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Introduction

Epigenomics provides a window through which we can 
understand the impact of the environment, nutrition and lifestyle 
choices on chronic disease susceptibility and risk.1 Life-long 
effects of in utero exposures may be mediated through alterations 
in the best-understood epigenomic mark, DNA methylation. 
Global DNA methylation, one of the earliest molecular changes 
observed in the transition from a normal to a diseased cell, may 
be a good epigenomic bio-dosimeter of prenatal exposures to 
environmental toxicants that lead to impaired health throughout 
the life-course.2 Global DNA hypomethylation largely affects 
intergenic and intronic regions, particularly repeat sequences and 

Environmental exposures in utero may alter the epigenome, thus impacting chromosomal stability and gene expression. 
We hypothesized that in utero exposures to maternal smoking and perfluoroalkyl compounds (PFCs) are associated with 
global DNA hypomethylation in umbilical cord serum. Our objective was to determine if global DNA methylation could 
be used as a biomarker of in utero exposures to maternal smoking and PFCs. Using an ELISA-based method, global DNA 
methylation was quantified in umbilical cord serum from 30 newborns with high (>10 ng/ml, mean 123.8 ng/ml), low 
(range 1–10 ng/ml, mean 1.6 ng/ml) and very low (<1 ng/ml, mean 0.06 ng/ml) cord serum cotinine levels. Y chromosome 
analysis was performed to rule out maternal DNA cross-contamination. Cord serum global DNA methylation showed an 
inverse dose response to serum cotinine levels (p < 0.001). Global DNA methylation levels in cord blood were the lowest 
among newborns with smoking mothers (mean = 15.04%; 95% CI, 8.4, 21.7) when compared to babies of mothers who 
were second-hand smokers (21.1%; 95% CI, 16.6, 25.5) and non-smokers (mean = 29.2%; 95% CI, 20.1, 38.1). Global DNA 
methylation was inversely correlated with serum PFOA (r = -0.35, p = 0.06) but not PFOS levels. Serum Y chromosome 
analyses did not detect maternal DNA cross-contamination. This study supports the use of global DNA methylation 
status as a biomarker of in utero exposure to cigarette smoke and PFCs.
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transposable elements and is believed to result in chromosomal 
instability and increased mutation events.

Environmental exposures have been shown to be associated 
with epigenetic changes. Arsenic, one of the heavy metals found 
in cigarette smoke, has been shown to be associated to global 
DNA hypomethylation in vitro3 and in animal models4 and to 
be associated with in utero DNA hypomethylation.5 Cadmium, 
a metal associated with smoking and second hand smoke expo-
sure has been associated with DNA hypomethylation along with 
induction of cell proliferation.6 Cadmium accumulates in the 
placenta, reduces birthweight and may also play a role in uterine 
growth restriction.7 Polycyclic aromatic hydrocarbons (PAH), 
also components of cigarette smoke, have been associated with 
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levels of DNA methylation in mononuclear cells from whole 
blood of adult women. Breton et al.11 reported decreased global 
DNA methylation in buccal cells from kindergarten and first 
grade children who were exposed to maternal smoking in utero. 
However, these studies evaluated DNA methylation in differ-
ent tissues and both studies are limited by having used surrogate 
measurements of global DNA methylation, having determined 
in utero smoking exposure retrospectively by questionnaires and 
not having controlled for exposure to second hand smoke over 
time.12 At this time there are no published studies that examine 
the association between global DNA methylation at birth and 
in utero exposures to smoking or to persistent environmental 
contaminants.

To determine if global DNA methylation in newborns is 
associated with exposure to prenatal maternal smoking we 
measured global DNA methylation in cord blood serum of full 
term babies with adequate birthweight, and high, low and very 
low cotinine levels in cord serum. As a secondary analysis we 
also examined the association between levels of DNA methyla-
tion and persistent perfluoroalkyl compounds (PFCs) in cord 
serum: perfluorooctane sulfonate (PFOS) and perfluorooctano-
ate (PFOA).

