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Abstract
Background—Previous studies have reported maternal exposure to airborne polycyclic aromatic
hydrocarbons (PAH), as well as DNA adducts reflecting total PAH exposure, to be associated with
reduced fetal growth. The role of diet, the main source of PAH exposure among non-smokers,
remains uncertain.

Objective—To assess associations between birth weight, length and small size for gestational
age (SGA) with maternal intakes of the genotoxic PAH benzo(a)pyrene [B(a)P] during pregnancy,
exploring potential effect modification by dietary intakes of vitamin C, vitamin E, alpha- and beta-
carotene, as well as glutathione S-transferase P1 (GSTP1) polymorphisms, hypothesized to
influence PAH metabolism.

Methods—657 women in the INMA (Environment and Childhood) Project from Sabadell
(Barcelona) were recruited during the first trimester of pregnancy. Dietary B(a)P and nutrient
intakes were estimated from food consumption data. Genotyping was conducted for the Ile105Val
variant of GSTP1. Multivariable models were used to assess associations between size at birth and
dietary B(a)P, evaluating potential interactions with candidate nutrients and GSTP1 variants.

Results—There were significant interactions between elevated intakes of vitamin C (above the
mean of 189.41mg/day) and dietary B(a)P during the first trimester of pregnancy in models for
birth weight and length (P<0.05), but no interactions were found with other nutrients. B(a)P
intakes were associated with significant reductions in birth weight and length (coefficient±SE for a
1-SD increase in B(a)P: −101.63±34.62 g and −0.38±0.16 cm, respectively) among women with
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low, but not high, vitamin C intakes. Elevated dietary B(a)P was also associated with increased
risk of SGA births among women with low dietary vitamin C. Among these women, associations
were strongest in those carrying the GSTP1 Val allele, associated with lower contaminant
detoxification activity.

Conclusion—Results suggest that dietary B(a)P exposure may impair fetal growth, particularly
in genetically susceptible populations, and that increasing maternal intakes of vitamin C may help
to reduce any adverse effects.

Keywords
polycyclic aromatic hydrocarbons; benzo(a)pyrene; diet; pregnancy; vitamin C; glutathione S-
transferase P1; fetal growth

1. INTRODUCTION
Recent epidemiological studies suggest prenatal exposure to polycyclic aromatic
hydrocarbons (PAH) may be associated with adverse reproductive or child health outcomes,
including low birth weight and length, preterm birth, reduced head circumference at birth,
and lower scores on childhood tests of neurodevelopment (Choi et al. 2006;Choi et al.
2008;Perera et al. 2005;Perera et al. 2006). Most studies on reproductive effects of PAHs to
date have assessed exposure either using personal monitoring equipment to assess
atmospheric exposure, or have used levels of bulky DNA adducts as a marker of total PAH
exposure, including both airborne and dietary sources. It has been demonstrated that PAHs
cross the placenta barrier during pregnancy, and may therefore compromise fetal
development (Autrup and Vestergaard 1996;Perera et al. 1999;Sanyal et al. 2007).

Diet is the main source of PAH exposure among individuals not exposed to high levels of
tobacco smoke or with occupational exposures (Agency for Toxic Substances and Disease
Registry (ATSDR) 1995;Butler et al. 1993;Hatagima 2002;Phillips 1999;Scherer et al.
2000;Suzuki and Yoshinaga 2007;Vyskocil et al. 2000). Benzo(a)pyrene [B(a)P] has been
identified as human mutagen, carcinogen, and endocrine disruptor, and has been widely used
as a marker of exposure to total carcinogenic PAHs (Agency for Toxic Substances and
Disease Registry (ATSDR) 1995). However, it remains uncertain whether the dietary route
of exposure may relate to birth outcomes.

