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Abstract

Exposure to certain particulate hexavalent chromium [Cr(VI)] compounds, such as lead chromate (PbCrO,), has been associ-
ated with lung cancer and respiratory tract toxicity. Previous studies indicate that the solubility of Cr(VI)-compounds is an
important factor in Cr(VI)-induced carcinogenesis. The present study investigates reactive oxygen species (ROS) generation
by PbCrO, particles and cellular responses using RAW 264.7 cells. A mixture containing PbCrO, and RAW 264.7 cells gener-
ated hydroxyl radical (*OH), using cellularly generated H,O, as a precursor, as measured by electron spin resonance (ESR) spin
trapping in combination with H,O, and -OH scavengers, catalase and sodium formate. The effect of ascorbic acid on ‘OH radi-
cals was also measured using ESR. Confocal microscopy showed that particles could become either bound to the cell surface
or engulfed over a 120 min time period. H,O, generation and O, consumption were also increased after treatment of the cells
with PbCrO,. Both NF-xB and AP-1 were activated after exposure to PbCrO, particles as measured by the NF-xB or AP-1
luciferase reporter plasmid assay. Our investigation thus demonstrated that the RAW 264.7 cells phagocytized the PbCrO, par-
ticles leading to accumulation of the particles within vacuoles in the cytoplasm. These particles could induce chronic produc-
tion of ROS and activation of NF-kB and AP-1. Such induction of transcription pathways may be involved in the inflammatory
and carcinogenic responses induced by Cr(VI)-containing particles. (Mol Cell Biochem 255: 171-179, 2004)
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Introduction

Cr(VI) compounds are widely used in industries, such as plat-
ing, paint, steel, tanning, and chrome ore processing [1, 2].
Previous studies have demonstrated a relationship between
exposure to chromium [Cr(VI)] compounds, such as lead
chromate, and respiratory tract toxicity as well as lung cancer
[3]. Cr(VI) causes mutations in bacteria and transformations
in mammalian cells [4, 5]. Cellular, animal and epidemiological
studies have established that Cr(VI) compounds are toxic
and carcinogenic [6, 7]. It has been shown that PbCrO, can
be phagocytized by cells and can accumulate within vacuoles
in the cytoplasm [8]. Light and scanning electron microscopy
have been used to observe the cytoplasmic engulfment of

PbCrO, particles [8, 9]. This internalization has been asso-
ciated with the cellular stress response to PbCrO, exposure
[10, 11]. These particles result in the chronic production of
reactive oxygen species (ROS). Previous studies have shown
that these species are genotoxic and clastogenic [12, 13].
Cr(VI) compounds use a complex metabolic reducing path-
way, which generates a variety of reactive forms of chromium
and ROS, which are believed to be responsible for their geno-
toxic and mutagenic characteristics [14, 15]. They are also able
to generate hydroxyl radical (*OH) from H,O, via a Fenton-like
reaction [16]. During the cellular Cr(VI) reduction process,
molecular oxygen is consumed to generate superoxide radical
(O,7) and H,0O, [15-18]. Cr(VI)-generated ROS have been
shown to cause DNA damage [19, 20], activation of nuclear
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transcription factors (NF-kB, AP-1) [21-23], apoptosis [24]
and activation of mitogen-activated protein (MAP) kinases
[22].

In contrast to the numerous studies with soluble Cr(VI)
compounds there are few studies available on the genera-
tion of ROS and related toxicity by particulate Cr(VI) com-
pounds. PbCrO, is designated as insoluble in H O and slightly
soluble in alkaline or dilute acid solutions [25]. However,
phagocytosis of PbCrO, particles can lead to localized chronic
exposure to chromate [17, 26-29]. Highly insoluble or only
slightly soluble chromate particles, such as Pb, Zn, and Ca,
have been shown to cause tumor induction at sites of injec-
tion [28]. Previous studies indicate that the solubility of
Cr(VI)-compounds is an important factor for the develop-
ment of Cr(VI)-induced carcinogenesis, the present study
used a cellular model to investigate the generation of ROS
and cellular responses after exposure of the cells to PbCrO,
particles.

