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Abstract
Three classes of DNA damage were assessed in human placentas collected (in 2000-4) from 51
women living in the Teplice region of the Czech Republic, a mining area considered to have some
of the worst environmental pollution in Europe in the 1980s. Polycyclic aromatic hydrocarbon
(PAH)-DNA adducts were localized and semiquantified using immunohistochemistry (IHC) and
the Automated Cellular Imaging System (ACIS). More generalized DNA damage was measured
both by 32P-postlabeling and by abasic (AB) site analysis. Placenta stained with antiserum elicited
against DNA modified with r7, t8-dihydroxy-t-9, 10-oxy-7,8,9,10-tetrahydro-benzo[a]pyrene
(BPDE) revealed PAH-DNA adduct localization in nuclei of the cytotrophoblast (CT) cells and
syncytiotrophoblast (ST) knots lining the chorionic villi. The highest levels of DNA damage, 49–
312 PAH-DNA adducts/108 nucleotides, were found by IHC/ACIS in 14 immediately-fixed
placenta samples. An additional 37 placenta samples were stored frozen before fixation and
embedding, and because PAH-DNA adducts were largely undetectable in these samples, freezing
was implicated in the loss of IHC signal. The same placentas (n = 37) contained 1.7 – 8.6 stable/
bulky DNA adducts/108 nucleotides and 0.6 – 47.2 AB sites/105 nucleotides. For all methods there
was no correlation among types of DNA damage and no difference in extent of DNA damage
between smokers and non-smokers. Therefore, the data show that DNA from placentas obtained in
Teplice contained multiple types of DNA damage, which likely arose from various environmental
exposures. In addition, PAH-DNA adducts were present at high concentrations in the CT cells and
ST knots of the chorionic villi.
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Introduction
Airborne pollution has been implicated in a host of pulmonary and other detrimental health
effects in humans [Lewtas, 2007]. Polycyclic aromatic hydrocarbons (PAHs), produced by
incomplete combustion, are major constituents of airborne pollution and concentrate near
combustion sources, such as automobiles, homes burning coal or wood, and industrial sites
[Lewtas, 2007]. In the 1980s, the mining regions of Northern Bohemia, in what is now the
Czech Republic, were considered to be among the most polluted in all of Europe [Binkova
et al., 2003; Sram, 2001]. In the early 1990s a series of studies known as the Teplice
Program was undertaken in Northern Bohemia, in the area surrounding the city of Teplice,
to evaluate the levels of pollutants and their associations with previously noted adverse
health outcomes. These included mortality, incidences of respiratory disease, immune-
deficiencies, cardiovascular disease, and cancer in adults [Sram, 2001]. In addition, there
were neurobehavioral disorders in children and adverse effects on pregnancy outcome
because children born in this region were at increased risk for intrauterine growth retardation
(IUGR), low birth weight, and morphologically abnormal placentas [Sram, 2001]. The
results of this study support a growing body of evidence that airborne pollutants, including
particulate matter, may damage DNA and induce adverse effects in both mother and fetus
[Dejmek et al., 1999; Dejmek, 2000; Sram et al., 1999].

Because PAH-DNA adduct formation is an indicator of PAH exposure [Rothman et al.,
1990; Rothman et al., 1993b; Rothman et al., 1993a] and is associated with IUGR [Dejmek
et al., 1999; Dejmek, 2000], we examined placentas taken from women in Teplice for
evidence of PAH-DNA adduct formation. The placental chorionic villi are finger-like
projections that extend into the maternal blood supply, allowing passage of nutrients and
filtering out impurities to protect the infant [Cross et al., 2006]. The chorionic villi are lined
on the outside surface with syncytiotrophoblasts (ST), which include knots of bound nuclei,
and, below the syncytium, mononucleated cytotrophoblast (CT) cells. Both ST and CT cells
contain xenobiotic metabolizing enzymes that are involved in the bioactivation of PAHs.
The effectiveness of metabolism in this tissue and the range of xenobiotics metabolized are
not well understood. However, for this study we hypothesized that ST and CT cells would
have the highest concentration of PAH-DNA adducts in the human placenta.

Because the placenta likely metabolizes all incoming xenobiotic insults, we also
hypothesized that placental tissue would have evidence of exposure to different types of
DNA damaging agents. Therefore, this study examined 3 distinct endpoints, two of which
result from damage that is not limited to PAH-DNA adduct formation. An antibody with
specificity for PAH-DNA was used to stain placenta tissue for localization of adducts by
immunohistochemistry (IHC) with semiquantitation using the Automated Cellular Imaging
System (ACIS). Stable/bulky DNA adducts that include, but are not limited to those formed
by reaction with PAHs, were detected and quantified by 32P-postlabeling. Abasic (AB) sites,
which can occur spontaneously and from ionizing radiation, also result from attempts to
repair alkylated DNA.

