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Abstract

Hexavalent chromium [Cr(V1)] species such as chromates are cytotoxic. Inhalational exposure is a
primary concern in many Cr-related industries and their immediate environments, and bronchial
epithelial cells are directly exposed to inhaled Cr(V1). Chromates are readily taken up by cells and
are reduced to reactive Cr species which may also result in the generation of reactive oxygen species
(ROS). The thioredoxin (Trx) system has a key role in the maintenance of cellular thiol redox balance
and is essential for cell survival. Cells normally maintain the cytosolic (Trx1) and mitochondrial
(Trx2) thioredoxins largely in the reduced state. Redox western blots were used to assess the redox
status of the thioredoxins in normal human bronchial epithelial cells (BEAS-2B) incubated with
soluble Na,CrOy4 or insoluble ZnCrO, for different periods of time. Both chromates caused a dose-
and time-dependent oxidation of Trx2 and Trx1. Trx2 was more susceptible in that it could all be
converted to the oxidized form, whereas a small amount of reduced Trx1 remained even after
prolonged treatment with higher Cr concentrations. Only one of the dithiols, presumably the active
site, of Trx1 was oxidized by Cr(VI1). Cr(VI) did not cause significant GSH depletion or oxidation
indicating that Trx oxidation does not result from a general oxidation of cellular thiols. With purified
Trx and thioredoxin reductase (TrxR) in vitro, Cr(VI) also resulted in Trx oxidation. It was
determined that purified TrxR has pronounced Cr(V1) reducing activity, so competition for electron
flow from TrxR might impair its ability to reduce Trx. The in vitro data also suggested some direct
redox interaction between Cr(VI) and Trx. The ability of Cr(\V1) to cause Trx oxidation in cells could
contribute to its cytotoxic effects, and could have important implications for cell survival, redox-
sensitive cell signaling, and the cells' tolerance of other oxidant insults.
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1. Introduction

Exposure to hexavalent chromium [Cr(V1)] is associated with a wide range of toxic effects
(Whiting et al., 1979; Hayes, 1982; Tsapakos et al., 1983; Cantoni and Costa, 1984; Christie
etal., 1984; Levy and Venitt, 1986; Langard, 1993; Raithel et al., 1993; Ishikawa et al.,
1994a; Ishikawa et al., 1994b; Deschamps et al., 1995; Taioli et al., 1995; Costa et al., 1996).
The greatest human exposures are from industrial uses, including chromate pigments, zinc
chromate primer paints and other corrosion inhibitors, stainless steel machining and welding,
chrome plating, leather tanning, and others. These industrial uses also result in the annual
release of more than 10° tons of Cr, and Cr has become a contaminant of significant concern
at many sites in the United States (Gadd and White, 1993; Zhitkovich et al., 1998; EPA,
1999).

Several Cr(VI) compounds are soluble (e.g. sodium or potassium chromates) and readily enter
cells via an anion carrier (Buttner and Beyersmann, 1985). Some industrially used chromates
(e.g. ZnCrQy,) are water-insoluble but are still implicated in toxicity. Once inside cells, Cr(VI)
is reduced by a variety of chemical and enzymatic reductants (Jennette, 1982; Mikalsen et al.,
1989; Shi and Dalal, 1990; Suzuki and Fukuda, 1990; Standeven and Wetterhahn, 1992; Shi
etal., 1994; Myers et al., 2000; Borthiry et al., 2007), eventually to the next stable oxidation
state, Cr(l11). During this reduction, reactive Cr species [Cr(V) and/or Cr(IV)] are formed.
These can directly cause oxidative-like damage (Sugden, 1999; Sugden et al., 2001) or they
can generate ROS via redox cycling (Tsapakos et al., 1983; Standeven and Wetterhahn,
1991; Shi and Dalal, 1992; Dillon et al., 1998; Shi et al., 1999a; Shi et al., 1999b; Borthiry et
al., 2007).

Inhalation of Cr-containing fumes, dusts, and particles is a prominent form of exposure, so
respiratory effects of Cr (pulmonary fibrosis, chronic bronchitis, and lung cancer) are of special
concern (Franchini et al., 1983; Stern, 1983; Nakagawa et al., 1984; Becker et al., 1991;
Ishikawa et al., 1994a; Deschamps et al., 1995). In the lung, bronchial epithelial cells line the
airways and are therefore directly exposed to inhaled chromium.

The redox balance of cellular thiols is critical for normal function and viability. While the Trx
system and glutathione contribute significantly to the maintenance of cellular thiol redox
balance, these systems are not in redox equilibrium with each other (Nkabyo et al., 2002;
Hansen et al., 2006a). A major role of the thioredoxins is to maintain intracellular proteins in
their reduced state (Arner and Holmgren, 2000), and the redox status of the thioredoxin (Trx)
system in some cells may be more critical to cell survival than is glutathione.

Mammalian cells have both cytosolic (Trx1) and mitochondrial (Trx2) thioredoxins (Powis
and Montfort, 2001). Each are encoded by distinct genes, but they share a conserved active
site (Trp-Cys-Gly-Pro-Cys-Lys) that is cycled between the reduced (dithiol) and oxidized
(disulfide) forms (Watson et al., 2003). Cells normally maintain Trx1 and Trx2 largely in the
reduced state (Nordberg and Arner, 2001; Powis and Montfort, 2001; Watson et al., 2003)
which is the active form. Trx2 has two Cys residues, both in the active site. Trx1 has five Cys
residues, two in the active site (C32/C35), and another two in a second dithiol motif (C62/C69)
(Watson et al., 2003). Of the two dithiols in Trx1, the C32/C35 active site is more readily
oxidized (Watson et al., 2003).

