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Abstract
This study was designed to analyze the effect of environmental oxidative stress on human
placental monooxygenases, glutathione S-transferase (GST) activity and polycyclic aromatic
hydrocarbon (PAH)–DNA adducts in human term placentas from radioactivity-contaminated and
chemically-polluted areas of the Ukraine and Belarus, and to compare these biomarkers to the
newborn’s general health status. Placental PAH–DNA adduct formation, GST activity, 7-
ethoxycoumarin O-deethylase (ECOD) activity, and thiobarbituric reactive substances (TBARS),
an index of lipid peroxidation, were measured in groups of women exposed to different levels of
radioactivity and PAH pollution. The in vitro metabolism data, obtained from 143 human
placental samples at term, were compared to indices of maternal and newborn health. The highest
ECOD activity was recorded in placentas obtained from chemically-polluted areas and a
radioactivity-contaminated area; the ECOD activity was 7-fold and 2-fold higher compared to the
region considered to be “clean”. Newborns with the most compromised health status displayed the
greatest down-regulation of GST activity (144–162 mU mg protein−1 vs. 258–395 mU mg
protein−1), enhanced ECOD activity and the highest level of PAH–DNA adduct formation. The
highest level of TBARS was observed in women exposed to the highest levels of radiation. The
efficiency of placental detoxification negatively correlated with maternal age and the health status
of the newborn. Environmental oxidative stress was related to an increase in anemia, threatened
abortions, toxemia, fetal hypoxia, spontaneous abortions and fetal hypotrophy. Our data suggest
that chemically- or radioactivity-induced oxidative stress enhance cytochrome P450-mediated
enzymatic activities potentially resulting in increased formation of reactive metabolites. The
activity of GSH-transferase is not enhanced. This imbalance in detoxification capacity can be
measured as increased production of PAH–DNA adducts, decreased lipid peroxidation and
compromised fetal health.
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1. Introduction
The high frequency of complications during pregnancy, and the widespread compromised
health status of newborns found in the Ukraine after the Chernobyl reactor accident
triggered our interest in studying the detoxification efficiency of human placenta in
contaminated and polluted areas of the Ukraine and Belarus. The capacity of placenta to
detoxify xenobiotics makes it an important determinant of fetal development and well-being.
Potential fetal risk is a composite of many properties: xenobiotic physicochemical
properties; placental metabolism including oxy- and glutathione-status; the ability of
xenobiotic metabolites to interfere with placental macromolecules and cellular structures;
the stage of pregnancy controlling blood flow and hormone status; the expression of
placental transporters that monitor and control the two-way flux of metabolites and
xenobiotics; and finally, individual genotype (Myllynen et al., 2005, 2007; Knapen et al.,
1999; Syme et al., 2004). Inadequate excretion of xenobiotics may result in adverse effects
on placental vital functions or results in their binding to cellular macromolecules such as
DNA, increasing the risk of mutagenesis and potentially tumorigenesis and/or teratogenesis
(Lutz, 1979). The human placenta, at term, represents a unique ex vivo/in vitro model for the
investigation of detoxification because damage to placental DNA indicates not only
maternal exposure and maternal detoxification efficiency, but it also reflects DNA damage
occurring in other fetal tissues.

In this study we assessed the relative contribution of several factors – including maternal
exposure to environmental oxidative stress, placental metabolic phenotype in vitro and
maternal age –on glutathione S-transferase (GST) activity, as well as on the formation of
polycyclic aromatic hydrocarbon (PAH)–DNA adducts. Additionally, the occurrence of
typical complications of pregnancy (e.g. low Apgar’s index, overall retarded growth of
newborn, anemia, threatened abortions, toxemia, fetal hypoxia, spontaneous abortions and
fetal hypotrophy) in the whole cohort was analyzed. Here we demonstrate that an imbalance
in placental detoxification capacity can be measured as increased production of PAH–DNA
adducts, changes in lipid peroxidation status in placenta and as compromised fetal health.