Results

Among the 30 babies included in this study, 15 were male and 15 
were female. As shown in Table 1, those included in this study 
were similar to all eligible babies except that there was by design 
oversampling of babies whose mothers were active and passive 
smokers, a tendency for the mothers in this sub study to be 
somewhat less educated and a trend toward these mothers having 
been less likely to have received prenatal care in the first four 
months of pregnancy. As expected, nonsmokers in the sample 
had somewhat lower levels of serum cotinine than in all eligible 
babies. Maternal age ranged from 16–37 years and paternal age 
ranged from 15–49 years. Seven mothers were <18 years of age 
and seven were 30 or older. One mother was Asian, two were 
Caucasian and the other 27 were African American. Of the 11 
smokers that were selected, two had reported that they did not 
smoke but were classified as smokers on the basis of having very 
high serum cotinine levels (117 and 118 ng/ml). Means, medians 
and ranges of DNA methylation index results (%5 mC), PFOS 
and PFOA levels, gestational age and growth parameters also are 
presented in Table 1. The subjects selected for global methylation 
analysis were similar in all ways to the rest of the eligible infants 
with the exception of gestational age, which was on average 3.5 
days longer.

Table 2 shows the relationships between DNA methylation 
index results and selected maternal and infant characteristics. 
Maternal age did not show a linear relationship to DNA methyla-
tion. However, both younger (<20 y) and older (30+ y) mothers 
had babies with reduced global DNA methylation (NS). Likewise 
there was a non-significant trend toward increased DNA meth-
ylation with increased gestational age within this group of term 
births (p = 0.19). There was no evidence that DNA methyla-
tion was associated with pre-pregnancy BMI or sex of the baby. 

altered global DNA methylation in peripheral blood leucocytes 
of male nonsmoking coke-oven workers.8

A handful of studies have examined the association between 
tobacco smoke exposure and global DNA methylation. Active 
smoking is known to be associated with global DNA hypomethyl-
ation in the aero-digestive mucosa.9 In addition, two studies have 
reported inconsistent results documenting associations between 
prenatal tobacco smoke exposure and global DNA methylation. 
Terry et al.10 reported that prenatal exposure resulted in higher 

Table 1. Characteristics of infants selected for epigenetics study 
 compared with all eligible infants, Baltimore THREE study

Epigenetics 
study

Eligible 
births (not 
included)

n = 30 n = 83

n (%) n (%) p value*

Male infant 15 (50%) 47 (57%) 0.49

African American 27 (90%) 61 (74%) 0.54

Mother <18 yr 4 (13%) 7 (9%) 0.45

Mother >30 yr 7 (23%) 23 (28%) 0.80

Baltimore residence 25 (83%) 60 (72%) 0.22

Parity: first birth 11 (37%) 48 (58%) 0.65

Prenatal care first 4 months 23 (77%) 72 (88%) 0.15

Smoking by history 8 (27%) 9 (11%) 0.04

Mean (SD) Mean (SD) p value**

Serum cotinine (ng/ml)

