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Abstract

Hexavalent chromium [Cr(V1)] compounds are highly redox active and have long been recognized
as potent cytotoxins and carcinogens. The intracellular reduction of Cr(VI) generates reactive Cr
intermediates, which are themselves strong oxidants, as well as superoxide, hydrogen peroxide,
and hydroxyl radical. These probably contribute to the oxidative damage and effects on redox-
sensitive transcription factors that have been reported. However, the identification of events that
initiate these signaling changes has been elusive. More recent studies show that Cr(VI) causes
irreversible inhibition of thioredoxin reductase (TrxR) and oxidation of thioredoxin (Trx) and
peroxiredoxin (Prx). Mitochondrial Trx2/Prx3 are more sensitive to Cr(VI1) treatment than
cytosolic Trx1/Prx1, although both compartments show thiol oxidation with higher doses or longer
treatments. Thiol redox proteomics demonstrate that Trx2, Prx3, and Trx1 are among the most
sensitive proteins in cells to Cr(VI) treatment. Their oxidation could therefore represent initiating
events that have widespread implications for protein thiol redox control and for multiple aspects of
redox signaling. This review summarizes the effects of Cr(VI1) on the TrxR/Trx system and how
these events could influence a number of downstream redox signaling systems that are influenced
by Cr(VI) exposure. Some of the signaling events discussed include the activation of apoptosis
signal regulating kinase and MAP kinases (p38 and JNK) and the modulation of a number of
redox-sensitive transcription factors including AP-1, NF-xB, p53, and Nrf2.
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Introduction to hexavalent chromium

Hexavalent chromium [Cr(VI1)] compounds have long been recognized as potent toxins and
carcinogens. Inhalation of Cr(VI)-containing particles, dusts, mists, and fumes is a common
form of exposure and is associated with several respiratory diseases, including lung cancer,
pulmonary fibrosis, asthma, chronic bronchitis, and others [1-9]. The greatest exposures
typically occur in workers in Cr-related industries (e.g., chromate pigments and dyes,
chromate-based corrosion inhibitors, stainless steel machining and welding, chrome plating,
offset printing). The bronchial epithelium is directly exposed to inhaled Cr(VI) and
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represents a major site of resulting cell damage and tumor initiation. For example, squamous
cell lung carcinoma is observed in Cr workers, with a greater lung Cr burden in those with
tumors [2]. Atypical precancerous lesions are primarily located at bronchial bifurcations
where Cr is preferentially deposited [2]. The relative risk of lung cancer in Cr workers
increases with cumulative Cr(V1) exposure [3,9]. Skin exposure to Cr(VI1) is also very
common in occupational settings, including cement, chromate pigments, chrome plating,
leather tanning, welding, printing, and others [9]. The predominant adverse reactions are
allergic dermatitis and skin ulcers [9-11].

Industrial uses result in the annual release of more than 1.7 x 10° t of Cr into the
environment [12]. Elevated Cr(V1) levels are present in groundwaters and soils at numerous
sites throughout the United States, and Cr is a contaminant at more than 600 Superfund sites
[13,14]. In addition to its heavy industrial use and release, fossil fuel burning and steel
production are the two largest contributors to atmospheric Cr(VI) [13]. Exposure to Cr(V1)
is a concern of both the OSHA [9] and the EPA, and the EPA has designated that Cr(V1)
compounds are 1 of 17 chemicals that pose the greatest threat to human health [13]. While
there are comparatively few data on environmental exposure, individuals living and working
in areas where the soil was contaminated decades earlier with Cr slag had elevated urine Cr
levels [15], which represent recent exposure. Those individuals with elevated Cr also had
substantially higher DNA—protein crosslinks in their lymphocytes [14]. These crosslinks are
considered an indicator of biologically active doses of Cr(V1) and were similarly observed in
Bulgarian residents living in Cr-contaminated regions [14]. A fourfold increase in childhood
leukemia in one community was attributed to elevated Cr(VI1) in the drinking water [16]. It
is difficult to assess the potential effects of long-term low-level exposure to toxins, and
Cr(V1) is no exception. However, the much smaller doses from environmental sources
indicate that the environmental risk is probably much less than that from occupational
exposures.

Chromate (CrO427) and dichromate (Cr,07%7) are two common forms of Cr(V1).
Dichromate is the predominant form under acidic conditions when Cr(VI) concentrations
exceed 10 mM [17]. Chromate predominates under physiologic conditions (i.e., when the
pH is greater than 6 and Cr is less than 10 mM [17-19]). Chromate closely resembles sulfate
(SO427) and enters cells via an anion carrier [20]. Cr(V1) compounds also readily cross the
skin [6]. Some chromates (e.g., Nay,CrOy) are highly water soluble, whereas others are
particulate in nature and have limited solubility (e.g., ZnCrQy) or very poor solubility (e.g.,
PbCrQ,) [21]. However, particulate chromates are also taken up by cells, which can
concentrate Cr intracellularly > 180-fold [22,23]. Chromate particulates are toxic and
carcinogenic [24] and are solubilized by cells over time providing for prolonged continuous
doses of Cr(VI) [21-23,25-27]. The genotoxicity and cell-transforming activity of Cr(VI)
compounds have been extensively studied. For example, insoluble lead chromate induces
cytotoxicity and morphological and neoplastic transformation of mouse embryo cells [28],
and both soluble and insoluble Cr(VI) compounds induce anchorage-independent
transformation of cultured human fibroblasts [29,30]. Several genetic lesions are associated
with Cr(V1), including Cr-DNA adducts, oxidized bases, DNA—protein crosslinks, and
DNA strand breaks [31]. This damage can impair DNA replication and can promote
genomic instability [31].

Inhaled particulates, such as ZnCrQy, result in nonhomogeneous exposure of the respiratory
epithelium [2]. Cells in direct contact with Cr(V1) particulates can have relatively high
continuous doses, whereas those free of particles could have little to no exposure, unless
there is transfer of solubilized Cr between cells. In vivo, Cr particulates may redistribute
over time given the actions of various natural airway processes (e.g., mucociliary transport).
Hence, Cr particulates will lead to variable cell responses, depending on the Cr dose for each
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cell. The overall responses measured will therefore be the blend of responses in all cells
sampled. For some indicators of cytotoxicity, the effects in Cr(\V1)-exposed cells could be
difficult to discern in tissue samples that contain significant levels of unexposed cells. Even
though Cr(VI1) particulates result in heterogeneous exposure, they are forms to which
humans are exposed and are an important part of testing.

Generation of reactive species and oxidants from Cr(VI)

Although many studies have implicated exposure to Cr(V1) as the predisposing factor to
toxicity [32-36], Cr(VI) is not itself the toxic species. Inside cells, Cr(V1) is quickly reduced
by a variety of enzymatic and chemical reductants [37-43], eventually to Cr(ll1), the next
stable oxidation state. Cr(l11) species are generally insoluble and do not easily cross cell
membranes [44]. With no known single-step three-electron donors in biological systems, the
reduction of Cr(VI) to Cr(l11) must proceed through Cr(V) and/ or Cr(IV). One-electron
reductants initially generate Cr(V), and possibly subsequently Cr(IV), whereas two-electron
reductants can generate Cr(1V) in a single step. Cr(V) species have a characteristic EPR
signal (g = 1.98-1.99) that has facilitated Cr(V) detection in vitro, ex vivo, and in vivo
[42,43,45-51]. Cr(IV) generation has been inferred indirectly [42,52,53]. Both Cr(V) and
Cr(IV) are reactive intermediates that can cause cellular damage [33,54,55], and they can act
as direct oxidants [56,57]. Dismutation reactions between Cr redox states are possible [54],
such as

3Cr(V) — 2Cr(VI)+Cr(III). (1)
It is unknown to what extent such dismutation reactions occur within cells.

Cr(V) and Cr(IV) are also recognized as proficient Fenton-like metals in their ability to
generate hydroxyl radical (HO®) from H,0, [38,41,55,58-60]:

Cr(V)+H202 — Cr(VI)+HO*+OH™, (2

Cr(IV)+H302 — Cr(V)+HO*+OH™. (3)

The redox cycling of Cr by such reactions can generate a stoichiometric excess of HO®
relative to the net amount of Cr(V1) reduced [41]. Although Cr(l11) can similarly generate
HO" [61], the reaction rate is much slower. Other reactive oxygen species (ROS) such as
superoxide (O3 ™) can be simultaneously generated during Cr(V1) reduction [41,62-66]. O3~
would be expected to be quickly converted to H,O, through the actions of superoxide
dismutase (SOD) in the cytosol (CuZnSOD) and mitochondria (MnSOD). Cr(VI) treatment
of keratinocytes and prostate cancer cells has been shown to increase H,O, generation
[67,68]. The generation of ROS could be especially prominent in airway epithelial cells, in
which the O, tensions are consistently high. Cr(\VI) can also enhance peroxynitrite
generation in cells [66].

