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Abstract
Polychlorinated biphenyls (PCBs) are environmental chemical contaminants believed to adversely
affect cellular processes. We investigated the hypothesis that PCB-induced changes in the levels of
cellular reactive oxygen species (ROS) induce DNA damage resulting in cytotoxicity. Exponentially
growing cultures of human non-malignant breast epithelial cells (MCF10A) were incubated with
PCBs for 3 days and assayed for cell number, ROS levels, DNA damage, and cytotoxicity. Exposure
to 2,2',4,4',5,5'-hexachlorobiphenyl (PCB153) or 2-(4-chlorophenyl)benzo-1,4-quinone (4-Cl-BQ),
a metabolite of 4-chlorobiphenyl (PCB3) significantly decreased cell number, MTS reduction, and
increased the percentage of cells with sub G1 DNA content. Results from electron paramagnetic
resonance (EPR) spectroscopy showed a 4-fold increase in the steady-state levels of ROS, which
was suppressed in cells pre-treated with catalase. EPR measurements in cells treated with 4-Cl-BQ
detected the presence of a semiquinone radical, suggesting that the increased levels of ROS could
be due to the redox-cycling of 4-Cl-BQ. A dose-dependent increase in micronuclei frequency was
observed in PCB-treated cells, consistent with an increase in histone 2AX-phosphorylation.
Treatment of cells with catalase blunted the PCB-induced increase in micronuclei frequency and
H2AX phosphorylation that was consistent with an increase in cell survival. Our results demonstrate
a PCB-induced increase in cellular levels of ROS causing DNA damage, resulting in cell killing.
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INTRODUCTION
Polychlorinated biphenyls (PCBs) are environmental pollutants that are known to elicit a broad
spectrum of adverse effects both in animals and humans. PCBs were widely used as coolants
and lubricants in transformers and as a dielectric in capacitors [1]. The production of PCBs
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was discontinued in the USA in 1977. Their continued use in closed system, high thermal
stability and persistent bioaccumulation raised concerns about their safety [1,2]. The
commercial production of PCBs gave rise to complex mixtures, including many individual
isomers and congeners. The biological effects of individual PCBs are determined by the number
and position of chlorines in the biphenyl rings, which also determines their chemical and
physical properties.

Epidemiological studies indicate increased mortality of capacitor and electric utility workers
from various cancers [3–7]. Besides, recent evidences suggest that exposure to PCBs might be
casually linked to an increased incidence of breast and prostate cancer [8–11]. Previous studies
reported the presence of different PCBs in human breast milk [12,13]. 2,2',4,4',5,5'-
hexachlorobiphenyl (PCB153) is a non-metabolizable PCB commonly found in breast milk
suggesting that chronic exposure to PCB153 could adversely affect cellular processes.
Consistent with this hypothesis, PCB153 exposure has been shown to cause cell death in rat
cerebellar granule cells [14]. 2-(4-chlorophenyl)benzo-1,4-quinone (4-Cl-BQ) is a metabolite
of 4-chlorobiphenyl (PCB3) [15]. 4-Cl-BQ is believed to undergo redox-cycling resulting in
the generation of reactive oxygen species (ROS). Several PCBs are believed to mediate their
cellular effects by altering cell proliferation and cell death. PCB104, PCB3, and PCB5 have
shown to increase cell proliferation in endothelial and MCF-7 cells by different mechanisms
[16,17], while PCB153 and PCB77 were shown to be cytotoxic in rat cerebellar granule cells
[14]. The mechanisms regulating PCB-induced perturbations in cellular proliferation and cell
death are not completely understood. We hypothesize that PCB-induced changes in the steady
state level of ROS regulate cell proliferation and cell death.

The steady state level of ROS is a balance between production of ROS and their removal by
antioxidants. ROS (e.g. superoxide, hydrogen peroxide) are produced intracellularly by two
metabolic sources: the mitochondrial electron transport chain and enzymatic reactions. ROS
are well known to damage cellular macromolecules including DNA. Increased peroxide levels
have been observed with exposure to PCB77 or PCB126 in marine invertebrates [18].
Exposures to PCBs and dioxin-like PCBs are reported to result in oxidative stress in wild life
animals [19]. Human breast cancer (T47D and MDA-MB-231) and promyelocytic (HL-60)
cells exposed to PCB153, PCB126, or PCB-hydroquinones caused DNA damage [20,21].
PCB153 has been shown to form DNA-adducts [22], and because DNA adducts are known to
cause DNA damage and mutations, it is hypothesized that PCB-induced DNA damage could
result in toxicity.

