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■ Abstract The mammalian thioredoxins are a family of small (approximately
12 kDa) redox proteins that undergo NADPH-dependent reduction by thioredoxin
reductase and in turn reduce oxidized cysteine groups on proteins. The two main
thioredoxins are thioredoxin-1, a cytosolic and nuclear form, and thioredoxin-2, a mi-
tochondrial form. Thioredoxin-1 has been studied more. It performs many biological
actions including the supply of reducing equivalents to thioredoxin peroxidases and
ribonucleotide reductase, the regulation of transcription factor activity, and the reg-
ulation of enzyme activity by heterodimer formation. Thioredoxin-1 stimulates cell
growth and is an inhibitor of apoptosis. Thioredoxins may play a role in a variety of
human diseases including cancer. An increased level of thioredoxin-1 is found in many
human tumors, where it is associated with aggressive tumor growth. Drugs are being
developed that inhibit thioredoxin and that have antitumor activity.

INTRODUCTION

Thioredoxin (Trx) was first described in 1964 by Laurent et al (1) as a small redox
protein fromEscherichia coli. Trx family members have subsequently been shown
to be present in a wide number of eukaryotic and prokaryotic species (for reviews
see 2, 3, 4). The first report of a mammalian Trx appeared in 1967 by Moore (5),
who described and later purified a redox protein from Novikoff hepatoma (6).
Human Trx was subsequently identified by other investigators under other names:
as an interleukin-1 (IL-1)-like cytokine produced by Epstein-Barr virus (EBV)-
infected B-lymphoblastoid cells (7); as adult T cell leukemia-derived factor, an
interleukin-2 (IL-2) receptor inducing factor produced by human T lymphotrophic
virus type 1-infected T cells (8); and as early pregnancy factor, part of a complex in
the serum of pregnant animals that increases the complement-dependent inhibition
of lymphocytes binding to heterologous blood cells (rosette formation) (9). The
proteins have the same predicted amino acid sequence as Trx (10, 11) and are all
now referred to by this name. Trxs have been implicated in a number of mammalian
cell functions. Activity has been found outside the cell (cell growth stimulation
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and chemotaxis), in the cytoplasm (as an antioxidant and a reductant cofactor), in
the nucleus (regulation of transcription factor activity), and in the mitochondria.
The focus of this review is the properties and functions of mammalian Trxs.

REDOX BIOCHEMISTRY OF TRX

Trxs are a family of proteins that have a conserved catalytic site (-Trp-Cys-Gly-
Pro-Cys-Lys-) that undergoes reversible oxidation to the cystine disulfide (Trx-
S2) through the transfer of reducing equivalents from the catalytic site cysteine
residues (Cys) to, typically, a disulfide substrate (X-S2). The oxidized Trx is then
reduced back to the Cys form [Trx-(SH)2] by the NADPH- dependent flavoprotein
thioredoxin reductase. The reactions that Trx undergoes are:

Trx-(SH)2 + X-S2
←→ Trx-S2 + X(SH)2

TrxR

Trx-S2 + NADPH
←→ Trx-(SH)2 + NADP+

TRX REDUCTASES

A discussion of the role of Trx is not complete without consideration of the role
of thioredoxin reductases, the only enzymes that, to date, are known to be able
to reduce the active site of Trx (for reviews see 12, 13). Mammalian thioredoxin
reductases are homodimeric, flavin adenine dinucleotide–containing proteins with
a penultimate C-terminal selenocysteine residue (14, 15). The Cys residues of the
conserved redox catalytic site of mammalian thioredoxin reductases, -Cys-Val-
Asn-Val-Gly-Cys-, undergo reversible oxidation reduction in much the same way
as Trx. The selenocysteine is essential for the activity of mammalian thioredoxin
reductases (16), although human Trx can be relatively efficiently reduced by the
nonselenocysteine-containing bacterial thioredoxin reductase (17). To date two
full-length human thioredoxin reductases have been cloned, a 54.4 kDa thiore-
doxin reductase-1, which is predominantly cytosolic (18), and a 56.2 kD thiore-
doxin reductase-2, which has a 33-amino-acid N-terminal extension identified as
a mitochondrial import sequence (19–21). A third, incomplete thioredoxin reduc-
tase sequence has been reported (22).

