
BACKGROUND

THE THIOREDOXIN (TXR) SYSTEM is found in nearly all liv-
ing organisms and consists of Trx, thioredoxin reductase

(TrxR), and NADPH. Trx is a small, ubiquitously expressed
redox-active protein that is reduced by TrxR using NADPH,
having a wide range of cellular functions (5, 79). Several iso-
forms of human Trx are known today (73, 87, 88, 103), but
the classical form (Trx1) is yet by far the best studied. In
most organisms, Trx is highly important for the synthesis of
deoxyribonucleotide building blocks for DNA synthesis in its
role as hydrogen donor for ribonucleotide reductase, although
this particular function is not completely clear in all mam-
malian cell types (38). In mammals, many additional cellular
functions are, however, known for Trx. These include impor-
tant roles in antioxidant defense, both by direct catalysis of

several antioxidant reactions (79) and by regeneration of
other antioxidant enzymes such as peroxiredoxins (19) and
methionine sulfoxide reductases (75). Trx is also important
for gene regulation by modulating the activities of several
transcription factors, including nuclear factor-kB (NFkB),
Fos, and Jun (1, 94), as well as Ref-1 and p53 (42, 112). Fur-
thermore, Trx indirectly affects the overall activity of mitogen-
activating protein (MAP) kinases and their counteracting
phosphoprotein phosphatases, as the latter are easily inhib-
ited by reactive oxygen species (ROS), thereby allowing in-
creased protein phosphorylation at events of oxidative stress,
which is modulated by Trx (23, 95). Trx also directly controls
apoptosis signal-regulating kinase 1 (ASK-1), a MAP kinase
kinase kinase, by a specific inhibitory binding of reduced Trx
to ASK-1. This binding is released when Trx is oxidized,
thereby contributing to apoptotic induction at certain events
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ABSTRACT

Reactive oxygen species (ROS) are generated as toxic by-products of aerobic metabolism, but are also essen-
tial biomolecules in cell signaling. The thioredoxin (Trx) system is a major enzymatic system modulating ROS
levels and is important for redox regulation of cellular function. It consists of Trx and thioredoxin reductase
(TrxR), which reduces Trx using NADPH. Most, if not all, of the functions of Trx depend on the activity of
TrxR. Mammalian TrxR enzymes are selenoproteins with broad substrate specificities, and alteration of cy-
tosolic TrxR1 expression and activity is likely to be an important determinant for the control of cellular redox
regulation. TrxR1 activity in cells seems to be modulated by an intricate interplay, involving a housekeeping
type promoter in combination with alternative splice variants and transcriptional start sites, posttranscrip-
tional regulation through AU-rich elements, inactivation by electrophilic agents and by itself modulating the
effects of several key signaling molecules. TrxR1 activity is also intimately linked with several aspects of sele-
nium metabolism, and hence selenoprotein function in general. Here, we summarize the current knowledge of
these different levels of TrxR1 regulation in diverse cell types and in response to growth and signaling events.
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of increased oxidative stress (89, 111). Moreover, Trx is in-
volved in signaling mediated by nitric oxide (NO), by indirect
effects linked to oxidative stress and redox regulation of NO
synthase (NOS) isoenzymes (99), but also directly by nitrosy-
lation of the structural cysteine 69 in Trx, a nitrosylation that
seems to regulate the activity of Trx (37). These many func-
tions of Trx may affect the cell in a most complex manner.
Depending on the cellular (or subcellular) context in which
Trx is active, it may lead to altered cellular function, in-
creased viability, cellular proliferation or differentiation, or
induction of apoptosis. Trx itself is also known to be subject
to a complex pattern of regulation. The vitamin D3-up-regulated
protein 1 (VDUP-1) is a natural endogenous inhibitor of Trx,
which seems to play a highly important role in regulation of
cellular function (50, 52, 78, 90, 102). Moreover, the pro-
moter of the Trx gene is rather complex, responding to either
hemin or phorbol 12-myristate 13-acetate (PMA) by differ-
ential effects of either Nrf2 or Fos and Jun at the same an-
tioxidant responsive element (54). Furthermore, Trx may change
from its cytosolic localization to the nucleus or extracellu-
larly, where it may act in transcription factor control (43), or
as either cytokine (for review, see 77) or chemokine (13), re-
spectively. Several extensive reviews have been published on
the function and regulation of Trx (46–48, 67, 77–79, 99),
and this shall therefore not be discussed in further length in
this article, where we instead will focus on the cellular regu-
lation of TrxR1. However, we would like to emphasize that
for most, if not all, of the functions of Trx its redox state is of
essential importance, i.e., whether the redox-active motif of
Trx is in the disulfide or dithiol state will determine its func-
tion. Therefore, the activity of TrxR1 is an integral part of
the many functions of Trx, as schematically summarized in
Fig. 1.

Mammalian TrxR has a broad substrate specificity and is a
selenoprotein containing a penultimate C-terminal selenocys-
teine residue necessary for the catalytic activity (28, 109,
118–120). Mammalian TrxR reduces the active site in oxi-
dized Trx, but can also reduce several low-molecular-weight
compounds, such as dithionitrobenzoic acid (45), lipoic acid
(6), and selenite (59). This broad substrate specificity is ex-
plained by the C-terminally located tetrapeptide motif carry-
ing the selenocysteine residue, with which a neighboring cys-
teine residue forms a reversible selenenylsulfide/selenolthiol
redox-active motif, which should be easily accessible to the
many substrates as well as inhibitors of the enzyme (10, 34,
79, 91, 120).

Three separate TrxR isoenzymes are found in mammals:
the classical cytosolic TrxR1, a mitochondrial (TrxR2) iso-
form (61, 72, 104), and one isoenzyme expressed mainly in
testis (104), all sharing the same overall domain structure and
selenocysteine-containing active-site motif. However, in con-
trast to TrxR1 and TrxR2, the testis-specific enzyme also has
an additional N-terminal monothiol glutaredoxin domain and,
in contrast to the other two isoenzymes, can also directly cat-
alyze the reduction of glutathione disulfide. It was therefore
named “TGR” for thioredoxin and glutathione reductase
(105).

As briefly summarized above, rather much is known about
the cellular effects of Trx and its regulation. As a complement
to other reviews of the Trx system (referred to above and also

found in the present Forum issue of Antioxidants & Redox
Signaling), we shall here summarize our present understand-
ing of the regulation of the cytosolic isoenzyme TrxR1 in re-
lation to cellular phenotype, growth, and signaling events. Al-
though several aspects of this regulation are yet unknown,
recent findings suggest an intricate pattern of TrxR1 regula-
tion. This is probably explained by its presumed dual role of a
housekeeping antioxidant enzyme, as well as a key player in
redox control of cellular function.

LEVELS OF REGULATION

All regulation of protein expression can be controlled at
different levels for either immediate or long-term responses,
which should be true also for the control of TrxR1. The tran-
scriptional level of regulation involves proximal promoter re-
gions with or without distal enhancers or regulation via his-
tone acetylation and methylation (35). Subsequent control of
gene expression may occur posttranscriptionally or posttrans-
lationally, and quick regulation of mRNA levels may be me-
diated through elements in the 59 or 39 untranslated regions
(UTRs) (9, 100). This type of regulation is also of importance
for TrxR1. The genomic organization, different regulatory el-
ements, and cDNA variants are schematically illustrated in
Fig. 2. Furthermore, being an enzyme, TrxR1 may also be
regulated by interactions with substrates or inhibitors of en-
zyme activity, and as a selenoprotein, it is dependent on an
adequate selenium supply. Notably, the exposed selenolthiol
of reduced TrxR makes the enzyme highly susceptible to a
number of electrophilic compounds acting as efficient in-
hibitors due to rapid derivatization of the selenocysteine
residue. We shall now summarize our current concept of the
different levels of TrxR1 regulation, and the reader is referred
to Figs. 1 and 2 throughout this summary.

REGULATION OF THE 
PROMOTER OF TRXR1

The proximal promoter region for human TrxR1 was re-
cently identified (86). Deletion constructs revealed that the
promoter activity was maintained in both HeLa and A549
cells within the 2115 to +167 region; that narrow region was
therefore considered to encompass the core promoter. The
core promoter contained a POU motif that was shown to bind
the Oct-1 transcription factor, and two GC-rich regions were
found to bind Sp1 and Sp3. Lack of a classical TATA box in
combination with an increased GC content with functional
Sp1 sites, as well as a predicted CpG island close to the tran-
scriptional initiation site, was a typical finding for a promoter
of a housekeeping gene (51, 86, 108). Mutational studies of
the human core promoter have subsequently shown that the
transcriptional activity is not solely dependent on the pres-
ence of the previously found Sp1/Sp3 tandem motif, because
~50% of the transcriptional activity remained after mutations
of these sites (our unpublished observations). Therefore,
other not yet identified transcription factors must also be of
importance for the basal transcriptional activity of the
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FIG. 1. The Trx system and its targets. A schematic figure illustrating the many functions of the Trx system in mammalian
cells. These diverse functions are likely to be affected by the regulation of TrxR1 expression and activity, being the subject of this
review. Please see text for further details.
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TXNRD1 gene. Furthermore, housekeeping-type promoters
also may have additional responsive promoter elements and
distant enhancers or silencers, and the TXNRD1 promoter is
far from fully characterized. Interesting to note is that Sp1
and Oct-1 are known to be able to interact (36), and this may
be one mechanism taking part in executing and also regulat-
ing the basal activity of the TrxR1 promoter. It is furthermore
known that both Sp1 and Sp3 usually bind to the same GC
boxes, as in the core promoter for TrxR1, and that Sp3 may
act as either a repressor or an activator depending on the cel-
lular context (for review, see 107). Variation in the ratio be-
tween Sp1 and Sp3 has been proposed as a mechanism for
promoter regulation, and like many other transcription fac-
tors, both Oct-1 and Sp1 are known to be sensitive to their
redox status (64, 115), which adds to the complexity of TrxR1
regulation. Alignment of the genomic TXNRD1 upstream re-

gion in mouse with the corresponding human sequence re-
vealed two conserved AP1 binding sites and a conserved
CAAT box (upstream of the proposed core promoter), while
the mouse sequence seemed to lack Sp1/Sp3 and Oct-1 sites
corresponding to those that are active in the human core
promoter (82).