DNA damage can be assessed by measuring the frequency of micronuclei formation and
phosphorylation of histone 2AX. Micronuclei arise from acentric chromosome fragments or a
whole chromosome that lags behind during cell division. Several studies have reported that
ionizing radiation-induced DNA damage correlates with an increase in the frequency of
micronuclei [23–25]. H2AX, a minor variant of histone 2A, is phosphorylated via ataxia
telangiectasia mutant (ATM) in response to radiation [26]. Because H2AX-phosphorylation
(Ser139) is one of the earliest events in radiation-induced DNA damage, γH2AX
(phosphorylated H2AX) is considered a predictive marker for DNA damage and cellular
responses to oxidative stress [27].

In this study, we investigated the hypothesis that PCB-induced changes in ROS levels result
in DNA damage and cytotoxicity in human nonmalignant breast epithelial cells. MCF10A non-
malignant human breast epithelial cells exposed to 4-Cl-BQ and PCB153 showed increased
ROS levels, which were associated with increases in micronuclei frequency and γH2AX
protein levels indicative of DNA damage. The PCB-induced increase in DNA damage
enhanced cytotoxicity. These effects were suppressed in cells pre-treated with catalase
supporting the hypothesis that ROS regulate biological responses to PCB exposures.

Venkatesha et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS & METHODS
Cell culture and reagents

MCF10A, non-malignant human mammary epithelial cells, was purchased from American
Tissue Culture Collection (ATCC). MCF10A cells are spontaneously immortalized diploid
cells that possess the characteristics of normal breast epithelium. Cells were cultured in
mammary epithelial cell growth medium (MEGM) supplemented with growth factors and
antibiotics (Cell Applications Inc.). Monolayer cultures were grown at 37°C in a humidified
incubator with 5% CO2 and 95% air. Cytochalasin-B, Acridine Orange, Hoechst 33352
(bisbenzamide), catalase, and polyethylene glycol-conjugated (PEG) catalase were from Sigma
Chemical Co. 3-(4, 5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) was from Promega. 5, 5-Dimethyl-1-pyrroline N-oxide
(DMPO) was from Dojindo Laboratories.

2-(4-Chlorophenyl)benzo-1, 4-quinone (4-Cl-BQ) and 2,2',4,4',5,5'-hexachlorobiphenyl
(PCB153) were synthesized and characterized as described previously [28,29]. The purity of
the PCBs was determined by gas chromatography and found to be >98%. PCB stock solutions
were prepared using dimethyl sulfoxide; the final concentration of DMSO in culture medium
was kept below 0.5%. Control cultures were adjusted to the same concentrations of DMSO as
the PCB-treated cells.

Asynchronously growing exponential cultures of MCF10A were treated with 1–5 µM PCBs
for 3 days. PCB dose selection was based on a recent study where it was reported that the blood
levels of PCBs in individuals living in Anniston, Alabama varied from 0 – 6.5 µM [30].

Cell growth assays
Cell growth was measured following trypsinization by counting cells in a Z1 Coulter Counter
(Beckman Coulter) and the MTS assay. For the MTS assay, monolayer cultures in 96-well
dishes were rinsed with sterile PBS followed by the addition of 100 µL media containing MTS
(0.765 nM) and phenazine methosulfate (25 µM) [31]. The plate was incubated in CO2
incubator at 37°C for 2 hours; the amount of formazan bioreduction was measured at 485 nm
in a multi-plate reader.

Cell survival assays
Monolayer cultures were trypsinized and re-plated at limited dilutions. Cells were cultured for
14 days and stained with 1% crystal violet in 1% methanol. Surviving colonies, each containing
50 or more cells, were scored. Plating efficiency was used to calculate surviving fraction, and
results were normalized relative to untreated control.

In a separate series of experiments, flow cytometry was used to measure cell viability following
our previously published protocol [32,33]. Monolayer cultures were trypsinized, and cell
suspensions incubated with 1 µg propidium iodide (PI) mL−1 PBS. PI-fluorescence was
measured by flow cytometry (BD FACScan) with Argon Ion Laser, 488 nm excitation and 585
nm band pass filter. Data were collected from 10,000 cells in list mode; the percentages of PI-
positive (representative of non-viable cells) and PI-negative (representative of viable cells)
were calculated using the WinMDI software.

PI staining of ethanol-fixed cells followed by flow cytometry assay of DNA content was used
to measure percentage of cells with sub G1 DNA content following our previously published
protocol [32,33].
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DNA damage assays
Micronucleus assay and phosphorylation levels of histone 2AX were used to measure DNA
damage. The micronucleus assay used in this study was a modified protocol [23] of the original
method of Fenech and Morley [34]. Briefly, control and PCB-treated monolayer cultures were
incubated with fresh medium containing cytochalasin-B (4 µg mL−1) and continued in PCB-
free culture medium for 2 days. Cells were harvested by trypsinization; cell pellets fixed in
Carnoy-fixative solution (methanol: acetic acid, 3:1). Fixed cells were spread onto pre-cleaned
coded slides and stained with 0.0125% acridine orange in Sorensen’s buffer (pH 6.8). Stained
cells were visualized under a fluorescent microscope with excitation wavelength set at 453 nm
and a 450–490 nm band pass filter (Olympus BX-51). A minimum of four hundred bi-nucleated
cells with well-preserved cytoplasm were scored for each treatment. The frequency of
micronucleated bi-nucleate cells (MNBNC) was calculated following the scoring criteria
guidelines [35].

