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Abstract

There is increasing evidence of the adverse impact of prenatal exposure to air pollution. This is of particular
interest, as exposure during pregnancy—a crucial time span of important biological development—may have
long-term implications. The aims of this review are to show current epidemiological evidence of known effects of
prenatal exposure to air pollution and present possible mechanisms behind this process. Harmful effects of
exposure to air pollution during pregnancy have been shown for different birth outcomes: higher infant mor-
tality, lower birth weight, impaired lung development, increased later respiratory morbidity, and early alter-
ations in immune development. Although results on lower birth weight are somewhat controversial, evidence for
higher infant mortality is consistent in studies published worldwide. Possible mechanisms include direct toxicity
of particles due to particle translocation across tissue barriers or particle penetration across cellular membranes.
The induction of specific processes or interaction with immune cells in either the pregnant mother or the fetus
may be possible consequences. Indirect effects could be oxidative stress and inflammation with consequent
hemodynamic alterations resulting in decreased placental blood flow and reduced transfer of nutrients to the
fetus. The early developmental phase of pregnancy is thought to be very important in determining long-term
growth and overall health. So-called ‘‘tracking’’ of somatic growth and lung function is believed to have a huge
impact on long-term morbidity, especially from a public health perspective. This is particularly important in
areas with high levels of outdoor pollution, where it is practically impossible for an individual to avoid exposure.
Especially in these areas, good evidence for the association between prenatal exposure to air pollution and infant
mortality exists, clearly indicating the need for more stringent measures to reduce exposure to air pollution.

Key words: air pollution, pregnancy, neonatal outcome, placental barrier, birth weight, infant mortality, lung
function, development

Introduction

Exposure To Air Pollution during pregnancy has po-
tential long-term implications. Factors of little importance

in later life can exhibit significant effects on development and
maturation during that critical and vulnerable time span. The
germ and fetal cells are especially susceptible compared with
mature cells: they have faster rates of replication, faster dif-
ferentiation, and higher sensitivity to surrounding signals,
due to the developmental processes. External factors that
interfere with this progress may result in impaired organ

function or increased susceptibility to disease in later life.(1)

There is also evidence of a transgenerational effect of intra-
uterine exposure. It has been shown that children whose
grandmothers smoked during pregnancy have a higher risk of
developing asthma, independent of the smoking activity of
the mother.(2) Growing interest in the effects of prenatal ex-
posure is also based on the increasing knowledge of epige-
netics, i.e., how the environment permanently affects gene
expression.(3,4)

To assess the risk on a population-wide basis, two com-
ponents must be considered: the exposure and the hazard.
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Compared with other harmful factors during pregnancy like
infections or exposure to tobacco smoke, exposure to ambi-
ent air pollution cannot be avoided and affects large num-
bers of individuals. Although the individual hazard may be
smaller than for other harmful factors, the ubiquitous dis-
tribution makes it of interest from a public health perspec-
tive. Good evidence exists on the effects of prenatal exposure
to tobacco smoke and biological mechanisms. This is re-
viewed extensively(5–7) elsewhere and is, as such, not a topic
of this article. We will only present studies that have as-
sessed associations between exposure to outdoor air pollu-
tion during pregnancy and neonatal outcome.

The aim of this review is to summarize current epidemi-
ological evidence of known effects of air pollution exposure
during pregnancy on newborns and to report current
knowledge of possible mechanisms behind this process.
First, we present epidemiological data on neonatal outcomes
that have been reported in recent studies worldwide.(8–10)

Best data available concern possible effects on weight of the
newborns, on neonatal mortality, on lung development, and
on later respiratory morbidity, including potential effects on
the immune system. In the second part, we give an over-
view of current understanding of possible underlying
mechanisms.

Epidemiological Evidence

Birth weight

Most data regarding potential harmful effects of air pol-
lution during pregnancy exist using birth weight as an out-
come marker, as it is routinely measured and easily
obtainable from hospital charts. Furthermore, it seems to be a
good marker for intrauterine development and a good pre-
dictor of subsequent morbidity. The overall effect for a single
subject (hazard) is rather small; however, on a population
level, this may still have significant consequences. Table 1
gives an overview of recent publications, although the
comparison of results is hampered by the heterogeneity be-
tween studies. As shown in Table 1 in detail, many studies
found evidence for lower birth weight at term after higher
exposure to air pollution, whereas other studies did not find
any association. Apart from random variability, several fac-
tors may be responsible for this discrepancy: accuracy and
method of exposure assessment, study size, absolute levels of
pollutants, and land-use differences between studies. More-
over, how confounding is being addressed may also play a
major role in determining possible effects. For example, so-
cial class as one of the most relevant confounding factors(11)

may be differently distributed within polluted areas de-
pending on countries or regions.(12)