Several variants of TrxR1 with different 59 regions originat-
ing from alternative transcriptional start sites have been identi-
fied (82, 85, 106). It is likely that differential splicing and/or
alternative transcriptional start sites play an important role in
the regulation of TrxR1 expression, although the mechanisms
or details of this level of regulation are yet unknown. However,
we can state that transcription initiation at the previously char-
acterized core promoter appears to be the most common event
in many cell types, hence generating the clear majority of the
transcripts for TrxR1 (unpublished observations).
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FIG. 2. Scheme of the human TrxR1 gene and its regulation. (A) The localization of the TXNRD1 gene on human chromo-
some 12 is indicated, as given by NCBI (http://www.ncbi.nlm.nih.gov/blast) and experimentally verified as being located to
12q23–12q24.1 using in situ hybridization (26). (B) The exon organization of a typical TrxR1 transcript is schematically shown,
indicating the localization of the core promoter, as well as the exons forming the 59-UTR, the open reading frame (ORF), and the
39-UTR. Shown also is the localization of the SECIS element in the 39-UTR as well as its secondary structure, as given by the SE-
CISearch algorithm (56, 57; http://genome.unl.edu/SECISearch.html). The SECIS element is necessary for selenium incorpora-
tion as selenocysteine (Sec) at the C-terminal redox-active tetrapeptide motif –Gly-Cys-Sec-Gly-COOH, with Sec endoced by a
UGA codon. In the 39-UTR, the human transcript for TrxR1 also carries six AREs (AUUUA motifs) that are important for regula-
tion of the mRNA stability; the core of these motifs and their distance from each other within the 39-UTR are indicated in the fig-
ure. Most transcripts for TrxR1 arise from the housekeeping-type core promoter found in humans to involve the Oct1, Sp1, and
Sp3 transcription factors, as indicated in the figure. Note, however, that transcripts may also arise from other transcriptional start
sites and, in addition, the TrxR1 mRNA arising from the core promoter seems also to be spliced in several different variants. This
is indicated in (C) summarizing the alignment of the different EST variants of the UniGene TrxR1 cluster Hs.13046
(http://www.ncbi.nlm.nih.gov/UniGene) to the genomic sequence. Splice variants are shown by the different horizontal lines, with
the frequency of each separate exon in the EST cDNA sequences being indicated by the inverted bar graph. (D) The chromosomal
coordinates are given, showing that the exons of the most common variants of TrxR1 span ~65,000 nucleotides, whereas rare pri-
mary transcripts may be considerably longer. See text for further details.
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POSTTRANSCRIPTIONAL
REGULATION OF TRXR1

Mammalian TrxR1, as well as the mitochondrial TrxR2,
was recently shown to exhibit alternative splicing around the
first exon (62, 82, 85, 106) (Fig. 2C). In mouse and rat, at least
three forms differing in the 59-end have been identified. One
of the splice variants harbors an additional upstream ATG that
can encode an N-terminally elongated protein of 67 kDa in-
stead of the common 55-kDa form (106). In humans, five dif-
ferent 59 cDNA variants have been reported and a human
TrxR1 variant protein with an apparent mass of 67 kDa was
detected (106), which could possibly correspond to the murine
splice variant, although this has not been confirmed. The
function of different first exon splice variants of TrxR1 is far
from clarified, but could possibly be coupled to tissue- and/or
cell-specific regulation of expression at the mRNA level.

The 39-UTR of all mammalian TrxR isoenzymes contains a
selenocysteine insertion sequence (SECIS) element (Fig. 2B)
that is necessary for selenocysteine incorporation (22, 27, 53,
62, 119). The SECIS element of TrxR1 has also been shown
to be moderately responsive to selenium supplementation, but
seems to be highly active under standard cell culturing condi-
tions (27). Selenium may affect TrxR1 on many levels; this is
discussed in more detail below.

The 39-UTR of TrxR1, in addition, contains a cluster of
AUUUA sequences [AU-rich elements (AREs)] (Fig. 2B),
which in untreated cells lead to a rapid TrxR1 mRNA
turnover (27, 55). Koishi et al. in fact cloned TrxR1 (called
KDRF) as an ARE-containing rapidly responding mRNA,
using screening with a TAAAT-rich probe of a cDNA library
from KM-102 cells stimulated with PMA and calcium
ionophore (55). AREs are typically found in cytokine, pro-
tooncogene, transcription factor, and other mRNA having
rapid posttranscriptional up- or down-regulation in response
to signaling events (20). Regulation via AREs enables quick
expression responses to various stimuli, mediated by a spe-
cific block in mRNA degradation through ARE-interacting
proteins, in turn responding to altered intracellular signaling (20).
Promotion of cellular transformation and oncogenesis has
been connected to inactivation of AREs in growth factors and
protooncogenes. For example, stabilization of c-myc mRNA
by deletion of the AREs promotes oncogenic transformation
in vitro and is linked to human T-cell leukemia (2). A TrxR1
shorter mRNA variant lacking the AREs was cloned as cDNA
from tissue of rat neuroblastoma (119), and subsequent trans-
fection studies showed that a similar shorter cDNA (contain-
ing the SECIS and lacking the AREs) resulted in higher
TrxR1 mRNA, protein, and activity levels (22). This could
thereby be an indication of yet an alternative regulation at the
posttranscriptional level of TrxR1. The 39-UTR of the mito-
chondrial TrxR2 does not contain AREs.

POSTTRANSLATIONAL REGULATION OF
TRXR1—INHIBITION OF THE ENZYME

In cells, the TrxR1 protein was reported to be rapidly inac-
tivated by ROS targeting the selenocysteine residue, and the

enzyme was thus proposed to work as a redox sensor of cells
(104). ROS are important mediators of signal transduction
pathways (for reviews, see 39, 110), and direct oxidation of
the selenol group of TrxR1 with subsequent oxidation of Trx
may affect many cellular components dependent on reduced
Trx (Fig. 1). The “redox sensor” view of TrxR1 is thereby an
attractive model linking ROS and signaling events. However,
the TrxR1 protein is not inactivated by ROS in vitro (16, 118),
and the mechanism for inactivation of TrxR1 in cells is there-
fore not clear.

Recently, electrophilic prostaglandin derivatives and other
lipid aldehydes were demonstrated to target rather specifi-
cally and directly the TrxR1 protein and hence inhibit the en-
zyme (74). A number of other nonendogenous electrophilic
compounds were already known inhibitors of mammalian
TrxR1. These include low-molecular-weight compounds such
as iodoacetic acid (80), arsenicals (65, 66), and gold com-
pounds used in the treatment of rheumatoid arthritis (33).
Several electrophilic anticancer drugs also have TrxR as a
target for inhibition, for example, quinones (68, 69), nitro-
soureas (32, 93), and cisplatin (7, 92). Dinitrohalobenzenes
are another group of inhibitors of TrxR1 that, uniquely, also
yield a derivatized enzyme with an increased NADPH oxi-
dase activity that may play a role in their immunostimulatory
properties (80). Inhibited TrxR1 may have many effects on
cellular function linked to repressed Trx activity, as is clear
from the scheme in Fig. 1. However, inhibited or selenium-defi-
cient TrxR1 may also directly induce apoptosis, which is dis-
cussed below.

TRXR1 REGULATION AND FUNCTION 
IN RELATION TO CANCER

TrxR1 is widely expressed in many diverse tissues (26, 81,
84, 85). Elevated levels of TrxR1 have been found in a num-
ber of human cancer cell lines, including Jurkat and A549
cells (109), and TrxR1 protein and total activity was shown to
be increased in colorectal tumors compared with normal mu-
cosa (12). Expression patterns of TrxR1 were also examined
in tumors and normal livers of TGFa/c-myc transgenic mice
and in prostate cell lines derived from matched tumor and
normal tissues, which also showed an increase of TrxR1 pro-
tein in tumors compared with normal tissues or cells (29). Ac-
cording to the expressed sequence tag (EST) cDNA occur-
rences for TrxR1 in relation to all other cDNA sequences, its
transcript seems to be increased in many cancer forms, most
notably liver, neuronal, and prostate cancer, whereas some
cancer forms seem to have a lowered percentage of TrxR1
transcripts, such as skin cancer (Fig. 3). The fact that TrxR1
may be up-regulated in many tumors, together with the find-
ing that TrxR1 mRNA is repressed in p53-overexpressing
cells (29), indicates that p53 could be a negative regulator of
the TrxR1 gene. This is further complexed by the redox regula-
tion of p53, in which Trx and TrxR1 are vital components
(112). The requirement of an active TrxR1 for normal and
correct p53 maturation was recently demonstrated (74). Fur-
thermore, selenium-compromised TrxR1 was recently shown
to induce apoptosis when introduced into A549 cells. This
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was surprising because the effect occurred in substoichiomet-
ric amounts compared with the endogenous TrxR1 levels and
hence probably not through an inhibition of the endogenous
Trx system (4). The apoptosis-inducing effects of selenium-
compromised TrxR1 corresponded well, however, with prior
studies of the “GRIM-12” gene inducing apoptosis in a domi-
nant manner, because the GRIM-12 constructs encoded a
TrxR1 lacking the selenocysteine residue (4, 44). As seleno-
cysteine in endogenous TrxR1 is a target for alkylation by
several anticancer drugs (see above), the so generated selenium-
compromised TrxR1 may hence directly promote apoptosis as
part of the anticancer effect of such drugs (4). To conclude,
the relation of TrxR1 regulation to cancer development or
treatment is likely to be complex and not solely an issue of
different TrxR1 levels. As TrxR1 may promote antioxidant
defense and cell viability, this may naturally explain its over-
expression in cancer cells and role as an anticancer drug tar-
get. On the other hand, the necessity of a functional TrxR for
p53 maturation supports a role for TrxR1 as a protein protect-
ing against development of cancer through actions of p53.
The protective effects of selenium against cancer develop-
ment (21) may therefore possibly be linked to the ref-1-de-
pendent selenomethionine-induced maturation of p53 as a
DNA repair enzyme (98). For this to occur, selenomethionine
may possibly lead to an increased activity or synthesis of
TrxR1, subsequently leading to an increased ref-1-dependent
modulation of p53 by Trx (74, 112, 113).

TRXR1 REGULATION IN RESPONSE TO
DIVERSE EXOGENOUS STIMULI

TrxR1 is known to display significant and fast modula-
tion of protein as well as mRNA levels upon treatment of

cells with different exogenous agents. We shall briefly sum-
marize here some of these effects. Some of the published
experiments using individual cell types are also listed in
Table 1.

