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Abstract

Introduction: Lead (Pb) crosses the placenta and can cause oxidative stress, reduced fetal growth 

and neurological problems. The principal source of oxidative stress in human cells is 

mitochondria. Therefore, disruption of normal mitochondrial function during pregnancy may 

represent a primary mechanism behind the adverse effects of lead. We sought to assess the 

association of Pb exposure during pregnancy with mitochondrial DNA (mtDNA) content, a 

sensitive marker of mitochondrial function, in cord blood.

Materials and methods: This study comprised mother-infant pairs from the Programming 

Research in Obesity, Growth, Environment and Social Stressors (PROGRESS) study, a prospective 

birth-cohort that enrolled 1050 pregnant women from Mexico City who were receiving prenatal 

care between December 2007 to July 2011. Quantitative PCR was used to calculate relative 

MtDNA content (mitochondrial-to-nuclear DNA ratio (mtDNA/nDNA)) in cord blood. Lead 

concentrations in both maternal blood (2nd and 3rd trimester and at delivery day) and in cord blood 

were measured by ICP-MS. Multivariable regression models adjusting for multiple confounders 

were fitted with 410 mother-infant pairs for whom complete data for mtDNA content, lead levels, 

and covariates were available.

Results: Maternal blood Pb measured in the second (mean 3.79 μg/dL, SD 2.63; β = 059, 95% 

CI 0.008, 0.111) and third trimester (mean 3.90 μg/dL; SD 2.84; β = 0.054, 95% CI 0.002, 0.107) 

during pregnancy and PB in cord blood (mean 3.50 μg/dL, SD 2.59; β = 0.050, 95% CI 0.004; 

0.096) were associated with increased cord blood mtDNA content (mean 1.46, SD 0.44). In two-

way interaction analyses, cord blood Pb marginally interacted with gestational age leading to an 

increase in mtDNA content for pre-term births (Benjamini-Hochberg False Discovery Rate 

correction; BH-FDR = 0.08).

Conclusion: This study shows that lead exposure in pregnancy alters mtDNA content in cord 

blood; therefore, alteration of mtDNA content might be a mechanism underlying the toxicity of 

lead.
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1. Introduction

Efforts to decrease lead (Pb) exposure have resulted in lower blood Pb levels over time. The 

current recommended limit for blood Pb is 5 μg/dL [1]; however, the Environmental 

Protection Agency (EPA), the Centers for Disease Control and Prevention (CDC), and the 

American Academy of Pediatrics recognize there is no safe level [2, 3]. Pregnancy is one of 

the most vulnerable windows for exposure to pollution, and Pb is a well-known neurotoxic 

heavy metal that can cross the placenta [4]. Pb is associated with fetal growth restriction, 

preterm delivery, and premature rupture of membranes (PROM) [5–7]. Pb exposure during 

pregnancy is also associated with neurodevelopment issues in children, such as behavior and 

learning problems, hyperactivity, slowed growth, hearing problems, and anemia [3].
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Among its various actions, Pb can reach cellular mitochondria and affect their function [8]. 

Pb is considered a potent oxidative stress inducer that in addition can also decreased 

mitochondrial antioxidant enzymes levels [9], leading to decrease energy production (ATP 

levels) and reduced Na(+)/K(+) ATPase activity [10, 11]. Mitochondria produce the majority 

of cellular energy, via oxidative phosphorylation, but also participate in regulating calcium 

stores, cell signaling, and apoptosis [12–15]. Since the main function of mitochondria is to 

provide energy to cells, disruption of mitochondria may affect a variety of organs and 

tissues, particularly those with the highest energetic demands, such as muscle, heart, liver, 

and brain [16]. Mitochondria have multiple copies of small circular mtDNA (~16.5kb), 

whose number is regulated through the processes of biogenesis (production of new 

mitochondria) and mitophagy (elimination of damaged mitochondria) [17, 18] to 

appropriately satisfy the metabolic and energy demands of tissues and cells [19]. MtDNA is 

especially sensitive to oxidative stress and is more prone to damage than nuclear DNA since 

compared to nuclear DNA, mtDNA lacks histone proteins and introns and has lower DNA 

repair activity, due to the lack of nuclear excision repair (NER) in mitochondria [8, 20]. In 

addition, it has been suggested that mitochondria compensate for mtDNA oxidative damage 

by increasing mtDNA content [21], hence mtDNA content has been suggested as a marker 

of mitochondrial response to damage. However, to our knowledge, no study has yet 

evaluated the effects of prenatal Pb exposure on cord blood mitochondrial DNA in humans. 

