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Abstract

Prenatal ambient particulate matter (PM2.5) exposure impacts infant development and alters 

placental mitochondrial DNA abundance. We investigated whether the timing of PM2.5 exposure 

predicts placental mitochondrial mutational load using NextGen sequencing in 283 multi-ethnic 

mother-infant dyads. We observed increased PM2.5 exposure, particularly during mid- to late- 

pregnancy and among genes coding for NADH dehydrogenase and subunits of ATP synthase, 

was associated with a greater amount of nonsynonymous mutations. The strongest associations 

were observed for participants of African ancestry. Further work is needed to tease out the role of 

mitochondrial genetics and its impact on offspring development and emerging disease disparities.
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Introduction

Gestational exposure to ambient fine particulate matter with a diameter of ≤ 2.5 microns 

(PM2.5) has been linked to correlates of chronic disease risk (e.g., low birth weight, preterm 

delivery)1,2 and adverse child health outcomes (e.g., poorer cognition, asthma)3–5. While 

mechanisms involved in the toxicity of PM are complex, evolving epidemiological and 

biological evidence suggests ambient air particles are capable of reaching the fetal side of 

the placenta6 and that PM exposure can trigger a cellular stress response and consequent 

oxidative damage7–11.

Mitochondria facilitate cellular energy delivery through the production of adenosine-5’-

triposphate (ATP) via oxidative phosphorylation. Mitochondrial function is critical to 

maintaining appropriate energy supply (i.e., ATP), cell functions/signaling, and fetal vitality. 

Cells contain numerous mitochondria, each containing multiple copies of mitochondrial 

DNA (mtDNA) and mutations can affect all (homoplasmy) or a portion (heteroplasmy) of 

the molecules. Mutational load, specifically heteroplasmy, has been identified as a marker 

of oxidative damage12 and inefficient cellular respiration13 and has been linked to numerous 

human diseases14.

Biomarkers of mitochondrial dysfunction at the maternal-fetal interface that correlate with 

in utero environmental exposures can provide insight into the underlying involvement of 

mitochondrial bioenergetics in disease programming. Prenatal PM exposure has already 

been linked to changes in mtDNA copy number (mtDNAcn), a commonly used marker 

of mitochondrial dysfunction, in both umbilical cord blood (a marker more accurately 

reflecting the state of the fetus) and placenta (a key regulator of the external environmental 

and maternal fetal signaling15)16–18. Further, emerging data suggest that timing of PM 

exposure during pregnancy may be a key factor in eliciting a mitochondrial response. Recent 

studies demonstrate that increased exposure to PM2.5 during the third trimester (35–40 

weeks gestation) of pregnancy was associated with decreased mtDNAcn in cord blood17,18. 

Further, mitochondrial haplogroups (a marker of genetic ancestry) have been shown to 

modify the effect of environmental pollutants with similar oxidative stress (OS) mechanisms 

of action (i.e., black carbon) on health outcomes in a non-pregnant sample19.

To our knowledge, this is the first study to examine the effect of in utero PM2.5 exposure 

on placental mtDNA mutational load. We leveraged daily prenatal PM2.5 exposure estimates 

over pregnancy in the PRogramming of Intergenerational Stress Mechanisms (PRISM) study 

and implemented Bayesian distributed lag interaction models (BDLIMs)20 to statistically 

examine and visualize the PM2.5 time-dependent pattern of associations with placental 

mtDNA mutational load. These models also allowed for the assessment of interactive effects 

with ancestry haplogroup.
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Methods

Sample:

Mother-child dyads participating in the Programming of Intergenerational Stress 

Mechanisms (PRISM) study were included in analyses. PRISM is an urban prospective 

pregnancy cohort located in the northeastern United States (US) designed to investigate 

associations among maternal psychosocial stress, other environmental factors (i.e., air 

pollution, smoking, diet), and child development. Eligibility criteria included being a 

pregnant English- or Spanish-speaking woman, aged 18 years and older, and carrying a 

singleton fetus. Women meeting these criteria were recruited from prenatal clinics at the 

