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Abstract
In a birth cohort study, we have assessed the dose-response relationship between individual
measurements of prenatal airborne PAH exposure and specific PAH-DNA adducts in cord blood
adjusted for maternal blood adducts and season of birth. The study uses data from an earlier
established birth cohort of children in Krakow. The final analysis included 362 pregnant women
who gave birth to term babies and had complete data on personal exposure in the second trimester
of pregnancy to eight airborne polycyclic aromatic hydrocarbons (PAH) including benzo[a]pyrene
(B[a]P), as well as DNA adducts, both in maternal and cord blood.

The relation between cord blood PAH-DNA adducts and airborne prenatal PAH exposure was
non-linear. While cord blood PAH-DNA adducts were significantly associated with the B[a]P
exposure categorized by tertiles (nonparametric trend z = 3.50, p < 0.001), the relationship
between B[a]P and maternal blood adducts was insignificant (z = 1.63, p = 0.103). Based on the
multivariable linear regression model we estimated the effect of the prenatal airborne B[a]P on the
level of cord blood adducts. In total, 14.8% of cord blood adducts variance was attributed to the
level of maternal adducts and 3% to a higher prenatal B[a] exposure above 5.70 ng/m3. The
calculated fetal/maternal blood adducts ratio (FMR) linearly increased with the B[a]P exposure (z
= 1.99, p = 0.047) and was highest at B[a]P concentrations exceeding 5.70 ng/m3.

In conclusion, the results support other findings that transplacental exposure to B[a[P from
maternal inhalation produces DNA damage in the developing fetus. It also confirms the
heightened fetal susceptibility to prenatal PAH exposure that should be a matter of public health
concern particularly in the highly polluted areas because DNA adducts represent a pro-
carcinogenic alteration in DNA The continuation of this birth cohort study will assess the possible
health effects of fetal DNA damage on health of children and help in establishing new protective
guidelines for newborns.
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Introduction
Polycyclic aromatic hydrocarbons (PAH) belong to a group of chemical compounds formed
in the incomplete combustion of organic material; the best known member of this class of
compounds is benzo[a]pyrene (B[a]P). The PAH compounds are ubiquitous and have been
found in polluted air, occupational and urban environments, in tobacco smoke and broiled
foods 1–3. PAH compounds are some of the most important health hazards since they have
been found to be carcinogenic 4,5. Moreover, both research involving laboratory animals and
human studies have reported their harmful impact on fetal development 6–9. Prenatal
exposure to PAH has also been shown in epidemiologic studies to be associated with
adverse mental development in very young children 10, as well as reduced intelligence
scores at later age11,12.

PAH compounds readily cross the placenta 13–15, however, the estimated transplacental dose
of genotoxic compounds such as PAH is about 10 times lower than the dose to maternal
tissues. The transplacental exposure to PAHs from maternal inhalation of PAH leads to the
formation of DNA adducts 16–18, which may be considered as an molecular dosimeter of the
PAH absorbed over the prenatal period and represent the biologically effective dose. PAH-
DNA adducts seem to constitute a reliable biomarker of individual PAH exposure, reflecting
individual differences in exposure, absorption and distribution of the chemical, its
metabolism into DNA reactive forms, detoxification to reactive intermediates, as well as cell
turnover and repair of DNA damage 19, 20. In health risk assessments, the monitoring of
PAH-DNA adducts may lead to identification of potentially hazardous exposures and
susceptible populations before the adverse health effects occur 21. In this context the issue of
increased susceptibility of fetuses and children to environmental genotoxic agents was also
addressed 22–24.

The main purpose of this analysis was to assess the relationship between individual
measurements of prenatal airborne PAH exposure in the second pregnancy trimester and the
level of PAH-DNA adducts in cord blood as the endpoint. The second trimester marks the
halfway period of pregnancy, when the fetus starts to grow very quickly and the brain
undergoes its most important growth. From now on, the fully developed placenta provides
all the fetus’ needs until birth and this may also create good conditions for toxicants
absorbed by mother to cross placenta and eventually put fetus at risk. Beside the level of
DNA adducts in maternal blood, the analysis took into consideration concomitant exposures,
such as fine particles (PM2.5) and environmental tobacco smoke (ETS). The secondary
purpose of the study was to assess increased susceptibility of fetuses to genotoxic PAH
compounds by computing the fetal/maternal blood adducts ratios (FMRs) of the exposure-
specific biomarker (PAH-DNA adducts) at various exposure levels.

