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Abstract
4-Monochlorobiphenyl (PCB3) is readily converted by xenobiotic-metabolizing enzymes to
dihydroxy-metabolites and quinones. The PCB3 hydroquinone (PCB3-HQ; 2-(4’-chlorophenyl)-1,4-
hydroquinone) induces chromosome loss in Chinese Hamster V79 cells, whereas the para-quinone
(PCB3-pQ; 2-(4’-chlorophenyl)-1,4-benzoquinone) very efficiently induces gene mutations and
chromosome breaks. Apparently, each of these two metabolites, which are a redox pair, has a different
spectrum of genotoxic effects due to different, metabolite-specific mechanisms. We hypothesized
that the HQ requires enzymatic activation by peroxidases with the formation of reactive oxygen
species (ROS) as the ultimate genotoxin, whereas the pQ reacts directly with nucleophilic sites in
DNA and/or proteins. To examine this hypothesis, we employed two cell lines with different
myeloperoxidase (MPO) activities, MPO-rich HL-60 and MPO-deficient Jurkat cells, and measured
cytotoxicity, DNA damage (COMET assay), MPO activity, intracellular levels of reactive oxygen
species (ROS) and intracellular free –SH groups (monochlorobimane assay, MCB) and free GSH
contents (enzyme recycling method) after treatment with PCB3-HQ and PCB3-pQ. We also
examined the modulation of these effects by normal/low temperature, pre-treatment with an MPO
inhibitor (succinylacetone, SA), or GSH depletion. PCB3-p-Q increased intracellular ROS levels and
induced DNA damage in both HL-60 and Jurkat cells at 37 °C and 6 °C, indicating a direct, MPO-
independent mode of activity. It also strongly reduced intracellular free –SH groups and GSH levels
in normal and GSH-depleted cells. Thus the ROS increase could be caused by reduced protection by
GSH or non-enzymatic autoxidation of the resulting PCB3-HQ-GSH adduct. PCB3-HQ did not
produce a significant reduction of intracellular GSH in HL-60 cells and reduced intracellular free –
SH groups only at the highest concentration tested in GSH depleted cells. Moreover, PCB3-HQ
induced DNA damage and ROS production only at 37 °C in HL-60 cells, not at 6 °C or in Jurkat
cells at either temperature; no significant DNA damage and ROS production was observed in HL-60
cells at 37 °C if MPO activity was inhibited by SA. These studies show that the effects of PCB3-HQ
are enzyme dependent, i.e. PCB3-HQ is oxidized by MPO in HL-60 cells with the generation of ROS
and induction of DNA damage. However, this is not the case with the PCB3-pQ, which may produce
DNA damage by the reactivity of the quinone with the DNA or nuclear proteins, or possibly by
indirectly increasing intracellular ROS levels by GSH depletion. These different modes of action
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explain not only the different types of genotoxicity observed previously, but also suggest different
organ specificity of these genotoxins.
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PCB3 hydroquinone; PCB3 para-quinone; Reactive Oxygen Species; DNA damage; Comet assay;
Myeloperoxidase

INTRODUCTION
Polychlorinated biphenyls (PCBs) were produced between 1929 and the 1980s and are now an
ubiquitous class of persistent environmental pollutants. They were used for a large number of
technical applications, such as coolants and lubricants, as dielectric fluids in transformers and
capacitors, as additives in paints, plastics, adhesives, and in sealants (ATSDR 2000). It is
estimated that world-wide two million tons of commercial PCB mixtures were produced, with
roughly 0.2 million tons remaining in various environmental reservoirs (WHO 2003). In
addition, a significant amount of PCB mixtures are still in use in older electrical equipment
and may be introduced into the environment through careless maintenance. Therefore, PCBs
still pose a high risk to human health.

Commercial PCBs are mixtures of the 209 possible congeners, which differ in the number and
position of chlorine atoms attached to the biphenyl core. Higher chlorinated congeners (6 or
more chlorine atoms) are only slowly metabolized and bioaccumulate in the body and
biomagnify in the food chain. Airborne PCBs are lower chlorinated (fewer than 6 chlorine
atoms) and are subject to metabolic attack. Lower chlorinated biphenyls are constituents in
commercial PCB mixtures and have recently been detected in indoor and outdoor air (Imsilp
et al. 2005; Uraki et al. 2004). One study showed that the congeners measured in indoor air in
houses built in an Aroclor-1260 contaminated district were mostly 4-monochlorobiphenyl
(PCB3) and 2-monochlorobiphenyl (PCB1) (Davis 2002). Human exposure to PCBs occurs
through both diet and inhalation (ATSDR 2000; Safe 1998). However, for children, inhalation
exposure can be the major source for daily PCB uptake (Wilson et al. 2001). The health
consequences of this exposure are not clear and epidemiological studies concerning cancer
induction by PCBs in humans, including the risk of leukemia and lymphomas, are contradictory
(Cocco et al. 2008; Cogliano 1998; Colt et al. 2005; Engel et al. 2007a; Engel et al. 2007b;
McGlynn et al. 2009; Prince et al. 2006; Rubin et al. 2007; Spinelli et al. 2007). Therefore a
better understanding of the mechanisms of action (MOA) would help to better judge potential
risks from exposure to these compounds.