Materials and methods
Human subjects and tissue procurement

Human placentas were collected, following full-term pregnancy and normal delivery, from
two separate groups of women designated Group 1 (n = 14) and, Group 2 (n = 37). All
samples were from women living in the Teplice region of the Czech Republic. Smoking
status and exposure to environmental tobacco smoke (ETS) were self-reported for both
groups. Informed consent was obtained under the prevailing institutional review board
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guidelines of the U.S. National Institutes of Health, the Academy of Sciences of the Czech
Republic, and the human studies approving officials of the U.S. EPA. Group 1 samples were
collected from November 17 – December 6, 2004. All of these samples were fixed
immediately in formalin (3 days) and transferred to 4% paraformaldehyde (24 h) before
embedding in paraffin. Group 2 samples were collected from October 17, 2000 – January
26, 2001, immediately frozen, and stored frozen at −80°C for approximately 5 years, at
which time the tissue was thawed, a portion was fixed according to the same protocol used
with Group 1, and processed for paraffin embedding. DNA was extracted from additional
thawed portions of the samples in Group 2 and analyzed for AB sites and stable/bulky DNA
adducts. Placenta donors in Group 1 included 7 smokers and 7 non-smokers; Group 2
included 18 smokers and 19 non-smokers.

BPDE-DNA Antiserum
The antiserum used for these studies, rabbit #30 bleed 6/30/78, was elicited against DNA
modified with r7, t8-dihydroxy-t-9, 10-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE)
[Poirier et al., 1980; Weston et al., 1989] and has specificity for the different enantiomers of
benzo[a]pyrene (BP) bound to DNA, but no specificity for BP alone, BP metabolites, BP
bound to protein, or DNA alone [Poirier et al., 1980]. Cross-reactivity of this antiserum for
DNA samples modified with a series of carcinogenic PAHs has been reported [Weston et
al., 1989]; therefore, when using human samples, which are likely to contain DNA adducts
of multiple PAHs, the values obtained are designated PAH-DNA adducts.

BPDE-DNA Chemiluminescence Immunoassay (CIA)
The microtiter plate immunoassay for quantifying r7, t8, t9-trihydroxy-c-10-
(N2deoxyguanosyl)-7, 8, 9, 10-tetrahydro-benzo[a]pyrene (BPdG) adducts by CIA has been
reported in detail [Divi et al., 2002]. For this study the standard curve 50% inhibition was
0.25 ± 0.05 fmol/well (mean ± SD) BPdG adducts (n = 5), and using 50 ng DNA per well,
the lower limit of detection was 26 BPdG adducts/108 nucleotides.

IHC with the BPDE-DNA antiserum
To achieve lower backgrounds in the IHC staining, all antiserum was pre-absorbed with
DNA before use. In addition, to prepare immunogen-absorbed BPDE-DNA antiserum from
which the specific anti-BPDE-DNA antibodies have been removed, 0.05 ml of BPDE-DNA
antiserum was absorbed two times with a total of 390 µg BPDE-DNA (1.3% modified, 13.9
nmol BPDE-DNA adducts). Antigen-antibody complexes were pelleted by centrifugation,
and the final supernatant was used for staining.

Immunohistochemical staining of human tissues with the anti-BPDE-DNA antiserum has
been described previously [Pratt et al., 2007; van Gijssel et al., 2002; van Gijssel et al.,
2004]. In these experiments three serial 5-µm sections, designated a, b, and c, were cut from
each paraffin block and stained within 3 weeks. Section b was stained with hematoxylin and
used to obtain an accurate count of all nuclei in each region of interest. Sections a and c
were stained with either BPDE-DNA antiserum or with immunogen-absorbed BPDE-DNA
antiserum, both diluted 1:20,000. Fresh-cut sections were prepared, and staining was
performed using the Nexes IHC (Ventana Medical Systems, Tucson, AZ) automated slide
staining system essentially as described [Pratt et al., 2007]. The system was set for a 20-min
incubation of the primary antiserum or immunogen-absorbed primary antiserum with no
counterstaining. Section b for all tissues was stained for 8 min with hematoxylin (Ventana)
followed by a 2-min incubation with bluing reagent (Ventana). Stained slides were rinsed in
water containing Dawn dishwashing liquid soap (Proctor and Gamble, Cincinnati, OH) for 1
min, and subsequently rinsed in deionized water to remove the soap. Stained slides were air
dried and mounted with Permount mounting medium (Fisher Scientific, Pittsburgh, PA).
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Preparation of an IHC standard curve with BPDE-exposed cultured human cervical
keratinocytes

