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Abstract

Background: While strong evidence supports adverse maternal and offspring consequences of 

air pollution, mechanisms that involve the placenta, a key part of the intrauterine environment, 

are largely unknown. Previous studies of air pollution and placental gene expression were small 

candidate gene studies that rarely considered prenatal windows of exposure or the potential role 

of offspring sex. We examined overall and sex-specific associations of prenatal exposure to fine 

particulate matter (PM2.5) with genome-wide placental gene expression.

Methods: Participants with placenta samples, collected at birth, and childhood health outcomes 

from CANDLE (Memphis, TN) (n = 776) and GAPPS (Seattle, WA) (n = 205) cohorts of the 

ECHO-PATHWAYS Consortium were included in this study. PM2.5 exposures during trimesters 

1, 2, 3, and the first and last months of pregnancy, were estimated using a spatiotemporal model. 

Cohort-specific linear adjusted models were fit for each exposure window and expression of 

>11,000 protein coding genes from paired end RNA sequencing data. Models with interaction 

terms were used to examine PM2.5-offspring sex interactions. False discovery rate (FDR < 0.10) 

was used to correct for multiple testing.

Results: Mean PM2.5 estimate was 10.5–10.7 μg/m3 for CANDLE and 6.0–6.3 μg/m3 for 

GAPPS participants. In CANDLE, expression of 13 (11 upregulated and 2 downregulated), 

20 (11 upregulated and 9 downregulated) and 3 (2 upregulated and 1 downregulated) genes 

was associated with PM2.5 in the first trimester, second trimester, and first month, respectively. 

While we did not find any statistically significant association, overall, between PM2.5 and gene 

expression in GAPPS, we found offspring sex and first month PM2.5 interaction for DDHD1 
expression (positive association among males and inverse association among females). We did not 

observe PM2.5 and offspring sex interactions in CANDLE.
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Conclusion: In CANDLE, but not GAPPS, we found that prenatal PM2.5 exposure during the 

first half of pregnancy is associated with placental gene expression.

Keywords

Air pollution; Fine particulate matter; PM2.5; Pregnancy; Placenta; Gene expression

1. Introduction

Strong evidence supports adverse maternal and offspring consequences of air pollution, 

a pervasive exposure (Klepac et al., 2018; Loftus et al., 2019; Chun et al., 2020; Ni et 

al., 2021). Recent epidemiologic evidence suggests that prenatal and early-life ambient air 

pollution exposure, particularly exposure to particulate matter, is associated with pregnancy 

complications (e.g., preterm birth), pregnancy outcomes (e.g., low birth weight), as well 

as childhood morbidity (e.g., decreased cognitive function, autism, higher blood pressure 

and asthma) (Klepac et al., 2018; Loftus et al., 2019; Chun et al., 2020; Ni et al., 2021; 

Hazlehurst et al., 2021). Mechanisms that explain how air pollution affects mother and 

offspring, particularly mechanisms that involve the placenta, are largely unknown. The 

placenta regulates the intrauterine environment that supports the fetus at a time of its highest 

adaptability and vulnerability (Gude et al., 2004; Barker, 1995). The effect of fetal adaptive 

responses (growth and programming) to placenta mediated environmental exposures persists 

throughout life and contributes to childhood and adulthood chronic diseases (Gude et al., 

2004; Gluckman et al., 2008; Kuzawa and Quinn, 2009; Bateson et al., 2004).

Evaluating placental effect biomarkers in relation to air pollution will help identify 

mechanisms by which air pollution could affect development of pregnancy complications 

or fetal growth/programming. Prior investigations have reported several biomarkers of 

placental origin related to maternal air pollution exposure (including PM10, black carbon, 

and PM2.5) (Luyten et al., 2018; Maghbooli et al., 2018; Soto et al., 2017; Tsamou 

et al., 2018; de Melo et al., 2015). These biomarkers (e.g. DNA adduct and DNA 

methylation) include signatures of DNA damage as well as genomic, epigenomic, 

proteomic, metabolomics and exposomic changes that occur in placenta following exposure 

to ambient air pollution and are closely related to placental function (Luyten et al., 2018). 

