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SUMMARY

According to the World Health Organization, nearly one in four of total global
deaths is due to modifiable environmental stressors. Even before birth
environmental exposures influence the onset and progression of chronic diseases
later in life, which is referred to as the “Barker” or “Developmental Origins of
Health and Disease” (DOHaD) hypothesis. Among the most harmful environmental
risk factors are ambient particulate matter (PM) exposure and excess body fat. In
Belgium, almost half of the population suffers from overweight and around 14%

is obese.

Since the mechanisms driving environmental exposure-induced adverse health
effects are poorly understood, in this doctoral dissertation, we tried to further
elucidate underlying biochemical pathways by means of hypothesis-driven and
hypothesis-generating approaches. We focused on mitochondrial DNA (mtDNA)
content and telomere length, two molecular biomarkers of oxidative stress and
inflammation. We furthermore implemented transcriptomic analyses to create
new hypotheses concerning a biologically plausible link between PM exposure and
adverse health effects.

The specific objectives of this doctoral dissertation were:

1. To investigate the effect of maternal PM1o exposure during pregnancy on

birth weight and small-for-gestational-age

2. To assess sex-specific transcriptomic responses to particulate air pollution

exposure in newborns and in adults

3. To explore the sex-specific cross-sectional and longitudinal association of
peripheral blood telomere length and mtDNA content with two obesity

measures in a general adult population

4. To analyze the association between peripheral blood mtDNA content and
long-term PM; s exposure in a general adult population

A summary of each chapter is shown in Table 1. Findings of this PhD project
contribute to the international research investigating the impact of excess body
fat and the impact of ambient PM at current exposure levels on human health.
Promoting healthy weight by encouraging healthy food and physical activity in
daily life, and lowering PM exposure below the WHO guidelines will help to reduce

chronic diseases and mortality rates worldwide.



Table 1. Summary of this doctoral dissertation

Chapter Background What this study adds Conclusions and perspectives
Chapter 2 . Reduced fetal growth is associated with adverse e Among neonates born after 31 weeks of e Even below current European air quality
health effects later in life gestation, maternal PMio exposure is inversely standards, prenatal PMio exposure reduces birth
« Evidence for air pollution-associated effects on fetal associated with fetal growth weight and increases the risk of being small for
growth is cumulating o Most pronounced effects in moderately gestational age
o Inconsistency between study results regarding preterm babies (32-36 weeks)
effect size, exposure window, ... e Segmented regression analysis showed
strongest effects at lower PMyo levels
Chapter 3 . prenatal PM exposure is associated with o Gene expression of DNA damage and olfactory e This is the first whole genome mRNA expression
o reduced fetal growth and adverse birth outcomes signalling pathways were altered by respectively study in cord blood to identify sex-specific
o adverse health effects later in life long- and short-term PM2.s exposure in both pathways altered by PM2.s exposure
e Underlying molecular mechanisms largely unknown male and female newborns e The identified transcriptome pathways could
« Sex-specific PM responses are reported by previous e For long-term exposure in boys provide new molecular insights as to the
studies neurodevelopment pathways were modulated, interaction pattern of early life PMa2.s exposure
while in girls defensin expression was down- with the biological development of the fetus
e The impact of prenatal PM exposure on fetal regulated.
transcriptome profiles has not been assessed so far
e For short-term exposure we identified pathways
related to the mitochondrial function (boys) and
immune response (girls)
Chapter 4 ., Mitochondria are the main producers and targets of e Sex-specific transcriptome analyses « We identified mitochondrial genes and pathways

reactive oxygen species (ROS)

PM exposure has been linked with altered ROS
production and mitochondrial functioning

demonstrated that PM1o exposure is associated
with mitochondrial genome maintenance and
apoptosis for short-term exposure and to the
electron transport chain (ETC) for medium-term

exposure in women

associated with particulate air pollution showing
upregulation of energy producing pathways as a
potential mechanism to compensate for PM-
induced mitochondrial damage




Table 1. Summary of this doctoral dissertation (continued)

Chapter Background What this study adds Conclusions and perspectives
e Both PM exposure and mitochondrial damage are e For men, medium-term PMio exposure was
associated with several chronic diseases associated with the tricarboxylic acid cycle
e Studies investigating the impact of PM exposure on e In a distinct study population, we were able to
mitochondria-linked genes are scarce validate the association between PMio exposure
and expression of several ETC genes
Chapter 5 . Telomere length and mtDNA content are e Telomere length was inversely associated with e Our findings support the idea that restricting
o sensitive to oxidative stress and inflammation waist circumference weight gain during aging may decelerate
o implicated in the onset and progression of chronic ~ * 4-year change in telomere length was inversely telomere shortening and affect mtDNA changes
diseases associated with change in waist circumference over time, especially in women
« The effect of overweight and obesity on telomere A positive trend between 4-year change in
length and mtDNA content is unclear mtDNA and waist circumference in men and a
curvilinear association in women
Chapter 6 . MtDNA content is a molecular biomarker of oxidative e Long-term PM2.s exposure was inversely e Even below the European air pollution

stress, inflammation, and mitochondrial damage
MtDNA content has been associated with PM
exposure

o results were inconsistent with respect to the

direction of the effects

associated with peripheral blood mtDNA content,

especially in abdominal obese participants

Long-term PMa2.s exposure was inversely

associated with change in peripheral blood

mtDNA content over a follow-up period of £4

years

o Effects more pronounced in smokers and
participants with increasing waist

circumference over follow-up period

guidelines, PM exposure affects mtDNA content
Future studies should take into account possible
effect modification by (abdominal) obesity
measures and potential synergism between
smoking and environmental air pollution

exposure
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SAMENVATTING

Volgens de Wereldgezondheidsorganisatie is bijna een kwart van het aantal
sterfgevallen wereldwijd te wijten aan omgevingsfactoren. Al voor de geboorte
hebben omgevingsblootstellingen een impact op de ontwikkeling en progressie
van chronische ziekten later in het leven, ook wel de "Barker" of “DOHaD”
hypothese genoemd. Blootstelling aan luchtvervuiling en overgewicht behoren tot
de meest schadelijke risicofactoren voor ouderdomsgerelateerde ziektes. In Belgié

lijdt bijna de helft van de bevolking aan overgewicht en ongeveer 14% is obees.

Aangezien de intermediaire link tussen omgevingsfactoren en nadelige
gezondheidseffecten nog niet goed begrepen is, hebben we in dit proefschrift
verder onderzoek gedaan naar mogelijke onderliggende biochemische processen
met behulp van hypothesegedreven en hypothesegenererende methoden. We
hebben ons gericht op mitochondrién en telomeerlengte, twee moleculaire
biosensors van oxidatieve stress en ontsteking. Daarnaast hebben we
transcriptoomwijde analyses uitgevoerd om nieuwe hypotheses te creéren met

betrekking tot de link tussen fijnstofblootstelling en gezondheidscomplicaties.
De specifieke doelstellingen van dit proefschrift zijn:

1. Onderzoek naar het effect van prenatale fijnstofblootstelling op het
geboortegewicht en het risico om geboren te worden met een te laag

geboortegewicht voor de zwangerschapsduur
2. Analyseren van het effect van fijnstofblootstelling op het transcriptoom

3. Bestuderen van de geslachtsspecifieke cross-sectionele en longitudinale
associatie van telomeerlengte en mitochondriaal DNA (mtDNA)-inhoud

met overtollig lichaamsgewicht in een algemene volwassen populatie

4. Het verband analyseren tussen perifeer bloed mtDNA-inhoud en

langdurige fijnstofblootstelling in een algemene volwassen populatie

Een samenvatting van elk hoofdstuk wordt getoond in Tabel 1. Bevindingen van
dit doctoraatsonderzoek dragen bij aan het internationale onderzoek naar de
impact van overtollig lichaamsvet en luchtvervuiling op de gezondheid. Het
promoten van een normaal lichaamsgewicht door gezond te eten en het inplannen
van fysieke activiteit in het dagelijks leven, en het verlagen van de blootstelling
aan fijnstof tot onder de richtlijnen van de Wereldgezondheidsorganisatie, kunnen

bijdragen tot het stabiliseren van de chronische ziekte-epidemie.

Vi



Tabel 1. Samenvatting van dit proefschrift

Hoofdstuk

Achtergrondinfomatie

Wat deze studie bijbrengt

Conclusies en perspectieven

Hoofdstuk 2

Hoofdstuk 3

Hoofdstuk 4

Verschillende studies hebben aanwijzingen

gevonden dat luchtvervuilingsblootstelling

foetale groei vermindert

o Inconsistenties tussen studieresultaten met
betrekking tot effectgrootte,
blootstellingsvenster, ...

Prenatale fijnstofblootstelling is geassocieerd

met

o verminderde foetale groei en ongunstige
geboorte-uitkomsten

o nadelige gezondheidseffecten later in het leven

Onderliggende moleculaire mechanismen zijn

grotendeels onbekend

De impact van prenatale fijnstofblootstelling op
foetale transcriptoomprofielen is nog niet eerder

bestudeerd

Mitochondria zijn
o energieproducerende organellen

o de belangrijkste producenten en doelwitten

van reactieve zuurstofsoorten (ROS)

e Bij baby’s geboren na 31 weken zwangerschap

is prenatale fijnstofblootstelling negatief

geassocieerd met de groei van de foetus

o Meest uitgesproken effecten bij matig
premature baby's (32-36 weken)

Breekpunt analyse toonde de sterkste effecten

bij lagere fijnstofconcentraties

Genexpressie van DNA-schade respons en
olfactorische signaaltransductieketens werden
gewijzigd door respectievelijk lang- en
kortdurende prenatale fijnstofblootstelling bij
zowel jongens als meisjes

Langdurige fijnstofblootstelling was
geassocieerd met expressie van genen
belangrijk voor de neurologische ontwikkeling
(jongens) en expressie van defensine (meisjes).
Kortdurende fijnstofblootstelling was
geassocieerd met de mitochondriale functie

(jongens) en de immuunrespons (meisjes)

e Transcriptoomanalyses hebben aangetoond dat

fijnstofblootstelling geassocieerd was met
mitochondriaal genoomonderhoud en apoptose
voor kortdurende blootstelling, en met de
elektronentransportketen (ETK) voor

blootstelling op middellange termijn bij vrouwen

Zelfs onder de huidige Europese
luchtkwaliteitsnormen vermindert prenatale
fijnstofblootstelling het geboortegewicht en
verhoogt het het risico om geboren te worden
met een te laag geboortegewicht voor de

zwangerschapsduur

Dit is de eerste globale genexpressiestudie in
navelstrengbloed om geslachtsafhankelijke
pathways te identificeren die zijn veranderd
door fijnstofblootstelling

De geidentificeerde transcriptoom pathways
kunnen nieuwe moleculaire inzichten
verschaffen met betrekking tot het
interactiepatroon van prenatale fijnstof-
blootstelling met de biologische ontwikkeling

van de foetus

De geidentificeerde mitochondria-gelinkte
genen en pathways impliceren een opregulatie
van energie-producerende processen als een
mogelijk mechanisme om voor fijnstof
geinduceerde mitochondriale schade te

compenseren




Tabel 1. Samenvatting van dit proefschrift (vervolg)

Hoofdstuk

Achtergrondinfomatie

Wat deze studie bijbrengt

Conclusies en perspectieven

Hoofdstuk 5

Hoofdstuk 6

Fijnstof blootstelling is gelinkt aan gewijzigde
ROS productie en mitochondriale functie

Zowel fijnstof blootstelling als mitochondriale
schade zijn geassocieerd met verschillende
chronische ziekten

Studies naar de impact van fijnstof blootstelling
op mitochondria-gerelateerde genen zijn schaars

Telomeerlengte en mtDNA inhoud zijn

o gevoelig voor oxidatieve stress en ontsteking

o betrokken bij het ontstaan en de progressie
van chronische ziekten

Het effect van overtollig lichaamsgewicht op

telomeerlengte en mtDNA gehalte is onduidelijk

MtDNA inhoud is een moleculaire biomerker van
oxidatieve stress, ontsteking en mitochondriale
schade

Verschillende studies hebben een verband
aangetoond tussen mtDNA inhoud en fijnstof
blootstelling

o Resultaten waren inconsistent met betrekking

tot de richting van het effect

Bij mannen was fijnstof blootstelling op
middellange termijn geassocieerd met de
citroenzuurcyclus

We hebben verschillende ETK genen kunnen

valideren in een onafhankelijke studiepopulatie

Telomeerlengte was negatief geassocieerd met
de tailleomtrek bij volwassenen

De verandering in telomeerlengte over 4 jaar
was negatief geassocieerd met verandering in
de tailleomtrek

Een positieve trend tussen 4-jarige verandering
in mtDNA en tailleomtrek bij mannen en een

kromlijnige associatie bij vrouwen

Langdurige fijnstof blootstelling was negatief

geassocieerd

o met perifeer bloed mtDNA inhoud, vooral bij
abdominaal obese deelnemers

o met verandering in perifeer bloed mtDNA
inhoud over een opvolgingsperiode van + 4
jaar, vooral in rokers en deelnemers met
toenemende tailleomtrek gedurende de

opvolgingsperiode

Onze bevindingen suggereren dat het beperken
van de gewichtstoename tijdens het ouder
worden de natuurlijke telomeerverkorting kan
vertragen en de veranderingen in mtDNA
inhoud kan beinvloeden, vooral in vrouwen

We adviseren toekomstige longitudinale studies
om na te gaan of associaties verschillen tussen
proefpersonen met toenemend en afnemend

lichaamsgewicht over de opvolgingsperiode

Zelfs onder de Europese richtlijnen voor
luchtverontreiniging heeft fijnstof blootstelling
een invloed op mtDNA inhoud

Toekomstige studies kunnen best rekening
houden met mogelijke effect modificatie door
lichaamsgewicht en potentiéle synergie tussen

roken en luchtvervuilingsblootstelling
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CHAPTER 1

During the 20t century, considerable improvements in comfort and life
expectancies shifted the primary public health problems from infectious to non-
communicable (i.e. non-transmissible) chronic diseases including cancer,
diabetes, chronic respiratory diseases, and cardiovascular diseases. Each year, 17
million people die prematurely as a result of the global chronic disease epidemic.?
The invention of powered machines, vehicles, and electric appliances added to
pleasure and life comfort, however, they also had unanticipated side effects. A
sedentary lifestyle and increased calorie-dense food intake resulted in a tripling
of obesity rates in men and a doubling in women since 1975.2 In 2014, 39% of
adults were overweight and 13% were obese.3 High body-mass index and air
pollution exposure were ranked, respectively, seventh and fifth in the top leading
risk factors attributing to the global disease burden in 2016.# According to the
World Health Organization, 80% of all heart diseases, strokes and diabetes type

2 and 40% of all cancers are linked to preventable risk factors.?!

In order to ameliorate the continual increase in chronic diseases rates,
understanding and defining the “exposome” and the link with chronic diseases is
of utmost importance. As proposed by Dr. Wild in 2005, “the exposome
encompasses life-course environmental exposures (including lifestyle factors),
from the prenatal period onwards”.> Here we focus on two environmental health

treats: air pollution and obesity.

Exposures

Ambient air pollution

Since the Industrial Revolution, populations grew rapidly and emission of air
pollution by factories, fossil-fuel based vehicles and homes increased. However,
only after the occurrence of several acute episodes of lethal smog during the first
half of the 20% century, the hazards of air pollution were recognized. In December
1930, a major air pollution disaster occurred in the Meuse Valley, Belgium. A
temperature inversion just above the chimneys trapped particulate air pollutants
which originated mainly from coal burning. The extreme exposure to particulate-
smog made thousands of inhabitants ill and killed more than 60 people in five
days. © Eighteen years later, a similar event took place in Donora, Pennsylvania,

resulting in an estimated 20 deaths in five days.” Probably the most severe air

2



GENERAL INTRODUCTION

pollution episode happened in 1952 in London. The excess number of deaths, due
to acute and persisting effects of the 1952 London smog, was estimated at 12,000
between December 1952 and February 1953.8

The awareness of the potential impact of air pollution exposure led to European
regulatory guideline measures which remarkably improved air quality in most
European countries over the past decades. Nonetheless, ambient air pollution is

still one of the top risk factors for chronic disease burden.?®
Air pollution characteristics

Air pollution can be divided into two categories: primary air pollutants, emitted
directly from the source and secondary pollutants, formed by chemical
interactions amongst primary pollutants. Primary pollutants can originate from
natural (e.g. dust storms, forest fires, and volcanic eruptions) or anthropogenic
sources (e.g. chemical processes and fuel combustion). Furthermore, we can

classify air pollutants as gaseous or particulate pollutants.

A well-studied air pollutant in epidemiological studies is particulate matter 10
(PM1p), a complex mixture of small particulates and droplets, of organic and
inorganic substances, with an aerodynamic diameter below 10 um. Components
are both primary and secondary pollutants and include metals (e.g. lead, cadmium
and zinc), salts (e.g. sulfate, nitrates and sodium chloride), soil and dust particles,
organic compounds (e.g. polycyclic aromatic hydrocarbons), biological compounds

(e.g. allergens and endotoxins), and gasses (e.g. ammonia).10-12

The many emission sources of PM, which are hard to define, and the interplay
between pollutants with each other and the environment makes that the
composition and toxicity of particulate air pollution differs both spatially and

temporally.12 13

More recently, the focus of epidemiological studies has shifted from PMio to PMy 5.
PM, s is the fine fraction of PMig with a diameter below 2.5 ym that can penetrate
the peripheral regions of the bronchioles, and the ultrafine particles may cross the
lung epithelium and enter the bloodstream. From there, they can be transferred
to extrapulmonary target organs.'# Moreover, ultrafine particles may be inhaled
via the nose, enter the olfactory epithelium and can be further transported to the

olfactory bulb, and they may even reach the brain.>
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Health impacts of air pollution

Ambient air pollution is one of the leading environmental causes of the global
disease burden. According to the European Environment Agency, in 2014, air
pollution contributed to a total of 534,471 premature deaths in Europe, of which
11,181 in the Belgian population.t6

Heart disease and stroke are responsible for 80% of the premature deaths
attributed to air pollution, followed by lung disease and lung cancer.” PM was
classified as carcinogenic in humans by the International Agency for Research on

Cancer.18

It is recognized that the effects of air pollution in terms of human health depend
on endogenous factors such as sex, age, and genetic factors and exogenous
factors such as time spent outdoor, physical activity, and diet. Susceptible
population groups are identified as those with pre-existing heart or lung disease,
elderly, and children. Moreover, fetuses, which are indirectly exposed via the
mother, are at greater risk due to the high rates of cell proliferation, organ
development, the changing metabolic capabilities, the immature immune system,
and decreased capacity of detoxification and DNA repair during critical fetal
development stages.!® 20 Recent reviews2!-27 suggested that air pollution is
associated with adverse birth outcomes including low birth weight and preterm
delivery. A causal association between air pollution exposure and adverse birth
outcomes implies a large impact on overall public health given the widespread
exposure to air pollution and the fact that birth outcomes are indicators of the
health of newborns, infants and even have health implications later in life.?8 The
hypothesis that adult diseases may have their roots in early life is referred to as
the “Barker” or “Developmental Origins of Health and Disease” (DOHaD)
hypothesis.2° 30 Because of this well-known relation between pregnancy outcomes
and infant mortality and health status in later life, the contribution of air pollutants

to adverse birth outcomes is of great public health concern.
Air quality standards

The European ambient air quality directives report a European annual mean limit
value of 40 ug/m3 for PM;o and the daily mean PM;o concentration may not exceed
50 pg/m3 more than 35 times in a year. For PM3 5, the annual mean limit value is
25 pg/m3. The guidelines of the WHO, which are not obligatory, are much stricter.

4



GENERAL INTRODUCTION

The annual limit value is 20 pg/m?3 for PMjo and 10 yg/m?3 for PMa.s, and PM;yo and
PM..s may not exceed respectively 50 pg/m3 and 25 ug/m3 more than 3 times a

year.16

A European map of annual mean PM, s concentrations in 2015 is given in Figure
1_16
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Figure 1. Annual mean PMzs concentration in European countries, 2015. The red and dark red dots
indicate stations reporting concentrations above the European limit value (25 pg/m3). The dark green
dots indicate stations reporting values below the WHO air quality guidelines (10 pg/m3). Reprinted from

European Environmental Agency, Air quality in Europe - 2017 report.1®

Excess body weight

Besides ambient air pollution, excess body fat is a major risk factor in terms of
human health in our modern society as it increases the risk of several non-
communicable diseases.3! Excess body weight results from an interplay between
genetic, environmental, and behavioural factors.32 The sedentary nature of office
work, increased urbanization, the decreased role of active modes of transport,

and the emergence of the computer as an online networking and gaming tool
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resulted in considerable decreases in physical activity in adults and children. In
combination with increased intake of calorie-dense foods, modern lifestyle

resulted in an obesity epidemic in Europe.33
Health impacts of excess body weight

Some chronic diseases such as heart disease, type-2 diabetes, and certain cancers
have been strongly linked with obesity.3! Excess body weight is estimated to be
the main contributor for 80% of all type 2 diabetes cases, 35% of ischaemic heart
diseases, and 55% of hypertensive diseases among European adults.3*
Unfortunately, the rising trend in prevalence of obesity and obesity-related
diseases in the last decades is expected to continue during the next 20 years.3>
By 2030, the prevalence of cancers, cardiovascular diseases, and diabetes has
been predicted to reach an average of respectively 2,046, 4,672, and 3,990 cases
per 100,000 across Europe. Lowering the body mass index by 5% would lower the
prevalence of these diseases with respectively 2.1, 5.3 and 16.7% by 2030 across

Europe.
Measures of obesity

Overweight and obesity are defined as a body mass index (BMI) greater or equal
to 25 kg/m? and 30 kg/m?2, respectively. In 2014, 47.0% of adults (= 18 years
old) in the European union (28 countries) were overweight and 15.4% were
obese.3¢ Corresponding numbers for Belgium were 48.8% and 13.7%

respectively.

Whereas BMI is the official standard to diagnose overweight and obesity, it is a
measure to define the degree rather than the distribution of body fat. Abdominal
body fat deposition rather than the amount of total body fat is predictive for
obesity-related comorbidities.3” 38 Waist circumference, an index of abdominal
body fat deposition, is increasingly applied to assess obesity-related risk
complications. Abdominal obesity is defined as a waist circumference equal to or

higher than 102 cm for men and equal to or higher than 88 cm for women.3°

Molecular biomarkers

Biomarkers are referred to as measurable biological characteristics used to

indicate some biological state of certain cells, tissues or individuals. In the area of
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environmental health risk assessment, intermediate biomarkers of effect can be
used to gain insight in the molecular mechanisms by which environmental
exposures can alter human health. In recent years, growing interest has been
dedicated to the role of mitochondrial DNA content and telomere length, both
involved in cellular senescence, as potential mediators or biomarkers for chronic
non-communicable diseases. Besides targeted approaches, the ongoing evolution
in high-throughput omics technologies such as transcriptomics allows a genome-
wide perspective on the molecular mechanisms underlying the association

between environmental exposures and health effects.

Mitochondria

Mitochondria are the energy engines of cells and provide bioenergy in the form of
adenosine-5'-triphosphate (ATP) via oxidative phosphorylation. They are involved
in several fundamental metabolic and signalling processes including calcium
signalling and programmed cell death. Each cell contains 100 to several 1000
mitochondria (Figure 2).4%: 41 The inner membrane of the mitochondria harbours
the electron transport chains (ETC) which are responsible for the energy
production in cells. Electrons, resulting from fatty acid and carbohydrates
oxidation (tricarboxylic acid cycle), are transferred along the first four complexes
(complex I-1V) of the ETC, to oxygen, generating water (Figure 2). This electron
transfer results in a proton gradient, that is used by the ATP synthase to convert
adenosine-5'-triphosphate (ADP) into ATP. As such, mitochondrial dysfunction can
lead to energy deficits and eventually cellular dysfunction. Aside from a decreased
mitochondrial bioenergetics efficiency, mitochondrial dysfunction can lead to
increased premature electron leakage to oxygen, producing superoxide. This
reactive oxygen species (ROS) is converted to less toxic components by
antioxidant enzymes. In most cases this primary ROS is converted to hydrogen
peroxide by an antioxidant called superoxide dismutase. In turn, hydrogen
peroxide levels are maintained at low levels by glutathione peroxidase and
catalase which convert hydrogen peroxide to water and oxygen. However, a
disturbance in the balance between ROS generation and antioxidant defences due
to mitochondrial dysfunctioning leads to elevated oxidative stress and has

detrimental functional and structural consequences for cellular function.
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Figure 2. Schematic overview of the mitochondria, mitochondrial DNA and the electron transport chain.

TCA: tricarboxylic acid; NAD: nicotinamide adenine dinucleotide; Cyt c: cytochrome c; ADP: adenosine
diphosphate; ATP: adenosine triphosphate.

A unique property of mitochondria is that they contain their own DNA (mtDNA).
Each mitochondrion harbours 2-8 copies of mtDNA.4% 41 The human mtDNA is a
circular, double-stranded molecule and spans only 16,569 base pairs. It contains
37 genes encoding 22 transfer RNAs, 2 ribosomal RNAs and 13 polypeptides of
the ETC. However, the vast majority of the ETC proteins are encoded by nuclear
DNA and a tight interplay between nuclear and mitochondrial gene products is
necessary for mitochondrial maintenance. Other characteristics of mtDNA are the
polymorphic nature, maternal inheritance pattern and the high mutation rate; 10-
to 17-fold higher than the nuclear DNA.42 The immediate proximity of the ROS
generating ETC complexes, the lack of histones, and the limited repair
mechanisms contribute to its susceptibility to DNA damage. Accumulation of
mtDNA damage can cause disturbed mtDNA replication and elimination of
damaged mtDNA, and as such lead to decreased levels of mtDNA.43: 44 Alterations
of mtDNA content are considered as a surrogate marker of mitochondrial
functioning and damage.*> As dysfunction of mitochondria is linked with several
chronic age-related diseases such as diabetes, cancer, cardiovascular and
neurodegenerative diseases,*5-48 they are an important research topic in the field

of environmental health risk assessment.
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Telomere length

Telomeres, also functioning as a “mitotic clock” or “replicometer”, are DNA tandem
repeats of the sequence TTAGGG that cap the ends of mammalian chromosomes
and enhance chromosomal stability.*® As a consequence of the end replication
problem, telomeres become shorter every cell division until a critical stage is
reached which eventually leads to replicative cell senescence or apoptosis (Figure
3).%0. 51 Telomeres can be re-elongated by an RNA-containing reverse
transcriptase called telomerase.>2 Telomerase activity is necessary for survival of
continuously dividing cells such as germ cells, stem cells, and most cancer cells>3
54 which do not exhibit telomere shortening (Figure 3). However, telomerase is
not active in most differentiated somatic cells. In leukocytes, telomere length
decreases from approximately 10 kb at birth to around 8 kb at the age of 30
years.>® The rate of telomere shortening is much higher in the first years of live
than in adulthood, possibly reflecting the cellular proliferation rate>® 57
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Figure 3. Schematic overview of telomere shorting in germ and stem cells (red) and in human somatic
cells (green). If telomere length of somatic cells reaches a certain threshold (T), senescence is triggered.
The number of replications until senescence is referred to as the Hayflick limit (HL). However, if the cell
encompasses the senescence checkpoint, telomere shortening can continue leading to crisis. Somatic
cells that can compensate for telomere loss by e.g. telomerase activation can become immortal (blue).
The rate of telomere shortening (and consequently also the Hayflick limit) is affected by the cellular
balance between oxidative stress and anti-oxidative defence as indicated by the yellow triangle.
Adjusted from Von Zglinicki T. Trends Biochem Sci 2002;27:339-44.%8
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Besides telomere attrition by chronological aging, genetic background and
cumulative exposure to oxidative stress induced by environmental and lifestyle
factors, may accelerate telomere loss.>8-61 Telomeres, as guanine rich structures,
are highly sensitive to oxidative modification.%2: 63 Furthermore, telomeric DNA is
less efficient in the repair of single-strand breaks as compared to the bulk of the
genome. The resulting high frequency of single-strand breaks in telomeric DNA
interfere with the replication fork and as such cause telomere loss.>® Besides,
oxidative stress is observed to decrease telomerase activity in human leukemic
cancer cells,®* endothelial cells,5> © and vascular smooth muscle cells®’,
Experimental studies showed that targeting antioxidants directly to the
mitochondria or altering mitochondrial function and ROS production counteracted
telomere loss and extended lifespan.®8 6° Moreover, decreasing the generation of
superoxide anion in the mitochondria by mild uncoupling, reduced telomere

shortening.”®

Accelerated telomere shortening is associated with the aetiology of many chronic
age-related diseases including heart diseases,’! stroke,’? osteoporosis,’3
diabetes,’# and certain cancers’>. Telomere length may therefore contribute to the
field of environmental epidemiology as an important biomarker of cumulative
exposure to oxidative stress and a prognostic indicator of health complications

later in life.

Transcriptomic profiles

The emergence of omics technologies offers opportunities to identify new
biomarkers in the exposome context. Besides introducing novel candidate
biomarkers of exposure and effect, the implementation of omics in the field of
epidemiology may enhance mechanistic insight in chronic diseases and, via
pathway discovery, it may provide a leap forward in the elucidation of exposure-
induced adverse health effects.

To integrate omics technologies into life-course epidemiological health risk
assessment the meet-in-the-middle approach is often used.’® This approach gives
insight into biological plausibility. In an exposome context, the goal is to identify
intermediate biomarkers that are related to past environmental exposures and
that are prognostic for adverse health effects later in life. Therefore, in a first step,

the association between exposure and disease needs to be shown. Then, the
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association of both the exposure and the adverse health effect with the
intermediate omics biomarker needs to be assessed. In this doctoral dissertation
the meet-in-the-middle approach is applied by combining previous study findings
on the exposure-disease and biomarker-disease link with new evidence on the
relation between exposure and possible intermediate omics biomarkers. We
specifically assessed the transcriptome, which is defined as the complete set of
gene transcripts in a cell or a tissue. By utilizing microarrays, one can
quantitatively assess the responses of thousands of gene transcripts

simultaneously.

A challenge in the field of transcriptomics, and other omics, is to extract biological
insights from the generated high-throughput data. Pathway analyses may provide
a plausible biological interpretation of the transcriptomic dataset and are
especially useful in environmental observational studies where an exposure may

give non-significant responses at the single-gene level.””

As blood sample collection is relatively non-invasive and feasible in an
epidemiological setting, and the blood circulatory system serves as a connection
between environmental exposure and many target tissues, blood cells have been
suggested as a surrogate tissue to study molecular responses to environmental

exposures.’8 79

Sex-differential effects

Previous studies have shown sex-specific responses in the field of environmental
epidemiology. To further discuss potential underlying causes of sex disparities, it
is necessary to distinguish between sex and gender. Sex refers to the biological
component, defined via the chromosomal complement, and is reflected
physiologically by the reproductive organs and sex hormones. Gender on the other

hand comprises the behavioural, environmental, and social factors.

In the context of air pollution epidemiology, biological transport of environmental
pollutants has been shown to be influenced by sex-differential factors including
particle deposition,8® alveolar blood-gas barrier permeability,® and airway
hyperresponsiveness®?, Besides, hormonal influences on immune, inflammatory,
and oxidative stress responses may contribute to sex disparities in environmental

related health effects.83 Gendered explanations include work-related (co-
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)Jexposure, smoking behavior, and exposure and response to physiosocial
stressors that may all differ between women and men.8 In most observational
studies, PM is estimated at residential address or municipality which limits the
disparities in the distribution of exposure estimates between women and men.
However, the correlation between the estimated and the true PM exposure may

differ by sex and as such may contribute to the sex-specific associations.

For fetuses and newborns, we assume that sex-specific effects are caused by
biological sex differences including hormonal and chromosomal disparities.8>
Previously, Warembourg et al.8¢ reported sex-specific associations between

persistent organic pollutants and sex hormones in cord blood.

Regarding studies assessing obesity indices, sex-specific associations may be due
to gender disparities in smoking behavior, dietary intake, alcohol consumption,
physical activity and socio-behavioral factors. Biological explanations include
differing fat storage patterns, fat mobilization and metabolism, and responses to
both excess and insufficient fat stores.8” In adult epidemiological studies, it is
difficult to distinguish whether observed effect modification is due to sex or gender

differences.

Main objectives

In this doctoral dissertation, we studied the effects of environmental stressors on
biomarkers of chronic aging-related health effects including mtDNA content and
telomere length, and defined transcriptomic profiles within a life-course
epidemiology concept. We focused on ambient particulate matter exposure and
excess body fat, two of the most harmful environmental risk factors and both
linked with oxidative stress and inflammation. Because of feasibility, cost, and
time issues in following individuals over their entire lifespan, we combined studies
on data from birth and adult cohorts (Figure 4). The investigation of different life
stages may elucidate critical windows during which interventions may be effective.
As recommended by previous literature,® 8 we explored whether exposure-

response associations were sex-specific.
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The specific aims of this project were:

1.

To investigate the effect of maternal PMig exposure during pregnancy on

birth weight and the risk of being small-for-gestational-age. We assessed

effect modification by gestational age and potential non-linearity in the
shape of the association (chapter 2).

To assess sex-specific transcriptomic responses to particulate air pollution

exposure in newborns and in adults. First, we established newborn

transcriptomic signatures of gestational short- and long-term exposure to
PM;.s (chapter 3). Secondly, we performed transcriptome-wide analyses
to study genes and pathways reflecting mitochondrial responses to PMig
exposure in an adult cohort (chapter 4). Thereupon, 13 mitochondria-
associated genes were selected for further validation in an independent
validation cohort. Within the validation study, we additionally investigated

the association between PM exposure and mtDNA content.

To explore the sex-specific cross-sectional and longitudinal association of

peripheral blood telomere length and mtDNA content with two obesity

measures in a general adult population. BMI and waist circumference were

considered as obesity measures. Besides performing cross-sectional
analyses, we explored whether changes of obesity measures paralleled
changes of telomere length and mtDNA content over a follow-up time of
around 4 year. Smoothing plots were used to assess potential non-

linearity in the exposure-response association (chapter 5).

To analyze the association between peripheral blood mtDNA content and

long-term PM,.s exposure in a general adult population. We studied

potential effect modification by sex, smoking status, and waist

circumference (chapter 6).
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Available data

Study populations

Population-based birth registry data

Birth registry data assessed in chapter 2 were derived from two sources: the
independent and regionally funded Study Centre for Perinatal Epidemiology
(SPE)®% 91 and the Belgian civil birth registration. Since 1986, the SPE collects
data on births in all maternity units in Flanders and the University Hospital of
Brussels. Flanders is the Dutch speaking Northern part of Belgium with an area of
13,522 km?2 and a population of about six million people. It has 68 fully equipped
maternity units where 99.8% of all births occur. Besides, the SPE covers most of
the home deliveries. For each newborn of at least 500 g (or a gestational age of
at least 22 weeks when the birth weight is missing), an official perinatal form is
completed by the midwife. The form is sent to the SPE, where data are subjected
to an error detection program.??® Information on parental education and national
origin of the mother are recorded by the Belgian civil birth registration and linked
to the medical birth certificates of the SPE. Because this linkage is only available

from 1999 to 2009, we only considered births during this time period.

ENVIRONAGE (ENVIRonmental influence ON early AGEing)

Mother-child pairs are enrolled in the on-going ENVIRONAGE birth cohort when
they arrive at the East-Limburg Hospital in Genk (Belgium) for delivery.®? The
birth cohort was previously described in detail by Janssen and colleagues.®3
Briefly, participating mothers provide written informed consent for the collection
of biospecimens, including placental biopsies and cord blood samples, as well as
medical and lifestyle data. In the post-delivery ward the mothers complete study
guestionnaires to provide detailed information. On average, there are around
2000 live singleton births and 50 live twin births each year in the East-Limburg
Hospital. The overall participation rate of the ENVIRONAGE birth cohort is 61%.
In chapter 3, we considered a subset of 142 newborns, for which whole genome
mMRNA expression was measured, born between Friday 1200 hours and Monday
0700 hours from March 20t 2010 until March 9th 2014.
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FLEHS (Flemish Environment and Health Study)

Until now, three FLEHS campaigns were carried out (FLEHS I: 2002-2006, FLEHS
II: 2007-2011, FLEHS III: 2012-2015) and included in total 5825 participants
which provided informed consent.®* For each campaign, different age groups were
recruited: mother-newborn pairs, adolescents (10-15 years old), adults between
20 and 40 years old, and adults between 50 and 65 years old. The latter were
only considered in FLEHS I and FLEHS III.

In chapter 4, we selected a subset of 98 adults (50-65 years old) of FLEHS I for
whole genome microarray analysis and 169 adults (50-65 years old) of FLEHS III
for validation. Demographic data, lifestyle factors and health parameters were
provided through an extensive self-assessment questionnaire and blood samples
were collected by nurses. All participants were able to fill in Dutch questionnaires
and lived in the Flemish study area for five years (FLEHS I) or in Flanders for at
least 10 years (FLEHS III).

FLEMENGHO (Flemish Study on Environment, Genes, and Health
Outcomes)

From 1985 to 2004, FLEMENGHO recruited 3360 participants living in a
geographically defined area in the Northern part of Belgium. The recruitment
procedure was previously described in detail.®> The participants provided written
informed consent and were repeatedly followed-up. Clinical and biochemical
measures, and extensive study questionnaires were collected using the same
standardized methods in all examination phases. For chapters 5 and 6, we
considered participants aged between 18 and 90 years old, for which blood
samples were available and collected between 2005 and 2013. For 228 adults,
peripheral blood mtDNA content and telomere length were measured at two

examination days with around 4 years in between.

Exposure data

Average daily PMig and PM; s concentrations (ug/m3) were obtained from the
Belgian Interregional Environment Agency (IRCEL) and modelled at the level of
the municipality of residence (chapter 2) or for each participants’ residential
address (chapters 3, 4, and 6) using a spatial temporal interpolation method
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(Kriging)®® (chapter 2). In combination with a dispersion model (IFDM)®7-°° that
uses emissions from line sources and point sources, this model chain provides PM
values in a dense irregular receptor grid (maximum grid cell size of 25x25m)
(chapters 3, 4, and 6). It is expected that PM; s has stronger adverse health
effects than the coarser part of PMig. Therefore in chapter 3 and 6, PMys
exposure was chosen as the variable of interest. However, since PM, s data are
only available from 2005 onwards and PMio data already from 1997, we used PMio
data in chapter 2 and 4.
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CHAPTER 2

Abstract

Background: While there is growing evidence that air pollution reduces fetal
growth, results are inconclusive with respect to the gestational window of effect.
We investigated maternal exposure to particulate matter (PM1o) in association with
birth weight and fetus growth with a focus on the shape of the association and

gestational age at birth as a potential effect modifier.

Methods: The study population consisted of 525,635 singleton live births in
Flanders (Belgium) between 1999 and 2009. PM1o exposure at maternal residence
was averaged over various time windows. We used robust linear and logistic
regression to estimate the effect of PM1o on birth weight and small-for-gestational-
age (SGA). Segmented regression models were applied for non-linear

associations.

Results: Among moderately preterm (32-36 weeks) and term (>36 weeks)
births, we found significant lower birth weight with increased exposure for all
studied time windows. The estimated reduction in birth weight for a 10 pug/m3
increase in average PM;o during pregnancy was 39.0 g (95% CI 26.4 to 51.5) for
moderately preterm births and 24.0 g (95% CI 20.9 to 27.2) for term births. The
corresponding odds ratios for SGA were 1.19 (95% CI 1.07 to 1.32) and 1.09
(95% CI 1.06 to 1.12) respectively. Segmented regression models showed
stronger effects of PMyo on fetal growth at lower concentrations.

Conclusions: Maternal PMig exposure was significantly associated with a
reduction in fetal growth among term and moderately preterm births, with a
tendency of stronger effects for the latter and a flattening out of the slope at

higher PM1o concentrations.
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Introduction

The effects of air pollution exposure on the development of the fetus have become
an area of increasing focus. Fetal growth is an important indicator of
developmental problems and reduced growth is associated with diseases in
adulthood including an elevated risk for (1) cardiovascular problems such as
coronary heart disease and stroke,1%° (2) hypertension,%! (3) type 2 diabetes,102
and (4) mental issues resulting in an increased trend of prescriptions for

antipsychotics, antidepressants, and hypnotics/sedatives in young adulthood.103

Several studies investigated whether maternal air pollution exposure is associated
with adverse birth outcomes, such as low birth weight (LBW, <2,500 g), small-
for-gestational-age (SGA), premature birth (<37 weeks of gestation), birth
defects, and stillbirth.22 24 25 Most reviews concluded that there is growing
evidence for an association between prenatal exposure to air pollution and fetal
growth.22, 24, 25, 104, 105 Meta-analyses showed substantial heterogeneity between
studies that may result from differences in outcome definitions, air pollutants
considered, quantification of exposure, exposure windows, study populations and
regions, statistical methods, and (inadequate) adjustment for confounders.106-108
One of the recommendations is that the variation in effects by exposure window
should be further explored. The interpretation of air pollution effects on birth
weight is further complicated by the fact that they can reflect an influence on
length of gestation, on fetal growth, or both. To capture only the latter, most
studies have restricted their study population to term births. Moreover, the
majority of studies assumed that the effect of air pollution on fetal growth is linear,

whereas a few studies have suggested that this may not be the case.10% 110

Here, we investigated the association between fetal growth and maternal PMyq
exposure during different time windows of pregnancy, including some critical
exposure windows around the start and end of pregnancy. Relatively novel aspects
of this study are the investigation of the shape of the association and the
assessment of potential effect modification by gestational age. For the latter, we

stratified the analysis by gestational age group (<32, 32-36, >36 weeks).
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Methods

Data

The Study Centre for Perinatal Epidemiology (SPE) obtained information on all
births in Flanders. Flanders is the Dutch speaking Northern part of Belgium with
an area of 13,522 km? and a population of about six million people. It has 68
maternity units where 99.8% of all births (=500 g) occur. For each newborn of at
least 500 g, an official perinatal form is completed, mostly by the midwife, which
contains information on birth weight and gestational age. The form is sent to the
SPE, where an error detection program controls all data and feedback is
provided.?® The qualitative assessment of data obtained by the SPE showed that
there is less than 5% difference between electronic data and data derived from
medical files.?® Gestational age is counted as the number of weeks starting from
the first day of the last menstrual period and is corrected based on the measured
crown-rump length from the first ultrasound. Information on national origin of the
mother and education are gathered through linkage of the medical birth
certificates of the SPE with official birth declarations. Because this linkage is only
available from 1999 to 2009, we only considered births during this time period.
We restricted our study population to live-born singleton births delivered at 24-
44 weeks of gestation. Outcomes of interest in this study were birth weight and
SGA. Neonates were classified as SGA when the birth weight was below the 10t
percentile of the birth weight for a given gestational age and gender of the

newborn in the study population.

Average daily PMjo concentrations were obtained from the Belgian Interregional
Environment Agency (IRCEL). In the region of Flanders, nineteen monitoring
stations, situated on average 25 km apart from each other, have been in use since
1998. Daily levels of air pollution are interpolated by means of a land use
regression model (RIO), described by Janssen and colleagues.!!! This provides
interpolated air pollution estimates on a 4 x 4 km? grid. Since home address
information was not available due to privacy laws in Belgium, population-weighted
averages were calculated per municipality. Meteorological data consisting of mean
daily air temperature and relative humidity, measured at the central and
representative station of Uccle (Brussels, Belgium), were provided by the Belgian
Royal Meteorological Institute. Apparent temperature, an index of human
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discomfort incorporating relative humidity, was computed by using a standard

formula. 112 113

Maternal PMjp exposure and mean apparent temperature were averaged over
different time windows: the entire pregnancy, the two weeks around conception
(one week before until six days after conception), the two weeks after conception,
each of the three trimesters, and the last month of pregnancy. Average exposure
during the third trimester was only calculated for moderately preterm and term
births, because this time window is very short or non-existent for extremely
preterm births (<32 weeks). The research protocol was approved by the medical

ethics committee of the Hasselt University.

Statistical analyses

To study the association between fetal growth and PM1o, we applied robust linear
regression models for the continuous outcome birth weight and logistic models for
the binary outcome SGA. Since we expected the effects of PMjp exposure and
covariates on birth outcomes to depend on gestational age, analyses were
performed within the following three groups: extremely preterm (<32 weeks),

moderately preterm (32-36 weeks), and term (>36 weeks) births.

The shape of the association between birth outcomes and maternal PMo exposure
was explored by the use of smoothing plots (natural cubic splines with 4 degrees
of freedom). Because different exposure windows showed a breakpoint in the
dose-response curve with relatively linear effects before and after that point, we

additionally performed segmented (piecewise linear) regression analyses.

The choice of covariates adjusted for in the analysis was based on previous study
findings on this topic.114116 Models included indicator variables for year of birth,
season of conception (winter, spring, summer, autumn), parity (first, second,
higher-order birth), maternal age group (<25, 25-34, >34 years), marital status
(married, unmarried), maternal and paternal education (lower secondary or less,
higher secondary, higher education), national origin of the mother (Europe, Asia,
Middle-East, Africa, North-America, South-America, Oceania), province of
residence (West Flanders, East Flanders, Antwerp, Flemish Brabant, Limburg),
and a linear term for apparent temperature. For the regression models fitting birth
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weight, we additionally adjusted for infant’s sex and gestational age (linear and

quadratic term).

Population attributable fractions (PAFs) were calculated as the proportion of SGA
births that could be avoided if average maternal PMo exposure during pregnancy
was below 20 pg/m?3, which is the WHO annual guideline value.''? PAFs are
calculated with the formula PAF =Y, (OR._50 — 1)/O0R._5.118 119 OR._,, is the odds
ratio of SGA comparing a maternal exposure concentration ¢ with an exposure of
20 pg/m3.

In a secondary analysis, we examined whether specific subgroups were more
vulnerable to the effects of maternal PMio exposure. We stratified by gender of
the newborn, parity, maternal age group, maternal and paternal educational level,
and season of conception. Because of the small number of extremely and
moderately preterm births within subpopulations, these secondary analyses were

only performed in the term group.