The goal of this study was to evaluate the association between prenatal Pb exposure at 

various gestational stages on mitochondrial DNA content—a marker of mitochondrial 

response to damage [21]—in cord blood from the Programming Research in Obesity, 

Growth, Environment and Social Stressors (PROGRESS) cohort. Our hypothesis was that 

lead exposure during pregnancy will lead to increase mtDNA content, since increases in 

mtDNA content may represent a beneficial response to moderate stress induced by 

pregnancy Pb exposure [8, 22].

2. Methods

2.1 Study participants

The Programming Research in Obesity, Growth, Environment and Social Stressors 

(PROGRESS) study is a prospective cohort comprised of pregnant women from Mexico 

City who received prenatal care through the Mexican Social Security System (Instituto 

Mexicano del Seguro Social– IMSS) between December 2007 and July 2011. Details of the 

cohort recruitment have been reported previously [23–25]. In brief, 1054 participants (< 20 

weeks gestation; maternal age of ≥ 18 years and without medical history of heart or kidney 

disease) underwent clinical examinations at different hospitals from IMSS. Both premature 

rupture of membranes (PROM) and preeclampsia were medical diagnosis obtained from 

medical records. We collected venous umbilical cord blood from 540 of the 948 infants born 

into the study. Missing samples were mainly because births occurring late at night or in the 

very early morning hours or because mothers did not report the start of labor to the study 

workers. At the moment of the present study we only had 516 DNA samples and all of them 

were analyzed for mtDNA content. Due that maternal or cord blood were lack for some 

participants, Pb levels were not quantified for all of them in the time frames studied. Hence, 

the present study included up to 410 mother-infant pairs for whom there was complete 
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information on Pb measurements, cord blood mitochondrial DNA content and covariates. At 

each visit (second trimester, third trimester and at delivery day), trained interviewers queried 

participants for detailed information on socio-demographic characteristics, medical history, 

medication, and lifestyle. Socioeconomic status (SES) was calculated based on an index 

created by the Mexican Association of Market and Public opinion Research Agencies using 

variables derived from a questionnaire. The institutional review boards at the Harvard T.H. 

Chan School of Public Health, Icahn School of Medicine at Mount Sinai, and the Mexican 

National Institute of Public Health approved the study. Women provided written informed 

consent.

2.2 Maternal blood and cord blood lead levels

We measured Pb levels in maternal blood and cord blood samples using a previously 

described method [24]. Briefly, maternal blood (at second and third trimesters and at 

delivery) and venous umbilical cord blood were collected in trace metal-free tubes and 

stored at −20° C. Blood samples (1 mL) were thawed on ice, weighed, digested in 2 mL of 

ultra-pure concentrated HNO3 acid (1 mL) for 48 h, and diluted to 10 mL with deionized 

water after the addition of 0.5 mL of 30% hydrogen peroxide. Samples were handled in an 

ISO Class 5 laminar flow clean hood in an ISO Class 6 clean room and analyzed using an 

Agilent 8800 ICP Triple Quad (ICP-QQQ) instrument (Agilent technologies, Inc., Delaware, 

USA) in MS/MS mode with Lutetium as the internal standard. Laboratory recovery rates for 

quality control standards and spiked samples were 85 to 115% and precision (given as % 

relative standard deviation) was < 10% for samples with concentrations above the limit of 

quantitation. The limit of detection for Pb by this procedure was 0.065 μg/dL and limit of 

quantitation was 0.22 μg/dL.