PCBs are complete carcinogens in rodents (Mayes et al. 1998; Silberhorn et al. 1990).
Commercial PCB mixtures and individual congeners which induce cytochrome P-450
dependent monooxygenases (CYPs) in the liver, have been shown to be promoters in two stage
hepatocarcinogenesis assays (Dean et al. 2002; Haag-Gronlund et al. 2000). Evidence for tumor
initiating activity of lower chlorinated PCBs which can be metabolically activated (PCB3,
PCB15, PCB52 and PCB77) was provided using a modified Solt-Farber protocol in male
Fischer 344 rats (Espandiari et al. 2003; Espandiari et al. 2004). Also, recently the induction
of gene mutations, a typical characteristic of initiators, by PCB3 in the liver and lung of
transgenic male Fischer 344 (BigBlue) rats was reported (Lehmann et al. 2007; Maddox et al.
2008). Thus PCB mixtures could be complete carcinogens due to the initiating activity of their
lower chlorinated congeners and the promoting activity of the higher chlorinated congeners
(Ludewig et al. 2008). However, the mechanism(s) of their cancer initiating potential remains
unclear and disputed.
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PCB3 can be metabolized by microsomal enzymes to mono- and dihydroxy-metabolites.
Dihydroxy-metabolites, which have two hydroxyl group in ortho (catechols, cat) or para
position to each other (hydroquinones, HQ), can be further metabolized by peroxidases and/
or prostaglandin synthase to semiquinones and ortho- or para-quinones, respectively (McLean
et al. 1996a; Srinivasan et al. 2001; Wangpradit et al. 2009). This process is accompanied in
vitro by a production of reactive oxygen species (ROS) and DNA damage (Oakley et al.
1996a; Srinivasan et al. 2001). PCB quinones can bind to various amino acids, particularly
cysteine, and to nucleic acids and may undergo redox-cycling, with the production of even
more ROS (Amaro et al. 1996; McLean et al. 1996b; McLean et al. 2000; Oakley et al.
1996b; Srinivasan et al. 2002). In cells in culture different PCB3 metabolites produce ROS,
DNA strand breaks, micronuclei, gene mutations, and a marked decrease in telomere length
(Jacobus et al. 2008; Srinivasan et al. 2001; Zettner et al. 2007).

Our goal was to investigate the mechanism(s) by which the hydroquinone (PCB3-HQ) and
para-quinone of PCB3 (PCB3-pQ) produce their different genotoxic effects in blood cells. We
hypothesized that an enzyme dependent metabolism pathway based on myeloperoxidase
(MPO) and/or production of reactive oxygen species should play a crucial role for PCB3-HQ
and PCB3-pQ induction of genotoxicity. We therefore investigated the reactivity of these PCB3
metabolites with respect to DNA damage and ROS induction and effects on cellular –SH groups
and MPO activity in MPO rich HL-60 cells and MPO-poor Jurkat cells. We cultured cells at
37 °C and 6 °C (to inhibit enzyme activities) and employed the normal Comet assay and
modified fragment length analysis using repair enzymes (FLARE) COMET assay, as well as
determinations of intracellular ROS, lipid peroxidation, MPO activity, and GSH and free thiol
levels in normal and GSH-depleted cells and HL-60 cells with depleted MPO activity.

MATERIALS AND METHODS
Chemicals

2-(4’-chlorophenyl)-1,4-hydroquinone (PCB3-HQ) and 2-(4’-chlorophenyl)-1,4-
benzoquinone (PCB3-pQ) were synthesized and characterized as previously described (Amaro
et al. 1996; McLean et al. 1996a). Cell culture media and serum were obtained from GIBCO
(Grand Island, NY). All other reagents were from Fisher Scientific (Pittsburg, PA), unless
otherwise stated.

Cell Culture Conditions and Treatment
The human promyelocytic leukemia cell line HL-60 and the human T-cell leukemia cell line
Jurkat (Clone E6-1) were obtained from the American Type Culture Collection (ATCC;
Rockville, MD). The cells were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin, and 100 mg/ml streptomycin
at 37 °C and humidified air with 5% CO2. For experiments, unless otherwise stated, cells were
collected by centrifugation, washed once with phosphate buffered saline (PBS), and
resuspended in Minimum Essential Medium (MEM) with Hanks salts with antibiotics, but
without FBS, to which PCB3-HQ (5, 10 and 20 μM), PCB3-pQ (2.5, 5 and 7.5 μM), or solvent
alone (0.5% DMSO final concentration in medium) was added. Exposure to test compounds
occurred for 1 or 3 h in an incubator without CO2 at 37 °C or a refrigerator at 6 °C as indicated
for the specific assay. Cells cultured at 6 °C did not show any changes in viability and cell
proliferation compared to cells at 37 °C (data not shown). This is in agreement with results
obtained after maintaining cells for days and even weeks at 6 °C (Hunt et al. 2005).

Evaluation of the Cytotoxic Potential of PCB Hydroquinone and Quinone
To identify the non-toxic concentration range of the test compounds, cell viability after
exposure to various concentrations was determined using the trypan blue exclusion assay and
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resazurin reduction assay (G. Ciapetti 2000; Sandoval et al. 1997). Cell viability at all
concentrations and exposure times chosen for study was above 80% for both PCB3-HQ and
PCB3-pQ.

Detection of Oxidative Products with DCFH-DA
This method is based on a fluorometric assay described by Rosenkranz and coworkers
(Rosenkranz et al. 1992). Briefly, 1 × 106/mL HL-60 or Jurkat cells were incubated in MEM
with 5 μM DCFH-DA (Molecular Probes, Eugene, OR) for 30 min, washed twice with PBS,
resuspended in MEM, distributed in 200 μl aliquots into 96-well plates, and treated with the
different concentrations of the test compounds or solvent alone. After 1 and 3 h of exposure
reactive oxygen species formation was determined by measuring fluorescence of DCF per well
using a Tecan GeniosPro microplate reader with an excitation wavelength of 485 nm and
emission wavelength of 530 nm. All experiments were carried out in triplicate and repeated at
least three times.

Comet Assay – Standard Procedure
The Comet assay was performed following the instructions provided in the Trevigen Comet
Assay kit. Briefly, 1 × 106 HL-60 or Jurkat cells in 1 mL MEM medium without FBS were
seeded into the wells of 24-well plates. Test compounds were added to the wells and cells were
incubated for 1 h at both 37 °C and 6 °C. After treatment, cells were collected and washed
twice with cold PBS, then resuspended in cold PBS and the cell density adjusted to 1 × 105/
mL. Cell aliquots were combined with 1% low-melting agarose at a ratio of 1:10 and pipetted
onto Trevigen CometSlides. After the cell/agar mixture had solidified, the cells were lysed at
4 °C in lysis buffer (100 mM Na2EDTA, 2.5 M NaCl, 10 mM Tris (pH 10.0), 1% Triton X-100,
and 1% sodium lauroyl sarcosinate) for 45 min. The slides were then immersed in freshly
prepared alkali solution (200 mM EDTA adjusted with 1 M NaOH to pH >13) for 30 min,
followed by alkaline electrophoresis for 30 min at 1 V/cm. The samples were washed, then
fixed with 70% ethanol for 5 min, air dried in the dark overnight, stained with SYBR green for
5 min, and air dried in the dark again. Comets were measured using an Axio A1 Imager
epifluorescence microscopy with 10-fold objective, an Axio Cam MRm camera (Zeiss, Jena,
Germany), and the free Comet Score™ 1.5 software
(http://www.autocomet.com/products_cometscore.php). Data from at least 100 randomly
chosen cells per data point were used to calculate the Olive tail moment, which is the Tail
length minus Head length multiplied with the %DNA in the Tail divided by 100 [(mean Tail
– mean Head) × Tail % DNA/100]. Each experiment was repeated at least three times.