Phosphorylated H2AX protein levels were detected in control and PCB-treated cells grown in
four-chamber slides (Lab-Tek). Monolayer cultures were fixed in 4% para-formaldehyde for
15 min at room temperature, washed and blocked in blocking solution containing Dulbecco’s
phosphate-buffered saline (DPBS) and goat serum (5%). Cells were stained with Texas-red
phalloidin (1:1000) for 1 hour at room temperature. The monolayers were then washed with
DPBS containing 0.2% Triton-X, re-blocked, incubated with 1:500 anti-phosphorylated
histone H2AX (Ser139) antibody (Upstate Biotech) for 1 hour at 37°C followed by incubation
with goat anti-mouse IgG conjugated with Alexa Fluor 488 secondary antibody (1:800). Cells
were stained with HOECHST (1:500) for 20 min, and slides were cover-slipped under aqueous
mounting agent (Lerner Laboratories). Fluorescent signals from 3 different channels were
visualized using appropriate filters in an inverted fluorescent microscope (Leica DMIRE2).

Immunoblotting assay
Monolayer cells in exponential growth were harvested with trypsinization and protein extracts
were prepared by sonication. Equal amounts of protein were separated on 12.5% sodium
dodecylsulfate-polyacrylamide gel electrophoresis and electro-transferred by semidry blotting
onto a nitrocellulose membrane. Membranes were incubated with antibodies to phosphorylated
histone 2AX (Upstate Biotech) and actin. Immunoreactive bands were visualized by an
enhanced chemiluminescence kit (GE Healthcare). Results were quantitated using
AlphaImager 2000 software (Alpha Innotech) and calculated relative to actin levels in
individual samples. Fold-change was calculated relative to untreated control.

Electron Paramagnetic Resonance (EPR) spectroscopy
EPR spectroscopy with DMPO as the spin trap was used to measure the production of free
radicals in control and PCB-treated cells. Exponentially growing asynchronous cultures of
MCF10A (control and cells treated with PCB for 3 days) were rinsed with PBS and covered
with 500 µL of chelated (iminodiacetic acid, sodium form, Sigma) [36] PBS containing DMPO
(100 mM). Cells were then incubated at 37°C for 15 min, scraped, and transferred to a flat cell
for EPR measurement. Cells were incubated with CuZnSOD (1000 U mL−1) or catalase (300
U mL−1) prior to the EPR measurement to determine if changes in EPR-signals were due to
PCB-induced alterations in superoxide versus hydrogen peroxide. EPR peak heights were
determined and normalized to 1 × 106 cells [32,37]. Sample volumes for all EPR experiments
were 500 µL. EPR measurements were made using a Bruker EMX 300 spectrometer (TM
cavity with flat cell) with a magnetic field modulation frequency of 100 kHz and nominal
microwave power of 40 mW. Spectra were collected with modulation amplitude of 1.0 G, scan
rate 80 G/81 s, receiver gain 104 – 106, and an average of 20 scans. Spectral analyses were
done by simulation of experimental spectra using the NIEHS simulation program [37].
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To determine if PCB-associated semiquinone radicals are formed in cells, we did direct EPR
measurements of cell suspensions. Cells were treated with 4-Cl-BQ (30 µM) for 12 hours. Then
the cell monolayer was washed, scraped-harvested and suspended in chelated PBS at pH 7.4
or PBS pH = 10 (by addition of NaOH). These samples were then analyzed for semiquinone
radical formation.

Measurement of extracellular hydrogen peroxide
The measurement of extracellular hydrogen peroxide was performed following a previously
published protocol [38]. This method is based on hydrogen peroxide reacting with horseradish
peroxidase (HRP) to form compound I, followed by a subsequent reaction where compound I
reacts with p-hydroxyphenyl acetic acid (pHPA) forming a stable fluorescent dimer,
[pHPA]2. MCF10A cells were treated with 3 µM of PCB for 3 days; cells were washed with
phenol red–free Hanks' buffered saline solution (HBSS) and incubated with 1.0 mL HBSS
supplemented with glucose (6.5 mM), HEPES (1 mM), sodium bicarbonate (6 mM), pHPA
(1.6 mM), and HRP (95 µg mL−1) at 37°C for 1 hour. The amount of H2O2 released into the
buffer was measured spectrofluorometrically at 20 min intervals for 60 min using excitation
and emission wavelengths of 323 and 400 nm, respectively. The fluorescent intensity of each
sample was corrected for any changes in pH. The absorbance of hydrogen peroxide at 240 nm
was used to prepare standards.