2.3 Mitochondrial DNA (mtDNA) content

Total DNA extraction was done by two different DNA extraction methods, the first 260 

samples were extracted using a QIAamp DNA Blood Kit (QIAGEN) while the rest of 

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

Then, we measured venous cord blood relative mtDNA content through mtDNA/ nDNA, a 

biomarker representing the mitochondrial DNA copy number versus the nuclear DNA copy 

number using a previously described method [21].

Briefly, we adapted a multiplex quantitative real-time polymerase chain reaction method 

with minor modifications [26]. To measure mtDNA content, we used the mtDNA 12S 

ribosomal ribonucleic acid (RNA) TaqMan (Applied Biosystems, Waltham, MA) probe 

(6FAM-5′ TGCCAGCCACCGCG 3′-MGB). The sequences of primers used for 

amplification of mtDNA were mtF805 (5′CCACGGGAAACAGCAGTGATT3′) and 

mtR927 (5′CTATTGACTTGGGTTAATCGTGTGA3’). The quantity of mtDNA was 

corrected by simultaneous measurement of a single-copy nuclear Ribonuclease P gene 

(TaqMan RNase P Control Reagents Kit, Applied Biosystems). Real-time polymerase chain 

reaction assays were performed using the Bio-Rad CFX384 Touch Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA). A laboratory control reference DNA sample, 

which was a pool of 300 test samples (20 μL taken from each sample, final concentration 40 

ng/μL), was used to construct standard curves with five-points (10 ng/μL, 3.33 ng/μL, 1.11 
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ng/μL, 0.37 ng/μL and 0.12 ng/μL.) to quantify mtDNA and nDNA copy numbers to 

standardize the mtDNA/nDNA obtained from all test samples, which were based on the 

linear relationship between the crossing point cycle values and the logarithm of the starting 

copy number. Therefore, a ratio value of 1 indicates that the mtDNA/nDNA of the test 

sample is equal to the mtDNA/nDNA in the reference DNA pool used in the assay. All 

samples were run in triplicate. The within-run and between-run coefficients of variation of 

this assay were 5% and 7%, respectively.

2.4 Statistical analysis

We fitted multivariate linear regression models to estimate the association of Pb levels in 

maternal blood at different gestational ages (second trimester, third trimester, and at 

delivery) and in cord blood with cord blood mtDNA content. Because DNA was extracted 

using two different methods, we conducted the following normalization procedure. We 

calculated the ratio of the geometric mean of the two batches and the inverse was applied to 

the batch that used the phenol-chloroform method because the QIAamp DNA Kit was shown 

to provide the more highly reproducible results [26]. Although values did not change after 

normalization, mtDNA content values were log-transformed (ln) [25]. Pb levels were log-

transformed (ln) to approximate normality. Each model was adjusted for potential 

confounders selected a priori based on previous literature [21, 25, 27, 28]: mother’s age, 

body mass index (BMI) —we added 2 kg to traditional cut-off points to account for normal 

weight gain in the first trimester of pregnancy as previously reported [29]—socioeconomic 

status (SES), second-hand smoking was used as prenatal exposure to tobacco smoke, since 

the participants reported were not active smoker before or during pregnancy, gestational age, 

child’s sex, C-section, premature rupture of membranes (PROM), preeclampsia, and date of 

visit to control for possible long-term trends that affected Pb exposure. PM2.5 levels were 

included, since lead is a component of fine particles [30] and it has been reported that 

exposure to PM2.5 during pregnancy is associated with mtDNA content [25, 28]. In addition, 

we evaluated the relationship between the potential confounders and mtDNA content 

through t-tests and ANOVA. We also adjusted for platelet and leucocyte counts in venous 

cord blood because mtDNA content can vary by cell-type [31]. Q-Q plots of the residuals 

were used to test the assumptions of all linear models.

