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Abstract
Chromium(VI) compounds (e.g. chromates) are cytotoxic, mutagenic, and potentially carcinogenic.
The reduction of Cr(VI) can yield reactive intermediates such as Cr(V) and reactive oxygen species.
Bronchial epithelial cells are the primary site of pulmonary exposure to inhaled Cr(VI) and are the
primary cells from which Cr(VI)-associated human cancers arise. BEAS-2B cells were used here as
a model of normal human bronchial epithelium for studies on the reductive activation of Cr(VI).
Cells incubated with Na2CrO4 exhibited two Cr(V) ESR signals, g = 1.979 and 1.985, which persisted
for at least one hour. The g = 1.979 signal is similar to that generated in vitro by human microsomes
and by proteoliposomes containing P450 reductase and cytochrome b5. Unlike many cells in culture,
these cells continued to express P450 reductase and cytochrome b5. Studies with the non-selective
thiol oxidant diamide indicated that the g = 1.985 signal was thiol-dependent whereas the g = 1.979
signal was not. Pretreatment with phenazine methosulfate eliminated both Cr(V) signals suggesting
that Cr(V) generation is largely NAD(P)H-dependent. ESR spectra indicated that a portion of the Cr
(VI) was rapidly reduced to Cr(III). Cells incubated with an insoluble chromate, ZnCrO4, also
generated both Cr(V) signals, whereas Cr(V) was not detected with insoluble PbCrO4. In clonogenic
assays, the cells were very sensitive to Na2CrO4 and ZnCrO4, but considerably less sensitive to
PbCrO4.
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1. Introduction
While chromium (Cr) is naturally present in a variety of environments in small amounts, the
major human exposures are from industrial use and release, including the production and use
of chromate pigments, stainless steel machining and welding, zinc chromate primer paints,
chrome plating, corrosion inhibition, leather tanning, and others. Contact with industrial
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sources has provided valuable information on the numerous toxic effects associated with
exposure to hexavalent chromium, Cr(VI) [1–8]. Since greater than 105 tons of Cr are released
annually into the environment, and since Cr is a significant contaminant at many sites
(Superfund and other) across the U.S.A. [9–11], environmental exposure is of increasing
concern.

The predominant stable oxidation states are Cr(VI) and Cr(III). Cr(III) compounds are
generally insoluble and do not easily cross cell membranes [12], whereas several Cr(VI)
compounds are soluble and can be transported into cells via an anion carrier [13]. Some
industrially used chromates are water-insoluble but are still implicated in toxicity. In vitro
studies have implicated Cr(VI) as a predisposing factor to Cr-induced genotoxicity [14–18].
Electron donors that transfer three electrons in a single step have not been identified in
biological systems, so the reduction of Cr(VI) to Cr(III) must proceed stepwise through Cr(V)
and/or Cr(IV) which are reactive Cr intermediates. These reactive Cr intermediates, and their
potential to generate reactive oxygen species, are likely important components in the toxicity
resulting from Cr(VI) exposure [17,19–23].

Different intracellular Cr(VI) reductants could result in the generation of distinct types of
reactive species, each mediating particular types of damage. Therefore, it is important to
examine the types of reactive species generated in appropriate model systems. Several possible
Cr(VI) reductants have been identified, including ascorbate, cysteine, glutathione, glutathione
reductase, rat microsomal enzymes, and others [24–29]. In human systems, lung and liver
microsomes generate Cr(V) during Cr(VI) reduction [30]. Purified human microsomal
enzymes (P450 reductase plus cytochrome b5) similarly generate Cr(V) [31,32].

Animal models have been used for several studies on the reductive activation of Cr(VI), but
some key differences between humans and rodents have been reported [33,34], underscoring
the need for more studies with human systems. Human Jurkat cells (derived from human T cell
leukemia) exposed to 2 mM dichromate generate Cr(V) [35]. However, these cells are not
targets of primary exposure, which is often the inhalation of Cr-containing dusts, particles, and
fumes. Therefore, respiratory effects of Cr (pulmonary fibrosis, chronic bronchitis, and lung
cancer) are of particular concern [3,7,36–39]. In the lung, bronchial epithelial cells line the
airways and are therefore directly exposed to inhaled chromium; these epithelial cells are major
sites of the formation of associated pulmonary tumors. Because the intracellular reduction of
Cr(VI) is directly linked to its toxic effects, a complete understanding of the reductive activation
of Cr(VI) in these epithelial cells is essential.

The goal of these studies was to determine if normal human bronchial epithelial cells generate
Cr(V) when exposed to various chromate compounds, and to provide insights into the nature
of the Cr(V) species generated and their potential links to possible cellular reducing systems.

2. Experimental
2.1 Chemicals and reagents

LHC-9 medium was obtained from Biosource (Rockville, MD) or Invitrogen (Carlsbad, CA).
Hanks' Balanced Salt Solution (HBSS) was from Invitrogen. BEAS-2B cells were obtained
from the American Type Culture Collection. Sodium chromate (99+%) was the highest purity
available from Aldrich Chemical (Milwaukee, WI). Lead chromate was from Alfa Aesar (Ward
Hill, MA) and zinc chromate was from Pfaltz & Bauer (Waterbury, CT). Na2

53CrO4 was
graciously provided by Dr. David H. Petering (University of Wisconsin–Milwaukee).
Chromates are known carcinogens and should be handled accordingly. γ-Glutamyl glutamate
(γ-Glu-Glu) was obtained from MP Biochemicals (Solon, OH). Trichloroacetic acid (TCA),
K2CO3, and methanol (HPLC grade) were from Fisher Scientific (Pittsburgh, PA). Sodium
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acetate trihydrate was from JT Baker (Phillipsburg, NJ) and glacial acetic acid was from EMD
Chemicals (Gibbstown, NJ). All other chemicals and reagents were purchased from Sigma
Chemical (St. Louis, MO) or from sources indicated below.

