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Abstract

Background: Maternal exposure to traffic-related air pollution during pregnancy has been
shown to increase the risk of adverse birth outcomes and childhood disorders. High-resolution
metabolomics (HRM) has previously been employed to identify metabolic responses to traffic-
related air pollution in adults, including pregnant women. Thus far, no studies have examined
metabolic effects of air pollution exposure /n utero on neonates.

Methods: We retrieved stored neonatal blood spots from 241 children born in California
between 1998 and 2007. These healthy children were randomly selected from all California
births as controls matched by birth year to children who later developed retinoblastoma. We
estimated prenatal traffic-related air pollution exposure (particulate matter less than 2.5 microns
(PM> 5)) during the third-trimester using the California Line Source Dispersion Model, version 4
(CALINE4) based on residential addresses recorded at birth. We employed untargeted HRM to
obtain metabolic profiles, and metabolites associated with air pollution exposure were identified
using partial least squares (PLS) regression and linear regressions. Biological effects were
characterized using pathway enrichment analyses adjusting for potential confounders including
maternal age, race/ethnicity, and education.
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Results: In total we extracted 4,038 and 4,957 metabolite features from neonatal blood spots
in hydrophilic interaction (HILIC) chromatography (positive ion mode) and C18 reverse phase
columns (negative ion mode), respectively. After controlling for confounding factors, partial least

square regression (Variable Importance in Projection (VIP) >= 2) selected 402 HILIC positive and

182 C18 negative features as statistically significantly associated with increasing third trimester
PM2.5 exposure. Using pathway enrichment analysis, we identified metabolites in oxidative stress

and inflammation pathways as being altered, primarily involving lipid metabolism.

Keywords

Conclusion: The metabolite features and pathways associated with air pollution exposure in
neonates suggest that maternal exposure during late pregnancy contributes to oxidative stress and
inflammation in newborn children.
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Introduction

Epidemiologic studies have long investigated the adverse consequences of air pollution
during pregnancy, including the association with pregnancy complications, adverse birth
outcomes, and serious childhood disorders including autism, childhood asthma, cancers, and
obesity (Ghosh et al. 2013; Pedersen et al. 2014; Stieb et al. 2012). Biologic pathways

and mechanisms underlying effects of air pollution on reproductive and child health are
thought to include endocrine disruption, oxidative stress, inflammatory response, and DNA
damage (Hougaard et al. 2008; Kelly 2003; Risom et al. 2005). Recently, comprehensive
untargeted metabolomic studies have addressed air pollution exposure effects on human
physiology as metabolites represent physiological states that are related to biological
function. Metabolomic epidemiology, which aims to identify biochemical read-outs of
human metabolism associated with exposures and adverse outcomes provides valuable
information about biological response to exposure in human populations, and has already
provided key insight into potential effects of exposure to traffic-related pollution (Jin et

al. 2021). Most studies thus far have focused on short-as well as longer term air pollution
exposures and fine particulate matter (PM> 5) exposures and investigated college students
or adults (Breitner et al. 2016; C Chen et al. 2019; Ward-Caviness et al. 2016) (Chen

2019; Breitner, Ward-Caviness; Ladva, Golan et al. 2018, Liang, Moutinho et al. 2018,
Walker, Lane et al. 2018). Fewer metabolomic study of air pollution have considered
children or adolescents (C Chen et al. 2019; Z Chen et al. 2019; Wang et al. 2015), and
only one investigated serum from pregnant women (Yan et al. 2019). To date, no study

has examined the blood metabolome of newborn infants in response maternal air pollution
exposure during pregnancy, despite pregnancy and early life being particularly vulnerable to
environmental stressors. Interestingly, the metabolic pathways associated with air pollution
included perturbations in lipids and lipid metabolism pathways, oxidative stress (higher
levels of reactive oxygen species), inflammation, and nucleic acid damage and repair;
additionally, some suggest perturbations in steroid-related pathways (e.g., glucocorticoid
metabolism (Jin et al. 2021)).
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We recently showed that traffic-related air pollution exposure in the first trimester affects the
maternal metabolome in mid-pregnancy; however, whether these disturbances also translate
to and affect the fetus has never been studied. Thus, we perform the first untargeted
metabolomics study of newborn blood samples obtained from healthy infants born in
California between 1998 and 2010 (Heck et al. 2013). Average air pollution exposures