Most studies to date on maternal PAH exposure and reproductive outcomes have not
assessed the role of factors hypothesized to influence metabolism of these compounds.
Antioxidant nutrients such as vitamin C, vitamin E, alpha-carotene or beta-carotene have
been reported to reduce DNA damage related to PAH exposure, perhaps by inducing the
activity of detoxifying enzymes such as GSTs, and could therefore help to protect against
adverse health outcomes related to exposure to such contaminants (Bhuvaneswari et al.
2002;Kelvin et al. 2009;Mooney et al. 2005;Palli et al. 2000;van Lieshout et al. 1996).
Additionally, the enzyme glutathione S-transferase P1 (GSTP1) is involved in detoxification
of xenobiotic compounds including PAHs (Hatagima 2002;McCarty et al. 2009;Pavanello
and Clonfero 2000;Watson et al. 1998). Polymorphisms in the GSTP1 gene are related to
changes in enzymatic activity and hence detoxification capacity, and may therefore
determine individual susceptibility to adverse health outcomes related to PAH exposure
(Hatagima 2002;Pavanello and Clonfero 2000;Perera et al. 1999;Watson et al. 1998).
Although antioxidant nutrients have been shown to modify the formation of DNA adducts in
cord blood (Kelvin et al. 2009), to date, no previous studies have examined whether
antioxidant intakes or GSTP1 polymorphisms modify associations between dietary PAH
exposure and reproductive health outcomes.
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In a previous study, we assessed levels of maternal dietary intakes of B(a)P, one of the most
studied PAH compounds, and reported an association with lower birth weight (Duarte-Salles
et al. 2010). This study aimed to further assess associations between intakes of B(a)P during
pregnancy and multiple indicators of fetal growth impairment in a population-based birth
cohort, focusing on whether maternal antioxidant intakes and the GSTP1 (Ile105Val)
polymorphism in either mother or child may modulate this association.

2. METHODS
2.1. Study population

Data come from a population-based birth cohort established in Sabadell (Catalonia, Spain)
as part of the INMA – INfancia y Medio Ambiente [Environment and Childhood] Project.
Details of the study design have been described previously (Guxens et al. 2011;Aguilera et
al. 2010). Briefly, between July 2004 and July 2006, 657 women were recruited during their
first trimester of pregnancy. From the initial sample, birth weight was available for 614
(93%) and birth length for 604 (92%) newborns; main covariates including smoking,
education level and dietary data were available for 586 (86%) and 574 (87%) of these
children for each outcome, respectively. The analysis sample did not differ from those with
missing data in terms of characteristics including child sex, birth weight, gestational age at
birth, and maternal age (data not shown). Since smoking contributes substantially to B(a)P
exposure (Agency for Toxic Substances and Disease Registry (ATSDR) 1995; Duarte-Salles
et al. 2010), additional analyses were done excluding women who declared any smoking
during pregnancy. This study was approved by the Clinical Research Ethical Committee of
the Municipal Institute of Health Care (CEIC-IMAS), and informed consent was signed by
all participants.

2.2. Dietary assessment and B(a)P intakes
Dietary intakes since the start of pregnancy were assessed at recruitment using a previously
validated 101-item semi-quantitative food frequency questionnaire (Vioque J 2006). Intake
frequencies ranged from “never or < once a month” to “≥ 6 times/day”. Daily intakes of
foods and nutrients were estimated using standard portion sizes. Intakes of energy and
nutrients, including intake of vitamin C, vitamin E, alpha-carotene and beta-carotene, were
estimated using a database compiled based on Spanish nutrient tables (Farran A et al. 2003).

Estimation of B(a)P intakes has been described previously (Duarte-Salles et al. 2010). A
compilation of the available data on food concentrations of B(a)P was undertaken to
construct a food composition table for items in the food frequency questionnaire. Exclusion
criteria for the selection of eligible values applicable to this study includes: (i) values
published before 1990, (ii) values from highly polluted settings (e.g.: foods locally produced
in Kuwait) (Husain et al. 1997), (iii) extreme outliers, and (iv) values for heterogeneous food
groups instead of food items. When a published value was below the limit of detection or
not detectable, the value assigned was the half of the detection limit. Average concentrations
for B(a)P in each food were calculated using all available data for that food item. When no
data was available for a food item that was asked at the FFQ, concentrations of B(a)P were
imputed from food items with similar characteristics (e.g.: values for skimmed milk were
imputed from semi-skimmed milk). Finally, daily B(a)P intake was estimated by multiplying
food item concentrations of B(a)P by intakes of each food, which were then summed to
estimate total intakes expressed as micrograms (µg) per day.