2.2 Cell culture
BEAS-2B cells were grown at 37°C in humidified air containing 5% CO2 in serum-free LHC-9
medium. Flasks were pre-coated for 3–48 h with LHC-9 medium containing bovine fibronectin
(Sigma F4759) (final conc. of 9.1 µg per ml), collagen (Vitrogen, Cohesion Technologies, Palo
Alto, CA) (final conc. of 27.3 µg per ml), and bovine serum albumin (Biosource cat. no. 118–
500) (final conc. of 90.9 µg per ml). The cells were fed every 48 h, and were subcultured prior
to reaching confluence using the Reagent Pak system (Clonetics, CC-5034). Normal plating
density was 3000 to 5000 cells/cm2. Alternatively, BEAS-2B cells were grown in Dulbecco's
Modified Eagle's Medium (DMEM) with 25 mM HEPES and 4.5 g/L glucose (BioWhittaker
12-709F, Cambrex BioScience), 10% fetal bovine serum (FBS Optima, Atlanta Biologicals;
or Valley Biomedical, Winchester, VA), penicillin (100 U/ml), and streptomycin (100 µg/ml).

2.3 Clonogenic assay
Clonogenic survival was determined using the method of Blankenship et al. [40] adapted for
the growth requirements of the BEAS-2B cells. Cells were grown for 3 days in LHC-9 medium
in 6-well dishes, exposed to Cr(VI) for 24 h, and then subcultured using the Reagent Pak system,
and plated in 60-mm dishes (200 cells per dish). An aliquot of the cell suspension was examined
for trypan blue staining; positively stained cells were classified as nonviable. After 11 days
incubation, they were stained with crystal violet, and the number of colonies (>50 cells each)
was determined. Stock suspensions of PbCrO4 and ZnCrO4 were washed in acetone and
prepared as described [41], whereas an aqueous stock solution of Na2CrO4 was used.

2.4 Electron Spin Resonance
Cr(V) generation was examined using direct detection by ESR. Cells were harvested by
scraping into the cell culture medium. The cells were pelleted for 5 min at 800 × g, the pellets
were washed in pre-warmed LHC-9 medium, and the washed pellets were resuspended in a
small volume of LHC-9. A small aliquot was used to determine the cell count. The cell
suspension was pre-incubated for 3 min at 37°C, and Cr(VI) was added followed by incubation
for the indicated times. Cr(VI) was added from aqueous stock solutions; those for ZnCrO4 and
PbCrO4 were sonicated 15 sec prior to use to create a more uniform suspension of these
insoluble particles. The samples, in quartz ESR tubes, were then immersed in liquid nitrogen
(77 K) and stored, typically for less than one week, until analysis by ESR. For some samples,
spectra were first obtained at liquid helium temperature (6.3 K) using a Bruker E500 ELEXSYS
spectrometer (Silberstreifen, Germany) with an Oxford Instruments ESR-9 helium flow
cryostat (Oxfordshire, UK) and a Bruker DM0101 cavity. For Cr(V) ESR, samples were
quickly thawed, placed in a quartz flat cell and ESR spectra were obtained without delay at
room temperature using a Bruker EMX spectrometer. The spectra were stable during the ESR
analysis time, with no noticeable changes in spectral intensity or pattern. Instrument settings
are indicated in the results. ESR spectra were confirmed in replicate experiments. The g values
were determined by comparison to the 2,2,-diphenyl-1-picrylhydrazyl radical (DPPH) which
has a g value of 2.0036.

2.5 HPLC Analysis of Glutathione
Adherent cells (equivalent to one T150 flask) were washed twice in pre-warmed HBSS and
scraped into ice-cold 5% TCA. The samples were iced and TCA-insoluble proteins were
removed by centrifugation at 4°C (9900 × g for 5 min). The pellets were saved for total protein
analysis (see below). The acid supernatants were stored frozen until derivatization and analysis.
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Samples were derivatized and analyzed by HPLC using a method kindly provided by Dr. Tak
Yee Aw [42]. Briefly, γ-Glu-Glu was added to 0.5 ml sample as an internal standard. Then,
0.05 ml 80 mM iodoacetic acid was added followed by 0.34 ml of 1 M K2CO3 to raise the pH
to ≥8.0. After 60 min incubation at room temperature, 0.125 ml of 6% 1-fluoro-2,4-
dinitrobenzene (in ethanol) was added, followed by 0.35 ml 1 M K2CO3 (to raise the pH to
10). Samples were incubated overnight in the dark at 4°C. The samples were centrifuged (9900
× g) at 4°C for 20 min at 11,000 rpm. An aliquot of each supernatant was filtered through a
0.45 µm Acrodisc syringe filter, and analyzed by HPLC. HPLC conditions were: Sphereclone
NH2 5 µ column (250 × 4.6 mm) plus a 4.6 mm guard column; absorbance detected at 365 nm;
flow rate of 1.5 ml per min. The mobile phase was 90% solvent A (80% methanol) and 10%
solvent B (2% sodium acetate in 64% methanol) for the first five min. During the next 10 min,
a linear gradient was applied ending at 1% solvent A and 99% solvent B. 1% A/90% B was
maintained for 10 min, and then a gradient was applied to return and equilibrate the column to
the starting conditions. The retention times of the peaks for GSH and GSSG in the samples
were compared to those of GSH and GSSG standards that were derivatized in the same manner.
GSH eluted at 11.8 to 12 min, whereas GSSG eluted 2 min later. Concentrations were
determined from peak area relative to the standard curves, and were normalized per µg of
protein.

For protein analysis, the TCA-insoluble pellets (from above) were dissolved in 0.1 M NaOH
for ≥5 days at room temperature and then protein was determined by a modified Lowry method,
with bovine serum albumin as the standard [43].

2.6 Immunofluorescence
Cells were grown on coverslips in LHC-9 medium to approximately 70% confluence. The
adherent cells were washed with pre-warmed phosphate-buffered saline (PBS) and then fixed
in 1% paraformaldehyde in PBS for 8 min. They were rinsed four times with PBS,
permeabilized with 0.2% Triton X-100 in PBS for 5 min, and then rinsed again four times.
They were then incubated with a primary antibody (0.04 mg per ml) in 1% bovine serum
albumin in PBS for 30 min at room temperature. The primary antibodies against human P450
reductase, human cytochrome b5, and human b5 reductase were previously described [31].
After five washes with PBS, they were incubated in the dark with the secondary antibody (0.01
mg per ml; Alexa Fluor goat anti-rabbit IgG, Molecular Probes) for 30 min at room temperature.
After four washes with PBS, Slow Fade reagent (MolecularProbes) was applied per
manufacturer's directions and the cells were examined using a Nikon Eclipse 600
epifluorescence microscope using the FITC filter set.