Confluent normal human cervical keratinocytes immortalized with HPV16 (JCRB0140
[NCE16], Japan Health Sciences Foundation) were exposed to doses of 0, 0.053, 0.153, and
0.331 µM of BPDE for 1 h, as described [Pratt et al., 2007; van Gijssel et al., 2002]. Each
group consisted of 15 identically treated 150 mm dishes. After cells were combined,
centrifuged 5 min at 1000 rpm, and the supernatant removed, a portion of each resulting cell
pellet was embedded in 3% SeaPlaque Agarose (Lonza, Basel, Switzerland), fixed in 10%
buffered formalin (Sigma, St. Louis, MO), and embedded in paraffin. A second portion was
extracted using an Intergen DNA extraction kit (Serologicals Corp., Norcross, GA)
according to the instructions of the manufacturer. The DNA samples were analyzed by
BPDE-DNA CIA in triplicate. The cells embedded in paraffin were used to generate arrays
consisting of 3- × 1- mm cores of cell pellet for each of the three doses and control, resulting
in a 3 × 4 “standard array” of cells treated with the incremental doses of BPDE. One
standard array was stained along with each batch of samples. Data obtained for BPdG
adduct levels in the human keratinocytes by BPDE-DNA CIA were compared with IHC
values determined by Automated Cellular Imaging System (described below) in the same
cells, thus producing a standard curve that could be used to calculate semi-quantitative
values for adducts/108 nucleotides in the biological samples.

Semi-quantitation of nuclear staining intensity by IHC/ACIS
The intensity of the nuclear PAH-DNA adduct staining (pink color) was determined from
digital images collected and evaluated using the ACIS II (Clarient, Aliso Viejo, CA),
essentially as described [Pratt et al., 2007; van Gijssel et al., 2002; van Gijssel et al., 2004].
The nuclei containing PAH-DNA adducts stained pink (hue = 222–237), and hematoxylin
nuclear staining was blue (hue =141–227).

To quantify the PAH-DNA adduct staining, a high-resolution composite digital image of
each section was constructed using the ACIS II microscope and software. Within each
imaged section, areas of chorionic villi containing CT and ST cells were selected for
analysis using the ACIS region selection tools. For quantifying adducts in a particular
sample, at least three regions per section were selected, and the same regions were localized
on the corresponding hematoxylin stained sections, where the total number of nuclei were
counted manually. Typically, up to 200 nuclei were evaluated per section. For sections in
which the selected regions displayed low or zero OD values, the scoring was halted after at
least 100 nuclei had been evaluated over 4 or more regions. For each section, a mean OD/
nucleus value was obtained by adding all the OD values and dividing that sum by the total
number of hematoxylin-stained nuclei.

Detection of AB sites
AB sites were determined as described [Swartz et al., 2009]. Briefly, DNA was isolated
from whole placenta using the PUREGENE DNA Purification Kit for 100–300 mg solid
tissue (Qiagen Inc., Valencia, CA). The manufacturer’s protocol was modified to include the
use of the antioxidant 2,2,6,6-tetramethyl-1-piperidinyloxy, which is a free-radical
scavenger [McDorman et al., 2005]. AB sites in the isolated DNA were detected using the
Bio Vision DNA Damage Quantification Kit (Bio Vision Research Products, Mountain
View, CA, Cat. No. K253-25) [Xiao et al., 2008], which determines AB sites based on the
binding of a probe to aldehydic sites that are present in AB regions of DNA.
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32P-postlabeling detection of stable/bulky DNA adducts
Stable/bulky, high molecular weight DNA adducts were detected using the 32P-postlabeling
assay as described [King et al., 1994; King et al., 2001; Weyand et al., 1987]. This assay
detects groups of spots by thin-layer chromatography and further purifies these on HPLC.
We found that adducts in human samples determined by this assay were not chemically
identifiable but were considered to include PAH-DNA adducts. Each DNA (50 µg) sample
was digested with a mixture of micrococcal endonuclease and spleen phosphodiesterase for
3.5 h at 37°C. DNA adducts were enriched by butanol extraction and evaporated to dryness
in vacuo. Samples were incubated with 50 µCi of [γ-32P]ATP (>3000 Ci/mmol) and 3.5 U
of T4 polynucleotide kinase for 30 min at 37°C, and total incubates were applied to
polyethyleneimine (PEI)-cellulose thin-layer chromatography (TLC) plates. Labeled DNA
digests were spotted on 10 cm × 10 cm PEI-cellulose sheets and separated using a TLC
system (D1 direction only). Following autoradiography to locate spots, samples were
prepared for HPLC analyses [King et al., 1994; King et al., 2001; Weyand et al., 1987].
Major PEI-cellulose adduct spots (1 cm2) were cut out and placed in scintillation vials
containing 5 ml of ethanol to determine total radioactivity. Ethanol was decanted after
counting, and adducted spots were extracted overnight (18 h) in 1 ml of 4-M pyridinium
formate (pH 4). Extracts were transferred to 1.5 ml microcentrifuge vials, and particulate
material was sedimented by centrifugation (10,000 rpm, 1 min). Total radioactivity (DPM)
in the 4-M pyridinium formate extracts was determined, and sample volumes were reduced
to dryness in vacuo, resuspended with 100 µl of a 9:1 mixture of methanol:0.3 M sodium
phosphate buffer (pH 2.0), vortexed, and centrifuged again (10,000 rpm, 1 min). Supernatant
(75 µl) from each sample was carefully removed and spiked with 4 nmol (8 µl) of the UV
marker, cis-9,10-dihydroxy-9,10-dihydrophenanthrene. Volumes were adjusted to 100 µl
with a 9:1 mixture of MeOH: 0.3 M NaH2PO4 buffer (pH 2) and placed in 100 µl
autosampler vials for HPLC analysis.