2.3. Genotyping
Maternal blood samples were collected at recruitment and cord blood at delivery. DNA was
extracted from 646 maternal blood and 519 cord blood samples (511 mother-child pairs)
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using the Chemagic MAgnetic Sparateor technology (Chemagen) at the Spanish National
Genotyping Centre (CEGEN). DNA was quantified using dsDNA fluorescent detection
(PicoGreen, Molecular Probes) and normalized to 75–100 ng/µl. GSTP1 Ile105Val
polymorphism (rs1695, A/G) was genotyped with KASPar technology (KBioscience) at the
CEGEN following manufacturer’s instructions. Genotyping quality was validated with the
inclusion of three HapMap trios with known genotypes. Moreover, one of these HapMap
samples was used as an inter-plate replicate. Additionally, 190 samples (17%) were also
genotyped using a Pyrosequencing assay (Biotage) as described elsewhere (Morales et al.
2009). Ninety-nine per cent of the samples analyzed simultaneously by KASPar and
Pyrosequencing showed consistent genotypes. Four mother-child pairs (0.7% of the total
cohort) were excluded from the analysis due to discordant genotypes between the methods
(N=2) or due to Mendelian errors (N=2). Finally, genotypes were obtained for 635 out 646
maternal (98%) and 484 out 519 (93%) child blood samples respectively, of which 565
(89%) and 464 (89%) had diet information and were included in the analysis. The analysis
sample with information on maternal GSTP1 did not differ from those with missing data,
however, those with child GSTP1 genotype data had slightly higher birth weight, length and
gestational age compared with those with child GSTP1 missing data (data not shown). All
assays were performed blinded to fetal growth indicators and dietary B(a)P intakes. GSTP1
genotypes were in Hardy-Weinberg equilibrium in the cohort (P > 0.05). Because of the low
frequency of Val/Val homozigotes, we combined the GSTP1 Ile/Val and Val/Val genotypes
as in dominant genetic models for subsequent analyses. The frequency of the 105Val allele
was 0.33 in the mother and 0.34 in the child.

2.4. Birth outcomes and other variables
Birth weight and length were recorded by specially trained midwives at delivery. Gestational
age was calculated from the date of the last menstrual period reported at recruitment and
confirmed using ultrasound measures in the first trimester. Ultrasound estimates were used
when estimates based on last menstrual period and ultrasound differed by ≥ 7 days (n=91;
16%). Infants with birth weight below the 10th percentile of a Spanish reference population
were classified as small size for gestational age (SGA) (Carrascosa et al. 2004).

Information on maternal age, parental occupation (Grupo de Trabajo de la SEE - Álvarez-
Dardet C et al. 1995), the highest achieved level of parental education (≥university,
secondary, ≤primary), parental region of origin (European, other) and ethnicity (Caucasian,
other), parity, pre-pregnancy weight, maternal height, and paternal weight and height were
collected by questionnaire in the first trimester of pregnancy. Tobacco use (women who
reported smoking throughout pregnancy) and passive smoke exposure (women residing with
an active smoker or exposed to tobacco smoke at place of work) during pregnancy were
collected in the third trimester. Women were categorized as non-smokers (women not
exposed to tobacco smoke), passive smokers (non-smokers exposed to passive smoking),
and active smokers. Maternal cotinine levels were measured in maternal urine collected in
the third trimester of pregnancy, using the Cotinine Micro-Plate EIA Kit (Ora Sure
Technologies, Inc.).

B(a)P is absorbed onto fine particles and studies have found moderate to high correlations
between atmospheric concentrations of fine particles, B(a)P and nitrogen dioxide (NO2)
(Hazenkamp-von Arx et al. 2004; Tham et al. 2008; Wilhelm et al. 2011) since most of these
pollutants, including B(a)P and NO2, come from the traffic (Lodovici et al. 2003; Varea et
al. 2011; Wilhelm et al. 2011). As exposure to NO2 during pregnancy has been related to
reproductive outcomes (Ballester et al. 2010), in this study we assessed possible
confounding using residential outdoor NO2 as a proxy indicator. NO2 was estimated by
land-use regression modelling as described previously (Aguilera et al. 2008).
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2.5. Statistical analysis
Descriptive analyses were stratified by maternal levels of vitamin C intake. Within strata of
vitamin C (< or ≥ the mean of 189.41 mg/day), measures of size at birth (birth weight, birth
length, and SGA) and maternal characteristics were described across population-wide
tertiles of B(a)P intake (lowest two vs. highest tertile). Statistical significance was evaluated
using χ2, Student’s t-test, or Wilcoxon-Mann-Whitney tests for categorical, continuous, and
non-normally distributed continuous variables, respectively.

