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background: Changes in DNA methylation may play an important role in the deleterious reproductive effects reported in association
with exposure to environmental pollutants. In this pilot study, we identify candidate methylation changes associated with exposure to
pollutants in women undergoing in vitro fertilization (IVF).
methods: Blood and urine were collected from women on the day of oocyte retrieval. Whole blood was analyzed for mercury and lead,
and urine for cadmium using inductively coupled plasma mass spectrometry. Unconjugated bisphenol A (BPA) was analyzed in serum using
high-performance liquid chromatography with Coularray detection. Participants were dichotomized as higher or lower exposure groups by
median concentrations. Using the Illumina GoldenGate Methylation Cancer Panel I, DNA methylation in whole blood from 43 women was
assessed at 1505 CpG sites for association with exposure levels of each pollutant. Candidate CpG sites were identiﬁed using a Diff Score
.|13| (P , 0.05) and an absolute difference .10% which were conﬁrmed using bisulﬁte pyrosequencing.
results: Methylation of the GSTM1/5 promoter was increased for women with higher mercury exposure (P ¼ 0.04); however, no correlation was observed (r ¼ 0.17, P ¼ 0.27). Reduced methylation was detected in the COL1A2 promoter in women with higher exposure to
lead (P ¼ 0.004), and an inverse correlation was observed (r ¼ 2 0.45, P ¼ 0.03). Lower methylation of a promoter CpG site at the TSP50
gene was detected in women with higher BPA exposure (P ¼ 0.005), and again an inverse correlation was identiﬁed (r ¼ 2 0.51, P ¼ 0.001).

conclusions: Altered DNA methylation at various CpG sites was associated with exposure to mercury, lead or BPA, providing candidates to be investigated using a larger study sample, as the results may reﬂect an independently associated predictor (e.g. socioeconomic
status, diet, genetic variants, altered blood cell composition). Further studies accommodating variations in these factors will be needed to
conﬁrm these associations and identify their underlying causes.
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DNA methylation changes in
whole blood is associated with
exposure to the environmental
contaminants, mercury, lead, cadmium
and bisphenol A, in women undergoing
ovarian stimulation for IVF
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Introduction

in various tissues (Dolinoy et al., 2007; Prins et al., 2008; Yaoi et al.,
2008; Bromer et al., 2010), with a variation at the environmentally sensitive Agouti locus resulting in phenotypic changes (Dolinoy et al.,
2007). Altered methylation patterns at genes associated with cellular
communication have been reported for the prostate tissue sampled
from male rats treated subcutaneously with low-dose BPA (Ho
et al., 2006). In humans, breast epithelial cells showed many alterations
in gene expression following treatment with low doses of BPA, for
which a corresponding DNA methylation change was conﬁrmed for
one gene, LAMP3 (Weng et al., 2010). Similarly, such changes are
seen in association with the consumption of the synthetic and
potent estrogen diethylstilbestrol, which results in promoter methylation at estrogen responsive genes (Edwards and Myers, 2007), and
increased rates of reproductive irregularities and cancers reported in
subsequent generations are likely associated with such epigenetic
modiﬁcations (Newbold, 2008).
While the animal literature is growing substantially, there remains a
dearth of knowledge as to the extent of the association between environmental pollutants and DNA methylation changes in humans. In
this pilot study, we begin to address this knowledge gap through the
identiﬁcation of candidate CpG sites demonstrating altered DNA
methylation in association with Hg, Pb, Cd and BPA measured in a
convenience sample of women undergoing IVF and participating in
the Study of Metals and Assisted Reproductive Technologies
(SMART). Although our experimental design is limited by the use of
a mixed cell population derived from whole blood, the results of
this preliminary study will be useful for the design of a future conﬁrmatory investigation.

Materials and Methods
Samples
Sample selection and the clinical protocol for this study were previously
described in detail (Bloom et al., 2010). In brief, 58 women undergoing
a ﬁrst completed IVF cycle at the University of California at
San Francisco (UCSF) Center for Reproductive Health were recruited
to the SMART, between 12 March 2007 and 29 April 2008. Women
received baseline infertility evaluations and subsequently underwent
gonadotrophin-induced ovarian stimulation according to clinic protocols.
