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SUMMARY

Although universal and unavoidable, aging does not occur in a uniform way.
Aging is a complex phenotype responsive to both environmental and genetic
facts and includes both chronic and acute processes. The Developmental Origins
of Health and Disease (DOHaD) hypothesis, often called the Barker hypothesis,
suggests that adverse influences in the early-life environment shape the future
probability of the development of age-related diseases. One of the most

hazardous early life environmental risk factors is air pollution.

In this dissertation, we assessed the effects of early life exposure to pro-
inflammatory risk factors (air pollution and obesity) on mitochondrial DNA
(mtDNA) content and telomere length, considered as markers of biological
aging, at birth and during childhood. Furthermore we investigated if placental
mtDNA content was an intermediate or modulating factor between air pollution
exposure and infant growth. To this end, we used data in both newborns and
children from 3 different birth cohort studies: The Belgian ENVIRONAGE
(ENVIRonmental influence ON AGEing in early life) birth cohort study, the
Spanish INMA (INfancia y Medio Ambiente; Environment and Childhood) birth
cohort study, and the multi-centre European birth cohort study HELIX (Human

Early-Life Exposome). The specific objectives of this doctoral dissertation were:

1. To investigate the association between gestational air pollution exposure
and birth weight and placental mtDNA content and examine the possible
mediating role of mtDNA in the association between air pollution and
birth weight (chapter 1)

2. To assess the association between gestational air pollution exposure and
infant growth and examine the possible mediating role of placental

mtDNA content in this association (chapter 3)

3. To investigate whether leukocyte telomere length at 8 years of age is

related to early life air pollution exposure (chapter 4)

4. To evaluate the association between maternal and child obesity and

telomere length measured in children aged 8 years (chapter 5)
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Using data from two independent European birth cohorts: INMA (n = 376;
Spain) and ENVIRONAGE (n = 550; Belgium), we examined the potential
mediating role of placental mtDNA content in the association between prenatal
air pollution exposure and birth weight (chapter 2). Changes in mtDNA content
may represent a biologically-relevant intermediate outcome in mechanisms
linking air pollution and fetal growth restriction. Mitochondria are sensitive to
environmental toxicants due to their lack of repair capacity. We showed that a
10 pg/m3 increment in average nitrogen dioxide (NO,) exposure during
pregnancy was associated with a 4.9% decrease in placental mtDNA content and
a 489 decrease in birth weight. Higher placental mtDNA content was associated
with a higher mean birth weight. Ultimately, in INMA, 10% of the association
between prenatal NO, exposure and birth weight was mediated by changes in

placental mtDNA content.

Among 336 INMA children, we assessed whether prenatal NO, exposure was
associated with infant growth and whether this association was mediated by
growth at birth (length and weight) and/or placental mtDNA content (chapter
3). We showed that prenatal NO, exposure was inversely associated with several
infant growth parameters. These associations seemed to be mediated by birth
length and weight. Furthermore, 5.5% of the association between trimester 1
NO, exposure and length at 6 months of age could be mediated by placental

mtDNA content.

Findings of our study on the association between early life air pollution exposure
and telomere length at 8 years are presented in chapter 4. Using data of the
multi-centre birth cohort study in six European countries HELIX, we found that
increased pre- and postnatal exposure to air pollutants lead to shorter leukocyte
telomere length in 8 year old children. Additionally, each doubling in residential
distance to nearest major road during childhood was associated with a

lengthening in leukocyte telomere length.

Chapter 5 focuses on various indices of obesity and their associations with
leukocyte telomere length in 8 year old children. Children with mothers with a
higher pre-pregnancy BMI had shorter telomeres. Each unit increase in child
BMI z-score was associated with significant shorter telomere length. Inverse

borderline significant associations were observed between telomere length and a
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unit increase in child waist circumference z-score and skinfold thickness z-score.
Finally, children with a higher fat mass z-score did not have significant shorter

telomere length.

In chapter 6 we discuss our findings in relation to the available literature, the
public health implications of our work, and the limitations of epidemiological

research.
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Hoewel veroudering een algemeen en onvermijdelijk proces is, gebeurt het niet
via een vast patroon. Veroudering is een complex fenotype dat reageert op
zowel omgevings- als genetische factoren en zowel een chronisch als acuut
proces omvat. De hypothese van de foetale oorsprong van ziektes op volwassen
leeftijd (DOHaD), vaak Barker hypothese genoemd, stelt dat blootstelling aan
risicofactoren in het vroege leven de kans verhogen op de ontwikkeling van
ouderdom gerelateerde ziektes. Luchtverontreiniging behoort tot één van de

meest schadelijke omgevingsblootstellingen.

In dit proefschrift onderzochten we het effect van milieu blootstelling tijdens het
vroege leven op het mitochondriaal DNA (mtDNA) inhoud en telomeerlengte,
beide beschouwd als biologische merker van veroudering, bij de geboorte en
tijdens het vroege leven. Verder hebben we ook onderzocht of placentaal mtDNA
inhoud een tussenliggend of modulerende factor is tussen blootstelling aan
luchtverontreiniging en groei van het kind. Om dit te onderzoeken, hebben we
data gebruikt van pasgeborenen en kinderen van 3 verschillende
geboortecohorten: De Belgische ENVIRONAGE (ENVIRonmental influence ON
AGEing in early life) geboortecohort, de Spaanse INMA (INfancia y Medio
Ambiente; Environment and Childhood) geboortecohort and de multi-center
Europese geboortecohort studie HELIX (Human Early-Life Exposome). De

specifieke doelstellingen van dit proefschrift waren:

1. Het onderzoeken van het verband tussen prenatale
luchtverontreinigingsblootstelling, geboortegewicht en placentaal mtDNA
inhoud en evalueren of placentaal mMtDNA inhoud een mogelijke
mediator is van het verband tussen prenatale

luchtverontreinigingsblootstelling en de groei van het kind (hoofdstuk 2).

2. Het evalueren van het verband tussen prenatale luchtverontreinigings-
blootstelling en de groei van het kind en onderzoeken of placentaal
mtDNA inhoud een mogelijke mediator is van het verband tussen
prenatale luchtverontreinigingsblootstelling en de groei van het kind
(hoofdstuk 3).

3. Evalueren of blootstelling aan luchtverontreiniging tijdens het vroege
leven verbonden is met leukocyt telomeerlengte op 8 jarige leeftijd
(hoofdstuk 4).
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4. Het evalueren van het effect van veranderingen in obesitas parameters

op telomeerlengte gemeten in 8 jarige kinderen (hoofdstuk 5).

Gebruik makend van gegevens van twee onafhankelijke Europese geboorte
cohorts: INMA (n = 376; Spanje) en ENVIRONAGE (n = 550; Belgié),
onderzochten we de potentiele mediérende rol van placentaal mtDNA inhoud in
het verband tussen prenatale luchtverontreinigingsblootstelling en
geboortegewicht (hoofdstuk 2). Veranderingen in mitochondriaal DNA inhoud
kan een biologisch relevante tussenliggende factor zijn in mechanismen die
luchtverontreiniging verbinden met foetale groei restrictie. Mitochondria zijn
gevoelig voor milieuverontreinigers omdat ze een onvoldoende herstel capaciteit
hebben. In deze studie hebben we aangetoond dat een toename van 10 pug/m3
in stikstofdioxide (NO,) blootstelling verbonden is met een daling van 4.9% in
placentaal mtDNA inhoud en een daling van 48g in geboortegewicht. Hoger
placentaal mtDNA inhoud was verbonden met een hoger gemiddeld
geboortegewicht. Ten slotte werd 10% van het verband tussen prenataal NO,
blootstelling en geboortegewicht geinterfereerd door veranderingen in mtDNA

inhoud.

Bij 336 INMA kinderen hebben we onderzocht of prenataal NO, blootstelling was
verbonden met de groei van het kind en of deze associatie was geinterfereerd
door groei bij de geboorte (geboortegewicht en geboortelengte) en/of placentaal
mtDNA inhoud (hoofdstuk 3). We hebben aangetoond dat prenatale
blootstelling aan NO, omgekeerd verbonden was met verschillende groei
parameters in het kind. Deze verbanden leken gemedieerd te zijn door
geboortegewicht en geboortelengte. Verder bleek 5.5% van het verband tussen
blootstelling aan NO, tijdens het eerste trimester van de zwangerschap en

lengte op 6 jarige leeftijd geinterfereerd te zijn door placentaal mtDNA inhoud.

Bevindingen van ons onderzoek naar het verband tussen luchtverontreinigings-
blootstelling tijdens het vroege leven en telomeerlengte op 8 jarige leeftijd
wordt voorgesteld in hoofdstuk 4. Gebruik makend van het multi-centrum
geboortecohort in zes verschillende Europese landen HELIX, vonden we dat een
verhoogde pre- en postnatale blootstelling aan luchtverontreiniging leidt tot

kortere telomeren in 8 jaar oude kinderen. Verder blijkt dat een verdubbeling in
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de afstand van de weg tot de woonplaats tijdens de kinderjaren is verbonden

met een verlenging van telomeerlengte.

Hoofdstuk 5 gaat over verschillende obesitas merkers en hun effect op
telomeer lengte in 8 jaar oude kinderen. Kinderen van moeders met een hogere
pre-zwangerschap BMI hadden kortere telomeren. Elke eenheid toename in de
BMI van het kind was verbonden met significant kortere telomeren. Omgekeerde
grensverbondenheid werd geobserveerd tussen telomeerlengte en een eenheid
toename in de buikomtrek en huiddikte van het kind. Uiteindelijk vonden we dat
kinderen met een hogere vetmassa niet verbonden was met Kkortere

telomeerlengte.

In hoofdstuk 6 bespreken we onze bevindingen in relatie tot de beschikbare
literatuur, de relevantie ervan voor de volksgezondheid en de beperkingen van

epidemiologisch onderzoek.
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CHAPTER 1

Although universal and unavoidable, aging does not occur in a uniform way. The
question why some subjects grow old while remaining free from disease whereas
others prematurely die remains largely unanswered. Aging is a complex
physiological phenomenon responsive to both environmental and genetic factors
and includes both chronic and acute processes.!' 2 Aging begins at the very
beginning of life, to accelerate middle-age. It is believed that the biological
underpinnings of aging may begin before birth.! The Barker hypothesis or
‘Developmental Origins of Health and Disease’ (DOHaD) suggests that an
adaptive response in the fetus to in utero exposure could result in persistent
changes that influence health in later life.® Pro-inflammatory risk factors might

influence the aging phenotype through their actions on the primary hallmarks of

aging.

1. Air pollution

Air pollution consists of both gaseous and particulate matter (PM) pollutants,
originating from natural (geological dust, forest fires, volcanoes, methane) or
anthropogenic sources (fossil fuel burning, refineries/power plants, agriculture,
industry, transport). Subdivision can be made in the production processes of
these pollutants. Primary pollutants are emitted directly in the air e.g., ash from
volcano eruptions, sulfur oxides (SO,) from industrial processes, nitrogen oxides
(NO,) from vehicle exhaust and toxic metals from metal producing and using
factories. After emission into the atmosphere, chemical reactions involving UV-
light, ozone (03), gaseous pollutants (e.g. SO,, NO,) can transform these
primary pollutants into secondary pollutants.* One example of these secondary
pollutants is nitrogen dioxide (NO,). It's a reactive gas that is mainly formed by
oxidation of nitrogen oxide (NO), which is produced by the combustion of fuel oil
at high temperatures as occurs in cars, home heating sources and cooking
appliances.® Once released into the air, NO combines with ozone (O3) to form
NO,. The latter is not highly soluble and most inhaled NO, is retained in the

small airways.®

Besides this complex mixture of gaseous substances, the atmosphere also

contains PM. PM is an airborn mixture of solid and liquid droplets vary in
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number, size, shape, surface area, chemical composition, solubility, and origin.7
PM is generally categorized according to its aerodynamic diameter. The majority
of PM in ambient air are respirable particles with a diameter lower than 10 um.
The following PM fractions are commonly recognized, based on aerodynamic
diameter: ‘respirable particles’ or the particle fraction between 2.5 and 10 um,
‘fine particles’ or the particle fraction less than 2.5 um, and ‘ultrafine particles’
(UPFs) or the particle fraction less than 0.1 pm.® PM can be produced by
anthropogenic sources, predominantly by road traffic including abrasion of
brakes and tires. Non-exhaust emission contribute mainly to PM,o, while exhaust
emissions contribute predominantly to PM, 5.% 1° Deposition of inhaled PM in the
airways is determined by the size of the particles, the respiratory rate, and the
anatomy of the respiratory tract. Respiratory particles are deposited in the nasal
cavities and the upper airways and mostly eliminated by mucociliary clearance
ending up in the gastrointestinal tract.! 2 Fine particles go deeper in the
bronchial parts of the lung, while UFPs penetrate into the alveoli with the
potential to translocate into the blood circulation.!® Generally, the deposited

fraction of particles increases with decreasing size and deeper respiration.

1.1. Health effects consequences air pollution

Environmental air pollutants have a substantial spatial and temporal variation,
consequently the effects of these pollutants are difficult to describe on an
individual level, but they have a great impact on the population level. Exposure
to pollutants such as PM, NO, and Os; has been associated with increased

morbidity and mortality 3¢,

These effects have been found in long-term
studies, which have followed cohorts of exposed individuals over time, and in
short-term studies, which relate day-to-day variations in air pollution and
health.” Studies have shown that air pollution is a risk factor for cardiovascular
and respiratory disease. Daily increases in air pollution levels are related to a
higher risk of respiratory symptoms and cardiovascular events including heart
failure, angina, myocardial infarction, and death.'®?2 Long-term effect studies of
air pollution exposure observed that living in areas with higher levels of air
pollution is associated with a slower lung development in children, a higher risk

of cardiopulmonary diseases, and an increased mortality.?*>* These studies
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indicate that sustained reduction in air pollution exposure should result in
improved life expectancy. World Health Organization (WHO) analyzed the effect
of combustion-related particulate matter on life expectancy which indicated that
current exposure to PM from anthropogenic sources leads to an average loss of
8.6 months of life expectancy in Europe.* Furthermore, in the recent update of
the Global Burden of Disease, Injuries and Risk Factor study, air pollution is

ranked 5th of a list of the most influential factors influencing health worldwide.?®

Fetuses, newborns and children might be more susceptible to the effects of air

26, 27 In fetuses this is due to their

pollution exposure compared to adults.
physiologic immaturity and exposure during critical developmental periods (i.e.
higher rates of cell proliferation or changing metabolic capabilities).?” In children
this is due to their relative higher ventilation rate and metabolic turnover, as
well as by the fact that their organ systems are still in development.?®
Furthermore, their physical behavior, such as spending more time outdoors with
a higher physical activity and their closer proximity to traffic emission sources
compared to adults, might make them more vulnerable to the adverse effect of

airborne pollutants.?®

Several studies have reported an association between ambient air pollution
exposure and neonatal or infant mortality®®, birth weight®®, prematurity®’, and
respiratory endpoints, such as the incidence of asthma or impaired lung

development.®!

Moreover, in the past two decades, many studies have
associated air pollution exposure during pregnancy with important risk factors of
impairing fetal growth 323¢. However, the effects of air pollution exposure on
fetal growth are still inconsistent. While some studies suggested that air
pollution exposure during pregnancy was significant associated to impaired fetal
growth size including smaller head circumference at birth, lower birth weight and
shorter birth length 2° 32373 gther studies failed to find such associations 403,
In children, studies have reported an association between air pollution exposure
and adverse infant growth. One study in children aged 6-60 months showed that

t*. In a

exposure to PM, during pregnancy lowered children’s weight and heigh
cohort of children aged 5-11 years traffic-related air pollution during childhood
exerted a significant effect on BMI growth #°. In a rat model, prenatal exposure

to ambient air induced inflammatory and lipid oxidation in the lung, which then
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spilled over systemically, leading to metabolic dysfunction and weight gain in

both rat dams and their 8-week old offspring 6.

Verifying the effects of air pollution on infant growth can help determine the
relationships between prenatal exposure to air pollution and adverse health
effects later in life, such as respiratory morbidity, cardiovascular disease,

childhood obesity, or neurological disorders 4’.

The mechanisms by which air pollution exposure can exert these health effects
are still unknown, however, oxidative stress and inflammation have been

described as important mechanisms.*®

2. Obesity

WHO defined obesity according to the ranges of body mass index (BMI = weight
[kg]l/height [m2]. In adults, a BMI value within the range of 18.5-24.9 is
categorized as normal, 25.0-29.9 as overweight and = 30 as obese.*® In children
from 5-19 years, a BMI-for-age value within the range of -2SD and +1SD is
categorized as normal, within +1SD and +2SD as overweight and = 2SD as
obese.®® Obesity is a major risk factor for many aging-related diseases —
including diabetes, cardiovascular disease, and certain cancers — and it is the
leading cause of preventable deaths globally.*® °* Obesity can promote these
diseases because it is a state of high-systemic oxidative stress and
inflammation, characterized by activation of oxidative stress processes and

release of inflammatory cytokines.?

The prevalence of overweight and obesity is rising worldwide, with the increase
in childhood obesity a particular cause for concern.*® This sharp rise is could be
attributed to the high-calorie diet and the sedentary lifestyle adopted recently by
many populations.®® %* Furthermore, prenatal exposure to certain endocrine
disruptors, even at low concentrations, may play a role in the current obesity

epidemic.®®

Maternal obesity also leads to higher maternal oxidative stress and inflammation
status, generating a higher inflammatory and oxidative stress intrauterine

environment for the developing fetus. These higher levels of oxidative stress

23



CHAPTER 1

have been proposed to induce metabolic alterations that may act as mechanisms

in fetal programming.>®

3. Age related biomarkers

Hallmarks of aging can be grouped into three main categories: genomic
instability, telomere attrition, and epigenetic alterations. These are followed by
antagonistic responses to such damage: altered mitochondrial function and
cellular senescence *’. In this dissertation we used telomeres and mitochondrial

DNA as markers of biological aging.

3.1. Telomeres

Telomeres are noncoding repeated sequences at the end of the chromosomes
[5'-(TTAGGG)Nn-3"] that protect it from degradation and end-to-end fusion to
ensure genomic stability and to prevent loss of genetic information.®® In somatic
cells, telomere repeats are lost at each cell division due to the end-replication
problem, leading to declines in telomere length with age, and therefore they are
considered as a marker of biological aging.®® During DNA replication, DNA
polymerase is not able to fully replicate the DNA lagging strand, as the last RNA
primer cannot be removed an fully replicated. When telomere length reaches a
critically short length in one or more chromosomes (also known as the Hayflick
limit), end-to-end fusions are formed and genomic instability increases, the cell
is signaled to arrest replication and become senescent, with eventual
apoptosis.?®®? To compensate for telomeric DNA loss, telomere structure is
regulated by telomerase. Telomerase is involved in the replication of telomeric
DNA repeats by adding the telomeric repeat sequence to the end of the
chromosomes.®® Telomerase is a ribonucleoprotein containing a RNA template
(TERC) and a reverse transcriptase (TERT) and is mainly active in germ cells,

stem cells and immortal cells, and is mainly repressed in somatic cells.5* ©°

Studies among population show that persons with shorter telomere length in
leukocytes have an increased risk for aging-related chronic diseases, such as

cancer®®, type 2 diabetes®’, and cardiovascular disease®®. Although telomere
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length diminished with age, variations in telomere length between persons of
the same chronological age exists, partially reflecting their inherited genetic
potential related to replicative senescence.®®"! This variation may be the result

of both genetic and environmental factors.”?

Oxidative stress and inflammation are major contributors to aging and aging-
related chronic diseases such as cardiovascular disease, and also play an
important role in accelerated telomere attrition.”> 7 Telomeres are highly
sensitive to oxidative stress, due to their high guanine content and the deficient
repair system of single strand breaks.”® Furthermore, the presence of the
unrepaired nucleotides might interface with the replication fork and as such
increase telomere shortening.’® Thus, the key premise of telomere length and
attrition as a markers of biological aging and related diseases is that they reflect
the cumulative burden of oxidative stress and inflammation occurring over the

life course.

3.2. Mitochondria

Mitochondria are intracellular organelles that are essential for cellular energy
provision through the production of adenosine-5-triphosphate (ATP) via
oxidative phosphorylation. By-products of mitochondrial electron transfer
reaction in aerobic cells result in the production of reactive oxygen species
(ROS), e.g. superoxide and hydrogen peroxide. Mitochondria are involved in a
variety of critical cell functions, including cell proliferation, programmed cell
death, signaling transduction, calcium storage and metabolism.””""® Each cell
contains approximately 200 to 2,000 mitochondria, each carrying 2-10 copies of
mitochondrial DNA (mtDNA).8° The human mtDNA is a double stranded, circular
molecule of 16.6 kb and contains 37 genes, encoding 13 proteins that are

essential for oxidative phosphorylation and ATP production.®*

In comparison to the nuclear genome, the mitochondrial genome is more
susceptible to oxidative damage. MtDNA is susceptible to ROS generated by the
respiratory chain due to its proximity. Therefore, mtDNA is particularly
vulnerable to oxidative stress described as an important mechanism by which air
pollutants exert their adverse effects.®? The major differences between human

nuclear DNA (nDNA) and mtDNA is that the latter lacks protective histones,
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chromatin structure, introns and sufficient DNA repair capacity.! Consequently,
the estimated mutation rate of mtDNA is 5-10 times higher compared to nDNA.
Oxidative stress will lead to accumulation of mutations and damage to
mitochondrial DNA. Persistent stress can even alter the rate of mtDNA
replication and result in a decline in mitochondrial respiratory function. To
compensate for this decline, oxidative stress will increase mtDNA content (total
amount of mtDNA copies). However, an increase in mitochondria causes excess
ROS production and further oxidative damage. This could lead to an accelerated

aging process or cell death.”®

Alterations in mtDNA content is an established marker of mitochondrial damage
and function and has been identified as a causal determinant in a variety of
human diseases. Decreased leukocyte mtDNA content has been shown in

diabetes type 2%%%, breast cancer®® ® multiple sclerosis®, renal cell

90, 91

carcinoma®, and cardiovascular illness Contrary, increases in mtDNA

content have been associated with diseases such as pancreatic cancer®?, lung

%4 95 Some

cancer®® and intrauterine growth restriction in human placenta
mitochondrial disorders can be passed on from mother to child since mtDNA is

only transmitter through female germ lines.

4. Main objectives

Many studies have associated air pollution exposure during the most vulnerable
stages in life, the in utero period and childhood. 2° 32 37-3%. 45 verifying the effect
of air pollution exposure on infant growth can help determine the relationships
between prenatal exposure to air pollution and adverse health effects later in
life. The mechanisms by which air pollutants exert the adverse health effects are
still unknown. Aging begins at the very beginning of life, to accelerate middle-
age. Unraveling the complex interplay between exposure to pro-inflammatory
risk factors and different biological factors will increase our understanding of

DOHaD and the aging phenotype.

We hypothesized that mtDNA content and telomere length, both considered
marker of biological aging, are important intermediates or modulating factors

between pro-inflammatory risk factors and health outcomes. To this end, I
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collected data in both newborns and children and addressed the following

objectives (Figure 1):

1. To investigate the association between gestational air pollution exposure

and placental mtDNA content (chapter 2)

2. To assess the association between gestational air pollution exposure and

infant growth (chapter 2 and chapter 3)

3. To evaluate if placental mtDNA content is a possible mediator of the
association between prenatal air pollution exposure and infant growth

(chapter 2 and chapter 3)

4. To investigate whether leukocyte telomere length at 8 years of age is

related to early life air pollution exposure (chapter 4)

5. To evaluate the association between indicators of maternal and
childhood obesity and adiposity and telomere length measured in

children aged 8 years (chapter 5)
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5. Projects

5.1 ENVIRONAGE (ENVIRonmental influence ON early AGEing)

ENVIRONAGE is a birth cohort in Belgium who was previously described in detail
by Janssen et al (2017) 6. Briefly, mother-child pairs are enrolled in the on-
going birth cohort when they arrived at the East-Limburg Hospital in Genk
(Belgium) for delivery. Participating mothers provided written informed consent
for the collection of bio specimens, including placental biopsies and cord blood
samples, as well as lifestyle and medical data. In the post-delivery ward the
mothers complete study questionnaires to provide detailed information. In
chapter 2, we used a subset of 556 mother-child pares, for which mtDNA

content was measured.

