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Abstract

Introduction: In utero particulate matter exposure produces oxidative stress that impacts cellular 

processes that include telomere biology. Newborn telomere length is likely critical to an 

individual’s telomere biology; reduction in this initial telomere setting may signal increased 
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susceptibility to adverse outcomes later in life. We examined associations between prenatal 

particulate matter with diameter ≤ 2.5 μm (PM2.5) and relative leukocyte telomere length (LTL) 

measured in cord blood using a data-driven approach to characterize sensitive windows of prenatal 

PM2.5 effects and explore sex differences.

Methods: Women who were residents of Mexico City and affiliated with the Mexican Social 

Security System were recruited during pregnancy (n=423 for analyses). Mothers’ prenatal 

exposure to PM2.5 was estimated based on residence during pregnancy using a validated satellite-

based spatio-temporally resolved prediction model. Leukocyte DNA was extracted from cord 

blood obtained at delivery. Duplex quantitative polymerase chain reaction was used to compare the 

relative amplification of the telomere repeat copy number to single gene (albumin) copy number. 

A distributed lag model incorporating weekly averages for PM2.5 over gestation was used in order 

to explore sensitive windows. Sex-specific associations were examined using Bayesian distributed 

lag interaction models.

Results: In models that included child’s sex, mother’s age at delivery, prenatal environmental 

tobacco smoke exposure, pre-pregnancy BMI, gestational age, birth season and assay batch, we 

found significant associations between higher PM2.5 exposure during early pregnancy (4–9 weeks) 

and shorter LTL in cord blood. We also identified two more windows at 14–19 and 34–36 weeks 

in which increased PM2.5 exposure was associated with longer LTL. In stratified analyses, the 

mean and cumulative associations between PM2.5 and shortened LTL were stronger in girls when 

compared to boys.

Conclusions: Increased PM2.5 during specific prenatal windows was associated with shorter 

LTL and longer LTL. PM2.5 was more strongly associated with shortened LTL in girls when 

compared to boys. Understanding sex and temporal differences in response to air pollution may 

provide unique insight into mechanisms.
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Introduction

Environmental exposures during prenatal life may lead to alterations in the normal 

maturation of multiple organ systems impacting their developmental trajectories in 

pregnancy and throughout childhood. Evidence underscores oxidative stress as a key 

contributor to toxicant-elicited disruption of fetal development, and highlights the 

importance of optimal oxidant balance at the maternal-fetal interface in normal development 

(Herrera et al., 2014). Oxidative stress impacts telomere biology, which in turn has been 

implicated in fetal programming (Cameron and Demerath, 2002; Entinger et al., 2012; 

Janssen et al., 2014). Telomeres, the repetitive nucleotide sequences at the distal end of 

chromosomes that protect coding DNA from deterioration, play a critical role in mitosis and 

are sensitive to reactive oxygen species (ROS) damage. Telomeres are fundamental for cell 

division and shorten as the number of cell divisions increases and this shortening serves as a 

biomarker for cellular and biologic aging and longevity. Pregnancy may be a time of 

heightened susceptibility to risk factors that may cause telomere shortening because of the 

Rosa et al. Page 2

Environ Res. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



enormous number of cell divisions in the embryo and the fetus. Shortening of telomere 

length may also help assess premature aging in newborns (Menon et al., 2016; Menon et al., 

2012).

Emerging evidence, the majority from occupational or adult cohorts, has shown that 

leukocyte telomere length (LTL) shortening can be accelerated by exposure to environmental 

factors like particulate matter (PM) (Hou et al., 2012; Pieters et al., 2016), elemental carbon 

(EC) (Hou et al., 2012) and black carbon (BC) (McCracken et al., 2010). In a study of 

drivers and office workers in China, average ambient PM10 over the 14 days before subject 

evaluation was significantly associated with shorter LTL (Hou et al., 2012). In a cohort of 

elderly people in Belgium, a 5μg/m3 increment in annual PM2.5 concentration was 

associated with a relative decrease in LTL (Pieters et al., 2016). In the Normative Aging 

Study, an IQR increase in annual BC was associated with a 7.6% shortening of LTL in 

elderly men (McCracken et al., 2010).