Beth Israel Deaconess Medical Center and the East Boston Neighborhood Health Center 

in Boston, Massachusetts between the years of 2011 and 2013 and from the prenatal clinic 

at Mount Sinai Hospital in New York City from 2013 to 2018. Exclusion criteria included 

being born prior to 37 weeks (mean 39 weeks, SD 1.3); maternal intake of ≥7 alcoholic 

drinks per week before and/or any alcohol after pregnancy recognition as usage above these 

thresholds has been associated with increased risk for adverse child development21–23; HIV 

positive status, which would influence/confound biomarkers of interest; pregnancy loss; or 

the presence of a major congenital or genetic disorder identified during pregnancy or at birth 

that would influence participation in future activities. Medical chart review and postnatal 

questionnaires were used to ascertain birth details. Study procedures were approved by 

the relevant institutional review boards. Written informed consent was obtained in the 

participant’s preferred language.

Placenta collection and DNA extraction:

Placenta samples (~1–2 cm3) were taken on the fetal side ~1 – 1.5 cm below the fetal 

membrane to avoid membrane contamination and approximately 4 cm from the cord 

insertion site, taking care to avoid large vessels. To confirm fetal placental tissue origin, 

64 genotyping probes were used and near-perfect agreement of placenta and cord blood 

samples was observed24. Placenta DNA extraction was conducted using the Promega Wizard 

Genomic DNA Purification Kit (Promega – Madison, WI, USA). DNA concentration was 

assessed by Qubit.

Mitochondrial Sequencing:

Whole mtDNA sequencing was performed by the Genomics, Epigenomics and Sequencing 

Core at the University of Cincinnati. To amplify whole mtDNA genome (complete genome 

sequence ID AY495156.2, 16569 bp), Illumina (San Diego, CA) protocol (Document # 

15037958 v01) was followed with modifications. For each sample two pairs of primers 

that cover the entire mtDNA sequence were used in two individual amplifications: MTL-F1 /

MTL-R1 and MTL-F2/MTL-R2. TaKaRa LA Taq (Takara Bio USA, Mountain View, CA) 

was used in long range PCR with 2 ng human gDNA as input in each 50 μl PCR reaction. 

The volumes of the two PCRs were then adjusted based on their yields from agarose gel 

electrophoresis and pooled to result in roughly equal amounts of the two PCR products 

in the pool. To reduce potential differences in mtDNA copy number among samples, after 

DNA clean up using Wizard SV Gel and PCR Clean-Up kit (Promega), about 100 ng DNA 

was used as input for library preparation using NEBNext Ultra II FS DNA Library Prep 
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kit (NEB, Ipswich, MA). After Bioanalyzer QC analysis (Agilent, Santa Clara, CA) of the 

library and qPCR quantification using NEBNext Library Quant Kit (NEB), individually 

indexed and compatible libraries were proportionally pooled and sequenced using HiSeq 

1000 sequencer (Illumina). Under the sequencing setting of paired-end 2×101 bp, about 

8 million pass filter reads per sample were generated. The demultiplexed fastq files were 

used for downstream analysis. The average depth of coverage (i.e., number of unique reads) 

was 1494 and this was consistent across samples (e.g., participants). Information on primer 

sequences, amplicon sizes, and detailed methods on checking amplification specificity/yield 

using this approach have been previously reported25.

Sequencing Data Processing:

A mitochondria consensus genome, based on analyses of the complete mtDNA sequence of 

53 humans of diverse origins, was used for alignment (URL: https://www.ncbi.nlm.nih.gov/

nuccore/AF346978.1)26. Alignment to the reference genome and removal of adapters and 

duplicates was done using Picard (version 2.17.8).27 Variant calls were made using the 

Genome Analysis Toolkit (GATK).28 Summary Phred scores, which are log-likelihood 

scores, indicating our confidence in assignment of each base call, were computed as the sum 

of depth of coverage multiplied by the Phred score at the variant site. To reduce the effects 

of sequencing errors, we removed variant calls with a summary Phred score < 1000029. 

Repeated sequencing was carried out on 20% of the samples showing high reproducibility 

of the base calls. Over 80% of the mutations identified using our filtering criteria can be 

confirmed by at least one read in repeated sequencing of the same samples.

Insertions, deletions, and variants observed only once were ignored. Single nucleotide 

substitutions, which typically account for 90% of somatic mutations in the mitochondrial 

genome, accounted for 96.3% of mutations in our data and provided the basis for 

determining mutational load. Positions were considered heteroplasmic if less than 50% of 

the reads supported alternative alleles; all other mutations were considered homoplasmic. 