To evaluate the interaction between Pb exposure at different time frames and potential effect 

modifiers, including mother’s age, BMI, SES, second-hand smoking, gestational age, C-

section, premature rupture of membranes and preeclampsia. We ran linear regression models 

that included two-way interaction terms between Pb levels and the effect modifiers of 

interest. For instance, to consider gestational age as an effect modifier of second trimester Pb 

levels, we fitted the term Yi = log_Pb2T + gestational age + log_PbM2T*gestational age + 

covariates. To account for the multiple testing in interaction analyses we calculated the 

Benjamini-Hochberg False Discovery Rate correction and a BH-FDR < 0.05 was considered 

as significant. All analyses were performed using SAS Studio 3.6 (SAS Institute, Cary NC) 

and R version 3.3.0 (Vienna, Austria).
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3. Results

3.1 General characteristics of the cohort

We studied 410 mother-infant pairs from the PROGRESS cohort in Mexico. Mean age 

during pregnancy was 27 years (18 to 44 years) (Table 1). Participants had a mean BMI of 

26.84 kg/m2 and 42% were overweight or obese. Twenty-nine percent were exposed to 

second-hand smoking and approximately 50% had low SES. Eleven percent of births were 

preterm (< 37 weeks) and almost 50% of the children were delivered through C-section. The 

mtDNA content observed in the whole population was 1.46 ± 0.44 with a range of 0.12 – 

3.63. We observed a significant increase in mtDNA content associated with preterm birth, C-

section, and premature rupture of membranes (p < 0.05) in bivariate analyses. Higher 

maternal BMI (> 32 kg/m2) during the second trimester was also associated with higher cord 

blood mitochondrial DNA content. The number of participants decreased over time through 

follow up; however, there were no significant differences between the characteristics of the 

participants at the different time points (Supplemental Table 1).

Pb exposure levels for the study period are summarized in Table 2. Second trimester Pb 

levels ranged from 0.75 μg/dL to 17.81 μg/dL with an average of 3.79 ± 2.63 μg/dL. Table 2 

also reports the average Pb level in maternal blood samples from the third trimester and at 

delivery, as well as in cord blood. Maternal Pb blood levels at delivery were higher than at 

the 3rd (4.16 vs 3.90 μg/dL) and 2nd trimester (4.16 vs 3.79 μg/dL), while cord blood Pb 

levels were the lowest (3.50 μg/dL). Pb levels at the different time points were highly 

correlated (Figure 1 ).

3.2 Mitochondrial DNA content

We found in multivariate models that maternal Pb levels during the second (β = 0.059, 95% 

CI 0.008, 0.111) and third trimester (β = 0.054, 95% CI 0.002, 0.107) were significantly 

associated with higher mtDNA content. Cord blood Pb levels (β = 0.050, 95% CI 0.004; 

0.096) were positively associated with mtDNA content, while maternal blood Pb levels at 

delivery were marginally associated (Table 3).

We then evaluated the interaction between the variables in Table 1 and Pb exposure at 

different gestational stages with mtDNA content (Figure 2 to 5). We observed a significant 

interaction between gestational age and Pb levels in cord blood (Pinteraction= 0.009) (Fig. 5). 

However, at a BH-FDR < 0.05, the interaction of Pb levels in cord blood and gestational age 

becomes marginal (adjusted P-value= 0.081). Pb levels in cord blood significantly increased 

mtDNA cord blood content in preterm children (β = 0.224, 95% CI 0.085; 0.362), but this 

association was not observed in full-term children (β = 0.030, 95% CI −0.018; 0.078, Fig. 

5). Child sex, mother’s age, BMI, SES, second-hand smoking, C-section, premature rupture 

of membranes and preeclampsia did not significantly interact with Pb levels within any time 

frame.