5.2 INMA (INfancia y Medio Ambiente; Environment and Childhood)

INMA is a Spanish population-based birth cohort study that recruited pregnant
women in four centers (Valencia, Sabadell, Gipuzkoa, and Asturias), following a
common protocol %’. The birth cohort was described previously by Guxens et al
(2012) °. Briefly, recruitment took place during the first pre-natal visit (10-13
weeks of gestation) in the main public hospital or health centre of each study
area. Informed consents were obtained from the mothers for the collection of
placental biopsies and cord blood samples. Mothers completed study
questionnaires during the different stages of pregnancy to provide detailed
information. In chapter 2, we used 376 mother-child pairs respectively, for
which mtDNA content was measured. In chapter 3, we used 336 mother-child
pairs respectively, for which mtDNA content was measured. Repeated height and
weight measures from birth to 6 months of age were extracted from medical
records. Additionally, during the 1-year follow up of INMA child height and

weight were measured.

5.3 HELIX (Human Early-Life Exposome)

The Human Early-Life Exposome (HELIX) study is a collaborative project across
six established and ongoing longitudinal population-based birth cohort studies in

Europe: the Born in Bradford (BiB) study in the UK %, the Etude des
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Déterminants pré et postnatals du développement et de la santé de I'Enfant
(EDEN) study in France °°, the INfancia y Medio Ambiente (INMA) cohort in
Spain %7, the Kaunus cohort (KANC) in Lithuania °°, the Norwegian Mother and
Child Cohort Study (MoBa) °! and the RHEA Mother Child Cohort study in Crete,

Greece 192,

This study was described previously by Vrijheid et al 1°. All
participating women provided informed written consent. In this dissertation we
made use of the HELIX subcohort that includes mother-child pairs who were fully
characterised for a broad suite of environmental exposures, to be clinically
examined, and to have biological samples collected. A new follow-up visit (6-11
years) was organized for these mother-child pairs. Subcohort subjects were
recruited from within the entire cohorts such that there were approximately 200
mother-child pairs from each of the 6 cohorts. In chapter 4 and chapter 5, we
used 1396 mother-child pairs, for which leukocyte telomere length was

measured in the children.
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Abstract

Background Mitochondria are sensitive to environmental toxicants due to their
lack of repair capacity. Changes in mitochondrial DNA (mtDNA) content may
represent a biologically-relevant intermediate outcome in mechanisms linking air

pollution and fetal growth restriction.

Objective We investigated whether placental mtDNA content is a possible

mediator of the association between prenatal NO2 exposure and birth weight.

Methods We used data from two independent European cohorts: INMA (n=376;
Spain) and ENVIRONAGE (n=550; Belgium). Relative placental mtDNA content
was determined as the ratio of two mitochondrial genes (MT-ND1 and
MTF3212/R3319) to two control genes (RPLPO and ACTB). Effect estimates for
individual cohorts and the pooled dataset were calculated using multiple linear

regression and mixed models. We also performed a mediation analysis.

Results Pooled estimates indicated that a 10ug/m?® increment in average NO,
exposure during pregnancy was associated with a 4.9% decrease in placental
mtDNA content (95% confidence interval (Cl): -9.3, -0.3%). and a 48g decrease
(95% ClI: -87, -99g) in birth weight. However, the association with birth weight
was significant for INMA (-66g; 95% CI: -111, -239g) but not for ENVIRONAGE (-
20g; 95% ClIl: -101, 62g). Placental mtDNA content was associated with
significantly higher mean birth weight (pooled analysis, IQR increase: 140g;
95% ClIl: 43, 2379g). Mediation analysis estimates, which were derived for the
INMA cohort only, suggested that 10% (95% CIl: 6.6, 13.0g) of the association
between prenatal NO, and birth weight was mediated by changes in placental

mMtDNA content.

Conclusions Our results suggest that mtDNA content can be one of the
potential mediators of the association between prenatal air pollution exposure

and birth weight.
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Introduction

In recent years, traffic related air pollution has been considered an important
risk factor for adverse reproductive health effects. Prenatal exposure to nitrogen
dioxide (NO,) has been associated with low birth weight, intrauterine growth

h 29, 30

restriction, and preterm birt . Infants with low birth weight are at higher

risk of mortality and morbidity, and impaired cognitive development compared

to infants with higher birth weight 04 195,

Mitochondria are intracellular organelles that are essential for the aerobic
production of adenosine triphosphate (ATP) by oxidative phosphorylation
(OXPHOS). These “power plants of the cell” also play a critical role in signaling
transduction for cell proliferation, apoptosis, calcium storage and metabolism 7'
7. Several studies have identified the generation of oxidative stress, by
producing reactive oxygen species (ROS), as one of the major mechanisms by
which air pollution exert adverse biological effects 1% %7, Mitochondria are the
major intracellular sources of ROS, which are generated under normal conditions
as by-product of OXPHOS 82, On the other hand, mitochondria are also the
primary targets of oxidative stress because in comparison with nuclear DNA
(nDNA), mitochondrial DNA (mtDNA) is lacking the protective strategies
associated with nDNA, such as protective histones, chromatin structure, and
sufficient DNA repair capacity 8. Consequently, mtDNA is particularly vulnerable

78 Mitochondria

to ROS-induced damage and has a high mutation rate
compensate for these mutations by increasing their number and their replication
rate resulting in a change in mtDNA content, which therefore reflects

mitochondrial damage and dysfunction 77+ 78 82. 108

The placenta plays a unique role in gases, nutrient and waste transfer between
the mother and developing child. It is both a metabolic and an endocrine organ.
However, the placenta has a limited capability to metabolize a large number of
foreign compounds °°. The placenta requires energy to maintain its function and
this energy provision is regulated by mitochondrial function of placenta cells **°.
Air pollution exposure is hypothesized to affect the fetus directly through trans
placental exposure or indirectly by affecting maternal health and body functions
111 This could impair the placental exchange of nutrients and gases. Under poor

nutritional conditions the fetus can adapt its mitochondrial structure and
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metabolism. Therefore, this “metabolic reprogramming” could be at the origin of

adverse birth outcomes **2,

Recently, it has been shown that exposure to particulate air pollution during
pregnancy was associated with placental mtDNA content 3. We hypothesized
that changes in mtDNA content may represent a biological causal effect along
the path linking air pollution exposure with the potential adverse health effects
of the offspring. Based on two independent European birth cohorts (INMA and
ENVIRONAGE), we aimed to assess the role of mediating effects of placental

mtDNA content on the association of prenatal NO, exposure with birth weight.

Methods

Study design and population

The Spanish population-based birth cohort study INMA (INfancia y Medio
Ambiente; Environment and Childhood) recruited pregnant women in four
centers (Valencia, Sabadell, Gipuzkoa, and Asturias), following a common
protocol '*. A total of 2616 pregnant women were enrolled between 2004 and
2008 during the first trimester of pregnancy at public primary health care
centers or public hospitals if they fulfilled the inclusion criteria: > 16 years of
age, a singleton pregnancy, intention to deliver at the reference hospital, no
problems of communication, and no assisted conception. Of all eligible pregnant
women, 57% agreed to participate. The present analysis included 390 mother-
newborn pairs from the INMA cohort with placental mtDNA content data. A
comparison of this INMA subcohort with the whole INMA cohort (n=2,616) did

not show differences in maternal age, pre-gestational BMI, parity, and ethnicity.

In the population-based birth cohort study ENVIRONAGE (ENVIRonmental
influence ON AGEing), 556 pregnant women were enrolled between 2010 and
2013 at the South-East-Limburg Hospital in Genk (Belgium) when they arrived
for delivery. The inclusion criteria were: = 18 years of age, singleton pregnancy,
and to be able to fill out questionnaires in Dutch. The overall participation rate of
eligible mothers was 56%. A comparison of the ENVIRONAGE birth cohort with
all births in Flanders '*®* did not show differences in maternal age, pre-

gestational BMI, parity, and ethnicity.
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Study approval was obtained from the ethics committees of each participating
center and informed consents were obtained from the mothers. In both cohorts
information on maternal age, ethnicity, maternal smoking status, place of
residence, pre-pregnancy body mass index (BMI), and parity was obtained. In
INMA they were obtained by questionnaires and interviews, in ENVIRONAGE by
questionnaires. Perinatal parameters such as newborn’s sex, birth date, birth
weight, gestational age, and delivery by caesarean section were collected by
birth records. Information about maternal and child characteristics were

standardized to perform a harmonized, pooled analysis.

Sample collection

In the INMA cohort, placentas were randomly collected in approximately one out
of four deliveries (n=502). The entire placentas were frozen after delivery at -
20°C until they were transferred on dry ice to the Hospital Universitario San
Cecilio (HUSC) Biobank in Granada (Spain) and stored at -86°C. No information
was available about the time between delivery and storage at the different
Spanish hospitals involved in the study. MtDNA content was measured in 390
out of the 502 randomly selected placentas in INMA. In the ENVIRONAGE
cohort, all placentas (n=556) were collected after delivery and were frozen
within 10 min at -20°C. In both cohorts, placentas were thawed minimally to
obtain tissue biopsies for DNA extraction. To minimize the impact of within-
placental variability, biopsies were all taken 1-1.5 cm below the chorio amniotic

membrane at a fixed location and preserved at -80°C 3,

DNA extraction and measurement of mtDNA content

In the INMA cohort, DNA was extracted from placental tissue cells using the
DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, United States) following the
manufacturer’s instructions. In the ENVIRONAGE cohort, DNA was extracted
from placental tissue cells using the QlAamp DNA minikit (Qiagen, Inc., Venlo,
Netherlands) following the manufacturer’s instructions. In both cohorts, DNA
samples were quantified using the Nanodrop spectrophotometer (ND-1000,

Isogen Life Science, De Meern, Netherlands) and the Quant-iT™ PicoGreen®
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dsDNA Assay Kit (Life Technologies, Foster City, CA, United States) using the
Omega Fluostar plate reader (BMG LABTECH, Ortenberg, Germany).

MtDNA content was measured in placental tissue cells by determining the ratio
of two mitochondrial genes (mitochondrial encoded NADH dehydrogenase
subunit 1 (MT-ND1) and mitochondrial forward primer for nucleotide 3212 and
reverse primer from nucleotide 3319 (MTF3212/R3319)) to two nuclear control
genes (acidic ribosomal phosphoprotein PO (RPLPO), and beta-actin (ACTB))
using a guantitative real-time polymerase chain reaction (qPCR) assay 3. qPCR
was performed using 2.5 ul of extracted DNA (5 ng/ul) and 7.5 pl of master mix
consisting of Fast SYBR® Green | dye 2x (Life Technologies; 5 pl/reaction),
forward (0.3 pl/reaction — 300 nM) and reverse (0.3 pl/reaction — 300 nM)
primer (Biolegio, Nijmegen, Netherlands) and RNase free water (1.9
ul/reaction). Samples were run in triplicate in 384-well format. 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 (activation), followed by 40 cycles of 1 sec at 95°C (denaturation) and 20
sec at 60°C (annealing/extension). At the end of each run a melting curve
analysis was performed to confirm amplification specificity and absence of
primer dimers (15 sec at 19°C, 15 sec at 60°C, 15 sec at 95°C). gBase software
(Biogazelle, Zwijnaarde, Belgium) was used to normalize data and correct for

run-to-run differences 3.

Ambient air pollution assessment

In INMA, ambient concentrations of NO, were measured with the aid of passive
samplers (Radiello, Fundazione Salvatore Maugeri, Padua, Italy) distributed
outside across the study areas according to geographic criteria, taking into
account the expected pollution gradients and the distribution of the residences
of the participating women. The samplers remained exposed during various
seven day sampling periods through pregnancy. The methodology has been

described in detail elsewhere ¢ 117

and further sampling information is given in
Supplemental Material, Table S1. Temporally adjusted land use regression (LUR)
models were used to predict NO, levels at women’s residential addresses and

taking into account residential changes if women lived at least 2 months of
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pregnancy in the new residence. To calculate individual exposure during
pregnancy, annual average NO, estimates from the LUR were temporally
adjusted using serial records from the network of monitoring stations covering
each of the four INMA study areas. The validation statistics gave a spatial
explained variance (R?) for annual mean NO, from 0.52 to 0.75 in the four INMA

subcohorts (See Supplemental Material, Table S1).

In ENVIRONAGE regional background levels of NO, for each women’s home
address were calculated using a kriging interpolation method % 1° that uses
land cover data obtained from satellite images combined with a dispersion model
120 This model chain provided NO, values, combining data from the Belgian
telemetric air quality network, point sources and line sources, which was then
interpolated to a high resolution receptor grid. This was used to obtain NO,
levels at women’s residential addresses, taking into account any residential
change during pregnancy. The validation statistics gave a temporal explained
variance (R?) for hourly averages > 0.80 and a spatial explained variance (R?)

for annual mean NO, of 0.82.

In order to explore potentially critical exposures during pregnancy, individual
NO, concentrations were calculated for the three trimesters of pregnancy using
the same procedure utilized for the entire pregnancy: 1-13 weeks starting from
date of conception (Trimester 1), 14-28 weeks (Trimester 2) and 29 weeks to

delivery (Trimester 3).

More details on exposure measurements for INMA and ENVIRONAGE can be

found in Supplemental Materials, Table S1.

Statistical analysis

Continuous data were checked for normality using the Shapiro-Wilk test statistic.
Placental mtDNA content data was right skewed and therefore logarithmically
transformed (log10). Generalized additive models (GAMs) were used to assess
the linearity of the associations between (i) prenatal NO, exposure and mtDNA
content, (ii) mtDNA content and birth weight, and (iii) prenatal NO, exposure
and birth weight (See Supplemental Materials, Figure S1). Multiple linear

regression models were used in ENVIRONAGE. Multiple linear mixed models with
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a random cohort effect were used in INMA and in the pooled dataset (4 INMA
cohorts and ENVIRONAGE). Covariates used in the model were gestational age
(linear and quadratic term), newborn’s sex, maternal age, ethnicity, parity,
smoking status, education, season of birth (January-March, April-June, July-
September, October-December), and pre-pregnancy maternal BMI. For the
present analysis, we excluded 14 mother-newborn pairs from INMA and 6
mother-newborn pairs from ENVIRONAGE with missing values in the outcome,
exposure and confounders. After these exclusions, the final study population
consisted of 376 subjects for INMA and 550 subjects for ENVIRONAGE.

To determine whether placental mtDNA content is a potential mediator of the
association between prenatal NO, exposure and birth weight we performed a
mediation analysis. The direct effect (DE), indirect effect (IE) and total effect
(TE) were estimated using the SAS macro developed by Valeri and VanderWeele
121 The DE represents the effect of prenatal NO, exposure on birth weight after
controlling for mtDNA content, and the IE is the estimated effect of NO,
exposure during pregnancy operating through mtDNA content 2. The
proportion of mediation by placental mtDNA content was calculated as the ratio
of IE to TE.

A sensitivity analysis was performed, in which all non-vaginal deliveries were
excluded, since it has been suggested that fetus could be exposed to different

levels of oxidative stress depending on the type of delivery 22,

In another
sensitivity analysis we used cohort as a fixed effect instead of a random effect.
Further, we tested the interaction between mtDNA content and sex on birth
weight by including its interaction term in the full model. In INMA we also
performed an additional sensitivity analysis taking into account the time-activity
patterns of the women during pregnancy. Because it has been indicated that
time-activity patterns during pregnancy should be considered to improve the
accuracy of exposure measurement and reduce exposure misclassification 23,
we calculated the time spent at home from self-reported information
(questionnaire at week 32) and restricted in INMA our analysis to women who
spent > 15 hours/day at home !23. This information was not available for the

ENVIRONAGE cohort.
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All statistical analysis were conducted using SAS software (version 9.3; SAS

Institute Inc., Cary, NC, USA).

Results

Characteristics of the study population

Characteristics of the 376 and 550 mother-newborn pairs in respectively the
INMA and the ENVIRONAGE cohort are shown in table 1. INMA mothers were
more likely to be primiparous, older, lower educated, of European origin and had
lower BMI compared with mothers from ENVIRONAGE. The mean birth weight
was lower and placental mtDNA content higher in INMA newborns compared
with newborns from ENVIRONAGE.

The mean (xSD) pregnancy average exposure to NO, was 25.5 + 11.4 ug/m3
and 21.1 = 4.2 pg/m3 in INMA and ENVIRONAGE, respectively. Similar
differences in exposure levels between cohorts were observed in the mean

trimester concentrations (Table 2).

Association between placental mtDNA content and NO, exposure

In the INMA cohort, NO, exposure during each trimester and the entire
pregnancy was negatively and significantly associated with placental mtDNA
content (Table 3). These results were consistent in the direction of the
associations in the 4 different INMA subcohorts (See Supplemental Materials,
Table S2). Each 10 pg/m® increment in average pregnancy exposure was
associated with a lower placental mtDNA content of 5.5% (95% Confidence
Interval (Cl): -8.8, -2.1%). In the ENVIRONAGE cohort, NO, exposure was also
negatively associated with placental mtDNA content in each trimesters and in
the entire pregnancy, but it was only statistically significant during the second (-
11.1%, 95% CI: -19.9, -1.2%) and third trimester of pregnancy (-13.5%, 95%
Cl: -20.1, -6.4%) (Table 3). The pooled analysis showed a statistically
significant association with exposure during the second and third trimesters as

well as in the entire pregnancy (Table 3).
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Table 1. Characteristics of INMA and ENVIRONAGE participants

Characteristics INMA (n=376) ENVIRONAGE (n=550)
Maternal
Age, years*™ 32.2(x= 3.9) 29.0 (= 4.6)
Smoking>*

Never 170 (45.2) 354 (64.4)

Quit smoking before week 12 143 (38.0) 119 (21.6)

During entire pregnancy 63 (16.8) 77 (14.0)
Education*

Primary school or none 75 (20.0) 67 (12.2)

Secondary school 167 (44.4) 203 (36.9)

University 134 (35.6) 280 (50.9)
Parity

1 212 (56.4) 299 (52.4)

2 138 (36.7) 195 (35.5)

=3 26 (6.9) 56 (10.2)
Pre-pregnancy BMI, kg/m? 23.5 (£ 4.4) 24.1 (+ 4.5)
Ethnicity

European 343 (91.2) 485 (88.2)

Non-European 33 (8.8) 65 (11.8)
Cohort

Valencia 63 (16.8) /

Asturias 37 (9.8) /

Sabadell 120 (31.9) /

Gipuzkoa 156 (41.5) /

ENVIRONAGE / 550 (100.0)
Time spent at home

> 15 hours a day 214 (56.9) /

< 15 hours a day 162 (43.1) /
Newborn
Gestational age, weeks 39.9 (£ 1.3) 39.3(+1.2)
Sex

Male 194 (51.6) 277 (50.4)

Female 182 (48.4) 273 (49.4)
Season at birth

January-March 99 (26.3) 156 (28.4)

April-June 102 (27.1) 131 (23.8)

July-September 92 (24.5) 143 (26.0)

October-December 83 (22.1) 120 (21.8)
Preterm delivery (<37 weeks)

Yes 7 (1.9) 14 (2.6)

No 369 (98.1) 536 (97.5)
Vaginal delivery

Yes 322 (85.6) 521 (94.7)

No 54 (14.4) 29 (5.3)
Birth weight, g* 3,290 (+423) 3,429.6 (+432)
Placental mtDNA content* 1.3 (1.1-1.5) 1.0 (0.7-1.4)

Continuous covariates expressed by mean and standard deviation (SD) or geometric mean
and 25— 75" percentile; categorical covariates described by frequencies (%6).

Differences between cohorts were assessed using independent t-tests. Subjects

without available information have been excluded before performing the

independent t-tests. *P value < 0.05.
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Table 2. Descriptive statistics of prenatal NO, exposure (ug/m®)

NO; exposure Mean =+ SD P5 P25 P50 P75 P95 r?
(ug/m®)
INMA (n=376)
Trimester 1 26.1 +12.9 5.6 16.4 23.1 33.7 74.2 0.91*
Trimester 2 25.6 + 11.6 5.7 16.4 24.8 31.2 74.7 0.93*
Trimester 3 25.7+x12.1 5.7 16.9 23.8 32.3 74.4 0.92*
Entire pregnancy 25.5 +11.4 5.7 17.2 24.0 32.3 66.7 -
ENVIRONAGE (n=550)
Trimester 1 20.7 £6.1 7.3 16.3 20.2 24.9 39.2 0.61*
Trimester 2 20.8 £6.0 8.6 16.2 20.5 25.1 46.0 0.86*
Trimester 3 21.4+6.1 9.2 16.9 20.8 25.6 40.3 0.66™*
Entire pregnancy 21.1 4.2 12.6 18.2 20.8 23.7 40.3 -
INMA + ENVIRONAGE (n=926)
Trimester 1 22.7+9.8 5.6 16.1 21.2 26.8 74.2 0.86*
Trimester 2 226 +9.1 5.7 15.9 21.3 27.3 74.7 0.91*
Trimester 3 23.0+£9.3 5.7 16.7 21.5 27.3 74.4 0.88*
Entire pregnancy 22.7 £ 8.3 5.7 17.6 21.2 25.6 66.7 -

Continuous covariates expressed by mean and standard deviation (SD)
#Pearson correlation between the pregnancy average and trimester specific exposures
*P-value < 0.001

Association between birth weight and NO, exposure

The association between birth weight and prenatal NO, exposure was significant
in the INMA cohort for all three trimesters of pregnancy (Table 4). Each 10
pg/m3 increment in average pregnancy NO, exposure was associated with a
66.4g (95% ClI: -111.0, -22.7) decrease in birth weight (Table 4). These results
were consistent in the direction of the associations in the 4 different INMA
subcohorts (See Supplemental Materials, Table S3). In the ENVIRONAGE cohort,
estimates were in the same direction although the estimated effects were
smaller than in INMA and did not reach significance (-19.8g; 95% CI: -101.1,
61.7). After pooling both cohorts, the association between birth weight and NO,
was significant in all pregnancy trimesters and in the entire pregnancy (-47.5g,
95% Cl: -86.6, -8.5) (Table 4).
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Table 3. Percent change in placental mtDNA content in association with prenatal NO;
exposure in INMA, ENVIRONAGE, and in the pooled sample

Pregnancy period Differences in placental 959%6 CI P-value
mtDNA content (26)

INMA (n=376)2"

Trimester 1 -4.1 -7.1,-1.1 0.007
Trimester 2 -5.0 -8.0, -2.0 0.002
Trimester 3 -4.9 -7.9,-1.8 0.003
Entire pregnancy -5.5 -8.8, -2.1 0.002
ENVIRONAGE (n=550)
Trimester 1 -5.1 -15.5, 6.6 0.38
Trimester 2 -11.1 -19.9, -1.24 0.03
Trimester 3 -13.5 -20.1, -6.4 0.003
Entire pregnancy -10.1 -20.1, 1.24 0.08
INMA + ENVIRONAGE (n=926)°
Trimester 1 -2.5 -6.4,1.6 0.22
Trimester 2 4.4 -8.4,-0.3 0.04
Trimester 3 -5.2 -9.1, -1.2 0.01
Entire pregnancy -4.9 -9.3, -0.3 0.04

Effect size was estimated for each 10 pg/m3 increment in exposure to NO2 at each
mother’s residence during the corresponding period;

Models were adjusted for newborn’s sex, maternal age, maternal smoking status,
gestational age (linear and quadratic), pre-pregnancy BMI, parity, ethnicity, season of
birth, and education;

#Results followed the same direction in all 4 INMA subcohorts (See Supplemental Materials,
Table S2).

PFour INMA subcohorts were included as random effect.

‘Cohorts were included as random effect.

