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ABSTRACT: Two transformed murine macrophage cell lines (RAW 264.7 ATCC TIB-71 and CRL-2278)
were examined for oxidant production at various times following activation by using a set of fluorescence
and ESR-active probes. Stimulation with a soluble agonist or activation with bacterial lipopolysaccharide
plus γ-interferon caused only very small initial increases in O2 consumption above basal rates;
however, at 2-4 h post-activation, respiration increased to 2-3-fold and remained at these elevated levels
over the subsequent lifetime of the cell (20-30 h). Oxidation reactions were confined primarily within
the cell, as was demonstrated by using phagocytosable dichlorodihydrofluorescein-conjugated latex
beads and cyclic hydroxylamines with differing membrane permeabilities. From the intrinsic reactivities
of these probes and the time course of their oxidations, one infers the induction of apparent peroxidase
activity beginning at∼2 h post-activation coinciding with the increase in overall respiratory rate; this
acquired capability was accompanied by accumulation of a stable horseradish peroxidase-reactive oxidant,
presumably H2O2, in the extracellular medium. Nitrite ion rapidly accumulated in the extracellular
medium over a period of 5-8 h post-activation in both cell lines, indicating the presence of active nitric
oxide synthase (iNOS) during that period. Prostaglandin endoperoxide H synthase (COX-2) activity was
detected at 15-20 h post-activation by the use of a sensitive peroxide assay in conjunction with a COX-2
specific inhibitor (DuP-697). Superoxide formation was detected by reaction with hydroethidine within
the first hour following activation, but not thereafter. Consistent with the absence of significant
respiratory stimulation, the amount of O2

•- formed was very small; comparative reactions of cyclic
hydroxylamine probes indicated that virtually none of the O2

•- was discharged into the external medium.
Myeloperoxidase (MPO) activity was probed at various times post-activation by using fluorescein-
conjugated polyacrylamide beads, which efficiently trap MPO-generated HOCl in neutrophils to give
stable chlorofluorescein products. However, chlorination of the dye was not detected under any conditions
in RAW cells, virtually precluding MPO involvement in their intracellular reactions. This same probe
was used to determine changes in intraphagosomal pH, which increased slowly from∼6.5 to∼8.2 over
a 20 h post-phagocytosis period. The cumulative data suggest that activation is followed by sequential
induction of an endogenous peroxidase, iNOS, and COX-2, with NADPH oxidase-derived O2

•- playing
a minimal role in the direct generation of intracellular oxidants. To account for reported observations of
intracellular tyrosine nitration late in the life cycles of macrophages, we propose a novel mechanism
wherein iNOS-generated NO2- is used by COX-2 to produce NO2• as a terminal microbicidal oxidant
and nitrating agent.

The existence of motile phagocytic cells involved with
host defense in higher organisms has been known since the
discoveries of Metchnikoff in the early years of the last
century (1). Extensive study on the neutrophil, in particular,
has led to the recognition that both oxidative and nonoxi-
dative reactions contribute to the microbicidal capabilities
of these cells (2), although the physiological relevance of
individual reactions remains unresolved and is an area of
active investigation (3-9). In contrast, the microbicidal
mechanisms of macrophages have received relatively little
attention. Like the neutrophil, the macrophage possesses an

NADPH oxidase (NOX-2)1 that is activated upon agonist
stimulation to form putative oxidative toxins initiated by the
one-electron reduction of O2 (10, 11); however, unlike the
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1 Abbreviations: NOX, NADPH oxidase; Amplex Red, 10-acetyl-
3,7-dihydroxyphenoxazine; CMH, 1-hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine; COX, prostaglandin endoperoxide H
synthase; CPH, 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine;
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DMEM, Dulbecco’s modified Eagle’s medium; DTPA, diethylenetri-
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balanced salt solution; HE, hydroethidine; HRP, horseradish peroxidase;
IFγ, mouse recombinantγ-interferon; LOX, lipoxygenase; LPS,
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13-acetate; PP•, 4-phosphono-oxy-2,2,6,6-tetramethylpiperidinyloxyl;
PPH, 1-hydroxy-4-phosphono-oxy-2,2,6,6-tetramethylpiperidine; SOD,
superoxide dismutase; XO, xanthine oxidase.
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neutrophil, it lacks substantive myeloperoxidase (MPO)
activity but contains an inducible nitric oxide synthase
(iNOS) (12, 13) as well as an inducible cyclooxygenase
(COX-2) (14-17). Metabolically deficient mice have been
used to demonstrate central roles for macrophage-derived
reactive oxygen and nitrogen intermediates in host defense
against pathogens (18, 19). The prospect of radical coupling
between O2•- formed in the NOX-catalyzed respiratory burst
with NO• from iNOS-catalyzed reactions to generate strongly
oxidizing, but unstable peroxynitrite compounds (ONOOH
and ONOOCO2-) (20) led to proposals (21-25) that per-
oxynitrite and/or secondary oxidizing radicals formed from
it are important macrophage-generated toxins. This viewpoint
has been disputed on the grounds that the expression of
activities of NOX and NOS are temporally well separated
events following macrophage activation and therefore that
the peroxynitrite precursors O2•- and NO• are never simul-
taneously present in significant quantities within the cell (26,
27). Apparent peroxidase activity developing late in the life
span of the activated cell has also been detected, which has
alternatively been assigned to MPO activity (26, 27) or
peroxidase reactions involving COX-2 (17). In the present
study, we have utilized a set of recently developed intrac-
ellular and extracellular chemical probes to more clearly
define the nature and post-activation timing of oxidants
generated by RAW 264.7 cells, which are often used as
models for natural macrophages. On the basis of the data,
we further suggest a new bactericidal mechanism operating
in these cells, which is based upon the peroxidase-catalyzed
formation of NO2

• as the bacterial toxin (28).

EXPERIMENTAL PROCEDURES

Materials. Cultured murine-derived macrophages (RAW
264.7 ATCC #TIB-71 and CRL-2278) were grown in a water
jacketed incubator under 5% CO2 on a RPMI 1640 medium
containing 300 mg/LL-glutamine and 5 mg/L phenol red
(Invitrogen) supplemented with 50 mg/L gentamycin (Me-
diatech) and 10% fetal bovine serum (Invitrogen). Cells were
grown to 90% confluence and were split 1:3 every 2 or 3
days to maintain healthy cultures. For experiments requiring
cells in suspension, 90% confluent plates were harvested by
using a cell scraper. The recovered cells were suspended in
the reaction buffer, which was maintained on ice until the
experiment was begun; cell densities were determined by
counting an appropriately diluted sample on a hemocytometer
in the presence of trypan blue.

2.7-Dichlorodihydrofluorescein (DCHF)-conjugated latex
beads were prepared as follows:∼4.5 × 1010 amino-
derivatized 1.0µm polystyrene microspheres (Polysciences)
were washed and suspended in 0.3 mL of 100 mM NaHCO3

at pH 8.4, after which the suspension was purged with Ar
and reacted with 10 mg of 2′,7′-dichlorodihydrofluorescein
diacetate succinimidyl ester (Molecular Probes OxyBURST
Green) dissolved in 1 mL of dry DMF. Following hydrolysis
of the acetate protecting groups with hydroxylamine, the
beads were washed in water and stored under Ar. This
procedure gave beads with∼1.5× 106 attached dichlorodi-
hydrofluorescein molecules, as determined by comparison
of the maximum fluorescence achieved from peroxynitrite-
oxidized beads to authentic 2,7-dichlorofluorescein standards.
Polyacrylamide microspheres were prepared by inverse
microemulsion polymerization using a modified version of