from traffic to PM, 5 during the third trimester of pregnancy were estimated at the residential
addresses reported on birth certificates in the same manner as done in our study of mid-
pregnancy maternal serum samples i.e. using an emissions based dispersion model known

as the California line source dispersion model, version 4 (CALINE4) (Benson 1984). We
also utilized the same high-resolution metabolomics (HRM) approach to obtain metabolic
profiles in the neonates. This HRM platform has been used in four previous studies that
examined ambient air pollution exposure (Ladva et al. 2018; Donghai Liang et al. 2018;
Walker et al. 2018; Yan et al. 2019), and has been shown to provide a critical measure
linking exposure to internal dose, biological response, and adverse health outcomes. Our
approach differs from all previous air pollution metabolomics studies as it relies on the
metabolome identified from dried blood spots, collected routinely during neonatal screening,
providing insight into potential effects of air pollution exposure in utero.

Material and Methods

Human subject permissions were obtained from the California Committee for the Protection
of Human Subjects and from the University of California, Los Angeles Institutional Review
Board.

Study population

We utilized the California birth records to randomly select healthy children born between
1983 and 2011 from a previous case-control study of childhood cancer, where healthy
controls were matched to children with retinoblastoma in a 1:20 ratio by birth year (see
(Heck et al. 2012)). Children were eligible if they were cancer free, were born at a
gestational age between 21-46 weeks and had a recorded birth weight = 500g. Neonatal
blood spots were collected by postpartum care service providers and mailed to the state
laboratory for analyses; leftover spots were stored at =20 °C at the California Biobank.
From birth records we obtained each mother-child pair’s data including information on child
sex, birth year, maternal age, maternal race/ethnicity, maternal education, and parity. We
were able to generate air pollution estimates only for children born between 1998 and 2007,
as this was the first year that home address was reported on electronic birth certificates.
Thus, out of 899 original noncancer subjects with blood spots, we were able to generate air
pollution data for 248, and after excluding 7 participants with missing covariates we retained
241 subjects for analyses.

Air pollution estimation

Residential addresses as recorded on birth certificates were geocoded using OpenSource
geocoding software (Goldberg et al. 2008). We estimated each woman’s average PM, 5
air pollutant exposure from traffic during the third trimester, using a modified version of
CALINE4 that estimates pollution from sources within 1500 m of residential locations
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(for details see (Heck et al. 2013). Briefly, the prediction process used roadway geometry,
traffic counts, emission factors, and meteorological parameters (wind speed, wind direction,
temperature, stability class, and mixing heights) as inputs. We obtained year and season
(winter, summer) and emission factors data for PM, 5 from the EMFAC2011 vehicle
emissions model (California Air Resources Board 2013). Importantly, CALINE4 predictions
solely represent the contribution from local traffic emissions and do not incorporate
background levels of pollutants (Benson 1989; Broderick et al. 2005; Levitin et al. 2005;
Marmur and Mamane 2003; Wu et al. 2016). In the following, we are only relying on

PM, 5 exposure during the third trimester as the CALINE4 measures across all trimesters of
pregnancy were highly correlated, as expected since they represent the same traffic sources.

High-resolution metabolomics

Neonatal blood spots were analyzed using liquid chromatography with ultra-high resolution
mass spectrometry (LC-HRMS; Fusion, Thermo Scientific) using established methods (Liu
et al. 2020). Samples were punched using a 5 mm hole puncher and treated with 2:1
acetonitrile in water (containing a mixture of stable isotopic internal standards). Samples
were mixed on an orbital shaker at low speed for 12 hours at 0—4 °C in the dark, and then
centrifuged remove particulate matter. The resulting supernatant was analyzed in triplicate
using hydrophilic interaction liquid chromatography (HILIC) with positive electrospray
ionization (ESI) and C18 hydrophobic reversed-phase chromatography with negative ESI