MULTIPLE FORMS OF TRX

Cloned Forms

The structures of the known mammalian Trx family members are shown in Figure 1.
Human thioredoxin-1 is a 104-amino-acid protein with a molecular weight of 12
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Figure 1 Trx family members. Human thioredoxin-1 (hTrx-1), human thioredoxin-2 (hTrx-2),
human Trx-like p32 protein (hp32TrxL), and for comparisonE. coli Trx. The dark lines show the
position of Cys residues. The shaded area is a mitochondrial import sequence on thioredoxin-2
and the arrow shows the cleavage site for the sequence.

kDa (10, 11). Chicken, mouse, rat, and bovine Trxs have also been cloned (23, 24).
Trxs exists both with and without the N-terminal methionine, and numbering is
from the N-terminal methionine. Human and other mammalian thioredoxin-1s
contain, in addition to the two catalytic site Cys residues -Trp-Cys32-Gly-Pro-
Cys35-Lys, three other Cys residues, Cys62, Cys69, and Cys73 (all positions are
for human thioredoxin-1), not found in bacterial Trxs (10, 11). These Cys residues
may impart unique biological properties to mammalian thioredoxin-1 (25, 26). The
gene for human thioredoxin-1 is located on chromosome 9 at bands 9q32 (27).
An earlier report placed the thioredoxin-1 gene on chromosome 3 at bands 3p11-
p12 (28); however, this may represent a pseudogene (29). A human thioredoxin-1
pseudogene has been mapped to human chromosome 10q25.2-q25.3 (30). The gene
for mouse thioredoxin-1 is found on the second proximal quarter of chromosome 4,
which is homologous to the human chromosomal 9q32 location of the thioredoxin-
1 gene, and a pseudogene is found on mouse chromosome 1 (31).

The presence of mutant forms of thioredoxin-1 has been suggested but not
confirmed. There is a report of a human thioredoxin-1 cloned from EBV trans-
formed human lymphoid B cell line with two alterations in the predicted amino
acid sequence of Lys39→Asn and Met74→Thr (32). These mutations may rep-
resent cloning artifacts. A novel isoform of Trx in MP6 T lymphocyte cells has
been reported with Lys→Arg replacements determined by protein sequencing at
positions 3, 8, 21, and 96 (33). However, other researchers have been unable to
detect the corresponding Arg-specific codons in Trx mRNA from the same cell
line (34). Our studies with over 50 human cancer cell lines have failed to find
evidence for expression of mutant forms of thioredoxin-1 (11, 35).

A second, slightly larger Trx based on electrophoretic mobility was identified
in pig heart mitochondria (36). This second Trx, thioredoxin-2, was cloned from
a rat heart library and found to encode a 166 amino acid, 18 kDa protein that had a
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conserved Trx catalytic site but that lacked the other Cys residues found in mam-
malian thioredoxin-1 (37). A 60-amino-acid N-terminal extension of thioredoxin-
2 exhibited characteristics consistent with a mitochondrial translocation signal, and
Western blotting has confirmed the mitochondrial localization of thioredoxin-2.
A putative cleavage site gives a 12.2 kDa protein, and recombinant truncated
thioredoxin-2 that contains the catalytic site has been shown to reduce insulin and
to be reduced by thioredoxin reductase-1 and NADPH (37). Human thioredoxin-2
has also been cloned (38).

A 32-kDa thioredoxin-like cytosolic protein (p32TrxL) has been cloned from
a human testis cDNA library (39). The predicted protein sequence is 289 amino
acids with an N-terminal Trx domain of 105 amino acids, a conserved Trx active
site (-Cys-Gly-Pro-Cys-), and a high degree of homology to human thioredoxin-1
(39) (Figure 1). The sequence of the remaining 184 C-terminal amino acids showed
no homology to other proteins in the database. p32TrxL is ubiquitously expressed
in human tissues, with the highest levels appearing in stomach, testis, and bone
marrow. Neither the full length p32TrxL protein nor the N-terminal 105 or 107
amino acid Trx-like fragments were reduced by thioredoxin reductase and NADPH
(39, 40). However, when reduced by dithioethreitol, the N-terminal 107 amino acid
fragment of p32TrxL was able to reduce insulin (40).

A 435-amino-acid redox protein with similarity to Trx but with a -Trp-Cys-Pro-
Pro-Cys- catalytic site (instead of -Trp-Cys-Gly-Pro-Cys-) has been cloned from a
mouse YAC library and localized to the nucleus (41). The protein has been called
nucleoredoxin and localized to mouse chromosome 11 (41).