Overall, several reactive and pro-oxidant species can be generated by intracellular Cr(VI)
reduction, and pro-oxidant effects can contribute to Cr(V1) toxicity [26,33,54-56,64,69-80]
and to its ability to promote mitochondrial-dependent apoptosis [81-83]. The redox cycling
of Cr could increase the generation of ROS and thereby enhance oxidative stress
[41,55,70,71,84]. Several studies imply that reactive Cr and/or ROS generation contribute to
Cr(V1) toxicity. Catalase decreases Cr(V1) toxicity in both cancerous and noncancerous cells
[77,85-88] and diminishes HO* generation [68,87,88], implying a role for peroxides and/or
peroxide- generated HO®. Similarly, the overexpression of glutathione peroxidase (GPx)
protects cells from Cr(V1) [86]. Peroxidases would alter peroxide-mediated signaling, but
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may also act by preventing HO® generation. HO" radical scavengers such as formate and
dimethyl sulfoxide also decrease Cr(VI) toxicity [77,85,88]. Deferoxamine (DFX), which
chelates Fe and Cr(V) but does not chelate Cr(V1), also protects cells from Cr(V1) [75,85,88]
and diminishes Cr(V) and HO® generation [68,89]. The most direct explanation is that DFX
prevents Cr(V)-mediated HO® generation and/or direct oxidant attack by Cr(V).

Other oxidant scavengers (e.g., butylhydroxytoluene and vitamin E) reduce Cr(VI) toxicity
in pneumocytes [75], and vitamin E protects from Cr(V1)-induced renal damage [76,90,91].
MnTBAP [Mn(l1l)tetrakis(4-benzoic acid)porphyrin chloride], an efficient scavenger of
peroxynitrite and an SOD mimetic [92,93], protects H460 lung cancer cells from Cr(V1), as
does overexpression of CuZnSOD [86]. However, MnTBAP does not show this protective
effect in normal human bronchial BEAS-2B cells [79], and SOD does not protect A549 cells
from Cr(V1)-induced cell cycle arrest [94] or mouse epidermal cells from Cr(V1)-induced
cell death [88]. Together, these studies imply an important role for peroxides, HO®, and
reactive Cr species in toxicity. Although there may be a direct role for O3~ in some cells, its
role may be largely indirect as a source for H,0,.

Various intracellular Cr(V1) reductants could result in the generation of different proportions
of reactive Cr or oxygen species, each mediating particular types of damage. Therefore, the
mechanisms of Cr(V1) reduction, their location in the cell, and the rates of formation of the
reactive intermediates could all influence the subsequent pro-oxidant effects.

Effects of Cr(VI) on cellular thiols

The redox balance of cellular thiols (=SH) is critical for normal cell function and viability.
The thioredoxins and glutathione both contribute significantly to the maintenance of cellular
thiol redox balance, but they are not in redox equilibrium with each other [95-97]. A major
role of the thioredoxins is to maintain intracellular proteins in their reduced state [98], and
the redox status of the Trx system in some cells may be more critical to cell survival than is
glutathione.

Thiolates (=S™) are much more susceptible to attack by oxidants and electrophiles than are
thiols [99]. The pK, values of thiols in a typical protein (8.5) and in reduced glutathione
(GSH; 8.8) [99] predict limited reactivity at pH 7.4 because of the low proportion in the —=S~
form. Consistent with this, the rate of Cr(V1) reduction by GSH is relatively slow at pH 7.4
[100-102], and several studies show that Cr(V1) does not typically deplete cellular GSH. In
normal human bronchial BEAS-2B cells, there is no decrease in GSH or increase in
glutathione disulfide (GSSG) with Cr(V1) treatments that cause marked oxidation of the
thioredoxin (Trx) system [80]. Similarly, other studies show that GSH levels are maintained,
or even elevated, in Cr(VI)-treated cells and animals [103-105]. Overwhelming Cr(VI)
treatments (e.g., 8 mM with human erythrocytes, 1 mM with rat hepatocytes) do, however,
cause pronounced declines in GSH and increases in GSSG [106,107]. In some cases,
prolonged treatment with Cr(\VI1) may deplete GSH, but this may reflect a later consequence
of cell death [108]. In dermal fibroblasts, 5uM Cr(VI) can deplete GSH by 38% after 6 h,
but GSH levels at later times were not reported [109].

The pK, of the thiol in free cysteine (Cys) is 8.3, and its redox potential is more negative
than that of GSH. This is reflected in the 2.8-fold faster reaction of Cr(VI) with Cys vs GSH
[101]. The rate of Oy consumption stimulated by the addition of Cys to reactive Cr(V/1V) is
in vast excess to the rate with GSH [110]. This implies that Cys may be especially
vulnerable to oxidant attack in the presence of reactive Cr intermediates. However, free Cys
levels in cells are well below GSH levels [55], and protein thiols represent a larger thiol
redox pool than GSH [111]. Therefore, protein thiols could represent an important target of

Free Radic Biol Med. Author manuscript; available in PMC 2014 March 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Myers

Page 5

reactive Cr species, or of other oxidants that are generated by Cr(VI) treatment. Within
proteins, nearby amino acids can significantly influence the pKj, of Cys thiols (i.e., some
protein thiols will largely be thiolates at physiological pH). A prime example is Trx (pK, of
ca. 6.5) [99,112], whose active site should be largely ionized and reactive at pH 7.4.
Selenocysteine (Sec) has an even lower pK, (estimated at 5.2) [113], and the active-site Sec
of thioredoxin reductase (TrxR) is an even stronger nucleophile than Cys [114,115]. This
strong nucleophilicity could be a key determinant in the enhanced reactivity of Sec relative
to Cys [115]. Whereas the potential inactivation of Sec in proteins has received considerably
less attention relative to thiols, the inactivation of TrxR could have widespread implications
for protein thiol redox balance and redox signaling.

Irreversible inhibition of TrxR

A major role of the TrxR’s is to keep their respective thioredoxins in the reduced state (Fig.
1A). The thioredoxins, in turn, keep many intracellular protein thiols reduced. TrxR activity
is markedly inhibited in Cr(VI)-treated cells in a dose- and timedependent manner [78]. This
decreased activity reflects TrxR inhibition, not protein degradation [78]. Activity is not
restored in the cell lysates by removal of free Cr or by NADPH (the electron donor for
TrxR). Even with intermittent exposures, which occur in occupational and environmental
settings, the inhibition of TrxR can persist beyond the Cr(V1) exposure event itself.

Because the Cr(VI)-mediated inhibition of TrxR is a fairly recent finding, the mechanism by
which TrxR is inhibited is not yet known. Mammalian TrxR’s are NADPH-dependent
homodimers with three essential redox centers per subunit: a flavin (FAD), an N-terminal
domain dithiol (C59/C64), and a C-terminal active site containing C497/U498 (U is Sec)
[116-119]. The C59/C64 dithiol is reduced by the flavin and in turn donates electrons to the
C497/U498 active site [118]. Disruption of any of these redox centers could inhibit TrxR
activity. The Sec in the active site could be the most susceptible to oxidant attack. It is a
strong nucleophile, is exposed on the enzyme surface [114,120], and has a low pKj (ca. 5.2)
[113], so it should be ionized to selenolate (—=Se™) at physiological pH. Consistent with this,
other agents (e.g., 2,4-dinitrochlorobenzene, curcumin, and 4-hydroxynonenal) irreversibly
inhibit TrxR by covalently modifying the C497/U498 site [121-124]. In contrast, the C59/
C64 dithiol is not modified by 2,4-dinitrochlorobenzene [125]. Cr(VI) does not
indiscriminately target redox-sensitive enzymes in cells. Cr(V1) treatments that markedly
inhibit TrxR do not inhibit the redox-sensitive enzyme GAPDH [79]. Other antioxidant
enzymes (e.g. SOD, catalase, GPx) are not inhibited by massive doses (8 mM) of Cr(VI)
[106]. The fact that GPx is a selenoprotein indicates that their susceptibility to Cr(V1) varies
widely.

Much of TrxR1, including the C59/C64 dithiol, is similar to glutathione reductase (GR),
except that GR lacks the 16-residue C-terminal Sec-containing domain found in TrxR
[116,120]. GR activity in macrophages is markedly inhibited by 24 h treatment with =10 pM
CrO3 [108], and damage to the analog of the C59/C64 dithiol in GR is one possible
mechanism. GR susceptibility is not universal, however, and may depend on the cell or
tissue and the form of Cr(V1). GR activity showed only a 20% decrease in the kidneys of
mice injected with dichromate [126], and there is no effect on GR activity in anterior
pituitary cells treated with 10 pM dichromate for 2—8 h [103]. To better understand the
mechanism(s) by which TrxR is inhibited by Cr(V1), a mechanistic comparison with GR is
warranted, including examination of the C59/C64 dithiol.