2. Methods
2.1. Human subjects and study design

Human term placentas (143 samples) were obtained in State regional maternity hospitals
from November–March of the years 1991–1999. Samples were obtained from mothers
living in radioactivity-contaminated and chemically-polluted areas of the Ukraine and
Belarus, and in an area of East Poland considered to be uncontaminated. Background
information concerning environmental radioactivity or chemical pollution was collected
from the local authorities’ data base. The specimens were subdivided into seven groups
depending on the type and level of exposure (Ministry of Health of Ukraine, 1993).
Radioactive contamination was expressed as Summary Effective Equivalent Annual
Exposition Dose (SEEAED, Table 1) (Council of Ministers of Ukraine Republic, 2003).
Chemical pollution was expressed as the concentration of B(a)P in the ambient air (Table 1)
(Hydrometeoservice of Ukraine 2003). Some of the contamination originates from the
industrial pollution and traffic-exhaust in the ambient air of Kiev (groups IV and V).
Another group includes specimens from women exposed to high levels of radioactivity for
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5–6 years before their pregnancy; these individuals (group I) had been transferred to Kiev
and the Kiev district to remove them from radioactive exposure. Group V consists of women
from Kiev experiencing typical complications of pregnancy (Department of Obstetrical
Pathology, Institute of Pediatrics, Obstetrics and Gynecology, Kiev, Ukraine). Group VI
encompasses the samples from Zaporizhzhia, a region known for heavy engineering and
metallurgy industry, and severe chemical pollution. The samples in groups II and III
originated from women living in small towns with no significant chemical pollution,
according to the official data, but with exposure to low levels of radioactivity after the
Chernobyl accident. Samples from non-complicated pregnancies taken from an area
considered to be unpolluted (East Poland, group VII) were used as controls (Table 1).

Immediately after placental delivery, coagulated blood was removed; the placenta was
rinsed with cold 0.9% NaCl solution and gently dried between paper towels. Placental tissue
(~50 g), including all layers, was excised from the central part of the organ, frozen in liquid
nitrogen and stored at −70 °C before processing. Biochemical assays were conducted within
2 weeks after delivery.

Each sample was accompanied by a personal questionnaire including data such as location
and duration of residence in the area, and lifestyle factors such as consumption of alcohol,
cigarette smoking, diet, and occupational contamination risks. Maternal clinical background
data and newborn health status were taken from medical histories.

This study was carried out according to the principles of the Declaration of Helsinki. The
Ethics Committees of the Institute of Molecular Biology and Genetics of National Academy
of Sciences, Kiev, Ukraine, approved the study protocol and the use of human tissue. All
women who participated in the study signed the informed consent form.

2.2. Biochemical assays
Subcellular fractions were prepared by a standard differential centrifugation technique.
Microsomes were isolated in a buffer containing 150 mM KCl and 10 mM EDTA (pH 7.4)
and suspended in a buffer containing 100 mM potassium phosphate, 1 mM EDTA and 20%
glycerol (pH 7.4) (Honkakoski and Lang, 1989).

GST activity was determined in the cytosolic (100,000 × g) fraction, by monitoring the
conjugate formation between glutathione (GSH) and 1-chloro-2,4 dinitrobenzene (CDNB)
(Habig et al., 1974). One unit (U) of enzymatic activity was considered as the amount of
enzyme catalyzing the formation of 1 μmol of product (GSH-CDNB) per minute under the
conditions of the assays. The irreversibility of GST activity down-regulation was verified by
its measurement before and after treatment of the cytosolic fraction with 0.01 M
dithiothreitol (DTT) (pH 8.0) for 1 h at 37 °C. The fraction was purified from DTT by
chromatography on a G-25 Sephadex column eluted with 0.1 M Na-phosphate buffer – 1
mM EDTA, pH 8.0. Lipid peroxidation was estimated in homogenates by reaction with
thiobarbituric acid (Gavrilov et al., 1987).

DNA was isolated by standard procedures of lysis, incubation with proteinase K and
deproteinization with phenol-chloroform/isoamyl alcohol (Sambrook et al., 1989). PAH–
DNA adducts were detected by competitive Chemiluminescence Immunoassay (CIA) using
an antiserum elicited against DNA modified with (±)r-7,t-8 dihydroxy-c-9,10
epoxy-7,8,9,10-tetrahydro-benzo(a)pyrene (BPDE) that is also specific for DNA modified
with several carcinogenic PAHs including benz(a)anthracene and chrysene (Divi et al.,
2002). When assaying human samples, because a mixture of PAH–DNA adducts, including
benzo(a)pyrene, will be present and recognized by the antiserum, the data are designated as
PAH–DNA adducts. A standard curve consisting of calf thymus DNA modified with a
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known amount of BPDE was assayed on each plate allowing for quantitation of biological
samples and giving an assay detection limit of 2.2 ± 0.4 adducts/109 nucleotides. Biological
sample values, the amount of adduct that would cause the same % inhibition as a known
amount of standard BPDE–DNA, are expressed as PAH–DNA adducts/109 nucleotides.
Samples were assayed in triplicate at 10 μg DNA/well. For samples below the detection
limit, a value of half of the detection limit was assigned.