When at least two ovarian follicles exceeded 17 mm diameter on ultrasound, hCG was administered and oocytes were retrieved by transvaginal
needle aspiration 36 h later. On the day of oocyte collection, fasting whole
blood specimens were collected from an intravenous port, immediately
after insertion and prior to ﬂuid administration, to facilitate conscious sedation during the procedure. The blood was collected into (1) one 6-ml
lavender-topped Vacutainerw tube (Becton-Dickinson and Co., Franklin
Lakes, NJ, USA), containing 10.8-mg K2-EDTA for trace element analysis,
which was inverted several times and then allowed to stand for 10 min
and (2) one serum separator Vacutainerw tube (Becton-Dickinson and
Co., Franklin Lakes), which was allowed to stand for 20 – 30 min and
then centrifuged at 700g for 10 min. Fasting urine specimens were also
collected using a collection cup. Whole blood, serum and urine were aliquoted into 1.8-ml polypropylene cryovials and frozen immediately at
2808C. The study protocol was approved by the UCSF Committee for
Human Research as well as the Institutional Review Boards of the
New York State Department of Health (NYS DOH) and the University
at Albany.
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Exposures to mercury (Hg), lead (Pb), cadmium (Cd) and bisphenol A
(BPA) are pervasive (CDC, 2010) and concern is growing that such
exposures may adversely inﬂuence reproductive function among
women (Buck Louis et al., 2006; Mendola et al., 2008). Substantial evidence suggests that Hg (ATSDR, 1999b), Pb (ATSDR, 2007) and Cd
(ATSDR, 1999a; Thompson and Bannigan, 2008) alter fertility and reproductive outcomes in animals and humans at high doses. However,
reproductive effects at persistent low doses of Hg, Pb and Cd, to
which most humans are continually exposed through dietary, airborne
and other so-called ‘background’ sources are less well understood
(Younglai et al., 2005; Bloom et al., 2011a,c). Several investigators
have reported adverse reproductive outcomes in association with
higher female background exposures to Hg (Choy et al., 2002; Cole
et al., 2006) and Pb (Borja-Aburto et al., 1999; Chang et al., 2006;
Bloom et al., 2011c), whereas somewhat paradoxical increases in
fecundity-related end-points during in vitro fertilization (IVF) have
been reported by several groups in association with background exposures to Cd (Younglai et al., 2002; Al-Saleh et al., 2008; Bloom et al.,
2010). Background exposures to the estrogenic plastic monomer BPA
(Richter et al., 2007; Wetherill et al., 2007) have also been associated
with reproductive dysfunction in animal studies (Hunt et al., 2003;
Susiarjo et al., 2007; Cabaton et al., 2011), and concern is emerging
about adverse reproductive effects in association with exposures
among women (Takeuchi et al., 2004; Sugiura-Ogasawara et al.,
2005; Mok-Lin et al., 2010; Bloom et al., 2011b; Fujimoto et al.,
2011; Kandaraki et al., 2011); however, these hypotheses remain controversial (vom Saal et al., 2007; Eichenlaub-Ritter et al., 2008; Padmanabhan et al., 2008; Hengstler et al., 2011).
There is accumulating evidence that the reproductive effects of Hg,
Pb, Cd and BPA may be mediated, at least in part, by epigenetic
changes, speciﬁcally, alterations in the pattern of DNA methylation
acquired during embryonic development or adulthood (Bollati and
Baccarelli, 2010). The addition of methyl groups to sequences of cytosine– phosphate–guanine (CpGs), often found in clusters within a
gene promoter region (CpG islands), typically reduces or prevents
the expression of the associated gene. DNA methylation has been
shown to vary with environmental exposures, and can be associated
with altered gene expression depending on location. Assays of DNA
methylation at LINE-1 and Alu elements, which are ubiquitous repetitive nucleic acid sequences found throughout the human genome, has
been frequently used as surrogate markers for overall or ‘global’
methylation in studies of environmental exposures (Nelson et al.,
2011).