A total of 122,936 births (19%) was not included in the final study population
because of missing values for at least one of the covariates in the model (2,399
missing values for marital status, 41,847 for maternal education, 69,492 for
paternal education and 55,492 for maternal origin). In a sensitivity analyses,
models without adjustment for aforementioned variables (one model for the total
population and one for the final study population) were used to examine the

impact of the exclusion of these births.

Estimates are reported for a 10 pg/m?3 increment in PM;o exposure. All analyses
were performed by using SAS version 9.2 (SAS Institute, Cary, North Carolina,
USA). A P-value less than 0.05 was considered significant.

Results

There were 672,261 live births in Flanders between 1999 and 2009. From these,
23,551 (3.5%) non-singleton births and a further 139 (0.02%) births with a
gestational age below 24 or above 44 weeks were excluded. After excluding
122,936 (19.0%) deliveries with missing information on one of the covariates, the
final study population consisted of 525,635 births. Mean birth weight was 3,350 g
and a total of 49,605 (9.4%) of newborns were SGA (Table 1). Of the 30,982
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(5.9%) preterm births, 27,912 (90.1%) were moderately preterm and 3,070
(9.9%) were extremely preterm. Most neonates were firstborn (46.6%) from
mothers between 25 and 34 years old (72.7%). Mean birth weight was lowest
(and the percentage of SGA babies was highest) for girls, firstborns, young
mothers, unmarried mothers, and mothers and fathers with low education.

Table 1. Descriptive statistics of the study population (n=525,635), Flanders, 1999-2009. Values are
percentages or means (10-90th percentiles)

% of all Mean birth weight [g]
Characteristic Value births (10-90th percentiles) % SGA
Total 100.0 3,350 (2,750-3,960) 9.4
Gestational age <32 weeks 0.6 1,259 (745-1,795) 9.6
32-36 weeks 5.3 2,592 (1,940-3,200) 9.5
>36 weeks 94.1 3,399 (2,850-3,980) 9.4
Gender Boy 51.3 3,413 (2,800-4,030) 9.4
Girl 48.7 3,284 (2,700-3,880) 9.5
Parity 1 46.6 3,279 (2,680-3,885) 11.9
2 35.4 3,408 (2,825-4,000) 7.2
>3 18.0 3,419 (2,795-4,060) 7.3
Maternal age <25 years 15.3 3,260 (2,660-3,865) 12.5
25-34 years 72.7 3,366 (2,770-3,970) 8.8
>34 years 12.1 3,371 (2,725-4,020) 9.5
Marital status Unmarried 31.1 3,296 (2,680-3,915) 11.5
Married 68.9 3,375 (2,780-3,980) 8.5
Maternal education Low 12.6 3,282 (2,650-3,925) 12.6
Medium 40.7 3,310 (2,700-3,930) 10.7
High 46.7 3,405 (2,820-4,000) 7.4
Paternal education Low 14.7 3,286 (2,660-3,920) 12.4
Medium 46.9 3,322 (2,710-3,940) 10.3
High 38.3 3,409 (2,830-4,000) 7.3
Maternal origin Europe 89.9 3,349 (2,750-3,960) 9.4
Asia 1.1 3,274 (2,680-3,890) 11.9
Middle East 3.6 3,321 (2,745-3,920) 10.5
Africa 4.9 3,410 (2,810-4,038) 8.5
North-America 0.1 3,449 (2,900-4,050) 5.0
South-America 0.4 3,337 (2,785-3,916) 8.8
Oceania 0.0 3,304 (2,710-3,880) 10.2
Season of conception Winter 23.5 3,346 (2,740-3,960) 9.6
Spring 25.0 3,344 (2,740-3,950) 9.7
Summer 25.4 3,356 (2,760-3,970) 9.2
Autumn 26.2 3,354 (2,750-3,970) 9.3

SGA: Small-for-gestational-age
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Table 2 provides the distribution of average PM;p exposures during the different
time windows. Average PMjo was close to 31 pg/m?3 for all windows. Trimester
exposures were highly correlated with entire pregnancy exposure (linear
correlation coefficient (r) >0.8) and moderately correlated with each other (r
between 0.5 and 0.7) (Table 3). Correlations between time windows around
conception and late pregnancy periods were low (r<0.4).

Table 2. Distribution of PM1o [g/m?3] exposure in different time windows during pregnancy, Flanders,
1999-2009

Percentiles
Exposure window Mean (SD) 5th 25th 75th 95th
Entire pregnancy 31.24 (-5.88) 22.42 26.76 35.53 41.46
Two wks around conception 31.52 (-9.60) 18.33 24.84 36.71 49.37
Two wks after conception 31.55 (-9.62) 18.34 24.87 36.74 49.40
First trimester 31.46 (-6.54) 21.56 26.73 35.84 42.78
Second trimester 31.25 (-6.70) 21.03 26.42 35.73 42.84
Third trimester 30.96 (-7.07) 20.09 25.86 35.60 43.32
Last month 30.87 (-8.18) 18.73 25.00 35.92 45.51

SD: Standard deviation

Table 3. Correlation coefficients between average PMio exposure in different time windows during
pregnancy, Flanders, 1999-2009*

Two wks Two wks

- Entire First Second Third Last
Exposure window around after X N X
pregnancy . . trimester trimester trimester month
conception conception
Entire pregnancy 1
Two wks around conception 0.53 1
Two wks after conception 0.56 0.75 1
First trimester 0.86 0.58 0.65 1
Second trimester 0.90 0.42 0.42 0.67 1
Third trimester 0.84 0.39 0.38 0.56 0.67 1
Last month 0.72 0.35 0.34 0.49 0.55 0.86 1

*P<0.001 for all correlations

Among moderately preterm and term births, we observed significant negative
associations between PM;o and birth weight for all studied time windows, whereas
we did not find any significant association among extremely preterm births (Table
4). Effects of PMig on birth weight were always stronger for moderately preterm
than for term births and were highest for entire pregnancy exposure in both

groups: for a 10 pg/m?3 increase in average PMjo during pregnancy, birth weight
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decreased by 39.0 g (95% CI 26.4 to 51.5) among moderately preterm births and
by 24.0 g (95% CI 20.9 to 27.2) among term births.

Smoothing plots of the association between PM;jp, and change in birth weight
suggested the existence of a breakpoint in the shape of the association, with
relatively linear slopes before and after the breakpoint. Slopes were steepest at
lower levels of PMio (below approximately 35 pg/m?3) and flattened out at higher
levels. The shape of the association is shown for entire pregnancy (Figure 1A) and
first trimester (Figure 1B) PMip exposure among term births. Supplementary
Figures S1 and S2 display the exposure-response curves for the other pregnancy
windows and gestational age groups. The decrease in slope above the breakpoint
was significant for all time windows among term births, and for the time windows
two weeks around conception and second trimester among moderately preterm

births. Estimates for the significant breakpoints varied from 29.8 to 40.5 ug/m?.
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Table 4. Association between birth weight and maternal exposure to PM1o in different time windows during pregnancy

Linear regression Segmented linear regression
Change in weight [g] Change in weight [g]
Change in weight [g] Breakpoint [pg/m3] P-valuet below breakpoint above breakpoint

>36 weeks (n=494,653)

Entire pregnancy -24.0 (-27.2to -20.9)* 35.4 (31.9to38.9) <0.0001 -28.3 (-32.3to -24.3)* -14.2 (-20.7 to -7.6)*

Two wks around conception -4.0 (-5.5to-2.8)* 29.8 (24.4 to 35.3) <0.0001 -10.9 (-13.0to -6.0)* -1.9 (-3.8to-0.1)*

Two wks after conception -5.0 (-7.0to -3.6)* 33.9 (28.61t039.2) <0.0001 -8.7 (-11.4to -6.1)* -2.0 (-4.2t00.2)

First trimester -14.8 (-17.4to -12.3)* 40.5 (37.9to43.1) <0.0001 -17.4 (-20.3 to -14.5)* 5.7 (-3.7 to 15.0)

Second trimester -16.6 (-19.1 to -14.0)* 31.2 (23.4to038.9) 0.041 -20.6 (-25.0to -16.1)* -14.2 (-17.7 to -10.7)*

Third trimester -14.8 (-17.2to -12.4)* 36.2 (31.7 to 40.7) <0.0001 -18.1 (-21.3 to -15.0)* -6.8 (-11.8to -1.7)*

Last month -8.8 (-10.6 to -7.0)* 31.9 (24.1t039.7) 0.013 -12.1 (-15.5to -8.8)* -5.9 (-8.7to-3.2)*
32-36 weeks (n=27,912)

Entire pregnancy -39.0 (-51.5to -26.4)* 32.6 (24.1to41.1) 0.071 N/A N/A

Two wks around conception -13.9 (-19.5to -8.2)* 31.5 (23.0to 40.0) 0.007 -29.1 (-41.5to -16.6)* -5.4 (-13.6to0 2.8)

Two wks after conception -11.7 (-17.3to -6.1)* 29.4 (18.7 to 40.1) 0.523 N/A N/A

First trimester -29.0 (-39.4 to -18.6)* 29.9 (15.7 to 44.0) 0.766 N/A N/A

Second trimester -26.0 (-36.5to -15.5)* 33.7 (26.9 to 40.4) 0.033 -38.0 (-53.3to-22.6)* -10.5 (-27.9to 7.0)

Third trimester -16.5 (-25.0 to -7.9)* 30.6 (2.2 to59.0) 0.690 N/A N/A

Last month -10.2 (-17.7 to -2.7)* 14.6 (11.4to 17.8) 0.344 N/A N/A
<32 weeks (n=3,070)

Entire pregnancy 6.5 (-18.8to 31.8) 30.6 (25.5to 35.8) 0.110 N/A N/A

Two wks around conception 0.5 (-12.6to 12.4) 44.6 (14.0to 75.1) 0.804 N/A N/A

Two wks after conception -5.5 (-17.4t0 6.5) 30.6 (20.7 to 40.5) 0.151 N/A N/A

First trimester 9.6 (-11.6 to 30.8) 26.6 (22.9to 30.3) 0.060 N/A N/A

Second trimester -1.8 (-23.9to 20.1) 43.1 (24.7 to 61.4) 0.620 N/A N/A

Last month 5.1 (-10.2to 20.4) 30.3 (23.6to037.0) 0.078 N/A N/A

Estimates (95% CI) are expressed as the change in birth weight for a 10 pg/m?3 increase in PM1o and are adjusted for year of birth, season of conception, parity, maternal age group, marital
status, maternal and paternal education, national origin of the mother, province of residence, apparent temperature, infant’s sex and gestational age.
*P<0.05

tSignificance of the change in slope above the breakpoint; N/A = Not applicable (slope change not significant)
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Figure 1. Shape of the association between term birth weight and maternal PM1o exposure during the
entire pregnancy (A) and during the first trimester (B). Estimates (solid line) and 95% CI (dashed lines)
represent the change in birth weight relative to the reference value of 20 pg/m3. PMio exposure was
modeled using a natural cubic spline with 4 degrees of freedom and estimates are adjusted for year of
birth, season of conception, parity, maternal age group, marital status, maternal and paternal education,
national origin of the mother, province of residence, apparent temperature, infant’s sex, and gestational

age.

Similar results were found when considering SGA as an outcome (Table 5). For
moderately preterm and term births, the association between SGA and maternal
PMio exposure was mostly significant (except for some time windows at the end
of pregnancy), but no significant associations were found among extremely
preterm births. Odds ratios for a 10 ug/m?3 increase in PM;o were highest for the
entire pregnancy time window: 1.19 (95% CI 1.07 to 1.32) for moderately
preterm births and 1.09 (95% CI 1.06 to 1.12) for term newborns. The population
attributable fraction for a decrease in average PM;o exposure during pregnancy to
20 pg/m?3 was 24% (95% CI 10 to 35) for moderately preterm SGA newborns and
13% (95% CI 9 to 16) for term SGA newborns. The decrease in slope after the
breakpoint was significant for the time windows entire pregnancy, two weeks after
conception, and second trimester among term births, and the time windows entire
pregnancy and last month among moderately preterm births. Estimates for the

significant breakpoints ranged from 27.2 to 40.0 pg/m3.
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Table 5. Association between SGA and maternal exposure to PM1o in different time windows during pregnancy

Logistic regression Segmented logistic regression
Odds ratio SGA Odds ratio SGA
Odds ratio SGA Breakpoint [pg/m3] P-valuet below breakpoint above breakpoint

>36 weeks (n=494,653)

Entire pregnancy 1.09 (1.06 to 1.12)* 27.2 (23.5to 31.0) 0.017 1.19 (1.10 to 1.28)* 1.07 (1.04 to 1.11)*

Two wks around conception 1.01 (1.00 to 1.02)* 30.0 (26.8 to 33.3) 0.098 N/A N/A

Two wks after conception 1.02 (1.01 to 1.03)* 31.5 (27.9to 35.1) 0.049 1.04 (1.02 to 1.07)* 1.01 (0.99 to 1.02)

First trimester 1.06 (1.04 to 1.08)* 35.5 (24.4to 46.5) 0.701 N/A N/A

Second trimester 1.07 (1.05to 1.10)* 29.1 (24.8to0 33.3) 0.007 1.13 (1.08 to 1.19)* 1.05 (1.02 to 1.08)*

Third trimester 1.04 (1.02 to 1.06)* 26.9 (22.0to 31.8) 0.193 N/A N/A

Last month 1.02 (1.00 to 1.03)* 31.5 (25.5t037.5) 0.382 N/A N/A
32-36 weeks (n=27,912)

Entire pregnancy 1.19 (1.07 to 1.32)* 34.5 (24.5to 44.5) 0.028 1.33 (1.14 to 1.53)* 0.98 (0.79 to 1.20)

Two wks around conception 1.09 (1.04 to 1.15)* 32.2 (16.2 to 48.2) 0.447 N/A N/A

Two wks after conception 1.07 (1.02to 1.12)* 14.3 (11.4to 17.1) 0.453 N/A N/A

First trimester 1.16 (1.06 to 1.27)* 54.4 (48.1t060.7) 0.248 N/A N/A

Second trimester 1.13 (1.03 to 1.24)* 51.5 (37.5to 65.6) 0.343 N/A N/A

Third trimester 1.04 (0.97 to 1.12) 17.8 (8.4 to 27.2) 0.215 N/A N/A

Last month 1.01 (0.94 to 1.08) 40.0 (32.1to047.9) 0.004 1.09 (1.00 to 1.18)* 0.77 (0.64 to 0.94)*
<32 weeks (n=3,070)

Entire pregnancy 0.96 (0.70 to 1.34) 23.3 (17.4t029.2) 0.054 N/A N/A

Two wks around conception 1.04 (0.89to 1.21) 14.9 (14.0to 15.7) 0.665 N/A N/A

Two wks after conception 1.12 (0.97 to 1.31) 68.2 (26.7 to 109.6) 0.697 N/A N/A

First trimester 0.98 (0.74 to 1.29) 26.1 (20.3 to 31.8) 0.069 N/A N/A

Second trimester 0.94 (0.70to 1.24) 17.0 (16.6to 17.3) 0.907 N/A N/A

Last month 0.96 (0.79to01.17) 31.7 (19.6 to 43.9) 0.101 N/A N/A

Estimates (95% CI) are expressed as odds ratios for the risk of small-for-gestational-age (SGA) for a 10 ug/m3 increase in PM1o and are adjusted for year of birth, season of conception,
parity, maternal age group, marital status, maternal and paternal education, national origin of the mother, province of residence and apparent temperature.
*P<0.05

tSignificance of the change in slope above the breakpoint; N/A = Not applicable (slope change not significant)
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Secondary analyses indicated that the association between birth weight and
maternal exposure to air pollution was stronger for increasing number of previous
births and weaker for increasing maternal age and parental education (Figure 2A).
The higher susceptibility of younger mothers was also observed for SGA (Figure
2B).

Models without adjustment for marital status, maternal and paternal education,
and national origin of the mother (supplementary Table S1) suggested that
estimates were fairly robust to the exclusion of subjects with missing covariate
information. In these models estimates of weight decrease were slightly lower for
the final study population than for the total study population among term births,
and vice versa among moderately preterm births. A comparison with results from
the main analysis showed that estimates of weight decrease were generally lowest
in the main analyses, except for some exposure windows among moderately

preterm births.
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Figure 2. Association of term birth weight (A) and small-for-gestational-age (SGA) (B) with average PM1o
exposure during pregnancy for different subpopulations. Estimates (point) and 95% CI (error bars)
represent the changes in birth weight (A) and odds ratios for SGA (B) for a 10 pg/m? increase in maternal
PMio exposure and were adjusted for year of birth, season of conception, parity, maternal age group,
marital status, maternal and paternal education, national origin of the mother, province of residence, and

apparent temperature and for birth weight (A) additionally for infant’s sex, and gestational age.
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Discussion

For infants born after 31 weeks of gestation, we observed significant associations
between in utero PMjp exposure and birth weight as well as SGA. The effects of
maternal PMjp exposure on both outcomes were considerably higher for
moderately preterm neonates (32-36 weeks) than for those born at term.
Susceptibility to air pollution was found to be higher for multiparous women and
for lower maternal age and parental education. For both birth weight and SGA,
the estimated breakpoint and the significance of the change in slope depended on
the studied time window. In general, significant breakpoints were estimated to lie
around 35 pg/m?3 and the estimated decrease in birth weight was largest for PMiq
concentrations below this level. Twenty seven percent of our study population had

an average pregnancy exposure above 35 pg/m3.

Effect modification by gestational age was also observed in the association
between second-trimester traffic-related air pollution (nitrogen dioxide, NOz) and
fetal growth restriction with a stronger effect among women subsequently
delivering preterm.120 However, these authors did not examine potential
differences in susceptibility between early and late preterm babies. We did not
observe a significant association between air pollution exposure and fetal growth
for extremely preterm births. Since most of the fetal growth occurs in the third
trimester, it might be that extremely preterm babies were born too early to see
the effect of air pollution on growth. On the other hand, term babies had a longer
time in utero to compensate for the effects of exposure, which might explain why

smaller effects were observed in term births than in moderately preterm births.

Our estimate for the decrease in birth weight associated with entire pregnancy
PMig exposure (for an increase of 10 pg/m3: 24.0 g, 95% CI 20.9 to 27.2) is
considerably higher than estimates from previous studies. A meta-analysis
including 7 studies showed a significant decrease in birth weight of 16.8 g (95%
CI 13.3 to 20.2) as entire pregnancy PMio exposure increased with 20 pg/m3.108
Dadvand et al.1°® combined effect estimates of 14 study centers established all
over the world and observed a significant decrease in birth weight of 8.9 g (95%
CI 4.6 to 13.2) for each 10 pg/m?3 increase in entire pregnancy exposure to PMo.

However, a pooled analysis of data from 14 population-based mother-child cohorts
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in 12 European countries showed no significant association between PMjp

exposure and birth weight (for an increase of 10 pg/m3: -8 g, 95% CI -19 to 3).12!

For SGA our results are consistent with a recent meta-analysis which found a
positive association between SGA and entire pregnancy exposure to particulate
matter with diameter less than 2.5 ug/m3 (PMz.s) (OR for an increase of 10 ug/ms3:
1.15, 95% CI 1.10 to 1.20).122 For PMjo, results of previous studies are
inconsistent. One study reported a significant association between SGA and PMjp
in the first gestational month (OR for an increase of 10 pg/m?3: 1.19, 95% CI 1.06
to 1.33) in Teplice.28 Another study showed an association between SGA and
exposure to PMjp in the second trimester, with an OR of 1.01 (95% CI 1.00 to
1.04) for a 1 pg/m?3 increase.'?3 Hannam and colleagues!?* found a significant
association between SGA and entire pregnancy PM;g exposure (OR for an increase
from the 1st to the 4th quartile: 1.14, 95% CI 1.01 to 1.29). Other studies!?>: 126

did not find significant associations between PMio exposure and the risk for SGA.

The variability among study results may be due to differences in confounder
adjustments, exposure assessment, study populations, and PM;o, composition.
Since the chemical composition of PM1g depends on the environmental air pollution
sources, it may vary both spatially and temporally. The variety of sources causing
the formation of PMig may also emit other air pollutants such as sulphur dioxide
(S0O2) and NO2, which may have contributed to the observed effects. Also, as we
found effect modification by variables such as parity, maternal age, parental
education, and gestational duration, a different distribution of these or other
variables between the studied populations could play a role in the observed

differences in effect estimates.

We did not only consider exposure during pregnancy but also periconceptional
exposure because air pollution may affect sperm cells and ova through genetic or
epigenetic mechanisms,2” and because placental methylation status at birth has
been found to depend on exposures around implantation.128 These early life
exposure windows were significantly associated with both outcomes. The high
correlation between entire pregnancy and trimester exposures hampers the
identification of the time window in which the fetus is most vulnerable to air
pollution. However, the observed effects tend to be higher for exposure in the first

trimester than for exposure late in pregnancy (third trimester and last month),
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especially for SGA and for moderately preterm births. The stronger association
observed for entire pregnancy exposure compared with other time windows might
indicate the importance of chronic exposure. However, because longer time
windows typically have a smaller range and lower variability in exposure values
than shorter windows, a 10 pg/m?3 increase in average PMjo for the entire
pregnancy is relatively larger than the same increase for a shorter exposure

window.

Some other studies investigated the shape of the association between adverse
birth outcomes and ambient air pollution. Some conducted a linear analysis after
an initial exploration of the shape.120 129 Ha et al.110 found a significant association
between birth weight and air pollution (S02, NO;, total suspended particles and
carbon monoxide) exposure in the first trimester. They allowed for nonlinear
associations but concluded that the relations were relatively linear, without
thresholds for concentrations of the pollutants. Similar to our study, Ballester et
al.1% showed a nonlinear association between birth weight and NO; exposure.
However, we found a flattening out of the slope of the association between birth
weight and PM;o at higher concentrations (above 30-40 pg/m3), whereas they
showed an increase in slope at higher NO, concentrations. A decrease in the effect
of exposure at higher exposure levels was also observed for outcomes such as
cardiovascular mortality,!3° lung and bladder cancer,'3! and respiratory epithelium
integrity.132 Weaker cardiovascular effects at higher particulate matter exposure
may be caused by the saturation of underlying biochemical and cellular processes
with small doses of harmful components.!33 Such saturation might also be the

cause of the non-linear association in the current study.

The long study period and the large study population of nearly 530,000 newborns,
including 30,982 preterm births, is a major strength of our study and enabled the
investigation of effect modification by gestational age and many other factors,
while maintaining sufficient statistical power. We observed effect modification by
a number of factors including parity, maternal age, and parental education. The
higher susceptibility observed for parents with lower education levels is consistent
with previous observations.!3* Further, we observed a stronger effect for babies
from young mothers (<25 years) compared to older mothers. Finally, we found
higher effect estimates for higher parity newborns (=2) than for firstborns. This

is compatible with the hypothesis of Ritz and Yu!3> that exposure misclassification
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is lower for parous mothers who tend to stay more at home to care for their other

children.

Although we controlled for a number of potential confounders, we did not have
information on some known important risk factors for birth weight and SGA. Birth
certificates did not provide any indication of maternal nutrition, drinking and
smoking behavior. On the other hand, a large number of important covariates was
taken into account: year of birth, season of conception, parity, maternal age
group, marital status, maternal and paternal education, national origin of the
mother, province of residence, apparent temperature, infant’s sex, and
gestational age. It is reasonable to assume that social economic indicators partly

account for nutrition and lifestyle.34

Another potential source of bias in our analyses is exposure misclassification. We
used interpolated ambient PM;o estimates at the level of the municipality (average
size of 43.9 km2) as a proxy for individual exposure since home addresses were
not available. However, this has several drawbacks. First, air pollution levels vary
locally such that pregnant women living close to a major roadway or other
pollution sources might be more heavily exposed than women living further away.
Secondly, we only considered outdoor PMig exposure, although indoor PMyq levels
might add considerably to the overall burden of exposure for some mothers. A
relevant indoor air pollution sources is environmental tobacco smoke.136-138
Exposure misclassification might also be caused by pregnant women spending
large amounts of time outside their municipality of residence.3° Further, maternal
residence is registered at the time of birth and women might have moved to
another region during pregnancy. Therefore, misclassification is expected to be
smallest later in pregnancy.197 The date of conception in our study was estimated
based on last menstruation and ultrasounds. An incorrect date of conception is
more likely to affect exposure averaged over smaller time windows, such as the
two weeks around and after conception. Finally, the exclusion of newborns with
missing data could bias the results. Nevertheless, sensitivity analyses showed that

our estimates were not altered by exclusion of subjects with missing data.

We expect that potential errors in PM1g exposure estimates are more or less the
same for different levels of PMio (non-differential misclassification), resulting in
an underestimation of effect estimates. In a study of Ostro and colleaguesi*?
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adjustment of exposure estimates for time-activity pattern information, such as
time spent outdoors, led to a 43% increase in the estimated effect of air pollution,
suggesting non-differential misclassification if exposure estimates were based on
fixed-site monitoring stations. Moreover, Wilhelm and Ritz!4! found stronger
effects of air pollution (CO, PMyg, and PM;.5) exposure if they limited their analysis
to women living within 1 mile of a monitoring station. This indicates that our

estimated effects of prenatal PMig exposure are likely to be underestimated.

Conclusion

Our study findings indicate that, at PM;o levels below current air quality standards,
prenatal exposure to particulate air pollution reduces birth weight and increases
the risk of babies being small-for-gestational-age, not only among infants born at
term, but even more strongly among babies born between 32 and 36 weeks of
pregnancy. Assuming causality, 24% of moderately preterm SGA newborns and
13% of term SGA newborns could be prevented if average PMio exposure during

pregnancy was decreased to 20 pg/m3.
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Supplementary material

Table S1. Association between birth weight and maternal exposure to PMio in different time windows during pregnancy, comparison of main analysis and
sensitivity analyses without adjustment for covariates with missing values

Change in birth weight [g]

Sensitivity analyses

Main analysist# Final study population# Total study population§
>36 weeks
Entire pregnancy -24.0 (-27.2 to -20.9)* -27.8 (-30.9 to -24.7)* -29.6 (-32.4to -26.9)*
Two wks around conception -4.0 (-5.5to-2.8)* -4.9 (-6.3to-3.5)* -5.7 (-7.0 to -4.5)*
Two wks after conception -5.0 (-7.0to -3.6)* -5.7 (-7.1to -4.3)* -6.6 (-7.9to -5.3)*
First trimester -14.8 (-17.4 to -12.3)* -17.7 (-20.2 to -15.1)* -19.8 (-22.1to -17.6)*
Second trimester -16.6 (-19.1 to -14.0)* -18.4 (-20.9 to -15.9)* -19.2 (-21.4to -16.9)*
Third trimester -14.8 (-17.2to -12.4)* -16.5 (-18.9 to -14.0)* -17.7 (-19.9 to -15.5)*
Last month -8.8 (-10.6 to -7.0)* -9.9 (-11.7 to -8.0)* -10.9 (-12.5to -9.2)*
32-36 weeks
Entire pregnancy -39.0 (-51.5to -26.4)* -40.3 (-52.8to -27.8)* -38.7 (-49.7 to -27.7)*
Two wks around conception -13.9 (-19.5to -8.2)* -13.4 (-19.1to -7.8)* -11.4 (-16.4 to -6.3)*
Two wks after conception -11.7 (-17.3to -6.1)* -11.7 (-17.3to -6.1)* -11.3 (-16.9 to -5.7)*
First trimester -29.0 (-39.4 to -18.6)* -28.9 (-39.3to -18.5)* -25.4 (-34.6to -16.2)*
Second trimester -26.0 (-36.5to -15.5)* -27.2 (-37.7 to -16.8)* -30.5 (-39.7 to -21.2)*
Third trimester -16.5 (-25.0to -7.9)* -16.8 (-25.3to -8.2)* -14.9 (-22.5to -7.3)*
Last month -10.2 (-17.7 to -2.7)* -11.0 (-18.5to -3.6)* -10.8 (-17.5to -4.1)*

Estimates (95% CI) are expressed as the change in birth weight for a 10 pg/m? increase in PM1o and are adjusted for year of birth, season of conception, parity, maternal age group,
province of residence, apparent temperature, infant’s sex and gestational age.

*P<0.05

TAdditionally adjusted for marital status, maternal and paternal education, national origin of the mother

+494,653 term births (>36 weeks) and 27,912 moderately preterm births (32-36 weeks)

§609,605 term births (>36 weeks) and 34,958 moderately preterm births (32-36 weeks)
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Figure S1. Shape of the association between birth weight and maternal PMio exposure during each of
the three trimesters of pregnancy, by gestational age group. Estimates (solid line) and 95% CI (dashed
lines) represent the change in birth weight relative to the reference value of 20 pyg/m3. PMio exposure
was modeled using a natural cubic spline with 4 degrees of freedom and estimates are adjusted for year
of birth, season of conception, parity, maternal age group, marital status, maternal and paternal
education, national origin of the mother, province of residence, apparent temperature, infant’s sex, and

gestational age.
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Figure S2. Shape of the association between birth weight and maternal PMio exposure during entire
pregnancy and during early and late pregnancy periods, by gestational age group. Estimates (solid line)
and 95% CI (dashed lines) represent the change in birth weight relative to the reference value of 20
pg/m3. PM1o exposure was modeled using a natural cubic spline with 4 degrees of freedom and estimates
are adjusted for year of birth, season of conception, parity, maternal age group, marital status, maternal
and paternal education, national origin of the mother, province of residence, apparent temperature,

infant’s sex, and gestational age.
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CHAPTER 3

Abstract

Background: Air pollution exposure during pregnancy has been associated with
adverse birth outcomes and health problems later in life. We investigated sex-
specific transcriptomic responses to gestational long- and short-term exposure to
particulate matter with a diameter < 2.5 um (PMy.5) in order to elucidate potential

underlying mechanisms of action.

Methods: Whole genome gene expression was investigated in cord blood of 142
mother-newborn pairs that were enrolled in the ENVIRONAGE birth cohort. Daily
PM;.5 exposure levels were calculated for each mother’'s home address using a
spatial-temporal interpolation model in combination with a dispersion model to
estimate both long- (annual average before delivery) and short- (last month of
pregnancy) term exposure. We explored the association between gene expression
levels and PM,s exposure, and identified modulated pathways by

overrepresentation analysis and gene set enrichment analysis.

Results: Some processes were altered in both sexes for long- (e.g. DNA damage)
or short-term exposure (e.g. olfactory signaling). For long-term exposure in boys
neurodevelopment and RhoA pathways were modulated, while in girls defensin
expression was down-regulated. For short-term exposure we identified pathways
related to synaptic transmission and mitochondrial function (boys) and immune

response (girls).

Conclusions: This is the first whole genome gene expression study in cord blood
to identify sex-specific pathways altered by PM,s. The identified transcriptome
pathways could provide new molecular insights as to the interaction pattern of
early life PMy. 5 exposure with the biological development of the fetus.
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Introduction

Changes in the transcriptome biology during fetal development can contribute to
disease susceptibility. The fetal developmental period is known to be highly
sensitive to environmental stressors causing alterations at different omic levels
which may result in increased risk of disease in adulthood.142-144 It has been
hypothesized that specific transcriptome profiles in response to gestational
exposure to fine particulate matter (PM) may not only act as signatures of
exposure but could also be potentially prognostic for exposure-related health

outcomes later in life.

Several observational studies corroborated the relationship between PM air
pollution and adverse birth outcomes, such as decreased fetal growth?22. 105,145 gnd
preterm birth146. 147 Furthermore, perinatal physiological parameters like newborn
systolic blood pressure were found to be associated with PM exposure during
gestation.'#® Gestational air pollution exposure may affect the fetus in two
different ways: 1) indirectly, through mediation by inflammatory effects on the
mother’s cardiorespiratory system and 2) directly, after translocation of (ultra)fine
particles via the mother’s bloodstream to the placenta. Wick et al. demonstrated
in an ex vivo human placental perfusion model that polystyrene particles with a

diameter up to 240 nm are able to cross the placental barrier.14°

There is suggestive evidence that prenatal air pollution exposure may be linked
to various adverse effects later in life such as cognitive and behavioral changes, 5%
151 cancer,152 153 and respiratory ailmentsi®* 155, In addition, some studies
reported sex differences in air pollution-related adverse health effects.1>6 157
Penaloza and colleagues®> showed that sex-specific effects of prenatal exposure
to environmental stressors are not only attributed to hormonal but also to
chromosomal differences. Another study reported sex-specific associations

between persistent organic pollutants and cord sex hormones.86

PM air pollution is an omnipresent environmental risk factor for public health in
large areas of the world, however, the impact of gestational exposure to PM air
pollution on fetal transcriptome profiles has not been assessed so far. In order to
elucidate potential molecular mechanisms underlying prenatal PM;s-induced

adverse health effects, we investigated sex-specific transcriptomic responses in
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cord blood as part of the early life exposome in the framework of the ENVIRONAGE
birth cohort.

Methods

Study population

Mother-child pairs were enrolled in the on-going ENVIRONAGE birth cohort
(ENVIRonmental influence ON early AGEing) following procedures previously
approved by the Ethical Committee of Hasselt University and the East-Limburg
Hospital (09/080U;B37120107805),%2 and complies with the Helsinki declaration.
All participating mothers provided written informed consent. Cord blood samples
were collected along with perinatal parameters such as birth date, gestational age,
newborn’s sex, birth weight and length. The mothers completed study
questionnaires in the post-delivery ward to provide detailed information on
maternal age, pre-gestational body mass index (BMI), maternal education,
smoking status, alcohol consumption, place of residence, parity, and ethnicity of
the newborn. Former-smokers were defined as those who had quit smoking before
pregnancy. Smokers were those who continued smoking during pregnancy. Based
on the native country of the newborn’s grandparents we classified his/her ethnicity
as European-Caucasian when two or more grandparents were European, or as
non-European when at least three grandparents were of non-European origin. We
asked the mothers whether they consumed alcohol during pregnancy. Maternal
education was coded as “low” (no diploma or primary school), “medium” (high

school) or “high” (college or university degree).

The ENVIRONAGE birth cohort had an overall participation rate of 61%. The
current study is based on a representative subgroup of the ENVIRONAGE birth
cohort including 150 newborns recruited from South-East-Limburg Hospital in
Genk (Belgium) born between Friday 1200 hours and Monday 0700 hours from
March 20t 2010 until March 9t 2014. The general characteristics of the mother-
child pairs did not differ from all births in Flanders as to maternal age, education,
parity, sex, ethnicity, and birth weight (See Table S1). Quality control of
microarray data resulted in exclusion of four newborns. Of the remaining 146

newborns, we excluded four newborns for whom no prenatal exposure (lived
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outside the study area) were available. This resulted in a final sample of 142

mother-child pairs.

Ambient PM; s exposure assessment

For each mother’s residential address, PM.s was calculated using a spatial
temporal interpolation method (Kriging) taking into account land cover data
obtained from satellite images (CORINE land cover data set) for interpolating the
pollution data collected in the official fixed-site monitoring network in combination
with a dispersion model (IFDM) using emissions from line sources and point
sources.’’?? This model chain provides daily PM,s values on a high resolution
irregular receptor grid (maximum grid cell size of 25x25m). Overall, model
performance was evaluated by leave-one-out cross-validation including 34
monitoring points for PMz5. In our study area, the interpolation tool explained
more than 80% of the temporal and spatial variability.®® We defined two exposure
windows of interest i.e. long-term (annual average before delivery) and short-
term (last month of pregnancy) exposure. Annual averages before delivery were
preferred to gestational exposure since annual averages are independent of
season of blood sampling, an important predictor of gene expression.>8 Moreover,
maternal PM; s exposure during the three months before conception may induce
maternal changes that may indirectly affect conception and the fetus and is thus
included in annual averages. One month was taken as a period reflecting short-
term exposure. Complete information was obtained for the residential address
during and before pregnancy. For those who moved during pregnancy (n = 19;
13.4%), we calculated the exposure allowing for the changes in address during

this period.

Meteorological data including mean daily air temperature and relative humidity
were measured at the federal official station and provided by the Belgian Royal
Meteorological Institute (Brussels, Belgium). Apparent temperature was averaged
over one week before delivery and categorized based on the 25%, 50t and 75%

percentiles.

RNA isolation

Total RNA was isolated from whole blood collected in Tempus tubes (ThermoFisher
Scientific, Waltham, MA, USA) using the Tempus Spin RNA Isolation kit (Life
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Technologies, Paisley, UK) according to the manufacturer’s instructions. RNA
yields were determined using the NanoDrop Spectrophotometer (Isogen Life
Sciences, De Meern, the Netherlands) and the quality was checked on an Agilent
2100 Bioanalyzer (Agilent Technologies, Amstelveen, the Netherlands). Samples
with RNA Integrity Number below 6 were excluded from further analysis. Samples

were stored at -80°C until further processing.

Microarray preparation, hybridization and preprocessing

An aliquot of 0.2 ug total RNA was reverse-transcribed into cDNA, labeled with
cyanine-3 following the Agilent one-color Quick-Amp labeling protocol (Agilent
Technologies) and hybridized onto Agilent Whole Human Genome 8 x 60K
microarrays. Microarray signals were detected using the Agilent DNA G2505C
Microarray Scanner (Agilent Technologies). Scan images were converted into TXT
files using the Agilent Feature Extraction Software (Version 10.7.3.1, Agilent
Technologies, Amstelveen, The Netherlands), which were imported in R 2.15.3
(http://www.r-project.org). An in-house developed quality control pipeline in R
software was used to preprocess raw data as follows: local background correction,
omission of controls, flagging of bad spots and spots with too low intensity, logz
transformation and quantile normalization using arrayQC. The R-scripts of the
quality control pipeline and more detailed information on the flagging can be found
at https://github.com/BiGCAT-UM/arrayQC_Module. Further preprocessing
included removal of genes with more than 30% flagged data, merging of replicates
based on the median, imputation of missing values by means of K-nearest
neighbor imputation (K=15) and correction for batch effects using an empirical
Bayes method.!%° For genes represented by multiple probes, only the probe with
the largest interquartile range was considered. The final dataset used for statistical

analyses contained 16,844 genes.

Data analysis

To study alterations in gene expression in association with long-term (one year
before delivery) and short-term (one month before delivery) exposure,
multivariable-adjusted linear regression was performed while accounting for
gestational age, season of conception, averaged apparent temperature over the
last week of pregnancy (categories: <4.4, 4.4-7.9, 7.9-14.1, >14.1 C°), parity
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(first, second, higher-order birth), maternal age, smoking status (never, past or
current smoker), maternal education (lower secondary or less, higher secondary,
higher education), ethnicity of the grandparents (European-Caucasian, yes or no),
pre-pregnancy BMI, newborn’s sex, long- or short-term PM;, s exposure, and the
interaction term between newborn’s sex and exposure. The interaction term was
included in the models based on previous evidence suggesting differential
responses between both sexes to environmental stressors during the perinatal
period. Also at gene expression level, several animal studies8> 160-163 gnd an
epidemiological study of Hochstenbach and colleagues!#® observed sex-specific
responses to prenatal environmental stress. For each sex, fold changes were
calculated for an increase in long-term PM3 s exposure of 5 pyg/m3 and for an
increase of 10 pug/m?3 in short-term PM; s exposure. A P-value smaller than 0.05
was considered significant. A principal component analysis was performed based
on the significant genes (P-value <0.05) for long- and short-term exposure for
both sexes. Partial correlation coefficients (R) were calculated between principal
component scores and long- and short-term PM; s exposure.

In a sensitivity analysis, we additionally adjusted for white blood cell (WBC) counts
and the percentage of neutrophils. However, due to blood clotting, data on these
two variables were missing for 31 newborns. Normally, at birth the amount of
WBCs ranges from 9-30 x 103/uL. One newborn was excluded due to an outlying
WBC count (>35 x 103/uL). We assumed data is “at least missing at random”.
Single stochastic regression imputation was performed in SAS using the FCS
statement in proc MI. For the WBC counts and percentage of neutrophils, we
included in the imputation model the covariates of the main model and,
respectively the top three significant genes related to WBC counts and neutrophil

percentage resulting from a complete case analysis.

Pathway analysis by ConsensusPathDB

Genes significantly (p <0.05) associated with PM, s exposure were uploaded into
the Online Overrepresentation Analysis Tool ConsensusPathDB
(http://consensuspathdb.org/)1%* of the Max Planck Institute for Molecular
Genetics, to identify pathways associated with PM;s exposure. A P-value

representing the pathway of smaller than 0.05 was considered significant.
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Gene Set Enrichment Analysis

The GSEA (Gene Set Enrichment Analysis) software tool (MSigDB, version 5.0)16>
166 was used to find pathways significantly correlated with PM, s exposure. Genes
were ranked by the logz-fold change. Subsequently, an enrichment score was
calculated reflecting the degree a pathway is enriched by highly ranked genes.
The statistical significance was estimated using a gene set permutation test with

false discovery rate (FDR) correction for multiple hypothesis testing.

Pathways with a Q-value (FDR adjusted P-value) below 0.05 and P-value smaller
than 0.005 were considered significant. Significant pathways were visualized using
plug-in EnrichmentMap of cytoscape 3.2.0 software (http://cytoscape.org)i®’. An

overlap coefficient of 0.5 was applied as similarity cutoff.

Results

Table 1 shows demographic characteristics and perinatal traits of the mother-child
group (n = 142). Mean maternal age was 29.3 years (range: 18-42 yr) and mean
(SD) pre-gestational BMI was 24.2 (4.6) kg/m2. Most women never smoked (n =
80), 36 women stopped smoking before pregnancy, whereas 26 mothers reported
to continue smoking during pregnancy (on average 8.6 cigarettes/day). More than
80% of the mothers never used alcoholic beverages during pregnancy. The
newborns, among them 76 girls (53.5%), had a mean gestational age of 39.7
weeks (range, 35.9-41.1) and comprised 70 primiparous and 59 secundiparous
newborns. About 90% of the newborns were Europeans of Caucasian ethnicity and
their mean (SD) birth weight was 3454 (431) g. Maternal exposure to PM; s over
one year (long-term) and one month (short-term) preceding delivery averaged
16.0 (range: 11.8-20.6) and 13.3 (range: 6.5-34.8) pg/m?3 respectively.

Gestational PM, s exposure and differential gene expression

A histogram of the percentage of genes associated with each of the covariates
included in the model (P-value <0.05) is given in Figure S1. The effect of long-
term gestational PM;s exposure (annual average before delivery) on gene
expression in cord blood revealed major differences between girls and boys. A
total of 1269 (7.5%) genes showed a significant interaction between fine particle

air pollution and the sex of the newborn. For girls and boys, this study identified
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respectively 724 and 1358 genes which were significantly associated with long-
term gestational PM, s exposure. Among these genes, 75 were differentially
expressed in both boys and girls (see Table S2). Supplemental Table S3
represents the top ten significant genes for boys and girls separately and their
fold changes for a 5 ug/m?3 increment in PM;_ s exposure.

Table 1. Demographic characteristics of the study
population and exposure (n=142)

Characteristic Mean (p10, p90) or n (%)
Mothers
Age, yrs 29.3 (24.0, 34.0)
Pre-gestational BMI, kg/m? 24.2 (19.5, 30.5)
Education
Low 15 (10.6%)
Medium 50 (35.2%)
High 77 (54.2%)
Smoking status
Never-smoker 80 (56.3%)
Former-smokers 36 (25.4%)
Smokers 26 (18.3%)

Alcohol consumption

No 119 (83.8%)
Occasionally 23 (16.2%)
Parity
1 70 (49.3%)
2 59 (41.5%)
=3 13 (9.2%)
Newborns
Sex
Boys 66 (46.5%)

Season at conception

Winter 38 (26.8%)

Spring 40 (28.2%)

Summer 37 (26.1%)

Autumn 27 (19.0%)
Ethnicity

European-Caucasian 124 (87.3%)
Gestational age, wks 39.7 (38.3, 41.1)
Birth weight, g 3454 (2910, 4045)

Exposure

Long-term@ PMz.s, ug/m3 16.0 (13.9, 18.3)
Short-term® PMz2.s, pg/m3 13.3 (8.0, 21.4)
Weekly apparent temp, °C 8.9 (2.4, 16.5)

2 Annual average before delivery.  Last month of pregnancy. P: percentile
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Figure S2A and S2B show the association of the first and second principal
component score with long-term PM; s exposure for girls and boys respectively.
Both principal components were significantly associated with long-term PM;s
exposure in both girls (PC1: P-value <0.0001, R=0.51; PC2: P-value =0.03, R=-
0.29) and boys (PC1: P-value =0.004, R=-0.40; PC2: P-value <0.0001, R=-0.63).

To identify potential short-term exposure effects on gene expression, we analyzed
the microarray data while using the mean PM; s exposure during the last month of
pregnancy. We observed 432 (2.6%) genes of which the expression in boys and
girls was differentially affected by exposure. For girls and boys, we identified 507
and 1144 genes respectively which were significantly associated with the last
month of gestational PM; s exposure. Of these, there were 55 significant genes in
overlap between boys and girls (See Table S4). The top ten significant genes for

each sex are given in Supplemental Table S5.

For boys, we found 180 genes significantly associated with both long- and short-

term exposure, while 113 genes for girls.

Figure S2C and S2D show the association of the first and second (third) principal
component score with short-term PM;. 5 exposure for girls and boys respectively.
The first principal component was significantly associated with long-term PMy s
exposure in both girls (PC1: P-value =0.0005, R=0.43; PC2: P-value =0.20,
R=0.17) and boys (PC1: P-value <0.0001, R=-0.58; PC2: P-value =0.28,
R=0.16). For girls, the third principal component was significantly correlated with
short-term PM; s exposure (PC3: P-value =0.01, R=-0.31) and is therefore given

on the y-axis in Figure S2C.