Material and Methods
The present study uses data from a previously established birth cohort of children in Krakow
that is a collaborative research project with Columbia University in New York. The design
of the study and the detailed selection of the population have been described in a previous
paper 25. In short, pregnant women were recruited from ambulatory prenatal clinics in the
first or second trimester of pregnancy. The study included women between 18 and 35 years
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of age, who claimed to be non-smokers, with singleton pregnancies, without illicit drug use
and HIV infection, free from chronic diseases such as diabetes or hypertension, and resident
in Krakow for at least one year prior to pregnancy. All women participating in the study had
read and signed an informed consent. The study was reviewed and approved by the
Bioethical Committee of the Jagiellonian University in Krakow, Poland.

Upon enrolment, a detailed questionnaire was administered to each woman to gather
information on demographic data, household characteristics, medical and reproductive
history, occupational hazards, and smoking practices of others present in the home.
Questionnaire also elicited information on dietary PAH (frequency of consumption of
broiled, fried, grilled and smoked meat) during pregnancy. A total of 505 pregnant women
initially enrolled in the study gave birth between January 2001 and February 2004. The
univariate statistical analysis included 438 women who gave birth between 37 and 43 weeks
of gestation and had measurements of personal exposure to pollutants and DNA adducts. In
the final multivariable regression models the analysis was restricted to 362 mother/newborn
pairs with complete data on all variables.

Gestational age at birth was defined as the interval between the last day of the mother’s
menstruation (LMP) and the date of birth. ETS exposure was assessed by detailed interviews
on passive smoke over the whole pregnancy period and validated by maternal blood cotinine
level. Weighted mean number of cigarettes smoked was calculated as a total number of
cigarettes smoked at home over various pregnancy periods divided by the duration of
pregnancy (in days). Maternal education level (elementary, secondary or higher) was treated
as a proxy for socio-economic status.

Dosimetry of prenatal personal exposure to PAH and fine particles
The monitoring of pregnant women for personal exposure to airborne PAH and fine particles
was carried out over a 48-hour period (working days) during the second trimester of
pregnancy. The women were instructed by a trained staff member how to use a personal
monitor and asked to wear the monitoring device during the daytime hours for two
consecutive days and to place it near the bed at night. On the second day, the air monitoring
staff assistant and interviewer visited the study participant’s home to change the battery-
pack and to complete the questionnaire on household characteristics.

A Personal Environmental Monitoring Sampler (PEMS) was used to measure both PAH and
particle mass collected on the PEMS Teflon membrane filter (37 mm Teflo™, Gelman
Sciences). The single pump/two impactors sampling method was developed at Harvard
School of Public Health (Dr J. Spengler) and is used to measure particles and gases. For the
measurement of gaseous PAH compounds, the sampling pump draws air through a
polyurethane (PUF) sampler. After sampling, the field samplers were frozen and shipped on
dry ice to South-West Research Institute in Texas, where tests were performed to determine
concentrations of eight PAH compounds (benzo(a)anthracene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(g,h,i)perylene, benzo(a)pyrene, chrysene/iso-chrysene,
dibenzo(a,h)anthracene, indeno(1,2,3-c,d)pyrene, and pyrene) in extracts of particles
collected on filters and polyurethane foam cartridges. As in prior studies, the eight
carcinogenic PAH were summed as the PAH exposure indicator. The chemical procedures
in the analysis of the collected samples are described elsewhere 26.

Dosimetry of PAH-DNA adducts
Maternal blood (30–35 mL) was collected within 1 day postpartum, and umbilical cord
blood (30–60 mL) was collected at delivery. B[a]P-DNA adducts were analyzed in all
maternal and umbilical cord blood samples with sufficient DNA quantities. B[a]P is widely
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used as a representative PAH because concentrations of individual PAHs in the urban setting
are highly correlated 23. B[a]P-DNA adducts can serve as a proxy for PAH-DNA adducts
and B[a]P-DNA adducts in extracted WBC DNA were analyzed using the high-performance
liquid chromatography-fluorescence method of Alexandrov et al 26,27, which detects B[a]P
tetraols. The method has a coefficient of variation of 12% and a lower limit of detection of
0.25 adducts per 108 nucleotides. As in prior analyses, samples below the limit of detection
were assigned a value midway between the limit of detection and zero (0.125 adducts per
108 nucleotides).