Materials and methods

Reagents

Lead (I) chromate (PbCrO,) and 5,5-dimethyl-I-pyrroline N-
oxide (DMPO) were purchased from Aldrich (Milwaukee,
WI, USA). Deferoxamine, sodium formate, H,O,, ascorbic
acid, and nicotinamide adenine dinucleotide phosphate (re-
duced form) (NADPH) were purchased from Sigma (St. Louis,
MO, USA). Catalase was purchased from Boehringer Mann-
heim (Indianapolis, IN, USA). Phosphate-buffered saline
(PBS) was purchased from Gibco BRL (Gaithersburg, MD,
USA). Nile red was purchased from Molecular Probes (Eu-
gene, OR, USA). The RAW 264.7 cell line was purchased
from American Type Culture Collection (Rockville, MD,
USA). The spin trap, DMPO, was purified by charcoal de-
colorization and vacuum distillation. DMPO solution, thus
purified, did not contain any ESR detectable impurities.
Chelex 100 chelating resin was purchased from Bio-Rad
Laboratories (Richmond, CA, USA). The PBS (pH 7.4) was
treated with Chelex 100 to remove transition metal ion con-
taminants.

Cell culture

RAW 264.7 cells were cultured in DMEM with 10% fetal
bovine serum (FBS), 2 mM L-glutamine and 50 mg/ml peni-
cillin/streptomycin at 37°C in a 5% CO, incubator. Cells used
for the luciferase assay were stably transfected with either the
NF-«B or the AP-1 luciferase reporter plasmid and cultured
under the same conditions as above [30].

Confocal microscopy

In order to prepare cells for confocal microscopy, RAW
264.7 cells were incubated on glass coverslips in 24-well
plates with 1 ml phosphate buffered saline (PBS; pH 7.4)
at a concentration of 2 x 10° cells/well for 1 h to allow for
attachment. The cells were washed and treated with 50 pg/
ml PbCrO, particles suspended in PBS. The cells were then
incubated for 30, 60, and 120 min. After the incubation pe-
riod, the cells were fixed with 2% paraformaldehyde for 30
min, and stained with the fluorochrome nile red (0.1 pg/ml)
for 5 min.

Images were recorded from a Sarastro 2000 laser scanning
confocal microscope (Molecular Dynamics, Sunnyvale, CA,
USA) fitted with an argon-ion laser using 514 nm excitation
light. Macrophages were imaged with an emission spectra
>535 nm. When using reflected light <535 nm simultaneously
passed to a separate optical path, the PbCrO, particles could
also be imaged and recorded [31].

Oxygen consumption measurements

Oxygen consumption measurements were carried out using
a Gilson oxygraph (Gilson Medical Electronics, Middleton,
WI, USA). Measurements were made on a system contain-
ing 50 ug/ml PbCrO,, 1 x 10° RAW 264.7 cells/ml in pH 7.4
phosphate buffer. The effects of the addition of catalase, de-
feroxamine and sodium formate were also measured. The
oxygraph was calibrated with media equilibrated with gases
of known concentrations.

H,0, measurements

H,O, was monitored by measuring the change in fluorescence
of scopoletin in the presence of horseradish peroxidase. Mea-
surements were made on a system containing 1 x 10° RAW
264.7 cells/ml in pH 7.4 PBS and a cellular system with 50
ug/ml PbCrO, added. The effects of the addition of catalase,
deferoxamine and sodium formate were also measured. Fluo-
rescence was monitored at an excitation wavelength of 350
nm and an emission wavelength of 460 nm using a Cytofluor
multiwell plate reader series 4000 (PerSeptive Biosystems,
Foster City, CA, USA).

Free radical measurements

ESR spin trapping was used to detect short-lived free radical
intermediates. This technique involves the addition-type re-
action of a short-lived radical with a paramagnetic compound
(spin trap) to form a relatively long-lived free radical prod-



uct (spin adduct), which can then be studied using conven-
tional ESR. The intensity of the signal is used to measure the
amount of short-lived radicals trapped and the hyperfine cou-
plings of the spin adduct are generally characteristic of the
original trapped radicals. The spin trapping is the method of
choice for detection and identification of free radical genera-
tion due to its specificity and sensitivity. All ESR measurements
were conducted using a Bruker EMX spectrometer (Bruker
Instruments, Billerica, MA, USA) and a flat cell assembly.
Hyperfine couplings were measured (to 0.1 G) directly from
magnetic field separation using potassium tetraperoxochromate
(K,CrO,) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) as refer-
ence standards. The relative radical concentration was esti-
mated by multiplying half of the peak height by (AHW)Z, where
Apr represents peak-to peak-width. An Acquisit program
(Bruker Instruments, Billerica, MA, USA) was used for data
acquisitions and analyses.

