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Myeloperoxidase (MPO) released by activated neutrophils
can initiate and promote carcinogenesis. MPO produces hypo-
chlorous acid (HOCl) that oxidizes the genomic DNA in inflam-
matory cells as well as in surrounding epithelial cells. DNA-cen-
tered radicals are early intermediates formed during DNA
oxidation.Once formed,DNA-centered radicals decay bymech-
anisms that arenot completely understood, producing anumber
of oxidation products that are studied as markers of DNA oxi-
dation. In this study we employed the 5,5-dimethyl-1-pyrroline
N-oxide-based immuno-spin trapping technique to investigate
the MPO-triggered formation of DNA-centered radicals in
inflammatory and epithelial cells and to testwhether resveratrol
blocksHOCl-inducedDNA-centered radical formation in these
cells. We found that HOCl added exogenously or generated
intracellularly byMPO that has been taken up by the cell or by
MPO newly synthesized produces DNA-centered radicals
inside cells. We also found that resveratrol passed across cell
membranes and scavenged HOCl before it reacted with the
genomic DNA, thus blocking DNA-centered radical forma-
tion. Taken together our results indicate that the formation
of DNA-centered radicals by intracellular MPOmay be a use-
ful point of therapeutic intervention in inflammation-in-
duced carcinogenesis.

Activation of neutrophils can initiate chemical mutagenesis
and carcinogenesis by producing oxidative damage to the ge-
nome in the inflammatory environment (1–3). Myeloperoxi-
dase (MPO,4 donor hydrogen peroxide, oxidoreductase, EC
1.11.1.7), is a hemeprotein found in the azurophilic granules of

neutrophils (4–6). MPO uses H2O2 to oxidize chloride ions,
converting them into the powerful oxidant hypochlorous acid
(HOCl/OCl�, pKa� 7.46) (5). Although othermammalian per-
oxidases can oxidize a number of halides and pseudohalides to
hypohalous and pseudohypohalous acids, MPO is the only
mammalian enzyme that produces HOCl under physiological
conditions (5). In sites of inflammation,H2O2used in theMPO-
catalyzed oxidation of chloride is produced by dismutation of
superoxide radical anion (O2

. ). It is noteworthy that DNA is
negatively charged and MPO is a cationic protein (5), which
suggests that they can bind each other by electrostatic interac-
tions. MPO is known to be taken up by cells surrounding an
inflammatory site (7). It might be anticipated that this would
make them highly vulnerable to DNA damage induced by
H2O2.
DNA-chloramines, which are less reactive than HOCl, are

produced when HOCl reacts with DNA at its heterocyclic
(ring) amino groups of guanosine and thymine groups and
with exocyclic amino groups of guanosine, adenosine, and
cytidine (8). Once formed, DNA-chloramines appear to
undergo both one- and two-electron decay to produce DNA
nitrogen-centered radicals, a process that is catalyzed by
reduced metals and is promoted by UV irradiation and high
temperatures (8–9). Importantly, nitrogen- and carbon-
centered radicals can be trapped by 5,5-dimethyl-1-pyrro-
line N-oxide (DMPO) to form radical adducts, which in the
case of DNA then decay to form DNA-DMPO nitrone
adducts (referred to as DNA nitrone adducts or nitrone
adducts). Herein, we studied the DNA nitrone adducts using
DMPO-based immuno-spin trapping that employs an anti-
DMPO antibody (10, 11).
Resveratrol (trans-3,5,4�-trihydroxy-trans-stilbene) is a nat-

urally occurring compound that has been shown to prevent
some forms of cancer (12–14) and other inflammatory diseases
(15, 16); however, the mechanism of action remains to be elu-
cidated. Notably, resveratrol has been shown to inhibit the per-
oxidase activity of MPO (17); however, no studies have been
published regarding its ability to scavenge HOCl.
In this study we used DMPO-based immuno-spin trapping

to investigate the formation of DNA-centered radicals in cells.
We have focused the present study on the generation of DNA-
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centered radicals by HOCl produced by MPO. We studied the
ability of MPO taken up by epithelial cells or MPO contained/
synthesized inside inflammatory cells to produce DNA-cen-
tered radicals when exposed to H2O2. We also tested whether
resveratrol prevents DNA oxidation by HOCl produced exog-
enously or intracellularly. We found that DNA-centered radi-
cals are formed whenHOCl is produced byMPO in close prox-
imity to the nucleus. We also showed that resveratrol passes
across membranes, scavenges HOCl, and thus, blocks genomic
DNA-centered radical formation in cells. Our results suggest
a mechanism of MPO-driven, HOCl-triggered early events
in oxidatively generated damage to the genome and provide
a new point of potential intervention in inflammation-in-
duced carcinogenesis.

EXPERIMENTAL PROCEDURES

Reagents—Calf thymus double-stranded deoxyribonucleic
acid (dsDNA, �10,000–15,000 kDa) as its sodium salt (catalog
#D3664, lot #015K7019), glucose oxidase from buttermilk
(GO), D-glucose, phorbol 12-myristate 13-acetate (PMA), tau-
rine, reduced glutathione (GSH), L-ascorbate, diphenylene
iodonium, and hypochlorous acid (HOCl, 30%) were obtained
from Sigma. Apocynin and 4-aminobenzoic acid hydrazide
(ABAH) were from Calbiochem. Stock solutions of HOCl were
prepared in 10 mM NaOH (pH � 12), and its molar concentra-
tion was calculated using a molar coefficient at 292 nm, �292 �
350 M�1 cm�1. HOCl bolus solutions were prepared at concen-
trations 100 times higher than that required in the final reaction
to avoid change in the final pHof the reactionmixture, typically
7.4. Human MPO and the anti-human MPO antibody were
purchased from Athens Research and Technology (Atlanta,
GA). Human leukemia (HL)-60 cells, RAW 264.7 murine
macrophages, and A549 human type II airway epithelial cells
were purchased from American Tissue Cell Collection (Man-
assas, VA) and maintained as indicated by the product’s
instructions. The nitrone spin trap DMPO (�228 � 7800 M�1

cm�1) and the anti-DMPO serum were purchased from Alexis
Biochemicals (San Diego, CA) and kept stored in aliquots at
�80 °C until use. Reagent grade 30% H2O2 (�240 � 43.6 M�1

cm�1) was from Fisher Scientific Co. (Fair Lawn, NJ). All buff-
ers used in our experiments were treated with Chelex� 100 ion
exchange resin (Bio-Rad) to remove transition metals usually
found in phosphate buffers as contaminants.
DNA Preparation and Production of HOCl-induced DNA-