Several chemical species might lead to TrxR inactivation in Cr(V1)-treated cells. Although
Cr(V1), Cr(111), and H,0O5 do not directly inhibit purified TrxR [79,119], cell-generated

oxidants could potentially inactivate TrxR [e.g., Cr(V), Cr(IV), HO", O3~ or peroxynitrite].
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Although peroxynitrite can be generated in Cr(V1)-treated cells [66], nitration of TrxR does
not increase [79]. Consistent with this, MnTBAP, an efficient scavenger of peroxynitrite
[92,93], does not protect TrxR in Cr(V1)-treated cells [79]. Because commercial
preparations of MnTBAP also exhibit SOD activity, it is unlikely that either peroxynitrite or
O3 directly accounts for the bulk of TrxR inhibition. The potential contribution of Cr(V),
Cr(1V), and HO" to TrxR inhibition remains to be determined.

The inactivation of TrxR could have multiple adverse consequences for cells. TrxR1
knockouts are lethal at the embryonic stage [127], and TrxR inhibition can increase the
susceptibility to oxidants and promote apoptosis [117]. Indeed, Cr(V1) treatments that
markedly inhibit TrxR are associated with marked declines in clonogenic survival [78].
Whereas TrxR inhibition might promote cell death by facilitating Trx oxidation (see below),
the selective inactivation of the Sec of TrxR can directly promote apoptosis [128,129]. The
mechanisms underlying such SecTRAP (seleniumcompromised thioredoxin reductase-
derived apoptotic protein) effects are not yet well understood, but they apparently do not
require Trx oxidation. It remains to be determined if the Sec of TrxR is compromised by
Cr(VI) treatment. In the absence of oxidant stress, the knockdown of TrxR (e.g., by siRNA)
is not sufficient to promote apoptosis, whereas such knockdown concomitant with oxidant
stress does promote cell death [130].

The prolonged inactivation of TrxR by Cr(VI) could be a critical event with long-term
implications for the disruption of redoxsensitive signaling. It implies diminished capacity to
maintain the Trx’s and Trx-dependent proteins in their reduced (active) state (Fig. 1). TrxR
inactivation could compromise the function of proteins with important antioxidant roles such
as the peroxiredoxins and mitochondrial glutaredoxin-2 [116]. TrxR also supports the
reduction of a number of low-molecular-weight antioxidants, including vitamins C and E,
flavonoids, lipoic acid, and others [116]. It is noteworthy that TrxR reduces selenite to
selenide [116]. Because selenide is needed for selenoprotein synthesis, the irreversible
inhibition of TrxR could compromise the ability of the cells to replenish TrxR activity. TrxR
also has important roles in a number of signaling pathways that are important for the redox
control of normal function and response to cell stressors [116]. Examples of signaling events
that have relevance to Cr(V1) are discussed further below. A detailed review that further
describes the diverse functions of TrxR can be found in [116].

Although it is clear that Cr(\V1) causes marked inhibition of TrxR that is not readily
reversed, additional studies are needed to determine the mechanism(s) underlying this
inhibition and the full extent of its implications for cells. The prolonged inhibition of TrxR
could also facilitate its use as a biomarker. Whereas the redox centers are conserved in
cytosolic TrxR1 and mitochondrial TrxR2, it remains to be determined if there are
differential effects on these isoforms.

Oxidation of thioredoxin

Mammalian cells have both cytosolic (Trx1) and mitochondrial (Trx2) thioredoxins [131].
Trx1 is also localized in the nucleus [96,97]. Trx1 and Trx2 are encoded by distinct genes,
but they have a conserved active site (Trp-Cys-Gly-Pro-Cys-Lys) that is cycled between the
reduced (dithiol) and the oxidized (disulfide) forms [132]. Trx2 has only two Cys residues,
both in the active site. Trx1 has five Cys residues, two in the active site (C32/C35) and three
others (C62/C69 dithiol and C73) [132]. The low pKj, of the active-site thiols (above) should
render Trx particularly sensitive to oxidant attack.

Cells normally maintain Trx1 and Trx2 largely in the reduced state [80,117,131-134], which
is the active form. Because Trx1 and Trx2 are not in redox equilibrium with each other, they
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can be used to differentially assess the impacts of oxidants on the thiol redox status of the
cytosolic and mitochondrial compartments [96,135].

Both soluble Na,CrOy4 and particulate ZnCrO4 (poorly soluble) cause a dose- and time-
dependent oxidation of Trx1 and Trx2 [80], with Na,CrO4 having more rapid effects than
ZnCrQy4. This is consistent with the expected slower penetration of particulate forms and
with the smaller Cr(V) signals seen at early times with ZnCrO4 [26]. Trx2 is more sensitive
to Cr(VI) treatment than Trx1, suggesting greater redox stress in the mitochondria. Trx2 can
be completely oxidized, whereas some Trx1 remains reduced even with high Cr(VI) doses
[78,80]. The reasons for the enhanced sensitivity of Trx2 are not known, but could indicate
greater oxidant generation within the mitochondria or a lesser ability of the mitochondrial
system to maintain Trx2 in the reduced state. Mitochondria can rapidly accumulate even 1
UM CrO42~, achieving an intramitochondrial concentration of Cr as high as 1500-fold [136].
This uptake is mediated via the dicarboxylate and phosphate transporters [136], and the
intramitochondrial reduction of Cr(V1) to Cr(V/IV/111) [137] may drive continued uptake of
CrO4%.

Only the partially oxidized form of Trx1 is observed in Cr(VI1)-exposed cells, regardless of
Cr(V1) concentration or time of exposure [80] (i.e., only one of the two dithiols of Trx1 is
sensitive to Cr(VI) treatment). Given the enhanced sensitivity of the C32/C35 of Trx1 to
other oxidants [132], it seems likely that this site is oxidized in Cr(VI)-treated cells,
although definitive confirmation is required. Oxidation of C32/C35 renders Trx1 inactive.
However, the C32/C35 disulfide is a substrate for TrxR [132] so TrxR could restore Trx1
redox status after Cr(V1) removal. There is, in fact, some redox recovery of Trx1 after
Cr(VI) removal [80]. Although TrxR activity is largely inhibited by Cr(\V1), the remaining
amount of active TrxR could facilitate this recovery. The disulfide reductants Tris(2-
carboxyethyl)phosphine hydrochloride [138] and dithiothreitol can reverse Trx1 and Trx2
oxidation in vitro [78]. Thus, Trx oxidation is consistent with the disulfide forms, or other
forms that are reversible, and not with Cr—Trx adducts or other less reversible modifications
to the dithiol.

There are several mechanisms by which Cr(VI) might mediate Trx oxidation in cells,
including: (a) inhibition of TrxR (discussed above); (b) direct oxidation by Cr(VI), Cr(V), or
Cr(IV); (c) oxidation by Cr-generated ROS or reactive nitrogen species (RNS); (d) increases
in Txnip (Trx-interacting protein); or (€) nonspecific depletion/oxidation of total cellular
thiols. The last possibility is inconsistent with the lack of effect on GSH levels or GSH
redox state by Cr(V1) treatments that cause marked Trx oxidation [80]. Furthermore, thiol
redox proteomics that examine reversible thiol oxidation show that six proteins are the most
sensitive to Cr(VI) exposure; among these are Trx2 and Trx1 and the Trx2-dependent
protein peroxiredoxin-3 (see more below) [79]. Therefore, Cr(V1) treatment does not cause
indiscriminant thiol oxidation. Regarding possibility (d), Txnip levels do not change after
Cr(VI) treatment [79], making this an unlikely explanation. Regarding possibility (c),
several oxidants are generated in Cr(VI)-treated cells [66,67,80,87,88]. Even though
MnTBAP can protect cells from a number of cytosolic and mitochondrial insults that
promote peroxynitrite or O3~ generation [139-143], it does not protect Trx1 or Trx2 in
Cr(V1)-treated cells [79]. Therefore, peroxynitrite or O3~ probably cannot account for the
Trx oxidation. Spin trapping studies show that HO® is generated in Cr(V1)-treated cells
[46,80,87,94,144-146]. Whereas the half-life of spin adducts is relatively short in biological
systems [147-150], the fact that HO"® spin adduct signals persist over time in Cr(VI)-treated
cells [80] suggests a continual generation of HO®. Because many cell components could
compete for trapping HO®, and because of the limited efficiency of the traps [41], the spin
trap signals probably markedly underestimate the extent of HO® generation. Regarding
possibility (b), Cr(V1) can oxidize purified Trx1 in vitro [80], but the extent to which this
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contributes to Trx oxidation in cells is not yet known. The oxidation of Trx by Cr(V) and
Cr(1V) has not yet been explored.