Microsomal 7-ethoxycoumarin O-deethylase (ECOD) activity was determined using 0.5
mM 7-ethoxycoumarin as the substrate (Greenlee and Poland, 1978). The relative content of
GSTP1-specific mRNA was detected by Dot-hybridization with a probe kindly provided by
Prof. Kano (Japan). The hybridization signals were normalized by comparison with
hybridization signals of the same RNA samples with a probe corresponding to 18S rRNA
kindly provided by Dr. V. Nosikov (Russia). The probes were radioactively labeled with 32P
by reacting with random primers (Sambrook et al., 1989). Protein concentration was
detected by reaction with the method of Bradford (1976).

2.3. Data analyses
All data were tested for normality, and both parametric and non-parametric analyses were
undertaken. The non-parametric data are represented as medians (Me) with lower and upper
quartiles (Lq–Uq), and parametric values as means with standard deviation (M ± SD). The
significance of the differences between the groups and the correlation between the data was
evaluated with the help of Kruskal–Wallis, Mann–Whitney, t-test and Spearman’s
coefficients (Rebrova, 2003).

3. Results
3.1. Social, economic, demographic and clinical characteristics of the subjects

According to the questionnaires, the women from Ukraine and Belarus whose specimens
were taken for investigation were workers with average earnings and similar lifestyles who
consumed the traditional national diet. They denied using alcohol, drugs or tobacco products
during their pregnancies. Compared to the Ukraine and Belarus, the income of the Polish
women was 2–3 times higher and the traditional diet was more enriched with vitamins. None
of the women had occupational exposure to xenobiotics, and all of the women, except for
those in group I (specimens from women exposed to high levels of radioactivity for 5–6
years before their pregnancy), had been living for at least three years in the indicated
territories. In 1986, the women in group I had been re-located to the Kiev district or to the
city of Kiev where they lived until delivery.

Demographic data for maternal age, clinical characteristics of pregnancy and general
developmental grading of newborns, are presented in Table 2. The median age of the women
from the whole cohort is 25 years, this being significantly higher in Kiev (groups IV, V) and
lower in the small towns (group II). The ratio between the number of previous pregnancies
and deliveries was also higher in the large urban areas (groups IV–VI). The newborn birth
weight was higher for groups I and VI, in comparison with the other groups. The difference
between the newborn lengths was not significant. Apgar’s indices reflecting the babies’
status, and using five characteristics on a ten-point scale, were highest in the “clean” area
(group VII) but lower in the groups with histories of exposures to oxidative stress evoked by
chemicals and/or radioactivity (groups I, IV and V) (Table 2).

The frequency of obstetrical pathology in the whole cohort is about 63%. The most common
of these conditions are presented in Table 3 (listed in the order of frequency) and include
anemia, threatening abortion, toxemia, nephropathy, and fetal hypoxia. None of these
conditions was observed in mothers and newborns from the unexposed “clean” area.

Obolenskaya et al. Page 4

Toxicol Lett. Author manuscript; available in PMC 2012 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2. GST and ECOD activity
The GST activity in samples from the seven groups revealed a “bimodality” (Table 4). The
lowest median GST range, 144.1–162.0 mU mg protein−1 was found in groups with high
levels of exposure, including the specimens obtained from women living in large
chemically-polluted towns (Zaporizhzhia, group VI; and, Kiev, groups IV and V), and those
exposed to the highest levels of radioactivity prior to their pregnancy (group I). The women
from groups with the lowest levels of exposure had GST levels of 258.1–395.3 mU mg
protein−1 and included women living in small towns with minimal chemical and radioactive
pollution (groups II and III), and women from the “clean” area (group VII). The differences
in median GST values between the highly-exposed and lesser-exposed groups were
statistically significant (Kruskal–Wallis test, p < 0.035, Table 4). The level of GSTP1
mRNA was analyzed only in the samples from groups I, VI, and VII (Table 5). Relative
amounts of GSTP1-specific mRNA in total placental RNA were nearly 5 times lower in the
specimens from group I but 3.5 times higher in the specimens from group VI compared to
the specimens from the “clean” area (group VII).