Association between placental mtDNA content and birth weight

Placental mtDNA content was positively and significantly associated with birth
weight in both cohorts and in the pooled analysis (Table 5). Interaction test
show that the interaction of mtDNA content with sex was significant for the
individual cohorts and the pooled analysis. This suggests evidence of effect
modification by sex. In the pooled analysis, an interquartile range (IQR) increase
in mMtDNA content was associated with 66 g (95% CI: 18, 114) increase in mean
birth weight in boys, compared with 26 g (95% CIl: -67,15) in girls (interaction
p-value = 0.009)(Table 5).
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Table 4. Association between prenatal NO, exposure and birth weight in INMA,
ENVIRONAGE, and in the pooled sample

Pregnancy period Differences in birth 95% CI P-value
weight (g)
INMA (n=376)2"
Trimester 1 -56.2 -94.5, -17.8 0.004
Trimester 2 -56.3 -96.2, -16.4 0.006
Trimester 3 -52.1 -93.8, -12.5 0.01
Entire pregnancy -66.4 -111.0, -22.7 0.004
ENVIRONAGE (n=550)
Trimester 1 -20.0 -91.3, 51.3 0.58
Trimester 2 -3.4 -76.4, 69.5 0.93
Trimester 3 -29.9 -98.2, 38.3 0.39
Entire pregnancy -19.8 -101.1, 61.7 0.63
INMA + ENVIRONAGE (n=926)°
Trimester 1 -44.1 -77.4, -10.8 0.01
Trimester 2 -36.2 -70.9, -1.6 0.04
Trimester 3 -37.5 -71.4, -3.6 0.03
Entire pregnancy -47.5 -86.6, -8.5 0.02

Effect size was estimated for each 10pug/m3 increment in exposure to NO2 at each
mother’s residence during the corresponding period.

Models were adjusted for newborn’s sex, season of birth, maternal age, maternal smoking
status, parity, ethnicity, education, gestational age (linear and quadratic) and pre-
pregnancy BMI.

#Results followed the same direction in all 4 INMA subcohorts. (See Supplemental
Materials, Table S3).

PFour INMA subcohorts were included as random effect.

‘Cohorts were included as random effect.
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Table 5. Association between placental mtDNA content and birth weight (g) in INMA, EVIRONAGE, and in the pooled sample

INMA*® ENVIRONAGE INMA + ENVIRONAGE®
n Differences 95%0 P- Interaction n Differences 95%0 P- Interaction n Differences 95% P- Interaction
in birth Cl value P-value in birth Cl value P-value in birth Cl value P-Value
weight (g) weight (g) weight (g)

All 376 249.0 83.6, 0.003 0.003 550 129.2 7.8, 0.04 0.04 926 140.2 43.2, 0.005 0.009
414.3 259.0 237.2

Boys 194 124.0 45.6, 0.002 N/A 277 34.0 -34.4, 0.33 N/A 471 65.9 17.9, 0.007 N/A
202.5 102.4 114.0

Girls 182 -2.44 -80.5, 0.95 N/A 273 -15.2 -69.3, 0.58 N/A 455 26.4 -67.4, 0.21 N/A
75.6 39.0 14.6

Effect size was estimated for each IQR increment (INMA=0.58; ENVIRONAGE=0.77; Pooled sample=0.76) in mtDNA content; Cl: Confidence interval;

g: gram; N/A: not applicable
Models were adjusted for gestational age (linear and quadratic), newborn’s sex, maternal age, maternal smoking status, pre-pregnancy BMI, parity,

ethnicity, season of birth, education, and interaction term sex and mtDNA content.
PFour INMA subcohorts were included as random effect.

°Cohorts were included as random effect.
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Mediation analysis

In INMA, the mediation analysis suggested that 10% (95% CI: 6.6, 13.0) of the
association between birth weight and pregnancy average NO, exposure may be
mediated by differences in placental mtDNA content (Figure 1A). The
corresponding estimates for mediation of associations between birth weight and
NO, exposure during the first, second and third trimester, were 9.1% (95% ClI:
5.3, 12.6), 11.4% (95% CI: 7.3, 15.2), and 12.2% (95% CIl: 7.7, 16.3),
respectively. When we limited the mediation analysis to boys in the INMA
cohort, the analysis suggested a mediation effect of 16% (95% CI: 18.7, 13.2)
(Figure 1B). Because in the ENVIRONAGE cohort prenatal NO, exposure was not
significantly associated with birth weight, we did not perform the subsequent
mediation analysis. After pooling both cohorts, the estimated proportion of
mediation by mtDNA content was not significant for the association between
birth weight and pregnancy average NO, exposure (2.2%, 95% Cl: -2.0, 6.1),
or for NO, exposure during the different trimesters (See Supplemental Materials,
Table S4). Mediation analysis of the pooled data for boys suggested placental
mtDNA content mediated 6.4% (95% CI: 2.4, 10.0) of the association between
NO, during trimester 3 and birth weight, but mediation was not statistically
significant for average pregnancy NO, or NO, during trimester 1 or 2 (See

Supplemental Materials, Table S4).

Sensitivity analysis

The reported associations did not change after excluding mother-newborn pairs
with non-vaginal deliveries (n=83) (data not shown). Furthermore, when we
used cohort as a fixed effect, our reported estimates did not change either (data
not shown). Finally, associations were stronger when the analysis was limited to
214 INMA participants who spent = 15 hours/day at home, including
associations between NO, and birth weight (e.g., for average pregnancy NO,:
84g; 95% CIl: -142, -26 compared with -66g; 95% CI: -111, -23) (See
Supplemental Material, Table S5 and Table S6, respectively).
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Each 10 pg/m?3
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(-51.6, -47.6)
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IE:-5.2g
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(-52.9, -49,0) Birth weight (g)
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IE:-9.7 g
(-11,7,-7,8)

Figure 1. Mediation analysis of the estimated effect of prenatal NO, exposure
(Lg/m3) on birth weight through placental mtDNA content in the INMA cohort.
95% Confidence intervals are given between brackets. A: Whole INMA; B: INMA-boys.
Results from mediation analysis with exposure to NO, during the entire pregnancy were
obtained using the SAS macro developed by Valeri and VanderWeele (Valeri and
VanderWeele 2013).. The figure shows placental mtDNA as a potential mediator, the
estimates of indirect effect (IE), the estimates of the direct effect (DE) and proportion of
mediation. Model was adjusted for gestational age (linear and quadratic term), newborn’s
sex, maternal age, maternal smoking status, pre-pregnancy BMI, parity, ethnicity, season,

education, and INMA subcohort.

Discussion

Mitochondria, the energy producers of the cells, are particularly sensitive to
environmental toxicants due to their lack of repair capacity ®. Fetuses adapt
their mitochondrial structure and metabolism when the supply of nutrients is

limited '®. We hypothesized that mitochondrial damage may be a causal
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intermediate in biological mechanisms linking air pollution to birth outcomes. In
the current study, we evaluated placental mtDNA content, a proxy of
mitochondrial damage, as a potential mediator of the association between
reduced birth weight and prenatal NO, exposure. The key findings, based on two
independent European cohorts were: (i) prenatal NO, exposure is inversely
associated with placental mtDNA content; (ii) placental mtDNA content is
positively associated with birth weight; (iii) prenatal NO, exposure is inversely
associated with birth weight; and (iv) placental mtDNA content can be a
potential mediator of the association between birth weight and prenatal NO,

exposure.

Ambient air contains a mixture of pollutants. NO, is frequently used as a
surrogate for traffic-related air pollution because it is considered to be a good
proxy of other pollutants originating from the same sources 2. An
appreciable number of epidemiologic studies have shown an association between
fetal growth restriction and prenatal exposure to air pollution with evidence of
statistical significant heterogeneity in the estimated effects among different
locations 2 2°. An earlier observation on the full INMA cohort (n=2,337) reported
an estimated decrease in birth weight of 11 g for every 10 ug/m? increment in
NO, 27, Data from 14 European mother-child cohorts, including INMA, reported a
very weak association between birth weight of 1 g (95% ClI: -6, 4 g) and NO,
during pregnancy ®. In our current study we estimated a 48 g reduction in birth
weight (95% CI: -87, -9) with a 10 pg/m? increment in pregnancy average NO,
based on the pooled analysis, with a stronger association in the INMA cohort (-
66g; 95% CI: -111, -23) then in the ENVIRONAGE cohort (-20g; 95% CI: -101,
62). This association also varied among the four INMA sub-cohorts ranging from
-12g (95% CI: -20, 12; n=63) for the Valencia sub-cohort to -156g (95% CI: -
378, 67; n=37) for the Asturias sub-cohort (See Supplemental Materials, Table
S4). Differences in effect-sizes across the studied cohorts might be due to
different levels of exposure, population variability, and variation in
meteorological conditions, but also non-causal mechanisms could explain these
differences; e.g. differences in study design and conduct, exposure assessment,
and differences in residual confounding. Nevertheless, our GAM plots showed

linear associations between NO, and mtDNA content, NO, and birth weight, and

47



CHAPTER 2

mtDNA content and birth weight in both cohorts (See Supplemental Materials,
Figure S1).

We need to consider that our exposure assessment was limited to the residential
address of the mothers, and exposure to other air pollutants (e.g. particulate
matter and carbon monoxide), environmental and dietary contaminants that
have been associated with lower birth weight as well as exposure to NO, during
commute, at work and elsewhere was not taken into account. Time spent at
home can influence associations between ambient air pollution measured at the
mother’s residence and birth weight 27, in this regard we also found stronger
associations within INMA for mothers who spend more than 15 hours per day at

home.

In contrast to the epidemiological evidence, the mechanisms responsible for
fetal growth restriction due to air pollution are largely unknown. Hypotheses are
that air pollutants could cause oxidative stress, inflammation, alter placental
growth, decrease placental exchange of nutrients and gases, endocrine
disruption, or cause maternal health effects—all of which could possibly lead to
altered fetal growth *°. Oxidative stress-induced DNA damage appears to be a
particularly important mechanism of action of urban air pollutants 3. MtDNA is
particularly vulnerable to ROS-induced damage and has been described as a
proxy of air pollution induced damage % 32
10% (95% ClI: 6.6, 13.0%) of low birth weight caused by prenatal NO, exposure

. In this study, we estimated that

could be explained by placental mtDNA content. This finding was demonstrated
in a subsample of 376 mother-child pairs of the INMA cohort. We are aware that
epidemiological studies can only show associations, but cannot prove causality;
nevertheless, our formal mediation analysis is based on predefined hypothesis

and is in line with experimental evidence.

Mechanism through which prenatal exposure to traffic related air pollution might
cause placental inflammation and oxidative stress are unclear. The maternal and
fetal circulation are separated by the placental barrier that is formed by the
syncytiotrophoblast layer, which faces the maternal environment 33. This barrier
contains placental transporters that can block or facilitate foreign compounds **
33, Further, it has been reported that air pollution was associated with increased

white blood cells in chronic obstructive pulmonary disease (COPD) patients,
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suggesting that air pollutants can elicit systemic inflammation 4. In addition, it
has been observed that human plasma collected from individuals exposed to
diesel exhaust for only short periods of time (1 hour) is pro-inflammatory to
endothelial cells in vitro *°, implying that soluble, pro-inflammatory mediators
circulate in the blood after inhalation of diesel. From these studies it might be
hypothesized that maternal circulating pro-inflammatory mediators are
responsible for associations of prenatal NO, with placental mtDNA content and
birth weight in our study population. Other mechanisms might include transient
receptor potential (TRP) channels which are highly expressed in placenta, and
their activation has been suggested to play important roles in placental
development and regulating the feto-maternal interface in mice models %¢. If air
pollution exposure can result in systemic activation of TRP channels, we might
speculate that placental TRP channels are also activated and may mediate our
observed effects. In this context, it has been shown recently that TRP channels

interacts with a large number of mitochondrial proteins *7.

Induction of ROS levels stimulates autophagy and mitophagy as exemplified by

lower mtDNA content in placental tissue 3% 3°

. In the current study, stratified
analyses indicated a stronger inverse association between placental mtDNA
content and prenatal NO, exposure in newborn boys than in girls. Indeed sex-
dependent susceptibility to oxidative stress has been shown and the antioxidant

defenses are apparently different in XX and XY cells %°.

Our study has some limitations. Ambient exposure to air pollution does not
account for indoor exposure, which has also been associated with reduced birth
weight “°. Although our results were consistent after multiple adjustments, some
residual confounding by some unknown factors that are associated with ambient
air pollution, mitochondrial function and mitochondrial DNA content, and birth

weight cannot be excluded.

The major strengths of this study are that we tested the different windows of
exposure, and made use of two independent birth cohorts in Southern (Spain)
and Western Europe (Belgium). Also, we used new methods and their

25 Nevertheless, this mediation

assumptions to study causal interference
analysis gives only estimates of the DE, IE and TE. Furthermore, our results of

the association between prenatal air pollution exposure and mtDNA content are
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in line with those of Janssen et al. 1" in the same birth cohort (ENVIRONAGE)
with a smaller sample size. We also added more information by performing a
mediation analysis that supports our hypothesis that mitochondrial damage may
be a causal intermediate in biological mechanisms linking air pollution exposure
to birth outcomes, which may provide some mechanistic clues to the adverse

effects of early exposure to air pollution observed in humans.

In conclusion, we have shown that prenatal NO, exposure was inversely
associated with both placental mtDNA content and birth weight. Considering the
high levels of NO, in urban areas, which are increasing worldwide, this study
indicates the relevance of further exploring this biological pathway linking early

air pollution exposure and complications at birth.
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Supplementary material

Table S1. Data from each campaign and predictor variables of air pollution in each cohort

Cohort No. Campaign Predictor variables R2 Number of
Passive dates model monitoring
samplers stations
June 2005 Altitude
INMA- 67 November Distance to nearest 0.52 4
Asturias 2005 road?®

Agricultural or forest
land cover (300m-

buffer)
Altitude (3 cat)
February Valley factor
INMA- 85 2007 Distance to nearest 0.51 3
Gipuzkoa June 2005 road® (MDI° > 20000)
Urban land cover
(100m-buffer)
Industrial land cover
(300m-buffer)
April 2005 Altitude
June 2005 Urban or industrial land
INMA- 57 October 2005  cover (500m-buffer) 0.75 1
Sabadell March 2006 Road type (minor,
major, secondary road)
April 2004 Kriging®
June 2004 Industrial or urban land
INMA- 93 November cover (500m-buffer) 0.73 7
Valencia 2004 Distance to nearest
February major road® (MDI® >
2005 10000)
Kriging?
ENVIRONAGE N/A N/A Land use® 0.82 64
Road emission and
locations®
Point sources,
characteristics and
locations®
#Distance to the nearest major road (in logarithms)
PMDI: Mean daily traffic count
‘Mean of estimated NO, from kriging among campains
dpredictor variables of the land-use regression model for the background (RIO)
®Predictor  variables of the emission for the bi-gaussian plume model
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Figure S1. GAM models that show the relation between (A) NO, exposure (ug/m3) during the entire

pregnancy and mtDNA content, (B) NO, exposure (ug/m3) during the entire pregnancy and birth

weight (g), and (C) mtDNA content and birth weight (g). This model provides p-values for the null
hypothesis of no linearity. 1: ENVIRONAGE, 2: INMA
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Table S2. Percent change in placental mtDNA content in association with prenatal NO2

exposure in the four different INMA subcohorts.

Pregnancy period Change in placental 95% CI P-value
mtDNA content (26)

Asturias (n=37)

Trimester 1 -13.6 -31.4, 8.8 0.20
Trimester 2 -12.8 -26.0, 2.9 0.10
Trimester 3 -16.8 -30.8,-0.07 0.05
Entire pregnancy -15.1 -29.9, 2.9 0.09
Gipuzkoa (n=156)
Trimester 1 -6.3 -12.6, 0.5 0.07
Trimester 2 -6.5 -13.0, 0.4 0.06
Trimester 3 -5.4 -12.3, 2.1 0.15
Entire pregnancy -4.6 -11.8, 3.2 0.23
Sabadell (n=120)
Trimester 1 -2.6 -7.3,2.3 0.29
Trimester 2 -3.4 -8.3,1.8 0.16
Trimester 3 -3.4 -8.3,1.8 0.19
Entire pregnancy -4.1 -9.4,1.6 0.15
Valencia (n=63)
Trimester 1 -3.1 -8.5, 2.6 0.27
Trimester 2 -1.6 -8.1, 2.6 0.27
Trimester 3 -2.6 -8.3,3.4 0.38
Entire pregnancy -2.8 -8.9, 3.7 0.38

Effect size was estimated for each 10 pg/m® increment in exposure to NO, at each
mother’s residence during the corresponding period;

Models were adjusted for newborn’s sex, maternal age, maternal smoking status,
gestational age (linear and quadratic), pre-pregnancy BMI, parity, ethnicity, season of

birth, and education
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Table S3. Association between pregnancy average NO, exposure and birth weight in the

four different INMA subcohorts.

INMA N Change in birth weight (g) 95% CI p-value
subcohort

Asturias 37 -155.6 -378.3, 67.1 0.16
Gipuzkoa 156 -75.6 -168.1, 13.1 0.08
Sabadell 120 -110.3 -178.3, -42.4 0.002
Valencia 63 -11.8 -20.1, 12.4 0.83

Effect size was estimated for each 10pug/m?® increment in pregnancy average exposure to
NO; at each mother’s residence during the corresponding period.

Models were adjusted for newborn’s sex, maternal age, maternal smoking status,
gestational age (linear and quadratic), pre-pregnancy BMI, parity, ethnicity, season of

birth, and education

Table S4. Mediation analysis of the estimated effects of prenatal NO, exposure (ng/m3)
on birth weight through placental mtDNA content in the pooled sample and the boys of the

pooled sample.

Exposure period Proportion of mediation (26) 959% CI p-value
Pooled data (n = 926)
Trimester 1 1.4 -2.6,5.5 0.54
Trimester 2 2.9 -2.6,7.9 0.29
Trimester 3 3.2 -2.2,8.1 0.24
Entire pregnancy 2.2 -2,6.1 0.29
Boys of pooled data (n =
471)
Trimester 1 1.5 -4.7,7.0 0.62
Trimester 2 4.3 -0.2, 8.5 0.06
Trimester 3 6.4 2.4,10.1 0.002
Entire pregnancy 2.8 -0.8, 6.2 0.12

Effect size was estimated for each 10pug/m?® increment in pregnancy average exposure to
NO, at each mother’s residence during the corresponding period.

Models were adjusted for newborn’s sex, maternal age, maternal smoking status,
gestational age (linear and quadratic), pre-pregnancy BMI, parity, ethnicity, season of

birth, and education
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Table S5. Percent change in placental mtDNA content in association with prenatal NO2

exposure in INMA mothers that spent = 15 hours a day at home.

Exposure period N Percent change (%26) 959%6 CI P-value
Trimester 1 214 -6.1 -9.5,-2.5 <0.01
Trimester 2 214 -7.5 -11.1, 3.8 <0.01
Trimester 3 214 -7.8 -11.4,-4.0 <0.01
Entire pregnancy 214 -8.9 -12.8, -4.8 <0.01

Effect size was estimated for each 10 pg/m® increment in exposure to NO, at each
mother’s residence during the corresponding period;

Models were adjusted for newborn’s sex, maternal age, maternal smoking status,
gestational age (linear and quadratic), pre-pregnancy BMI, parity, ethnicity, season of
birth, and education;

Results followed the same direction in all 4 INMA subcohorts (data not shown);

INMA subcohort was included as random effect.

Table S6. Association between prenatal NO, and birth weight in INMA mothers that spent

> 15 hours a day at home.

Exposure period N Change in birth weight (g) 959%6 CI P-value
Trimester 1 214 -64.9 -114.1, -15.6 0.01
Trimester 2 214 -65.9 -118.5, -13.3 0.01
Trimester 3 214 -75.1 -127.9, -22.2 <0.01
Entire pregnancy 214 -83.7 -141.8, -25.6 < 0.01

Effect size was estimated for each 10pug/m?® increment in exposure to NO, at each mother’s
residence during the corresponding period.

Models were adjusted for newborn’s sex, maternal age, maternal smoking status,
gestational age (linear and quadratic), pre-pregnancy BMI, parity, ethnicity, season of
birth, and education;

Results followed the same direction in all 4 INMA subcohorts (data not shown);

INMA subcohort was included as random effect.
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Abstract

Background The association between prenatal air pollution exposure and
postnatal growth has hardly been explored. Mitochondrial DNA (mtDNA), as a
marker of oxidative stress, and growth at birth can play an intermediate role in

this association.

Objective In a subset of the Spanish birth cohort INMA we assessed first
whether prenatal nitrogen dioxide (NO,) exposure is associated with infant
growth. Secondly, we evaluated whether growth at birth (length and weight)
could play a mediating role in this association. Finally, the mediation role of

placental mitochondrial DNA content in this association was assessed.

Methods In 336 INMA children, relative placental mtDNA content was
measured. Land-use regression models were used to estimate prenatal NO,
exposure. Infant growth (height and weight) was assessed at birth, at 6 months
of age, and at 1 year of age. We used multiple linear regression models and
performed mediation analyses. The proportion of mediation was calculated as

the ratio of indirect effect to total effect.

Results Prenatal NO, exposure was inversely associated with all infant growth
parameters. A 10 pg/m=3 increment in prenatal NO, exposure during trimester 1
of pregnancy was significantly inversely associated with height at 6 months of
age (-6.6%; 95%CI: -11.4, -1.9) and weight at 1 year of age (-4.2%; 95%ClI: -
8.3, -0.1). These associations were mediated by birth length (31.7%; 959%ClI:
34.5, 14.3) and weight (53.7%; 95%CI: 65.3, -0.3), respectively. Furthermore,
5.5% (95%CI: 10.0, -0.2) of the association between trimester 1 NO, exposure

and length at 6 months of age could be mediated by placental mtDNA content.

Conclusions Our results suggest that impaired fetal growth caused by prenatal
air pollution exposure can lead to impaired infant growth during the first year of
life. Furthermore, molecular adaptations in placental mtDNA are associated with

postnatal consequences of air pollution induced alterations in growth.
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Introduction

In the last decade, numerous studies have reported an association between
prenatal ambient air pollution exposure and adverse birth outcomes. Prenatal
nitrogen dioxide (NO,) has been associated with low birth weight, intra-uterine
growth retardation, and preterm birth, even at low levels of air pollution 2% 3°,
The fetus may be particularly susceptible to air pollution exposure, because of
its physiologic immaturity and its higher rates of cell proliferation ?*. The impact
of NO, exposure on the fetus is important for public health because fetal growth,
and birth size and weight of newborns are important predictors of the future
health status during childhood and adulthood ' '?°. Infant growth is believed to
be a continuation of in utero growth and is influenced predominantly by factors

determining intra-uterine growth and nutrition 26

; consequently, exposure to
NO, during pregnancy could also affect infant growth. Nonetheless, little is
known about how these intra-uterine effects may translate into variations in
growth patterns of children after birth. Additionally, infant growth can be
influenced by both genetic and environmental factors 27, Adverse infant growth
may be an important determinant of obesity and related health problems later in

||fe 128, 129

The placenta is a metabolically active organ that connects and separates two
genetically distinct individuals: the mother and the fetus. It plays an essential
role in nutrient transfer, growth and organ development. The placenta is a
unique vascular organ that requires a constant source of energy. This energy
provision is regulated by mitochondrial function of placental cells °.
Mitochondria, the energy producers of the cells, are the major intracellular
sources of reactive oxygen species (ROS), which are generated under normal
conditions as by-product of oxidative phosphorylation. Mitochondria are the
primary targets of oxidative stress because mitochondrial DNA (mtDNA) lacks
protective strategies associated with nuclear DNA. Consequently, mitochondria

81 Furthermore, mtDNA

are uniquely sensitive to environmental toxicants
content is correlated with the size and number of mitochondria, which have been
shown to change under different energy demands, as well as different
environmental conditions *’. NO, has a strong oxidation capacity by generating

ROS and reactive nitrogen species (RNS). Some studies have implicated that
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mitochondrial function can be negatively affected by environmental toxicants

stimulus, such as NO,, PM,s, and black carbon 30133,

Fetus adapt their
mitochondrial structure and metabolism when the supply of nutrients is limited
112 Changes in placental mtDNA content may represent a biological effect along

the path linking air pollution to effects on the infant.

Recently, it was shown that placental mtDNA content was influenced by prenatal
particulate matter <10pum (PM;o) and nitrogen dioxide (NO,) exposure 13 134
Furthermore, in our previous study we showed that placental mtDNA content
was significantly associated with birth weight and that it could be one of the
mediators of the inverse association between prenatal NO, exposure and birth
weight 1**. These findings raise the question of whether prenatal air pollution
exposure may also result in subsequent changes in infant growth and whether

placental mtDNA alterations can be linked to these outcomes in later life.

