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through Halide-Dependent Formation of Hydroxyl Radical

Zhongzhou ShehWeijia Wu;* and Stanley L. Hazen*8!

Department of Cell Biology and Department of Cardiology, #@leand Clinic Foundation, Cleeland, Ohio 44195, and
Chemistry Department, Cleland State Uniersity, Cleeland, Ohio 44115

Receied December 7, 1999

ABSTRACT: A variety of chronic inflammatory conditions are associated with an increased risk for the
development of cancer. Because of the numerous links between DNA oxidative damage and carcinogenesis,
a potential role for leukocyte-generated oxidants in these processes has been suggested. In the present
study, we demonstrate a novel free transition metal ion-independent mechanism for hydroxyl1@#igal (
mediated damage of cellular DNA, RNA, and cytosolic nucleotides by activated neutrophils and eosinophils.
The mechanism involves reaction of peroxidase-generated hypohalous acid (HOCI or HOBr) with
intracellular superoxide (£7) forming *OH, a reactive oxidant species implicated in carcinogenesis.
Incubation of DNA with either isolated myeloperoxidase (MPO) or eosinophil peroxidase (EPO), plasma
levels of halides (Cl and Br), and a cell-free @ -generating system resulted in DNA oxidative damage.
Formation of 8-hydroxyguanine (8-OHG), a mutagenic base which is a mark&emediated DNA
damage, required peroxidase and halides and occurred in the presence of transition metal chelators (DTPA
+ desferrioxamine), and was inhibited by catalase, superoxide dismutase (SOD), and scavengers of
hypohalous acids. Similarly, exposure of DNA to either neutrophils or eosinophils activated in media
containing metal ion chelators resulted in 8-OHG formation through a pathway that was blocked by
peroxidase inhibitors, hypohalous acid scavengers, and catalytically active (but not heat-inactivated) catalase
and SOD. Formation of 8-OHG in target cells (HAL fibroblasts) occurred in all guanyl nucleotide-containing
pools examined following exposure to both a low continuous flux of HOCI (at sublethal doses, as assessed
by [*“Cladenine release and clonogenic survival), and hyperoxia (to enhance intraceffuldev@ls).
Mitochondrial DNA, poly A RNA, and the cytosolic nucleotide pool were the primary targets for oxidation.
Moreover, modest but statistically significant increases in the 8-OHG content of nuclear DNA were also
noted. These results suggest that the peroxidbs®,—halide system of leukocytes is a potential
mechanism contributing to the well-established link between chronic inflammation, DNA damage, and
cancer development.

The contribution of oxidative processes to carcinogenesis DNA damage byOH generates characteristic mutagenic
is now widely acceptedl(-7). Much progress in this area base lesions, such as 8-hydroxyguanine (8-OH&5)1Q).
involves use of stable markers of free-radical reactions to Significant progressive increases in the content@-
identify specific chemical mechanisms of DNA damage in generated lesions in the DNA from normal, premalignant,
vivo (8—11). DNA damage caused by the highly reactive cancerous, and metastatic tissues have been demonstrated
hydroxyl radical {OH)! has been linked to neoplasia in a utilizing a variety of independent analytical metho8s-7,
number of biological systemd{12). 12, 13. The direct correlation observed between free radical-
mediated 8-OHG formation and carcinogenesis has been
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mechanism(s) responsible for generatn@H during the
development of cancer and metastases formation in vivo is
(are) still unclear.
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PA). 2-Deoxy-8-hydroxyguanosine (8-OHdG) was obtained
from Sigma Chemical Co. (St. Louis, MO). Chelex-100 resin
(200-400 mesh, sodium form) was obtained from BioRad

Phagocytic cells such as neutrophils and eosinophils are(Hercules, CA). 8-Hydroxyguanine (8-OHG) and 8-[#t#-

a particularly attractive source of reactive intermediates since

OHG were prepared as describéd). DNA Extractor WB

they have evolved enzymatic mechanisms to generate arkits were obtained from Wako Chemical (Richmond, VA).

arsenal of reactive species as part of their normal function.
Neutrophils and eosinophils play an essential role in tissue

surveillance in host defense mechanisms. These cells inflict

oxidative damage upon invading parasites and pathogens

however, the reactive species they form can also damage

normal tissues26—30). Activated neutrophils and eosino-
phils employ NADPH oxidase to catalyze conversion of
molecular oxygen to &, which dismutates to form D,

(31). Research thus far into the mechanisms of phagocyte-
dependent DNA damage has primarily focused on the
potential role(s) of @ and HO, in DNA damage through
metal ion-dependent generation*@H, or in the oxidative
conversion of precarcinogens into carcinogehs3g—37).

In addition to its ability to reduce ferric ion (F8 to ferrous

ion (Fe') (the presumed catalyst involved in formation of
*OH), a role for @ in releasing iron from protein-bound
iron—sulfur clusters has also been sugges&f). (

An alternative pathway forOH formation in vivo may
involve myeloperoxidase (MPO) and eosinophil peroxidase
(EPO), abundant heme proteins secreted by neutrophils an
eosinophils, respectively. MPO and EPO amplify the oxida-
tive potential of HO, by generating reactive halogeBX-

43), reactive nitrogen44—49), reactive aldehyde2g, 50,
51), and diffusible radical speciesA%, 52, 53. Under

All other reagents were purchased from Sigma Chemical Co.
(St. Louis, MO) unless otherwise indicated.