DMPO Nitrone Adducts—A stock solution of calf thymus
DNA was prepared as previously described (18). The con-
centration of DNA was calculated from its absorbance at 260
nm (A260 nm � 1 corresponds to �50 �g/ml dsDNA � 150
�M as bases). Typically, 5 �M DNA (as bases) were reacted in
a total volume of 300 �l with 10 �M HOCl in 100 mM Chelex
sodium phosphate (NaP) buffer at pH 7.4 and 37 °C for 15
min followed by the addition of 10 mM DMPO. Thirty min-
utes later the reaction was stopped by adding 3 �l of a 1 M

solution of methionine in 0.1 MHCl to scavenge excess HOCl
and reactive chloramines (19).
Luminol-based Assay of HOCl and Study of Scavengers—Un-

der our experimental conditions luminol reacts with HOCl to
produce luminescence but not with H2O2, O2

. produced from

acetaldehyde/xanthine or peroxynitrite produced from 3-mor-
pholinosydnonimine N-ethylcarbamide (SIN-1) decomposi-
tion. These observations are in agreement with a recent study
which showed that luminol is a specific probe for imaging
HOCl produced byMPO in vivo (20). Fifty �l of 10 �M luminol
were, therefore, mixed in each well of a 96-well black micro-
plate with an equal volume of resveratrol dissolved in 100 mM

Chelex-NaP buffer, pH 7.4. The reaction was started by adding
100 �l of 100 mMNaP buffer with 100 �MHOCl, and the lumi-
nescence was read in a microplate reader within 2 min of mix-
ing the reagents at 15–22 °C.
Preparation of MPO—100 �g of MPO were dissolved in 200

�l of ultrapure water and dialyzed overnight against 2 liters of
10 mM Chelex-NaP buffer, pH 7.4, using a Dialyzer cassette
with a 5-kDa cut-off (Pierce). Before the addition ofMPO to cell
culture medium, the solution was sterilized by passing it
through a 0.22-�m nylon syringe filter. The UV-visible spec-
trum was used to determine the concentration, identity, and
purity of theMPO.The Soret bandwith a peakmaximumat 430
nm (178,000 M�1 cm�1 for the MPO homodimer at pH 7.4) is
characteristic of the specific heme prosthetic group in MPO.
The rheinheitzahl value (A430/A280 ratio) from the UV-visible
spectra provided an estimate of the purity of MPO relative to
total protein. The preparations of MPO used in our experi-
ments had a rheinheitzahl value of 0.8 (5).
Assay of the Peroxidase Activity of MPO—The peroxidase

activity of MPOwas measured after the H2O2-catalyzed oxida-
tion of guaiacol to tetraguaiacol at 15–22 °C. Typically, the
reactionmixture contained 8.9mM guaiacol, 50 nMMPO in 500
�l of a 50 mM acetic acid/acetate buffer, pH 5.6. The reaction
was started by adding different concentrations ofH2O2, and the
formation of tetraguaiacol at 470 nm (�470 nm � 26.6 mM�1

cm�1) was quantified within the first minute of reaction.
Production of DNA-DMPONitrone Adducts Using theMPO/

H2O2/Cl� System—Typically, 5 �M calf thymus DNA solution,
2 nM MPO, and 3 �l of an H2O2 solution 100 times more con-
centrated than that required to reach the final concentration,
stated in each experiment, were reacted in 300 �l of 10 mM

Chelex-NaP buffer containing 100 mM NaCl at pH 7.4. The
reaction mixture was incubated at 37 °C and at 700 rpm in a
thermomixer. In experimentswhereH2O2was produced by the
glucose/GO system, the buffer contained 5.6 mM �-D-glucose,
and an appropriate volume to obtain the final required concen-
tration of GO was added from a 100� stock solution. Thirty
minutes after the addition of the bolus H2O2 or after initiation
of H2O2 generation by the addition of GO, 10 mM DMPO was
added, and the incubation was continued for an additional 30
min. The reaction was terminated with 10 mMmethionine that
scavenges the HOCl excess or by adding 10 mM KCN to inhibit
MPO activity. To decompose H2O2 produced by the glu-
cose/GO system, 2 IU/ml catalase was added.
Induction and Visualization of DNA Nitrone Adducts Inside

HL-60 Cells—The HL-60 cell line was kept in RPMI 1640
medium containing 10% fetal calf serum. Before use the HL-60
cells were collected by centrifugation at 200 � g for 5 min at
4 °C. The cells were washed 3 times with sterile calcium-mag-
nesium-free Hanks’-buffered saline solution (HBSS�) and re-
suspended to obtain a suspension of 107 cells in 500�l of 10mM
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Chelex-NaP buffer with 100 mM sodium chloride at pH 7.4. It
should be noted that the intracellular concentration of Cl� is 25
times lower than the extracellular fluids, i.e. �4 mM. The for-
mation of HOCl was started by adding a bolus of H2O2 or by
adding 1–5milli-IU ofGO from a 100� stock solution. After 30
min of incubation at 37 °C, 10 mM DMPO was added, and the
incubation was continued for 30 min more at 37 °C. The reac-
tion was stopped with 5 �l of a solution containing 200 IU
catalase, 100 mM DTPA, 1 M methionine in NaP buffer and by
washing the cells 3 times with 1 ml of PBS containing 10 mM

methionine. Cell viability was then measured in one aliquot
using the trypan blue exclusion assay. Another aliquot of cells
was used to prepare cytospin slides for immunostaining of
DNA-DMPO nitrone adducts. The remaining cells were pel-
leted and frozen and stored at�80 °C until DNAextraction and
analysis of DNA-DMPO nitrone adducts.
The subcellular distribution of nitrone adducts in cytospin