We separated 32P-labeled nucleoside-3',5'-bisphosphate adducts on a Hewlett-Packard Series
1100 HPLC System (Hewlett-Packard Company, Wilmington, DE) using a 5-µm, 4.6-mm ×
250-mm Zorbax phenyl-modified column (MAC-MOD Analytical, Inc., Chadds Ford, PA).
Adducted nucleotides were separated using a gradient elution consisting of the following
solvent system: Solvent A: 0.5 M NaH2HPO4 buffer (pH 2.0); Solvent B: 90% methanol and
10% solvent A. The gradient was 0 to 12.5 min, 10 to 43% B; 12.5 to 60 min, 43 to 47% B;
60 to 83 min, 47 to 90% B; 83 to 90 min, 10% B. Flow rate was 1 ml/min, and the column
was allowed to equilibrate at the initial solvent ratio (90% A: 10% B) for 15 min before
subsequent analysis. Radiolabeled nucleotides were detected by an in-line flow-through
scintillation counter (Model A-500 Flow-One\β Radiomatic Instruments & Chemical Co.,
Inc., Tampa, FL). The retention times of 32P-postlabeled DNA adducts were expressed as
relative retention time (RRT), calculated by dividing the retention time of the 32P-
postlabeled DNA adducts by the retention time of the internal UV standard (cis-9,10-
dihydroxy-9,10-dihydrophenanthrene).

The procedure used to estimate the adduct level was a published modification [King et al.,
1999] of the procedure of Gorelick et al. [Gorelick and Wogan, 1989]. Adduct-associated
radioactivity in each HPLC run was calculated using the following equation:

Where: DPM = DPM in nucleotide adduct peak; D = decay of [32P]; SA = specific activity
of [γ-32P] ATP (6660 DPM /fmole). Conversion between molar amounts of adducts and
DNA modification level was accomplished using an average molecular weight of
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nucleotides (324 per nucleotide) to express a molar ratio of adducts to nucleotides in DNA.
The binding levels were determined using the following equation:

Statistical methods
AB site data were analyzed by one-way ANOVA with a Tukey-Kramer Multiple
Comparisons Test using GraphPad Instat Version 3.06, 32 bit for Windows (GraphPad
Software, San Diego, CA). The mathematical relationship and correlation between the
BPDE-DNA IHC/ACIS values and BPDE-DNA CIA determinations of the BPDE-exposed
human cervical keratinocytes was determined using the method of least squares. We tested
for statistical differences in median PAH-DNA adduct levels and AB sites between smokers
and non-smokers and exposure to ETS using the Mann-Whitney test. Comparisons of DNA
adduct levels as determined by the different methods were performed using the Spearman
correlation.

Results
BPDE standard curve using human keratinocytes

Cultured human cervical keratinocytes were exposed to 0, 0.053, 0.153, or 0.331 µM of
BPDE, and using the BPDE-DNA antiserum, values for IHC staining determined by ACIS
were compared to BPdG values determined by CIA using the same samples. Fig. 1A shows
a representative IHC/ACIS dose-response for BPdG adduct formation (pink staining) in
keratinocyte nuclei, with the doses of BPDE used and the resulting ACIS-derived color
intensity values (optical density [OD]/nucleus). The low background, 42 OD/nucleus seen
for unexposed cells, was used as a correction factor for values obtained with the BPDE
doses. For adduct determination, the IHC standard curve was normalized so that the highest
linear value, the color intensity obtained at 0.153-µM BPDE, was expressed as 100%; this
was considered appropriate as color intensity for all of the unknown samples fell below this
value.