Methods

General ProceduresHomogeneous human MPO and
porcine EPO were isolated and quantified as descrihgd (
Rat liver DNA was extracted and isolated as descril&jl (
Neutrophils and eosinophils were isolated by buoyant density
centrifugation 61). Low levels of contaminating eosinophils
or neutrophils in neutrophil and eosinophil preparations,
respectively, were then removed by cell sorti6g)( Buffers
were prepared with distilled deionized water. To remove any
remaining potential adventitious metals that could participate
in the generation ofOH, all reagents, enzymes, and buffers
were treated with chelex-100 resin, and reactions were
performed in the presence of the metal chelator diethylene-
triaminepentaacetic acid (DTPA). All reaction vials, pipet
tips, and pH electrodes were rinsed with 100 DTPA (pH

O7.0) prior to use.

DNA Modification.A stock solution of calf thymus DNA
(1 mg/mL) in 20 mM sodium phosphate buffer (pH 7.0) was
treated with chelex-100 resin and centrifuged to remove resin,
and the pH was adjusted to 7.0 using chelex-treated monoba-

physiological concentrations of halides, major initial oxidants Si¢ sodium phosphate buffer (20 mM) prior to use. If not
formed by MPO and EPO are hypochlorous acid (HOCI) used immediately, stock solutions were sparged and stored
and hypobromous acid (HOBr), respectively. Studies with under argon in gastight brown glass vials. Typically, calf
spin trapping agent$4, 55 and chemical traps 0OH (56, thymus DNA (0.8 mg/mL final) was incubated with chelex-

57) have demonstrated that hypohalous acids can generatdreated MPO or EPO (100 nM), a cell-free superoxide
“OH following reaction with @~ (eq 2): generating system comprised of lumazine (0.4 mM), and

B . B chelex-treated bovine milk xanthine oxidase (XO, 80 mil-
O, + HOX—"OH+ X~ + O, (X =Clor Br) (2) liunits/mL; Boehringer Mannheim) in the presence or absence
of halides. Mixtures were incubated at 3C for 1 h, and

This reaction is analogous to the Hab#&Yeiss reaction (eq the reaction was stopped by extraction of DNA using the

1) where HO; is replaced by HOCI or HOBr. In the absence

of metal ions, eq 2 is at least 6 orders of magnitude fasterNal chaotrop_lg m_ethod60).. .
than the HaberWeiss reaction§7—59). DNA modification by isolated human neutrophils or

In the present study, we examine the potential role of human eosinophils was performed by incubating freshly
leukocyte-generated hypohalous acids and intracellufar O isolated chelex-treated fat liver DNA (0.8 mg/mL final) with
as mediators ofOH-dependent damage of cellular DNA, cells (5 x 1 cells/mL) in chelex—trea_ted Hank’s balanced
RNA, and free nucleotides. We now demonstrate that S&lt solution (HBSS) supplemented with DTPA (pH 7.4) and
exposure of DNA to either isolated MPO or EPO and,a © plasma levels of Br (i.e., 100uM NaBr). Leukocytes were
generating system results i®H-mediated DNA damage stimulated with 200 nM phorpol myristate acetate (PMA).
through a free metal ion-independent, halide-dependent!n Some cases, the suspensions also contained one of the
pathway. We also demonstrate that activated neutrophils andf!lowing: 500 units/mL chelex-treated bovine liver catalase,
eosinophils oxidatively damage DNA through this pathway. 30 units/mL chelex-treated superoxide dismutase (SOD), 1
Finally, we demonstrate that exposure of target cells to both MM azide, 10 mM aminotriazole (ATZ), or 10@M
an exogenous source of hypohalous acids and enhancedeésferrioxamine. Following incubation, cells were pelleted,
intracellular @~ production results in significantOH- and the DNA in supernatants was extracted and analyzed

mediated damage of nuclear DNA, mitochondrial DNA, for 8-OHG content.
RNA, and cytosolic nucleotides. DNA modification of target cells was done using Chinese

hamster fibroblasts (HA1 cell line). HA1 cells were main-
EXPERIMENTAL PROCEDURES tained in Eagle’s minimum essential medium supplemented
Materials with fetal calf serum and penicillinstreptomycin (100 units/
mL—0.1 mg/mL) in a humidified 5% C@and air environ-
Organic solvents (HPLC-grade) and,® (30%; ACS ment. Cells were placed in HBSS supplemented with DTPA
grade) were obtained from Fisher Chemical Co. (Pittsburgh, (100xM) during the 4 h treatments. The exogenous HOCI-
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generating system used was comprised of MPO (100 nM),

glucose (in media)/glucose oxidase (10 ng/mL), and (@I
media). Under these conditions, a continuous flux of HOCI

of 0.08 uM/min is produced, as assessed by the taurine

monochloramine method8), in HBSS supplemented with
10 mM taurine. In some experiments, HA1l cells were

Shen et al.