Incubation of the human epidermoid carcinoma cell line
A431 with either epidermal growth factor or hydrogen peroxide
resulted in a significant increase in the intracellular abundance
of TrxR1 protein, although it may have been inhibited (104). A
similar effect on the TrxR1 levels was also seen with 1-chloro-
2,4-dinitrobenzene (DNCB) treatment (104). The mechanism
for the induction of TrxR1 protein in these cases is not known.
Human thyrocytes and HepG2 cells incubated with calcium
ionophore (A23187) and PMA showed a marked increase in ex-
pression of TrxR1 (49), which has also been observed in mouse
skin (58). PMA and A23187 together stimulate activation of the
calcium-phosphoinositol cascade (114), and this suggests that
an increase of TrxR1 expression can be triggered by calcium.
Increased expression induced by A23187 has also been seen in
human umbilical vein endothelial cells (HUVECs), although
less pronounced probably due to the >10-fold higher basal
TrxR1 levels in HUVECs as compared with thyrocytes and
HepG2 cells (3). It was however proposed that the increased ex-
pression of TrxR1 seen upon use of calcium ionophore may not
be the direct result of calcium signaling, but rather due to a gen-
eral stress effect caused by A23187 (3). Incubation of HUVECs
with PMA resulted in decreased TrxR1 levels (3), in contrast to
the increase obtained with thyrocytes or HepG2 cells (49). In
human bone marrow-derived stromal cells (KM-102), PMA
alone and in combination with A23187 rapidly and significantly
increased the TrxR1 mRNA levels within 4 h (55), which de-
creased thereafter (55). Incubation of these cells with
lipopolysaccharides or interleukin-1b also resulted in a signifi-
cant increase of TrxR1 mRNA after 4 h, which thereafter de-
creased to basal levels (55). In peripheral blood monocytes and
myeloid leukemia cells (97), as well as in osteoblasts (96),
TrxR1 mRNA levels were shown to be increased above basal
levels in a fast but transient manner by vitamin D3 treatment.

Peroxynitrite is a highly cytotoxic NO-derived compound
that may be formed by reaction of NO with superoxide (11).
Peroxynitrite is a powerful oxidant and may react with a vari-
ety of biomolecules and with relatively high reaction rate
constants with selenoproteins in general (8, 101). In HU-
VECs, peroxynitrite was consequently demonstrated to in-
activate TrxR1 with a subsequent up-regulation of TrxR1
mRNA and protein levels (83). The up-regulation of TrxR1 in
response to the initial inactivation of the enzyme by peroxyni-
trite may constitute a protective mechanism in HUVECs (83),
but in another study exposure to NO gas lowered TrxR1
mRNA and protein levels in lung endothelial cells (116).

The bile acid taurochenodeoxycholic acid and the secondary
bile acid deoxycholic acid were shown to up-regulate TrxR1
mRNA levels in a gastric carcinoma cell line (St 23132) and in
colon cancer cells (HT-29) (60). The up-regulation of TrxR1
after deoxycholic acid treatment was similar to the effect of
PMA (60). PMA is known to cause oxidative stress and was
also shown to up-regulate TrxR1 mRNA levels in mouse skin
(58). Deoxycholic acid was also shown to cause an oxidative
burst, resulting in an up-regulation of TrxR1 mRNA and pro-
tein, which suggested a linkage between TrxR-dependent an-
tioxidant defense systems and oxidative stress induced by bile
acids (60).
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FIG. 3. TrxR1 EST analysis in normal and cancer tissues.
Analysis comparing the frequency of TrxR1 EST clones
(TrxR1 sequences per million ESTs) originating from selected
normal (open columns) or cancer (filled columns) tissues. The
tissues where the increase of TrxR1 EST clone frequency was
statistically significant in cancer tissue are denoted with a black
star (i.e., all tissues combined, liver, nervous system, or pros-
tate), whereas TrxR1 mRNA appears to be specifically down-
regulated in skin cancer, as judged from this EST analysis
(open star). These data were compiled from the “Virtual North-
ern” feature within the cancer genome anatomy project, NCI,
using Unigene cluster Hs.13046. (see http://cgap. nci.nih.gov/
Tissues/ VirtualNorthern).
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The exact molecular mechanisms mediating these fast re-
sponses of TrxR1 mRNA or protein levels to different exoge-
nous signaling stimuli are not known.

REGULATION OF TRXR 
BY SELENIUM COMPOUNDS

The role and regulation of TrxR1 in cells are intimately
linked to the effects and metabolism of selenium compounds.

Not only is TrxR1 a selenoprotein and therefore dependent on
an adequate selenium supply for its own synthesis, as dis-
cussed above, but the enzyme has also the capacity itself to
metabolize a number of selenium compounds. The enzyme
reduces selenite to selenide (17)—needed for selenoprotein
synthesis—and also selenodiglutathione (14), a major intra-
cellular selenium metabolite. TrxR1 may also directly reduce
the active site of another selenoprotein, plasma glutathione
peroxidase (15). Furthermore, methylated selenium was pro-
posed to be an inhibitor of TrxR1 (25), but was later found to
be an efficient substrate of the enzyme (31). Here, we shall
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TABLE 1. REGULATION OF TRXR1 IN DIFFERENT CELL LINES IN RESPONSE TO DIFFERENT EXOGENOUS STIMULI

Effect on Detection
TrxR levels Treatment method Cell type Origin Reference

Increased A23187 (0.5 µM) Se75, western HUVECs Human umbilical vein endothelial 3
A23187 (0.1 µM) Se75, western Thyrocytes Human thyrocytes 49
Bile acids (TCDCA/DCA) mRNA St 23132 Human gastric cancer 60
Bile acids (DCA) mRNA/western HT-29 Human colon cancer 60
DNCB (30 µM) Immunoblot A431 Human epidermoid carcinoma 104
EGF (500 ng/ml) Immunoblot A431 Human epidermoid carcinoma 104
Etoxomosir (1 mM) RT-PCR HepG2 Human hepatoma 70
H2O2 (0.2 mM) Immunoblot A431 Human epidermoid carcinoma 104
Hypoxia mRNA HT-29 Human colon cancer 12
IL-1b (25 units/ml) mRNA KM-102 Human bone marrow 55
Isothiocyanate (6 µM) mRNA HepG2 Human hepatoma 117
Isothiocyanate (6 µM) mRNA/RIA/ HepG2 Human hepatoma 117

+ selenite (0.12 µM) activity
LPS (1 µg/ml) mRNA KM-102 Human bone marrow 55
Peroxynitrite (0.2–1 mM) mRNA/western HUVECs Human umbilical vein endothelial 83
PMA (0.1 µM) Se75, western Thyrocytes Human thyrocytes 49
PMA (10 ng/ml) mRNA KM-102 Human bone marrow 55

+ A23187 (0.2 µM)
PMA/A23187 Se75, western HepG2 Human hepatoma 49
PMA/A23187 Se75, western HUVECs Human umbilical vein endothelial 3
PMA/A23187 Se75, western Thyrocytes Human thyrocytes 49
Selenite (1 µM) Activity A549 Human lung cancer 24
Selenite (40 nM) Activity EAhy926 Human endothelial 63
Selenite (1 µM) Activity HT-29 Human colon cancer 24
Selenite (40 nM) Activity HUVECs Human umbilical vein endothelial 71
Selenite (1 µM) Activity MCF-7 Human breast cancer 24
Selenite (0.1 µM) mRNA/activity THP1 Human monocytic leukemia 97
Selenite (0.12 µM) RIA/activity HepG2 Human hepatoma 117
Serum (10%) mRNA MCF-7 Human breast cancer 12
PMA (0.1 µg/ml) mRNA HT-29 Human colon cancer 60
Vitamin D3 (0.1 µM) mRNA/activity THP1 Human monocytic leukemia 97
Vitamin D3 (0.1 µM) mRNA (ddPCR) FOB Human fetal osteoblasts 96

Decreased Gold thioglucose (10 µM) Activity EAhy926 Human endothelial 63
H2O2 (1 mM Activity IEC-6 Rat small intestine 40
NO (8.5 ppm) mRNA/activity PAECs Porcine pulmonary artery 116

endothelial
Peroxynitrite (0.2–1 mM) Activity HUVECs Human umbilical vein endothelial 83
PMA (0.5 µM) Se75, western HUVECs Human umbilical vein endothelial 3
Zinc mRNA Rat intestine Rat intestine 18

No change Selenite (1 µM) Activity HL-60 Human leukemia 24
Selenite (1 µM) Activity Jurkat Human leukemia 24
Selenite (0.12 µM) mRNA HepG2 Human hepatoma 117
Vitamin D3 (0.1 µM) Activity FOB Human fetal osteoblasts 96

DCA, deoxycholic acid; DNCB, dinitrochlorobenzene; EGF, epidermal growth factor; H2O2, hydrogen peroxide; IL-1b,
interleukin-1b; LPS, lipopolysaccharide; TCDCA, taurochenodeoxycholic acid.



not discuss further the selenium-metabolizing properties of
TrxR1, but instead summarize the known effects of selenium
compounds on the regulation of TrxR1 expression or activity
in a cellular context.

Selenium in the form of selenite (1 µM) was shown to in-
crease the TrxR1 mRNA levels two- to fivefold, linked to an
increased stability of the mRNA with a longer half-life of 21 h
as compared with 10 h in the absence of selenium (24). In
contrast, Trx mRNA levels, stability, or protein levels were
not affected by this selenium treatment. The same study also
suggested that an increase in TrxR activity caused by sele-
nium was first due to increased TrxR1 mRNA levels, fol-
lowed by a subsequent increase in TrxR1 selenoprotein lev-
els (24). Effects of selenium deprivation have been studied
in rats fed a selenium-deficient diet, where TrxR activity de-
creased dramatically in kidney and liver, but TrxR activity
in brain was not affected (41). This finding was interesting
also in view of the possible neuroblastoma-derived variant
of TrxR1 mRNA with shorter 39-UTR lacking the AREs
(see discussion above). Specific loss of TrxR activity upon
selenium deficiency (and not the loss of other selenopro-
teins) was recently shown to cause an induction of heme
oxygenase-1 (76).