Overrepresentation analysis (ORA)

Newborn sex-specific PM;s associated effects were further explored with
overrepresentation analyses. The top 15 significant pathways with at least 15
measured genes and a total gene size of at most 500 genes are represented for
both sexes in Table 2 and Table 3 for long- and short-term PM,s exposure
respectively. For each pathway, gene symbols and an indication of down- or up-
regulation in association with PM; s exposure are given for the significant genes.
For pathways with the same contributing genes, only the most significant pathway

is shown.
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For girls, “"Generic Transcription Pathway” and “Defensins” were the top most
significant pathways in relation to long-term PM; s exposure including 22% and
79% down-regulated genes respectively (Table 2). Both a- and B-defensins,
involved in host defense and chronic inflammatory responses, were deregulated
by long-term PM, s exposure. Among the 11 measured genes specifically encoding
defensin peptides, 9 were down-regulated. Other significant pathways were
related to DNA damage response, cancer, signaling transduction, scavenging, and

the extracellular matrix.

For boys, the “Tumor necrosis factor (TNF) receptor signaling pathway” was most
significantly associated with long-term PM,s exposure (Table 2). Other top
significant pathways were mostly involved in the immune response or were related
to cancer or the nervous system. Long-term PM;s was associated with lower
expression of various genes of the ephrin family [e.g. ephrins (EPH) and EPH-
related receptors (EFN)] and members of the Roundabout (ROBO) family [e.g.
ROBOZ2 and ROBO3].

For the pathways “"Oncogene Induced Senescence”, “TP53 Network”, and “Bladder
Cancer”, we observed a down-regulation of tumor protein p53 (TP53) and an
increase of Mouse double minute 2 homolog (MDM2) expression, an important

inhibitor of TP53 transcriptional activation.

For girls, overrepresentation analysis for short-term PM; 5 exposure revealed
pathways related to transcriptional regulation, immune response, embryonic

development, cardiovascular system, and response to DNA damage (Table 3).

For boys, the top significant pathway for short-term PM; s exposure was “Lidocaine
(Local Anaesthetic) Action Pathway” which contains gene encoding voltage-gated
sodium channels in peripheral neurons (Table 3). Other significant pathways were
“Hedgehog ligand biogenesis” important for embryonic development,
“Tricarboxylic acid (TCA) cycle” responsible for energy production, and
“Neuroactive ligand-receptor interaction - Homo sapiens (human)” including
several neurotransmitter receptor encoding genes which are negatively associated

with short-term PM; s exposure.
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Table 2. Top 15 overrepresented pathways associated with long-term PMa2.s exposure for girls and boys

Effective/
Sex Pathway total size # | genes Contributing genes P-value
Girls
Generic Transcription Pathway? 367/478 80 Top 5 out of 33 significant genes: ZNF1241; MED161; KRBA11; 3.0E-06
ZNF205]; ZNF7201
Defensins 19/53 15 ART1|;DEFA3|; 5.7E-04
DEFB1|;DEFB1281;DEFA4|
Binding and Uptake of Ligands by Scavenger Receptors? 28/43 15 APOA1|; HPR|; HP|; HBA27; FTLt 3.6E-03
agrin in postsynaptic differentiation 39/47 18 EGFR?; PTK21; UTRNt; ITGB11; CHRM1| 1.5E-02
JAK-STAT? 39/43 15 PTK2t; ESR1|; ZAP701;PDK11; ITGB1t 1.5E-02
ATM Signaling Pathway? 15/18 7 ATM1;ATF21;RAD51 ]| 1.7E-02
Integrated Pancreatic Cancer Pathway 141/165 62 SERPINB10/;CAMP|;RAD51|;TYMS|;INHBA|; 1.8E-02
NTRK1|;ATM?;EGFR?
Transcriptional misregulation in cancer - Homo sapiens (human) 146/179 73 CEBPE|; CDKN2C|; EWSR1%; DEFA3|; HIST1H3]|; PTK21; 2.3E-02
ASPSCR1|; MPO|; NTRK1|; ELANE|; ATM?
BARD1 signaling events 29/29 17 RADS51 |;ATM?;EWSR11;UBE2D31 2.3E-02
Gastric cancer network 2 29/32 9 CACYBP1;AHCTF11;EGFR®;BRIX11 2.3E-02
Extracellular matrix organization 167/275 92 ITGB11; ELANE|; MMP17|; LTBP31; PLOD1t; CTSG|; CEACAM1|; 2.5E-02
MMP8|; CEACAM6|; CEACAM8|; COL17A1|
Urokinase-type plasminogen activator (uPA) and uPAR-mediated 32/45 15 CTSG|;EGFR?T;ELANE|;ITGB1t 3.2E-02
signaling
Downregulation of SMAD2/3:SMAD4 transcriptional activity 20/21 3 UBA521; TGIF2t; PPM1A?T 3.8E-02
JAK-STAT-Core 67/104 29 IL11RA?; IL12RB11; STAT41; MPLt; EGFR?; IL6ST? 4.1E-02
Boys
TNF receptor signaling pathway 44/48 29 IKBKB?; MAP4K5t; TAB21; TAB1|; MAP2K31; TNIK|; TNF|;  4.8E-03
IKBKG?; GNB2L1]|
Mercaptopurine Action Pathway 38/47 21 ATIC|; PAICS|; TPMT|; APRT|; ITPA|; ADA|; ABCC4|; ADSL| 6.5E-03
Primary immunodeficiency - Homo sapiens (human) 32/36 25 ICOS|; ORAI1|; CD40LG|; IKBKG?; ADA|; CD3D|; LCK]| 8.6E-03
the co-stimulatory signal during t-cell activation 18/21 13 CTLA4|; ICOS|; CD3D|; LCK|; ITK|  9.0E-03
FCERI mediated NF-kB activation? 19/63 13 IKBKB?1; TAB21; TAB1|; RASGRP1|; IKBKG? 1.1E-02
p73 transcription factor network 68/81 38 GNB2L1]; PFDN5%; PLPP1|; UBE4B1; TP73|; BAK1|; FOXO31; 1.2E-02
ADA|; MDM21; BIN1|; MYC|
Axon guidance - Homo sapiens (human)* 88/127 57 EPHB2|; EPHB3|; ROBO2|; PPP3R11; ROBO3|; EFNA4|; EFNA3|; 1.4E-02
ROCK11; EPHAL; ITGB11; RGS3|; ABLIM1|; SEMA4C|
Thiopurine Pathway, Pharmacokinetics/Pharmacodynamics 28/32 22 PRPS1|; TPMT|; NT5E|; ITPA|; ADA|; ABCC41 1.6E-02
T cell receptor signaling pathway - Homo sapiens (human) 91/104 59 DLG1t; CTLA4|; ICOS|; RASGRP1|; CD40LG|; ITK|; PPP3R11; 1.8E-02

IKBKB?t; TNF|; CDK4|; IKBKGY; CD3DJ; LCK|




Table 2. Top 15 overrepresented pathways associated with long-term PMa2.s exposure for girls and boys (continued)

Effective/

Sex Pathway total size # | genes Contributing genes P-value
Oncogene Induced Senescence? 29/31 13 TP53|; E2F2t; CDK4|; TFDP1t1; MDM2t; AGO31 1.9E-02
Regulation of nuclear beta catenin signaling and target gene 64/81 39 TCF7]; HDAC2|; TBL1XR11; AES|; CAMK4|; TNIK|; APCt; MYC|; 2.1E-02
transcription LEF1]; AXIN2|
TP53 Network 15/18 7 MDM21; TP53|; MYC|; TP73]  2.2E-02
Bladder Cancer 23/26 14 CDK4|; TYMP|; MDM21; TP53|; MYC| 2.6E-02
Stimuli-sensing channels 68/102 38 TRPV6|; CLCN3t; WNK2|; TRPM5|; CLCN71; ANO10|; TPCN11; 3.0E-02

BEST4|; WWP1]; WNK11
Amyotrophic lateral sclerosis (ALS) - Homo sapiens (human) 41/51 23 NEFH|; PPP3R1t1; TOMM40|; TNF|; BCL2L1t1; MAP2K31; TP53] 3.2E-02

# | genes: number of down-regulated genes. @ Pathways that remain significant in the sensitivity analysis.



Table 3. Top 15 overrepresented pathways associated with short-term PMz.s exposure for girls and boys

Sex Pathway Effective # | genes Contributing genes  P-value
/total size
Girls
mRNA Processing? 124/126 32 PTBP21; SRSF11; SFPQ?; SNRNP40t; CELF11; HNRNPU?1; TRA2B?; 1.9E-03
SRSF61; HNRNPH11; PRPF40A7
Ephrin signaling 16/22 5 NCK21t; SDCBPt; ARHGEF71 8.4E-03
Ectoderm Commitment Pathway? 87/129 30 PDE7A?; SDCBP?; MZF11; C1GALT1t NF21; OGTt; TSC22D11 9.1E-03
IL-4 Signaling Pathway? 52/53 27 IKBKB?; PTPN111; IL2RG|; ATF21; RPS6KB11 1.3E-02
Physiological and Pathological Hypertrophy of the Heart? 20/24 8 IL6STt; CAMK2D?; PPP3CB? 1.6E-02
miR-targeted genes in lymphocytes - TarBase 362/482 108 Top 5 out of 17 genes: MBNL11; SUCLG21; TGFBR21; GTPBP31; 1.9E-02
DMTF11
Basal transcription factors - Homo sapiens (human) @ 39/45 13 TAF81; GTF2H2C_21; TAF11; TAF117 2.1E-02
Spliceosome - Homo sapiens (human) 2 127/130 33 HNRNPU?; PRPF40A?T; RBM251; SNRNP401; THOC11; SRSF11; SRSF67; 2.2E-02
TRA2B?
Activated TLR4 signaling® 110/120 47 ATF21; SIGIRR?; IL6STT; PTPN11t; IKBKB?T; IRF31; UBE2D31 2.9E-02
Insulin Pathway 44/47 13 RPS6KB11; PTPN11t; NCK2t; EXOC71 3.0E-02
Salmonella infection - Homo sapiens (human) 68/86 38 PFN1}; RAB7A|; DYNC1H1%; WAS|; PKN2t 3.7E-02
Amphetamine addiction - Homo sapiens (human) @ 48/68 21 PPP3CB?1; CAMK2D?1; ATF41; ATF21 4.0E-02
Generic Transcription Pathway 367/478 91 Top 5 out of 16 genes: ZNF6251; ZNF37At; ZNF4191; ZNF205; 4.0E-02
ZNF121
Direct p53 effectors?® 123/147 47 PMS21; KAT2At; BNIP3Lt; TGFA|; PIDD11; AIFM21; HIC1| 4.9E-02
Boys
Lidocaine (Local Anaesthetic) Action Pathway? 19/31 13 CYP3A4|; CACNA2D2|; ATP1A4t; ATP1B11; ATP1B31; ADRALA| 9.9E-04
Signaling events mediated by PRL? 20/23 4 CDK21; BCAR1|; RABGGTA?®; PTP4A31; ROCK11t; ITGB1t 1.3E-03
Protein processing in endoplasmic reticulum - Homo sapiens (human)2156/168 36 Top 5 out of 19 significant genes: ATF41; SEC31A1; UBQLN3|; UGGT11; 6.2E-03
CRYAB|
Basigin interactions® 19/30 6 ATP1B31; SLC3A21; ATP1B1t; CAV1|; ITGB1t 6.3E-03
Morphine Action Pathway? 27/44 16 DNAJB11t; CACNA2D2|; ATP1A41; ATP1B1t; ATP1B31; ADRA1A| 6.9E-03
mRNA Splicing - Major Pathway? 116/131 14 Top 5 out of 15 significant genes: SMC1A?1; PCBP11; PRPF81; SNRPA|; 8.3E-03
CD2BP21t
Validated transcriptional targets of AP1 family members Fral and Fra230/37 11 ATF41; TXLNG?; LAMA3|; NFATC31; USF21; CDKN2A| 1.2E-02
Maturity onset diabetes of the young - Homo sapiens (human) 15/25 14 NR5A2|; PAX4|; FOXA2|; GCK| 1.4E-02
Hedgehog ligand biogenesis? 15/21 5 0S91; DISP2|; P4HB?T; VCPt 1.4E-02




Table 3. Top 15 overrepresented pathways associated with short-term PM2.s exposure for girls and boys (continued)

Sex Pathway Effective # | genes Contributing genes  P-value
/total size

Salivary secretion - Homo sapiens (human) 2 60/90 28 ADCY3|; ADRA1A|; NOS1|; GUCY1A31; PRH2|; ATP1A41; ATP1B1t; 1.5E-02
ATP1B31; ATP2B3|

Processing of Capped Intron-Containing Pre-mRNA? 147/162 18 Top 5 out of 17 significant genes: SMC1At; RANBP21; PCBP11; PRPF81; 1.5E-02
SNRPA|

G. alpha (s) signaling events?® 81/129 44 ADCYAP1R1|; CALCA|; PTH2|; ADCY3|; GNAZ|; TSHB|; INSL3|; 1.6E-02
TAAR2|; GHRHR|; GLP2R|; GNG13|

Neuroactive ligand-receptor interaction - Homo sapiens (human) 164/275 102 GABRG2|; GABRP|; NTSR2|; TAAR2|; TSHB|; CHRM5|; ADCYAP1R1|; 2.1E-02
GH1|; GHRHR|; HTR1B|; ADRA1A|; GLP2R|; THRA|; ADORA1};
CHRNA2|; LPAR11; OPRL1]; GRM5]

FOXM1 transcription factor network 34/42 10 CDK2t; XRCC1t1; CENPF1; NFATC31; TGFA|; CDKN2A| 2.1E-02

TCA Cycle 17/17 4 FH?1; MDH21; OGDH?t; IDH21 2.2E-02

# | genes: number of down-regulated genes. 2 Pathways that remain significant in the sensitivity analysis.
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Gene Set Enrichment Analysis (GSEA)

Clusters of functional related pathways, modulated by long- and short-term PM; 5
exposure, are presented in Figure S3 and S4 respectively. Each cluster is encircled
and assigned a label. Table 4 and 5 list the cluster labels and the corresponding
individual pathways which were significantly up- or downregulated by long- and
short-term PM; s exposure respectively. Table 4 shows the GSEA results for long-
term exposure in girls which were consistent with the overrepresentation analysis
for 1) the pathways “Defensins” and “Extracellular matrix organization”, which
both were down-regulated, and for 2) the pathways related to Transcription-
SMADZ2, 3, 4-TGFB which were up-regulated. Additional pathways were related to
the cell cycle ("FOXM1” and “Aurora B pathway”) and pathways containing genes

encoding histone peptides, ribosomal peptides, and olfactory receptors.

For boys, the top significant pathways modulated by long-term PM; 5 exposure
were all up-regulated (Table 4) and were related with cell cycle, plasminogen
activation system (UPA-UPAR pathway), execution phase of apoptosis, Ras
homolog gene family member A (RhoA) pathway, and regulation of gene
expression by histone deacetylase (HDAC) class III. The 18 “leading edge genes”
of the RhoA pathway included among others Diaphanous-Related Formin 1
(DIAPH1), Rho-Associated Coiled-Coil Containing Protein Kinase 1 (ROCK1), and
ROCK?2 of which the gene products are effectors of RhoA. Two of these effectors,
ROCK1 and DIAPH1 were significantly associated with long-term PM, s exposure.

Plasminogen activation system was also PM; s sensitive in girls (Table 2).

For girls, GSEA results for short-term PM, s exposure revealed significantly up-
regulated pathways related to ribosomes and significantly down-regulated
pathways related to the Rho pathway and olfactory signaling (Table 5). As found
before in girls for long-term exposure, both olfactory signaling and ribosome
related pathways were also significantly associated with short-term PM;s
exposure. The Rho pathway contained 12 “leading edge genes” including RHOA,
DIAPH1, LIM domain kinase 1 (LIMK1), Cofilin 1 (CFL1), several members of the
Rho guanine nucleotide exchange factors (ARHGEF) family, and genes encoding
subunits of the Actin Related Protein 2/3 Complex. However, none of these genes

were significantly associated with short-term PM; 5 exposure.
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For boys, there were 132 significantly up-regulated and 11 down-regulated
pathways by short-term PM,s exposure. Because of the large amount of
significant pathways, Table 5 represents only the pathways with both P-value and
Q-value smaller than 0.005. Most of the significant pathways were up-regulated
and linked to the cell cycle or ribosomes. Other up-regulated pathways were
related to the TCA cycle and DNA damage response including "BRCA1 Associated
RING Domain 1 (BARD1) pathway” and “Ataxia Telangiectasia Mutated (ATM)
pathway”. The 23 “leading edge genes” of the BARD1 pathway included among
others BARD1, Breast Cancer 1 Early Onset (BRCA1), and ATM. Note that "BARD1
pathway” and “ATM pathway” were also significantly associated with long-term
PM;.5 exposure in girls (Table 2). The RhoA pathway results were similar as those
for long-term PM,s exposure. DIAPH1 and ROCK1 were both significantly
associated with short-term PM; s exposure and contributed to the “leading edge
genes”. Down-regulated pathways were related to olfactory receptor signaling

pathways.

Sensitivity analysis

It has been reported that air pollution exposure can induce changes in WBC counts
in adults,68. 169 and changes in cord blood cell distribution might influence the
overall blood transcriptome profile. However, in our newborn cohort, we did not
find a significant association between PM,s exposure and WBC count and
neutrophil percentage in cord blood. Nevertheless, in a sensitivity analysis we
added WBC count and neutrophil percentage to the main model. For girls, 525
(72.5%) of the significant genes in the main analysis remained significantly
associated with long-term PM, s exposure after adjustment for WBC count and
neutrophil percentage. Overrepresented pathways of the main analysis that
remained significant in the sensitivity analysis are marked (@) (Table 2). For GSEA,
pathways related to defensins, histones (“"Amyloids”), extracellular matrix
organization, and olfactory receptors remained in the top most significant

pathways.
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Table 4. Pathways modulated by long-term PMz.s exposure for girls and boys resulting from GSEA

Sex Cluster label Source: pathway # genes Direction of

regulation
Girls Aurora B pathway PID: Aurora B pathway 36 DOWN
Core matrisome Matrisome: Naba core matrisome 142 DOWN
Defensins Reactome: defensins 18 DOWN
Extracellular matrix organization
Reactome: extracellular matrix organization 49 DOWN
Reactome: degradation of the extracellular matrix 18
FOXM1 pathway PID: FOXM1 pathway 32 DOWN
Histone related pathways
Reactome: amyloids 69 DOWN
Reactome: RNA polymerase I promotor opening 54 DOWN
KEGG: systemic lupus erythematosus 116 DOWN
Olfactory signaling
KEGG: olfactory transduction 124 DOWN
Reactome: olfactory signaling pathway 95 DOWN
Porphyrin metabolism KEGG: porphyrin and chlorophyll metabolism 25 DOWN
Ribosome related pathways
Reactome: peptide chain elongation 83 upP
KEGG: ribosome 85
Reactome: nonsense mediated decay enhanced by the exon junction complex 104
Transcription-SMAD2,3,4-TGFj
pathways
Reactome: generic transcription pathway 267 up
Reactome: downregulation of SMAD2, 3, SMAD4 transcriptional activity 18
Reactome: signaling by TGF-beta receptor complex 54
Boys Apoptotic execution Reactome: apoptotic execution phase 43 UP
Cell cycle
Reactome: cell cycle mitotic 290 up
Reactome: mitotic prometaphase 79

Reactome: DNA replication 176




Table 4. Pathways modulated by long-term PMz.s exposure for girls and boys resulting from GSEA (continued)

Sex Cluster label Source: pathway # genes D:?;::g;::
HDAC class III PID: HDAC class III pathway 22 upP
UPA-UPAR pathway PID: uPA uPAR pathway 30 UpP
RhoA pathway PID: RhoA pathway 37 upP

For cluster containing more than 3 pathways, only the top 3 significant pathways are given.

# gene: number of genes within a pathway. uPAR: Urokinase-type plasminogen activator (uPA) receptor; HDAC: histone deacetylase; FOXM1: forkhead box M1; RhoA: Ras homolog gene
family member A; PID: Pathway Interaction Database; KEGG: Kyoto Encyclopedia of Genes and Genomes



Table 5. Pathways modulated by short-term PM2.s exposure for girls and boys resulting from GSEA

Sex Cluster label Source: pathway # genes Dirree;jilgggrf
Girls Olfactory signaling Reactome: olfactory signaling pathway 95 DOWN
Rho pathway BioCarta: Rho pathway 28 DOWN
Ribosome related pathways
Reactome: nonsense mediated decay enhanced by the exon junction complex 104
KEGG: ribosome 85 vP
Reactome: 3’ UTR mediated translational regulation 102
Boys ATM pathway PID: ATM pathway 18 upP
BARD1 pathway PID: BARD1 pathway 29 upP
Cell Cycle
Reactome: DNA replication 176 up
Reactome: G2/M checkpoints 37
Reactome: cell cycle mitotic 290
ETC-TCA cycle
Reactome: TCA cycle and respiratory electron transport 113 up
Reactome: respir_atory electron_transpor_t atp synthesis by chemiosmotic coupling 79
and heat production by uncoupling proteins
M-calpain pathway BioCarta: M-calpain pathway 21 upP
Metabolism of mRNA and RNA
Reactome: metabolism of RNA 249 up
Reactome: metabolism of mRNA 204
Myc pathway PID: Myc activ pathway 76 UpP
Olfactory signaling
KEGG: olfactory transduction 124 DOWN
Reactome: olfactory signaling pathway 95
mRNA processing
Reactome: processing of capped intron containing pre mRNA 133 UpP
Reactome: mRNA processing 147
Response to elevated platelet oo, i me: response to elevated platelet cytosolic CA2* 66 up

cytosolic CA2*




Table 5. Pathways modulated by short-term PMa.s exposure for girls and boys resulting from GSEA (continued)

Sex Cluster label Source: pathway # genes Dirree;jilgggrf
Ribosome related pathways
Reactome: translation 141
Reactome: SRP dependent cotranslational protein targeting to membrane 105 vP
Reactome: 3’ UTR mediated translational regulation 102
RhoA pathway PID: RhoA pathway 37 UpP
Splicesome KEGG: spliceosome 123 upP

For cluster containing more than 3 pathways, only the top 3 significant pathways are given.
# genes: number of genes within a pathway. Rho: Ras Homolog gene family; TCA: tricarboxylic acid; ETC: electron transport chain; ATM: Ataxia Telangiectasia Mutated; BARD1: BRCA1
associated RING domain 1; Myc: v-myc avian myelocytomatosis viral oncogene homolog; PID: Pathway Interaction Database; KEGG: Kyoto Encyclopedia of Genes and Genomes
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For boys, 773 (56.9%) of the significant genes in the main analysis remained
significant after adjustment for WBC count and neutrophil percentage. GSEA
confirmed our main findings with pathways related to the cell cycle (Q-value <
0.25 and P-value < 0.005) including “Mitotic M-M/G1 phases”, “Cell cycle mitotic”,
and “Loss of Ninein-Like Protein (NLP) from mitotic centrosomes”.

Short-term PM;, s exposure

For girls, 433 (85.4%) genes which significantly correlated with short-term PM; 5
exposure in the main analysis were in overlap with the sensitivity analysis. Of the
top 15 significant enriched pathways for short-term PM, s exposure in girls (Table
3), nine pathways remained significantly overrepresented in the sensitivity
analysis. No significant up-regulated pathways resulted from GSEA, however,
ribosome related pathways had the most significant positive association with
short-term PM,s exposure. Pathways related to olfactory signaling remained

significantly down-regulated.

For boys, 1055 (92.2%) of the significant genes in the main analysis remained
significantly correlated with short-term PM, s exposure in the sensitivity analysis.
The most significant overrepresented pathway after adjustment for blood count
was proteasome complex of which all ten contributing genes were up-regulated.
Eight of these genes encoded proteasome subunits. Of the top 15 significant
pathways in the main overrepresentation analysis, ten pathways remained
significantly enriched in the sensitivity analysis (Table 3). GSEA revealed 134
significantly up-regulated and 13 down-regulated pathways. All pathways shown

in Table 5 remained significant except the “M-calpain pathway”.

Discussion

This is the first paper reporting neonate transcriptome signatures for long-term
and short-term gestational exposure to PM. Although epidemiological studies are
scarce, transcriptome alterations in early life may act in response to
environmental exposures heralding adverse health outcomes later in life. At the
gene level we observed in cord blood substantial differences in transcriptomic
responses between newborn girls and boys in association with air pollution
exposure during pregnancy. However, pathway analyses revealed alterations in

the immune and DNA damage responses in both sexes for long-term exposure.
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Considering short-term exposure (last month of pregnancy), significant pathways
were identified for both girls and boys which were related to olfactory receptors,
ribosomes, and DNA damage. For long-term exposure, we also found sex-specific
pathways including “axon guidance” and “RhoA pathway” for boys, while olfactory
receptor, cell cycle, ribosomal, and defensin-related processes were girl-specific.
Sex-specific pathways associated with short-term exposure in boys included
processes involved in synaptic transmission (“neuroactive ligand-receptor
interaction”) and mitochondrial energy production, and for girls immune response
pathways. Table 6 gives an overview of these biological processes altered by

gestational PM exposure.

Table 6. Overview of selected biological processes altered by gestational PM exposure

Long-term Short-term

Girls Boys Girls Boys

Nervous system

Neurotransmission

Neurodevelopment

Olfactory

Cell

Cell cycle

Ribosomal proteins

Histone proteins

RhoA

Mitochondrial energy
producing processes

Apoptosis

Protective response

DNA damage response

Defensins

Other immune

ORA, Overrepresentation Analysis; GSEA, Gene Set Enrichment Analysis
Gray: PMzs-related processes in the main analysis. SA: processes that remained significant in the sensitivity analysis.
(SA)1: most significant up-regulated pathways in the sensitivity analysis.
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Neural pathways

We suggest that the observed inverse association between gene expression of
olfactory receptors could be an early marker of the effects of fine particle air
pollution on the central nervous system. An association between air pollution
exposure and olfactory dysfunction has been suggested to be involved in the
development of various diseases such as Alzheimer and Parkinson’s disease.l70
Importantly, the functional role of gene expression of olfactory receptors in blood
parallels severity of head injury as indicated in patients suffering of traumatic

brain injury.17!

Besides olfactory receptor signaling, we identified other neurological pathways
affected by long- and short-term PM; 5 exposure in boys. Long-term exposure
down-regulated the expression of ROBO, EPH and EFN members which are
essential for axon guidance during neurodevelopment. Short-term PM, s exposure
altered expression of “Neuroactive ligand-receptor interaction - Homo sapiens
(human)” gene members including several types of neurotransmitter receptor
encoding genes such as gamma-aminobutyric acid (GABA) receptors, cholinergic
and glutamate receptors. Interestingly, all these contributing genes were
negatively correlated with PM; s exposure. In mice, decreased expression of
ionotropic glutamate receptor subunit in the hippocampus of offspring was shown
following gestational exposure to benzo(a)pyrene.'’? In rats, exposure to cigarette
smoke showed a dose-dependent decrease of GABA B receptor, 1 mRNA
expression in the hippocampus.l’3 Changes in neurotransmitter receptor
expressions early in life are predictive for cognitive dysfunction and behavior

deficits later in life.174
Genotoxic pathways

In adults, the increased risk in lung cancer associated with ambient air pollution
is suspected to be linked to genotoxic chemicals absorbed on PM, more specifically
polycyclic aromatic hydrocarbons (PAH),'”> and toxic metals e.g. cadmium?7é,
Fetuses are more susceptible to carcinogenic exposures due to their rapid cell
proliferation and differentiation, greater absorption and retention, immature
immune system, and decreased capacity of detoxification, DNA repair or
apoptotic.19 20 Micronuclei, a validated biomarker of cancer risk, are extranuclear

bodies originating from dividing cells that are formed by chromosomal breakage
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and/or whole chromosome loss.1’? A Danish birth cohort showed that micronuclei
frequencies, measured in cord blood, were elevated among newborns whose
mothers lived in high-traffic-density areas.'’® In our study, we identified several
pathways that may underlie the carcinogenic potential of air pollution in early life.
“ATM” and “"BARD1"” pathways were significantly modulated by PM, s exposure for
short-term exposure in boys and long-term exposure in girls. These pathways play
a central role in the response to DNA damage and may be important in the
potential of PMz5 to induce genotoxic stress. Jiang et al. found elevated ATM
expression in esophageal squamous cell carcinoma specimens of smokers

compared to non-smokers.17?

Other pathways related to DNA damage which were significantly associated with
long-term PM;5 exposure were “p73 transcription factor network”, “Oncogen
induced Senescence”, and “TP53 network” in boys only. At the gene level the up-
regulation of MDM2, a negative regulator of TP53, is in line with the inverse
association of long-term PMj s exposure and TP53 expression and its family
member TP73. In contrast to our observations, Rossner et al. reported positive
associations between p53 protein plasma levels and personal PAH exposure in city

policemen and bus drivers at work.180

Expression of these DNA damage responsive genes seem to be affected by PM; 5
exposure in a time dependent manner. It is plausible that deregulated gene
expression of key players of the response to DNA damage, as a consequence of
fine particle air pollution exposure, may increase the susceptibility to develop

cancer and other diseases later in life.
Hypertension related pathways

The positive association between expression of gene members of the RhoA
pathway, which are important for cytoskeleton organization, and gestational long-
and short-term PM; 5 exposure for boys supports the idea that air pollution can
activate the Rho/ROCK pathway!8!/ 182 potentially through increased production of
reactive oxygen species (ROS)83, Our findings are consistent with those of Sun
et al. who found increased expression levels of ROCK1 but not ROCK2 and RhoA
in PM, s-exposed rats compared with rats exposed to filtered air after they were

infused with angiotensin II1.182 Along similar lines, evidence in mice indicated that
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the RhoA/ROCK pathway plays a fundamental role in PM; s-mediated myocardial
remodeling and hypertension.84

Immune response pathways

Sex-specific pathways included “defensins” for girls. Most of the genes encoding
defensin peptides were down-regulated with increasing long-term PM; s exposure.
Defensins are host defense peptides with antibacterial activity and represent
major components of innate immunity. Two subfamilies of defensins, a- and B-
defensins, are present in humans: a-defensins are mainly stored in granules of
neutrophils and intestinal Paneth cells, while B-defensins are expressed in various
epithelial cells. Interestingly, the gene expression of elastase (ELANE) and
cathepsin G (CTSG) [proteases interacting with precursors of a-defensins,!8>]
were in the current study also significantly down-regulated and are members of
the overrepresented “Urokinase-type plasminogen activator (uPA)” and “uPAR-
mediated signaling pathway” (Table 2). Previous studies found a negative
association between B-defensin gene expression and residential fly ash, one of the
residues generated by oil combustion and being a potential component of PM, 5.186:
187 Decreased levels of antimicrobial peptides, including defensins, may result in

higher susceptibility to infections as observed in preterm neonates.188: 189

For boys, several immune response pathways involved in both TNF-NF-KB
(nuclear factor of kappa light polypeptide gene enhancer in B-cells) and T cell
receptor signaling were associated with long-term PMys exposure. After

adjustment for blood cell count these pathways were no longer significant.
Mitochondrial pathways

Mitochondria, the energy producers of the cells, are particularly sensitive to
environmental toxicants due to their lack of DNA repair capacity. Fetuses may
adapt their mitochondrial structure and function when the supply of nutrients is
limited. Previously, we showed in the ENVIRONAGE birth cohort that placental
mitochondrial DNA content®? and epigenetic modifications!®® in the mitochondrial
genome were associated with PM exposure during pregnancy. In line with these
findings, we revealed that mitochondrial tricarboxylic acid cycle and respiratory
electron chain pathways were significantly linked to short-term gestational PM3 5

exposure in boys.
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The advantage of our study is that we used a standardized fine-scale exposure
assessment enabling us to calculate both short- and long-term exposure on a high
resolution scale. Exposure levels in our study were comparable with other
European cohort studies. Our study has limitations. First, observational studies do
not allow to establish causality. Second, the observed gene expression changes in
umbilical cord blood are only indirect evidence of the effects on fetal target tissues
such as cardiovascular and nervous tissue. We identified several PM; s-altered
genes involved in neural development. A review of 18 studies!®! evaluating
comparability of peripheral blood and brain transcriptome data in adults estimated
cross-tissue correlation between 0.25 and 0.64 with stronger associations for
some subsets of genes and biological processes. Novartis human transcriptomic
data'®? showed the following median correlation coefficients between gene
expression in whole blood and tissues: immune tissues (R=0.64), central nervous
system (R=0.50), peripheral nervous system (R=0.36), heart (R=0.48), and fetal
brain (R=0.54). These results support to some extent the use of peripheral blood
transcriptome data as surrogate for gene expression in other tissues such as the
central nervous system.!®l. 192 Maron et al.193 identified fetal biomarkers by
comparing gene expression profiles from both maternal and umbilical cord blood
in humans. Interestingly, several of the identified transcripts present in both
maternal and fetal circulation were identified to be affected by PM, s exposure in
our study both in gene and pathway analysis. This includes immunological and
olfactory receptor gene transcripts as well as genes important for development of
the nervous system (see table 2 and 3 and Maron et al.1?3) Third, our study
included 26 (18%) smokers. We adjusted our analyses for maternal smoking
status. Although smoking is a major source of personal air pollution exposure, it
is unlikely that this biased the current results as we did not find a significant
association between maternal smoking and residential air pollution levels. Lastly,
the long-term PM; s concentration in our study ranged from 11.8 to 20.6 ug/m3,
with an interquartile range of 2.34 ug/m3. Although this exposure contrast is
relatively narrow, previously even smaller contrasts in exposure has been
reported in epidemiological studies studying hard clinical endpoints, e.g. the
Worcester Heart Attack Study!®4 reported a link with acute myocardial infarction
for an interquartile range PM;. 5 exposure contrast of 0.59 pg/m3. Nevertheless,
we acknowledge that the small range of PM; s exposure and the large number of
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tests in combination with a small sample size reduces the power of our study. In
this regard, we did not apply false discovery rate correction on the individual
genes. To improve the reliability of our results, we focused on significant pathways
and their genes instead of individual genes. We applied two approaches for the
pathway analysis to fully understand the impact of prenatal PM, s exposure on
gene expression: ORA which is based on the P-value of individual genes and GSEA
which uses the fold change to identify significant pathways. GSEA does not require
the use of a significance cut-off at gene level, thereby overcoming the issue of
multiple testing. Although the low power of the current study due to the small
range of PM3 s exposure in the study region, we believe our study can serve as an

exploratory analysis which may inspire further research in this area.

Conclusions

To our knowledge, this is the first study showing a sex-specific link between
gestational fine particles and whole genome gene expression in cord blood. The
identified transcriptome pathways could provide new molecular insights as to the
interaction pattern of early life PMy.5s exposure with the biological development of
the fetus.

Authors’ contributions

TS Nawrot coordinates the ENVIRONAGE birth cohort and designed the current
study together with E Winckelmans and K Vrijens. BG Janssen, N Saenen and E
Winckelmans constructed the database. E Winckelmans performed the statistical
analysis and, with contribution of M Tsamou, the bioinformatical analysis. TM de
Kok and ] Kleinjans were responsible for the transcriptome analysis. C Vanpoucke
and W Lefebvre did the air pollution modelling. E Winckelmans wrote the first draft
of the manuscript. All authors were involved in data interpretation and critical

revision of the manuscript.

70



NEWBORN TRANSCRIPTOME SIGNATURES AND GESTATIONAL EXPOSURE TO FINE PARTICLES

Funding

This research is funded by the European Research Council (ERC-2012-
stG310898) and the Flemish Scientific Fund (FWO, 1516112N). Ellen
Winckelmans has a PhD. fellowship of Hasselt University (BOF program).

71



CHAPTER 3

Supplementary material

Table S1. Descriptive characteristics of the ENVIRONAGE birth cohort participants
compared to all births in Flanders (Northern part of Belgium) from 2002-2011

ENVIRONAGE ENVIRONAGE birth 8
Characteristic subpopulation cohort Flanders
(n=142) (n=673)* (n=606,877)
Maternal
Age, yrs 29.4 (24.0-34.0) 29.1 (23.0-35.0) 29.5 (23.5-35.8)
Education
Low 10.6 11.7 13.1
Medium 35.2 36.0 40.8
High 54.2 52.3 46.1
Parity
1 50.0 55.9 46.9
2 40.9 34.0 34.7
=3 9.2 10.1 18.4
Newborn
Sex
Boys 45.8 49.8 51.4
Ethnicity
(E::[nocgesiaanr; 87.3 88.2 87.7
Birth weight, g 3457 (2910, 4045) 3419 (2850, 4004) 3360 (2740, 3965)

Values are percentages or means (10, 90t percentiles). *from 2010-2014. 8105
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Table S2. Significant differentially expressed genes by long-term PM2.s exposure in cord blood of girls

and boys

Gene symbol

Gene name

Up-regulated genes for both sexes

AP3D1
C1GALT1
CEP131
FBXW8
GTF2I
HECA
ITGB1
MAST3
NEAT1
NOL10
RBM6
TBC1D31
TBL1XR1
TPCN1
UBXN2A
UHMK1
UPF2
UTRN
ZFC3H1

adaptor-related protein complex 3, delta 1 subunit

c core 1 synthase, glycoprotein-N-acetylgalactosamine 3-beta-galactosyltransferase 1
centrosomal protein 131kDa

F-box and WD repeat domain containing 8

general transcription factor IIi

hdc homolog, cell cycle regulator

integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29)
microtubule associated serine/threonine kinase 3

nuclear paraspeckle assembly transcript 1 (non-protein coding)
nucleolar protein 10

RNA binding motif protein 6

TBC1 domain family, member 31

transducin (beta)-like 1 X-linked receptor 1

two pore segment channel 1

UBX domain protein 2A

U2AF homology motif (UHM) kinase 1

UPF2 regulator of nonsense transcripts homolog (yeast)

utrophin

zinc finger, C3H1-type containing

Down-regulated genes
ART1
ATG4B
BHLHE23
CACNA2D1
CACTIN
CDC42EPS5
CHRM1
CYGB

ESR1
HMG20B
IP6K1
KCTD19
KRTAP2-4
LINC00320
LINC00544
MAP1S
PRR25
PRR36
SCGB2B2
SNORD25
SORBS3
TMEM151B

for both sexes

ADP-ribosyltransferase 1

autophagy related 4B, cysteine peptidase
basic helix-loop-helix family, member e23
calcium channel, voltage-dependent, alpha 2/delta subunit 1
cactin, spliceosome C complex subunit

CDC42 effector protein (Rho GTPase binding) 5
cholinergic receptor, muscarinic 1

cytoglobin

estrogen receptor 1

high mobility group 20B

inositol hexakisphosphate kinase 1

potassium channel tetramerization domain containing 19
keratin associated protein 2-4

long intergenic non-protein coding RNA 320
long intergenic non-protein coding RNA 544
microtubule-associated protein 1S

proline rich 25

proline rich 36

secretoglobin, family 2B, member 2

small nucleolar RNA, C/D box 25

sorbin and SH3 domain containing 3

transmembrane protein 151B
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Table S2. Significant differentially expressed genes by long-term PM2.s exposure in cord blood of girls

and boys (continued)

Gene symbol Gene name

Up-regulated genes for boys, down-regulated for girls
CEACAM7 carcinoembryonic antigen-related cell adhesion molecule 7

DNAH10 dynein, axonemal, heavy chain 10

Down-regulated genes for boys, up-regulated for girls

ALKBH2 alkB homolog 2, alpha-ketoglutarate-dependent dioxygenase

APBA3 amyloid beta (A4) precursor protein-binding, family A, member 3

BCL11B B-cell CLL/lymphoma 11B (zinc finger protein)

BEX2 brain expressed X-linked 2

CD248 CD248 molecule, endosialin

CD6 CD6 molecule

CECR5-AS1 CECRS antisense RNA 1

CHCHD6 coiled-coil-helix-coiled-coil-helix domain containing 6

CIAO1 cytosolic iron-sulfur assembly component 1

DBH-AS1 DBH antisense RNA 1

EVL Enah/Vasp-like

FARS2 phenylalanyl-tRNA synthetase 2, mitochondrial

FBX032 F-box protein 32

IL32 interleukin 32

MCF2L-AS1 MCF2L antisense RNA 1

PCED1B PC-esterase domain containing 1B

PLAG1 pleiomorphic adenoma gene 1

PRPF39 pre-mRNA processing factor 39

RAB11FIP3 RAB11 family interacting protein 3 (class II)

RASA4 RAS p21 protein activator 4

RPUSD3 RNA pseudouridylate synthase domain containing 3

SEMA4C sema domAain, immunoglobulin c_10main (Ig), transmembrane domain (TM) and short
cytoplasmic domain, (semaphorin) 4C

TESPA1 thymocyte expressed, positive selection associated 1

THEMIS thymocyte selection associated

TLDC1 TBC/LysM-associated domain containing 1

UBQLNL ubiquilin-like

URB2 URB2 ribosome biogenesis 2 homolog (S. cerevisiae)

WFS1 Wolfram syndrome 1 (wolframin)

ZNF32 zinc finger protein 32

ZNF500 zinc finger protein 500
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Table S3. Top ten significant genes in cord blood of newborn boys and girls associated with long-

term PMz.s exposure

Sex Gene symbol Gene name FC

Girls (P-value <0.0025)
CDC42EP5 CDC42 effector protein (Rho GTPase binding) 5 0.85
ZNF404 zinc finger protein 404 1.60
SLC25A19 solute carrier family 25 (mitochondrial thiamine pyrophosphate carrier), member 0.64
SMYD3 ézT and MYND domain containing 3 1.64
THEM4 thioesterase superfamily member 4 1.52
ZBTB1 zinc finger and BTB domain containing 1 1.73
PRR36 proline rich 36 0.64
SNORD108 small nucleolar RNA, C/D box 108 1.65
EXOG endo/exonuclease (5'-3'), endonuclease G-like 1.28
TSPYL2 TSPY-like 2 1.53

Boys (P-value < 0.0001)
ZBTB45 zinc finger and BTB domain containing 45 0.80
SBDS Shwachman-Bodian-Diamond syndrome 1.70
C220rf29 chromosome 22 open reading frame 29 0.76
HSP90AA2P heat shock protein 90kDa alpha (cytosolic), class A member 2, pseudogene 1.51
RBM20 RNA binding motif protein 20 0.46
HSP90AB1 heat shock protein 90kDa alpha (cytosolic), class B member 1 1.36
KLHL34 kelch-like family member 34 0.61
ST13 suppression of tumorigenicity 13 (colon carcinoma) (Hsp70 interacting protein) 1.44
SNORA5SB small nucleolar RNA, H/ACA box 5B 0.53
ROBO2 roundabout guidance receptor 2 0.50

Fold change (FC) calculated for an increase in PM2.s of 5 pug/m?3.
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Table S4. Significant differentially expressed genes by short-term PMa.s exposure in cord blood of girls
and boys

Gene symbol Gene name

Up-regulated genes for both sexes

ANKRD44 ankyrin repeat domain 44

ARMCS8 armadillo repeat containing 8

ATF4 activating transcription factor 4

ATP6AP2 ATPase, H+ transporting, lysosomal accessory protein 2
C1GALT1 core 1 synthase, glycoprotein-N-acetylgalactosamine 3-beta-galactosyltransferase 1
CHD9 chromodomain helicase DNA binding protein 9

E4F1 E4F transcription factor 1

EDRF1 erythroid differentiation regulatory factor 1

EIF1 eukaryotic translation initiation factor 1

IL6ST interleukin 6 signal transducer

LARP1 La ribonucleoprotein domain family, member 1

MBD1 methyl-CpG binding domain protein 1

NBPF9 neuroblastoma breakpoint family, member 9

PBRM1 polybromo 1

RPS25 ribosomal protein S25

SRSF1 serine/arginine-rich splicing factor 1

SRSF11 serine/arginine-rich splicing factor 11

UBE2K ubiquitin-conjugating enzyme E2K

UTRN Utrophin

VPS13C vacuolar protein sorting 13 homolog C (S. cerevisiae)

Down-regulated genes for both sexes

APBB2 amyloid beta (A4) precursor protein-binding, family B, member 2
CACTIN cactin, splicecosome C complex subunit

CNTNAP1 contactin associated protein 1

CYP4F62P cytochrome P450, family 4, subfamily F, polypeptide 62, pseudogene
DOCK3 dedicator of cytokinesis 3

DRAP1 DR1-associated protein 1 (negative cofactor 2 alpha)

GUF1 GUF1 homolog, GTPase

HAMP hepcidin antimicrobial peptide

HIC1 hypermethylated in cancer 1

HMG20B high mobility group 20B

IL2RG interleukin 2 receptor, gamma

KCTD19 potassium channel tetramerization domain containing 19

KRT7 keratin 7, type II

KRTAP1-3 keratin associated protein 1-3

KRTAP2-4 keratin associated protein 2-4

LINC00320 long intergenic non-protein coding RNA 320

MAP1S microtubule-associated protein 1S

MTRNR2L10 MT-RNR2-like 10

NACAP1 nascent-polypeptide-associated complex alpha polypeptide pseudogene 1
NUTM2D NUT family member 2D

PCSK1N proprotein convertase subtilisin/kexin type 1 inhibitor

PFKL phosphofructokinase, liver

PIK3CD-AS1 PIK3CD antisense RNA 1
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Table S4. Significant differentially expressed genes by short-term PMa.s exposure in cord blood of girls
and boys (continued)

Gene symbol Gene name

PRR25 proline rich 25

PRR36 proline rich 36

SFTPA2 surfactant protein A2

TGFA transforming growth factor alpha
TMEM151B transmembrane protein 151B

TOMM20L translocase of outer mitochondrial membrane 20 homolog (yeast)-like
TSHB thyroid stimulating hormone, beta
TSPAN11 tetraspanin 11

ZNF205 zinc finger protein 205

ZNF771 zinc finger protein 771

Down-regulated genes for boys, up-regulated for girls
CECR5-AS1 CECRS antisense RNA 1

KDM5D lysine (K)-specific demethylase 5D
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Table S5. Top ten significant genes in cord blood of newborn boys and girls associated with short-term

PM2.5s exposure

Sex Gene symbol Gene name FC

Girls (P-value < 0.0026)
ASTN2 astrotactin 2 0.84
THOP1 thimet oligopeptidase 1 1.11
CDC16 cell division cycle 16 1.22
MRPS2 mitochondrial ribosomal protein S2 1.12
ZNF404 zinc finger protein 404 1.30
TRIM61 tripartite motif containing 61 1.21
PRP36 proline Rich Protein 36 0.75
MRPS25 mitochondrial ribosomal protein S25 1.15
NACAP1 nascent-polypeptide-associated complex alpha polypeptide pseudogene 1 0.72
SRSF6 serine/arginine-rich splicing factor 6 1.19

Boys (P-value < 0.0014)
MTRNR2L3 MT-RNR2-like 3 0.75
AVL9 AVL9 homolog (S. cerevisiase) 1.30
TNP2 transition protein 2 (during histone to protamine replacement) 0.82
MTRNR2L7 MT-RNR2-like 7 0.78
ADAM11 ADAM metallopeptidase domain 11 0.73
POTEF POTE ankyrin domain family, member F 1.17
ITGB1 integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CD29 includes 1.14

MDF2, MSK12)

NRG4 neuregulin 4 0.69
MTRNR2L10 MT-RNR2-like 10 0.76
HYALP1 hyaluronoglucosaminidase pseudogene 1 0.63

Fold change (FC) calculated for an increase in PM2.s of 10 pg/m3.
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Figure S1. Histogram representing the percentage of genes with p-value <0.05 for each variable included

in the model.
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Figure S2. Principal component analysis plot showing the transcriptomic response to long- and short-
term PMa.s exposure in (A, C) girls and (B, D) boys. The plot is based on the PM2.s modulated genes (P-
value <0.05). A color gradient (dark-light) represent the level of PM2.s exposure (low-high). PC: principal
component.
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Figure S3. Pathways modulated by long-term PMa..s exposure for girls (A) and boys (B) resulting from
GSEA. The size of the nods represents the size of the pathway. Related pathways are encircled, assigned

a label, and connected by green lines, representing common genes between pathways. Up-regulated and

down-regulated pathways are given in red and blue, respectively. uPAR: Urokinase-type plasminogen
activator (uPA) receptor, HDAC: histone deacetylase, FOXM1: forkhead box M1, RhoA: Ras homolog gene

family member A.
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Figure S4. Pathways modulated by short-term PM..s exposure for girls (A) and boys (B) resulting from
GSEA. The size of the nods represents the size of the pathway. Related pathways are encircled, assigned
a label, and connected by green lines, representing common genes between pathways. Up-regulated and
down-regulated pathways are given in red and blue, respectively. Rho: Ras Homolog gene family, TCA:
tricarboxylic acid, ETC: electron transport chain, ATM: Ataxia Telangiectasia Mutated, BARD1: BRCA1

associated RING domain 1. Myc: v-myc avian myelocytomatosis viral oncogene homolog.
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Abstract

Background: Due to their lack of repair capacity mitochondria are critical targets
for environmental toxicants. We studied genes and pathways reflecting

mitochondrial responses to short- and medium-term PMig exposure.