Processed Forms of Trx

A shorter, 10-kDa, form of thioredoxin-1 has been reported to be secreted and
bound to the outer plasma membrane of human U937 cells (42) and MP6 cells (33).
The shorter form has the same N-terminal amino acid sequence as thioredoxin-1
and is immunoreactive with human anti-thioredoxin-1 polyclonal antibody but has
enhanced eosinophil cytotoxic activity (42). Although they still have the conserved
active site, truncated mutant forms of human thioredoxin-1 lacking the C-terminal
16 or 24 amino acids similarly showed increased eosinophil cytotoxic activity and,
surprisingly, are without insulin disulfide reductase activity (43). Alternatively
spliced forms of thioredoxin-1 mRNA have been isolated, but with in-frame stop
codons (34). It appears, therefore, that the truncated forms of Trx are formed by
proteolytic cleavage.

STRUCTURE OF TRX

Extensive structural data exist for human thioredoxin-1. The solution structures of
oxidized and reduced mutant (Cys62→Ala, Cys69→Ala, Cys73→Ala) thioredoxin-
1 (44) and crystal structures of oxidized and reduced wild-type thioredoxin-1, as
well as solution and crystal structures of various mutant forms of thioredoxin-1
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Figure 2 Structure of the thioredoxin-1 dimer showing the position of the Cys32 and Cys35

catalytic site residues and the cross-linked Cys73 residues.

(44, 45), have been reported. These studies and earlier structure studies withE.
coli Trx (46–48) show that Trx is a compact globular protein with a five-stranded
beta sheet forming a hydrophobic core surrounded by four alpha helices on the
external surface. The conserved active site amino acids, -Trp-Cys-Gly-Pro-Cys-,
link the second beta strand to the second alpha helix and form the first turn of
the second helix. This stable tertiary structure is known as the Trx fold (49). The
mechanism for the reducing action of Trx is that substrate X-S2binds to a conserved
hydrophobic surface and in the hydrophobic environment of the complex, the
thiolate of Cys32 acting as a nucleophile, combines with the protein substrate to
form a covalently linked mixed disulfide (-Cys32-S-S- protein). Finally, the now
deprotonated Cys35 attacks the -Cys32-S-S-protein disulfide bond, releasing the
reduced protein substrate and forming Trx-Cys32-Cys35-disulfide, which is then
reduced by thioredoxin reductase (50). X-ray crystallography has shown small
redox-dependent conformational change in the active site and an unusual thiol-
thiol hydrogen bond that may provide an explanation for the putative depressed
pKa of the active site Cys32(45). However, the true pKa of Cys32remains in dispute
(51).

Homo- and Heterodimer Formation by Trx

Human thioredoxin-1 forms covalently linked homodimers in solution (45, 52) es-
pecially in the presence of a strong oxidant or when stored at high concentrations
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Figure 3 Actions of Trx in the cell.

(26). The crystal structure of human thioredoxin-1 revealed a dimeric structure
in which monomers are disulfide-linked through Cys73 from each subunit, and
active site residues are reduced and buried in the dimer interface (45) (Figure 2).
The crystal structure of the Cys73→ Ser mutant revealed a dimeric form of the
protein nearly identical to that of the wild-type protein, only without the disulfide
linkage, suggesting the dimer may represent a naturally occurring form of the pro-
tein. The dimer contains an 1100̊A2 largely hydrophobic interface with five hy-
drogen bonds in addition to the disulfide bond. In the dimer interface are 12 amino
acids from each monomer, 10 of which are invariant in higher animals, including
Cys73 (45, 49). The apparent dissociation constant for non-covalent dimer forma-
tion under reducing conditions varied between 6 and 166µM at pHs of 3.8 to
8.0, respectively, using a chemical modification assay and gel filtration (53). A
study using analytical ultracentrifugation and NMR spectroscopy failed to find
evidence of dimer formation in solution (54). However those experiments were
done under conditions where active site residues Cys32 and Cys35 were oxidized
(disulfide linked), which interferes with dimer formation (DAR Sanders & WR
Montfort, unpublished data), and dimer formation of the reduced protein can be
detected by ultracentrifugation (RR Sotelo-Mundo & WR Montfort, unpublished
data). It is not yet clear if dimer formation occurs under physiological conditions,
since the association is relatively weak, nor is it clear what role thioredoxin-1
dimers might play, since the active site becomes buried on dimer formation, is
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not a substrate for reduction by thioredoxin reductase, and does not stimulate cell
growth (26, 52). The local concentration of human thioredoxin-1 in tissues has not
yet been accurately determined but overall is about 2 to 12µM in bovine tissues
(55) and possibly higher in tumor tissues that over express thioredoxin-1, suggest-
ing the protein may reach concentrations where dimer formation of the reduced
protein is appreciable.