The irreversible inhibition of TrxR [possibility (a)] is probably a major contributor to Trx
oxidation in Cr(V1)-treated cells. This would compromise the ability to keep Trx reduced,
especially in the presence of enhanced oxidant generation (Fig. 1). There is a significant
correlation between TrxR inhibition and Trx1 oxidation in Cr(\VI)-treated cells, as well as a
correlation between Trx2 oxidation and TrxR inhibition [78]. Although these correlations
are with total TrxR activity and not with activity in specific compartments, they imply that
an inability of TrxR to maintain the thioredoxins in the reduced state contributes to Trx
oxidation. Overall, then, Trx1 and Trx2 oxidation may be enhanced by ROS and/or various
Cr oxidants that are generated after Cr(\VI) exposure. This oxidation may be sustained or
further enhanced by the inhibition of TrxR.

The sum total of data demonstrates the inherent sensitivity of the TrxR/Trx system relative
to other cellular thiols. The oxidation of Trx2 and Trx1 could have a number of important
consequences for cells. Because both Trx1 and Trx2 are critical to cell survival and to the
function of many proteins involved in cell growth and signaling [117,131,151], the oxidation
of Trx1 and/or Trx2 could have a negative impact on cell survival and could further promote
oxidant stress and oxidant sensitivity [96,135,152-154]. Cr(VI) treatments that oxidize
cellular thioredoxins are coincident with those that decrease cell survival [78]. Treatments
that cause extensive Trx oxidation would be expected to compromise the function of Trx-
dependent proteins, including peroxiredoxins, ribonucleotide reductase, protein disulfide
isomerase, methionine sulfoxide reductase, and others [98,116,117,131]. Trx oxidation
would also be likely to affect the function of transcription factors whose activity is mediated
by Trx, as discussed below.

Oxidation of peroxiredoxin

Peroxiredoxins (Prx’s) are ubiquitous peroxidases that degrade H,O, and organic
hydroperoxides. During catalysis, their activesite Cys residues are oxidized to sulfenic acid
(=SOH). In the 2-Cys Prx’s (e.g., cytosolic Prx1 and Prx2 and mitochondrial Prx3), this
sulfenic acid reacts with the resolving Cys on the other subunit to form a disulfide-linked
dimer [155-157]. The Prx’s are directly dependent on their respective Trx’s to reduce these
disulfides to thiols, thereby regenerating active Prx [99,158]. In addition to these Prx
disulfides, Prx thiols might also be compromised by adducts on the thiols, or by their
overoxidation to sulfinic (Prx—=SO,) or sulfonic acid (Prx—SO3) forms. Both of these
possibilities would prevent disulfide linkages between the two subunits.

Prx1 (cytosolic) and Prx3 (mitochondrial) are overwhelmingly oxidized to the disulfide
forms by Cr(VI) treatments that oxidize the vast majority of the respective Trx’s [78]. This
is true for both short-term treatments and overnight treatments with low micromolar Cr(V1).
Prx1 and Prx3 abruptly shift to the oxidized state once all, or nearly all, of their respective
Trx (Trx1 or Trx2) is oxidized [78]. This implies that Prx1 and Prx3 oxidation is largely
influenced by a lack of reducing equivalents from the respective thioredoxin. Prx3 is more
susceptible to oxidation than Prx1, reflecting the enhanced susceptibility of Trx2 vs Trx1.
Because they are Trx-dependent, the Prx’s are indirectly dependent on TrxR, and Prx
oxidation occurs with Cr(V1) treatments that cause extensive inhibition of TrxR [78] (Fig.
1). These Prx results suggest that other TrxR/Trx-dependent proteins could be compromised
in Cr(V1)-treated cells. Because GSH levels are maintained in these Cr(\VI)-treated cells
(above), it is possible that GSH might compensate for some of the functions associated with
TrxR/Trx. For example, a recent report shows that GSH and TrxR1 represent
complementary systems to support ribonucleotide reductase, and thus replication, in mouse
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hepatocytes [159]. GSH cannot, however, compensate for all functions of TrxR/Trx. In
Cr(VI)-treated cells, GSH cannot keep the Prx’s in the reduced state (above) or prevent
apoptosis signal regulating kinase (ASK1) activation (below). In studies with several other
metals, GSH cannot protect cells from Trx oxidation, i.e., metals that oxidize Trx but not
GSH promote cell death, whereas those that oxidize GSH but not Trx do not induce death
[153].

The oxidized Prx dimers in Cr(V1)-treated cells are reversible in vitro by incubating the cell
lysates with disulfide reductants [78]. This implies that Prx oxidation represents the
formation of disulfide links between the two subunits. It is unlikely that Cr(V1) treatment
results in significant levels of Cr-thiol adducts on the Prx’s, or the overoxidation of Prx
thiols to the sulfinic or sulfonic forms, as these would prevent dimer formation.

The peroxiredoxins are important for cell survival [160-162], so Cr(VI)-induced Prx
oxidation may promote apoptosis or render cells more sensitive to apoptotic insults. For
most Cr(VI) treatments, Prx3 oxidation is correlated with decreased survival [78].

Prx’s have important roles as peroxidases and are therefore important mediators of peroxide-
dependent signaling [99,157, 162,163]. Mitochondria lack catalase, and they contain 30
times more Prx3 than glutathione peroxidase [160]. Prx3 may therefore be a critical
regulator of mitochondrial H,O, signaling [160]. Cr(VI) treatments that markedly oxidize
Prx3 could therefore have important effects on this signaling. The resulting increases in
mitochondrial peroxide levels could also further enhance oxidant damage (e.g., through
Cr(V)- or Cr(IV)-mediated Fenton-like reactions). Cr(VI) has also recently been shown to
inhibit mitochondrial aconitase [48]. The resulting release of iron and H,O, from its 4Fe—4S
center [164,165] can directly promote HO" generation [164], and the released iron could
further stimulate the reductive activation of Cr(VI) [166].

Cultured cells can have ascorbate levels well below those observed in vivo [167]. Because
ascorbate is an antioxidant and an intracellular Cr(V1) reductant, one might argue that the
Cr(VI)-mediated effects on TrxR, Trx, and Prx are influenced by low ascorbate levels.
However, increasing the intracellular levels of ascorbate by preloading cells with
dehydroascorbate does not protect TrxR, Trx, or Prx from the effects of Cr(VI) [79]. The
effects on these systems is not therefore due to diminished ascorbate levels in cultured cells.

Relationship of the effects on the TrxR/Trx/Prx system to other events

The mitochondrial oxidative stress that is reflected in the oxidation of Trx2 and Prx3 may
have consequences for other core mitochondrial functions as well. For example, Cr(V1)
treatments that cause Trx2 oxidation in BEAS-2B cells also cause pronounced and
irreversible inhibition of aconitase [48]. Mitochondrial electron transport complexes I and |1
are inhibited, resulting in the appearance of EPR signals that are consistent with the
disruption of electron flow through these complexes [48]. Similarly, electron transport and
aconitase are inhibited in the kidneys of Cr(\V1)-treated rats [91], but the effects on TrxR or
Trx/Prx were not examined. The activities of complex I, complex I, and aconitase are
known to be susceptible to a number of oxidants including reactive oxygen and nitrogen
species [168-172], so it is possible that the disruption of mitochondrial Trx2/Prx3 by Cr(V1)
facilitates damage to other mitochondrial proteins. The effects on aconitase and electron
transport occur early (within 1-3 h) after Cr(\V1) exposure and well before cell death. They
are dose- and time-dependent and persist after Cr(V1) removal, highlighting their potential
use as markers for intermittent Cr(\1) exposure [48]. The disruption of these core
mitochondrial functions not only serves as an additional indicator of mitochondrial redox
stress, but could contribute to Cr(\V1) toxicity. As previously noted, MnTBAP does not
protect Trx2, Prx3, or the electron transport complexes from Cr(V1) [79]. Interestingly,
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human lung cancer H460 cells that lack mitochondrial DNA (pg cells) produce less ROS in
response to Cr(V1), indicating the importance of mitochondria in Cr(\V1)-induced ROS
generation [86]. Cr(V1) induces mitochondrial ROS in prostate cancer cells [68].