To overcome this heterogeneity, international multicenter
projects are trying to investigate the effect of air pollution on
a large scale, with comparable exposure assessment and
considering similar confounding factors in the analysis (ES-
CAPE,(13) ICAPPO,(12) GA2LEN,(14) ENRIECO(15)). Within
Spain, four cohorts were merged together to investigate a
possible effect of exposure to nitrogen dioxide (NO2) on
anthropometric measures. The meta-analysis from these four
cohorts, including 2,337 mothers, showed weak evidence for
lower birth length: –0.9 (95% CI –0.27; –0.01) mm per in-
crease in 10 lg/m3 of NO2.(16) In a world-wide project, 13
groups of researchers, already involved in projects regarding

the effect of air pollution, formed the International Colla-
boration on Air Pollution and Pregnancy Outcomes (ICAPPO)
and conducted a reanalysis of their data in a consistent
manner. The first results, summarized quantitatively using a
meta-analysis, provide an estimate of the relative risk of low
birth weight (defined as lower than 2,500 g) associated with
each 10 lg/m3 increase in mean particulate matter (PM10)
concentration. The results of the crude correlation show a
weak but significant association: odds ratio (OR) 1.03 (95%
CI 1.01; 1.05). Results remained stable after adjustment for
confounding: OR 1.02 (95% CI 1.00; 1.03). However, there
was significant heterogeneity between studies.(17)

Neonatal prematurity

An analysis of the effect of air pollution on term birth
weight without considering premature birth can bias the
results. If fetuses more susceptible to air pollution encoun-
ter premature birth, they are not eligible for studies on the
effect on birth weight in term-born babies. This may atten-
uate a possible effect. Table 2 gives an overview of current
evidence of premature birth after prenatal exposure to air
pollution. Most of the studies found a positive association
between exposure to air pollution and premature birth;
however, again comparison between studies is difficult due
to heterogeneity.

One of the most recently published studies about the effect
of NO2, PM10, and sulfur dioxide (SO2) on premature birth
was conducted by Zhao et al. in Guagzhou China.(18) The
study area shows a rather high pollution level with a NO2

mean of 61 lg/m3, PM10 mean of 82 lg/m3, and SO2 mean of
51 lg/m3. They performed time-series analysis and found a
consistent cumulative effect of the exposure to pollutants,
resulting in a risk ratio (RR) for preterm birth for NO2 of
1.054 (95% CI 1.008; 1.1), for PM10 of 1.067 (95% CI 1.013;
1.124), and for SO2 of 1.13 (95% CI 1.05; 1.21) per increased
concentration of 100 lg/m3of pollutant.(18) Another time-
series analysis performed in Atlanta (United States) did not
confirm such a clear correlation: most of the results were not
significant; however, NO2 exposure in the last 6 months of
pregnancy was associated with an increased rate of preterm
deliveries: RR 1.06 (1.02; 1.09) per increase of 5 ppb NO2.(19)

In a case-control survey nested in a birth cohort, Ritz et al.
examined the effect of PM2.5, NO2, ozone (O3), and carbon
monoxide (CO) exposure in the first trimester of pregnancy,
as well as in the 6 weeks before birth.(20) They compared the
odds for preterm birth within a subsample where detailed
information about other relevant risk factors such as smoke
and alcohol exposure was available. They found increased
odds of preterm birth after higher exposure to all pollutants
for both exposure time spans, e.g., OR for preterm birth of
1.0, 1.15, and 1.29 for PM2.5 tertile increase ( < 18.6; 18.6 to
21.4; > 21.4 lg/m3).(20)

Infant mortality

A World Health Organization review from 2005 concludes
that good evidence exists for an association between air
pollution exposure during pregnancy and infant mortali-
ty.(21) A review from Glinianaia et al. found best evidence for
postneonatal mortality due to respiratory reasons.(22) Since
then, two large studies have been published confirming these
results. Woodruff et al. conducted a study with a population
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of 3,583,495 births including 6,639 postneonatal deaths in 96
counties throughout the United States.(23) They considered
the monitoring data of pollutants in the first 2 months after
birth as a proxy for chronic exposure, as these data were
highly correlated with annual averages, after adjusting for
season. Linking the data with birth and death records, they
showed that infants exposed to the highest quartile of pol-
lution ( > 34 lg/m3 PM10 and > 18,7 lg/m3 PM2.5) had ele-
vated odds especially for respiratory mortality compared
with the lowest quartile ( < 23.3 lg/m3 PM10 and < 11.7 lg/
m3 PM2.5): for PM10 OR 1.31 (95% CI 1.00; 1.71) and for PM2.5

OR 1.39 (95% CI 1.04; 1.85).(23) The second study was con-
ducted in South Korea. Son et al. assessed PM10, PM2.5, and
total suspended particles (TSP) during pregnancy and found
a hazard ratio for all causes of mortality of 1.44 (95% CI 1.06;
1.97) for 8.9 lg/m3 TSP increase, 1.65 (95% CI 1.18; 2.31) for
6.9 lg/m3 PM10 increase, and 1.53 (95% CI 1.22; 1.9) for
3.15 lg/m3 PM2.5 increase.(24) When they analyzed respira-
tory causes of mortality, the hazard ratios increased to 3.78
(95% CI 1.18; 12.13) for 8.9 lg/m3 TSP increase, 6.2 (95% CI
1.5; 25.6) for 6.9 lg/m3 PM10 increase, and 3.15 (95% CI 1.26;
7.85) for 3.15 lg/m3 PM2.5 increase.(24)