A composite normalized IHC/ACIS standard curve that includes values for 6 different
stainings is shown in Fig. 2 (ordinate). Fig. 2 (abscissa) shows mean BPdG values
determined by BPDE-DNA CIA for the 0, 0.053, and 0.153-µM BPDE doses, which were 0,
114.7 ± 26.0, and 362.4 ± 23.9 (mean ± SD, n = 3/group) adducts/108 nucleotides,
respectively. Fig. 2, a composite plot of all these analyses, shows a strong linear relationship
between the mean BPdG values determined by IHC/ACIS (n = 6) and those determined by
BPDE-DNA CIA (n = 5) (R2 = 0.99), and functions as a standard curve to provide a semi-
quantitative estimation of PAH-DNA adducts for the samples in question.

IHC determination of PAH-DNA adducts in human placenta: Group 1
In 2004 in Teplice, the Group 1 placenta samples were collected at delivery from 14 women,
and the tissue was fixed immediately in formalin and embedded in paraffin. In our
laboratory, serial sections from each paraffin block were stained with specific BPDE-DNA
antiserum, immunogen-absorbed BPDE-DNA antiserum, or hematoxylin. Fig. 1B shows
two representative samples from Group 1 (4152 in i, ii and iii; and 4157 in iv, v and vi), in
which the cells chosen for ACIS analysis are outlined in blue. Panels (i) and (iv) show blue
hematoxylin staining, and panels (ii) and (v) show the same outlined areas stained with
specific BPDE-DNA antiserum where pink nuclei indicate the presence of PAH-DNA
adducts. Fig. 1B, panels (iii) and (vi) show staining with the immunogen-absorbed BPDE-
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DNA antiserum where a virtually complete loss of pink nuclear intensity confirms that the
PAH-DNA staining is specific. Insets in Fig. 1B (ii), (iii), (v) and (vi) show OD/nucleus
values for color intensity.

Color intensity values for staining of Group 1 samples with specific BPDE-DNA antiserum,
including 7 smokers (S, ), 7 non-smokers (NS, ), and replicates of the 0.153-µM BPDE
standard curve dose ( ) are shown in Fig. 3. Fig. 3 also shows the same samples stained
with absorbed ( ) BPDE-DNA antiserum. The color intensity for the sections stained with
absorbed serum (4 – 599 OD/nucleus) was minor when compared to the staining values with
the BPDE-DNA antiserum, which ranged from 1,822 to 11,641 OD/nucleus. The substantial
reduction of pink staining in all samples incubated with absorbed antiserum, compared to
those incubated with specific antiserum, indicates that the staining in the placenta samples is
specific for PAH-DNA adducts.

Human cervical keratinocyte standard curves (see composite Fig. 2) were used to estimate
the quantity of PAH-DNA adducts in the human placenta specimens. The specific antiserum
OD/nucleus values, corrected for the absorbed-serum background and normalized based on
the standard curve generated for that particular staining, were read against the composite
standard curve. For the Group 1 samples the IHC/ACIS values ranged from 49 to 312 PAH-
DNA adducts/108 nucleotides (Table I), well above the lower limit of detection (0.2 adducts/
108 nucleotides). Table I shows the samples, grouped by smoking status of the mother, the
number of nuclei examined, and the mean and median PAH-DNA adduct values, which
were essentially the same in the smoking and non-smoking groups. Table I also shows the
ETS status of each mother during her pregnancy, and it is interesting to note that all women,
except for 2 non-smokers, were exposed to tobacco smoke in their ambient environment.
The median and interquartile ranges for PAH-DNA adducts/108 nucleotides in the 7
smokers and the 7 non-smokers are shown in the Table and were not significantly different
(Mann-Whitney, p= 0.7).

IHC determination of PAH-DNA adducts in human placenta: Group 2
The Group 2 samples, collected from 37 women in the Teplice region in 2000 and 2001,
were initially frozen, and portions of tissue were thawed to extract DNA that was used for
AB site and 32P-postlabeling evaluations. In 2006 additional frozen tissue was thawed, fixed
and embedded in paraffin, and serial sections from each sample were stained with specific
BPDE-DNA antiserum, immunogen-absorbed BPDE-DNA antiserum, or hematoxylin.
Staining was evaluated in 100 to 224 nuclei per section, and using the standard curve to
calculate PAH-DNA adducts/108 nucleotides, values ranged between non-detectable and 5.6
adducts/108 nucleotides (Fig. 4A). Because most of the PAH-DNA adduct values in Group 2
were below the limit of detection (0.01 adducts/108 nucleotides), while the standard curve
staining intensity was similar for both Group 1 and Group 2 samples, we suspected
degradation in the Group 2 placentas. When a sample from Group 1 was stained
simultaneously with a sample from Group 2, the Group 2 sample had a much lower signal
(see Fig. 1C panels (i) and (ii), respectively). We therefore hypothesized that freezing the
samples resulted in tissue degradation that was evidenced by loss of IHC staining intensity.
This hypothesis was addressed in the next experiment.