While investigations of placental gene expression can further our understanding of placental 

functions that are affected by air pollution and related gene-environment interactions, few 

epidemiological and basic science studies have been conducted on PM2.5 exposure and 

placental gene expression (Luyten et al., 2018; Saenen et al., 2015; Whyatt et al., 1995; 

Kingsley et al., 2017; Kim et al., 2018; Deyssenroth et al., 2021). Findings from these 

studies indicated that exposure to PM2.5 particles, which are small and can get deep into the 

lung and bloodstream, is associated with changes in placental expression of brain-derived 

neurotrophic factor (BDNF) (Saenen et al., 2015), synapsin 1 (SYN1) (Saenen et al., 2015), 

cytochrome P450 1A1 (CYP1A1) (Whyatt et al., 1995), imprinted genes (Kingsley et al., 

2017), and genes related to amino acid transport and cellular respiration (Deyssenroth et al., 

2021). Limitations of research in this area include inconsistent findings, small sample size, 

lack of sample diversity, evaluation of limited candidate genes, and lack of examination of 

multiple windows of exposure during the pregnancy period. While sexual dimorphism in 
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placental gene expression due to normal sex-dependent structural and functional placental 

differences (including sex chromosomes and epi-mutations) and interactions between fetal 

sex and the in utero environment shaped by maternal characteristics or exposure (including 

diet, stress, and air pollution) (Ilekis et al., 2016; Sood et al., 2006; Rosenfeld, 2015; Ghosh 

et al., 2007; Gonzalez et al., 2018; Buckberry et al., 2014) has been well documented, 

only one recent study examined genome-wide placental expression and potential effect 

modification by offspring sex (Kingsley et al., 2017).

The objective of the current study was to address these limitations and determine overall and 

sex-specific associations of prenatal PM2.5 exposure with placental gene expression.

2. Methods

2.1. Study setting and study participants

The study was conducted as a part of the ECHO-PATHWAYS Consortium. The study 

population comprised participants of the Conditions Affecting Neurocognitive Development 

in Early Childhood (CANDLE) and Global Alliance to Prevent Prematurity and Stillbirth 

(GAPPS) studies. The CANDLE study (N = 1,503), described previously (Sontag-Padilla et 

al., 2015), is a prospective pregnancy cohort study from the urban South, with participant 

enrollment between 2006 and 2011. Briefly, women were considered eligible if they were 

Shelby County, TN residents (majority of which resided in the Memphis metro area), 

between 16 and 40 years of age, had singleton pregnancies without complications at 

enrollment, and planned to deliver at a participating study hospital. All women participants 

of the CANDLE study provided informed consent upon enrollment and research activities 

were approved by the University of Tennessee Health Sciences Center IRB.

GAPPS was launched by the Seattle Children’s Hospital in 2007 to focus attention and 

research on reducing the impact of adverse birth outcomes. In 2012, GAPPS initiated a 

pregnancy biorepository at four medical centers: University of Washington (Seattle, WA), 

Swedish Medical Center (Seattle, WA), Yakima Valley Memorial Hospital (Yakima, WA), 

and Loma Linda University Children’s Hospital (Loma Linda, CA). This biorepository 

served as the basis for the current study. Women were approached by study staff at prenatal 

checkups or followed up with via phone/email for participation in the study. Eligible 

participants were >18 years of age or medically emancipated, and confirmed to be pregnant 

by self-test or by physician’s medical testing. Participants were ineligible for any of the 

following reasons: unable to provide informed consent, greater than or equal to 37 weeks 

of gestation, in active labor at the time of recruitment, or received narcotic administration 

in the 24 h prior to consent. In 2017, eligible participants (N = 1,271) were re-contacted 

to participate in the ECHO-PATHWAYS study, and recruitment is still ongoing. Eligibility 

criteria included delivery in Seattle, WA (Swedish Medical Center) or Yakima, WA (Yakima 

Valley Memorial Hospital), availability of at least one pregnancy urine sample, initial 

GAPPS enrollment and completion of questionnaire, and GAPPS child currently 4–7 years 

of age. Study protocols were approved by the Seattle Children’s Hospital and University of 

Washington Institutional Review Boards.
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For the current study, among participants who provided placenta specimen, we excluded 

participants with stillbirth, participants without address data, and multiple births. Additional 

exclusion criteria included infants born after severe pregnancy complications, including 

confirmed clinical chorioamnionitis, oligohydramnios, placental abruption, placental 

infarction, placenta previa, and fetal chromosomal abnormalities. After these exclusions, 

participants with placenta samples and childhood health outcomes from the CANDLE (n = 

776) and GAPPS (n = 205) cohorts were included in this study.

2.2. Ambient air pollution (PM2.5)

Ambient air pollution was characterized using PM2.5 (μg/m3) estimated using the 

spatiotemporal models (predicting point-based estimates on a two-week time scale) 

developed at the University of Washington (Keller et al., 2015; Kirwa et al., 2021). 