Human thioredoxin-1 also forms heterodimers with numerous protein redox
partners, as is described in more detail later. Two such interactions have been stud-
ied by NMR (56, 57) with a Cys35→Ala mutant form of human thioredoxin-1 and
peptides from p50 NFkB and Ref-1. Both p50 NFkB and Ref-1 have redox sen-
sitive Cys residues that must be in the reduced state for the proteins to participate
in transcriptional regulation. Stable complexes were achieved through disulfide
bond formation between the thioredoxin-1 Cys32 and Cys62 of p50 NFkB or Cys65

of Ref-1. Both peptides formed specific complexes with human thioredoxin-1
through a boot-shaped cleft on the thioredoxin-1 surface that coincides with part
of the homodimer interface. In addition to the disulfide bond, both complexes
were found to be stabilized by numerous hydrogen-bonding, electrostatic and hy-
drophobic interactions, however, the orientation of the peptides in the binding cleft
differs between the two complexes in that they run in opposite directions (N→C vs
C→N). The numerous interactions between the peptides and thioredoxin-1 sug-
gest there is specificity to the interactions, but dissociation constants for the full
heterodimers have not been reported.

REGULATION OF TRX EXPRESSION

The coding region of the human thioredoxin-1 gene spans 1.3 kb and is organized
into 5 exons (28). The promoter region contains many possible regulatory binding
motifs compatible with constitutive expression, including GCF, SP1, and WT-ZFP
(28); with inducible expression, including AP-1, AP-2, NF-κB, Oct-1, PEA-3,
and Myb (28); and with an oxidative stress response element (58, 59). A variety of
stress stimuli increase thioredoxin-1 expression in cells including hypoxia (60, 61),
Staph. aureusprotein (62), lipopolysaccharide (63), O2 (64, 65), H202 (66–68),
phorbol ester, viral infection, photochemical oxidative stress (69), X-radiation,
and UV irradiation (67, 70–75). Thioredoxin-1 is transcriptionally induced by
activation of heat shock factor 2 during hemin-induced differentiation of K562
erythroleukemia cells (76) and by retinol (vitamin A) in monkey tracheobronchial
epithelial cells (77). Estradiol increases thioredoxin-1 expression in primary cul-
tures of human endometrial stromal cells (78), whereas estradiol, although not
progesterone and testosterone, increases the expression of thioredoxin-1 in bovine
artery endothelial cells (79). Estradiol and testosterone increase thioredoxin-1 ex-
pression in uterus of ovarectomized rats, whereas there is no effect on the levels of
hepatic thioredoxin-1 (80). The expression of thioredoxin-1 also shows cell cycle
dependency (60, 81).
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SUBCELLULAR LOCALIZATION

Thioredoxin-1 is predominantly a cytosolic protein, and although it has no known
nuclear localization sequence, it has been detected in the nucleus of normal
endometrial stromal cells (78), tumor cells (82–84), and primary solid tumors
(73, 82, 84, 85). Treatment of cells with H2O2 (86), PMA (83), UV irradiation (59),
hypoxia (61, 87), and the cancer drug cisplatin (88) has been reported to cause the
translocation of thioredoxin-1 from the cytoplasm to the nucleus. The mechanism
for this translocation is not known, but it may be the consequence of thioredoxin-1
being carried along bound to another protein with a nuclear import sequence (89).
Thioredoxin-1 is also found associated with plasma and cell membranes, presum-
ably on the outside surface of cells (90, 91). As previously noted thioredoxin-2 is
found in the mitochondria (37) while p32TrxL is a cytosolic protein (39).

BIOLOGICAL ACTIVITIES

Trx has many biological activities. These are summarized in Figure 3 and are
discussed below.