In the current study we therefore evaluated firstly whether prenatal NO,
exposure is associated with infant growth (height and weight) at 6 months and 1
year of age. Secondly, we evaluated whether growth deficits at birth (length and
weight) play a mediating role in this association. Finally, the mediating role of
placental mtDNA content in the association between prenatal air pollution

exposure and infant growth was assessed.

Methods

Study design and population

INMA (INfancia y Medio Ambiente; Environment and Childhood) is a birth cohort
study that recruited pregnant women in seven regions, following a common
protocol 3. In this study we used participants with singleton live-born infants
from three INMA regions (Valencia, Sabadell and Gipuzkoa). Pregnant women
were enrolled between 2004 and 2008 during the first trimester of pregnancy at
primary health care centers or public hospitals if they fulfilled the inclusion
criteria: singleton pregnancy, intention to deliver at the reference hospital, = 16
years of age, no problems of communication, and no assisted conception. Of all

eligible women, 57% agreed to participate. Study approval was obtained from
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the ethics committees of each participating center and informed consents were

obtained from the mothers.

In INMA, placentas were randomly collected in approximately one of four
deliveries (n = 502). The present analysis included 336 randomly selected
mother-newborn pairs from whom placentas were collected and placental
mtDNA content measured. The main characteristics of our study population
including maternal age, smoking during pregnancy, maternal education, parity,
gestational age, ethnicity, and prenatal NO, exposure are in line with the INMA
participants that provided placental samples, but were not included in this study
(Supplemental Material, Table S1 and Table S2). Therefore our population of
mother-newborn pairs is representative for those who were not included in the

analysis.

Ambient air pollution assessment

Ambient concentrations of nitrogen dioxide (NO,) were measured with the aid of
passive samplers (Radiello, Fundazione Salvatore Maugeri, Padua, Italy)
installed in several sampling campaigns each lasting seven days and distributed
across the study areas according to geographic criteria, taking into account the
expected pollution gradients and the distribution of the residences of the

participating women.

The methodology has been described in detail elsewhere 1'% 7 Briefly, area-
specific land use regression (LUR) models were used to predict NO, levels at
women’s residential addresses, using the average of the NO, levels registered
across campaigns to represent an annual mean level, together with land use
(agricultural, industrial or urban), traffic-related variables, and altitude.
Residential NO, estimations from LUR were then adjusted to time of pregnancy
for each woman, using daily records from the monitoring network stations
covering the study area. This model also took into account residential changes if
women lived at least 2 months of pregnancy in the new residence. The
validation statistics gave a spatial explained variance (R?) for annual mean NO,
from 0.51 to 0.75 in the three INMA regions €.
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In order to explore potentially critical exposures during pregnancy, individual
NO, concentrations were calculated for different periods of pregnancy: trimester
1 (1-13 weeks), trimester 2 (14-28 weeks), trimester 3 (29 weeks to delivery),

and for the entire pregnancy.

Placental mtDNA content

As previously described 4

, placentas were entirely frozen after delivery at -
20°C and afterwards at -86°C. Placentas were thawed minimally to obtain tissue
biopsies for DNA extractions. To minimize the impact of within-placental
variability, biopsies were all taken 1-1.5 cm below the chorio amniotic
membrane at a fixed location and preserved at -80°C *'3. Briefly, DNA was
extracted from placental tissue cells and quantified. MtDNA content was
measured in placental tissue cells by determining the ratio of two mitochondrial
gene copy numbers (mitochondrial encoded NADH dehydrogenase subunit 1
(MT-ND1) and mitochondrial forward primer for nucleotide 3212 and reverse
primer from nucleotide 3319 (MTF3212/R3319)) to two single-copy nuclear
control genes (acidic ribosomal phosphoprotein PO (RPLPQ), and beta-actin
(ACTB)) using the 7900HT Fast Real-Time PCR System (Life Technologies, Foster
City, CA, United States) '3. Samples were run randomly in triplicate and each
plate included six inter-run calibrators to account for inter-run variability. gBase
software (Biogazelle, Zwijnaarde, Belgium) automatically averaged triplicate
measurements that pass quality control and normalizes the data to nuclear

reference genes while correcting for run-to-run differences 6.

Infant growth

Birth weight was recorded by trainee midwifes at delivery whereas birth length
was measured by a nurse when the neonate arrived at the hospital ward within

the first 12 hours of life.

Repeated height and weight measures from birth to 6 months of age were
extracted from medical records. For infants without weight measures available
within = 14 days of their exact 6-month anniversary (n=17, 5.1% of the main
analysis sample), we used the 2"%-order Reed sex-specific early infancy growth

models to predict the weight of children as described previously **’. Child height
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and weight were measured at 1 year of age using standard protocols, with light
clothing and without shoes. Age- and sex-specific z-scores for height and weight
at birth, at 6 months and 1 year of age were calculated using the World Health
Organization (WHO) referent **8. The change in length and height z-score was
calculated as the length/height z-score at follow up (6 months and 1 year of
age) minus the length/weight z-score at birth divided by the timespan between

birth and follow-up.

Covariates

Information on maternal age, ethnicity, education, smoking status, place of
residence, pre-pregnancy BMI, and parity was obtained by self-reported
questionnaires administrated by trained interviewers at 1st and 3rd trimester of

pregnancy. Child sex and date of birth was obtained from clinical records.

Statistical analysis

Continuous data were checked for normality using the Shapiro-Wilk test statistic.
Continuous data were presented as mean = SD and categorical data as
frequencies and percentages. Average placental mtDNA was log10-transformed
to improve the normality of the distributions and described by geometric mean
and 25th-75th percentile. Collinearity was assessed among the different
exposure windows by calculating variance inflation factors (VIF). Multiple linear
regression models were used to assess the association between (i) prenatal NO,
exposure and infant growth (height and weight at 6 months and at 1 year of

age) and between (ii) placental mtDNA content and infant growth.

Covariates used in the models were chosen a priori, including newborn’s sex
(male, female), gestational age (linear and quadratic term), maternal age
(years), maternal pre-pregnancy BMI (kg/m?), ethnicity (European, non-
European), maternal education (primary, secondary, university), smoking during
pregnancy (never, quit smoking before week 12, during entire pregnancy),
parity (nulliparous, multiparous), season of birth (January-March, April-June,

July-September, October-December), and region (Sabadell, Valencia, Gipuzkoa).
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We presented adjusted models because they yielded similar results than the

unadjusted ones.

Prior to the mediation analysis we explored if placental mtDNA content, birth
weight and birth length were effect modifiers of the association between
prenatal NO, exposure and height/weight at 6 months and 1 year of age. This
was done by adding an interactionterm combining the NO, exposure with
placental mtDNA content or interactionterms combining the NO, exposure with
birth weight/length. Several mediation analyses were performed. Firstly, we
investigated if birth length mediated the association between prenatal NO,
exposure and length in the infants at 6 months and 1 year of age. Secondly, we
assessed whether birth weight mediated the association between prenatal NO,
exposure and weight in the infants at 6 months and 1 year of age. Thirdly, we
investigated whether placental mtDNA content was a mediator of the association
between prenatal NO, exposure and the different infant growth characteristics
(height and weight at 6 months and 1 year of age). We only performed the
mediation analysis when there was a significant association between the
outcome and the exposure, a significant association between the exposure and
the mediator, and a significant association between the outcome and the
mediator. To perform these mediation analyses we used the SAS macro
developed by Valeri and VanderWeele 1. In this macro, the direct effect (DE),
indirect effect (IE) and total effect (TE) were determined. The DE represents the
effect of exposure on the outcome after controlling for the mediator whereas the
IE is the effect of exposure operating through the mediator. The proportion of
mediation was calculated as the ratio of IE to TE. For example, if the proportion
of mediation is 0.32 this means that 32% of the total effect can be explained by

the mediating variable in question.

Results

Characteristics and exposure levels of the study population

Table 1 summarizes the characteristics of the 336 mother-newborn pairs.
Briefly, mean maternal age was 32.2 years. Pre-gestational BMI of the

participating mothers averaged 23.5 kg/m2 and 44.6% of the mothers never
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smoked cigarettes. The newborns, 168 of which were girls (50.0%), had a mean

gestational age of 39.9 weeks. More than 90% of the newborns were European.

Table 1. Study population characteristics (n=336)

Characteristics Mean = SD range or number (%)
Maternal
Age, years 32.2+3.9
Smoking

Never 150 (44.6)

Quit smoking before week 12 128 (38.1)

During entire pregnancy 58 (17.3)
Education

Primary school or none 68 (20.2)

Secondary school 154 (45.8)

University 114 (33.9)
Parity

1 184 (54.8)

2 128 (38.1)

=3 24 (7.1)
Pre-pregnancy BMI, kg/m? 235+4.3
Region

Gipuzkoa 154 (45.8)

Sabadell 121 (36.0)

Valencia 61 (18.2)
Newborn
Gestational age, weeks 399+14
Sex

Male 168 (50.0)

Female 168 (50.0)
Ethnicity

European 306 (91.1)

Non-European 30 (8.9)
Season at birth

January-March 76 (22.6)

April-June 89 (26.5)

July-September 88 (26.2)

October-December 83 (24.7)
Birth weight, g 3,284 + 429
Weight at age 6 months, kg 7.7 +0.8
Weight at age 1 year, kg 9.8+1.1
Birth length, cm 49.4 +2.1
Height at age 6 months, cm 67.2+2.4
Height at age 1 year, cm 75.4 +2.8
Placental mtDNA content 1.5 (1.2-1.8)

Continuous covariates expressed by mean and standard deviation (SD) (normally
distributed) or geometric mean and 25— 75™ percentile (not normally distributed);

categorical covariates described by numbers and frequencies (%6).

Table 2 displays the daily outdoor NO, exposure levels averaged for the different
exposure periods. Average (25"-75" percentile) period-specific NO, exposure
was 27.0 (16.8-34.7) pg/m3 for trimester 1, 26.0 (16.7-32.6) pg/ms3 for
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trimester 2, 26.4 (17.0-33.4) pg/m3 for trimester 3, and 26.2 (17.4-33.3)

pg/ms3 for the entire pregnancy.

Table 2. Descriptive statistics of prenatal NO2 exposure (pg/m3) in the INMA study
(N=336)

i a
NO, Correlation

exposure
(ng/m?) Mean *= SD P5 P25 P50 P75 P95 T1 T2 T3 EP

Trimester 1
(T1)
Trimester 2
(T2)
Trimester 3
(T3)

Entire
pregnancy 26.2 +11.6 5.7 17.4 24.6 33.3 66.7 0.91* 0.92* 0.94* 1
EP)

27.0 £ 13.0 5.6 16.8 24.8 34.7 74.2 1

26.0 £11.9 5.7 16.7 24.7 32.6 74.7 0.85* 1

26.4 £ 12.5 5.7 17.0 24.0 33.4 74.4 0.78* 0.85* 1

2Spearman correlation coefficients between different exposure periods

*P-value <0.0001

Association between prenatal NO, exposure and infant growth

Table 3 displays the percent change in z-scores for height and weight at 6
months and at 1 year of age for every 10 ug/m=3 increment in NO, exposure
during the different exposure windows of pregnancy. A 10 pg/m=2 increment in
prenatal NO, exposure was inversely and significantly associated with height at 6
months, especially during trimester 1 (-6.64%; 95%CI: -11.38, -1.90) and
trimester 2 (-5.56%; 95%CIl: -10.86, -0.26). Furthermore, each 10ug/ms3
increment in NO, levels during trimester 1 of pregnancy was inversely and
significantly associated with weight at 1 year (-4.21%; 95%CIl: -8.34, -0.09).
Prenatal NO, exposure was negatively but not significantly associated with
weight at 6 months, and height at 1 year of age. VIF values in our collinearity
diagnostics ranged from 4.74to 7.39 for NO,, indicating elevated levels of
collinearity in the multi trimester models. These models show results in the
same direction, but the confidence intervals are much wider (see Supplemental
Materials, Table S3). The multi collinearity between the different exposure
windows probably contribute to these wider confidence intervals that we

observe.

Furthermore, prenatal NO, exposure was not associated with a change in weight

z-scores between birth and 6 months/1 year of age and between 6 months and
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1 year of age (see Supplemental Materials, Table S4). Only first trimester
exposure to NO, was significantly positively associated with a change in length
z-scores between 6 months and 1 year of age (0.8%; 95%CI: 0.17, 1.43).
Prenatal NO, exposure was not significantly associated with length z-scores

between birth and 6/12 months of age (see Supplemental Materials, Table S4).

Table 3. Association between maternal NO, exposure in different exposure periods of

pregnancy and infant growth in the INMA study

N Change (%6) 95% CI P-value

zHeight at 6 months
NO, Trimester 1 286 -6.64 -11.38, -1.90 <0.01
NO; Trimester 2 286 -5.56 -10.86, -0.26 0.04
NO, Trimester 3 286 -2.22 -7.13, 2.69 0.37
NO; Entire 286 -5.20 -10.8, 0.41 0.07
pregnancy

zWeight at 6 months
NO; Trimester 1 289 -3.32 -7.32, 0.67 0.10
NO, Trimester 2 289 -3.26 -7.6, 1.07 0.14
NO; Trimester 3 289 -2.16 -6.23, 1.92 0.30
NO; Entire 289 -2.94 -7.62, 1.75 0.22
pregnancy

zHeight at 1 year
NO; Trimester 1 286 -3.70 -9.58, 2.19 0.22
NO, Trimester 2 286 -3.53 -9.86, 2.54 0.24
NO, Trimester 3 286 -3.71 -9.96, 2.54 0.24
NO; Entire 286 -4.51 -11.42, 5.97 0.20
pregnancy

zWeight at 1 year
NO, Trimester 1 289 -4.21 -8.34, -0.09 0.04
NO; Trimester 2 289 -3.45 -7.99, 1.08 0.13
NO, Trimester 3 289 -2.47 -6.71, 1.77 0.25
NO; Entire 289 -3.97 -8.84, 0.89 0.11
pregnancy

Effect size was estimated for each 10 pg/m® increment in exposure to NO, at each
mother’s residence during the corresponding period;
Models were adjusted for newborn’s sex, maternal age, smoking status, gestational age,

gestational age?, maternal pre-pregnancy BMI, parity, ethnicity, season, and education

Association between placental mtDNA content and infant growth

Table 4 shows that placental mtDNA content was significantly and positively
associated with length at birth (0.29g; 95%CI: 0.04, 0.55). Furthermore,
placental mtDNA content was significantly and positively associated with height
at 6 months (5.90%; 95%CIl: 0.60, 13.24) (Table 4). Placental mtDNA content
was positively but not significantly associated with weight at 6 months, and with
weight and height at 1 year of age. Furthermore, placental mtDNA content was

not associated with a change in weight/height z-scores between birth and 6
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months/1 year of age and between 6 months and 1 year of age (Data not

shown).

Table 4. Association between placental mtDNA content and infant growth outcomes in
INMA

Infant growth N Change 959%0 CI P-value
Length at birth, cm 336 0.29 0.04, 0.55 0.02
Weight at birth, g 336 73.8 18.60, 127.21 <0.01
zHeight at 6 months, % 286 5.90 0.60, 13.24 0.03
zWeight at 6 months, %6 289 3.62 -1.34, 6.95 0.15
zHeight at 1 year, % 286 4.60 -1.50, 9.19 0.19
zWeight at 1 year, % 289 3.10 -1.25, 7.39 0.13

Effect size was estimated for each IQR (0.18) increase in placental mtDNA content;
Models were adjusted for newborn’s sex, maternal age, smoking status, gestational age,

gestational age?, maternal pre-pregnancy BMI, parity, ethnicity, season, and education;

2These results were presented in a previous paper based on the same cohorts *3

Mediation analyses

The added interactiontermm combining the NO, exposure with placental mtDNA
content and the interactionterms combining the NO, exposure with birth
weight/length in the association between prenatal NO, exposure and the
height/weight at 6 months and 1 year of age was not significant (data not
shown). Meaning that neither placental mtDNA content nor birth weight/length
were effect modifiers of the association between prenatal NO, exposure and

infant growth.

We tested whether birth outcomes (birth length and weight) and mtDNA content
could be mediators of the association between prenatal NO, exposure and infant
growth. Prenatal NO, exposure during all the three trimesters of pregnancy and
during the entire pregnancy was associated with birth weight, birth length, and

mtDNA content (previous study 34

except for birth length and Supplemental
Material, Table S5). Mediation analysis showed that birth length mediated 31.7%
(DE = -4.78%, p = 0.02; IE = -2.39, p = 0.02) and placental mtDNA content
5.5% (DE = 5.6%, p = 0.02; IE = -0.32, p = 0.04) of the inverse association
between prenatal NO, exposure during trimester 1 and infant height at age 6

months (Figure 1A).
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Figure 1. Mediation analyses. This figure shows the estimated proportion of the
association between a 10 pg/m=3 increment in NO, exposure during the first trimester of
pregnancy and height at 6 months of age (A), and weight at 1 year of age, mediated
through placental mtDNA content. Furthermore, it also includes mediation analysis
showing the estimated proportion of the association between NO, exposure during the first
trimester of pregnancy and both height at 6 months, mediated through birth length (A),
and weight at 1 year of age, mediated through birth weight (B). The figure displays the
estimates of the indirect effects (IE), the estimates of the direct effect (DE), and the

proportion of mediation (IE/DE+IE).
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Discussion

The present study indicates that prenatal air pollution exposure during early
pregnancy results in significant growth deficits in newborns, and shows that
these deficits continue to be seen at 6 months and 1 year of age. Furthermore,
this study shows that growth at birth could mediate the effect of prenatal air
pollution exposure on postnatal growth. Additionally, we showed that the
association between prenatal NO, exposure and length at 6 months of age could

be mediated by placental mtDNA content.

The fetus and the infant are especially vulnerable to ambient air pollutants due
to their differences in exposure, physiological immaturity, and long life

expectancy after exposure, compared to adults 1°°.

The analysis of birth
outcomes in our study documented significant inverse associations between
prenatal exposure to NO, and length of the newborn. Additionally, in a previous
study we showed that birth weight was significantly inversely associated with
prenatal exposure to NO, 34, Several studies have estimated the impact of air

pollution on anthropometric parameters at birth such as length, and weight %%

143 An earlier observation in INMA on the participants from the region of
Valencia reported a significant decrease in birth length of 0.27 cm (95% CI: -
0.51, -0.03) 4. Our birth outcome results are also consistent with the previous

reported findings based on the same regions 123,

Exposure to air pollution during pregnancy may have long-term implications:
Impaired fetal growth is believed to negatively influence infant growth and is
also a risk factor for a number of adult chronic diseases such as cardiovascular

diseases, and diabetes %°

. The results of this study show that air pollution
exposure during the beginning of pregnancy is significantly negatively associated
with height at 6 months of age and weight at 1 year of age. Our observation
that prenatal NO, exposure during pregnancy appears to affect early postnatal
growth in a negative manner is also consistent with two studies on the effect of
smoking during pregnancy. A study in Brazil demonstrated that children exposed
to maternal smoking during pregnancy showed persistent lower height-for-age
from birth to adolescence compared to non-exposed “®. Another study in Turkey
showed that infants of mothers that smoked during pregnancy had significant

weight and length deficits at birth compared with nonsmokers’ infants.
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Moreover, those infants continued to show significant deficits in height and

146 There are few studies that focused on the

weight at 6 months of age
association between prenatal ambient air pollution and infant growth. There is
one study that showed that infants exposed to higher traffic-related pollution in
early life may exhibit more rapid postnatal weight gain (0-6 months) in addition

to reduced fetal growth.147

Another study in South Korea reported that prenatal
PM,o exposure significantly lowered children’s weight at 1 year of age **. The
results of this study are consistent with our results that showed that prenatal
NO, exposure is significantly negatively associated with infant weight at 1 year
of age. As already mentioned, infant growth is believed to be a continuation of in
utero growth *?8; this present study showed a mediation effect of fetal growth on
the association between prenatal NO, and infant growth. This indicates that
infant growth can be influenced by factors determining intra-uterine growth and
nutrition. Nonetheless, a study with long-term follow-up observations is required
to enhance the understanding of the association between prenatal ambient air
pollution exposure and child’s growth and to determine if intra-uterine effects

may translate into variations in growth patterns during childhood.

The biological mechanisms whereby air pollutants might cause adverse growth
effects are still unclear. Hypothesis are that oxidative stress and inflammation
are important mechanisms in which air pollutants could cause adverse health

outcomes 48

. Mitochondria are uniquely sensitive to environmental toxicants
that induce oxidative stress, such as air pollutants. MtDNA is particularly
vulnerable to ROS-induced damage and has been described as a proxy of air
pollution-induced damage %% %°. MtDNA has a high mutation rate **° and
mitochondria compensate for these mutations by altering their mtDNA content
(each mitochondria carries 2-10 copies of mtDNA) 8% 151, |n a subsequent study
combining the Belgian ENVIRONAGE birth cohort with the INMA birth cohort, we
demonstrated that mtDNA content was one of the potential mediators between
the association of prenatal air pollution exposure and birth weight *4. This
current study adds information by showing that 5.5% of the association between
NO, exposure during the first trimesters of pregnancy and length at 6 months of
age could be mediated through placental mtDNA content. This may indicate that

a decrease in mtDNA content in early life could lead to impaired growth

trajectories up to six months of age, which might have health consequences in
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later life. Furthermore, mitochondrial dysfunction can be caused by a change in
mtDNA content and a decrease in mtDNA content has been related to the
development of multiple forms of disease as type 2 diabetes 8 %2, breast cancer

153 "and low birth weight 112- 134,

Cross-sectional human studies on the association between ambient air pollution
exposure and mtDNA content are still limited with inconsistent results. PM air

154, 155' and no

pollution exposure was associated with an increase 82, a decrease
change in mtDNA content °? in adults and elderly. Additionally, increased
mtDNA content in adults has been associated with short-to moderate-term

156

ambient black carbon (BC) levels and benzene exposure 7. Studies

investigating the effect of ambient air pollution exposure during pregnancy on
placental mtDNA content are limited to maternal tobacco smoke exposure 5%
158 Although, recently a significant inverse association between prenatal PM, s
exposure and lower mtDNA content in cord blood was found **°. The previously
mentioned discrepancy in the mtDNA content results, can be explained by the
very dynamic nature of mtDNA. MtDNA content most importantly depends on
oxidative stress level, type of environmental factor, cell antioxidant capacity and
dose of exposure, additionally, mtDNA content also fluctuates under the
influence of age, ethnicity, and the tissue investigated % 16!, The current
hypothesis of this discrepancy is that mild oxidative stress may stimulate
synthesis of mMtDNA copy number and abundance as a compensatory
mechanism. As a result, oxidative stress levels will increase and may result in
decreased or no synthesis of mitochondria due to severe oxidative damage in
cells 7. Taken this hypothesis into account, a study in smokers found that the
relative mtDNA content was increased in the lung tissues of light smokers but

significantly decreased in heavy smokers 62,

In the present study we have found that birth length mediates the association
between prenatal NO, exposure and infant length at 6 months. Additionally, we
also showed that mtDNA content mediates the association between prenatal NO,
exposure and birth length (6.20%; 95%CI: 9.5, 0.4). Consequently, this can
mean that the mediating role of placental mtDNA content could be partially
independent by mediating the association between prenatal NO, exposure and
infant length at 6 months of age and partially dependent through its mediating

effect of prenatal NO2 exposure on birth length. Furthermore, no significant
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association could be found between prenatal NO, exposure and length at 1 year
of age. However, we found that prenatal NO, exposure was significantly
positively associated with a change in length z-score between 6 months and 1
year of age. This could lead to the hypothesis that the child will undergo a height
catch-up during this period which could explain the non-significant effect of
prenatal NO, exposure on height at 1 year of age observed in this study.
According to the literature, the period of life between 6 months and 2 years had
been noted as a period of critical height development 3. Height growth rather
than fat storage may be stimulated preferentially during this period ®*. This
could explain why prenatal NO, exposure was associated with length and not

with weight at 6 months of age.