4. Discussion

In this study of participants from the PROGRESS cohort, we found that Pb levels at different 

time frames during pregnancy were associated with increased mtDNA content in cord blood. 
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In particular, maternal Pb levels during the second and third trimester as well as Pb levels in 

cord blood were significantly associated with higher mtDNA content in cord blood. We also 

found that gestational age marginally modified the associations between cord blood mtDNA 

content and Pb levels in cord blood, as there was a significant increase in cord blood mtDNA 

content in children that were born preterm. It has been widely suggested that children, even 

if exposed to low doses of pollutants during in utero development may have increased risk of 

disabilities, diseases, and death in childhood or later in life [32]. This represents a substantial 

public health problem that burdens families and the health care system [32]. According to 

The Lancet Commission on pollution and health, the removal of Pb from gasoline dating 

from 1980 is an example of successful prevention that returned an estimated $200 billion to 

the economy every year in reduced morbidity, plus over $6 trillion thanks to the increased 

cognitive function and enhanced economic productivity of generations of children now 

exposed to lower levels of Pb [32]. In Mexico, since the phase-out of leaded gasoline, blood 

Pb levels in urban areas have decreased, but remain high in rural areas (5.36 μg/dL and 8.9 

μg/dL, respectively) [33]. In our study, the mean levels of Pb were lower than those 

described above and were below the current reference level of 5 μg/dL from the Centers for 

Disease Control and Prevention [1]; however, some participants had higher levels; for 

instance, one participant had Pb levels of 28.25 μg/dL at the third trimester and 21.40 μg/dL 

at delivery. In urban areas such as Mexico City, where our population was recruited, lead-

glazed ceramics are likely the primary exposure source [33].

We found that maternal blood Pb levels during the second and third trimester and cord blood 

Pb levels were associated with higher mtDNA content in cord blood. Pb is a well-known 

heavy metal that crosses the placenta and affects child cognitive function [4, 34]; Pb is also a 

mitochondrial toxicant that can accumulate in mitochondria by entry via calcium 

transporters due its molecular mimicry of calcium [8]. As has been reported mtDNA is more 

susceptible to oxidative stress (10 times) and mutations (5 times) than the nDNA [17]; 

however, also it has been suggested that mitochondria compensate for mtDNA oxidative 

damage by increasing mtDNA content under the challenge of toxics exposure [21]. -Hence, 

our results are consistent with studies that suggest an increase in mtDNA content under the 

challenge of exogenous or endogenous sources of oxidative stress [35–37]. We did find a 

significant association between maternal blood Pb levels during the second and third 

trimester with cord blood Pb levels and mtDNA content. We also observed a positive trend 

between lead in maternal blood at delivery time with mtDNA content, suggesting that the 

effect of lead by itself on mitochondria might be chronic (months), recent (weeks) and even 

acute (hours or days). Therefore, a constant monitoring of blood lead levels, especially 

among pregnant women, should be considered by governments and health care providers as 

a routine test in order to discard lead exposure and guaranty health to the population and 

indirectly improve familiar and country’s economy as the Lancet commission has 

documented.

Mitochondrial content is largely unexplored in environmental studies, especially for Pb 

exposure. Therefore, we included some variables as possible confounders and effect 

modifiers solely based on the literature on prenatal Pb exposure and child outcomes (i.e., 

sex, mother’s age, mother’s BMI, SES, smoke exposure, gestational age, platelets and 

leucocytes in cord blood, C-section, and premature rupture of membranes, preeclampsia, and 
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date of visit). We found that C-section and premature rupture of membranes were related per 
se with a significant increase in mtDNA content. The proportion of complications during 

pregnancy, such as premature rupture of membranes (10%) and preeclampsia (5%), are 

similar to those found previously in Mexico [38, 39]. However, the proportion of C-section 

in our population (50%) was higher than the average global rate (18.6%) as well as the rate 

for high-income regions (27.2%) [40] and significantly higher than the World Health 

Organization recommended rate of 10–15% [41]. It was, albeit, very similar to the 2012 

Mexican National Health and Nutrition Survey (ENSANUT) where 47% were either a 

planned or emergency cesarean sections [42].