Comparison of PAH-DNA adducts determined by IHC/ACIS in frozen vs. fresh-fixed tissue
To determine whether or not initial freezing altered the detectability of BPdG adducts,
human cervical keratinocytes, at 80% confluency, were exposed for 1 h to 4.0-µM BPDE,
and the resulting cell pellet was split into two equal portions. One portion was fixed
immediately in 10% buffered formalin for 24 h before paraffin embedding. The second
portion was frozen at −80°C for 45 days, thawed briefly, then fixed and embedded. The
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resulting staining intensity for both the frozen and freshly fixed cell pellets is shown in Fig.
5. The sample that was frozen before fixation had an intensity of 17,836 ± 3,217 OD/nucleus
(mean ± SE, n = 5 regions, 137 cells), which was significantly less than the 23,823 ± 3,605
OD/nucleus (mean ± SE, n = 5 regions, 136 cells) observed for the freshly fixed cells (p=
0.03, paired t test). Therefore, because freezing for 45 days, followed by routine fixation and
embedding, was sufficient to reduce the BPdG adduct signal in cultured cells by 25%, it is
likely that freezing the placenta samples for several years resulted in tissue degradation and
loss of IHC staining.

DNA damage in Group 2 samples determined by 32P-postlabeling and AB sites
Evaluation of stable/bulky DNA adduct levels using 32P-postlabeling, and measurement of
AB sites, were performed using DNA extracted from the Group 2 samples (n = 37), and the
data are shown in Table II for smokers and non-smokers. In addition, in Fig. 4 samples are
grouped as smokers ( , n = 18), non-smokers with environmental tobacco smoke (ETS)
exposure ( , n = 9) and non-smokers with no ETS ( , n = 10). A comparison of smokers
and non-smokers for the 32P-postlabeling analysis (see Table II) revealed 5.0 ± 2.0 adducts/
108 nucleotides (mean ± SD) among the smokers (n = 18) and 4.8 ± 1.7 adducts/108

nucleotides (mean ± SD) for the non-smokers (n = 19). There was also no significant
difference in adduct levels between women who were either smokers or exposed to ETS (n =
27) and women exposed to neither (n = 10) (p = 0.13).

Table II and Fig. 4C show values for AB sites. Again, there was no difference in the number
of AB sites observed in smokers (12.5 ± 8.5 sites/105 nucleotides) compared to non-smokers
(13.3 ± 12.2 sites/105 nucleotides) (p= 0.6), or between women who smoked or were
exposed to ETS (13.1 ± 9.9 sites/105 nucleotides, n = 27) when compared to women who
neither smoked nor were exposed to ETS (12.4 ± 3.9 sites/105 nucleotides, n = 10) (p= 0.2).

Discussion
The placentas examined in this study were obtained from mothers living in the Czech
mining district of Teplice, an area which, 30 years ago, was considered to have some of the
worst environmental pollution in Europe. In the intervening time the environment has
improved, but Teplice continues to have high levels of pollution. This study was designed to
examine different classes of DNA damage, including PAH-DNA adducts determined by
IHC/ACIS, stable/bulky DNA adducts determined by 32P- postlabelling and unstable AB
sites detected by specific probe. All 3 types of DNA damage were found in Teplice placenta
samples; however, due to technical difficulties, we were not able to examine all 3
biomarkers in each single placenta. The exposures that resulted in these varied types of
DNA damage are likely complex. However, we conclude that these placentas, taken from a
polluted region of the Czech Republic, sustained substantial genotoxic damage in the form
of both stable and unstable DNA adducts.

An important novel finding of this study is the localization of PAH-DNA adducts by IHC
BPDE-DNA staining with ACIS analysis of color intensity. The data confirmed a suspected
concentration of PAH-DNA adducts in the metabolically active CT cells and ST knots,
which line the external surface of the chorionic villi and are bathed in the maternal blood
supply. The purpose of these cells is to protect the infant from xenobiotics, and given the
level of DNA damage that they sustain, the system appears to work well. The PAH-DNA
adduct values generated by the semi-quantitative standard curve are relatively high, but
perhaps not unexpected because only the ST and CT cells were examined for the IHC
measurements. In this and other studies involving human cervix, prostate, and esophagus
[John et al., 2009; Pratt et al., 2007; van Gijssel et al., 2002; van Gijssel et al., 2004], we
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have used a similar approach to demonstrate strong signals for PAH-DNA adduct formation,
localized primarily in basal epithelium of the tissue in question. The consistency and ease of
this staining provides a particularly robust approach for molecular epidemiology studies, and
the adduct localization provides a powerful tool with which to elucidate tissue response to
xenobiotic insult.