Multivariate linear regression models were used to examine the relationship between dietary
B(a)P intakes during pregnancy and birth weight and length, and logistic regression was
used to assess associations with SGA birth. Modification of associations with B(a)P by
maternal intakes of candidate nutrients during pregnancy were tested by including
interaction terms in the regression models; interactions with vitamin C were significant
using B(a)P either continuously or in tertiles (P<0.10). No significant interactions were
found between dietary B(a)P and vitamin E, alpha-carotene or beta-carotene intakes
(interaction P>0.05). Models were therefore stratified by elevated vitamin C intakes.
Generalized additive models (GAMs) were used to evaluate the linearity of the relationship
between dietary B(a)P and birth outcomes among women with high vs. low intakes of
vitamin C. Relationships between B(a)P and birth weight or length were linear in both strata
(P for gain in linearity >0.10 in GAM models), and therefore results are reported as
coefficients for a 1 SD increase in B(a)P with standard errors (SE). However, results were
similar using tertiles of B(a)P intake (not shown). For SGA, associations with dietary B(a)P
were nonlinear (P for gain in linearity <0.10); results are thus reported as ORs for the
highest vs. lowest two tertiles of B(a)P intakes, with 95% CIs. Models were further stratified
by GSTP1 Ile105Val genotypes in order to evaluate whether the associations with dietary
B(a)P exposure differed by maternal and child GSTP1 polymorphism. Due to the small
number of SGA infants, it was not possible to further stratify analyses for this outcome by
GSTP1 variants.

Covariates in final models were sex of the child, gestational age, nulliparity, active or
passive smoking during pregnancy, maternal region of origin (European and non-European),
education level (≥university, secondary and ≤primary), height, pre-pregnancy weight, and
energy intakes (kilocalories/day). Other covariates (maternal age, parental occupation,
parental ethnicity, father’s country of origin, father’s weight and height, marital status,
maternal cotinine levels during pregnancy, and atmospheric NO2) were tested as potential
confounders but were excluded from final models for parsimony, as they did not
meaningfully affect our estimates (change-in-estimate <10%). Adjusting for maternal serum
levels of polychlorinated biphenyls (PCBs) and dichlorodiphenyldichloroethylene (DDE)
also had no meaningful effect. Similarly, we confirmed that results were comparable after
adjusting for maternal intakes of food groups such as fruits (including juices) and
vegetables, intakes of antioxidant vitamin-containing supplements, shellfish and processed
meat (main sources of B(a)P dietary intakes), as well as intakes other micronutrients
hypothesized to protect against the formation of adducts, namely vitamin E, alpha-carotene
and beta-carotene (Kelvin et al. 2009) (results not shown). Associations were also similar
after excluding women who actively smoked during pregnancy (n=97), preterm births (<37
weeks gestation, n=13), low birth weight children (n=25) or non-European and non-
Caucasian children (n=76) (latter three not shown). Delta-betas were used to exclude the
most influential observations in the multivariate analyses; no meaningful changes were
observed. Data were analyzed using STATA 10.1 (Stata Corporation, College Station,
Texas).
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3. RESULTS
Overall, the mean±SD intake of dietary B(a)P was 0.19±0.6 µg/day. Sample characteristics
are presented stratified by levels of vitamin C intake, as associations between dietary B(a)P
and size at birth differed in infants with high (≥ the mean of 189.41 mg/day) vs. low
maternal intakes of this nutrient (interaction P<0.10 for multiple outcomes) (Table 1).
Statistically significant differences in birth weight, birth length and SGA by level of dietary
B(a)P were observed only among women with lower vitamin C intakes. In this group of
women, the mean birth weight and birth length were significantly lower and the frequency
of SGA births was higher in those in the highest tertile vs. lower tertiles of B(a)P intake
(3073 vs. 3274 g, 49.50 vs. 48.57 cm and 6.95% vs. 17.39% respectively, P <0.05). Among
women with high vitamin C intakes, there was no difference in size at birth across tertiles of
dietary B(a)P.

Dietary B(a)P intakes were associated significantly with lower birth weight in the total
sample after multivariate adjustment (coefficient±SE for 1-standard deviation increase of
B(a)P intake: −44.60±21.94g), but no significant associations were found for birth length
and SGA (coefficient±SE: −0.13±0.09, and OR: 2.06, 95%CI: 0.90 – 4.70, respectively)
(results not shown).