By measuring methylation at LINE-1 and Alu sequences, investigators have previously reported alterations of genome-wide DNA
methylation in human blood in association with exposure to organic
pollutants (Rusiecki et al., 2008), trafﬁc pollution (Baccarelli et al.,
2009) and tobacco smoke (Breton et al., 2009). Exposure to Pb has
been associated with reduced LINE-1, but not Alu, methylation in
the peripheral blood (Wright et al., 2010). In contrast, low-dose Cd
appears to up-regulate the expression of DNA methyltransferases,
enzymes that facilitate the addition of methyl groups to nucleic acid,
in vitro and therefore is proposed to increase DNA methylation
(Jiang et al., 2008). In addition, research in rodents has shown that
fetal BPA exposure is associated with changes in DNA methylation
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Exposure assessment

DNA methylation
Whole blood specimens were shipped on dry ice to the Robinson Laboratory at the Department of Medical Genetics, University of British Columbia (Vancouver, Canada). DNA was extracted from 1 to 2 ml of frozen
whole peripheral blood using conventional methods for 51 women.
Samples were puriﬁed using the DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany), and bisulﬁte converted using the EZ DNA Methylation
Kit (Zymo Research Corporation, Irvine, CA, USA). A total of 750 ng of
each bisulﬁte converted sample was run on the Illumina GoldenGate
Cancer Panel I bead array (Illumina, Inc., San Diego, CA, USA). This
panel assays 1505 CpG sites throughout the genome that are associated
with cell replication, cell differentiation, or oxidative stress and thus may
have relevance for reproduction. A total of 43 specimens with the
required quantity of DNA were successfully assayed; 2 specimens failed
PCR quality controls and therefore Illumina results were reported for 41
women. Data was normalized to background intensity levels using BeadStudio software (Illumina, Inc.).
Candidate CpG sites were validated in all women using bisulﬁte pyrosequencing performed on the Pyromark ID machine and using the PyroGoldSQA reagent kit (Qiagen, Hilden, Germany). Assays for the
selected candidate CpG sites GSTM1_P266, COL1A2_P407 and
TSP50_P137 were designed using the Pyrosequencing Assay Design Software (primer sequences are listed in Supplementary data, Table S1). Each
15-ml PCR reaction contained 1 × PCR Buffer (Qiagen, Hilden, Germany),
3-mM Gibco dNTPs (Invitrogen, Carlsbad, CA, USA), 0.9-U HotStart Taq
DNA polymerase (Qiagen, Hilden, Germany), 6 mM of each of the

Genotyping
To further characterize DNA methylation in the GSTM1 promoter region, a
deletion polymorphism encompassing the Illumina probes (GSTM1_P363
and GSTM1_P266) was genotyped using allelic discrimination with previously published primers and cycling conditions (Sata et al., 2003), and gel
electrophoresis.

Statistical analysis
Concentrations of environmental pollutants were dichotomized into
‘higher exposure’ and ‘lower exposure’ groups by the median values for
Hg (2.88 mg/l blood), Pb (0.73 mg/dl blood), Cd (0.38 mg/l urine) and
BPA (2.39 mg/l serum). Higher exposure and lower exposure groups for
environmental pollutants were evaluated by age above and below the
mean, and by male factor versus female factor infertility using the x 2 or
Fisher exact test as appropriate. BeadStudio software, v.3.1.3.0 (Illumina,
Inc.) was used for difference analysis at CpG sites. Methylation at CpG
sites for higher and lower exposure groups was compared for each pollutant, and candidate CpG sites were identiﬁed as those with both a Diff
Score .13 (P , 0.05) and an absolute difference .10% between the
means for each group. Those probes which contained single nucleotide
polymorphisms (SNPs) and that failed quality control tests (detection
P . 0.05) were omitted. Mann – Whitney U-tests were used to compare
% DNA methylation as measured by pyrosequencing for each candidate
CpG site and LINE-1 elements, between higher and lower
pollutant-exposure groups. Pearson correlation coefﬁcients were used
to evaluate linear associations between the logarithm (i.e. to base 10) of
each pollutant (after the addition of a constant equal to 1.00 to accommodate negative values). Statistical signiﬁcance was deﬁned as P , 0.05 for a
two-tailed test. Statistical analyses were conducted using SPSS v.15.0 (IBM
Co., Somers, NY USA), VassarStats (Vassar College, Poughkeepsie, NY
USA) and SAS v.9.2 (SAS Institute, Cary, NC USA), and graphs were generated using R 2.11.0 (The R Project for Statistical Computing, Auckland,
New Zealand).