a published procedure (29). The emulsion was prepared by
sonicating a two-phase system comprising 1 g ofacrylamide,
250 mg of N,N′-methylenebisacrylamide, and 60 mg of
potassium persulfate in 4 mL of H2O and 1.2 g of 3:1 (w/w)
Span 80 (sorbitan monooleate)/Tween-80 (polyethylene
glycol-sorbitan monooleate) in 40 mL of hexane. Polymer-
ization was initiated by adding 250µL of N,N,N′,N′-
tetramethylenediamine; after 10 min at room temperature,
the particles that formed were recovered by centrifugation,
washed sequentially with hexane and acetone, and dried
overnight under vacuum, yielding 1.0 g of a white powder.
A transmission electron microscopic analysis using a JEOL
100CX electron microscope indicated that the powder
consisted of spherical microspheres with diameters ranging
from 0.5 to 2.0µm. The beads were digested in 0.5 M Na2-
CO3 at pH 10.5 for several hours at 85°C to hydrolyze amide
bonds, thereby generating carboxyl end groups (30). The
modified beads were washed with water and acetone and
dried overnight under vacuum; titration with standard HCl
indicated the formation of∼8 × 108 carboxyl groups/bead.
Fluorescein was then attached to the beads via a cystamine
linker group using a previously described procedure that
utilizes a carbodiimide coupling agent to form an amide bond
between the cystamine and the bead carboxyl groups (6).
The average number of attached dye molecules was∼4 ×
107 per bead, as determined from the absorbance changes at
494 nm (ε494(fluorescein) ) 7.5 × 104 M-1 s-1) when
suspensions of beads were completely bleached with hy-
pochlorous acid.

Reactions with Soluble Probes. For most experiments, the
RAW cells were activated with 15µg/mL of the endotoxin,
Escherichia colilipopolysaccharide (LPS) (Sigma), plus 20
U/mL of recombinant mouse IFγ (BD Biosciences). Alter-
natively, when just respiratory stimulation of the NADPH
oxidase was desired, 200 ng/mL phorbol 12-myristate 13-
acetate (PMA) (Sigma) was added to the medium. Two
different activation procedures were used: in one, harvested
cells were placed in 6-well plates and allowed to adhere
overnight prior to adding the activators; in the other, the
activators were simply added to the suspending buffer
medium. Cell respiration rates were measured at 37°C by
continuously monitoring O2 depletion in a thermostatted
closed chamber containing a Clark-type polarographic elec-
trode (Rank Bros.) whose output was connected to a
stripchart recorder. For these experiments, the modified
RPMI medium above the adherent cells was changed∼20
min before harvesting to bring the solution pH to 7.4 and
restore nutrient levels. Following transfer of the harvested
cells to the electrode chamber, the suspensions were briefly
bubbled with O2 from a syringe to adjust their concentrations
to normal ambient conditions (0.2 atm). After an induction
period of 5-10 min, O2 uptake reached a steady rate that
remained linear until the O2 concentration fell below 0.1-
0.05 atm. The chart recorder was calibrated by comparing
the signal of air-saturated and anaerobic water, and the rate
of O2 consumption was determined from the linear portion
of the trace, assuming that an air-saturated solution contained
0.25 mM O2. Nitric oxide formation was measured as the
accumulated levels of NO2- in the supernatant surrounding
adherent cells by using the Griess assay (31). For these
measurements, the standard culture medium was replaced
by a medium devoid of phenol red (which interferes with
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the colorimetric analysis). In these experiments, nitric oxide
synthase (iNOS) involvement was probed by using 1 mM
N-methyl-L-arginine (NMMA) as a competitive inhibitor of
the enzyme. The acetate salt of NMMA (Sigma) was
prepared as a 100 mM solution in HBSS. The Amplex Red
assay (32) (Molecular Probes) was used to determine
peroxide production by macrophages and the presence of a
peroxidase within the cells. A 20 mM stock solution of the
dye (10-acetyl-3,7-dihydroxyphenoxazine) was prepared in
DMSO and stored at-20 °C. Horseradish peroxidase (HRP)
stock solutions were prepared by dissolving HRP (Sigma)
in 50 mM sodium phosphate at pH 7.4, to a concentration
of 200 U/mL. The experiments were conducted on adherent
cells in phosphate-buffered saline (PBS, 50 mM sodium
phosphate at pH 7.4 plus 0.10 M NaCl) activated with LPS
plus IFγ (LPS/IFγ). At desired times post-activation, 100
µM Amplex Red and 0.2 U/mL HRP were added to the
supernatant and were allowed to incubate for 30 min for full
color development. The supernatant was removed, and the
intensity of the highly fluorescent product, resorufin (7-
hydroxyphenoxazone), was spectrofluorimetrically deter-
mined by using a SPEX Fluorolog-3 instrument (λex(max)
) 527 nm;λem(max) ) 595 nm). As a control, 300µg/mL
bovine liver catalase (Sigma) was added to scavenge H2O2.
To analyze for peroxidase activity, HRP was omitted from
the reaction medium. To analyze specifically for prostag-
landin endoperoxide H synthase (COX) activity (33), adher-
ent activated macrophages were harvested in reaction buffer
and manually homogenized, after which 100µM arachidonic
acid (100 mM in methanol) (Sigma) and 50µM Amplex
Red were added to initiate the reaction. Two inhibitors were
used in the COX analyses; 50 mM DuP-697 (Cayman), a
COX-2 specific inhibitor, and 1 mM sodium azide, a general
peroxidase inhibitor. Hydroethidine (HE), also known as
dihydroethidium, was used to distinguish between the
superoxide anion and other macrophage-generated oxidants
(34). Stock solutions of 20 mM HE (Molecular Probes) were
prepared in DMSO and stored protected from light at-20
°C. For these experiments, 50µM HE was added to adherent
activated cells in PBS at various times post-activation, then
the cells were harvested, and changes in the fluorescence
emission band of oxidized HE (λex ) 510 nm;λem ) 540-
750 nm) were subsequently monitored for∼1.5 h. Catalase
(300µg/mL) and/or 100 U/mL bovine erythrocyte superoxide
dismutase (SOD) (Sigma) were added to inhibit reactions
of HE with extracellular H2O2 and O2

•-, respectively.
Generation of O2•- and other one-electron oxidants was also
probed by electron spin resonance (ESR) by using a series
of cyclic hydroxylamines with differing lipophilicities (35-
37), specifically, 1-hydroxy-4-phosphono-oxy-2,2,6,6-tet-
ramethylpiperidine (PPH), 1-hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine(CPH),and1-hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine(CMH).Thecyclichydroxylamines
(Alexis Biochemicals) were received as their hydrochloride
salts; stock solutions were prepared by dissolving them in
PBS to which 1 mM diethylenetriaminepentaacetic acid
(DTPA) was added to inhibit metal ion-catalyzed hydroxy-
lamine autoxidation. All stock solutions of the ESR probes
were stored frozen at-20 °C. For ESR experiments,∼1 ×
105 macrophages/mL were harvested in PBS containing 200
µM DTPA and activated with PMA or LPS/IFγ. At
designated times after activation, 0.5 mM of a hydroxylamine

probe was added, and the suspension was transferred to a
flat quartz cell mounted on a Bruker 300E ESR spectrometer;
spectra were subsequently recorded at room temperature for
∼30 min. In some experiments, 300µg/mL catalase and/or
100 U/mL SOD were added to inhibit extracellular reactions
of the probes with H2O2 and O2

•-, respectively. Relative
amounts of the nitroxide radicals formed were estimated from
the peak-to-peak amplitudes of the low-field component of
the triplet spectra. In both the HE fluorescence and ESR spin-
trapping experiments, xanthine oxidase (XO)-catalyzed
oxidation of xanthine was used as a standard source of O2

•-

and H2O2. Reagent concentrations for these reactions were
100 µM xanthine and 20 U/mL bovine milk XO (Calbio-
chem). Reactions with NO• were investigated by bubbling
anaerobic solutions of the probes with 99.5% NO• from a
compressed gas source (AGA Specialty Gas), which was
purified by sequential passage through two scrubbing towers
containing 2 M NaOH and one tower containing water. To
minimize the introduction of adventitious O2, all connecting
lines consisted of glass tubing joined by greased 12/5 ball-
and-socket joints. In some experiments, O2 was deliberately
added to the NO• atmosphere to generate N2O3 and NO2

•.
Reactions with NO2• were separately investigated by expos-
ing N2O-saturated solutions of the probes containing 1 mM
KNO2 to 1.1 krad/minγ-irradiation from a60Co source
located at the Washington State University nuclear reactor
facility (28, 38); under these experimental conditions, this
dose rate generates 9.5µM NO2

•/min. The results from the
various assays described above were normalized to the
number of cells used in the experiment.