preparations of HL-60 cells was determined by laser-scanning
confocal microscopy. Briefly, for the cytospin preparation, the
cell suspension was diluted to 104 cells/ml in PBS. Then, a total
volume of 700�l of cell suspensionwas centrifuged (700� g, 10
min) in a Shadon 4 cytospin centrifuge (Thermo Fisher Scien-
tific). After that, the slide was rinsed with PBS, fixed with 4%
paraformaldehyde for 15 min at 37 °C, and then permeabilized
with 0.2%TritonX-100 at room temperature for 5min followed
by blocking with the Image-iTTM FX signal enhancer (Invitro-
gen) for 30 min at 15–22 °C. The fixed cells were incubated
overnight at 4 °C with the rabbit anti-DMPO (1:500 dilution in
PBS), washed, and then incubated with a goat anti-rabbit Alexa
Fluor 488 (1:1000) at 37 °C for 1 h. Finally, the slides were
washed with PBS and mounted using Prolong Gold anti-fade
reagent with 4,6-diamino-2-phenylindole (Invitrogen), and the
preparation was examined with a Leica SP2 MP Confocal
Microscope with a 63 � 1.4 oil immersion objective. Single
plane images were acquired and analyzed using LSM 5 image
examiner software.
Induction of MPO in Macrophages with Lipopolysaccharide

(LPS) and Activation with PMA—The synthesis of MPO by
RAW 264.7 macrophages (80% coverage in T-75 flasks) was
induced with 1 ng/ml bacterial endotoxin (LPS, Escherichia
coli, serotype 055:B5) in phenol-red free-Dulbecco’s modified
Eagle’s medium containing 5% fetal calf serum for 24 h. A par-
allel experiment was run to obtain a macrophage homogenate
for analyzing MPO protein by Western blot. After exposure to
LPS, the macrophage monolayers were rinsed twice with pre-
warmed HBSS containing calcium and magnesium (HBSS�)
followed by the addition of 1 ng/ml PMA for 1 h, and then
DMPOwas added to the medium at a final concentration of 50
mM. Incubation was continued for 1 h after the addition of the
DMPO. After completion of the incubation, the medium was
removed, themonolayer was washed with HBSS�, and the cells
were harvested by scraping, washed, and frozen for further
DNA extraction and analysis of DNA-DMPO nitrone adducts.
Pre-loading of A549Cells withHumanMPOand Induction of

DNA-centered Radicals—A549 human type II airway epithelial
cells were cultured in F12K medium containing 5% fetal calf
serum in T-75 flasks up to 90% coverage or cultured 105
cells/ml in an 8-well LabTek glass slide. The monolayers were

rinsed with HBSS� and incubated in F12K medium with 5%
fetal calf serum containing 10 nM human MPO for 24 h. The
medium was then removed, and the monolayers were rinsed
three times with pre-warmed HBSS�. In the cells loaded with
MPO and grown in T-75 flasks, the production of HOCl was
initiated by adding different concentrations of GO in HBSS�

containing 5.6 mM glucose to produce H2O2. Typically, the
formation of H2O2 was started with GO and incubating the
monolayer for 30 min followed by the addition of 25 mM

DMPO. One h later the medium was removed, the mono-
layer was rinsed, and the cells were harvested for analysis of
viability using trypan blue and DNA extraction. A LabTek
glass slide that was treated in a similar way was used to local-
ize the uptakenMPO using immunocytochemistry. After the
inhibition of the endogenous peroxidases activity with 10
mM KCN, the slide was blocked and incubated with an anti-
human MPO antibody/horseradish peroxidase-conjugated
secondary antibody, and the immuno-complexes were de-
veloped with a diaminobenzidine substrate kit (Pierce). The
image was acquired at 400� magnification using a Jenco
inverted digital microscope.
DNA Extraction and Analysis of DNA-DMPO Nitrone

Adducts—The extraction of DNA using a chloroform-phenol-
based procedure and further analysis of DNA-DMPO nitrone
adducts by ELISA with the anti-DMPO antibody were previ-
ously reported (18).
Isolation of Neutrophils and Co-culture with A549 Cells—

Human neutrophils were isolated from venous blood by buoy-
ant density centrifugation (21), and their puritywas determined
by analysis of a cytospin slide stained with Diff-Quick (Thermo
Fisher Scientific). Confluent monolayers of A549 cells, 106 iso-
lated human neutrophils, or both in co-culture were incubated
in 2 ml of HBSS� in 6-well tissue culture plates at 37 °C. When
indicated, 100 ng/ml PMA, 5mM taurine, or 100�M resveratrol
were added at the beginning of the incubation. After 1 h of
incubation in the cell incubator, 50 mM DMPOwas added, and
the incubation was continued for 2 h more. At the end the
neutrophils were collected by washing them off with HBSS�

containing 1 mM EDTA (HBSS�/EDTA). The supernatant and
washing fluids were collected and then centrifuged to pellet the
neutrophils. TheA549 cellmonolayers werewashed once again
with HBSS�/EDTA to remove loosely attached cells and any
remaining neutrophils. Themonolayers of A549 cells were har-
vested by scraping, washed once with HBSS�/EDTA, and
packed by centrifugation (500 � g). The pellets of A549 cells
and neutrophils were used to extract DNA and quantify DNA-
DMPO nitrone adducts. The neutrophil purity (�95% purity)
and remaining neutrophils bound to A549 monolayers (�1%)
were determined by analysis of a Diff-Quick staining of cyto-
spin slides and monolayers, respectively.
Quantification of Double-stranded DNA Bound toMicrotiter