As shown (Table 2, Figure 1), increasing dietary B(a)P intakes were associated with
significant reductions in birth weight and length among women with low, but not high,
vitamin C intakes. Multivariable-adjusted coefficients±SE for birth weight and length
associated with each 1-standard deviation increase of B(a)P intake were −101.63±34.62g
and −0.38±0.16cm respectively in the group with low vitamin C intakes, and 2.05±29.56g
and 0.10±0.13cm in the high intake group (P-value for interactions were 0.026 and 0.088
respectively). Similar results were found after excluding women who actively smoked
during pregnancy (n=97) (Table 2). Among non-smokers with low vitamin C intakes,
multivariable-adjusted coefficients±SE for birth weight and length were −88.26±41.36g and
−0.37±0.18cm respectively, and −3.71±32.46g and 0.04±0.13cm in the high vitamin C
intake group.

After further stratifying by GSTP1 Ile105Val polymorphism in either mother or child,
associations between higher intakes of dietary B(a)P and reduced birth weight and length
were strong and significant only among those with the 105Val allele. As before, these
associations were observed only among women with low vitamin C intakes (Table 3); P-
value for interaction between dietary B(a)P and elevated Vitamin C intake among women
with low detoxification capacity were 0.035 for birth weight and 0.038 for birth length.
After stratifying based on both maternal and fetal genotype simultaneously, associations
between dietary B(a)P and birth size among these women were strongest when the 105Val
allele was present in both mother and child (n=105; multivariate-adjusted association
−158.64±57.01g and −0.54±0.26cm for birth weight and length respectively), vs. in only one
member of the pair (n=78; −12.87±77.39g and −0.15±0.37cm, respectively). When neither
member had the Val variant, multivariable-adjusted associations were null.

In multivariate logistic regression models (Table 4), elevated intakes of B(a)P were
associated with an increased risk of SGA (OR: 3.51; 95% CI: 1.16 – 10.59) among women
below the mean intake of vitamin C. However, no association was found between dietary
B(a)P and SGA among women with high vitamin C intake (OR: 0.81; 95% CI: 0.23 – 2.75).
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4. DISCUSSION
In this study, higher maternal dietary B(a)P intakes during the first trimester of pregnancy
were related to significant reduction both in birth weight and length, and an increase in risk
of SGA among women with low dietary vitamin C intakes. There were significant
interactions between dietary B(a)P and vitamin C intakes for birth weight and birth length.
Although the number of SGA births was small, elevated B(a)P intakes were also associated
with a significant increase in the risk of SGA birth, again among women with low vitamin C
intakes. Moreover, associations with birth weight and length were stronger in the presence
of the GSTP1 105Val allele in mothers or children, associated with lower rates of
detoxification of contaminants such as B(a)P, and persist among non-smokers. Our findings
suggest, for the first time, that higher maternal intakes of vitamin C during pregnancy as
well as genetic polymorphisms related to detoxification of these contaminants, may help to
attenuate any adverse effects of maternal dietary B(a)P on fetal growth. Further research is
needed to confirm that vitamin C may help to reduce such adverse effects among women
more genetically susceptible to these contaminants.

These findings suggest that prenatal exposure to B(a)P specifically from dietary sources may
be related to impaired fetal growth. Earlier studies have reported significant negative
associations between maternal PAH exposure, estimated based on levels of bulky DNA
adducts or personal measures of atmospheric PAH exposure, with birth weight, birth length
and SGA in populations from the United States (Choi et al. 2006;Choi et al. 2008;Perera et
al. 2003;Perera et al. 2004), Poland (Choi et al. 2006;Perera et al. 1998) and the Czech
Republic (Dejmek et al. 2000). Bulky DNA adducts are a biomarker of overall PAH
exposure, including PAHs from the diet, as well as from tobacco smoke and contaminated
air (Pavanello et al. 2006). Although diet is recognized as the main source of PAH exposure
for non-occupationally exposed individuals and non-smokers (Agency for Toxic Substances
and Disease Registry (ATSDR) 1995;Phillips 1999;Scherer et al. 2000;Suzuki and
Yoshinaga 2007), most studies exploring the role of PAHs in fetal growth have not
specifically examined the role of dietary intakes of these compounds, nor the role of
interactions with dietary factors or genetic polymorphisms involved in the metabolism and
detoxification of PAHs.