Preterm delivery and PROM have previously been associated with Pb exposure [5–7]. In a 

study of 262 mother–infant pairs from California (14–45 years), women with Pb higher than 

10 μg/dL had increased risk for preterm birth (OR = 3.2, 95% CI 1.2–7.4) [5]. In a study of 

348 women (16–35 years), a 1 unit increase in blood Pb levels during the first trimester was 

associated with increased risk of preterm birth (OR 1.41, 95% CI 1.08 to 1.84) [6]. In a 

study in 332 women (16–35 years) from Tehran, Iran, Pb levels during the first trimester of 

pregnancy were associated with increased risk of PROM [7]. In our study, PROM was 

responsible for 27% of the preterm births, which is similar to the 30% reported for the US 

[43] and Pb exposure was not associated with preterm birth and PROM, but we found Pb 

levels in cord blood interacted with preterm birth. While we saw that lead exposure, at 

different time frames (second and third trimester and in cord blood), by itself has an effect 

on cord blood mtDNA content, we only found a marginal interaction effect of cord blood 

lead and gestational age on mtDNA content; meaning that children preterm and exposed to 

Pb are more prone to have increased oxidative stress damage, since mtDNA content was also 

high and has been reported that mitochondria compensate oxidative damage by increasing 

mtDNA content [21]. These results suggest that lead exposure can also have an effect that 

would be potentialized from other factors, such as pregnancy complications, in particular 

preterm birth. MtDNA content has been suggested as a compensatory response for oxidative 

stress [44–47], which may contribute to diseases later in life, such as hypertension, 

cardiovascular disease, and diabetes. Therefore, while no data are currently available to 

determine whether Pb-induced mitochondrial toxicity affects children’s health, further 

studies are needed to prospectively evaluate clinical phenotypes, such as those mentioned 

above, particularly among children who were born preterm.

Our study has several strengths. We adjusted all analyses for relevant covariates. In addition 

to clinical and personal variables, we also adjusted for platelet and leucocyte counts, as 

changes in cell proportions in blood may affect blood mtDNA content. In addition, we 

included PM2.5 as a covariate in the models, since it has been shown that PM2.5 is associated 

with mtDNA content [25, 28], hence the associations observed were independently of the air 

pollution exposure. However, we also acknowledge some limitations. Some of the eligible 

participants were excluded from analysis because of missing mtDNA content or covariates 

data; however, there were no significant differences between the characteristics of the 

participants at the different time points, then selection bias attributable to informative 

missingness was unlikely. We measured mtDNA content only at one time point and therefore 

could not evaluate temporal variations in mtDNA content. It is possible we overestimated 

mtDNA content, since it has been reported that 90 - 97% of the mtDNA genome sequence 
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can be found inserted in the nuclear genome as nuclear mitochondrial insertion sequence 

(NUMTs) [48, 49]. Therefore, it is likely we co-amplified NUMTs and mtDNA. However, 

because mtDNA copies greatly outnumber nDNA copies we anticipate the effect on our 

results to be minimal. Further, because our measure of mtDNAcn is relative, rather than 

absolute, the effect is likely mitigated. We cannot exclude false negative findings due to the 

relatively small sample size for the exploratory interaction analysis; however, our interaction 

findings were marginal using a stringent cutoff of 0.05 after accounting for multiple testing, 

limiting the chance of false-positive results. Our study is an observational study and, as such, 

cannot reveal particular mechanisms. The study population is Mexican and that may limit 

the generalizability of our findings. More studies involving other demographic groups and in 

different environments will be needed to confirm our findings.

In summary, our study showed that maternal second and third-trimester as well as cord 

blood Pb levels were associated with an increase of cord blood mtDNA content and that 

preterm delivery marginally interact with Pb to increase mtDNA content in cord blood. As 

the results of fetal programming can only be ascertained years after exposure, investigating 

the effects of prenatal risk factors requires longitudinal studies with accurate fetal 

assessments and prospective repeated child phenotyping. Therefore, future studies are 

warranted to identify health effects later in life to determine whether higher mtDNA content 

in cord blood predicts higher risk of Pb-related phenotypic alterations later in life, for 

instance cognitive, cardiovascular or bone health effects.