We acknowledge several limitations in the present study. Our placental mtDNA
content associations should be interpreted cautiously within the context of
cellular heterogeneity. All tissues are composed of multiple cell types and the
mtDNA content in a tissue is an average of the mtDNA content in all existing cell
types. The placenta is composed of a complex population of cells [mesenchymal
cells, mesenchymal derived macrophages (Hofbauer cells), fibroblasts, smooth
muscle cells, perivascular cells (pericytes), and endothelial cells] 5. There is a
possibility that placental mtDNA content data is confounded by variation in cell
type distributions and may not reflect true mtDNA content differences, but only
differences in cell type composition. To overcome this caveat, it is necessary to
characterize and explore the effects of cellular heterogeneity in heterogeneous

tissues such as the placenta 1°

. In whole blood, it is possible to correct for
differences in blood composition using algorithms that estimate cell type
proportions %% 187 Currently, there is no algorithm available to estimate the cell
type proportions in placental tissue. However, to minimize the impact of within
placental variability, biopsies used for mtDNA content assays were all taken 1-
1.5 cm below the chorio-amniotic membrane at a fixed location. Care was taken
by visual examination and dissection to avoid the chorio-amniotic membrane
contamination. Histological confirmation of cell type showed no difference in cell
type composition between the fetal samples taken at four standardized sites
across the middle region of the placenta (approximately 4 cm away from the
umbilical cord), nor between the four placentas. Furthermore, although our

results were consistent after multiple adjustments, we cannot exclude that our
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findings were caused by some unknown factor that is associated with prenatal
air pollution exposure, placental mtDNA content and infant growth. Thirdly,
although we used a recently developed statistical mediation method 2!, this
method cannot prove the biological direction (causality); nevertheless, our
formal mediation analysis is based on a predefined hypothesis and is in line with
experimental evidence. Fourthly, as discussed previously, other studies showed
an effect of other air pollutants (such as PM and BC) on mtDNA content. In
INMA, NO, was the only ambient exposure that was available for all regions
during pregnancy and we were not able to account for other exposures.
Therefore, confounding due to co-pollutants (PM, BC, and others) may have
introduced bias in the present study. Nonetheless, NO, is frequently used as a
surrogate for traffic related air pollution because it is considered to be a good
proxy of other pollutants originating from the same sources %8, Finally, we need
to consider that the prenatal NO, exposure assessment was limited to the
residential address of the mothers and did not consider the individual's time
based activity patterns; therefore, the measure of NO, exposure could be
inaccurate for the mothers that stayed outside their living area for a longer time
period. However, there was no significant difference in the associations when we
restricted our analysis to mother who spend > 15 hr/day at home (data not

shown).

In conclusion, this study suggests that prenatal air pollution exposure can lead
to impaired infant growth that is determined by intra-uterine growth.
Additionally, air pollution induced alterations in placental mtDNA, indicating a
biological oxidative stress pathway involving the placenta, might have

consequences to growth up to six months of age.

Acknowledgments and funding

ISGlobal is a member of the CERCA Programme, Generalitat de Catalunya. The
research leading to these results was funded by the Spanish Ministry of Health
(FIS-P111/00610).

74



PRENATAL AIR POLLUTION, INFANT GROWTH, AND MTDNA

Supplementary material

Table S1. Comparison of the characteristics of INMA participants that provided placenta
samples included in this study (n = 336) with those that were not included in this study (n
= 166).

INMA participants that INMA participants that
provided placenta samples provided placenta samples,
included in this study (n = but were not included in this

336) study (n = 166)
Characteristics Mean =+ SD range Mean =+ SD range or
percentage (%6) percentage (%6)

Maternal
Age, years 32.2+3.9 32.1+4.3
Smoking

Never 44.6 46.1

Quit smoking  before 38.1 33.9

week 12

During entire pregnancy 17.3 20.0
Education

Primary school or none 20.2 21.1

Secondary school 45.8 40.7

University 33.9 38.1
Parity

1 54.8 54.5

2 38.1 37.2

>3 7.1 8.3
Pre-pregnancy BMI, kg/m? 23.5+4.3 23.7 £ 4.2
Newborn
Gestational age, weeks 39.9+1.4 39.8+1.3
Sex

Male 50.0 56.2

Female 50.0 43.8
Ethnicity

European 91.1 91.5

Non-European 8.9 8.5

Continuous covariates expressed by mean and standard deviation (SD) (normally

distributed); categorical covariates described by numbers and frequencies (%).
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Table S2. Comparison of the prenatal NO2 exposure (ug/m3) during the different exposure windows of pregnancy and the entire pregnancy of INMA

participants that provided placenta samples included in this study (n = 336) with those that were not included in this study (n = 166).

INMA participants that provided placenta samples included in
this study (n = 336)

INMA participants that provided placenta samples, but were not
included in this study (n = 166)

NO, exposure Mean = SD P5 P25 P50 P75 P95 Mean = SD P5 P25 P50 P75 P95 P-value®
(Hg/m®)

Trimester 1 27.0 = 13.0 5.6 16.8 24.8 34.7 74.2 246+ 11.4 9.6 16.5 21.5 32.0 45.7 0.08
Trimester 2 26.0 = 11.9 5.7 16.7 24.7 32.6 74.7 25.2+9.4 11.1 17.7 25.9 30.2 40.2 0.46
Trimester 3 26.4 =125 5.7 17.0 24.0 33.4 74.4 25.7 + 10.6 11.4 17.9 24.0 29.9 46.5 0.56
Entire pregnancy 26.2 +11.6 5.7 17.4 24.6 33.3 66.7 25.1+9.4 11.1 18.5 24.4 29.7 41.9 0.31

aDifferences between cohorts were assessed using independent t-tests.
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Table S3. Association between maternal NO2 exposure in different exposure periods of

pregnancy and infant growth in a multi trimester model

N Change (26) 959% CI P-value

zHeight at 6 months

NO, Trimester 1 286 -7.65 -15.62, 0.31 0.06

NO, Trimester 2 286 -2.48 -13.05, 8.1 0.64

NO, Trimester 3 286 -4.5 -12.03, 3.03 0.24
zWeight at 6 months

NO; Trimester 1 289 -2.58 -9.19, 4.02 0.44

NO, Trimester 2 289 -1.48 -9.78, 6.83 0.73

NO, Trimester 3 289 0.54 -5.62, 6.70 0.86
zHeight at 1 year

NO, Trimester 1 286 -0.28 -10.81, 10.25 0.96

NO, Trimester 2 286 -1.87 -14.23, 10.48 0.77

NO, Trimester 3 286 -1.09 -11.16, 8.98 0.83
zWeight at 1 year

NO, Trimester 1 289 -3.97 -10.88, -2.94 0.26

NO; Trimester 2 289 -0.5 -9.19, 8.19 0.91

NO, Trimester 3 289 0.67 -5.78, 7.11 0.84

Effect size was estimated for each 10 pg/m® increment in exposure to NO, at each
mother’s residence during the corresponding period;

Models were adjusted for newborn’s sex, maternal age, smoking status, gestational age,
gestational age®, maternal pre-pregnancy BMI, parity, ethnicity, season, education, and

NO, exposure during the other two trimesters.
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Table S4. Association between prenatal NO2 in different exposure periods of pregnancy
and change in weight/length Z-scores between birth and 6émonths/ 1 year of age and

between 6 months and 1 year of age.

N Change (26) 95% CI P-value

Change in weight z-scores

between birth and 6 months of

age
NO, Trimester 1 286 0.38 -0.40, 1.59 0.34
NO, Trimester 2 286 0.47 -0.39, 1.33 0.28
NO, Trimester 3 286 0.24 -0.57, 1.04 0.56
NO; Entire pregnancy 286 0.51 -0.42, 1.43 0.28

Change in weight z-scores

between birth and 1 year of

age
NO, Trimester 1 289 0.13 -0.28, 0.55 0.52
NO, Trimester 2 289 0.22 -0.23, 0.68 0.33
NO, Trimester 3 289 0.11 -0.31, 0.53 0.61
NO; Entire pregnancy 289 0.19 -0.30, -0.68 0.45

Change in weight z-scores

between 6 months and 1 year

of age
NO; Trimester 1 281 -0.11 -0.45, 0.23 0.52
NO, Trimester 2 281 -0.02 -0.39, 0.36 0.92
NO, Trimester 3 281 -0.01 -0.37, 0.34 0.93
NO; Entire pregnancy 281 -0.13 -0.53, 0.28 0.54

Change in length z-scores

between birth and 6 months of

age
NO; Trimester 1 286 -0.23 -1.16, 0.71 0.63
NO, Trimester 2 286 0.32 -0.73, 1.37 0.55
NO, Trimester 3 286 0.19 -0.77, 1.14 0.70
NO; Entire pregnancy 286 0.15 -0.95, 1.25 0.79

Change in length z-scores

between birth and 1 year of

age
NO, Trimester 1 289 0.30 -0.25, 0.95 0.28
NO, Trimester 2 289 0.35 -0.25, 0.95 0.25
NO, Trimester 3 289 0.14 -0.46, 0.73 0.66
NO; Entire pregnancy 289 0.31 -0.35, 0.97 0.36

Change in length z-scores

between 6 months and 1 year

of age
NO; Trimester 1 281 0.80 0.17, 1.43 0.01
NO, Trimester 2 281 0.45 -0.26, 1.16 0.21
NO, Trimester 3 281 0.11 -0.59, 0.8 0.76
NO; Entire pregnancy 281 0.36 -0.41, 1.13 0.36

Effect size was estimated for each 10 pg/m® increment in exposure to NO, at each
mother’s residence during the corresponding period;
Models were adjusted for newborn’s sex, maternal age, smoking status, gestational age,

gestational age?, maternal pre-pregnancy BMI, parity, ethnicity, season, and education
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Table S5. Association between prenatal NO2 in different exposure periods of pregnancy

and birth length, birth weight and placental mtDNA content

Change 95%0 CI P-value

Birth length, cm?

NO; Trimester 1 -0.27 -0.46, -0.08 <0.01

NO, Trimester 2 -0.21 -0.40, -0.01 0.04

NO; Trimester 3 -0.21 -0.40, -0.01 0.03

NO; Entire pregnancy -0.27 -0.49, -0.05 0.01
Birth weight, g

NO; Trimester 1 -61.9 -102.2, -21.7 <0.01

NO; Trimester 2 -61.2 -103.1, -19.3 <0.01

NO; Trimester 3 -58.2 -100.2, -16.1 <0.01

NO; Entire pregnancy -73.4 -120.4, -26.4 <0.01
Placental mtDNA content, %%

NO; Trimester 1 -3.5 -6.5, -0.4 0.03

NO, Trimester 2 -3.9 -7.0, -0.7 0.02

NO, Trimester 3 -3.9 -7.1, -0.7 0.02

NO, Entire pregnancy -4.5 -7.9, -0.9 0.02

Effect size was estimated for each 10 pg/m3 increment in exposure to NO, at each
mother’s residence during the corresponding period;

Models were adjusted for newborn’s sex, maternal age, smoking status, gestational age,
gestational age2, maternal pre-pregnancy BMI, parity, ethnicity, season, and education;

2These results were presented in a previous paper based on the same cohorts *3
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CHAPTER 4

Abstract

Background Telomere length is a molecular marker of aging. Here we
investigated whether leukocyte telomere length (LTL) at 8 years of age was

associated with early life exposure to residential air pollution.

Methods In a multi-centre European birth cohort study HELIX (Human Early-
Life Exposome) (n=1396), we estimated prenatal and postnatal exposure to
nitrogen dioxide (NO,), particulate matter with aerodynamic diameter < 2.5 pm
(PMs 5), and proximity to major roads. Average relative LTL was measured using
real-time polymerase chain reaction (qPCR). Effect estimates of the association
between LTL and prenatal, postnatal and proximity to major roads were
calculated using multiple linear mixed models with a random cohort effect and

adjusted for relevant covariates.

Results LTL was inversely associated with prenatal and postnatal NO, and PM, 5
exposures levels. Childhood leukocyte telomeres for each SD increase in
prenatal NO, was associated with a -1.5% (95% CI -2.8, -0.2) change in LTL.
However, each SD increment in prenatal PM, s was non-significantly associated
with LTL (-0.7%; 95% CI: -2.0, 0.6). For each SD increment in postnatal NO,
and PM, s exposure LTL shortened with -1.6% (95% CI: -2.9, -0.4) and -1.4%
(95% CI: -2.9, 0.1), respectively. Each doubling in residential distance to
nearest major road during childhood was associated with 1.6% (95% CI: 0.02,

3.1) longer LTL.

Conclusion In conclusion, healthy air both during prenatal and postnatal life is
associated with longer telomere length in children. These results suggest that
reductions in traffic related air pollution may promote molecular longevity from

early life onwards.
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Introduction

In the recent update of the Global Burden of Disease, Injuries and Risk Factor
study, air pollution is ranked 5 of a list of the most influential factors affecting
health worldwide ?°. Hypothesis are that oxidative stress and inflammation are
important underlying mechanisms through which air pollutants could cause

adverse health outcomes 4%,

Telomeres are complexes of tandem repeats of DNA (5’-TTAGGG-3’), sited at the
termini of the chromosomes. Telomeres have a significant function in
maintaining the integrity of chromosomes and the stability of the genome, and
prevent end-to-end chromosomal fusions *. Since DNA polymerase is unable to
fully replicate the 3’ end of the DNA strand, telomeres shorten with each cell
division. Consequently, telomere length is considered a biomarker of biological

aging and shorter telomeres have been associated with age-related diseases

68, 169, 170 171

such as cardiovascular disease , type 2 diabetes and increased
mortality 1’217, Furthermore, it is believed that the natural erosion of telomeres

is accelerated through oxidative stress and inflammation 17°.

According to the Developmental Origins of Health and Disease (DOHaD) small
changes in the early life environment shape the future probability of the
development of age-related diseases % 1. The rate of telomere attrition is
greatest in young children *”® and the telomere length decline then continues at
a slower rate throughout adulthood 1’7 Consequently, telomere loss in childhood
is a potential important factor leading to the ultimate telomere length in adults.
Environmental factors might have the greatest effect in childhood when the high

telomere attrition is occurring.

Air pollution exposures may contribute to the aging-phenotype and telomere
length may play a mechanistic role in linking air pollution to age-related
diseases. It is thus important to study the link between early life air pollution
exposure and telomere length in childhood to gain insights in the etiology of
age-related diseases. Here, we assessed, within a multi-centre birth cohort
study in six European countries with a wide range of exposures, the association
between prenatal and postnatal exposure to air pollution as exemplified by

residential nitrogen dioxide (NO,), particulate matter (PM,s), and residential
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proximity to major road, and leukocyte telomere length (LTL) in 8 year old

children.

Methods

Study population and data collection

The Human Early-Life Exposome (HELIX) study is a collaborative project across
six established and ongoing longitudinal population-based birth cohort studies in
Europe: the Born in Bradford (BiB) study in the UK %, the Etude des
Déterminants pré et postnatals du développement et de la santé de I'Enfant
(EDEN) study in France °°, the INfancia y Medio Ambiente (INMA) cohort in
Spain %7, the Kaunus cohort (KANC) in Lithuania °°, the Norwegian Mother and
Child Cohort Study (MoBa) °! and the RHEA Mother Child Cohort study in Crete,
Greece %2, The study population for the entire HELIX cohort includes 31,472
women who had singleton deliveries between 1999 and 2010, and for whom
exposure to ambient air pollution during pregnancy had been estimated as part
of the ESCAPE project %°. Local ethical committees approved the studies that
were conducted according to the guidelines laid down in the Declaration of
Helsinki. All participating women provided informed written consent. The
analysis of this paper made use of the HELIX subcohort that includes mother-
child pairs who were fully characterized for a broad suite of environmental
exposures, to be clinically examined, and to have biological samples collected. A
new follow-up visit was organized for these mother-child pairs. Subcohort
subjects were recruited from within the entire cohorts such that there were
approximately 200 mother-child pairs from each of the 6 cohorts. Subcohort
recruitment in the EDEN cohort was restricted to the Poitiers area and in the
INMA cohort to the city of Sabadell.

Detailed information on maternal age at birth, maternal education, maternal
marital status, smoking status during pregnancy, parity, and maternal ethnicity
from each study participant was obtained by each cohort during pregnancy or at
birth by questionnaire or medical records. The level of maternal education
reported by the participant was used as the primary indicator of SES and

categorized according to the International Standard Classification of Education
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(ISCED) as three levels: “low” (less than primary, primary, and lower
secondary education, ISCED 2011 levels 0-2); “middle (upper secondary and
post-secondary non-tertiary education, ISCED 2011 level 3 and 4); high”
(tertiary education, ISCED 2011 levels 5-8). Maternal smoking status was
categorized as “no active smoking during pregnancy” and “active smoking
during pregnancy”. Child ethnicity was defined for all cohorts and subdivided in
7 different groups (African, Asian, White European, Mixed native-American,
South-Asian, White- not European, or others). Perinatal parameters such as

birth date, and newborn sex were obtained at birth.

Blood collection and DNA extraction

DNA was obtained from buffy coat collected in EDTA tubes. Briefly, DNA was
extracted using the Chemagen kit (Perkin Elmer) in batches of 12 samples.
Samples were extracted by cohort and following their position in the original
boxes. DNA concentration was determined in a NanoDrop 1000 UV-Vis
Spectrophotometer (ThermoScientific) and DNA integrity was tested with Quant-
iT™ PicoGreen® dsDNA Assay Kit (Life Technologies).

Average relative telomere length measurement

Average relative telomere length was measured by a modified qPCR protocol as
described previously 78, Telomere and single copy-gene reaction mixture and
PCR cycles used can be found in Martens et al '’°. All measurements were
performed in triplicate on a 7900HT Fast Real-Time PCR System (Applied
Biosystems) in a 384-well format. On each run, a 6-point serial dilution of
pooled DNA was run to assess PCR efficiency as well as eight inter-run
calibrators to account for inter-run variability. Relative telomere lengths were
calculated using gBase software (Biogazelle, Zwijnaarde, Belgium) and were
expressed as the ratio of telomere copy number to single-copy gene number
(T/S) relative to the average T/S ratio of the entire sample set. We achieved
CV’s within triplicates of the telomere runs, single-copy gene runs, and T/S
ratios of 0.84%, 0.43%, and 6.4%, respectively.
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Exposure assessment

We assessed both prenatal and postnatal air pollution exposure at the residential
address during pregnancy and follow-up). Air pollutants used in this study
included nitrogen dioxide (NO,), and particulate matter with an aerodynamic
diameter of less than 2.5 pm (PM, ). These air pollutants were estimated using
land use regression (LUR) or dispersion models, temporally adjusted to
measurements made in local background monitoring stations and averaged over
trimester 1, trimester 2, trimester 2 and the whole pregnancy period. For most
cohorts, we used site-specific LUR models developed in the context of the
ESCAPE project % 181 |n EDEN, dispersion models were used to assess the NO,

exposure ¥2 and the ESCAPE European-wide LUR model was applied for PM, s,

183 In BiB, PM, s assessment was

corrected for local background monitoring data
made based on the ESCAPE LUR model developed in the Thames Valley region of
the UK and adjusted for background PM levels from monitoring stations in
Bradford 2. Additionally, we collected information on the traffic assessed as
distance to nearest road (m). Postnatal air pollution included annual NO,, and
PM, 5, assessed for the year before the telomere length measurements through
site-specific ESCAPE LUR models for all cohorts except EDEN. In EDEN, a local
dispersion model was used to assess the NO, exposure. Additionally, we
assessed traffic levels as distance to nearest road (m) at the child’s home

residence.

The software used to make the spatial analysis were ArcGIS platform (ESRI
ArcMap TM 10.0, ArcGIS Desktop 10 Service Pack 4) and spatialite v.4.11.

Statistical analysis

We performed multiple imputation using chained equations to account for
missing values of air pollution and potential confounding variables, 20 datasets
were generated and pooled for analyses (Supplemental Materials). LTL showed a
skewed distribution and was therefore log,o transformed to achieve a normal
distribution. Generalized additive models (GAMs) were used to assess the
linearity of the associations between leukocyte telomere length and pre- and
postnatal air pollution exposure. Multiple linear mixed models with a random

cohort effect were applied to test the association between leukocyte telomere
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length at 8 years of age (ranged 5.4 — 12.0 years) and traffic and air pollution
exposures and LTL at age 8 years. All the used models were adjusted for a priori
chosen covariates including child’s age, sex, gPCR batch, maternal age,
maternal education, maternal smoking status during pregnancy, child ethnicity,

child BMI, parental smoking at 8 year, and blood cell type proportions.

In a first step of the analysis, we studied leukocyte telomere length by medians
of the distributions of the exposure variables considered separately. In the next
step, air pollutants were treated as continuous variables and were scaled to a
standard deviation (SD) difference in level for testing associations with leukocyte
telomere length. Distance to nearest road was logl0 transformed to assure
normality. A multiple pollutant models considering simultaneously PM, 5 and NO,
levels in each exposure window were assessed. Finally, we used models that
mutually adjusted for prenatal and postnatal exposure to assess which period

had the largest effect on LTL.

To test whether the results were robust we ran different sensitivity analyses in
which we tested the sex interaction between air pollution exposure and sex on
LTL in children by including its interaction term in the full models. The sensitivity
of the findings was also examined by removing one study at the time form the

analysis and recalculating the estimates.

Analyses were performed using the SAS 9.3 statistical software (SAS Institute
Inc. Cary, NC, USA).

Results

Characteristics of the study population

Table 1 describes the general characteristics of the study population (n = 1396).
643 (46.1%) of the children were girls, were mainly White European (87.4%),
and had a mean (SD) age of 8 (1.5) years. Mean (SD) maternal age at delivery
was 30.5 (4.9) years. 643 (46.1%) of the mothers were highly educated, 635
(45.5%) of the mothers were primiparous and 229 (13.4%) of the mothers
actively smoked during pregnancy. The characteristics for the individual cohorts

are presented in the Supplemental Materials (Table S1).
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Table 1. General characteristics of the complete case study population (n=1396)

Children Mean (SD) or n (26)
Sex
Girls 643 (46.1)
Boys 753 (53.9)
Ethnicity
African 12 (0.9)
Asian 21 (1.5)
White European 1223 (87.4)
Mixed native_American 13 (0.9)
Other 22 (1.6)
South-Asian 79 (5.7)
White not European 26 (1.9)
Cohort
INMA 428 (30.6)
MOBA 213 (15.3)
BIB 205 (14.7)
RHEA 202 (14.5)
KANC 199 (14.3)
EDEN 149 (10.6)
Age at telomere length assessment, years 8.0 (1.5)
Relative telomere length 1.0(0.9-1.1)
zBMI 0.48 (1.2)
Mothers Mean (SD) or n (26)
Age at delivery, years 30.5 (4.9)
Missing 15 (1.1)
Education
Low 219 (15.8)
Middle 480 (34.5)
High 643 (46.2)
Missing 54 (3.5)
Active smoking during pregnancy
No 1121 (83.3)
Yes 229 (13.4)
Missing 46 (3.30)
Parity
1 635 (45.5)
2 498 (35.7)
>3 228 (16.3)
Missing 35 (2.5)
Parental smoking at 8 years
Neither 827 (59.3)
One 394 (28.2)
Both 156 (11.2)
Missing 19 (1.3)

Continuous covariates expressed by mean and standard deviation (SD) or geometric

mean and 25-75th percentile; categorical

frequencies (%0).
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Table 2 displays the average outdoor prenatal and postnatal air pollution
exposures. Average (25-75th percentile) mean prenatal exposure was 25.0
(14.8-32.9) ug/m3, and 15.1 (13.5-16.9) pg/m3, for NO2, and PM2.5
respectively. Average (25-75th percentile) mean postnatal exposure was 23.1
(11.9-32.2) upg/m3, and 13.2 (11.0-15.0) pg/m3, for NO2, and PM2.5
respectively. Prenatal and postnatal NO2 were highly correlated, whereas a
similar analysis for PM2.5 showed a moderate correlation (Table 2). The
exposure characteristics for the individual cohorts are presented in the

Supplemental Materials (Table S2).