Comet Assay for Oxidative Damage
To identify DNA strand breaks caused by oxidative damage, the Trevigen hOGG1 FLARE kit
was used. Briefly, cells were treated with test compounds, washed and resuspended (1 × 105

cells/mL) in cold PBS, combined with 1% low-melting agarose, fixed onto Trevigen
CometSlides and lyzed at 4 °C in lysis buffer for 30 min as described above. The samples were
then equilibrated with FLARE buffer (10 mM HEPES/KOH (pH 7.4) and 0.1 M KCl) for 15
min. One slide per data point was incubated for 60 min at 37 °C with the hOGG1 enzyme as
described in the manual, a second slide was treated with buffer-only as control. Following
equilibration with alkali solution (500 mM EDTA adjusted with 5 M NaOH to pH 12.5), the
slides underwent electrophoresis for 30 min at 1 V/cm. The samples were then fixed with 70%
ethanol, stained with SYBR green, and scored as described above. The difference between the
score of the hOGG1-treated samples and buffer controls indicates the amount of oxidative
damage to the DNA bases.
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Thiobarbituric Acid Reactive Substances (TBARS)
TBARS were measured with a modified method (Wagner et al. 1992). After treatment with
test compounds 2.5 × 106 HL-60 or Jurkat cells were centrifuged at 300 × g for 10 min, washed
once with PBS and 0.9% NaCl, resuspended in 2 mL 0.9% NaCl, and then immediately frozen
at -20 °C until use. Samples were thawed, vortexed vigorously, and 230 μL of trichloroacetic
acid-saturated solution (250 g of trichloroacetic acid per 100 mL of water) was added. Samples
were then vortexed and centrifuged at 3000 × g (10 min) to precipitate the protein. The
supernatant (1.6 mL) was placed in glass test tubes and 200 μL of 14.4 mg/ml 2-thiobarbituric
acid in 0.1 N NaOH solution was added. The samples were incubated for 30 min at 75 °C.
Standards were prepared from the hydrolysis of 1,1,2,2-ethoxypropane in a 40% trichloroacetic
acid solution. After cooling, the absorbance of the samples at 535 nm was measured and
TBARS values were calculated as nanomoles/2.5 × 106 cells.

Measurement of MPO Enzyme Activity
Cells treated with PCB3-HQ and PCB3-pQ for 1 and 3 h, were washed once with PBS before
MPO was assayed by monitoring the conversion of guaiacol to tetraguaiacol (Wiemels et al.
1999). Briefly, 5×105 cells in 0.08 mL phosphate buffer were incubated with 0.02 mL of 0.02%
acetyltrimethylammonium bromide for 5 min at room temperature. To each sample 0.9 mL of
assay buffer (10 mM sodium phosphate (pH 7.0), 0.003% H2O2, and 14 mM guaiacol) was
added, and the optical density at 470 nm was monitored for 30 s with a Perkin-Elmer Lambda
3B spectrophotometer. Four moles of H2O2 is required to produce 1 mol of tetraguaiacol
product which has an extinction coefficient of 26.6 mM-1cm-1. MPO units of activity were
calculated as follows:

Where Vt is the total volume (in mL), Vs is the sample volume (in mL), OD is the density
change, and t is the time of measurement (minutes).

Glutathione Determination
HL-60 cells, with and without pretreatment with 1 mM diethylmaleate (DEM) for 6 h to deplete
intracellular glutathione, were incubated for 1 h with the test compounds and then used to
determine the levels of intracellular GSH using the following two methods. GSH-depleted PCB
exposed cells were also used to measure DNA damage and intracellular levels of ROS as
described above.

(A) Monochlorobimane Assay—Monochlorobimane (MCB) was used as a sensitive and
specific probe to analyze GSH in intact cells (Fernandez-Checa and Kaplowitz 1990). Briefly,
3×106 HL-60 cells per sample were washed once with PBS, resuspended in 1 mL PBS
containing 100 μmol/L MCB, and maintained at 37 °C in the dark for 30 min before analysis.
The formation of the fluorescent adduct (GS-MCB) was monitored with a Tecan GeniosPro
microplate reader using excitation and emission wavelengths of 395 and 482 nm, respectively.
The GSH content was calculated as nanomoles per 106 cells based on a GSH standard curve.

(B) Enzyme recycling Method—Determination of glutathione was carried out according
to a modified method (Baker et al. 1990; Slim et al. 2000). After treatment, cellular protein of
HL-60 cells (1×106/mL in MEM in 24 well plate) was precipitated by adding 200 μL of ice-
cold 0.09% sulfosalicylic acid (SSA) to each well and incubating at 40°C for 15 min, after
which the cell lysates were collected by centrifugation at 10,000 × g for 5 min. Glutathione
levels were determined spectrophotometrically using the glutathione-linked 5,5’-dithiobis(2-
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nitrobenzoic acid, DTNB) recycling assay. Sample cuvettes contained 50 μL of supernatant
and 100 μL of 125 mM phosphate buffer containing 0.225 mM DTNB, 0.302 mM NADPH,
and glutathione reductase at a concentration of 1.25 U/mL. The blank contained 50 μL of 0.09%
5-SSA instead of supernatant, and the control reaction contained a glutathione standard in place
of the supernatant. The mixtures were equilibrated at room temperature for 3 min, and the
reaction was started by the addition of 100μL of the reaction buffer. The absorbance was
measured at 405 nm in a Tecan Genios pro microplate reader. The intracellular GSH content
was calculated as nanomoles/106 cells.