The thioredoxins are presumed to be essential for cell survival as knockout mice lacking either
Trx1 or Trx2 do not survive (Powis and Montfort, 2001; Nonn et al., 2003). Genetic suppression
or inhibition of Trx results in increased ROS and apoptosis (Hansen et al., 2006a) and increased
sensitivity of cells to oxidants (Chen et al., 2006), whereas overexpression of Trx2 enhances
protection from oxidant-induced apoptosis (Chen et al., 2006; Hansen et al., 2006a). Factors
which enhance Trx oxidation would therefore be expected to interfere with Trx activity and
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could decrease cell survival. Various types of oxidants can result in Trx oxidation, including
t-butyl hydroperoxide, ROS and the non-specific thiol oxidant diamide (Halvey et al., 2005;

Chenetal., 2006; Hansen et al., 2006a). Arsenic and mercury can cause Trx oxidation (Hansen
et al., 2006b) but the mechanisms involved are not clear. The effects of Cr on the thioredoxin
system have not been explored, but its redox active nature and ability to generate ROS suggest
that it could have an impact.

The purpose of the studies reported here was to determine if Cr(V1) treatment of human
bronchial epithelial cells can result in Trx oxidation. The studies support the hypothesis,
demonstrating that both soluble and insoluble chromates result in Trx1 and Trx2 oxidation that
is related to the Cr(V1) concentration and the time of exposure. In vitro studies with purified
proteins demonstrate that there are direct redox interactions of Cr(VI) with Trx and Trx
reductase (TrxR).

2. Materials and methods

2.1 Reagents

The following were purchased from Invitrogen Corp. (Carlsbad, CA): Hank’s balanced salt
solution (HBSS), 4-acetamido-4'-maleimidylstilbene-2,2'-disulfonate (AMS), and pre-cast
gels (12% Bis-Tris, 16% Tris-Glycine) and matching electrophoresis and loading buffers.
Phenylmethylsulfonyl fluoride (PMSF) and Tris were from Research Organics (Cleveland,
OH). EDTA, guanidine-HClI, trichloroacetic acid (TCA), KoCOs, and methanol (HPLC grade)
were obtained from Fisher Scientific (Hampton, NH). Sodium acetate trihydrate was from JT
Baker (Phillipsburg, NJ) and glacial acetic acid was from EMD Chemicals (Gibbstown, NJ).
v-Glutamy!l glutamate (y-Glu-Glu) was obtained from MP Biochemicals (Solon, OH). Rabbit
anti-human Trx1 and rabbit anti-human Trx2 were obtained from Abcam (Cambridge, MA).
The Supersignal West Pico Chemiluminescent substrate was obtained from Pierce (Rockford,
IL). Sodium chromate (99+%) was the highest purity available from Aldrich Chemical
(Milwaukee, W1), and zinc chromate was from Pfaltz & Bauer (Waterbury, CT). Nay>3CrO,
was graciously provided by Dr. David H. Petering (University of Wisconsin—-Milwaukee).
Chromates are known carcinogens and should be handled accordingly. Purified human Trx1
(cat. no. T8690) and rat liver thioredoxin reductase (TrxR)(cat. no. T9698) were purchased
from Sigma Chemical (St. Louis, MO). All other chemicals and reagents were purchased from
Sigma Chemical or from the sources indicated.

2.2 Cell culture

BEAS-2B cells were obtained from the American Type Culture Collection (ATCC no.
CRL-9609). They were grown at 37°C in humidified air containing 5% CO, in Dulbecco's
Modified Eagle's Medium (DMEM) with 25 mM HEPES and 4.5 g/L glucose (BioWhittaker
12-709F, Lonza, Inc.), 10% fetal bovine serum (FBS Optima, Atlanta Biologicals; or Valley
Biomedical, Winchester, VA), penicillin (100 U/ml), and streptomycin (100 pg/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/cm?.

2.3 Trx1 redox blots

The redox status of Trx1 was determined as adapted from Halvey et al. (Halvey et al., 2005).
Adherent cells (60-70% confluent) were washed once in pre-warmed HBSS, and treated with
Cr(VI1) in HBSS at 37°C for the indicated times. Following treatment, they were washed once
in HBSS and scraped into chilled 6 M guanidine-HCI, 100 mM Tris-HCI pH 8.3, 3mM EDTA,
0.5 % Triton X-100, 50 mM iodoacetic acid (Halvey et al., 2005). The samples were briefly
sonicated on ice to shear the DNA, and guanidine and unreacted iodoacetate were removed
using Microspin G25 columns (GE Healthcare, Piscataway NJ). The column eluates were
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mixed with an equal volume of loading buffer, separated by native PAGE (16% Tris-Glycine),
transferred to nitrocellulose, blocked with 5% bovine serum albumin (BSA) and probed with
anti-Trx1 and HRP-conjugated goat anti-rabbit IgG (Bio-Rad, Hercules, CA).

2.4 Trx2 redox blots

Trx2 redox status was determined according to Chen et al. (Chen et al., 2006). Cells were
washed and treated with Cr(V1) as for Trx1 studies (above), but were then scraped into 10%
TCA. Following incubation on ice for >30 min, they were briefly sonicated on ice, and
centrifuged for 10 min at 4°C (12000 x g). The pellets were resuspended in ice-cold 100%
acetone, iced for 30 min, and centrifuged for 15 min (12000 x g). The pellets were dried and
then resuspended in 80 mM Tris-HCI pH 7, 2% SDS, 1 mM PMSF, 25 mM AMS. After
incubation (15 min on ice, 10 min at 37°C) (Chen et al., 2006), the samples were centrifuged
for 5 min (12000 x g), mixed with LDS loading buffer and separated by SDS-PAGE (12% Bis-
Tris) under non-reducing conditions, and transferred to nitrocellulose. The blots were blocked
with 5% milk (Carnation nonfat) and probed with anti-Trx2 and HRP-conjugated goat anti-
rabbit 19G.