The extensive TrxR inhibition and Trx/Prx oxidation precede other signs of cell stress in
Cr(V1)-treated cells, including loss of mitochondrial membrane potential (C.R. Myers,
unpublished). However, continued incubation in Cr(V1)-free medium after the initial Cr(V1)
insult will result in cell death and detachment a day or two later [78]. Although the potential
for Cr(VI)-induced Trx2/Prx3 oxidation to promote specific apoptotic events remains to be
determined, Trx2 has roles in mitochondrial outer membrane permeabilization and
cytochrome c release [173].

Extended exposure to Cr(VI) can lead to several types of DNA damage over time
[56,57,72,102], and mitochondrial DNA can be particularly sensitive to damage from
oxidant stress [141,174,175]. However, 3-h Cr(V1) treatments that elicit strong effects on
TrxR, Trx2, aconitase, and electron transport do not cause detectable damage to
mitochondrial or nuclear DNA [79]. This implies that the effects on the TrxR/Trx/Prx
system, aconitase, and mitochondrial electron transport occur before extensive DNA
damage.

Potential downstream effects of the Cr(VI)-mediated disruption of the TrxR/
Trx system

The inhibition of TrxR and the oxidation of Trx by r(VI) treatment could have additional
downstream effects [176], including: (a) promotion of apoptosis through activation of ASK1
and (b) effects on multiple redox-sensitive transcription factors including AP-1, NF-xB,
p53, and Nrf2 [98,117,123,131].

ASK1 and MAP kinases

In unstressed cells, reduced Trx1 and Trx2 negatively regulate ASK1 by binding to an N-
terminal domain, whereas Trx1 and Trx2 oxidation results in their dissociation from ASK1,
facilitating ASK1 activation and promoting apoptosis [117,177-181]. Cr(VI) treatment
causes the dissociation of Trx1 from ASK1 in cells [78] (Fig. 1), and this dissociation is
consistent with ASK1 activation.

Activated ASK1 can phosphorylate MKK3/MKKS6, which in turn activate p38 MAP kinase.
Similarly, ASK1 phosphorylates MKK4/MKK?7, which then activate JNK [180]. The
activation of either cytosolic or mitochondrial ASK1 has been linked to MAP kinase
activation [182]. The activation of p38 and JNK can contribute to the proapoptotic effects of
ASK1 and to other ASK1-mediated stress responses (Fig. 1) [180,183-187]. Cr(VI)
activates p38 and JNK in mouse macrophages [188], human keratinocytes [67], and various
lung cells [189-193]. JNK and p38 activation are not necessarily coincident (e.g., subtoxic
concentrations of Cr(VI) activate INK, but not p38, in human lung cancer A549 cells [192]).
However, A549 cells are not necessarily a good model for normal human bronchial
epithelium, as they are highly oxidant-resistant [194], and p38 is typically markedly
downregulated in cancer [195].

Although the initiating events have not been fully explored, the ability of Cr(V1) to cause the
dissociation of ASK1 from Trx could account for the p38/JNK activation. There are,
however, other possible contributors that need to be explored [e.g., the disruption of active
Cys residues in protein tyrosine phosphatases that dephosphorylate (inactivate) MAP
kinases can facilitate or prolong MAP kinase activation [196]]. TrxR has been shown to
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support protein tyrosine phosphatase activity [116], so the Cr(V1)-mediated inhibition of
TrxR could facilitate p38/IJNK activation through the inhibition of these phosphatases.

Although the outcome is dependent on the balance and magnitude of MAP kinase activation
and on the stimulus and cell type [183,197,198], p38 and JNK activation are typically
proapoptotic [199-203]. Whereas there are multiple p38 isoforms, p38a is ubiquitously
expressed and has been studied the most. Mannitol, which chelates Cr(V) and scavenges
HO", reduces the Cr(VI)-induced activation of p38 and enhances the survival of CL3 cancer
cells to Cr(VI) [193]. However, a chemical inhibitor of p38a did not affect Cr(V1)
cytotoxicity, suggesting that p38a activation was not required for cell death [193]. Because
active p38a suppresses tumor growth [195,203,204], p38 activity is markedly
downregulated in many cancers [195]. Therefore, the lack of effect of p38a inhibition on
Cr(V1) survival in CL3 cancer cells is perhaps not surprising. Although there are a number
of ways in which p38 may promote apoptosis, one is through its ability to activate
(phosphorylate) p53 (Fig. 1) [195] (see more below). Alternatively, p38 may promote
Cr(V1) carcinogenesis through its ability to upregulate the transcription factor subunit
HIF-1a, which then upregulates vascular endothelial growth factor (VEGF) (Fig. 1) [68].
These events are p38- and peroxide-dependent [68]. Although the mechanism by which p38
upregulates HIF-1a levels is not clear, one possibility is that HIF-1a is stabilized by p38-
mediated phosphorylation [205].

The activation of p38a can promote cell cycle arrest at G1/S and G2/M through its ability to
phosphorylate cyclin D1 and Cdc25 (Fig. 1), respectively, which promotes their degradation
[195]. In HeLa cells, Cr(VI) treatment for 4 h induces cell cycle arrest at both the G2/M and
the G1/S interfaces, and a chemical inhibitor of p38a decreases this cell cycle arrest [206].
In A549 cells, Cr(V1) induces cell cycle arrest, which is prevented by catalase but not by
SOD or a HO® scavenger [94]. Together, these data indicate that peroxide-mediated events
are important for inducing Cr(V1)-mediated cell cycle arrest for which p38 has a role.

In addition to the events just described, p38a activation may contribute to other respiratory
diseases that are associated with Cr(V1), including pulmonary fibrosis, chronic bronchitis,
and occupational asthma [1-7,207]. Inflammation and airway cell death are important
contributors to these diseases. The activation of p38a, in particular, induces several
inflammatory mediators that have important roles in asthma, pulmonary fibrosis, and other
inflammatory respiratory diseases (Fig. 1) [195,208,209]. The activation of p38 can also
promote fibroblast proliferation that is associated with pulmonary fibrosis [210].

The transcription factor AP-1 is localized in the nucleus [211]. When activated, AP-1 (c-Jun
dimers or c-Jun—c-Fos heterodimers) binds to tetradecanoyl phorbol acetate response
elements in DNA, and the resulting transcriptional events tend to promote cell proliferation
and suppress apoptosis (Fig. 2A), although in some cases AP-1 activation can promote
apoptosis [211-213]. AP-1 activation is often mediated by p38 and/or JNK [213,214]. For
example, the INK-mediated phosphorylation of c-Jun increases AP-1 activity and promotes
its binding to DNA [96,211]. Cr(V1) activates AP-1 in mouse cells in a dose- and time-
dependent manner [145,188]. This activation is blunted by catalase, HO® scavengers, and
deferoxamine [145], which suggests that Cr(\V)-mediated generation of HO® may be
involved in the activation. The initiating events may well be upstream to facilitate the
activation of p38, for example. Chemical inhibition of p38 blocks Cr(VI)-induced AP-1
activation, whereas ERK inhibition does not [188]. A scavenger of HO® also blocks AP-1
activation [188], suggesting that oxidant-mediated activation of p38 may have a prominent
role in Cr(VI1)-induced AP-1 activation.
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The Trx redox state can affect AP-1 activity. Both c-Jun and c-Fos have a conserved Cys
motif (KCR) in their DNA-binding domains, and the oxidation or elimination of this Cys
prevents DNA binding [211,215]. Trx1, together with redox factor-1 (Ref-1), can reduce the
critical Cys residues in AP-1[211,216], which would promote the binding of AP-1 to DNA
(Fig. 2B). Trx1 is present in both the cytosol and the nucleus, but the redox state of Trx1 can
be different in these compartments [96,97,135]. Because AP-1 is primarily in the nucleus,
nuclear Trx1 can control the redox state of AP-1. The oxidation of nuclear Trx1 can inhibit
the binding of AP-1 to DNA [96], and this would be predicted to decrease proliferation and
enhance cell death. Although Cr(V1) activates AP-1 in a dose-dependent manner, this
activation falls off with high doses [188]. One possibility is that lower doses activate AP-1
as described above, whereas high doses may oxidize nuclear Trx1 and therefore inhibit
DNA binding (Fig. 2C). A simultaneous examination of the Trx2 redox state, ASK1
activation, p38 activation, nuclear Trx1 redox state, and AP-1 activity is needed to better
define these relationships in response to Cr(V1).

NF-xB can be activated by oxidative cellular insults. Cr(V1) treatment can either enhance
[67,69,144,188,217-220] or hinder [145,221,222] the DNA binding or activity of NF-xB.
Cr(VI)-induced NF-xB activation can be inhibited by catalase, by scavengers of HO®, by
metal chelation, or by Mn2*, which depletes Cr(IV) [69,144,145,188,218]. Thus, the
generation of HO® from reactive Cr intermediates and peroxides seems to be a significant
facilitator of NF-xB activation. For other insults, peroxides are important for NF-xB
activation [223].