to enhance the coverage of metabolic feature detection ((D. Liang et al. 2018; Liu et al.
2016). Blood spot samples were analyzed in batches of 40 that included replicate analysis
of pooled plasma samples; NIST 1950 was run at the beginning and end of the study. Raw
data files were extracted and aligned using apL CMS (Yu et al. 2009) with modifications by
xMSanalyzer (Uppal et al. 2013). Uniquely detected ions consisted of mass-to-charge ratio
(m/2), retention time (rt), and ion abundance, referred to as metabolite features. Prior to data
analysis, metabolite features were batch corrected using wavelet analysis (Deng et al. 2019).
For data analysis, metabolite features were limited to those detected in > 25% of blood

spot samples, and median coefficients of variation (CV) among technical replicates and
Pearson correlation of <30% and > 0.7, respectively. Following quality assessment, replicate
intensities were summarized using the median value, log2 transformed, and auto-scaled.
Missing values were imputed by one-half of the lowest signal detected for that feature across
all samples.

Statistical analysis

Feature selection was conducted using a combination of univariate and multivariate analyses
to discover biologically relevant metabolites while reducing the likelihood for false positive
findings (Saccenti et al. 2014). Specifically, we conducted partial least squares (PLS)
regression followed by linear regression to identify metabolic features associated with
PM2.5 levels derived from our model. We adjusted for potential confounders selected
a-priori due to their association with lifestyle factors that may be related to maternal and
infant metabolite levels and also air pollution exposures including maternal age, maternal
race, birth year, preterm birth, parity, and census-based neighborhood socioeconomic status
(nSES) (Yost et al. 2001). California birth records did not collect maternal smoking during
these years; estimating the prevalence of smoking in pregnancy according to cotinine
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detection in newborn blood spots will undercounted smoking if the mother did not smoke
around the time of birth or did not breastfeed. Thus, we adjusted for detection of cotinine
(yes/no) in blood spots as a sensitivity analysis. For PLS regression, we regressed each
features’ intensity on these potential confounding variables and formed residuals as the input
matrix. Ten-fold cross-validation was used to assess the performance of features selected

by PLS regression. Features with Variable Importance in Projection (VIP) scores > 2 and
regression p-value < 0.05 were selected.

Annotation and pathway analysis

Results

PM, 5 -associated features were first matched to a reference database of authenticated
chemical standards (identification confidence level 1) previously analyzed using the same
HRM platform using an accurate mass threshold of +5 parts-per-million; ppm and retention
time error of £15s. Details about the reference database has been published previously

(Liu et al. 2020; Nagiah et al. 2015). Additional metabolomic features not matching these
metabolites were annotated using xMSannotator. Accurate mass m/z for adducts formed
under positive or negative ESI mode was matched to the Human Metabolome Database
(HMDB) with a mass error threshold of 10 ppm. xMSannotator uses a scoring system
based upon correlation modularity clustering combined with isotopic, adduct and mass
defect grouping to improve annotation of high-resolution mass spectrometry data (Uppal et
al. 2017). The metabolite identification confidence levels were reported for all annotation
results (Schrimpe-Rutledge et al. 2016).

To facilitate biological interpretation, we conducted pathway enrichment analysis using
mummichogv 2.4.2 (Li et al. 2013) and identified metabolic pathways associated with
PM, 5. Mummichog uses a permutation-based framework that accounts for the complexity
of untargeted mass spectral data. All metabolic features meeting the PLS VIP threshold
and 0<0.05 were included in pathway enrichment analysis. All metabolites annotated by
mummichog were required to present in at least their primary adduct (M+H or M-H

for positive and negative mode, respectively) to reduce the false positive match rate. A
pathway was considered significant if gamma adjusted p-values were smaller than 0.05.
Only pathways that contained at least three discriminative metabolites were interpreted.

The demographic characteristics of the 241 subjects in this study are provided in Table

1. Almost half of the mothers were of Hispanic origin. Of all children, 38.2% were first
born and 11.2% were born preterm, and more than half were born between 2001 and 2003.
Only about 30% of mothers lived in neighborhoods ranked within the two highest levels of
socio-economic status at the time of giving birth.