While measurements of telomere length have traditionally been used in adult or aging 

cohorts, newborn LTL is increasingly recognized as being critical to an individual’s telomere 

biology (Sabharwal et al., 2018) and reduction in this initial telomere setting is a potential 

biomarker of the effects of maternal-fetal processes on offspring long-term health. Also, 

there is emerging evidence linking pro-oxidant exposures in pregnancy to changes in LTL in 

newborns. For example, Salihu and colleagues reported a dose response association between 

smoking status and shortened LTL in cord blood, with women who reported active smoking 

having shorter TL than former smokers and never smokers (Salihu et al., 2015). Another 

study reported that higher pregnancy-related stress was associated with shorter LTL in cord 

blood (Entringer et al., 2013). In a prospective birth cohort in Belgium, prenatal PM2.5 was 

associated with shortened TL in cord blood and placenta (Martens et al., 2017). Thus, LTL 

may serve as a biomarker capable of identifying newborns at higher risk for PM health 

effects (Pinkerton and Joad, 2006) and early identification of children at increased risk 

allows for intervention to promote more optimal development going forward.

The objective of this study was to leverage daily prenatal PM2.5 measures available over 

pregnancy to more precisely identify sensitive windows in relation to LTL measured in cord 

blood. We combined these approaches with distributive lag models (DLM) that allow us to 

statistically model and visualize the exposure timing-dependent pattern of associations. 

Because there is evidence to suggest sex-specific effects of air pollution exposure during 

pregnancy (Chiu et al., 2016; Hsu et al., 2015; Lakshmanan et al., 2015) we also examined 

sex stratified associations using Bayesian distributed lag interaction models (BDLIMs).

Methods

Study population

Between July 2007 and February 2011, pregnant women who were receiving prenatal care 

through the Mexican Social Security System (Instituto Mexicano del Seguro Social –IMSS) 

were recruited into the Programming Research in Obesity, Growth, Environment and Social 

Stressors (PROGRESS) study. The IMSS provides healthcare to affiliated private sector 

employees, the majority low- to middle-income workers and their families. Women were 
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eligible to participate if they were less than 20 weeks gestation, were at least18 years old, 

had completed primary education, planned to stay in Mexico City for the next 3 years, had 

access to a telephone, had no medical history of heart or kidney disease, did not consume 

alcohol daily, and did not use any steroid or anti-epilepsy medications. Procedures were 

approved by institutional review boards at the Harvard School of Public Health, Icahn 

School of Medicine at Mount Sinai, and the Mexican National Institute of Public Health. 

Women provided written informed consent.

Prenatal PM2.5 levels

Daily residential exposure to PM2.5 was estimated during pregnancy using a previously 

described spatio-temporal model that incorporates Moderate Resolution Imaging 

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

at a 1× 1 km spatial resolution (Just et al., 2015). In brief, remote sensing data were 

calibrated with 12 municipal ground level monitors of PM2.5, meteorological data and land 

use regression (LUR) variables (roadway density, temperature, relative humidity, planetary 

boundary layer and daily precipitation) to yield estimates of daily residential PM2.5 levels 

for each participant. Mixed effect models with spatial and temporal predictors and day-

specific random effects were used to account for temporal variations in the PM2.5−AOD 

relationship. The model was fit with a seasonal smooth function of latitude and longitude 

and time-varying average incorporating local monitoring for days without AOD data. Model 

performance was assessed using monitor-level leave one-out cross-validation; the model 

performed well with an R2 of 0.724. Due to day-to-day variation, daily PM2.5 measures were 

averaged into weekly measurements as in prior work to reduce potential noise caused by 

day-to day variation in PM2.5 levels. (Chiu et al., 2016; Hsu et al., 2015; Rosa et al., 2017). 