We chose this criteria to reduce the effects of potential homoplasmic mutations in the 

germline30, better representing risk alleles of complex disease31, and to obtain good 

concordances among cell types at the heteroplasmy level32. Total mutational load is the total 

number of heteroplasmic and homoplasmic mutations present in a sample. Nonsynonymous 

mutations were determined based on the nucleotide’s change affecting protein sequence. For 

secondary gene-wise analyses, protein-coding genes and ribosomal RNAs were examined 

independently and grouped based on involvement in the functioning of the same electron 

transport chain (ETC) complex (e.g., combining MT-ATP8 and MT-ATP6 coding for 

subunits of ATP synthase). The number of mutations observed in tRNAs was minimal 

(n=395) with only 5 out of 22 tRNAs accumulating more than 30 mutations. Thus, 

mutational loads for tRNAs were summed to create one tRNA total mutational load variable. 

These methods have been previously reported25.

Ambient fine particulate matter exposure:

Geographic Information Systems were used to geocode residential addresses using Arc 

Geographic Information Systems (ArcGIS). Records of relocation were documented and 

geocoding was conducted for all address histories and subsequent daily PM2.5 estimates 
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were based on location and time at each address. To validate our geocoding we randomly 

sampled 15% of the data and evaluated accuracy by visually examining the locations using 

established map services like the Environmental Systems Research Institute (ESRI) ArcGIS 

street datasets. Initial completeness was approximately 90% and the erroneous few addresses 

were then geocoded manually. Daily PM2.5 levels were estimated using temporally- and 

spatially-resolved exposure models as detailed previously33. Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite-derived Aerosol Optical Depth (AOD) measurements 

based on the Multi-Angle Implementation of Atmospheric Correction (MAIAC) algorithm 

were used at a 1km x 1km grid spatial resolution to predict daily PM2.5 levels across 

New England. For each study participant, the hybrid model combined remote sensing 

data with spatio-temporal predictors that represents within-grid variation to yield residence-

specific estimates of PM2.5 exposures. The model was run using day-specific calibrations 

of AOD data using ground PM2.5 measurements from 161 monitoring stations and land 

use regression (LUR) (e.g., traffic density, point sources, etc.) and meteorological (e.g., 

temperature, wind speed, visibility, elevation, distance to major roads, percent open space, 

point emissions and area emissions) variables using mixed models with day-specific random 

intercepts, and fixed and random AOD and temperature slopes. Generalized additive mixed 

models were used to estimate exposures on days when AOD measures were not available 

(due to cloud coverage, snow, etc.). The residuals from the final model for each monitor 

then were regressed against the local spatial and temporal variables at each monitoring site 

to derive 200 meter localized predictions. The mean cross validation R2 for daily values 

was 0.88. Given the interquartile range of PM2.5 averaged across pregnancy was 0.9 μg/m3, 

results are presented for a 1 μg/m3 increase in PM2.5.

Potential Covariates:

Covariates included self-reported maternal race (White, Black, Hispanic, Other/multi-race) 

and education status (≤ high school degree, some college or/college degree) which were 

ascertained at enrollment; child sex and maternal age at delivery were obtained postnatally. 

These covariates were included due to documented racial and SES disparities in air pollution 

exposure34 and our prior observed sex differences in PM2.5 effects on mitochondrial 

DNA copy number35. Mode of delivery (vaginal vs. C-section), pregnancy complications 

(i.e., gestational diabetes, hypertension, and/or preeclampsia), and maternal smoking have 

been shown to impact placental functioning/response leading to inflammation, OS, and 

mitochondrial dysfunction36–40, thus these were also considered in the early stage of 

the analysis. Women were classified as prenatal smokers if they reported smoking at 

enrollment or during the third trimester. Birth weight was extracted from delivery records 

and gestational age was determined by reported last menstrual period and compared to the 

first trimester ultrasound; if there was a discrepancy of more than two weeks, obstetrical 

values were used. Sex-specific Fenton birthweight for gestational age z-scores were then 

derived41. Prenatal daily temperature was derived using a model that calibrated MODIS 

satellite surface temperature measurements to air temperature monitors using LUR42. 