In total, we detected 14,555 features (6,139 in HILIC column and 8,416 in C18 column),
but after filtering for missing values, 8,995 features remained (4,038 in HILIC column and
4,957 in C18 column). We selected 402 HILICpos and 182 C18neg features as significantly
associated with PM>, 5 (Figure 1). Among these significant features, we confirmed 6
metabolites using authentic standards (confidence level 1, Table 2). Pathway enrichment
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analysis showed that features associated with PM> 5 were associated with 9 enriched
pathways (Table 3).

We list annotation results of metabolites within each enriched pathways in Supplemental
Table 1. Several pathways we identified as being associated with air pollution exposure

are lipid-related metabolic pathways including fatty acid activation, de novo fatty

acid biosynthesis, fatty acid metabolism, the carnitine shuttle, and glycerophospholipid
metabolism. Changes in these pathways indicate associations between third trimester air
pollution exposure and oxidative stress in newborns. Disruption of prostaglandin formation
from arachidonate and the arachidonic acid metabolism reflect an inflammatory response.
Finally, we also observed air pollution related differences in amino acid metabolism
pathways specifically methionine and cysteine metabolism, two sulphur containing
proteinogenic amino acids in the same metabolic pathway. Methionine is a key methyl-
group donor and precursor for the important antioxidant glutathione and intermediate in
the biosynthesis of phosphatidylcholine and other phospholipids. Sensitivity analyses in
which we adjusted for the detection of cotinine in the newborns blood corroborated the
identification of all lipid related pathways but not this last amino acid pathway (see
supplemental table 2). All associated fatty acid metabolites associated with traffic related
exposure are shown in Supplemental Table 3; and their correlations in Supplemental Figure
1.

Discussion

Our analysis of metabolites in neonatal blood spots shows that third trimester traffic

related air pollution exposure experienced by pregnant California women contributes to
alterations in fatty acid metabolism and biosynthesis pathways, in the carnitine shuttle, and
glycerophospholipid metabolism, and disturbances in eicosanoids including prostaglandins,
and in methionine and cysteine metabolism in the newborn metabolome. The pathways we
identified are strongly indicative of potential alterations in inflammation and oxidative stress
pathways in support of previous air pollution metabolomic studies recently summarized

in (Jin et al. 2021) (see also Figure 2). Pro-inflammatory metabolites, which include
arachidonic acid (precursor in the biosynthesis of prostaglandins and leukotrienes) were
upregulated while some metabolites with anti-inflammation effects, such as linolenic acid,
were downregulated with increased traffic related PMs 5 exposures. Thus, these results
suggest that air pollutants disrupt inflammation signaling linked to the antioxidant-oxidant
balance. Furthermore, identification of alterations in these pathways shows that storage
conditions for infant dried blood spots were sufficient to prevent uncontrolled deterioration.
This substantiates the utility of this valuable resource to support retrospective studies of
environmental exposures and biologic responses.

Constituents of coarse, fine, and ultrafine particulate matter in traffic-related air pollution
are capable of producing reactive oxygen species (ROS) due to the unique physicochemistry
of the inorganic and organic compounds they consist of, including metals and polycyclic
aromatic hydrocarbons (PAHSs) (Lai et al. 2016). Particles can also cause dysfunction of
mitochondria and activate inflammatory cells that produce ROS and/or reactive nitrogen
species (RNS) (Li et al. 2003; Risom et al. 2005; Tian et al. 2009). It has been repeatedly
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shown in /n-vivo and in-vitro experiments that exposure to air pollution induces oxidative
stress and inflammatory reactions (Daher et al. 2014; Dick et al. 2003; Ghio et al. 2012;
Guerra et al. 2013; Happo et al. 2013). It has also been documented that air pollution
exposure elicits oxidative stress responses in pregnancy (Anderson et al. 2018; Nagiah et al.
2015) that can damage the placenta and its function. Thus, oxidative stress is a mechanism
that contributes to adverse birth outcomes such as spontaneous abortion, preeclampsia,
intrauterine growth restriction, low birth weight, and preterm delivery (Al-Gubory et al.
2010; Duhig et al. 2016; Lavigne et al. 2018; Peter Stein et al. 2008).