To compare the DLM approach to traditional windows, we also calculated the average PM 

over clinically defined trimesters (1st trimester: 1–13 weeks, 2nd trimester: 14–27 weeks, 3rd 

trimester: 28 weeks-delivery).

Leukocyte telomere length assay

DNA was obtained from venous umbilical cord blood as described previously (Rosa et al., 

2017). The first 260 whole blood samples were stored in PAXgene™ Blood DNA Tubes 

(PreAnalytiX GmbH, Hombrechtikon Switzerland) and extracted using a QIAamp DNA 

Blood Kit (QIAGEN). The DNA was then stored at −80°C prior to analysis. The next 271 

samples were extracted by conventional phenol–chloroform method after red cell lysis by a 

second laboratory. The second laboratory stored the DNA at 4°C. Some samples in the 

original sample list could not be used due to insufficient volume or low concentration of 

stock DNA. After normalization and quantification, 503 samples had enough DNA to 

measure LTL.

LTL was measured using the qPCR method developed by Cawthon (Cawthon, 2002) and 

modified by Pavanello et al. (Pavanello et al., 2011). DNA samples were normalized to 2 ng/

μl and concentrations were confirmed using PicoGreen quantification prior to amplification. 

Duplex quantitative polymerase chain reaction (qPCR) was used to determine relative 

telomere length. This was done comparing the relative amplification of telomere repeat copy 

number to single gene (albumin) copy number. The primers used for telomere length were 
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Telc 5’-TGT TAG GTA TCC CTA TCC CTA TCC CTA TCC CTA TCC CTA ACA-3’ and 

Telg 5’-ACA CTA AGG TTT GGG TTT GGG TTT GGG TTT GGG TTA GTG T-3’. 

Additionally, iQ SYBR Green Supermix was used. This reagent contains an antibody-

mediated hot-start iTaq DNA polymerase as well as a passive reference dye fluorescein. The 

qPCR conditions were set up as follows: the thermal cycling profile started with a 95°C 

incubation for 3 min to activate the hot-start iTaq DNA polymerase, then 2 cycles of 15 sec 

at 94°C, 15 sec at 49°C, and 32 cycles of 15 sec at 94°C, 10 sec at 62°C, 10 sec at 74°C with 

signal acquisition, 10 sec at 84°C, 10 sec at 88°C with signal acquisition At the end of each 

real-time PCR reaction to verify the specificity of amplified, a melting curve was added 

from 72 to 95°C with an increment 0.5°C per step. Each sample was run in triplicate and a 

pooled quality control sample was run on each plate made with equal mass of total DNA 

from all samples normalized to 2 ng/μl. Samples were assayed in 6 batches/plates. Each 

plate contained a standard curve as a reference. The standard curve was made from a study-

specific pooled sample comprising equal mass of total DNA from all samples normalized to 

30 ng/μl. The telomere/single copy gene ratio (T/S ratio) was calculated as the ratio of 

telomere copy number relative to albumin copy number, both of which were estimated by 

the Bio-Rad software using the study-specific standard curve (Cq= slope*Log10(Sq)+ 

intercept). The ratio was calculated by dividing the starting quantity of telomere copy 

number by the starting quantity of albumin copy number. The coefficient of variation (CV) 

for triplicate samples was calculated and a threshold of 16.3 was determined using the inter-

quartile range. If the CV was outside of this range, the samples were re-run and a second 

LTL measure was recorded. If both runs of a sample resulted in a CV outside of the 

acceptable range, the sample was flagged as potentially unreliable. Samples where the 

variation between triplicates fell outside the threshold for the CV after multiple runs were 

flagged, deemed potentially not reliable and excluded from analysis (n=26). Because DNA 

was extracted using two different methods, we tested for differences in their variance. 

Variance was not significantly different (Levene test p>0.3) between the two methods. 