Suppression of MPO
HL-60 cells were incubated for 72 h with 200 μM succinylacetone (SA) dissolved in RPMI
1640 medium. Cell viability, determined microscopically by Trypan blue dye exclusion, was
98%. MPO activity was determined as described above and the MPO protein level was assessed
by immunoblotting (Nauseef et al. 1983). Briefly, 1.5 ×105 cells were sonicated on ice and
protein from cells was separated by electrophoresis on 12.5% polyacrylamide gels. Separated
proteins were transferred onto nitrocellulose membranes and blocked with 5% dry milk in 0.01
M Tris/0.15 M NaCl buffer, pH 8.0, and 0.1% Tween 20. Blots were rinsed three times and
incubated with monospecific rabbit polyclonal antiserum against MPO (which was a generous
gift from Dr. William M. Nauseef, University of Iowa, diluted 1:500 for use) for 1 h at room
temperature. After further washing, the blot was incubated in goat anti-rabbit IgG conjugated
with horseradish peroxidase (Santa Cruz Biotechnology Inc, Santa Cruz, CA) at a 1:10,000
dilution for 1 h at room temperature. Blots were washed again, and bands were visualized using
chemiluminescence.

MPO-depleted HL-60 cells were used following the same regime of exposure to PCB3-HQ
and PCB3-pQ and methods to measured DNA damage and intracellular levels of ROS as
described above.

Statistical Analysis
All data are expressed as the mean ± standard deviations computed from at least three
independent experiments. ANOVA was used for comparison among multiple groups. The post
hoc Tukey's HSD test was used to determine the differences between two groups. A p-value
less than 0.05 was considered to be significant.

Results
Evaluation of the Cytotoxic Potential of PCBs hydroquinone and quinone

To establish appropriate concentrations of the PCB3 metabolites for the assays, it was necessary
to measure cytotoxicity at various concentrations, time points and cultured conditions. We
chose very short 1 h and 3 h time points to determine in parallel genotoxicity, ROS levels, lipid
peroxidation, and MPO enzyme activity, and a 1 h time point to correlate with DNA damage
and GSH determination. Using V79 cells we had previously observed that 2.5 μM was the
lowest concentration that did not reduce the number of cells compared to controls after 24 h
continuous exposure to either compound (Zettner et al. 2007). Since this cytotoxicity assay is
not applicable for short exposure times we used the trypan blue exclusion assay and the
resazurin reduction assay to determine cytotoxicity under our exposure conditions.
Concentration of up to 20 μM PCB3-HQ and 7.5 μM PCB3-pQ resulted in >87% viability in
both of these assays immediately after the 1 h or 3 h exposure (data not shown). To avoid
confounding effects from cytotoxicity these concentrations were selected as upper limit for all
of assays described below.
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DNA Damage Induction (COMETS) by PCB3 metabolites
HL-60 and Jurkat cells were exposed to PCB3-HQ and PCB3-pQ for 1 h after which DNA
damage was determined with the alkaline COMET assay, which measured single strand breaks
and alkaline-labile DNA sites in individual cells. The Olive Tail moment was calculated and
used to quantify the damage. As can be seen in Fig. 1A, PCB-HQ induced a dose-dependent
increase in DNA damage if treatment occurred at 37 °C. No effect on DNA integrity was
observed if cells were exposed at 6 °C. No damage was visible in Jurkat cells. PCB3-pQ was
a more efficacious and potent inducer of DNA damage in HL-60 cells at 37 °C than PCB3-HQ
(Fig 1B). In addition, PCB-pQ was similarly genotoxic at 6 °C in HL-60 cells and at 37 °C in
Jurkat cells compared to the effects in HL-60 cells at 37 °C.

Generation of Intracellular ROS in HL-60 and Jurkat cells
The oxidant sensitive dye DCFH-DA was employed to assess intracellular ROS levels in both
HL-60 (MPO rich) and Jurkat (MPO deficient) cells after treatment with test compounds at 37
and 6 °C. Treatment with PCB3-HQ affected intracellular ROS only in HL-60 cells and only
at 37 °C. The relative fluorescence showed a dose-dependent increase to 3.5 and 5 times that
of the solvent-treated control after 1 and 3 h, respectively (Fig. 2A). No changes in ROS levels
were observed in HL-60 cells treated at 6 °C (Fig 2B), or in Jurkat cells treated at 37° and 6 °
C for 1 and 3 h (Fig. 2E, F). PCB3-pQ induced an increase in intracellular fluorescence within
1 and 3 h in a dose-dependent manner in both HL-60 (Fig 2C, D) and Jurkat (Fig 2G, H) cells
at 37 and 6 °C. HL-60 cells treated with 7.5 μM PCB3-pQ at 37 °C exhibited a relative
fluorescence that was 4 and 5.5 times that of the solvent-treated control after 1 and 3 h exposure,
respectively; with Jurkat cells the relative fluorescence was 12 and 11.5 times that of solvent-
treated controls. After treatment at 6 °C the relative fluorescence was 2.5 and 3 times that of
solvent-treated controls in HL-60 cells, and 8 and 6.5 times that of the solvent-treated control
in Jurkat cells after 1 and 3 h, respectively.

MPO Activity
HL-60 cells contain appreciable MPO activity, whereas Jurkat cells contain only trace amounts
of activity (Fig. 3). MPO activity in HL-60 cells (MPO rich) and Jurkat cells (MPO deficient)
were 22.0±3.8 unit/5×105 cells and 1.3±0.5 unit/5×105 cells, respectively. After cultivation of
HL-60 cells for 72 h in the presence of 200 uM succinylacetate the MPO activity was reduced
to 2.2±0.7 unit/5×105 cells.

The assay used to determine MPO activity measures the activity of heme-peroxidase, and
although optimized for MPO and eosinophil peroxidase, it is not specific for any one form of
the enzyme (Bozeman et al. 1990). Therefore, we performed Western analysis using an
antibody to MPO (Nauseef et al. 1983). Figure 3 shows that the heavy subunit of MPO and
precursor MPO are present in the HL-60 cells. No MPO protein was detected in Jurkat cells.
Exposure of HL-60 cells to SA strongly reduced MPO protein levels in these cells.