Sodium selenite added to serum-free growth medium was
shown to induce TrxR activity in several cancer cell lines, in-
cluding MCF-7 breast cancer cells, HT-29 colon cancer cells,
and A549 lung cancer cells (24). Surprisingly, Jurkat and HL-
60 leukemia cells showed no increase in TrxR activity by se-
lenium addition (24). Increased protein levels and activity of
TrxR1 by selenium treatment were also demonstrated in
HepG2 cells, where a synergy effect between sulforaphane
and selenite was observed, which in turn protected against
paraquat-induced cell death (117). Sulforaphane up-regulated
the TrxR1 mRNA levels, whereas selenium addition did not
affect the mRNA amount in that study, but instead induced
TrxR1 at the translational level (117). Although selenite did
not induce TrxR1 mRNA it could, however, delay the degra-
dation of sulforaphane-induced TrxR1 mRNA. Moreover, the
up-regulation of TrxR1 mRNA caused by sulforaphane was
glutathione- and protein kinase C-dependent (117). Response
to protein kinase C appears to differ between cell types, be-
cause its activation with phorbol esters causes a down-
regulation of TrxR1 in HUVECs (3), but an up-regulation in
thyrocytes (49) and mouse skin (58). Interestingly, TrxR1
may possibly reduce and thereby activate oxidized protein ki-
nase C, which would suggest not an indirect, but a direct link
between the activity of TrxR1 and signaling through protein
kinase C (30).

CONCLUSION

We have summarized here our current concept of TrxR1
regulation in relation to cellular signaling events. It is clear
that many details of this regulation are still unknown. It is
nonetheless evident that the enzyme plays an important role
in both antioxidant defense and redox regulation of signaling
events. This may possibly explain the complex setup of intri-
cate regulatory mechanisms that seem to act for this enzyme.
As we have summarized, these appear to involve a combina-

tion of a basal housekeeping type transcription with alterna-
tive splicing events, alternative transcriptional start sites,
posttranscriptional regulation of its mRNA levels, rapid inter-
actions of the selenocysteine-containing active site with en-
dogenous and exogenous electrophilic agents, and an intimate
link to several levels of selenium metabolism. Detailed
knowledge of which specific mechanism is the most impor-
tant regulator of TrxR1 levels at a certain signaling event or in
a particular cell type is yet to be aquired.

ABBREVIATIONS

AREs, AU-rich elements; ASK-1, apoptosis signaling ki-
nase 1; DNCB, 1-chloro-2,4-dinitrobenzene; EST, expressed
sequence tag; HUVEC, human umbilical vein endothelial
cell; MAP, mitogen-activated protein; NFkB, nuclear factor-
kB; NO, nitric oxide; NOS, nitric oxide synthase; PMA,
phorbol 12-myristate 13-acetate; ROS, reactive oxygen
species; SECIS, selenocysteine insertion sequence; Trx,
thioredoxin; TrxR, thioredoxin reductase; UTR, untranslated
region; VDUP-1, vitamin D3-up-regulated protein 1.

REFERENCES

1. Abate C, Patel L, Rauscher FD, and Curran T. Redox regu-
lation of fos and jun DNA-binding activity in vitro. Sci-
ence 249: 1157–1161, 1990.

2. Aghib DF, Bishop JM, Ottolenghi S, Guerrasio A, Serra A,
and Saglio G. A 39 truncation of MYC caused by chromo-
somal translocation in a human T-cell leukemia increases
mRNA stability. Oncogene 5: 707–711, 1990.

3. Anema SM, Walker SW, Howie AF, Arthur JR, Nicol F,
and Beckett GJ. Thioredoxin reductase is the major seleno-
protein expressed in human umbilical-vein endothelial
cells and is regulated by protein kinase C. Biochem J 342:
111–117, 1999.

4. Anestål K and Arnér ESJ. Rapid induction of cell death by
selenium compromised thioredoxin reductase 1 but not by
the fully active enzyme containing selenocysteine. J Biol
Chem 278: 15966–15972, 2003.

5. Arnér ESJ and Holmgren A. Physiological functions of
thioredoxin and thioredoxin reductase. Eur J Biochem 267:
6102–6109, 2000.

6. Arnér ESJ, Nordberg J, and Holmgren A. Efficient reduc-
tion of lipoamide and lipoic acid by mammalian thiore-
doxin reductase. Biochem Biophys Res Commun 225: 268–
274, 1996.

7. Arnér ESJ, Nakamura H, Sasada T, Yodoi J, Holmgren A,
and Spyrou G. Analysis of the inhibition of mammalian
thioredoxin, thioredoxin reductase, and glutaredoxin by
cis-diamminedichloroplatinum (II) and its major metabo-
lite, the glutathione–platinum complex. Free Radic Biol
Med 31: 1170–1178, 2001.

8. Asahi M, Fujii J, Takao T, Kuzuya T, Hori M, Shimonishi
Y, and Taniguchi N. The oxidation of selenocysteine is in-
volved in the inactivation of glutathione peroxidase by ni-
tric oxide donor. J Biol Chem 272: 19152–19157, 1997.

48 RUNDLÖF AND ARNÉR



9. Bakheet T, Frevel M, Williams BR, Greer W, and Khabar KS.
ARED: human AU-rich element-containing mRNA database
reveals an unexpectedly diverse functional repertoire of en-
coded proteins. Nucleic Acids Res 29: 246–254, 2001.

10. Becker K, Gromer S, Schirmer RH, and Müller S. Thiore-
doxin reductase as a pathophysiological factor and drug
target. Eur J Biochem 267: 6118–6125, 2000.

11. Beckman JS, and Koppenol WH. Nitric oxide, superoxide,
and peroxynitrite: the good, the bad, and ugly. Am J Phys-
iol 271: C1424–C1437, 1996.

12. Berggren M, Gallegos A, Gasdaska JR, Gasdaska PY,
Warneke J, and Powis G. Thioredoxin and thioredoxin re-
ductase gene expression in human tumors and cell lines,
and the effects of serum stimulation and hypoxia. Anti-
cancer Res 16: 3459–3466, 1996.

13. Bertini R, Howard OM, Dong HF, Oppenheim JJ, Bizzarri
C, Sergi R, Caselli G, Pagliei S, Romines B, Wilshire JA,
Mengozzi M, Nakamura H, Yodoi J, Pekkari K, Gurunath
R, Holmgren A, Herzenberg LA, Herzenberg LA, and
Ghezzi P. Thioredoxin, a redox enzyme released in infec-
tion and inflammation, is a unique chemoattractant for
neutrophils, monocytes, and T cells. J Exp Med 189:
1783–1789, 1999.

14. Björnstedt M, Kumar S, and Holmgren A. Selenodiglu-
tathione is a highly efficient oxidant of reduced thiore-
doxin and a substrate for mammalian thioredoxin reduc-
tase. J Biol Chem 267: 8030–8034, 1992.

15. Björnstedt M, Xue J, Huang W, Åkesson B, and Holmgren
A. The thioredoxin and glutaredoxin systems are efficient
electron donors to human plasma glutathione peroxidase. J
Biol Chem 269: 29382–29384, 1994.

16. Björnstedt M, Hamberg M, Kumar S, Xue J, and Holm-
gren A. Human thioredoxin reductase directly reduces
lipid hydroperoxides by NADPH and selenocystine
strongly stimulates the reaction via catalytically generated
selenols. J Biol Chem 270: 11761–11764, 1995.

17. Björnstedt M, Odlander B, Kuprin S, Claesson HE, and
Holmgren A. Selenite incubated with NADPH and mam-
malian thioredoxin reductase yields selenide, which in-
hibits lipoxygenase and changes the electron spin reso-
nance spectrum of the active site iron. Biochemistry 35:
8511–8516, 1996.

18. Blanchard RK and Cousins RJ. Differential display of in-
testinal mRNAs regulated by dietary zinc. Proc Natl Acad
Sci U S A 93: 6863–6868, 1996.

19. Chae HZ, Kang SW, and Rhee SG. Isoforms of mam-
malian peroxiredoxin that reduce peroxides in presence of
thioredoxin. Methods Enzymol 300: 219–226, 1999.

20. Chen CY and Shyu AB. AU-rich elements: characteriza-
tion and importance in mRNA degradation. Trends
Biochem Sci 20: 465–470, 1995.

21. Clark LC, Combs GFJ, Turnbull BW, Slate EH, Chalker
DK, Chow J, Davis LS, Glover RA, Graham GF, Gross EG,
Krongrad A, Lesher JLJ, Park HK, Sanders BBJ, Smith
CL, and Taylor JR. Effects of selenium supplementation
for cancer prevention in patients with carcinoma of the
skin. A randomized controlled trial. Nutritional Prevention
of Cancer Study Group. JAMA 276: 1957–1963, 1996.

22. Fujiwara N, Fujii T, Fujii J, and Taniguchi N. Functional
expression of rat thioredoxin reductase: selenocysteine in-

sertion sequence element is essential for the active en-
zyme. Biochem J 340: 439–444, 1999.

23. Gabbita SP, Robinson KA, Stewart CA, Floyd RA, and
Hensley K. Redox regulatory mechanisms of cellular sig-
nal transduction. Arch Biochem Biophys 376: 1–13, 2000.

24. Gallegos A, Berggren M, Gasdaska JR, and Powis G.
Mechanisms of the regulation of thioredoxin reductase ac-
tivity in cancer cells by the chemopreventive agent sele-
nium. Cancer Res 57: 4965–4970, 1997.

25. Ganther HE. Selenium metabolism, selenoproteins and
mechanisms of cancer prevention: complexities with thiore-
doxin reductase. Carcinogenesis20: 1657–1666, 1999.

26. Gasdaska JR, Gasdaska PY, Gallegos A, and Powis G.
Human thioredoxin reductase gene localization to chromo-
somal position 12q23–q24.1 and mRNA distribution in
human tissue. Genomics 37: 257–259, 1996.

27. Gasdaska JR, Harney JW, Gasdaska PY, Powis G, and
Berry MJ. Regulation of human thioredoxin reductase ex-
pression and activity by 39-untranslated region selenocys-
teine insertion sequence and mRNA instability elements. J
Biol Chem 274: 25379–25385, 1999.

28. Gladyshev VN, Jeang K-T, and Stadtman TC. Selenocys-
teine, identified as the penultimate C-terminal residue in
human T-cell thioredoxin reductase, corresponds to TGA
in the human placental gene. Proc Natl Acad Sci U S A 93:
6146–6151, 1996.

29. Gladyshev VN, Factor VM, Housseau F, and Hatfield DL.
Contrasting patterns of regulation of the antioxidant se-
lenoproteins, thioredoxin reductase, and glutathione per-
oxidase, in cancer cells. Biochem Biophys Res Commun
251: 488–493, 1998.