Intraphagosomal Reactions of Dye-Conjugated Particles.
In these experiments, harvested macrophages were suspended
at ∼1 × 107 cells/mL in phosphate buffer at pH 7.4 and
challenged with a 20-fold excess of either DCHF-conjugated
latex beads or opsonized fluorescein-conjugated polyacry-
lamide beads. Nearly equivalent results were obtained when
the cells were activated with LPS/IFγ prior to mixing with
the beads. Although the latex beads were readily phagocy-
tosed without complement binding, uptake of the polyacry-
lamide beads was markedly facilitated by opsonization. This
was accomplished by exposure to 25% fetal calf serum/75%
Dulbecco’s modified Eagle’s medium (DMEM) for 30 min
at 37°C, followed by pelleting the beads and resuspending
them in PBS. The suspensions were subsequently mixed at
37 °C by rotation on a Lab-Line multitube rotator. Small
samples of the DCHF-conjugated bead/macrophage suspen-
sions were periodically taken for fluorescence microscopic
and spectrophotometric analyses of the oxidation of non-
fluorescent DCHF to the highly fluorescent 2,7-dichlorof-
luorescein (DCF) product. Fluorescence microscopy allowed
photographic analysis of the spatial location of oxidation and
simultaneous fluorimetrically determined changes in fluo-
rescence intensity allowed temporal monitoring of the extent
of oxidation of the probe. For the latter measurements, the
bead/cell suspensions were diluted 100-fold, and the emission
spectrum from 515 to 580 nm was recorded under 495 nm
excitation; for DCF,λem(max) ) 523 nm.

Experiments utilizing the cystamine-linked fluorescein-
polyacrylamide bead conjugate were undertaken to probe for
certain oxidants (HOCl, NO2•) that might be formed within
the phagosome (6, 39, 40). At various times following
phagocytosis, the dye was recovered by a process that
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involved differential centrifugation of the suspension to
isolate the cells from unphagocytosed beads, washing the
pellet with water, manually homogenizing the cells, and
treating the mixture with excess dithiothreitol (DTT) to
cleave the disulfide bond of the linker group, thereby
releasing the dye to the supernatant (6). The solubilized dye
was then isolated by centrifugation to remove beads and cell
debris, and its composition was analyzed by HPLC. For the
analysis, 20µL aliquots of the supernatant were run on a 5
µm reverse phase C-18 column using an isocratic mobile
phase composed of 28% methanol and 72% 25 mM
phosphate at pH 7.4. The column was mounted on a Gilson
305/306 HPLC instrument equipped for UV-visible absor-
bance detection, and chromatograms were determined at 495
nm, the visible absorption maximum of fluorescein. Quan-
titation of the signals was obtained with the use of authentic
standards of the isolated fluorescein compound, monochloro
and dichlorofluorescein derivatives prepared by reacting the
fluorescein-conjugated beads with HOCl, and mononitro-
derivatives prepared by reacting the conjugates with perox-
ynitrous acid in 25 mM bicarbonate buffers at pH 7.4 (39).

The fluorescein-conjugated polyacrylamide beads were
also used to determine the intraphagosomal pH within the
macrophage (6, 41). The method used is based upon the
intensity ratio of the fluorescein excitation bands at 437 and
491 nm, which are pH-sensitive over the range pH 4-9 (42).
Calibration curves were constructed by suspending∼6 ×
103 conjugated beads/mL in phosphate buffers with differing
pH values and recording the excitation spectra atλem ) 510
nm. Harvested macrophages were suspended to∼5 × 106

cells/mL in RPMI or RPMI plus 1 mM NaN3 and challenged
with ∼2.5 × 106 opsonized beads. These suspensions were
incubated at 37°C under rotation; fluorescence microscopic
analysis indicated that nearly all of the beads were phago-
cytosed within∼60 min after mixing. The mixture was
periodically sampled by diluting 50µL aliquots into 3 mL
of PBS and immediately recording an excitation scan.

RESULTS

SelectiVities of Probes for Various Oxidants. (a) 2,7-
Dichlorodihydrofluorescein (DCHF). Exposure of DCHF-
conjugated latex beads (0.05-5 × 108 beads/mL in PBS) to
a saturating atmosphere of NO•, to e2 mM H2O2 in the
absence of catalysts, or to a xanthine/XO catalytic system
for generating O2•- and H2O2 for periods up to 40 min gave
no perceptible oxidation to fluorescent products. However,
controlled addition of air to the NO• atmosphere or addition
of 0.2U/mL HRP or 300µg/mL catalase to solutions
containing H2O2 led to rapid and extensive oxidation of the
dye to 2,7-dichlorofluorescein, as indicated by the fluores-
cence spectral maximum. Similarly, inclusion of catalase in
the xanthine/XO assay promoted dye oxidation. The fluo-
rescent oxidation product formed immediately upon exposure
to e10µM HOCl or <50µM radiolytically generated NO2•,
and to oxidants generated in a standard Fenton system
comprising 20 µM H2O2, 1.0 µM Cu2+, and 1.0 mM
ascorbate (43). Complete oxidation of DCHF on∼1 × 108

beads was attained upon bolus addition of 50µM aliquots
of peroxynitrite in either CO2-free PBS or in 100 mM
bicarbonate at pH 7.4, when the total added oxidant reached
∼1 mM.

(b) Hydroethidine (HE).The membrane-permeable dye,
HE, has been shown to undergo oxidation by O2

•- to give a
unique fluorescent product, 2-hydroxyethidium (2-OH-E+)
(44), that is spectroscopically distinct from the fluorescent
product, ethidium (E+), formed by reaction with H2O2 and
other biological oxidants (34). With the exception of this
reaction, the pattern of oxidation of HE was qualitatively
similar to that described above for DCHF. Specifically,
oxidation of 50µM HE in PBS with 2 mM H2O2 plus HRP,
the H2O2/Cu2+/ascorbate Fenton system, 250µM HOCl, <50
µM NO2

•, 1 mM ONOOH or ONOO-/CO2, and 100µM
xanthine/(20U/mL) XO/(100 U/mL) SOD all gave spectro-
scopically indistinguishable fluorescent products with peak
maxima at 615 nm, consistent with the formation of E+ (34),
whereas no appreciable reaction was observed when HE was
exposed toe2 mM H2O2 either in the absence of catalysts
or in the presence of 300µg/mL catalase or to a saturating
atmosphere of NO• for periods up to 30 min. As before, the
introduction of O2 into the NO• environment also gave rise
to strong E+ fluorescence. The O2•--generating xanthine/XO
system, with or without 300µg/mL catalase, gave a unique
fluorescent product whose peak maximum was blue-shifted
to 595 nm, consistent with the formation of 2-OH-E+ (44).
This signal persisted for at least 2 h. Representative spectra
illustrating the formation of the two products in the xanthine/
XO system are given in Figure 1. On the basis of these
reactivity patterns, comparison of the onset and extent of
fluorescence of HE and DCHF provides a means of identify-
ing the role of respiration-generated O2

•- in intracellular
oxidant generation.