In the framework of an estimation of years of life lost
attributable to air pollution, Röösli et al.(25) conducted a
meta-analysis of five studies on infant mortality.(23,26–29)

They found an overall relative risk of 1.056 (95% CI 1.026;
1.088) per increase of 10 lg/m3 PM10. Applying this risk
estimate to the Swiss situation in the year 2000 (77,800 in-
fants aged below 1 year and an average PM10 level of
19.6 lg/m3) resulted in 1,705 (95% CI 915; 2,482) estimated
years of life lost due to ambient air pollution.(25)

Lung development and respiratory effects

Development of airways and the lung begins with the
embryonic phase at 4–7 weeks of gestational age, reaches the
alveolar phase at around 36 weeks of gestational age, and
continues until adolescence. This maturational process takes
place over a relatively long time period compared with that
of other organs, so potentially harmful factors have a greater
opportunity to interfere with the developmental process.
Moreover, the repair mechanisms of the developing lung
tissue are not as efficient as those of the mature lung.(1)

Considering all these aspects, it seems quite plausible that—
analogous to tobacco smoke(6) or postnatal exposure to air
pollution(30)—prenatal exposure to air pollution may also
affect lung development.

In the BILD study, a healthy birth cohort in Switzer-
land,(31) where air pollution is relatively low (mean PM10

22 lg/m3), we performed lung function measurements at 5
weeks of postnatal age.(32,33) Air pollution exposure was
assessed during pregnancy and stratified per trimester. Ad-
justed results showed an increase of minute ventilation in
newborns of 24.9 mL/min (95% CI 9.3; 40.5) per 1 lg/m3

increased exposure to PM10 during pregnancy.(34) This sug-
gests that prenatal exposure to air pollution may affect lung
development. This finding may be one explanation for the
above-mentioned increased risk for infant mortality due to
respiratory causes. Exposure to air pollution during preg-
nancy seems to affect lung function not only in infants, but
also in older children. In Poland, measurements performed
at 5 years of age showed reduced forced vital capacity (FVC)

and forced expiratory volume in the first second (FEV1) if
higher prenatal PM2.5 exposure occurred.(35) Another study
conducted in California on asthmatic children aimed to in-
vestigate the influence of prenatal and early childhood ex-
posure to air pollution on lung function at 6–11 years of age.
The results showed consistent evidence for an association
between prenatal exposure and FVC, peak expiratory flow
(PEF), and FEV1.(36) Impaired lung function should corre-
spond to susceptibility to airway infection and increased
respiratory symptoms. Studies on prenatal exposure to NO2

and respiratory symptoms during the first year of life,(37)

prenatal exposure to O3 and NO2 and occurrence of ap-
nea,(38) prenatal polycyclic aromatic hydrocarbon exposure
and frequency and duration of respiratory symptoms over
the first year of life,(39) and prenatal exposure to fine particle
matter and severity of respiratory symptoms within different
wheezing phenotypes(40) support this hypothesis. Air pol-
lution affects not only lung function and respiratory symp-
toms, but also the development of asthma. In a case-control
study including 37,401 subjects in Canada, Clark et al. in-
vestigated the incidence of asthma up to the age of 3–4 years
in relation to individual exposure to air pollution during
gestational time and the first year of life.(41) They found a
positive association: a 10 lg/m3 increase in NO2 was asso-
ciated with an OR of 1.12 (95% CI 1.07; 1.17) for asthma
incidence.(41)

Immune system

Environmental exposure occurring in early life influences
the pattern of immune maturation and resulting immune
response.(42) Exposure to air pollution may influence im-
mune programming and, together with a genetic predispo-
sition, may cause immunological diseases such as asthma.(43)

Although knowledge of changes in the immune system of
neonates after maternal smoke exposure during pregnancy
has existed for some time,(44–46) data on systemic inflam-
mation in the mother and alteration in the neonatal immune
system upon maternal exposure to outdoor air pollution
have only recently been published. In one study from
Pennsylvania, authors measured blood concentration of C-
reactive protein (CRP) in 1,696 women before the 22nd week
of gestation and estimated exposure during the previous 20
days to air pollution from maternal ZIP codes. Among the
nonsmokers, the odds ratio to have an increased CRP
( > 8 ng/ml) was 1.47 (95% CI 1.06; 2.02) for 10 lg/m3 PM10

increase and 1.55 (1.15; 2.11) for 5.2 lg/m3 PM2.5 increase.(47)

In the BILD study, healthy term-born infants exposed to
moderate levels of PM10 showed an attenuated expression of
the cytokines interleukin (IL)-10 and IL-1b in cord blood after
higher prenatal exposure with different peak effects, de-
pending on stages of pregnancy and cytokines measured.(48)