Statistics
Statistical significance was determined by one-way ANOVA and Student t-tests. Results are
presented as mean ± standard error of mean. Homogeneity of variance was assumed with 95%
confidence interval level. Results from at least n ≥ 3 with P < 0.05 are considered significant.

RESULTS
PCB exposures perturb cellular proliferation

To determine if exposure to PCBs perturb proliferation in nonmalignant human breast epithelial
cells, exponentially growing asynchronous cultures of MCF10A were exposed to 0 – 5 µM
PCBs for 3 days and analyzed for cell growth and viability. After a 3-day treatment with 3 µM
4-Cl-BQ the number of cells decreased approximately 40%; treatment with PCB 153 (3 or 5
µM) decreased the cell number by approximately 70% (Figure 1A). The decrease in cell
numbers in PCB153 treated cells correlated with the decrease in MTS reduction (Figure 1B).

PCB-induced perturbation in cellular proliferation was also evident from results presented in
Figure 1C&D. Monolayer cultures of control and PCB-treated cells from replicate dishes were
stained with PI and fluorescence measured by flow cytometry. The percentage of PI-positive
(non-viable) cells after treatment with 5 µM PCB153 was approximately 30% compared to
untreated cells. Cells treated with 3 µM 4-Cl-BQ showed approximately 10% non-viable cells
(Figure 1C). Toxicity induced by PCB153 was also evident from an increase in the percentage
of cells with sub G1 DNA content. Treatment with 3 µM PCB153 resulted in approximately
10% of the cells with sub G1 DNA content, while 5 µM had approximately 25% (Figure 1D).

PCB exposures perturb cellular steady-state levels of ROS
To determine if PCB-induced perturbations in cellular proliferation are associated with changes
in the steady-state levels of cellular ROS, EPR spin-trapping was performed. Cells (untreated
or treated with PCB, 3 days) were incubated with DMPO and EPR spectra recorded, Figure
2A and B. The EPR spectra show a typical 1:2:2:1 DMPO-OH quartet (closed circles, Figure
2A-i) accompanied by additional spectral lines. Computer simulation indicated that these
additional spectral lines are consistent with the presence of a carbon-centered radical adduct
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of DMPO (Figure 2A-iii), and a small contribution from a simple nitroxide radical (Figure 2A-
iv). The hyperfine splitting constants of the carbon-centered radical adduct of DMPO are
consistent with the methyl adduct [39]. This is most likely due to the reaction of hydroxyl
radical with DMSO (solvent used to dissolve PCBs).

The EPR spectrum of the 1:2:2:1 DMPO-OH quartet (Figure 2A-ii) can originate from: (1) the
covalent addition of superoxide; or (2) hydroxyl radical generated via the Fenton reaction. To
distinguish whether the DMPO-OH quartet signal could be due directly to superoxide or to
H2O2, PCB-treated MCF10A cells were incubated with either CuZnSOD or catalase 30 min
prior to the addition of DMPO. Addition of SOD did not significantly alter EPR peak heights
in 4-Cl-BQ-treated cells suggesting that the DMPO-OH signal is not directly due to superoxide
radical (data not shown). However, treatment with catalase suppressed 4-Cl-BQ-induced
increase in EPR peak heights (Figure 2B-iii and 2C) suggesting that hydroxyl radical generated
from the reaction of metals with hydrogen peroxide could be the specific ROS reacting with
DMPO. Results (Figure 2C) show that 3 µM of 4-Cl-BQ or PCB153 increased the steady-state
levels of cellular ROS approximately 2- to 3-fold, compared to DMSO-treated controls (P <
0.05). Catalase pre-treatment suppressed the 4-Cl-BQ-induced increase in EPR peak heights,
suggesting that exposure to PCBs increases cellular hydrogen peroxide levels.

To determine if cells exposed to PCBs have increased rates of production of H2O2, we
examined the level of extracellular H2O2, Figure 3A. PCB-treated cells were incubated with
HBSS buffer containing HRP and pHPA, and the amount of H2O2 released was measured
spectrofluorometrically. Both 4-Cl-BQ and PCB153 treatments showed a significant increase
in extracellular levels of H2O2 compared to controls. This increase was suppressed in cells pre-
treated with catalase (Figure 3A).