Very Low (VL) (<1 ng/ml) 0.06 (0.04) 0.16 (0.22) 0.20

Low (L) (1–10 ng/ml) 2.0 (1.3) 2.5 (2.1) 0.59

High (H) (>10 ng/ml) 135.6 (94.3) 121.8 (87.7) 0.79

Serum cotinine (ng/ml) by smoking history

No 11.8 (34.2) 0.16 (0.23) 0.004

Yes 140.1 (106.4) 68.5† (88.5) 0.15

Serum cotinine (ng/ml) by smoking history and cotinine levels

Nonsmokers (No & cot-VL) 0.06 (0.02) 0.16 (0.03) 0.20

Passive smokers (No & cot-L) 2.0 (1.2) § N/A

Smokers (Yes &/or cot-H) 135.6‡ (94.3) 68.5† (88.5) 0.13

PFOA (ng/ml) 1.8 (0.89) 1.8 (1.09) 0.84

PFOS (ng/ml) 5.8 (3.12) 6.1 (3.55) 0.72

Birth weight (g) 3408 (378) 3336 (506) 0.48

Length (cm) 50.7 (1.8) 50.4 (2.5) 0.52

Ponderal index 2.61 (0.043) 2.60 (0.033) 0.88

Head circumference (cm) 33.9 (1.3) 33.9 (1.6) 0.84

Gestational age (days) 278.3 (6.9) 274.8 (7.6) 0.03

Paternal age (years) 27.4 (7.4) 28.0 (7.6) 0.74

Maternal prepregnancy BMI 27.8 (8.0) 26.2 (6.1) 0.30

DNA methylation (%5-mC) 21.0 (10.3) - N/A
*Chi-square. **t-test. §All eligible passive smokers were included in 
this study. ‡Two with no smoking history had cotinines in the active 
 smoking range, 117 and 118 ng/mL respectively and are classified as 
smokers. †One with a smoking history had cotinine below the active 
smoking range, 4 ng/mL.
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the effect estimates across the board. However, in both sets 
of multivariate models the associations between cotinine 
and smoking status and DNA methylation were statistically 
significant.

Figure 1 presents the DNA methylation data by smoking 
status. The global methylation index was significantly (p < 0.01) 
lower for 11 newborns exposed to maternal smoking (mean = 
15.04%; 95% CI, 8.4, 21.7) than among eight newborns with 
nonsmoking mothers (mean = 29.2%; 95% CI, 20.1, 38.1). The 
serum DNA global methylation index also was significantly  
(p = 0.01) lower for 11 newborns whose mothers were exposed to 
secondhand smoke during pregnancy (mean = 21.1%; 95% CI, 
16.6, 25.5) when compared to newborns not exposed to maternal 
smoking.

Measures of infant growth—birthweight, length, head circum-
ference and ponderal index—also were not associated with global 
DNA methylation.

Table 2 also shows results of multivariate linear regression 
models for global DNA methylation in relation to exposures to 
cotinine levels, smoking status and levels of PFOS and PFOA. 
Cotinine, the natural log of cotinine, active smoking and passive 
smoking were significantly associated with global DNA hypo-
methylation. The associations for PFOA and the natural log of 
PFOA were of borderline statistical significance. PFOS was not 
associated with changes in global DNA methylation. Multiple 
regression models were done first including maternal age (in 
categories) and then gestational age as covariates. Inclusion 
of either maternal age or gestational age somewhat attenuated 

Table 2. Results of linear models (pearson’s correlations and slope beta values) for cotinine, PFOA and PFOS concentrations (log-transformed) and 
other selected study variables on %5-mC (n = 30), Baltimore THREE study

Crude Model 2§ Model 3§§

r beta p value beta p value beta p value

Cotinine (ng/ml)

-0.39 -0.048 0.04 -0.054 0.05 -0.043 0.06

Ln (Cotinine)

-0.62 -1.99 <0.001 -2.11 <0.001 -1.91 0.001

Smoking status

None (comparison)

Passive * -8.07 0.051 -9.48 0.03 -8.17 0.06

Active * -14.5 0.002 -15.3 0.001 -13.7 0.004

PFOA (ng/ml) -0.32 -3.74 0.08 -3.39 0.11 -3.20 0.15

Ln (PFOA) -0.35 -7.59 0.06 -7.00 0.07 -6.61 0.11

PFOS (ng/ml) -0.21 -0.71 0.26 -0.367 0.58 -0.52 0.42

Ln (PFOS) -0.28 -5.36 0.13 -3.45 0.37 -4.46 0.22

Maternal age (years)

<20 * -5.96 0.18

20–29 (comparison)

30+ * -7.60 0.12

Maternal age (years)

-0.138 -0.236 0.46

Gestational age (days)

0.245 0.366 0.19

Sex (male) * 0.16 0.97

Prepregnancy BMI

0.016 0.022 0.93

Birthweight (100 gm)

-0.17 -0.46 0.37

Length (cm)

-0.18 -1.03 0.33

Head circumference (cm)

0.02 0.88 0.56

Ponderal index
0.03 1.28 0.88

*N/A. §Adjusted for maternal age. §§Adjusted for gestational age.
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utero exposure to tobacco smoke. These results 
are consistent with Breton et al.11 who reported 
association between tobacco smoke and DNA 
global hypomethylation, albeit in a different 
life stage and a different systemic compartment. 
Additionally, our secondary analyses raise the 
possibility that DNA global hypomethylation in 
cord serum is associated with pre-natal exposures 
to perfluoroalkyl compounds, especially PFOA.