Exposure of HL-60 cells for 1 and 3 h to PCB3-HQ produced a biphasic effect: 5 μM PCB3-
HQ produced an increase in MPO activity by 25% and 33% after 1 and 3 h treatment,
respectively, compared to solvent treated control (Fig. 4A). No change in MPO activity was
observed with 10 μM at both time points and with 20 μM PCB3-HQ after 1 h incubation.
Longer exposure of HL-60 cells to PCB3-HQ resulted in an about 50% decrease in MPO
activity compared to the control. Treatment of HL-60 cells with PCB3-pQ for 1 and 3 h
exposure had no effect on MPO activity at any concentration tested (Fig. 4B).
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ROS generation in MPO-depleted HL-60 cells
Reduction of intracellular MPO protein levels and activity strongly reduced ROS generation
by PCB3-HQ in HL-60 cells. Exposure to PCB3-HQ for 1 h and 3 h at 37 °C in MPO-depleted
HL-60 cells did not cause a change in intracellular ROS levels, whereas a concentration- and
time-dependent increase in ROS was seen in HL-60 with normal MPO levels (Fig 5A, B).

Compared with the normal HL-60 cells, PCB3-pQ induced a similar dose- and time-dependent
increase of intracellular ROS production in MPO-depleted HL-60 cells at 37 °C (Fig. 5C, 5D).
The increase in fluorescence was even higher in HL-60 cells with very low MPO levels
compared to normal HL-60 cells, which was particularly strong after 1 h exposure time and
was 5.5 and 6.2 times greater than the solvent-treated control for 1 h and 3 h exposure to 7.5
μM PCB3-pQ, respectively.

GSH and Free Thiol Depletion by PCB Metabolites in HL-60 Cells in Culture
Monochlorobimane (MCB) was used to measure the quantity of cellular free thiol groups. MCB
can diffuse into living cells and forms fluorescent adducts after binding to free -SH groups
(Fernandez-Checa and Kaplowitz 1990). Since GSH is the major thiol present in cells, most,
but not all, of the fluorescence is due to the binding to intracellular reduced GSH. Exposure of
HL-60 cells for 1 h at 37° C to PCB3-HQ did not reduce intracellular free thiol levels (Fig.
6A). In contrast, a dose-dependent decline in intracellular free thiols was found with PCB3-
pQ which reached significance at 7.5 μM PCB3-pQ (Fig. 5B). Pretreatment of cells for 6 h
with DEM, a GSH depleting compound, reduced intracellular free thiol groups to about 60%
of control levels (Fig 6 A, B). In these partially GSH-depleted cells treatment with PCB3-HQ
slightly further reduced the free thiol groups in a dose-dependent manner reaching significance
at the highest concentration tested (Fig 6A). PCB3-pQ, on the other hand, significantly further
depleted the intracellular free thiol groups in a dose-dependent manner in these DEM-treated
cells. The effect was more than additive at all 3 concentrations. The maximum depletion in
intracellular free thiol groups by DEM plus PCB3-pQ was 80% compared to the normal
solvent-treated control at 7.5 μM (Fig. 6B).

A method that determines total GSH in cells, i.e. oxidized and reduced, is the enzyme recycling
method of (Tietze 1969). The intracellular total GSH content of normal HL-60 cells was
approximately 2.2 nmol/106 cells, which is in agreement with that previously reported
(Srinivasan et al. 2002). One h exposure to 5-20 μM PCB3-HQ had no influence on the level
of intracellular GSH (Fig. 6C). Treatment with PCB3-pQ showed a slight dose-dependent
decrease in GSH content but it did not reach significance (Fig. 6D). Pretreatment of cells for
6 h with DEM followed by 1 h exposure to solvent alone reduced intracellular GSH levels by
32% to 1.5 nmol/106 cells. PCB3-HQ treatment of DEM-pretreated cells did not result in any
additional reduction in intracellular GSH (Fig. 6C). However, PCB3-pQ caused a further dose-
dependent decrease in the intracellular GSH content (Fig 6D). This effect was additive (with
2.5 μM) or more than additive (with 5 and 7.5 μM) and the effect was significant with 5 and
7.5 μM PCB3-pQ, where a reduction to 1.1 nmol/106 and 0.8 nmol/106 cells, equivalent to a
reduction of 50% and 64%, respectively, was seen (Fig. 6D).

ROS generation in GSH depleted HL-60 cells
Pretreatment of HL-60 cells for 6 h with the GSH synthesis inhibitor DEM did not have an
effect on intracellular ROS as determined by DCF-fluorescence. DEM-pretreatment also did
not have a significant effect on the previously described increase in intracellular ROS level
due to treatment with PCB3-pQ for 1 or 3 h (Fig 7C, 7D) or PCB3-HQ for 1 h (Fig 7A).
However, the PCB3-HQ-induced increase in fluorescence was significantly lower in partially
GSH-depleted cells if exposure to the HQ was extended to 3h (Fig 7B).
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Quantification of ROS-produced DNA Damage and Modulation of DNA Damage by Changes
in Intracellular MPO and GSH Levels in HL-60 Cells

Intracellular ROS generation induces lipid, protein, and DNA oxidation and transcription factor
(s) activation (Nishigori et al. 2004). DNA strand breaks and formation of 8-
oxodeoxyguanosine have been extensively used as markers for DNA oxidation (Floyd 1990;
Nishigori et al. 2004). An enzymatic modification of the standard comet assay, the hOGG1
FLARE comet assay, allows for the qualitative determination of oxidized bases (Singh et al.
1988). Total and oxidized DNA damage was determined in normal and SA- and DEM-
pretreated cells after 1h exposure to PCB3-HQ and PCB3-pQ at 37C.

Baseline DNA damage in solvent controls was low and about a third of it was due to oxidized
bases (Fig 8). Reduction of intracellular MPO activity with SA did not have a significant effect
on total DNA damage, but slightly increased the baseline levels of oxidized bases to ~40% of
total damage. Reduction of intracellular GSH with DEM slightly increased the baseline level
of DNA damage which was primarily due to roughly a doubling of the normal level of oxidized
bases to >50% of total damage.