3. Results
3.1 Cr(V) generated by medium

Cr(V) (e.g. as Cr(V)O4
3−) is a d1 paramagnetic species [44,45] that can be directly detected

by ESR spectroscopy by its sharp line spectrum (g = 1.979) at conventional X-band frequency.
As initial controls, Cr(VI) (as Na2CrO4) was incubated with cell culture media in the absence
of cells (Fig. 1). A definitive signal consistent with Cr(V) (g = 1.979) was seen with the DMEM
medium, but the signal was not evident in LHC-9 medium (Fig. 1). In DMEM without Cr(VI),
the Cr(V) signal was absent (Fig. 1). A Cr(V) signal was also observed when DMEM was
incubated with 0.2 mM Na2CrO4 (not shown). These data indicate that DMEM medium reduces
some of the Cr(VI) to Cr(V). This could potentially interfere with the interpretation of data on
the generation of Cr(V) by cells. LHC-9 medium was therefore used for ESR experiments with
cells because of its lack of significant Cr(V) generation.
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3.2 Cr(V) generated by cells
When freshly harvested cells (grown and resuspended in LHC-9 medium) were incubated for
5 min with Na2CrO4, two ESR signals were observed: a prominent signal at g = 1.979 and a
signal of lesser intensity at g = 1.985 (Fig. 2). The g = 1.979 signal is similar to that for Cr(V)
generated in vitro by human microsomes [30] and by proteoliposomes containing purified
human P450 reductase and cytochrome b5 [31,46]. The signal at g = 1.985 suggests a Cr(V)
species that is dependent on thiols. While the g = 1.985 signal might theoretically represent
something other than Cr(V), both the g = 1.979 and g = 1.985 signals were dependent on Cr
(VI) because neither were seen in cells incubated without Cr(VI) (see below).

The relative intensity of these two signals varied with the initial Cr(VI) concentration and the
cell density (Fig. 2). When comparing two cell densities with a constant amount of Cr(VI) (0.4
mM), the intensity of both signals declined 2.3-to 2.4-fold with a 2.4-fold decrease in cell
number (Fig. 2A,B). When comparing a two-fold decrease in Cr(VI) concentration at a constant
cell number, the g = 1.979 signal decreased to a greater extent (3.3-fold) relative to the g =
1.985 signal (1.4-fold) (Fig. 2A,C). The ratio of Cr(VI) to cell number ratio can therefore impact
the relative intensity of these signals.

To authenticate if one or both signals in Fig. 2 are due to Cr(V), analogous studies were
conducted with isotopically pure 53Cr (stable isotope) as Na2

53CrO4. Because 53Cr has a
nuclear spin of I = 3/2, Cr(V) signals will be split into four lines (separation of 17.4 G), typical
for the hyperfine coupling for 53Cr(V) [44]. With 53Cr, both the g = 1.979 and g = 1.985
components of the Cr(V) signal (Fig. 3A) were altered by 53Cr (Fig. 3B,C), confirming that
Cr(V) is responsible for both components. The 53Cr signals are best seen in Fig. 3C in which
the increased number of scans enhanced the signal-to-noise ratio. The four splittings derived
from the original g = 1.979 component are readily observed in Fig. 3B and 3C. Note that the
single g = 1.985 signal from Fig. 3A is not evident with 53Cr in Figs. 3A,B, supporting its
identity as a Cr(V) species. Some of the features consistent with the 53Cr splitting of the original
g = 1.985 component can be seen in Fig. 3C.

3.3 Cr(V) time course analyses
Experiments were conducted to follow the intensity of the Cr(V) signals over time. LHC-9-
grown cells generated pronounced Cr(V) signals 2.5 min after the Cr(VI) was added, which
was 10 the earliest timepoint examined (Fig. 4). The Cr(V) signals declined somewhat over
time, although both were still prominent after 10 min (Fig. 4). In in vitro studies, Cr(V) is a
short-lived transient intermediate [30] and its signal intensity does not represent the total
amount produced over time but rather the relative level at that point in time. The data with cells
therefore indicate a rapid generation of Cr(V), but also a continual generation over time. Both
Cr(V) signals are still detected 1 h after sodium chromate was added (see below). The rapid
onset and extended timeframe of Cr(V) generation matches that for in vitro experiments with
human liver and lung microsomes [30]. Cr(V) generation in these lung cells is also consistent
with findings that room air only inhibits a minority of Cr(VI) reduction by human microsomes
[33,47], and suggests that significant Cr(V) generation is likely in human bronchial epithelial
cells in vivo.

While the LHC-9 medium does not create significant background for Cr(V) ESR, it can be
cost-prohibitive for extensive use with experiments requiring large numbers of cells. We
therefore explored the possibility of growing cells in DMEM, and then washing and
resuspending the cells in LHC-9 medium for the Cr(V) ESR experiments. Similar to LHC-9
grown cells, these DMEM-grown cells generated both the g = 1.979 and g = 1.985 Cr(V) signals
over time (Fig. 5). The cell-free controls showed that the washing process largely eliminated
the Cr(VI)-reducing properties of the DMEM. The Cr(V) ESR signals of these DMEM-grown
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cells are therefore similar to those for cells grown in LHC-9 medium. This indicates that
DMEM-grown cells are suitable for these studies as long as they are washed and resuspended
in LHC-9 prior to incubation with Cr(VI).