Table 2. Exposure characteristics of the complete case study population (ug/m3)

Correlation®
Percentiles
Prenatal Postnatal
n Mean + SD 5th 25th 50th 75th 95th
NO,
Prenatal 1237 25.0 +£13.9 9.6 14.8 20.4 32.9 51.4 1
Postnatal 1366 23.1+12.2 7.3 11.9 23.3 32.2 42.2 0.74* 1
PM; s
Prenatal 1307 15.1+2.6 10.7 13.5 15.0 16.9 19.6 1
Postnatal 1366 13.2 + 3.3 7.3 11.0 13.3 15.0 19.1 0.48* 1

Continuous variables expressed by mean and standard deviation = SD
a8Spearman correlation coefficient between prenatal and postnatal exposure
*P-value < 0.0001

Association between leukocyte telomere length and maternal and child

characteristics

We observed shorter LTL in boys compared to girls (0.98 vs 1.02, p<0.0001),
while LTL was within our narrow age range not significantly correlated with
child”s age (r = -0.038, P= 0.15). Shorter LTL in children were associated with
higher child BMI (r = -0.073; P = 0.007). Childs telomere lengths was positively
associated with maternal age (r = 0.09, P= 0.0006).
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Association between leukocyte telomere length at age of 8 years and

prenatal and postnatal air pollution

Figure 1 shows the GAMs of the different associations. The GAMs did not show

non-linearity (p-gain > 0.05).
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Figure 1. GAM models show the linear relation between (A) Prenatal NO, exposure

(Mg/m3) during the entire pregnancy and child leukocyte telomere length, (B) Postnatal

NO, exposure (ug/m3) and child leukocyte telomere length, and (C) PM.s exposure

(ug/m3) during the entire pregnancy and child leukocyte telomere length (D) Postnatal

PM, s exposure (ug/m3) during the entire pregnancy and child leukocyte telomere. Models

were adjusted for child’s age, sex, gPCR batch, maternal age, maternal education,

maternal smoking status during pregnancy, child ethnicity, child BMI, parental smoking at

8 year, and blood cell type proportions

Table 3 presents categorical analysis for comparing high (above median) versus

low pre- or postnatal exposure (below median) in association with childhood LTL.
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Prenatal NO, above the median were associated with 3.0% (95% CI: -5.2, -0.8)
shorter telomeres compared with the exposure below the median. Additionally,
postnatal PM, s exposures were associated with 3.0% (95% CI: -5.3, -0.6)
shorter telomeres in the group exposed above 13.3 pg/m3 compared with the
group below this value (Table 3). We did not observed a significant association

between LTL and prenatal PM, 5 or postnatal NO, exposure.

Table 3. Leukocyte telomere length in association with categorized pre- and postnatal

ambient air pollution.

% Change (95% CI) p-value
Prenatal
NO, < 20.5 pg/m3 Ref
= 20.5 pg/m3 -3.0 (-5.2 to -0.8) 0.008
PM;5s < 15.0 ng/m=3 Ref
= 15.0 ug/m3 -0.9 (-3.1to 1.4) 0.43
Distance to nearest road > 150 m Ref
< 150 m -1.7 (-4.6 to 1.3) 0.26
Postnatal
NO, < 23.5 pg/ms3) Ref
= 23.5 ug/m3 -1.8 (-4.2 to 0.67) 0.15
PMz5< 13.3 pg/ms3 Ref
= 13.3 pg/m3) -3.0 (-5.3 to -0.62) 0.01
Distance to nearest road > 150 m Ref
< 150 m) -1.9 (-4.0 to 0.31) 0.09

Models were adjusted for child’s age, sex, QPCR batch, maternal age, maternal
education, maternal smoking status during pregnancy, child ethnicity, child BMI, parental

smoking at 8 year, and blood cell type proportions.

Figure 2 presents the estimates of the continuous association between a SD
increment in prenatal (different trimesters and whole pregnancy) and postnatal
air pollution exposure and LTL in 8 year-old children. Leukocyte telomere length
was statistically significantly and inversely associated with NO, exposure during
pregnancy (-1.5%; 95% CI: -2.8, -0.2) but not with PM, s exposure (-0.7%;
95% CI: -2.0, 0.6). Similarly, a SD increment in postnatal NO, was associated
with statistically significant shorter leukocyte telomere length (-1.6%; 95% CI: -
2.9, -0.4) at age 8 years. Furthermore, postnatal PM, s was inversely (-1.4%;
95% CI: -2.9, 0.1) associated with telomere length at age 8 years, although this

was only borderline statistically significant. Doubling of the residential proximity
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to nearest road during pregnancy was not significantly associated with childhood
telomere length (0.2%; 95% CI: -1.3, 1.6), whereas, a doubling in residential
proximity to nearest road in postnatal life was associated with a significant
longer childhood telomere length (1.6%; 95% CIl: 0.02, 3.1) (Figure 2).

m PMj3s

4 Distance to nearest
road

2

=]

Trimester 1 Trimester 2 Trimester 3 Entire pregnancy Postnatal

Figure 2. The association leukocyte telomere length between prenatal (trimester specific
and whole pregnancy)/postnatal traffic-related air pollution/distance to nearest road and in
8-year old children; Effect size (% change with 95%Cl) was estimated for each SD
increment in exposure to NO,, and PM; s and doubling in distance to nearest road; Models
were adjusted for child’s age, sex, gPCR batch, maternal age, maternal education,
maternal smoking status during pregnancy, child ethnicity, child BMI, parental smoking at

8 year, and blood cell type proportions

Ambient air pollutants (NO,, and PM, s) were weakly correlated with each other
((r = 0.20, p < 0.0001; r = 0.15, p < 0.0001) for prenatal and postnatal
exposure, respectively). Therefore, multi-pollutant models which included both
NO,, and PM, 5 did not alter interpretation of the results (Table 4). Prenatal and
postnatal NO, were highly correlated, whereas a similar analysis for PM, 5
showed a moderate correlation (Table 2), therefore it is difficult to distinguish
the effects of prenatal and postnatal air pollutants. However, results from
models that mutually adjusted for prenatal and postnatal exposure suggest that
the effects on telomere length were due to postnatal rather than prenatal

exposure (Table 5).
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Table 4. Association between leukocyte telomere length and traffic-related air pollution

exposure and in a multi-pollutant model

%% Change (95% CI) p-value
Prenatal exposure?
NO, -1.9 (-3.3 to -0.6) 0.006
PM, 5 -0.6 (-1.8 to 0.6) 0.3
Postnatal exposure®
NO, -1.5 (-2.7 to -0.4) 0.01
PM, 5 -1.5 (-3.2 t0 0.2) 0.1

Effect size was estimated as a % change in LTL for each SD increment in ambient air
pollution exposure; SD prenatal NO, = 13.9 pg/m?, SD postnatal NO, = 12.2 pg/m?®, SD
prenatal PM, s = 2.6 ug/m?®, SD postnatal PM, s = 3.3 pg/m?®

®Model included both average entire pregnancy NO, and PM, s exposure terms

®PModel included both average year NO, and PM, s exposure terms prior to LTL assessment
Models were adjusted for child’s age, sex, gPCR batch, maternal age, maternal
education, maternal smoking status during pregnancy, child ethnicity, child BMI, parental

smoking at 8 year, and blood cell type proportions

Table 5. Association between traffic-related air pollution exposure and telomere length in a

multi time window model

% Change 95% CI p-value
NO,?
Whole pregnancy -0.69 -2.65,1.32 0.5
Postnatal -1.16 -2.96,0.67 0.21
PM, 5"
Whole pregnancy 0.29 -1.35,1.95 0.73
Postnatal -1.61 -3.59,0.42 0.12

Effect size was estimated as a % change in LTL for each SD increment in ambient air
pollution exposure; SD prenatal NO, = 13.9 pg/m®, SD postnatal NO, = 12.2 ug/m3, SD
prenatal PM, s = 2.6 ug/m?®, SD postnatal PM, 5 = 3.3 pg/m?®

®Model included both average entire pregnancy NO, and postnatal NO, terms

®PModel included both average entire pregnancy PM,s and postnatal PM, s terms

Models were adjusted for child’s age, sex, gPCR batch, maternal age, maternal education,
maternal smoking status during pregnancy, child ethnicity, child BMI, parental smoking at 8

year, and blood cell type proportions
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Sensitivity analyses

Interaction tests showed that the interaction of air pollution exposure with sex
was not significant for the different models (data not shown). The sensitivity of
the significant findings was further examined by removing one cohort at the
time from the analyses and recalculate the % change in telomere length. The %
change in telomere length for each increment in prenatal NO, exposure
increased to -3.4% when INMA was excluded and to -1.7% when RHEA was
excluded, while excluding MOBA lead to a drop in % change in telomere length
off -1.1%. Excluding BIB, KANC or EDEN did not change our reported % changes
in telomere length. Additionally, the % change in telomere length for each
increment in postnatal NO, exposure increased to -2.1% when INMA was
excluded and to -1.8% when KANC was excluded, while excluding BIB, RHEA or
EDEN lead to a drop in % change in telomere length of -1.2%, -0.9% and -
1.4%, respectively. Excluding MOBA did not alter our reported % changes in

telomere length.

Discussion

The present study, including 6 populations across Europe, is so far the largest
study of air pollution exposure and LTL in children. Here we showed that
prenatal (entire pregnancy) and postnatal (1 year prior blood collection) traffic
related air pollution were associated with shorter leukocyte telomeres in
children. For each SD increment in prenatal NO, (13.9 ug/m3) LTL were -1.5%
shorter in children. Additionally, for each SD increment (12.2 ug/m3, 3.3
ug/m3) in postnatal NO, and PM, 5 exposure LTL was -1.6% and -1.4% shorter,

respectively.

Recent epidemiological studies showed an association between air pollution and

adverse health outcomes, including cardiovascular and respiratory diseases ** %

184, 185 | ong-term exposure to traffic-related air pollution is associated with
premature mortality. A study from Norway reported an increase of 18% in male
all-cause mortality based on a comparison of the lowest to the highest quartile
of exposure in ambient residential nitrogen oxides (NO,) %¢. A Canadian study

187 showed that persons with a close residential proximity to major road (buffers
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of 50 m around major urban roads and 100 m from highways) had mortality rate
advancements of 2.5 years and a significant increase in all-cause mortality of
18%. The European ESCAPE analysis found a significantly increased hazard
ratio of 1.07 (95% Cl: 1.02, 1.13) for natural-cause mortality per 5 pg/m?®

increment in PM,s exposure %4

Conversely, improvements in air pollution
parallel increases in the US population life-expectancy which could not be

attributed to demographic or social economical changes 8.

The biological mechanisms by which air pollutants may cause adverse health
outcomes are not completely understood, but oxidative stress and inflammation
are thought to be of importance. The ability of oxidative stress to damage
nucleic acids provides a potential mechanism by which oxidative stress could
interfere with telomere DNA 89 It is assumable that telomeres are a sensitive
target for ROS-induced damage, as telomeres contain a high amount of ROS
sensitive guanine bases!®®. ROS can induce DNA breakage, and single strand
breaks in telomeric DNA is ineffectively repaired, leading to increased telomere

shortening °%.

We found a significant inverse association between prenatal and postnatal air
pollution exposure and telomere length at 8 year of age. Our findings of prenatal
exposure and LTL in children are in line with studies in newborns 1°% 1% |n the
East Flanders Prospective Twin Survey, maternal residential proximity to a major
road was associated with placental telomere length: a doubling in the distance
to the nearest major road was associated with 5.32% longer placental telomere
length at birth 92, In 641 newborns of the ENVIRONAGE birth cohort, cord blood
and placental telomere length were significantly inversely associated with PM, 5
exposure during mid-gestation with approximately 8.8% and 13.2% shorter cord
blood and placental telomere length at birth for each 5 pg/m=3 increase in

193 we found that the association

residential PM, s exposure, respectively
between telomere length and exposure to air pollution is persistent into
childhood and in addition postnatal air pollution exposure adds upon this effect.

In contrast to our current study and previous studies *°> 19419

, a study of school
children in London reported that annual air pollution exposure was associated
with longer telomeres in saliva, DNA coming from a mixture of different cell
types °’. The authors suggested that these increases in telomere length may be

due to the effect on telomere associated proteins, telomerase activation, or
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198, 199

clonal expansion of less mature leukocytes or it could also be due to

difficulties in measuring telomeres in the saliva matrix.

How do our results in childhood compare to the evidence in adults? The
Normative Aging Study found an inverse association between long-term
exposure to ambient black carbon (BC) and telomere length in adulthood (-7.6%
for each 0.25 pug/m3 increment in BC; 95% Cl: -12.8, -2.1)'°*. A cross-sectional
study on traffic officers and indoor office workers found that traffic officers (LTL
= 1.02; 95% CI: 0.96-1.09) had shorter leukocyte telomeres than did office
workers (LTL = 1.22; 95% CI = 1.13-1.31), suggesting that long-term exposure
to traffic related air pollution may shorten telomere length °°. Furthermore, a
study in the KORA F4 cohort found that telomere length was inversely
associated with black carbon in men (B = —0.28; 95% CI = —0.47, —0.1)2%.

Traffic related air pollution in the early life environment as exemplified by
residential ambient NO, exposure both prenatal and during childhood may
increase the risk for chronic diseases in adulthood. Indeed, although telomeres
of children are long compared with adults, shortening due to early life exposure
to air pollution may decrease the buffer capacity to cope with inflammation and
oxidative stress later in life and therefore it is reasonable to assume that it
might lead to faster shortening of critical telomere length at older age. We were
not able to estimate the effects of our decline based on absolute values of
telomere length, since we used a real-time PCR method that cannot provide
these absolute values. Nevertheless, an estimation can be based on available
data in the literature. In young adulthood telomere length are on average 8 kb
201 and the annual telomere loss in adult leukocytes is between 32.2 and 45.5 bp
202 prenatal NO, exposures by the median (20.5 pg/m3) was associated with a
3.0% (95% ClI: 5.2, -0.8) shorter telomeres in the group exposed above 20.5
pg/m3 compared with the group below this value. This reduction of 3.0%
corresponds to a reduction of 240 bp indicating that this effect-size of 3.0%
shortening is equivalent to a loss of 5.3 to 7.4 years (based on telomere
attritions of 32.2-45.5 bp per year). Taken together this illustrates the public
health significance of our findings, as based on telomeric year equivalence in
adulthood, children from mothers exposed above the median during pregnancy

were biologically (in terms of telomere shortening) approximately 6 years older.
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Our study needs to be interpreted within the context of its potential limitations.
Firstly, the traditional method to determine telomere length is telomere
restriction fragment (TRF) analysis. In this study we used a real-time PCR
method which has, in general, a higher assay variability compared to the TRF
method 2°% 2°4_ However, an inter-laboratory comparison of our method showed
that the coefficient of variation was less than 7%. Secondly, the assessment of
telomere length at 8 year of age represents only a snapshot in childhood. We
were not able to evaluate telomere dynamics throughout the entire pregnancy
and the childhood period. Thirdly, paternal age exerts a considerable effect on
child telomere length 205 however, this data was not available in our cohorts.
Fourthly, we only looked at 2 exposure periods during the child’s life including
exposure in utero and the recent postnatal life (one year before assessment of
telomere length). However, the exposures in these periods were highly
correlated and therefore difficult to distinguish. Finally, our results are based on
exposure at the home address, and potential misclassification may be present
because we could not account for other exposure sources that contribute to
personal exposure, such as exposure during commute, at work or school, and

elsewhere.

In conclusion, in a large multicenter European cohort we showed that traffic
related air pollution exposure in early life is associated with childhood telomere
length . Our evidence of biomolecular harm helps to elucidate causal pathways
between air pollution and later adverse health outcomes and suggests that
reduction of traffic related air pollution levels may promote molecular longevity

from early life onwards.
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Supplemental material

Supplemental Table S1. General characteristics of

stratified by cohort

the complete case study population

INMA MOBA BIB RHEA KANC EDEN

(n=428) (n=213) (n=205) (n=199) (n=202) (n=149)
Children
Sex
Girls 206 (48.13) 98 (46.0) 93 (45.37) 89 (44.72) 92 (45.54) 65 (43.6)
Boys 222 (51.87) 115 (54.0) 112 (54.63) 110 (55.28) 110 (54.46) 84 (56.4)
Ethnicity
African 5(1.17) 0 (0.0) 7 (3.41) 0 (0.0) 0 (0.0) 0 (0.0)
Asian 2 (0.47) 6 (2.9) 13 (6.34) 0 (0.0) 0 (0.0) 0 (0.0)
White European 380 (88.32) 204 (95.7) 89 (43.41) 199 (100.0) 202 (100.0) 149 (0.0)
Mixed native
American 11 (2.57) 2 (1.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Other 4 (0.93) 1 (0.4) 17 (8.29) 0 (0.0) 0 (0.0) 0 (0.0)
South-Asian 0 (0.0) 0 (0.0) 79 (38.54) 0 (0.0) 0 (0.0) 0 (0.0)
White not
European 26 (6.07) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Gestational age,
weeks 39.9+14 401+17 39.7+18 384+14 394+13 398=*1.7
Child age, years 9.02 + 0.65 8.5+ 0.5 6.6 + 0.2 6.5 + 0.3 6.5 + 0.5 10.8 = 0.6
Mothers
Age at delivery 31.5+x42 32.8 £ 3.7 28.6 5.8 30.9+4.8 28.57 5.0 30.7%x5.0
Missings 1(0.2) 6 (2.8) 1 (0.5) 2 (1.0) 2 (1.0) 0 (0.0)
Education
Low 99 (23.1) 0 (0.0) 88 (42.9) 9 (4.5) 12 (5.9) 11 (7.4)
Middle 174 (40.7) 41 (19.2) 31 (15.1) 111 (55.8) 69 (34.2) 55 (36.9)
High 141 (32.9) 164 (77.0) 64 (31.2) 79 (39.7) 116 (57.4) 83 (55.7)
Missings 14 (3.3) 8 (3.8) 22 (10.7) 2 (1.0) 5 (2.5) 3 (2.0)
Active smoking
during
pregnancy

109
Yes (225.46) 9 (4.4) 25 (12.2) 43 (21.6) 13 (6.44) 31 (20.8)
No 311 (72.66) 198 (91.6) 157 (76.6) 156 (78.4) 184 (91.09) 118 (79.2)
Missings 8 (1.87) 9 (4.4) 23 (11.2) 1 (0.5) 5 (2.5) 0 (0.0)
Parity
1 230 (53.7) 93 (43.7)) 83 (40.5) 74 (37.2) 84 (41.6) 71 (47.7)
2 165 (38.6) 86 (40.4) 52 (25.4) 85 (42.7) 59 (29.2) 51 (34.2)
>3 28 (6.5) 28 (13.1) 56 (27.3) 35 (17.6) 54 (26.7) 27 (18.1)
Missings 5 (1.2) 6 (2.8) 14 (6.8) 5 (2.5) 5 (2.5) 0 (0.0)
Continuous covariates expressed by mean and standard deviation + SD; categorical

covariates described by number and frequencies (%0).
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Supplemental Table S2. Exposure characteristics of the complete case study

population stratified by cohort

Percentile

n Mean SD 5th 25th 50th 75th 95th
INMA
NO, Prenatal 351 43.23 11.17 24.55 36.08 43.24 49.07 60.83
NO, Postnatal 401 33.04 11.81 11.74 26.83 354 40.69 50.18
PM, 5 Prenatal 351 15.08 1.72 12.3 14.1 14.97 15.98 17.86
PM, s Postnatal 401 13.31 1.72 10.47 12.66 13.3 13.88 15.7
MOBA
NO; Prenatal 206 20.51 7.67 11.17 14.49 18.52 25.24 36.31
NO, Postnatal 207 26.2 5.41 19.35 22.72 25.44 29.59 33.6
PM; 5 Prenatal 207 12.06 2.22 8.13 10.47 12.12 13.53 15.94
PM, s Postnatal 207 8.12 1.61 5.95 7.06 7.77 9.06 11.13
BIB
NO, Prenatal 205 20.79 3.43 15.66 18.43 20.61 23.12 26.71
NO, Postnatal 205 31.6 3.93 26.68 28.61 31.29 33.67 38.11
PM; 5 Prenatal 205 14.37 1.78 11.49 13.28 14.18 15.48 17.5
PM, s Postnatal 205 14.39 1.2 12.66 13.58 14.23 15.12 16.44
RHEA
NO; Prenatal 199 12.14 4.21 8.34 9.28 11.19 12.8 21.83
NO, Postnatal 199 10.99 3.47 7.66 6.87 10.09 12.05 18.72
PM, 5 Prenatal 199 14.49 1.24 12.95 12.95 14.39 15.26 16.99
PM, s Postnatal 199 14.09 1.86 11.71 12.83 13.63 15.12 17.47
KANC
NO, Prenatal 195 18.53 3.74 13.42 15.94 17.83 20.67 24.79
NO, Postnatal 194 13.99 2.51 10.05 12.51 13.99 15.21 17.8
PM; 5 Prenatal 195 17.61 2.44 13.49 15.78 17.98 19.09 20.93
PM, s Postnatal 194 18.29 1.6 15.28 17.58 18.28 19.34 20.68
EDEN
NO; Prenatal 80 15.06 5.16 9.94 11.65 13.38 17.32 24.28
NO, Postnatal 148 8.3 1.96 6.44 6.74 7.71 9.13 12.56
PM, 5 Prenatal 149 18.09 1.54 15.52 17.12 18.09 18.99 20.87
PM, s Postnatal 148 10.68 0.44 10.17 10.39 10.62 10.87 11.38
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Abstract

Introduction Telomere length is considered a biomarker of biological aging.
Shorter telomeres and obesity have both been associated with age-related
diseases such as cardiovascular disease and type 2 diabetes. Moreover, shorter
telomeres have been associated with obesity in adults but information is lacking
in children. In this study, we evaluated the association between various

maternal and child indices of obesity with telomere length in childhood.

Methods In 1,396 mother-child pairs of the multi-centre European birth cohort
study HELIX, maternal pre-pregnancy body mass index (BMI) and 4 adiposity
markers were assessed in children at age 8 years (6-11): BMI, fat mass from
bioimpedence measurements, waist circumference, and skinfold thickness
determined as the sum of subscapular and triceps skinfold thickness. Relative
leukocyte telomere length (LTL) was measured by real time polymerase chain
reaction (gPCR). Associations of telomere length with each adiposity marker (z-
scores) were calculated using linear mixed models with a random cohort effect
adjusted for relevant covariates (i.e.; maternal education, child’s age, sex, batch
effect, birth weight, and child’s ethnicity).

Results For each unit (1 kg/m2) increment in maternal pre-pregnancy BMI, the
child’s LTL was 0.23% shorter (95% confidence interval, Cl: 0.01, 0.46%). Each
unit increase in child BMI z-score was associated with 1.21% (95% CI: 0.30,
2.11%) shorter LTL. Adding maternal pre-pregnancy BMI and child BMI in the
same model did not substantially change our reported associations for child BMI
but did alter the associations for maternal BMI. Inverse associations of
borderline statistical non-significance were observed between child waist
circumference and LTL (-0.96% per z-score unit; 95% CI: -2.06, 0.16%), and
skinfold thickness and LTL (-0.10% per z-score unit; ; 95% CI: -0.23, 0.02%).

Conclusion Obesity markers in children or their mothers are associated with
shorter telomere length in children around age 8. Furthermore, child BMI was
more strongly associated with shorter telomere length than maternal pre-
pregnancy BMI. Obesity may accelerate telomere shortening in children and thus

may accelerate cellular aging.
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Introduction

206, 207

There is a major global obesity epidemic . Obesity is a risk factor for

increased morbidity and mortality in adulthood. Obesity has been consistently

associated with increased systemic inflammation and oxidative stress 208 209

76, 210

which are also causes of telomere shortening in cells . Telomeres are

nucleoprotein structures containing tandem repeats of DNA (5-TTAGGG-3’),

211 Telomeres function in

situated at the termini of the chromosomes
maintaining the integrity of chromosomes and the stability of the genome, and
to prevent end-to-end chromosomal fusions %'2. Telomeres shorten with each
cell division because DNA polymerase is unable to fully replicate the 3’ end of
the DNA strand. Consequently, telomere length is considered a biomarker of

biological aging. Shorter telomeres have been associated with age-related

68, 169, 170 171

diseases such as cardiovascular disease , type 2 diabetes and

increased mortality 1’2174, Telomere length variability and attrition rate has been
explained by heritability and by different environmental determinants 5% 213-216
In studies with adult subjects, obesity and other pro-inflammatory risk factors

155, 216-219
h . In

have been associated with shorter leukocyte telomere lengt
children, however, case-control studies of telomere length and childhood obesity
have produced conflicting results, with some showing that obesity is related to

shorter telomeres but others finding no association 220-222,

Recent findings have shown that newborn telomere length may be influenced by
several intrauterine effects, such as air pollution exposure 193 223-227
Additionally, Martens et al (2016) showed that pre-pregnancy BMI is associated

with shorter newborn cord blood and placental telomeres 7°.

