexual dimorphism in the occurrence of PE in
relation to early pregnancy exposure to ambient NO, in which placentas of
pregnancies with a female fetus had more hypomethylated positions than male
placentas. In singleton pregnancies, pregnancies with female fetus had higher
incidence of PE when compared with those carrying male fetus (Shiozaki et al.,
2011). Sexual dimorphic differences in PE have been confirmed by another meta-
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analysis, suggesting that preterm PE being more common among pregnancies
carrying female fetus than pregnancies with male fetus (Collaboration: et al., 2016).

Returning to the hypothesis posed at the beginning of this dissertation, it is now
possible to state that placental aging may be the underlying molecular mechanism
linking the association between prenatal exposure to ambient air pollution and
pregnancy complications including preeclampsia and small-for-gestational age
foetuses and neonates. Due to oxidative stress induced by ambient air pollution,
placental DNA differential methylation may lead to syncytiotrophoblast stress
whereas changes in placental mitochondrial DNA content and short telomeres
trigger placental senescence (Redman et al., 2022; Sultana et al., 2018). Trophoblast
senescence is a normal physiologic phenomenon and is expected to advance
gradually over the course of pregnancy until full term. However, under prolonged
stressors including mitochondrial stress and telomere shortening, increased
premature trophoblast senescence were observed for PE and FGR (T. Biron-Shental
et al., 2010; Sukenik-Halevy et al., 2016). Taken together, these mechanisms lead
to perturbance in placental aging that may contribute to the etiology of preeclampsia
and impaired fetal growth.

Several assumptions on confounding must be addressed when linking prenatal
exposure to ambient air pollution to preeclampsia and fetal growth. Systematic
reviews reported that cigarette smoking during pregnancy is associated with lower
incidence of preeclampsia compared to non-smokers (Conde-Agudelo et al., 1999;
Wei et al., 2015). One experimental study indicated that nicotine restored the
function of human umbilical vein endothelial cells treated with soluble fms-like
tyrosine kinase 1 (sFlt1) and soluble endoglin (sEng), the anti-angiogenic factors
that induce endothelial dysfunction in PE (Armaly et al., 2018; Mimura et al., 2010).
Another possible explanation is that carbon monoxide (CO) in the cigarette smoke
lowers sFItl and sEng in endothelial cells through heme oxygenase-1 and its
metabolite CO pathway (Cudmore et al., 2007). Prenatal chronic exposure to
cigarette smoke has been associated with altered DNAm in placental genes encoding
hypoxia and oxidative stress pathways (Suter et al., 2011).

Season of birth seems to be another important confounder for the association
between air pollution exposure and placental molecular mechanisms as well as
preeclampsia and birth weight. In Spain, NO, and NOx ambient concentrations
present clear seasonal trends with lower levels during summer compared to winter,
partially due to tropospheric ozone formation based on warmer temperatures,
extended sunlight and higher emissions of NOx from primary emission sources
including diesel vehicles (Casquero-Vera et al., 2019; Silva et al., 2020). Full-term
human placental gene expression analysis found increased expression of circadian
clock, vitamin-D receptor and hypoxia-related genes during winter births (Clarkson-
Townsend et al., 2020). Birth weight is significantly associated with season of birth
indicating higher mean birth weight in the summer months and low birth weight in
February (Day et al., 2015). Seasonal variation is also observed in the incidence
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rates of hypertensive disorders of pregnancy, particularly increased sunlight before
delivery was associated with decreased rates of pregnancy hypertension (Algert et
al., 2010).

To study the association between preeclampsia and prenatal exposure to air
pollution, central monitoring data have been used to model each individual exposure
using the dispersion model. The problem with using the central monitoring data is
high spatial variation of air pollutants over a short distance. Within the European
Study of Cohorts for Air Pollution Effects (ESCAPE), dispersion model estimates
of ambient NO; at residence level had a good agreement with land use regression
model estimates, probably due to NO; traffic sources in the urban areas contributing
to small-scale spatial variation (de Hoogh et al., 2014). However, dispersion model
estimates for ambient PM» s and PMo had less agreement with land use regression
estimates, suggesting difference in effect size in epidemiological studies employing
these models (de Hoogh et al., 2014). Considering this aspect, modelled NOy
concentrations are robust, while the results of prenatal PM,s and PM;, therefore
need to be interpreted with caution in Paper 1.