The models utilized monitoring data from regulatory networks supplemented with PM2.5 

measurements from intensive research cohort-specific monitors. The model decomposed 

the space-time field of concentrations into spatially varying long-term averages, spatially 

varying seasonal and long-term trends, and spatially correlated but temporally independent 

residuals. Time trends were estimated from observed time series, and spatial smoothing by 

universal kriging was used to borrow strength between observations (see reference #22 for 

detailed description of the model). We evaluated different windows of exposure: Trimesters 

(Trimester 1, 2, and 3), first month of pregnancy (time surrounding implantation and early 

placental growth), and the last month before delivery. Trimesters were chosen because they 

correspond to well described developmental milestones. The first month of pregnancy is a 

time surrounding implantation and early placental growth. The last month before delivery is 

a time of accelerated fetal growth and placental function that is proximal to delivery (when 

samples were collected). Notably, previous studies used these exposure windows allowing 

comparison of findings across studies (Luyten et al., 2018; Maghbooli et al., 2018; Soto et 

al., 2017; Tsamou et al., 2018; de Melo et al., 2015).

2.3. Placental sample collection

Placental sample collection in the CANDLE study, described previously (Paquette et al., 

2021), was as follows. Within 15 min of delivery, a piece of placental villous tissue in the 

shape of a rectangular prism approximately 2 cm in length, 0.5 cm width and 0.5 cm depth 

was dissected from the placental parenchyma and cut into four approximately 0.5 cm cubes. 

The tissue cubes were placed in a 50 ml tube with 20 ml RNAlater and refrigerated at 4 

°C overnight (at least 8 h but no >24 h). Each tissue cube was transferred to an individual 

1.8 ml cryovial containing fresh RNAlater. The cryovials were stored at −80 °C until the 

fetal villous tissue was manually dissected, and cleared of maternal decidua. Following 

dissection, the samples were put into RNAlater and stored at −80 °C.

In the GAPPS study, within 30 min of delivery, 8 mm full-thickness vertical tissue punches 

from the placental disc were taken and put into 5 ml tubes containing approximately 3 ml 

of RNAlater and stored at −20 °C before specimens were shipped to the GAPPS facility. 

Samples were then stored at −0 °C. Punches were thawed and inspected for identifiable 

fetal-side membranes and maternal sides. The fetal-side of the placental punch was cut-off 

from the rest of the punch, and divided into 1–3 pieces with mass ranging from 10 mg to 30 
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mg. Each sample was placed in 1 ml RNAlater and stored at −20 °C until shipped for further 

processing.

2.4. Sample processing and RNA sequencing

Approximately 30 mg of placental tissue was used for RNA isolation. Placental tissue that 

was stored in RNAlater at −80 °C was allowed to gradually warm to room temperature. 

Tissue was removed from tube and dabbed on a Kimwipe to remove excess RNAlater and 

then placed in tube with 600 μl Buffer RLT Plus containing mercaptoethanol along with 

5 mm ball bearings. Tissue was homogenized using a TissueLyser LT instrument (Qiagen, 

Germantown, MD). RNA was isolated using the AllPrep DNA/RNA/miRNA Universal 

Kit (Qiagen, Germantown, MD) according to the manufacturer’s recommended protocol. 

RNA purity was assessed by measuring OD260/230 and OD260/260 ratios with a NanoDrop 

8000 Spectrophotometer (Thermo Fischer Scientific, Waltham MA). RNA integrity was 

determined with a Bioanalyzer 2100 using RNA 6000 Nanochips (Agilent, Santa Clara, 

CA). Only RNA samples with RNA Integrity Number (RIN) > 7 were used in the RNA-Seq 

analysis.

All RNA sequencing was performed at the University of Washington Northwest Genomics 

Center. Total RNA was poly-A enriched to remove ribosomal RNA, and cDNA libraries 

were prepared from 1 μg of total RNA using the TruSeq Stranded mRNA kit (Illumina, 

San Diego, CA) and the Sciclone NGSx Workstation (Perkin Elmer, Waltham, MA). Each 

library was uniquely barcoded and subsequently amplified using a total of 13 cycles of PCR. 

Library concentrations were quantified using Qubit Quant-it dsDNA High Sensitivity assay 

fluorometric quantitation (Life Technologies, Carlsbad, CA). Average fragment size and 

overall quality were evaluated with the DNA1000 assay on an Agilent 2100 Bioanalyzer. 

Each library was sequenced to an approximate depth of 30 million reads on an Illumina 

HiSeq sequencer. RNA sequencing quality control was performed using both the FASTX-

toolkit (v0.0.13) and FastQC (v0.11.2) (Brown et al., 20172017).