(c) 10-Acetyl-3,7-dihydroxyphenoxazine (Amplex Red).
Reactions of 50µM Amplex Red with the various oxidants
closely followed the pattern exhibited by the DCHF-
conjugated beads, with the exception that reaction with 100
µM HOCl gave no fluorescent product, and high dose levels
of radiolytically generated NO2• (e200 µM) were required
to generate detectable fluorescence. This dye, which was used
in the assays for peroxides and peroxidases, reacted rapidly
with ONOOH or ONOO-/CO2, and H2O2/Cu2+/ascorbate,
H2O2/HRP, or H2O2/catalase, at the concentrations indicated
above, as well as NO• plus O2, to give intensely fluorescent
solutions of resorufin that were several-hundred-fold greater
than background levels but did not generate significant

FIGURE 1: Reaction of HE with xanthine/XO-generated oxidants.
Fluorescence spectra (λex ) 510 nm) after 5 min of incubation with
50 µM HE in PBS with 20 U/mL XO (black); XO plus 100µM
xanthine (gray); or XO/ xanthine plus 100 U/mL SOD (crimson).
These data are representative of three experiments.
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amounts of fluorescent products when exposed to 100µM
HOCl, xanthine/XO-generated O2

•-, an anaerobic NO•

atmosphere, or 2 mM H2O2 in the absence of a peroxidase.
(d) Cyclic Hydroxylamines (PPH, CPH, and CMH).PBS

solutions containing 50µM of each cyclic hydroxylamine
were exposed to the various oxidant systems described for
the other probes, immediately after which their room-
temperature ESR spectra were recorded. Comparisons of
nitroxide signal peak intensities obtained under comparable
reaction conditions indicated that for all oxidants examined,
reactivities followed the order PPH< CMH < CPH. In
general, xanthine/XO, HOCl, ONOOH, and ONOO-/CO2

under standard assay conditions and NO2
• at dose levels as

low as 10µM all reacted strongly with the probes to give
intense ESR signals. Strong signals were also observed upon
reacting the Fenton system, H2O2/Cu2+/ascorbate, with CMH
and CPH or exposing anaerobic solutions of these probes to
an atmosphere of NO•, but only very slight reaction was
detected in either case with PPH. Hydrogen peroxide in the
presence of DTPA was only marginally reactive toward each
of the probes, confirming that the highly reactive oxidant in
the xanthine/XO assay was O2

•-. This reactivity was only
modestly increased (<3-fold) upon addition of HRP and was
not increased upon addition of catalase to the assay medium.

The reactivity patterns observed for these probes in the
various oxidant assays are shown in Table 1.

Respiratory ActiVation. Cells suspended in fresh RPMI
media occasionally displayed a barely detectable increase
in O2 consumption above basal rates measured immediately
after activation with LPS/IFγ; in individual experiments, the
rate of this respiratory burst never exceeded 0.25 nmol O2/
106 cells-min, with an average value of 0.12 ((0.11) nmol
O2/106 cells-min. However, beginning at 2-4 h post-
activation, respiration rapidly rose to a level of 1.5-2 nmol
O2/106 cells-min, which was∼2 times the respiratory rate
of unstimulated cells, 0.8 ((0.2) nmol O2/106 cells-min. This
enhanced rate was maintained over the subsequent lifetime
of the cells (20-30 h). A major difference in the two cell
lines was the onset time for enhanced respiration, which
was ∼2 and∼4 h post-activation for the CRL-2278 and
TIB-71 cells, respectively. Representative results are shown
in Figure 2.

Intracellular Generation of Oxidants.Phagocytosis of
unopsonized DCFH-conjugated 1µm latex beads by mac-

rophages and the subsequent appearance of fluorescence in
the cells were followed by fluorescence microscopy and
spectroscopy as described in Experimental Procedures. At
30 min following mixing, many of the beads had adhered to
the cells; phagocytosis leading to uptake of∼80% of the
beads occurred over the next∼60 min, with each cell taking
up 15-25 beads. By this point, fluorescence was not
observed, indicating that oxidation of the dye was minimal
(Figure 3). However, shortly thereafter, fluorescence from
the entrapped beads rapidly increased (inset, Figure 4). This
oxidation continued unabated at a steady rate over the entire
20 h of the experiment (Figure 4); this dynamic response
was not appreciably altered by including 1 mM iNOS
inhibitor, NMMA, or both NMMA and 300µg/mL catalase
in the reaction medium, or by omitting the soluble activators
LPS and IFγ from the medium. However, stimulation with

Table 1: Reactivity Patterns of Oxidant Probes

probe

oxidanta
DCHF
-beads HEb PPH

CPH/
CMH

Amplex
Red

O2
•- - + + + -

H2O2 - - - - -
H2O2/HRP + + + + +
H2O2/cat + - - - +
H2O2/Cu/asc + + 0 + +
ONOOH + + + + +
ONOO-/CO2 + + + + +
NO• - - 0 + -
NO2

• + + + + 0
HOCl + + + + -

a The reaction conditions for each oxidant are defined in the text.
b Forms a unique spectroscopic product (2-OH-E+) with O2

•-. The
symbol 0 is meant to indicate the detection of a very minor reaction
with nonphysiologically high concentrations of oxidant, and- indicates
no detectable reaction.

FIGURE 2: Respiration rates of LPS/IFγ-activated RAW cells. Gray
and black circles represent data for TIB-71 and CRL-2278 cell lines,
respectively. Cells were suspended in PBS at 37°C immediately
prior to measuring O2 uptake. Data for each cell line are averages
of two experiments. Very similar results were obtained when the
measurements were extended to 25 h post-activation.

FIGURE 3: Phagocytosis of∼2 × 108 DCHF-conjugated latex beads
by ∼1 × 107 LPS/IFγ-activated TIB-71 cells. The photomicrograph
labeled 2 h is scattered light taken before significant DCHF
oxidation had occurred and displays the distribution of the beads
and cells in suspension at that time. The photomicrograph labeled
8 h displays DCF fluorescence at 8 h post-phagocytosis, which
occurs only from within the cells.
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PMA appeared to elicit a greater rate of subsequent oxidation
of the dye. The oxidative activity of CRL-2278 cells was
generally greater than that of the TIB-71 cells at earlier times
post-activation but then lagged somewhat after∼5 h (Figure
4). In several experiments, the suspensions of beads and cells
were examined hourly with a fluorescence microscope; in
these studies, the unphagocytosed fraction of DCHF-
conjugated beads never acquired sufficient fluorescence over
the 20 h duration of the experiment to become visually
detectable (Figure 4), indicating that oxidation of the dye
was limited primarily to beads located within the macrophage
phagosome.

This conclusion is supported by comparisons of the extent
of oxidation of the cyclic hydroxylamines, as determined by
the intensities of EPR signals of the product nitroxides, which
were an order of magnitude greater for the membrane-
permeable probe, CMH, than for the less permeable CPH
and impermeable PPH. This behavior is illustrated in Figure
5 for reactions with the probes at various times after
activation of RAW cells with LPS/IFγ. Within 1 h post-
activation, the RAW cells had acquired the capacity to
oxidize CMH, which was maximized by 2.5 h and was
retained over the life span of the activated cell. In contrast,
the PPH cells underwent slightly increased oxidation at
1-2.5 h post-activation, but oxidation at subsequent times
was negligible. Part of this difference is attributable to the
greater reactivity of CMH noted above; however, the
difference in reactivity between the two probes for the
various oxidants under standard assay conditions was gener-
ally less than 3-fold. The much greater differences observed
in oxidation levels for the two probes (Figure 5) is therefore
consistent with the notion that the membrane-permeable
probe (CMH) gained access to intracellular oxidants from
which the membrane-impermeable probe (PPH) was ex-
cluded. The cyclic hydroxylamine, CPH, which is more
reactive than PPH but also has limited membrane perme-
ability under the experimental conditions (35, 36), also
formed considerably less nitroxide at the various times
investigated.