RAW 264.7 cells (1 x 10°), PbCrO, (50 pg/ml), DMPO
(200 mM) and additional scavengers, listed in the figure leg-
ends, were mixed in test tubes to a final volume of 1.0 ml.
The reaction mixture was then transferred to a flat cell for ESR
measurement. The concentrations given in the figure legends
are final concentrations. Experiments were performed at room
temperature, under ambient air.

Luciferase assay of NF-kB or AP-1 activity in vitro

A confluent layer of RAW 264.7 cells transfected with either
NF-«B or AP-1 luciferase reporter was detached using cell
scrapers. Then 5 x 10* viable cells, suspended in 1 ml of Dul-
becco’s MEM supplemented with 10% FBS, were added to
each well of a 24-well plate. Plates were incubated at 37°C
in a humidified atmosphere of 5% CO,. 12 h later, cells were
cultured in Dulbecco’s MEM supplemented with 1.0% FBS
for 12 h to minimize basal NF-«B /AP-1 activity and then
exposed to PbCrO, particles (10 pg/ml) in the same media to
monitor the effects on NF-kB /AP-1 induction. The cells were
extracted with 200 pul of 1x lysis buffer provided in the luci-
ferase assay kit (Promega, Madison, WI, USA). Luciferase
activity was measured using a Monolight luminometer, model
3010 (Analytical Luminescence Laboratory, San Diego, CA,
USA) [30]. The results were expressed as relative NF-xB or
AP-1 activity compared with untreated controls.

Statistics

Data were expressed as mean + S.E.M. (n = 3) for each group.
A one way ANOVA test was performed using SigmaStat sta-
tistical software (Jandel Scientific, San Rafael, CA, USA) to
compare the responses between treatments. Statistical signifi-
cance was set at p < 0.05.

173

Results

Engulfment of particles by macrophages

Confocal microscopy

Plated RAW 264.7 cells (2 x 10°/well) were exposed to PbCrO,
particles for 30, 60, and 120 min and examined using confocal
microscopy. PbCrO, particles were first bound to the surface
and then internalized by the RAW 264.7 cells (Fig. 1). After
30 min, cells were observed in contact with some PbCrO , par-
ticles (Fig. 1, top panel arrow). At the 60 min time point, more
particles were in contact with the RAW 264.7 cells, and pseudo-
podia were observed to be reaching out to engulf the particles
(Fig. 1, middle panel arrow). At the 120 min time point, an
increased number of particles were bound to the surface or
engulfed by the cells (Fig. 1, lower panel arrow).

Oxygen consumption

Since macrophages are able to engulf PbCrO, particles, it is
very likely that these phagocytic cells will consume molecu-
lar oxygen through induction of the respiratory burst. Oxy-
gen consumption from a mixture containing RAW 264.7 cells
(1 x 10%ml) in suspension and PbCrO, (50 pg/ml) was meas-
ured to verify this possibility. Figure 2 shows that PbCrO,
stimulated cells consumed oxygen at a significantly higher
rate than cells alone. Measurements were taken for 30 min
after initial exposure of cells to PbCrO,. Addition of catalase
or deferoxamine returned the oxygen consumption rate to
control levels. PbCrO, particles alone did not consume oxy-
gen at a significant rate (data not shown).

H,0, generation in RAW 264.7 cells

The increased consumption of molecular oxygen by macro-
phages after exposure to PbCrO, can generate H,O, through
one-electron reduction. H,O, generation was measured from
a suspension containing RAW 264.7 cells (1 x 10%ml) in
suspension and PbCrO, (50 pg/ml) after a 20 min incubation
period. As shown in Fig. 3, this mixture indeed caused a sig-
nificant increase in H,O, generation compared to the control
of RAW 264.7 cells alone. Addition of catalase, deferoxamine
or sodium formate decreased the H,O, generation to control
levels. PbCrO, particles alone did not generate significant
amounts of H,0, (data not shown).