The content of guanine (G) was determined by UV monitor-
ing at 256 nm. Authentic 8-OHG and G standards were also
used to generate external calibration curves.
Measurement of Cellular Injury and Clonogenic Siugal
ExperimentsThe degree of cellular injury was measured by
the specific release fC from proliferating cells previously

maintained in an incubator at an oxygen concentration to loaded with'“C-labeled adenine as describeb) Clono-

95% as the 4 h hyperoxia condition as describéd).(
Following the 4 h reaction period at 37C, cells from

genic survival experiments were performed in 60 mm dishes
and grown exponentially for 2 days, at which time the cell

multiple dishes were recovered, pooled and pelleted, anddensity was approximately & 10%cn? as described6d).

washed with ice-cold HBSS supplemented with 10@
DTPA and butylated hydroxytoluene (BHT, 5M), and
the content of 8-OHG in at least 20y of nuclear DNA,
mitochondrial DNA, poly A RNA, and cytosolic nucleotides
was then determined by reverse-phase HPLC-EC.

During survival experiments, cultures were treated for 4 h
with 4 mL of the exposure indicated in Table 1. Cultures
were then washed 3 times with sterile Puck’s saline and
trypsin-treated, and the resulting single-cell suspension was
counted (by Coulter counter). Suspensions were serially

HAL1 cellular homogenate was generated in chelex-treateddiluted and replicates plated for colony survival. After )
sodium phosphate buffer (50 mM, pH 7.0) supplemented days incubation at 37C, colonies were fixed in 70% ethanol,

with DTPA (100 uM) and BHT (50 uM). Nuclei and
mitochondria were isolated by conventional subcellular
fractionation methods prior to isolation of DNA by the Nal
chaotropic method60). RNA was isolated as described by
Fiala ©5) with the addition of BHT (10Q:M) and desferol
(100 uM) to all solutions. Protein in cytosol (100,090

supernatant of homogenate) was precipitated by trichloro-

acetic acid (30% v/v, 6C). The samples were spun at 2600

stained with Crystal Violet, and counted under a dissecting
microscope. Plating efficiencies were approximately-70
85% for all untreated cells.

Statistical AnalysisDifferences between treated groups
were determined using the paired Studehtast assuming
a normal distribution. Significance levels were seat
0.05 for two-tailed tests. When multiple comparisons were
made, a Bonferoni correction to the significance criterion

and the resultant supernatant was passed through a DTPAor each test was made.

(100uM)-rinsed 3000 kDa molecular mass cutoff filter and
used for analysis of 8-OHG content in the cytosolic free pool.
DNA, RNA, and the low molecular weight cytosolic fraction

RESULTS
MPO and EPO Promot#®OH-Mediated Damage of DNA

were alternately vacuum-degassed and purged with argon SCalf thymus DNA was incubated in the presence of a cell-
times. Samples were then incubated with formic acid (60% free Q' -generating system (lumazine/xanthine oxidase) in

v/v) at 130 °C for 45 min under a blanket of argon.
Hydrolysates were resuspended in 2000f chelex-treated
H,O and subjected to HPLC-EC analysis.

Reverse Phase HPLC-EC Quantification of 8-OHThe

chelex-100-treated sodium phosphate buffer (pH 7.0) supple-
mented with the metal chelator DTPA and plasma levels of
halides (100 mM Cl and 10QuM Br~). DNA in the reaction

mixture was then precipitated and hydrolyzed, and the

contents of 8-OHG and guanine (G) in hydrolysates were content of 8-OHG was determined by HPLC-EC as described
determined by reverse phase HPLC-EC using an ESAunder Experimental Procedures. In the absence of the
(Cambridge, MA) CoulArray HPLC instrument equipped leukocyte peroxidases, small but detectable peaks with
with 8 electrochemical cells (channels) arranged in seriesidentical retention time and electrochemical potential to those

and set to increasing specified potentials as follows: channelof authentic 8-OHG were observed (Figure 1, MPO” and

1 (100 mV); channel 2 (250 mV); channel 3 (290 mV);
channel 4 (350 mV); channel 5 (480 mV); channel 6 (580

EPO” chromatograms). The modest levels of 8-OHG
present under these conditions were similar to those observed

mV); channel 7 (640 mV); and channel 8 connected to a in untreated DNA (Figure 2) and were consistent with

variable UV—-Vis detector. Samples were injected onto a
Progel TSK ODS-AD TM column (m, 4.6 x 250 mm)
equilibrated with mobile phase A (15 mM lithium phosphate,
3 mg/L lithium dodecyl sulfate, pH 3.2). Products were eluted
at a flow rate of 1 mL/min with a nonlinear gradient
generated with mobile phase B (50% methanol, 15 mM
lithium phosphate 3 mg/L lithium dodecyl sulfate, pH 3.2)
as follows: isocratic solution at 0% mobile phase B for 30
min, 0—25% mobile phase B over 60 min, 2800% mobile
phase B for 2 min, and isocratic elution at 100% mobile
phase B for 20 min. In preliminary studies, peak identity as