Genetic ancestry was determined by mitochondrial haplogroup and categorized as African 

(L), Native American/Asian (A, B, C, D, F, G, N, P, Y, Z, M, E, R), or European (H, I, J, 

K, T, U, V, W, X)43. Ultimately, mode of delivery, pregnancy complications, and maternal 

smoking were not included in the final model due to the lack of relationship with PM2.5 
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exposure; we also considered these variables, along with sex, as effect modifiers, but found 

no significant interactions (data not shown).

Data Analysis:

We estimated the association between placental mutational load and daily average prenatal 

PM2.5 exposure using Bayesian distributed lag interaction models (BDLIMs) to characterize 

overall effects of PM2.5 and haplogroup-specific effects44. BDLIM is a data-driven approach 

to estimating critical windows during pregnancy and to allow testing for effect modification 

by haplogroup. The logistic BLDIM for dyad i (i=1,…,n) who is carrying genetic ancestry 

haplogroup j (j=1 for African, j=2 for Native American/Asian, and j=3 for European) is

Yi = aj + βj ∑
t = 1

T
wjtXit + Zi

Tγ,

where aj is a fixed sex-specific intercept, βj is the regression coefficient characterizing the 

haplogroup-specific association between weighted PM2.5 exposure and mutational load of 

interest, ∑t = 1
T wjtXit is the weighted exposure, and Zi

Tγ is the covariate regression term. The 

wjt identify critical windows of susceptibility while βj represents the cumulative effect. 

When weights are constant, the model is equivalent to using exposure averaged over 

pregnancy. However, when the weight varies by time the model assigns greater relative 

weight to some periods. Time periods with weights having a 95% confidence interval 

omitting zero are identified as critical windows. This approach allows uncertainty in the 

effect to vary over time resulting in the ability for 1) sensitive windows to be identified 

without a cumulative effect being observed, or 2) a cumulative effect to be identified 

without sensitive windows. In some cases, the cumulative effect is not significant because 

we identify a significant effect during some time points but have uncertainty in the effect 

at other time points. That uncertainty results in decreased statistical significance for the 

cumulative effect (e.g., a signficant association at a portion of time points can be washed 

out when averaged over time points). On the other hand, when uncertainties behave similarly 

across all the time points, the summarizing cumulative effect can sometimes suggest 

relatively lower uncertainty and results in a narrower confidence interval.

In this analysis, genetic ancestry haplogroups is considered an effect modifier. The approach 

computes four different potential patterns of effect modification by allowing βj (effect 

magnitude) and/or the weights wjt (critical window) to be haplogroup-specific or the same 

for all groups: 1) Both weight and beta are constant across different haplogroups, 2) 

weights are constant across different haplogroups but the effect estimates are different, 

3) effect estimates are constant across different haplogroups but the weight are different, 

4) both weights and effect estimates are different across the haplogroups. The approach 

quantifies the likelihood of each pattern of heterogeneity and estimates the association 

between exposure and outcome under the effect modification pattern best supported by 

the data. Results are not normalized based on haplogroup sample size. Secondary analyses 

consisted of gene-wise analyses to test for associations between PM2.5 and total mutational 

load in gene-specific regions. All analyses were conducted using the “regimes” package 
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in R (v4.0.2, Vienna, Austria)44. Models were adjusted for maternal race (White, Black, 

Hispanic, Other/multi-race], and education status, child sex, maternal age at delivery, and 

averaged daily temperature over pregnancy. Sensitivity analyses were conducted including a 

location indicator (Boston/New York) to rule out the influence of location on the association 

between PM2.5 and mutational load. The results were unchanged (data not shown).

Multiple imputation generating 10 iterations was implemented in R (v4.0.2, Vienna, Austria) 

using the package “mice”45to account for missingness on maternal race/ethnicity (1%), and 

education (1.8%).

Results

Descriptive Statistics:

Maternal and child characteristics for the analytic sample with complete PM, covariate, and 

sequencing data (n = 283) are presented in Table 1. The average maternal age at delivery 

was 29.6 years; the majority of women were racial/ethnic minorities (Black, 44%; Hispanic, 

24%; multi-racial, 6%) with 32% reporting less than or at most a high school degree, 

12.5% reporting smoking during pregnancy, and 25% delivering their child via C-section; 

53% of the children were male. All three haplogroups are represented with the majority 

(43%) belonging to the African haplogroup followed by 32% European and 25% Native 

American/Asian. Descriptive data on variants mapping to MitoMap and subsequent disease 

associations can be found in the online supplement of Brunst et al. (2020)25. The mean 

number of mutations per subject is 32, standard deviation is 16 (Table S1).