2.5 Isolation of mitochondria for Trx2 controls

Cells were harvested by scraping and centrifugation, and the pellet was washed in cold HBSS,
cold STE (0.25 M sucrose, 10 mM Tris pH 7.2, 2 mM EDTA), and resuspended in a small
volume of cold STE. Cells were lysed using a Teflon-on-glass Potter-Elvehjem homogenizer.
The suspension was periodically examined and homogenization was considered complete
when >90% of the cells were lysed. The lysate was centrifuged for 10 min at 4°C at 735 x g
to pellet nuclei, large debris and unbroken cells. The supernatant fraction was transferred to a
new tube and centrifuged for 10 min at 4°C (12000 x g) to pellet mitochondria. The
mitochondria were washed and resuspended in STE, and stored at —20°C until use. Trx2
becomes oxidized in vitro, so the mitochondria were used directly as a reference for oxidized
Trx2. To prepare a reference for reduced Trx2, the mitochondria were incubated with 20 mM
dithiothreitol (DTT) for 10 min at room temperature. Both reduced and oxidized mitochondria
were then mixed with TCA and processed through the AMS labeling procedure described
above.

2.6 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 placed on ice and TCA-insoluble proteins
were removed by centrifugation at 4°C (9900 x g for 5 min). The pellets were saved for total
protein analysis (see below). The acid supernatants were stored frozen until derivatization and
analysis. Samples were derivatized and analyzed by HPL.C using a method developed by Fariss
and Reed (Fariss and Reed, 1987), with details provided by Dr. Tak Yee Aw (Pias and Aw,
2002). y-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 K,CO5 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 K,COs (to raise the pH to 10). Samples were
incubated overnight in the dark at 4°C. Following centrifugation (9900 x g) at 4°C for 20 min
at 11,000 rpm, an aliquot of each supernatant was filtered through a 0.45 um Acrodisc syringe
filter, and analyzed by HPLC. For HPLC, a Sphereclone NH» 5 p column (250 x 4.6 mm) with
a 4.6 mm guard column was used and absorbance was monitored at 365 nm. The mobile phase
(flow rate of 1.5 ml per min) 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/99% B was maintained for 10
min, and then a gradient was applied to return and equilibrate the column to the starting
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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 pg 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 (Myers and Myers, 1997).

Spin Resonance for Cr(V)

Cr(V) generation by purified enzymes was examined using direct detection by ESR in a buffer
system with a final concentration of 0.15 M KCI/2.5 mM potassium phosphate pH 7.35. The
NADPH-generating mix (Myers and Myers, 1998) (which maintains NADPH at a constant
level of 0.2 mM) and purified Trx and TrxR were added to pre-warmed buffer and incubated
for 5 min at 37°C. The enzymes and Na,CrO,4 were added followed by incubation at 37°C for
the indicated times. The reaction was stopped by immersion in liquid nitrogen (77 K), and
samples were stored at 77 K, typically for less than one week, until analysis by ESR. It was
previously shown that Cr(V) is stable for at least several months at 77 K (Jannetto et al.,
2001).

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. 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.

Spin Resonance Spin Trapping

The spin trap 5-Diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO) was from
Oxis International (Portland, OR) or Alexis Biochemicals (Lausen, Switzerland). The
generation of reactive oxygen species (ROS) in Cr(VI)-exposed cells was assessed at fixed
time points using ESR spin trapping. The procedures are similar to that described previously
for experiments with microsomal enzymes (Borthiry et al., 2007). The cells were grown in
DMEM medium as described above, harvested by scraping into medium, and centrifuged for
5 min at 100 x g. The cell pellet was washed in LHC-9 medium (Invitrogen) and resuspended
inasmall volume of LHC-9. It has been previously shown that LHC-9 medium does not reduce
Cr(V1) (Borthiry et al., 2008). Cell density was determined by counting an aliquot using a
hemacytometer. Aliquots of the cell suspension were incubated at 37°C in LHC-9 medium
containing DEPMPO (14 mM) with and without Cr(V1) (400 uM). After the indicated times,
the samples were immersed and stored in liquid nitrogen. Freezing and thawing does not change
the ESR spectra of DEPMPO adducts (Frejaville et al., 1995; Tordo, 1998). For ESR analysis,
each sample was quickly thawed, placed in a quartz flat cell and ESR spectra were obtained
without delay at room temperature using a Bruker EMX spectrometer. Instrument settings are
indicated in the results. The spectrum for each sample was stable during the ESR analysis time.
The hyperfine couplings were measured from the ESR scan data, and were confirmed using
the simulation software WinSim (version 0.95) (National Institutes of Environmental Health
Sciences) (Duling, 1994).

3.1 Sodium chromate results in Trx2 oxidation

The redox status of the mitochondrial form (Trx2) was examined by redox western blot. Trx2
has a single dithiol (the active site). Reduced Trx2 migrates slower in these gels because AMS
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forms covalent bonds with the two —SH groups of the active site thereby increasing the mass
of Trx2 (Hansen et al., 2006a). If the active site is oxidized, AMS cannot bind and Trx2 runs
according to its native mass. Untreated cells were compared to those exposed to various
concentrations of Na,Cr(V1)Og4 for between 10 and 180 min. Representative redox blots and
the percent of Trx2 that is oxidized are shown in Fig. 1A,B. In untreated cells, all of Trx2 was
in the reduced form (-SH,—SH) at all timepoints, i.e. it migrated coincident with Trx2 in DTT-
treated mitochondria. Cr(VI) exposure resulted in Trx2 oxidation in BEAS-2B cells, and this
oxidation was dependent on both the Cr(VI) concentration and the duration of exposure (Fig.
1B). While 10 pM Cr(V1) for 30 min did not oxidize Trx2, exposure for 90 or 180 min resulted
in 12 to 28% oxidation (Fig. 1B). Higher Cr(VI) (50 uM) caused Trx2 oxidation more quickly,
with 86% oxidation apparent at 10 min, and 30 min or longer converting 100% of Trx2 to the
oxidized form (Fig. 1B), i.e. it migrated coincident with Trx2 in air-oxidized mitochondria. In
a single trial, 100 uM Cr(VI) (100 pM) resulted in complete Trx2 oxidation at all timepoints,
including the 10 min exposure (not shown).

The authenticity of the purified mitochondria used as standards in the Trx2 redox blots was
verified by western blots. The purified mitochondria contained the mitochondrial markers
VDAC-1 and cytochrome c, whereas these markers were absent in the post-12000 x g
supernatant fraction (cytosol) (Fig. 1C).