30. Gopalakrishna R and Gundimeda U. Antioxidant regula-
tion of protein kinase C in cancer prevention. J Nutr 132:
3819S–3823S, 2002.

31. Gromer S and Gross JH. Methylseleninate is a substrate
rather than an inhibitor of mammalian thioredoxin reduc-
tase. Implications for the antitumor effects of selenium. J
Biol Chem 277: 9701–9706, 2002.

32. Gromer S, Schirmer RH, and Becker K. The 58 kDa
mouse selenoprotein is a BCNU-sensitive thioredoxin re-
ductase. FEBS Lett 412: 318–320, 1997.

33. Gromer S, Arscott LD, Williams CH, Schirmer RH, and
Becker K. Human placenta thioredoxin reductase: isola-
tion of the selenoenzyme, steady state kinetics, and inhibi-
tion by therapeutic gold compounds. J Biol Chem 273:
20096–20101, 1998.

34. Gromer S, Merkle H, Schirmer RH, and Becker K. Human
placenta thioredoxin reductase: preparation and inhibitor
studies. Methods Enzymol 347: 382–394, 2002.

35. Grunstein M. Histone acetylation in chromatin structure
and transcription. Nature 389: 349–352, 1997.

36. Gunther M, Laithier M, and Brison O. A set of proteins in-
teracting with transcription factor Sp1 identified in a two-
hybrid screening. Mol Cell Biochem 10: 131–142, 2000.

37. Haendeler J, Hoffmann J, Tischler V, Berk BC, Zeiher AM,
and Dimmeler S. Redox regulatory and anti-apoptotic
functions of thioredoxin depend on S-nitrosylation at cys-
teine 69. Nat Cell Biol 4: 743–749, 2002.

38. Hansson HA, Rozell B, Stemme S, Engström Y, Thelander
L, and Holmgren A. Different cellular distribution of

REGULATION OF MAMMALIAN THIOREDOXIN REDUCTASE 1 49



thioredoxin and subunit M1 of ribonucleotide reductase in
rat tissues. Exp Cell Res 163: 363–369, 1986.

39. Hensley K, Robinson KA, Gabbita SP, Salsman S, and
Floyd RA. Reactive oxygen species, cell signaling, and
cell injury. Free Radic Biol Med 28: 1456–1462, 2000.

40. Higashikubo A, Tanaka N, Noda N, Maeda I, Yagi K,
Mizoguchi T, and Nanri H. Increase in thioredoxin activity
of intestinal epithelial cells mediated by oxidative stress.
Biol Pharm Bull 22: 900–903, 1999.

41. Hill KE, McCollum GW, Boeglin ME, and Burk RF.
Thioredoxin reductase activity is decreased by selenium
deficiency. Biochem Biophys Res Commun 234: 293–295,
1997.

42. Hirota K, Matsui M, Iwata S, Nishiyama A, Mori K, and
Yodoi J. AP-1 transcriptional activity is regulated by a di-
rect association between thioredoxin and Ref-1. Proc Natl
Acad Sci U S A 94:3633–3638, 1997.

43. Hirota K, Murata M, Sachi Y, Nakamura H, Takeuchi J,
Mori K, and Yodoi J. Distinct roles of thioredoxin in the
cytoplasm and in the nucleus. A two-step mechanism of
redox regulation of transcription factor NF-kappaB. J Biol
Chem 274: 27891–27897, 1999.

44. Hofmann ER, Boyanapalli M, Lindner DJ, Weihua X, Has-
sel BA, Jagus R, Gutierrez PL, Kalvakolanu DV, and Hof-
man ER. Thioredoxin reductase mediates cell death effects
of the combination of beta interferon and retinoic acid.
Mol Cell Biol 18: 6493–6504, 1998.

45. Holmgren A. Bovine thioredoxin system. Purification of
thioredoxin reductase from calf liver and thymus and stud-
ies of its function in disulfide reduction. J Biol Chem 252:
4600–4606, 1977.

46. Holmgren A. Thioredoxin. Annu Rev Biochem 54: 237–
271, 1985.

47. Holmgren A. Thioredoxin and glutaredoxin systems. J
Biol Chem 264: 13963–13966, 1989.

48. Holmgren A. Thioredoxin structure and mechanism: con-
formational changes on oxidation of the active-site sulf-
hydryls to a disulfide. Structure 3: 239–243, 1995.

49. Howie AF, Arthur JR, Nicol F, Walker SW, Beech SG, and
Beckett GJ. Identification of a 57-kilodalton selenoprotein
in human thyrocytes as thioredoxin reductase and evidence
that its expression is regulated through the calcium-
phosphoinositol signaling pathway. J Clin Endocrinol
Metab 83: 2052–2058, 1998.

50. Ikarashi M, Takahashi Y, Ishii Y, Nagata T, Asai S, and
Ishikawa K. Vitamin D3 up-regulated protein 1 (VDUP1)
expression in gastrointestinal cancer and its relation to
stage of disease. Anticancer Res 22: 4045–4048, 2002.

51. Jensen DE, Black AR, Swick AG, and Azizkhan JC. Dis-
tinct roles for Sp1 and E2F sites in the growth/cell cycle
regulation of the DHFR promoter. J Cell Biochem 67:
24–31, 1997.

52. Junn E, Han SH, Im JY, Yang Y, Cho EW, Um HD, Kim
DK, Lee KW, Han PL, Rhee SG, and Choi I. Vitamin D3
up-regulated protein 1 mediates oxidative stress via sup-
pressing the thioredoxin function. J Immunol 164: 6287–
6295, 2000.

53. Kawai H, Ota T, Suzuki F, and Tatsuka M. Molecular
cloning of mouse thioredoxin reductases. Gene 242: 321–
330, 2000.

54. Kim YC, Masutani H, Yamaguchi Y, Itoh K, Yamamoto M,
and Yodoi J. Hemin-induced activation of the thioredoxin
gene by Nrf2. A differential regulation of the antioxidant
responsive element by a switch of its binding factors. J
Biol Chem 276: 18399–18406, 2001.

55. Koishi R, Kawashima I, Yoshimura C, Sugawara M, and
Serizawa N. Cloning and characterization of a novel oxi-
doreductase KDRF from a human bone marrow-derived
stromal cell line KM-102. J Biol Chem 272: 2570–2577,
1997.

56. Kruykov GV, Kruykov VM, and Gladyshev VN. New
mammalian selenocysteine-containing proteins identified
with an algorithm that searches for selenocysteine inser-
tion sequence elements. J Biol Chem 274: 33888–33897,
1999.

57. Kryukov GV, Castellano S, Novoselov SV, Lobanov AV,
Zehtab O, Guigo R, and Gladyshev VN. Characterization
of mammalian selenoproteomes. Science 300: 1439–1443,
2003.

58. Kumar S and Holmgren A. Induction of thioredoxin,
thioredoxin reductase and glutaredoxin activity in mouse
skin by TPA, a calcium ionophore and other tumor promot-
ers. Carcinogenesis 20: 1761–1767, 1999.

59. Kumar S, Björnstedt M, and Holmgren A. Selenite is a
substrate for calf thymus thioredoxin reductase and thiore-
doxin and elicits a large non-stoichiometric oxidation of
NADPH in the presence of oxygen. Eur J Biochem 207:
435–439, 1992.

60. Lechner S, Müller-Ladner U, Schlottman K, Jung B, Mc-
Clelland M, Rüschoff J, Welsh J, Schölmerich J, and Kull-
man F. Bile acids mimic oxidative stress induced upregula-
tion of thioredoxin reductase in colon cancer cell lines.
Carcinogenesis 23: 1281–1288, 2002.

61. Lee SR, Kim JR, Kwon KS, Yoon HW, Levine RL, Gins-
burg A, and Rhee SG. Molecular cloning and characteriza-
tion of a mitochondrial selenocysteine-containing thiore-
doxin reductase from rat liver. J Biol Chem 274: 4722–
4734, 1999.

62. Lescure A, Gautheret D, Carbon P, and Krol A. Novel se-
lenoproteins identified in silico and in vivo by using a con-
served RNA structural motif. J Biol Chem 274: 38147–
38154, 1999.

63. Lewin MH, Arthur JR, Riemersma RA, Nicol F, Walker
SW, Millar EM, Howie AF, and Beckett GJ. Selenium sup-
plementation acting through the induction of thioredoxin
reductase and glutathione peroxidase protects the human
endothelial cell line EAhy926 from damage by lipid hy-
droperoxides. Biochim Biophys Acta 1593: 85–92, 2002.

64. Lickteig K, Lamb K, Brigman K, and Rizzino A. Effects of
oxidation and reduction on the binding of transcription
factors to cis-regulatory elements located in the FGF-4
gene. Mol Reprod Dev 44: 146–152, 1996.

65. Lin S, Cullen WR, and Thomas DJ. Methylarsenicals and
arsinothiols are potent inhibitors of mouse liver thiore-
doxin reductase. Chem Res Toxicol 12: 924–930, 1999.

66. Lin S, Del Razo LM, Styblo M, Wang C, Cullen WR, and
Thomas DJ. Arsenicals inhibit thioredoxin reductase in cul-
tured rat hepatocytes. Chem Res Toxicol 14: 305–311, 2001.

67. Martin JL. Thioredoxin—a fold for all reasons. Structure
3: 245–250, 1995.

50 RUNDLÖF AND ARNÉR



68. Cenas N, Nivinskas H, Anusevicius Z, Sarlauskas J, Led-
erer F, and Arnér ESJ. Interactions of quinones with thiore-
doxin reductase. A challenge to the antioxidant role of the
mammalian selenoprotein. J Biol Chem Nov 2003; 10.1074/
jbc.M310292200

69. Mau B-L and Powis G. Mechanism-based inhibition of
thioredoxin reductase by antitumor quinoid compounds.
Biochem Pharmacol 43: 1613–1620, 1992.

70. Merrill CL, Ni H, Yoon LW, Tirmenstein MA, Narayanan
P, Benavides GR, Easton MJ, Creech DR, Hu CX, McFar-
land DC, Hahn LM, Thomas HC, and Morgan KT. Etoxomir-
induced oxidative stress in HepG2 cells detected by differ-
ential gene expression is confirmed biochemically. Toxicol
Sci 68: 93–101, 2002.