Results
Global DNA methylation changes were investigated for associations
with body burdens of Hg, Pb, Cd and BPA measured in women undergoing IVF treatment. Of the 43 women with epigenetic analysis, sufﬁcient blood and/or urine was available for quantiﬁcation of Hg in 43,
Pb in 24, Cd in 42 and BPA in 35 women. The mean (SD) age was 36
(4.2) years, with a range of 28– 44, most had never smoked cigarettes
(83.7%), and a substantial proportion were Asian (30.2%). The
primary infertility diagnoses were ‘unexplained’ (34.9%), ‘male
factor’ (23.3%), ‘diminished ovarian reserve’ (18.6%) and ‘tubal
factor’ (9.3%), and there was one (2.3%) diagnosis each of ‘endometriosis’ and ‘anovulation’, and four (9.3%) ‘other’ diagnoses. The majority of values were measured above the LODs for Hg (100% .LOD),
Pb (100% .LOD), Cd (98% .LOD) and BPA (86% .LOD). Median
(range) values were 2.9 mg/l blood (0.3–8.8) for Hg, 0.7 mg/dl blood
(0.3 –1.5) for Pb, 0.4 mg/l urine (0.02– 1.2) for Cd, 0.3 mg/g for Cd
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The analysis for blood Hg and Pb and urine Cd was previously described in
detail (Bloom et al., 2010). In brief, blood and urine specimens were transported on dry ice to the Trace Elements Section of the Laboratory of Inorganic and Nuclear Chemistry, Wadsworth Center, NYS DOH (Albany,
NY, USA), the principal reference laboratory for NYS. Sufﬁcient blood
volume was available for the determination of Hg and Pb in 50 women;
however, a mandatory requirement by the State of California for the
reporting of all blood Pb measurements with personal identiﬁers (California Occupational Blood Lead Registry, 2011) prompted 23 women to
‘opt-out’ of the blood Pb testing. Sufﬁcient urine volume was available
for Cd measurements in 55 women. An analytical method developed
for the PerkinElmer Sciex ELAN DRC II inductively coupled plasma-mass
spectrometer (PerkinElmer Life and Analytical Sciences, Shelton, CT,
USA), equipped with Dynamic Reaction Cell technology (DRC-inductively
coupled plasma mass spectrometry) was used to determine blood Hg and
Pb (Palmer et al., 2006), in addition to urine Cd (Minnich et al., 2008).
Limits of detection (LOD) were 0.20 mg/l for blood Hg, 0.17 mg/dL for
blood Pb and 0.02 mg/l for urine Cd. For results that were below the
method LOD, the instrument reported values (including some negative
values) were used without censoring to preclude potential bias associated
with the use of such procedures (Schisterman et al., 2006).
The analysis for BPA was previously described in detail (Bloom et al.,
2011a,b,c). In brief, serum specimens were shipped on dry ice to the
Endocrine Disruptors Laboratory at the University of Missouri (Columbia,
MO, USA). Unconjugated serum BPA was measured in 44 women by highperformance liquid chromatography with an ESA Coularray 5600 detector
(ESA Inc., Chelmsford, MA, USA), using known internal standards. The recovery averaged 89% for a 5-ng BPA/ml spike in human serum samples
(MP Biomedicals, Solon, OH, USA). The LOD was 0.3 ng/ml and we
extrapolated from the standard curve to generate values for those
samples measured below the lowest on column standard equal to
0.05 ng. Where no evidence for the presence of BPA at any concentration
existed, we assigned a value of zero.

forward and reverse primers and 15 ng of bisulﬁte converted DNA.
Cycling conditions were 958C for 15 min, then 958C for 30 s, annealing
temperature (listed in Supplementary data, Table S1) for 30 s and 728C
for 30 s ×50, with a ﬁnal extension of 728C for 10 min. Global methylation of LINE-1 elements was done utilizing published primers (Bollati et al.,
2007) and PCR cycling conditions for the commercially available LINE-1
assay (Qiagen, Hilden, Germany).