Transcript abundances were estimated by aligning to the GRCh38 transcriptome (Gencode 

v33) using the quantification program Kallisto (Bray et al., 2016) and condensed to the 

gene level using the Bioconductor tximport package, scaling to the average transcript length 

(Soneson et al., 2015). We performed filtering to remove all genes with an average log 

counts/million counts (log CPM) < 0 and estimated library normalization factors using the 

Trimmed Mean of M – values (TMM) function from the Bioconductor edgeR package 

(Robinson and Oshlack, 2010). We analyzed these data using the limma-voom pipeline 

(Law et al., 2014) from the Bioconductor limma package, which converts the counts/gene 

to logCPM using the TMM normalization factors and estimates observation-level weights 

based on the mean-variance relationship. We then fit conventional weighted linear regression 

models where the observation-level weights adjust for the mean-variance relationship. We 

included only protein coding genes (>11,000) in the current analyses.

2.5. Other variables

Extensive data was collected in CANDLE and GAPPS using interviewer-administered 

questionnaires and medical record abstraction. All models were adjusted for potential 
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confounders and precision variables (e.g. experimental variables) including RNA sequencing 

batch, site (for GAPPS only; Swedish Medical Center in Seattle, WA or Yakima Valley 

Memorial Hospital in Yakima, WA), maternal age (continuous), race (Black/Others), 

offspring sex (male/female), season of delivery, calendar year of birth, gestational 

age (continuous), mode of delivery (cesarean section/vaginal), labor (presence/absence), 

smoking history (yes/no for current smoking during pregnancy), maternal urine cotinine 

(binary variable using 200 ng/mL cut off (Schick et al., 2017), maternal education (high 

school or less/college and above), and pre-pregnancy body mass index (continuous). 

Offspring sex was examined as a potential modifier of associations.

2.6. Statistical analyses

Cohort-specific descriptive statistics were obtained to understand the characteristics of the 

study population. We assessed similarities of characteristics of participants included in 

this analysis with characteristics of the overall respective cohorts (CANDLE and GAPPS). 

All analyses were cohort-specific. Exposure to PM2.5 during the different windows of 

pregnancy was estimated as described above. The outcome was genome-wide placental gene 

expression (only protein coding genes) from sequencing experiments (described above). 

Differentially expressed mRNAs were identified using conventional weighted linear models 

with observation-level weights estimated using the limma-voom method based on the 

relationship between mean and variance for the logCPM values. Significance of the PM2.5 

slope parameter was assessed using empirical Bayes adjusted t-statistics (Soneson et al., 

2015). Models were fit for each exposure window and individual gene expression, and 

included all adjustment variables. Complete sample sizes for regression models ranged from 

762 to 763 for CANDLE cohort analyses and 164–168 for GAPPS cohort analyses. We 

selected genes with significantly different expression based on a false discovery rate (FDR) 

< 0.10 cutoff (Benjamini and Hochberg, 1995). We fitted both overall models as well as 

models which contain PM2.5-offspring sex interaction terms. FDR < 0.10 of interaction 

terms were used to determine statistical significance of multiplicative PM2.5-offspring sex 

interactions.

3. Results

Average maternal ages of participants were 27.3 years (5.5 years standard deviation) and 

30.5 years (5.7 years standard deviation) in the CANDLE and GAPPS cohorts, respectively 

(Table 1). Mean gestational age at birth was 39.0 weeks for CANDLE participants and 38.3 

weeks for GAPPS participants. About 56% of CANDLE participants and 2% of GAPPS 

participants self-identified as Black. Overall, characteristics of the analytic population were 

similar to characteristics of participants in the respective cohorts (Supplemental Table 1). 

The range of mean PM2.5 exposure for CANDLE study participants during the different 

exposure windows was 10.5–10.7 μg/m3 while it was 6.0–6.3 μg/m3 for GAPPS study 

participants (Table 2).

In the CANDLE study, expression of 13 (11 upregulated and 2 downregulated), 20 (11 

upregulated and 9 downregulated), and three genes (2 upregulated and 1 downregulated) 

was associated with PM2.5 exposure in the first trimester, second trimester, and first month, 
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respectively (FDR < 0.10) (Table 3). The slope parameter for upregulated genes ranged from 

1.078 (for RGPD5) to 1.017 (for CLDND1 and THOC7) while the slope parameter for the 

downregulated genes ranged from 0.988 (for CAPZB and H3-3A) to 0.965 (for SLC15A3 
and MT-CYB). These differentially expressed genes included SRSF11 (serine and arginine 

rich splicing factor 11, up regulated in first and second trimesters), SLC15A3 (solute carrier 

family 15 member 3, down regulated in first trimester and first month), ANKRD49 (ankyrin 

repeat domain 49, up regulated in first trimester), ANKRD10 (ankyrin repeat domain 10, 

up regulated in second trimester), EIF3D (eukaryotic translation initiation factor 3 subunit 

D, down regulated in second trimester), GABRE (gamma-aminobutyric acid type A receptor 

epsilon subunit syntaxin 16, up regulated in second trimester), MT-CYB (mitochondrially 

encoded cytochrome b, down regulated in second trimester), and MT-ND3 (mitochondrially 

encoded NADH, down regulated in second trimester). We did not observe PM2.5 exposure 

and offspring sex interactions on placental gene expression in the CANDLE study.