Growth Factor

Thioredoxin-1 acts as a growth factor, and it is produced by a variety of cells
including EBV-transformed B cells (7, 92), MP6 T-cell hybridoma (93), and hep-
atoma cells (25, 72). Thioredoxin-1 is secreted by lymphocytes, hepatocytes, fi-
broblasts, and a variety of cancer cells (60, 62, 94–96). The mechanism by which
secretion occurs is not known, but since thioredoxin-1 has no leader sequence, the
mechanism appears to involve a pathway independent of the endoplasmic-Golgi
secretory pathway (94, 97). Thioredoxin-1 stimulates the growth of lymphocytes
(92), normal fibroblasts (98), and a variety of tumor cell lines (25, 72). Neither
the catalytic site mutant Cys32→Ser/Cys35→Ser thioredoxin-1 norE. coli Trx at
concentrations 50-fold higher than human thioredoxin-1 are able to stimulate cell
growth (98). The mechanism responsible for growth stimulation by thioredoxin-1
is atypical for a growth factor. No evidence has been found of saturable binding
of 125I-labeled human thioredoxin-1 to the surface of MCF-7 breast cancer cells
that would indicate the presence of a thioredoxin-1 receptor, and thioredoxin-1
appears to sensitize cells to growth factors produced by the cell itself (25). Not
all growth factors are enhanced by thioredoxin-1. For example, in MCF-7 breast
cancer cells, the effects of insulin and epidermal growth factor are not potenti-
ated (25), while IL-2 is enhanced up to a 1000-fold and basic fibroblast growth
factor (bFGF) up to a 100-fold (15). The mechanism that stimulates the effects
of IL-2 may include an increase in the alpha subunits of the IL-2 receptor (8, 99).
Thioredoxin-1 also increases the cell expression of a variety of cytokines, includ-
ing IL-1, IL-2, IL-6, IL-8, and tumor necrosis factor-α (TNF-α) (100), as well as
of the TNF-α induced expression of IL-6 and IL-8 by human rheumatoid arthritis
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fibroblasts (101). However, thioredoxin-1 transfection of murine L929 cells down-
regulates the expression of IL-6, which is associated with inhibition of p38 MAP
kinase activity in the cells (102). Thioredoxin-1 prevents the inhibition of cdc25
phosphatase activity that leads to impairment of p34cdc2dephosphorylation during
the second cell cycle of mouse embryonic development in vitro (103).

Antioxidant

The direct antioxidant properties of thioredoxin-1 include removal of hydrogen
peroxide (104). Thioredoxin-1 has also been reported to be an efficient electron
donor to human plasma glutathione peroxidase (105). Thioredoxin-1 is present
in plasma at concentrations up to 6 nM (see below) and has been suggested to
have an antioxidant role in plasma (3). However, plasma contains considerably
higher levels of reduced glutathione, around 1µM (106, 107), and reduced plasma
proteins provide additional thiol buffering capacity (108). It seems unlikely that
the relatively low concentration of thioredoxin-1 in plasma would contribute much
antioxidant activity.

Thioredoxin-1 appears to exert most of its antioxidant properties in cells through
thioredoxin peroxidase. The thioredoxin peroxidases belong to a conserved fam-
ily of antioxidant proteins, the peroxiredoxins (PRDXs), which use thyl groups as
reducing equivalents to scavenge oxidants (109). The reduced form of thioredoxin
peroxidase scavenges oxidant species such as H2O2 and alky peroxides and, in
the process, homo or heterodimerize with other family members through disul-
fide bonds formed between conserved Cys residues (109, 110). Trx reduces the
oxidized thioredoxin peroxidase to the monomeric form. Several human thiore-
doxin peroxidases have been cloned: thioredoxin peroxidase-1 (22 kDa monomer),
also known as natural killer enhancing factor-B (111); thioredoxin peroxidase-2
(22-kDa monomer), also known as natural killer enhancing factor-A (112), pro-
liferation associated gene (113), or heme-binding protein 23 (114); thioredoxin
peroxidase-3 (21.6 kDa monomer), also known as human murine erythroleukemia-
associated 5, AOP1, or SP-22, which is primarily mitochondrial (115, 116); and
thioredoxin peroxidase-4 (31 kDa monomer), or human AOE372, identified as a
cytosolic and secreted protein (110, 117). A factor purified from bovine adrenal
cortex, identified as mitochondrial thioredoxin-2, is necessary for the peroxidase
activity of thioredoxin peroxidase-4 (116). Thioredoxin peroxidase-4 has also
been identified as TRANK (thioredoxin peroxidase-related activator of NF-κB and
c-Jun N-terminal kinase), which when added to U-937 human myeloid cells in-
creases the binding of the trancription factor NF-κB to DNA and increases NF-κB
transactivation (118). However, transfection of cells with thioredoxin peroxidase-2
(110, 115) or thioredoxin peroxidase-4 (110) inhibits NF-κB activation measured
by gel shift mobility assays, reporter constructs, and nuclear immunohostochem-
ical localization. The inhibition of NF-κB activation by thioredoxin peroxidase-4
may be caused by decreasing the phosphorylation of the cytosolic NF-κB inhibitor,
IκB, which leads to its decreased degradation (110). A fifth member of the PRDX
family, PRDX-5, contains only one of the essential Cys residues and reduces H2O2
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in the presence of dithioethreitol, but not in the presence of thioredoxin-1 (119).
PRDX-6 has been cloned from a human liver library (120) but appears to be a
nonselenium containing glutathione peroxidase (121, 122).