Lymphocyte proportions were investigated in three studies
of one larger project assessing the effect of air pollution on
fetal and childhood development in the Czech Republic. The
first study found an association between exposure to poly-
cyclic aromatic hydrocarbons (PAH) and PM2.5 and higher
natural killer (NK) cell fractions in cord blood.(49) Further-
more, they found a decreased percentage of T lymphocytes
and an increase of B lymphocytes in cord blood when the
exposure occurred during the 14 days before birth.(50) Fi-
nally, they investigated the effect on lymphocyte distribution
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in cord blood for each month of exposure during pregnancy
separately. Using this time period–based approach, they
were able to show that exposure during early gestation was
associated with increased percentages of T lymphocytes
(CD3 + and CD4 + cells) and reduced percentages of B lym-
phocytes (CD19 + ) and NK cells, whereas exposure during
late gestation was associated with reduced percentages of T
lymphocytes and increased percentages of B lymphocytes
and NK cells.(51) Using a comparable approach, this group
was also able to show an association of PAH exposure
during gestational months 4–7 with elevated concentrations
of cord-blood IgE, with robust results after adjusting for
several confounders.(52)

Miscellaneous outcomes

The harmful effect of air pollution on the fetus may po-
tentially involve not only lung or immune development, but
any organ or system. Evidence of effects on congenital
anomalies is limited and controversial. Data from North
England did not show any association of black smoke and
SO2 with any congenital malformation,(53) whereas a later
study from the same area investigated the exposure to CO
and NO2 and found an association with ventricular septal
defects and cardiac septal malformations, but no consistent
results after exposure to O3 and PM10.(54) Another study
from the United States found just one significant correlation
out of 60 investigated: PM10 and patent ductus arteriosus.(55)

A recent meta-analysis of 10 studies (including two of the
above) shows clear evidence of an increased relative risk
(between 3% and 20% per unit of exposure) for coarctation of
the aorta and tetralogy of Fallot after NO2 and SO2 exposure,
for atrial septal defects after PM10 exposure, and for cleft lip
with or without cleft palate after O3 exposure.(56)

Evidence of an effect on neurodevelopment and behavior
is sparse, but seems quite consistent. Data from a case-con-
trol study in California (United States) suggests an associa-
tion between residential proximity to freeways ( < 300 m) and
cases of autism.(57) The INMA (Infancia y Medio Ambiente)
project from Spain found an association between prenatal
exposure to NO2 and benzene, and cognitive development in
the second year of life, strongest in infants who were not
breast-fed and whose mothers had a lower fruit and vege-
table intake.(58) This finding supports the hypothesis that
the adverse effects of air pollution act through oxidative
pathways.

Methodological considerations

To fully appreciate possible associations between air pol-
lution during pregnancy and health outcomes, some im-
portant issues regarding exposure assessment need to be
considered.

The precision of estimating individual exposure affects the
power of the study and, therefore, the detected effect of air
pollution on health. The most common approach is to assess
the residential exposure at the mother’s address, with a
lower or higher resolution: district, postal code, or street
number. This approach assumes that in the considered area
the pollution level is homogeneous, that the subject did not
move during pregnancy, and that the mothers stay most of
the time at home, or that the exposure at the work place is
comparable to that at home. Aguilera et al. collected data on

time-activity patterns of pregnant women and analyzed the
correlation between air pollution exposure during pregnancy
and birth weight.(59) Limiting the analysis to a subgroup of
women, who spent less than 2 hr per day outside home, the
association between aromatic hydrocarbons [benzene, tolu-
ene, ethylbenzene, xylene (BTEX)] and birth weight changed
from –7.6 g (95% CI –54.9; 39.8) to –76.6 g (95% CI –146.3;
–7.0) per increase of 4 lg/m3 BTEX, indicating that effects are
underestimated due to nondifferential exposure misclassifi-
cation, and the true, stronger association may only be seen in
studies with more exact exposure assessment.(59)

The exposure to coarse particles (PM10–2.5) and the con-
sequent effect are not necessarily comparable between dif-
ferent areas. Particulate matter is measured as total mass, but
despite similar gravimetric values dramatically different
particle composition may arise, depending on the source.
Particles measured, e.g., at the seaside, are derived mostly
from natural sources (sand and ocean droplets), whereas
urban airborne particulates derive mainly from vehicle re-
suspension from the road and abrasion processes from
wheels and brakes. These last highly correlate with com-
bustion-derived ultrafine particles that share the same
source. Biological effects could also be exhibited through
redox activity and content of organic and elemental carbon
and PAH, which are all higher in ultrafine particles.(60) Be-
side the composition, the surface of all particles also needs to
be considered. The smaller the particles, the smaller the mass
and the larger the relative surface, which may be relevant for
the biological activity. Most of the available epidemiological
studies on air pollution measured PM10 or PM2.5 (e.g., Table
1). Thus, depending on the design of a study or the source of
particulate matter in the study area, PM10 levels are or are
not a surrogate measure for exposure to ultrafine parti-
cles.(60–62) However, this is difficult to judge just from the
publication without additional information.