3.2 Sodium chromate results in Trx1 oxidation

The effect of Na,Cr(V1)O4 treatment on the redox status of Trx1 (cytosolic form) in cells was
also analyzed by redox western blot. lodoacetate covalently labels the —SH groups of reduced
Trx1; the resulting negative charge increases migration in native PAGE relative to oxidized
Trx1. Reduced Trx1 refers to the form in which both dithiols are reduced and represents the
active form. Reduced Trx1 migrates the fastest because it binds iodoacetate at both dithiols.
The active site dithiol is the more easily oxidized, so partially oxidized Trx1 largely represents
oxidation of the active site C32/C35 (Watson et al., 2003), whereas the fully oxidized form
migrates the slowest because both dithiols (C32/C35, C62/C69) are oxidized.

Untreated cells were compared to those exposed to various concentrations of Na,Cr(V1)Og4 for
30, 90, or 180 min. Representative redox blots are shown in Fig. 2A,B and the percent of Trx1
that is partially oxidized (one dithiol oxidized) is shown in Fig. 2D. In untreated cells, >95%
of Trx1 was in the reduced state (Fig. 2A,D). Cr(VI) treatment caused increases in partially
oxidized Trx1 which were dependent on both the Cr(\VI) concentration and time of exposure
(Fig. 2D). Even with high Cr(VI) for extended time (100 uM for 180 min), only the partially
oxidized form was seen (Fig. 2B). This is in contrast to acrolein which can generate both
partially and fully oxidized Trx1 (Fig. 2C). These acrolein results are consistent with those
previously reported for human endothelial cells (Szadkowski and Myers, 2007). For each Cr
(V) concentration, the majority of Trx1 oxidation had occurred by 30 min with further smaller
increases observed at later times (Fig. 2D).

3.3 Trx oxidation by an insoluble chromate

The data to this point were generated with Na,CrOg4, which is highly water soluble. Insoluble
forms of chromate (e.g. ZnCrQ,) are also used industrially and therefore occupational exposure
is of concern. The potential for ZnCrO,4 to mediate Trx oxidation was therefore examined.
With 50 uM ZnCrO4, some of the Trx2 was oxidized after just 10 min, most was oxidized
after 30 min, and Trx2 was completely oxidized after 90 min and longer (Fig. 3A). For Trx1,
progressive increases in Trx1 oxidation were observed over time, although a small percentage
of Trx1 remained reduced even after 180 min with 50 UM ZnCrOy4 (Fig. 3B). As with
Na,CrOy4, Trx1 was only converted to the partially oxidized form in ZnCrOg4-treated cells, in
contrast to acrolein which also generates fully oxidized Trx1 (Fig. 3B). The effects of
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ZnCrOy4 are due to the chromate and not the Zn because 100 uM ZnCl, causes no detectable
oxidation of Trx1 or Trx2 (Hansen et al., 2006b).

3.4 Cr(VI) and GSH levels

To determine whether Cr(V1) has the capacity to deplete cellular thiols in general in these cells,
the cellular content of reduced glutathione (GSH) was examined in cells treated with
Na,CrO,4 for various times. None of the Cr(V1) treatments significantly changed the GSH levels
(Fig. 4). The levels of oxidized glutathione (GSSG) remained below detection limits in these
cells. As a positive control, the nonspecific thiol oxidant diamide did deplete cellular GSH by
almost 80% (Fig. 4). Diamide did not generate significant GSSG, consistent with the known
ability of diamide to yield GS-protein adducts in cells (Soderdahl et al., 2003). Since Cr(VI)
did not decrease GSH levels in these cells, the oxidation of Trx1 and Trx2 cannot be explained
as the result of a general oxidation of cellular thiols.

3.5 Direct interaction with Cr(VI)

The oxidation of thioredoxins in cells could either result from a direct interaction of Cr(VI)
with the thioredoxin system or an indirect consequence of enhanced oxidative stress. In order
to determine if a direct interaction is possible, in vitro studies were conducted with
commercially available purified TrxR and human TrxX1. In the absence of added reductant,
purified Trx1 was a mix of reduced and partially oxidized forms (Fig. 5, lane a). Incubation
with TrxR plus NADPH resulted in reduction of Trx1 as expected (Fig. 5, lane b), and
confirmed the activity and expected interactions of these proteins. The addition of increasing
amounts of Cr(VI) resulted in increased oxidation of one dithiol of Trx1 (Fig. 5, lanes c—e).
Trx1 oxidation was especially prominent in lanes d and e in which the Cr(VI) concentration
exceeded the concentration of NADPH and therefore exceeded the capacity of NADPH to
potentially support regeneration of the reduced form of Trx1.

To further explore the possible redox interactions between the thioredoxin system and Cr(V1),
experiments were conducted that examined the ability of TrxR and/or Trx to reduce Cr(VI).
The one-electron reduction product, Cr(V), is commonly used as an indicator for Cr(\V1)
reduction. Cr(V) is ad! paramagnetic species that can be directly detected by ESR spectroscopy
by its sharp line spectrum (g = 1.979) at conventional X-band frequency. NADPH is a slow
chemical reductant of Cr(V1) and generated a small Cr(V) signal (Fig. 6A), consistent with
previous results (Borthiry et al., 2007). When purified TrxR and Trx were included, the
intensity of the Cr(V) signal was markedly increased (Fig. 6B), indicating prominent Cr(V1)-
reducing activity. To determine if both proteins are required, experiments were conducted in
which each protein was omitted. TrxR, in the absence of Trx, generated a large Cr(V) signal
(Fig. 6C) that was even somewhat in excess of that obtained with both proteins. This indicates
that TrxR alone has prominent Cr(V1)-reducing activity. Conversely, in the absence of TrxR,
Trx generated a considerably smaller Cr(V) signal (Fig. 6D); however, this signal was larger
than that with NADPH alone, suggesting some ability of Trx to reduce Cr(V1). Since Trx cannot
accept electrons directly from NADPH, the absence of TrxR would prevent regeneration of
reduced Trx to support continued activity. This small amount of Trx-mediated Cr(V1) reduction
is therefore likely due to the fraction of purified Trx that is already reduced (see Fig. 5).
Omission of NADPH greatly diminished the Cr(V) signal (Fig. 6E) confirming that the vast
majority of the enzyme (TrxR plus Trx) activity is NADPH-dependent. The ESR signal was
not observed in the absence of Cr(V1) (Fig. 6F). When isotopically pure Na,®3CrO,4 (°3Cris a
stable isotope) was substituted for Na,CrQOy, the signal was split into four lines (separation of
about 17.4 G) (Fig. 6G), which is typical for the hyperfine coupling for 23Cr(V) and is due to
the nuclear spin of | = 3/2 for 53Cr. Traces F and G in Fig. 6 therefore confirm that the ESR
signals in traces A through E are due to Cr(V). Overall, these ESR findings are consistent with
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those in Fig. 5 in demonstrating that the thioredoxin system is capable of direct redox
interactions with Cr(V1I).