Associations between prenatal PM2.5 and total and nonsynonymous mutational loads:

The cumulative and time-varying associations per μg/m3 increase in prenatal PM2.5 and 

total and nonsynonymous placental mutational loads were examined in separate BDLIMs, 

adjusting for maternal race (White, Black, Hispanic, Other/multi-race), and education 

status, child sex, maternal age at delivery, and averaged daily temperature over pregnancy 

(Figure 1A and B). The estimated cumulative effect of PM2.5 over the entire pregnancy 

was significantly associated with a greater amount of nonsynonymous mutations detected 

in the placenta (cumulative effect estimate = 0.58; 95% CI 0.12, 1.07); a statistically 

significant cumulative effect of PM2.5 on total mutational load was not observed. Further, 

two statistically significant windows in mid- and late- pregnancy were observed where 

increased PM2.5 exposure was associated with a higher mtDNA nonsynonymous mutational 

load (Figure 1B); the first sensitive window was identified in the second trimester (162–183 

days) and the second sensitive window was observed in the third trimester (224–243 days). 

No statistically significant cumulative effect or sensitive window was found for the effect of 

PM2.5 on total mutational load (Figure 1A).

Effect modification by haplogroup:

The BDLIM also suggested an interaction between PM2.5 and haplogroup on 

nonsynonymous placental mutational load (Figure 2B). The estimated cumulative effect 

of PM2.5 over the entire pregnancy was significantly associated with a greater amount of 

nonsynonymous mutations for the African Haplogroup (cumulative effect estimate = 0.59; 
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95% CI 0.03, 1.25) but not Native American/Asian (cumulative effect estimate =0.31; 95% 

CI −0.28, 0.98) or European (cumulative effect estimate = −0.003; 95% CI −0.51, 0.51) 

haplogroups; windows of susceptibility were not detected. The BDLIM did not detect a 

significant interaction between the effect of PM2.5 exposure and haplogroup in analyses of 

total mutational load (Figure 2A).

Gene-wise effects of PM2.5 on mutational load:

In order to determine if increased PM2.5 was more strongly related to mutations in a 

particular region, we conducted gene-wise BDLIM analyses across genes (e.g., MT-ND5) 

and gene families (e.g., MT-ATP, sum of all mutations from MT-ATP genes) focusing 

on total mutations given the low frequency of nonsynonymous mutations in specific-gene 

regions. While cumulative effects were not observed, significant windows of susceptibility 

were identified in gene-wise associations between PM2.5 exposure during late second/early 

third trimester and increased total mutational load across all MT-ATP genes (164–223 

days, Figure 3A) and MT-ND5 (158–205 days, Figure 3B). PM2.5 was not associated with 

mutational load in other gene regions (Figure S2 A-F of the online supplement).

BDLIM analyses suggest that PM2.5 has a stronger magnitude of effect on MT-ATP 

mutational load in haplogroup 1 (African) compared to haplogroup 2 and 3 but the exposure 

weighting is similar over time (Figure 4). Similar findings can be observed across other gene 

regions as outlined in the online supplement. Briefly, the magnitude of effect of PM2.5 varied 

by haplogroup for models interrogating MT-CYB and MT-tRNA regions (Figure S3 B and 

D), exposure weighting varied for MT-CO and MT-RNR regions (Figure S3 A and C), and 

both magnitude of effect and weighting varied for the D Loop region (Figure S3 E) although 

no signficant windows of exposure or cumulative effects were observed.

Discussion

This study presents novel findings linking prenatal PM2.5 exposure to placental mtDNA 

mutations in a multiethnic urban US cohort. Women exposed to higher PM2.5 levels 

over pregnancy (mainly mid- to late- pregnancy) exhibited a higher number of placental 

mitochondrial mutations; a greater degree of mutations was observed among genes coding 

for NADH dehydrogenase and subunits of ATP synthase. Further, the effect of PM2.5 

exposure was more robust among participants of African ancestry.