71. Miller S, Walker SW, Arthur JR, Nicol F, Pickard K, Lewin
MH, Howie AF, and Beckett GJ. Selenite protects human
endothelial cells from oxidative damage and induces
thioredoxin reductase. Clin Sci 100: 543–550, 2001.

72. Miranda-Vizuete A, Damdimopoulos AE, Pedrajas JR,
Gustafsson JÅ, and Spyrou G. Human mitochondrial
thioredoxin reductase cDNA cloning, expression and ge-
nomic organization. Eur J Biochem 261: 405–412, 1999.

73. Miranda-Vizuete A, Ljung J, Damdimopoulos AE,
Gustafsson JÅ, Oko R, Pelto-Huikko M, and Spyrou G.
Characterization of Sptrx, a novel member of the thiore-
doxin family specifically expressed in human spermato-
zoa. J Biol Chem 276: 31567–31574, 2001.

74. Moos PJ, Edes K, Cassidy P, Massuda E, and Fitzpatrick
FA. Electrophilic prostaglandins and lipid aldehydes
repress redox-sensitive transcription factors p53 and
hypoxia-inducible factor by impairing the selenoprotein
thioredoxin reductase. J Biol Chem 278: 745–750, 2003.

75. Moskovitz J, Bar-Noy S, Williams WM, Requena J, Berlett
BS, and Stadtman ER. Methionine sulfoxide reductase
(MsrA) is a regulator of antioxidant defense and lifespan
in mammals. Proc Natl Acad Sci U S A 98: 12920–12925,
2001.

76. Mostert V, Hill KE, and Burk RF. Loss of activity of the se-
lenoenzyme thioredoxin reductase causes induction of he-
patic heme oxygenase-1. FEBS Lett 541: 85–88, 2003.

77. Nakamura H, Nakamura K, and Yodoi J. Redox regulation
of cellular activation. Annu Rev Immunol 15: 351–369,
1997.

78. Nishiyama A, Masutani H, Nakamura H, Nishinaka Y, and
Yodoi J. Redox regulation by thioredoxin and thioredoxin-
binding proteins. IUBMB Life 52: 29–33, 2001.

79. Nordberg J and Arnér ESJ. Reactive oxygen species, an-
tioxidants, and the mammalian thioredoxin system. Free
Radic Biol Med 31: 1287–1312, 2001.

80. Nordberg J, Zhong L, Holmgren A, and Arnér ESJ. Mam-
malian thioredoxin reductase is irreversibly inhibited by
dinitrohalobenzenes by alkylation of both the redox active
selenocysteine and its neighboring cysteine residue. J Biol
Chem 273: 10835–10842, 1998.

81. Oberley TD, Verwiebe E, Zhong W, Kang SW, and Rhee
SG. Localization of the thioredoxin system in normal rat
kidney. Free Radic Biol Med 30: 412–424, 2001.

82. Osborne SA and Tonissen KF. Genomic organisation and
alternative splicing of mouse and human thioredoxin re-
ductase 1 genes. BMC Genomics 2: 10, 2001.

83. Park YS, Fujiwara N, Koh YH, Miyamoto Y, Suzuki K,
Honke K, and Taniguchi N. Induction of thioredoxin re-
ductase gene expression by peroxynitrite in human umbili-
cal vein endothelial cells. Biol Chem 383: 683–691, 2002.

84. Rozell B, Hansson HA, Luthman M, and Holmgren A. Im-
munohistochemical localization of thioredoxin and thiore-
doxin reductase in adult rats. Eur J Cell Biol 38: 79–86,
1985.

85. Rundlöf AK, Carlsten M, Giacobini MM, and Arnér ESJ.
Prominent expression of the selenoprotein thioredoxin re-
ductase in the medullary rays of the rat kidney and thiore-
doxin reductase mRNA variants differing at the 59 un-
translated region. Biochem J 347: 661–668, 2000.

86. Rundlöf A-K, Carlsten M, and Arnér ESJ. The core pro-
moter of human thioredoxin reductase 1: cloning, tran-
scriptional activity, and Oct-1, Sp1, and Sp3 binding reveal
a housekeeping-type promoter for the AU-rich element-
regulated gene. J Biol Chem 376: 30542–30551, 2001.

87. Sadek CM, Damdimopoulos AE, Pelto-Huikko M,
Gustafsson JÅ, Spyrou G, and Miranda-Vizuete A. Sptrx-2,
a fusion protein composed of one thioredoxin and three
tandemly repeated NDP-kinase domains, is expressed in
human testis germ cells. Genes Cells 6: 1077–1090, 2001.

88. Sadek CM, Jimenez A, Damdimopoulos AE, Kieselbach T,
Nord M, Gustafsson JÅ, Spyrou G, Davies EC, Oko R, van
der Hoorn FA, and Miranda-Vizuete A. Characterization of
human thioredoxin-like 2. A novel microtubule-binding
thioredoxin expressed predominantly in the cilia of lung
airway epithelium and spermatid manchette and axoneme.
J Biol Chem 278: 13133–13142, 2003.

89. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K,
Sawada Y, Kawabata M, Miyazono K, and Ichijo H. Mam-
malian thioredoxin is a direct inhibitor of apoptosis signal-
regulating kinase (ASK) 1. EMBO J 17: 2596–2606, 1998.

90. Saitoh T, Tanaka S, and Koike T. Rapid induction and Ca2+

influx-mediated suppression of vitamin D3 up-regulated
protein 1 (VDUP1) mRNA in cerebellar granule neurons
undergoing apoptosis. J Neurochem 78: 1267–1276, 2001.

91. Sandalova T, Zhong L, Lindqvist Y, Holmgren A, and
Schneider G. Three-dimensional structure of a mammalian
thioredoxin reductase: implications for mechanism and
evolution of a selenocysteine-dependent enzyme. Proc
Natl Acad Sci U S A 98: 9533–9538, 2001.

92. Sasada T, Nakamura H, Ueda S, Sato N, Kitaoka Y, Gon Y,
Takabayashi A, Spyrou G, Holmgren A, and Yodoi J. Possi-
ble involvement of thioredoxin reductase as well as thiore-
doxin in cellular sensitivity to cis-diamminedichloroplat-
inum (II). Free Radic Biol Med 27: 504–514, 1999.

93. Schallreuter KU, Gleason FK, and Wood JM. The mecha-
nism of action of the nitrosourea anti-tumor drugs on
thioredoxin reductase, glutathione reductase and ribonu-
cleotide reductase. Biochim Biophys Acta 1054: 14–20,
1990.

94. Schenk H, Klein M, Erdbrügger W, Dröge W, and Schulze-
Osthoff K. Distinct effects of thioredoxin and antioxidants
on the activation of transcription factors NF-kappa B and
AP-1. Proc Natl Acad Sci U S A 91: 1672–1676, 1994.

95. Schenk H, Vogt M, Dröge W, and Schulze-Osthoff K.
Thioredoxin as a potent costimulus of cytokine expression.
J Immunol 156: 765–771, 1996.

REGULATION OF MAMMALIAN THIOREDOXIN REDUCTASE 1 51



96. Schutze N, Bachthaler M, Lechner A, Köhrle J, and Jakob
F. Identification by differential display PCR of the se-
lenoprotein thioredoxin reductase as a 1 alpha,25(OH)2-
vitamin D3-responsive gene in human osteoblasts—regu-
lation by selenite. Biofactors 7: 299–310, 1998.

97. Schutze N, Fritsche J, Ebert-Dumig R, Schneider D,
Köhrle J, Andreesen R, Kreutz M, and Jakob F. The se-
lenoprotein thioredoxin reductase is expressed in periph-
eral blood monocytes and THP1 human myeloid leuke-
mia cells—regulation by 1,25-dihydroxyvitamin D3 and
selenite. Biofactors 10: 329–338, 1999.

98. Seo YR, Kelley MR, and Smith ML. Selenomethionine
regulation of p53 by a ref1-dependent redox mechanism.
Proc Natl Acad Sci U S A 99: 14548–14553, 2002.

99. Shao LE, Tanaka T, Gribi R, and Yu J. Thioredoxin-
related regulation of NO/NOS activities. Ann N Y Acad
Sci 962: 140–150, 2002.

100. Shaw G and Kamen R. A conserved AU sequence from
the 39 untranslated region of GM-CSF mRNA mediates
selective mRNA degradation. Cell 46: 659–667, 1986.

101. Sies H, Sharov VS, Klotz LO, and Briviba K. Glutathione
peroxidase protects against peroxynitrite-mediated oxi-
dations. J Biol Chem 272: 27812–27817, 1997.

102. Song H, Cho D, Jeon JH, Han SH, Hur DY, Kim YS, and
Choi I. Vitamin D(3) up-regulating protein 1 (VDUP1)
antisense DNA regulates tumorigenicity and melanogen-
esis of murine melanoma cells via regulating the expres-
sion of fas ligand and reactive oxygen species. Immunol
Lett 86: 235–247, 2003.

103. Spyrou G, Enmark E, Miranda-Vizuete A, and Gustafs-
son J. Cloning and expression of a novel mammalian
thioredoxin. J Biol Chem 272: 2936–2941, 1997.

104. Sun QA, Wu Y, Zappacosta F, Jeang KT, Lee BJ, Hatfield
DL, and Gladyshev VN. Redox regulation of cell signal-
ing by selenocysteine in mammalian thioredoxin reduc-
tases. J Biol Chem 274: 24522–24530, 1999.

105. Sun QA, Kirnarsky L, Sherman S, and Gladyshev VN.
Selenoprotein oxidoreductase with specificity for thiore-
doxin and glutathione systems. Proc Natl Acad Sci U S A
98: 3673–3678, 2001.

106. Sun QA, Zappacosta F, Factor VM, Wirth PJ, Hatfield
DL, and Gladyshev VN. Heterogeneity within animal
thioredoxin reductases. Evidence for alternative first
exon splicing. J Biol Chem 276: 3106–3114, 2001.

107. Suske G. The Sp-family of transcription factors. Gene
238: 291–300, 1999.

108. Swick AG, Blake MC, Kahn JW, and Azizkhan JC. Func-
tional analysis of GC element binding and transcription
in the hamster dihydrofolate reductase gene promoter.
Nucleic Acids Res 17: 9291–9304, 1989.

109. Tamura T and Stadtman TC. A new selenoprotein from
human lung adenocarcinoma cells: purification, proper-
ties, and thioredoxin reductase activity. Proc Natl Acad
Sci U S A 93: 1006–1011, 1996.