We did not find any association between PM2.5 exposure during any of the exposure 

windows we considered and placental gene expression in the GAPPS study. However, we 

identified a potential offspring sex and first month PM2.5 exposure interaction (FDR < 0.10) 

for DDHD1 (DDHD domain containing 1), an autosomal (Chr14) gene member of the 

intracellular phospholipase A1 gene family (Fig. 1). Associations between PM2.5 exposure 

and DDHD1 expression was positive among male infants while it was inverse among 

female infants. In the CANDLE cohort, associations for DDHD1 were inverse in both male 

(Log FC = −0.001) and female (Log FC = −0.008) infants and statistically insignificant 

(unadjusted p-values 0.943 and 0.500, and, FDR 0.99 and 0.91, respectively).

The top genes for all PM2.5 exposure in the CANDLE and GAPPS studies, rank ordered 

by p-value are shown in Supplemental Tables 2 and 3. While we did not find differentially 

expressed genes in the GAPPS study, for a number of the differentially expressed genes 

in the CANDLE study, similar relationships (though not statistically significant) were 

observed in the GAPPS study (Table 3). For instance, similar non-statistically significant 

relationships (trends) were observed in the GAPPS study for first trimester PM2.5 exposure 

and four (RGPD5, CLDND1, PRPF6, and SRSF11) genes that were differentially expressed 

in the CANDLE study. In addition, similar, non-statistically significant relationships were 

observed in the GAPPS study for second trimester PM2.5 exposure and four (CD2BP2, 

DIABLO, MT-CYB, and MT-ND3) differentially expressed genes in the CANDLE study.

4. Discussion

In this study, conducted among multiple cohorts, we identified differentially expressed genes 

in placenta at birth that are associated with PM2.5 exposure during the first and second 

trimesters of pregnancy as well as the first month of pregnancy in the CANDLE cohort. 

These genes are involved in mRNA splicing (SRSF11), GABAergic signaling (GABRE), 

transport (SLC15A3), and mitochondrial function (MT-CYB and MT-ND3). Offspring sex 

and first month PM2.5 exposure interaction on placental expression of DDHD1 was observed 

in the GAPPS study where associations were positive among males and inverse among 

females.
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Previous studies have examined associations of ambient air pollution, including PM2.5, 

with placental gene expression. In a study conducted among 70 mother-infant pairs in 

Krakow, Poland, Whyatt et al. reported that placental CYP1A1 mRNA levels were 3.7-fold 

higher in placentas from women residing in high compared to low ambient air pollution 

areas (characterized by PM10) (p = 0.06; Student’s test) (Whyatt et al., 1995). Saenen et 

al. investigated PM2.5 and brain-derived neurotrophic factor 10 signaling pathway genes 

involved in neural development, in placenta collected from 90 mother-infant pairs of the 

ENVIRONAGE birth cohort (Saenen et al., 2015). They found that PM2.5 exposure in 

the first trimester of pregnancy (particularly during the first month of pregnancy and 

during the early implantation period) was associated with a 15.9% decrease (p = 0.015) 

in placental BDNF expression and a 24.3% decrease (p = 0.011) in placental synapsin 

(SYN1) expression, corresponding to a 5-μg/m3 increase in PM2.5 (Saenen et al., 2015). 

In the current study, we observed reduction in expression of BDNF in the GAPPS cohort 

(1.4% decrease per unit PM2.5, p-value = 0.392) but not the CANDLE cohort (1.8% per 

unit PM2.5, p-value = 0.244), although both associations were not statistically significant. 