8-OHG was established by reverse phase HPLC with on-

background levels of the adduct in commercial preparations
of calf thymus DNA, as previously reporte@(, 67. Upon
addition of either purified chelex-treated MPO or EPO to
the reaction mixtures, significant levels of H@H-dependent
product 8-OHG were formed (Figure 1+*“MPO” and “+
EPO” chromatograms, and Figure 2). Importantly, formation
of the mutagenic base upon addition of either MPO or EPO
was halide-dependent (Figure 2), consistent WitH forma-
tion by interaction of @~ and a peroxidase-generated
hypohalous acid (eq 2). For example, in mixtures containing
isolated MPO, the content of 8-OHG formed was dramati-
cally attenuated by omission of Gla major substrate of

line electrospray mass spectrometry. Recoveries were alsaVIPO (39), despite the presence of physiological levels of

established by spiking samples with high specific activity

Br~. Likewise, omission of Br, a preferred substrate of EPO

3H-labeled 8-OHG standard and then collecting the final peak (42), from DNA mixtures containing EPO, a;0 -generating

of interest and counting recovered mass with a scintillation system, and plasma levels of Clresulted in a significant
counter. Peak identity was subsequently routinely establishedreduction in the extent of 8-OHG formed (Figure 2). Finally,
by demonstrating the appropriate retention time, redox omission of xanthine oxidase from reaction mixtures ablated
potential, and ratio of integrated currents in adjacent channels.8-OHG formation (Figure 2).
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Ficure 1: Reverse phase HPLC-EC detection of 8-OHG in DNA
exposed to the MPO (top panel) and EPO (bottom panel) systems.
Calf thymus DNA (40Qug, 0.8 mg/mL final) was incubated for 3

h at 37°C in sodium phosphate buffer (20 mM, pH 7.0) supple-
mented with DTPA (10Q:M), NaCl (100 mM), NaBr (10Q«M),

and a cell-free @ generating system (0.4 mM lumazire 80
milliunits/mL xanthine oxidase) in the absence-(MPQO” and “—
EPO”) or presence (* MPO” and “+ EPQ”) of either MPO or

Biochemistry, Vol. 39, No. 18, 200%477
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FIGURE 2: Reaction requirements for 8-OHG formation in DNA
exposed to MPO (top panel) and EPO (bottom panel). Calf thymus
DNA (400 ug, 0.8 mg/mL final) was incubatedrfd h at 37°C in
sodium phosphate buffer (20 mM, pH 7.0) supplemented with
DTPA (100u«M), NaCl (100 mM), NaBr (10@:M), and a cell-free

EPO (105 nM each). DNA was then precipitated, washed, hydro- O~ generating system (0.4 mM lumazine 80 milliunits/mL
lyzed, and then analyzed by reverse phase HPLC-EC as describeganthine oxidase) in the presence of 100 nM MPO (top panel,

under Experimental Procedures. Full scalé0 nA. EPO, eosin-
ophil peroxidase; MPO, myeloperoxidase; 8-OHG, 8-hydroxygua-
nine.

Mechanism of 8-OHG Formation during Exposure of DNA
to MPO and EPOTo further explore the mechanism of DNA
damage by theOH-like oxidant formed by MPO and EPO,
we first evaluated the halide concentration-dependence of
8-OHG formation. Each isolated peroxidase was individually
incubated with DNA, a cell-free £ -generating system, and
differing concentrations of either Cbor Br~ in chelex-100-
treated buffer supplemented with DTPA, and the 8-OHG
content of DNA was then determined by HPLC-EC analysis.
Dose-dependent formation of 8-OHG by physiologically
relevant levels of Cland Br in reaction mixtures containing
MPO and EPO, respectively, was observed (Figure 3).
Moreover, addition of desferrioxamine, a chelator which
potently blocks iron ion-dependent formation *@H, did
not completely block 8-OHG formation. In contrast, 8-OHG
production was inhibited by addition of methionine, a
scavenger of hypohalous acidS), as well as either catalase
or SOD, scavengers of B, and Q°~, respectively (Figure
3). The present results thus distingui€iH-dependent DNA
damage mediated by MPO and EPO from classic free
transition metal ion-catalyzed Fenton and Haber Weiss
reactions; rather than being inhibited by metal chelators,
peroxidase-dependent formatiorr©H likely occurs through

Complete System) or EPO (bottom panel, Complete System).
Additions or deletions to the Complete Systems were as indicated.
Following reaction, DNA was precipitated, washed, and hydrolyzed,
and the content of 8-OHG present was determined by HPLC-EC
as described under Experimental Procedures. Data represent the
mean+ SD of triplicate determinations. EPO, eosinophil peroxi-
dase; G, guanine; MPO, myeloperoxidase; 8-OHG, 8-hydroxygua-
nine; Px, peroxidase; XO, xanthine oxidase.