*OH radical generation

Our previous studies using soluble Cr(VI) have shown that
H,0, can function as a precursor for *OH generation [15-17].
The possible generation of free radicals from the interaction
of PbCrO, (50 pg/ml) with RAW 264.7 cells (1 x 10°ml) was
examined by ESR spin trapping. Measurements were taken
5 min after exposure of cells to PbCrO,. Figures 4a and 4b
show ESR spectra observed from the spin trap DMPO alone
and DMPO with cells, respectively. Figure 4c shows a typi-
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Fig. 1. Confocal micrograph of RAW 264.7 cells (2 x 105/ml) exposed to
PbCrO, particles (arrows) for 30, 60, and 120 min. The final concentration
of particle samples was 50 pg/ml. Bar = 2 pm.

cal ESR spectrum generated from a mixture containing PbCrO,
and RAW 264.7 cells in the presence of DMPO. This spec-
trum consists of a 1:2:2:1 quartet with hyperfine coupling of
a, = a = 14.9. Based on these splitting constants and the
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Fig. 2. O, consumption in incubation mixtures containing 1 x 10° RAW
264.7 cells alone, cells and 50 pg/ml PbCrO,, and effects of 2000 U/ml
catalase, 2 mM deferoxamine or 500 mM sodium formate. The data repre-
sent mean + S.E.M. values of 3 independent experiments. *Significant dif-
ference from the control (p < 0.05).

lineshape, the 1:2:2:1 quartet was assigned to a DMPO/-OH
adduct. Addition of NADPH increased the DMPO/-OH sig-
nal (Fig. 4d). Addition of catalase, whose function is to re-
move H,O,, inhibited -OH radical generation (Fig. 4¢). Since
DMPO/-OH could, in principle, arise from many sources other
than ‘OH trapping we performed the competition experiment
using sodium formate as a *OH radical scavenger and a source
of a secondary radical to verify the presence of *OH radicals.
In this competition experiment, *OH radical abstracts a hy-
drogen atom from formate to form a new radical, which can
be trapped by DMPO to generate a new spin adduct signal.
As expected, addition of formate decreased the intensity of

H,0, (uM)

I

Cells +PbCrO4 +PbCrO4 +PbCrO4 + PbCrO4
+ Catalase + Def + Form

Fig. 3. H,0, production in incubation mixtures containing 1 x 10° RAW
264.7 cells alone, cells and 50 pg/ml PbCrO » and effect of 2000 U/ml cata-
lase, 2 mM deferoxamine or 500 mM sodium formate. The data represent
mean = S.E.M. values of 3 independent experiments. *Significant differ-
ence from the control (p < 0.05).



Fig. 4. ESR spectra recorded 5 min after addition of PbCrO, to cell sus-
pension in a phosphate buffer solution (pH 7.4) containing the following
reactants: (a) 200 mM DMPO; (b) 200 mM DMPO and 1 x 10° RAW
264.7 cells; (c) 200 mM DMPO, 1 x 10° RAW 264.7 cells and 50 pg/ml
PbCrO,; (d) 200 mM DMPO, 1 x 10° RAW 264.7 cells, 50 ug/ml PbCrO,
and 5 mM NADPH; (e) 200 mM DMPO, 1 x 10° RAW 264.7 cells, 50
pg/ml PbCrO, and 2000 U/ml catalase; and (f) 200 mM DMPO, 1 x 10°
RAW 264.7 cells, 50 pg/ml PbCrO, and 500 mM sodium formate. The
ESR spectrometer settings were: receiver gain, 2.5 x 10%; time constant,
0.04 sec; modulation amplitude, 1.0 G; scan time, 1 min; magnetic field,
3440 + 100 G.
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DMPO/-OH adduct signal and resulted in the appearance of
anew spin adduct signal with a hyperfine splitting of a, =15.8
G and a = 18.8 G (Fig. 4f). These splittings are typical of
those of DMPO/-COQO~ adduct, demonstrating that the -OH
radicals are indeed generated. PbCrO, alone did not produce
an ESR detectable signal (data not shown).

Ascorbic acid effects on *OH

The effect of ascorbic acid on *OH generation was investi-
gated by addition of different concentrations of this antioxi-
dant to the PbCrO, and RAW 264.7 cells suspension. Figure
5a shows a spectrum obtained from a mixture containing
PbCrO, and RAW 264.7 cells in the presence of DMPO. With

Fig. 5. ESR spectra recorded 5 min after addition of PbCrO, to cell sus-
pension in a phosphate buffer solution containing 200 mM DMPO and the
following reactants: (a) 1 x 10° RAW 264.7 cells and 50 ug/ml PbCrO,;
(b) 1 x 10°RAW 264.7 cells, 50 pg/ml PbCrO, and 0.1 mM ascorbic acid;
(©) 1 x 10°RAW 264.7 cells, 50 pg/ml PbCrO, and 0.5 mM ascorbic acid;
(d) 1 x 10° RAW 264.7 cells, 50 ug/ml PbCrO4 and 2.0 mM ascorbic acid;
and (e) 1 x 10° RAW 264.7 cells, 50 ug/ml PbCrO, and 10 mM ascorbic
acid. The ESR spectrometer settings were as described in Fig. 4.
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Fig. 6. Activation of NF-kB by PbCrO,. RAW 264.7 cells (5 x 10*/ml), trans-
fected with a NF-kB dependent luciferase reporter plasmid, were treated with
PbCrO, (10 pg/ml), for an additional 12 h. The luciferase activity was de-
termined as described in Materials and methods. The data presented are
mean + S.E.M. values of 4 independent experiments. *Significant differ-
ence from the control (p < 0.05). RLU = relative light units.