Mitochondria are vital organelles that are found in almost every cell of all organisms 

except bacteria and produce nearly all of the energy needed to sustain life. A key role of 

mitochondria is to sense, assimilate, and relay environmental information. Mitochondrial 

DNA is particularly sensitive to damage caused by exogenous reactive oxygen species for 

which exposure to various air pollutants are known to generate including, carbon monoxide 

(CO), nitrogen dioxide (NO2), volatile organic compounds (VOCs), polycyclic aromatic 

hydrocarbons (PAHs), as well as PM46. Animal and in vitro studies have confirmed that 

air particles can reach the placenta6 and penetrate cells and damage the mitochondria and 

its genome, subsequently impacting electron transport chain and respiratory function47,48. 

Although studies of this nature have not been conducted in humans, research suggests that 

damaged mitochondria could reduce the proliferation and migration of trophoblast cells, 
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thus affecting placental formation and development49,50. Studies have shown PM exposure 

to be associated with altered mtDNAcn in multiple tissues including neuroblastoma cells, 

peripheral blood, cord blood, and placenta51–54. While mitochondrial mutations have been 

reported in tissues at the maternal-fetal interface in the context of aging and maternal 

lifetime stress25,55; this is the first study to show in utero PM exposure to be associated 

with placental mitochondrial mutational load and suggests two critical windows of exposure 

in mid to late pregnancy. Interestingly, several species (including humans) also exhibit 

gestational changes in placental OS and expression of the mitochondrial-related proteins in 

mid to late pregnancy to support fetal growth near term56–58. Consequently, environmental 

exposures during this period that also induce excessive OS could result in dysfunctional 

ETC activity leading to pregnancy complications such as early onset preeclampsia and 

preterm birth59,60.

It is well known that in a scenario where oxygen is restricted, such as hypoxia occurring 

at high altitudes, the placenta will remodel its metabolism to increase ATP production 

via glycolysis rather than the ETC. Under conditions of excessive OS, however, research 

suggests ATP levels drop due to the inhibition of both mitochondrial (i.e., ETC) and 

glycolytic ATP synthesis61. Although there are metabolic adaptive responses in place 

to allow for continued ATP production, as of now, we have a limited mechanistic 

understanding of how PM-related mutations impacts these processes or what the changes/

adaptations mean for long-term health outcomes. Our study showed that greater PM2.5 

exposure was predominantly associated with a higher placental mutational load in one 

gene (i.e., MT-ND5) that codes for a subunit of NADH dehydrogenase [Complex 1 of the 

electron transport chain (ETC)] and among two genes coding for subunits of ATP synthase 

(i.e., MT-ATP6, MT-ATP8) sometimes referred to as complex V of the ETC. The first 

step of the ETC is the oxidation of NADH by Complex 1. While ATP synthase is part 

of the ETC, it is not involved in transporting ions; rather it uses the proton gradient to 

synthesize ATP. Mutations in MT-ND5 and MT-ATP genes have been linked to metabolic 

markers such as body mass index, waist-hip-ratio, and fasting insulin levels62 as well as 

neurological outcomes including developmental delays, autism Spectrum Disorder, Bipolar 

Disorder, Major Depressive Disorder, and Schizophrenia63,64. While it is difficult to prove 

the pathophysiological significance of certain mtDNA mutations in epidemiological studies, 

we have previously shown that greater than 50% and 64% of the mutations in MT-ND5 and 

MT-ATP, respectively, are nonsynonymous25,65. Nonsynonymous mutations with functional 

consequences could lead to reduced energy production capacity and systemic metabolic 

dysregulation that could have later-life health implications. Further work is needed to 

confirm this hypothesis.

Higher PM2.5 -related mtDNA mutational loads were observed for participants of African 

ancestry compared to those of European and Native American/Asian background. In the US, 

it is well documented that racial-ethnic minorities are disproportionately exposed to higher 

levels of PM2.5 compared to their white counterparts66. Given the disproportionate exposure 

to PM and the increased mutational loads observed among those of African ancestry, it 

is possible that PM-related variations in mtDNA could be contributing to disparities in 

health as has been observed for various outcomes such as cardiovascular disease67, cancer68, 

and insulin sensitivity69 with African American’s being at increased risk. Further, African 
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American women are at increased risk for inflammatory and vascular pathologies compared 

to White women experiencing uncomplicated births70. On a molecular level, the placentas 

of African American women also exhibit advanced cellular aging71and diversity in immune 

responses72. Haplogroups have previously been shown to modify the effects of air pollution 

on biomarkers of systemic inflammation73. Additional analyses were suggestive but not 

signficant; thus, it is possible we could have detected stronger and more signficant effects 

if our sample sizes within strata were larger (i.e., increased power). Thus, despite our 

intriguing observations, larger studies are needed to tease out the ancestral differences in 

exposure-related outcomes and their association to placental mitochondrial function.