Treatment of cytosol with reducing agent (Table 5) dithiothreitol (DTT) resulted in no
significant changes in GST activity in group I (134.1 ± 30.9 mU mg protein−1 after
treatment vs. 125.3 ± 17.4 mU mg protein−1 before DTT treatment; t-test, n = 10, p = 0.2).
The same treatment procedure with specimens from group VI increased the GST activity
from 128.9 ± 20.8 nmoles mg protein−1 min−1 up to 152.9 ± 25.5 nmoles mg protein−1

min−1 (t-test, n = 9, p = 0.003).

The pattern for placental ECOD activity in these samples exhibited the opposite results
(Table 5). ECOD activity in the “clean” region (group VII) was 9.89 ± 1.94 pmol mg
protein−1 min−1 (n = 10), while in the specimens from groups I and VI it was higher; nearly
2.5 times higher (24.9 ± 3.5 pmol mg protein−1 min−1, n = 9) in group I and 7 times higher
(70.3 ± 13.7 pmol mg protein−1 min−1, n = 8) in group VI. In the specimens from the area
with the lower SEEAED and chemical exposure (group IV, Kiev), ECOD activities were at
an intermediate level, 39.0 ± 8.3 pmol mg protein−1 min−1 (n = 4).

3.3. PAH–DNA adduct formation
Detectable levels of PAH–DNA adducts were found in more than 50% of all placenta
samples and varied from 50% in the “clean” area to 70–75% in groups I and II, and 65% in
the chemically-polluted towns (groups IV and VI). The absolute values of PAH–DNA
adducts varied from non-detectable (see Section 2.2) to about 24 adducts per 109

nucleotides. The PAH–DNA adduct levels were significantly higher in group I, compared to
groups II and VII (Kruskal–Wallis test) (Table 4). Differences between the other groups
were not statistically significant.

3.4. TBARS levels
The level of thiobarbituric reactive substances (TBARS) was used as an indicator of lipid
peroxidation (Table 4). The highest TBARS values were detected in Group I samples. In
groups II, III, IV and VI, which had similar values, the TBARS values were about 50% of
the value obtained in groups I and VII, whereas in group V the TBARS value was
significantly lower (Kruskal–Wallis tests, p < 0.02 and p < 0.01, Table 4).

3.5. GST activity, maternal age and newborns’ health status: comparative and correlation
analysis of the data

The results reveal (Fig. 1, Tables 1–5) that GST activities in human placentas from
pregnancies that took place in industrial areas with high chemical exposures, and areas with
high radioactivity exposure, were significantly lower than the corresponding enzyme activity
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in human placentas from women living in small towns with less pollution. The highest
placental DNA adducts were found in placentas with the lowest GST activity in placental
cytosol (in the whole cohort rs = −0.27, p = 0.05 and even more prominently in groups I–V
(rs = −0.47, p = 0.0034).

Maternal age and parity did have some contribution to the GST activity; there was a
negative association of GST activity with maternal age (rs = −0.23, p = 0.011) and parity (rs
= −0.33, p = 0.0003, Fig. 1).

It seems that higher GST activity in placenta is more beneficial for the health of the newborn
(Fig. 1). This is demonstrated by the moderate positive correlation between GST activity and
Apgar’s index (rs = 0.39, p = 0.00003) and by the comparative analysis of GST activity in
those samples with and without obstetrical pathology. In the whole cohort (categorized as
present/absent pathology) placental GST activity was lower in cases of fetal hypoxia,
hypotrophy and stillbirth in anamnesis (Mann–Whitney U-test for each comparison, 0.035 ≤
p ≤ 0.05). The placental TBARS level was statistically significantly lower in the pregnancies
in which there was anemia, threatening abortion, toxemia, fetal hypoxia or nephropathy
(Mann–Whitney U-test for each type of pathology, 0.0068 ≤ p ≤ 0.0085).