Formation of O2
•-. Despite the application of several

different protocols, SOD-dependent ferricytochromec reduc-
tion assays (45) gave no reproducible evidence of the
formation of O2

•- in PMA-stimulated or LPS/IFγ-activated
RAW cells. However, when RAW cells were either stimu-
lated with PMA or activated with LPS/IFγ in suspensions
containing HE, a strong fluorescence signal developed over
the following 30-90 min that contained the 595 nm band
as the major component (Figure 6); this spectrum can be
assigned to the product of the reaction of HE with O2

•-, that
is, 2-OH-E+ (Figure 1) (44). This reaction was not ap-
preciably affected by the inclusion of SOD, SOD plus
catalase, HRP, or sodium azide in the reaction medium, nor
were significant differences found on this time scale between
reactions of the two RAW cell variants. The addition of HE
to either cell line at later times post-activation gave product
spectra that exhibited no prominent feature at 595 nm but
that showed a maximum at 615 nm, corresponding to the
oxidized E+ ion. The rate of oxidation based upon ac-
cumulated product was fairly constant to∼10 h post-

FIGURE 4: Oxidation of phagocytosed DCHF-conjugated latex
beads by LPS/IFγ-activated RAW macrophages.∼1 × 107 TIB-
71 (gray circles) or CRL-2278 cells (black circles) mixed with 2
× 109 beads att ) 0. Inset: initial changes following mixing of
DCHF-beads with unactivated (crimson circles) or LPS/IFγ-
activated (black circles) CRL-2278 cells, or with unactivated (light
gray circles) or LPS/IFγ-activated (dark gray circles) TIB-71 cells.
Spectra were recorded by scanning the emission from 515 to 580
nm with λex ) 495 nm. These data are representative of 5
experiments.

FIGURE 5: Nitroxide radical formation by reaction of the cyclic
hydroxylamines, PPH (9), CPH (b), and CMH (2) with LPS/IFγ
-activated TIB-71 cells. The selected probe was added at a 0.5 mM
concentration to∼1 × 105 cells/mL at the designated time after
activation. ESR spectra were recorded in a flat quartz cell at 9.78
GH, 20 mW microwave power, 2 G modulation amplitude, and a
time constant of 83 ms.

FIGURE 6: O2
•- detection by HE in LPS/IFγ-activated TIB-71 cells.

Fluorescence spectra obtained withλex ) 510 nm at 0.5 h (crimson),
1.5 h (light gray), 2.5 h (gray), 10 h (dark gray), and 20 h (black)
after the addition of 50µM HE to ∼1 × 106 RAW macrophages.
The arrows indicate the fluorescence spectral maxima observed in
control studies using O2•- (595 nm) or the other oxidants (615 nm).
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activation, but increased somewhat (20-30%) at later times
(Figure 6).

Extracellular generation of O2•- was also probed by using
the membrane-impermeable cyclic hydroxylamine, PPH. This
compound undergoes one-electron oxidation by O2

•- to the
relatively stable 4-phosphonooxy-2,2,6,6,-tetramethyl-pip-
eridinyloxy radical (PP•), which can be detected by ESR
spectroscopy (35-37); as noted above, the H2O2 formed in
the reaction is unreactive toward PPH, at least in the absence
of enzyme catalysts. Addition of PPH to aerobic solutions
containing xanthine/XO gave immediate formation of the
characteristic 3-line ESR signal of PP•, which was quenched
to background levels in the presence of SOD or SOD plus
catalase (Figure 7a). Some oxidation of PPH was observed
when the probe was added 30 min following stimulation of
the cells with PMA (Figure 7b) or 1 h or 5 h following
activation with LPS/IFγ; however, the same level of oxida-
tion was observed in suspensions containing SOD, indicating
that O2

•- was not the oxidant.
Collectively, the data indicate that detectable amounts of

O2
•- form only within the cell and only within the first hour

after stimulation or activation; in particular, the absence of
influence of exogenous SOD or catalase on the reaction of

HE implies that intracellular reactions are being monitored,
and the inability to detect O2•- by either ferricytochromec
or the more sensitive PPH assays implies that unlike
granulocytes (46), very little exogenous O2•- is generated
when the cells are stimulated with soluble agonists. From
these data, we also infer that O2

•- might contribute to CMH
oxidation in activated RAW cells at the earliest time
investigated (∼0.5-1 h) (Figure 5) but that nitroxyl forma-
tion at subsequent times involves reaction with other intra-
cellularly generated oxidants.

Formation of NO•. The concentration of NO2-, the stable
catabolic end product of the reaction between NO• and O2,
in the supernatant, increased dramatically at 4-10 h after
activation of either cell line with LPS/IFγ and then underwent
no further major change (Figure 8). The net rate of formation
of NO• was calculated from the first derivative of the
accumulated yield of NO2- normalized to the amount of
protein present; for individual runs, the calculated maximal
rate of formation was 40-130 pmol NO2

-/106 cells-min.
Addition of the NOS inhibitor, NMMA, caused the amount
of accumulated NO2- to decrease by>90%. When the cells
were activated with just IFγ, accumulation of NO2- was
markedly delayed and was detectable only at>15 h post-
activation. Under these conditions, the subsequent rate of
NO2

- generation by the TIB-71 cells was∼4-fold greater
than that by the CRL-2278 cells.

Formation of Peroxides. Assays for peroxides in the media
surrounding adherent cells was made using Amplex Red (32)
with HRP as the catalyst. A small amount of peroxide formed
within 1 h after PMA stimulation or LPS/IFγ activation,
which subsequently declined several-fold over the next
several hours (inset, Figure 9); because the formation and
decay of this oxidant coincided with that of O2

•-, it is most
likely H2O2 generated upon activation of the macrophage
NADPH oxidase. At 5-8 h post-activation in both PMA-
and LPS/IFγ-treated cells, the concentration level of HRP-
reactive peroxides again rapidly increased, in this case to
∼10-fold the basal level, then underwent slow continued
increase over the remainder of the 25-30 h lifetime of the
cells (Figure 9). To better characterize the oxidant, the
supernatant and cells were separated at various times post-
activation and independently assayed for activity. The

FIGURE 7: ESR spectra of the nitroxide 2,2,6,6-piperidinyloxyl,
formed by one-electron oxidation of PPH. Panel a: 500µM PPH
alone (black), plus 100µM xanthine (crimson), xanthine plus 20
U/mL xanthine oxidase (dark gray), or xanthine/XO plus 100 U/mL
SOD (light gray). Panel b: 500µM PPH plus∼1 × 105 unactivated
TIB-71 cells (gray) or 30 min after stimulating with 200 ng/mL
PMA in the absence (crimson) or presence of 100U/mL SOD
(black). ESR spectra were recorded in a flat cell under the conditions
given in Figure 4, with the exception that the modulation amplitude
was 1 G inpanel a. The spectra shown in panel b are the averages
of eight scans.

FIGURE 8: Accumulation of NO2
- in media over LPS/IFγ-activated

adherent RAW cells. Gray and black circles are data for TIB-71
and CRL-2278 cells, respectively. The solid line is a sigmoidal fit
to the data, which are representative of seven experiments.
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apparent rate of peroxide production by the cells in fresh
buffer followed the trend shown in Figure 9, indicating that
the peroxide concentration levels measured in the whole cell
suspensions reflected the peroxide-generating activity of the
cells. Similarly, the accumulated peroxide in the supernatant
at various times coincided with the oxidant-generating
activity of the cells. Unstimulated cells also produced HRP-
reactive peroxides in amounts that coincided roughly with
the basal levels measured at∼2-3 h post-activation.