However, these increases were difficult to detect reproducibly
because of the relatively high background level of 8-OHG
in commercial preparations of calf thymus DNA. We
therefore subsequently used freshly isolated rat liver DNA
as a target for cell-dependent oxidation reactions, since it
possessed at least 10-fold lower background levels of 8-OHG.
Incubation of rat liver DNA with either PMA-stimulated
neutrophils or eosinophils generated significant levels of
8-OHG (Figure 4). 8-OHG formation required cell activation,
was only modestly attenuated by addition of desferrioxamine,
and was blocked by addition of peroxidase inhibitors
(aminotriazole or NaCN) and hypohalous acid scavengers
(methionine) (Figure 4). Both SOD and catalase, but neither
heat-inactivated SOD nor heat-inactivated catalase, dramati-
cally inhibited 8-OHG production, indicating that both*O

and HO, were required for leukocyte-dependent 8-OHG
formation under these conditions. Collectively, these results
are consistent with a role for£ and a peroxidaseH,0,—
halide systemrnot a free transition metal ion-dependent

secondary oxidation reactions between a hypohalous acid anthathway-in promoting 8-OHG generation by the leukocytes.

O .

Activated Neutrophils and Eosinophils Promot®H-
Mediated DNA Damage through Interaction of a Peroxidase-
Generated Hypohalous Acid and;Q Exposure of calf
thymus DNA to either activated neutrophils or eosinophils
in chelex-100-treated media supplemented with DTPA
resulted in modest increases in 8-OHG (data not shown).

Formation of Intracellular 8-OHG following Exposure of
Cells to a Nonlethal Flux of HOCIExperiments thus far
described were designed to identify a free metal ion-
independent mechanism of 8-OHG formation in isolated
DNA exposed to either purified peroxidase,O,—halide
systems or isolated activated human leukocytes. To further
assess the potential pathophysiological significance of this
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FIGURE 3: Halide concentration dependence of 8-OHG formation FIGURE 4: 8-OHG formation in rat liver DNA by stimulated
by MPO (top panel) and EPO (bottom panel). (Top panel) Calf neutrophils (top panel) and eosinophils (bottom panel). Rat liver
thymus DNA (400ug, 0.8 mg/mL final) was incubated i@ h at DNA (400 ug, 0.8 mg/mL final) was incubated with the indicated
37°C in sodium phosphate buffer (20 mM, pH 7.0) supplemented additions in HBSS (pH 7.4) supplemented with DTPA (100)
with DTPA (1004M), 100 nM MPO, a cell-free @ generating ~ and NaBr (100uM) for 90 min at 37°C. Where indicated, (top
system (0.4 mM lumazine- 80 milliunits/mL xanthine oxidase), ~ Panel) neutrophils or (bottom panel) eosinophilsx(51(° cells/
and the indicated concentration of NaCl. In parallel (bottom panel), ML) were included. In some cases, the suspensions also contained
calf thymus DNA (400ug, 0.8 mg/mL final) was also incubated = Phorbol myristate acetate (200 nM), bovine liver catalase (500 units/
for 4 h at 37°C in sodium phosphate buffer (20 mM, pH 7.0) ML), superoxide dismutase (30 units/mL), NaCN (1 mM), amino-
supplemented with DTPA (1G@M), 100 mM NaCl, 100 nM EPQO,  triazole (10 mM), or desferrioxamine (10@M). Following
a cell-free @~ generating system (0.4 mM lumazine 80 incubation, cells were pelleted, and DNA in supernatants was
milliunits/mL xanthine oxidase), and the indicated concentration recovered and analyzed for 8-OHG content by HPLC-EC as
of NaBr. The content of 8-OHG in DNA was then determined by described under Experimental Procedures. Data represent the mean
reverse phase HPLC-EC as described under Experimental Proce+ SD of triplicate determinations. Atz, 3-aminotriazole; Cat,
dures. Where indicated, desferrioxamine (104), SOD (30 units/ catalase_; hi Cat, heat-inactivated qatalase; hi SOD, heat-lnaqtlvated
mL), bovine liver catalase (500 units/mL), or methionine (104) superoxide dismutase; Met, methionine; PMA, phorbol myristate
were included during reactions. Data represent the rae&D of acetate; SOD, superoxide dismutase.
trlpllcateldetermlnatlons. Cat, catalgsg; Dsfx, desferrioxamine; SOD, 1). These results suggest that exogenous HOCI may interact
superoxide dismutase; Met, methionine. . _ . .