Plates—To quantify dsDNA bound to black-microplates we
used 4,6-diamino-2-phenylindole (Invitrogen), which interca-
lates DNA and fluoresces (�ex � 345 nm/�em � 458 nm).
Briefly, 50 �l of the reaction mixture was mixed with an equal
volume of Reacti-Bind DNA coating solution (Pierce), and the
plate was incubated at 37 °C for 90 min. Then the plate was
washed 3 times with washing buffer (see above), and 50 �l of a
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solution of 5 �M 4,6-diamino-2-phenylindole in 10 mM NaP
buffer, pH 7.4, was added. After 10 min of incubation at 37 °C
the fluorescence was read. Solutions of known concentrations
of calf thymus dsDNAwere used to prepare a calibration curve
to quantify the amount of sample dsDNA bound to the plate.
SDS-Polyacrylamide Gel Electrophoresis and Western Blot—

HL-60 or RAW 264.7 cells were washed with HBSS�, and cell
homogenates were prepared in radioimmune precipitation
assay buffer. After centrifugation at 11,700 � g and 4 °C for 10
min, the supernatant was collected. The protein concentration
in the supernatant wasmeasured using a BCA protein determi-
nation kit (Pierce). Ten�l of the supernatant containing 2.5mg
of proteins/ml was separated on a 4–12% Tris-Bis Novex gel
(Invitrogen), blotted onto a nitrocellulose membrane, and
incubated with the rabbit anti-DMPO antiserum as recently
described (11). The Western blot analysis of MPO in homoge-
nates of RAW 264.7 cells activated with LPS was performed
using an anti-human MPO antiserum that cross-reacts with
murine MPO obtained from Athens Research Technology.
Images were acquired from gels or Western blots developed
with enhanced chemiluminescence (ECL) using a FluorChem
HD2 imager (AlfaInnotech, San Leandro, CA).
Statistical Analysis—Relative light units (RLU) or RLU/�g of

dsDNA are reported as the mean values 	 S.E. Differences
between pairs were determined by Student’s t test and between
treatments and control by one-way analysis of variance with
Dunnett’s post hoc testing. Differences were considered statis-
tically significant at p � 0.05.

RESULTS

HOCl Produces DNA-centered Radicals That Are Prevented
by Resveratrol—DNA nitrone adducts were produced by incu-
bating 5 �M (as bases) calf-thymus DNA with a 2-fold molar
excess ofHOCl andDMPO(Fig. 1A). The omission of any of the
components in the reaction mixture (i.e. DNA, HOCl, or
DMPO) resulted in no nitrone adduct formation. Increasing
the concentration of HOCl in the reaction mixture produced a
corresponding increase in the formation of nitrone adducts
(Fig. 1B). Although a molar ratio of one to one between DNA
andHOCl produced significant formation of nitrone adducts as
measured by ELISA, in subsequent experiments we used a
molar ratio of two to one (DNA/HOCl) because this ratio pro-
duced higher signals than a one-to-one ratio and, thus, facili-
tated comparisons between treatments. The yield of nitrone
adducts increased with increasing concentrations of DMPO
(Fig. 1C). It is important to note that the concentration ofHOCl
found in sites of neutrophilic inflammation has been estimated
at between 30 and 200 �M (2), which is higher than the concen-
trations we used in this study.
HOCl has been previously determined to react with amines

in the purine and pyrimidine bases of the DNA to form chlora-
mines, which decompose to form DNA-centered radicals (8)
(Fig. 2A, upper panel). However, one of the most important
issues regarding the use of DMPO in systems containing HOCl
is the possibility that DMPO may react directly with HOCl to
produce 5,5-dimethyl-2-pyrroline-N-oxyl radical (22), which
may bind to the DNA by simple nucleophilic addition. We
therefore reasoned that this adductmight potentially be detect-

able using the anti-DMPO antibody. We observed that when
DMPO was added 5 or 15 min after the addition of HOCl, the
yield of nitrone adducts was similar, but whenwe addedDMPO
simultaneously or immediately after HOCl, the yield of nitrone
adducts was reduced by�60% (Fig. 2A, lower panel).When the
spin trap was added 60 min after the HOCl, the yield of DNA

FIGURE 1. HOCl-induces DNA-centered radicals that are trapped by
DMPO to form nitrone adducts. A, control experiments in the analysis of calf
thymus DNA-DMPO nitrone adducts show the absolute requirement of DNA,
HOCl, and DMPO. B and C, shown is HOCl- and DMPO-dependent, respec-
tively, formation of calf thymus DNA-DMPO nitrone adducts. Data are shown
as the mean values of relative light units/�g of dsDNA 	 S.E.; n � 9. See
“Experimental Procedures” for further details.
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nitrone adducts decreased by �50%, and if added 2 h after
HOCl when the chloramines and their DNA radicals had
already decayed, no nitrone adducts were formed (Fig. 2A). In
addition, stopping the reaction with methionine at different
times resulted in the time-dependent formation of nitrone
adducts (Fig. 2A); however, we did not observe any further
nitrone adduct formationwhenmethionine was added 2 h after
the start of the reaction. Our observations are in agreement
with the kinetics of the spin trapping technique (23) and also
the reported kinetics of chloramine decay (8).
Organisms have developed efficient antioxidant systems that

protect their biomolecules from oxidative attacks occurring
during aerobic metabolism. Two of these systems are GSH and
L-ascorbate. The addition of 1 �M GSH decreased the yield of
HOCl-induced DNA nitrone adducts by �40%; thus, physio-
logical concentrations of GSH in the cytosol of mammalian
cells (i.e. 4 mM) (24) should be sufficient to protect genomic
DNA against HOCl-triggered oxidation (Fig. 2B). At the same

molar concentration, GSHwas more effective than L-ascorbate
in reducing the yield ofHOCl-triggeredDNA-centered radicals
in vitro (Fig. 2B). This increased efficiency was expected
because of the relative rates of reaction of GSH and L-ascorbate
with HOCl (3 � 107 and 6 � 106 M�1 s�1 at pH 7.4, respec-
tively) (25, 26) and possibly because of the stoichiometry (which
is HOCl:L-ascorbate � 1 and HOCl:GSH � 0.5–4, depending
upon the efficiency of oxidation of GSH throughGSSG eventu-
ally to the chloramine derivative of the sulfonate GSO3

�) (19,
27). 1 �M resveratrol reduced HOCl-induced nitrone adducts
by�50%, and at 10�M, it completely prevented their formation
(Fig. 2B). Resveratrol could cause this reduction either by scav-
enging HOCl or reacting with DNA-centered radicals before
trapping with DMPO. Thus, we used a luminol-based assay to
examine the reaction of resveratrol with HOCl (Fig. 2C). 1 �M

resveratrol decreased HOCl-induced luminescence by �90%,
suggesting that it might be a potent HOCl scavenger.