Methods: Whole genome gene expression was measured in peripheral blood of
98 adults (49% women). We performed linear regression analyses stratified by
sex and adjusted for individual and temporal characteristics to investigate
alterations in gene expression induced by short-term (week before blood
sampling) and medium-term (month before blood sampling) PMio exposure.
Overrepresentation analyses (ConsensusPathDB) were performed to identify
enriched mitochondrial associated pathways and gene ontology sets. 13 Human
MitoCarta genes were measured by means of quantitative real-time polymerase
chain reaction (qPCR) along with mitochondrial DNA (mtDNA) content in an

independent validation cohort (n=169, 55.6% women).

Results: Overrepresentation analyses revealed significant pathways (P-value <
0.05) involved in mitochondrial genome maintenance and apoptosis for short-
term exposure and to the electron transport chain (ETC) for medium-term
exposure in women. For men, medium-term PMip exposure was associated with
the Tri Carbonic Acid cycle. In an independent study population, we validated
several ETC genes, including UQCRH and COX7C (Q-value <0.05), and some
genes crucial for the maintenance of the mitochondrial genome, including LONP1
(Q -value: 0.07) and POLG (Q -value: 0.04) in women.

Conclusions: In this exploratory study, we identified mitochondrial genes and
pathways associated with particulate air pollution indicating upregulation of
energy producing pathways as a potential mechanism to compensate for PM-

induced mitochondrial damage.
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Introduction

Mitochondria are cellular organelles specialized in energy production and produce
the majority of intracellular reactive oxygen species (ROS), which are continually
generated as toxic by-products by the electron transport chain (ETC). There is a
fine balance in ROS signalling maintained by the redox environment. ROS
production may be altered as a consequence of exposure to particulate matter
(PM). Oxidative stress can occur both when the intracellular and/or
intramitochondrial environments are either highly reduced or highly oxidized.1%®
Mitochondrial DNA (mtDNA) repairs DNA damage less efficiently compared to
nuclear DNA, making it susceptible to ROS and environmental toxicants such as
PM.197 Accumulation of mtDNA damage can cause disturbed mtDNA replication
and elimination of damaged mtDNA, and in turn lead to decreased levels of
mtDNA.43: 44 Furthermore, components of the mitochondrial membrane rich in
unsaturated fatty acids, such as cardiolipin, are especially sensitive to
peroxidation by ROS, resulting in reactive aldehydes which can further damage
mitochondrial structures.*3: 198 Increased levels of mtROS or/and accumulation of
mitochondrial DNA damage may ultimately lead to programmed cell death.®®
Moreover, oxidative stress and mitochondrial dysfunction are linked with several
age-related diseases such as diabetes, cancer, cardiovascular, and

neurodegenerative diseases.*5-48

Here, we explored sex-specific associations of PM exposure on expression of
mitochondrial associated genes. Furthermore, a pathway analysis was performed
on genome wide transcriptome data to investigate whether mitochondrial
pathways are highly affected by air pollution exposure. This hypothesis-generating
approach identified sex-specific mitochondrial related genes associated with
short- and medium-term PM;q exposure that were analysed further in a validation

study by means of real-time quantitative PCR (qRT-PCR).

Methods

Study design

As our study aim was to investigate the association of short- and medium-term

PMio exposure with mitochondrial-associated transcriptomic responses in
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peripheral blood, we performed sex-stratified microarray analyses in a discovery
cohort of 98 adults. At gene level, we specifically investigated associations
between PMjg exposure and expression of 1064 genes listed in the “Human
MitoCarta2.0” inventory2%0. 201 which are known to encode proteins with
mitochondrial localization. Furthermore, we performed pathway analyses on all
15,589 measured transcripts. Based on the gene level and pathway level analyses,
we selected 13 MitoCarta genes contributing to top ranked mitochondrial
pathways for validation by means of gRT-PCR in an independent validation cohort
(n= 169). To substantiate the mitochondrial response to air pollution exposure,
we further investigate the link between PM;q exposure and mtDNA content in

peripheral blood in the validation cohort.

Study population
Discovery cohort

The original study population is part of the first Flemish Environment and Health
Survey (FLEHS I) and consisted of 398 individuals from eight different regions of
residence in Flanders (Belgium).292 Inclusion criteria were living in the region of
Flanders >5 years, age 50 till 65 years and being able to complete questionnaires
in Dutch. Informed consent was obtained from all subjects. Sampling took place
between September 2004 and June 2005. Participants donated a blood and urine
sample, body height and weight were measured in a standardised way.
Demographic data, life style factors and health parameters were provided through
an extensive self-assessment questionnaire. A subset of 98 non-smokers was
selected for whole genome microarray analysis. The selection procedure was

previously described by Vrijens et a/.2%3
Validation cohort

To validate a selection of MitoCarta genes identified as being associated to PMyg
exposure in the discovery cohort, we measured whole blood gene expression
levels using qRT-PCR in an independent study population of 169 subjects being
part of the third Flemish Environment and Health Survey (FLEHS III). Additionally,
mtDNA content was determined in peripheral blood of 150 individuals. Inclusion
criteria and data collection were similar as for FLESH I. Informed consent was
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obtained from all participants. The sampling campaign lasted from May until
November 2014.

RNA isolation

Total RNA was extracted from 2.5 ml of whole blood in vacutainers using the
Paxgene Blood RNA system (PreAnalytiX, Qiagen, Hilden, Germany), according to
the manufacturer’s guidelines. A globin reduction assay (GLOBINclear™ Kit by
Ambion, Austin, USA) was performed to remove hemoglobin mRNA from samples
assessed in microarray analyses. RNA purity was measured
spectrophotometrically and RNA integrity was checked using the BioAnalyzer
(Agilent, Palo Alto, USA). Labelled samples were assessed for specific activity and

dye incorporation.

Microarray preparation, hybridization and preprocessing

From each sample of the discovery cohort, 0.2 pg total RNA was used to
synthesize fluorescent cyanine-3-labeled cRNA following the Agilent one-color
Quick-Amp labelling protocol (Agilent Technologies). Samples were hybridized on
Agilent Human Whole Genome 4x44K microarrays (design ID 014850).
Microarrays signals were detected with an Agilent G2505C DNA Microarray
Scanner (Agilent Technologies). Raw data were entered in an in-house developed
quality control pipeline in R software applying following preprocessing steps: local
background correction, omission of controls, flagging of bad quality spots (based
on the size of the spot, the number of pixels per spot, the mean vs. median ratio
of the pixel intensity, intensity of spot is not above background, and/or saturation
of the spot), and spots with too low intensity, log>-transformation and quantile
normalization. Information about the flagging and the R-scripts of the pipeline are
available at https://github.com/BiGCAT-UM/arrayQC_Module. Further
preprocessing included the omission of probes showing >30% flagged data,
merging of replicate probes based on median, and the imputation of missing
values using K-nearest neighbor imputation (K=15). If multiple probes represent
the same gene, the probe with the largest interquartile range was selected. The

final dataset consisted of 15,589 unique Entrez Gene IDs.
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Exposure assessment

PMio and PM; s exposure (pg/m3) concentrations were modelled using a spatial
temporal interpolation method (Kriging)?® for each participants’ residential
address in combination with a dispersion model. The interpolation method uses
land-cover data obtained from satellite images (CORINE land-cover data set) and
pollution data collected from a governmental stationary monitoring network.
Overall model performance was evaluated by leave-one-out cross-validation
including 58 and 34 monitoring points for PMio and PM; s respectively. Validation
statistics of the interpolation tool explained >70% of the temporal variability for
hourly and annual PMig and PM, s averages in the Flemish Region of Belgium.%®
Coupled with a dispersion model (Immission Frequency Distribution Model,
IFDM).%7-99 that uses emissions from point sources and line sources, this model
chain provides PM values in a dense irregular receptor grid. Previous studies
conducted a thorough intercomparison of different models currently in use for
regulatory purposes in Europe including IFDM.204-208 Tg explore potentially critical
exposure windows, we averaged residential one week exposure as a proxy for
recent exposure, one month exposure as a proxy for medium-term exposure, two-
year exposure as a proxy for long-term exposure. Note that PM,s exposure
estimates were only available for the validation cohort. The Belgian Royal
Meteorological Institute provided meteorological data consisting of mean daily air
temperature and relative humidity. Apparent temperature was calculated20. 210

and averaged over the same exposure time window as PMyg.

Real-time quantitative PCR (qRT-PCR)

For the validation cohort, total RNA was reverse transcribed to cDNA using the
GoScript Reverse Transcription System (Promega, Madison, WI, USA). Gene
expression was measured in a 10 pl PCR reaction consisting of 2 puL of a 5 ng/pL
dilution of cDNA, TagMan Fast Advanced Master Mix (Life Technologies, Foster
City, CA, USA) and PrimeTimeTM assay (Integrated DNA Technologies, Coralville,
IA, USA). Samples were analyzed in triplicate with a 7900HT Fast Real-Time PCR
system (Life Technologies, Foster City, CA, USA) applying standard cycling
conditions. SDS 2.3 provided threshold cycle (C,) values which were further

processed to normalized relative gene expression values with gBase plus
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(Biogazelle, Zwijnaarde, Belgium). Replicates were included if the difference in C,
values was <0.5. HPRT, IPO8 and YWHAZ were used for data normalization.

DNA extraction and measurement of mtDNA content

For the validation cohort, DNA was isolated from peripheral blood using the QIAmp
DNA Mini Kit (QIAGEN GmbH, Hilden, Germany), following the manufacturer's
guidelines. The quantity and purity of the extracted DNA were determined using
a Nanodrop spectrophotometer (ND-1000; Isogen Life Science B.V., De Meern,
the Netherlands). The DNA samples were diluted to 2.4 ng/pL. MtDNA was
measured by calculating the relative ratio of two mitochondrial sequences [MT-
ND1 and mitochondrial forward primer from nucleotide 3212 and reverse primer
from nucleotide 3319 (MTF3212/R3319)] to a single housekeeping nuclear gene
(RPLP0O)] measured using a gqPCR assay.®? qPCR was performed using 2.5 i
extracted DNA and 7.5 pl master mix containing Fast SYBR Green dye 2x (Applied
Biosystems, Inc., Foster City, California), forward and reverse primers diluted to
300 nM per well, and RNase-free water. Samples were run in triplicate. Each 384-
well plate contained 6 interrun calibrators and 2 no-template controls. qPCR was
performed using the 7900HT Fast Real-Time PCR System (Life Technologies,
Foster City, CA, United States) with following thermal cycling profile: 20 sec at
95°C, followed by 40 cycles of 1 sec at 95°C and 20 sec at 60°C. A melting curve
analysis was performed at the end of each run to confirm the absence of
nonspecific products. Replicates were included if the difference in C, values was
<0.5. gBase software (Biogazelle, Zwijnaarde, Belgium) was used to normalize Cp
values of the two mtDNA sequences relative to the nuclear gene and to correct

for run-to-run differences.?!!

Data analysis

Statistical analyses were carried out using SAS software (version 9.3, SAS
Institute Inc., Cary, NC, USA). Continuous data were presented as mean and 10th-

90t percentiles and categorical data as percentages and frequencies.
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Discovery cohort

For each gene, a multivariable linear regression was fitted to investigate the
association between log,-transformed gene expression levels and PMip exposure
estimates (short- and medium-term exposure). Previous epidemiological studies
reported that environmental stressors have sex-specific immunological responses,
with women being more susceptible to smoking than men.212 213 Thereupon, in
this study we performed sex-stratified analyses to explore both sex-specific and
non-specific PM-induced effects and we adjusted for age, body mass index (BMI),
socio-economic status (lower secondary or less, higher secondary, higher
education), season (medium [April-May, September-November] or cold
[December-March]), time of blood sampling (between 08.20 am and 02.30 pm),
apparent temperature and microarray batch number (3 scan dates) to correct for
batch effects. Of the 15,589 measured genes, 1064 were “Human MitoCarta2.0”
genes?00, 201 which are known to encode proteins with mitochondrial localization.
Firstly, because of the specific interest in mitochondria, we performed Human
MitoCarta gene-wide association scan, with P-values adjusted for multiple testing
(for the 1064 genes) by controlling the Benjamini-Hochberg (BH) false discovery
rate at 5%. FDR adjusted P-values are referred to as Q-values. Secondly, we
performed pathway analyses. Of the 15,589 genes, genes with unadjusted P-value
<0.05 were uploaded into the online overrepresentation analysis (ORA) tool
ConsensusPathDB (http://consensuspathdb.org/)1%* developed at the Max Planck
Institute for Molecular Genetics, to identify processes altered by PMio exposure.

Pathways with a P-value <0.05 were considered significant.
Validation cohort

Based on the results of the pathway analyses, 7 MitoCarta genes with a Q-value
< 0.25 (4 in association with short-term exposure and 3 in association with
medium-term exposure), contributing to the top 15 ranked pathways/GO terms
and with a well-known functional role within mitochondria were selected in women
for validation by gRT-PCR. For men, 6 MitoCarta genes (unadjusted P-value
<0.05) in relation to medium-term exposure and contributing to the top 15 ranked
mitochondrial pathways were selected for validation. We examined the association
of expression levels measured by gRT-PCR of the 13 selected genes and of mtDNA

content with short-, medium-, and long-term PMip; and PM,s exposure. We
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adjusted for age, BMI, socio-economic status, smoking, temperature and time as
well as season of blood sampling, white blood cell (WBC) count and percentage of
neutrophils. Residuals were plotted to check whether significance was driven by
outlying gene expression values. Over different time windows, for PM1p and PMz.5
separately, the BH multiple testing method was applied to correct for the false
discover rate (FDR). For the validation cohort, a Q-value <0.05 was considered

significant.

Results

The characteristics of the discovery and validation cohort are listed in Table 1 for
women and men separately. All participants were of European origin. Both cohorts
did not differ in the distribution of age and BMI. For both cohorts, age ranged
between 50 and 65 years. BMI averaged (range) 26.6 (20.9-38.5) kg/m? in the
discovery cohort and 25.8 (16.8-39.4) kg/m? in the validation cohort. Overall,
short- and medium-term PMio exposure estimates were higher in the discovery
cohort compared to the validation cohort. In the discovery cohort, more subjects
were recruited during the cold period of the year compared to the validation cohort
(81.6 vs 39.7%). The discovery cohort consisted only of non-smokers, whilst the
validation cohort included 21 (12.4%) smokers. In the validation cohort a higher
percentage of participants (53.3%) had a high socio-economic status compared

to 28.6% in the discovery cohort.

Gene level analysis

For short- and medium-term exposure, volcano plots of all measured transcripts
are presented for both sexes in Figure S1 (Additional file 1). Overall responses to

PM1o exposure seem to differ between women and men.

Table 2 lists the top 10 Human MitoCarta genes and their corresponding fold
changes for an increase in short-term PM;jo exposure of 10 ug/m?3 for women and
men. For women, 8 genes were significantly associated with short-term PMjo
exposure. The top significant gene for women, POLG, encoding the catalytic
subunit of the mtDNA polymerase, was downregulated. For men, no significant
genes after correction for multiple testing were found. The top ranked gene was
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IDI1 required in the mevalonate pathway. None of the 8 significant genes in

women were in the top 100 of men.

Table 3 list the top 10 mitochondria-localized genes based on their P-value and
there corresponding fold changes for an increase in medium-term PMio exposure
of 10 pg/m?3for women and 10 highest ranked genes for men. ALDH7A1 (Q-value:
0.21) and MRPS15 (Q-value: 0.47) were the top ranked genes for women and

men respectively.
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Table 1. Descriptive characteristics for women and men of the discovery and validation cohort

Characteristics

Discovery cohort (2004-2005)

Validation cohort (2012-2015)

Personal
Age, years
BMI, kg/m?
WBC, cells/mcL
Socio-economic status
Low
Medium
High
Smoking status
Non-smokers
Smokers
Season of blood sampling
Cold (October-March)
Warm (April-September)
Time of blood sampling
<12pm
12pm-3pm
3pm-6pm
>8pm
Exposure
Short-term* PMio, pg/m?3
Short-term* PMz.s, ug/m?3
Medium-term$ PMio, pg/m?3
Medium-term$ PMz.s, pg/m3
Long-term® PM1o, pg/m?3
Long-term® PMz2.s, ug/m?3
Week AT, °C
Month AT, °C

Women (n=50)

Men (n=48)

Women (n=94)

Men (n=75)

57.8 [51.2-63.1]
25.8 [22.1-31.1]

28 (56.0)
7 (14.0)
15 (30.0)

50 (100.0)

40 (80.0)
10 (20.0)

44 (88.0)
6 (12.0)
0 (0.0)

0 (0.0)

29.3 [18.9-41.3]

29.7 [24.2-40.5]
26.0 [21.4-30.2]
17.8 [15.5-20.5]
5.8 [-1.3-11.9]
7.1[0.6-14.1]

58.0 [51.5-64.0]
27.4 [23.0-31.4]

20 (41.7)
15 (31.3)
13 (27.1)

48 (100.0)

40 (83.3)
8 (16.7)

41 (85.4)
7 (14.6)
0 (0.0)

0 (0.0)

30.6 [20.4-41.4]

31.5 [25.8-40.6]
25.7 [21.4-30.1]
17.6 [15.6-20.3]
3.4 [-1.5-11.6]
4.7 [0.6-11.2]

58.1 [52.6-63.2]
25.5[20.4-32.8]
6965 [5170-9360]

23 (56.0)
16 (14.0)
55 (30.0)

80 (85.1)
14 (14.9)

40 (42.6)
54 (57.4)

7 (7.5)
25 (26.6)
43 (45.7)
19 (20.2)

19.6 [13.0-26.9]

12.8 [5.4-26.0]
19.7 [13.8-26.7]

12.7 [7.4-18.8]
24.2 [21.3-27.7]
16.0 [14.9-17.5]
15.4 [12.7-17.3]
15.3 [13.2-16.5]

58.0 [52.5-63.6]
26.1 [21.6-30.9]
6948 [5200-9270]

14 (18.7)
26 (34.7)
35 (46.7)

68 (90.7)
7 (9.3)

27 (36.0)
48 (64.0)

0 (0.0)
20 (26.7)
32 (42.7)
23 (30.7)

17.8 [12.6-24.0]
11.3 [5.8-17.7]
17.5 [13.9-23.8]
10.8 [7.6-16.9]
23.1 [20.8-25.8]
15.5 [14.6-16.5]
15.2 [12.7-17.3]
15.3 [13.2-17.2]

Data are number (%) or mean [10-90™ percentile]. AT, apparent temperature.*Week before blood sampling. S$Month before blood sampling. ¥Two-year averages
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Table 2. Top 10 most strongly associated Human MitoCarta genes with short-term PM1o exposure for
women and men

Gene symbol Gene name FC (95% CI) P-value Q-value
Women

POLG polymerase (DNA) gamma, catalytic subunit 0.83 (0.78, 0.90) 1.31E-05 0.01

MRPL38 mitochondrial ribosomal protein L38 0.83 (0.76, 0.90) 1.08E-04 0.04

MRPL16 mitochondrial ribosomal protein L16 0.83 (0.77, 0.91) 1.46E-04 0.04

0GG1 8-oxoguanine DNA glycosylase 0.81 (0.73, 0.89) 1.48E-04 0.04

enoyl-CoA hydratase, short chain, 1,

ECHS1 mitochondrial 0.87 (0.81,0.93)  1.92E-04 0.04
GTPBP3 GTP binding protein 3 (mitochondrial) 0.82 (0.74, 0.90) 1.99E-04 0.04
ECI2 enoyl-CoA delta isomerase 2 0.84 (0.77, 0.92) 2.86E-04 0.04
ETHE1 ETHE1, persulfide dioxygenase 0.86 (0.79, 0.92) 3.23E-04 0.04
POLRMT polymerase (RNA) mitochondrial 0.86 (0.80, 0.93) 4.91E-04 0.06
BOLA1 bolA family member 1 0.87 (0.81, 0.93) 5.64E-04 0.06
Men
IDI1 isopentenyl-diphosphate delta isomerase 1 1.20 (1.08, 1.33) 1.31E-03 0.97
CKMT1A creatine kinase, mitochondrial 1A 1.30 (1.10, 1.53) 4.09E-03 0.97
PGS1 phosphatidylglycerophosphate synthase 1 1.30 (1.10, 1.54) 4.32E-03 0.97
GNG5 G protein subunit gamma 5 1.12 (1.04, 1.21) 7.37E-03 0.97
TMBIMA4 Zransmembrane BAX inhibitor motif containing 1.12 (1.03, 1.22) 1.01E-02 0.97
CHCHD6 zgir:fsihci%i;—gelix—coiled—coil—helix domain 1.11 (1.03, 1.19) 1.30E-02 0.97
CHCHDS zgirl]isi—nci?]ié—gelix—coiled—coil—helix domain 1.17 (1.04, 1.32) 1.44E-02 0.97
COX6A2 cytochrome c oxidase subunit 6A2 1.26 (1.06, 1.50) 1.46E-02 0.97
RPL34 ribosomal protein L34 0.83 (0.72, 0.96) 1.49E-02 0.97
DHRS7B dehydrogenase/reductase 7B 1.15(1.03, 1.28) 1.58E-02 0.97

Fold change (FC) calculated for an increase in PM1o of 10 pg/m3.
Overrepresentation analysis

Sex-specific PM;o effects were further explored by overrepresentation analyses
(ORA). Table 4 and 5 represent the top 15 significant pathways, with at least 15
measured genes and a total gene size of at most 150 genes, related to,
respectively, short- and medium-term PM1o exposure for both sexes. For pathways
with the same contributing genes, only the most significant pathway is shown.
Mitochondrial pathways, containing mainly MitoCarta genes, are marked with an

asterisk. Human MitoCarta genes are indicated in bold font.

In women, mitochondrial translation was the top ranked mitochondrial pathway
associated with short-term PMig exposure of one week before sampling (Table 4).
In addition, PM1o exposure was associated with the reaction pathway of busulfan
and other DNA damaging agents (P-value: 0.004), by deregulating the expression
of pro-apoptotic (e.g. BNIP3, LTBR and BCL2L1, isoform Bcl-xS), anti-apoptotic
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(e.g. BCL2L1, isoform Bcl-xL), DNA repair (e.g. MLH1), and detoxifying genes
(e.g. GSTP1 and GGT1). Of these, BNIP3, BCL2L1 and MLH1 encode proteins

(partially) localized in the mitochondria 200. 201,

Table 3. Top 10 most strongly associated Human MitoCarta genes with medium-term PM1o exposure

for women and men

Gene symbol Gene name FC (95% CI) P-value Q-value
Women
ALDH7A1 aldehyde dehydrogenase 7 family member A1 0.70 (0.54, 0.90) 2.36E-04 0.21
TIMM17B translocase of inner mitochondrial membrane 17 1.05 (0.97, 1.13) 3.90E-04 0.21
homolog B (yeast)
GOT2 glutamic-oxaloacetic transaminase 2 0.92 (0.68, 1.24) 8.06E-04 0.23
PDP2 pyruvate dehyrogenase phosphatase catalytic 1.04 (0.95, 1.15) 9.34E-04 0.23
subunit 2
GLS glutaminase 0.79 (0.62, 1.00) 1.40E-03 0.23
FXN frataxin 0.88 (0.81, 0.97) 1.47E-03 0.23
HINT2 histidine triad nucleotide binding protein 2 0.97 (0.88, 1.06) 2.46E-03 0.23
UQCRH ubiquinol-cytochrome c reductase hinge protein 0.97 (0.86, 1.09) 2.56E-03 0.23
CPT2 carnitine palmitoyltransferase 2 1.03 (0.94, 1.12) 2.59E-03 0.23
TRUB2 TruB pseudouridine synthase family member 2 0.98 (0.89, 1.07) 3.25E-03 0.23
Men
MRPS15 mitochondrial ribosomal protein S15 1.23 (1.10, 1.38) 1.14E-03 0.47
CLPB ClpB homolog, mitochondrial AAA ATPase 1.36 (1.15, 1.61) 1.15E-03 0.47
chaperonin
SLC25A29 solute carrier family 25 member 29 1.64 (1.24, 2.16) 1.32E-03 0.47
BCKDK branched chain ketoacid dehydrogenase kinase 1.24 (1.09, 1.43) 3.37E-03 0.55
STOML1 stomatin-like 1 1.25(1.08, 1.44) 4.55E-03 0.55
ADCK1 aarF domain containing kinase 1 1.33 (1.10, 1.61) 5.22E-03 0.55
SLC25A40 solute carrier family 25 member 40 0.66 (0.50, 0.87) 6.23E-03 0.55
ALDH7A1 aldehyde dehydrogenase 7 family member A1 1.58 (1.16, 2.16) 6.35E-03 0.55
MDH2 malate dehydrogenase 2 1.29 (1.09, 1.54) 6.67E-03 0.55
ALDH1B1 aldehyde dehydrogenase 1 family member B1 1.36 (1.10, 1.69) 7.33E-03 0.55

Fold change (FC) calculated for an increase in PM1o of 10 pg/m3.

Mitochondrial GO terms associated with short-term PM;j, exposure included
“mitochondrial respiratory chain complex I biogenesis" (P-value: 0.001), of which
membrane

most genes were downregulated, “regulation of mitochondrial

permeability” (P-value: 0.0007) playing a crucial role in apoptosis and
“mitochondrial genome maintenance” (P-value: 0.026) including genes important
for mitochondrial biogenesis and cardiolipin biosynthesis (e.g. STOML2), mtDNA
replication (e.g. POLG), mitochondria-mediated apoptosis (e.g. DNAJA3), and
unfolded protein response in the mitochondrial matrix (e.g. LONP1). These four

Human Mitocarta genes (Q-value < 0.25) were selected for validation in an
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independent study population. All were downregulated by medium-term PMjp

exposure, except for STOML?2.

In men, ORA did not reveal any mitochondrial pathways/GO terms associated with

short-term PMio exposure.

The top 15 significant overrepresented pathways associated to medium-term
exposure to PMjg of one month before sampling are listed for women and men in
Table 5. In women, top significant mitochondrial processes altered by medium-
term PM; exposure included mitochondrial translation (P-value: 0.001) and the
respiratory electron transport chain (P-value: 0.004). A more detailed overview
of the respiratory chain is given in Figure 1. All contributing genes in association
to PMio were upregulated except for ATP5L, a gene encoding a protein of the ATP
synthase complex. NDUFA13, UQCRH, and COX7C (Q -value <0.25) were selected

for further validation.

H* H* He H
H* He

Inner {|
membrane

i { u

! ND1 L, W L,

\ \a \

i\ —NN’D%’FF:?,’* < - coxsB
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NDUFA2 | _COX7B |
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ol cox1a
NDUFB10 €0X20
NDUFB3
NDUFS8
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Figure 1. Schematic overview of the mitochondrial respiratory electron transport chain and the genes
significantly associated with medium-term PMio exposure per complex in women. Green and red boxes

indicate significantly up- and down-regulated genes respectively. Cyt c: cytochrome C.

For men, the tricarboxylic acid (TCA) cycle (P-value: 0.0004) was the top
mitochondrial pathway associated with medium-term PM;o exposure and is
represented in Figure 2. Contributing genes in this pathway were all upregulated.
MDH2, IDH2, PC, SUCLA2, SDHA, and ACO2 (P-value < 0.05) were validated in
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an independent study population. Other significant pathways including
contributing Human MitoCarta genes, were 3-phosphoinositide biosynthesis, IL6-
signaling pathway, and histidine metabolism. Phosphoinositide 3-kinases (PI3K)
are crucial for various general cellular processes, including cell survival and
apoptosis. The IL6-signaling pathway contains the MitoCarta gene BCL2L1 of
which the expression was upregulated in men exposed to relatively high medium-
term PMio exposure. Furthermore, the expression of some mitochondria-localized
aldehyde dehydrogenases (ALDH7A1, ALDH1B1), participating in the histidine

metabolism pathway, was upregulated by medium-term PM;o exposure in men.

ConsensuspathDB analyses revealed overrepresented GO terms regarding
mitochondrial functioning consistent with the pathway analysis such as the
electron transport chain (P-value: 0.008) and mitochondrial translational (P-

value: 0.001) in women and the TCA cycle (P-value: 0.009) in men.

Pyruvate

MAD. + CoA-S5H
T d Pyruvate dehydrogenase
CO, + MADH

Acetyl CoA

Citrate ~ CoA-SH
Synthase

HCO, + ATP

H:0

Citrate

Pyruvate i
caroxylase Aconitase

Oxaloacetate H0 Isocitrate

MNAD*

Malate o-ketoglutarate
a-ketoglutarate NAD" +CoA-SH
Fumerase
dehydrogenase complex
H:0
MADH +CO;
Fumurate Succinyl-CoA

Succinate Succinate CoA
dehydrogenase ligase GDP+P,
QH; N = &\

a Succinate CoA-SH+ GTP

Figure 2. Schematic overview of the TCA cycle. Green boxes indicate significantly up-regulated genes

and their corresponding protein in men in association to short-term PMio exposure.
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Table 4. Top 15 significant pathways associated with short-term exposure

Effective/ # |

Pathway total size genes Contributing genes (#)8 P-value
Women
IL12-mediated signaling events 57/67 33 TBX21|;CD247|;MAPK141;CCL4|;CCR5|(20) 1.8E-06
role of mef2d in t-cell apoptosis 28/31 25 CD247\; 1.2E-04
ZAP70|;FYN|;LAT|;CD3E|;CABIN1;PPP3CC|;LCK|;PLCG1|;C
APN2|;
CD3D|(11)
T cell receptor signaling pathway 96/104 52 CD247|;PDCD1|;MAPK141;ZAP70|;FYN|(22) 8.0E-04
Ribosome 128/135 100 RPLP2|;MRPL16|;RPL36|;RPL35|;RPL18|(27) 8.6E-04
Natural killer cell mediated cytotoxicity 104/134 50 CD247|;HCST|;ZAP70|;FYN|;LAT|(23) 1.0E-03
Downstream signaling in naive CD8+ T cells 52/71 33 CD247\;IL2RB|;EOMES|;CD8A|;CD3E|;PRF1|;TNFRSF4|;PTPN7|;STAT4|;GZMB|;BR 1.4E-03
AFt;MAPK31,CD3D|;MAPK11(14)
Formation of a pool of free 40S subunits 94/151 71 RPLP2|;RPL36|;RPL35|;RPL18|;RPLP1|(21) 1.5E-03
Primary immunodeficiency 32/36 24 ZAP70|;ADA|;RFXAP|;DCLRE1C|;CD8A|;CD3E|;CD19|;ICOS|;LCK|;CD3D|(10) 2.0E-03
TCR signaling in naive CD8+ T cells 54/58 35 RASGRP2|;CD247);ZAP70|;FYN|;LAT|;CARD11|;CD8A|;CBL1;RASGRP1|;CD3E|; 2.0E-03
PRF1|;LCK|;PLCG1|;CD3D|(14)
Mitochondrial translation (elongation)* 84/85 72 MRPL38|;MRPL16|;MRPS9|;MRPL4|;MRPS26|(19) 2.1E-03
NF-kB signaling pathway 86/91 43 PARP1|;TRAF2|;ZAP70|;CCL4|;TRAF5|(19)  2.8E-03
Immunoregulatory interactions between a Lymphoid and a 64/132 41 CD247|;HCST|;ICAM41;ITGB7|;CD8A|;CD96|;KIR2DL2|;CD3E|;CD19|;KIR3DL1|; 4.2E-03
non-Lymphoid cell KLRD1|;KIR3DL2|;ITGB1;ITGA4|;CD3D|(15)
Busulfan Pathway, Pharmacodynamics 30/36 16 BNIP3|;CHEK2|;BCL2L11;MLH1|;FMO51;LTBRY;GSTP1|;GGT11;MPG|(9) 4.5E-03
Cell cycle 116/124 63 ZBTB17|;ANAPC1|;CDK4|;MCM7|;CHEK2|(23) 4.6E-03
Downregulation of SMAD2/3:SMAD4 transcriptional activity 20/21 10 PARP1|;NCOR2|;RPS27A|;SMAD3|;UBB1;PPM1At;NEDD4L1(7) 4.6E-03
Men
Meiotic recombination 53/64 3 HIST1H3Ct;HIST1H2B1;HIST2H3A1;HIST1H2B1;HIST3H2B1(22) 1.3E-12
Cytokine Signaling in Immune system 156/198 49 STAT21;IRS21;CSH11;PELI1Y; EIFAE31(24) 1.7E-04
Osteoclast differentiation 120/131 25 CYBA?1;FCGR3B1;FOSL21;GRB21;IFNAR11(20) 2.0E-04
Phagosome 135/155 35 ATP6V1E11;CD141;CYBAY;CLEC4M1;FCARY(21)  3.7E-04
GMCSF-mediated signaling events 36/41 10 FOS1;PRKACA?;STAT5B1;0SM1; GRB21;MAP2K11;LYN1;STAT5A1; MAPK31(9) 6.0E-04
Legionellosis 51/55 13 CASP11;CD141;CXCL31;HBS1L1;HSPA1A?;IL1B};MYD881;RAB1AY; TLR21; TLR41;  6.1E-04
VCP1(11)
Tuberculosis 151/179 46 CEBPB1;CTSD1;CD141;RHOA?T; CLEC4M1(22) 6.9E-04




Table 4. Top 15 significant pathways associated with short-term exposure (continued)

Effective/ # |

Pathway total size genes Contributing genes (#)8 P-value

Growth hormone receptor signaling 17/20 1 IRS21;CSH11;S0CS31;STAT5B1;LYNT;STAT5A1(6) 6.9E-04

Oncostatin_M 37/40 9 CEBPB1;FOS1;0SMR1;S0OCS31;JUNB?;STAT5B1;0SM?1; GRB21; MAPK31(9) 7.5E-04

IL3 Signaling Pathway 47/40 13 MAP2K11; LYNt; GRB2t; PRKACA?T; HCKt; MAPK31; 1.2E-03
STAT5B1;VAV11;FOS?T;STAT5A1(10)

Endogenous Toll-like receptor signaling 25/27 5 CD141;TLR41;RHOA?; TLR21;TLR11;MYD881;TLR61(7) 1.2E-03

Salmonella infection 73/86 20 MYD881;ACTB?;RAB71;FOS1;CASP11;CXCL31;ARPC41;IFNGR21;CD141;MYH141,TLR41 1.4E-03
sMAPK31;IL1B1(13)

Kit receptor signaling pathway 57/59 11 MAP2K11;LYNT;GRB21;GRB71;JUNB1;MAPK31;STAT5A1,STAT5B1;RPS6KA11; 1.6E-03
VAV11;FOS1(11)

Toll-like receptor signaling pathway 84/102 18 IL1B1;MAPK31;CD141;TLR61;MAP2K11;IRF71;TLR11;IKBKEY; TLR21;IFNAR11;TLR41;  1.8E-03
FADD1;FOS1;MYD881(14)

Cytoplasmic Ribosomal Proteins 85/88 73 RPS18|;RPL27|;RPL27A|;RPL10A|;RPL19|;RPL18|;RPLP1|;RPL34|;RPS8|;RPL13A|; 2.0E-03

RPS6KA11;RPL11|;RPS29|;RPS27\(14)

# | Number of down-regulated genes. SIf more than 15 contributing genes only the top 5 is given. Mitochondrial pathways are marked with an asterisk and MitoCarta genes are indicated
in bold type. IL: Interleukin; MEF2D: myocyte enhancer factor 2D; SMAD2,3,4: SMAD family member 2,3,4; GMCSF: Granulocyte-macrophage colony-stimulating factor



Table 5. Top 15 significant pathways associated with medium-term exposure

Effective/ # |

Pathway total size genes Contributing genes (#)8 P-value
Women
RNA Polymerase I Chain Elongation 79/98 25 HIST2H2A1;HIST1H2A1;HIST1H4E1;HIST1H2A1;POLR1E|(24) 1.7E-04
Meiosis 63/77 20 HIST2H2A1;HIST1H2A1;HIST1H4E;HIST1H2A1; HIST1H4I1(20) 3.0E-04
RMTs methylate histone arginines 64/74 23 HIST2H2A1;RBBP7|;HIST1H2A1;HIST1H2At; HIST1H4E1(20) 3.8E-04
RNA Polymerase I Transcription 100/121 35 HIST2H2A1;RBBP7|;HIST1H2A1;HIST1H4E?Y; HIST1H2A1(27) 5.7E-04
Mitochondrial translation (termination)* 84/85 25 MRPL50|;MRPL221;MRPL301;MRPL471;MRPL541(23) 1.1E-03
phospholipids as signalling intermediaries 30/36 12 EDG1|;MAP2K1|;ITGAV|;SOS11;SRC?;PDGFA?®;PIK3CA|; 1.9E-03
ASAH11;PDPK11;HRAST;ADCY1|(11)
Meiotic recombination 53/64 15 HIST2H2A1;HIST1H2A1;HIST1H4EY; HIST1H2A1;HIST1H4I1(16) 2.1E-03
Respiratory electron transport, ATP synthesis by chemiosmotic 99/113 23 UQCRH1;ATP5L|;NDUFA131;COX7C1;UCP31(25) 2.5E-03
coupling, and heat production by uncoupling proteins.*
Meiotic synapsis 40/48 8 HIST1H4EY;HIST1H4I1;HIST1H2A1;HIST4H41,RAD21|;HIST1H4H?,ATR|; 2.6E-03
HIST2H4B1;HIST1H4J1;BRCA11;HIST1H4K1;REC8L11; HIST1H2B1(13)
Sirtuin 1 negatively regulates rRNA Expression 59/76 18 HIST1H4HY;HIST2H2A1;HIST1H4I1;HIST1H2A%; HIST1H2A1(17) 2.7E-03
Condensation of Prophase Chromosomes 64/77 17 HIST2H2A1;HIST1H2A1;HIST1H4E; HIST1H2A1; HIST1H4I1(18) 2.8E-03
NoRC negatively regulates rRNA expression 95/116 34 HIST2H2A1;HIST1H2A1;HIST1H4E;HIST1H2A1; POLR1E|(24) 3.0E-03
RNA Polymerase I, RNA Polymerase III, and Mitochondrial 133/159 48 HIST2H2A1;RBBP7|;HIST1H2A1;HIST1H4Et;HIST1H2A1(31) 3.2E-03
Transcription
Platelet Aggregation (Plug Formation) 28/38 9 GP1BA1;50S511;SRCt; VWF1;RASGRP2|;GP91;ITGA2B1;PDPK11;TLN11;RAP1A|(10) 3.7E-03
Respiratory electron transport* 81/92 17 UQCRH1;NDUFA131;COX7C1;FAM36A1;NDUFA61(21) 3.8E-03
Men
3-phosphoinositide biosynthesis 25/29 10 C170rf381;PIK4CB1;PIK3R11;PIP5K3|;PIK4CA1;CDIPT?;PIP5K2B1;PIK3R21(8) 2.0E-04
superpathway of inositol phosphate compounds 62/71 31 C170rf381;PIK4CB1;PIK3R11; TMEM55A|; PIP5K3| ; IHPK21;SKIP1; PIK4CA1;CDIPTY; 2.8E-04
PIP5K2B1;PIK3R21;0CRL|;HISPPD1|(13)
TCA cycle* 27/34 7 MDH21;IDH21;IDH3G1;SUCLA21;SDHA1;CLYBL1;PCK21;AC021(8)  3.7E-04
Citrate cycle (TCA cycle)* 28/30 9 MDH21;IDH21;PC1;IDH3G1;SUCLA21;SDHA1;PCK21;ACO21(8) 4.8E-04
PI Metabolism 47/53 19 C170rf381;PIK4CB1;PIK3R11;PIP5K3|; SKIP1;PIK4CA?; PIP5K2B1;ARF11;PIK3R2%; 1.3E-03
OCRL|(10)
IRS-related events triggered by IGF1R 74/93 26 GBL1;MAP2K21;FGFR41;IGF21;STK111;PIK3R11;DOK11;FGF41;AKT21;TYK2?; 1.7E-03
PIK3R21;TLR9|;S0S51(13)
Warburg Effect* 43/45 15 PC1;IDH3G1;GAPDH1;SLC1A51;SDHA1;ENO11;PKM21;ACO21;PGD1(9)  2.5E-03

Synthesis of PIPs at the Golgi membrane 15/20 6 PIK4CB?;PIP5K3|;PIK4CA1;ARF11;0CRL|(5) 2.7E-03




Table 5. Top 15 significant pathways associated with medium-term exposure (continued)

Effective/ # |

Pathway total size genes Contributing genes (#)8 P-value
superpathway of conversion of glucose to acetyl CoA and entry 44/52 13 MDH21;GCK?1;IDH3Gt;GAPDH?;SUCLA21;SDHA®;ENO11;PKM21;AC0O21(9) 2.9E-03
into the TCA cycle

Histidine metabolism 23/36 7 ALDH7A11;ALDH1B11;SLC38A51;SLC1A41;SLC1A51; SLC38A31(6) 4.1E-03
Ghrelin 31/44 7 PIK3R11;DOK11;AP2M11;NOS31;GNAI21;PRKCE|; RICTOR\|(7) 4.7E-03
IL6 signaling pathway 39/43 9 MAP2K21;PIK3R11;HCK?;NR2F61;TYK21;PIK3R21;BCL2L11;S0OS1|(7) 4.8E-03
Cell-Cell communication 95/130 29 PIK3R11;ACTN41;PARD6GT;ACTN31;PAK11;SIRPGY;KIRREL21;DSCAM?;CDH2471; 6.0E-03

PIK3R21;CDH31;CLDN231;CLDN31;FLNC1(14)

Regulation of toll-like receptor signaling pathway 116/142 38 GBL1;MAP2K21;PIK3R11;IKBKE;SQSTM11(16) 6.6E-03
Downstream signaling of activated FGFR 127/155 46 CDKN1A?1;GBLT;MAP2K21;FGFR41;PIK3R11(17) 7.0E-03

# | Number of down-regulated genes. 8 If more than 15 contributing genes only the top 5 is given. Mitochondrial pathways are marked with an asterisk and MitoCarta genes are indicated
in bold type. RMTs: arginine methyltransferases; IGF1R: insulin-like growth factor 1; FGFR: fibroblast growth factor receptors.
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Validation

For the validation cohort, both PMip and PM, s estimates were available. Results
on long-term PMj exposure in the discovery cohort were published in a previous
paper2®3, However, analysis of short- and medium-term exposure with microarray
data in the discovery cohort and gPCR validation of MitoCarta genes in an
independent cohort is novel. Table 6 present the fold changes (95% CI) and P-
values for the linear association between the 7 MitoCarta genes selected for
women in the discovery cohort and short-, medium-, and long-term PM;, and
PM, s exposure in women and men of the validation cohort. For women, several of
the selected genes were associated with medium- and/or long-term PM exposure.
Of the genes contributing to mitochondrial genome maintenance, expression
levels of POLG and LONP1 were negatively associated with long-term PM;s
exposure (Q-value: 0.04 and 0.07 respectively) and DNAJA3 and LONP1 were
downregulated by medium-term PM,s exposure (Q-value: 0.05 and 0.07
respectively). ETC genes were upregulated by PMio and PMz s for all time windows,
however only significantly for the association between long-term PM, s exposure
and COX7C and UQCRH gene expression (Q-value < 0.05). For men, none of the
selected TCA contributing genes could be validated. However, consistent with the
observations in women, LONP1 was negatively associated and UQCRH and
NDUFA13 were positively associated with long-term PMjo and PMy.5 exposure in
men of the validation cohort. However, after FDR correction associations in men

were not significant.