3.4 Role of thiols
The g = 1.985 Cr(V) signal might be dependent on one or more thiol species. This was further
explored by examining cells pre-treated with diamide [(CH3)2NCON=NCON(CH3)2] which
is a potent and non-specific thiol oxidant. In diamide-treated cells (Fig. 6B), the g = 1.985
signal intensity was significantly diminished (Fig. 6A), consistent with a thiol dependence. In
contrast, the g = 1.979 signal intensity increased (2.1- to 2.2-fold to that of control cells) in
diamide-treated cells (Fig. 6B). This suggests that thiols are not necessary for the reduction of
Cr(VI) to Cr(V) in these cells. Neither of the Cr(V) ESR signals were seen in cells incubated
without chromate (Fig. 6C). The ability of diamide to oxidize cellular thiols was confirmed by
its ability to deplete GSH by an average of 78% in these cells (Fig. 7). Diamide did not generate
significant GSSG, consistent with the known ability of diamide to yield GS-protein adducts in
cells [48]. That GSSG was below detection limits in cells is consistent with GSSG normally
comprising <2% of the total glutathione pool [49]. However, the in vitro oxidation of GSH by
H2O2 resulted in GSSG as expected (not shown), demonstrating the capability of the method
to detect GSSG. While GSH is a cytosolic antioxidant and cytosolic Cr(VI) reductant,
incubation of cells with Na2CrO4 for 10 min (400 µM), 30 min (100 µM) or 24 h (5 µM) did
not result in significant changes in GSH (Fig. 7). The cells retained normal morphology after
these Cr(VI) treatments (not shown). Some GSH likely contributed to Cr(VI) reduction in the
cells, but it was not to an extent that decreased GSH levels.

3.5 Dependence on NADPH
The presence of the g = 1.979 Cr(V) signal and the absence of the g = 1.985 signal in diamide-
treated cells (Fig. 6) suggests that non-thiol reductants contribute significantly to Cr(VI)
reduction. The effect of pretreating cells with 0.1 mM phenazine methosulfate (PMS), a
nonenzymatic oxidant of NAD(P)H, was therefore also examined. Neither of the Cr(V) signals
were seen in PMS-treated cells (Fig. 6D), suggesting that the generation of Cr(V) is largely
the result of NAD(P)H-dependent enzymes. The Cr(V) signals were similarly absent in cells
pretreated with a higher concentration (0.4 mM) of PMS (not shown).

3.6 Hyperfine structure of the Cr(V) signal
To examine the hyperfine structure of the Cr(V) signal, experiments with cells were repeated
in which the modulation amplitude was reduced to 0.1 G. While this greatly diminished the
intensity of the Cr(V) signal, doubling the Cr(VI) concentration from 400 to 800 µM allowed
for sufficient signal intensity to observe the hyperfine structure of the g = 1.979 signal which
contained 5 or 6 splittings (Fig. 8). This structure was similar, but not identical, to that for Cr
(V)-NADPH (Fig. 8) and suggests the influence of nearby hydrogens in Cr(V)-diol complexes
[50]. In fact, several other Cr(V)-diol complexes yield similar spectra including those due to
NADH, FAD, and various sugars (fructose, ribose, cellobiose, and others) [50]. The similarity
of these spectra precludes identification of the identity of the Cr(V) species, but the cellular
data suggest Cr(V)-diol type species. Given the variety of carbohydrates, flavins, pyridine
nucleotides, and other components in cells, it is likely that the g = 1.979 hyperfine structure
represents a variety of Cr(V)-diol species. At 0.1 G modulation amplitude, the intensity of the
g = 1.985 component of the Cr(V) signal was too small to attempt to resolve any hyperfine
structure.
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3.7 ESR for Cr(III)
To assess the possible further reduction of chromium to Cr(III) in cells incubated with
Na2CrO4, ESR spectra at 6.3 K were also obtained on some of the samples. ESR lines for Cr
(III) were evident in cells incubated with Na2CrO4 for 5 min, indicating the rapid conversion
of at least some of the Cr(VI) to Cr(III) (Fig. 9, cells). The lines in the g = 5 region are
characteristic of a Cr(III) complex with a large ZFS (zero field splitting), signifying a distorted
geometry. The line with geff(z) = 5.2 should have geff(y) = 2.3 and a broad line at about 1.6 for
geff(x) as detemined from a rhombogram [51]. E/D (the ratio of E to D, which are the axial and
rhombic zero field splitting parameters, respectively) for the cells spectrum is 0.25 signifying
a large rhombic component. However, neither the lines for geff(y) and geff(x) were detected with
the cells, probably because they are too broad. Thus there are two Cr(III) signals in cells: the
geff = 5.2 just described and the second with geff = 4.3 which has an E/D of about 0.04. These
cellular signals are similar to the signals for the Co(II) sites (S = 3/2) in horse liver alcohol
dehydrogenase [52].

Similar lines in the g = 5 region have been reported following the reduction of Cr(VI) by GSH
[53]. We observed broader lines in this region following extended incubation of Cr(III) with
GSH (Fig. 9, GSH). The broadness of these lines may be due to strain for the ZFS parameters.
Sharper lines in the g = 5 region were obtained upon extended incubation of Cr(III) with
histidine (Fig. 9, His). The Cr(III)-histidine complex may be similar in structure to the Cr(III)-
GSH in which non-thiol residues (e.g. γ-Glu of GSH or GSSG) provide the ligands for Cr(III)
[53]. The cellular signal at g = 1.94 is likely due to iron-sulfur complexes (usually oxidized)
and can be seen in cells and tissues incubated without Cr(VI) [54]. The sharp signals to the left
of g = 1.94 (Fig. 9) are Cr(V) species. Overall, the 6.3 K ESR spectra indicate that at least two
Cr(III) species are formed quickly in these cells; while their exact composition is unknown,
the spectral features suggest complex(es) with ligands from cellular components.

3.8 Soluble vs. insoluble chromates
The data to this point were generated with Na2CrO4, which is highly water soluble. Insoluble
forms of chromate (e.g. PbCrO4, ZnCrO4) are of interest from the perspective of industrial use
and occupational exposure, and the potential of increased carcinogenicity. The ability of the
BEAS-2B cells to generate a detectable Cr(V) signal with these insoluble chromates was
therefore compared to Na2CrO4. Both the g = 1.979 and g = 1.985 Cr(V) signals were seen
following 5 and 60 min incubation with Na2CrO4 (Fig. 10A,D). Both signals were also seen
after 5 min with ZnCrO4 (Fig. 10B) although the intensity of the g = 1.979 signal in particular
was much lower than with Na2CrO4. After 1 h with ZnCrO4, only a small g = 1.979 signal was
seen (Fig. 9E). Cr(V) signals were not seen at either timepoint with PbCrO4 (Fig. 10C,F).