Another open question is the shape of the association be-
tween exposure and effect. Most studies found or assumed a
linear correlation between air pollution and birth outcome,
although many biological processes are under feedback
control and, when related to continuous predictors, may not
behave linearly.(63) For the INMA study, Ballester et al. per-
formed cubic smoothing splines to describe nonlinear cor-
relations for birth weight and length.(64) Reduction in birth
weight in that study was evident between 35 and 55 lg/m3

NO2, and in birth length above 40 lg/m3 NO2.(64) This kind
of analysis can be useful for policy makers in order to eval-
uate the merit of setting their limits of pollutants. In the
above example, reducing NO2 levels from 60 to 45 lg/m3

would lead to small effects, whereas benefit would derive
from reducing NO2 down to 35 lg/m3. These cutoff levels
may, of course, vary between different locations and for
different outcomes.

As the development of the fetus is a very dynamic process,
the effect of exposure can differ in the different periods,
suggesting changing windows of vulnerability. These timing
effects are not surprising and have been shown in several of
the studies cited above.(48,50,51,65) The susceptibility to air
pollution and the effect from increased exposure depend on
both the stage of pregnancy and the developmental process
assessed. The pathophysiological basis of these timing effects
relates to the mechanisms by which air pollutants impact
upon the developing fetus. The first period of pregnancy is
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crucial for the correct establishment of a fully functional
vascularity of the placenta. Factors acting during this time
period may alter the implantation of trophoblasts and lead to
subsequent chronic placental insufficiency.(66) The last tri-
mester, on the other hand, is characterized by the fastest
somatic growth. At the last workshop on ‘‘methodologies in
epidemiological studies of air pollution and birth outcome,’’
the identification of these windows of vulnerability was re-
garded as one of the main challenges for future research.(67)

The high intercorrelation of exposures during those time
windows and throughout the whole period of pregnancy,
however, makes those timing effects difficult to disentangle.

Possible Mechanisms

General considerations

As shown above, effects of different pollutants have been
largely investigated in recent years in epidemiological stud-
ies. However, the ways by which particles actually are
transported beyond the lungs in humans and the exact
mechanisms of their effects on fetuses are still unclear to a
large extent. Although animal and in vitro studies suggest it
is very likely that small amounts of ultrafine particles can be
transported to other organs, it is not clear if this translocation
of particles, or rather the larger fraction, which deposits in
the upper respiratory tract,(68) is responsible for health effects
in humans. Despite this uncertainty, we review current
knowledge on toxicokinetics and toxicodynamics of pollut-
ants in the following paragraphs and try to relate it to pos-
sible mechanisms in health effects. We give higher weight to
ultrafine compound rather than coarse particles, as better
data for ultrafine particles are available despite the fact that
most epidemiological studies mentioned further above use
coarse particles to estimate pollution exposure.

Toxicokinetics of pollutants

The first step to consider is the route of the pollutant from
the environment into the body. Possible points of entry are
the skin, the gastrointestinal tract, and the respiratory tract.
From the anatomical point of view, the small intestine and
the lungs have a wider surface (200 m2 and 140 m2, respec-
tively) than the skin (2 m2), and the lungs have the thinnest
barrier ( < 1 lm at the alveolar segments compared with 20–
25 lm of the small intestine and 30–50 lm of the skin).(69) In
the lung, surfactant plays a major role for the clearance of
particles and their interaction with airway epithelial cells.(70)

Particles with a diameter > 1 lm are usually cleared by mu-
cociliary clearance procedures and do not pass the air–blood
barrier.(71) Smaller particles are, however, able to pass
through the airway epithelium.(72) Those processes depend
on the size and the properties of the surface and involve
passive diffusion, if the ultrafine particle is uncharged, or
caveolae-mediated pinocytosis.(73) This endocytosis pathway
depends not only on the characteristics of the particles, but
also on the cell types and their state of differentiation.(74) In
vivo and in vitro studies have shown that another pathway
exists by which particles pass the epithelial barrier, which is
mediated by cells of the immune system. Macrophages and
dendritic cells are able to take up particulates at the apical
side of the epithelium(75,76) and transport them via the epi-
thelial barrier to the interstitial tissue.(77) Macrophages and

dendritic cells express tight junction proteins and interact
with each other by a transepithelial cellular network, al-
lowing the particle to translocate through the epithelium.(78)

Dendritic cells containing the particles are then activated to
migrate to the draining lymph nodes and into the blood-
stream, where they activate further processes by cellular
mediators such as cytokines.(75,79,80)