Supplementary Material

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

• Third trimester maternal blood Pb is associated with greater mtDNA content

• Preterm birth, C-section and premature rupture of membranes altered mtDNA 

content

• Gestational age marginally influences Pb effects on mtDNA content
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Figure 1. 
Heat map for Pearson pair-wise correlations of ln-transformed Pb levels within different 

time frames
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Figure 2. 
Interaction of maternal blood lead exposure (second trimester) and all covariates with 

mtDNA content in cord blood. P-Interaction values were calculated from multivariate 

models that include two-way interaction terms between Pb levels and the effect modifiers of 

interest plus covariates. Adjusted P-values were calculated using the Benjamini-Hochberg 

False Discovery Rate correction and a BH-FDR < 0.05 was considered as significant.
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Figure 3. 
Interaction of maternal blood lead exposure (third trimester) and all covariates with mtDNA 

content in cord blood. P-Interaction values were calculated from multivariate models that 

include two-way interaction terms between Pb levels and the effect modifiers of interest plus 

covariates. Adjusted P-values were calculated using the Benjamini-Hochberg False 

Discovery Rate correction and a BH-FDR < 0.05 was considered as significant.
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Figure 4. 
Interaction of maternal blood lead exposure (mother’s blood at delivery) and all covariates 

with mtDNA content in cord blood. P-Interaction values were calculated from multivariate 

models that include two-way interaction terms between Pb levels and the effect modifiers of 

interest plus covariates. Adjusted P-values were calculated using the Benjamini-Hochberg 

False Discovery Rate correction and a BH-FDR < 0.05 was considered as significant.
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Figure 5. 
Interaction of cord blood lead exposure and all covariates with mtDNA content in cord 

blood. P-Interaction values were calculated from multivariate models that include two-way 

interaction terms between Pb levels and the effect modifiers of interest plus covariates. 

Adjusted P-values were calculated using the Benjamini-Hochberg False Discovery Rate 

correction and a BH-FDR < 0.05 was considered as significant.
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Table 1

Characteristics of PROGRESS birth cohort participants

n (%) Mean ± SD (Range) mtDNA content

All 410 1.46 ± 0.44

Child Sex

Male 228 (56) 1.46 ± 0.42

Female 182 (44) 1.45 ± 0.47

Gestational age 38.34 ± 1.81 (29.00, 43.00)

Preterm <37 weeks 45(11) 1.81 ± 0.62*

38 weeks 365 (89) 1.41 ± 0.40

Birth weight (kg) 3.06 ± 0.46 (0.70,4.15)

Maternal age (years) 27.22 ± 5.37 (18.00, 44.00)

18 - 23 111 (27) 1.42 ± 0.48

24 - 27 118 (29) 1.46 ± 0.45

28 - 31 82 (20) 1.42 ± 0.34

32 - 44 99 (24) 1.52 ± 0.48

Body Mass Index (2T) 26.84 ± 4.38 (17.42, 44.70)

< 27 kg/m2 239 (58) 1.42 ± 0.44

≥ 27 and < 32 kg/m2 120 (29) 1.47 ± 0.43

≥32 kg/m2 51 (13) 1.59 ± 0.48*

Body Mass Index (3T) 355 29.49 ± 4.34 (19.88, 47.23)

<27 kg/m2 107 (30) 1.44 ± 0.45

≥27 and < 32 kg/m2 151 (43) 1.43 ± 0.41

≥32 kg/m2 97 (27) 1.50 ± 0.45

Smoking exposure

No household smoke exposure 292 (71) 1.45 ± 0.46

Household smoke exposure 118 (29) 1.47 ± 0.40

SES

Low 201 (49) 1.41 ± 0.43

Medium 162 (40) 1.49 ± 0.44

High 47 (11) 1.55 ± 0.53

Delivery method

Vaginal delivery 209 (51) 1.38 ± 0.38

C-section 201 (49) 1.53 ± 0.49*

Complications

No Premature rupture of membranes 366 (90) 1.44 ± 0.44

Premature rupture of membranes 44 (10) 1.58 ± 0.48*

No Preeclampsia 391 (95) 1.45 ± 0.45

Preeclampsia 19 (5) 1.51 ± 0.38

*
Significant differences p<0.05. P-value was obtained from T-test or ANOVA test.
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