Saenen et al. found a 13.3% reduction in SOS2 expression corresponding to a 5 μg/m3 

increase in PM2.5 (p = 0.017) (Saenen et al., 2015). Contrary to this finding, in our 

CANDLE and GAPPS cohorts, we saw 1.5% and 0.4% statistically insignificant increases in 

expression of SOS2, per unit PM2.5 (p-values = 0.690 and 0.244 respectively). Kingsley et 

al. investigated maternal residential air pollution and placental expression of nine candidate 

birthweight-related and 108 imprinted genes (Kingsley et al., 2017). Among women-infant 

pairs (N = 410) enrolled in the Rhode Island Child Health Study, they found that PM2.5 

was associated with expression of seven birthweight-related (BLCAP, H19, IGF2, MEG3, 

MEST, PLAGL1, and NNAT) and 41 imprinted (including SLC22A18AS and ANKRD11) 

genes (Kingsley et al., 2017). In the CANDLE cohort, similar direction of non-significant 

(p-value > 0.05) associations was observed for IGF2, MEG3, and PLAGL1, increased 

expression with increased exposure to PM2.5. The direction of non-significant association 

for NNAT in the CANDLE cohort was different from what was reported before (positive 

vs. inverse association, respectively). In the GAPPS cohort, directions of non-significant 

associations were similar to previous reports for IGF2 and NNAT, but not MEST and 

PLAGL1. In the CANDLE cohort, we identified associations between exposure of PM2.5 

in the first trimester and placental expression of ANKRD49 and SLC15A3, genes in the 

same families as those identified by Kingsley et al. (e.g. SLC22A18AS) which transport a 

wide range of toxins, common drugs, and nutritional compounds (Walker et al., 20172017). 

Kingsley et al. also reported associations of PM2.5 with CHD7 that varied by infant sex, with 

associations in opposite directions for males (positive) and females (inverse) (Kingsley et 

al., 2017). We did not find similar interactions in the current study (see Supplemental Table 

5), although we found offspring sex-PM2.5 interactions on DDHD1 expression in GAPPS. A 

number of the genes (e.g. CYP1A1, SYN1, BLCAP, H19, and MEG3) that were highlighted 

by previous studies did not pass our initial gene filtering as their average logCPM was not 

above 0.

In a recently published study, Deyssenroth et al. investigated birthweight and placental 

transcriptome-wide network in relation to maternal PM2.5 exposure among participants (N 

= 149) enrolled in the Rhode Island Child Health Study (Deyssenroth et al., 2021). PM2.5 
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exposure spanning 12 weeks prior to and 13 weeks into gestation, a growth-restriction 

exposure window (GREW) was inversely associated with infant birthweight percentiles. 

The PM2.5 exposure during the GREW period was positively correlated with placental 

gene expression modules enriched for genes involved in amino acid transport, cellular 

respiration, cell adhesion, and inversely correlated with modules enriched for genes involved 

in vasculature development and organ development processes (Deyssenroth et al., 2021). 

Of these, modules enriched for the amino acid transport and cellular respiration processes 

(including CCDC53 and EIF5A genes) were additionally correlated with birthweight 

percentiles (Deyssenroth et al., 2021). They concluded that maternal PM2.5 exposure may 

alter placental programming of fetal growth with implications for downstream health effects, 

including birth outcomes, cardiometabolic health, and susceptibility to viral infections 

(Deyssenroth et al., 2021). Similarities of this recent report with our findings include 

associations of early (first month), and first and second trimester pregnancy maternal 

PM2.5 exposure with placental gene expression. More specifically, our study identified 

differentially expressed genes (CCDC28A and EIF3D) that are in similar families, and 

have similar functions and are involved in transport, infection response, and mitochondrial 

processes. These findings highlight the potentially important role of environmental exposure 

during early and first half of pregnancy on implantation and placental growth, development, 

and function with implications on the course, complications, and outcomes of pregnancy 

(Chen et al., 2002).

Available evidence from previous literature supports several of the PM2.5 exposure and 

placental gene expression associations we found in the current study. Placental expression 

of SRSF11, a splicing factor, was associated with maternal PM2.5 exposure in our study. 

Laing et al. have previously reported that PM2.5 exposure can affect mRNA splicing (Laing 

et al., 2010). More specifically, it activates endoplasmic reticulum (ER) stress sensor IRE1α, 

but it decreases the activity of IRE1α in splicing the mRNA (Xbp1) encoding the UPR 

trans-activator X-box binding protein 1 (XBP1) (Laing et al., 2010). XBP1 plays essential 

roles in normal differentiation and function of specialized cell types and in remodeling 

cells to adapt to cellular stress (Laing et al., 2010; Zhang and Kaufman, 2008; Ron and 

Walter, 2007). IRE1α is predominantly activated in placenta and is essential in placental 

development and function related to vascular endothelial growth factor-A and ER stress 

(Iwawaki et al., 2009). We also found PM2.5 exposure was related to upregulation of 

placental expression of GABRE, which is important in GABAergic signaling and addiction 

to nicotine and morphine. Maternal PM2.5 exposure has been related to expression of genes 

related to GABAergic signaling and offspring neural development in human and animal 

studies (Winckelmans et al., 2017; Kulas et al., 2018).