3.9 Clonogenic survival
The effects of 24-h exposure to these three chromates were examined by clonogenic survival
or by exclusion of the dye trypan blue. In all cases, trypan blue exclusion was a much less
sensitive indicator of viability (Fig. 11). Trypan blue exclusion should not therefore be
considered a reliable indicator of the ability of BEAS-2B cells to survive exposure to
chromates. For Na2CrO4 and ZnCrO4 the cells showed a steep decline in clonogenic survival
over narrow concentration ranges, with estimated 50% survival at 3.6 µM Na2CrO4 and 0.36
µg ZnCrO4 per cm2. Since ZnCrO4 is water-insoluble, its dose is expressed in mass per culture
surface area rather than in units of concentration. If ZnCrO4 were soluble, however, the 0.36
µg per cm2 would correspond to 9.9 µM. The cells tolerated much higher levels of PbCrO4
(50% survival estimated at 8.6 µg/cm2) and the slope of the PbCrO4 clonogenic survival curve
was much more gradual. Since PbCrO4 is also insoluble, its dose is not expressed in µM.
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3.10 Microsomal protein expression
Human microsomal enzymes have been implicated in Cr(VI) reduction including the
generation of Cr(V) [32]. While the expression of several microsomal enzymes typically
declines markedly in cell culture, immunofluorescence demonstrated that BEAS-2B cells
continue to express the microsomal proteins cytochrome b5, b5 reductase, and P450 reductase
(Fig. 12). Their subcellular localization in the nuclear membrane and perinuclear region is as
expected for smooth endoplasmic reticular proteins. BEAS-2B cells therefore retain these
enzymes which could contribute to Cr(VI) reduction and Cr(V) generation.

4. Discussion
4.1 Cr(V) generated by medium

In cellular studies on reductive Cr(VI) activation, the potential contribution of the cell culture
medium has received little attention. However, this report demonstrates that DMEM, a
commonly used medium, can generate Cr(V) in the absence of cells (Fig. 1). This could
potentially confound interpretation of the cellular contribution to Cr(VI) reduction. In these
studies, the use of cells grown in LHC-9 medium, or grown in DMEM and washed and
resuspended in LHC-9, eliminated Cr(VI) reduction by the medium and therefore provided for
a direct assessment of the cellular role in Cr(V) generation. The DMEM findings also indicate
the importance of considering cell culture media for assessing Cr(VI) toxicity. It is possible
that extracellular Cr(VI) reduction by the medium would decrease toxicity by decreasing Cr
(VI) uptake and therefore the resulting intracellular generation of reactive Cr species.
Consistent with this concept, co-treatment of clonal human bronchial fibroblasts with ascorbate
as an extracellular Cr(VI) reductant prevents Cr uptake and clastogenic effects [55]. By
decreasing Cr(VI) available for uptake, extracellular Cr(VI) reduction by the medium might
similarly diminish Cr-associated ROS generation associated with intracellular reductants such
as cytochrome b5 and P450 reductase [32]. The potential impact of medium-generated
extracellular Cr(V) on cells has not been explored, but the transient nature of Cr(V) suggests
that it would not accummulate in the medium. This is consistent with the decline in the DMEM-
generated Cr(V) signal intensity over time (Fig. 1).

4.2 Generation of the g = 1.979 Cr(V) signal
Bronchial epithelial cells are a major site of tumor formation in the lung [3,7,37,39,56,57] and
are among the first targets of inhaled toxins, including Cr-containing fumes and particles.
Primary lung epithelial cells, however, have a limited lifespan in culture and would be difficult
to routinely expand to the large cell numbers required for ESR. BEAS-2B cells were therefore
chosen as a model of normal human bronchial epithelium. They originate from normal tissue
and are nontumorigenic even after extensive passage numbers [58], they can routinely be grown
to the cell numbers needed for ESR studies, and they have been used as a model for cytotoxicity
associated with airborne particulates [59–62]. Unlike many other cells, BEAS-2B cells
maintain expression of key microsomal enzymes when grown in culture [59,63] including
cytochrome b5 and P450 reductase (Fig. 12) which can generate Cr(V) and hydroxyl radical
by Cr-mediated redox cycling [32]. In human lungs, P450 reductase is localized primarily in
the bronchial and bronchiolar epithelial cells [64].

To our knowledge, Cr(V) formation in noncancerous human bronchial epithelial cells has not
been previously reported. We observed two Cr(V) signals (g = 1.979 and 1.985) in BEAS-2B
cells exposed to chromates. The most prominent signal (g = 1.979) is similar to that seen with
NADPH-dependent Cr(VI)-reducing enzymes such as glutathione reductase and lipoyl
dehydrogenase [28,65] and human cytochrome b5 plus P450 reductase [32]. The hyperfine
structure of this g = 1.979 signal (Fig. 8) is similar to that observed in vitro with various Cr
(V)-diol complexes [50]. A Cr(V) signal similar to g = 1.979 has been reported in other
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biological systems exposed to Cr(VI), including live mice injected with dichromate (g = 1.980)
[66], and CHO cells incubated with Na2CrO4 (g = 1.978) [67]. A g = 1.979 signal was not
however seen in chick embryo liver [68].

Since this signal can be generated by various Cr(VI) reductants, its formation cannot be linked
to a specific reductant, and it may in fact be dependent on several cellular reductants. The
elimination of this signal by pre-treatment with the NAD(P)H oxidant PMS (Fig. 6D) implies
that Cr(VI) reduction and the generation of the g = 1.979 signal largely depends on NAD(P)
H-dependent enzymes. Studies with dichromate-injected mice similarly suggested a role for
NAD(P)H-dependent enzymes [35]. Since the intensity of this signal was not decreased (and
was actually increased) by pre-treatment with the thiol oxidant diamide (Fig. 6), thiols are not
necessary for the generation of this signal. This is consistent with observations in other studies,
including: (a) thiols such as GSH may not contribute significantly to Cr(V) formation in
Chinese hamster V-79 cells, [69]; (b) thiol depletion of chick embryos did not affect the level
of hepatic Cr(V) after 70 min [68]; and (c) GSH depletion increased the Cr(V) signal in the
kidney (but not the liver) of rats injected with Cr(VI) [70].