3.6 Spin Trapping for Radical Species in Cells

In addition to direct interactions with Cr(V1), it is possible that some of the Trx oxidation in
cells results from other reactive species such as ROS. Spin trapping was therefore used to detect
radical species by ESR. DEPMPO can trap and stabilize hydroxyl radical as DEPMPO/*OH
and superoxide as DEPMPO/*OOH, giving ESR spectra characteristic of each (Frejaville et
al., 1995). In addition, it can trap glutathionyl radical as DEPMPO/*SG (Karoui et al., 1996).

The spin trapping data for BEAS-2B cells are shown in Fig. 7. Multiline spectra were observed
in the presence of Cr(VI) plus DEPMPO but not when Cr(VI) was omitted (Fig. 7A). When
cells are incubated with just Cr(V1), and not DEPMPO, the single line spectrum for Cr(V) was
observed (g =1.979) (Fig. 7B), matching the signal previously reported for these cells (Borthiry
et al., 2008). This Cr(V) signal overlaps the high-field end of the multiline spectrum of the
DEPMPO adducts observed in Fig. 7A, and therefore increases the intensity of this component
of the signal. Using the hyperfine coupling constants for DEPMPO/*OH (a” = 47.1 G, aH =
13.2 G, aN = 14.1 G) and DEPMPO/'SG (a” = 45.8 G, aH = 14.9 G, aN = 14.1 G) (Karoui et
al., 1996), simulation of the multiline spectra indicate that essentially the entire signal can be
accounted for by three species: DEPMPO/*OH, DEPMPO/*SG, and Cr(V). The majority of the
spectral lines for DEPMPO/*OH and DEPMPO/*SG overlap, but the two adducts can be
discerned by the central portion of the spectra. The relative levels of these two DEPMPO
adducts remained fairly constant over the times examined (5, 10, 20 and 40 min), with 44 to
55% of the signal attributed to DEPMPO/*OH and 31 to 42% attributed to DEPMPO/*SG. Cr
(V) declined somewhat over time, accounting for 23% of the signal at 5 min vs. 11% at 40
min.

To further explore the nature of the DEPMPO signals, the effects of the radical scavengers
ethanol and formate were explored. In the presence of 5% ethanol, a specific hydroxyl radical
scavenger, the DEPMPO/*OH adduct signal decreased by 50% whereas that for
DEPMPO/*SG decreased by 30% (not shown). Ethanol would be expected to compete with
DEPMPO for HO®, so the decline in the DEPMPO/*OH signal supports the generation of
HO" in these cells. The generation of HO® in Cr(V1)-exposed cells is consistent with the known
Fenton-like chemistry of the reactive Cr intermediates such as Cr(V) and the generation of
HO" in vitro by human microsomal enzymes (Borthiry et al., 2007). The decline in
DEPMPO/*SG in the presence of ethanol suggests that some of the GS® may result from reaction
of GSH with HO".

In the presence of 0.1M formate, the DEPMPO/*OH and DEPMPO/*SG signals were decreased
by 68 and 44%, respectively, and the signal for the carbon dioxide radical anion (CO,"™") of
DEPMPO was observed (not shown). Both HO® and GS* are known to oxidize formate to
CO,"™ (Karoui et al., 1996). These formate results therefore further support the generation of
HO* and GS* in Cr(VI)-exposed cells.

4. Discussion

The redox states of Trx1 and Trx2 have been used to differentially assess the impacts of other
oxidants on the thiol redox status of the cytosolic and mitochondrial compartments (Halvey et
al., 2005; Hansen et al., 2006a). For the studies reported here, both insoluble and soluble Cr
(V1) cause a dose- and time-dependent oxidation of Trx1 and Trx2 (Fig. 1-Fig. 3). From the
perspective of conversion of all of the Trx to an oxidized form, Trx2 is more sensitive than
Trx1. For example, 100% of Trx2 was converted to the oxidized form in cells exposed to 50
MM Cr(VI) for =30 min (Fig. 1), whereas 30 to 38% of Trx1 remained reduced after 30 min
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with 50 or 100 pM Cr(VI) (Fig. 2D). This is similar to reports for t-butyl hydroperoxide or
diamide which preferentially oxidize Trx2 relative to Trx1 (Chen et al., 2006; Hansen et al.,
2006a). However, it is in contrast to acrolein for which Trx1 in human endothelial cells is more
sensitive than is Trx2 (Szadkowski and Myers, 2007). With some oxidants (e.g. epidermal
growth factor-induced ROS) (Halvey et al., 2005; Hansen et al., 2006a), Trx2 is not
significantly oxidized. The reason(s) for the enhanced sensitivity of Trx2 to Cr(VI) are not
known, but could indicate a more robust interaction of Cr(V1) with the mitochondrial
thioredoxin system or a lesser ability of the mitochondrial system to restore or maintain Trx2
in its reduced state once it has been oxidized.