The dose-dependent increase in total DNA damage caused by PCB3-HQ was reduced by
60-90% in cells with low MPO activity (Fig 8A). The DNA damage due to oxidized bases was
similarly affected. In contrast, no effect of MPO reduction was seen in cells treated with PCB3-
pQ in either total or oxidized DNA damage (Fig 8B). DEM-pretreatment slightly increased
total DNA damage in PCB3-HQ treated cells, an effect that was primarily due to a relatively
strong increase in oxidized DNA damage (Fig 8A). No significant effect of partial GSH-
depletion on total and oxidized DNA damage was seen in cells treated with PCB3-pQ (Fig
8B).

Thiobarbituric Acid Reactive Substances
The levels of TBARS from HL-60 cells treated with different concentrations of PCB3-HQ and
PCB3-pQ were evaluated for the 1 and 3 h exposure time points. Only trace amounts of TBARS
production was observed in solvent-treated controls and no significant changes were seen after
exposure to PCB3-HQ and PCB3-pQ at all concentrations tested (data not shown). This
suggests that lipid peroxidation is not being induced to any great extent by the PCB3-HQ and
PCB3-pQ.

Discussion
It is well established that lower chlorinated PCBs are subject to metabolic activation and that
their metabolism may lead to the formation of electrophiles and ROS (Ludewig et al. 2008;
Ludewig et al. 2000; Safe 1989). More specifically, PCB3 can be metabolized by cytochrome
P450s to form initially mono- and then di-hydroxylated derivatives (McLean et al. 1996a). The
dihydroxy-metabolites, which include the catechols and hydroquinones, can be further
oxidized by peroxidases and/or prostaglandin synthase (PGS) to the semiquinones and
quinones which is accompanied by the generation of ROS (Oakley et al. 1996a; Wangpradit
et al. 2009). Furthermore, PCB3-pQ can be non-enzymatically reduced via Michael addition
of GSH, and the resulting PCB3-HQ-GSH adduct can re-enter the same enzymatic or non-
enzymatic redox cycling with more generation of ROS (Amaro et al. 1996; Srinivasan et al.
2001). Among these compounds, PCB3 itself does not induce genotoxic damage in V79
Chinese hamster cells in culture, but several of the monohydroxy-, dihydroxy, and quinone
derivatives induced various types of genotoxic damage (Zettner et al. 2007). Reactive
electrophilic intermediates like the quinones and ROS can bind/modify cellular
macromolecules, including DNA, and induce DNA damage in vitro (Oakley et al. 1996a;
Srinivasan et al. 2001). PCB3 was mutagenic in the livers of rats in vivo, presumably after
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metabolic activation to one of these reactive derivatives (Lehmann et al. 2007). In any case the
underlying mechanism(s) of these genotoxic effects and crucial components, such as which
enzyme-dependent or non-enzymatic pathway(s) and which reactive electrophilic forms play
the crucial role of the genotoxicity of PCB3 are still unknown. In the present study we analyzed
the markers of oxidative stress, DNA damage and certain oxidant enzymes in order to better
understand the genotoxic potentials and its probable pathway(s) for the redox pair PCB3-HQ
and PCB3-pQ.

To study the importance of certain enzymes we employed two different human cell lines, HL-60
(promyelocytic leukemia) and Jurkat (T-cell leukemia). PCB3-HQ induced DNA damage only
in HL-60 cells and only at 37°C, indicating that enzyme activity, present in the promyelotic
but not the T-cell leukemia line, was required for activation of the HQ to a genotoxic agent.
PCB3-pQ, on the other hand, produced DNA damage at low concentrations in both cell lines
and at all temperatures, indicating that no enzymatic activation was required.

Since both metabolites may undergo redox reactions, we hypothesized that generation of
reactive oxygen species (ROS) may be involved in the genotoxic activity of either or both
compounds. Measurement of intracellular ROS with the DCFH-DA assay showed that PCB3-
HQ increased ROS in a dose-dependent way, but only in HL-60 cells and only at 37°C. This
is exactly the same pattern as observed for DNA damage induction, indicating that metabolic
generation of ROS may be the cause of the genotoxicity of this compound. At 6°C the
metabolizing enzymes lose most of their catalyzing activity, which means slower speed of
metabolism and lower product generation. Although this is a general principle for all cellular
enzymes and is not limited to certain enzymes, like MPO, this finding indicates that metabolic
activity is a requirement for ROS generation and genotoxicity of PCB3-HQ and that Jurkat
cells miss the crucial enzyme(s) that could perform this biotransformation.

PCB3-pQ, on the other hand, increased ROS in both cell lines and at both temperatures, again
the same pattern as for genotoxicity induction, which indicates that the mechanisms of ROS
production are different for these two compounds. It seems that PCB3-pQ produces oxidative
stress and genotoxicity by a non-enzymatic mechanism in these cell lines. The fact that ROS
production was higher at 37° than at 6°C in both cell lines may be due to changes in membrane
fluidity or transport processes at the lower temperature, which may reduce uptake of the
compound into the cells, or a partial involvement of enzymes in the ROS generation and DNA
damage. ROS production by PCB3-pQ was twice as high in Jurkat compared to HL-60 cells.
This suggests that the two cell lines differ not only in the activating enzyme activity, but
possibly also in antioxidant enzyme levels, such as in SOD or glutathione peroxidase. Despite
the much higher level of ROS in Jurkat cells, DNA damage was slightly lower in Jurkat than
in HL-60 cells. This suggests that ROS is not the only or the main cause for the DNA damage,
but that binding of the PCB3-pQ to nucleophilic sites in DNA, topoisomerase II, and other
proteins could be a major factor in the generation of the observed DNA damage. Also,
prolonged exposure (3 instead of 1 h) resulted in increased ROS levels in HL-60 cells but not
in Jurkat cells. It could be speculated that in HL-60 cells a second, enzymatic pathway, may
be responsible for the ongoing ROS generation. Since non-enzymatic binding of GSH to PCB3-
pQ leads to the generation of a GSH-PCB3-HQ adduct, this secondary mechanisms could be
due to enzymatic oxidation of this adduct to the corresponding quinone with ROS generation.