The passage of ultrafine particles from the bloodstream
through the placenta may depend primarily on the stage of
pregnancy. In the first months, the thickness of the placental
barrier reaches up to 20 lm, there is no perfusion from ma-
ternal blood, and nutrients reach the embryo only by passive
diffusion. Subsequently, the fetal capillaries increase along
with maternal blood supply in the maternal–fetal interface
until the 10th week of gestation, when the full fetomaternal
circulation is completed. As pregnancy progresses, the pla-
cental barrier gets thinner, the blood perfusion improves
from both sides, and the exchange of nutrients and other
elements increases.(81) The membrane of the syncytio-
trophoblast has similar properties and selective transporters
as the blood–brain barrier, the blood–testis barrier, and the
blood–retina barrier.(82) Efficacy of those barriers is strongly
influenced by inflammatory processes and—best known for
the blood–brain barrier—efficacy of the barrier decreases if
inflammation occurs. The same mechanism may partly ex-
plain enhanced effects of air pollution in diseased subjects,
and this could happen at the placental barrier as well.

Very small particles, such as nanoparticles, are well
known to cross the placental barrier easily. Wick et al. in-
vestigated the placental passage of nanoparticles using an
ex vivo human placental perfusion model and fluorescently
labeled polystyrene (PS) beads with diameters of 50, 80, 240,
and 500 nm.(83) They showed that PS beads up to a diameter
of 240 nm were able to cross the placental barrier with likely
transport routes of passive diffusion and clathrin- or caveo-
lin-mediated endocytosis.(83)

Toxicodynamics of pollutants

In this section, hypothetical ways of action and interaction
of the particle matters within the organism, including the
compound’s effect on processes at the organ, cellular, and
molecular levels, are reviewed. An understanding of the bio-
physico-chemical interactions at the air–blood barrier in the
mother and the placental barrier helps to explain the hetero-
geneous effects in different subjects exposed to similar pol-
lutants. The nano–bio interaction depends on (1) the particle
surface, (2) the suspending medium or biological fluid, and
(3) the solid–liquid interface’s contact zone with biological
substrate. These three components dynamically interact with
each other, i.e., they change their characteristics as they come
into contact. In a given medium, some of the main charac-
teristics of a particle relevant for the surface properties in-
clude the chemical composition, the shape, the surface
crystallinity and roughness, and the lipo- or hydrophilicity.
Other characteristics, such as charge, state of aggregation,
dispersion, dissolution, biodegradability, hydration, and va-
lence, may change depending on the properties of the sus-
pending media.(61) In biological fluids or interstitium, pH,
ionic strength, salts, and the type and concentration of large
organic molecules such as proteins depend also on cell se-
cretion, local or systemic inflammation, and microbiological
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flora. The particles are cleared from macrophages, depending
on the type and amount of proteins on the coat, as well as
processes such as opsonization, attachment of immunoglob-
ulins and Fcc, and complement receptor–mediated phagocy-
tosis.(74) The particles that resist degradation may lead further
to inflammation, or stimulate fibroblast-mediated collagen
production resulting in fibrosis. The ultrafine matters that
escape phagocytosis may interact with other cells not spe-
cialized to recognize and process foreign substances.(61)

For example, in chronic atopic lung inflammation, the cells
secrete cytokines, immunoglobulins, and degradation prod-
ucts that modify the pH of the suspending medium and
protein and glycidic contents. The physiological and patho-
logical flora of the lung may both be influenced by and in-
fluence the local environment.(84) The nanoparticles reaching
the bronchial wall and alveolar segments experience coating
and charge modification according to the surrounding me-
dium, which determines whether they are bioavailable and
may participate in biocompatible or bioadverse interactions.

Considering a nonchanging local environment, what are
the effects caused by the particles on the biological target?
The most common result is the production of reactive oxygen
species (ROS) with subsequent oxidant injury and proin-
flammatory effects. Evidence on mitochondrial damage with
impaired ATP production is also quite consistent.(60) The
combustion-derived ultrafine matters contain a particle
component that carries the chemical compounds, many of
which are semivolatile organic substances, through which
the combined toxic effect is enhanced. The particle transports
the organic component through the lung epithelium, the
particle surface triggers the oxidative reaction, and the che-
mical compound enhances subcellular damage. Other cyto-
toxic mechanisms involve disruption of membrane integrity
and transport processes, lysosomal damage, protein un-
folding, disruption of the conformation, aggregation, and
fibrillation (amyloid fiber) as well as DNA damage.(61,85,86)

Epigenetics play a central role in the hypothesis of perma-
nent phenotypical changes due to prenatal environment ex-
posure. The previously described mechanisms may also
result in histone modifications, ATP-dependent chromatin
remodeling complexes, noncoding RNA, and DNA methyl-
ation, all of which affect protein transcription. During the
embryonic and fetal period, an enhanced or reduced protein
expression may permanently affect the development of im-
mature cells, organs, and systems comparably to genetic
mutations.(4) For example, epigenetic mechanisms regulate
the differentiation of naive T cells in TH1, TH2, and Treg.
These mechanisms may also lead to transgenerational effects
of pollution without involving direct DNA changes. A recent
review details the evidence on humans, animals, and in vitro,
supporting the hypothesis of the effect of air pollutants (PM
and diesel exhaust particles) on epigenetic modifications.(87)