Supplemental figure S1 shows the distribution of values by lab procedure.

Covariates

In Mexico, ultrasounds are not routinely performed as standard of care, therefore gestational 

age was based on last menstrual period (LMP) and by a standardized physical examination 

to determine gestational age at birth (Capurro et al., 1978). If the physical examination 

assessment of gestational age differed by more than 3 weeks from the gestational age based 

on LMP, the physical exam gestational age was used instead of the gestational age 

determined by LMP. Only 7 mothers in the original cohort (n=948) reported smoking during 

pregnancy, and only 1 mother reported smoking in pregnancy in our current sample, 

therefore prenatal exposure to environmental tobacco smoke was included in the models and 

was defined as report of any smoker in the home during the second or third trimester of 

pregnancy. Assay batch was included as a covariate in the analysis in order to account for 

potential batch effects. Maternal pre-pregnancy height and weight were determined via self-

report at enrollment; body mass index (BMI) was calculated by dividing weight by height 

squared (kg/m2). Season was defined according to weather patterns in Mexico City as dry 

cold (January-February; November-December), dry warm (March-April) and rainy (May-

October).
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Statistical Analyses

Out of the 477 samples with reliable LTL measures, 47 were excluded for analysis based on 

gestational age <37 weeks. 1 participant had missing gestational age data, 1 participant was 

missing PM data and 4 samples were removed as outliers based on Q-Q plot (final N=423). 

We fitted distributive lag models (DLMs) to estimate the time-varying association between 

relative leukocyte telomere length in cord blood and estimated PM2.5 level during a given 

week in pregnancy as previously described (Chiu et al., 2016; Hsu et al., 2015; Rosa et al., 

2017). This method incorporates40 data from all time points simultaneously and assumes 

that the association between the outcome and exposure at a given time point, controlling for 

exposure at all other time points, varies smoothly as a function of time. We fitted the linear 

DLM Y i = β0 + ∑ j = 1
n α jAPi j + β1x1i + β2x2i + … + εi, where APij is the estimated PM2.5 

level in week j of pregnancy and x1i, …, xpi are the additional covariates for subject I and Yi 

is the value for relative telomere length. A maximum lag of 40 weeks was included in the 

DLM starting from the date of estimated conception. For participants with gestational age 

37–39 weeks, postnatal exposure was used for missing weeks. Covariates included sex, 

maternal age at delivery, prenatal exposure to environmental tobacco smoke, assay batch, 

self-reported pre-pregnancy BMI, birth season and gestational age. Inclusion of a variable 

accounting for lab extraction method did not noticeably alter our results.

DLMs that modeled a smooth function using B-splines with 5 degrees of freedom were fit 

(Gasparrini, 2011; Gasparrini et al., 2010) chosen due to its parsimony and best AIC value; 

additional smoothing did not significantly improve the model. A sensitive window was 

identified when the pointwise 95% confidence bands did not contain zero. DLMs were 

implemented using the dlnm package version 2.3.2 (Gasparrini, 2011) in RStudio Version 

1.0.136 (Boston, MA) and other analyses were performed in SPSS version 23 (Chicago, IL). 

Traditional linear regression models with adjustment for the same covariates were also run 

to compare DLM results to clinically defined trimesters and average PM2.5 over pregnancy. 

In order to avoid bias in estimates (Wilson et al., 2017b), trimester exposures were included 

in a single model.

Bayesian distributed lag interaction models (BDLIM) were employed to determine effect 

modification by fetal sex. BDLIM estimates the cumulative effect of PM2.5- exposure over 

the entire pregnancy for each sex-specific subgroup, accounting for identified sensitive 

windows and within-window effects, as previously described (Wilson et al., 2017a). Each 

stratum can have either the same, or different, sensitive windows (weights) and the same or 

different within-window effects (effects) (Wilson et al., 2017a). The model quantifies the 

likelihood of each pattern of heterogeneity and estimates the association between exposure 

and outcome under the effect modification pattern that is best supported by the data. In 

addition to sensitive windows, BDLIM estimates the mean effects over the identified 

windows and the cumulative effect of PM2.5 exposure over pregnancy for each stratum 

accounting for sensitive windows and within-window effects.