Trx2 has only one dithiol, that of the active site, so it is either reduced (active) or oxidized
(inactive). In contrast, Trx1 has two dithiols, one of which is at the active site. Only the partially
oxidized form of Trx1 was observed in Cr(VI1)-exposed cells, regardless of Cr(VI)
concentration or time of exposure (Fig. 2, Fig. 3). This suggests that only one of the two dithiols
of Trx1 is sensitive to Cr(VI) exposure. This is in contrast to treatment of these cells with
acrolein, which can oxidize both dithiols of Trx1 (Fig. 2, Fig. 3). The acrolein results also show
that its ability to oxidize Trx in cells is not unique to the endothelial cells which were previously
reported (Szadkowski and Myers, 2007). Since acrolein is a component of all types of smoke,
its ability to oxidize Trx in these human bronchial epithelial cells could have important
implications for toxicity to bronchial epithelial cells in vivo.

Other studies have similarly shown that the two dithiols of Trx1 have differential susceptibility
to oxidants. For example, the active site dithiol (C32/C35) is more sensitive to oxidation by
diamide than is the second dithiol (C62/C69) (Watson et al., 2003). Similarly, while acrolein
oxidizes both dithiols of Trx1, one of the dithiols is more sensitive to lower concentrations of
acrolein (Szadkowski and Myers, 2007). Given the enhanced sensitivity of the active site to
other oxidants, it seems likely that it is the active site of Trx1 that is oxidized following Cr(V1)
exposure. This partially oxidized form would therefore be inactive. However, the C32/C35
active site disulfide is a substrate for reduction by TrxR (Watson et al., 2003), so it is possible
that the redox status of Trx1 could be restored following oxidant removal. We did in fact
observe this recovery of Trx1. In cells that were exposed to 25 or 50 uM Cr(V1) for 30 min,
most of the Trx1 (>85%) was restored to the reduced form after a 4 h Cr(\V1)-free recovery
period (not shown).

Both soluble and insoluble chromates are used industrially, and both Na,CrOy4 (highly soluble)
and ZnCrQy4 (water insoluble) resulted in oxidation of Trx1 and Trx2 (Fig. 1-Fig. 3). When
comparing the two, Na,CrOy4 resulted in an earlier or more extensive oxidation than did
ZnCrOy. For example, 50 uM NayCrO,4 for 30 min resulted in all of the Trx2 being oxidized
(Fig. 1), whereas a mix of reduced and oxidized forms was seen for ZnCrQy4 (Fig. 3). Similarly,
50 UM NayCrOy4 for 30 min resulted in about 45% of Trx1 oxidized, whereas with ZnCrO,4
nearly all was still reduced (Fig. 3). Longer incubations were needed to result in significant
Trx1 oxidation. This is not surprising as insoluble chromates would be expected to penetrate
cells more slowly. Recent evidence for ZnCrO4 penetration into these cells comes from ESR
studies which demonstrated a detectable Cr(V) signal after just 5 min exposure to ZnCrQOy,
although the signal was smaller than that seen with Na,CrO,4 (Borthiry et al., 2008). Thus, at
least a portion of the ZnCrO4 must enter cells fairly quickly, but the manner in which it enters
the cells is not known. Among the insoluble chromates, ZnCrOy4 proved the most soluble in
complete medium (DMEM plus FBS) when followed over 7 days (Elias et al., 1991). In the
Trx studies reported here, the cells were exposed to chromates in HBSS, however. The
ZnCrOy4 suspension was sonicated just before use to attempt to create as fine a dispersion as
possible, and this may have helped facilitate cellular uptake. Itis possible that the size or surface
structure of the ZnCrQ4 particles may make them more amenable to cellular components that
facilitate dissolution or entry. With another insoluble chromate, PbCrQy,, uptake into hamster
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embryo cells or human fibroblasts is facilitated by cell-enhanced extracellular dissolution of
the particles (Elias et al., 1991;Xie et al., 2004). Such dissolution is not complete (Wise et al.,
2002). Similarly, it is likely that only a portion of the insoluble ZnCrO,4 was available to the
cells during the time frame of the experiment. Nonetheless, the oxidation of Trx and the
generation of Cr(V) in ZnCrOg4-treated cells are consistent with the entry and reductive
activation of at least a portion of the ZnCrQOg.

Tessier and Pascal (Tessier and Pascal, 2006) estimated a daily occupational dose from welding
fumes to be 0.4 to 1.6 mg Cr per m? of lung airway. This estimate is based on presumed equal
distribution over the entire alveolar surface area (approx. 100 m2). However, inhaled Cr is
known to concentrate at bifurcations in the airways (Ishikawa et al., 1994b), so Cr doses at
these sites are likely significantly greater than 0.4 to 1.6 mg per m2. Nonetheless, the levels of
Cr used in these studies are similar to these estimated occupational exposures; 10 and 25 uM
Cr correspond to 1.04 and 2.60 mg Cr per m?, respectively. Occupational exposures would
therefore be at levels that would be expected to be sufficient to cause Trx oxidation.

There are several conceivable mechanisms by which Cr(VI) might mediate thioredoxin
oxidation in cells. Some of these possibilities are: (a) direct oxidation by Cr(V1) or the reactive
Cr intermediates such as Cr(V); (b) direct or indirect oxidation by Cr-generated ROS; (c)
inhibition of TrxR by competition for electrons or other mechanisms; and (d) non-specific
depletion/oxidation of total cellular thiols. The last possibility seems the least likely since Cr
(V1) exposure did not significantly decrease GSH levels (Fig. 4). The other possibilities, based
on the in vitro data with purified proteins, are shown in Fig. 8. Other in vitro studies have
shown that Cr(V1) reduction can lead to ROS generation, so direct or indirect effects by ROS
remain a possibility. Spin trapping studies were consistent with Cr(VI)-mediated ROS
generation in these cells (Fig. 7). In vitro, the microsomal enzymes P450 reductase plus
cytochrome bg generate O," and HO" in the presence of low pM Cr(V1) (Borthiry et al.,
2007). In order to detect ROS in cells by spin trapping (Fig. 7) higher concentrations of Cr(V1)
were required relative to the in vitro experiments with purified enzymes (Borthiry et al.,
2007). This is not surprising because of the large number of cell components that compete for
trapping of the radicals by DEPMPO. In addition, the half-life of spin adducts is relatively
short in biological systems because they can be converted to ESR silent species over time
(Kosaka et al., 1992;Reinke et al., 1996). The fact that the spin adduct signals persisted over
time in Cr(V1)-exposed cells suggests a continual generation of ROS, which could have
contributed to Trx oxidation in cells.