with Oy~ generated by mitochondria to promot®H-

pathway for DNA damage, we examined whether intracel- dependent damage of mitochondrial DNA.
lular 8-OHG could be formed following exposure of target ~ To further explore the potential role of DNA damage by
cells to a sublethal flux of hypohalous acids. Such conditions hypohalous acid-generate®H, we examined conditions
are likely to mimic those present in vivo at sites of chronic where intracellular production of £ might be increased.
inflammation. HA1 fibroblasts incubated under control Hyperoxia was chosen because it is a nonpharmacological
conditions (4 h in chelex-100-treated HBSS supplemented method of enhancing intracellular production of O(69).
with 100uM DTPA under 5% CQ, 95% air) contained low  Brief exposure (4 h) of HA1 cells to hyperoxic conditions
but detectable levels of 8-OHG in nuclear DNA (Table 1) resulted in no significant increase in 8-OHG content.
at levels comparable to those reported in other c&iB. ( However, cells exposed to a brief period of both hyperoxia
Increased levels of 8-OHG (relative to nuclear DNA) were and the HOCI-generating system resulted in marked increases
observed in mitochondrial DNA, and to a lesser degree poly in the 8-OHG content of mitochondrial DNA, poly A RNA,
A RNA and the cytosolic free nucleotide pool, of control and cytosolic nucleotides (Table 1). Small but statistically
cells (Table 1). These results are consistent with studiessignificant increases in the level of 8-OHG in nuclear DNA
identifying a high steady-state oxidation level in mitochon- were noted as well (Table 1). The mechanism of intracellular
drial DNA relative to DNA from the protected environment 8-OHG formation in HAL cells was consistent with the
of the nucleus &8). Exposure of HALl cells to a low requirement for HOCI generation by the MP®,0,—Cl~
continuous flux of HOCI fo 4 h resulted in a significant  system since omission of either MPO or glucose oxidase
increase in the 8-OHG content of mitochondrial DNA (Table from the culture medium resulted in a marked decrease in
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Table 1: Intracellular 8-OHG Formation after Brief Exposure to HOCI and Hypetoxia

mitochondrial specific
poly A RNA DNA cytosolic pool nuclear DNA [**Cladenine clonogenic
exposure (4 h) (8-OHG/1GG) (8-OHG/1G6 G) (8-OHG/1GG) (8-OHG/1G G) release (%) survival (%)
controP 1.3+0.9 52+ 1.1 1.0+ 0.9 0.33+ 0.07 0 100

(A) MPO/GOXx 1.4+ 0.2 7.2+ 1.4* 1.4+0.2 0.40+ 0.14 26 85+ 3
(B) hyperoxia 2.0+04 6.9+ 2.5 1.6+ 0.4 0.31+ 0.04 <5 98+ 5
(A + B) complete 7.2& 3.0 75.3 £+ 6.2%** 8.1 £ 1.3*** 0.57 £ 0.22* 38 82+ 4
-MPO 2.7+ 1.8 7.6+ 3.7 1.7+ 0.8 0.41+0.14 7 96+ 5
—GOx 0.8+ 0.3 5.9+ 0.9 0.8+ 0.3 0.31+0.13 <5 99+ 4

a Chinese hamster fibroblasts (HA1 cell line) were incubateddfb at 37°C in 5% CQ, 95% air in media alone (control); in the presence of
an exogenous HOCI-generating system (condition A); in 95805 CG (condition B); in the presence of both a HOCI-generating system and
hyperoxia (complete system, conditions{AB); or under conditions of the complete system in the absence of either MPO or glucose oxidase
(GOx) as described under Experimental Procedures. Cells were then recovered, and the 8-OHG contents of nuclear DNA, mitochondrial DNA, poly
A RNA, and the cytosolic pool were determined as described under Experimental Procedures. In parallel incubations, the specifi¢t€leasaiof]
and clonogenic cell survival assays were performed as described under Experimental Procedures. Data represenit-ti®@Dnoéariplicate
determinations. py < 0.05; **p < 0.01; *** p < 0.001 vs control® 5% CQ, and 95% air® 5% CQ, and 95% Q. ¢ Normalized to plating efficiency
of 76%.

the 8-OHG content of DNA, RNA, and cytosolic nucleotides assessed by nominal levels of 8-OHG (Figure 1). However,
(Table 1). A mitochondrial source of, O generation during  when isolated MPO or EPO was added to reaction mixtures,
hyperoxia seems likely given the markedly enhanced levels 8-OHG was readily detected (Figure 1). Thus, formation of
of 8-OHG in mitochondrial DNA noted. the *OH-generated product was dependent on the presence

Hypohalous acids are potent cytotoxir6), Moreover,
exposure of HA1 cells to prolonged 40 h) hyperoxia is
known to promote cell deatl®4). It was therefore important

of a peroxidase. A critical role for hypohalous acid generation
was confirmed to be a necessary intermediate in 8-OHG
formation by demonstrating an absolute halide-dependence

to establish that the brief exposure to hyperoxia and low for the reaction (Figures 2 and 3). Physiological levels of
levels of HOCI used did not result in significant toxicity and chloride and bromide were utilized by MPO and EPO,
cell lysis. Initial studies examining lactate dehydrogenase respectively, for generating th©H DNA adduct (Figure
(LDH) release into media were abandoned because control3). Moreover, the requirement for peroxidase-generated
studies demonstrated that HOCI can inhibit LDH activity. hypohalous acid and £ in DNA modification by leuko-