Dietary exposure to PAHs is common, as these compounds are widespread throughout the
diet, due to food exposure to contaminated air, soil and water as well as processing and
cooking methods (e.g. drying, smoking, grilling, roasting or frying) that increase
concentration of PAHs, including B(a)P, in numerous foods (Agency for Toxic Substances
and Disease Registry (ATSDR) 1995). In a previous analysis, we reported that dietary B(a)P
was inversely associated with birth weight (Duarte-Salles et al. 2010). To our knowledge,
besides our analyses, there are only two prior epidemiologic studies that have examined the
role of prenatal exposure to B(a)P specifically from diet on fetal growth (Perera et al.
2004;Jedrychowski et al. 2011). One study estimated dietary PAHs based on a limited
number of food items (smoked, grilled or barbequed food intakes) and reported very weak
inverse associations with indicators of size at birth (Perera et al. 2004). The other study
found a significant negative effect of maternal intake of barbecued meat during the third
trimester of pregnancy on birth weight, independent of atmospheric PAH exposure
measured using personal air monitors (Jedrychowski et al. 2011). The present study is the
first that examines the role of prenatal dietary B(a)P exposure estimated taking into account
all dietary sources, as we have previously identified other food groups, such as shellfish,
cereals or fats and oils, as important sources and determinants of B(a)P and total PAH
intakes (Duarte-Salles et al. 2010;Ibanez et al. 2005). Evidence of the importance of taking
into account all sources of B(a)P exposure to adequately estimate exposure has been
previously provided by Sinha et al, who found a stronger effect of dietary B(a)P in risk of
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colorectal adenoma when using B(a)P estimated from the whole diet than when using B(a)P
estimated only from meat intakes (Sinha et al. 2005).

In this population, negative associations between dietary B(a)P and size at birth were
observed only among women with lower intakes of vitamin C. Antioxidant nutrients,
including vitamin C, have been shown to reduce the formation of bulky DNA adducts
related to PAH exposure (Kelvin et al. 2009;Mooney et al. 2005;Palli et al. 2000). It is
possible that vitamin C could be a marker for intakes of an antioxidant-rich diet or other
aspects of dietary quality which may help to counter potential genotoxic effects of B(a)P and
other contaminants. To better understand the role of vitamin C, we also assessed interactions
of dietary B(a)P with fruit and vegetable intakes, which have been also related to reduced
levels of DNA adducts (Palli D 2000). These interactions were not statistically significant
(P>0.10), though stratified results were consistent with those observed for vitamin C, as
there were somewhat stronger negative associations with B(a)P in women with low fruit and
vegetable intakes.

Other micronutrients with antioxidant properties have also been hypothesized to protect
against the formation of DNA adducts. Kelvin et al. (Kelvin et al. 2009) found that
relationships between prenatal exposure to atmospheric PAH and adduct levels in cord
blood were strongest among infants with low serum concentrations of alpha-tocopherol and
carotenoids. However, biomarkers of vitamin C were not examined in that study. In our
study we did not observe significant interactions with vitamin E, alpha-carotene or beta-
carotene intakes in associations between dietary B(a)P and fetal growth indicators.
Associations varied little across levels of these nutrients. For example, we found that
multivariable-adjusted coefficients±SE for birth weight associated with 1-standard deviation
increase of B(a)P intake were −48.54±39.07g in the group of women with low vitamin E
intake (≤ the mean of 11.26mg/day), and −23.02±25.97g in the high intake group. The lack
of modulation by these nutrients may be partly explained by differences in dietary sources in
the Spanish vs. US food cultures. Given the high intakes of olive oil in Spain, added oils—
which may also contain B(a)P—are the predominant source of dietary vitamin E (Garcia-
Closas et al. 2006), in contrast to the wider variety of food sources of this nutrient in the US,
including ready-to-eat cereals, breads and fruits and vegetables (Maras et al. 2004).