176 and telomere

The rate of telomere attrition is greatest in young children
length decline, then continues at a slower rate throughout adulthood 7.
Consequently, telomere loss in childhood is a potentially important factor
determining telomere length in adults, but little is known about the
environmental exposures that impact on telomere attrition and molecular
longevity during early life. The aim of the present study was to evaluate the
effects of maternal pre-pregnancy BMI and child obesity parameters on telomere

length measured in children approximately aged 8 years. These analyses were
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carried out in a multi-centre European birth cohort study in six different

European countries.

Methods

Study population and data collection

The Human Early-Life Exposome (HELIX) study °°

represents a collaborative
project across six established and ongoing longitudinal population-based birth
cohort studies in Europe: the Born in Bradford (BiB) study in the UK °8, the
Etude des Déterminants pré et postnatals du développement et de la santé de
I’Enfant (EDEN) study in France °°, the INfancia y Medio Ambiente (INMA) cohort
in Spain %/, the Kaunus cohort (KANC) in Lithuania 1%, the Norwegian Mother
and Child Cohort Study (MoBa) !°! and the RHEA Mother Child Cohort study in
Crete, Greece %2, The analysis of this paper made use of the HELIX subcohort.
Eligibility criteria for inclusion in the subcohort were: a) age 6-11 years at the
time of the visit, with a preference for ages 7-9 years if possible; b) sufficiently
stored pregnancy blood and urine samples available for analysis of prenatal
exposure biomarkers; ¢) complete address history available from first to last
follow-up point; d) no serious health problems that may affect the performance
of the clinical testing (e.g. spirometry). Finally we focused on mother-child pairs
with complete study-questionnaire and clinical examination data, and urine and

blood samples (n = 1396).

Local ethical committees approved the studies that were conducted according to
the guidelines laid down in the Declaration of Helsinki. All participating women

provided informed written consent.

Each cohort collected detailed information on maternal age at birth, maternal
education, maternal marital status, smoking status during pregnancy, parity,
and maternal ethnicity from each study participant during pregnancy or at birth
by questionnaire or medical records. The level of maternal education reported by
the participant was used as the primary indicator of SES and categorized
according to the International Standard Classification of Education (ISCED) 22°
as three levels: “low” (Less than primary, primary, and lower secondary

education, ISCED 2011 levels 0-2); “middle (Upper secondary and post-
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secondary non-tertiary education, ISCED 2011 level 3 and 4); high” (Tertiary
education, ISCED 2011 levels 5-8). Maternal smoking status was categorized as
“no active smoking during pregnancy” and “active smoking during pregnancy”.
Maternal ethnicity was defined for all cohorts and subdivided in 7 different
groups (African, Asian, White European, mixed native-American, South-Asian,
White- not European, or others). Perinatal parameters such as birth date, and

newborn sex were obtained at birth.

Blood collection and DNA extraction

Buffy coat was collected in EDTA tubes. Leukocyte DNA was extracted using the
Chemagen kit (Perkin Elmer) in batches of 12 samples. Samples were extracted
by cohort and ultimately DNA concentration was determined in a NanoDrop 1000
UV-Vis Spectrophotometer (ThermoScientific) and with Quant-iT™ PicoGreen®
dsDNA Assay Kit (Life Technologies).

Average relative telomere length measurement

Average relative telomere length was measured by a modified gPCR protocol as
described previously 8. Telomere and single copy-gene reaction mixture and
PCR cycles used can be found in Martens et al ’°. All measurements were
performed in triplicate on a 7900HT Fast Real-Time PCR System (Applied
Biosystems) in a 384-well format. On each run, a 6-point serial dilution of
pooled DNA was run to assess PCR efficiency as well as eight inter-run
calibrators to account for the inter-run variability. Relative telomere lengths
were calculated using gBase software (Biogazelle, Zwijnaarde, Belgium) and
were expressed as the ratio of telomere copy number to single-copy gene
number (T/S) relative to the average T/S ratio of the entire sample set. We
achieved CV’s within triplicates of the telomere runs, single-copy gene runs, and

T/S ratios of 0.84%0, 0.43%, and 6.4%, respectively.

Obesity parameters

Maternal anthropometrics included maternal pre-pregnancy BMI. Maternal height

was measured and pre-pregnancy weight reported by the mother at the first
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trimester visit; these were used to calculate pre-pregnancy BMI (kg/m?). In
adults, a BMI value within the range of 18.5-24.9 is categorized as normal,
25.0-29.9 as overweight and = 30 as obese. In children from 5-19 years, a
BMI-for-age value within the range of -2SD and +1SD is categorized as normal,
within +1SD and +2SD as overweight and > 2SD as obese °°. Child’s
anthropometrics included child’s BMI, waist circumference, skinfold thickness
and fat mass. Briefly, height (cm) and weight (kg) were measured without shoes
and with light clothing. World Health Organization reference curves were used to
calculate age standardized z-scores for BMI, for each child adjusted for sex and

exact age *°

. Waist circumference (cm) was measured with the child in a
standing position using standardized procedures. Measurements were taken in
direct contact with the skin at the top of the iliac crests, during minimal
respiration. Waist circumference was standardized using internal z-score for age
and sex. Skinfold thickness was measured to the nearest 0.1 mm at four points
(triceps, subscapular, suprailiac, and quadriceps) following standardized
procedures. The sum of skinfold thickness of two points (subscapular and
triceps) has been found to be more sensitive and thus was used in this study.
This sum was standardized using internal z-score for age and sex.
Measurements of bioimpedence were taken by placing electrodes on cleaned
skin. Fat free mass was estimated based on a multiracial equation recently
developed for children based on impedance values. From this equation body fat
mass in kg was calculated. Fat mass was standardized using internal z-score for

age and sex.

Statistical analysis

Continuous data were checked for normality. Average relative telomere lengths
showed a skewed distribution and were log;o transformed to improve normality.
The obesity parameters were treated as both continuous (z-score unit) and
categorical variables in models evaluating associations with telomere length.
Generalized additive models (GAMs) were used to assess the linearity of the
associations between the obesity parameters (maternal pre-pregnancy BMI,
child’s BMI, waist circumference, skinfold thickness and fat mass) and telomere
length. Multivariable linear mixed models with a random cohort effect were used

to address the different associations. All analyses were adjusted for a priori
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chosen covariates including maternal education, maternal age at birth, child’s
age in days, sex, batch (2 categories), cohort, child’s ethnicity, birth weight,
maternal smoking during pregnancy, and blood cell type proportions. We
performed multiple imputation using chained equations to account for missing
values of potential confounding variables, 20 datasets were generated and

pooled for analyses (Supplemental Materials).

In a first sensitivity analysis we used the complete data instead of the imputed
data for our initial analyses. Additionally we used a model that included both
maternal pre-pregnancy BMI and child BMI as explanatory variables. Further, we
stratified our analysis of the associations between child BMI and leukocyte

telomere length by maternal BMI group.

All the mixed models were performed using the SAS 9.3 statistical software
(SAS Institute Inc. Cary, NC, USA).
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Results

Characteristics of the study population

Table 1 describes the general characteristics of the study population (n =
1,396). The children had a mean (SD) age of 8 (1.5) years, 753 (563.9%) were
boys, they were mainly from white European origin (87.4%) and they had a
mean (SD) BMI of 17.1 (2.7) kg/m2. Mean (SD) maternal age at delivery was
30.5 (4.9) years and mean (SD) maternal pre-pregnancy BMI was 24.9 (5.1)
kg/m=2. A total of 643 (46.1%) mothers were highly educated, 635 (45.5%) of
the mothers were primiparous and 229 (13.4%) of the mothers actively smoked
during pregnancy. The characteristics for the individual cohorts are presented in
the Supplemental Materials (Table S1). In summary, BIB had the lowest
percentage of children of white European origin (43%). The children in BIB,
RHEA and KANC were the youngest (approximately 6.5 years), while the
children in EDEN were the oldest (10.8 + 5.8 years). The children in INMA had
the highest BMI (18.1 %= 3.0 kg/m?), whereas children in BIB had the lowest BMI
(16.0 = 2.0 kg/m2). Mothers in MOBA were the oldest (32.8 + 3.7 years) and
were highly educated (77.0%) whereas mothers in BIB were the youngest (28.6
+ 5.8 years) and lower educated (42.9%). Additionally mothers in BIB had the
highest pre-pregnancy BMI (28.3 = 5.3 kg/m2), while mothers in MOBA had the
lowest pre-pregnancy BMI (22.6 = 3.1 kg/m?2).

Table 2 shows the correlations between the different obesity parameters.
Maternal pre-pregnancy BMI was significantly correlated with the different child
obesity parameters. Child obesity parameters were highly associated with one

another.
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Table 1. General characteristics of the complete case study population

Mean (SD) or n (%0)

Children
Sex
Girls
Boys
Ethnicity
African
Asian
White European
Native_American
Other
South-Asian
White_not European
Cohort
INMA
MOBA
BIB
RHEA
KANC
EDEN
Gestational age
Missings
Age, years
BMI, kg/m=
Relative telomere length

643 (46.1)
753 (53.9)

12 (0.9)
21 (1.5)
1220 (87.4)
13 (0.9)
22 (1.6)
79 (5.7)
26 (1.9)

428 (30.7)
213 (15.3)
205 (14.7)
202 (14.5)
199 (14.3)
149 (10.7)
39.6 + 1.6
12 (0.9)
8.0%+1.5
17.1%2.7
1.0 (0.9 — 1.1)

Mothers
Age at delivery 30.5+4.9
Missings 15 (1.1)
Pre-pregnancy BMI, kg/m=2 249 +5.1
Education
Low 219(15.8)
Middle 480 (34.4)
High 643 (46.1)
Missings 54 (3.4)
Parity
1 635 (45.5)
2 498 (35.7)
>3 228 (16.3)
Missings 35 (2.5)

Continuous covariates expressed by mean and standard deviation (SD) or geometric

mean and 25-75th percentile; categorical covariates described by frequencies (%0).
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Table 2. Correlations between the different obesity parameters

Maternal pre- BMI z- Fatmass z- Waist Skinfold z-
pregnancy BMI score score circumference score
z-score

Maternal pre-

pregnancy BMI

BMI z-score 0.27*

Fatmass z-score 0.24* 0.81*

Waist

circumference z-

score 0.22* 0.82* 0.81*

Skinfold z-score 0.15* 0.77* 0.75* 0.71*

2Spearman correlation coefficient between the different obesity parameters

*P-value < 0.0001

Association between obesity parameters and telomere length

Leukocyte telomere length was consistently lower in children with mothers who
had a higher pre-pregnancy BMI (Table 3). Figure 1 shows the linear relationship
of the association between child telomere length and maternal pre-pregnancy
BMI and child BMI z-score. For each unit (1 kg/m?2) increment in maternal pre-
pregnancy BMI, child’s leukocyte telomere length was 0.23% shorter (95% CI: -
0.46, -0.01%). Additionally, analyses using the maternal pre-pregnancy BMI as
categorical variables showed that compared to children with mothers with a
normal pre-pregnancy weight, telomere length was not significantly shorter in

children of mothers with pre-pregnancy overweight and obesity (Table 4).

Table 3. Obesity parameters and child’s leukocyte telomere length

n % change 95% CI P-value
Maternal pre-pregnancy BMI 1396 -0.23 -0.46,0 0.04
BMI z-score 1396 -1.21 -2.11,-0.3 0.01
Fatmass z-score 1365 -0.65 -1.76,0.48 0.26
Waist circumference z-score 1373 -0.96 -2.06,0.16 0.09
Skinfold z-score 1363 -0.10 -0.23,0.02 0.09

Estimates are presented as a percentage change in average relative telomere length for
each kg/m2 BMI increase in maternal pre-pregnancy BMI or for each z-score increase in the
child’s anthropometric variable.

Models were adjusted for maternal education, child’s age, sex, batch effect, child’s ethnicity,

and birth weight.

Child’s telomere length was also inversely associated with obesity parameters

measured in the children, including BMI, waist circumference, skinfold thickness,
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and fat mass (Table 3). Each unit increase in BMI z-score was associated with
1.21% (95% CI: - 2.11, 0.30%) shorter telomere length. Inverse associations of
borderline statistical significance were observed between telomere length and
waist circumference z-score (-0.96% per unit increase; 95% CI: -2.06, 0.16%),
and skinfold thickness z-score (-0.10% per unit increase; -0.23, 0.02%). Finally,
fat mass z-score was not clearly associated with telomere length (-0.65% per
unit increase; 95% ClI: -1.76, 0.48).

p-gain = 0.24 B p-gain = 0.31
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Figure 1. GAM models that show the relation between child telomere length and (A)

maternal pre-pregnancy BMI and (B) child BMI

Table 4. Categorical association between child BMI and telomere length

Child BMI n % change 95% CI P-value
Normal weight 1097 Ref

Overweight 215 -2.53 -5.40, 0.43 0.09
Obese 84 -1.27 -5.65, 3.32 0.58
Overweight and obese 299 -2.18 -4.73, 0.36 0.09
Maternal pre-pregnancy BMI n % change 95% CI P-value
Normal weight 853 Ref

Overweight 336 -0.87 -3.56, 1.90 0.54
Obese 207 -2.20 -5.51, 1.23 0.21
Overweight and obese 543 -0.31 -2.62, 2.06 0.80

Estimates are presented as a percentage change in average relative telomere
length for each kg/m2 BMI increase in maternal pre-pregnancy BMI or for each
z-score increase in the child’s BMI.
Models were adjusted for maternal education, child’s age, sex, batch effect,
child’s ethnicity, and birth weight.
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Additionally, analyses using the obesity parameters as categorical variables

showed that compared to children with a normal weight, telomere length was

shorter in overweight and obese children (Table 4).

In a sensitivity analysis using the complete data we obtained exactly the same

results as the analyses with the imputed data (data not shown). Additionally, we

have included an analysis in which we stratified the associations for child BMI by

maternal BMI group (Table 5). This table shows similar associations in all the

subgroups without strong evidence of a difference in effect estimates with

maternal BMI. Adding maternal pre-pregnancy BMI and child BMI in the same

model did not substantially change our reported associations for child BMI but

did alter the associations for maternal BMI (Table 6).

Table 5. Association between child BMI and telomere length stratified by maternal

prepregnancy BMI

n % change 95% CI P-value
Normal weight (BMI < 25 kg/m?2) 854 -1.10 -2.41, 0.22 0.10
Overweight (BMI = 25 kg/m2 and BMI < 30 kg/m2 332 -0.88 -2.52, 0.79 0.30
Obese (BMI = 30 kg/m=2) 210 -1.13 -3.02, 0.79 0.25
Overweight and obese (BMI = 25 kg/m?2) 542 -1.36 -2.58, -0.13 0.03

Estimates are presented as a percentage change in average relative telomere length for each

kg/m2 BMI increase in maternal pre-pregnancy BMI or for each z-score increase in the child’s

BMI.

Models were adjusted for maternal education, child’s age, sex, batch effect, child’s ethnicity,

and birth weight.
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Table 6. Association between BMI and telomere length in a model including

both maternal prepregnancy BMI and child’s BMI.

n % change 959% CI P-value
Maternal prepregnancy BMI 1396 -0.12 -0.35,0.12 0.33
Child’s BMI z-score 1396 -1.07 -2.01,-0.12 0.03

Estimates are presented as a percentage change in average relative telomere
length for each kg/m2 BMI increase in maternal pre-pregnancy BMI or for each
z-score increase in the child’s BMI.

Models were adjusted for maternal education, child’s age, sex, batch effect,

child’s ethnicity, and birth weight.
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Discussion

The key finding of this study is that obesity parameters in children are
associated with shorter leukocyte telomere length, independent of maternal
education, child’s age, sex, batch effect, child’s ethnicity, and birth weight.
Additionally, we showed that maternal pre-pregnancy BMI is associated with
shorter telomeres in children. The findings of this study deserve attention
because they indicate the possibility of premature aging due to exposures in
early childhood. This study is, to the best of our knowledge, the largest by far in

assessing childhood obesity effects on telomere length.

Previous case-control studies investigating telomere length and childhood
obesity have found conflicting results. In a study of 148 Arab children, mean
telomere length was shorter in obese boys compared with lean boys 2?2,
whereas, in a study of 53 Italian children no difference in telomere length was

found between obese and non-obese individuals %2°

. In another study conducted
in 793 French children, obese children had a mean telomere length that was
24% shorter than that of non-obese children; however, when considering
continuous BMI z-score, no association was observed. The authors proposed that
this association is with absolute body size, rather than size relative to age-and

221

gender-matched peers All these studies were case-control design and so

limited by selection bias.

In adults meta-analytical evidence suggests that leukocyte telomere length is

202

inversely associated with BMI. . In Chinese women, ages 40-70 years, BMI,

waist circumference, and hip circumference were associated with shorter

telomeres 2%°

. In a study encompassing 989 middle-aged individuals, a negative
correlation was found between telomere length and obesity parameters 2. In
the Fels Longitudinal Study with 309 participants aged 8 to 80 years, BMI, waist
circumference, hip circumference, total body fat, and visceral adipose tissue
volume were all associated with shorter telomere length 2%2.Furthermore, a

recent study of Martens et al. 17°

showed that maternal pre-pregnancy BMI is
associated with shorter newborn cord blood and placental telomeres. These
findings shed light on the pre-pregnancy effects of maternal BMI on the next
generation. In this paper we also looked at maternal pre-pregnancy BMI and

child’s telomere length to see if the pre-pregnancy association observed by
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Martens et al. may persist into childhood. We found that leukocyte telomere
length was consistently lower in children with mothers who had a higher pre-
pregnancy BMI, although this association was attenuated when we added child
BMI to the model.

High waist circumference is normally considered as a risk factor for
cardiovascular and metabolic disease. The negative association found for BMI
and waist circumference and telomere length and the lack of association
between fat mass and telomere length in this study is noteworthy. This implies a

body shape effect independent of the fat percentage.

The mechanisms underlying the association between obesity and short
telomeres are unknown. Obesity is regarded as a crucial factor in the regulation
of adipose tissue aging and further metabolic outcomes such as insulin
resistance, diabetes and cardiovascular disease "+ 233 234 A study of Minamino et
al. found that the p53 pathway in adipose tissue, which is the key in the aging
process of adipose tissue and increased inflammation, may play an important
role in the association between obesity and obesity-mediated aging 4. This may
be partially responsible for the observed inverse association with telomere
length, as high levels of reactive oxygen species (ROS), produced by obesity,
result in higher oxidative stress that is thought to accelerate shortening of
telomeres and cellular replication "6 23°. Oxidative stress is a direct and indirect
source of single strand breaks in DNA 6. Compared to genomic DNA, telomeres
contain G-rich fragments that are highly sensitive to ROS and make them an
ideal target for oxidative damage, and telomeric DNA is relatively less capable of
DNA repair. Consequently, the higher level of oxidative stress induced by obesity

leads to breakage of DNA and a more rapid decline in telomere length °%.

The telomere loss in childhood may lead to increased risk for chronic diseases in
adulthood. We were not able to estimate the effects of telomere loss based on
absolute telomere length, since we used a real-time PCR method that cannot
provide these absolute values. Nevertheless, an estimation based on available
data from young adulthood telomere length would suggest an estimated loss of
on average 8 kb (36). This indicates that a decrease of 1.21% leads to a loss of
approximately 97 bp in leukocyte telomere length for each child BMI z-score unit

increase. In adult leukocytes, the annual telomere loss was estimated between
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32.2 and 45.5 bp (37), indicating that each child BMI z-score unit increase is
equivalent to a loss of 2.1 to 3.0 years (based on telomere attritions of 32.2-

45.5 bp per year).

There are a number of potential limitations in our study. Firstly, we used a real-
time PCR method to determine telomere length, which in general has a higher
assay variability compared to the traditionally used TRF method 2°% 204,
However, an inter-laboratory comparison of our method showed that the
coefficient of variation was less than 7%. Secondly, the assessment of telomere
length at 8 year of age represents only a snapshot in childhood. We were not
able to evaluate telomere dynamics throughout the entire pregnancy and the
childhood period. As overweight mothers may potentially have shorter
telomeres, the association between pre-pregnancy BMI and child telomere
length might be mediated by maternal telomere length. This mediation could not
be addressed in our study as no data on maternal telomere length was available.
Paternal age exerts a considerable effect on child telomere length 2°°, however,
this data was not available in our cohorts. Finally, other potential important
factors that occur during pregnancy and childhood, such as potential telomerase
activity in children and alteration of oxidative stress-related markers in mothers
and children, which might influence child telomere length, were not measured.
The major strengths of this study are that we used a large multi centre
European study including 6 populations across Europe. Furthermore, we had a
comprehensive obesity assessment in children. We incorporated different obesity
indicators in our study to take into account the different measures of body
composition. BMI represents a good parameter to describe overweight and
obesity, and waist circumference, skinfold thickness and fat mass add

information at any level of BMI to get a better obesity prediction.