We found no correlations among the values obtained for the three types of DNA damage in
human placenta. The lack of a correlation between stable/bulky DNA adducts and unstable
AB sites likely reflects the fact that these methods detect structurally different types of DNA
damage that may have been induced by different chemicals. Using the BPDE-DNA
antiserum, IHC detects adducts of several carcinogenic PAHs [Weston et al., 1989]. In
contrast, 32P-postlabeling is presumed to detect some types of PAH-DNA damage that are
not recognized by the BPDE-DNA antiserum. In addition, AB sites may be caused by a
variety of types of agents, including alkylating agents and sulfur-PAH [Maynard et al.,
2009; Swartz et al., 2009].

The loss of PAH-DNA adduct signal in placentas that were frozen before fixation, compared
to fresh-fixed placentas, was unexpected. However, this effect was replicated in frozen and
fresh-fixed cultured keratinocyte samples, and further confirmed with simultaneous re-
staining of human placenta samples from Groups 1 and 2. The apparent loss of PAH-DNA
adducts that occurred in frozen samples, which were subsequently paraffin-embedded,
constitutes an important cautionary tale for molecular epidemiology studies. Although PAH-
DNA adducts are stable for years in frozen tissues, we hypothesize that freezing and thawing
compromise the tissue architecture, diminishing subsequent antigen retrieval.

It is likely that airborne PAHs are responsible primarily for the DNA damage observed in
this study. However, a potentially-confounding source of PAH exposure is diet. Strong
correlations have been reported between PAH-DNA adducts and the foods being consumed
[Kang et al., 1995; Rothman et al., 1990], and diet is considered by some to be a major
source of PAH exposure [Bostrom et al., 2002; Ramesh et al., 2004]. In the present study,
dietary PAHs were not considered to be a primary source of exposure because the Czech
diet, which rarely includes char-grilled meats, is quite different from that consumed by the
U.S. population. Furthermore, extensive research in the Teplice region has suggested that
70–75% of carcinogenic PAH exposures come from air pollution [Sram, 2001].

Evaluation of smoking and non-smoking status did not reveal significant differences in level
of placental DNA damage in smokers and non-smokers for any of the three biomarkers.
However, only 12 of the 51 women studied reported no exposure to either ETS and/or
cigarette smoking during their pregnancies. Using the BPDE-DNA antiserum, we and others
have not found correlations between PAH-DNA adduct levels and smoking [Gyorffy et al.,
2008; Pratt et al., 2007], although stable/bulky-DNA adducts determined by 32P-
postlabeling typically correlate with extent of tobacco smoke exposure [Phillips, 2002]. We
have shown, using both assays, that leukocyte PAH-DNA adduct levels increased in a
population moving from an area with low PAH exposure to an area with a more polluted
environment [Poirier et al., 1998]. Therefore, the lack of a smoking correlation in the current
study may indicate that additional sources of PAH exposure, including ETS and ambient
pollution from industrial and/or indoor heating sources [Binkova et al., 2003], may be
sufficiently high to dilute any smoking effect.

Multiple studies have reported adduct formation in DNA extracted from human placenta,
and most of these have employed either 32P-postlabeling [Marafie et al., 2000] or some form
of Enzyme-linked Immunosorbent Assay with a BPDE-DNA antiserum [Arnould et al.,
1997; Sanyal et al., 2007; Whyatt et al., 1998]. The values reported here for 32P-postlabeling
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are in the same range as those reported previously for non-smoking mothers in winter in
Teplice (1.5/108 nucleotides) [Topinka et al., 1997] and non-smoking women in Kuwait and
London (2–4/108 nucleotides) [Marafie et al., 2000]. Both of these studies showed
significant increases in placental DNA adducts as determined by 32P-postlabelling in women
who smoked compared with women who did not smoke. PAH-DNA values determined by
BPDE-DNA ELISA were not significantly higher in women who smoked, compared to
women who did not smoke [Arnould et al., 1997; Sanyal et al., 2007; Whyatt et al., 1998].
However, the PAH-DNA adduct values appeared higher than the adduct levels determined
by 32P-postlabelling in two studies where whole placenta was used (6.5–8.5 adducts/108

nucleotides) [Sanyal et al., 2007; Whyatt et al., 1998], and in one study where syncytial
nuclei were concentrated and used for analysis (7–40 adducts/108 nucleotides) [Arnould et
al., 1997]. The study presented here shows that the levels of DNA adducts determined
by 32P-postlabelling are similar to literature values. In addition, the localization of PAH-
DNA adducts in ST and CT cells suggest that DNA damage induced by other xenobiotic
agents may also localize in these cells as a result of their metabolic competence. Therefore,
it may be of value in future studies of human placental DNA to concentrate ST and CT
nuclei prior to DNA extraction, as described [Manchester et al., 1988] and used [Arnould et
al., 1997] previously.