Mechanistic models that use metabolomics to study biological effects of air pollution
exposure show similar metabolic changes to those observed in the present study. PM> 5
samples were collected from a polluted city in China and adult male rats were exposed
intratracheally with a particulate suspension once a week over three months. When extracts
of the exposed lung tissue were assessed using untargeted metabolomics profiling the
researchers found differences in metabolites involved in lipid and nucleotide metabolism and
a disturbed pro-oxidant/antioxidant balance that suggests increased oxidative stress (Wang et
al. 2017). Another group exposed female mice to inhalational concentrates of ambient PM; g
or filtered air for 10 months and analyzed serum samples with liquid chromatography-

mass spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS) (Xu

et al. 2019). The 148 metabolites that differed between exposed and unexposed mice

mainly suggested pathway perturbations in amino acid and lipid metabolism, in addition

to alterations in stress hormone metabolites and circadian rhythm biomarkers.

We found fatty acid and amino acid pathways in newborns to be affected by late

pregnancy air pollution exposure. Almost all free polyunsaturated fatty acids including
docosahexaenoic-acid (DHA) and eicosapentaenoic-acid (EPA) were positively associated
with air pollution exposures (see Supplemental Table 1). DHA is not only the most abundant
n-3 fatty acid in the entire nervous system but required for neuronal regeneration and
formation of synapses during fetal brain development; it is also a component of prenatal
supplements and infant formula (Campoy et al. 2012). These long chain polyunsaturated
fatty acids are strongly related to fish intake. However, fatty acids are not only nutrients and
part of complex lipids, but also act as potent and specific blood-borne signaling molecules
that can act upon cells directly, as well as function as signaling molecules that accelerate

or decelerate chemical reactions or specific processes in cells (Glatz and Luiken 2015).
Only a minor proportion of these n-3 fatty acids are of endogenous origin (Lauritzen et

al. 2016), and due to the hydrophobic nature of (long-chain) fatty acids in aqueous fluids
such as blood they are overwhelmingly bound to albumin or present as fatty esters in
lipoproteins leaving only nanomolar amounts of free fatty acid in serum (Richieri and
Kleinfeld 1995). Thus, the free fatty acids we measured using our untargeted metabolomics
approach are most likely generated by phospholipase-dependent cell signaling events, many
of which are related to inflammatory responses. For example, fatty acid compounds such

as linoleic acid and arachidonic acid are catalyzed by lipoxygenase enzymes expressed

by circulating immune cells to generate inflammatory mediators (Mashima and Okuyama
2015). Interestingly, ours is not the first study to find higher polyunsaturated fatty acids
associated with environmental exposures. One report linked higher perfluoroalkyl substance
levels in elderly Swedish individuals with metabolites predominantly from lipid pathways
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specifically multiple glycerophosphocholines and fatty acids including DHA (Salihovic et
al. 2019). Recently, researchers measured a panel of 53 eicosanoids in plasma of pregnant
women and found elevated levels for a number of fatty acid parent compounds to be
associated with higher levels of phthalates, PAHs, and metals in maternal urine samples that
were collected together with the plasma samples (Aung et al. 2021).

The picture that emerges from our findings points to a general disturbance of mechanisms
related to cell membrane function and signaling with vital importance for fetal development
and growth. Lipid membranes are amongst the most vulnerable cellular components targeted
by reactive oxygen species and oxidative stress (Axelsen et al. 2011) such as constituents

of traffic-related air particles like PAHs or metals that have been shown to generate free
radicals and oxidative stress (Kelly 2003). Oxidative stress can activate phospholipase

A2 (PLA2) which then hydrolyzes cell membrane phospholipids to generate omega-6
polyunsaturated free fatty acids (PUFAS) such linoleic and arachidonic acid (Anthonymuthu
et al. 2018; Sato et al. 2016). We have previously shown that exposure to traffic related

air pollution in the first trimester increased maternal serum metabolites in the linoleate
pathway (Yan et al. 2019), specifically we found gamma-linolenic acid to be negatively
associated with air pollution exposure, which has been consistently observed in other air
pollution studies that leverage an untargeted metabolomics approach (Donghai Liang et al.
2018; Walker et al. 2018). In our current study, linoleic acids measured using newborn
blood spots— which is metabolized to gamma-linolenic acid - was consistently negatively
associated with air pollution (see supplemental Table 1).