Rosa et al. Page 6

Environ Res. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

The majority of participants did not have more than 12 years of schooling (77%) and half 

were classified as having low socioeconomic status. More than a third of participants 

reported exposure to a smoker in the home during pregnancy. Other relevant cohort 

characteristics are shown in Table 1. These baseline characteristics did not differ 

significantly between those included in these analyses when compared to the remainder of 

the base cohort, except for maternal age at delivery (see supplemental material, Table S1).

Figure 1 shows the association between a 10 μg/m3 increase in prenatal PM2.5 and cord 

blood LTL in the sample as a whole, adjusting for maternal age, child’s sex, maternal 

education, prenatal tobacco smoke exposure, gestational age, birth season and assay batch. 

The DLM identified a significant association between increased PM2.5 exposure in early 

pregnancy, specifically 4–9 weeks gestation, and shortened LTL in cord blood. The DLM 

also identified 2 more windows in which increased PM2.5 exposure was associated with 

longer LTL at 14–19 and 34–36 weeks. We did not find a significant cumulative effect in the 

overall population (1.99% 95%CI [−9.91%, 15.45%]).

We fitted linear regression models between PM2.5 averaged over clinically defined trimesters 

and over all of pregnancy. Figure 2 shows a forest plot comparing the difference in LTL for a 

10 μg/m3 increment in PM2.5 averaged the 1st, 2nd and 3rd trimester and averaged over the 

entire pregnancy. When using the trimester averages, we did not find any statistically 

significant associations between PM2.5 averaged over trimesters or pregnancy and LTL.

Figure 3 demonstrates results from a BDLIM analysis of the association of prenatal PM2.5 

exposure and LTL, accounting for effect modification by child sex. We found that two of the 

sensitive windows suggested in the overall population were more pronounced in girls, with a 

significant window at 5–10 and 14–18 weeks of gestation. We additionally saw window at 

23–26 weeks gestation in which increased PM2.5 was associated with shorter LTL in girls. 

No sensitive window was found between prenatal PM2.5 and LTL in boys. The BDLIM 

analysis suggested that effect modification by sex was attributable to the difference in the 

magnitude of the within-window association, while the window was not different between 

the two sexes (the normalized posterior density was 0.938, interpreted as the probability that 

this was the best fitting pattern of effect modification). Figure 4 shows BDLIM analyses for 

sex differences showing both boys and girls have negative mean within-window effect and 

cumulative effects, meaning PM2.5 is associated with shortened LTL but the effect is 

stronger and statistically significant only in the girls when compared to boys. Estimated 

cumulative effects across pregnancy, accounting for sensitive windows and within-window 

effects, were −5.72% (95%CI: −19.78%, −0.17%) for girls and −2.38% (95%CI: −9.78%, 

0.32%) for males.

4. Discussion

Our findings suggest that prenatal exposure to PM2.5 during a specific window in early 

pregnancy is associated with shortened LTL in cord blood while PM2.5 later in pregnancy is 

associated with elongated LTL. In addition, PM2.5 was more strongly associated with shorter 
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LTL in girls when compared to boys. The observed associations remained significant after 

adjustment for a number of important potential confounders and covariates. While there is 

evidence that pro-oxidant exposures like smoking (Salihu et al., 2015) and maternal stress 

(Entringer et al., 2013) are associated with changes in newborn LTL, only a couple of 

studies have examined the association between ambient pollution exposure during pregnancy 

and newborn LTL. In a study of twins in East Flanders, Belgium, distance to road was used 

as a proxy measure of ambient air pollution exposure and increasing proximity to a major 

road was associated with shorter LTL in placenta while increased level of greenness was 

associated with longer LTL (Bijnens et al., 2015). A recently published study, found that 

increasing polycyclic aromatic hydrocarbons (PAH)-adducts in cord blood was associated 

with shorter LTL in the cord blood of children born in Tongliang, China (Perera et al., 2018). 