This study has a number of strengths. We leverage an extant prospective birth cohort 

of ethnically diverse mother-infant dyads with greater exposure to ambient air pollution. 

The assessment of PM is conducted with a validated spatiotemporal model that has been 

used in many studies to assess daily air pollution exposures over pregnancy. Our group 

is one of the first to apply whole mitochondrial genome sequencing of the placenta in 

an epidemiological study design25. Further, our applied data-driven statistical methods to 

identify sensitive windows of exposure and cumulative effects of PM on mitochondrial 

mutational load is also a first. This methodology also allows for enhanced power to 

determine effect modification by genetic ancestry. We also acknowledge some limitations. 

First, our effect sizes are relatively small and this is a common finding in environmental 

omic studies74. While this does not negate the significance (statistically speaking) of our 

findings, in order to understand whether biologically a “real” association has been identified 

validation and/or replication studies must be employed. Second, it is possible that the PM-

related associations with mutational load are cell-type specific. To our knowledge, placental 

cell reference-based estimates for mitochondrial heteroplasmy are not available and thus we 

were unable to adjust for the cell-type heterogeneity. Third, we cannot confirm whether the 

mutations are inherited or acquired. Although some studies suggest most are inherited75, 

given the extensive mutagenesis of placental nuclear and mitochondrial genomes76,77, it’s 

possible that knowing the maternal mtDNA genome landscape would not lead to conclusive 

results without further knowledge on the mechanism of transmission. Fourth, it is also 

unclear at what level of PM exposure placental mitochondrial function will substantially 

be affected. Given that we detected relatively low levels of heteroplasmy, it’s likely that 

the perturbations associated with PM exposure would not lead to gross mitochondrial 

dysfunction in the placenta25,78; however, the point mutations (inherited or acquired) could 

contribute to the accumulation of mtDNA point mutations over time as a result of an 

accelerating mutation rate or clonal expansion79,80. Thus, it’s possible that exposure to 

environmental toxins, such as PM2.5, could impact child development by 1) increasing the 

level of heteroplasmy to the point of altering the functional capacity of mitochondria, or 2) 

lowering the threshold for the effect of an environmental toxin on cell function. Lastly, we 

recognize that other environmental factors may also influence mutational load and thus we 

cannot rule out unmeasured confounding. However, we did adjust for a number of important 

sociodemographic factors (race, socioeconomic status, sex and maternal age) as well as 

climate-related factors (temperature) that may relate to differential exposure to other toxins 

(e.g., black carbon, ozone, PAH) as well as oxidative stress and mitochondrial function.
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To our knowledge this is the first epidemiological study to sequence the mitochondrial 

genome and examine the impact of prenatal PM exposure on mtDNA mutations at the 

maternal-fetal interface. Our urban US minority population also provides the opportunity to 

examine this relationship among women who may be at increased risk for PM exposure. 

This work also underscores the need for the inclusion of diverse population in genomic 

research to ensure equity and scientific progress. Lastly, further work is needed to 

delineate transmission mechanisms, better understand the critical timing of PM exposure 

on mitochondrial placental function, and examine the impact PM-related mitochondrial 

dysfunction has on both maternal and child short- and long-term health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cumulative and time-varying associations between daily PM2.5 levels over gestation 
and placental mtDNA total (A) and nonsynonymous (B) mutational loads.
This figure demonstrates the cumulative and time-varying associations between PM2.5 

exposure over pregnancy and change in mtDNA mutational load: (A) total, and (B) 

nonsynonymous mutational load using BDLIM assuming day-specific effects. The y-axis 

represents the change in mtDNA mutational load corresponding to a μg/m3 increase in 

PM2.5; the x-axis is gestational age in days. Solid lines for time-varying associations 

show the predicted change in mtDNA mutational load. Gray areas indicate 95% confidence 

intervals (CIs). A sensitive window is identified for the days where the estimated pointwise 

95% CI (shaded area) does not include zero. The models were adjusted for maternal age, 

education, race/ethnicity, child sex, and ambient temperature.