The interaction of ultrafine particles with membrane pro-
teins may limit the activation of receptors for placental
growth factors, resulting in reduced placental size and sub-
sequent impaired supply of nutrients and oxygen.(88–92)

Chronic exposure to air pollution may thus lead to a sub-
clinical pulmonary and even systemic inflammation due to
oxidative injuries(93) and innate immunity stimulation.(94)

Increased blood coagulation and viscosity, in addition to
endothelial and vascular function, represent further possible
mechanisms of ultrafine matters’ toxicity. These may also

lead to altered placental perfusion.(92,95–97) The effect on
heart-rate variability due to reduction of autonomic system
activity(98) may affect regulation of blood pressure and con-
sequently change hemodynamic properties of the placenta.

Conclusion

Humans have always been exposed to particulate matters,
but since the industrial revolution their sources and their
characteristics have been changed dramatically. Particulate
matters derived from natural sources have a larger volume
and smaller surface per unit mass, whereas those derived
from humans, mainly combustion-generated, may exhibit a
more harmful effect. They penetrate deeper into the lung, are
able to interact with immune cells, and even exhibit systemic
effects after entering the bloodstream. These human-derived
particles have a higher rate of redox activity, glutathione de-
pletion, and heme oxygenase-1 induction, possibly leading to
a higher incidence of mitochondrial malfunction and genetic-
epigenetic effects.(60,87) During pregnancy, these mechanisms
may result in altered placental hemodynamics with subse-
quent reduction of nutrients and oxygen supply.(92)

Epidemiological studies of neonatal outcomes after expo-
sure to air pollution during pregnancy consistently show
harmful effects on lung function in infants and children and
on respiratory symptoms during early childhood. Data of the
effect on infant mortality, mainly for respiratory reasons, are
consistent as well. Evidence on birth weight and prematurity
is weaker, with some studies showing a strong association
and others not able to confirm those results. Besides inap-
propriate adjustment for confounders, other hypotheses can
be raised to be responsible for this incongruence. Studies
with outcomes measured continuously and influenced by
many factors, such as birth weight, need a precise exposure
assessment. Minor misclassification errors have a large im-
pact on the exposure–response relationship.(99) The inclusion
of subjects who are more sensitive or more resistant to pol-
lutants can also skew the effect. Perhaps prior classification
of subjects according to sensitivity would produce a more
consistent effect and offer a higher impact from a public
health point of view. A better knowledge of the toxico-
dynamics of ultrafine particles may help to identify factors
that could protect against air pollution in the future.

The effect on fetal development is particularly important
in areas with higher outdoor pollution, where it is practically
impossible for an individual to avoid exposure during
pregnancy. Especially in these areas, strong evidence for the
association between prenatal exposure to air pollution and
infant mortality exists, clearly indicating the need for more
stringent measures to reduce air pollution.
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Early origin of adult lung disease
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Proposed mechanisms

• Systemic effects of pollutants in the mother 1 with

• decreased placental blood flow / hypoxia

• reduced transfer of nutrients

• Direct effects of pollutants crossing the placental 
barrier (e.g. nanoparticles) 2

• Developmental changes of the immune system 3

• Adverse effects on lung development 4

1 Slama et al., EHP, 2008;  2 Wick et al., EHP, 2010

3 Hertz-Picciotto et al., EHP, 2005 4 Kajekar, Pharm Ther 2007
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Handout with detailed literature
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Neonatal outcome of systemic effects

Slama et al., EHP, 2008 
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Epidemiological evidence

- Birth weight (heterogenious findings, confounders)

- Neonatal prematurity

- Infant mortality

- Association with autism, cognitive development

- Association with congenital heart disease

- Respiratory symptoms and asthma
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Birth weight – new studies – conflicting results

Positive association of pollution and low birth weight

• Munich, Germany – Slama et al., EHP 2007

• California, USA – Morello-Frosch et al., Env Health 2010

• PA, USA – Xu et al., Int Arch Occup Med 2011

• Poland – Jedrychowski et al., Env Res 2009

No effect of maternal exposure to pollution & birth weight

• Norway – Madsen et al., Env Res 2010

• PIAMA, Holland – Gehring et al., Env Res 2011

• ABCD, Holland – Gehring et al., Occup Env Med 2011
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Effect on infant mortality
Meta-analysis of 5 cohorts (per 10g/m3 increase in PM10) 

Effects for Switzerland

77800 birth in 2000
average PM10 19.6 g/m3

Relative risk 1.056

Avoidable years lost per 
10g/m3 in Switzerland

= 1705 years

Röösli M et al. Int J Epidemiol 2005: 34: 1029-35.. 
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Respiratory Symptoms: secular trends
(school age)
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Respiratory symptoms and infections in 
infancy

• Increased number of symptoms [N02, PM10]

• Increased asthma prevalence in preschoolers [N02]