There is considerable evidence that semiquinone radicals can be a primary source for formation
of H2O2 from the hydroquinone/quinone redox system [40–42]. To determine whether
semiquinone radical is formed in cells as a result of exposure to oxygenated PCBs, direct EPR
measurements of semiquinone radical were performed. When cells were suspended in pH 7.4
buffer (1.5 × 106 cells mL−1) and examined by EPR for semiquinone radical, cells exposed to
4-Cl-BQ showed a weak singlet at g = 2.005, Figure 3B-ii; whereas cells not exposed to 4-Cl-
BQ had no such signal (Figure 3B-i). Because higher pH increases the rate of autoxidation of
hydroquinones (and quinones) and stabilizes semiquinone radicals [40], we repeated the
measurement after adjusting the pH of the cell suspension to 10. Indeed, the intensity of the
EPR spectrum of this species increased considerably, Figure 3B-iv; again, no such signal was
observed in cells not exposed to 4-Cl-BQ (Figure 3B-iii). These spectra are consistent with an
immobilized semiquinone radical as observed by Guo et al. [43]. These observations indicate
that semiquinone radicals are indeed formed in cells; this species could be the source of the
apparent higher flux of H2O2 observed.

PCB-induced an increase in levels of cellular ROS resulting in DNA damage
The micronucleus assay was performed to determine if PCB-induced increases in the steady-
state levels in cellular ROS would lead to DNA damage. Exponentially growing asynchronous
cultures were treated with different concentrations of PCBs for 3 days. The medium was
removed at the end of the PCB treatments and fresh medium containing cytochalasin B was
added. Cells were cultured for additional 2 days and harvested for the micronucleus assay.
Cells irradiated with 3 Gy were used as a positive control for the assay. Representative
microscopic pictures of micronuclei and nucleoplasmic bridge are shown in Figure 4A.
Quantitation of data is presented in Figure 4B&C and Table I and Table II. The percentage of
cells bearing one micronucleus per cell was minimal (~3%) in DMSO-treated control cells
(Figure 4B and C, Table I and Table II). However, PCB exposures resulted in a dose-dependent
increase in percentage of cells with one, two or multiple micronuclei (Table I). The frequency
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of MNBNC increased 4-fold in 0.5 µM and 7-fold in 3 µM 4-Cl-BQ treated cells. PCB153
treated cells also showed a dose-dependent increase in MNBNC frequency. The frequency of
MNBNC in 5 µM PCB153-treated cells was similar to 3 µM 4-Cl-BQ-treated cells. Overall,
the frequency of single micronuclei per cell was more common compared to two and multiple
micronuclei per cell (Table I and II). 4-Cl-BQ and PCB153 treated cells showed nucleoplasmic
bridge.

To further determine if the PCB-induced increase in cellular ROS levels caused DNA damage,
cells were treated with PEG-catalase prior to and during the PCB treatments. Control and PCB-
treated cells in the presence or absence of catalase were harvested for the micronuclei assay
(Figure 4C and Table II). The frequency of micronuclei in cells exposed to 1 µM 4-Cl-BQ was
16%, which decreased to 10% in cells treated with PEG-catalase. The frequency of micronuclei
in cells exposed to 3 µM PCB153 was approximately 12%, which decreased to approximately
8% in cells pre-treated with PEG-catalase (Figure 4C and Table II).

The PCB-induced increase in the steady-state levels of cellular ROS and subsequent DNA
damage was further evident from the results presented in Figure 5. Exponentially growing
cultures were exposed to PCBs (3 µM) for 3 days and processed for the microscopy assay for
phosphorylated H2AX (γH2AX). Monolayer cultures were immunostained for γH2AX (Figure
5A, middle panel) and counterstained for DNA and cytoskeleton (Figure 5A, left panel). The
overlay of the pictures of the nucleus, cytoskeleton, and γH2AX are shown in Figure 5A (right
panel). The frequency of γH2AX foci was low in DMSO-treated control cells and high in PCB
treated cells. Treatment with 4-Cl-BQ resulted in numerous γH2AX foci (diffused and
punctuate staining) compared to PCB153 (fewer foci). It is interesting to note that treatment
with PCB153 caused morphological changes compared to control and 4-Cl-BQ treated cells.

Consistent with the results obtained from the microscopy assay, PCB treatment elevated
γH2AX levels (Figure 5B, compare lane 1 with lanes 2 and 3). γH2AX protein levels in cells
exposed to 1 µM 4-Cl-BQ were comparable to 3 µM PCB153, suggesting that 4-Cl-BQ could
be more cytotoxic. Treatment of cells with PEG-catalase prior to and during the PCB-exposures
significantly suppressed the PCB-induced increase in γH2AX protein levels (Figure 5B, lanes
4 and 5). These results are consistent with the results presented in Figure 4 and Table I and
Table II, supporting the hypothesis that the PCB-induced increase in cellular ROS levels caused
DNA damage.