In BEAS-2B cells exposed to Na2CrO4, the major Cr(V) signal (g = 1.979) was persistent. It
was maximal early and declined only 35% over 1 hour (Fig. 10). The g = 1.979 Cr(V) signal
in dichromate-injected mice declined to a greater extent (75%) after 1 hour [66]. In CHO cells
incubated with Na2CrO4, the intensity of the g = 1.978 Cr(V) signal increased over time from
2 to 14.5 min [67], although longer timepoints were not reported. Since Cr(V) has been
implicated in various types of cellular damage, the persistence of Cr(V) over time, which
implies continual generation, could indicate the potential for continued cellular damage over
longer intervals.

4.3 Generation of the g = 1.985 Cr(V) signal
While g = 1.985 was the smaller Cr(V) signal in the BEAS-2B cells, the possible precursor to
this signal (g = 1.996) has been noted in some systems. The reduction of Cr(VI) by GSH in
Tris buffer (pH 8) yielded two Cr(V) signals, g = 1.996 and g = 1.986, with the latter
predominant [71]. In phosphate buffer, the g = 1.995 signal was predominant [72]. After 5 min
of GSH-mediated Cr(VI) reduction in phosphate buffer, we similarly observed a predominant
g = 1.996 signal and a lesser signal at g = 1.986 (Fig. 13). Levina et al. [53] reported a similar
spectrum for GSH plus Cr(VI) at pH 7.0, and for a Cr(V)-GSH complex dissolved in water for
two min. Their signal for the Cr(V)-GSH complex (g = 1.996) diminished by 7 min as the
GSH-Cr(V) complex decomposed, whereas the intensity of the g = 1.986 signal increased
[53]. They reported that all ESR signals from this Cr(V)-GSH complex disappeared after 10
min, indicating instability in aqueous solution. With lower reactant concentrations (5 mM
chromate plus 20 mM GSH), their g = 1.986 signal became predominant with a lesser signal
at g = 1.996 [53]. In the BEAS-2B cells, we never observed a g = 1.996 component, even at
early timepoints. It is possible that a Cr(V)-GSH complex is generated in BEAS-2B cells, but
that its levels are below the sensitivity of detection by EPR. It is also possible that Cr(V)-GSH
is even less stable in these cells than in the in vitro experiments conducted by Levina et al.
[53]. A Cr(V) signal indicative of g = 1.996 was, however, reported for human A549 cells
[73]. Since these spectra were run on frozen samples, the signal was seen at g = 1.987 which
is equivalent to a g = 1.996 signal at room temperature where giso = ⅓[2.014 + 2(1.987)].
However, these A549 cells are different in many ways from BEAS-2B in that A549 cells: (a)
are not normal epithelial cells, but rather a hypotriploid lung adenocarcinoma [74]; (b) consist
of at least 4 different cell types [75]; and (c) are 10-fold more resistant to H2O2 than are
BEAS-2B cells [76]. Given these marked differences, the differences in Cr(V) spectra are not
surprising.
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Levina et al. proposed that the g = 1.986 signal represents a Cr(V) intermediate resulting from
the decomposition of the g = 1.996 GSH-Cr(V) complex [53]. If so, the g = 1.985 signal in
BEAS-2B cells could represent indirect evidence for the formation of a GSH-Cr(V) complex.
This signal in BEAS-2B cells is dependent on thiols, i.e. it was greatly diminished in diamide-
treated cells. In vitro, Cr(V)-GSH appears to largely decompose by ligand oxidation
(intramolecular redox reactions) and may therefore not react as readily with cellular
macromolecules [53]. In cells, Cr(V)-GSH species might participate in ligand exchange
reactions with carbohydrates [53]. Cr(V)-carbohydrate species exhibit ESR signals at g = 1.979
[77,78], and it is possible that cellular carbohydrates could extend the half-life of the Cr(V)
species [79]. Since thiols are depleted in diamide-treated cells, and since the g = 1.979 signal
is not diminished in diamide-treated cells, the g = 1.979 signal is not dependent on Cr(V)-GSH/
carbohydrate ligand exchanges. Given the abundance of carbohydrates in cells, however, the
g = 1.979 signal in cells could include Cr(V)-carbohydrate species which would be consistent
with the hyperfine structure noted in Fig. 8. The g = 1.979 signals are not necessarily dependent
on carbohydrates because other Cr(V)-diols generate similar spectra and g = 1.979 is
predominant in a variety of carbohydrate-free in vitro systems with enzymatic Cr(VI)
reductants [28,32,65]. Lastly, with lower reactant concentrations in vitro (5 mM chromate plus
20 mM GSH), the g = 1.986 signal declined by 90% after 50 min [53]. In contrast, in the
BEAS-2B cells with Na2CrO4, the g = 1.985 signal did not decline after 1 hour (Fig. 10). This
signal, could represent an intermediate Cr(V)-GSH complex with non-thiol donor atoms, and
its persistence in BEAS-2B cells could either result from a greater stability or a continued
generation over time.

From the discussion above, it is apparent that the relative ratio of the Cr(V) signals (g = 1.996,
1.985, 1.979) generated by different systems can vary dependent on the specific conditions.
Even within BEAS-2B cells, the ratio of the g = 1.985 and g = 1.979 components varied with
the ratio of Cr(VI) to cell number and with time.