A more detailed comparative analysis was undertaken with samples from groups I and VI.
Group I included women who were highly exposed to radioactivity for 5–6 years prior to
this pregnancy. These samples contained elevated TBARS and, as assessed in a different
study, radionuclides (137Cs, 1.2–1.8 Bq/kg placental weight, Zadorozhna et al., 1993). The
higher level of TBARS is a typical indicator of irradiation exposure (Vladimirov and
Archakov, 1971) and supports the endogenous irradiation detected in these placentas. The
level of GST activity in these samples was low, and similar to that found in samples from
the chemically-polluted area (group VI). Levels of PAH–DNA adducts did not differ
significantly in samples from groups I and IV, suggesting that ambient air may not be the
only source of PAH exposure.

4. Discussion
In the present study, we examined the usefulness of three potential human placental
biomarkers (ECOD and GST activities and PHA–DNA adducts) in detecting effects of
environmental chemical stress on the newborns’ general health status. Based on our data,
overall well-being of newborn seems to be associated with the GSH supply. Moreover, it
seems that there is an imbalance between inducible monooxygenase reactions and the
production of glutathione.

As reviewed by Hayes and McLellan (1999), glutathione associated metabolism is a major
contribution to cellular defense against reactive oxygen species (ROS), since it can
inactivate products of oxidant damage to DNA and lipids and monooxygenized xenobiotics.
Placental GST detoxifies the noxious compounds crossing the placenta in both directions.
Our data demonstrate that the products of incomplete combustion of organic substances (e.g.
PAH) in conjunction with the down-regulated placental GST activity promote accumulation
of PAH–DNA adducts with a subsequent risk of fetal exposure.

To further elucidate the role of glutathione and redox status on placental GST activity, we
have correlated the data presented here to other biochemical end points obtained from the
same samples (Obolenskaya et al., 1997). Our data points to inter-relationships between
glutathione reductase activity (GSSR, EC 1.8.1.7), reduced low molecular weight thiols
(rLMWT), and TBARS activity, and shows a clear association with GST activity. Therefore,
GST activity may well be a common denominator in the regulation of glutathione levels and
redox status.
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The association of other biochemical indices, PAH–DNA adducts and TBARS levels, is less
clear. The high TBARS values correlated with the highest exposure to radioactivity (group
I), and the lowest TBARS value was found in the group with low radioactivity- and
chemically-exposed samples (group V). The lowest level of PAH–DNA adducts was
observed in placentas from non-complicated pregnancies in the “clean” area (group VII),
while higher DNA adduct levels and maximal TBARS content were seen in placentas from
pregnancies with high radioactive exposure. We do not have any clear explanation for this
result but one possibility could be the malnutrition-related low content of Fe2+ ions causing
anemia and poor oxygen consumption resulting in hypoxia which may depress the
peroxidation processes (Vladimirov and Archakov, 1971). Anemia was also recorded in
group V.

An important comparison concerns two groups of samples (I and VI), which are similar in
terms of GST activity but different in several other characteristics: the type of predominant
exposure, presence/absence of radionuclides in placental tissue, the level of lipid
peroxidation, ECOD activity, GSTP1 expression and sensitivity to reducing agents. On the
basis of the above-mentioned biomarker pattern differences, we propose that different
mechanisms may be responsible for the down-regulation of GST activity in each of these
exposure situations. The pronounced shift in redox balance (group I) may affect various
processes potentially responsible for GSTP1 activity down-regulation. For example, the aryl
hydrocarbon receptor (AhR) that binds to the xenobiotic responsive element in the CYP1A1
promoter is extremely sensitive to the redox potential, and when oxidized, its inducing
activity becomes impaired (Masten and Shiverick, 1996). This in turn may lead to a less
intensive induction of the CYP1A1 gene, and consequently GSTP1, by metabolites of Phase
I detoxification. This would provide a partial explanation for the decrease in the relative
amount of GSTP1-specific mRNA. Our previous data demonstrate that hypermethylation of
the CpG-rich GSTP1 gene promoter, a typical “silencer” of this gene, is not responsible for
GST expression/activity down-regulation in any of the investigated samples (Slonchak et al.,
2007)). Changes in the expression of other transcription factors regulating GSTP1
transcription may contribute to this down-regulation. As we reported previously, the lower
content of rLMWT in the specimens from group I (Obolenskaya et al., 1997) may be an
additional factor that decrease the GSTP1 enzymatic activity due to the presence of SH-
groups (Cys47) which are extremely sensitive to oxidation (Ricci et al., 1991).