the addition of ascorbic acid (0.1 mM), we observed a reduc-
tion in the DMPO/-OH signal (Fig. 5b). Increasing the con-
centration of ascorbic acid (0.5, 2.0, and 10 mM) led to a
decrease in the DMPO/-OH signal (Figs 5c, 5d and Se).

Assay for NF-KB activity using a luciferase reporter

The NF-kB activity in RAW 264.7 cells stimulated by PbCrO,
was measured by a luciferase reporter assay. PbCrO, treat-
ment of RAW 264.7 cells induced an increase in luciferase
reporter gene activity as shown in Fig. 6. Catalase, which
catalyzes the reaction of H,0, into H O and O, , deferoxamine
(a metal chelator) and sodium formate (a hydroxyl radical
competitor) all exhibited an inhibitory effect (Fig. 6).

Assay for AP-1 activity using a luciferase reporter
Analysis of AP-1-dependent luciferase activity indicates that
PbCrO, treatment of RAW 264.7 cells induced an increase in
luciferase reporter gene activity (Fig. 7). This PbCrO, stimu-
lation the AP-1 luciferase reporter was inhibited by catalase,
deferoxamine, and sodium formate (Fig. 7).

Discussion

Our results demonstrate that RAW 264.7 cells engulf PbCrO,
particles by phagocytosis. In addition to engulfment, cells
show increased O, consumption followed by a significant
increase in production of H,0O,. ESR measurements showed
*OH generation after cellular exposure to PbCrO, particles.
Our results further indicate that through ROS these particles
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Fig. 7. Activation of AP-1by PbCrO,. RAW 264.7 cells (5 x 10*/ml), trans-
fected with a AP-1 dependent luciferase reporter plasmid, were treated with
PbCrO, (10 pg/ml), for an additional 12 h. The luciferase activity was de-
termined as described in Materials and methods. The data presented are
mean + S.E.M. values of 4 independent experiments. *Significant differ-
ence from the control (p < 0.05). RLU = relative light units.

are able to activate NF-kB and AP-1, which are involved in
inflammatory and carcinogenic signaling pathways.

Recent studies using chromium salts have indicated that
reduction of Cr(VI) to its lower oxidation states, such as
Cr(V) and Cr(IV), is a key step for Cr(VI)-induced ROS
generation and carcinogenesis [13, 32, 33]. Previous studies
have indicated that soluble Cr(VI) is able to enter cells in a
dose dependent manner at low concentrations [34]. Once in-
side the cells, Cr(VI) is reduced to Cr(V) and Cr(IV). Dur-
ing redox cycling, molecular oxygen is reduced to O,~, H,0,,
and *‘OH radical. The reactive Cr intermediates and ROS have
been reported to cause DNA damage, activation of p53 and
NF-«B, inhibition of cell proliferation, and apoptosis [34].

Particulate PbCrO, is a highly water-insoluble cytotoxic
and carcinogenic agent, and its mechanism of action remains
to be investigated [35]. It has been suggested that the unique
physiochemical properties of PbCrO, particles lead to their
internalization and the resultant associated cellular stress re-
sponse, which may be related to the transformation induced
by these particles [36]. Light and scanning electron micros-
copy showed a progressive engulfment of PbCrO, particles
by macrophages and extensive vacuolization of cells in con-
tact with these particles [10]. When particles were incubated
in culture media the solubility of PbCrO, increased 2-fold
compared to PbCrO A in H2O at 37°C, and extracellular con-
centrations of chromium increased 7-fold when PbCrO, was
incubated in the presence of cells compared to culture media
alone [37, 38]. This increase in the solubility of PbCrO, in
the presence of cells could contribute significantly towards
toxic and carcinogenic effects of these particles, as well as
effecting the rate of the oxidative burst response.