Mitochondrial DNA content

Mitochondrial DNA content was negatively associated with short-, medium-, and
long-term PM;o and PM; s exposure in women (Table 7). For men, mtDNA content
was negatively associated with short-term PMig and PM,s exposure whilst
medium-term PMjo and PM, s exposure revealed a trend towards significance. No
significant associations were observed between mtDNA content and the

expression of the 13 selected Human MitoCarta genes.
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Table 6: Association between expression levels of the selected genes and PM exposure in women (n=94) and men (n=75) of the validation

cohort

FC (95%CI)  P-val

FC (95%CI)  P-val

FC (95%CI)  P-val

FC (95%CI)  P-val

FC (95%CI)

P-val

FC (95%CI)

P-val

Sex Gene symbol
Short-term PMi1o Short-term PMzs Medium-term PMio Medium-term PMz.s Long-term PMio Long-term PMzs
Women Mt genome
POLG 0.76 (0.57,1.00) 0.06 | 0.75(0.57,1.00) 0.05 | 0.65(0.39,1.10) 0.11 | 0.57(0.32,1.01) 0.06 | 0.90 (0.78,1.03) 0.12 | 0.62(0.45,0.86) 0.005%
STOML2 1.13(0.92,1.37)  0.25| 1.11(0.91,1.35) 0.32 | 0.95(0.68,1.34) 0.78 | 0.95(0.65,1.39) 0.80 | 1.03 (0.94,1.13) 0.57 | 1.21(0.97,1.51) 0.09
DNAJA3 0.92 (0.81,1.05)  0.23 | 0.90(0.79,1.03) 0.13 | 0.79 (0.63,0.99) 0.04 | 0.72(0.56,0.93) 0.01% | 0.96 (0.90,1.02) 0.22 | 0.88 (0.76,1.03) 0.11
LONP1 0.84 (0.66,1.09)  0.20 | 0.84(0.65,1.08) 0.19 | 0.64 (0.40,1.00) 0.05 | 0.55(0.34,0.90) 0.02¢% | 0.91 (0.80,1.03) 0.15 | 0.70 (0.52,0.93) 0.02%
ETC
Ccox7cC 1.22 (0.85,1.77)  0.28 | 1.19(0.83,1.72) 0.35 | 1.50(0.78,2.86) 0.22 | 1.56 (0.76,3.22)  0.23 | 1.19(1.01,1.41) 0.04 | 1.82(1.23,2.70) 0.004%¢
UQCRH 1.32(0.90,1.93) 0.16 | 1.29(0.88,1.89) 0.19 | 1.29 (0.66,2.49) 0.46 | 1.42(0.69,2.94) 0.35 | 1.14(0.96,1.37) 0.15 | 1.81(1.20,2.71) 0.006%
NDUFA13 1.15(0.89,1.50) 0.30 | 1.12(0.87,1.46) 0.38 | 1.01 (0.65,1.59) 0.95 | 1.03 (0.63,1.69) 0.90 | 1.05 (0.93,1.19) 0.45 | 1.37(1.03,1.81) 0.03
Men Mt genome
POLG 0.94 (0.86, 1.03) 0.182 | 0.95(0.87, 1.04) 0.332 | 0.90 (0.77, 1.04) 0.162 | 0.90 (0.77, 1.05) 0.172 | 0.96 (0.92, 1.01) 0.092 | 0.91 (0.82, 1.01) 0.07°
SsTOML2 0.96 (0.86, 1.08) 0.52 | 0.98(0.88,1.1) 0.78 | 0.88(0.73,1.06) 0.17 | 0.88 (0.72,1.07)  0.19 | 1.01 (0.96, 1.06) 0.76 | 0.99 (0.87, 1.12) 0.88
DNAJA3 1.01(0.92,1.10) 0.85 | 1.02(0.94,1.11) 0.61 | 1.08 (0.94, 1.24)  0.29 | 1.08 (0.94, 1.26)  0.29 | 1.03 (0.99, 1.07) 0.22 | 1.05 (0.96, 1.16) 0.27
LONP1 0.90 (0.81, 1.11) 0.52° | 0.98 (0.84, 1.14) 0.82" | 0.86 (0.67, 1.11) 0.25° | 0.89 (0.68, 1.15) 0.37° | 0.93 (0.87, 1.00) 0.04° | 0.80 (0.68, 0.94) 0.01°
ETC
cox7c 1.09 (0.85, 1.40) 0.49 | 1.11 (0.88, 1.41) 0.38 | 1.17 (0.78, 1.75) 0.46 | 1.23 (0.81, 1.88) 0.34 | 1.08 (0.96, 1.21) 0.190 | 1.23 (0.94, 1.60) 0.14
UQCRH 1.14 (0.92, 1.41) 0.25 | 1.16 (0.94, 1.44) 0.16 | 1.39 (0.97, 1.98) 0.07 | 1.41 (0.97, 2.04) 0.07 | 1.12 (1.01, 1.24) 0.04 | 1.32 (1.04, 1.69) 0.03
NDUFA13 1.03(0.93,1.15)  0.58 | 1.05(0.95,1.17)  0.36 | 1.14 (0.96, 1.35)  0.14 | 1.13 (0.95, 1.36)  0.18 | 1.05 (1.00, 1.10) 0.04 | 1.13 (1.01, 1.27) 0.04

FC: Fold changes for an increase in PM of 10 pg/m?3 (short- and medium-term) and 2 pg/m? (long-term). Adjusted for age, BMI, smoking status, educational level, and time of blood
sampling, temperature, WBC count, and percentage of neutrophils. Mt: mitochondrial. 2 3 outliers with relatively low POLG expression removed. ° 1 outlier with relatively high LONP1
expression removed. Results including the outlier were similar (long-term PM2.s p-val=0.007). FDR-adjusted p-values < 0.05% and <0.10%
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Table 7: Association between mtDNA content and PM exposure

Men (n=67) Women (n=83)
Time window FC (95% CI) P-val FC (95% CI) P-value
Short-term PMio 0.80 (0.67, 0.96) 0.02 0.82 (0.69, 0.97) 0.02
Short-term PMz.s 0.82 (0.69, 0.98) 0.03 0.83 (0.7, 0.98) 0.04
Medium-term PMio 0.77 (0.57, 1.04) 0.09 0.74 (0.55, 0.99) 0.05
Medium-term PMz.s 0.75 (0.55, 1.03) 0.08 0.73 (0.53, 1.01) 0.06
Long-term PM1o 0.95 (0.87, 1.04) 0.26 0.9 (0.83, 0.97) 0.007
Long-term PMa.s 0.88 (0.72, 1.08) 0.22 0.76 (0.64, 0.91) 0.004

Fold changes (FC) for an increase in PM of 10 pug/m?3 (short- and medium-term) and 2 pg/m?3 (long-term). Adjusted for
age, BMI, smoking status, educational level, and time of blood sampling, temperature and WBC count and percentage of
neutrophils.

Discussion

The current study identified several mitochondrial-related genes and pathways
significantly associated with fine particle exposure at different exposure time
windows: short- (one week before the blood sampling) and medium-term (one
month before the blood sampling) PMip, exposure. For women, PM exposure
affected, among others, pathways contributing to mitochondrial genome
maintenance (short-term), electron transport chains (short-, medium-term) and
mitochondrial translation (short- and medium-term). For men, the TCA cycle was
positively associated with medium-term PMio exposure. Furthermore, we were
able to validate a selection of mitochondrial-linked genes in an independent study

population.

Transcriptome-wide long-term (two-year averages) results of the discovery cohort
were described in a previous paper identifying potential gene expression
biomarkers of PM exposure.2%3 In line with the results for medium-term exposure,
the electron transport chain was significantly associated with long-term PMo and

PM, s exposure in women.

For women, we selected three genes (COX7C, UQCRH, and NDUFA13), associated
with medium-term PMig exposure in the discovery cohort, encoding proteins
contributing to the electron transport chain complexes and four genes (POLG,
STOML2, DNAJA3, and LONP1) significantly associated with short-term PMiq

exposure in the discovery cohort, of which their corresponding proteins play a role
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in mitochondrial genome maintenance. For all genes, the direction of association,
by PM exposure during the significant time window of the discovery cohort, were
replicated in the validation cohort by qPCR. We validated POLG, LONP1, COX7C
and UQCRH in relation to long-term PM exposure and DNAJA3 and LONP1, for
medium-term exposure. For men, none of the selected TCA contributing genes
could be validated. However, consistent with the results for women, UQCRH, and
NDUFA13 were upregulated and LONP1 was down-regulated by long-term PM
exposure in the validation cohort. Possibly, we could validate most genes only for
long-term exposure because this exposure estimate is independent of season of
blood sampling, which partly differs between the two study cohorts. For the
validation cohort more pronounced effects were observed for PM; 5 compared to
PMio, however, for each time window the correlation coefficient between PM; s and
PMio was > 0.85.

In accordance with our study results, Hoffmann and colleagues observed
significantly increased ETC protein levels (Complex II, III, V) in the human
bronchial epithelial cell line BEAS-2B in response to cigarette smoke exposure for
6 months.?* The upregulated expression of ETC genes (Figure 1), as observed in
the current study, and ETC proteins due to environmental toxicant exposure may
indicate increased energy demand required to eliminate damage to cellular

components.

To further explore mitochondrial responses to PM exposure, we investigated
mtDNA content in the validation cohort. In line with the results at the gene
expression level (downregulation of genes important for mitochondrial genome
replication such as POLG, POLG2, and POLRMT), mtDNA content, measured in the
validation cohort, was decreased among both women and men exposed to
relatively high PM levels for short-, medium- and long-term. To date, several
studies reported a deregulation of mtDNA content in response to environmental
factors.43: 92, 215-218 However, the direction of effect is not consistent over these
studies. Differences in exposure levels and population characteristics often make
it difficult to compare study findings. The findings of the current study are in line
with previous evidence reporting the ability of ultrafine particles to induce
oxidative stress and mitochondrial damage,?!® and the selective elimination of
damaged mtDNA in order to help maintain mtDNA integrity.4* Cline hypothesised

that poly aromatic hydrocarbons, toxic components of PM, can block mtDNA
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polymerase and topoisomerase activity and in turn reduce mtDNA replication.*3
In this study, we observe a reduction at the level of gene expression of POLG,
POLG2 and POLRMT which may further explain the decreased mtDNA content in
individuals exposed to relatively high PM exposure. Presumably, decreased mtDNA
content and mitochondrial damage stimulate transcription factors regulating the
expression of electron transport genes in order to provide the required energy to
eliminate cellular damage. Mitochondrial dysfunction can augment ROS production
which may in turn activate the mitochondrial apoptotic pathway. The altered
expression of pro- and anti-apoptotic genes (such as gene members of the BCL-2
family and caspases) in response to short-term PM;jo exposure in women and of
members of the PI3K/AKT (busulfan) pathway, which delivers an anti-apoptotic
signal, in men further supports the theory that PM-induced formation of ROS can
influence mitochondrial function and regulate cell fate.220 Figure 3 shows a

schematic overview of the potential effect of PM on mitochondria.

ETC Mitochondrial E>T energy demand E> 1 expression ETC/TCA genes
dysfunction derived ROS

@ E>1 mtDNA content

E> Mitochondrial apoptotic pathway signaling

MtDNA
damage

Figure 3. Schematic representation of the hypothesised pathway by which PM exposure alters
mitochondrial functioning and genome maintenance. Within the mitochondria, PM can interact with the
electron transport chain inducing increased levels of ROS production. ROS can damage mtDNA leading to
further mitochondrial dysfunctioning and ROS production. Signalling of the presence of mitochondrial
dysfunction to the nucleus may lead to an upregulation of electron transport genes to provide the required
energy to repair or eliminate damaged cellular components. Elimination of damaged mtDNA and
perturbation of mtDNA replication results in a reduction of mtDNA content. Eventually, accumulation of
mitochondrial damage can lead to mitochondrial apoptotic signalling. TCA: tricarboxylic acid cycle; ETC:

electron transport chain; mtDNA: mitochondrial DNA
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Overall, differences were observed between the response to PM exposure in men
and women. However, for both sexes interacting pathways are altered by PMy.s
exposure; the mitochondrial apoptotic pathway is tightly regulated by several
factors such as Bcl-2 family members, altered in women, and the PI3K/AKT
(busulfan) pathway modulated in men.22.. 222 Moreover, the TCA cycle,
deregulated in men, donates high-energy molecules to the ETC of which genes
were differently expressed by PM exposure in women of both cohorts and in men
of the validation cohort. In the validation cohort, the effects of air pollution on
mtDNA content and expression levels of respiratory electron chain genes and
genes contributing to the mitochondrial genome maintenance were more
pronounced in women compared to men. Possibly, men are more effectively
protected against environmental toxicants and ROS as implied by previous studies
223,224 Both studies reported more oxidative damage in female smokers compared
to male smokers.223: 224 In accordance, we observed in men exposed to relatively
high PM levels, augmented expression levels of some aldehyde dehydrogenases
(ALDH7A11, ALDH1B11), which convert reactive aldehydes (produced by oxidation
of unsaturated fatty acids by ROS) to less toxic products, whilst in women
ALDH7A1 was down-regulated.

A strength of our study is that we validated genes in an independent validation
cohort by means of gPCR. Moreover, in addition to gene expression, we analyzed
mtDNA content in regard to PM exposure in the validation cohort. Our study has
some limitations. First, observational studies do not allow to establish causality.
Second, PM; 5 estimates were only available for the validation cohort. Third, the
large number of tests in combination with the observational study design reduces
the power of the transcriptome-wide study. However, this was addressed through
focused analyses on MitoCarta genes and mitochondrial pathways using the ORA

approach.

Conclusions

Peripheral blood mtDNA content and expression of several genes related to
mitochondrial genome maintenance, apoptosis and energy production were
altered by PM exposure in a population of healthy middle-aged men and women,

potentially reflecting mitochondrial and cellular damage. Future studies at
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different omics level may further clarify the effect of air pollution on mitochondria

functioning and biogenesis.
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Figure S1. Volcano plots for short-term exposure (A: women, B: men) and for medium-term PMiq
exposure (C: women, D: men). Log> fold changes are given for an increase in PMig exposure of 10
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CHAPTER 5

Abstract

Background: Telomere length and mitochondrial DNA (mtDNA) content, both
sensitive to oxidative stress and inflammation, are implicated in the onset and
progression of several age-related diseases. However, the impact of obesity on
telomere length and mtDNA content remains unclear. We assessed the sex-
specific cross-sectional and longitudinal association of telomere length and mtDNA
content with obesity indices in a general population.

Methods: In 678 randomly selected individuals from Flanders, Belgium (49.6%
men, mean age 54.9 years), of whom 228 underwent a follow-up examination
after an average 4.4 years, relative telomere length and mtDNA was measured in
peripheral blood buffy coat.

Results: In a cross-sectional analysis an inverse linear trend was observed
between telomere length and waist circumference (P=0.08). For a 1-SD increment
in waist circumference over the follow-up time, telomeres were shortened by
3.16% (P=0.001) in both sexes, with stronger effect estimates in women (3.19%,
P=0.01) compared to men (1.29%, P=0.44). We observed a positive trend
between 4-year change in mtDNA content and waist circumference in men
(P=0.05) and curvilinear association in women (P=0.01). For body mass index

these associations did not reach statistical significance.

Conclusions: Our findings indicate that lower weight gain during aging is
associated with a deceleration of telomere shortening and affect mtDNA content

changes over time, especially in women.
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Introduction

Obesity, defined by excessive fat accumulation, is a significant public health
problem in industrialized countries. Excess adiposity is characterized by increased
oxidative stress and inflammation and drastically increases a person’s risk of

developing aging-related diseases such as cardiovascular disease and diabetes.225

Several lines of evidence suggest that telomere attrition and mitochondrial
function are sensitive to systemic inflammation and oxidative stress and are

implicated in the key process of cellular aging.4>: 58, 226

Telomeres are DNA tandem repeats of the sequence TTAGGG that cap the ends
of mammalian chromosomes and protect chromosomal stability.*® Every cell
division telomeres become shorter until a critical stage is reached, eventually
leading to replicative cell senescence or apoptosis.>% 51 Besides telomere attrition
by chronological aging, genetic background and cumulative exposure to
inflammation and oxidative stress induced by environmental and lifestyle factors,
including obesity, may accelerate telomere loss.58-61 Telomere shortening may
cause genomic instability and is associated with the aetiology of aging-related
diseases including diabetes.”! 74 It has been shown that maternal weight before
pregnancy is associated with newborn telomere length.22” Previous cross-sectional
studies on the association between telomere length and obesity during adult life
are controversial, some reported an inverse association228-231 whilst others found
no association232-236, Recently, three longitudinal observational studies found that
telomere shortening during follow-up was associated with change in obesity
measures over time, showing higher telomere attrition in persons gaining more

weight.237-239

Mitochondria are the engines of cells and provide bioenergy in form of adenosine-
5’-triphosphate via oxidative phosphorylation. Mitochondrial dysfunction may
reduce energy supply and increase production of reactive oxygen species (ROS)
which in turn may lead to cellular dysfunction and cell death. Each cell contains a
different number of mitochondria from hundred to several thousand. A single
mitochondrion harbours 2-8 copies of mitochondrial DNA (mtDNA) molecule.40 41
Alterations of mitochondrial DNA content are considered as a surrogate marker of
mitochondrial functioning and damage.*> Previous studies suggested that

mitochondria are involved in the onset of age-related diseases.*% 47: 240 Moreover,
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obesity seems to coincidence with mitochondrial dysfunction and decreased
mtDNA content.236: 241-243 Tg our knowledge only one longitudinal study
investigated the link between changes in adiposity and mtDNA content over

time.23°

Recent studies revealed a biological connection between telomere length and
mitochondrial functioning.>! Telomere dysfunction-induced p53 suppresses the
expression of peroxisome proliferator-activated receptor gamma, coactivator 1
alpha and beta (PGC-1a and PGC-1) causing impaired mitochondrial functioning.
Mitochondrial dysfunction in turn causes increased ROS production damaging both

mitochondrial and telomere DNA.5!

Epidemiological research studying both changes in telomere length and
mitochondrial DNA over a follow-up period in association with changes in obesity
measures is limited. In the current study, we assessed in both cross-sectional and
longitudinal studies whether telomere length and mtDNA content measured in
peripheral blood were sex-specifically associated with two obesity measures: waist
circumference and body mass index (BMI). In the longitudinal design, we
investigated whether changes in waist circumference and BMI over an average
follow-up period of 4.4 years are accompanied by changes in telomere length and
mtDNA content.

Methods

Study population

FLEMENGHO is an ongoing family-based population study that started in 1985 and
has been described in detail previously.?** Households (people with the same
residential address) were randomly sampled in the northeastern part of Belgium
by use of the SAS random function. The initial participation rate was 78.0%.
Participants were repeatedly followed-up at a local examination center. At each
examination, demographic data, life style factors and health parameters were
provided through an extensive self-assessment questionnaire. BMI was calculated
by dividing body weight in kilograms by squared height in meters. Obesity was
defined as having a BMI greater than or equal to 30 kg/m2. Waist circumference

was measured in the horizontal plane midway between the lowest palpable rib and
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the top of the iliac crest by study nurses. From 2005, both telomere length and
mtDNA content were measured in peripheral blood of 678 participants. In 228 of
these participants, telomere length and mtDNA content were measured at two
examination phases with an average follow-up period of 4.4 years (range 2.8 to
5.7). This study was approved by the Ethics committee of the University of
Leuven, and complies with the Helsinki declaration. All participants provided

written informed consent at each contact.

DNA extraction

Genomic DNA was isolated from buffy coats of peripheral blood using the QIAmp
DNA Mini Kit (QIAGEN GmbH, Hilden, Germany), following the manufacturer's
guidelines. DNA yield and purity ratios (A260/280 and A260/230) of the isolated
DNA were determined using a Nanodrop spectrophotometer (ND-1000; Isogen
Life Science B.V., De Meern, the Netherlands).

Measurement of relative mtDNA content

Relative mtDNA content was measured, as described previously in detail, 24> by
calculating the relative ratio of two mitochondrial sequences [mitochondrially
encoded NADH dehydrogenase 1 (MT-ND1) and mitochondrial forward primer
from nucleotide 3212 and reverse primer from nucleotide 3319
(MTF3212/R3319)] to a single housekeeping nuclear gene (RPLPO)] using a qPCR
assay. qPCR was performed using the 7900HT Fast Real-Time PCR System (Life
Technologies, Foster City, CA, United States) in a 384-well format. Samples were
run in triplicate and 6 inter-run calibrators were assessed on each reaction plate
to account for inter-run variability. gBase software (Biogazelle, Zwijnaarde,
Belgium) was used to normalize cycle threshold values of the two mtDNA
sequences relative to the nuclear reference gene and to correct for run-to-run
differences.?!! We achieved coefficient of variations between triplicate
measurements within the same run of <0.5% for each of the amplified sequences,

and 4.7% for the inter-run samples.

Measurement of relative telomere length

Relative leukocyte telomere length was measured, as described previously,?2” by
means of a modified gPCR protocol. Briefly, we amplified the telomeric region,
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using telomere specific primers (telg and telc), and one single-copy housekeeping
gene (RPLPO) on a 7900HT Fast Real-Time PCR System (Applied Biosystems, City,
Country) in a 384-well plate. For consistency, samples were run in triplicate and
inter-run calibrators were used to account for run-to-run differences. gBase
software (Biogazelle, Zwijnaarde, Belgium) was used to normalize the cycle
threshold values of the telomeric specific region relative to the cycle threshold
values of the single-copy reference gene and to correct for run-to-run
differences.?!! The coefficients of variation were 0.67% for telomere runs, 0.41%

for single-copy gene runs and 8.8% for T/S ratios.

Statistical analysis

For database management and statistical analysis, we used SAS software, version
9.4. The two outcomes of interest (peripheral blood telomere length and mtDNA)
were logio-transformed to obtain a normal distribution. For the cross-sectional
analysis, continuous data were described as mean values £ SD or geometric mean
(10%-90% percentile) and compared by a t test or a Wilcoxon rank sum test for
normal distributed and non-normally distributed variables respectively.
Categorical data are presented as frequencies (percent) and compared by a chi-
square test. For the longitudinal analysis, distributions of continuous variables per
examination were compared by a paired t test or Wilcoxon signed-rank test for
normal distributed and non-normally distributed variables respectively.

Categorical data were analysed by the McNemar's test.

In the cross-sectional analysis, we investigated the association of obesity indices
with peripheral blood telomere length and mtDNA content. In the longitudinal
analysis, we analysed the relation of within-subject change in telomere length and
mtDNA content with change in waist circumference and BMI during the follow-up
period. Within-subject changes were calculated by subtracting follow-up values by
baseline values. For telomere length and mtDNA content, the difference between
the logio-transformed values was considered as outcome, i.e. logio-transformed
fold change (FC) in telomere length or mtDNA content where FC refers to the ratio
of telomere length or mtDNA content at second examination and the value at first

examination.

In both cross-sectional and longitudinal analyses, we used linear mixed models

with family number as a random effect to account for non-independence of
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observations within families. Models were adjusted for the following variables
selected a priori based on previous literature and stepwise analysis in our
cohort[35]: sex, age, current smoking status (non-smoker or current smoker),
white blood cell (WBC) count, logio-transformed neutrophil to lymphocyte ratio
(NLR). For mtDNA content, we additionally added platelet count and a quadratic
term for age in the model as suggested by Knez et al. [245] In the longitudinal
analysis, models fitting change in telomere length and mtDNA content were
additionally adjusted for, respectively baseline mtDNA content or telomere length,

changes in blood cell counts over time, and follow-up duration.

In our sensitivity analysis, we examined whether the observed associations were
modified by sex by use of interaction terms and stratification. In addition, we
categorized subjects as those with decreasing and increasing obesity measures
over follow-up time and repeated longitudinal analyses after exclusion of

participants with decreasing obesity measures.

We also explored the shape of the associations by using smoothing plots (natural
cubic splines with number of knots based on Akaike Information Criterion).

For the cross-sectional analysis, results were back-transformed and presented as
estimated percent difference in telomere length and mtDNA content for one
standard deviation (SD) increase in the variable of interest. For the longitudinal
analysis, results were presented as percent difference in fold change in telomere
length or mtDNA content for one standard deviation (SD) increase in the variable

of interest.

Results

Cross-sectional study
Characteristics of the study population

The study population consisted of 678 white Europeans of whom 336 (49.6%)
were men (Table 1). Age ranged between 18 and 89 years. The proportion of
smokers was similar for men (16.1%) and women (17.0%). Men and women had
an average waist circumference of 98.9 cm (SD: 11.3 cm) and 91.5 cm (SD: 12.8

cm), respectively. 85 (25.3%) men were obese compared to 78 (22.8%) women.
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Overall, telomere length was significantly longer (P=0.008) and mtDNA content

significantly higher in women compared to men (P=0.0004).

Furthermore, we observed a significant association between telomere length and
mtDNA content. Multivariable adjusted analysis showed that a 25% decrease
(£IQR) in telomere length was associated with a 5.0% lower mtDNA content

(P=0.003).

Table 1. Descriptive characteristics of the 678 participants in the cross-sectional

analysis by sex

Characteristic Men (n=336)*% Women (n=342)% P-value*
Anthropometrics
Age, years 54.56 + 15.87 55.19 + 14.82 0.60
Body mass index, kg/m? 27.54 £ 3.95 26.83 £ 4.48 0.03
Waist circumference, cm 98.87 £ 11.27 91.46 £ 12.79 <0.0001
Systolic blood pressure, mmHg 132.96 + 14.99 131.47 + 18.41 0.25
Diastolic blood pressure, mmHg 83.65 £ 9.83 80.80 £ 9.47 0.0001
Questionnaire data
Current smoking status 54 (16.1) 58 (17.0) 0.76
Current alcohol use 268 (79.8) 189 (55.3) <0.0001
Anti-diabetic medication 21 (6.3) 19 (5.6) 0.70
Hypertensive 182 (54.2) 156 (45.6) 0.03
Obese 85 (25.3) 78 (22.8) 0.45
Substitution therapy 24 (7.0) n.a.
Contraceptive pill intake 62 (18.1) n.a.
Biochemical data
Total cholesterol 4.86 (0.91) 5.26 (0.98) <0.0001
LDL, mmol/I 2.94 £ 0.77 3.10 £ 0.88 0.02
HDL, mmol/I 1.28 £ 0.31 1.63 £ 0.37 <0.0001
Triglycerides, mmol/L 1.62 (0.88-3.06) 1.37 (0.81-2.40) <0.0001
Blood glucose, mmol/L 4.98 (4.39-5.72) 4.82 (4.33-5.44) 0.0017
Serum creatinine (umol/I) 96.13 (81.29-111.50) 78.70 (66.61-93.37) <0.0001
Blood cell count
White blood cells, x109/I 6.29 £ 1.46 6.54 £ 1.77 0.05
Neutrophil to lymphocyte ratio 2.00 (1.28-3.16) 1.76 (1.12-2.83) <0.0001
Platelet, x10%/I 214.96 + 46.79 252.84 + 59.58 <0.0001
Relative telomere length 0.95 (0.70-1.26) 0.99 (0.77-1.28) 0.008
Relative mtDNA content 0.94 (0.64-1.41) 1.03 (0.69-1.61) 0.0004

$Mean + SD, geometric mean (10t-90t percentile) or number of subjects (%). *T test (continuous variables), Wilcoxon
rank sum test (ordinal variable), chi-square test (categorical variables). MtDNA: mitochondrial DNA. N.a.: not applicable.

Obesity measures in association with peripheral blood telomere length

and mtDNA content

We assessed whether peripheral blood telomere length and mtDNA content were

associated with obesity measures by use of linear mixed models (Table 2).
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Estimates are expressed as % difference per 1-SD increase in waist circumference
(12.6 cm) and BMI (4.2 kg/m?). Supplemental Figure S1 and S2 shows the
corresponding scatterplots for waist circumference and BMI respectively. MtDNA
content was not significantly associated with the assessed obesity measures
(waist circumference: P=0.93, BMI: P=0.89 ). For a 1-SD increment in waist
circumference, telomere length was 1.5% shorter (P=0.08). The effects did not
significantly differ between men and women (P for interaction=0.29).

Table 2. Cross-sectional association of waist circumference and BMI with telomere length
and mtDNA content

Outcome Parameter Sex Estimate* (95% CI) P  Pint sex

Telomere length

Waist circumference

Both -1.46 (-3.05, 0.17) 0.08 0.29
Men -1.83 (-4.29, 0.69) 0.15
Women -1.22 (-3.30, 0.91) 0.26

BMI
Both -0.98 (-2.50, 0.56) 0.21 0.35
Men -1.45 (-3.78, 0.94) 0.23
Women -0.78 (-2.75, 1.22) 0.44

MtDNA content

Waist circumference
Both 0.12 (-2.42, 2.72) 0.93 0.76
Men 1.21 (-2.74, 5.32) 0.55
Women -0.25 (-3.62, 3.22) 0.88

BMI
Both -0.17 (-2.56, 2.29) 0.89 0.61
Men 0.91 (-2.83, 4.80) 0.64
Women -0.56 (-3.70, 2.69) 0.73

*Estimates expressed as % difference (95% CI) for a SD increase for waist circumference (SD: 12.6 cm) and BMI (SD:
4.2 kg/m?). MtDNA : mitochondrial DNA. BMI: body mass index. CI: confidence interval. Analyses were adjusted for date
of blood sampling, sex, age, current smoking status, WBC count, logio-transformed NLR, additionally for mtDNA content
for platelet count and age?. Pint: P-value interaction term.

Longitudinal study
Characteristics of the study population

Table 3 lists the characteristics by the examination phase of the 228 participants
included in the longitudinal analyses. The mean follow-up duration was 4.4 years
(range: 2.8-5.7). 119 (52.2%) participants were men. On average waist
circumference, BMI, the number of obese participants as well as diastolic and
systolic blood pressure increased significantly over follow-up period. Telomere
length significantly decreased (P=0.0001) and mtDNA content tended to decrease
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(P=0.12) over follow-up period. The distribution of telomere length and mtDNA
content by examination phase is given in Figure 1A and 1B respectively. In 71.5%
participants telomere length decreased over time. Change in telomere length was
positively associated with mtDNA content changes: if FC of telomere length
decreased by 15% (£IQR) then mtDNA content FC increased by 4.8% (P=0.04).
Figure S3 shows the distribution of 4-year change in waist circumference and BMI
in men and women.

Table 3. Descriptive characteristics of the 228 participants in the longitudinal

analysis by examination phase

Characteristic Examination 1*% Examination 2% P*
Anthropometrics
Age, years 51.39 £ 15.05 55.79 £ 15.10 <0.0001
Body mass index, kg/m? 26.36 + 3.89 27.20 £ 4.03 <0.0001
Waist circumference, cm 91.13 +£11.99 96.48 + 12.07 <0.0001
Systolic blood pressure, mmHg 128.38 + 15.46 134.13 + 16.17 <0.0001
Diastolic blood pressure, mmHg 80.02 £ 9.86 83.48 £ 9.61 <0.0001
Questionnaire data
Current smoking status 40 (17.54) 35 (15.35) 0.06
Current alcohol user 154 (67.54) 153 (67.11) 0.82
Anti-diabetic medication 9 (3.95) 16 (7.02) 0.008
Hypertensive 101 (44.30) 12 (56.58) <0.0001
Obese 33 (14.47) 46 (20.18) 0.005
Substitution therapy 2 7 (6.42) 11 (10.09) 0.16
Contraceptive pill intake 2 29 (26.61) 24 (22.02) 0.13
Biochemical data
Total cholesterol 5.21 £ 0.87 4.97 £ 0.94 <0.0001
LDL, mmol/I 3.16 £ 0.77 2.94 £ 0.81 <0.0001
HDL, mmol/I 1.44 £ 0.36 1.43 + 0.40 0.77
Triglycerides, mmol/I 1.62 (0.89-3.09) 1.49 (0.80-2.57) 0.003
Blood glucose, mmol/I 4.88 (4.33- 5.55) 4.96 (4.39-5.77) 0.15
Serum creatinine, pmol/I 81.07 (64.53-100.78) 87.97 (71.80-108.19) <0.0001
Blood cell count
White blood cells 6.31 £ 1.60 6.28 + 1.55 0.77
Neutrophil to lymphocyte ratio 1.90 (1.22-3.21) 1.85 (1.18-3.05) 0.23
Platelets, x10%/I 231.75 £ 56.79 234.06 + 56.11 0.37
Relative telomere length 1.05 (0.72-1.29) 0.97 (0.80-108.19) 0.0001
Relative mtDNA content 1.01 (0.70-1.49) 0.97 (0.66-1.47) 0.12

$Mean = SD, geometric (10t-90t percentile) or number of subjects (%).*Paired t test (continuous variables), Wilcoxon
signed rank test (ordinal variable), McNemar’s test (categorical variables). 2only women included (n=109). LDL: low-
density lipoprotein. HDL: high-density lipoprotein. MtDNA: mitochondrial DNA.
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Figure 1. Distribution of (A) logio-transformed telomere length and (B) mtDNA content in 228
participants at examination 1 (dark gray) and examination 2 (light gray). MtDNA: mitochondrial DNA
content.

Changes in telomere length and mtDNA content in association with

changes in obesity measures

Figure 2 shows scatterplots of changes in telomere length and mtDNA content by
changes in waist circumference. Corresponding plots for BMI are given in
supplemental figure S4. Table 4 lists the estimated % difference in FC of the
outcome variable if change in waist circumference and BMI increases with 1-SD
(A waist circumference: 7.1 cm, A BMI: 1.8 kg/m?2). While accounting for
important covariates, a 1-SD increase in waist circumference and BMI over follow-
up were linearly inversely associated with telomere length FC (-3.16%, P=0.001
and -2.00%, P=0.03, respectively). Although effect estimates were higher for
women, no significant interaction between men and women was observed (P for
interaction=0.65). FC in mtDNA content tended to be sex-specifically associated
with change in waist circumference (see Figure 2 E-F). In men, we observed a
positive association between FC in mtDNA content and waist circumference. In
women, on the other hand, the association was nonlinear with a breakpoint around
zero gain in waist circumference. For BMI, these associations did not reach a
formal statistical significance. To overcome the nonlinear association of waist
circumference and BMI with mtDNA content in women, we performed a sensitivity

analysis in which we repeated the multivariable adjusted analyses excluding
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persons with decreasing waist circumference and BMI over follow-up period (Table
4). For a 1-SD greater increase in waist circumference (7.1 cm) and BMI (1.8
kg/m?2) over follow-up, mtDNA content FC decreased by -7.8% (95% CI: -12.7, -
2.7, P=0.005) and -5.0% (95% CI: -9.9, 0.2, P=0.06), respectively.

Correction for telomere length in the models analysing mtDNA content and vice

versa did not alter the results substantially (results not shown).

Table 4: Association of A mtDNA content and A telomere length with A waist circumference and A
BMI

All participants Sensitivity analysis®
Parameter Sex Estimate* P Pint sex Estimate* P Pint sex
A Telomere length

A waist

circumference
both -3.16 (-4.99; -1.30) 0.001 -3.33 (-5.3; -1.31)  0.002
men -1.29 (-4.54; 2.07) 0.44 0.65 -3.1 (-6.78; 0.71) 0.11 0.83
women -3.19 (-5.61; -0.72) 0.01 -3.18 (-5.82; -0.47) 0.02

A BMI
both -2.00 (-3.75; -0.22) 0.03 -1.9 (-3.83; 0.08) 0.06
men 0.51 (-2.16; 3.25) 0.71 0.10 0.39 (-2.79; 3.68) 0.81 0.18
women -3.31 (-5.69; -0.87)  0.009 -3.12 (-5.76; -0.4) 0.03

A mtDNA content

A waist

circumference
both -2.47 (-6.62; 1.87)  0.26 -5.79 (-10.41; -0.94)  0.02
men 8.37 (-0.01; 17.47)  0.05  0.05  5.97 (-4.26; 17.30)  0.25  0.06
women -5.77 (-10.59; -0.69) 0.03 -7.82 (-12.71; -2.65)  0.005

A BMI
both -1.57 (-5.50; 2.52)  0.44 -3.55 (-7.98; 1.10)  0.13
men 4.33 (-2.39; 11.51) 0.21 0.16 2.54 (-5.82; 11.64) 0.55 0.17
women -3.46 (-8.39; 1.74)  0.18 -5.00 (-9.91; 0.19)  0.06

*Estimates expressed as % differences in fold change (95% CI) of telomere length and mtDNA content if the change in
BMI and waist circumference increases with one std (A BMI: 1.8 kg/m2, A waist circumference: 7.1 cm). SParticipants
with decreasing BMI and waist circumference over follow-up duration are excluded (n=205). Pint: P-value interaction
term.
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Figure 2. Within-subject change in waist circumference in association with change in telomere length (A-

C) and mtDNA content (D-F). Adjusted for sex, age and a quadratic term for age (only for mtDNA), BMI,

current smoking status, WBC count, platelet count (only for mtDNA content), logio transformed NLR, and

date of first blood sampling at first examination, if applicable, the changes of these variables over time

and follow-up duration.
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Discussion

In the current study, we investigated cross-sectional and longitudinal associations
of telomere length and mtDNA content with obesity measures. Our study supports
the idea that metabolic dysregulation (or excessive adiposity) is implicated in
accelerated biological ageing. In a cross-sectional analysis, we found an inverse
linear trend between waist circumference and telomere length but no evidence of
association between waist circumference and mtDNA content. In the longitudinal
study, we observed that a 4-year increase in waist circumference is accompanied
by a higher telomere attrition rate, particularly in women. Change in mtDNA
content was sex-specifically associated with change in waist circumference. In
women, we found a curvilinear association between 4-year change in waist
circumference and mtDNA content. In men, on the other hand, we observed a
positive trend between change in waist circumference and mtDNA content over
follow-up. Overall conclusions for BMI were similar but less strong compared to
waist circumference. This is in line with earlier research in which they
demonstrated that waist circumference is a better predictor for obesity-related
health risks compared to BMI.37: 246 By implementing waist circumference and BMI
as continuous variables in the same regression model, Janssen et al.3?
demonstrated in a study population of 14,924 American adults that obesity-
related health risk such as hypertension and hypercholesterolemia is explained by
waist circumference, and not by BMI. Based on 1,000 Iranian adults, Hajian-Tilaki
and Heidari?*¢ showed by means of receiver operating characteristic analysis that
waist circumference exhibited a better discriminate performance than BMI for

diabetes, particularly in women.

Obesity (excessive adiposity) is characterized by oxidative stress, which might be
a consequence of obesity as well as a trigger of obesity. Obesity triggers oxidative
stress by several mechanism such as increased tissue lipid levels, hyperglycemia,
impaired antioxidant defences, chronic inflammation, and hyperleptinemia.2+”
Increased ROS levels further induce the secretion of pro-inflammatory cytokines
which in turn increase ROS, starting a negative feedback loop.?*® Moreover,
obesity-induced oxidative stress may stimulate altered food intake and adipose
tissue deposition worsening the condition and possibly leading to comorbidities of

obesity.248
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Since previous research implicated that telomere length and mtDNA content are
associated with oxidative stress, inflammation and obesity-related diseases,24%: 250
it is important to evaluate associations of telomere length, mtDNA content with
obesity measures in cross-sectional and longitudinal studies. There are several
cross-sectional studies on the association between telomere length measured in
peripheral blood and obesity measures. However, evidence is controversial: few
studies did not observe any significant association,232-236 whilst other reported an
inverse association.228: 237, 251, 252 For jnstance, a Swedish study of Nordfjall et al
252 including 514 men and 475 women showed that telomere length is associated
with waist circumference (P=0.03) and BMI (P=0.02) but only in women.
Differences in protocols, study populations, anthropometric measures, statistical
methods, inclusion of covariates in the analyses, and outcome of interest may

affect study outcomes.

To our knowledge only three observational studies investigated whether telomere
attrition rate was linked to change in obesity measures over follow-up time but
not in a sex-specific manner.237-23° Révész et al. observed in a study population
of 1,808 adults of The Netherlands Study of Depression and Anxiety that greater
6-year increase in waist circumference was associated with larger peripheral blood
telomere shortening (P=0.01).237 Similar results were found in 70 young adults of
the Bogalusa Heart study,®! showing increased telomere attrition in participants
with greater 11-year increase in BMI (P<0.001) and in 989 young adults from the
Coronary Artery Risk Development in Young Adults Study?3° showing increased
telomere shortening in association with greater 10-year waist circumference
increase (P=0.04). Furthermore, two experimental studies reported significant
increases in telomere length after a weight loss intervention.2%3: 254 Changes in
telomere length was inversely associated with changes in waist circumference and
BMI during a 5-year nutritional intervention including 521 adults (55-80 years).23
Garcia-Calzon et al. 2>* reported that two months of an energy-restricted diet was
associated with decreased telomere shortening (P<0.001) in a study population

of 74 adolescents (12 -16 years).

Consistent with these previous studies, we observed a positive association
between telomere shortening and 4-year increase in obesity measures. However,

stratified analyses showed only a significant association in women.
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Regarding mtDNA content, to date only two studies investigated the link between
mtDNA content in peripheral blood and obesity in adults.236: 241 Blood mtDNA
content was inversely associated with BMI and waist circumference among 94
young Korean adults?4! and in a cohort study including 1700 female nurses.23¢ To
our knowledge only one study investigated whether a change in mtDNA content
was associated with a change in obesity measures over a follow-up period.23° In
989 participants from the Coronary Artery Risk Development in Young Adults
Study?3® mtDNA was measured at the age of 15 and 25 years. They reported that
greater waist circumference at 15 years of age predicted 10-year decrease in
mtDNA content, however, no significant association was found between within-
subject change in mtDNA content and waist circumference. In the current study,
greater increase in waist circumference over time was associated with greater
increase in mtDNA content in men. In women opposite effects were observed.
Smoothing plots demonstrated a curvilinear relationship, with an inverse
significant association between 4-year changes in waist circumference and mtDNA
content in women who demonstrated increasing waist circumference over time.
Adjustment for telomere length did not alter these findings. Whether increasing
or decreasing mtDNA content is detrimental for human health is unclear. Both
decreased and increased mtDNA content are associated with age-related
diseases.?>>-2>8 Moreover, whilst telomere length declines with age, a curvilinear
association has been found between mtDNA content and age in the current study

population24> as well as in earlier research.2>°

The observed sex-specific associations in the current study may be due to differing
fat storage patterns in men and women caused by metabolic an hormonal
differences.8” In the current study population, the range of 4-year change in waist
circumference is broader in women compared to men which may also contribute

to observed findings in men and women.

This study has several limitations that warrant consideration. Although we
regressed the longitudinal change, observational studies do not allow to establish
causality. Second, we cannot exclude the possibility of residual confounding by
unknown factors associated with both obesity measures and telomere length or
mtDNA content. Third, our study population consisted of only white Europeans so

care must be taken when generalizing to other ethnicities.
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Conclusion

In conclusion, our findings indicate that lower weight gain during aging is
associated with decreased telomere shortening and affect mtDNA content changes
over time, especially in women. We advise future longitudinal studies to check
whether associations differ between subjects with increasing and decreasing
obesity measures. Promoting normal weight by encouraging to eat healthy and to
implement physical activity in daily life might help to prevent the onset and

progression of age-related diseases.
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Supplementary material

Table S1. Change in telomere length in association with participants’ characteristics

Parameter® Estimati SE P-value
Male sex -2.35 1.84 0.19
Age, 15.1 years -2.94 1.05 0.005
Current smoker 0.83 2.52 0.74
White blood cells, 1.60 x 109 cells/| -1.88 1.09 0.082
A white blood cells, 1.48 x 10° cells/I -1.18 1.11 0.29
Neutrophil to lymphocyte ratio (log1o), 0.16 2.27 1.04 0.031
A neutrophil to lymphocyte ratio (log1o), 0.15 1.69 1.08 0.12
Telomere length (log10), 0.09 -4.1 0.98 <.0001
Date blood sampling, 479.9 days 2.23 1.45 0.12
Follow-up duration, 216.3 days -1.48 1.35 0.25

2 Estimates expressed as % differences in fold change of telomere length.
b For continuous characteristics, the SD is given after the comma and estimates and corresponding SEs are expressed for
a 1-SD increase in the explanatory variable. SE: standard error; SD: standard deviation.
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Table S2. Change in mtDNA content in association with participants’ characteristics

Parameter? Estimate® SE P-value
Male sex -6.2 4.37 0.14
Age, 15.1 years 27.65 12.62 0.042
Age?, 15.12 years -4.09 1.84 0.019
Current smoker -4.87 5.77 0.37
White blood cells, 1.60 x 109 cells/I -10.47 2.61 <.0001
A white blood cells, 1.48 x 10° cells/I -9.75 2.54 0.0005
Platelets, 56.8 x 10° cells/| 6.41 2.44 0.011
A platelets, 38.9 x 10° cells/I 7.28 2.22 0.0016
Neutrophil to lymphocyte ratio (log1o), 0.16 -3.48 2.33 0.13
A neutrophil to lymphocyte ratio (logio), 0.15 -4.65 2.44 0.051
MtDNA content (log1o), 0.13 -25.19 2.07 <.0001
Date blood sampling, 479.9 days -4.32 3.14 0.16
Follow-up duration, 216.3 days -2.94 3.08 0.34

2 Estimates expressed as % differences in fold change of mtDNA content.
b For continuous characteristics, the SD is given after the comma and estimates and corresponding SEs are expressed for
a 1-SD increase in the explanatory variable. MtDNA: mitochondrial DNA; SE: standard error; SD: standard deviation.
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Figure S1. Waist circumference in association with telomere length (A-C) and mtDNA content (D-F).
Adjusted for date of blood sampling, sex, age, current smoking status, WBC count, logio-transformed

NLR, for mtDNA content additionally for platelet count and age?.
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Figure S2. BMI in association with telomere length (A-C) and mtDNA (D-F). Adjusted for date of blood

sampling, sex, age, current smoking status, WBC count, logio-transformed NLR, additionally for mtDNA

for platelet count and age?. BMI: Body mass index.
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CHAPTER 6

Abstract

Background: Mitochondrial DNA (mtDNA) is particularly susceptible to oxidative
stress-induced damage, and therefore a potential important pathway for air
pollution-linked diseases. We assessed the association between peripheral blood
mtDNA content and long-term particulate matter <2.5 pym (PMz.5) exposure in an

adult population.