Cord blood irrigates all the cells of the fetus 
collecting cell free DNA that can be isolated from 
cord serum. Therefore, DNA extracted from 
cord serum provides us a genomic footprint of 
fetal cellular turnover. However, since there have 
been sporadic reports of maternal DNA in cord 
blood22 we tested the precedence of the DNA we 
extracted from cord blood. Serum Y chromosome 
analyses did not detect maternal DNA cross con-
tamination in cord blood. Therefore, we are mea-
suring global methylation levels in fetal DNA 
isolated from cord serum.

Global DNA methylation levels have been 
found to be inversely associated with blood 
plasma levels for several persistent organic pol-
lutants (POP) in Greenlandic Inuit23 and in 

tissues from animals exposed to ionizing radiation.24 Low-dose 
exposure to POPs has recently been associated with global DNA 
hypomethylation in a healthy adult population.25 POPs such 
as organochlorine (OC) pesticides, which are xenobiotics that 
accumulate in adipose tissue, may be chronically exerting their 
deleterious effect on the epigenomic machinery. These recent 
findings have profound implications for future generations also, 
since chemical-induced epigenetic changes are heritable through 
generations.26 In addition, in utero exposures to toxic compounds 
may lead to deleterious effects on the epigenomic molecular 
machinery and subsequent adverse reproductive outcomes.

It has been documented that in utero exposure to dioxins, 
PCBs, OC pesticides or bisphenol-A may cause adverse pregnancy 
outcomes such as low birth weight, preterm delivery, or intrauter-
ine growth retardation.27,28 For example, there is already evidence 
that in utero exposure to bisphenol-A leads to DNA hypomethy-
lation of Hoxa10, with a subsequent alteration of the develop-
mental programming of uterine estrogen response in an animal 
model.29 Global DNA hypomethylation is commonly found in 
most types of cancer. Higher degrees of genome-wide hypo- 
methylation have been found to be strongly associated with late 
grades and with larger tumor sizes, suggesting that genome-wide 
de-methylation occurs simultaneously with tumor progression.30 
Emerging evidence indicates that such alterations also occur in 
other chronic diseases and may be associated to environmental 
exposures in utero.31

Dietary-induced epigenetic changes are also heritable through 
generations.32 Methyl groups from S-adenosyl-methionine 
(SAM) are needed for DNA methylation. Diets low in sources 
of methyl groups can lead to global DNA hypomethylation by 
impairing synthesis of SAM.33 Folic acid depleted dietary intake 

Figure 2 presents the results of linear regression modeling of 
DNA methylation index results across the three groups, in rela-
tion to log-transformed cotinine, PFOA and PFOS levels. There 
was a statistically significant inverse relationship between the nat-
ural log of cotinine measured in cord blood serum and the global 
DNA methylation index (Fig. 2A) and an inverse relationship for 
PFOA (p = 0.06, Fig. 2B) but not PFOS (Fig. 2C). Serum PFOS 
and PFOA levels were not related to maternal smoking status or 
to serum cotinine levels (data not shown).

To ensure that we were measuring global DNA methylation 
changes in fetal DNA and not in maternal DNA, we quan-
tified the Y chromosome content in umbilical cord serum 
DNA for a subset of eight male infants. One sample was not 
quantifiable leaving seven for statistical analysis. The ratios of 
Y Human DNA to total Human DNA (mean = 6.7) would 
reflect the amount of male infants’ DNA relative to the amount 
of maternal DNA that might be present in cord blood of the 
same patient. Any ratio above one is indicative that the sample 
is from a male infant without the presence of female DNA. 
Results range from 1.6–15.5, so that there is no measurable 
level of maternal DNA in cord blood serum, implying that the 
observed global methylation changes are of fetal and not mater-
nal origin (Table 3).