Brunst et al. Page 16

Mitochondrion. Author manuscript; available in PMC 2022 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Cumulative and time-varying associations between daily PM2.5 levels over gestation 
and placental mtDNA total (A) and nonsynonymous (B) mutational loads by haplogroup.
This figure demonstrates the effect modification by haplogroup on the association between 

PM2.5 exposure over pregnancy and mtDNA mutational load in placenta, using BDLIM 

assuming daily-specific effects. The models were adjusted for maternal age, education, 

race/ethnicity, child sex, and ambient temperature. The y-axis represents the combined 

cumulative effect of time-varying prenatal PM2.5 exposure on increased mtDNA mutational 

loads for each haplogroup for which the BDLIM detected an interaction. Solid lines for 

time-varying associations show the predicted change in mtDNA mutational load. Gray areas 

indicate 95% confidence intervals (CIs). A sensitive window is identified for the days where 

the estimated pointwise 95% CI (shaded area) does not include zero. We did not observe 

any sensitive windows by haplogroup. Abbreviations [Haplogroup1 (African); Haplogroup 2 

(Native American/Asian); Haplogroup 3 (European)].
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Figure 3. Time-varying associations between daily PM2.5 levels over gestation and placental 
mtDNA total mutational load in (A) MT-ATP (B) MT-ND5 gene regions.
This figure demonstrates the association between PM2.5 exposure over pregnancy and 

change in mtDNA total mutational load: (A) MT-ATP, and (B) MT-ND5 gene regions using 

BDLIM assuming day-specific effects. The y-axis represents the change in mtDNA total 

mutational load corresponding to a μg/m3 increase in PM2.5; the x-axis is gestational age 

in days. Solid lines show the predicted change in mtDNA total mutational load. Gray areas 

indicate 95% confidence intervals (CIs). A sensitive window is identified in the late second/

early trimester for the days where the estimated pointwise 95% CI (shaded area) does not 

include zero. The models were adjusted for maternal age, education, race/ethnicity, child 

sex, and ambient temperature.
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Figure 4. Cumulative and time-varying associations between daily PM2.5 levels over gestation 
and placental MT-ATP mutational load by haplogroup.
This figure demonstrates the effect modification by haplogroup on the association between 

PM2.5 exposure over pregnancy and mtDNA mutational load in the MT-ATP gene region, 

using BDLIM assuming daily-specific effects. The model was adjusted for maternal age, 

education, race/ethnicity, child sex, and ambient temperature. The y-axis represents the 

combined cumulative effect of time-varying prenatal PM2.5 exposure on increased mtDNA 

mutational loads for each haplogroup for which the BDLIM detected an interaction. Solid 

lines for time-varying associations show the predicted change in mtDNA mutational load. 

Gray areas indicate 95% confidence intervals (CIs). A sensitive window is identified for the 

days where the estimated pointwise 95% CI (shaded area) does not include zero. We did not 

observe any sensitive windows, but did observe varying magnitudes of effect by haplogroup. 

Abbreviations [Haplogroup1 (African); Haplogroup 2 (Native American/Asian); Haplogroup 

3 (European)].
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Table 1.

Maternal and child characteristics of the study population

Characteristic n, mean %, SD

Maternal Race
a

 White 74 26

 Hispanic 67 24

 Black 123 44

 Other 16 6

Mitochondrial Haplogroup

 African (Haplogroup 1) 121 43

 European (Haplogroup 3) 90 32

 Native American/Asian (Haplogroup 2) 72 25

Maternal Education
a

 High school degree or less 89 32

Mode of delivery
a

 C-Section 71 25

 Vaginal Delivery 211 75

Smoking during pregnancy 35 12

Male child sex 151 53

Fenton Birthweight Z-score (mean, SD) −0.19 0.81

Maternal age (years) at birth (mean, SD) 29.7 5.75

Mean PM2.5 exposure by trimester (μg/m3)

 PM2.5 (T1) 9.08 1.92

 PM2.5 (T2) 8.74 1.62

 PM2.5 (T3) 8.61 1.90

a
Three participants missing maternal race, one missing mode of delivery, and five missing maternal education.
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