The supernatant was probed for the presence of an
exogenous peroxidase by adding just Amplex Red to the
reaction medium at 0-5 h post-activation. A small amount
of resorufin was detected that corresponded to less than 10%
of that formed in the standard HRP assay under comparable
conditions. Furthermore, the fluorescence intensity did not
increase with time in the manner that would be expected for
an enzyme-catalyzed reaction, and the overall level of
oxidation attained was constant over the investigated time
interval. Consequently, any exogenous peroxidases that might
exist in the cellular environment are below levels that are
detectable with this sensitive assay.

Prostaglandin Endoperoxide H Synthase (COX) ActiVity.
Induction of COX-2 cyclooxygenase activity was investi-
gated by breaking the cells and assaying for resorufin
formation with added arachidonic acid as substrate (33). A
2-fold enhancement of fluorescence was observed over
background levels measured in the absence of arachidonate
at 16-18 h post-activation in both cell lines; this arachido-
nate-dependent increase was not observed at other times
following activation of the cells or when the COX-2-specific
inhibitor, DuP-697, or the heme peroxidase inhibitor, N3

-,
was present in the medium (Figure 10). Thus, the inducible
cyclooxygenase is implicated in the enhanced activity seen
at 16-18 h, but not in the reaction at earlier times. The high
background level of reactivity seen in these assays suggests
the presence of a second arachidonate-dependent oxidative

enzyme that is not inhibitable by N3-; lipoxygenases, for
example, have these properties.

Intraphagosomal Alkalinization and Probes for Specific
Oxidants.Cystamine-linked fluorescein-polyacrylamide bead
conjugates have been used to detect chlorination within the
phagosmes of neutrophils; specifically, fluorescence from the
fluorescein reporter group of the phagocytosed probe un-
derwent bathochromic shifts that are characteristic of ring
chlorination and chemical analysis by HPLC and mass
spectrometry of the recovered dye confirmed the formation
of chlorofluorescein products (6). These fluorescein-conju-
gated beads also underwent facile ring nitration catalyzed
by various peroxidases in media that contained NO2

- and
H2O2, although fluorescein nitration of the particulate probe
was not detected within the neutrophil phagosome, even
when phagocytosis was conducted in NO2

--containing media
(39). Two types of trapping experiments to probe for
intraphagosomal nitration and chlorination reactions were
undertaken in these studies. In one, the fluorescein-
conjugated beads were mixed with activated RAW cells at
various times (0, 2, 3, 6, 7, 8, 14, and 24 h post-activation),
and the dye was recovered from the cellular milieu after 2 h
of incubation by lysing the cells and cleaving the cystamine
disulfide bond with dithiothreitol. In the other, phagocytosis
of the particulate probes was used to activate the RAW cells,
and the was dye subsequently recovered after incubation for

FIGURE 9: Accumulation of HRP-reactive peroxides in the extra-
cellular medium of LPS/IFγ-activated RAW macrophages. The
supernatant over∼1 × 106 adherent cells was periodically sampled
for reactive oxidants by adding Amplex Red and HRP and
determining the resorufin yield. Inset: changes in HRP-reactive
peroxides in media over TIB-71 (gray circles) and CRL-2278
(black circles) cells immediately following activation. Fluorescence
spectra were scanned from 580 to 650 nm withλex ) 527 nm.
These experiments were repeated five times with very similar
results.

FIGURE 10: Cyclooxygenase (COX-2) activity in LPS/IFγ-activated
TIB-71 cells. COX-2 activity was monitored by manual homog-
enization of∼1 × 106 cells followed by additions of 50µM Amplex
Red and 100µM arachidonic acid. Panel a: resorufin formation in
the presence (black circles) and absence (gray circles) of 50 mM
DuP-697. Panel b: resorufin formation in the presence (black
circles) and absence (gray circles) of 1 mM N3

-. Fluorescence
spectra were scanned from 570 to 650 nm withλex ) 527 nm.
These experiments were repeated three times with very similar
results.
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various time intervals extending to∼25 h post-phagocytosis.
In neither case did the fluorescence spectra or HPLC
chromatograms give any evidence of fluorescein chlorination
or nitration.

Because fluorescein is not chemically modified following
phagocytosis of the probe, the shape of the excitation band
could be used to determine the intraphagosomal pH (6, 41,
42). Figure 11 shows the pH determined from the ratio of
intensities at 437 and 491 nm based upon a calibration curve
constructed from excitation spectra of the probes taken in
buffered media. As is evident from the data, the intra-
phagosomal pH undergoes slow alkalinization from an initial
value of∼6.5 to∼8.2 at 20 h post-phagocytosis. Inclusion
of NaN3 in the medium at a concentration that is sufficient
to inhibit peroxidase activity (1 mM) had no effect upon the
intraphagosomal pH changes.

DISCUSSION

ReactiVity Patterns of the Oxidant Probes.Each of the
probes used to detect cellular oxidants was testedin Vitro
under a common set of conditions against 10 chemically or
enzymatically generated oxidants; the qualitative results are
summarized in Table 1. The standard conditions used for
these tests were designed to expose the probes to greater
amounts of each oxidant than would reasonably occur in the
cellular milieu; consequently, the more significant entries
are those that record absence of reaction with a particular
oxidant. Viewed this way, the pattern observed for the
DCHF-beads, for example, indicates that this probe is
unreactive toward the primary products formed in reactions
of the macrophage NADPH oxidase and nitric oxide syn-
thases, that is, O2•-, H2O2, and NO•, but is highly reactive
toward all putative secondary oxidants that might be derived
from them. Among the probes, only HE and the cyclic
hydroxylamines reacted with O2•-, and Amplex Red reacted
efficiently only with H2O2/catalyst systems and the unstable
peroxynitrite species. None of the probes reacted with the
two-electron oxidant H2O2 in the absence of catalysts, and
HE and the cyclic hydroxylamines were also unreactive
during catalase-catalyzed H2O2 decomposition. Hypochlorous
acid, also formally a two-electron oxidant (47), was reactive
toward all of the probes except Amplex Red. All of the
probes reacted with peroxynitrite-derived oxidants (20, 48)
and the Cu-catalyzed Fenton system (43), allowing no
opportunity for discrimination among these species by
reactivity pattern alone. Two of the cyclic hydroxylamines
were oxidized in NO•-saturated solutions, but all other probes
were unreactive.

The last reactions, that is, between NO• and CPH or CMH
to generate the corresponding nitroxides, are unexpected on
thermodynamic grounds. A plausible reaction is net H-atom
transfer yielding nitroxyl (HNO) and the stable nitroxide,
that is, the reaction R2NOH + NO• f R2NO• + HNO;
however, estimates for the N-H bond energy in HNO and
the O-H bond energy in R2NOH are∼50 kcal/mol (Lymar,
S. V., personal communication) and∼100 kcal/mol, respec-
tively, making this reaction highly endergonic (∆H ≈ 50
kcal/mol). One possible explanation is that the presence of
excess NO• causes rapid decomposition of HNO to N2O and
NO2

- (49), thereby driving the hydroxylamine oxidation
reaction forward, that is, the overall reaction is then R2NOH

+ 3NO• f R2NO• + N2O + H+ + NO2
-. This reaction

would not be expected to occur under physiological condi-
tions, however, where transient concentration levels of NO•

are orders of magnitude lower than under the imposedin
Vitro reaction conditions. Consequently, CPH and CMH are
probably also unreactive toward biologically generated NO•.

Oxidant Generation by ActiVated RAW 264.7 Cells. (a)
Topographic Location. The response of the probes used in
these studies to RAW cells was independent of the activation
method. Thus, the post-activation time course and apparent
levels of oxidation appeared indistinguishable when cells
were activated by PMA, the dye-conjugated particles, or LPS/
IFγ. As described in the Results section, oxidant generation
was largely intracellular, as indicated by the spatial location
of fluorescence from the oxidized DCHF-latex beads (Figure
4) and the differential reactivities observed for the membrane-
impermeable (PPH) and membrane-permeable (CMH) ESR
probes (Figure 5). This intracellular localization makes it
difficult to determine effective concentrations of various
reactive species generated by the cells.