110. Thannickal VJ and Fanburg BL. Reactive oxygen species
in cell signaling. Am J Physiol Lung Cell Mol Physiol
279: L1005–L1028, 2000.

111. Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H,
Morita K, Takeda K, Minowa O, Miyazono K, Noda T,
and Ichijo H. ASK1 is required for sustained activations
of JNK/p38 MAP kinases and apoptosis. EMBO Rep 2:
222–228, 2001.

112. Ueno M, Masutani H, Arai R J, Yamauchi A, Hirota K,
Sakai T, Inamoto T, Yamaoka Y, Yodoi J, and Nikaido T.
Thioredoxin-dependent redox regulation of p53-mediated
p21 activation. J Biol Chem 274: 35809–35815, 1999.

113. Ueno M, Masutani Y, Nakamura H, Masutani H, Yagi M,
Yamashiro H, Kato H, Inamoto T, Yamauchi A, Takahashi
R, Yamaoka Y, and Yodoi J. Possible association of thiore-
doxin and p53 in breast cancer. Immunol Lett 75: 15–20,
2000.

114. Vassart G and Dumont JE. The thyrotrophin receptor and
the regulation of thyrocyte function and growth. Endocr
Rev 13: 61–76, 1992.

115. Wu X, Bishopric NH, Discher DJ, Murphy BJ, and Web-
ster KA. Physical and functional sensitivity of zinc finger
transcription factors to redox change. Mol Cell Biol 16:
1035–1046, 1996.

116. Zhang H, Li YD, Patel JM, and Block ER. Thioredoxin
overexpression prevents NO-induced reduction of NO
synthase activity in lung endothelial cells. Am J Physiol
19: L288–L293, 1998.

117. Zhang J, Svehlikova VV, Bao Y, Howie AF, Beckett GJ,
and Williamson G. Synergy between sulforaphane and
selenium in the induction of thioredoxin reductase 1 re-
quires both transcriptional and translational modulation.
Carcinogenesis 24: 497–503, 2003.

118. Zhong L and Holmgren A. Essential role of selenium in
the catalytic activities of mammalian thioredoxin reduc-
tase revealed by characterization of recombinant en-
zymes with selenocysteine mutations. J Biol Chem 275:
18121–18128, 2000

119. Zhong L, Arnér ESJ, Ljung J, Åslund F, and Holmgren A.
Rat and calf thioredoxin reductase are homologous to glu-
tathione reductase with a carboxyl-terminal elongation
containing a conserved catalytically active penultimate se-
lenocysteine residue. J Biol Chem 273: 8581– 8591, 1998.

120. Zhong L, Arnér ESJ, and Holmgren A. Structure and
mechanism of mammalian thioredoxin reductase: the ac-
tive site is a redox-active selenolthiol/selenenylsulfide
formed from the conserved cysteine-selenocysteine se-
quence. Proc Natl Acad Sci U S A 97: 5854–5859, 2000.

Address reprint requests to:
Elias S.J. Arnér

Medical Nobel Institute for Biochemistry
Department of Medical Biochemistry and Biophysics

Karolinska Institute
SE-171 77 Stockholm, Sweden

E-mail: Elias.Arner@mbb.ki.se

Received for publication September 5, 2003; accepted October
1, 2003.

52 RUNDLÖF AND ARNÉR



This article has been cited by:

1. A.P.P. Zemolin, D.F. Meinerz, M.T. de Paula, D.O.C. Mariano, J.B.T. Rocha, A.B. Pereira, T. Posser,
J.L. Franco. 2012. Evidences for a role of glutathione peroxidase 4 (GPx4) in methylmercury induced
neurotoxicity in vivo. Toxicology 302:1, 60-67. [CrossRef]

2. B. A. Carlson, M.-H. Yoo, R. Tobe, C. Mueller, S. Naranjo-Suarez, V. J. Hoffmann, V. N. Gladyshev,
D. L. Hatfield. 2012. Thioredoxin reductase 1 protects against chemically induced hepatocarcinogenesis
via control of cellular redox homeostasis. Carcinogenesis . [CrossRef]

3. Monica Cavia-Saiz, Pilar Muñiz, Reyes De Santiago, Marta Herreros-Villanueva, Carlos Garcia-
Giron, Ana Sofia Lopez, Maria Jesus Coma-del Corral. 2012. Changes in the levels of thioredoxin
and indoleamine-2,3-dioxygenase activity in plasma of patients with colorectal cancer treated with
chemotherapy. Biochemistry and Cell Biology 90:2, 173-178. [CrossRef]

4. Folami Lamoke, Guido Ripandelli, Scott Webster, AnnaLisa Montemari, AnnaMaria Maraschi, Pamela
Martin, Dennis M. Marcus, Gregory I. Liou, Manuela Bartoli. 2012. Loss of thioredoxin function in
retinas of mice overexpressing amyloid #. Free Radical Biology and Medicine . [CrossRef]

5. Rossana Galassi, Alfredo Burini, Simone Ricci, Maura Pellei, Maria Pia Rigobello, Anna Citta,
Alessandro Dolmella, Valentina Gandin, Cristina Marzano. 2012. Synthesis and characterization of
azolate gold(i) phosphane complexes as thioredoxin reductase inhibiting antitumor agents. Dalton
Transactions 41:17, 5307. [CrossRef]

6. Rossana Galassi, Alfredo Burini, Simone Ricci, Maura Pellei, Maria Pia Rigobello, Anna Citta,
Alessandro Dolmella, Valentina Gandin, Cristina Marzano. 2012. Synthesis and characterization of
azolate gold(i) phosphane complexes as thioredoxin reductase inhibiting antitumor agents. Dalton
Transactions 41:17, 5307. [CrossRef]

7. Suvd Erkhembayar, Annelie Mollbrink, Malin Eriksson, Erik H. Larsen, Lennart C. Eriksson. 2011.
Selenium homeostasis and induction of thioredoxin reductase during long term selenite supplementation
in the rat. Journal of Trace Elements in Medicine and Biology . [CrossRef]

8. Preeyaporn Koedrith, Young Rok Seo. 2011. Induction of doxorubicin-mediated apoptosis via
thioredoxin reductase 1 RNAi in human colon cancer cells. Molecular & Cellular Toxicology 7:2,
112-119. [CrossRef]

9. Pascal Dammeyer, Elias S.J. Arnér. 2011. Human Protein Atlas of redox systems — What can be
learnt?. Biochimica et Biophysica Acta (BBA) - General Subjects 1810:1, 111-138. [CrossRef]

10. Susan J. Berners-Price, Aleksandra Filipovska. 2011. Gold compounds as therapeutic agents for human
diseases. Metallomics 3:9, 863. [CrossRef]

11. KP Tan, GA Wood, M Yang, S Ito. 2010. Participation of nuclear factor (erythroid 2-related), factor 2 in
ameliorating lithocholic acid-induced cholestatic liver injury in mice. British Journal of Pharmacology
161:5, 1111-1121. [CrossRef]

12. Chun-Seok Cho , Sukmook Lee , Geun Taek Lee , Hyun Ae Woo , Eui-Ju Choi , Sue Goo Rhee . 2010.
Irreversible Inactivation of Glutathione Peroxidase 1 and Reversible Inactivation of Peroxiredoxin II
by H2O2 in Red Blood Cells. Antioxidants & Redox Signaling 12:11, 1235-1246. [Abstract] [Full Text
HTML] [Full Text PDF] [Full Text PDF with Links]

13. Sarah Elizabeth Jackson-Rosario, William Thomas Self. 2010. Targeting selenium metabolism and
selenoproteins: Novel avenues for drug discovery. Metallomics 2:2, 112. [CrossRef]

14. Sofi E. Eriksson, Stefanie Prast-Nielsen, Emilie Flaberg, Laszlo Szekely, Elias S.J. Arnér. 2009. High
levels of thioredoxin reductase 1 modulate drug-specific cytotoxic efficacy. Free Radical Biology and
Medicine 47:11, 1661-1671. [CrossRef]

15. Md. Kaimul Ahsan , Istvan Lekli , Diptarka Ray , Junji Yodoi , Dipak K. Das . 2009. Redox Regulation
of Cell Survival by the Thioredoxin Superfamily: An Implication of Redox Gene Therapy in the Heart.
Antioxidants & Redox Signaling 11:11, 2741-2758. [Abstract] [Full Text HTML] [Full Text PDF] [Full
Text PDF with Links]

http://dx.doi.org/10.1016/j.tox.2012.07.013
http://dx.doi.org/10.1093/carcin/bgs230
http://dx.doi.org/10.1139/o11-077
http://dx.doi.org/10.1016/j.freeradbiomed.2012.04.010
http://dx.doi.org/10.1039%2Fc2dt11781a
http://dx.doi.org/10.1039%2Fc2dt11781a
http://dx.doi.org/10.1016/j.jtemb.2011.09.002
http://dx.doi.org/10.1007/s13273-011-0015-z
http://dx.doi.org/10.1016/j.bbagen.2010.07.004
http://dx.doi.org/10.1039/c1mt00062d
http://dx.doi.org/10.1111/j.1476-5381.2010.00953.x
http://dx.doi.org/10.1089/ars.2009.2701
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2701
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2701
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2701
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2701
http://dx.doi.org/10.1039/b917141j
http://dx.doi.org/10.1016/j.freeradbiomed.2009.09.016
http://dx.doi.org/10.1089/ars.2009.2683
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2683
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2683
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2683
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2683


16. Dolph L. Hatfield, Min-Hyuk Yoo, Bradley A. Carlson, Vadim N. Gladyshev. 2009. Selenoproteins that
function in cancer prevention and promotion. Biochimica et Biophysica Acta (BBA) - General Subjects
1790:11, 1541-1545. [CrossRef]

17. Regina Brigelius-Flohé, Anna Kipp. 2009. Glutathione peroxidases in different stages of
carcinogenesis#. Biochimica et Biophysica Acta (BBA) - General Subjects 1790:11, 1555-1568.
[CrossRef]

18. Eric Olm, Kerstin Jönsson-Videsäter, Inmaculada Ribera-Cortada, Aristi P. Fernandes, Lennart C.
Eriksson, Sören Lehmann, Anna-Klara Rundlöf, Christer Paul, Mikael Björnstedt. 2009. Selenite is a
potent cytotoxic agent for human primary AML cells. Cancer Letters 282:1, 116-123. [CrossRef]