Discussion

Our results suggest that circulating fetal DNA already 
can exhibit aberrant methylation patterns in response to 
environmental exposures. To our knowledge this is the first 
study to report global DNA hypomethylation in umbilical cord 
serum significantly associated, in a dose-response fashion, to in 

Figure 1. Global DNA methylation index in cord blood serum DNA of 11 newborns 
exposed in utero to tobacco smoke constituents from maternal smoking, 11 newborns 
whose mothers were passive smokers and eight newborns whose mothers were non-
smokers. (Box plots).
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Figure 2. (A) Linear relationship between the natural log of cotinine in cord blood serum and the global DNA methylation index in 30 newborns with 
high (11), low (11) and very low (8) cotinine serum levels. (B) Linear relationship between the natural log of PFOA in cord blood serum and the global 
DNA methylation index in 30 newborns. (C) Linear relationship between the natural log of PFOS in cord blood serum and the global DNA methylation 
index in 30 newborns.
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effects triggered after the fetus is exposed to the toxic environ-
mental contaminant.

Global DNA methylation status is, probably, not a specific 
biomarker of in utero exposure to cigarette smoke and PFCs 
only, but to many other environmental exposures, such as air and 
water pollution, and dietary intake as well. In addition global 
DNA hypomethylation is known to be associated with a series of 
chronic diseases, including diabetes, bipolar disorders, obesity, 
schizophrenia and cancer.40,41 Thus establishing a link between 
exposure and disease is not as important as detecting the loss 
of methylation to ascertain risk and determine therapeutic and 
behavior modification alternatives. In many cases, epigenetic 
modifications are reversible, thus providing an opportunity to 
reverse the chronic disease process and understand the impact 
of lifestyle choices on chronic disease susceptibility and risk.42 In 
the case of PFOS and PFOA, no studies on DNA methylation 
have been reported; however, exposure to peroxisome prolifera-
tors have been found to cause global hypomethylation in the rat 
liver.43

This study has several limitations. The sample size limited 
the possibility of performing multivariable regression analyses 
with several predictors simultaneously, which may have eluci-
dated associations of global DNA hypomethylation levels in cord 
serum with maternal and paternal variables. The detection limit 
for the Imprint® Methylated DNA Quantification Kit is 5 ng of 
methylated DNA and input DNA used may be as low as 10–200 
ng. The sensitivity of the ELISA assay, limited by antibody 
affinity and substrate availability may have led to a slight under 
quantification of global DNA methylation levels. However this 
sensitivity issue should not affect the relative difference global 
DNA methylation across cotinine or perfluorinated alkyl levels 
in serum. Finally, lack of information on other environmental 
factors known to affect DNA methylation status, such as folate, 
arsenic and cadmium levels may be confounding the associations 
reported in this study. Both environmental and dietary factors 
have been shown to modulate global DNA methylation levels, yet 
their combined effect has not been elucidated.44 These questions 
should be pursued in follow-up studies.

Altogether the findings of this proof-of-principle study sug-
gest that differential global DNA methylation levels may be 
used as a bio-dosimeter of fetal exposure and of exposure associ-
ated biological effects on the fetus in cord serum. Furthermore, 
if the association between global DNA hypomethylation and 
cotinine levels in cord serum is validated in a larger cohort, 
smoking cessation efforts among pregnant women should be 
strengthened. Finally, global biomarkers of epigenomic altera-
tions may be useful biomarkers for chronic diseases related to 
persistent environmental exposures. The results of this study 
suggest that a detailed examination of these possibilities is 
warranted.

Materials and Methods

Subject selection. Thirty subjects were sampled for this proof-
of-principle study from 113 subjects who met the criteria 
of having been born term (≥37 weeks gestation), of normal 

has been shown to lead to global DNA hypomethylation in ani-
mal studies. The loss of global DNA methylation can be reversed 
if folate is added to the diet on or before the ninth week. If folate 
is introduced afterwards, DNA methylation loss and progres-
sion to cancer can be stopped, but not reversed.34 Interestingly, 
preconceptional exposure to famine during the Dutch Hunger 
Winter of 1944–5 was recently shown to be associated with 
hypomethylation of the insulin-like growth factor 2 (IGF2) and 
(INSIGF) gene six decades later.35,36