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pyrosequencing (Supplementary data, Fig. S3). Higher GSTM1_P266
CpG site methylation was measured for the higher exposure Hg
group (mean ¼ 35.8%) compared with the lower exposure Hg
group (mean ¼ 25.7%; P ¼ 0.04; Fig. 1a). However, no signiﬁcant correlation was detected (r ¼ 0.17; P ¼ 0.27) between Hg concentration
and methylation at this site (Fig. 1b).
The GSTM1 gene is located within a paralogous gene cluster on
chromosome 1p13.3, which contains 5 GSTM family genes (Xu
et al., 1998). As a result, the probes for both GSTM1_P266 and
P363 hybridize with complete sequence identity to the promoter
regions of both the GSTM1 and GSTM5 genes. In addition, there is a
well-characterized deletion polymorphism encompassing the GSTM1
gene and its promoter (Xu et al., 1998) with a frequency of .50%
in Caucasian populations (Board et al., 1990). We therefore genotyped this deletion polymorphism to further investigate the nature
of the methylation change in this region associated with blood Hg concentrations. We detected no difference (P ¼ 0.36) in Hg levels
between women with null (homozygous deletion) and reference
GSTM1 genotypes (Fig. 1c). The reference genotype can include
both heterozygotes and homozygotes for the non-deleted allele,

Figure 1 (a) GSTM1_P266 methylation (%) compared between lower (n ¼ 21) and higher (n ¼ 22) mercury exposure groups (P ¼ 0.04), ‘X’ indicates mean value; (b) correlation between GSTM1_P266 methylation (%) and the log of blood mercury concentrations (mg/l), (r ¼ 0.17; P ¼ 0.27);
(c) mercury levels (mg/l) compared between women with GSTM1 null (n ¼ 20) and reference (n ¼ 23) genotypes (P ¼ 0.36) and (d) GSTM1_P266
methylation (%) compared between higher and lower mercury exposure groups in women with null GSTM1 genotype (left panel; n ¼ 11 and n ¼ 9,
respectively; P ¼ 0.09) or reference GSTM1 genotype (right panel; n ¼ 10 and n ¼ 13, respectively; P ¼ 0.50), ‘X’ indicates mean value.
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normalized to urine creatinine (0.04–0.98) and 2.4 mg/l serum (0.0 –
67.4) for BPA. Women ,36 years of age had a greater probability (P
¼ 0.048) of ‘higher exposure’ to Hg (65.0%) than women .36 years
of age (34.8%). No other differences were suggested for pollutant exposure by age or infertility diagnosis.
Using the Illumina GoldenGate Methylation Cancer Panel I, candidate CpGs were identiﬁed for Hg (2 CpG sites), Pb (1 CpG site)
and BPA (1 CpG site); however, no candidates were identiﬁed
for Cd (Supplementary data, Fig. S1). Each of the candidate CpG
sites was validated using bisulﬁte pyrosequencing, the results of
which were highly correlated with average_beta values provided by
the Illumina platform (Supplementary data, Fig. S2). We report only
pyrosequencing methylation values (%) for all subsequent analyses.
In a comparison of higher and lower Hg exposure groups, the
GSTM1_P266 and GSTM1_P363 CpG sites, located within the promoter region upstream of the CpG island for the glutathione
S-transferase M1 gene (GSTM1), were identiﬁed as candidate
changes. However, the correlation between methylation values at
these two CpG sites was highly signiﬁcant (r ¼ 0.93; P , 0.0001)
and therefore we only followed up GSTM1_P266 using bisulﬁte
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19.7%; Fig. 2a). Correspondingly, there was a statistically signiﬁcant
negative correlation between Pb exposure and methylation at this
site (r ¼ 2 0.45; P ¼ 0.03; Fig. 2b).
In comparison of women with lower and higher BPA concentrations, a methylation difference at the TSP50_P137 CpG site within
the promoter CpG island of the testes-speciﬁc protease 50 (TSP50)
gene was identiﬁed. DNA methylation of the TSP50_P137 site was
higher (P ¼ 0.005) among women in the lower exposure BPA group
(mean ¼ 40.3%) compared with the higher exposure BPA group
(mean ¼ 29.7%; Fig. 3a). Correspondingly, there was a moderate
inverse correlation between BPA concentrations and methylation at
this site (r ¼ 2 0.51; P ¼ 0.001; Fig. 3b).