Statistical analysis
The associations between cord blood PAH-DNA adducts and prenatal exposure to PAH,
PM2.5 and ETS were initially examined by univariate approach. In the univariate analysis
the cord and maternal blood DNA adducts were divided into three categories: 0 =
undetectable level, 1 = below the median of those with detectable level, 2 = above the
median of those with detectable level. The relation between blood adducts and the prenatal
PAH exposure was nonlinear, but natural logarithm transformation of the variables
linearized satisfactorily the relationship. In the multivariable regression of the association
between cord blood adducts and main exposure variable (prenatal airborne PAH exposure) a
set of potential confounders, such as maternal DNA adducts, season of birth and co-
exposure to PM2.5 and ETS were initially considered. Dietary PAH exposure was not
correlated with PAH-DNA adducts and was not a predictor of cord blood PAH-DNA
adducts (p>0.1) and therefore not included as a covariate. In choosing the final model the
linearity between predictors and the outcome variable, normality and homogeneity of
variance and collinearity between covariables were considered. In addition, only relevant
covariables were included, which improved the model fitting and outliers excluded (B[a]P
>30 ng/m3, DNA blood adducts > 1 per 108 necleoides). Main exposure variable (airborne
B[a]P exposure) was introduced in the final model as ordered variable (in tertiles of its
distribution). Increased fetal susceptibility to genotoxicity of PAH compounds was assessed
by computing the fetal/maternal ratio of PAH-DNA adducts (FMR) in newborn/mother
pairs. The value > 1 was considered as an indicator of a higher susceptibility of fetus to
DNA damage from absorbed PAH. All statistical analyses have been performed with
STATA version 12.0 software.

Results
The socio-demographic characteristics of the newborns did not differ across the groups
defined by various levels of the cord blood adducts (Table 1). The geometric mean of
prenatal personal exposure to PAH monitored in the second pregnancy trimester was 24.2
ng/m3 (95%CI: 21.5 – 27.1 ng/m3) and that for B[a]P was 2.5 ng/m3 (95%CI: 2.2 – 2.9 ng/
m3). Spearman correlation coefficient (rho) between PAH and B[a]P was 0.988 (95%CI:
0.985 – 0.990) and that for PAH and PM2.5 was 0.624 (95%CI: 0.568 – 0.680) (Figure 1).

Mean airborne exposure to PAH was about threefold higher (geometric mean = 45.6 ng/m3,
95%CI: 39.6 – 52.6 ng/m3) in the heating season (October–March) than in the non-heating
period (geometric mean = 14.5 ng/m3, 95%CI: 12.5 – 15.7 ng/m3); the corresponding
concentrations of PM2.5 were 40.3 μg/m3 (95%CI: 37.2 – 43.7) and 33.7 μg/m3 (95%CI:
31.2 – 36.4 μg/m3). The analysis of the seasonal variability of air pollutants as measured by
personal monitoring showed highest concentrations of air pollutants in the cold season,
which resulted from individual domestic gas and coal stoves used in the inner city area and
communal coal-fired heating generators located outside the city center (Figure 2).

Figure 3 presents the different pattern of relationship between the prenatal B[a]P exposure
and PAH-DNA adducts in cord and maternal blood. At the lower exposure the difference
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between the shape of the dose-response curves is negligible, however, the gap between them
gradually widens at the higher exposure range. While cord blood PAH-DNA adducts
significantly correlated with prenatal level of B[a{P in tertiles (non-parametric trend z =
3.50, p < 0.001), the association of B[a]P with maternal blood adducts did not reach the
significance level (z = 1.63, p = 0.103), Prenatal PM2.5 concentrations were significantly
associated with B[a]P, however, ETS exposure did not correlate with B[a]P (Table 2).

DNA adducts in mothers and newborns were significantly correlated with each other (Figure
4). The average level of cord blood adducts was slightly higher (geometric mean = 0.235 per
108 nucleotides, 95%CI: 0.224 – 247) than that found in maternal blood (mean = 0.230 per
108 nucleotides, 95%CI: 0,219 – 0.241) but the difference was insignificant (t = 0.803 p =
0.422, paired t-test). Neither maternal educational status, nor age, gestational age or pre-
pregnancy weight of mothers or gestational weight gain had a significant effect on the level
of DNA adducts in mothers or newborns. Frequency of consumption of broiled, fried, grilled
and smoked meat in pregnancy did not correlate with DNA adducts either.

Table 3 presents the final multivariable linear regression for cord blood PAH-DNA adducts
(ln-transformed) where the main exposure variable (B[a]P) was introduced in tertiles
together with only the relevant covariates (maternal adducts and season of birth). The
traditional table summarizing the results of multivariable regression was supplemented with
information of the variance inflation factor (VIF) and Eta2 coefficient measuring the effect
size of individual covariates. In total, all the covariates included in the model explained
18.3% of the variance and most of it (14.8%) was attributed to maternal adducts and about
3% to higher B[a]P exposure (> 5.69 ng/m3).