We therefore screened for cell toxicity (and membrane leak) cytes activated in the presence of transition metal ion
by quantifying the specific release of radioactivity from HA1 chelators was apparent by demonstrating that 8-OHG forma-
cells preloaded with“C-labeled adenine6g). In parallel, tion by neutrophils and eosinophils was attenuated in the
we examined the mitotic competence of treated cells using presence of peroxidase inhibitors (e.g., aminotriazole, cya-
clonogenic cell survival assay64). Under the conditions  nide), hypohalous acid scavengers (e.g., methionine), and
employed, brief exposure of HA1 cells to hyperoxia failed catalytically active SOD. The inhibitory activity of catalyti-

to result in any detectable injury, as assessed by eithercally active catalase is attributable to its ability to block
specific f“Cladenine release or clonogenic cell survival hypohalous acid formation by the peroxidas&.O,—halide
(Table 1). Exposure of cells (4 h) to the low flux of HOCI system of leukocytes. Finally, it should be noted that all of
employed (Table 1, condition “A”) resulted in 26% specific the reactions in the present study were performed in the
[**Cladenine release while 85% of cells remained clono- presence of the chelator DTPA and used buffers, reagents,
genically competent. HAL cells exposed to both hyperoxia and enzymes which were chelex-treated to avoid any
and the exogenous HOCI-generating system under conditiongotential adventitious transition metal ion-catalyzed forma-
identical to those which produced significant levels of tion of *OH. Taken together, these results demonstrate that
intracellular 8-OHG (Table 1, conditions “A B”) resulted one potential mechanism for generatt@iH and promoting

in release of 38% of preloade#'Cladenine while demon-  nucleotide and DNA damage is through reaction gf @ith
strating an overall clonogenic survival of 82%. These results leukocyte-generated hypohalous acids.

demonstrate that the brief duration of hyperoxia an_d modest Substantial evidence exists linking inflammation, phago-
levels of HOCI employed are not lethal to the majority of cyte_generated oxidants, and peroxidases to carcinogenesis.

cells. They also suggest that a significant portion of HAL Cjinical studies have documented the association between
cells initially injured possess adequate repair mechanismsijnflammation and cancer for decadds—(7, 70, 7). How-

to survive and subsequently undergo mitosis.

DISCUSSION

In this study we investigated the ability of peroxidase
H,O, systems of leukocytes to promote DNA oxidative
damage through halide-dependent formatiot©di. Multiple

ever, the reaction mechanisms responsible for the association
are not established. Stimulated neutrophils are capable of
inducing genotoxic effects, such as DNA strand bre&s (
72), sister chromatid exchanges3j and mutation {4, 75,

and promotion of neoplastic transformation in nearby cells
(74, 76. MPO-generated reactive chlorinating species have

lines of evidence support a role for peroxidase-generatedbeen shown to be mutagenic to bacter@)(and MPO has
hypohalous acids and,© in promoting*OH production (eq been indirectly implicated in playing a role in carcinogenesis
2) and subsequent DNA damage. In the absence of freethrough both activation of procarcinogens to genotoxic
transition metal ions, DNA incubated in the presence of a intermediates and the potentiation of xenobiotic carcinoge-
Oz~ generating system was not significantly modified, as nicity (78, 79. Recent genetic studies implicate MPO in the
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development of lung cancer. Individuals possessing a rela-lular pools of HA1 cells exposed to both hyperoxia and the
tively abundant polymorphism associated with diminished HOCI-generating system, less than 20% of these cells
MPO expression demonstrated a dramatic reduction in theultimately died (i.e., became clonogenically incompetent,
relative risk for development of nonsmall cell lung cancers Table 1). These results suggest that at sites of chronic
(80). The results of the present study suggest that a potentialinflammation, a “gray zone” will likely exist where DNA,
mechanism accounting for some of these observations mayRNA, and free nucleotide damage occurs, but which is
be through MPO-dependent damage of DNA*OH. subsequently processed and repaired. The chronic nature of