In the GAPPS study, we observed interaction between offspring sex and first month 

PM2.5 exposure on placental expression of DDHD1. DDHD1 is a gene that codes for 

a phospholipase enzyme involved in fatty acid metabolism and intimately related to 

mitochondrial function, bio-energetics, and oxidative stress, similar to the function of the 

other mitochondrial-function related genes (MT-CYB and MT-ND3) that were associated 

with PM2.5 exposure in the current study (Tesson et al., 2012; Baba et al., 2014). 

Interestingly, Fuentes et al. reported that DDHD1 is among genes that is targeted in 

a sex-specific manner by microRNAs in an acute mouse model of ozone-induced lung 
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inflammation (Fuentes et al., 2018). Given the smaller sample size of the GAPPS study, the 

PM2.5 exposure, and lack of main effects, further research is needed to confirm this potential 

sex-specific association of PM2.5 exposure with DDHD1 expression. Since assessing sex-

specific associations is important, we have included findings from sex-stratified models for 

all top hits with main effects (Supplemental Table 4).

Placental gene expression changes in relation to PM2.5 exposure is a relatively understudied 

area. Maternal PM2.5 exposure can lead to up- or down- regulation of placental 

gene expression through changes in DNA methylation, DNA damage, oxidative stress, 

inflammation, or changes in placental perfusion (Ilekis et al., 2016; Janssen et al., 2013; 

Kingsley et al., 2016; Risom et al., 2005). The current study conducted as part of the 

NIH-funded ECHO-PATHWAYS Consortium is the largest study, to date, on the topic. Other 

strengths of the current study include investigations of multiple, well-characterized cohorts, 

the rigorous air pollution exposure measures (including multiple, temporally-resolved 

windows of exposure), the state-of-the-art genome-wide transcriptome profiling, adjustment 

for a large number of potential confounders and precision variables, and evaluation of 

exposure-offspring sex interactions on placental gene expression.

On the other hand, several limitations deserve mention. The current analyses were conducted 

among subsets of CANDLE and GAPPS participants. While the purpose of examining 

the two cohorts separately was in anticipation of replication of findings, inconsistency in 

findings may have resulted from differences (including demographic differences) in the 

study populations as well as variation in PM2.5 exposure (such as source, composition, 

and magnitude) between the cohorts. PM2.5 is a complex mixture of particles and its 

composition, which varies depending on seasons and regions, may lead to different 

outcomes, including gene expression (Kim et al., 2018; Bell et al., 2007; Honkova et 

al., 2018). While the overall size of the study is large, study power may still preclude 

identification of significant differences in expression of some genes, particularly in the 

GAPPS study. Placenta gene expression was assessed at delivery - one time point – 

even though placental gene expression is a dynamic event. We evaluated relationships 

between placental gene expression at delivery and different windows of exposure during 

pregnancy (Sitras et al., 2012). Potential differences in placental sample composition and 

resulting cellular heterogeneity (that includes syncytiotrophoblasts, blood vessels etc.), that 

is not accounted for in our study, is another limitation of our study. As an uncontrolled 

confounding, this limitation may result in inaccuracies in the effect estimates of the models 

(Luyten et al., 2018). We lack single cell data and reference-free approaches for placental 

transcriptomic analyses to address this concern (Konwar et al., 2019). We used standardized 

biopsy methods in each cohort to minimize this concern. Finally, generalizability of our 

findings is limited to populations with similar PM2.5 level and composition exposure. 

Addressing these limitations are potential areas for future research.

In summary, we found that maternal PM2.5 exposure during first trimester and second 

trimester was associated with expression of several genes in the placenta in the CANDLE 

cohort, but not the GAPPS cohort. Our study, along with similar studies, can help 

characterize distinct biological signatures in placenta that are associated with prenatal 

exposure to ambient air pollution (Luyten et al., 2018). Better understanding of molecular 
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pathways that are affected by ambient air pollution in placenta, a critical organ of pregnancy, 

has significant translational potential for development of new preventative and therapeutic 

measures to improve pregnancy and offspring outcomes (Ilekis et al., 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Offspring Sex and First Month PM2.5 Exposure Interaction on DDHD1 Gene Expression in 

the GAPPS Study.
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Table 1

Selected characteristics of the study population.