In the chemically-polluted area (group VI), the scenario of GST down-regulation and the
accumulation of PAH–DNA adducts may be traced to a different mechanism. The
significant increase of CYP1A1 and related ECOD activity, a typical marker induced by
PAH, may evoke to an increase in the oxidized end products of the monooxygenases,
potential activators of GSTP1 transcription. This putative sequence of events could account
for the increase in the relative amount of GSTP1-specific mRNA in representative samples
of group VI and the discrepancy between GSTP1 protein detected by Western-blot analysis
and GST enzymatic activity (unpublished data). The significant restoration of GST activity
after DTT treatment indicates that enzymatic activity in these samples had been partly
inhibited. Thus the imbalance between CYP1A1 and GSTP1 enzymatic activities detected in
placentas from the area with high PAH pollution in the ambient air resembles that described
in the placentas from smoking and drug-abusing mothers (Pasanen and Pelkonen, 1990;
Paakki et al., 2000; Huuskonen et al., 2008); maternal cigarette smoking does not enhance
the expression of GSTP1 gene (Huuskonen et al., 2008). Elevated ROS production and
ECOD activity seem to act in both groups of samples mainly at different levels of the
general adaptive antioxidant response pathway, favoring down-regulation of GST activity
and genotoxic damage in human placenta. The data suggest that the determination of
placental ECOD activity could also serve as a biomarker of oxidative stress, with higher
levels indicating greater radioactive and/or chemical exposure during the pregnancy.
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The presence of PAH–DNA adducts in human placenta is a surrogate marker of fetal
exposure to carcinogenic substances. Several lines of evidence point to fetal susceptibility to
carcinogens, and in utero exposure to carcinogens can manifest itself as an increased risk of
childhood cancer (Alexander et al., 2001). An analysis undertaken in New York City has
revealed a significant association between individual prenatal exposure to the airborne
carcinogen B(a)P {0.44 (0.02–6.44) ng/m3 B(a)P in the air} and the frequencies of stable
chromosomal aberrations in cord blood (Bocskay et al., 2005). In another study, maternal
exposure to ambient air pollution, especially black smoke and sulphur dioxide, was observed
to be a risk for anomalies (Rankin et al., 2008). However in these studies the authors did not
carry out any biochemical assays with fetoplacental tissues. In our study, the level of
airborne PAH, though not measured for each individual, was higher (for details see Table 1)
and the association between placental detoxification activity, genotoxic damage and the
health status of the newborns was demonstrated. Further investigations will be needed to
confirm whether placental PAH–DNA adducts could be used as prognostic biomarkers for
later development and well-being of newborns.

In conclusion, this study reveals a complex inter-relationship between GST activity,
glutathione redox status and genotoxic damage in human term placenta. Under oxidative
stress, the expression of xenobiotic-metabolizing human placental monooxygenases is
enhanced as demonstrated by an increase in ECOD activity. However, GSH status does not
follow the same pattern and this can potentially result in an imbalance in reactive
intermediates generated by phase I monooxygenases but these intermediates cannot be
broken down by detoxificating phase II reactions (e.g. GST). This is the first study to
demonstrate that an imbalance in detoxification capacity can be measured as increased
production of PAH–DNA adducts, changes in lipid peroxidation status and as compromised
fetal health. This area merits further investigations, especially since there is a clear need to
define which intracellular factors can affect the expression and catalytic activity of
glutathione S-transferase as a major component of cellular protection against oxidative stress
and environmental carcinogens.
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Fig. 1.
The inter-relation of maternal age, newborn health and placental PAH–DNA adducts with
placental cytosolic GST activity and other indices of glutathione and redox status measured
in human placenta. The solid lines show statistically significant correlations between
biomarkers and clinical indices of fetal integrity and maternal age. The dashed line shows a
non-significant relationship between GST and LMWthiols. The numerals nearby each line
denote the Spearman’s coefficients with their levels of statistical significance.
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