NF-kB activation first requires its translocation to the nucleus. The cytosolic NF-xB dimer
(p50/p65) is bound to 1B, keeping it inactive [211]. Oxidant stress and other insults can
promote IxB phosphorylation, followed by the release of NF-kB and its nuclear
translocation (Fig. 3A) [211]. Consistent with this, Cr(VI) treatment promotes the
phosphorylation of IkBa [67], and a dominant-negative IxB kinase inhibits NF-xB
activation [188].

It is interesting that mitochondrial-targeted redox stress can result in the nuclear
translocation of NF-xB [224]. For example, in HeLa cells, TNFa rapidly causes the
oxidation of Trx2, but not Trx1, and NF-«B translocation occurs with these treatments
[224]. Overexpression of Trx2 blocks this translocation, whereas the dominant-negative
C93S mutant of Trx2 does not [224]. It is therefore possible that the Cr(V1)-mediated
mitochondrial redox stress, as reflected in the enhanced oxidation of Trx2/Prx3 vs Trx1/
Prx1, promotes the nuclear translocation of NF-xB (Fig. 3A). Given that there is some
oxidation of Trx1 by Cr(V1), it is possible that cytosolic redox stress could similarly
promote NF-«B translocation.

Once in the nucleus, the DNA binding and activity of NF-«xB is stimulated by reduced Trx1
in conjunction with Ref-1 (Fig. 3B) [96,211,225-227]. This interaction involves the
reduction of the C62 residue on the p50 subunit of NF-xB [96,226,228]. Although Trx1 is
present in both the cytosol and the nucleus, the nuclear compartment has been found to be
more reducing than the cytoplasm [96,97,135]. Although it remains to be determined if
Cr(V1) has differential effects on nuclear vs cytosolic Trx1, it is interesting that lower doses
of Cr(VI) enhance NF-xB activity, whereas higher doses do not [144,188,219]. Such
findings would be consistent with lower Cr(V1) doses causing mitochondrial and/or
cytosolic redox stress to induce NF-«xB translocation, whereas higher doses could oxidize
nuclear Trx1, blocking the ability of NF-xB to bind to DNA (Fig. 3C). A simultaneous
examination of the redox states of Trx2 and Trx1 (nuclear vs cytosolic) and the translocation
and DNA binding of NF-xB is needed to better define these relationships. The inhibition of
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TrxR has also been shown to inhibit the binding of NF-xB to DNA [229]. Because Cr(V1)
inhibits TrxR and this inhibition has a marked effect on Trx oxidation [78], the activity of
nuclear TrxR could be an important regulator of nuclear NF-xB activity.

NF-kB activity is probably an important contributor to Cr(V1) carcinogenesis. NF-xB
activation often promotes survival and suppresses apoptosis, whereas blocking NF-xB
activity is predicted to decrease cell proliferation and enhance cell death [211,223]. The
activation of NF-xB is important for decreasing Cr(VI)-induced death in human bronchial
epithelial cells [219,220]. NF-xB activation enhances expression of the antiapoptotic
proteins clAP1 and clAP2 [220] and suppresses p53 activity [219]. There is also a potential
link between p38 activation (above) and the induction of some genes under the control of
NF-xB. For example, p38 activation, through its downstream kinases MSK1 and MSK2,
regulates histone 3 phosphorylation at the NF-«xB binding sites of the promoters of some
inflammatory genes [208]. Although this still requires active NF-xB, it could provide an
additional level of redox control of gene expression.

Under nonstressed conditions, the redox-sensitive transcription factor p53 is repressed
through its binding to mdm2, which targets p53 for degradation (Fig. 4A) [230,231]. Several
cell stressors, including many that cause oxidant stress, can activate p53 [230], which
promotes the expression of many proteins that promote cell death [232]. There are multiple
Cys residues on p53 that influence DNA binding [230], so nuclear thiol redox status can
control the ability of p53 to bind to DNA (Fig. 4B and 4C). Trx (in combination with Ref-1)
and TrxR have been implicated in keeping p53 in the reduced active state, which promotes
DNA binding (Fig. 4B) [230]. A dominant-negative Trx1 blunts the DNA binding and
function of p53 [230,233]. Although oxidant stress can induce the translocation of additional
Trx1 to the nucleus [233], oxidation of nuclear Trx1 would favor the oxidized state of p53,
which does not bind DNA well (Fig. 4C) [230]. Tyrosine nitration and S-glutathionylation of
p53 can also hinder DNA binding [230].

A number of studies have noted that Cr(VI) treatment results in the upregulation and/or
activation of p53 [85,87,234-236]. Results are consistent with HO*, H,O,, and/or reactive
Cr species as important drivers of this activation [85,87,88,235]. In A549 cells, Cr(VI)
causes the dissociation of p53 from mdmz2, which leads to elevated p53 levels and p53
activation [237]. Cr(VI) can induce apoptosis in both p53-positive and -negative lung cancer
cells, although p53-dependent mechanisms can be more predominant with prolonged
incubations of A549 cells [87]. The p53-regulated proteins PUMA and NOXA are induced
in a time-dependent manner by Cr(V1) in p53-positive cells [234], and PUMA can have a
strong role in Cr(V1)-induced apoptosis [234]. Cr(V1) also induces the migration of Bax to
the mitochondria, which has been associated with p53 activation [234]. In mouse skin cells,
SiRNA suppression of p53 decreases p53 activation and increases survival to Cr(V1) [88]. In
human fibroblasts, Cr(\V1) increases p53 levels, induces p53 migration to the nucleus, and
induces apoptosis that is largely p53-dependent [236].

There are p53-independent mechanisms of Cr(VI)-induced apoptosis as well. Cr(VI) induces
pronounced apoptosis in normal human bronchial BEAS-2B cells [238] even though the p53
in these cells is kept inactive by the SV40 large T antigen. p53 does not seem to be involved
in Cr(V1) toxicity in anterior pituitary cells [103]. Studies with human lung fibroblasts
indicate that there are both p53-dependent and p53-independent pathways promoting cell
death and cell cycle arrest [239].

The stability and transcriptional activity of p53 is dependent on its phosphorylation. Both
p38 and JNK can phosphorylate and stabilize p53, enhancing p53-dependent apoptosis or
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growth arrest (Fig. 4A) [195,232,240]. For example, chemical inhibition or knockdown of
p38a can attenuate p53 phosphorylation and p53-mediated apoptosis, including that caused
by insults that oxidize Trx [195,241]. Thus, it is plausible that the activation of p38a and/or
JNK by mechanisms discussed above could contribute to p53 activation in Cr(V1)-treated
cells.

There are non-MAP kinase mechanisms that may also activate p53, one of which is the
ATM kinase (Fig. 4A). ATM is typically activated by an autophosphorylation mechanism in
response to double-strand DNA breaks [242]; however, Cr(VI) activates ATM even in the
absence of double-strand breaks [243]. ATM activation promotes p53 activation, and ATM-
null cells are more resistant to Cr(V1)-induced apoptosis [243]. ATM-null cells do not have
better clonogenic survival of Cr(V1), however, which may reflect their inability to recover
from Cr(V1)-induced growth arrest [243]. Whereas DNA breaks could not account for
Cr(VI)-induced ATM activation, ATM oxidation is an alternative activator. Oxidants such
as H,0, can directly activate ATM by generating an ATM dimer that is linked by disulfides
[242]. ATM phosphorylation is not required for this oxidative activation. ATM is primarily
nuclear and its oxidative activation there could account for p53 activation [242]. Although
we are unaware of studies that have examined nuclear Trx1 and ATM, it is possible that
oxidation of nuclear Trx1 could promote ATM oxidation. Some cells also have considerable
cytosolic levels of ATM [242]. Cr(V1) treatments that oxidize nuclear Trx1 would also be
expected to interfere with the binding of p53 to DNA (Fig. 4C). As discussed above for NF-
kB, the redox state of nuclear Trx1 could be a critical determinant of p53 binding that
warrants further exploration in Cr(VI)-treated cells.

Whereas the mechanism by which Cr(V1) inhibits TrxR remains to be determined, one must
consider that its irreversible inhibition could have additional consequences for p53 activity
in the longer term. The inhibition of TrxR by electrophiles or auranofin disrupts p53
conformation and activation [230,244]. Electrophilic adducts on the Sec of TrxR1, or
absence of the Sec, cause misfolding of newly synthesized p53 (Fig. 4C), whereas siRNA-
mediated suppression of TrxR1 does not have this effect [123]. Overall, Cr(VI) can initially
activate p53, but nuclear Trx1 oxidation or disruption of the Sec of TrxR could serve to
blunt p53-promoted effects over time.