(b) Superoxide Generation.Immediately following activa-
tion, O2

•- formation was observed by its reaction with the
membrane-permeable dye, HE, to give the spectroscopically
unique oxidation product, 2-OH-E+ (Figure 6); at times
longer than∼1 h, this product was no longer detectable,
although reactions with other cellularly generated oxidants
to form E+ occurred over the entire life span of the activated
cell. The absence of appreciable reaction with PPH indicated
that release of O2•- into the extracellular medium was
negligible under all conditions. This behavior contrasts
markedly with neutrophils, which, in the 30-60 min interval
following stimulation with PMA and other soluble agonists,
generate readily detectable O2

•- the extracellular medium
in reactions catalyzed by their plasma membrane-localized
NADPH oxidase (46, 50). Stimulation of neutrophils with
PMA gives extracellular generation of O2

•- at optimal rates
which are typically 2-3 nmol O2

•-/106 cells-min (46),
whereas the highest rate reported for PMA-stimulated
macrophages has been 0.5 nmol O2

•-/106 cells-min, measured
for isolated rat alveolar cells (21). However, much lower

FIGURE 11: Intraphagosomal pH of TIB-71 cells determined with
fluorescein-conjugated polyacrylamide microspheres. Excitation
spectra from 400 to 500 nm were recorded atλem ) 510 nm for
suspension containing 5:1 bead/cell ratios. The gray circles are data
points for media containing 1 mM N3-; the gray line is the best fit
to the data obtained without N3-. Inset: calibration curve con-
structed from the fluorescence spectra of the beads in buffers at
various pH values.
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values have been measured for LPS/IFγ-activated RAW
264.7 cells (26) and mouse peritoneal macrophages (27). The
very limited amounts of O2•- detected in these assays are in
accord with our findings using HE and cyclic hydroxylamines
as O2

•- trapping agents (Figures 6 and 7) and with the
vanishingly small respiratory simulation measured im-
mediately following activation (Figure 2), which implies very
low NOX activity in the activated RAW cells. The average
net respiratory increase in RAW cells of 0.12 nmol O2/106

cells-min can be compared to an optimal value of∼5 nmol
O2/106 cells-min for PMA-stimulated human neutrophils (6).

(c) Nitric Oxide Generation. The existence of an inducible
nitric oxide synthase within macrophages was suggested 20
years ago when it was shown that LPS fromE. coli induced
the biosynthesis of NO2- and NO3

- in mouse macrophages
(12, 13). Accumulation of these ions was enhanced in the
presence of T-lymphocytes, which release inflammatory
cytokines during the immune response, or by direct addition
of the cell-free cytokines themselves. In these studies, the
ions accumulated rapidly during the first 16 h post-activation
with LPS and IFγ, after which the rate of accumulation
slowed over the next 32 h (51). Because NO2- and NO3

-

have been identified as catabolic end products of NO•, they
have been used widely as indicators of NOS activity. More
recently, direct electrochemical detection of NO• in Mayer’s
laboratory has confirmed these assumptions (26, 27). In
particular, it was shown that NO• production within the
supernatant of LPS/IFγ-treated RAW 264.7 cells occurred
primarily at 5-10 h post-activation with the formation rate
peaking at∼8 h and that this activity was paralleled by NO2

-

accumulation in the medium. Very similar timing has also
been reported by Ullrich and co-workers (17), and our results
(Figure 8) are fully in accord with these observations.
Because the formation of each NO2

- from arginine in NOS-
catalyzed reactions requires 2.0-2.25 O2 molecules (52)
(depending upon the mechanism of oxidation of NO•), the
rate of O2 consumption corresponding to the maximal rate
of NO2

- accumulation (∼ 80 pmol/106 cells-min) is 160-
180 pmol/106 cells-min. The corresponding respiration rate
at ∼8 h post-activation is∼1.5 nmol/106 cells-min so that
at any time,e15% of the overall O2 consumption by the
cells is directed at the generation of reactive nitrogen species,
and at most,∼25% of the increased respiration over the basal
level of resting cells can be attributed to these reactions.

(d) Prospects for Peroxynitrite Formation. In the absence
of evidence to the contrary, it has historically been assumed
that the macrophage NOX is similar to that found in
neutrophils. However, a major difference now appears to be
the extent of respiratory activation upon agonist stimulation.
Activated macrophages, through their capacity to generate
both O2

•- and NO•, are often presumed to be a biological
source of ONOOH and ONOO-/CO2 (21-25, 53). However,
as has been emphasized by Mayer and associates (26, 27)
and reinforced by these studies, there is very little temporal
overlap in the formation of these radicals, at least in RAW
cells, which should preclude significant formation of per-
oxynitrite by a radical coupling mechanism. Additionally,
the exceedingly low amounts of O2

•- formed in the RAW
cells, approaching the detectable limits of sensitive
trapping methods, sets a very low stoichiometric limit on
the amount of peroxynitrite that could possibly be generated
by them. Nitration of phenolic compounds, including protein

tyrosyl groups, has been cited as evidence consistent with
peroxynitrite generation in macrophages (21, 23). Although
nitro-substituted compounds are readily formed from
peroxynitrite-derived oxidants (20, 40), their formation in
biological environments is not diagnoistic for peroxynitrite;
other potential biological nitrating agents include reactive
nitrogen intermediates formed during NO• autoxidation and
in peroxidase-catalyzed oxidation of NO2

- (54). Mayer
and co-workers have reported that 3-nitrotyrosine
accumulates at 15-25 h post-activation in RAW cells (26)
and appears at about the same time in peritoneal macrophages
(27). This timing is far too late to involve NOX-generated
O2

•- and was suggested to involve nitrite-dependent
peroxidase catalyzed reactions. On the basis of these
considerations, the likelihood of significant peroxynitrite
formation via simultaneous generation of O2

•- and NO•

appears remote.

If the phagosome underwent substantial acidification, the
reaction of cellularly generated H2O2 with accumulated NO2-

to give ONOOH could occur (55); however, use of fluorescein-
conjugated polyacrylamide beads has indicated only a steady
progressive alkalinization of the cells following phagocytosis
(Figure 11), precluding this reaction. This latter result is itself
surprising, as previous studies had indicated that the pha-
gosomes of mouse peritoneal macrophages challenged with
fluorescein-conjugatedStaphylococcus aureusunderwent
rapid acidification to pH∼6 (56, 57); this acidification was
driven by the electrogenic transport of protons via a V-type
H+-ATPase.

(e) Cyclooxygenase ActiVity. An inducible prostaglandin
endoperoxide H synthase (COX-2) was shown to be present
in LPS/IFγ-activated RAW 264.7 cells a decade ago by
experiments that measured rates of conversion of arachidonic
acid to the prostaglandin PGE2 and antibody-specific ac-
cumulation of enzyme in isolated microsomal fractions, as
well as expression of COX-2 mRNA (14); earlier studies
had established that LPS also induced cyclooxygenase
activity in alveolar macrophages and monocytes (58-60).
This activity was maximal in the RAW cells∼24 h post-
activation, although the corresponding mRNA expression was
maximal at∼8 h post-activation (14). The Amplex Red assay
has been adapted to COX reactions by using arachidonic acid
as substrate (32); by using the COX-2 specific inhibitor (Dup
697) in disrupted cells, we have identified its presence over
a time range of∼10-20 h post-activation in both of the
investigated cell lines (Figure 10); this induction time is very
similar to recently published results obtained with LPS-
activated RAW cells (17) and another immortalized murine
macrophage (J774.2) activated with LPS/IFγ (16).