Methods: In 577 randomly selected individuals from Flanders, Belgium (50.6%
men, mean age 55.5 years), of whom 222 were examined at two examination
days with on average 4.4 years in between, relative mtDNA content was measured
in peripheral blood buffy coat. We performed linear regression analyses adjusting
for participants’ characteristics to assess the association of long-term PMj;s
exposure with mtDNA content and with the change in mtDNA content between the
two measurements. Furthermore, we studied potential effect modification by sex,

smoking status, and waist circumference.

Results: In the cross-sectional analysis, an interquartile range (IQR, 1.51 pug/m3)
increase in long-term residential PM; s exposure was associated with a decrease
in mtDNA content of 5.1% (P=0.03) with a more pronounced effect in abdominal
obese participants (-6.6%, P=0.03) compared to non-obese participants (-3.2%,
P=0.34). In a longitudinal analysis, a 1.51 ug/m?3 increment in residential PMz s
exposure was associated with a 10.9% (P=0.004) lower fold change of mtDNA
over 4 years of follow-up. The association was stronger in smokers (-31.6%,
P=0.004) compared to non-smokers (-8.9%, P=0.03) (Pinteraction=0.04) and for
participants with decreased (-0.08%, P=0.99) versus increased waist

circumference over follow-up time (-13.6%, P=0.003) (Pinteraction=0.04).

Discussion: We found an inverse association between long-term PM; s exposure
and peripheral blood mtDNA content in a general population. Our study suggests
that future studies should take into account possible effect modification by
(abdominal) obesity measures and potential synergism between smoking and

environmental air pollution exposure.
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Introduction

Fine particulate matter (aerodynamic diameter < 2.5 pym, PM;5) in ambient air
has been linked with age-related pathogenesis including lung cancer, respiratory
and cardiovascular diseases.?%? Production of reactive oxygen species (ROS) and
oxidative stress are implicated to play a crucial role in the development of these
prominent health effects.261-264 ROS are mainly generated by the mitochondrial
electron transport chain, which may be dysregulated by environmental exposures.
Because of its proximal location, limited repair capacity and lack of histons and
noncoding introns, mitochondrial DNA (mtDNA) is particularly susceptible to ROS-
induced damage. Accumulation of mtDNA damage may trigger mtDNA
degradation, mitochondrial fusion and fission, and mitochondrial destruction by
mitophagy.?%> When the affected proportion of mitochondria exceeds a threshold

this may lead to cellular dysfunction and in turn to cell death.266

Previous studies have indicated an altered mtDNA content in adults in response
to air pollution exposure?!6: 267-270 and smoking status?’! 272, However, results
were inconsistent with respect to the direction of the effects. Moreover, most
studies focussed on working environments with high exposure levels or on specific
subgroups such as diabetic patients?’3. Research of the impact of environmental
particulate matter exposure on mtDNA content in a general population is still

limited.

In the framework of the Flemish Study of Environment, Genes and Health
Outcomes (FLEMENGHO), we assessed the association of long-term PM;;s
exposure with mtDNA content and within-subject change of mtDNA content over
a time period of £ 4 years. To understand better interindividual susceptibility, we
studied potential effect modification by sex, smoking status, and waist

circumference.

Methods

Study population

FLEMENGHO is an ongoing family-based population study that started in 1985 and
has been described in detail previously.?** Households (persons with the same
residential address) were randomly sampled in the north-eastern part of Belgium
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by use of SAS random function. The initial participation rate was 78.0%.
Participants were repeatedly followed-up at a local examination center. At each
examination, demographic data, life style factors and health parameters were

provided through an extensive self-assessment questionnaire.

For 228 participants, mtDNA content was measured at two examination days with
on average (range) 4.4 (2.8 to 5.7) years in between. During the second
examination phase (2010-2013), we additionally measured mtDNA content in 340
participants resulting in 586 participants of which mtDNA content measurements
were available for the second examination phase. This study was approved by the
Ethics committee of the University of Leuven, and complies with the Helsinki

declaration. All participants provided written informed consent at each contact.

DNA extraction and measurement of relative mtDNA content

Genomic DNA was isolated from peripheral blood buffy coats using the QIAmp
DNA Mini Kit (QIAGEN GmbH, Hilden, Germany), following the manufacturer's
guidelines. DNA yield and purity ratios (A260/280 and A260/230) of the isolated
DNA were measured using a Nanodrop spectrophotometer (ND-1000; Isogen Life
Science B.V., De Meern, the Netherlands). MtDNA content was measured, as
previously described 245, by calculating the relative ratio of two mitochondrial
sequences [mitochondrially encoded NADH dehydrogenase 1 (MT-ND1) and
mitochondrial forward primer from nucleotide 3212 and reverse primer from
nucleotide 3319 (MTF3212/R3319)] to a single housekeeping nuclear gene
(RPLPO) by use of a quantitative real-time polymerase chain reaction (qPCR)
assay. The DNA samples were diluted to a concentration of 2.4 ng/pL in RNase
free water. gqPCR was performed by use of 2.5 pl extracted DNA and 7.5 pyl master
mix containing Fast SYBR Green dye 2x (Applied Biosystems, Inc., Foster City,
California), forward and reverse primers, and RNase-free water. For consistency,
samples were run in triplicate. Primers were diluted to a final concentration of 300
nM in the master mix. Each 384-well plate contained 2 no-template controls and
6 interrun calibrators. gPCR was performed using the 7900HT Fast Real-Time PCR
System (Life Technologies, Foster City, CA, United States) with following thermal
cycling profile: 20 sec at 95°C, followed by 40 cycles of 1 sec at 95°C and 20 sec

at 60°C. gBase software (Biogazelle, Zwijnaarde, Belgium) was used to normalize
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cycle threshold values of the two mtDNA sequences relative to the nuclear

reference gene and to correct for run-to-run differences.?11

Exposure measurement

PM2.5 concentrations (ug/m3) for each participants’ residential address were
interpolated using a high resolution (25 x 25 m) spatiotemporal interpolation
method. The interpolation model uses PM; s data collected by a governmental
stationary monitoring network (34 monitoring stations in Belgium) and takes into
account land cover data obtained from satellite images (CORINE land cover data
set). Coupled with a dispersion model (Immission Frequency Distribution Model)®7-
99 that uses emissions from point sources and line sources, this model chain
provides daily PM; s values in a dense irregular receptor grid. Overall model
performance was evaluated by leave-one-out cross-validation across monitoring
stations. Validation statistics of the interpolation tool explained >80% of the
spatiotemporal variability.®® PM, s exposure averaged over a five year period
(2010-2014) was considered representative for participants’ long-term PM; s
exposure. Participants’ residential addresses are marked in Figure 1, showing the

north-eastern part of Belgium.

Other measurements

On the day of the examinations, trained nurses measured the participants’ blood
pressure and anthropometric characteristics. Waist circumference was measured
with a tape measure midway between the lowest palpable rib and the top of the
iliac crest. High waist circumference (as a measure of abdominal obesity) was
defined as a waist circumference equal or higher than 102 cm for men and higher
than 88 cm for women.3° Body mass index (BMI) was calculated by dividing body
weight in kilograms by squared height in meters. Obesity was defined as having
a BMI greater than or equal to 30 kg/m?. Blood pressure was calculated as the
average of five consecutive auscultatory readings measured with a standard
mercury sphygmomanometer according to European guidelines.27¢ Participants
with a measured blood pressure of at least 140 mm Hg systolic or 90 mm Hg
diastolic or use of antihypertensive drugs were categorized as being hypertensive.
At the examination day, venous blood samples were drawn after participants had
been fasting for at least 6 hours. Plasma glucose, serum levels of creatinine,

139



CHAPTER 6

triglycerides, and total and high-density lipoprotein cholesterol were measured by
automated methods in a single certified laboratory. Diabetes mellitus was
determined by self-reported diagnosis, fasting glucose level exceeding 7.0 mmol/L

(126 mg/dl), or use of antidiabetic agents.

Statistical analysis
MtDNA content was logio-transformed to obtain a normal distribution.

In the cross-sectional analysis, we investigated the association between long-term
PM;.s exposure and mtDNA content of the second examination phase. Categorical
data are described as frequencies (percent) and compared by a chi-square test.
Continuous data are given as mean values = SD or geometric mean (10t to 90t
percentile) and compared by a t test or a Wilcoxon rank sum test for normally and

non-normally distributed variables respectively.

In the longitudinal analysis, we analysed the relation between long-term PM; s
exposure and within-subject change in mtDNA content during the follow-up
period. Within-subject changes were calculated by subtracting follow-up values by
baseline values. For mtDNA content, the difference between the log-transformed
values was considered as outcome, i.e. log-transformed fold change in mtDNA
content where fold change refers to the ratio of mtDNA content at second
examination and the value at first examination. Data are described per
examination phase: categorical variables were compared by a McNemar’s test and
distributions of continuous variables were compared by a paired t test or a

Wilcoxon signed-rank test for non-normally distributed variables.

In both analyses, we used linear mixed models with residential address number
as a random effect to account for non-independence of observations living in the
same household. Models were adjusted for the following a priori selected
variables: sex, age (linear and quadratic term), current smoking status (non-
smoker or current smoker), white blood cell (WBC) count, logio-transformed
neutrophil to lymphocyte ratio (NLR) and platelet count. In the longitudinal
analysis, models were additionally adjusted for baseline mtDNA content, changes

in blood cell counts over time, and follow-up duration.

In secondary analyses, we examined whether the observed associations were

modified by sex, current smoking status (non-smoker vs smoker), and waist
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circumference (normal vs high) by use of interaction terms and stratification. In
the longitudinal analysis, we additionally assessed effect modification by within-
subject change in waist circumference over follow-up duration (decreased or
increased). We also explored the shape of the associations by using smoothing
plots (natural cubic splines with number of knots based on Akaike Information

Criterion).

For the cross-sectional analysis, results were back-transformed and presented as
estimated percent difference in mtDNA content for one interquartile range (IQR)
increase in long-term PM; s exposure. For the longitudinal analysis, results were

presented as difference in fold change in mtDNA content.

Because nine participants with relatively high exposure levels (>15 ug/m3) may
influence the results, especially in subgroup analyses, we excluded these
participants resulting in a final study population of 577 participants for the cross-
sectional study and 222 participants for the longitudinal study. In a sensitivity
analysis, we checked whether inclusion of the nine relatively highly exposed
participants in the main model changed the obtained results.

All statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary,
NC) and RStudio (R version 3.3.2).

Results

Cross-sectional study
Characteristics of the study population

The 577 white European participants included 292 (50.6%) men, 137 (23.7%)
obese participants and 87 (15.1%) current smokers (Table 1). The average
(range) was 55.5 (20-89) years. Waist circumference differed significantly
between men (average: 99.4 cm, SD: 10.6 cm) and women (average: 92.4 cm,
SD: 12.6 cm). 119 (40.8%) men and 176 (61.8%) women had a high waist
circumference (=102cm for men and =88cm for women). In total 284 (49.2%)
participants were hypertensive including 44.1% of the male participants and
57.2% of the female participants. MtDNA content was significantly higher in
women compared to men (P=0.0002). Mean (IQR) long-term PMy5s was 12.4

(1.51) pg/m3. For all participants, exposure levels were below the European
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annual mean limit value (25 pg/m3) but above the limit of the World Health

Organization (WHO) air quality guidelines (10 pg/m3).

Table 1. Descriptive characteristics of the 577 participants in the cross-sectional

analysis by sex

Characteristic Men (n=292)*% Women (n=285)% P-value*
Anthropometrics
Age, years 55.49 + 14.86 55.42 % 14.12 0.95
Body mass index, kg/m? 27.63 + 3.73 26.89 + 4.46 0.03
Waist circumference, cm 99.38 £ 10.60 92.37 £ 12.60 <0.0001
Systolic blood pressure, mmHg 132.52 + 14.36 131.46 + 17.55 0.43
Diastolic blood pressure, mmHg 83.83 £9.65 81.44 £9.53 0.0029
Questionnaire data
Current smoking status 47 (16.1) 40 (14.40) 0.49
Current alcohol use 234 (80.1) 163 (57.2) <0.0001
Diabetic 20 (6.8) 14 (4.9) 0.32
Hypertensive 130 (44.5) 154 (54) 0.01
Obese 73 (25.0) 64 (22.5) 0.43
High waist circumference @ 119 (40.8) 176 (61.8) <0.0001
Substitution therapy 19 (6.7) n.a.
Contraceptive pill intake 48 (16.8) n.a.
Biochemical data
Total cholesterol 4.83 £ 0.89 5.26 £ 0.98 <0.0001
LDL, mmol/I 2.93 £0.75 3.10 £ 0.90 0.020
HDL, mmol/I 1.28 £ 0.31 1.66 + 0.37 <0.0001
Triglycerides, mmol/L 1.61 (0.88-2.90) 1.33 (0.80-2.27) <0.0001
Blood glucose, mmol/L 4.98 (4.39-5.72) 4.83 (4.33-5.44) 0.0065
Serum creatinine (umol/l) 97.37 l(?fég) 79.62 (68.34-93.37)  <0.0001
Blood cell count
White blood cells, x10%/I 6.29 £ 1.42 6.45 + 1.69 0.20
Neutrophil to lymphocyte ratio 2.00 (1.28-3.13) 1.73 (1.12-2.78) <0.0001
Platelet, x10%/I 214.12 £ 46.85 253.56 + 58.96 <0.0001
Relative mtDNA content 0.94 (0.64-1.41) 1.04 (0.70-1.61) 0.0002

$Mean + SD, geometric mean (10™"-90t percentile) or number of subjects (%). *T test (continuous variables), Wilcoxon
rank sum test (ordinal variable), chi-square test (categorical variables). @ Waist circumference higher than 102 cm for
men and 88 cm for women. LDL: low-density lipoprotein; HDL: high-density lipoprotein; mtDNA: mitochondrial DNA;
n.a.: not applicable.

Association between mtDNA content and long-term PM>, s exposure

We investigated whether peripheral blood mtDNA content is associated with long-
term PM;. s exposure in 577 participants and whether there is effect modification
by sex, current smoking status, and waist circumference (Table 2). Estimates are
expressed as % difference per 1-IQR (1.51 pg/m3) increase in PM. s exposure. We

observed a significant association between long-term PM; 5 exposure and mtDNA
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content (-5.1%, 95%CI: -9.35, -0.66%, P=0.03). Interaction terms of long-term
PM25 exposure with sex, smoking status and waist circumference were not
significant. Nevertheless, we see stronger associations in participants with high
waist circumference.

Table 2. Cross-sectional analysis between mtDNA content and long-term

PM2.s exposure

Subgroup N Estimates* P-value P-valueint
Total 577 -5.10 (-9.35, -0.66) 0.03
Men 292 -4.18 (-10.91, 3.05) 0.21 0.78
Women 285 -5.51 (-11.40, 0.77) 0.08
Non-smokers 490 -4.95 (-9.67, 0.02) 0.05 0.58
Smokers 87 -6.51 (-16, 4.05) 0.21
Normal waist circumference 282 -3.18 (-9.55, 3.65) 0.34 0.66
High waist circumference 295 -6.64 (-12.35, -0.56) 0.03

*Estimates expressed as % difference (95% CI) in mtDNA content for an IQR increase in PM2.s (IQR: 1.51 pg/m3).
P-valueint: P-value interaction term.

Figure S1A shows the smoothing plot for the association between long-term PM; 5
exposure and mtDNA content. The association was flat at lower PM; s levels, and

steepest above 13 pg/m3.

Longitudinal study
Characteristics of the study population

Table 3 lists the characteristics of the 222 participants by the examination phase.
Follow-up duration was on average 4.4 years with a range between 2.8 to 5.7
years. 117 (52.7%) participants were men. Age at first examination had a mean
(range) of 51.9 (18.8 to 82.1) years. On average waist circumference increased
with 5.4 cm during follow-up period (P<0.0001). PM, 5 exposure had a median
(IQR) of 12.6 (1.6) pg/m?3. The Spearman correlation between mtDNA content on
both examination days was low (R=0.13, P=0.05).
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Table 3. Descriptive characteristics of the 222 participants in the longitudinal

analysis by examination phase

Characteristic Examination 1*% Examination 2% P-value*
Anthropometrics
Age, years 51.88 + 14.88 56.27 + 14.94 <0.0001
Body mass index, kg/m? 26.46 + 3.88 27.31 £3.99 <0.0001
Waist circumference, cm 91.45 £ 11.87 96.83 + 11.86 <0.0001
Systolic blood pressure, mmHg 128.43 £ 15.45 134.21 £ 16.24 <0.0001
Diastolic blood pressure, mmHg 79.92 £9.75 83.42 £ 9.60 <0.0001
Questionnaire data
Current smoking status 38 (17.12) 34 (15.32) 0.10
Current alcohol user 150 (67.57) 148 (66.67) 0.64
Diabetic 11 (4.95) 17 (7.66) 0.014
Hypertensive 98 (44.14) 127 (57.21) <0.0001
Obese 33 (14.86) 46 (20.72) 0.0046
High waist circumference 2 74 (33.3) 117 (52.7) <0.0001
Substitution therapy ° 7(3.15) 10 (4.50) 0.26
Contraceptive pill intake © 26 (11.71) 22 (9.91) 0.21
Biochemical data
Total cholesterol 5.22 (0.88) 4.98 (0.94) <0.0001
LDL, mmol/I 3.17 (0.77) 2.95(0.81) <0.0001
HDL, mmol/I 1.43 (0.35) 1.43 (0.40) 0.85
Triglycerides, mmol/I 1.63 (0.91-3.09) 1.50 (0.80-2.57) 0.004
Blood glucose, mmol/I 4.90 (4.39-5.55) 4.97 (4.39-5.77) 0.17
Serum creatinine, umol/I 80.94 l(gggg; 88.08 %éig; <0.0001
Blood cell count
White blood cells 6.30 £ 1.61 6.27 £ 1.56 0.78
Neutrophil to lymphocyte ratio 1.90 (1.22-3.21) 1.85 (1.18-3.05) 0.27
Platelets, x10%/I 231.59 + 56.84 233.76 £ 55.89 0.41
Relative mtDNA content 1.02 (0.70-1.49) 0.96 (0.66-1.45) 0.07

$Mean (+ SD), geometric mean (10%-90% interval) or number of subjects (%).*Paired t test (continuous variables),
Wilcoxon signed rank test (ordinal variable), McNemar’s test (categorical variables). @ Waist circumference higher than
102 cm for men and 88 cm for women. Ponly women included (n=105); LDL: low-density lipoprotein; HDL: high-density
lipoprotein; mtDNA: mitochondrial DNA.

Association between change in mtDNA content and long-term PM2.5

exposure

We investigated whether within-subject change in mtDNA content was associated
with long-term exposure to PM, s. Participants exposed to 1.51 pg/m?3 higher PM; 5
exposure are estimated to have a 10.8% (95%CI: 3.9, 17.3%, P=0.004) lower
FC in mtDNA content over the follow-up period (Table 4). Although the association
was not found to be sex-specific (Pinteraction=0.68), sex-stratification showed a
significant association only in women (-14.1%, 95%CI -22.8, -4.4%, P=0.01).
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Furthermore, the association tended to be different for smokers compared to non-
smokers (Pinteraction=0.04) and for participants with decreased versus increased
waist circumference over follow-up time (Pinteraction=0.04). Among smokers and
non-smokers respectively, an increase in PM, s of 1.51 ug/m?3 is associated with a
decrease in mtDNA FC of 31.6% (95%CI:12.5, 46.6%, P=0.004) and 8.9%
(95%CI: 0.8, 16.5%, P=0.03). The association between PM, s exposure and
mtDNA FC was only significant in participants with increased waist circumference
during follow-up (-13.6, 95%CI: -20.4, -6.2%, P=0.003) but not in participants
with decreasing waist circumference (-0.08, 95%CI: -22.4, 28.71, P=0.99).

Table 4. Analysis between change in mtDNA content and long-term PMaz.s exposure

Subgroup N Estimates* P-value P-valueint
Total 222 -10.83 (-17.26, -3.90) 0.004
Men 117 -7.69 (-16.68, 2.28) 0.12 0.68
Women 105 -14.09 (-22.78, -4.42) 0.01
Non-smokers 188 -8.94 (-16.45, -0.76) 0.03 0.04
Smokers 34 -31.66 (-46.61, -12.49) 0.004%
Waist circumference decreased over follow-up 34 -0.08 (-22.43, 28.71) 0.99 0.04
Waist circumference increased over follow-up 188 -13.59 (-20.44, -6.16) 0.003*
Normal waist circumference 105 -9.25 (-19.68, 2.53) 0.12 0.81
High waist circumference 117 -13.09 (-20.76, -4.67) 0.003%

*% difference (95% CI) in mtDNA FC for an increase of 1-IQR of long-term PMz2.s (IQR: 1.51 pg/m3). P-valueint: P-value
interaction term. $FDR-adjusted P-values < 0.05. °PM2.5 < 15 pg/m?3.

Figure S1B shows the smoothing plot for the association between long-term PM; 5
exposure and within-subject change of mtDNA. The observed negative association

is mostly driven by exposure above 13 pg/m3.

In a sensitivity analysis, we repeated the main analyses with inclusion of the
participants with PM,s estimates > 15 ug/m3, which did not alter the reported
associations in our main analysis substantially. Figure 1 shows the scatterplots of
the cross-sectional and longitudinal association with and without exclusion of

these participants.
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Figure 1. Scatterplot of mtDNA content (A,B) and within-subject changes in mtDNA content (C,D) by
long-term PM2.s exposure, excluding (A, C) and including (B, D) participants with PM2s estimates > 15
pg/m3. Multivariable linear analyses were adjusted for sex, age (linear and quadratic term), current
smoking status, WBC count, platelet count, logio transformed NLR and, for the model fitting change in
mtDNA content, additionally for baseline mtDNA content, change in blood cell counts, and follow-up
duration. Residential address was included as random intercept. Dotted lines represent 95% CI. R:

correlation coefficient.
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Discussion

Our key finding is that peripheral blood mtDNA content and within-subject change
in mtDNA content over a 4-year follow-up period is inversely associated with long-
term residential PM, s exposure in a general population sample. In the cross-
sectional study, stratified analyses showed stronger effect sizes in participants
with high waist circumference. The longitudinal study showed a more pronounced
association between change in mtDNA content and long-term PM; s exposure in
women, smokers, and participants with high waist circumference (abdominal
obesity). Furthermore, excluding participants with decreasing waist circumference
over follow-up period resulted in greater effect sizes. Loss in waist circumference
may have several underlying reasons, such as disease and diet and sport program,

which themselves may alter mtDNA content over time.

The underlying biological mechanisms by which air pollution exposure contributes
to adverse health effects are not well understood, although oxidative stress is
hypothesized to play a central role. Increased ROS production due to air pollution
exposure may result in a depletion of mtDNA content. The observed study findings
are consistent with previous studies on ambient air pollution exposure. The Beijing
Truck Driver Air Pollution Study?%” showed that mtDNA content was inversely
associated with personal elemental carbon exposure during work hours and with
5-day and 8-day ambient PMjo exposure. Previously, we observed a negative
association between peripheral blood mtDNA content and 1-week, 1-month and
2-year PMio and PM, s averages in 150 adults of the third Flemish Environment
and Health Survey.2%°® A recent study on 646 elderly male participants in the
Normative Aging Study (Greater Boston)2’° demonstrated a negative association
between mtDNA abundance and 1-year averaged PM; s mass. On the other hand,
a Swedish study2%® found a positive association between mtDNA content and
personal respiratory dust exposures above 0.7 mg/m?3 measured during working
hours among welders, and Hou and colleagues?® observed a positive association
between mtDNA content and averaged PM (PM1o, PM1, PM1p-PM1) exposure during
work hours in 63 male steel workers in Italy. Inconsistency between study findings
may be due to variations in composition and size of particles, exposure
concentration levels, and exposure duration. Most previous studies2i6. 267, 268

studied short-term particulate matter exposure, which may not capture
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cumulative effects caused by prolonged environmental air pollution exposure. In
the current study, we observed more pronounced associations for specific
population subgroups, suggesting that differences in population characteristics
between studies may further contribute to inconsistencies between study findings.
In line with previous findings,277-281 abdominal obese participants seemed to be
more vulnerable to air pollution exposure. The observed synergistic interaction
may be explained by the fact that both air pollution as well as obesity are
associated with increased inflammation and oxidative stress. Moreover, obesity is

shown to enhance the effects of air pollution on inflammatory markers.281. 282

Furthermore, in the longitudinal study, smokers showed higher effect sizes.
However, due to the limited number of smokers (n=34), this finding needs to be
interpreted with caution. Additional studies on populations with more smokers are
necessary to support potential synergism between smoking and particulate matter

exposure.

We recognize some limitations of our study. First, as with all observational studies,
we cannot establish causality and we cannot exclude the possibility of residual
confounding by some unknown factor that is associated with both peripheral blood
mtDNA content and long-term PM; s exposure estimates. However, extensive self-
assessment questionnaires in combination with collection of biochemical and
clinical measures by trained staff provided the necessary information to correct

for several person-related characteristics.

Second, the low correlation of blood mtDNA between both time points suggests
high biological variability over time. Our findings were in line with a previous study
on 63 male healthy workers in Italy in which a correlation coefficient of 0.13 was
reported between peripheral blood mtDNA content of the first day and the fourth
day of the work week.216

At last, our study focussed on the North-eastern part of Belgium and, since
exposure levels and composition of particles is region dependent, study findings
may not be generalizable to other regions of Europe. Moreover, our study
population included only white Europeans so care must be taken when

generalizing to other ethnicities.
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Conclusion

Overall, we found a negative association between long-term PM, s exposure and
peripheral blood mtDNA content in a general population. Our study indicates that
future studies should take into account potential effect modification by
(abdominal) obesity measures and potential synergism between smoking and

environmental air pollution exposure.
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Figure S1. Scatterplots and cubic smoothing splines of mtDNA (A) content and within-subject changes
in mtDNA content (B) by long-term PM..s exposure. Analyses were adjusted for sex, age and a quadratic
term for age, BMI, current smoking status, WBC count, platelet count, logio transformed NLR and, for the
model fitting change in mtDNA content, additionally for follow-up duration. Residential address was

included as random intercept. Dotted lines represent 95% CI.
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CHAPTER 7

Chronic age-related diseases are the main cause of disability and death worldwide.
However, the question why some people die prematurely and others survive
healthy to old age remains largely unanswered. From early life onwards, we are
continuously exposed to a plethora of environmental inputs and lifestyle factors
which affect, along with genetic factors, the aging process. During the last few
decades, the impact of excess body fat (as a marker of sedentary lifestyle and
high-calorie food intake) and air pollution exposure on human health have become
of growing concern in our modern society. In this context, we attempted to
elucidate potential biological pathways that may intermediate the effect of
environmental exposures on the development of chronic diseases. In a life-course
concept, we studied environmental stressors during different stages of life

including prenatal development and middle and late adulthood.
The novelties of this dissertation are:

1. The exploration of the shape of the association between gestational PM1o
exposure and fetal growth and of potential effect modification by
gestational age

2. Assessing the impact of gestational PM,s exposure on the fetal

transcriptome

3. Studying the impact of PM on the adult mitochondria-related
transcriptome and validation of findings in an independent study

population

4. Assessing the impact of PM, s exposure on changes of peripheral blood

mtDNA content over a follow-up period of £4 years

5. Evaluation of the effect of obesity indices on both mtDNA content and

telomere length in a longitudinal study design
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Impact of particulate air pollution

PM air pollution is an omnipresent environmental risk factor for public health
worldwide. Since the mechanisms driving air pollution-induced adverse health
effects are poorly understood, in this doctoral dissertation, we tried to further
elucidate underlying biochemical pathways by means of hypothesis-driven and

hypothesis-generating approaches.

Fetal growth

Fetal growth is an important indicator of adverse health effects later in life.
Mapping environmental exposures that influence fetal growth is therefore of great
concern. Maternal air pollution exposure during pregnancy may affect the fetus in
two different ways: 1) indirectly, through mediation by inflammatory effects on
the mother’s cardiorespiratory system and 2) directly, after translocation of
(ultra)fine particles via the mother’s bloodstream to the placenta or into the
amniotic fluid. Wick et al.'4° showed in an ex vivo human placental perfusion
model that polystyrene particles with a diameter up to 240 nm are able to cross
the placental barrier. Previous studies investigated the impact of ambient air
pollution on a range of pregnancy outcomes such as small for gestational age,
birth weight, low birth weight, premature birth, and stillbirths.?2- 24 25 Although
there is growing evidence for a negative association between air pollution and
fetal growth, several reviews2? 105 and meta-analyses!®: 108 noted substantial
heterogeneity between published studies regarding the study population, effect
size, methodology, air pollutant of interest, and outcome of interest. A review of
Stieb et al.198 suggested to further explore the variation in effects by exposure
window. Most studies only considered longer exposure windows such as entire
pregnancy and trimesters, not taking into account the distribution of air pollution
during pregnancy. For example, consistently moderate and low air pollution levels
with occasional high air pollution exposure levels may both result in similar
average exposure levels.?83 Therefore, besides assessing entire pregnancy and
trimester exposures, we analysed in chapter 2 shorter time windows during
critical stages of development and fetal growth, including the perinatal period,?”
early embryogenesis,28% 285 and last month of pregnancy.!%> Whereas most
previous studies only considered term births, we also included extremely and

moderately preterm births in order to assess potential effect modification by
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gestational duration. Another novel aspects of this study is the exploration of the

shape of the association between fetal growth measures and PM exposure.

In our study of nearly 530,000 newborns, we observed significant associations of
gestational PMio exposure with birth weight and being small for gestational age
(SGA) among neonates born after 31 weeks of gestation. For both of these
outcomes, associations were considerably stronger in babies born moderately
preterm than for those born at term. For a 10 pg/m3 higher maternal PMig
exposure averaged over the entire pregnancy, birth weight was estimated to be
24.0 g (95% CI: 20.9, 27.2 g) and 39.0 g (95% CI: 26.4, 51.5 g) lower among
term and moderately preterm babies respectively. For SGA, corresponding odds
ratios were 1.09 (95% CI: 1.06, 1.12) and 1.19 (95% CI: 1.07, 1.32) respectively.

In addition, segmented regression models showed that the assessed associations
deviated from linearity with a breakpoint around 35 pg/m3. Stronger effects of
PMio exposure on fetal growth were observed at lower concentration with a
flattening out of the slope at higher exposure concentrations. As suggested by
Ambrose and Barua,!33 the nonlinear shape of the observed associations may be
caused by saturation of the underlying biochemical and cellular processes at

higher exposure levels.

Mitochondria and air pollution exposure

Both in the hypothesis-generating and hypothesis-driven approaches applied in
this doctoral dissertation, the importance of mitochondria in the response to

ambient air pollution exposure during different stages of life is emphasised.

In a subset of 142 newborns of the ENVIRONAGE birth cohort, we elucidated sex-
specific pathways linked to maternal PM; s exposure during pregnancy (Chapter
3). Maternal PM..s exposure during the last month of pregnancy was associated
with an upregulation of the electron transport chain (ETC) and tricarboxylic acid
(TCA) cycle pathway, however, only in boys. Previously, Janssen et al.?2 observed,
in an independent subset of 174 newborns of ENVIRONAGE, a negative association
between placental mtDNA content and PM;p exposure during the last month of
pregnancy. Both studies highlight the role of mitochondria as biosensors of PM
exposure during prenatal life. In chapter 4 where we analysed transcriptome-

wide data of 98 adults, pathway analyses revealed a positive association of
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medium-term (one month averages before blood sampling) PMip exposure with
the expression of genes encoding proteins of the ETC in women and of the TCA
cycle in men. Short-term (one week averages before blood sampling) PMjo
exposure was linked to pathways implicated in mitochondrial genome
maintenance and apoptosis in women. We validated several ETC genes and genes
involved in the mitochondrial genome maintenance by means of gPCR in an
independent study population of 169 adults providing more confidence in the
robustness of our obtained results. Furthermore, we observed a negative
association between peripheral blood mtDNA content and PM exposure for both
men and women in the validation study. These results were consistent with the
findings of Chapter 6, showing a negative association between mtDNA content
and long-term PM; s exposure in adults. In addition, this study demonstrated a
negative association between long-term PM.s exposure and change in mtDNA
content over a follow-up period of around 4 years. Previous studies assessing the
association between mtDNA content and particulate air pollution are listed in Table
1. Studies are heterogeneous regarding the population of interest, exposure
window (short- versus long-term) and measurement of PM exposure (outdoor PM
vs PM at workplace vs personal monitoring). For short-term PM exposure, both
positive and negative associations have been observed. However, positive
associations were only found for PM exposure measured at workplace where PM
exposure is relatively high.216. 268 Moreover, Xu et al.268 demonstrated a non-linear
association in welders: below a respirable dust exposure (particulate diameter <
4 ym) of 0.7 mg/m?3 no significant association was found (B: -0.031, 95% CI: -
0.47, 0.41, P-value: 0.89, n=57) whereas above 0.7 mg/m3 a borderline positive
association was reported (B: 0.037, 95% CI: -0.00075, 0.075, P-value: 0.054,
n=41). For long-term outdoor exposure all studies reported decreased mtDNA

content with increasing PM exposure.269 270, 286

Regarding gene expression, human studies on mitochondrial response to
particulate air pollution are lacking. Nevertheless, male mice exposed to cigarette
smoke for 8 weeks showed an upregulation of a range of mitochondria-linked
genes including genes encoding a component of the ATP synthase and succinate
dehydrogenase complex.287 Using western blots and enzyme assays, they showed
that cigarette smoke exposure elicited an upregulation of the expression of
complexes 1II, III, IV, and V and of the activity of complexes II, IV, and V of the
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ETC. In accordance with these study results, Hoffmann and colleagues observed
significantly increased ETC protein levels (Complex II, III, V) in the human
bronchial epithelial cell line BEAS-2B in response to cigarette smoke exposure for

6 months.214

Altogether, our study findings along with previous study results support the
following hypothesis that PM air pollution alters ETC functioning causing increased
ROS production. In turn, elevated ROS levels can damage mtDNA, leading to
further mitochondrial dysfunctioning and ROS production. To repair or eliminate
damaged cellular components, the electron transport genes are upregulated to
provide the required energy. Elimination of damaged mtDNA and perturbation of
mtDNA replication results in a reduction of mtDNA content. Eventually,
accumulation of mitochondrial damage can lead to mitochondrial apoptotic

signalling.

The parallel findings of this doctoral dissertation among newborns and adults
regarding both transcriptomic pathways as well as mtDNA content indicate that
mitochondria are important targets of environmental risk factors in a life-course
context, as mitochondria were altered by PM exposure during different stages of

life.
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Table 1. Summary of epidemiological studies on particulate air pollution exposure and mtDNA content

Author, year Area N Study characteristics Exposure window PM monitoring and PM average Direction of effect
Adults - peripheral
blood
Hou et al., Brescia, Italy 63 - Steel workers Work hours - Work place Positive
201026 - 100% men - PMio: ~233 pg/m?
- 27-55 years old
Hou et al., Beijing, China 240 - Beijing Truck Driver Air 8-day - Outdoor in Beijing Negative
2013267 Pollution Study - PM1o: ~120 pg/m3
- 120 truck drivers and 120
office workers
- 66.7% men
- 31.9 £ 6.8 years old
Pieters et al., Genk, Belgium 166 - 46.4% men 1-year - Outdoor at residential address Negative
20162 - 60-80 years old - PMas: ~21.1 pg/m3
Xu et al., Southern 101 - welders Work hours - Work place PositiveP
2017268 Sweden - 100% men - RD: ~1.1 mg/m?
- 23-60 years old
Winckelmans Flemish region, 150 - Third Flemish Environment 1-week, 1-month, - Outdoor at residential address Negative
et al., 20172%° Belgium and Health Survey 1-year? - PMio: 23.7 pg/m3
- 44.4% men - PM2s: 15.8 pg/m3
- 50-65 years old
Peng et al., Greater Boston, 646 - Normative Aging Study from 1-year - Outdoor at residential address Negative
2017270 the USA Greater Boston - PMas: ~10.24 pg/m3
- 100% men
- 51-100 years old
Wong et al., Xuanwei and 148 - Xuanwei Exposure 1-day - Personnel monitoring Negative
2017288 Fuyuan, China Assessment Study - PM2s: ~ 167 ug/m3
- 100% women
- 20-80 years old
Winckelmans Flemish region, 577 - FLEMENGHO 5-year - Outdoor at residential address Negative
etal. (in Belgium - 50.6% men - PM2s: 12.4 pg/m3
preparation) - 20-89 years old
Newborns - placenta
Janssen et al., North-eastern 174 - ENVIRONAGE Last week, last month and - Outdoor at residential address Negative

2012°2

Belgium

46.1% boys

third trimester? of pregnancy

PM1o: 24.4 pg/m?3

aExposure window for which mean or median exposure is given. PBorderline non-significant (P=0.054) for welders exposed to high levels of respirable dust (>0.7 mg/m3, n=41) and not
significant considering all participants (P=0.33). RD: respirable dust.
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Transcriptomic signatures and air pollution exposure

The characterisation of transcriptomic profiles in response to PM air pollution may
identify novel biomarkers of exposure as well as biomarkers prognostic for
exposure-related adverse health effects emerging later in life. In addition, it may
provide a leap forward in unravelling the molecular mechanisms driving PM-

induced adverse health effects.

In chapter 3, we assessed sex-specific transcriptomic responses to gestational
PM, s exposure in a subset of 142 newborns of the ENVIRONAGE birth cohort for
which whole genome gene expression was measured using Agilent microarrays.
Apart from mitochondrial changes discussed in the previous section, several PM-
responsive pathways were identified that have previously been linked with
exposure-related adverse health outcomes including neurological and
cardiovascular disorders, and cancer. Both for girls and boys, expression of
olfactory receptors was downregulated by PM; s exposure during the last month of
pregnancy. Previously, a review?8? including 18 human studies summarized
evidence indicating that uptake of air pollutants via the nose may directly damage
olfactory epithelium (including the olfactory receptors) by inducing DNA damage
and cause cytotoxic and inflammatory changes in the olfactory bulb and cortex
which may cause olfactory dysfunction. In our study investigating PM exposure
during pregnancy, fetuses are exposed to air pollution via the mother. Besides
indirect PM effects on the fetus or uptake of pollutants in the fetal circulation,
ultrafine pollutants may penetrate into the amniotic fluid.2°© From thereon air
pollution may pass through the developing nose, can bind olfactory receptors, and
initiate signal transduction down the olfactory sensory neurons to the olfactory
bulb. Hence, signals can be further transmitted to higher regions of the brain.
Along this same pathway, air pollutants can be retrogradely transported and cause
damage to the brain.17% 289 Since olfactory dysfunction has previously been linked
with decreased quality of life and may precede major neurodegenerative
complications?91: 292 gnd death in elderly,293: 294 the observed PM-induced olfactory
receptor gene expression alterations in newborns may indicate a role of the
olfactory signaling pathway intermediating the association between early life PM
exposure and development of neurological issues later in life. Although our study
only provides suggestive evidence, it may motivate future observational and
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experimental studies to further assess PM-induced changes of the olfactory signal
transduction pathway in fetuses and newborns. Regarding the nervous system,
we additionally observed altered expression of neurotransmitter receptor
encoding genes and genes essential for axon guidance development in boys in
response to respectively short- and long-term (annual average before delivery)
PM, s exposure. We identified interconnected DNA damage pathways (related to
the TP53 gene network) for boys and girls that may underlie the carcinogenic
potential of PM; s exposure in early life. It is plausible that deregulated gene
expression of key players of the DNA damage response may increase disease
susceptibility later in life. Furthermore, in girls the expression of defensins was
generally lower with increasing long-term PM; s exposure. Defensins are major
components of the innate immunity and a decreased level of these antimicrobial
peptides have been associated with higher susceptibility to infection in preterm

babies.188, 189

In chapter 4, we explored the association of short-term (one week) and medium-
term (one month) PM;g exposure on the transcriptome of 98 middle-aged men
and women living in Flanders, Belgium. Since previous studies demonstrated the
importance of mtDNA as target of environmental exposures and as potential
intermediate biomarker of exposure-chronic disease associations, the goal of this
study was to further elucidate PM exposure-linked expression changes of genes
encoding proteins that are (partly) localized in the mitochondria (i.e. the Human
MitoCarta geneset). So instead of an hypothesis-generating approach analysing
gene expression of the whole genome as in chapter 3, we have chosen for a more
targeted approach focussing on a subset of 1064 Human MitoCarta genes. As
discussed in the previous section, our study findings indicate that the main
functions of mitochondria, including energy production and regulation of
apoptosis, were altered by PM exposure.

Although we observed potential PM responsive genes/pathways that were
previously linked with environmental exposure-related diseases, further studies
are necessary to: 1) validate our study results, 2) investigate whether expression
changes of the identified genes in blood are representative for changes in target
organs, 3) investigate whether expression of these genes can be used as an
intermediate marker of health effects, 4) assess transcriptome effect sizes that
are of importance in terms of identifying people at risk for chronic diseases, 5)
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investigate whether changes in gene expression are cumulative in terms of
exposure, and 6) see whether ‘transcriptome memory’ exists for the identified
genes (i.e. if alterations in gene expression remain during different life stages by

e.g. epigenetic alterations).

In conclusion, the transcriptomic studies of this doctoral dissertation aid in the
elucidation of molecular mechanisms underlying the association between PM
exposure and adverse health effects and provided new hypotheses that may
inspire future epidemiological and experimental research in the field of

environmental health risk assessment.

Multiple hypothesis testing

The emergence of high-throughput omics technologies has led to the so-called p
>> n paradigm.?®> Under this new paradigm, the number of variables p (i.e.
number of genes in transcriptomics) that is analysed is much larger than the
number of independent subjects n. Typically thousands of hypotheses are tested
and the number of subjects is often limited due to technical and economical
limitations of the study. Analysis of many hypotheses in separate univariate
models, each prone to a decision error, requires strong adjustments for multiple
testing such as the implementation of Bonferroni correction,2%¢ false discovery
rate correction, 2°7 and more recently a Bayesian approach of correction?98. In the
epidemiological context of this doctoral dissertation, the variability among the
transcriptome is likely to depend on the exposome (of which we were specifically
interested in PM exposure), endogenous factors, and the individual’s genetic
background. Since most of the influencing factors are not known and not
controlled for, the unexplained variability in the dataset along with the relatively
small range of the exposure of interest compared to experimental studies, makes
it challenging to identify associations between PM exposure and gene expression
after correction for multiple testing. To this end, we applied pathway analyses to
identify gene sets, rather than individual genes, associated with PM exposure. We
did overrepresentation analyses without multiple testing correction to observe
subtle continuous effects (as expected for air pollution exposure in an
epidemiological study). In addition gene set enrichment analyses was performed
which uses the fold change to identify significant pathways rather than P-values
thereby overcoming the issue of multiple testing. Furthermore, pathway analyses
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as well as a thorough literature study of the identified genes and pathways may
provide a biological plausible interpretation of the transcriptomic dataset.”” The
correction of multiple testing is less strict if one defines a priori a gene set of
interest as in chapter 4 where we focused on the Human MitoCarta gene set.
Although omics and multiple testing correction are inseparable according to many
experts, we argue that, in the area of molecular epidemiology, validation in
independent study cohorts strengthens the reliability of the obtained study
results. As previously described, in chapter 4, we assessed a subset of 13
differentially expressed genes in an independent validation study population by
means of gPCR. However, study findings of chapter 3 still need be confirmed in

a validation study.

Impact of excess body fat on telomere length and

mitochondrial DNA content

Increasing obesity rates, especially for central obesity, poses a major public health
challenge since they increase the risk for non-communicable diseases (including
diabetes mellitus, cardiovascular and fatty liver diseases, and cancer) and
premature mortality.4 Furthermore, it has considerable financial implications for
health systems.4 Obesity is characterized by the presence of excessive adipose
tissue which is identified to increase systematic inflammation and oxidative stress,
both interacting with telomere attrition and mitochondrial functioning and
structure.??? In addition, the oversupply of cells with excess glucose and lipids has
been shown to fragment mitochondria, increase mitochondrial reactive oxygen
species production, and promote mtDNA damage accumulation.3% Previously, our
research group investigated the impact of maternal pre-pregnancy body mass
index (BMI) on newborn’s telomere length.??” For each 1-kg/m? increase in
maternal pre-pregnancy BMI the estimated decrease in cord blood and placental
telomere length was 0.50% (95% CI: 0.17, 0.83%, P=0.003) and 0.66% (95%
CI, 0.25, 1.06%, P=0.002) respectively. In a next step, we wanted to investigate
the association of obesity measures with mtDNA content and telomere length in
an adult population (chapter 5). Furthermore, we analyzed whether within-
subject changes in mtDNA content and telomere length over a follow up-period of

around 4 years parallels changes in obesity measures. Besides assessing BMI, the
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most frequently used indicator of obesity, we considered waist circumference as
a measure for central obesity. In the cross-sectional analysis, a 1-SD higher waist
circumference was associated with a 1.46% (95% CI: 0.17, 3.05%, P=0.08)
higher telomere shortening. Similar results have been found by several previous
studies on adults.228: 237, 251, 252 Recently, three observational?37-23° and two
experimental studies?53: 254 assessed the association between telomere and weight
change over time in adults. In line with these studies, we found that within-subject
change in waist circumference was significantly positively associated with
telomere shortening. For a 1-SD increment in change in waist circumference,
telomere attrition was 3.16% (95% CI: 1.30, 4.99%, P=0.001) higher. Results
were mainly driven by women (3.19%, 95% CI: 0.72, 5.61%; P=0.01) and less
by men (1.29%, 95% CI: -2.07, 4.54, P=0.44). To our knowledge only one study
investigated whether within-subject change in mtDNA parallels change in obesity
measures over a follow-up period.?3° No significant association was reported. In
the current study, we observed a positive trend between within-subject change in
mtDNA content and waist circumference in men (8.37%, P=0.05) and a curvilinear

association in women (P=0.01).