Previous work by our and other laboratories [13, 39] show
that Cr(VI) can be reduced by various reductants, such as
glutathione, ascorbate, and glutathione reductase (GSSG-R),
as well as in microsomes and mitochondria [16]. Our recent
studies have demonstrated, using soluble Cr(VI), that the
reduction by GSSG-R generated ROS and caused cellular
injury [40-42]. The results of the present study show that
particulate PbCrO, is phagocytized by RAW 264.7 cells. Con-
focal microscopy showed that over a period of 2 h PbCrO,
particles were engulfed by RAW cells. This result indicates
that these particles are not only able to cross the cell’s mem-
brane barrier but are also able to cause a concentrated expo-
sure at the point of particle engulfment.

Oxygen consumption was significantly increased in cells
exposed to PbCrO, particles through induction of a respira-
tory burst. This burst results in an increase in the generation
of ROS and is an important mechanism by which phagocytes
attempt to deal with invading organisms and other foreign
substances [43]. We also demonstrated that this stimulation
and engulfment of the PbCrO, particles results in the in-
creased production of ROS. The reduction of Cr(VI) and the
generation of ROS may contribute to the overall mechanisms
of Cr(VI)-induced cell damage and carcinogenesis [34, 35,
44]. The present study shows that production of H,O, is sig-
nificantly increased in RAW cells upon exposure to PbCrO,
particles. H O, production is part of the inflammatory re-
sponse in cells elicited by their exposure to a stimulant. H,O,
is an important member of ROS. It can react with Cr(V) to
form *OH and Cr(VI). Cr(VI) can be reduced by cellular re-
ductants to Cr(V) and thus a feedback cycle can result [8].

The results from the present study showed the increased
generation of the -OH radical in RAW cells exposed to PbCrO,
particles. The ‘OH radical is one of the products of the Cr(VI)
+H,0O, reaction and has been shown to cause damage in bio-
logical systems [40, 45]. The *OH radical is able to cause DNA
strand breaks. Although the ‘OH radical is highly reactive the
location of generation and the proximity of DNA makes the
DNA damage possible [46]. The ‘OH radical has also been
shown to cause lipid peroxidation and activation of the NF-
«B and AP-1 pathways [22].

The results obtained from our present study show that as-
corbate is able to decrease *OH radicals in a dose-depend-
ent manner. Ascorbate can not only directly react with ROS
but also reduce Cr(VI) to its lower oxidation states, Cr(V),
Cr(IV) and Cr(III). The ratio of these Cr species depends
on the concentration of ascorbate as well as that of Cr(VI)
[19]. If a soluble part of Cr(VI) or the Cr(VI) associated with
the surface of PbCrO, is reduced to Cr(III), its ability to pro-
duce ROS and to penetrate into certain particular cell com-
partments will be decreased. Thus, ascorbate can protect
tissues from PbCrO,-induced ROS generation and related
cellular injury.
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Fig. 8. Schematic representation of PbCrO, induced generation of reactive
oxygen species and cellular responses.

Previous studies have established that ROS generated by
Cr(VI) are able to cause hydroxylation of dG residues, pro-
tein modification, DNA strand breaks and lipid peroxidation
[16]. Soluble forms of Cr(VI) have been shown to cause ac-
tivation of nuclear transcription factors (NF-xB, AP-1 and
p53) [21-23], apoptosis [24], cell growth arrest [44], oncogene
expression [18], and activation of mitogen-activated protein
(MAP) kinases [22]. We have also demonstrated in non-cellu-
lar systems that reduction of soluble Cr(VI) by GSSG-R in the
presence of NADPH as cofactor generate ROS [15]. In the
present study, we have also shown that reduction of particulate
PbCrO, by the cells produces ROS and addition of NADPH
enhanced the generation, indicating that NADPH-dependent
GSSG-R may also play an important role in cellular reduction
of particulate PbCrO,. We have also shown that through ROS,
PbCrO, particles are able to cause activation of NF-xB and AP-
1, which are important mediators in the inflammatory signaling
pathways. Our results are outlined in Fig. 8.

In conclusion, the present study demonstrates the follow-
ing: (1) Macrophages are able to contact and engulf particulate
PbCrO,. (2) Cellular reduction of particulate PbCrO, is able
to generate ROS, and the GSSG-R and NADPH systems play
a key role in PbCrO,-induced ROS generation. (3) Through
ROS, PbCrO, can cause activation of NF-xB and AP-1. (4)
Since ROS can cause various cellular injuries, it can be pos-
tulated that PbCrO -induced ROS generation may be an im-
portant pathway in toxicity and carcinogenicity induced by
particulate PbCrO,.
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