Cr(VI) is capable of direct redox interactions with Trx1 and TrxR as demonstrated by the in
vitro studies conducted here, i.e. Cr(V1) is reduced to Cr(V) and Trx1 is oxidized (Fig. 5, Fig.
6). Since TrxR has prominent Cr(VI)-reducing activity on its own, Cr(V1) has the potential to
act as a competitive inhibitor of TrxR, i.e. the diversion of electrons to Cr(VI) could slow
effective reduction of oxidized Trx. Over time, in the cells, the percent of oxidized Trx might
therefore increase because the TrxR could no longer effectively retain the pool of Trx in the
reduced state. Consistent with this possible mechanism is the observation that Trx oxidation
in cells increased over time for each concentration of Cr(VI). While the addition of Trx1 did
not enhance the Cr(VI)-reducing activity of TrxR, the data in Fig. 6 suggest some ability of
Trx on its own to transfer electrons to Cr(V1). Since NADPH is not an efficient electron donor
to Trx in the absence of TrxR, there was no mechanism to regenerate reduced Trx once it had
reduced Cr(V1). Only the amount of Trx1 that was already reduced would have been able to
reduce Cr(V1). Therefore, the ability of Trx1 to reduce Cr(VI) could be higher than what was
observed in Fig. 6. Chemical reductants of Trx, such as dithiothreitol, can regenerate reduced
Trx under these conditions and were considered as a possible experiment to support
regeneration of reduced Trx in the absence of TrxR and NADPH. However, these chemical
reductants of Trx are also potent chemical reductants of Cr(V1) themselves, which precluded
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their use in these experiments. If Cr(\V1) were a robust direct chemical oxidant of Trx, we would
have predicted a complete oxidation of purified Trx1 by the high concentrations of Cr(V1) used
in vitro (Fig. 5), and a more rapid and complete oxidation of Trx in cells such as that caused
by acrolein (Szadkowski and Myers, 2007). The in vitro data therefore argue that the interaction
of Cr(VI) with TrxR is more robust than that with Trx1 and that this might contribute to the
Trx oxidation observed in cells. However, some direct effects on Trx remain possible, as do
other indirect mechanisms which might contribute to Trx oxidation in cells. The studies with
the purified proteins were conducted using the cytosolic forms, Trx1 and TrxR1, because they
are commercially available. Given that the mitochondrial forms (Trx2 and TrxR2) have active
site domains that are similar to those of their cytosolic counterparts, it is possible that the
mitochondrial forms may also have direct redox interactions with Cr(V1). This possibility needs
to be tested experimentally.

The potential effects of some other metals on the thioredoxins have been explored in HeLa
cells (Hansen etal., 2006b). Arsenic(l11) or mercury(I1) (10 or 100 uM for 4 h) caused oxidation
of a portion of the Trx1 and very pronounced oxidation of Trx2. Their effects on purified Trx
or TrxR were not explored, however. In contrast to arsenic and mercury, copper(ll), iron(l11),
nickel(I) or zinc(I1) did not cause oxidation of either thioredoxin (Hansen et al., 2006b). The
redox activity of the metals does not therefore predict their effects on Trx. Cu(ll), Fe(lll), and
Cr(V1) are all susceptible to reduction in cells and the reduced forms participate in Fenton-like
reactions, but yet only Cr has an effect on Trx. Given the very low solubility of Fe(l1) at
physiological pH, one might argue that its bioavailability may have been low. However, both
10 and 100 uM Fe(l11) caused pronounced declines in GSH levels (Hansen et al., 2006b),
supporting that a significant portion was bioavailable and potentially redox active. Fe(lll) is
therefore the converse of what we observed for Cr(V1), i.e. Fe(lll) does not affect Trx but can
lead to GSH oxidation, whereas Cr(V1) oxidized Trx but did not significantly change GSH.
The detection of GS® in Cr(VI1)-exposed cells (Fig. 7) implies some oxidation of GSH.
However, the cells were able to maintain their GSH redox status (Fig. 4), whereas they cannot
maintain the reduced state of the thioredoxins (Fig. 1-Fig. 3). The amount of DEPMPO/*SG
detected in Cr(V1)-exposed cells (Fig. 7) is only a very small percentage of total GSH.
Simulation of the spectra in Fig. 7 indicated 75-113 pmol GSH per five million cells. Using
an estimated cell volume of 1.4 pL (May and Qu, 2005), the intracellular DEPMPO/*SG is
estimated at 10.7-16 uM. This is well below the typical mM levels of total GSH in cells
(Meister and Anderson, 1983; Morrow et al., 2006). The relatively low levels of GS® spin
adducts are therefore consistent with the essentially normal levels and redox status of GSH in
Cr(VI)-exposed cells (Fig. 4).