Epigenomic alterations associated to in utero exposures 
may thus have life-course effects. The epigenome can be visu-
alized as an interface between the dynamic environment and 
the inherited static genome, configured during development to 
shape the diversity of gene expression programs for different cell 
types by a highly organized process.37 Cell differentiation dur-
ing embryonic-fetal development involves different epigenetic 
processes which, if altered, may affect either somatic or germ 
cells.38 Epigenetic alterations can occur in somatic cells at dif-
ferent stages of life, from fecundation to adulthood, and when 
germ cells are affected, such changes can even be passed on 
to future generations.39 Physical, biological and chemical fac-
tors, as well as social factors, such as maternal care, modify the 
epigenome. Thus, exposures to environmental agents such as 
tobacco smoke in utero may influence susceptibility to disease 
throughout the life-course, via epigenetic alterations, which 
can be used as biomarkers of exposure and risk. Epigenomic 
biomarkers may lead to advancements in the fields of devel-
opmental diseases biology and molecular epidemiology, where 
the search for molecular biomarkers of exposure-related effects 
that can be used for screening, regulatory and risk prediction 
purposes has proven elusive. The main challenge has been to 
identify molecular biomarkers that are part of the downstream 

Table 3. Quantification of serum Y chromosome human DNA  
(ng/ul) and serum total human DNA (ng/ul) obtained from umbilical 
cord blood of seven male infants, Baltimore THREE study

Quantifiler Y 
human DNA (ng/μl)

Quantifiler human 
DNA (ng/μl)

Y human 
DNA/human 

DNA

Sample Levels Mean Levels Mean Ratio

1 4.38 4.32 2.75 2.71

4.26 2.66 1.6

2 0.18 0.16 0.08 0.09

0.15 0.10 1.8

3 0.20 0.21 0.02 0.02

0.22 0.02 8.7

4 3.93 4.08 2.94 2.80

4.23 2.66 1.5

5 0.08 0.08 0.01 0.01

0.08 0.01 15.5

6 0.46 0.44 0.05 0.03

0.42 0.01 14.3

7 0.11 0.12 0.04 0.04

0.14 0.04 3.4
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dissolved in 30 μL of LoTE (2.5 mmol/L EDTA and 10 mmol/L 
Tris-HCL) as previously described.21

Global DNA methylation assays. The global DNA methyla-
tion levels in umbilical cord serum samples were obtained with 
an ELISA based commercial kit (MDQ1, Imprint® Methylated 
DNA Quantification Kit, Sigma Aldrich). The MDQ1 kit is a 
high-throughput, molecular biology kit, which uses a 96-well 
plate format to provide accurate differential global DNA meth-
ylation absorbance readings with as little as 50 ng of genomic 
DNA. Two microliters (μl) of DNA at a concentration of  
100 ng/μl were diluted with 28 μl of lysis and binding buffers and 
incubated at 60°C. The samples were incubated with capture and 
detection antibodies and absorbance was read at 450 nanometers. 
Quantification of global DNA methylation was obtained from 
calculating the amount of methylated cytosines in the sample (5 
mC) relative to global cytidine (5 mC + dC) in a positive control 
that had been previously methylated. All samples were analyzed in 
duplicate.

Y chromosome quantification. The Quantifiler Y Human Male 
DNA Quantification Kit (Applied Biosystems) and Quantifiler 
Human DNA Quantification Kit (Applied Biosystems) were used 
to quantify the amount of total amplifiable human DNA and Y 
Human Male that was present in eight cord blood DNA samples 
obtained from male infants. The quantification assay combines 
three 5' nuclease assays, namely: target-specific human DNA assay 
and target specific Y human male DNA assay, plus an internal 
PCR control (IPC) for both chemistries. The total human target 
in this assay is a 62-base Human Telomerase reverse transcriptase 
gene (hTERT) located at 5p15.33, which is detected by a TaqMan 
MGB probe labeled with FAM dye. The male target, the 64-base 
sex-determining region Y (SRY) located at Yp11.3, is detected by a 
TaqMan® MGB probe labeled with FAM dye. The IPC, 130-base 
PCR control, a synthetic sequence not found in nature, is detected 
by a TaqMan® MGB probe labeled with VIC dye. The targets 
are measure by Forster-type energy transfer (FRET) technique. 
The ratio of human male DNA to human DNA in each sample 
is calculated by dividing the amount of Y human male DNA by 
the amount of human DNA present in each sample. This test is 
enriched to show a high male signal among a large amount of 
female DNA. Therefore, the ratio of human male DNA to human 
DNA that rules out the presence of female DNA can be equal to 
one or higher.