The authors also reported longer LTL in children who were born after the local coal burning 

power plant, hypothesized as the primary source of PAHs, was closed when compared to the 

children who were born before it closed (Perera et al., 2018). The ENVIRONAGE cohort in 

Belgium, also used DLMs to examine the association between PM2.5 and cord blood and 

placenta LTL and they identified a sensitive window during mid-pregnancy at 12–25 weeks 

for cord blood and 15–27 weeks for placenta (Martens et al., 2017). They also reported an 

association between PM2.5 exposure during the entire pregnancy and shorter LTL in both 

placenta and cord blood.

Evidence underscores the central role of oxidative stress (Wells et al., 2009) and the 

importance of optimal oxidant balance at the maternal-fetal interface in normal development 

(Herrera et al., 2014). Telomeres are highly sensitive to DNA damage induced by oxidative 

stress due to their high guanine content (Kawanishi and Oikawa, 2004). Particulate matter 

may induce systemic oxidative stress (Donaldson and MacNee, 2001) and production of 

reactive oxygen species (ROS) induced DNA damage (Blackburn et al., 2015; Kawanishi 

and Oikawa, 2004), leading to increased telomere shortening. Furthermore, ROS- produced 

single strand breaks have a high frequency in telomeric DNA due to an inefficient repair of 

these breaks (Petersen et al., 1998) which might lead to accumulation of oxidative damage. 

Particulate matter may also affect the fetus directly potentially through the translocation of 

particles into the placenta or fetus. Particles enter the mother’s circulation, and may 

eventually reach the placenta where particles with a diameter less than 240 nm may be able 

to cross the transplacental barrier (Wick et al., 2010).

We identified early pregnancy as a critical period for the association between PM2.5 and 

decreased LTL in the overall cohort. This might be a sensitive period to PM2.5 exposure due 

to accelerated cell division as the fetus develops. Early pregnancy is also a critical period for 

exposure to environmental insults and exposure to ambient air pollution during this period 

has been associated with adverse pregnancy and birth outcomes (Lavigne et al., 2018; Lee et 

al., 2013; Pedersen et al., 2017).Our window did differ from the mid-pregnancy window 

identified by Martens and colleagues in which PM2.5 was associated with shorter TL in both 

placenta and cord blood. This might be due to differences in exposure with the average 

exposure in Mexico being higher or differences in the underlying population’s response to 

air pollution. We also identified windows in the second and third trimester of exposure to 

PM2.5 which were associated with elongated telomere length in cord blood in the overall 

cohort. Previous work in adult populations has also shown positive associations between 
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exposure to ambient air pollution and longer telomeres (Dioni et al., 2011; Hou et al., 2012; 

Pieters et al., 2016). Martens et al also reported an association between increasing PM2.5 in 

the third trimester and longer LTL in cord blood but not in placenta (Martens et al., 2017). 

These associations may be reflective of a compensatory mechanism after an environmental 

insult. LTL attrition due to oxidative insults is counteracted by the enzymatic activity of 

telomerase, which works to stabilize telomeres by adding hexameric (TTAGGG) repeats to 

the telomeric ends of the chromosomes (Hug and Lingner, 2006) which aims to preserve 

telomere length and cell viability (Shore and Bianchi, 2009). Data are limited on the 

regulation of telomerase expression in cord blood mononuclear cells but it has been shown 

that cells with shortened telomeres lose their ability to divide and become senescent or 

undergo apoptosis (Blackburn, 2001) while cells with longer telomeres can maintain cell 

capacity for rapid proliferation (Hodes et al., 2002). Therefore, increased telomerase activity 

in lymphocytes in response to these exposures may result in the clonal expansion of 

subpopulations of lymphocytes with longer telomeres (Dioni et al., 2011).