When the omega-6 PUFA arachidonic acid is released from cell membranes, it is either
converted to eicosanoids through the lipoxygenase (LOX) pathway and then further to
leukotrienes and other lipoxins or to prostaglandin via the cyclooxygenase (COX) pathway
(Tam et al. 2013). Both leukotrienes and prostaglandins are major proinflammatory
mediators. Previously, prostaglandins have been shown to be increased with inhalation of
NO; (Yan et al. 2016), ozone (Peden 1999; Peden 2001), PM> 5, and sulfate exposures (Li
et al. 2016). In pregnancy, prostaglandins are responsible for abnormal placental and uterine
blood flow and uterine contractions and possibly also preeclampsia (Kaaja et al. 1995;
Ogburn et al. 1984).

Another metabolite we found to be positively associated with traffic related air pollution
exposure is hypoxanthine which is oxidized to uric acid, a process during which reactive
oxygen species are generated. For example hypoxanthine levels in plasma increase with
cigarette smoking (Chang et al. 2005) and heavy alcohol consumption (Yamamoto et al.
2005). As previously observed in our study of mid-pregnancy serum samples from highly
exposed women (Yan et al 2019), air pollution is associated with alterations in pathways

of the sulfur-containing amino acids methionine and cysteine, which are readily oxidized
(Berlett and Stadtman 1997; Pisoschi and Pop 2015); sulfur residues are responsible for
more than 70% of ROS interactions with proteins (Johannes and Majcherczyk 2000).
Interestingly, oxidation of methionine has also been described to occur in rodents’ lungs and
lung fluid exposed to ambient particulate matter extracted from roadsides or high pollution
haze from Chinese cities (Lai et al. 2016; Lee et al. 2014; Pardo et al. 2016). Methionine
oxidation been shown to occur after carbon black, diesel exhaust, and urban dust exposures
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in cell-based experiments (Lai et al 2016). The methionine to cysteine pathways includes
folate production, and vitamin B12 is an important co-enzyme in this pathway. In our study
vitamin B 12 (methylcobalamin) was found to be decreased in association with maternal air
pollution during the third trimester. Finally, we also identified sphingosine as associated with
increasing exposure levels, providing additional evidence of cell membrane damage. This
metabolite — together with fatty acids, phospholipids, acyl carnitines, and arachidonic acid

- has also been associated with PM5, 5 levels in a randomized cross over trial of acute air
pollution exposure among Chinese college students (C Chen et al. 2019).

While our CALINEA4 dispersion model-based estimation of traffic related air pollution has
high spatial resolution, it only represents the impact from local traffic sources near the
mother’s home while ignoring regional transport of pollutants. It also does not represent all
personal air pollution exposures because sources other than local traffic are not included. We
also do not know how much time the newborns’ mothers spent at home versus work in late
pregnancy and indoors or outdoors and how much outdoor air penetrated indoors. However,
for representation of localized traffic emissions sources in California, the CALINE4 model
has been extensively validated (Benson 1984). Additionally, previously moderate to high
correlations (R = 0.55-0.95) of CALINE4-modeled estimates with measured variability of
traffic-related air pollutants [e.g., NOx and nitrogen dioxide] has been reported in urban
communities (Gauderman et al. 2005; Jerrett et al. 2005). We also found high correlations
(R =0.87) of CALINE4-modeled monthly NOx concentrations with measurements at nine
monitoring sites in the Long Beach study area in December 2007 and April 2008 in our own
studies (Wu et al. 2009; Wu et al. 2011)

Active or passive smoking and diet may cause differences in metabolites, but we did not
have information on maternal smoking behavior or dietary intake during pregnancy. In order
to confound our air pollution exposure associations, smoking or diet would not only have to
influence metabolite status but would also need to be related to air pollution exposures in
the last trimester. We believe that we controlled at least partially for potential confounding
due to lifestyle factors by adjusting for maternal age, maternal race/ethnicity, and maternal
education. Additionally, we are able to identify cotinine level in the serum by matching the
accurate mass m/z (177.1022) and retention time (32.8s) to an authentic standard. While
previous studies have shown that cotinine is a reliable marker of active smoking (Benson
1989; Gauderman et al. 2005; Jerrett et al. 2005), cotinine levels in newborn blood spots
(identified in 14 infants) are likely to not detect active smoking if women did not breastfeed,
and passive smoking is unlikely to be identifiable via blood spot cotinine (Yang et al. 2013).
Our sensitivity analyses in which we adjusted for cotinine detected in the DBS suggested
the same pathways related to air pollution, i.e. inflammation and oxidative stress, however,
residual uncontrolled confounding is possible.