• Longer periods of viral infections in infancy [PM10]
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Prenatal
recruitment

Birth:
 history
 Cord blood

(genetics, 
immunology)

 toxicology 
urine

Weekly clincal symptom scores (telephone)

Lung function

Maternal allergy 
testing

First viral infection

Virus PCR

Clinical 
assessment, 
lung function, 
allergy

end of 1st 
year

SNF prospective BILD birth cohort (n= 500)

Clinical 
symptom 

scores

Age

Maternal exposure 
to air pollution 6 years

Postnatal air pollution exposure

Fuchs et al. Int J Epidemiol. 2012; 41: 366-376.
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Impact of air pollution in infancy

Stern&Latzin et al. Am J Resp Crit Care Med 2013,  Jun 15;  187:1341-8.
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Air pollution (PM10):
Longer periods of symptoms after respiratory infection
in the first year of life

Stern&Latzin et al. Am J Resp Crit Care Med 2013,  Jun 15;  187:1341-8. 
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Proposed mechanisms

• Systemic effects of pollutants in the mother 1 with

• decreased placental blood flow / hypoxia

• reduced transfer of nutrients

• Direct effects of pollutants crossing the placental 
barrier (e.g. nanoparticles) 2

• Developmental changes of the immune system 3

• Adverse effects on lung development 4

1 Slama et al., EHP, 2008;  2 Wick et al., EHP, 2010

3 Hertz-Picciotto et al., EHP, 2005 4 Kajekar, Pharm Ther 2007
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Exposure, placenta function, biological effects 

• Large heterogeneity of effects, dynamic effects

• Dependent on particle size, chemical composition, 
immunological aspects, redox activity

• Epigenetic activity

• Time of exposure (change in placental function)
• 1month (placenta barrier <20 m, diffusion, no perfusion)

• Presence of pre-existing inflammatory process

• Programming effects 
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Proposed mechanisms

• Systemic effects of pollutants in the mother 1 with

• decreased placental blood flow / hypoxia

• reduced transfer of nutrients

• Direct effects of pollutants crossing the placental 
barrier (e.g. nanoparticles) 2

• Developmental changes of the immune system 3

• Adverse effects on lung development 4

1 Slama et al., EHP, 2008;  2 Wick et al., EHP, 2010

3 Hertz-Picciotto et al., EHP, 2005 4 Kajekar, Pharm Ther 2007
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Effect on immune system and development

• Increased inflammatory markers (CRP) [PM10]

• Attenuated expression of IL10, IL1 [PM10]

• Dysbalance of T and B Lymphocytes, NK cells [PAH]

• Elevated  Ig-E levels in cord blood [PAH]
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Proposed mechanisms

• Systemic effects of pollutants in the mother 1 with

• decreased placental blood flow / hypoxia

• reduced transfer of nutrients

• Direct effects of pollutants crossing the placental 
barrier (e.g. nanoparticles) 

• Developmental changes of the immune system

• Adverse effects on lung development
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Prenatal
recruitment

Birth:
 history
 Cord blood

(genetics, 
immunology)

 toxicology 
urine

Weekly clincal symptom scores (telephone)

Lung function

Maternal allergy 
testing

First viral infection

Virus PCR

Clinical 
assessment, 
lung function, 
allergy

end of 1st 
year

SNF prospective BILD birth cohort (n= 500)

Clinical 
symptom 

scores

Age

Maternal exposure 
to air pollution 6 years

Postnatal air pollution exposure

Fuchs et al. Int J Epidemiol. 2011
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Plethysmographie

Non-invasive lung function in
unsedated infants

Frey U et al. Respir J 2000; 16: 731-741.
Frey U et al. Eur Respir J 2000; 16: 1016-1022.

International standards
for infant lung function tests
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Air pollution during pregnancy and lung function 
in the neonates

Latzin et al. Eur Resp J 2009; 33: 594-603

+15% MV
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Impact of lung development on respiratory 
morbidity in the elderly

Speizer FE, Tager IB. Epidemiol Rev 1979; 1: 124
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Ante-natal
injury

Triggers:
Infection, allergic, Pollutant exposure

AgeBirth

Genetic
background

Inflammation
Injury Repair

Remodeling

Lung 
development

environment

Phenotype 1

Phenotype 2

Frey U. Swiss Medical Weekly 
2001; 131: 400-406.

‚window of opportunity‘
Environmental factors and growth
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Summary

• Pre and postnatal effects on infant mortality and morbidity are well 
established 

• Effect have been shown for N02, ozone and particulate matter, 
however no epidemiological studies exist for nanoparticles 

• Nano-particles can cross placenta and further research in infants is 
needed

• There are especially vulnerable phases of lung and immun-
development in early infancy (‘window of opportunity’)

• A small impact in early infancy may have a strong impact on 
respiratory morbidity in the elderly and may lead to significant health 
care costs.
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University Children‘s Hospital Basel (UKBB)

Basel-Bern infant lung 
developent cohort (SNF)
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