FIGURE 2. Kinetics and effects of antioxidants on HOCl-induced DNA-DMPO nitrone adducts. A, shown is the effect of time of addition of 1 mM methionine
and 10 mM DMPO on the yield of nitrone adducts. The upper panel shows the sequence of events and half-life (t1⁄2) of intermediate species, i.e. chloramines and
DNA-centered radicals (�DNA), produced during HOCl-triggered oxidation of DNA. B, shown are the concentration-dependent effects of GSH, L-ascorbate, and
resveratrol on the production and trapping of HOCl-produced DNA-centered radicals with DMPO. C, shown is the scavenging effect of resveratrol on HOCl as
assessed with luminol as a probe. Asterisks in B and C indicate the lowest doses of compound that produce significant (p � 0.05) diminution of nitrone adducts
with respect to the compound not added . Data are shown as the mean values of relative light units/�g of dsDNA 	 S.E.; n � 9.

FIGURE 3. Myeloperoxidase-driven, DNA-centered radicals, and the protective effect of resveratrol. A, control experiments show the absolute need of all
components, i.e. calf thymus DNA, active MPO, chloride, H2O2, and DMPO, to generate and trap DNA-centered radicals as assessed by ELISA. B, shown is the
effect of H2O2 concentration on MPO-driven DNA-DMPO nitrone adduct yield and tetraguaiacol (TG) formation. C, procedures were as in A, but we added the
MPO inhibitors and scavengers of HOCl before H2O2; the asterisk indicates p � 0.05 with respect to no inhibitor added. Data are shown as the mean values of
relative light units/�g of dsDNA 	 S.E.; n � 9. SHA, salicyl hydroxamic acid.
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The Chlorinating Cycle of MPO Produces DNA-centered
Radicals—Wehypothesized that the chlorinating cycle ofMPO
produces DNA-centered radicals. As shown in Fig. 3A, the
addition of 50 �M H2O2 to a biochemical system containing
calf-thymus DNA, human MPO, and Cl� was sufficient to
allow us to trap DNA-centered radicals with DMPO. Omission
of one or more components in this system blocked the forma-
tion of DNA nitrone adducts (Fig. 3A).
To distinguish the effects of chlorination versus peroxidation

byMPOonDNA-centered radical formation, we incubated calf
thymus DNAwith 2 nMMPO, 100 mMCl� (normal extracellu-
lar concentration), and different concentrations of H2O2 added
as a bolus. We observed an increase in DNA-DMPO nitrone
adduct formation at concentrations of H2O2 up to 100 �M (Fig.
3B). At higher concentrations of H2O2, the nitrone adduct yield
was reduced in a concentration-dependent manner (Fig. 3B).
Interestingly, the peroxidase activity ofMPO, as assessed by the
assay of oxidation of guaiacol to tetraguaiacol, was near 100%
when the production of nitrone adducts decreased by 90%, i.e. 1
mMH2O2. DNA-DMPO nitrone adducts were blocked by inhi-
bition of the MPO (28) with KCN, salicyl hydroxamic acid
(SHA), or ABAH. Formation of adducts was also blocked by
adding catalase (which decomposes H2O2; data not shown) or
by scavenging HOCl with methionine or taurine (19) (Fig. 3C).
These observations suggest that DNA-centered radicals are
produced by HOCl generated during the chlorination cycle of
MPO.
The Chlorination Activity of MPO Produces DNA-centered

Radicals in HL-60 Cells Exposed to H2O2—Like neutrophils,
HL-60 cells express MPO at high levels, and most of this is
located in the cell nuclei (29). We therefore used HL-60 cells
exposed to H2O2 and DMPO to study genomic DNA-centered
radicals in a process driven byMPO and triggered by HOCl. To
better model the inflammatory scenario, we triggered the chlo-
rination cycle of MPO in the cell nuclei by two different meth-
ods: we either added low concentrations of H2O2 to the
medium or incubated the cells in HBSS� with 5.6 mM glucose
and 100mM chloride, initiating the production of H2O2 by add-
ing GO. We added DMPO 30 min after the addition of GO,
when measurable amounts of HOCl had formed and reacted
with DNA but DNA-chloramines had not yet decayed. The
generation of H2O2 by the glucose/GO system at 30 nmol/min
produced nitrone adducts inside of the cell without significant
cell death (Fig. 4A). Catalase, cyanide, ABAH, and resveratrol
inhibited the formation ofDNA-centered radicals insideHL-60
cells. This occurred whether or not the cells were incubated
with a bolus of H2O2 or subjected to generation of H2O2 by
glucose/GO (data not shown, see also Fig. 4A). Becausemyeloid
cells contain high concentrations of GSH (�4 mM) (24), ascor-
bate (1–4 mM) (30), taurine (�50 mM) (28), and peroxide-de-
grading enzymes such as catalase and glutathione peroxidase,
the amount of H2O2 required to trigger HOCl production by
MPO and formation of DNA-centered radicals is higher than
that required to produce HOCl in the biochemical system (i.e.
MPO/Cl�/H2O2, see Figs. 3, A–C).
The 5.6 mM glucose, 1 milli-IU/ml GO system, which pro-

duced 30 nmol of H2O2/min, not only produced the highest
level of DNA nitrone adducts but is also perhaps more physio-