No associations were identiﬁed for urine Cd concentrations and the
epigenetic loci considered. Also, no difference was detected for
LINE-1 methylation between higher exposure and lower exposure
groups for Hg, Pb, Cd or BPA (Supplementary data, Fig. S4).

Figure 2 (a) COL1A2_P407 methylation (%) compared between lower (n ¼ 13) and higher (n ¼ 11) lead exposure groups (P ¼ 0.004), ‘X’ indicates mean value, and (b) correlation between COL1A2_P407 methylation (%) and the log of blood lead concentrations (mg/dl; r ¼ 2 0.45;
P ¼ 0.03).

Figure 3 (a) TSP50_P137 methylation (%) compared between lower (n ¼ 17) and higher (n ¼ 18) BPA exposure groups (P ¼ 0.005), ‘X’ indicates
mean value and (b) correlation between TSP50_P137 methylation (%) and the log of serum BPA concentrations (mg/l; r ¼ 2 0.51; P ¼ 0.001).
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which unfortunately cannot be differentiated using this approach.
When comparing DNA methylation of the GSTM1_P266 site in 20
women with the null genotype (measured methylation represents
only the site within the GSTM5 promoter), we identiﬁed a trend
(P ¼ 0.09) towards lower methylation among the lower Hg-exposure
group (mean ¼ 27.2%) compared with the higher Hg-exposure group
(mean ¼ 44.4%) as demonstrated by Fig. 1d. In contrast, in 23 women
with the reference genotype (measured methylation represents an
average between the promoter regions of GSTM1 and GSTM5),
there was no difference between low-exposure (mean ¼ 21.2%) and
high-exposure (mean ¼ 27.6%) Hg groups (P ¼ 0.50).
The candidate COL1A2_P407 CpG site within the promoter region
of the collagen type 1 alpha-2 (COL1A2) gene was identiﬁed as associated with Pb concentrations. The methylation of COL1A2_P407
was higher (P ¼ 0.004) in the lower exposure Pb group (mean ¼
31.7%) compared with the higher exposure Pb group (mean ¼
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Discussion

reproduction and a comprehensive investigation of this hypothesis is
merited.
We detected decreased methylation within the TSP50 gene promoter in association with higher BPA exposure, and correspondingly
there was a moderate negative correlation between methylation at
this site and serum BPA levels. This result suggests that increased
BPA exposure may be associated with increased expression of
TSP50. The TSP50 gene encodes ‘testes-speciﬁc protease 50’, a
product of unknown function that is expressed in the testes, and in
which promoter CpG island hypomethylation is observed (Yuan
et al., 1999). Increased expression of TSP50 due to aberrant loss of
methylation has also been observed in female breast cancer tissue
(Yuan et al., 1999; Shan et al., 2002). Our data suggests that TSP50
may be up-regulated with increasing BPA exposure due to a loss of
methylation; however, little is known with regard to the function of
this gene in women other than its initial identiﬁcation in breast
cancer tissue.
This study is a novel assessment of the effects of environmental
exposures on DNA methylation in a sample of women undergoing
IVF treatment, in which candidate changes at promoter CpG sites
were identiﬁed for Hg (GSTM1/5), Pb (COL1A2) and BPA (TSP50).
Whereas many prior human studies assess ‘global’ methylation
(Nelson et al., 2011), we employed a strategy to identify speciﬁc functional epigenetic loci potentially related to human reproduction. In
fact, we detected no associations using LINE-1, despite the aforementioned associations detected at speciﬁc sites, suggesting the utility of a
function-speciﬁc approach to the assessment of environmental pollutants and epigenetic modiﬁcation. A limitation of measuring methylation at individual CpGs is that it does not provide a comprehensive
assessment of DNA methylation within a region of interest. While
methodologies are being developed that can more comprehensively
screen the genome, the more sites that are simultaneously evaluated
the greater is the issue of false positives and negatives. As sites on the
GoldenGate panel were selected on the basis of changes reported in
association with cancer, these sites are more likely to be environmentally inﬂuenced than are random CpGs in the genome.