(f) Other Oxidase/Oxygenase/Peroxidase ActiVities. The
increased rates of O2 consumption beginning at several hours
post-activation (Figure 2) could arise either from respiratory
uncoupling in the mitochondria or activation of other oxidase
and/or oxygenase pathways. In either case, as discussed
below, these reactions lead to increased oxidizing capacity
within the cell. These rate increases cannot be attributed
solely to iNOS activation or to iNOS plus COX-2 activation
because the stimulated O2 uptake precedes the induction of
activities of these enzymes (cf. Figures 2, 8 and 10; this
temporal separation between respiratory stimulation and
iNOS activation is most evident for the CRL-2278 cells).
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Furthermore, as previously noted, the amount of NO• detected
as NO2

- was only a small fraction of the consumed O2.
The increased oxidizing capabilities of the cells was most

evident in the oxidation of the phagocytosed DCHF-latex
beads, which was detected∼2 h following phagocytosis and
continued over the entire life span of the cells (Figure 4). In
these studies, the onset and initial rates of increase in
fluorescence intensities in the CRL-2278 RAW cells pre-
ceded those of TIB-71 cells (Figure 4, inset), paralleling the
respiratory behavior (Figure 2). Oxidation of CMH to its
EPR-detectable nitroxide was also observed on this time scale
(Figure 5); although some of the nitroxide formation might
be attributable to reaction with O2•-, it is clear that most of
the oxidizing capacity of the cells developed after∼1 h, at
which time the O2

•--generating capacity of the cells was no
longer detectable (Figure 6). In any event, intracellular
oxidation of DCHF clearly indicates the presence of an
alternate oxidant because the dye is unreactive toward O2

•-

(Table 1). Likewise, these reactions cannot be attributed
simply to accumulation of NOX-generated H2O2 because
DCHF and CMH, although relatively indiscriminant (Table
1), are both unreactive toward H2O2.

An HRP-reactive oxidant appeared in the extracellular
medium and increased over the same time period (5-10 h),
and was then maintained over the ensuing lifetime of the
cell (Figure 9). One notes again that the induction time for
detection of this oxidant was∼2 h shorter for the CRL-
2278 cells, consistent with its generation by induced O2-
consuming enzymatic systems other than iNOS and COX-
2. This oxidant was stable, as was established by separating
the supernatant medium from the cells prior to applying the
Amplex Red/HRP assay; this demonstration excludes the
possibility that the oxidant was NO2• or peroxynitrite-derived
oxidants, which are very short-lived under the experimental
conditions (t1/2 < 10 s) (20, 48, 61). The oxidant is most
likely H2O2, given its membrane permeability (62, 63) and
the high selectivity (64) of HRP for this peroxide. Addition
of Amplex Red without HRP to the medium and/or to
adherent cells gave negligible reaction, indicating that the
cells were not excreting an extracellular peroxidase. Hy-
pochlorous acid, because it is unreactive in the Amplex Red
assay (Table 1), is clearly not the oxidant.

The reactivity characteristics of DCHF and CMH allow
further delineation of the induced enzyme systems involved
in the oxidative reactions, which could be either oxygenases
or peroxidases. Catalase involvement can be excluded, at
least for CMH oxidation, because the cyclic hydroxylamine
is unreactive toward H2O2/catalase (Table 1). Mayer and co-
workers have proposed that myeloperoxidase (MPO), by
catalyzing the one-electron oxidation of NO2

- to NO2
•, is

responsible for the 3-nitrotyrosine formation detected within
RAW cells following iNOS expression. In support of this
proposal, these researchers also demonstrated by selective
immunoblotting the presence of low levels of MPO within
the cell (26); however, the amount of MPO did not change
perceptibly upon activation of the cells. From our perspective,
it seems unlikely on three counts that MPO is the intracellular
oxidation catalyst. First, both DCHF and CMH are reactive
toward HOCl and in peroxidase-catalyzed reactions with
H2O2 (Table 1); if MPO were the peroxidase, then conditions
existing immediately following NOX activation in PBS
should have caused some probe oxidation, but none was

detected in this time frame (Figure 4). Second, MPO is
ineffective within phagosomes at nitrating phenolic com-
pounds, the dominant reaction being ring chlorination under
physiological conditions (39). Third, attempts to trap intra-
cellular MPO-generated HOCl by using fluorescein-conju-
gated phagocytosable polyacrylamide beads (6) gave negative
results under widely varying experimental protocols, indicat-
ing that the expression of MPO activity within the cells must
be very low. In particular, during the oxidative period prior
to iNOS activation, probe chlorination should have been
readily detected were MPO a major contributor to the
oxidative reactions. Alternatively, the substrate and inhibitor
specificities (65) associated with the high background activity
(∼50%) suggest the participation of an active lipoxygenase
(LOX) in the intracellular generation of reactive oxygen
species (ROS). A precedent for this behavior can be found
in mammalian mast cells, which have recently been shown
by inhibition studies to generate internal DCHF-reactive
compounds following IFγ stimulation that are LOX depend-
ent but independent of NOX or NOS expression (66-68).
Although the underlying redox chemistry remains to be
established, these studies demonstrate that reactive species
other than NO2• are generated by activated RAW cells
because the Amplex Red assay is insensitive to this radical
(Table 1).

Physiological Implications. In the absence of significant
MPO activity and limited capacity to form peroxynitrite, the
only recognized microbicidal mechanisms available to these
cells involve metal-mediated Fenton reactions (43, 69).
However, Ullrich and co-workers have presented data
indicating that inhibition of COX-2 activity within LPS-
stimulated RAW cells correlates with nitration of some of
its own tyrosyl groups; the inhibitory reaction was arachi-
donate- and NO2--dependent and could not be catalyzed by
MPO or catalase inexViVo assays, the inference being that
it is autocatalytic (17). This reaction was detected at 12-16
h post-activation, at which time NO2- accumulation was
optimal ((17), Figure 4). Furthermore, as noted above, Mayer
and co-workers have reported widespread tyrosyl nitration
within LPS/IFγ-activated RAW cells within roughly the same
time scale (26); although in this case the target sites were
not identified, they must have involved other intracellular
proteins. These data suggest that like all other heme
peroxidases that have been investigated (39, 70), COX-2 can
oxidize available NO2- at its peroxidase site (71) via
peroxide-generated compounds I and II to NO2

•, which is
then diffusible from the active site. We recently found that
NO2

• is remarkably toxic toEscherichia coli, with an LD50

comparable to that of the much more strongly oxidizing and
potently microbicidal CO3•- radical anion (28), and Kleban-
off has demonstrated thatE. coli are also effectively killed
when exposed to a cell-free MPO-H2O2-NO2

- system (70).
Sequential induction of LOX, iNOS, and COX-2 could lead
to the development of bactericidal potential within the cell
by arginine and lipid autoxidation to generate NO2

• in the
manner suggested in Scheme 1. In this hypothetical scheme,
(1) LOX functions to generate lipid hydroperoxides from
reaction of O2 with endogenous lipids (72) for (2) activation
of and use by COX-2 (71) in reactions with NO2- (3) formed
by iNOS-catalyzed arginine oxidation by O2 (52) and
subsequent aerobic oxidation of NO• (61). Recent studies
have revealed a complex interaction between iNOS and
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COX-2, which may involve physical association of the two
enzymes (73), COX-2 catalyzed consumption of NO• (16),
modification of COX-2 activity via S-nitrosylation (73), and
possibly inactivation of COX-2 by radical coupling of its
essential tyrosyl radical with iNOS-generated NO• (74).
Inhibition of NO2

- accumulation at∼12 h post-activation
(Figure 8) may be one manifestation of these interactions,
that is, expression of COX-2 activity diverts NO• consump-
tion to other products. In any event, the observed timing of
events (iNOS> COX-2) would allow elevation of NO2-

levels within the cell for use as a COX-2 substrate.
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