HL-60 cells are rich in MPO activity and MPO was shown to catalyze benzene bioactivation
by converting the hydroquinone to the quinone accompanied by the production of ROS and
increased levels of oxidative DNA damage (Subrahmanyam et al. 1991; Wiemels et al.
1999). We hypothesized that in HL-60 cells the PCB3-HQ requires enzymatic activation by
MPO with the formation of reactive derivatives (ROS or PCB3-derived) as the ultimate
genotoxic species. Measurements of MPO activity and protein content confirmed Jurkat cells
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are basically deficient of MPO, whereas HL-60s express a high level of MPO. This supports
but does not prove our hypothesis about MPO-involvement in PCB3-HQ bioactivation. The
test compounds did not affect MPO activity with the exception of the highest concentration
(20 μM) of PCB3-HQ, which significantly decreased the MPO activity after 3 h of treatment.
Thus enzyme inactivation by the PCB3-pQ or induction by PCB3-HQ was not involved in the
different activity patterns of these compounds. We then used succinylacetone to inhibit MPO
synthesis in HL-60 cells to produce a sister cell that differed only in this one enzyme activity.
Succinylacetone (SA) efficiently reduces MPO by blocking the heme synthesis (Fan et al.
2006; Kagan et al. 2000; Nakazato et al. 2007). During MPO maturation, heme is incorporated
into apoproMPO and then the heme containing proMPO becomes enzymatically active MPO
(Hansson et al. 2006). Pretreatment of HL-60 cells with succinylacetone generated apoproMPO
without peroxidase activity due to the lack of heme incorporation (Fig 3). HL-60 cells without
MPO activity no longer produced ROS or DNA damage during exposure to PCB3-HQ (Fig 5,
8). This supports our hypothesis that MPO and not any other enzyme is an essential requirement
for the generation of ROS and DNA damage by PCB3-HQ in HL-60 cells. The correlation in
ROS and DNA strand break production suggests, but does not prove, that the former is
responsible for the latter. Use of a selective ROS, scavenger that does not influence PCB3-
derivative levels during this process could clarify whether it is indeed an ROS and which one
that causes the DNA damage. ROS and DNA damage by PCB3-pQ was not inhibited by MPO
depletion in HL-60 cells; if anything, ROS production increased in the absence of MPO (Figure
5, 8). Also, at high concentrations of PCB3-pQ, ROS levels were significantly higher in SA-
treated cells compared to the normal cells, but DNA damage was not similarly increased. This
indicates that other factors, like formation of DNA and protein adducts, are, at least in part,
probable mechanisms of the genotoxicity induced by PCB3-pQ.

We have shown previously that PCB3-pQ instantaneously and very efficiently binds to
sulfhydryl groups (Amaro et al. 1996; Srinivasan et al. 2002). We therefore hypothesized that
the non-enzymatic induction of DNA damage by this compound involved binding to protein
or GSH sulfhydryl-groups, whereas PCB3-HQ should not bind GSH or only after being
oxidized to the quinone. To study this hypothesis, we measured free sulfhydryl groups (MCB
assay) and total GSH levels (enzyme recycling method) in normal cells and cells that were
pretreated with the GSH-depleting agent DEM, and then exposed the cells to the test
compounds. GSH is a cellular peptide which has important protective functions through
conjugation with electrophilic xenobiotics and through scavenging of ROS and their reaction
products (Hanna and Mason 1992; Spear and Aust 1995). Thus GSH depletion may result in
increased oxidative stress due to the reduction in ROS-scavenging activity. Indeed the baseline
level of DNA damage was slightly higher in DEM-pretreated cells because of an increase in
oxidative DNA damage, even though the ROS was not increased, indicating that the FLARE-
Comet assay is more sensitive to changes in oxidative stress than the DCF-DA assay and/or
that the nucleus/nuclear DNA is particularly vulnerable to increased oxidative stress.

As expected, PCB3-HQ did not produce a significant change in free thiol or GSH content with
the exception of a dose-dependent decrease in free –SH in GSH-depleted cells (Figure 6). This
may be partially due to GSH oxidation by ROS to GSSG, which would only be discovered by
the MCB assay, not by the enzyme cycling method measuring total GSH. However, ROS levels
were slightly lower in GSH-depleted cells compared to normal cells after PCB3-HQ treatment
for 3 h and MPO-activity was significantly inhibited with 20 μM PCB3-HQ. Thus binding of
the oxidation product of PCB3-HQ to protein –SH at high levels of the test compound may
have occurred.

PCB3-pQ decreased the free thiol and GSH levels in a dose-dependent manner, supporting our
hypothesis that sulfhydryl-binding by the quinone is responsible for its genotoxic effects. GSH
depletion did not influence PCB3-pQ-induced oxidative stress or DNA damage, possibly

Xie et al. Page 11

Environ Int. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



because it was never severe enough to cross a threshold level. It was reported that only severe
GSH depletion will lead to an abrupt and extensive lipid peroxidation (Comporti et al. 1991)
and GSH depletion by 70-80% of the total levels is needed to impair the cell's defense against
oxidative damage from H2O2 and lead to cell death (Pascoe and Reed 1989). The highest level
of GSH-depletion that we reached was ~40% in normal cells and ~70% in DEM-pretreated
cells, not enough to produce lipid peroxidation-derived TBARS. It seems that GSH was never
compromised enough to be responsible for the ROS or DNA damage. Both must be due to a
more direct effect of PCB3-pQ or the GSH-adduct.

The modified COMET assay can be used to quantify two types of oxidative DNA damage, 8-
oxo-deoxyguanine (8-oxo-dG) and formamidopyrimidine moieties. In this assay cells are
treated with a repair enzyme for these oxidative DNA base modifications, the human 8-
oxoguanine DNA glycosylase 1 (hOGG1), and the results are compared with the normal
COMET assay. In HL-60 control cells about 30% of DNA damage was due to these oxidized
bases, which increased to >50% in cells pretreated with DEM, indicating that partial GSH
depletion had a negative effect on DNA integrity in the cell nucleus.