As previously reported, our study group shows higher median levels
of Hg than those recorded for women in the general US population,
whereas Cd and Pb levels are similar or lower (Bloom et al., 2010).
Younger women demonstrated higher blood Hg levels than older in
our study sample; however, no other differences were indicated for
age and no difference in pollutant exposure were suggested
between women diagnosed with infertility primarily due to a female
factor versus a male factor. The range of serum BPA in our study
group is somewhat higher than the levels reported from the limited
number of previous studies assessing circulating concentrations
(0.2 –20 mg/l); however, these values are consistent with those
reported for women during pregnancy (Vandenberg et al., 2010).
Moreover, our assessment of BPA concentrations comprised only
the unconjugated, or biologically active fraction in circulation
(Matthews et al., 2001), providing a more speciﬁc evaluation of biologic activity than possible using total BPA concentrations. The use
of polycarbonate (Sajiki et al., 1999) and polyvinylchloride (Calafat
et al., 2009) products in scientiﬁc and medical equipment has raised
concern regarding possible BPA contamination of biologic specimens.
Our study protocol entailed collection of blood specimens using an
intravenous port. However, this activity was conducted prior to
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This pilot study is the ﬁrst, to our knowledge, to investigate DNA
methylation changes in association with exposure to environmental
pollutants in women undergoing IVF treatment. Candidate DNA
methylation changes were identiﬁed in the gene promoters of
GSTM1/5 (Hg exposure), COL1A2 (Pb exposure) and TSP50 (BPA exposure) in this study group.
We observed increased methylation at the CpG sites evaluated by
the GSTM1_P266 Illumina probe in women within the higher Hg exposure group. GSTM1 is a member of the GSTM gene family, which
encodes for enzymes that are involved in the metabolism of carcinogens and other hazardous environmental agents, and in the mediation
of oxidative stress (Mannervik, 1985; Valko et al., 2007). However, interpretation of this association is complicated by the fact that this
probe hybridizes to the promoter regions of both the GSTM1 and
GSTM5 genes. Furthermore, there was no signiﬁcant correlation
(r ¼ 0.17; P ¼ 0.27) between Hg concentration and methylation at
this site. The nature of this methylation change was further investigated by exploiting a deletion polymorphism, which encompasses
the GSTM1 gene. We found that the trend of increased methylation
with increased Hg exposure is limited to those women with a null
GSTM1 genotype. Hence, the methylation effect is limited to only
the GSTM5 promoter CpG site, suggesting down-regulation of this
gene (Fig. 1d).
While GSTM1 remains the most extensively studied of the GSTM
family, genes within this cluster share .85% sequence identity
(Pearson et al., 1993); thus, the function of GSTM5 is expected to
be similar. The GSTM1 null allele has been associated with increased
susceptibility to cancers and poor clearance of hazardous agents
(Strange et al., 1991; Van Poppel et al., 1992), and also has been suggested to play a role in human reproduction. The null allele was associated with recurrent pregnancy loss in Japanese women (Sata et al.,
2003), and hypermethylation of the GSTM1 promoter was more frequently identiﬁed in the testes of infertile men (Dhillon et al., 2007).
Increased DNA methylation and decreased gene expression of
GSTM5 have also been associated with several types of cancer
(Peng et al., 2009; Etcheverry et al., 2010; Bell et al., 2011), but it
has not been studied in the context of human reproduction to our
knowledge. It is, however, plausible that altered methylation of
GSTM1 and GSTM5 might play a role in reproductive outcomes as a
substantial literature underscores the importance of reactive oxygen
species for human reproduction (Agarwal et al., 2005; Shkolnik
et al., 2011).