PCB-induced increase in cellular ROS levels is cytotoxic
To determine if the PCB-induced increase in cellular ROS levels and subsequent DNA damage
resulted in cytotoxicity, cell numbers and survival were measured. Exponentially growing
asynchronous cultures of MCF10A were treated with 1 µM 4-Cl-BQ or 3 µM PCB153 for 3
days. At the end of the 3-day treatment monolayer cultures were washed and continued in
culture in fresh medium without PCBs. Monolayer cultures were trypsinized at the end of 7
days, and cell proliferation measured by counting cell numbers. A 75% decrease in cell number
was observed in cells exposed to 4-Cl-BQ, while exposure to PCB153 exhibited a decrease of
approximately 25% in cell growth (Figure 6A). This PCB-induced decrease in cell number was
partially abrogated in cells treated with PEG-catalase prior to or during the exposure to PCBs.

Cells from replicate dishes were trypsinized and re-plated at limiting dilution for clonogenic
cell survival assay. Cells were fixed and stained at the end of the 14-day incubation, and
surviving colonies with at least 50 cells per colony were counted. Normalized survival fraction
(NSF) was calculated relative to control. NSF decreased approximately 50% in cells exposed
to 1 µM 4-Cl-BQ, compared to 30% decrease in cells treated with 3 µM of PCB153 (Figure
6B). PEG-catalase suppressed PCB153-induced cytotoxicity while the same pre-treatment did
not alter 4-Cl-BQ-induced cytotoxicity.
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DISCUSSION
PCBs are environmental pollutants known to cause numerous biological effects. Although
mechanisms regulating these adverse biological effects are not completely understood, our
results show exposure to PCBs increased levels of H2O2 in MCF10A non-malignant human
breast epithelial cells. The PCB-induced perturbations in the levels of cellular ROS resulted in
DNA damage and cytotoxicity. The selection of PCB153 in this study was based on its high
stability and higher levels in human milk of PCB-exposed individuals [12]. While the
mechanisms regulating PCB153-induced toxicity is not completely understood, there is some
evidence that PCB153 is an agonist to the constitutive androstane receptor (CAR) [44]. 4-Cl-
BQ has a quinone “like” structure and was therefore thought to undergo redox-cycling leading
to increased ROS levels.

The concentrations of PCBs used in this study were within the range found in people exposed
to PCBs. In general, serum levels of PCBs in Americans average about 10 ppb (≈ 30 nM);
whereas occupationally exposed individuals may have PCB blood levels in the hundreds of
ppb [45]. PCB blood levels in individuals living in Anniston, Alabama vary widely (0.003 –
6.5 µM) [reviewed in 29]. PCB levels in adipose tissue are much higher than those in blood,
with levels in low ppm range [46]. Once ingested and absorbed, PCBs may remain in the body
for extended time periods. Since physiologically relevant PCB levels can be in the micromolar
range we chose to test the effect of 0.5 – 5 µM PCBs in nonmalignant human breast epithelial
cells, MCF10A.

Our results show that exposure to PCBs perturb cellular proliferation in MCF10A cells. PCB-
induced perturbations in cellular proliferation were associated with changes in cellular ROS
levels, suggesting that ROS-signaling could regulate cellular responses to PCB exposures.
Recent evidence, including our research, suggests ROS-signaling could influence multiple
cellular processes regulating cell proliferation, differentiation, and cell death [33,47–53]. These
observations are consistent with: (a) our earlier observations of cell cycle phase-specific
changes in cellular ROS levels; (b) the necessity of a pro-oxidant event prior to S-entry; (c)
the protection of cellular proliferative capacity by MnSOD; and (d) differing intracellular redox
environments during the cell cycle of normal versus cancer cells [32,48,49,52,53]. Results from
these reports suggest that fluctuations in the intracellular cellular redox environment could
function to regulate numerous cellular processes.

The cellular redox environment is influenced by the flux of ROS and their removal by
antioxidants. ROS (superoxide, hydrogen peroxide) are primarily produced intracellularly by
two metabolic sources: the mitochondrial electron transport chain and oxidase enzymes.
Numerous external agents (e.g. radiation and oxidative stress causing chemicals) are also
known to alter cellular steady-state levels of ROS. Although ROS levels are tightly regulated
by antioxidants, an imbalance will result in increased oxidative stress that could be detrimental
to cells. Our results show that while exposure to 4-Cl-BQ and PCB153 increased extracellular
hydrogen peroxide levels, treatment with catalase blunted this effect. This is in line with the
mechanistic observations of Song et al. demonstrating that oxygenated PCBs, such as 4-Cl-
BQ, can lead to the production of H2O2 [40]. Our results indicate H2O2 as the specific ROS
that could cause damage to cellular macromolecules (Figure 3A).