PCB3-HQ significantly increased in a dose-dependent manner both total and oxidative DNA
damage in HL-60 cells, and the increase of oxidized DNA damage was about 10-25% above
the solvent control, although no dose-dependency was observed (Figures 1, 8). This supports
the hypothesis that this compound is genotoxic at least to a large part through ROS generation
and oxidative DNA damage. A similar increase in DNA damage, 8-oxo-dG, and ROS was seen
in HepG2 cells treated with similar concentrations of the hydroquinone of benzene and the
authors came to the same conclusion, namely that ROS may be responsible for most or much
of the DNA damage (Ibuki and Goto 2004; Luo et al. 2008). A similar relative increase in
oxidative DNA base damage was seen with the lowest concentration of PCB3-pQ, but the
percent of oxidative DNA base damage decreased with increasing concentration of the test
compound. This may indicate that at low concentrations of PCB3-pQ, a relatively larger
proportion of DNA damage is due to ROS, whereas at higher concentrations other mechanisms,
for example, adduct formation with DNA or nuclear proteins, becomes the dominating
mechanism.

MPO, a heme-protein, is a component of the oxygen-dependent antibacterial system of the cell
(Babior 1978; Klebanoff 1968). It catalyzes the conversion of H2O2 into HOCl and has the
capacity to oxidize Cl- to Cl+ at physiologic pH, a property that is unique to MPO (Hansson
et al. 2006). It is abundant in the azurophilic granules of neutrophils, neutrophil precursors and
monocyte/macrophages, and is present at the promyelocyte stage of myeloid maturation
(Pember and Kinkade 1983; Subrahmanyam et al. 1991). Several environmental chemicals are
reported to be activated by MPO to genotoxic metabolites (Arlt et al. 2006; Isola et al. 1993;
Kagan et al. 2000; Kalf et al. 1991; Lakshmi et al. 2000; Shen et al. 1990), which could be the
basis of selective target organ toxicity and carcinogenicity of certain compounds.

Our studies demonstrate that PCB3-HQ increased ROS levels and DNA damage by an enzyme
dependent mechanism, that MPO playd a crucial role, and that ROS may be the major cause
for the DNA damage. PCB3-pQ increased ROS levels and DNA damage by enzyme-
independent mechanisms, and DNA- and/or protein adduction, which may inhibit nuclear
proteins like topoisomerase II (Bender et al. 2006), seem to be significant factors in DNA
damage induction. These different modes of action explain not only the different types of
genotoxicity observed with these two compounds, but also suggest possible target organs.
Investigations revealed that hydroxylated metabolites of PCBs are retained in human plasma
and in rodent tissue (Bergman et al. 1994; Sjodin et al. 2000; Wehler et al. 1989) and the
formation of quinone-derived protein adducts in the liver and brain of PCB-exposed rats has
been reported (Haag-Gronlund et al. 2000; Lin et al. 2000). Thus a scenario of hydroxylated
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PCB metabolites reaching the bone marrow and other organs containing peroxidases and there
being activated to genotoxic compounds, as shown here, cannot be excluded and certainly
should be considered in the risk assessment for human health exposure to lower chlorinated
PCBs.
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Figure 1.
DNA damage induced by PCB3-HQ (A) and PCB3-pQ (B) in HL-60 and Jurkat cells measured
by the standard comet assay. The Olive tail moment is used as the metric for DNA damage.
Treatments were conducted for 1 h at 37 and 6 °C.

Xie et al. Page 18

Environ Int. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Intracellular level of ROS measured by DCF fluorescence after exposure to PCB3-HQ for 1h
and 3 h in HL-60 cells at (A - D) and Jurkat cells (E – H) at 37°C (graphs in left column) and
6°C (graphs in right column). *, significantly different compared to the 1 h control, P<0.05; #
significantly different compared to the 3 h control, p<0.05.
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Figure 3.
MPO activity and protein levels in HL-60 cells, HL-60 cells after 72h incubation with the MPO
heme synthesis inhibitor succinylacetone (SA), and in Jurkat cells determined by the guaiacol
oxidation assay and western blot analysis (insert), respectively. *, significantly different from
HL-60 cells without SA treatment, p<0.05.
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Figure 4.
MPO activity in HL-60 cells treated for 1 and 3h with PCB3-HQ (A) or PCB3-pQ (B). *,
significantly different from the corresponding control, p<0.05.
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Figure 5.
Intracellular level of ROS in HL-60 cells with and without exposure to 200 μM succinylacetone
for 72 h to inhibit MPO followed by exposure to PCB3-HQ for 1h (A) and 3h (B) or PCB3-
pQ for 1 (C) and 3h (D). a, significantly different compared to normal control cells,
p<0.05 ; b, significantly different compared to SA-treated controls, p<0.05 ; c, significant
difference between corresponding normal and SA-pretreated cells, p<0.05.

Xie et al. Page 22

Environ Int. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Intracellular thiol (A,C) and GSH (B,D) status in HL-60 cells and HL-60 cells pretreated with
the GSH-depleting DEM after exposure to PCB3-HQ (A,B) or PCB-pQ (C,D). a, significantly
different compared to normal control cells, p<0.05 ; b, significantly different compared to
DEM-pretreated controls, p<0.05 ; c, significant difference between corresponding normal and
DEM-pretreated cells, p<0.05.
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Figure 7.
Intracellular ROS level in HL-60 cells with and without pretreatment with 1mM DEM for 6 h
to deplete cellular GSH followed by exposure to PCB3-HQ for 1h (A) or 3h (B) or PCB3-pQ
for 1h (C) or 3h (D). a, significantly different compared to normal control cells, p<0.05 ; b,
significantly different compared to DEM-pretreated controls, p<0.05 ; c, significant difference
between corresponding normal and DEM-pretreated cells, p<0.05.
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Figure 8.
DNA damage induced by PCB3-HQ (A) and PCB3-pQ (B) in HL-60 cells determined by the
standard comet assay and hOGG1 FLARE comet assay. The Olive tail moment is used as the
metric for DNA damage. Treatments were conducted for 1 h at 37°C with and without pre-
treatment with succinylacetone (SA) to reduce MPO activity or diethylmaleate (DEM) to lower
intracellular GSH levels. * and #, significantly different compared to the control in Comet and
Flare assay, respectively, P<0.05.

Xie et al. Page 25

Environ Int. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