In addition, we observed in chapter 6 that abdominal obese participants and
participants with increasing weight over time seemed to be more sensitive to PM
exposure. The synergetic interaction between these two risk factors for chronic
diseases may be due to the fact that they alter common molecular pathways,
including upregulation of inflammation and oxidative stress, which are linked to
mtDNA content.

Methodological implications of epidemiological research in

the context of this doctoral dissertation

A major limitation of observational epidemiological studies is that they do not
allow to establish causality. Compared to randomized controlled trials, they are
more prone to several types of systematic errors. The first type of bias,
confounding bias, occurs when an exposure of interest is strongly associated with
another unknown factor that is (also) associated to the outcome. Another type of
bias, information bias is present when the exposure of interest, potential
confounding variables or the outcome are inaccurately assessed. The last type of
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systematic error is selection bias which may produce biased exposure-outcome
associations if the study population fails to mirror the population of interest. In
the next paragraphs, I will provide an overview of these different types of biases

regarding the chapters of this doctoral dissertation.

Residual confounding is of major concern in observational epidemiological studies.
Possible sources of confounding in this doctoral dissertation include participants’
genetic, demographic, socioeconomic, and lifestyle characteristics as well as
meteorological factors and methodological aspects (e.g. time of blood sampling
and batch effects). In all studies, we corrected for a set of potential confounders
that were selected based on previous literature. As for most birth registries, we
had no information on maternal nutrition, drinking, and smoking behaviour in
chapter 2. However, a benefit of this study is that data on parental education
and national origin of the mother was obtained by linkage of medical birth
certificates of the SPE with data recorded by the Belgian civil birth registration. In
chapter 5 and 6, information on a wide range of person-related characteristics
(e.g. smoking status) was available. Furthermore, since we considered within-
subject changes in mtDNA content and telomere length over time, the risk of
confounding by participants’ characteristics that do not change over time is
reduced. For the cohort studies (chapter 3-6), extensive self-assessment
questionnaires in combination with collection of biochemical and clinical measures
by trained staff provided the necessary information to correct for person-related
characteristics. Since meteorological factors may be important confounders in the
assessment of air pollution, we adjusted for season and/or temperature in most
of the statistical models fitting short- or medium-term exposure. For long-term
PM exposure (e.g. 1-year averages) the risk of confounding by meteorological
factors is reduced since exposure estimates were not associated with season nor
temperature. Despite the precautions regarding potential confounding, we cannot
rule out residual confounding by variables that were not considered, inadequately

measured, or imprecisely corrected for.

Another potential source of bias for the studies on PM exposure (chapter 2-4, 6)
is exposure misclassification. Errors in the measurement of PM by monitoring
stations and interpolation methods used to estimate individuals’ PM exposure is a
potential source of information bias. Furthermore, birth registries do not provide
information on the residential address, therefore in chapter 2 we could only
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estimate PM exposure at the level of the municipality of residence as a proxy for
individual exposure. This implicates that we did not take into account local
variations in PM exposure so mothers living close to a major roadway were
assigned the same PM estimate as mothers living in a rural region in the same
municipality. For the cohort studies (chapter 3-4, and 6), home addresses were
available and linkage with air pollution data provided PM estimates at residential
address. However, personal PM exposure might be quite different from the
estimated outdoor PM exposure since participants may spend a large amount of
time indoor or outside the direct environment of their home address, which results
in exposure misclassification. Under the assumption that this is not a systematic
error (i.e. non-differential misclassification), as discussed in chapter 2, this will
lead to attenuation of effect estimates and not to a greater risk of false positive
results. In chapter 5, the use of strict guidelines to measure participants’ waist
circumference, height, and weight by trained study nurses limited the risk of
information bias. Errors in the outcome measurement is another potential source
of information bias. Both for the molecular as well as for the fetal growth
outcomes, quality assessments were performed to reduce measurement error.

Despite these efforts, we cannot rule out information bias.

Since the Flemish birth registry covers (almost) all deliveries in the Flemish part
of Belgium, selection bias is not of great concern in chapter 2. However, in the
main analyses we excluded mother-newborn pairs for which marital status,
parental education or national origin of the mother was missing which can result
in selection bias. To rule out this type of bias, we repeated the analyses without
adjusting for these covariates so including the newborns with missing data.
Results remained similar suggesting that the study findings were fairly robust to
the exclusion of these subjects. As for all cohort studies, for chapter 3-6 we were
dependent on the willingness of potential study candidates to participate and on
the accuracy of filling in the self-assessment questionnaires, hence selection bias
may be a potential source of systematic error. To maximize the completeness of

the data files, subjects were re-contacted in case of missing data.

Another drawback of observational study settings is that participants are not
exposed to well-specified air pollutants during specific time windows of interest.

Although we assessed different exposure windows in this doctoral dissertation,
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the high correlation between different time window exposures hampers the

identification of the most vulnerable exposure period.

Experimental studies on animals or in vitro studies are not prone to the limitations
discussed above, however these studies cannot be used to assess the complex
mixture of ambient air pollution and interpolation of experimental findings to
humans is not always meaningful.30l; 302 Epidemiological studies have the
advantage to investigate humans in their natural habitat without any intervention
which is not the case in an experimental study setting. Second, experiments on
humans to study the effects of air pollution and excess body weight may not be
consistent with ethical principles. Third, studying long-term PM effects in an
experimental setting is often not feasible and since everyone is exposed to PM air
pollution, no control group of non-exposed participants exists. At last,
epidemiological studies are a practicable way to assess associations in susceptible
population groups including pregnant women, newborns, elderly, and people with
severe diseases. To this end, the ENVIRONAGE birth cohort is designed to study
interactions of environmental exposures with processes of ageing from early life
onwards.®3 The examination at birth, including the collection of maternal blood as
well as cord blood and the placenta, and follow-up examinations during childhood
creates the opportunity to study both short- as well as long-term health effects
during these vulnerable developmental stages. The use of birth registry data in
chapter 2 on the other hand has as major advantages the very large sample size,
and large population and geographical coverage. As the samples sizes of the
cohort studies of this doctoral dissertation are quite low, the power is limited.
Especially for the transcriptomic studies we must say that the study findings are
more prone to false discoveries due to the relatively small sample sizes and the
high number of hypothesis tested. Therefore, I consider these study findings
valuable in a broader context, e.g. as material for a meta-analysis, where in
combination with other observational studies power to detect associations can be
increased and more solid conclusions can be drawn. Moreover, our study findings
can justify the performance of experimental studies, which might not receive

enough funding support without the existence of observational study results.
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Conclusion and future perspectives

In this doctoral dissertation, we investigated the impact of PM exposure, the fifth-
ranked leading risk factor for chronic aging-related diseases,* on fetal growth and
on potential intermediate factors driving the association between PM exposure and
adverse health outcomes in both newborns and adults. Furthermore, we assessed
the impact of excess body weight, another important chronic disease risk factor
that gained concern in the last decades, on two molecular biomarkers of oxidative

stress: telomere length and mitochondrial DNA content.

Globally, the WHO estimated that 15% to 20% of all newborns have low birth
weight, representing more than 20 million newborns a year.3%3 Low birth weight
is an important indicator of childhood morbidity and mortality and has even health
implications later in life. Elucidation of environmental factors that alter fetal
growth is therefore of great importance for global public health. Consistent with
previous studies, we found evidence of adverse fetal health effects at air pollution
levels even below the European air quality standards. These study findings may
motivate policy makers to implement stricter measures to lower air pollution and
to revise the EU air quality limits in accordance to the WHO air quality guidelines.
For annual PM;jo and PMa s averages this means a reduction from 40 to 20 pg/m3

and from 25 to 10 pg/m3.

In the ENVIRONAGE birth cohort we observed an association of maternal PM
exposure during the last month of pregnancy with expression of genes
contributing to mitochondrial pathways in cord blood of boys. In a next step, it
would be interesting to explore to which extent mtDNA content is associated with
mitochondria-linked genes such as genes encoding proteins of the electron
transport chain. Besides mitochondria-linked genes, we identified several genes
associated with prenatal PM exposure that are implicated in air pollution-linked
adverse health effects. Since ENVIRONAGE is a follow-up study in which mother-
children pairs are re-invited when the child is around 4 years old, further studies
can link the current findings not only to indicators of adverse health issues later
in life measured at birth but also in childhood.®® E.g. olfactory receptor gene
expression, which was associated with gestational PM exposure, may be linked to
the neurological development at birth by using the Neonatal Behavioral

assessment scale (NBAS) test and the neurocognitive capacity at the age of 4
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assessed by Cambridge Neuropsychological Test Automated Battery (CANTAB)
Research Suite.

In line with the findings in newborns, transcriptome analyses indicated that the
mitochondrial energy-generating pathways are altered by PM exposure in adults.
Moreover, we showed that mtDNA content was associated with PM exposure in
two independent adult cohorts. Although this doctoral dissertation highlights the
importance of mitochondria as a biosensor for environmental exposures, our study
findings are only indications of PM-linked mitochondrial dysfunction. Future
research should look into detail to which extent the observed gene expression
changes remain stable over time and whether they can be translated to changes

in protein abundance and enzyme activity.

We observed a link of obesity measures in adults with telomere length and mtDNA
content, both implicated in chronic diseases. Besides this targeted approach,
further studies can explore transcriptomic signatures of excess body fat as a
hypotheses-generating approach to investigate potential underlying mechanisms
of obesity-related chronic diseases.

Despite their limitations, the observational studies performed in this doctoral
dissertation contribute to the international research investigating the impact of
excess body fat and the impact of ambient PM at current exposure levels on
human health. Promoting normal weight by encouraging to eat healthy and to
implement physical activity in daily life, and lowering PM exposure below the WHO

guidelines will help to reduce chronic disease and mortality rates worldwide.

167






REFERENCE LIST




REFERENCE LIST

11.

12.
13.

14,

15.

16.

17.

18.
19.
20.
21.
22.

23.

24.
25.

26.

170

World Health Organization. Preventing chronic diseases: a vital investment. 2005.
http://www.who.int/chp/chronic disease report/full report.pdf. Accessed 24/10/2017.
Collaboration NCDRF. Trends in adult body-mass index in 200 countries from 1975 to 2014: a
pooled analysis of 1698 population-based measurement studies with 19.2 million participants.
Lancet 2016;387:1377-96.

World Health Organization. Global Status Report on Noncommunicable Diseases 2014. 2014.
http://apps.who.int/iris/bitstream/10665/148114/1/9789241564854 eng.pdf. Accessed
24/10/2017.

Collaborators GBDRF. Global, regional, and national comparative risk assessment of 84
behavioural, environmental and occupational, and metabolic risks or clusters of risks, 1990-2016:
a systematic analysis for the Global Burden of Disease Study 2016. Lancet 2017;390:1345-422.
Wild CP. Complementing the genome with an "exposome": the outstanding challenge of
environmental exposure measurement in molecular epidemiology. Cancer Epidemiol Biomarkers
Prev 2005;14:1847-50.

Nemery B, Hoet PH, Nemmar A. The Meuse Valley fog of 1930: an air pollution disaster. Lancet
2001;357:704-8.

HH S, HH, GD C, WM G, H W. Air Pollution in Donora, PA: Epidemiology of the Unusual Smog
Episode of October 1948, Preliminary Report. Public Health Bulletin No 306. Washington DC.
1948.

Bell ML, Davis DL. Reassessment of the lethal London fog of 1952: novel indicators of acute and
chronic consequences of acute exposure to air pollution. Environ Health Perspect 2001;109 Suppl
3:389-94.

Murray CJ, Lopez AD. Measuring the global burden of disease. N Engl J Med 2013;369:448-57.
Twigg MV, Phillips PR. Cleaning the air we breathe - controlling diesel particulate emissions from
passenger cars. Platinum Metals Review 2009;53:27-34.

Van Bree L, Cassee FR. Toxicity of ambient air PM10. A critical review of potentially causative PM
properties and mechanisms associated with health effects. National Institute for Public Health

and the Environment, Bilthoven, The Netherlands. 2000.
http://www.rivm.nl/dsresource?objectid=24d064e9-e75f-41c7-80e7-d739345103c2. Accessed
13/11/2017.

Celis JE, Morales JR, Zaror CA, Inzunza JC. A study of the particulate matter PM10 composition
in the atmosphere of Chillan, Chile. Chemosphere 2004;54:541-50.

Turnbull AB, Harrison RM. Major component contributions to PM10 composition in the UK
atmosphere. Atmospheric Environment 2000;34:3129-37.

Kreyling WG, Semmler M, Erbe F, Mayer P, Takenaka S, Schulz H et al. Translocation of ultrafine
insoluble iridium particles from lung epithelium to extrapulmonary organs is size dependent but
very low. J Toxicol Environ Health A 2002;65:1513-30.

Calderon-Garciduenas L, Maronpot RR, Torres-Jardon R, Henriquez-Roldan C, Schoonhoven R,
Acuna-Ayala H et al. DNA damage in nasal and brain tissues of canines exposed to air pollutants
is associated with evidence of chronic brain inflammation and neurodegeneration. Toxicol Pathol
2003;31:524-38.

European Environmental Agency. Air quality in Europe - 2017 report. Copenhagen, Denmark.
2017. file:///C:/Users/lucp8036/Downloads/AirQuality2017-15-29.pdf. Accessed 25/10/2017.
World Health Organization. Burden of disease from Ambient Air Pollution for 2012. 2014.
http://www.who.int/phe/health topics/outdoorair/databases/AAP_BoD_results March2014.pdf.
Accessed 29 Januari 2016 2016.

International Agency for Research. 2013. https://www.iarc.fr/en/media-
centre/iarcnews/pdf/pr221 E.pdf. Accessed 25/10/2017.

Selevan SG, Kimmel CA, Mendola P. Identifying critical windows of exposure for children's health.
Environ Health Perspect 2000;108 Suppl 3:451-5.

Wright RO, Christiani D. Gene-environment interaction and children's health and development.
Curr Opin Pediatr 2010;22:197-201.

Bonzini M, Carugno M, Grillo P, Mensi C, Bertazzi PA, Pesatori AC. Impact of ambient air pollution
on birth outcomes: systematic review of the current evidences. Med Lav 2010;101:341-63.
Sram RJ, Binkova B, Dejmek ], Bobak M. Ambient air pollution and pregnancy outcomes: a review
of the literature. Environ Health Perspect 2005;113:375-82.

Glinianaia SV, Rankin J, Bell R, Pearce MS, Parker L. Temporal changes in the distribution of
population risk factors attenuate the reduction in perinatal mortality. J Clin Epidemiol
2005;58:1299-307.

Glinianaia SV, Rankin J, Bell R, Pless-Mulloli T, Howel D. Particulate air pollution and fetal health:
a systematic review of the epidemiologic evidence. Epidemiology 2004;15:36-45.

Maisonet M, Correa A, Misra D, Jaakkola 1J. A review of the literature on the effects of ambient
air pollution on fetal growth. Environ Res 2004;95:106-15.

Sapkota A, Chelikowsky A, Nachman K, Cohen A, Ritz B. Exposure to particulate matter and
adverse birth outcomes: A comprehensive review and meta-analysis. Air Qual Atmos Health
2012;5:369-81.



http://www.who.int/chp/chronic_disease_report/full_report.pdf
http://apps.who.int/iris/bitstream/10665/148114/1/9789241564854_eng.pdf
http://www.rivm.nl/dsresource?objectid=24d064e9-e75f-41c7-80e7-d739345103c2
http://www.who.int/phe/health_topics/outdoorair/databases/AAP_BoD_results_March2014.pdf
https://www.iarc.fr/en/media-centre/iarcnews/pdf/pr221_E.pdf
https://www.iarc.fr/en/media-centre/iarcnews/pdf/pr221_E.pdf

REFERENCE LIST

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lamichhane DK, Leem JH, Lee JY, Kim HC. A meta-analysis of exposure to particulate matter and
adverse birth outcomes. Environ Health Toxicol 2015;30:€2015011.

Saigal S, Doyle LW. An overview of mortality and sequelae of preterm birth from infancy to
adulthood. Lancet 2008;371:261-9.

Barker D], Winter PD, Osmond C, Margetts B, Simmonds SJ. Weight in infancy and death from
ischaemic heart disease. Lancet 1989;2:577-80.

Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS. Fetal nutrition and
cardiovascular disease in adult life. Lancet 1993;341:938-41.

World Health Organization. Obesity and overweight. 2017.
http://www.who.int/mediacentre/factsheets/fs311/en/. Accessed 26/10/2017.

Lifshitz F, Lifshitz JZ. Globesity: the root causes of the obesity epidemic in the USA and now
worldwide. Pediatr Endocrinol Rev 2014;12:17-34.

WHO Regional Office for Europe. Country profiles on nutrition, physical activity and obesity in the
53 WHO European Region Member States. 2013.
http://www.euro.who.int/ _data/assets/pdf file/0004/243337/Summary-document-53-MS-
country-profile.pdf?ua=1. Accessed 26/10/2017.

Brandt L, Erixon F. The prevalence and growth of obesity and obesity-related illnesses in Europe.
Brussels, Belgium: European Center for International Political Economy2013.

Webber L, Divajeva D, Marsh T, McPherson K, Brown M, Galea G et al. The future burden of
obesity-related diseases in the 53 WHO European-Region countries and the impact of effective
interventions: a modelling study. BMJ Open 2014;4:e004787.

Eurostat. Overweight and obesity - BMI statistics. 2017. http://ec.europa.eu/eurostat/statistics-
explained/index.php/Overweight and obesity - BMI statistics#Database. Accessed
26/10/2017.

Janssen I, Katzmarzyk PT, Ross R. Waist circumference and not body mass index explains
obesity-related health risk. Am J Clin Nutr 2004;79:379-84.

World Health Organization. Waist Circumference and Waist-Hip Ratio: Report of a WHO Expert

Consultation. 2008.
http://apps.who.int/iris/bitstream/10665/44583/1/9789241501491 eng.pdf?ua=1. Accessed
26/10/2017.

Grundy SM, Brewer HB, Jr., Cleeman JI, Smith SC, Jr., Lenfant C, American Heart A et al.
Definition of metabolic syndrome: Report of the National Heart, Lung, and Blood
Institute/American Heart Association conference on scientific issues related to definition.
Circulation 2004;109:433-8.

Robin ED, Wong R. Mitochondrial DNA molecules and virtual number of mitochondria per cell in
mammalian cells. J Cell Physiol 1988;136:507-13.

Legros F, Malka F, Frachon P, Lombes A, Rojo M. Organization and dynamics of human
mitochondrial DNA. J Cell Sci 2004;117:2653-62.

Tuppen HA, Blakely EL, Turnbull DM, Taylor RW. Mitochondrial DNA mutations and human
disease. Biochim Biophys Acta 2010;1797:113-28.

Cline SD. Mitochondrial DNA damage and its consequences for mitochondrial gene expression.
Biochim Biophys Acta 2012;1819:979-91.

Liu P, Demple B. DNA repair in mammalian mitochondria: Much more than we thought? Environ
Mol Mutagen 2010;51:417-26.

Sahin E, Colla S, Liesa M, Moslehi J, Muller FL, Guo M et al. Telomere dysfunction induces
metabolic and mitochondrial compromise. Nature 2011;470:359-65.

Wallace DC. Colloquium paper: bioenergetics, the origins of complexity, and the ascent of man.
Proc Natl Acad Sci U S A 2010;107 Suppl 2:8947-53.

Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases.
Nature 2006;443:787-95.

Boland ML, Chourasia AH, Macleod KF. Mitochondrial dysfunction in cancer. Front Oncol
2013;3:292.

O'Sullivan RJ, Karlseder J. Telomeres: protecting chromosomes against genome instability. Nat
Rev Mol Cell Biol 2010;11:171-81.

Sharpless NE, DePinho RA. Telomeres, stem cells, senescence, and cancer. J Clin Invest
2004;113:160-8.

Sahin E, DePinho RA. Axis of ageing: telomeres, p53 and mitochondria. Nat Rev Mol Cell Biol
2012;13:397-404.

Blackburn EH, Collins K. Telomerase: an RNP enzyme synthesizes DNA. Cold Spring Harb Perspect
Biol 2011;3.

Stewart SA, Weinberg RA. Telomeres: cancer to human aging. Annu Rev Cell Dev Biol
2006;22:531-57.

Shay JW, Wright WE. Role of telomeres and telomerase in cancer. Semin Cancer Biol
2011;21:349-53.

171


http://www.who.int/mediacentre/factsheets/fs311/en/
http://www.euro.who.int/__data/assets/pdf_file/0004/243337/Summary-document-53-MS-country-profile.pdf?ua=1
http://www.euro.who.int/__data/assets/pdf_file/0004/243337/Summary-document-53-MS-country-profile.pdf?ua=1
http://ec.europa.eu/eurostat/statistics-explained/index.php/Overweight_and_obesity_-_BMI_statistics#Database
http://ec.europa.eu/eurostat/statistics-explained/index.php/Overweight_and_obesity_-_BMI_statistics#Database
http://apps.who.int/iris/bitstream/10665/44583/1/9789241501491_eng.pdf?ua=1

REFERENCE LIST

55.

56.
57.

58.
59.
60.

61.
62.
63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.
76.
77.
78.

79.

80.

172

Factor-Litvak P, Susser E, Kezios K, McKeague I, Kark JD, Hoffman M et al. Leukocyte Telomere
Length in Newborns: Implications for the Role of Telomeres in Human Disease. Pediatrics
2016;137.

Frenck RW, Jr., Blackburn EH, Shannon KM. The rate of telomere sequence loss in human
leukocytes varies with age. Proc Nat/ Acad Sci U S A 1998;95:5607-10.

Zeichner SL, Palumbo P, Feng Y, Xiao X, Gee D, Sleasman J et al. Rapid telomere shortening in
children. Blood 1999;93:2824-30.

von Zglinicki T. Oxidative stress shortens telomeres. Trends Biochem Sci 2002;27:339-44.
Martens DS, Nawrot TS. Air Pollution Stress and the Aging Phenotype: The Telomere Connection.
Curr Environ Health Rep 2016;3:258-69.

Mitchell C, Hobcraft ], McLanahan SS, Siegel SR, Berg A, Brooks-Gunn J et al. Social
disadvantage, genetic sensitivity, and children's telomere length. Proc Natl Acad Sci U S A
2014;111:5944-9.

Valdes AM, Andrew T, Gardner JP, Kimura M, Oelsner E, Cherkas LF et al. Obesity, cigarette
smoking, and telomere length in women. Lancet 2005;366:662-4.

Henle ES, Han Z, Tang N, Rai P, Luo Y, Linn S. Sequence-specific DNA cleavage by Fe2+-mediated
fenton reactions has possible biological implications. J Biol Chem 1999;274:962-71.

Oikawa S, Tada-Oikawa S, Kawanishi S. Site-specific DNA damage at the GGG sequence by UVA
involves acceleration of telomere shortening. Biochemistry 2001;40:4763-8.

Pizzimenti S, Briatore F, Laurora S, Toaldo C, Maggio M, De Grandi M et al. 4-Hydroxynonenal
inhibits telomerase activity and hTERT expression in human leukemic cell lines. Free Radic Biol
Med 2006;40:1578-91.

Haendeler J, Hoffmann J, Diehl JF, Vasa M, Spyridopoulos I, Zeiher AM et al. Antioxidants inhibit
nuclear export of telomerase reverse transcriptase and delay replicative senescence of endothelial
cells. Circ Res 2004;94:768-75.

Kurz D], Decary S, Hong Y, Trivier E, Akhmedov A, Erusalimsky JD. Chronic oxidative stress
compromises telomere integrity and accelerates the onset of senescence in human endothelial
cells. J Cell Sci 2004;117:2417-26.

Matthews C, Gorenne I, Scott S, Figg N, Kirkpatrick P, Ritchie A et al. Vascular smooth muscle
cells undergo telomere-based senescence in human atherosclerosis: effects of telomerase and
oxidative stress. Circ Res 2006;99:156-64.

Saretzki G, Murphy MP, von Zglinicki T. MitoQ counteracts telomere shortening and elongates
lifespan of fibroblasts under mild oxidative stress. Aging Cell 2003;2:141-3.

Kang HT, Lee HI, Hwang ES. Nicotinamide extends replicative lifespan of human cells. Aging Cell
2006;5:423-36.

Passos JF, Saretzki G, Ahmed S, Nelson G, Richter T, Peters H et al. Mitochondrial dysfunction
accounts for the stochastic heterogeneity in telomere-dependent senescence. PLoS Biol
2007;5:e110.

Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, Willeit P. Leucocyte telomere
length and risk of cardiovascular disease: systematic review and meta-analysis. BMJ
2014;349:94227.

Allende M, Molina E, Gonzalez-Porras JR, Toledo E, Lecumberri R, Hermida J. Short Leukocyte
Telomere Length Is Associated With Cardioembolic Stroke Risk in Patients With Atrial Fibrillation.
Stroke 2016;47:863-5.

Valdes AM, Richards JB, Gardner JP, Swaminathan R, Kimura M, Xiaobin L et al. Telomere length
in leukocytes correlates with bone mineral density and is shorter in women with osteoporosis.
Osteoporos Int 2007;18:1203-10.

D'Mello MJ, Ross SA, Briel M, Anand SS, Gerstein H, Pare G. Association between shortened
leukocyte telomere length and cardiometabolic outcomes: systematic review and meta-analysis.
Circ Cardiovasc Genet 2015;8:82-90.

Zhu X, Han W, Xue W, Zou Y, Xie C, Du J et al. The association between telomere length and
cancer risk in population studies. Sci Rep 2016;6:22243.

Vineis P, Perera F. Molecular epidemiology and biomarkers in etiologic cancer research: the new
in light of the old. Cancer Epidemiol Biomarkers Prev 2007;16:1954-65.

Olsen KS, Skeie G, Lund E. Whole-Blood Gene Expression Profiles in Large-Scale Epidemiological
Studies: What Do They Tell? Curr Nutr Rep 2015;4:377-86.

Mohr S, Liew CC. The peripheral-blood transcriptome: new insights into disease and risk
assessment. Trends Mol Med 2007;13:422-32.

de Mello VD, Kolehmanien M, Schwab U, Pulkkinen L, Uusitupa M. Gene expression of peripheral
blood mononuclear cells as a tool in dietary intervention studies: What do we know so far? Mol
Nutr Food Res 2012;56:1160-72.

Kim CS, Hu SC. Total respiratory tract deposition of fine micrometer-sized particles in healthy
adults: empirical equations for sex and breathing pattern. J App/ Physiol (1985) 2006;101:401-
12.



REFERENCE LIST

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Brauner EV, Mortensen J, Moller P, Bernard A, Vinzents P, Wahlin P et al. Effects of ambient air
particulate exposure on blood-gas barrier permeability and lung function. Inhal Toxicol
2009;21:38-47.

Kanner RE, Connett JE, Altose MD, Buist AS, Lee WW, Tashkin DP et al. Gender difference in
airway hyperresponsiveness in smokers with mild COPD. The Lung Health Study. Am J Respir Crit
Care Med 1994;150:956-61.

Austad SN, Fischer KE. Sex Differences in Lifespan. Cell Metab 2016;23:1022-33.

Clougherty JE. A growing role for gender analysis in air pollution epidemiology. Environ Health
Perspect 2010;118:167-76.

Penaloza C, Estevez B, Orlanski S, Sikorska M, Walker R, Smith C et al. Sex of the cell dictates
its response: differential gene expression and sensitivity to cell death inducing stress in male and
female cells. FASEB ] 2009;23:1869-79.

Warembourg C, Debost-Legrand A, Bonvallot N, Massart C, Garlantezec R, Monfort C et al.
Exposure of pregnant women to persistent organic pollutants and cord sex hormone levels. Hum
Reprod 2016;31:190-8.

Power ML, Schulkin J. Sex differences in fat storage, fat metabolism, and the health risks from
obesity: possible evolutionary origins. Br J Nutr 2008;99:931-40.

Clougherty JE, Eisen EA, Slade MD, Kawachi I, Cullen MR. Gender and sex differences in job
status and hypertension. Occup Environ Med 2011;68:16-23.

Keitt SK, Fagan TF, Marts SA. Understanding sex differences in environmental health: a thought
leaders' roundtable. Environ Health Perspect 2004;112:604-9.

Cammu H, Martens G, Ruyssinck G, Amy JJ. Outcome after elective labor induction in nulliparous
women: a matched cohort study. Am J Obstet Gynecol 2002;186:240-4.

Cammu H, Martens E, Martens G, Van Mol C, Jacquemyn Y. Perinatal activities in Flanders 2013.
Study centre for Perinatal Epidemiology (SPE), Brussels, Belgium. 2014. https://www.zorg-en-
gezondheid.be/sites/default/files/atoms/files/SPE jaarrapport%202013.pdf. Accessed
31/10/2017.

Janssen BG, Munters E, Pieters N, Smeets K, Cox B, Cuypers A et al. Placental mitochondrial DNA
content and particulate air pollution during in utero life. Environ Health Perspect 2012;120:1346-
52.

Janssen BG, Madlhoum N, Gyselaers W, Bijnens E, Clemente DB, Cox B et al. Cohort Profile: The
ENVIRonmental influence ON early AGEing (ENVIRONAGE): a birth cohort study. Int J Epidemiol
2017.

Schoeters G, Govarts E, Bruckers L, Den Hond E, Nelen V, De Henauw S et al. Three cycles of
human biomonitoring in Flanders - Time trends observed in the Flemish Environment and Health
Study. Int J Hyg Environ Health 2017;220:36-45.

Stolarz-Skrzypek K, Kuznetsova T, Thijs L, Tikhonoff V, Seidlerova J, Richart T et al. Fatal and
nonfatal outcomes, incidence of hypertension, and blood pressure changes in relation to urinary
sodium excretion. JAMA 2011;305:1777-85.

Janssen S, Dumont G, Fierens F, Mensink C. Spatial interpolation of air pollution measurements
using CORINE land cover data. Atmospheric Environment 2008;42:4884-903.

Lefebvre W, Vercauteren J, Schrooten L, Janssen S, Degraeuwe B, Maenhaut W et al. Validation
of the MIMOSA-AURORA-IFDM model chain for policy support: modeling concentrations of
elemental carbon in Flanders. Atmospheric Environment 2011;45:6705-13.

Lefebvre W, Degrawe B, Beckx C, Vanhulsel M, Kochan B, Bellemans T et al. Presentation and
evaluation of an integrated model chain to respond to traffic- and health-related policy questions.
Environmental Modelling & Software 2013;40:160-70.

Maiheu B, Veldeman B, Viaene P, De Ridde rK, Lauwaet D, Smeets N et al. Identifying the best
available large-scale concentration maps for air quality in Belgium. 2012.
http://www.milieurapport.be/Upload/main/0_onderzoeksrapporten/2013/Eindrapport Concentr
atiekaarten 29 01 2013 TW.pdf. Accessed 14 Dec 2015.

Lawlor DA, Ronalds G, Clark H, Smith GD, Leon DA. Birth weight is inversely associated with
incident coronary heart disease and stroke among individuals born in the 1950s: findings from
the Aberdeen Children of the 1950s prospective cohort study. Circulation 2005;112:1414-8.
Gennser G, Rymark P, Isberg PE. Low birth weight and risk of high blood pressure in adulthood.
Br Med J (Clin Res Ed) 1988;296:1498-500.

Johansson S, Iliadou A, Bergvall N, de Faire U, Kramer MS, Pawitan Y et al. The association
between low birth weight and type 2 diabetes: contribution of genetic factors. Epidemiology
2008;19:659-65.

Crump C, Winkleby MA, Sundquist K, Sundquist J. Preterm birth and psychiatric medication
prescription in young adulthood: a Swedish national cohort study. Int J Epidemiol 2010;39:1522-
30.

Lacasafa M, Esplugues A, Ballester F. Exposure to ambient air pollution and prenatal and early
childhood health effects. Eur J Epidemiol 2005;20:17.

Shah PS, Balkhair T, Knowledge Synthesis Group on Determinants of Preterm LBWb. Air pollution
and birth outcomes: a systematic review. Environ Int 2011;37:498-516.

173


https://www.zorg-en-gezondheid.be/sites/default/files/atoms/files/SPE_jaarrapport%202013.pdf
https://www.zorg-en-gezondheid.be/sites/default/files/atoms/files/SPE_jaarrapport%202013.pdf
http://www.milieurapport.be/Upload/main/0_onderzoeksrapporten/2013/Eindrapport_Concentratiekaarten_29_01_2013_TW.pdf
http://www.milieurapport.be/Upload/main/0_onderzoeksrapporten/2013/Eindrapport_Concentratiekaarten_29_01_2013_TW.pdf

REFERENCE LIST

106.

107.
108.

109.

110.
111.
112.
113.
114.
115.
116.

117.

118.

119.
120.

121.

122.

123.

124.

125.
126.
127.

128.

129.

130.

131.

132.

174

Dadvand P, Parker ], Bell ML, Bonzini M, Brauer M, Darrow LA et al. Maternal exposure to
particulate air pollution and term birth weight: a multi-country evaluation of effect and
heterogeneity. Environ Health Perspect 2013;121:267-373.

Sapkota A, Chelikowsky AP, Nachman KE, Cohen AJ, Ritz B. Exposure to particulate matter and
adverse birth outcomes: a comprehensive review and meta-analysis. Air Qual Health 2012;5:13.
Stieb DM, Chen L, Eshoul M, Judek S. Ambient air pollution, birth weight and preterm birth: a
systematic review and meta-analysis. Environ Res 2012;117:100-11.

Ballester F, Estarlich M, Iniguez C, Llop S, Ramon R, Esplugues A et al. Air pollution exposure
during pregnancy and reduced birth size: a prospective birth cohort study in Valencia, Spain.
Environ Health 2010;9:6.

Ha EH, Hong YC, Lee BE, Woo BH, Schwartz J, Christiani DC. Is air pollution a risk factor for low
birth weight in Seoul? Epidemiology 2001;12:643-8.

Janssen S, Dumont G, Fierens F, Mensink C. Spatial interpolation of air pollution measurements
using CORINE land cover data. Atmos Environ 2008;42:10.

Kalkstein LS, Valimont, K.M. An evaluation of summer discomfort in the United States using a
relative climatological index. Bulletin of the American Meteorological Society 1986;7:842-8.
Steadman RG. The assessment of sultriness. Part II: effects of wind, extra radiation and
barometric pressure on apparent temperature. J Appl Meteor 1979;18:874-85.

Bell ML, Ebisu K, Belanger K. Ambient air pollution and low birth weight in Connecticut and
Massachusetts. Environ Health Perspect 2007;115:1118-24.

Dejmek J, Selevan SG, Benes I, Solansky I, Sram RJ. Fetal growth and maternal exposure to
particulate matter during pregnancy. Environ Health Perspect 1999;107:475-80.

Geer LA, Weedon J, Bell ML. Ambient air pollution and term birth weight in Texas from 1998 to
2004. J Air Waste Manag Assoc 2012;62:1285-95.

WHO. Air quality guidelines: global update 2005: particulate matter, ozone, nitrogen dioxide and
sulfur dioxide. 2006.
http://whqlibdoc.who.int/hq/2006/WHO_SDE PHE OEH 06.02 eng.pdf?ua=1. Accessed
September 20 2014.

Katanoda K, Marugame T, Saika K, Satoh H, Tajima K, Suzuki T et al. Population attributable
fraction of mortality associated with tobacco smoking in Japan: a pooled analysis of three large-
scale cohort studies. J Epidemiol 2008;18:251-64.

Perez L, Kunzli N. From measures of effects to measures of potential impact. Int J Public Health
2009;54:45-8.

Pereira G, Cook AG, Haggar F, Bower C, Nassar N. Locally derived traffic-related air pollution and
fetal growth restriction: a retrospective cohort study. Occup Environ Med 2012;69:815-22.
Pedersen M, Giorgis-Allemand L, Bernard C, Aguilera I, Andersen AM, Ballester F et al. Ambient
air pollution and low birthweight: a European cohort study (ESCAPE). Lancet Respir Med
2013;1:695-704.

Zhu X, Liu Y, Chen Y, Yao C, Che Z, Cao J. Maternal exposure to fine particulate matter (PM2.5)
and pregnancy outcomes: a meta-analysis. Environ Sci Pollut Res Int 2015;22:3383-96.
Dejmek J, Solansky I, Benes I, Lenicek J, Sram RJ. The impact of polycyclic aromatic
hydrocarbons and fine particles on pregnancy outcome. Environ Health Perspect 2000;108:1159-
64.

Hannam K, McNamee R, Baker P, Sibley C, Agius R. Air pollution exposure and adverse pregnancy
outcomes in a large UK birth cohort: use of a novel spatio-temporal modelling technique. Scand
J Work Environ Health 2014;40:518-30.

Brauer M, Lencar C, Tamburic L, Koehoorn M, Demers P, Karr C. A cohort study of traffic-related
air pollution impacts on birth outcomes. Environ Health Perspect 2008;116:680-6.

Hansen C, Neller A, Williams G, Simpson R. Low levels of ambient air pollution during pregnancy
and fetal growth among term neonates in Brisbane, Australia. Environ Res 2007;103:383-9.
Somers CM, McCarry BE, Malek F, Quinn JS. Reduction of particulate air pollution lowers the risk
of heritable mutations in mice. Science 2004;304:1008-10.

Janssen BG, Godderis L, Pieters N, Poels K, Kici Ski M, Cuypers A et al. Placental DNA
hypomethylation in association with particulate air pollution in early life. Part Fibre Toxicol
2013;10:22.

Bobak M. Outdoor air pollution, low birth weight, and prematurity. Environ Health Perspect
2000;108:173-6.

Pope CA, 3rd, Burnett RT, Krewski D, Jerrett M, Shi Y, Calle EE et al. Cardiovascular mortality
and exposure to airborne fine particulate matter and cigarette smoke: shape of the exposure-
response relationship. Circulation 2009;120:941-8.

Vineis P, Kogevinas M, Simonato L, Brennan P, Boffetta P. Levelling-off of the risk of lung and
bladder cancer in heavy smokers: an analysis based on multicentric case-control studies and a
metabolic interpretation. Mutat Res 2000;463:103-10.

Provost EB, Chaumont A, Kicinski M, Cox B, Fierens F, Bernard A et al. Serum levels of club cell
secretory protein (Clara) and short- and long-term exposure to particulate air pollution in
adolescents. Environ Int 2014;68:66-70.



http://whqlibdoc.who.int/hq/2006/WHO_SDE_PHE_OEH_06.02_eng.pdf?ua=1

REFERENCE LIST

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Ambrose JA, Barua RS. The pathophysiology of cigarette smoking and cardiovascular disease: an
update. J Am Coll Cardiol 2004;43:1731-7.

Ritz B, Wilhelm M. Ambient air pollution and adverse birth outcomes: methodologic issues in an
emerging field. Basic Clin Pharmacol Toxicol 2008;102:182-90.

Ritz B, Yu F. The effect of ambient carbon monoxide on low birth weight among children born in
southern California between 1989 and 1993. Environ Health Perspect 1999;107:17-25.

Jaddoe VW, Troe EJ, Hofman A, Mackenbach JP, Moll HA, Steegers EA et al. Active and passive
maternal smoking during pregnancy and the risks of low birthweight and preterm birth: the
Generation R Study. Paediatr Perinat Epidemiol 2008;22:162-71.

Leonardi-Bee ], Smyth A, Britton J, Coleman T. Environmental tobacco smoke and fetal health:
systematic review and meta-analysis. Arch Dis Child Fetal Neonatal Ed 2008;93:F351-61.
Salmasi G, Grady R, Jones ], McDonald SD, Knowledge Synthesis G. Environmental tobacco
smoke exposure and perinatal outcomes: a systematic review and meta-analyses. Acta Obstet
Gynecol Scand 2010;89:423-41.

Slama R, Darrow L, Parker J, Woodruff TJ, Strickland M, Nieuwenhuijsen M et al. Meeting report:
atmospheric pollution and human reproduction. Environ Health Perspect 2008;116:791-8.

Ostro BD, Lipsett MJ, Wiener MB, Selner JC. Asthmatic responses to airborne acid aerosols. Am J
Public Health 1991;81:694-702.

Wilhelm M, Ritz B. Local variations in CO and particulate air pollution and adverse birth outcomes
in Los Angeles County, California, USA. Environ Health Perspect 2005;113:1212-21.

Barker DJ. Fetal origins of coronary heart disease. BMJ 1995;311:171-4.

Hochstenbach K, van Leeuwen DM, Gmuender H, Gottschalk RW, Lovik M, Granum B et al. Global
gene expression analysis in cord blood reveals gender-specific differences in response to
carcinogenic exposure in utero. Cancer Epidemiol Biomarkers Prev 2012;21:1756-67.

Nafee TM, Farrell WE, Carroll WD, Fryer AA, Ismail KM. Epigenetic control of fetal gene expression.
BJOG 2008;115:158-68.

Winckelmans E, Cox B, Martens E, Fierens F, Nemery B, Nawrot TS. Fetal growth and maternal
exposure to particulate air pollution -- More marked effects at lower exposure and modification
by gestational duration. Environ Res 2015;140:611-8.

Rappazzo KM, Daniels JL, Messer LC, Poole C, Lobdell DT. Exposure to fine particulate matter
during pregnancy and risk of preterm birth among women in New Jersey, Ohio, and Pennsylvania,
2000-2005. Environ Health Perspect 2014;122:992-7.

Chang HH, Warren JL, Darrow LA, Reich BJ], Waller LA. Assessment of critical exposure and
outcome windows in time-to-event analysis with application to air pollution and preterm birth
study. Biostatistics 2015;16:509-21.

van Rossem L, Rifas-Shiman SL, Melly SJ, Kloog I, Luttmann-Gibson H, Zanobetti A et al. Prenatal
air pollution exposure and newborn blood pressure. Environ Health Perspect 2015;123:353-9.
Wick P, Malek A, Manser P, Meili D, Maeder-Althaus X, Diener L et al. Barrier capacity of human
placenta for nanosized materials. Environ Health Perspect 2010;118:432-6.

Perera FP, Tang D, Wang S, Vishnevetsky J, Zhang B, Diaz D et al. Prenatal polycyclic aromatic
hydrocarbon (PAH) exposure and child behavior at age 6-7 years. Environ Health Perspect
2012;120:921-6.

Peterson BS, Rauh VA, Bansal R, Hao X, Toth Z, Nati G et al. Effects of prenatal exposure to air
pollutants (polycyclic aromatic hydrocarbons) on the development of brain white matter,
cognition, and behavior in later childhood. JAMA Psychiatry 2015;72:531-40.

Heck JE, Wu J, Lombardi C, Qiu ], Meyers TJ, Wilhelm M et al. Childhood cancer and traffic-related
air pollution exposure in pregnancy and early life. Environ Health Perspect 2013;121:1385-91.
Ghosh JK, Heck JE, Cockburn M, Su J, Jerrett M, Ritz B. Prenatal exposure to traffic-related air
pollution and risk of early childhood cancers. Am J Epidemiol 2013;178:1233-9.

Vieira SE. The health burden of pollution: the impact of prenatal exposure to air pollutants. Int J
Chron Obstruct Pulmon Dis 2015;10:1111-21.

Morales E, Garcia-Esteban R, de la Cruz OA, Basterrechea M, Lertxundi A, de Dicastillo MD et al.
Intrauterine and early postnatal exposure to outdoor air pollution and lung function at preschool
age. Thorax 2015;70:64-73.

Ghosh R, Rankin J, Pless-Mulloli T, Glinianaia S. Does the effect of air pollution on pregnancy
outcomes differ by gender? A systematic review. Environ Res 2007;105:400-8.

Roberts AL, Lyall K, Hart JE, Laden F, Just AC, Bobb JF et al. Perinatal air pollutant exposures
and autism spectrum disorder in the children of Nurses' Health Study II participants. Environ
Health Perspect 2013;121:978-84.

Dopico XC, Evangelou M, Ferreira RC, Guo H, Pekalski ML, Smyth DJ et al. Widespread seasonal
gene expression reveals annual differences in human immunity and physiology. Nat Commun
2015;6:7000.

Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression data using
empirical Bayes methods. Biostatistics 2007;8:118-27.

175



REFERENCE LIST

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

176

Imanishi S, Manabe N, Nishizawa H, Morita M, Sugimoto M, Iwahori M et al. Effects of oral
exposure of bisphenol A on mRNA expression of nuclear receptors in murine placentae assessed
by DNA microarray. J Reprod Dev 2003;49:329-36.

Van den Hove DL, Kenis G, Brass A, Opstelten R, Rutten BP, Bruschettini M et al. Vulnerability
versus resilience to prenatal stress in male and female rats; implications from gene expression
profiles in the hippocampus and frontal cortex. Eur Neuropsychopharmacol 2013;23:1226-46.
Jackson P, Hougaard KS, Vogel U, Wu D, Casavant L, Williams A et al. Exposure of pregnant mice
to carbon black by intratracheal instillation: toxicogenomic effects in dams and offspring. Mutat
Res 2012;745:73-83.

Jackson P, Halappanavar S, Hougaard KS, Williams A, Madsen AM, Lamson JS et al. Maternal
inhalation of surface-coated nanosized titanium dioxide (UV-Titan) in C57BL/6 mice: effects in
prenatally exposed offspring on hepatic DNA damage and gene expression. Nanotoxicology
2013;7:85-96.

Kamburov A, Pentchev K, Galicka H, Wierling C, Lehrach H, Herwig R. ConsensusPathDB: toward
a more complete picture of cell biology. Nucleic Acids Res 2011;39:D712-7.