In our study, COL1A2 promoter methylation was observed to negatively correlate with Pb exposure, and showed corresponding
decreased methylation in the higher Pb exposure group. This result
suggests that increased Pb may be associated with increased
COL1A2 expression. The COL1A2 gene product is an important component of connective tissues, including the chorio-amniotic membranes and the uterine cervix (Romero et al., 2010). Interestingly,
collagen genes, including COL1A2, are up-regulated in the placental
tissue of pregnant tobacco smokers (Bruchova et al., 2010). Maternal
COL1A2 polymorphisms have also been associated with preterm prelabour rupture of membranes, a leading cause of preterm birth
(Romero et al., 2010). Environmentally induced alterations of collagen
gene methylation, including COL1A2, might compromise human
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status, diet or genetic variants. In addition, if the DNA methylation
changes in the peripheral blood do indeed reﬂect systemic environmental exposures relevant for effects on reproductive health, this
does not necessarily reﬂect gene expression changes in the tissue of
interest. Therefore, in future studies, the effects of these methylation
changes on female reproductive tissues should be elucidated.
In conclusion, we conducted a novel assessment on the effects of
environmental pollutants including Hg, Pb, Cd and BPA on both
global and targeted DNA methylation in women undergoing IVF. Candidate CpG sites were identiﬁed for Hg (GSTM1/5), Pb (COL1A2) and
BPA (TSP50). While limited by the use of whole blood specimens (i.e.
a heterogeneous cell population), our ﬁndings raise the possibility that
low level exposure to widely distributed environmental pollutants may
be associated with altered DNA methylation. The potential impact of
these study results on clinical reproductive outcomes and other
aspects of human health merits consideration in a similar future
study accommodating variations in the composition of whole blood
specimens in a larger number of participants, and considering potential
confounding factors.
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Supplementary data are available at http://humrep.oxfordjournals.org/.
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The pilot nature of our study presents several meaningful limitations
that must be considered in the interpretation of these results. While
our study cohort comprised women undergoing IVF, the limited
sample size precludes an evaluation of the impact of epigenetic modiﬁcations on IVF outcomes; rather, this convenience sample afforded
us the opportunity to identify candidate CpG sites so that a more
comprehensive study may be conducted in the future. The small
sample size also restricted the statistical power available to detect
small differences in methylation between pollutant exposure groups.
The selection of candidate CpG sites with .10% absolute difference
between groups was done to address this limitation. Given the small
number of candidate CpG sites identiﬁed and the hypothesis generating nature of this investigation, no correction for multiple comparisons
was utilized in this study. This increases the likelihood of false positives
within our data set, and therefore candidates will require validation in
a larger study. In addition, our sample is heterogeneous with regard to
infertility diagnosis with some women likely to be fertile (i.e. male
factor infertility), whereas others were not; it is possible that such heterogeneity obscured associations between the environmental agents
and epigenetic marks considered. Future investigations should endeavor to examine homogenous groups in terms of reproductive pathology, or the absence thereof. We also did not adjust for factors that
might potentially alter methylation as well as the body burdens of Hg,
Pb, Cd or BPA, and thus there is the possibility for unmeasured confounding. Furthermore, women in this study had been receiving reproductive medications, under various clinical protocols, for the purposes
of IVF; the effect of such treatment on the body burden of environmental agents and the extent of methylation is unknown. Extrapolation
of these study results to other groups should thus be made with
caution.
A further limitation is that DNA methylation was assessed in whole
peripheral blood and can vary by blood cell type, and so the methylation changes associated with pollutant exposures in this study may
represent an alteration in blood cell composition, rather than a
‘true’ shift in methylation at the candidate loci (Wu et al., 2011). In
an additional experiment using whole blood collected from 28
control women participating in an unrelated study (mean age 36
years; range 23 –55), we evaluated associations between blood cell
composition assessed by a Sysmex XE-2100 Automated Hematology
Analyzer (Sysmex America, Inc. Mundelein, IL USA) and DNA methylation assessed by pyrosequencing at the candidate loci for which associations were detected (GTSM1_P266, COL1A2_P407, and
TSP50_P137). No associations were identiﬁed between methylation
at these sites and relative composition of neutrophils, leukocytes,
monocytes, eosinophils or basophils when entered into multiple
linear regression models (Supplementary data, Table S2). While
these additional data lend credibility to the candidate loci identiﬁed,
they do not eliminate the possibility that our results reﬂect a shift in
blood cell composition given the mixed cell population we analyzed.
It is also important to note the possibility that the methylation
changes are not a direct result of the exposure itself but of one or
more unconsidered and co-associated factors, such as socioeconomic
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