Evidence from both animal and human studies underscores the importance of the initial 

telomere setting and early life attrition (Asghar et al., 2015; Bateson et al., 2015; Benetos et 

al., 2013; Bijnens et al., 2017; Entringer et al., 2018; Heidinger et al., 2012; Hjelmborg et 

al., 2015). In a study of zebra finches, TL was measured at 6 different time points during 

their lifespan and TL measured at the earliest time point of 25 days, was the best predictor of 

lifespan (Heidinger et al., 2012). In another study of European starlings, developmental 

telomere attrition was associated with more impulsive decision making while foraging 

(Bateson et al., 2015).In humans, an analysis of LTL rankings in adulthood conducted in 4 

cohorts in Israel, France, United States and Denmark, the authors concluded that the 

variation between participants arose in early life, given that their LTL rankings remained 

unchanged during their 60 year follow-up (Benetos et al., 2013). In the East Flanders 

Prospective Twin Survey LTL was measured at birth in placenta and in buccal cells in 

adulthood to examine their association with air pollution exposure(Bijnens et al., 2017). 

While the two time points were moderately correlated, the authors reported that participants 

with longer TL at birth had the greatest downward shift in ranking in relation to air pollution 

exposure (Bijnens et al., 2017).

Previous studies have suggested sex-specific differences in response to in utero exposure to 

particulate matter, including differences in fetal outcomes (Ghosh et al., 2007), body 

composition (Chiu et al., 2017) and other markers of oxidative stress (Rosa et al., 2017). The 

majority of studies that have reported on prenatal ambient air pollution exposures and 

telomere length at birth did not examine potential sex-differences. Only Martens and 

colleagues reported on sex difference and they did not find evidence of effect modification 

by sex in their analyses in either placenta or cord blood LTL (Martens et al., 2017). In our 

analyses, we saw stronger associations between prenatal PM2.5 and telomere shortening in 

girls when compared to boys. Recent data from the Shanghai Allergy Cohort showed an 

association between concentrations of perfluoroalkyl and polyfluoroalkyl substances 

(PFASs) in cord blood and telomere shortening only in female newborns and the association 

being partly mediated by ROS (Liu et al., 2018). The authors posited that the sex-specific 

effect might be the result of PFASs acting as endocrine disruptors and impairing the 

protective effect of estrogen against ROS-induced DNA damage (Liu et al., 2018) and there 
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is some evidence that ambient air pollutants have endocrine disrupting properties (Darbre, 

2018; Huang et al., 2017). Other pro-oxidant exposures and conditions have shown to have 

sex-specific effects in adults (Cheng et al., 2017; Enokido et al., 2014). For example 

perceived lower maternal care during the first 16 years of life was associated with shorter 

LTL in young adult women in Japan, while perceived lower paternal care was associated 

with shorter LTL in men (Enokido et al., 2014). In an analysis of metabolic syndrome and 

LTL collected in the National Health and Nutrition Examination Survey (NHANES), that an 

increase in metabolic syndrome components was associated with shorter LTL especially in 

women (Cheng et al., 2017).

Our study has several strengths. First, we were able to leverage highly spatial and temporally 

resolved ambient air pollution data reflecting each individual participant’s exposure during 

the entire pregnancy. We used data-driven statistical methods that can better identify 

sensitive windows to air pollution exposure and better assess potential sex-effects. We were 

also able to adjust for important confounders. We also acknowledge some limitations. 