19. M. A. Reeves, P. R. Hoffmann. 2009. The human selenoproteome: recent insights into functions and
regulation. Cellular and Molecular Life Sciences 66:15, 2457-2478. [CrossRef]

20. Alberto Bindoli, Maria Pia Rigobello, Guido Scutari, Chiara Gabbiani, Angela Casini, Luigi Messori.
2009. Thioredoxin reductase: A target for gold compounds acting as potential anticancer drugs.
Coordination Chemistry Reviews 253:11-12, 1692-1707. [CrossRef]

21. Jennifer D. Tibodeau , Linda M. Benson , Crescent R. Isham , Whyte G. Owen , Keith C. Bible . 2009.
The Anticancer Agent Chaetocin Is a Competitive Substrate and Inhibitor of Thioredoxin Reductase.
Antioxidants & Redox Signaling 11:5, 1097-1106. [Abstract] [Full Text PDF] [Full Text PDF with
Links]

22. Hajime Nakamura, Yuma Hoshino, Hiroaki Okuyama, Yoshiyuki Matsuo, Junji Yodoi. 2009.
Thioredoxin 1 delivery as new therapeutics. Advanced Drug Delivery Reviews 61:4, 303-309.
[CrossRef]

23. Ke Zou, Jian Liu, Ning Zhu, Jianhong Lin, Qi Liang, W. Ted Brown, Yan Shen, Nanbert Zhong.
2008. Identification of FMRP-associated mRNAs using yeast three-hybrid system. American Journal
of Medical Genetics Part B: Neuropsychiatric Genetics 147B:6, 769-777. [CrossRef]

24. Renato Sabelli, Egidio Iorio, Angelo De Martino, Franca Podo, Alessandro Ricci, Giuditta Viticchiè,
Giuseppe Rotilio, Maurizio Paci, Sonia Melino. 2008. Rhodanese-thioredoxin system and allyl sulfur
compounds. FEBS Journal 275:15, 3884-3899. [CrossRef]

25. Susan J. Berners-Price, Aleksandra Filipovska. 2008. The Design of Gold-Based, Mitochondria-
Targeted Chemotherapeutics. Australian Journal of Chemistry 61:9, 661. [CrossRef]

26. E. V. Kalinina, N. N. Chernov, A. N. Saprin. 2008. Involvement of thio-, peroxi-, and glutaredoxins in
cellular redox-dependent processes. Biochemistry (Moscow) 73:13, 1493. [CrossRef]

27. Filomena G. Ottaviano, Diane E. Handy, Joseph Loscalzo. 2008. Redox Regulation in the Extracellular
Environment. Circulation Journal 72:1, 1-16. [CrossRef]

28. Ying Hu, Sabine Urig, Sasa Koncarevic, Xinjiang Wu, Marina Fischer, Stefan Rahlfs, Volker Mersch-
Sundermann, Katja Becker. 2007. Glutathione- and thioredoxin-related enzymes are modulated by
sulfur-containing chemopreventive agents. Biological Chemistry 388:10, 1069-1081. [CrossRef]

29. Oliver Rackham, Scott J. Nichols, Peter J. Leedman, Susan J. Berners-Price, Aleksandra Filipovska.
2007. A gold(I) phosphine complex selectively induces apoptosis in breast cancer cells: Implications
for anticancer therapeutics targeted to mitochondria. Biochemical Pharmacology 74:7, 992-1002.
[CrossRef]

30. Laura Vanda Papp , Jun Lu , Arne Holmgren , Kum Kum Khanna . 2007. From Selenium to
Selenoproteins: Synthesis, Identity, and Their Role in Human Health. Antioxidants & Redox Signaling
9:7, 775-806. [Abstract] [Full Text PDF] [Full Text PDF with Links]

31. Christine Marzano, Valentina Gandin, Alessandra Folda, Guido Scutari, Alberto Bindoli, Maria Pia
Rigobello. 2007. Inhibition of thioredoxin reductase by auranofin induces apoptosis in cisplatin-
resistant human ovarian cancer cells. Free Radical Biology and Medicine 42:6, 872-881. [CrossRef]

32. Anna-Klara Rundlöf, Aristi P. Fernandes, Markus Selenius, Mia Babic, Mohammadreza Shariatgorji,
Gustav Nilsonne, Leopold L. Ilag, Katalin Dobra, Mikael Björnstedt. 2007. Quantification of

http://dx.doi.org/10.1016/j.bbagen.2009.03.001
http://dx.doi.org/10.1016/j.bbagen.2009.03.006
http://dx.doi.org/10.1016/j.canlet.2009.03.010
http://dx.doi.org/10.1007/s00018-009-0032-4
http://dx.doi.org/10.1016/j.ccr.2009.02.026
http://dx.doi.org/10.1089/ars.2008.2318
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2318
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2318
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2318
http://dx.doi.org/10.1016/j.addr.2009.01.003
http://dx.doi.org/10.1002/ajmg.b.30678
http://dx.doi.org/10.1111/j.1742-4658.2008.06535.x
http://dx.doi.org/10.1071/CH08175
http://dx.doi.org/10.1134%2FS0006297908130099
http://dx.doi.org/10.1253/circj.72.1
http://dx.doi.org/10.1515/BC.2007.135
http://dx.doi.org/10.1016/j.bcp.2007.07.022
http://dx.doi.org/10.1089/ars.2007.1528
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1528
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1528
http://dx.doi.org/10.1016/j.freeradbiomed.2006.12.021


alternative mRNA species and identification of thioredoxin reductase 1 isoforms in human tumor cells.
Differentiation 75:2, 123-132. [CrossRef]

33. Leigh Campbell, Forbes Howie, John R. Arthur, Fergus Nicol, Geoff Beckett. 2007. Selenium and
sulforaphane modify the expression of selenoenzymes in the human endothelial cell line EAhy926 and
protect cells from oxidative damage. Nutrition 23:2, 138-144. [CrossRef]

34. Elias S.J. Arnér, Arne Holmgren. 2006. The thioredoxin system in cancer. Seminars in Cancer Biology
16:6, 420-426. [CrossRef]

35. Hajime Nakamura, Hiroshi Masutani, Junji Yodoi. 2006. Extracellular thioredoxin and thioredoxin-
binding protein 2 in control of cancer. Seminars in Cancer Biology 16:6, 444-451. [CrossRef]

36. Sabine Urig, Katja Becker. 2006. On the potential of thioredoxin reductase inhibitors for cancer therapy.
Seminars in Cancer Biology 16:6, 452-465. [CrossRef]

37. Phuongmai Nguyen, Rania T. Awwad, Dee Dee K. Smart, Douglas R. Spitz, David Gius. 2006.
Thioredoxin reductase as a novel molecular target for cancer therapy. Cancer Letters 236:2, 164-174.
[CrossRef]

38. Anissa Djemli, Guy Van Vliet, Edgard E. Delvin. 2006. Congenital hypothyroidism: From paracelsus
to molecular diagnosis. Clinical Biochemistry 39:5, 511-518. [CrossRef]

39. Paul A Marks, Milos Dokmanovic. 2005. Histone deacetylase inhibitors: discovery and development
as anticancer agents. Expert Opinion on Investigational Drugs 14:12, 1497-1511. [CrossRef]

40. Elke Heiss , Clarissa Gerhäuser . 2005. Time-Dependent Modulation of Thioredoxin Reductase Activity
Might Contribute to Sulforaphane-Mediated Inhibition of NF-#B Binding to DNA. Antioxidants &
Redox Signaling 7:11-12, 1601-1611. [Abstract] [Full Text PDF] [Full Text PDF with Links]

41. Elias Arnér. 2005. Thioredoxin reductase 1. AfCS-Nature Molecule Pages . [CrossRef]

42. Anne Burke-Gaffney, Matthew E.J. Callister, Hajime Nakamura. 2005. Thioredoxin: friend or foe in
human disease?. Trends in Pharmacological Sciences 26:8, 398-404. [CrossRef]

43. Hajime Nakamura . 2005. Thioredoxin and Its Related Molecules: Update 2005. Antioxidants & Redox
Signaling 7:5-6, 823-828. [Abstract] [Full Text PDF] [Full Text PDF with Links]

44. Alberto Jiménez, María J. Prieto-Álamo, Carlos A. Fuentes-Almagro, Juan Jurado, Jan-#ke Gustafsson,
Carmen Pueyo, Antonio Miranda-Vizuete. 2005. Absolute mRNA levels and transcriptional regulation
of the mouse testis-specific thioredoxins. Biochemical and Biophysical Research Communications
330:1, 65-74. [CrossRef]

45. C Furman, A.-K Rundlöf, G Larigauderie, M Jaye, G Bricca, C Copin, A.M Kandoussi, J.-C Fruchart,
E.S.J Arnér, M Rouis. 2004. Thioredoxin reductase 1 is upregulated in atherosclerotic plaques: specific
induction of the promoter in human macrophages by oxidized low-density lipoproteins. Free Radical
Biology and Medicine 37:1, 71-85. [CrossRef]

46. Hajime Nakamura . 2004. Thioredoxin as a Key Molecule in Redox Signaling. Antioxidants & Redox
Signaling 6:1, 15-17. [Citation] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1111/j.1432-0436.2006.00121.x
http://dx.doi.org/10.1016/j.nut.2006.10.006
http://dx.doi.org/10.1016/j.semcancer.2006.10.009
http://dx.doi.org/10.1016/j.semcancer.2006.09.001
http://dx.doi.org/10.1016/j.semcancer.2006.09.004
http://dx.doi.org/10.1016/j.canlet.2005.04.028
http://dx.doi.org/10.1016/j.clinbiochem.2006.03.015
http://dx.doi.org/10.1517/13543784.14.12.1497
http://dx.doi.org/10.1089/ars.2005.7.1601
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.1601
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.1601
http://dx.doi.org/10.1038/mp.a002275.01
http://dx.doi.org/10.1016/j.tips.2005.06.005
http://dx.doi.org/10.1089/ars.2005.7.823
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.823
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.823
http://dx.doi.org/10.1016/j.bbrc.2005.02.128
http://dx.doi.org/10.1016/j.freeradbiomed.2004.04.016
http://dx.doi.org/10.1089/152308604771978309
http://online.liebertpub.com/doi/pdf/10.1089/152308604771978309
http://online.liebertpub.com/doi/pdfplus/10.1089/152308604771978309