In the sample under study we found 39.0% of newborns (95%CI: 33.9 – 44.0%) with FMR
above 1.0, which may suggest an increased susceptibility to the DNA fetal damage. There
was a significant trend of FMR values with increasing B[a]P exposure (nonparametric trend
z = 1.99, p = 0.047). Even at the moderate exposure level (1.16 – 5.69 ng/m3) FMR was
moderately elevated (FMR = 1.15, 95%CI: 1.03 – 1.28) and reached 1.28 mean vlaue
(95%CI: 1.10 – 1.43) at the B[a]P level above 5.69 ng/m3 (Table 4).

Odds ratio of a heightened susceptibility to fetal DNA damage (FMR>1) remained
significant after adjustment for maternal adducts (Table 5). Probability of the heightened
susceptibility to the DNA fetal damage (estimated from logistic model) increased linearly
with ln-units of exposure, but was at the lower level in newborns with higher maternal blood
adducts (Figure 5).

Discussion
The study confirmed a significant trend for cord blood PAH-DNA adducts with increasing
prenatal exposure to airborne PAH, but not PM2.5 or ETS. Neither maternal educational
status, nor age, gestational age or pre-pregnancy weight of mothers or gestational weight
gain had a significant effect on the level of adducts in mothers or newborns. The dose-
response relationship between the airborne PAH exposure measured in the second trimester
of pregnancy and cord blood DNA adducts was non-linear and 14.8% of cord blood adducts
variance was explained by maternal blood adducts and about 3% by exposure to B[a]P
values. Moreover, prenatal airborne B[a]P exposure above 5.70 ng/m3 increased
significantly the risk of delivering a “susceptible” newborns (FMR>1). It seems worthwhile
to mention that newborns with higher maternal adducts (above median) had a 37% reduced
risk of being in the susceptible group compared with those whose mothers had a lower level
of blood adducts.
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These findings provide additional evidence that fetal DNA is prone to more DNA damage
per unit of exposure of PAH due either to a higher rate of adduct formation and/or weaker
DNA repair capacity. Our study did not show the association between dietary PAH in
pregnancy (frequency of consumption of broiled, fried, grilled and smoked meat) and cord
blood PAH-DNA adducts. DNA adduct formation is a subject to a greater variability than
external exposure. As this variability results from differences in metabolic phenotypes
related to genetic polymorphisms in a variety of enzymes involved in the activation or
detoxification of PAH or repair of PAH-DNA adducts, individuals with a similar level of
external exposure, might happen to have different PAH-DNA adduct levels or vice versa 20.
Moreover, the recent study by Kelvin et al 28 showed that plasma antioxidants may also
modulate the effect of prenatal PAH exposure on PAH-DNA adducts in cord blood.

The study results support the hypothesis that cord blood PAH-DNA adducts levels reflecting
past exposure to airborne PAH may persist over a relatively long period (about 4 months).
This observation would be in agreement with the studies on persistence of DNA adducts in
smokers who stopped smoking, and in patients after their treatment with coal-tar ointments.
The calculated half-life of aromatic-DNA adducts in peripheral white blood cells
(monocytes and lymphocytes) was approximately 10 – 12 weeks 29–31.

The effect of urban pollution on the level of DNA damage (PAH-DNA adducts) was earlier
investigated in Krakow by Whyatt et al 32. Although on a smaller scale, the previous study
showed higher DNA damage for newborns from high and medium polluted areas compared
with the less polluted area. Ambient air pollution was significantly associated with the
amount of PAH-DNA adducts in both maternal and infant cord white blood cells. The
results of a cross-sectional study carried out in a small sample of healthy pregnant women in
Denmark (Copenhagen) was recently published by Pedersen et al 33. In the latter study
bulky DNA adducts from 75 maternal and 69 cord blood samples were collected at the time
of the planned Cesarean section. Modeled traffic data, validated in the subsample of subjects
by indoor nitrogen dioxide and polycyclic aromatic hydrocarbons, was used to approximate
the traffic related residential air pollution. All participants had detectable DNA levels and
they were highest among mother-newborns pairs who lived near medium traffic density
places. As in our study the authors found significantly higher DNA adducts in maternal and
cord blood of newborns delivered in the summer season (April – September) compared with
the winter period.

The effect of urban pollution on the level of DNA damage (Comet assay) was also
investigated in a newborn-mother population from two areas of the Czech republic differing
in air pollutants level. As the authors found no differences between polluted areas in Comet
assay parameters they concluded on an equivalence of DNA damage in mothers and
newborns34. It is very difficult to compare the results of that study with our data as the
Comet assay may be insufficiently sensitive to determine the effects of environmental
pollution on the DNA damage in peripheral white blood cells. Moreover, the contrast in
airborne PAH exposure between the exposed and the control area was approximated and
based on the routinely collected data from urban sampling stations.