Nrf2 is a transcription factor whose activation upregulates a number of genes under the
control of antioxidant-response elements (ARESs), including glutathione S-transferases,
NAD(P)H quinone oxidoreductase (Ngol), y-glutamylcysteine synthetase, heme
oxygenase-1 (HO-1), UDP-glucuronyltransferases, GPx, and others [245,246]. Under
nonstressed conditions, Keapl binds Nrf2 in the cytosol, which facilitates Nrf2 degradation
by proteasomal mechanisms (Fig. 5) [245,247]. Oxidative or electrophilic modification of
Cys residues on Keapl promotes the release of Nrf2, which allows for its translocation to
the nucleus where it can activate ARE-controlled genes [245,248]. The Cys151 residue of
Keapl is especially important for activation by electrophiles, ROS, or RNS [245,248].

In mouse fibroblasts, Cr(V1) induces translocation of Nrf2 to the nucleus and the expression
of Nrf2-inducible genes (e.g., Ngol and HO-1 [249]). The induction of Ngol was totally
Nrf2-dependent, whereas HO-1 induction was partially Nrf2-dependent [249]. Nrf2
activation can protect against Cr(VI)-induced apoptosis (i.e., Nrf2-minus mouse fibroblasts
are more sensitive to Cr(VI)-induced apoptosis [249]). Although Cr(V1)-induced nuclear
translocation of Nrf2 implies Keapl oxidation, this was not specifically examined [249].
Whereas the Cr(VI)-induced oxidants that might mediate Keapl oxidation need to be
determined, it is possible that TrxR inhibition and/or Trx2 oxidation could contribute to
Nrf2 activation either directly or indirectly. For example, the sSiRNA-mediated knockdown
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of TrxR can increase H,O,-mediated oxidation of Keapl and stabilization of Nrf2 [248].
When TrxR1 is knocked out in mouse hepatocytes, Nrf2 translocates to the nucleus and a
number of ARE-regulated genes are induced [250]. Trx2 oxidation has also been linked to
Nrf2 activation. Two different oxidant insults that oxidize Trx2, but not Trx1 or GSH, in
mouse fibroblasts or HeLa cells result in Nrf2 activation [251,252]. Importantly, this Nrf2
activation could be blocked by overexpression of Trx2, but not by overexpression of a
dominant-negative C93S mutant of Trx2 [251,252]. Furthermore, siRNA knockdown of
Trx2 can cause Nrf2 activation even in the absence of an oxidant insult [252]. It remains to
be determined how Trx2 oxidation may signal to induce changes in the redox status of
Keapl. With cytosolic oxidants, GSH seems to be more important than Trx1 as a regulator
of Nrf2 activation [253].

Although Keapl oxidation is probably an important step, additional mechanisms that can be
linked to Trx oxidation might contribute to Nrf2 activation in Cr(VI)-treated cells. The
activation of ASK1 and other kinases such as p38 could have a contributing role. A number
of kinases can phosphorylate Nrf2, and phosphorylation at S40 has been implicated in
decreasing the binding of Nrf2 to Keapl (Fig. 5) [245,247]. However, the contribution of
p38 or other kinases to Nrf2 phosphorylation in cells and the implications for Nrf2 stability
and translocation need further study.

The induction of Nrf2-regulated genes (e.g., Ngol, glutathione S-transferase, and GPx) in
the lungs of rats treated with intratracheal chromate [254] implies that Cr(V1) can activate
Nrf2 in vivo. Similarly, curcumin activates Nrf2 in rat kidneys, and this protects renal
mitochondrial function from Cr(VI) [91]. The upregulation of several antioxidant enzymes
by curcumin (e.g., SOD, catalase, GPx, GR) [91] may contribute to this protection. The
upregulation of peroxidases may be especially important given the number of studies that
have implicated peroxides in Cr(V1) toxicity (above). Whereas curcumin does not chelate
Cr(V1) [91], it remains to be determined if it has the ability to quench reactive Cr
intermediates.

The activation of Nrf2 by Cr(V1) or other agents would be predicted to oppose the
proapoptotic effects of Trx oxidation and the resulting activation of ASK1 and MAP kinases
(above). Such opposing effects have been demonstrated for paraquat toxicity in
neuroblastoma cells [255]. In addition, Nrf2 activation can upregulate the expression of
Trx1, Trx2, Prx3, and TrxR1, but not that of TrxR2 [116,255]; such upregulation could
provide additional mechanisms to counter the proapoptotic and pro-oxidant effects of
Cr(VI1). However, for treatments that severely compromise TrxR2, the upregulation of Trx2
and Prx3 may be of limited use given their dependence on TrxR2. Nrf2 activation may be
able to overcome modest degrees of TrxR inhibition but not pronounced TrxR inhibition
[256]. TrxR is required to generate selenide, which is required for selenoprotein synthesis,
including TrxR [116]. So even though Nrf2 may increase TrxR1 gene expression in Cr(VI)-
treated cells, the inhibition of existing TrxR may prevent the cells from efficiently
supporting the synthesis of full-length TrxR1. This could lead to an accumulation of Sec-
minus enzyme, which may enhance cell death through the previously described SecTRAP
effects (Fig. 5) [116].

Cr(VI)-mediated Nrf2 induction may depend on the cell type, species, and other specific
conditions. For example, treatment of normal human fibroblasts with 5-100 uM Cr(VI) for 2
h causes a dose-dependent increase in the expression of HO-1, whereas other Nrf2-inducible
genes (e.g., GSH reductase, GPx) are not upregulated [104]. Similarly, Cr(V1) induces HO-1
and glutathione S-transferase in human dermal fibroblasts [109]. Although this may reflect
Nrf2 activation, the HO-1 induction was significantly diminished by MAP kinase inhibitors
[109]. Cr(VI) may be less able to induce Nrf2 in lung cells relative to other cells, however.
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For example, Cr(V1)-treated A549 cells do not upregulate any of these Nrf2-inducible genes,
including HO-1 [104]. This may, however, reflect the relative insensitivity of A549 cells to
other oxidants [194], their markedly elevated levels of antioxidants such as GSH and TrxR
[104,257], and/or their endogenously high levels of Nrf2 [258]. In another study, Cr(V1)
upregulated the expression of CuZnSOD and GPx in A549 cells [259], which suggests the
potential for Nrf2-mediated induction. In normal human bronchial BEAS-2B cells, 5 uM
Cr(\V1) for 10 h (subtoxic) does not enhance HO-1 expression [260], although based on our
treatments of these cells, this may not have been long enough to cause significant thiol
oxidation [78,80]. Pretreatment with this subtoxic level of Cr(V1) does, however, decrease
the arsenic(l11)-mediated induction of HO-1 expression as well as the arsenic-induced
translocation of Nrf2 to the nucleus [260]. The underlying mechanisms for these effects are
not totally clear, but subtoxic intranasal doses of Cr(V1) decrease HO-1 expression in the
mouse lung after a 21-day Cr-free recovery period [260]. If these studies with mice and
human cells reflect an ability of inhaled Cr(\V1) to suppress Nrf2 activation in human lung,
then Cr(VI)-induced lung damage could well be exacerbated by the decreased ability to
induce several Nrf2-regulated cytoprotective genes. In contrast to the findings with mice or
human cells, intratracheal delivery of Cr(VI) does induce a number of Nrf2-dependent genes
(e.g., Ngol, GPx, and glutathione S-transferase) in rat lung [254]. It is unknown if the rat
findings reflect species differences, the different indicators of Nrf2 induction, or more
efficient delivery of Cr(VI) to the lungs in the rat study. Pulmonary Nrf2 is inducible in mice
or human cells treated with other pro-oxidants and this induction is protective [261-263].
The human and murine results with Cr(V1) do not, therefore, reflect an overall lack of
pulmonary Nrf2 response in these species.

The DNA binding of Nrf2 is dependent on its C508 being in the reduced state, and Trx1, but
not GSH, seems to be important in keeping nuclear Nrf2 in the active state [97]. While not
yet explored with Cr(V1), higher doses could hinder Nrf2 activity if they oxidize nuclear
Trx1.

Overall, the relationship between Cr(V1) and Nrf2 induction is complex, and there is little
information on its relationship to Cr(VI)-mediated disruption of thiol redox control.
Additional studies are needed to better understand the potential induction and role of Nrf2 in
Cr(VD)-induced cell death vs survival.