logically relevant than the bolus addition of H2O2. As shown in
Fig. 4B, concentrations of GO used in the present study pro-
duced a minimal loss of cell viability as assessed by the trypan
blue exclusion assay. However, 5milli-IU/ml GOproduced sig-
nificant cell death. We also quantified the nitrone adduct for-
mation after washing the cells and extracting the DNA (Fig. 4B,
right axis). We observed a GO-dependent, therefore H2O2-de-
pendent, increase in the formation of DNA-centered radicals,
whereas heat-inactivated GO did not produce nitrone adducts
(data not shown). These results suggest that DNA-centered
radicals are produced inside living cells and may be involved in
the death of neutrophils at sites of inflammation. Although we
have established an effective procedure to isolate the DNA that
avoids further radical oxidation and was free of proteins (18),
we sought to investigate whether protein-centered radicals
such as histone-DMPO nitrone adducts are also formed. Inter-
estingly, we detected no protein-DMPO nitrone adducts as
assessed by Western blot of the HL-60 cell homogenate using
the antibody anti-DMPO (Fig. 4C). Light bands and smears
observed in the right panel of Fig. 4Cmay be due to adsorption
to proteins of DNA nitrone adducts partially hydrolyzed with
the BenzonaseTM we used in the radioimmune precipitation
assay buffer to prepare the cell homogenates.
To localizeDNA-centered radicals insideHL-60 cells treated

withH2O2 andCl�, we exposed cells under conditions inwhich
cell viability was higher than 85%, i.e. glucose/GO (1 milli-IU/
ml), and in which the cell viability was compromised, i.e. 5
milli-IU GO/glucose (see Fig. 4B). The analysis of these cells
showed co-localization of DNA and DNA-DMPO nitrone
adducts in the cell nuclei. Preincubation of theHL-60 cells with
resveratrol prevented the formation of GO-induced DNA-
DMPO nitrone adducts (data not shown). As shown in Fig. 4D
and insets, all of the nitrone adduct formation was associated
with the DNA, which we suggest is due to the proximity of the
genomic DNA to the source of HOCl (i.e. the chlorinating cycle
of MPO). The pattern of the nuclear distribution of nitrone
adducts and DNA observed with 5 milli-IU GOmay be related
to chromatin condensation due to apoptosis (Fig. 4D, right
panel). Importantly, about 90% of the cells showed nitrone
adduct formation. Taken together these results indicate that
DMPO traps MPO-driven, HOCl-triggered DNA-centered
radicals that were formed in a cell system where molecular tar-
gets co-localized with the source of reactive chemical species.
This cellmodelmay represent reactions that occur in the nuclei
of activated neutrophils and macrophages at the site of
inflammation.
DNA-centered Radicals Induced by Newly Synthesized and

UptakenMPO and the Protective Role of Resveratrol—We used
two models to simulate the induction of MPO in activated
macrophages and the uptake of neutrophil-derived extracellu-
lar MPO by epithelial cells, as occurs for example in the
inflamed lung (31). The first model uses RAW 264.7 macro-
phages activated with bacterial LPS, to induce the synthesis of
MPO (Fig. 5A, upper panel). We activated the LPS-elicited
macrophages with PMA to induce NADPH oxidase-2 coupling
to the cellmembrane and toO2

. production followed 1 h later by
the addition of 50 mM DMPO. When we extracted the DNA
from these macrophages, we observed nitrone adducts only in
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those macrophages preincubated with LPS and activated with
PMA (Fig. 5A, lower panel). PMA-triggered DNA-DMPO
nitrone adducts were prevented with diphenylene iodonium
and apocynin, two inhibitors of NADPH oxidase-2 (32). Salicyl
hydroxamic acid and ABAH are two known inhibitors of MPO
activity (28). Nitrone adduct formation was also prevented by
addition of resveratrol but not taurine or methionine (Fig. 5B).
This result might indicate that resveratrol passes more easily
across cell membranes than the charged taurine ormethionine.
The second model uses A549 cells preloaded with human

MPO exposed to H2O2 and DMPO. When we incubated A549
lung type-2 epithelial cells with human MPO and analyzed its
subcellular localization (Fig. 6A), we observed that most of the
MPO was localized to the perinuclear region of the cells (Fig.
6A, lower panel). When we treated these cells with glucose/GO
to generate H2O2 and activated the chlorination cycle of MPO,
we observed the formation of nitrone adducts with no signifi-

cant change in cell viability (Fig. 6B). In this model resveratrol
also prevented nitrone adduct formation (Fig. 6C). Fig. 6D
shows that PMA activation induces DNA-centered radicals in
A549 cells co-cultured with neutrophils. We also observed a
small amount ofDNA-centered radicals in PMA-activated neu-
trophils. The aim of these experiments was to test whether
genomic DNA radicals in A549 cell monolayers were produced
by HOCl that escapes from PMA-activated neutrophils, HOCl
produced by extracellular MPO, or HOCl produced intracellu-
larly by MPO that was taken up by A549 cells. Interestingly,
resveratrol, but not taurine, blockedDNA-centered radical for-
mation in neutrophils and A549 cells co-incubated with neu-
trophils (Fig. 6D). Similar results were obtained when these
experiments were performed in complete culture medium
(data not shown). Results using this model indicated that res-
veratrol passes through cell membranes and scavenges HOCl,
consequently blocking DNA-centered radical formation.

FIGURE 4. DNA-centered radicals in HL-60 cell treated with H2O2. A, shown is ELISA analysis of DNA-nitrone adducts in DNA extracted and purified from HL-60 cells
that we treated with H2O2 added as a bolus or generated by glucose/GO system. We started the reaction with GO and 30 min later we added DMPO. B, shown is
generation and trapping of DNA-centered radicals with DMPO and viability of HL-60 exposed to different fluxes of H2O2 produced by the glucose/GO system. The
asterisk indicates changes (p � 0.05) in cell viability with respect to no GO added. C, Coomassie blue stain (left panel) and anti-DMPO Western blot (right panel) of
homogenates of HL-60 cells that we treated as described in B are shown. M and M* indicate SeeBlueTM and Magic MarkTM XP molecular weight markers, respec-
tively. D, shown is confocal microscopy analysis of nitrone adducts inside HL-60 cells that we incubated with 5.6 mM glucose and 1 or 5 milli-IU of GO and
10 mM DMPO. The measurement bar is 50 �m. Insets show nuclear DNA, nitrone adducts, and merge images from individual cells treated as in the main
panel, and the bar indicates 20 �m. Data is from at least three experiments performed in triplicate, and they show a representative image or mean values
of relative light units/�g of dsDNA 	 S.E.; n � 9. See “Experimental Procedures” for further details. DAPI, 4�,6-diamidino-2-phenylindole.
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DISCUSSION