Statistical analysis. Correlation analyses, Welch t-tests and 
Wilcoxon rank tests were used to evaluate the differences in the 
global DNA methylation index across levels of exposure to ciga-
rette smoke and PFCs in cord serum DNA; and to evaluate the 
differences in the global DNA methylation index across levels of 
exposure to cigarette smoke in cord tissue DNA. Bivariate (unad-
justed) linear regression models on DNA methylation index were 
carried out to evaluate relationships to cotinine, PFOA and PFOS 
and the natural logs of cotinine, PFOA and PFOS as well as smok-
ing status. Other potential independent variables were explored 
including maternal age (linear and categorical), maternal prepreg-
nancy body mass index (BMI) (linear), sex, race and gestational 
age. On the basis of this exploration, separate multivariate models 
were constructed. Models were constructed using Stata version 10.

weight (≥2,500 grams) and having cotinine levels and adequate 
amounts of serum. The sample stratified on cord serum cotinine 
levels: (1) High cotinine-Serum cotinine levels indicative of 
recent maternal active smoking (>10 ng/ml) regardless of smok-
ing history; (2) Low cotinine-Serum cotinine levels considered 
to be clearly within a passive smoking range (1–5 ng/ml) among 
mothers reporting no smoking during pregnancy; (3) Very low 
cotinine-Serum cotinine levels consistent with nonsmokers  
(<1 ng/ml) among mothers reporting no smoking during preg-
nancy. Only term and normal weight newborns were selected 
to avoid potential interactions between epigenomic levels and 
factors leading to pre-term birth and or low-birthweight, which 
may confound the association between global DNA methyla-
tion and cotinine or PFC levels in serum. Sampling was not 
done at random but rather the nonsmokers were selected from 
among those that had both, no history of smoking and the low-
est cotinine values to increase statistical power. Sampling was 
blinded to levels of polyfluorinated chemicals PFOS and PFOA.

Subjects were selected from the Baltimore THREE (Tracking 
Health Related to Environmental Exposures) Study, a cross-sec-
tional study of newborn deliveries at the Johns Hopkins Hospital 
in Baltimore, MD, USA designed to determine cord blood levels 
of a number of environmental chemicals, along with their relation-
ship to thyroid hormone status and birth outcomes. Data from this 
study have been reported in several peer-reviewed publications.13-18 
The study received approval from the Johns Hopkins Medicine 
Institutional Review Board and was determined to be HIPAA 
exempt.

Umbilical cord blood samples were collected immediately after 
birth using the Witter cord cradle (Witter et al. 2001), and stored 
at 4°C for <3 h before further processing. Of these, 41 samples 
had insufficient cord blood volume for laboratory analyses, leaving 
a total of 300 samples available for chemical laboratory analyses. 
Once collected, umbilical cord and cord blood samples were placed 
in the Labor and Delivery Suite refrigerators. Within a few hours 
of birth, samples were collected and transported by study personnel 
to a laboratory at the Johns Hopkins Bloomberg School of Public 
Health for processing. Umbilical cord samples were flash frozen. 
Blood specimens were centrifuged at 1,000 g for 15 min and serum 
was aliquoted into 2 mL polypropylene cryovials. Tissue and blood 
samples were then stored at -80°C.

Frozen samples were transferred on dry ice to laboratories at the 
Centers for Disease Control and Prevention in Atlanta for cotinine 
analyses while other aliquots were archived. A total of 286 samples 
had sufficient volume for measurement of cotinine was conducted 
using positive-ion atmospheric pressure chemical ionization tan-
dem mass spectrometry as previously described.19 Likewise the 
CDC laboratory analyzed serum samples for PFOS and PFOA, 
using negative-ion TurboIonSpray ionization, a variant of electro-
spray ionization, tandem mass spectrometry.20

DNA isolation from cord blood serum. Of 286 samples ana-
lyzed by the CDC, 113 met the inclusion criteria (above), of which 
30 one ml cord serum samples were digested with 50 ug/mL pro-
teinase K (Boehringer Mannheim, Germany) in the presence of 
1% sodium dodecyl sulfate (SDS) at 48°C for 3 days, followed by 
phenol/chloroform extraction and ethanol precipitation and finally 
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