Our findings on the relationship between airborne PAH exposure and DNA adducts would
be consistent with the conclusion of a systematic review performed by Castano et al35. The
authors identified thirty five studies, with 410 subjects, which evaluated environmental air
pollution to PAHs in relation to metabolites of PAH, PAH-DNA adducts or protein adducts.
PAH metabolites and, to a lesser extent, PAH-DNA adducts correlated well at the group
level with exposure to B[a]P, even at low levels of air pollution.
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A strength of our study is the prospective birth cohort design that also enabled us to limit
measurement error in estimating prenatal exposure to PAH compounds by assigning an
individual prenatal personal exposure level to each child. The personal monitoring of
ambient exposure is a relevant measure incorporating outdoor and indoor exposures.
Another strong point of our study stems from the fact that we were able to monitor both the
level of PAH-DNA adducts in cord blood and maternal blood at delivery. Since the mobility
of the subjects under study was very moderate and mainly restricted to the same urban air
pollution area, this gave us an additional confidence that the estimates of exposure were
unbiased. On the other hand, we are aware of the limitations of our study, which are mainly
related to a relatively small sample size and the lack of the better data on dietary PAH
exposure in pregnancy.

In conclusion, the study results confirm that transplacental exposure to PAH from maternal
inhalation produces some DNA damage in the developing fetus. Our study has also
evidenced a significantly stronger association between fetal DNA damage and prenatal
exposure to PAH than that observed in mothers. The heightened fetal susceptibility to
prenatal PAH exposure is a matter of growing public health concern because DNA adducts
not only represent a pro-carcinogenic alteration in DNA, but are associated with adverse
child behavior, potentially affecting school performance 36. If the findings are confirmed by
other studies, we believe that these results should be considered in reestablishing health
guidelines for newborns. We hope that the continuation of this birth cohort study should
allow us to assess the possible delayed health and developmental effects of fetal DNA
damage in children at later age.
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Figure 1.
Correlation between airborne B[a]p and PAH values measured in the prenatal pepriod
(Spearman correlation rho = 0.989, 95%CI: 0.987 – 0.991)
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Figure 2.
Geometric means with 95% confidence intervals for PAH, B[a]P and PM2.5, by dates of
measurement in the second trimester of pregnancy
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Figure 3.
Non-linear dose-response ralationship between prenatal airborne B[a] exposure as measured
in the second trimester of pregnancy and PAH-DNA adducts in cord and maternal blood
(lowess line)
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Figure 4.
Correlation between maternal and cord blood DNA adducts (per 108 nucleoides)
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Figure 5.
Fitted probability of an increased susceptibility to fetal DNA damage (FMR>1) by the
prenatal B[a]P exposure and maternal adduct levels (dichotomized by median)
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Table 2

Mean concentrations of PAH-DNA adducts in cord and maternal blood together with prenatal ambient
pollutants grouped by the prenatal airborne B[a] level (in tertiles)

Variables
Prenatal B[a]P exposure level (in tertiles)

p-level for nonparametric trend<= 1.15 ng/m3 1.16 – 5.69 ng/m3 >5.69 ng/m3

Cord blood adducts per 108 nucleoides 0.24 (0.22 – 0.26) 0.25 (0.23 – 0.27) 0.30 (0.27 – 0.32) z = 3.50
p <0.001

Maternal blood adducts per 108

nucleoides
0.25 (0.23 – 0.27) 0.26 (0.24 – 0.28) 0.27 (0.25 – 0.30) z = 1.63

p = 0.103

Prenatal PAH in ng/m3 7.7 (7.0 – 8.3) 26.8 (24.6 – 28.5) 102.3 (93.4 – 111.3) z = 17.72
p < 0.001

Prenatal PM2.5 μg/m3 28.9 (26.1 – 31.7) 36.1 (32.9 – 39.3) 58.5 (53.4 – 63.7) z = 10.17
p <0.001

Weighted mean number of cigarettes
smoked by others daily at home

1.45 1.34 2.19 z = −0.88
p =0.881

In brackets: 95% confidence interval
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Table 4

Mean FMR values for each mother/newborn pair related to the level of prenatal airborne PAH exposure (in
tertiles)

Prenatal airborne B[a] level FMR 95%Confidence Interval

<=1.15 ng/m3 1.10 0.99 1.21

1.16 – 5,69 ng/m3 1.15 1.03 1.28

>5.69 ng/m3 1.28 1.13 1.43

Total 1.18 1.10 1.25

Non-paranetric trend z = 1.99, p = 0.047
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