In summary, this report demonstrates that both insoluble and soluble forms of chromate cause
a dose- and time-dependent oxidation of Trx2 and Trx1 in human bronchial epithelial cells.
With Cr(VI) treatments that oxidized all of the Trx2, some of the Trx1 was still in the reduced
state, suggesting that Trx2 is more susceptible to complete oxidation. Only one of the dithiols,
presumably the active site, of Trx1 was oxidized by Cr(V1). This is in contrast to the aldehyde
acrolein which can oxidize both dithiols. Cr(\V1)-mediated Trx oxidation is not the result of a
general oxidation of cellular thiols. With purified proteins in vitro, Cr(VI) also results in Trx
oxidation. Purified TrxR has pronounced Cr(VI) reducing activity, so it is possible that
competition for electron flow from TrxR could impair the ability to reduce Trx. The in vitro
data also suggest that Cr(V1) may also directly oxidize Trx. Since maintaining Trx1 and Trx2
largely in their reduced states is critical for their function, the ability of Cr(V1) to cause Trx
oxidation in cells could contribute to its cytotoxic effects, and could have important
implications for cell survival, redox-sensitive cell signaling, and the ability of cells to tolerate
other oxidant insults. The impact of Cr(V1) on each of the thioredoxins and TrxR therefore
warrant further study.
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A: Redox western blots of Trx2. BEAS-2B cells were either untreated or treated with the

indicated concentrations (left) of NaCr(V1)Oy4 for the indicated times (top). The cells were then

washed once in HBSS and immediately processed for Trx2 redox status. Standards for the

migration of oxidized and reduced Trx2 are included, and consist of isolated mitochondria that
had either been stored frozen (“mito, oxid.”) (Trx2 oxidizes in storage), or had been pre-treated
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with DTT which reduces Trx2 (“mito, DTT”). Oxidized Trx2 migrated at 12 kDa consistent
with its known mass. The blots shown are representative of triplicate independent experiments.
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B: Percent (mean = S.D.) of total Trx2 that is oxidized as determined by densitometry of redox
blots from triplicate experiments. The error bars are shown in one direction to avoid visual
confusion.

C: Western blots of purified mitochondrial and cytosolic fractions showing the distribution of
the mitochondrial markers cytochrome ¢ and VDAC-1, and for the loading control GAPDH
which is found in various cellular locations including the cytosol and mitochondria (Tarze et
al., 2007).
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Fig. 2.

A,B: Redox western blots of Trx1 in BEAS-2B cells treated with the indicated concentrations
of NayCr(V1)O4 for the indicated times, washed once in HBSS and immediately processed for
Trx1 redox status. C: Redox western blot of cells treated for 30 min with either 50 uM Na,Cr
(V1)O4 or acrolein (5 or 12.5 uM). D: Percent (mean + S.D.) of total Trx1 that has one dithiol
oxidized as determined by densitometry of the redox blots from triplicate independent
experiments. The error bars are shown in one direction to avoid visual confusion. For some,
the error bars are smaller than the points as shown.
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Fig. 3.

Redox western blots of Trx2 (A) or Trx1 (B) in BEAS-2B cells that were either untreated or
treated with ZnCr(V1)Oy4. In A, cells were treated with 50 pM ZnCr(V1)O4 for the indicated
times, and standards for the migration of oxidized Trx2 (“mito, oxid.”) and reduced Trx2
(“mito, DTT”) are included as described in Fig. 1. In B, cells were treated with 25 or 50 pM
ZnCr(VI1)Oy4 for the indicated times. Cells treated with 12.5 pM acrolein are included in the
center lane to demonstrate migration of the partially and fully oxidized forms of Trx1. The
blots shown are representative of replicate experiments.
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Fig. 4.

Relative levels of GSH in cells exposed to various concentrations of Na,Cr(V1)O4 or to diamide
as indicated. The average GSH concentration in untreated cells was 46 nmol per mg protein.
** P <0.01 vs. the other treatments.
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Fig. 5.

Cr(\V1) causes oxidation of purified Trx in vitro as demonstrated by redox western blot for
Trx1. Samples were incubated for 1 hr at 37°C and then analyzed for Trx1 redox status. The
total reaction volume was 0.050 ml and 0.015 U of purified Trx and TrxR were included.
NADPH (0.2 mM) and various concentrations of Na,Cr(V1)O,4 were included as indicated.
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Purified thioredoxin reductase (TrxR) and thioredoxin (Trx) generate Cr(V) from NayCr(V1)
O4 (100 pM) as demonstrated by ESR spectra of Cr(V) following incubation for 5 min at 37°
C. The total reaction volume was 0.3 ml and contained Trx and/or TrxR (0.09 U each) as
indicated. Representative ESR spectra obtained at room temperature are shown. Instrument
settings were: 5 G modulation amplitude, 50 mW microwave power, 6.32 x 104 receiver gain,
40.96 msec time constant, 9.76 GHz microwave frequency, sweep width = 200 G, field set =
3480 G, modulation frequency = 100 kHz, scan time = 42 sec; number of scans, 9.
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A: ESR spectra of BEAS-2B cells incubated with the spin trap DEPMPO (14 mM) in the
presence (left) or absence (right) of 400 uM Cr(V1) for the indicated times. For each, the total
reaction volume was 0.25 ml and contained 5 x 10° cells. Similar spectra were also obtained
after 40 min incubation (not shown). B: The spectrum obtained when cells are incubated for 5
min with Cr(V1) in the absence of DEPMPO. C: Computer simulation of a spectrum for equal
parts of DEPMPO/*OH and DEPMPO/*SG. The signal corresponding to DEPMPO/*OH is
indicated by black dots above the spectrum, whereas that for DEPMPO/*SG is indicated by
open diamonds. Instrument settings were: 1 G modulation amplitude, 20 mW microwave
power, 6.32 x 10 receiver gain, 40.96 msec time constant, 9.76 GHz microwave frequency,
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sweep width = 200 G, field set = 3480 G, modulation frequency = 100 kHz, scan time = 42
sec; number of scans, 9.
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Normal function of thioredoxin system
NADPH C TrxR( ox))CTrx (red) )C—S -S—-
NADP* TrxR(red) Trx(ox) -SH
Some possible ways in which Cr(VI) might facilitate Trx oxidation

Cr(V ( )+ HOo—> OH + Cr(VI)

NADPH > C TrxR( ox)+\ CTrx (red) I&(\/l)
NADP* TrxR(red) rx(ox)

Cr(VI)

Fig. 8.

General scheme for possible ways in which Cr(VI) could result in Trx oxidation. The direct
interactions of TrxR and Trx are based on the in vitro studies with purified proteins. The
potential for Cr(V)-mediated ROS formation is based on other studies, and may not be directly
linked to Cr(V) generation by the thioredoxin system as shown. The diagram is not meant to
be inclusive of all possible interactions or Cr species.
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