A key observation of this study is that catalase blunted the 4-Cl-BQ-induced increase in
DMPO-OH levels while the same treatment did not significantly affect the PCB153-induced
increase in DMPO-OH levels (Figure 2C). These results suggest that different PCB congeners
could have different mechanisms for inducing oxidative stress. 4-Cl-BQ could undergo redox-
cycling resulting in increased production of O2

•− and H2O2. An increased flux of O2
•− would

result in an increased flux of H2O2. Hydrogen peroxide in the presence of redox active metals
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would undergo Fenton chemistry, yielding highly damaging hydroxyl radicals. Consistent with
this hypothesis EPR measurements in 4-Cl-BQ-treated cells detected a semiquinone radical
(Figure 3B). This radical can be the source of H2O2.

PCB153 is known to be a CAR-agonist that induces CYP-2B [44]. However, it is currently
unknown if a direct or indirect interaction of PCB153 with receptors could result in ROS
production. The biological effects of PCB153 could also be due to its ability to form DNA
adducts [22]. Furthermore, the differences in the biological effects of PCBs could also depend
on their structure, aromaticity, halogenation and presence of other substitutions on the biphenyl
ring.

Our results showed that the PCB-induced increase in cellular ROS levels was associated with
a dose-dependent increase in micronuclei formation (Figure 4). Although exposure to both
PCBs exhibited increased frequency of micronuclei, individual variations did occur. For
example, 4-Cl-BQ-induced micronuclei formation occurred at a much lower dose than
PCB153-treated cells. In general, both PCBs generated a higher percentage of MNBNC with
one micronucleus compared to two and multiple micronuclei (Table I and Table II). The
frequency of multiple micronucleus and nucleoplasmic bridge was higher in PCB153 and 4-
Cl-BQ treated cells compared to control. PCB-induced DNA damage was also evident from
microscopic and immunoblotting results of γH2AX protein levels (Figure 5). Because elevated
γH2AX protein levels are indicative of DNA double strand breaks, our results indicate that
exposure to PCB could result in DNA double-strand breaks.

MCF10A cells treated with PCB153 (1 – 5 µM) resulted in a significant decrease in cell number
and an increase in percent non-viable cells at the end of 3-day exposures (Figure 1). Exposure
to 4-Cl-BQ (0.5 or 1 µM) did not show any immediate effects on cell number and viability at
the end of 3 days. However, 4-Cl-BQ (3 µM) did show an approximately 30% decrease in cell
number, but no significant change in the MTS assay. These results suggest 4-Cl-BQ-induced
cellular effects might not manifest early while exposure to PCB153 could have immediate
cellular effects. Both PCBs reduced the clonogenic properties of cells; 4-Cl-BQ exhibited the
most toxic effects. Interestingly, treatment with PEG-catalase prior to and during the PCB
exposures suppressed PCB153-induced cytotoxicity while a similar treatment did not
significantly alter 4-Cl-BQ-induced cytotoxicity. These results show 4-Cl-BQ to be more toxic
than PCB153.