Similarly, although a potential role for eosinophils in many inflammatory conditions associated with enhanced risk
promoting DNA oxidative damage, carcinogenesis, or meta- for cancer development (e.g., inflammatory bowel diseases,
static conversion of a malignancy has not yet been explored,hepatitis, numerous parasitic infections) often spans decades.
the idea is not without precedent. Multiple chronic parasitic Thus, even a modest lack of fidelity in repair mechanisms
infections are causally linked to subsequent development ofcould potentially result in mutations at critical sites which
cancer and represent a leading cause of cancer mortality inultimately lead to malignant transformation and cancer
some underdeveloped countries (e$chistosoma haema- development.
tobium and bladder cancer, dDpisthorcis viverrini and One key question was wheth€H generated by interac-
cholangiocarcinoma)2(l, 81—84). Eosinophilic infiltration tion of O~ and hypohalous acid could damage cellular
is a hallmark of these disorders. Interestingly, recent studiesDNA. The results of the present study demonstrate that DNA,
demonstrated that the vast majority of breast cancer biopsiesRNA, and free cytosolic nucleotides are all potential targets
contain eosinophils and intensely stain for EP8B)( for *OH-mediated damage in cells exposed to an exogenous
Significant increases in the content@H-generated lesions  hypohalous acid-generating system, particularly under condi-
in the DNA from cancerous and metastatic breast tissues haveions of enhanced intracellular,O production (Table 1).
been notedX2, 13. Studies of hormone-responsive tissues Mitochondrial DNA, and to a lesser extent RNA and
such as the breast and uterus suggest that eosinophitytosolic nucleobases, demonstrated the greatest levels of
migration occurs in response to estrogen administra8é)) (  8-OHG following exposure of cells to the MP&H,0,—
and it has long been recognized that elevated peroxidaseCl~ system. A likely explanation for the enhanced suscep-
activity is present in human breast cance8¥,( 89. tibility of mitochondrial DNA to oxidative damage is that
Moreover, eosinophil infiltration in lymphomas and malig- mitochondria serve as a primary source of intracellulgr O
nancies on cutaneous or mucosal surfaces are com2®on ( production. This would facilitateOH formation in close
30). The function of eosinophils in cancer is uncertain. proximity to mitochondrial DNA. In addition, mitochondrial
Although it is assumed that they play a protective role in DNA does not bear a protective coat of highly basic histone
tissue surveillance, the results of the present study raise theproteins; thus, protection from reactive oxidants such as
interesting possibility that they may also potentially con- hypohalous acids is far less than that observed in the nucleus.
tribute to DNA oxidative damage, cancer development, or Finally, DNA repair mechanisms in mitochondria are less
metastases formation. efficient than those in the nucleug8g).

Previous studies examining DNA damage by activated It is also interesting that 8-OHG was formed in the
neutrophils have primarily focused on their ability to promote cytosolic pool of cells exposed to the peroxidasgO,—
DNA strand breaks in neighboring cell82, 33, 36, 3Y. halide system of leukocytes (Table 1). Oxidized nucleobases
DNA damage in these studies is typically blocked by catalase from cellular pools may be incorporated into DNA, leading
and significantly increased by addition ofFesalts into the to substitution mutations in the case of 8-OH®4( 15.
media B85, 36, 89. The results of the present study suggest Although there are DNA repair systems which recognize
that halide-dependen©OH formation is a free metal ion-  8-OHG with high affinity, the fidelity of these repair enzymes
independent mechanism that may contribute to DNA damageis not absolute, and increased cancer risk with accompanying
observed in these models. Consistent with this suggestion,increased levels of oxidative DNA damage is known to occur
several investigators have observed that repair of DNA strandwhen defects in the DNA repair systems are presenf (
breaks induced by stimulated neutrophils is slower than the 91).
repair rate of similar levels of DNA damage induced by  Few studies have reported determination of 8-OHG in
nonphagocytic sources of .8, (72, 89. Furthermore, RNA. The highly reactive nature o®H, and the subsequent
although HOCI does not directly generate DNA strand breaks limited diffusional distance of the species before productive
in human lymphocytes, activation of neutrophils in the encounter, suggests that much of ¢ generated in cells
presence of MPO inhibitors is reported to significantly exposed to HOCI during hyperoxia also occurred in the
decrease the extent of DNA strand breaks, as well as increaseytosol. Redox cycling of cytosolic flavoproteins may serve
the rate of repairq{2). Thus, in addition to their potential as a source of © under these condition§9). Because of
role in damaging DNA and free nucleobases throt@H the very rapid removal of 8-OHG from DNA, but not RNA
formation, peroxidase-generated hypohalous acids might also(92), quantification of 8-OHG in RNA might represent a
potentially contribute to increased risk for cancer develop- useful complimentary method for evaluating the intracellular
ment by inhibiting DNA repair mechanisms at the sites of source of cellular oxidative damage induced in cells. Whether
oxidant production. oxidative modification of RNA plays a role in transcriptional

One striking feature of the cytotoxicity studies was the regulation at sites of inflammation remains to be determined.
apparent ability of injured cells to undergo repair and In summary, the present study identifies a novel mecha-
ultimately become mitotically active, as assessed by clono- nism for 8-OHG formation by activated phagocytic cells.
genic survival assays (Table 1). For example, although almostThe role of peroxidase-generated oxidants in contributing
40% of preloadedfCladenine was released from intracel- to the etiology of inflammation-related cancers is unknown.
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We focused on the formation of 8-OHG as a markexQil
formation and DNA damage because this mutagenic base
both is implicated in cancer development and is easily
quantified by sensitive and specific methods. Although
8-OHG represents one of the more abundéti-mediated
products formed during DNA oxidation, numerous additional
types of base modifications occur as a result of DNA
exposure toOH. Indeed, we observed multiple additional
peaks of unknown identity during HPLC-EC analyses, and
even more electrochemically silent oxidation products of
DNA are undoubtedly formed. It is tempting to speculate
that hypohalous acids might act directly on DNA, RNA, or

cytosolic nucleobases, generating halogenated oxidation 3
products. Future studies in this area are warranted since these

might serve as powerful tools to identify a direct role for
MPO and EPO in promoting oxidative damage of nucleotides
in vivo.
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