4.4 Soluble versus insoluble chromates
Both soluble and insoluble chromates are used industrially. BEAS-2B cells generated
detectable Cr(V) signals from both Na2CrO4 (highly soluble) and ZnCrO4 (water insoluble),
although the signals were considerably more intense for Na2CrO4 (Fig. 10). While PbCrO4
treated RAW 264.7 cells generate hydroxyl radical [80], to our knowledge this is the first report
of Cr(V) detected in cells exposed to an insoluble chromate. ZnCrO4 is widely used as a
corrosion inhibitor in primer paints and other industrial coatings so the generation of Cr(V)
has potential occupational health considerations. Signals were not, however, detected for
PbCrO4 which is also water-insoluble. Cr(V) is a short-lived intermediate and its signal does
not accummulate over time. In vitro studies with human microsomes demonstrated a turnover
time for Cr(V) of approximately 1.2 min [30]. Similarly, Cr(V) generated by glutathione
reductase is short-lived [28]. Therefore, each Cr(V) signal represents the Cr(V) at that point in
time. Insoluble chromates would be expected to penetrate cells more slowly, so it is not
surprising that their Cr(V) signals are smaller. Since a Cr(V) signal was observed for
ZnCrO4 even after just 5 min with the cells (Fig. 10), a portion of this chromate must enter
cells within this timeframe. The manner in which ZnCrO4 enters the cells is not yet known.
Among the insoluble chromates, ZnCrO4 proved the most soluble in complete medium
(DMEM plus FBS) when followed over 7 days [81]. While the serum-free LHC-9 medium
used in these studies is different from DMEM, it is still possible that the medium somehow
facilitated the dissolution of at least a small portion of the ZnCrO4. Alternatively, the size or
surface structure of the ZnCrO4 particles may make them more amenable to cellular
components that facilitate dissolution or entry. As noted in the methods, both the ZnCrO4 and
PbCrO4 particle suspensions were sonicated just before use to attempt to create as fine a
dispersion as possible, and this may have been more effective for ZnCrO4. The absence of Cr
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(V) signals with PbCrO4 at either 5 or 60 min might indicate either a slower or a considerably
delayed uptake of Cr(VI). Given the sensitivity limits of ESR, slow uptake of PbCrO4 may
result in Cr(V) levels that are below the detection limit. With Syrian hamster embryo cells,
PbCrO4 uptake occurs gradually over 7 days and PbCrO4 solubilization is facilitated by cells
[81]. Studies with human bronchial fibroblasts similarly indicate that the cells facilitate the
extracellular dissolution of PbCrO4 [82] but that dissolution was not complete [83]. With CHO
cells, intracellular Cr started to accummulate 3 hours after PbCrO4 exposure and was maximal
at 24 h [84].

In addition to the lack of a Cr(V) signal with PbCrO4, the BEAS-2B cells tolerated much higher
levels of PbCrO4 than ZnCrO4 (Fig. 11). The BEAS-2B cells were less sensitive to PbCrO4
when compared with reports for primary human bronchial fibroblasts, e.g. BEAS-2B cells
exhibited clonogenic survivals of 70 and 55% for 2 and 7.5 µg PbCrO4/cm2, respectively,
whereas fibroblast survival was 16 and 1.9% for 1 and 5 µg/cm2, respectively [83]. The
BEAS-2B cells were also less sensitive to PbCrO4 than were human foreskin fibroblasts [41]
and WTHBF-6 cells [85]. The decreased sensitivity to PbCrO4 does not reflect a decreased
sensitivity of BEAS-2B to all chromates, however, because BEAS-2B cells were somewhat
more sensitive to Na2CrO4 than were human bronchial fibroblasts [83] or CHO-AA8 cells
[40].

The differential sensitivity among the cell types could be due to differences in the cells
themselves, but there could also be contributing factors from the different media. We used
serum-free LHC-9 medium, which we demonstrated does not have significant inherent Cr(VI)-
reducing properties. Nearly all other studies have used serum-supplemented media, some of
which may reduce some Cr(VI) extracellularly as we observed for DMEM (see above). It has
been noted that cells in salts-glucose medium are more sensitive to chromate than those in
complete medium [40]. This would be consistent with the possibility of extracellular reduction
by complete media and therefore decreased Cr(VI) uptake.

4.5 Summary
In summary, normal human bronchial epithelial cells generate Cr(V) from both Na2CrO4
(soluble) and ZnCrO4 (insoluble). Clonogenic survival demonstrated that the cells are very
sensitive to both of these chromates, but much less sensitive to PbCrO4 for which Cr(V)
generation was not detected. Two Cr(V) signals were generated in cells exposed to Na2CrO4
and ZnCrO4. The larger of the Cr(V) signals (g = 1.979) exhibits hyperfine structure consistent
with Cr(V)-diol complexes (Fig. 14.) Only the smaller of the Cr(V) signals (g = 1.985) is
dependent on thiols, but both are largely NAD(P)H-dependent suggesting a significant role for
these enzymes in Cr(V) generation (Fig. 14). Unlike many cells in culture, BEAS-2B cells
continue to express the microsomal Cr(VI)-reducing enzymes P450 reductase and cytochrome
b5. Cr(V) is generated early after chromate exposure and persists over at least 1 hour which
implies the potential for continued reactive species damage over time. At least a portion of the
Cr(VI) is rapidly reduced to the next stable oxidation state, Cr(III) (Fig. 14), and at least two
Cr(III) complexes were detected in cells. The importance of accounting for potential Cr(VI)
reduction by the cell culture medium was also noted. Since bronchial epithelial cells are the
primary target of inhaled chromium, BEAS-2B cells should be a suitable model to further study
the cellular reductive activation of Cr(VI).
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5. Abbreviations
Cr, chromium
DMEM, Dulbecco's Modified Eagle's Medium
ESR, electron spin resonance
FBS, fetal bovine serum
γ-Glu-glu, γ-glutamyl glutamate
GSH, glutathione, reduced
GSSG, glutathione, oxidized
HBSS, Hank's balanced salts solution
PBS, phosphate-buffered saline
PMS, phenazine methosulfate
TCA, trichloroacetic acid
ZFS, zero field splitting
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Fig. 1.
DMEM-HEPES medium incubated with 0.4 mM Na2CrO4 at 37°C under room air generates
Cr(V) (left), whereas LHC-9 medium does not (right). The times of incubation with
Na2CrO4 are indicated. Representative ESR spectra obtained at room temperature are shown.
Instrument settings were: 5 G modulation amplitude, 50 mW microwave power, 6.32 × 104

receiver gain, 40.96 msec time constant, 9.76 GHz microwave frequency, sweep width = 200
G, field set = 3510 G, modulation frequency = 100 kHz, scan time = 42 sec; number of scans,
9.
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Fig. 2.
LHC-9-grown BEAS-2B cells incubated with Na2CrO4 for 5 min at 37°C in LHC-9 medium
under room air generate Cr(V). Representative ESR spectra (obtained at room temperature)
for Cr(V) are shown for: (A) 400 µM Na2CrO4 plus 1 × 107 cells.; (B) 400 µM Na2CrO4 plus
4.1 × 106 cells; (C) 200 µM Na2CrO4 plus 1 × 107 cells. For each, the total reaction volume
was 0.25 ml. Instrument settings were the same as for Fig. 1.
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Fig. 3.
Representative Cr(V) signals from LHC-9-grown BEAS-2B cells exposed under room air to
Na2CrO4 for 5 min at 37°C in LHC-9 medium. Spectra were recorded at room temperature.
(A) 400 µM Na2CrO4 plus 4.1 × 106 cells, 9 scans. (B) 400 µM isotopically pure Na2