Overall, this is the first study to find metabolomic changes due to third trimester prenatal

air pollution exposure in newborn children’s blood spots, which included alteration in lipid
and amino-acid metabolism related to oxidative stress and inflammatory pathways. Our
study provides additional evidence for the long-lasting negative impacts of air pollution on
developing organisms, and supports the use of newborn dried blood spots as a valuable
resource for investigating biologic impacts of prenatal exposure to environmental pollutants.
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C18 Type 1 Manhattan plot (VIP vs. mass-to-charge)
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Figure 1. Identification of metabolic features associated with PM» 5 exposure among studied

infants.

A) Type 1 Manhattan plot for features in the HILIC column (positive ion mode), VIP score
vs m/z. Red dots represent features that were positively associated with PM, 5 exposure
and green dots represent features that were negatively associated with PM, 5 exposure; B)
Type 1 Manhattan plot for features in the C18 column (negative ion mode), VIP score vs

mass-to-charge.
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Figure 2.
Metabolic pathways enriched in response to late pregnancy air pollution suggest increased

oxidative stress and inflammation in neonates.
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Distribution of Demographics and Exposure (PM2.5) levels

Controls (n=241)

N %

Maternal Age

<20 28 11.62

20-24 47 19.50

25-29 69 28.63

30-34 62 25.73

>=35 35 14.52
Maternal Race/Ethnicity

White non-Hispanics 70 29.05

Hispanic of any race 117 48.55

Other/not specified 54 2241
Birth Year

1998-2000 84 34.85

2001-2003 100 41.49

2004-2007 57 23.65
Census-based neighborhood SES level

1 (low) 51 21.16

2 63 26.14

3 51 21.16

4 39 16.18

5 (high) 37 15.35
Parity

0 92 38.17

1 75 31.12

>=2 74 30.71
Preterm Birth

Term birth 214 88.80

Preterm birth 27 11.20

Last trimester PM, 5(ug/m?3)
Mean (SD)
Min
Max

0.726 (0.732)

0
5.29
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Table 2.

Confirmed “ chemical identity of metabolic features associated with PM2.5 among studied infants

m/z RT (s) Adduct Form Metabolite VIP  Coefficient  P-value Mode
137.0458 40.7 M+H Hypoxanthine 2.61 151E-01 247E-02 HILICpos
300.2896 21.8 M+H Sphingosine 2.25 2.12E-01 1.93E-02 HILICpos
673.2991 89.8 M+H Methylcobalamin 2.62  -2.34E-01 2.36E-03 HILICpos
123.0450 189 M-H 3-Hydroxybenzyl alcohol  2.10  -1.90E-01  4.46E-03 C18neg
303.2334 2465 M-H Arachidonic acid 2.43 151E-01 6.51E-03  Cl18neg
327.2335 2349 M-H Docosahexaenoic acid 2.43 1.89E-01 2.40E-03 C18neg

Page 18

a S . A . . .
Chemical identification was conducted by matching peaks by accurate mass and retention time to authentic reference standards in an in-house
library run under identical conditions using tandem mass spectrometry.
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Enriched metabolomic pathways associated with PM 2.5 among studied infants

Table 3.

Pathways Overlap size  Pathway size p-value Mode

De novo fatty acid biosynthesis 6 28 0.00059 HILICpos
Fatty acid activation 5 27 0.00176 HILICpos
Glycerophospholipid metabolism 6 51 0.00773 HILICpos
Avrachidonic acid metabolism 4 25 0.00815 HILICpos
Fatty Acid Metabolism 3 17 0.01588 HILICpos
Methionine and cysteine metabolism 4 38 0.03353 HILICpos
Carnitine shuttle 3 27 0.04579 HILICpos
De novo fatty acid biosynthesis 3 30 0.03243 Cl8neg
Prostaglandin formation from arachidonate 3 33 0.04042 Cl8neg
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