Gradkosampler tend to overestimate ambient NO, concentrations by 10% to 30%
when compared with chemiluminescence analyzers due to interconversion between
gas-phase NOy species in the diffusion tube body (Bush et al., 2001; Heal et al.,
1999; Yu et al., 2008). In addition to personal sensor measurement by passive
sampling tube, time-activity data was collected with follow-up questionnaire as well
as GPS tracking of movement collected with ExpoApp. The limitations concerning
this aspect was that it was prone to recall bias and the participants did not answer
the follow-up questionnaire completely.

Further research needs to investigate more closely the links between exogenous NOy
exposure and endogenous nitric oxide (NO) generation in pregnancies complicated
with PE and FGR. NO is synthesized physiologically by the nitric oxide synthases
(NOS) that catalyse the oxidation of L-arginine to L-citrulline and NO (Michel &
Vanhoutte, 2010; Palmer et al., 1987). Endothelial NOS (eNOS) is expressed
excessively on placental villous vessel endothelium as well as in
syncytiotrophoblast of placentas of pregnancies complicated with PE and FGR
(Myatt et al., 1997). Moreover, as a marker of eNOS, the total nitrite (NO,) and
nitrate (NOj3) concentrations were significantly increased in umbilical venous serum
of PE group when compared with normotensive controls, but not in maternal
circulation (Lyall et al., 1995). Oxidative stress and smoking among other factors
can down-regulate the release of NO by the endothelium (Michel & Vanhoutte,
2010). In state of increased levels of ROS, NO reacts with superoxide (O,) and
generates NO-derived free radicals, such as peroxynitrite (ONOO"), leading to
further degradation on bioavailable NO and endothelial dysfunction by nitrosative
stress (Leiva et al., 2016). In vitro study on metabolic fate of exogenous NOy on
human placental homogenates found higher NOx concentrations and the formation
of iron nitrosyl (FeNO) species in placental villous tissue collected from
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pregnancies complicated with FGR (Mukosera et al., 2020). It would be interesting
to assess the effects of ambient NOx or NO> exposure on both oxidative and

nitrosative stress in normal and pathologic pregnancies complicated with PE and
FGR.

Taken together, the findings of these studies have a number of important
implications for future practice. The reproductive health effects addressed at both
study settings with fair and moderate air quality strongly support the WHO
recommendations on updated global air quality limit values.
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Conclusions

In a setting with fair air quality in Scania, Sweden, prenatal exposure to ambient air
pollution was associated with increased risk of developing PE with or without SGA;

e The increased risk of PE associated with the linear exposure trend of
ambient particles indicates the importance of reducing PM levels.

e Ambient NOx exposure during the first trimester was associated with
reduced placental relative mtDNAcn and an increased risk of PE. Placental
relative mtDNAcn did not appear to mediate the association between
prenatal exposure to ambient NOy and PE.

e Early pregnancy exposure to ambient NOy affected differential placental
DNA methylation in PE and NOx combined groups, resulting in placental
immaturity and showing sexual dimorphism.

In contrast, in a setting with moderate air quality in Barcelona, Spain, prenatal
exposure to ambient NO, was associated with changes in fetal growth indicators as
well as in placental biomarkers;

e For home-outdoor sensor, each 1 pg/m’ of ambient NO, increase was
associated with a decrease in birth weight of 6.05 grams during entire
pregnancy and of 5.3 grams during the first trimester.

e Personal NO, exposure during first trimester was associated with increased
odds of SGA neonate.

e Placental relative mtDNAcn was positively associated with home-outdoor
NO; exposure during third trimester.

e placental relative telomere length was inversely associated with home-
indoor NO; exposure during first trimester.

Premature placental senescence and placental aging may be the underlying
molecular mechanism linking the association between prenatal exposure to ambient
air pollution and pregnancy complications including preeclampsia and small-for-
gestational age foetuses and neonates. Due to oxidative stress induced by ambient
air pollution, placental DNA differential methylation may lead to
syncytiotrophoblast stress whereas changes in placental mitochondrial DNA content
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and short telomeres trigger placental senescence. Taken together, these mechanisms
may contribute to the etiology of preeclampsia and impaired fetal growth.

Considerably more work needs to be done to determine the dose-response
relationship of exposure concentrations and the risk of PE and adverse birth outcome
to further explore the significant differences in molecular dynamics of placental
epigenetic and toxicity markers. Also, more information on both oxidative and
nitrosative stress in the placenta would help us to establish a greater degree of
accuracy on the association between ambient NOy and PE or SGA.
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