53CrO4
plus 4.9 × 106 cells, 9 scans. (C) The same sample as B except 36 scans were collected. The
reaction volume and instrument settings were the same as those in Fig. 1.
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Fig. 4.
Representative ESR spectra of Cr(V) obtained following incubation of LHC-9-grown
BEAS-2B cells with Na2CrO4. Cells were grown in LHC-9 medium, harvested by scraping,
washed in pre-warmed LHC-9 medium, and resuspended in a small volume of LHC-9. Aliquots
of the cell suspension containing the indicated number of cells were incubated with
Na2CrO4 for the indicated times at 37°C. For each, the total reaction volume was 0.25 ml.
Instrument settings were the same as for Fig. 1.
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Fig. 5.
Representative ESR spectra of Cr(V) obtained following incubation of DMEM-grown
BEAS-2B cells with Na2CrO4. Cells were grown in DMEM-HEPES medium with 10% FBS,
harvested by scraping, washed in pre-warmed LHC-9 medium, and resuspended in a small
volume of LHC-9. Aliquots of the cell suspension containing the indicated number of cells
were incubated with Na2CrO4 for the indicated times at 37°C. Controls without cells are shown
at right. For each, the total reaction volume was 0.25 ml. Instrument settings were the same as
for Fig. 1.
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Fig. 6.
Representative Cr(V) signals from BEAS-2B cells exposed to 0.4 mM Na2CrO4 for 5 min at
37°C in LHC-9 medium under room air. Cells were grown in DMEM-HEPES medium with
10% FBS, harvested by scraping, washed in pre-warmed LHC-9 medium, and resuspended in
a small volume of LHC-9 for incubation with Na2CrO4. Reactions contained 3 × 106 cells (A,
B, C), or 5 × 106 cells (D). Prior to harvesting and washing in LHC-9, the cells in B were
pretreated with 0.25 mM diamide for 30 min, and those in D with 0.1 mM PMS. For each, the
total reaction volume was 0.25 ml and instrument settings were the same as in Fig. 1 except
that the field set was 3480 G.
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Fig. 7.
Relative levels of GSH in cells exposed to various chemicals. Cells were either untreated or
pre-exposed as indicated to: diamide (0.25 mM for 30 min), or Cr(VI) as Na2CrO4 (100 µM
for 30 min, 5 µM for 24 h, or 400 µM for 10 min). **, P <0.01 vs. the other treatments.
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Fig. 8.
Hyperfine structure of the g = 1.979 Cr(V) ESR signal. The "Cells" spectrum was obtained
following 5 min incubation of 107 cells at 37°C in 0.25 ml of LHC-medium containing 800
µM Na2CrO4. The "NADPH" spectrum was obtained following 30 min incubation of 5 mM
NADPH plus 5 mM Na2CrO4 at 37°C in 0.3 ml 43.8 mM potassium phosphate buffer (pH 7.4).
Instrument settings were: 0.1 G modulation amplitude, 50 mW microwave power, 6.32 ×
104 receiver gain, 327.68 msec time constant, 9.764 GHz microwave frequency, sweep width
= 20 G, field set = 3516 G, modulation frequency = 100 kHz, scan time = 83.89 sec; conversion
time = 81.92 msec. The number of scans was 5 and 50 for the "NADPH" and "Cells" samples,
respectively. Note the different y-axis intensity scales for the two samples. The signals
intensities were divided by 1000 to obtain the values on the graphs.
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Fig. 9.
ESR spectra of samples that were incubated and then frozen and analyzed by ESR at 6.3 K.
"Cells" (top): BEAS-2B cells were incubated with 400 µM Na2CrO4 for 5 min at 37°C prior
to freezing. "His" (middle): 10 mM histidine plus 1.25 mM Cr(III) (as CrCl3) were incubated
in 0.5 M HEPES buffer (pH 7.4) at room temperature for 96 h prior to freezing.
"GSH" (bottom): 100 mM GSH plus 1.25 mM Cr(III) were incubated in 0.5 M HEPES buffer
(pH 7.4) at room temperature for 72 h prior to freezing. Instrument settings were: temperature
= 6.3 K, 5 G modulation amplitude, 0.63 mW microwave power, 60 dB receiver gain, 82 msec
time constant, 9.633 GHz microwave frequency, scan time = 83 sec; number of scans, 9.
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Fig. 10.
ESR spectra of BEAS-2B cells incubated with Na2CrO4 (A, D), ZnCrO4 (B, E), or PbCrO4
(C, F) for 5 min (A, B, C) or 1 h (D, E, F) at 37°C in LHC-9 medium under room air. For each,
the initial chromate concentration was 0.4 mM, and the cell density was 5 × 106 cells in a total
reaction volume of 0.25 ml. Instrument settings were as for Fig. 1 except that the field set was
3480 G.
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Fig. 11.
Relative survival/viability of BEAS-2B cells exposed for 24 h in LHC-9 medium to different
concentrations of Na2CrO4 (A), ZnCrO4 (B), or PbCrO4 (C), determined by a clonogenic assay
and trypan blue exclusion. Results are the means ± SD, n = 3 experiments.
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Fig. 12.
Immunofluorescent detection of the proteins P450 reductase (P450red), cytochrome b5 (b5),
and b5 reductase (B5R) using antibodies specific for each protein, and a fluorescein conjugated
secondary antibody. The control was treated identically except that only a secondary antibody
was applied (no primary antibody).
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Fig. 13.
Representative Cr(V) signals following incubation of 400 µM Na2CrO4 with 1 mM GSH for
5 min in 10 mM potassium phosphate pH 7.4 under room air. The reaction volume was 0.3 ml
and the instrument settings were the same as those in Fig. 1.
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Fig. 14.
General scheme for the formation of the Cr species responsible for the ESR signals observed
in BEAS-2B cells. The species associated with each signal are in boldface type. The dashed
arrows indicate possible pathways to the formation of certain species, but the exact pathways
are not known. The diagram is not meant to be inclusive of all possible pathways or Cr species,
but rather is intended to relate the various species observed in these cells.
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