Although laboratory experiments support the existence of a negative effect of B(a)P
exposure on fetal growth (Agency for Toxic Substances and Disease Registry (ATSDR)
1995), mechanisms through which PAHs may influence fetal growth are uncertain.
However, it has been shown that these compounds are capable of crossing the placental
barrier (Autrup and Vestergaard 1996;Perera et al. 1999;Sanyal et al. 2007). A number of
mechanisms linking PAHs to fetal growth have been postulated. For example, PAHs bind to
receptors regulating the induction of P450 enzymes, which may decrease the uptake of
oxygen and nutrients; similar consequences may also be related to binding of these
chemicals to receptors related to insulin and growth factor metabolism (Guyda 1991). In in
vitro studies, B(a)P exposure has been shown to affect early trophoblast proliferation due to
the interaction with growth factor receptors (Dejmek et al. 2000;Zhang et al. 1995).

Previous studies have shown the GSTP1 105Val allele to decrease conjugation and
detoxification of PAH compounds (Butkiewicz et al. 2000;Whyatt et al. 2000). Our findings
suggest that genetic variation in GSTP1 may increase susceptibility to adverse effects of
dietary B(a)P on size at birth. Earlier studies exploring incidence of asthma in relation to
exposure to tobacco smoke and air pollution, both sources of PAH exposure, have also
found the GSTP1 105Val allele to be influential in the development of respiratory symptoms
in children (Lee et al. 2004;Lee et al. 2007;Romieu et al. 2006).
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In addition to a comprehensive assessment of dietary B(a)P, other important strengths of this
study include the exploration of synergies with dietary antioxidants, and the availability of
maternal and child data on a genetic polymorphism. Although we were able to asses for
confounding from a wide array of socioeconomic and lifestyle factors, it is possible that
uncontrolled confounding still remains since there are other factors that we were not able to
consider. One limitation of this study is the lack of data on atmospheric PAH exposure.
However, we were able to account for other key sources of PAH exposure, namely exposure
to both active and passive tobacco smoke. We were also able to use exposure to atmospheric
NO2, a marker of air pollution, as a proxy measure of atmospheric PAH. Although direct
estimates of airborne PAH were not available, studies have shown moderate to strong
correlations between PAH in air and other markers of air pollution such as NO2 (Tham et al.
2008; Wilhelm et al. 2011). Moreover, in the absence of a strong correlation between dietary
and atmospheric PAHs, which we have no reason to expect in this population, potential
confounding by this variable is likely to be modest. Another limitation is the modest sample
size, particularly after stratifying by vitamin C intake and genotype. This was a limitation
particularly for the analysis of SGA births, as it was not possible to further stratify models
for this outcome by the GSTP1 polymorphism. Moreover, our results were robust after
substantially (20%) increasing or decreasing the levels of exposure in a randomly selected
20% subset as a sensitivity analyses. We know of no reason for the association between
GSTP1 alleles and maternal dietary B(a)P observed in our population among subjects with
low maternal vitamin C intakes, and believe this occurred by chance. Though further study
is required to confirm these findings, the consistency of our results after various sensitivity
analyses, including excluding immigrants, suggest the findings are robust, and do not
suggest that maternal vitamin C or B(a)P intake are markers of population strata correlated
with ancestry.

4.1. Conclusion
This study provides evidence that prenatal exposure to B(a)P from dietary sources may
reduce birth weight and length and increase risk of SGA birth in women with low vitamin C
intakes during pregnancy. Presence of the GSTP1 Val-105 allele seems to increase
susceptibility to effects of maternal B(a)P intakes on fetal growth indicators. Future analyses
are needed to confirm this finding in populations with different dietary habits.
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Highlights

Fetal growth indicators and maternal intakes of benzo(a)pyrene [B(a)P] in pregnancy.

Subjects from the INMA (Environment and Childhood) Project in Sabadell.

Significant interactions between elevated vitamin C intakes and dietary B(a)P.

B(a)P related with lower birth weight and length in women with low vitamin C intakes.

Associations were strongest in subjects carrying the GSTP1 Val allele.
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Figure 1.
Relationship (and 95% confidence intervals) between dietary B(a)P intakes during
pregnancy and birth weight adjusted for sex of the child, gestational age, nulliparity,
smoking during pregnancy, maternal region of origin, education level of the mother,
maternal height, pre-pregnancy weight, and energy intakes, stratified by the mean of vitamin
C (189.41 mg/day). Adjusted general additive models for birth weight in A) < Vitamin C
mean intake, and B) > Vitamin C mean intake.
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