In these studies we tested the hypothesis that intracellular
MPO produces DNA-centered radicals in in vitro models of
inflammation. The formation of DNA-centered radicals in-
volves the formation of chloramines that decompose to form

DNA-centered radicals that are trapped by DMPO. To test our
hypothesis we investigated HOCl-induced DNA-centered rad-
icals in biochemical and cell models and analyzed their inhibi-
tion by resveratrol (summarized in Scheme 1). Previously we
reported the formation of DNA-DMPO nitrone adducts by
attack of genomic DNA by �OH radicals produced by a Fenton-
like system, i.e. the Cu2�/H2O2 system (33). However, the
chemistry of the reaction of DNA with HOCl differs from that
of �OH in a number of ways. HOCl is less reactive than �OHand,
thus, can diffuse greater distances than �OH (34). It also reacts
rapidly with amino and sulfhydryl groups in proteins and with
amino groups in nucleic acids (34, 35). In addition, it reacts
rapidly with lipids, carbohydrates, GSH, taurine, methionine,
and L-ascorbate (19, 36). Consequently, because of HOCl reac-
tivity and the presence of cellular antioxidants, oxidation of
genomic DNA by HOCl might occur only when HOCl is pro-
duced close to or within the cell nuclei. DNA oxidation by
HOCl can lead to oxidative consequences such as chlorinated
bases (3), including 5-chloro-2�-deoxycytidine, 8-chloro-2�-de-
oxyadenine, and 8-chloro-2�-deoxyguanosine, 8-oxo-7,8-dihy-
dro-2�-deoxyguanosine (37), abasic sites (loss of a base in
DNA), strand breaks (8, 38), mutations, and carcinogenesis
(39, 40).
The anti-inflammatory and anti-carcinogenic effects of res-

veratrol have been attributed to its properties as a scavenger of
O2
. and �OH (41). In addition, resveratrol inhibits O2

. produc-
tion by NADPH oxidase-2 (15), blocks cyclooxygenase activity
(42), and thus, might protect DNA against mutations induced
by reactive oxygen species (see Scheme 1). To test whether res-
veratrol inhibits HOCl-triggered DNA oxidation, wemeasured
the ability of resveratrol to block DNA-DMPO nitrone adduct
formation and luminol oxidation by HOCl. Although luminol
has been recently used to image HOCl production by MPO in
vivo (20), it is known that luminol reacts with peroxynitrite and
O2
. , which are also produced during inflammation (32, 43).

When we treated calf thymus DNAwith HOCl and DMPO, we
observed that resveratrol inhibits nitrone adduct formation
(Fig. 2B). However, based on our data we cannot rule out a
reaction of resveratrol with the DNA-chloramines or with
DNA-centered radicals once they are formed. The ability of
resveratrol to blockHOCl-induced luminol luminescence indi-
cates that it reactswithHOCl, but themechanism remains to be
elucidated. In addition, the capability of resveratrol to prevent
DNA-centered radical formation may be related to its anti-
mutagenic and anti-carcinogenic effects, which have been
observed both in animal models of inflammation and in clinical
studies (Ref. 2 and references therein). In addition, a study by
Hensley and Floyd (17) indicated that resveratrol inhibits the
peroxidase activity of MPO. Indeed, as shown in Fig. 3B, after
reaction ofMPO/Cl� with 1mMH2O2, the chlorination chem-
istry of MPO was almost completely blocked by resveratrol;
however, the peroxidase activity was still high. Low concentra-
tions of H2O2 are known to trigger the chlorination cycle of
MPO, which produces HOCl by oxidation of chloride. Thus,
resveratrol may inhibit DNA-centered radical formation by
scavenging HOCl rather than inhibiting MPO activity. How-
ever, in agreement with the observations of Hensley and Floyd
(17), we observed that resveratrol inhibits MPO peroxidase

FIGURE 5. Critical role of MPO on DNA-centered radical production in
macrophages stimulated with LPS when activated with PMA. A, in the
upper panel we show a Western blot analysis of MPO in macrophages treated
for 24 h with different concentrations of bacterial LPS. In the lower panel we
show the yield of nitrone adducts in the DNA purified from macrophages
treated with 1 ng/ml LPS for 24 h and then activated for 1 h with the phorbol
ester PMA (1 ng/ml). Then 50 mM DMPO was added, and the incubation was
continued for 1 h before extraction of DNA. Asterisks indicate that means
connected by the horizontal segments are different (p � 0.05). B, we induced
MPO in RAW 264.7 cells, then added different compounds (inhibitors and
scavengers) and activated the cells with PMA. We trapped DNA-centered rad-
icals with 50 mM DMPO and analyzed nitrone adducts by ELISA. The asterisk
indicates significant difference with respect to PMA alone. Data are from at
least three experiments performed in triplicate, and they show a representa-
tive image or mean values of relative light units/�g of dsDNA 	 S.E.; n � 9.
SHA, salicyl hydroxamic acid; DPI, diphenylene iodonium.
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activity inside HL-60 cells (data not shown). Most importantly,
results from our cell models are consistent with our hypothesis
that resveratrol passes through cell membranes and scavenges
HOCl, consequently blockingDNA-centered radical formation
(see Scheme 1).
For the first timewehave imagedDNA-centered radicals and

observed structural changes in the nuclei of HL-60 cells
exposed toH2O2. The close proximity betweenDNA andMPO
in HL-60 cells and possibly in activated neutrophils (44) makes
these cells particularly vulnerable to oxidative damage to their
genomes and subsequent cell death. To protect the genome
while at sites of inflammation, neutrophils contain high con-
centrations of L-ascorbate, GSH, and taurine. Our results indi-
cate that these scavengers can protect against HOCl-triggered
DNA-centered radicals (see Scheme 1).
It is known that activation of neutrophils and inflammatory