Exposure to air pollution in other microenvironments outside of the home might lead to 

personal exposure levels that differed from our ambient exposure estimated at the home. We 

did not have complete cell count data in our population which may influence LTL. However, 

it has been shown that telomere length is synchronized across leukocyte cell types and even 

when the synchrony is not absolute, the variation across individuals is much greater than the 

variation in telomere length among different cell types within an individual (Kimura et al., 

2010).We cannot rule out potential residual confounding due to unmeasured host and 

environmental factors that may influence LTL in cord blood. Nevertheless, our findings were 

limited to specific time periods within pregnancy suggesting any unmeasured confounders 

would likely need to vary in time along with PM2.5 and would not be explained by more 

time-invariant characteristics. Finally, the generalizability of our findings may be limited due 

the composition of our cohort which consisted mostly of Mexican women belonging mostly 

to low-income families living in a megacity with substantial PM2.5 exposure.

In our study, increased PM2.5 was associated with changes in LTL at 3 specific windows 

during pregnancy, suggesting heightened sensitivity to PM during these particular time 

periods. We also found evidence that the effect was stronger in girls when compared to boys. 

Understanding of sex-specific effects and refined determination of time windows in which 

PM has the greatest magnitude of effect can enhance insight into underlying mechanisms 

and may better inform future interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Examined sensitive windows of prenatal PM2.5 exposure on LTL in cord blood.

Sensitive window identified at gestational weeks 4–9, 14–19 and 34–36

Findings suggest sex-specific associations.

PM2.5 more strongly associated with shortened LTL in girls compared to boys
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Figure 1. 
Associations between weekly prenatal PM2.5 and cord blood LTL in the entire sample 

(n=423). Adjusted for sex, maternal age at delivery, prenatal exposure to environmental 

tobacco smoke, pre-pregnancy BMI, gestational age, birth season and batch. The y-axis 

represents the change in LTL associated with a 10 μg/m3 increase in PM2.5; the x-axis is 

gestational age in weeks. Solid lines show the predicted change in LTL. Gray areas indicate 

95% CIs. A sensitive window is identified for the weeks where the estimated pointwise 95% 

CI (shaded area) does not include zero.
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Figure 2. 
Linear model estimates for percent change in LTL per 10 μg/m3 higher PM2.5 concentration 

averaged clinically defined trimesters and the entire pregnancy. All models adjusted for sex, 

maternal age at delivery, prenatal exposure to environmental tobacco smoke, pre-pregnancy 

BMI, gestational age, birth season and batch. Trimester results are from a single model that 

included all three trimesters.
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Figure 3. 
Sex-stratified association between weekly ambient PM2.5 over gestation and cord blood 

LTL. Bayesian distributed lag interaction models (BDLIM) were used to estimate week-

specific effects and interaction by sex. Models were adjusted for sex, maternal age at 

delivery, prenatal exposure to environmental tobacco smoke, pre-pregnancy BMI, gestational 

age, birth season and batch. The x-axis demarcates the gestational age in weeks. The y-axis 

represents the percent change in LTL per 10 μg/m3 increase in PM2.5. Solid lines represent 

the predicted time–varying percent change in LTL and gray areas indicates the 95% 

confidence intervals (CI). A sensitive window is identified when the estimated point-wise 

95% CI does not include zero.
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Figure 4. 
Bayesian distributed lag interaction models (BDLIM) were used to estimate mean within –

window effect and cumulative changes in LTL per 10 μg/m3 higher PM2.5 by sex. All 

models adjusted for sex, maternal age at delivery, prenatal exposure to environmental 

tobacco smoke, pre-pregnancy BMI, gestational age, birth season and batch.
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Table 1.

PROGRESS cohort characteristics

Characteristic N=423

Child’s sex, n (% male) 229 (54)

Prenatal ETS exposure, n (%) 148 (35)

Maternal education at enrollment

 Less than high school, n (%) 165 (39)

 Some high school or high school graduate, n (%) 160 (38)

 More than high school, n (%) 98 (23)

Maternal age delivery, median (25th–75th) 28.1 (24.2–32.5)

Pre-pregnancy BMI, median (25th–75th) 24.6 (22.1, 27.8)

Average prenatal PM2.5 μg/m3, median (25th–75th) 22.8 (20.5, 24.5)
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