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J et al. PGC-1alpha-
responsive genes involved in oxidative phosphorylation are coordinately downregulated in human
diabetes. Nat Genet 2003;34:267-73.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA et al. Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci U S A 2005;102:15545-50.

Cline MS, Smoot M, Cerami E, Kuchinsky A, Landys N, Workman C et al. Integration of biological
networks and gene expression data using Cytoscape. Nat Protoc 2007;2:2366-82.

Bruske I, Hampel R, Socher MM, Ruckerl R, Schneider A, Heinrich J et al. Impact of ambient air
pollution on the differential white blood cell count in patients with chronic pulmonary disease.
Inhal Toxicol 2010;22:245-52.

Steenhof M, Janssen NA, Strak M, Hoek G, Gosens I, Mudway IS et al. Air pollution exposure
affects circulating white blood cell counts in healthy subjects: the role of particle composition,
oxidative potential and gaseous pollutants - the RAPTES project. Inhal Toxicol 2014;26:141-65.
Genc S, Zadeoglulari Z, Fuss SH, Genc K. The adverse effects of air pollution on the nervous
system. J Toxicol 2012;2012:782462.

Zhao W, Ho L, Varghese M, Yemul S, Dams-0O'Connor K, Gordon W et al. Decreased level of
olfactory receptors in blood cells following traumatic brain injury and potential association with
tauopathy. J Alzheimers Dis 2013;34:417-29.

Brown LA, Khousbouei H, Goodwin JS, Irvin-Wilson CV, Ramesh A, Sheng L et al. Down-regulation
of early ionotrophic glutamate receptor subunit developmental expression as a mechanism for
observed plasticity deficits following gestational exposure to benzo(a)pyrene. Neurotoxicology
2007,;28:965-78.

Li SP, Park MS, Bahk JY, Kim MO. Chronic nicotine and smoking exposure decreases GABA(B1)
receptor expression in the rat hippocampus. Neurosci Lett 2002;334:135-9.

XuY, Yan J, Zhou P, Li J, Gao H, Xia Y et al. Neurotransmitter receptors and cognitive dysfunction
in Alzheimer's disease and Parkinson's disease. Prog Neurobiol 2012;97:1-13.

Moorthy B, Chu C, Carlin DJ. Polycyclic aromatic hydrocarbons: from metabolism to lung cancer.
Toxicol Sci 2015;145:5-15.

Nawrot T, Plusquin M, Hogervorst J, Roels HA, Celis H, Thijs L et al. Environmental exposure to
cadmium and risk of cancer: a prospective population-based study. Lancet Oncol 2006;7:119-
26.

Bonassi S, Znaor A, Ceppi M, Lando C, Chang WP, Holland N et al. An increased micronucleus
frequency in peripheral blood lymphocytes predicts the risk of cancer in humans. Carcinogenesis
2007;28:625-31.

Pedersen M, Wichmann ], Autrup H, Dang DA, Decordier I, Hvidberg M et al. Increased
micronuclei and bulky DNA adducts in cord blood after maternal exposures to traffic-related air
pollution. Environ Res 2009;109:1012-20.

Jiang Y, Liang ZD, Wu TT, Cao L, Zhang H, Xu XC. Ataxia-telangiectasia mutated expression is
associated with tobacco smoke exposure in esophageal cancer tissues and benzo[a]pyrene diol
epoxide in cell lines. Int J Cancer 2007;120:91-5.

Rossner P, Jr., Binkova B, Milcova A, Solansky I, Zidzik J, Lyubomirova KD et al. Air pollution by
carcinogenic PAHs and plasma levels of p53 and p21(WAF1) proteins. Mutat Res 2007;620:34-
40.

Kim JS, Kim JG, Jeon CY, Won HY, Moon MY, Seo JY et al. Downstream components of RhoA
required for signal pathway of superoxide formation during phagocytosis of serum opsonized
zymosans in macrophages. Exp Mol Med 2005;37:575-87.

Sun Q, Yue P, Ying Z, Cardounel AJ, Brook RD, Devlin R et al. Air pollution exposure potentiates
hypertension through reactive oxygen species-mediated activation of Rho/ROCK. Arterioscler
Thromb Vasc Biol 2008;28:1760-6.

Lodovici M, Bigagli E. Oxidative stress and air pollution exposure. J Toxicol 2011;2011:487074.



REFERENCE LIST

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Ying Z, Yue P, Xu X, Zhong M, Sun Q, Mikolaj M et al. Air pollution and cardiac remodeling: a role

for RhoA/Rho-kinase. Am J Physiol Heart Circ Physiol 2009;296:H1540-50.

Tongaonkar P, Golji AE, Tran P, Ouellette AJ, Selsted ME. High fidelity processing and activation

of the human alpha-defensin HNP1 precursor by neutrophil elastase and proteinase 3. PLoS One

2012;7:e32469.

Hatch GE, Boykin E, Graham JA, Lewtas J, Pott F, Loud K et al. Inhalable particles and pulmonary

host defense: in vivo and in vitro effects of ambient air and combustion particles. Environ Res

1985;36:67-80.

Klein-Patel ME, Diamond G, Boniotto M, Saad S, Ryan LK. Inhibition of beta-defensin gene

expression in airway epithelial cells by low doses of residual oil fly ash is mediated by vanadium.

Toxicol Sci 2006;92:115-25.

Starner TD, Agerberth B, Gudmundsson GH, McCray PB, Jr. Expression and activity of beta-

defensins and LL-37 in the developing human lung. J Immunol 2005;174:1608-15.

Olbrich P, Pavon A, Rosso ML, Molinos A, de Felipe B, Sanchez B et al. Association of human beta-

defensin-2 serum levels and sepsis in preterm neonates*. Pediatr Crit Care Med 2013;14:796-

800.

Janssen BG, Byun HM, Gyselaers W, Lefebvre W, Baccarelli AA, Nawrot TS. Placental

mitochondrial methylation and exposure to airborne particulate matter in the early life

environment: An ENVIRONAGE birth cohort study. Epigenetics 2015;10:536-44.

Tylee DS, Kawaguchi DM, Glatt SJ. On the outside, looking in: a review and evaluation of the

comparability of blood and brain "-omes". Am J Med Genet B Neuropsychiatr Genet

2013;162B:595-603.

Sullivan PF, Fan C, Perou CM. Evaluating the comparability of gene expression in blood and brain.

Am J Med Genet B Neuropsychiatr Genet 2006;141B:261-8.

Maron JL, Johnson KL, Slonim D, Lai CQ, Ramoni M, Alterovitz G et al. Gene expression analysis

in pregnant women and their infants identifies unique fetal biomarkers that circulate in maternal

blood. J Clin Invest 2007;117:3007-19.

Madrigano J, Kloog I, Goldberg R, Coull BA, Mittleman MA, Schwartz J. Long-term exposure to

PM2.5 and incidence of acute myocardial infarction. Environ Health Perspect 2013;121:192-6.

Cox B, Martens E, Nemery B, Vangronsveld J, Nawrot TS. Impact of a stepwise introduction of

smoke-free legislation on the rate of preterm births: analysis of routinely collected birth data.

BMJ 2013;346:f441.

Aon MA, Cortassa S, O'Rourke B. Redox-optimized ROS balance: a unifying hypothesis. Biochim

Biophys Acta 2010;1797:865-77.

Lee HC, Wei YH. Mitochondrial biogenesis and mitochondrial DNA maintenance of mammalian

cells under oxidative stress. Int J Biochem Cell Biol 2005;37:822-34.

Paradies G, Petrosillo G, Pistolese M, Ruggiero FM. Reactive oxygen species affect mitochondrial

electron transport complex I activity through oxidative cardiolipin damage. Gene 2002;286:135-

41.

Li X, Fang P, Mai J, Choi ET, Wang H, Yang XF. Targeting mitochondrial reactive oxygen species

as novel therapy for inflammatory diseases and cancers. J Hematol Oncol 2013;6:19.

Pagliarini DJ, Calvo SE, Chang B, Sheth SA, Vafai SB, Ong SE et al. A mitochondrial protein

compendium elucidates complex I disease biology. Cell 2008;134:112-23.

Calvo SE, Clauser KR, Mootha VK. MitoCarta2.0: an updated inventory of mammalian

mitochondrial proteins. Nucleic Acids Res 2016;44:D1251-7.

van Leeuwen DM, Gottschalk RW, Schoeters G, van Larebeke NA, Nelen V, Baeyens WF et al.

Transcriptome analysis in peripheral blood of humans exposed to environmental carcinogens: a

promising new biomarker in environmental health studies. Environ Health Perspect

2008;116:1519-25.

Vrijens K, Winckelmans E, Tsamou M, Baeyens W, De Boever P, Jennen D et al. Sex-specific

Associations between Particulate Matter Exposure and Gene Expression in Independent Discovery

and Validation Cohorts of Middle-aged Men and Women. Environ Health Perspect In Press. DOI:

10.1289/EHP370.

Olesen H. The model validation exercise at Mol: overview of results. International Journal of

Environment and Pollution 1995;5:761-84.

Maes G, Cosemans G, Kretzschmar J, Janssen L, Van Tongerloo J. Comparison of six Gaussian

dispersion models used for regulatory purposes in different countries of the EU. International

Journal of Environment and Pollution 1995;5:734-47.

Cosemans G, Kretzschmar ], Janssen L, Maes G. The Third Workshops environmental impact

assessment model intercomparison exercise. International Journal Environment and Pollution

1995;5:785-98.

Mensink C, Maes G. Comparative sensitivity study for operational short-range atmospheric

dispersion models. International Journal Environment and Pollution 1996;8:356-66.

Cosemans G, Ruts R, Kretzschmar JG. Impact assessment with the Belgian
dispersion model IFDM and the New Dutch National Model, Belgitrate, Italy. 7th Int

177



REFERENCE LIST

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.
226.
227.
228.
229.
230.
231.

232.

233.

234.

235.

178

Conf on Harmonisation within Atmospheric Dispersion Modelling for Regulatory Purposes
2001:125-9.

Steadman RG. The assessment of sultriness. Part II: effects of wind, extra radiation and
barometric pressure on apparent temperature. Journal of Applied Meteorology 1979;18:874-85.
Kalkstein LS, Valimont KM. An Evaluation of Summer Discomfort in the United-States Using a
Relative Climatological Index. Bulletin of the American Meteorological Society;67:842-8.
Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J. qBase relative quantification
framework and software for management and automated analysis of real-time quantitative PCR
data. Genome Biol 2007;8:R19.

Faner R, Gonzalez N, Cruz T, Kalko SG, Agusti A. Systemic inflammatory response to smoking in
chronic obstructive pulmonary disease: evidence of a gender effect. PLoS One 2014;9:e97491.
Paul S, Amundson SA. Differential Effect of Active Smoking on Gene Expression in Male and
Female Smokers. J Carcinog Mutagen 2014;5.

Hoffmann RF, Zarrintan S, Brandenburg SM, Kol A, de Bruin HG, Jafari S et al. Prolonged cigarette
smoke exposure alters mitochondrial structure and function in airway epithelial cells. Respir Res
2013;14:97.

Bonner MR, Shen M, Liu CS, Divita M, He X, Lan Q. Mitochondrial DNA content and lung cancer
risk in Xuan Wei, China. Lung Cancer 2009;63:331-4.

Hou L, Zhu ZZ, Zhang X, Nordio F, Bonzini M, Schwartz J et al. Airborne particulate matter and
mitochondrial damage: a cross-sectional study. Environ Health 2010;9:48.

Zhong J, Cayir A, Trevisi L, Sanchez-Guerra M, Lin X, Peng C et al. Traffic-Related Air Pollution,
Blood Pressure, and Adaptive Response of Mitochondrial Abundance. Circulation 2016;133:378-
87.

Pieters N, Koppen G, Smeets K, Napierska D, Plusquin M, De Prins S et al. Decreased
mitochondrial DNA content in association with exposure to polycyclic aromatic hydrocarbons in
house dust during wintertime: from a population enquiry to cell culture. PLoS One
2013;8:e63208.

Li N, Sioutas C, Cho A, Schmitz D, Misra C, Sempf J et al. Ultrafine particulate pollutants induce
oxidative stress and mitochondrial damage. Environ Health Perspect 2003;111:455-60.

Dagher Z, Garcon G, Billet S, Gosset P, Ledoux F, Courcot D et al. Activation of different pathways
of apoptosis by air pollution particulate matter (PM2.5) in human epithelial lung cells (L132) in
culture. Toxicology 2006;225:12-24.

Engelman JA. Targeting PI3K signalling in cancer: opportunities, challenges and limitations. Nat
Rev Cancer 2009;9:550-62.

Fulda S. Modulation of mitochondrial apoptosis by PI3K inhibitors. Mitochondrion 2013;13:195-
8.

Hakim IA, Harris R, Garland L, Cordova CA, Mikhael DM, Sherry Chow HH. Gender difference in
systemic oxidative stress and antioxidant capacity in current and former heavy smokers. Cancer
Epidemiol Biomarkers Prev 2012;21:2193-200.

Mooney LA, Perera FP, Van Bennekum AM, Blaner WS, Karkoszka J, Covey L et al. Gender
differences in autoantibodies to oxidative DNA base damage in cigarette smokers. Cancer
Epidemiol Biomarkers Prev 2001;10:641-8.

Haslam DW, James WP. Obesity. Lancet 2005;366:1197-209.

Martinez JA. Mitochondrial oxidative stress and inflammation: an slalom to obesity and insulin
resistance. J Physiol Biochem 2006;62:303-6.

Martens DS, Plusquin M, Gyselaers W, De Vivo I, Nawrot TS. Maternal pre-pregnancy body mass
index and newborn telomere length. BMC Med 2016;14:148.

Lee M, Martin H, Firpo MA, Demerath EW. Inverse association between adiposity and telomere
length: The Fels Longitudinal Study. Am J Hum Biol 2011;23:100-6.

Kim S, Parks CG, DeRoo LA, Chen H, Taylor JA, Cawthon RM et al. Obesity and weight gain in
adulthood and telomere length. Cancer Epidemiol Biomarkers Prev 2009;18:816-20.

Huzen J, Wong LS, van Veldhuisen DJ, Samani NJ, Zwinderman AH, Codd V et al. Telomere length
loss due to smoking and metabolic traits. J Intern Med 2014;275:155-63.

Njajou OT, Cawthon RM, Blackburn EH, Harris TB, Li R, Sanders JL et al. Shorter telomeres are
associated with obesity and weight gain in the elderly. Int J Obes (Lond) 2012;36:1176-9.
Fitzpatrick AL, Kronmal RA, Gardner JP, Psaty BM, Jenny NS, Tracy RP et al. Leukocyte telomere
length and cardiovascular disease in the cardiovascular health study. Am J Epidemiol
2007;165:14-21.

Bischoff C, Petersen HC, Graakjaer J, Andersen-Ranberg K, Vaupel JW, Bohr VA et al. No
association between telomere length and survival among the elderly and oldest old. Epidemiology
2006;17:190-4.

Bekaert S, De Meyer T, Rietzschel ER, De Buyzere ML, De Bacquer D, Langlois M et al. Telomere
length and cardiovascular risk factors in a middle-aged population free of overt cardiovascular
disease. Aging Cell 2007;6:639-47.

Diaz VA, Mainous AG, Player MS, Everett CJ. Telomere length and adiposity in a racially diverse
sample. Int J Obes (Lond) 2010;34:261-5.



REFERENCE LIST

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

Meng S, Wu S, Liang L, Liang G, Giovannucci E, De Vivo I et al. Leukocyte mitochondrial DNA
copy number, anthropometric indices, and weight change in US women. Oncotarget
2016;7:60676-86.

Revesz D, Milaneschi Y, Verhoeven JE, Lin J, Penninx BW. Longitudinal Associations Between
Metabolic Syndrome Components and Telomere Shortening. J Clin Endocrinol Metab
2015;100:3050-9.

Gardner JP, Li S, Srinivasan SR, Chen W, Kimura M, Lu X et al. Rise in insulin resistance is
associated with escalated telomere attrition. Circulation 2005;111:2171-7.

Revesz D, Verhoeven JE, Picard M, Lin J, Sidney S, Epel ES et al. Associations between cellular
aging markers and metabolic syndrome: findings from the CARDIA study. J Clin Endocrinol Metab
2017.

Baccarelli AA, Byun HM. Platelet mitochondrial DNA methylation: a potential new marker of
cardiovascular disease. Clin Epigenetics 2015;7:44.

Lee JY, Lee DC, Im JA, Lee JW. Mitochondrial DNA copy number in peripheral blood is
independently associated with visceral fat accumulation in healthy young adults. Int J Endocrinol
2014;2014:586017.

Kim JY, Choi JR, Park IH, Huh JH, Son JW, Kim KW et al. A prospective study of leucocyte
mitochondrial DNA content and deletion in association with the metabolic syndrome. Diabetes
Metab 2017;43:280-3.

Patti ME, Corvera S. The role of mitochondria in the pathogenesis of type 2 diabetes. Endocr Rev
2010;31:364-95.

Staessen JA, Wang JG, Brand E, Barlassina C, Birkenhager WH, Herrmann SM et al. Effects of
three candidate genes on prevalence and incidence of hypertension in a Caucasian population. J
Hypertens 2001;19:1349-58.

Knez J, Winckelmans E, Plusquin M, Thijs L, Cauwenberghs N, Gu Y et al. Correlates of Peripheral
Blood Mitochondrial DNA Content in a General Population. Am J Epidemiol 2016;183:138-46.
Hajian-Tilaki K, Heidari B. Is waist circumference a better predictor of diabetes than body mass
index or waist-to-height ratio in Iranian adults? Int J Prev Med 2015;6:5.

Vincent HK, Innes KE, Vincent KR. Oxidative stress and potential interventions to reduce oxidative
stress in overweight and obesity. Diabetes Obes Metab 2007;9:813-39.

Savini I, Catani MV, Evangelista D, Gasperi V, Avigliano L. Obesity-associated oxidative stress:
strategies finalized to improve redox state. Int J Mol Sci 2013;14:10497-538.

Houben JM, Moonen HJ, van Schooten FJ, Hageman GJ. Telomere length assessment: biomarker
of chronic oxidative stress? Free Radic Biol Med 2008;44:235-46.

Rains JL, Jain SK. Oxidative stress, insulin signaling, and diabetes. Free Radic Biol Med
2011;50:567-75.

Cui Y, Gao YT, Cai Q, Qu S, Cai H, Li HL et al. Associations of leukocyte telomere length with body
anthropometric indices and weight change in Chinese women. Obesity (Silver Spring)
2013;21:2582-8.

Nordfjall K, Eliasson M, Stegmayr B, Melander O, Nilsson P, Roos G. Telomere length is associated
with obesity parameters but with a gender difference. Obesity (Silver Spring) 2008;16:2682-9.
Garcia-Calzon S, Gea A, Razquin C, Corella D, Lamuela-Raventos RM, Martinez JA et al.
Longitudinal association of telomere length and obesity indices in an intervention study with a
Mediterranean diet: the PREDIMED-NAVARRA trial. Int J Obes (Lond) 2014;38:177-82.
Garcia-Calzon S, Moleres A, Marcos A, Campoy C, Moreno LA, Azcona-Sanjulian MC et al.
Telomere length as a biomarker for adiposity changes after a multidisciplinary intervention in
overweight/obese adolescents: the EVASYON study. PLoS One 2014;9:e89828.

Yu M. Generation, function and diagnostic value of mitochondrial DNA copy number alterations
in human cancers. Life Sci 2011;89:65-71.

Hu L, Yao X, Shen Y. Altered mitochondrial DNA copy number contributes to human cancer risk:
evidence from an updated meta-analysis. Sci Rep 2016;6:35859.

Chen S, Xie X, Wang Y, Gao Y, Xie X, Yang J et al. Association between leukocyte mitochondrial
DNA content and risk of coronary heart disease: a case-control study. Atherosclerosis
2014;237:220-6.

Liu LP, Cheng K, Ning MA, Li HH, Wang HC, Li F et al. Association between peripheral blood cells
mitochondrial DNA content and severity of coronary heart disease. Atherosclerosis
2017;261:105-10.

Mengel-From J, Thinggaard M, Dalgard C, Kyvik KO, Christensen K, Christiansen L. Mitochondrial
DNA copy number in peripheral blood cells declines with age and is associated with general health
among elderly. Hum Genet 2014;133:1149-59.

World Health Organization. WHO Air quality guidelines for particulate matter, ozone, nitrogen
dioxide and sulfur dioxide. WHO Regional Office for Europe, Copenhagen. 2006.
http://apps.who.int/iris/bitstream/10665/69477/1/WHO_SDE PHE OEH 06.02 eng.pdf.
Accessed 27 Mar 2017.

Gil-del Valle L, de la CML, Toledo A, Vilaro N, Tapanes R, Otero MA. Altered redox status in
patients with diabetes mellitus type I. Pharmacol Res 2005;51:375-80.

179


http://apps.who.int/iris/bitstream/10665/69477/1/WHO_SDE_PHE_OEH_06.02_eng.pdf

REFERENCE LIST

262.

263.

264.

265.
266.
267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

180

Calabrese V, Sultana R, Scapagnini G, Guagliano E, Sapienza M, Bella R et al. Nitrosative stress,
cellular stress response, and thiol homeostasis in patients with Alzheimer's disease. Antioxid
Redox Signal 2006;8:1975-86.

Mates JM, Segura JA, Alonso FJ, Marquez J. Intracellular redox status and oxidative stress:
implications for cell proliferation, apoptosis, and carcinogenesis. Arch Toxicol 2008;82:273-99.
Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of ageing. Nature 2000;408:239-
47.

Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. J Cell Biol 2016;212:379-87.
Van Houten B, Hunter SE, Meyer IJN. Mitochondrial DNA damage induced autophagy, cell death,
and disease. Front Biosci (Landmark Ed) 2016;21:42-54.

Hou L, Zhang X, Dioni L, Barretta F, Dou C, Zheng Y et al. Inhalable particulate matter and
mitochondrial DNA copy number in highly exposed individuals in Beijing, China: a repeated-
measure study. Part Fibre Toxicol 2013;10:17.

Xu Y, Li H, Hedmer M, Hossain MB, Tinnerberg H, Broberg K et al. Occupational exposure to
particles and mitochondrial DNA - relevance for blood pressure. Environ Health 2017;16:22.
Winckelmans E, Nawrot TS, Tsamou M, Den Hond E, Baeyens W, Kleinjans J et al. Transcriptome-
wide analyses indicate mitochondrial responses to particulate air pollution exposure. Environ
Health 2017;16:87.

Peng C, Cayir A, Sanchez-Guerra M, Di Q, Wilson A, Zhong J et al. Associations of Annual Ambient
Fine Particulate Matter Mass and Components with Mitochondrial DNA Abundance. Epidemiology
2017;28:763-70.

Lee HC, Lu CY, Fahn HJ, Wei YH. Aging- and smoking-associated alteration in the relative content
of mitochondrial DNA in human lung. FEBS Lett 1998;441:292-6.

Masayesva BG, Mambo E, Taylor RJ, Goloubeva OG, Zhou S, Cohen Y et al. Mitochondrial DNA
content increase in response to cigarette smoking. Cancer Epidemiol Biomarkers Prev
2006;15:19-24.

Xia Y, Chen R, Wang C, Cai J, Wang L, Zhao Z et al. Ambient air pollution, blood mitochondrial
DNA copy number and telomere length in a panel of diabetes patients. Inhal Toxicol 2015;27:481-
7.

Lefebvre W, Degrawe B, Beckx C, Vanhulsel M, Kochan B, Bellemans T et al. Presentation and
evaluation of an integrated model chain to respond to traffic- and health-related policy questions.
Environmental Modelling & Software 2013;40:160-70.

Maiheu B, Veldeman B, Viaene P, De Ridder K, Lauwaet D, Smeets N et al. Identifying the best
available large-scale concentration maps for air quality in Belgium. 2012. Available from:
http://www.milieurapport.be/Upload/main/0 onderzoeksrapporten/2013/Eindrapport Concentr
atiekaarten 29 01 2013 TW.pdf.

O'Brien E, Asmar R, Beilin L, Imai Y, Mallion JM, Mancia G et al. European Society of Hypertension
recommendations for conventional, ambulatory and home blood pressure measurement. J
Hypertens 2003;21:821-48.

Puett RC, Hart JE, Yanosky JID, Paciorek C, Schwartz J, Suh H et al. Chronic fine and coarse
particulate exposure, mortality, and coronary heart disease in the Nurses' Health Study. Environ
Health Perspect 2009;117:1697-701.

Kannan S, Dvonch JT, Schulz AJ, Israel BA, Mentz G, House J et al. Exposure to fine particulate
matter and acute effects on blood pressure: effect modification by measures of obesity and
location. J Epidemiol Community Health 2010;64:68-74.

Chen JC, Cavallari JM, Stone PH, Christiani DC. Obesity is a modifier of autonomic cardiac
responses to fine metal particulates. Environ Health Perspect 2007;115:1002-6.

Miller KA, Siscovick DS, Sheppard L, Shepherd K, Sullivan JH, Anderson GL et al. Long-term
exposure to air pollution and incidence of cardiovascular events in women. N Engl J Med
2007,;356:447-58.

Dubowsky SD, Suh H, Schwartz ], Coull BA, Gold DR. Diabetes, obesity, and hypertension may
enhance associations between air pollution and markers of systemic inflammation. Environ Health
Perspect 2006;114:992-8.

Sun Q, Yue P, Deiuliis JA, Lumeng CN, Kampfrath T, Mikolaj MB et al. Ambient air pollution
exaggerates adipose inflammation and insulin resistance in a mouse model of diet-induced
obesity. Circulation 2009;119:538-46.

Parker JD, Woodruff TJ, Basu R, Schoendorf KC. Air pollution and birth weight among term infants
in California. Pediatrics 2005;115:121-8.

Rutledge JC. Developmental toxicity induced during early stages of mammalian embryogenesis.
Mutat Res 1997;396:113-27.

Janssen BG, Godderis L, Pieters N, Poels K, Kicinski M, Cuypers A et al. Placental DNA
hypomethylation in association with particulate air pollution in early life. Part Fibre Toxicol
2013;10:22.

Pieters N, Janssen BG, Dewitte H, Cox B, Cuypers A, Lefebvre W et al. Biomolecular Markers
within the Core Axis of Aging and Particulate Air Pollution Exposure in the Elderly: A Cross-
Sectional Study. Environ Health Perspect 2016;124:943-50.



http://www.milieurapport.be/Upload/main/0_onderzoeksrapporten/2013/Eindrapport_Concentratiekaarten_29_01_2013_TW.pdf
http://www.milieurapport.be/Upload/main/0_onderzoeksrapporten/2013/Eindrapport_Concentratiekaarten_29_01_2013_TW.pdf

REFERENCE LIST

287.

288.

289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

Agarwal AR, Zhao L, Sancheti H, Sundar IK, Rahman I, Cadenas E. Short-term cigarette smoke
exposure induces reversible changes in energy metabolism and cellular redox status independent
of inflammatory responses in mouse lungs. Am J Physiol Lung Cell Mol Physiol 2012;303:L889-
98.

Wong JYY, Hu W, Downward GS, Seow WJ], Bassig BA, Ji BT et al. Personal exposure to fine
particulate matter and benzo[a]pyrene from indoor air pollution and leukocyte mitochondrial DNA
copy number in rural China. Carcinogenesis 2017;38:893-9.

Ajmani GS, Suh HH, Pinto JM. Effects of Ambient Air Pollution Exposure on Olfaction: A Review.
Environ Health Perspect 2016;124:1683-93.

Barosova H, Dvorackova J, Motyka O, Kutlakova KM, Peikertova P, Rak J et al. Metal-based
particles in human amniotic fluids of fetuses with normal karyotype and congenital malformation-
-a pilot study. Environ Sci Pollut Res Int 2015;22:7582-9.

Devanand DP, Michaels-Marston KS, Liu X, Pelton GH, Padilla M, Marder K et al. Olfactory deficits
in patients with mild cognitive impairment predict Alzheimer's disease at follow-up. Am J
Psychiatry 2000;157:1399-405.

Ross GW, Petrovitch H, Abbott RD, Tanner CM, Popper J, Masaki K et al. Association of olfactory
dysfunction with risk for future Parkinson's disease. Ann Neurol 2008;63:167-73.

Pinto JM, Wroblewski KE, Kern DW, Schumm LP, McClintock MK. Olfactory dysfunction predicts
5-year mortality in older adults. PLoS One 2014;9:e107541.

Gopinath B, Anstey KJ, Kifley A, Mitchell P. Olfactory impairment is associated with functional
disability and reduced independence among older adults. Maturitas 2012;72:50-5.

Dunkler D, Sanchez-Cabo F, Heinze G. Statistical analysis principles for Omics data. Methods Mol
Biol 2011;719:113-31.

Bonferonni CE. Teoria statistica delle classi e calcolo delle probabilita. Pubblicazioni del R Istituto
Superiore di Scienze Economiche e Commerciali di Firenze 1936;8:3-62.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a new and

powerful approach to multiple testing. J R Stat Soc Ser B 1995;57:1289-300.

Stephens M, Balding DJ. Bayesian statistical methods for genetic association studies. Nat Rev
Genet 2009;10:681-90.

Marseglia L, Manti S, D'Angelo G, Nicotera A, Parisi E, Di Rosa G et al. Oxidative stress in obesity:
a critical component in human diseases. Int J Mol Sci 2014;16:378-400.

Picard M, Turnbull DM. Linking the metabolic state and mitochondrial DNA in chronic disease,
health, and aging. Diabetes 2013;62:672-8.

Bracken MB. Why animal studies are often poor predictors of human reactions to exposure. J R
Soc Med 2009;102:120-2.

Kunzli N, Perez L, Rapp R. Air quality and health. Lausanne, Switzerland: European Respiratory
Society; 2010.

World Health Organization. Global nutrition targets 2025: low birth weight policy brief
(WHO/NMH/NHD/14.5). World Health  Organization, Geneva, Switzerland. 2014.
http://apps.who.int/iris/bitstream/10665/149020/2/WHO NMH NHD 14.5 eng.pdf?ua=1.
Accessed 17/11/2017.

181


http://apps.who.int/iris/bitstream/10665/149020/2/WHO_NMH_NHD_14.5_eng.pdf?ua=1




Dankwoord




DANKWOORD

Nu ik dit dankwoord schrijf is het einde echt in zicht! En dan komt het besef wat
een leuke groep ik moet achterlaten... Ik ben men promotor Tim Nawrot dan ook
heel dankbaar dat hij me overtuigde bij hem te doctoreren. Tim, je hebt je handen
vol met meer dan 15 postdocs en doctoraatsstudenten en toch was het meestal
jij die mij moest geruststellen als er weer eens iets fout liep. Eén keer heb je me
zelfs een Chimay beloofd als het probleem zich nog een keer zou voordoen. Je
hebt het talent om mensen te overtuigen, gerust te stellen en mee te nemen in
je verhaal. Door jou moest ik de Rondom van Heist-op-den-Berg niet meer lezen
want je hield me altijd op de hoogte ;). Moest je ooit toch willen verhuizen naar

Heist-op-den-Berg, altijd welkom!

Ik wil graag de juryleden bedanken voor hun kritisch nalezen en hun bijdrage aan
mijn doctoraat. Bedankt prof. dr. Theo de Kok, prof. dr. Tim De Meyer, prof. dr.
Michelle Plusquin en dr. Sabine Langie!

Alle coauteurs van mijn artikels, hartelijk dank voor jullie belangrijke inbreng!
Bedankt aan alle medewerkers van ENVIRONAGE, FLEMENGHO, het Steunpunt
Milieu en Gezondheid en het Studiecentrum voor Perinatale Epidemiologie.

En dan mijn lieve collega’s... Jullie zijn de kers op de taart van men doctoraat. 5
jaar geleden begon ik hier samen met 4 van jullie. We kregen samen een plaatsje
in de c107b. En een jaar later kwam er nog een vrouw bij. Dries, met 5 vrouwen
op je bureau was je koptelefoon je waardevolste bezit om toch wat rust te vinden
in ons kakelende kippenhok! Wat discussiéren en napraten met jou op de trein
zorgde voor een mooie afsluiter van de werkdag en deed de treinrit toch iets korter
lijken. Nog leuker was als jij voor taxi speelde :). Diana, je zorgt altijd voor een
leuke sfeer op ons bureau! Bedankt voor alle leuke momenten en bedankt dat ik
af en toe bij jou thuis kon blijven crashen. Maria, the kindest of us all, you radiate
calmness and warmth to the rest of us (although it did not always work ;)). It was
always nice working with you! Narjes, je drukbezette man en je 3 kindjes hebben
geluk met zo'n vrolijk energiebommetje als jij! En wij ook! Met al dat lekker eten
en die gastvrijheid kwamen we graag bij jou op bezoek ;). En dan de jongste van
het bureau, Annette, als ik aan jou denk, denk ik aan Tuperware potjes en
ochtendsportsessies! Je staat altijd voor iedereen klaar. En moest ik ooit een

nieuwe vriezer nodig hebben dan weet ik wie ik moet bellen ;).

184



DANKWOORD

Mijn copromotoren Bianca en Karen, bedankt dat ik steeds bij jullie welkom was
voor goede raad of gewoon om men hart even te luchten. Bianca, hoewel het geen
liefde op het eerste gezicht was toen ik als studentje bij jou kwam aankloppen ;),
hebben we nu toch veel gemeen: we zijn beiden statistici, hebben allebei onze
groene vingers aangetrokken en een “makkelijke moestuin” aangelegd, zijn af en
toe een tikkeltje sarcastisch en we zijn beide fan van Pascale Naesssens en Sandra
Bekkari - en natuurlijk ook van transcriptoomdata ;). Het was een cadeau om met
jou te mogen samenwerken! Karen Vrijens, ik denk dat ik jou bureau blindelings
zou vinden. Hoeveel keer ik niet bij jou ben langs geweest? Je staat altijd klaar
voor iedereen, zowel voor het werk als daarbuiten. Bedankt dat je steeds de tijd

nam als ik met een vraag langskwam.

Het labowerk was een nieuwe uitdaging voor mij. Bram, Dries, Diana en Martien,
bedankt voor jullie advies en hulp in het labo! Bram, ik vond het altijd inspirerend
om met jou resultaten te bespreken. Michelle, bedankt dat ik altijd welkom was
met al men vragen! Nelly, Martien, Kristof, Leen, Esmée en Janneke, bedankt voor
alle leuke momenten op de congressen. Het was een plezier om met jullie weg te
gaan! De nieuwste aanwinst van Group Nawrot: Charlotte, Evi, Yinthe, Rossella,

Hanne en Katrien, bedankt voor de leuke samenwerking en de toffe teambuilding!

Nicky, Eline en Michal, ondertussen zijn we ex-collega’s maar al die knotsgekke
en gezellige momenten met jullie ben ik zeker nog niet vergeten! Bedankt voor al
jullie advies en hulp tijdens mijn doctoraat. Harry, bedankt voor het kritisch

nalezen van mijn manuscript en voor de leuke uitstap naar Averbode.

Aan al men vrienden en familie, bedankt voor jullie interesse en de nodige
afleiding. Bedankt voor de leuke weekendjes weg, etentjes en de fijne uitstapjes.
0.U.D.ers bedankt voor alle ELE momenten ;). Margo, je bent op de hoogte van
alle ups en downs tijdens mijn doctoraat. Wat heb ik een geluk met zo'n goede

vriendin!

En dan kom ik aan de personen die me het dichtst bij het hart liggen. Michiel, het
is een fijn gevoel te weten dat je er altijd bent voor ons. Papa, je hebt me mee
gevormd tot wie ik nu ben en me geleerd hoe belangrijk familie is in het leven.
Mijn grootste motivatie, mama, je hebt me altijd alle kansen gegeven, gesteund,
in me geloofd en me vertrouwen gegeven. Zonder jou had ik niet gestaan waar ik
vandaag sta. Ik ben je ontzettend dankbaar voor alles wat je voor ons doet.

185



DANKWOORD

En dan diegene die elke hobbel in dit parcours mee gevoeld heeft. Kristof, bijna
10 jaar geleden kwam je men leven in gelopen en nog steeds heb ik het geluk om
je aan men zij te hebben. Hoewel men doctoraat niet altijd van een leien dakje
liep, kon je me altijd kalmeren en gerust stellen. Bedankt voor je
onvoorwaardelijke steun, liefde en oneindige geduld als ik weer eens een
presentatie met je wilde oefenen. Mijn publiek is nog nooit zo kritisch geweest ;).

We zijn een goed team, jij en ik!

Estelle, je maakt het me heel gemakkelijk om gelukkig te zijn, te leven in het nu
en alles te relativeren. Elke dag geef je me iets om naar uit te kijken en kan ik ‘s

avonds even alles loslaten. Je laat me de mooie dingen in het leven zien.

Ellen

186



CURRICULUM VITAE




CURRICULUM VITAE

Ellen Winckelmans was born in Lier (Belgium) on August 29th 1988. In 2006, she
graduated from secondary school at the Heilig-Hartcollege in Heist-op-den-Berg
and started her study Biomedical Science at University of Leuven (KU Leuven).
After obtaining her master degree (magna cum laude), she followed an additional
Master in Biostatistics at KU Leuven during which she did her master thesis at
Hasselt University. She graduated in 2013 magna cum laude. In the same year,
she started her PhD in the research unit of Prof. dr. Nawrot at the Centre for
Environmental Sciences of Hasselt University. The aim of her research was to
study the effects of environmental risk factors on biomarkers of chronic aging-
related health effects including mtDNA content and telomere length, and to define
transcriptomic profiles within a life-course epidemiology concept. Besides teaching
activities, she presented her results at several conferences including DOHad in
Rotterdam and ISEE in Utrecht, Rome and Barcelona. In 2015, her paper on fetal
growth and maternal exposure to particulate air pollution was chosen as Best

Paper Of Year 2015 published in Environmental Research.

188



LIST OF PUBLICATIONS




LIST OF PUBLICATIONS

International peer-reviewed publications

10.

11.

12.

13.

14,

190

Winckelmans E, Knez J, Martens DS, Kuznetsova T, Nawrot TS. Peripheral blood telomere length
and mitochondrial DNA content in relation to obesity measures: a population study. In
preparation.

Winckelmans E, Knez J, Cox B, Kuznetsova T, Nawrot T. Peripheral blood mitochondrial DNA
content in relation to long-term particulate air pollution exposure: a population study. In
preparation.

De Vusser K, Winckelmans E, Martens DS, Lerut E, Kuypers D, Nawrot TS, Naesens M.
Intrarenal arteriosclerosis and telomere attrition associate with dysregulation of the cholesterol
pathway. Submitted.

Martens DS, Wei FF, Cox B, Plusquin M, Thijs L, Winckelmans E et al. Retinal microcirculation
and leukocyte telomere length in the general population. Scientific Reports 2018;8:7095.

Winckelmans E, Nawrot TS, Tsamou M, Den Hond E, Baeyens W, Kleinjans J, Lefebvre W, Van
Larebeke N, Peusens M, Plusquin M, Reynders H, Schoeters G, Vanpoucke C, de Kok TM, Vrijens
K. Transcriptome-wide analyses indicate mitochondrial responses to particulate air pollution
exposure. Environmental health 2017;16:87.

Stevens AS, Willems M, Plusquin M, Ploem JP, Winckelmans E, Artois T, Smeets K. Stem cell
proliferation patterns as an alternative for in vivo prediction and discrimination of carcinogenic
compounds. Scientific Reports 2017;7:45616.

Winckelmans E, Vrijens K, Tsamou M, Janssen BG, Saenen ND, Roels HA, Kleinjans ], Lefebvre
W, Vanpoucke C, de Kok TM, Nawrot TS. Newborn sex-specific transcriptome signatures and
gestational exposure to fine particles: findings from the ENVIRONAGE birth cohort. Environmental
health. 2017,;16:52.

Ruttens D, Verleden SE, Bijnens EM, Winckelmans E, Gottlieb J, Warnecke G, Meloni F, Morosini
M, Van Der Bij W, Verschuuren EA, Sommerwerck U, Weinreich G, Kamler M, Roman A, Gomez-
Olles S, Berastegui C, Benden C, Holm AM, Iversen M, Schultz HH, Luijk B, Oudijk EJ, Kwakkel-
van Erp IM, Jaksch P, Klepetko W, Kneidinger N, Neurohr C, Corris P, Fisher AJ, Lordan J,
Meachery G, Piloni D, Vandermeulen E, Bellon H, Hoffmann B, Vienneau D, Hoek G, de Hoogh K,
Nemery B, Verleden GM, Vos R, Nawrot TS, Vanaudenaerde BM. An association of particulate air
pollution and traffic exposure with mortality after lung transplantation in Europe. European
Respiratory Society 2017;49.

Knez ], Marrachelli VG, Cauwenberghs N, Winckelmans E, Zhang Z, Thijs L, Brguljan-Hitij J,
Plusquin M, Delles C, Monleon D, Redon J, Staessen JA, Nawrot TS, Kuznetsova T. Peripheral
blood mitochondrial DNA content in relation to circulating metabolites and inflammatory markers:
A population study. PloS one 2017;12:e0181036.

Tsamou M, Martens DS, Winckelmans E, Madhloum N, Cox B, Gyselaers W, Nawrot TS, Vrijens
K. Mother's Pre-pregnancy BMI and Placental Candidate miRNAs: Findings from the ENVIRONAGE
Birth Cohort. Scientific Reports 2017;7:5548.

Vrijens K, Winckelmans E, Tsamou M, Baeyens W, De Boever P, Jennen D, de Kok TM, Den
Hond E, Lefebvre W, Plusquin M, Reynders H, Schoeters G, Van Larebeke N, Vanpoucke C,
Kleinjans J, Nawrot TS. Sex-Specific Associations between Particulate Matter Exposure and Gene
Expression in Independent Discovery and Validation Cohorts of Middle-Aged Men and Women.
Environmental health perspectives 2017;125:660-9.

Janssen BG, Madhloum N, Gyselaers W, Bijnens E, Clemente DB, Cox B, Hogervorst J, Luyten L,
Martens DS, Peusens M, Plusquin M, Provost EB, Roels HA, Saenen ND, Tsamou M, Vriens A,
Winckelmans E, Vrijens K, Nawrot TS. Cohort Profile: The ENVIRonmental influence ON early
AGEing (ENVIRONAGE): a birth cohort study. International Journal of Epidemiology
2017;46:1386-7m.

Knez J, Cauwenberghs N, Thijs L, Winckelmans E, Brguljan-Hitij J, Yang WY, Staessen JA,
Nawrot TS, Kuznetsova T. Association of left ventricular structure and function with peripheral
blood mitochondrial DNA content in a general population. International journal of cardiology
2016;214:180-8.

Bijnens EM, Derom C, Gielen M, Winckelmans E, Fierens F, Vlietinck R, Zeegers MP, Nawrot TS.
Small for gestational age and exposure to particulate air pollution in the early-life environment
of twins. Environmental research 2016;148:39-45.



LIST OF PUBLICATIONS

15. Knez J, Winckelmans E, Plusquin M, Thijs L, Cauwenberghs N, Gu Y, Staessen JA, Nawrot TS,
Kuznetsova T. Correlates of Peripheral Blood Mitochondrial DNA Content in a General Population.
American journal of epidemiology 2016;183:138-46.

16. Winckelmans E, Cox B, Martens E, Fierens F, Nemery B, Nawrot TS. Fetal growth and maternal
exposure to particulate air pollution--More marked effects at lower exposure and modification by
gestational duration. Environmental research 2015;140:611-8.

Reports

1. Vrijens K, Tsamou M, Winckelmans E, Bijnens E, Fierens F, Nawrot TS. Impact of air quality on

health: identification of relevant biomarkers of exposure and effect and gene expression data
from Flemish human bio-monitoring data. The Environment, Nature and Energy Department.

Abstracts at national and international conferences

Winckelmans E, Vrijens K, Tsamou M, Janssen BG, Saenen ND, Roels HA, Kleinjans ], Lefebvre
W, Vanpoucke C, de Kok TM, Nawrot TS. Newborn sex-specific transcriptome signatures and
gestational exposure to fine particles: findings from the ENVIRONAGE birth cohort. DOHaD World
Congress 2017, Rotterdam, The Netherlands, 15-18 Oct 2017 (poster presentation).

Winckelmans E, Vrijens K, Tsamou M, Janssen BG, Saenen ND, Roels HA, Kleinjans J, Lefebvre
W, Vanpoucke C, de Kok TM, Nawrot TS. Newborn sex-specific transcriptome signatures and
gestational exposure to fine particles: findings from the ENVIRONAGE birth cohort. International
Society Environmental Epidemiology (ISEE), Rome, Italy, 01-04 Sep 2016 (poster presentation).

Winckelmans E, Nawrot TS, Tsamou M, Baeyens W, De Boever P, Jennen D, de Kok TM, Vera
N, Reynders H, Schoeters G, Van Larebeke N, Kleinjans J, Vrijens K. Whole genome expression
analysis reveals mitochondrial responses to particulate air pollution exposure. Early Career
Researchers Conference on Environmental Epidemiology (ISEE) Plaats: Utrecht, The Netherlands,
2-3 Nov 2015 (oral presentation).

Winckelmans E, Cox B, Martens E, Fierens F, Nemery B, Nawrot TS. Fetal growth and maternal
exposure to particulate air pollution--More marked effects at lower exposure and modification by
gestational duration. Healthy Living Conference, Maastricht, The Netherlands, 25-27 Jun 2015
(poster presentation)

Winckelmans E, Cox B, Martens E, Nemery B, Nawrot TS. Fetal growth and maternal exposure
to particulate air pollution--More marked effects at lower exposure and modification by
gestational duration. Young Researchers Conference on Environmental Epidemiology (ISEE),
Barelona, Spain, 20-21 Oct 2014 (oral presentation)

Awards

Best Paper of Year 2015 published in Environmental Research: Winckelmans E, Cox B, Martens
E, Fierens F, Nemery B, Nawrot TS. Fetal growth and maternal exposure to particulate air
pollution--More marked effects at lower exposure and modification by gestational duration.
Environmental research 2015;140:611-8.

191