macrophages with PMA produces mutations in phagocytized
bacteria, and it transforms mammalian cells (2, 39). Further-
more, tumor development in sites of neutrophil infiltration has

also been reported in animalmodels
of chronic inflammation and clini-
cal studies (Ref. 2 and references
therein). Our results indicate that
MPO taken up from the medium
localizes in the perinuclear region of
the A549 airway type-II epithelial
cells (Fig. 6A). Type II epithelial cells
are one of the most vulnerable tar-
gets for cell transformation during
lung neutrophilic inflammation
induced by exposure to particulate
air pollutants (45). The localization
of MPO near the nucleus is striking
because of the proximity of the
genome to the source of HOCl and
suggests a possible mechanism in
which MPO taken up by cells can
trigger genotoxic effects in sur-
rounding epithelial cells in inflamed
tissues (45). HOCl produced during
activation of neutrophils can diffuse
outside the phagolysosome and
react with the membrane or with
other macromolecules in surround-
ing cells (46), which would limit its
ability to react with their genomic
DNA. Our results (Fig. 6D) indicate
that the HOCl produced by MPO
inside A549 cells caused DNA-cen-
tered radical formation. That tau-
rine does not prevent DNA-cen-
tered radical formation in A549
cells incubated with activated neu-
trophils suggests that HOCl pro-
duced from neutrophils or pro-
duced extracellularly by released
MPO is not the cause of DNA-cen-
tered radical formation in A549

cells. On the other hand, resveratrol that diffuses inside the cell
and scavenges HOCl can prevent DNA oxidation in cells that
took up MPO released from PMA-activated neutrophils. It is
important to note that at sites of inflammation, the concentra-
tions of H2O2 have been reported to reach �50–100 �M (7),
sufficient to trigger the chlorination cycle of MPO (5). In addi-
tion, H2O2 is very stable and can cross cell membranes and be
used as substrate byMPO located close to the DNA, producing
HOCl and damage to the genome. Taken together, our study
suggests that DNA-centered radicals participate early in
inflammation-induced carcinogenesis. Therefore, inhibitors of
the chlorination cycle of MPO, scavengers of HOCl, and spin
traps might all be useful for stopping early DNA oxidation,
mutagenesis, and cell transformation in sites of inflammation.
We conclude that in the site of inflammation, the genomes of

both inflammatory and surrounding epithelial cells are targets
of HOCl generated intracellularly byMPO, both newly synthe-
sized and that taken up from the inflammatory milieu. In addi-
tion, this is the first report showing the formation of HOCl-

FIGURE 6. Uptaken MPO is a source of genomic DNA-centered radicals in epithelial cells exposed to H2O2.
A, in the upper panel we preloaded A549 cells with 50 nM human MPO for 24 h and analyzed MPO using an
anti-human MPO antibody, a secondary antibody conjugated with horseradish peroxidase, and 3,3�-diamin-
odbenzidine as substrate. The black bar indicates 10 �m, and the arrowhead indicates the perinuclear localiza-
tion of the uptaken MPO. The lower panel shows the image of one representative A549 cell loaded with MPO.
B, the procedure was the as in A, but we treated the pre-loaded cells with 5.6 mM glucose and different
concentrations of GO. Thirty minutes later we added 50 mM DMPO. After 1 h of incubation we determined
membrane trypan blue exclusion (viability), extracted DNA, and analyzed DNA-DMPO nitrone adducts by
ELISA. The asterisk indicates changes (p � 0.05) in cell viability with respect to the cell viability without GO
added. C, procedures were as in B, but we incubated pre-loaded A549 cells at 37 °C for 1 h with the indicated
concentrations of resveratrol in HBSS� with 5.6 mM glucose and started the formation of H2O2 by adding 1
milli-IU GO. Thirty minutes later we added 50 mM DMPO and continued the incubation for one more hour. The
asterisk indicates the minimal concentration of resveratrol that significantly (p � 0.05) changes nitrone adduct
production with respect to no resveratrol added. D, monolayers of A549 cells were incubated with or without
neutrophils (Neu) in HBSS� and with or without 100 ng/ml PMA, 100 �M resveratrol (RES), or 5 mM taurine (Tau).
1 h later 50 mM DMPO was added. After a total of 3 h of incubation the nitrone adducts were determined in the
DNA extracted from both cell populations by separate (A549 cell and neutrophil DNA) as described under
“Experimental Procedures.” Asterisks indicate p � 0.05 with respect to DNA nitrone adducts determined in the
DNA isolated from A549 cells that were incubated with neutrophils (A549�Neu bar). Data are shown as the
mean values of relative light units/�g of dsDNA 	 S.E.; n � 9.
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induced genomic DNA-centered radicals in living cells and
suggests a mechanism for the anti-carcinogenic effect of res-
veratrol. Finally, our findings provide biochemical bases of early
events of HOCl-induced genomic instability that may provide
new therapeutic strategies to block inflammation-induced
carcinogenesis.
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SCHEME 1. MPO chlorinating activity and DNA-centered radicals in the
pathway from inflammation to carcinogenesis. Inflammation induces
increased membrane coupling and activity of NADPH oxidase (NOX) and
recruitment and activation of neutrophils that release MPO. Active NADPH
oxidase reduces dioxygen to superoxide radical anion (O2

. ) that spontane-
ously or enzymatically dismutates to H2O2. NADPH oxidase can be inhibited
with apocynin, diphenylene iodonium (DPI), and resveratrol. H2O2 is used by
MPO to oxidize chloride to hypochlorous acid (HOCl). This reaction is inhib-
ited by salicyl hydroxamic acid (SHA) or ABAH. HOCl reacts with DNA to form
chloramines that decompose to produce DNA-centered radicals. HOCl is
scavenged by taurine, methionine, reduced glutathione (GSH), L-ascorbate,
and possibly by resveratrol (chemical structure shown in the inset). Once
formed and if not scavenged by antioxidants or trapped by DMPO to form a
nitrone adduct, DNA-centered radicals can lead to oxidation of the DNA,
mutations, and cell transformation. Crosses indicate inhibition or scavenging.
See “Results” and “Discussion” for further details.
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