In conclusion, in this study we examined 51 placentas obtained from mothers living in the
highly polluted Czech mining district of Teplice. We found evidence for multiple types of
DNA damage in all of the placentas. These included PAH-DNA adducts, stable/bulky
(considered largely hydrophobic) DNA adducts, and AB sites that result in DNA strand
breaks. In addition, we observed that long-term freezing of a tissue, prior to fixation,
paraffin-embedding, and staining, resulted in a significant loss in the PAH-DNA adduct
signal. Overall, we conclude that these placentas, taken from a highly polluted region of the
Czech Republic, sustained substantial genotoxic damage in the form of both stable and
unstable DNA adducts.

Abbreviations

AB site abasic site

ACIS Automated Cellular Imaging System

BP benzo[a]pyrene (CAS No. 50-32-8)

BPDE r7, t8-dihydroxy-t-9, 10-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene (CAS No.
58917-67-2)

BPdG r7, t8, t9-trihydroxy-c-10-(N2deoxyguanosyl)-7, 8, 9, 10-tetrahydro-
benzo[a]pyrene

CIA chemiluminescence immunoassay

CT cytotrophoblast

ETS environmental tobacco smoke

HPLC High Pressure Liquid Chromatography

IHC immunohistochemistry

IUGR Intrauterine growth retardation

NS non-smoker

OD optical density, or mean color intensity reported by the ACIS

PAHs polycyclic aromatic hydrocarbons
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PEI polyethyleneimine

S smoker

ST syncytiotrophoblast

TLC Thin Layer Chromatography
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Fig. 1.
(A) Cultured human cervical keratinocytes exposed to 0, 0.053, 0.153, or 0.331-µM BPDE
for 1 h were fixed, paraffin-embedded, and stained with rabbit anti-BPDE-DNA and Fast
Red. Values for pink color intensity, optical density (OD)/nucleus, determined by ACIS are
shown below each image. (B) Sequential sections from 2 human placenta samples were
stained with either hematoxylin (i and iv), anti-BPDE-DNA antiserum (1:20,000, ii and v),
or immunogen-absorbed anti-BPDE-DNA (1:20,000, iii and vi). Nuclei located in the
regions designated for adduct analysis (outlined in blue with the ACIS regional selection
tool) were counted on hematoxylin-stained slides. (C) Human placenta samples that were
either fixed when fresh (Group 1, i), or frozen for 5 years before fixation (Group 2, ii) were
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stained simultaneously with anti-BPDE-DNA (1:10,000); PAH-DNA adducts were virtually
undetectable in the frozen samples.
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Fig. 2.
Cultured human cervical keratinocytes exposed to 0, 0.053, and 0.153-µM BPDE (see Fig. 1
A), were fixed, paraffin-embedded, analyzed by IHC/ACIS on ≥ 3 separate occasions, and
plotted on the ordinate as % of Maximum OD/nucleus (mean ± SD), where 100% = the
value obtained with 0.153 µM BPDE. A second aliquot of cells treated simultaneously was
subjected to DNA extraction, BPdG adducts were measured 5 times by quantitative BPDE-
DNA CIA, and data were plotted on the abscissa as BPdG adducts/108 nucleotides (mean ±
SD). The correlation for the two adduct assays showed an R2 of 0.99.
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Fig. 3.
IHC staining with ACIS analysis of Group 1 human placentas showing OD/nucleus values
for smokers ( , n = 7) and non-smokers ( , n = 7) using specific BPDE-DNA 27
antiserum, and absorbed BPDE-DNA antiserum ( ). The graph also shows values for
human keratinocytes exposed to 0.153-µM BPDE and stained simultaneously (with the
placentas) using specific ( ) or absorbed ( ) BPDE-DNA antiserum.
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Fig. 4.
DNA damage in Group 2 placentas determined by (A) IHC, (B) 32P-postlabeling and (C)
AB site analysis. Samples are in the same order in each frame and grouped as: smokers ( );
non-smokers with ETS exposure ( ); and, non-smokers without ETS exposure ( ).
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Fig. 5.
BPdG adducts in keratinocytes exposed to 4.0 µM BPDE for 1 h. One portion of the cell
pellet was fixed and paraffin-embedded immediately after harvest, and the median value was
23,823 ± 3,605 OD/nucleus (n = 137 fresh nuclei). The rest of the cell pellet was frozen for
6 weeks, then fixed and paraffin embedded, and the median value was 17,836 ± 3,217 OD/
nucleus (n = 137 frozen nuclei). The frozen cells had significantly-less BPdG adducts (OD/
nucleus) than fresh-fixed cells (p= 0.03, one-tailed paired t-test, n = 5 regions/section).
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