Concluding remarks

Overall, the oxidant stress generated by Cr(VI) treatment is initially quite limited to a small
number of proteins, with the TrxR/Trx/Prx system being among the first affected. Given the
importance of these proteins in antioxidant defense and in controlling protein thiol redox
states, their disruption by Cr(VI1) is likely to have widespread implications for cell survival
and several aspects of redox signaling. As described herein, the effects on the TrxR/Trx/Prx
system are relatively recent findings, and they could represent key early events that
contribute to a number of downstream redox signaling events that had been previously
associated with Cr(VI), including MAP kinase activation and control of a number of redox-
sensitive transcription factors. The effects of Cr(VI1) on Trx oxidation have functional
consequences in cells, as reflected by ASK1 activation and the loss of ability to support Prx
function. This implies that a number of other Trx-dependent functions are probably affected
as well. Because the TrxR/Trx system controls many redox-sensitive proteins in cells, the
downstream effects could extend beyond the examples discussed herein. The irreversible
inhibition of TrxR seems to be a key event that facilitates Trx oxidation and implies that this
inhibition could extend beyond the Cr(V1) exposure itself, which can be transient or
intermittent.
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Although the oxidants that initiate these redox changes in cells are not yet fully defined, a
number of studies have indicated that reactive Cr intermediates, peroxide, and HO"® are
important contributors. Although the reaction of Cr(\V/IV) with H,0, can generate HO",
direct roles for peroxide and/or reactive Cr species must be considered as well. Peroxides
can preferentially oxidize certain protein thiols [99], and this can initiate specific signaling
events. In contrast, HO® should be very nonselective in its reactivity and is not a specific
signaling molecule as such. It is therefore unlikely to explain the particular sensitivity of the
TrxR/ Trx system to Cr(VI) relative to other protein thiols. However, given that HO*
scavengers can blunt many of the pro-oxidant and cytotoxic effects of Cr(V1), it seems that
HO" has a significant role in the overall cellular effects. Given the complexity of the
multiple redox states of Cr, the ability of specific Cr species to cause differential effects on
protein thiols or Sec remains to be determined, but offers some intriguing possibilities for
redox signaling and thiol/selenol disruption.

As described herein, many of the redox-mediated effects initiated by Cr(VI) can have
important consequences for cell survival vs cell death and for the induction of inflammatory
mediators. Some of the downstream events may have synergistic effects, whereas some
events would act in opposition to others. The overall outcomes probably depend on the
Cr(V1) dose, duration, and chemical form of Cr(V1), as well as on the cell or tissue type
examined. Studies with normal cells/tissues will better define redox and signaling events
that will dictate cell death, survival, and proinflammatory events. Because cancer cells often
have altered signaling, enhanced antioxidant defense, and some ability to avoid apoptosis,
they are more suitable for studying how repeated Cr(VI) exposures may enhance the
proliferation of preexisting cancerous cells or precancerous lesions. Although the diversity
of cells and tissues that have been studied to date has helped define the potential variability
in redox signaling and its implications, more thorough studies that follow a number of
redox-mediated events in a given system are needed to better understand the processes from
beginning to end.

Overall, the effects of Cr(\VI) on the TrxR/Trx/Prx system and the various downstream
signaling events in the respiratory tract could contribute to a number of conditions
associated with Cr(VI) inhalation, including acute and chronic respiratory damage, asthma,
fibrosis, and the initiation and progression of cancer. Because these proteins contribute to
thiol redox control and oxidant defense in all cells, these effects could have relevance for
Cr(V1) toxicity at other sites such as the skin.

Acknowledgments

The author’s research in this area is supported by Grant R56ES012707 from the National Institute of Environmental
Health Sciences (NIEHS), National Institutes of Health (NIH), and by the Department of Pharmacology and
Toxicology at the Medical College of Wisconsin. Its contents are solely the responsibility of the author and do not
necessarily represent the official views of the NIEHS, NIH. | am grateful to Dr. William Antholine of the Medical
College of Wisconsin for his continued collaboration and EPR expertise over many years and to Professor Elias
Arnér of the Karolinska Institute for his generous collaboration and expertise on TrxR. | am grateful to Dr.
Antholine and Professor Arnér for their helpful suggestions on this article.

Abbreviations

ARE antioxidant response element
ASK1 apoptosis signaling kinase-1
Cr(Vvl) hexavalent chromium

CuznSsOD copper-zinc superoxide dismutase
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DFX deferoxamine
EPR electron paramagnetic resonance
GPx glutathione peroxidase
GR glutathione reductase
GSH reduced glutathione
GSSG glutathione disulfide
HOe hydroxyl radical
HO-1 heme oxygenase-1
JNK c-Jun N-terminal kinase
MAP mitogen-activated protein
MnTBAP Mn(l11)tetrakis(4-benzoic acid)porphyrin chloride
05~ superoxide
p38 p38 MAP kinase
Prx peroxiredoxin
Ref-1 redox factor 1
RNS reactive nitrogen species
ROS reactive oxygen species
Sec selenocysteine
SOD superoxide dismutase
Trx thioredoxin
TrxR thioredoxin reductase
Txnip thioredoxin-interacting protein
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Trx dissociates from ASK1 and this can promote many downstream effects through
activation of the MAP kinases p38 and JNK. Some of these downstream events have been
documented for Cr(V1) treatment for which p38 has a role as described in the text. Other
downstream events are well known to be associated with p38/JNK activation in other
systems (e.g., induced inflammatory mediators) and could well have roles in Cr(\VI)-
associated pulmonary diseases. There are other possible mechanisms by which MAP kinases
may be activated (not shown). Overall, MAP kinase activation can promote apoptosis and
cell cycle arrest, but may also enhance cell survival and tumorigenesis. Although the
mechanism(s) by which TrxR is inactivated remains to be determined, this inactivation
could directly promote cell death by the SecTRAP effect if the Sec of TrxR is compromised.
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Fig. 2.

Potential implications of disruption of the TrxR/Trx system on the transcription factor AP-1.
(A) The Cr(VI)-mediated activation of p38 and/or JNK as depicted in Fig. 1 can
phosphorylate c-Jun, which will result in active AP-1. p38 has a prominent role in AP-1
activation after Cr(\VI) exposure [188]. (B) As long as nuclear Trx1 is not oxidized, reduced
AP-1 can bind DNA. This will enhance the expression of genes that promote cell
proliferation and survival. (C) If nuclear Trx1 becomes oxidized, however, AP-1 could
become oxidized and lose its DNA-binding ability.
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Potential implications of disruption of the TrxR/Trx system on the transcription factor NF-
kB. (A) Both Cr(VI) treatment and Trx oxidation are known to cause NF-xB translocation to
the nucleus and the expression of NF-kB-dependent genes. NF-«xB activation most often
promotes proliferation and cell survival. (B) As long as nuclear Trx1 is not oxidized, NF-xB
should be in the reduced state, which is needed for DNA binding. (C) If nuclear Trx1
becomes oxidized, however, NF-xB could become oxidized and lose its DNA-binding
ability. This might explain why lower doses of Cr(VI) promote NF-«B activation, whereas
NF-xB activity is lost with higher Cr(\V1) doses.
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Potential implications of disruption of the TrxR/Trx system on the transcription factor p53.
(A) Cr(VI) treatment causes p53 to dissociate from mdm2, which leads to elevated p53
levels and p53 activation. The phosphorylation of p53 by p38/IJNK or by oxidant-activated
ATM are two mechanisms by which p53 could be phosphorylated. The oxidants responsible
for ATM activation in Cr(V1)-treated cells remain to be determined. Although the
mechanisms that may potentially reverse ATM oxidation are not clear, it is possible that
Trx1 may have some ability to reduce ATM disulfides. (B) As long as nuclear Trx1 is not
oxidized, p53 should be in the reduced state, which is needed for DNA binding. (C) If
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nuclear Trx1 becomes oxidized, however, p53 could become oxidized and lose its DNA-
binding ability. The inactivation of TrxR has the potential to cause p53 misfolding.
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Potential implications of Trx oxidation system on the transcription factor Nrf2. Cr(V1)
treatment can cause the stabilization and nuclear translocation of Nrf2. Although Keapl
oxidation is the classical mechanism by which Nrf2 is stabilized, it is unknown if Cr(V1)
induces Keapl oxidation. TrxR knockdown and Trx2 oxidation are associated with Nrf2
activation, so it is reasonable that the TrxR inhibition and Trx2 oxidation caused by Cr(V1)
could facilitate Nrf2 activation. The phosphorylation of Nrf2 is an alternative mechanism
that may promote its dissociation from Keapl, although this possibility has not been
explored with Cr(V1) treatment. Nrf2 activation promotes survival through the induction of
an array of ARE-regulated genes. Among these genes are TrxR1, whose overexpression can
lead to Sec-minus protein, which could promote cell death through the SecTRAP effect. It is
unknown if this occurs in Cr(VI1)-treated cells.
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