Population Covariates CANDLE (n = 776) GAPPS (n = 205)

Continuous Mean (SD) Mean (SD)

Maternal Age, years 27.3 (5.5)* 30.5 (5.7) *

Gestational Age at Birth, weeks 39.0 (1.5) 38.3 (3.0)

Pre-Pregnancy Body Mass Index, kg/m2 27.7 (7.4)* 26.3 (9.1) *

Categorical N (%) N (%)

Maternal Race/Ethnicity

 White 292 (37.6) 164 (80.0)

 Black/African American 438 (56.4) 4 (2.0)

 Asian 6 (0.8) 8 (3.9)

 Native Hawaiian Pacific Islander 0 (0) 0 (0)

 American Indian/Alaska Native 0 (0) 2 (1.0)

 Other 37 (4.8) 13 (6.3)

 Multiple Race 3 (0.4) 3 (1.5)

 Missing 11 (5.4)

Offspring Sex

 Male 381 (49.1) 108 (52.7)

 Female 395 (50.9) 97 (47.3)

Season of Birth

 Spring 166 (21.4) 53 (25.9)

 Summer 217 (28.0) 50 (24.4)

 Fall 216 (27.8) 52 (25.4)

 Winter 170 (21.9) 50 (24.4)

 Missing 7 (0.9)

Year of Birth

 2007 54 (7.0) 0 (0)

 2008 116 (14.9) 0 (0)

 2009 209 (26.9) 0 (0)

 2010 229 (29.5) 0 (0)

 2011 161 (20.7) 40 (19.5)

 2012 0 (0) 66 (32.2)

 2013 0 (0) 83 (40.5)

 2014 0 (0) 16 (7.8)

 Missing 7 (0.9)

Mode of Delivery

 Normal/Vaginal 470 (60.6) 114 (55.6)

 C-section 306 (39.4) 71 (34.6)

 Missing 20 (9.8)

Presence/Absence of Labor

 Spontaneous, spontaneous augmented, or induced labor 627 (80.8) 112 (54.6)

Environ Int. Author manuscript; available in PMC 2022 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Enquobahrie et al. Page 18

Population Covariates CANDLE (n = 776) GAPPS (n = 205)

Continuous Mean (SD) Mean (SD)

Maternal Age, years 27.3 (5.5)* 30.5 (5.7) *

Gestational Age at Birth, weeks 39.0 (1.5) 38.3 (3.0)

Pre-Pregnancy Body Mass Index, kg/m2 27.7 (7.4)* 26.3 (9.1) *

Categorical N (%) N (%)

 No labor 148 (19.1) 16 (7.8)

 Missing 1 (0.1) 77 (37.6)

Maternal Smoking

 Yes/Cotinine positive (>200 ng/mL) 56 (7.2) 0 (0)

 No/Cotinine negative (<200 ng/mL) 720 (92.8) 208 (100)

Maternal Education

 Less than high school 66 (8.5) 10 (4.9)

 High school completion 346 (44.6) 57 (27.8)

 Graduated college or technical school 260 (33.5) 85 (41.5)

 Some graduate work or professional degree 104 (13.4) 52 (25.4)

 Missing 1 (0.5)

*
Mean and standard deviations calculated with missing values removed (10 and 3 subjects for maternal age and 2 and 5 for pre-pregnancy BMI in 

CANDLE and GAPPS respectively.
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Table 2

Distribution of Particulate Matter (PM) 2.5 Exposure in the Study Population.

Distribution

Exposure Variable Mean SD Min 25% Median 75% Max

CANDLE

PM2.5 – 1st Trimester (μg/ m3); N = 771 10.5 1.4 7.9 9.5 10.3 11.0 16.8

PM2.5 – 2nd Trimester (μg/m3); N = 771 10.6 1.4 7.9 9.7 10.4 11.2 16.6

PM2.5 – 3rd Trimester (μg/ m3); N = 771 10.7 1.7 7.5 9.6 10.6 11.5 17.2

PM2.5 – 1st Month (μg/m3); N = 772 10.5 2.1 5.8 9.4 10.3 11.3 19.0

PM2.5 – Last Month (μg/m3); N = 771 10.7 2.1 5.5 9.5 10.5 11.7 19.2

GAPPS

PM2.5 – 1st Trimester (μg/ m3); N = 184 6.2 3.0 1.8 4.2 5.4 7.3 21.3

PM2.5 – 2nd Trimester (μg/ m3); N = 186 6.0 3.0 2.1 3.8 5.1 7.2 16.8

PM2.5 – 3rd Trimester (μg/m3); N = 183 6.0 3.1 2.3 3.9 5.2 7.1 20.3

PM2.5 – 1st Month (μg/m3); N = 185 6.3 3.6 1.8 3.9 5.5 7.4 22.8

PM2.5 – Last Month (μg/m3); N = 184 6.0 3.5 2.1 3.8 5.1 6.8 23.3
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