In conclusion, we have demonstrated that children with higher adiposity
indicators have shorter telomeres in blood and that child BMI was more strongly
associated with shorter telomere length than maternal pre-pregnancy BMI. This
is the largest multicentric study to report associations between obesity
parameters in mothers and children and telomere length in children. Telomere

length in early life predicts life span; therefore, further population-based studies
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in young cohorts are required to investigate if the difference in telomere length
that we observe by maternal and childhood obesity status extends into
adulthood. Prevention of maternal and child obesity may ultimately impact

biological aging over the life span.
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Supplemental material

Supplemental Table S1. General characteristics of the complete case study population

stratified by cohort

INMA MOBA BIB RHEA KANC EDEN

(n = 428) (n =213) (n = 205) (n =199) (n=202) (n=149)
Children
Sex
Girls 206 (48.13) 98 (46.0) 93 (45.37) 89 (44.72) 92 (45.54) 65 (43.6)
Boys 222 (51.87) 115 (54.0) 112 (54.63) 110 (55.28) 110 (54.46) 84 (56.4)
Ethnicity
African 5(1.17) 0 (0.0) 7 (3.41) 0 (0.0) 0 (0.0) 0 (0.0)
Asian 2 (0.47) 6 (2.9) 13 (6.34) 0 (0.0) 0 (0.0) 0 (0.0)
White European 380 (88.32) 204 (95.7) 89 (43.41) 199 (100.0) 202 (100.0) 149 (0.0)
Mixed native
American 11 (2.57) 2 (1.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Other 4 (0.93) 1 (0.4) 17 (8.29) 0 (0.0) 0 (0.0) 0 (0.0)
South-Asian 0 (0.0) 0 (0.0) 79 (38.54) 0 (0.0) 0 (0.0) 0 (0.0)
White not
European 26 (6.07) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Gestational age,
weeks 39.9+14 40.1 + 1.7 39.7+1.8 384+14 39.4+1.3 39.8+1.7
Child age, years 9.02 + 0.65 8.5*0.5 6.6 + 0.2 6.5 + 0.3 6.5 + 0.5 10.8 = 0.6
Mothers
Age at delivery 31.5+x42 32.8 £ 3.7 28.6 5.8 30.9+4.8 28,57 5.0 30.7x5.0
Missings 1(0.2) 6 (2.8) 1 (0.5) 2 (1.0) 2 (1.0) 0 (0.0)
Education
Low 99 (23.1) 0 (0.0) 88 (42.9) 9 (4.5) 12 (5.9) 11 (7.4)
Middle 174 (40.7) 41 (19.2) 31 (15.1) 111 (55.8) 69 (34.2) 55 (36.9)
High 141 (32.9) 164 (77.0) 64 (31.2) 79 (39.7) 116 (57.4) 83 (55.7)
Missings 14 (3.3) 8 (3.8) 22 (10.7) 2 (1.0) 5 (2.5) 3 (2.0)
Active smoking
during
pregnancy

109
Yes (225.46) 9 (4.4) 25 (12.2) 43 (21.6) 13 (6.44) 31 (20.8)
No 311 (72.66) 198 (91.6) 157 (76.6) 156 (78.4) 184 (91.09) 118 (79.2)
Missings 8 (1.87) 9 (4.4) 23 (11.2) 1 (0.5) 5 (2.5) 0 (0.0)
Parity
1 230 (53.7) 93 (43.7)) 83 (40.5) 74 (37.2) 84 (41.6) 71 (47.7)
2 165 (38.6) 86 (40.4) 52 (25.4) 85 (42.7) 59 (29.2) 51 (34.2)
>3 28 (6.5) 28 (13.1) 56 (27.3) 35 (17.6) 54 (26.7) 27 (18.1)
Missings 5 (1.2) 6 (2.8) 14 (6.8) 5 (2.5) 5 (2.5) 0 (0.0)
Continuous covariates expressed by mean and standard deviation = SD; categorical

covariates described by number and frequencies (%0).
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Aging is a complex physiological phenotype, responsive to a plethora of
environmental stressors, including air pollution exposure and obesity, from early
life onwards. According to the Developmental Origins of Health and Disease
(DOHaD) small changes in the early life environment shape the future

probability of the development of age-related diseases.' 1%

In this doctoral dissertation, we assessed the effect of early life exposure to pro-
inflammatory risk factors on mitochondrial DNA (mtDNA) content and telomere
length, considered as markers of biological aging, at birth and during childhood.
Furthermore we investigated if placental mtDNA content was an intermediate or
modulating factor between air pollution exposure and infant growth. For these
purposes, we used 3 different birth cohort studies: The Belgian ENVIRONAGE
(ENVIRonmental influence ON AGEing in early life) birth cohort study, the
Spanish INMA (INfancia y Medio Ambiente; Environment and Childhood ) birth
cohort study and the multi-centre European birth cohort study HELIX (Human
Early-Life Exposome). The main findings of this doctoral dissertation are

presented in Table 1 and a schematic overview is presented in Figure 1.
The novelties of this dissertation include:

e The evaluation of placental mtDNA content as an intermediate factor of
the association between prenatal NO, exposure and birth weight and

infant growth

e The assessment of the associations between NO, and PM exposure and

telomere length in childhood

e The investigation of the association between obesity parameters and

telomere length in childhood
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Table 1. Main findings of the doctoral dissertation

Chapter

What is known

What this study adds

Perspectives and conclusions

Chapter 2:

Prenatal
air
pollution,
birth
weight and
MtDNA

Chapter 3:

Prenatal
air
pollution,
infant
growth and
mtDNA

Placental mitochondria play an important role
in the proper formation and function of the

placenta

Mitochondrial DNA (mtDNA) content is a
molecular marker of mitochondrial damage,

oxidative stress and inflammation

Air pollutants can induce oxidative stress and

inflammation

The association between prenatal air
pollution exposure and postnatal growth has

hardly been explored

Infant growth is believed to be a continuation
of in utero growth and is influenced
predominantly by factors determining intra-

uterine growth and nutrition

Changes in placental mtDNA content may
represent a biological effect along the path

linking air pollution to effects on the infant.

Prenatal NO, exposure is associated with:

- Lower birth weight
- Lower placental mtDNA content

Placental mtDNA content was associated with

higher mean birth weight

10% of the association between prenatal NO,
exposure and birth weight was mediated by

changes in placental mtDNA content

Prenatal NO, exposure in early pregnancy
was associated with height at 6 months of

age and weight at 1 year of age

The associations between prenatal NO;
exposure and height and weight at 6 months
and 1 year of age were mediated by birth

length and birth weight.

5.5% of the association between early
pregnancy NO, exposure and length at 6
months of age could be mediated by

placental mtDNA content

Our findings will contribute to the
understanding of molecular pathways
underlying the association between prenatal

air pollution exposure and low birth weight

Alterations in placental mtDNA content can
mediate the association between NO,

exposure and birth weight

This study suggests that impaired fetal
growth caused by prenatal air pollution
exposure can lead to impaired infant growth

during the first year of life

Molecular adaptations in placental mtDNA are
associated with postnatal consequences of air

pollution induced alterations in growth.




Table 1. Main findings of the doctoral dissertation (Continued)

Chapter What is known

What this study adds

Perspectives and conclusions

Chapter 4: . Telomere length varies greatly between e

persons of the same age and this variation is

Air )

i present from early life
pollution
exposure . Telomeres shorten which each cell division e
and and is considered a marker of biological aging
telomeres

. The natural erosion of telomeres can be
accelerated through oxidative stress and
inflammation

induced by air pollution

exposure

Chapter 5: . Shorter telomeres and obesity have both e

been associated with age-related diseases

Obesity
- such as cardiovascular disease and type 2
indicators
diabetes
and .

telomeres . In recent years, obesity has been associated

with shorter telomeres in adults

Prenatal and postnatal NO, exposure was
associated with shorter leukocyte telomere

length in 8 year old children

Residential proximity to nearest major road
during childhood was associated with shorter

telomere length

Child obesity parameters were associated
with a shortening in leukocyte telomere

length in 8 year old children

Maternal pre-pregnancy BMI was associated

with shorter telomeres in 8 year old children

Our findings suggest that healthy air during
early life is associated with a favorable

biomolecular longevity in children

Our evidence of biomolecular harm helps

elucidate causal pathways between air

pollution and later adverse health outcomes

Adequate reduction of traffic related air
pollution levels may promote molecular

longevity from early life onwards

This study demonstrates that children with a
higher obesity score and/or with mother with
a higher pre-pregnancy BMI have a
significant greater biological age than those
with a lower obesity score and/or with

mothers with a lower pre-pregnancy BMI

Our results highlight the importance of
intervention that may impact the future life

by decreasing comorbidities in adulthood




GENERAL DISCUSSION
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Figure 1. Schematic overview of this doctoral dissertation
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1. Discussion of the study findings

1.1 Air pollution and infant growth outcomes

The fetus and the infant are especially vulnerable to ambient air pollutants due
to their differences in exposure, physiological immaturity and long life
expectancy after exposure, compared to adults.'®*® There are two different ways
in which maternal air pollution exposure during pregnancy may affect the fetus:
1) directly, after translocation of the air pollutants via the mother’s bloodstream
to the placenta or into the amniotic fluid, and 2) indirectly, through mediation by
inflammatory effects on the mother’s cardiorespiratory system.'': 22¢ Numerous
studies have shown that maternal ambient air pollution exposure is associated
with low birth weight, intra-uterine growth retardation, and preterm birth, even
at low levels of air pollution.?® 30 237. 238 \we assessed the association between
prenatal NO, exposure and birth weight and length among 926 children from
both the INMA and ENVIRONAGE birth cohorts. Birth weight showed a decrease
by 47.5 g for respectively a 10 pg/m= increment in NO, exposure during the
entire pregnancy. Furthermore, our study documented a significant decrease of
0.29 cm in length of the newborn for each 10 pg/m3 increment in prenatal NO,

exposure.

Little is known about how these intra-uterine effects may translate into
variations in growth patterns of children after birth. Using data from 336 INMA
children we found that air pollution exposure during the beginning of pregnancy
is significantly associated with a decrease of -6.6% in height at six months of
age and -4.2% in weight at 1 year of age. These associations were mediated by
birth length (31.7%; 95%Cl: 34.5, 14.3) and weight (53.7%; 95%CI: 65.3, —
0.3), respectively. This relative novel aspect of our study indicates that infant
growth can be influenced by factors determining intra-uterine growth and

nutrition.

In contrast to the epidemiological evidence, the mechanisms responsible for
fetal growth restriction due to air pollution are largely unknown. Hypotheses are
that air pollutants could cause oxidative stress, inflammation, blood coagulation,
endothelial function, and hemodynamic responses which all have an important

effect on placental function.'*® The mechanism by which air pollutants can elicit
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placental inflammation and oxidative stress remain unclear. The maternal and
fetal circulation are separated by the placental barrier that is formed by the
syncytiotrophoblast layer, which faces the maternal environment.?¢ This barrier

contains placental transporter that can block or facilitate foreign compounds.*

236 It is believed that air pollutants can translocate into the mother’s blood
circulation after inhalation into the lungs, be transported to the placenta and
influence placental growth and function.?*® The placenta plays a unique role in
the transfer of gases, nutrients, and waste between the mother and developing

child, and is therefore a key determinant of fetal growth.®

1.2 Age-related biomarkers

Aging is a complex physiological phenomenon. Aging begins at the very
beginning of life, to accelerate at middle-age. The biological underpinnings of
aging may begin in early life. Indeed, complications in adults often find their
origin in risk factors operating in early life.!  In this thesis, | focused on the
biological markers of aging: i.e. mitochondrial DNA (mtDNA) content and

telomere length.

1.2.1 Mitochondrial DNA content

MtDNA is vulnerable to oxidative damage due to the lack of protective histones
and less efficient DNA repair system compared to nuclear DNA.Z° With
advancing age, mutations and oxidative damage, mitochondrial DNA
accumulates and causes a decrease in functionality.?*® We and others provide
evidence linking mtDNA content to different environmental exposures in
different population segments. In this dissertation, we showed an inverse

association between NO, exposure and placental mtDNA content in early life.

Evidence on mtDNA content in relation to environmental exposure is still limited

with inconsistent results. Exposure to PM air pollutants was associated with an

154, 155

increase %, a decrease , and no change in mtDNA content *°2 in adults and

156

elderly. Short-to-moderate-term ambient black carbon levels and benzene

7 in adults has been associated with an increase in mtDNA content.

exposure °
Studies investigating the effect of ambient air pollution exposure during

pregnancy on placental mtDNA content are limited to maternal tobacco smoke
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exposure %1 158 Although, recently a significant inverse association between

prenatal PM, 5 exposure and lower mtDNA content in cord blood was found *°°.

As shown above, environmental exposures have been reported to result in both
decreased and increased mtDNA content. This discrepancy in the mtDNA content
results, can be explained by the very dynamic nature of mtDNA. MtDNA content
not only depend on the kind of environmental factor, but also on the dose and
time point (short-term or chronic), the tissue assessed, oxidative stress level,

160. 181 |nhcreased oxidative stress has a dual

and cell antioxidant capacity.
influence on MtDNA content. The current hypothesis is that mild oxidative stress
may stimulate synthesis of mtDNA copy number and abundance as a
compensatory mechanism. As a result, oxidative stress levels will increase and
may result in decreased or no synthesis of mitochondria due to severe oxidative
damage in cells 7°. Taken this hypothesis into account, a study in smokers found
that the relative mtDNA content was increased in the lung tissues of light

smokers but significantly decreased in heavy smokers %2,

1.2.1.1 mtDNA content as a mediator between exposure and outcome

mtDNA homeostasis is influenced by both genetic and environmental factors.
Lifestyle factors and genetic host factors may play an important role in
predicting susceptibility to air pollution.®® We showed that air pollution is
associated with mtDNA content. Therefore, we aimed to determine whether

mtDNA content is a mediator of air pollution induced effects on infant growth.

In this dissertation we showed the importance of mtDNA content as a mediator
between prenatal exposure to NO, and infant growth (Table 1). We showed that
in utero NO, exposure was associated with a decreased placental mtDNA
content. Further, NO, exposure during pregnancy was associated with a
significant decrease in birth weight, birth length and length at 6 months of age.
Additionally, placental mtDNA content was significantly and positively associated
with birth weight, birth length and length at 6 months of age. Ultimately, we
found significant mediated effects of mtDNA content in the associations between

prenatal NO, and birth weight, birth length and length at 6 months of age.
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1.2.2 Telomere length

Telomeres are ribonucleoprotein complexes that cap the end of chromosomes
and thereby provide stability and protection to the coding DNA.%® Telomeres
shorten after each cellular division due to the end-replication problem.®® This
natural erosion of telomeres by chronological aging can be accelerated or
delayed by several genetic and environmental factors, and the interaction
between them. Telomeres are highly sensitive to oxidative stress due to their
high guanine content and the deficient repair system of single-strand breaks.”
Environmental factors appear to overrate the contribution of the end-replication

problem partly through oxidative stress.

In this dissertation we found an inverse significant association between air
pollution exposure and telomere length in 8 year old children. We found a -1.5%
(95% CI -2.8, -0.2) decrement in childhood leukocyte telomeres for each SD
increase in prenatal NO,. The corresponding telomere shortening estimates for
postnatal NO, exposure was -1.6% (95% ClI: -2.9, -0.4) and for PM,5 -1.4%
(95% CI: -2.9, 0.1).

In adults, airborne benzene and toluene, as indicator of traffic exposure, were
associated with a decrease in telomere length.'®® An increase in airborne
benzene and toluene exposure level equal to the difference between the 25th
and 75th centile was associated with -6.4% (95% CI: -10.4, -2.1) and -6.2%
(95% Cl: -10.4, -1.7) shorter leukocyte telomere length, respectively .
Among 165 never smoking adults, an IQR increase in annual black carbon was
associated with -7.6% (95% Cl: -12.8, -2.1) shorter telomeres.'® A study
among non-smoking elderly showed that long-term exposure to PM2.5 was

associated with -16.8% (95% Cl: -26.0, -7.4) shorter telomeres.*®®

However, in children the evidence of telomere length in relation to
environmental exposure is limited. There is one study of school children in
London in which they showed that annual air pollution exposure was associated
with longer telomeres in saliva.'®” Our findings in children are in line with one
previous study in newborns. In 641 newborns of the ENVIRONAGE birth cohort,
cord blood and placental telomere length were inversely significantly associated

with PM, 5 exposure during mid-gestation.'®
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In contrast to telomere shortening by long-term air pollution exposure, short-
term air pollution exposure can lead to rapid increases in telomere length. In
adults, a study among non-smoking elderly showed that short-term exposure to
PM,s was associated with increased telomere length.'®® Acute exposure to
metal-rich PM exposure was positively associated with leukocyte telomere length

241 An increase of telomerase activity in lymphocytes and a

in steel workers
clonal expansion of subpopulations of lymphocytes with longer telomeres
following acute exposures have been suggested as potential underlying

mechanisms 154 155 241

1.2.2.1 Obesity parameters and telomere length

Obesity increases the risk for several non-communicable diseases such as
diabetes mellitus, cardiovascular and fatty liver disease, and cancer. Increasing
obesity rates poses a major public health challenge and will have considerable
financial implications for the health system. Obesity is characterized by the
presence of excessive adipose tissue which is identified to increase systemic

inflammation and oxidative stress, which interact with telomere attrition.

In this dissertation we investigated the effect of childhood obesity on telomere
length in 8 year old children. We have demonstrated that children with higher
obesity scores had shorter telomeres. For each unit (1 kg/mZ2) increment in
maternal pre-pregnancy BMI, child leukocyte telomere length was 0.23%
shorter (95% CI: -0.46, -0.01%). Each unit increase in child BMI z-score was
associated with -1.21% (95% ClI: -2.11, -0.30%) significant shorter telomere
length. Our findings in children support the association between obesity and
telomere length in adulthood. In the Fels Longitudinal Study with 309
participants aged 8 to 80 years, BMI, waist circumference, hip circumference,

total body fat, and visceral adipose tissue volume were all inversely associated

h 232 . | 217

with telomere lengt In adult women, Valdes et a reported shorter
telomeres in obese women BMI > 30 compared with lean women which
corresponds to an age difference of 8.8 years. In a study encompassing 989
middle-aged individuals, a significant or borderline non-significant correlation

was found between telomere length and obesity parameters 23!,
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2. Implication of the presented work for public health

We observed that an adverse early environment not only resulted in adverse
infant growth but also in lower mtDNA content and in shorter telomere length.
In the literature, all changes in these aging markers are linked to disease

outcome.

Birth weight has been associated with several health problems throughout life.
The Developmental Origins of Health and Disease (DOHaD) hypothesis, often
called the ‘Barker hypothesis’, states that suboptimal intrauterine conditions
may alter fetal programming during critical periods of growth resulting in

increased disease risk in adulthood.'®® Low birth weight has been associated

with an increased risk of insulin-resistance syndrome 22, neurobehavioral

244 105, 245 246

problems 243, hypertension ?*4, cardiovascular , metabolic 2%, and renal

5

disease % in later life. Therefore, the public health impact of reductions in the

studied infant outcomes is not limited to childhood, but projects into adulthood.

The consequences of an altered placental mtDNA content in later life are
currently unknown. However, a decrease in mtDNA content has been related to
the development of multiple forms of aging-related disease as type 2 diabetes &>

152 " and breast cancer *°3.

Telomere length is considered as a marker of the biological aging process *° and
a general risk factor for several aging-related diseases in adults and elderly.
Longitudinal studies in adults showed that telomere ranking is stable during

adulthood 247

. This may suggest that the effects in adulthood also remains
during adults life. Shorter telomeres have been associated with aging-related
diseases such as cardiovascular disease %8 1% 170 type 2 diabetes "%, cancer 2*®
249 and increased mortality 1"2¥4, Furthermore, it is believed that the natural

erosion of telomeres is accelerated through oxidative stress and inflammation
175
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3. Strengths and limitations

In this PhD dissertation we made use of epidemiological birth cohort studies.
Birth cohort studies with follow-up across the life span have the enormous
potential to help in the understanding of the etiology of numerous health
conditions. An advantage of birth cohort research is the longitudinal follow-up of
the cohort with follow-up that could continue indefinitely. The importance of
continued follow-up well into adulthood is noted, because life course studies are
needed to recognize that early life events can influence adult health and
development. Since fetal life is thought to be among the most important critical
periods of development, pregnancy has been the logical starting place for

collecting data throughout the life course.

Epidemiological cohort studies have many more strengths. These studies follow
a group of healthy people with different exposure levels and assess what
happens to their health over time. The advantage of these studies is that the
exposure become before the disease occurs which is necessary to establish
possible causation. However, it is important to recognize that causality cannot
be established definitely through epidemiological studies; nonetheless, these
studies are powerful tools that can provide important evidence to suggest
causality and to give information regarding the strength of an association
between an exposure and an outcome in real life circumstances. Moreover, they

make translation towards public health significance possible.

Another advantage in birth cohort studies is that the exposure precedes the
outcome. This allows us to clearly determine the temporal relationship between
exposure and outcome. Additionally, it also avoids certain types of selection
bias. Thus, knowledge of the outcome status cannot influence the way subjects

are selected.

We also have to take into account some potential limitations. A limitation of
epidemiological studies is the possibility of bias due to confounding. A
confounder is an unobserved exposure associated with the exposure of interest
and is a potential cause of the outcome of interest. In other words, confounding
occurs when exposure would remain associated with outcome even if all
exposure effects were removed.?*% 251 possible sources of confounding in this

doctoral dissertation include participants demographic, socioeconomic, genetic,
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lifestyle characteristics of the participants, and methodological aspects (e.g.
time of blood sampling and batch effect). To limit the risk of confounding in our
analyses, we took several precautions. Based on the literature we identified a
set of potential confounders that were included in our models. However, despite
taken these confounders into account, we cannot exclude confounding due to
variables that were inadequately measured, not considered, or imprecisely

corrected for.

The possibility of reverse causation is also an important limitation of
observational studies. In epidemiology, reverse causation refers to a situation
when the exposure is affected by the outcome. Reverse causation cannot be
excluded in chapter 5 of this PhD project. We cannot rule out that telomere

shortening is the causing factor of obesity in children.

Another potential source of bias is error in the measurements of exposure. It
may have many possible causes, including recall bias in self-administered
questionnaires, imprecision of laboratory techniques, incomplete information in
medical records, wrongly conducted physical measurements or the use of a
measurement of a single point in time or space when the total exposure is of
interest. In this PhD dissertation there is a potential of error in exposure
measurements because the air pollution results are based on exposure at the
home address, and potential exposure misclassification may be present because
we could not account for other exposure sources that contribute to personal

exposure, such as exposure during commute, at work or school, and elsewhere.

Error in the outcome measurement represents another problem in
epidemiological research. The instruments to measure outcome should be both
valid and reliable. In this PhD dissertation we used validated laboratory
techniques and for the infant growth outcomes, quality assessments were

performed to lower the risk of information bias.

An additional drawback of observational studies is that participants are not
exposed to well-specified air pollutants during specific time windows of interest.
In this doctoral dissertation, we assessed different exposure time windows, but
the high correlation between these windows makes it difficult to identify the

most vulnerable exposure period.
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4. Future perspectives and valorization

In this dissertation we hypothesized that early-life exposure to air pollution and
obesity may result in aging-related disease development later in life. This
emphasizes the importance of the early-life environment. The study populations
used were too young at follow-up to assess the development of aging-related
diseases. Consequently, population-based studies with additional follow-ups at a

more advanced age could provide evidence to support our hypothesis.

We observed that an adverse early environment not only resulted in adverse
infant growth but also in lower mtDNA content and shorter telomeres. As
described earlier, all these changes are linked in the literature to disease
outcome. However, the underlying biological pathway are not fully understood.
Future research should assess if these outcomes all share one common pathway
or if they are the result of different mechanisms. Additionally, further research
should assess if the association between early environmental exposures and

aging-related diseases is mediated by telomere length.

The reported results of this dissertation can help policy makers in taking
measures to build a healthier living environment, protect human health and
improve the air quality. These measures are very important since ambient air
pollution is, according to the European Commission, responsible for 406,000
annual premature deaths in 2010 in the European Union, making it the number
one environmental cause of death in this region 2°2. Moreover, the Organization
of Economic Cooperation and Development (OECD) estimated the cost of deaths
in 24 European OECD countries (21 EU member-states plus Switzerland, Iceland
and Norway) at 661,308 million euros 2°°. WHO analyzed the effect of
combustion-related particulate matter on life expectancy which indicated that
current exposure to particulate matter from anthropogenic sources leads to an

average loss of 8.6 months of life expectancy in Europe “.

Environmentally friendly behavior is promoted by using several legal
instruments. As an attempt to minimize air pollution, the European Commission
enacted the 2005 Cleaner Air Directive 2>, This directive sets the EU limit values
for NO, on 40 pg/m3 as an annual mean limit value and 200 pg/m=3 as a hourly

limit value 24,
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Our research highlights the importance of reducing air pollution in the early-life
environment. The NO, exposure in our studies were lower than the EU limit
value (40 pg/m3). Our data shows that this limit is still too high, since we find
significant effects of NO, exposure on infant growth and age related biomarkers.
This suggests that additional international cooperation in Europe is required to
further reduce air pollution and to lower the NO, limit value. This reduction in air
pollution will not only reduce mortality and disease development, but may also

improve healthy aging.

5. Conclusions

In this PhD dissertation, we investigated the association between environmental
exposure and age related biomarkers in newborns and children. Additionally, we
assessed the association between air pollution exposure and growth in newborns
and infants. In newborns we concentrated on NO, exposure, whereas in children

we looked at both air pollution and obesity as environmental exposures.

We found evidence of an inverse association between prenatal NO, exposure and
both placental mtDNA content and birth weight. Furthermore, we found evidence
that suggests that prenatal air pollution exposure can lead to impaired infant
growth that is determined by intra-uterine growth. Additionally, NO, induced
alterations in placental mtDNA content might have consequences to growth up

to six months of age.

Our analysis in a large European cohort study showed that NO, exposure in early
life was inversely associated with telomere length. Additionally, a doubling of the
residential proximity to nearest road during childhood was associated with

shorter telomeres.

We have demonstrated that children with higher obesity scores have shorter

telomeres.

The presented results emphasize the importance of children as a susceptible
subgroup for the adverse effects of air pollution. Air pollution-induced health
effects are not only limited to persons with underlying diseases or elderly, but
also affect the individual from conception onwards. Telomere length in early life

predicts lifespan; therefore, further population-based studies in young cohorts
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are required to investigate the extent to which the reported differences in
telomere length caused by early life exposure to environmental stressors extend
into adulthood. Further research is also necessary to determine the clinical
consequences of changes in mtDNA content and telomere length in early life.
Since children with a higher environmental exposure have a greater biological
age than those with a lower environmental exposure, the importance of
intervention that may impact the future life by decreasing comorbidities in

adulthood is highlighted.
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