In summary, our results show that exposure to 4-Cl-BQ or PCB153 levels representative of
highly exposed individuals elevates ROS levels in MCF10A human nonmalignant breast
epithelial cells, leading to DNA damage and cytotoxicity. These results support our hypothesis
that cellular ROS can be a significant factor in PCB-induced cytotoxicity. The application of
antioxidants could be a viable redox-based countermeasure for PCB-exposed individuals.
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Figure 1. PCB-exposure perturbs cell proliferation
Asynchronously growing exponential cultures of human non-malignant breast epithelial
MCF10A cells were exposed to 0–3 µM PCB for 3 days.
(A) Cell number determined for monolayer cultures after trypsinization at the end of 3 days;
(B) Viable cell population was determined via the cellular bioreduction of the MTS reagent;
(C) PI-positive (non-viable) and negative (viable) cells were distinguished by flow cytometry.
The percentage of PI-positive cells calculated using CellQuest Pro software.
(D) The percentage of cells with sub G1 DNA content was calculated using ModFit
deconvulation software. Cells from replicate dishes were fixed in ethanol and DNA content
analyzed by flow cytometry.
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(* P < 0.05 compared to control)
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Figure 2. EPR spectroscopy of PCB-induced changes in cellular free radical production
Exponential cultures of MCF10A cells were treated with 3 µM PCB for 3 days followed by
incubation with 100 mM DMPO in the presence or absence of 300 U mL−1 catalase.
(A) Experimental and simulated EPR spectra: (i) experimental EPR spectrum of DMPO/PCB-
derived radical adducts. The dotted lines represent the simulated spectrum using the NIEHS
EPR-simulation program, http://tools.niehs.nih.gov/stdb/esdb.cfm. Spectral hyperfine
splittings and species assignments are: (ii) DMPO-OH radical: aN = aH = 14.9 G; (iii) DMPO-
CH3 radical: aN = 15.9 and aH = 23.1 G, and (iv) nitroxide signal: aN = 15.4 G. The symbols
● and ○ represent spectral lines corresponding to DMPO-OH and DMPO-CH3 adducts,
respectively. The simulated spectrum is a composite of species (ii) – (iv).
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(B) Representative EPR spectra of radical adducts from cells treated with DMSO: (i) control;
(ii) 3 µM 4-Cl-BQ; and (iii) 3 µM 4-Cl-BQ with catalase. Catalase was added 30 min prior to
EPR measurements.
(C) Quantitation of EPR peak heights represents summation of DMPO-OH and DMPO-CH3
adducts. The peak height of simple nitroxide radical was excluded from the calculation. EPR
peak heights were calculated relative to one million cells. (* P < 0.05 compared to control; #
P < 0.05 compared to individual PCB treatments).
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Figure 3. Exposure of MCF10A cells to PCBs increases extracellular H2O2 and cell-associated
semiquinone radical
(A) H2O2 is released from exponentially growing cells treated with PCB for 3 days as measured
by spectrofluorimetry. Monolayer cultures were incubated phenol red-free HBSS
supplemented with glucose, HEPES, sodium bicarbonate, pHPA, and HRP. Catalase (1000 U
mL−1) pretreatment was used to determine the specificity of the assay for H2O2 measurements.
(* P < 0.05 compared to control)
(B) A cell-associated immobilized semiquinone radical is observed by EPR in MCF10A cells
exposed to 4-Cl-BQ. (i) Control cells (1.5 × 106 cells mL−1), pH 7.4; (ii) cells treated with 4-
Cl-BQ, pH 7.4; (iii) Control cells, pH 10; and (iv) cells treated with 4-Cl-BQ, pH 10.
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Figure 4. PCB treatment increases DNA damage as seen by micronucleus assay
Monolayer cultures treated with PCBs for 3 days were washed and continued in culture for 2
days in fresh medium containing cytochalasin B. Cells were harvested, fixed, and stained with
acridine orange.
(A) Representative microscopic pictures of micronuclei-bearing binucleated cells (MNBNC)
in control and PCB-treated cells. Two examples for each treatment are shown. Cells irradiated
with 3 Gy were used as positive control for the micronucleus assay. Line-arrows indicate
micronucleus (MN) and solid-arrows indicate nucleoplasmic bridge (NPB).
(B) The percentage of cells that contain MNBNC in cultures treated with 0 – 3 µM PCB for 3
days. As a positive control, cells were examined 1 hour after exposure to 3 Gy of ionizing
radiation. (* P < 0.05 compared to control)
(C) Catalase lowers the frequency of MNBNCs. Exposures to PCB were carried out in absence
or presence of 60 U mL−1 of PEG-catalase. PEG-catalase was added 1 hour after introduction
of PCB, then daily for 3 days.
(* P < 0.05 compared to the corresponding PCB-treated groups)
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Figure 5. Catalase inhibits PCB-induced increase in phosphorylated histone (H2AX) protein levels
Exponential cultures of MCF10A cells were treated with 3 µM PCB for 3 days and analyzed
for γH2AX.
(A) Immunocytochemical staining of γH2AX protein (middle panel, green), nucleus (Hoechst,
blue), and cytoskeleton (red); right panel shows overlay images.
(B) Immunoblotting assay of γH2AX protein levels in DMSO-treated control (lane 1) and PCB-
treated cells (lanes 2 and 3). Lanes 4 and 5 represent γH2AX protein levels in cells that were
treated with PEG-catalase prior to and during the PCB exposures. Actin levels were used for
loading correction.
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Figure 6. Catalase ameliorates PCB-induced cytotoxicity in MCF10A cells
Monolayer cultures were treated with PEG-catalase prior to and during the 3-day single dose
exposure to PCB.
(A) Cell number measurements of monolayer cultures of MCF10A cells. Cells were exposed
for 3 days to PCB or vehicle control; cells were harvested and replated in lower numbers in
fresh medium with a single dose of PCB or vehicle (+/− PEG-catalase, 60 U mL−1), allowed
to grow for 7 days, and then counted.
(B) Clonogenic assay with MCF10A cells exposed to PCB (+/− PEG-catalase). Monolayer
cultures were trypsinized at the end of a 3-day PCB-exposure and replated at limiting dilution
for clonogenic cell survival assay. At the end of 14 days colonies of cells were fixed and stained.
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Each colony with 50 or more cells was counted and surviving fraction was calculated; results
were calculated relative to control.
(* P < 0.05 compared to the corresponding PCB-treated groups)
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