Thioredoxin peroxidases are found in human red blood cells as antioxidants pro-
tecting red blood cells from oxidant injury (123, 124). Transfection of human en-
dothelial cells with thioredoxin peroxidase-1 protects the cells from H2O2-induced
cytotoxicity and inflammation-induced monocyte adhesion (124). Thioredoxin
peroxidase-2 is found abundantly expressed in rapidly growing and transformed
cells but is present at low levels in quiescent cells (113, 125). Transfection of
Molt-4 leukemia cells with thioredoxin peroxidase-2 protects the cells from apop-
tosis induced by serum deprivation, ceramide, and etoposide and inhibits the re-
lease of cytochrome c from mitochondria during apoptosis (124, 126). Thioredoxin
peroxidase-2 binds to the SH3-binding domain of c-Abl tyrosine kinase and in-
hibits kinase activity (127). Thioredoxin peroxidase-2 protein is increased as cells
enter S-phase and by agents that induce oxidative stress (128). The crystal structure
of rat thioredoxin peroxidase-2 has been reported (114).

Another mechanism for removing H2O2 in the cell is through selenocysteine-
containing glutathione peroxidases that use reduced glutathione as a source of
reducing equivalents (129). As far as is known the glutathione and Trx redox
systems are not coupled in the cell. Selenium has different effects on the Trx and
glutathione peroxidase systems, increasing the activity of thioredoxin reductase
(130) but not of thioredoxin peroxidase, and increasing the activity of glutathione
peroxidase but not glutathione reductase (129; Figure 4). Thus, in the presence of
an excess of peroxide, an increase in available selenium would predictably increase
the levels of reduced Trx relative to reduced glutathione.

Cofactor

One of the earliest functions ascribed to bacterial Trx was as a source of reducing
equivalents for ribonucleotide reductase (1), which catalyzes the conversion of
nucleotides to deoxynucleotides, the first unique step of DNA synthesis and an
essential step for cellular proliferation (131). The importance of thioredoxin-1 for
eukaryotic ribonucleotide reductase is less understood, and there may be other
sources of reducing equivalents (132). However, irreversible inhibition of thiore-
doxin reductase by some antitumor quinones has been associated with a decrease
in cellular ribonucleotide reductase activity (133). Thioredoxin-1 has also been
suggested to be a source of reducing equivalents for vitamin K epoxide reductase,
which is necessary for the biosynthesis of plasma clotting factors (134, 135), al-
though other studies have shown that inhibitors of the Trx system and antibodies
against thioredoxin-1 do not inhibit vitamin K epoxide reduction (136).

Transcription Factor Regulation

Thioredoxin-1 selectively activates the DNA-binding of a number of transcrip-
tion factors. This includes the transcription factor NF-κB that is important for
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Figure 4 Effects of selenium on thioredoxin peroxidase (TrxP) and glutathione peroxidase cycles.
Trx is thioredoxin, reduced (red) and oxidized (ox), GSH is reduced glutathione and GSSG is
oxidized glutathione. The enzymes are the selenoproteins (shown shaded) thioredoxin reductase
(TrxR) and glutathione peroxidase, and the non-selenoproteines are thioredoxin peroxidase and
glutathiore reductase.

the cell response to oxidative stress, apoptosis, and tumorigenesis (137, 138). The
binding of NF-κB to DNA measured by gel shift assays is inhibited under oxi-
dizing conditions (139, 140) and by oxidized thioredoxin-1 (141). Thioredoxin-1
increases the DNA binding of NF-κB to DNA and is more active than L-cysteine,
reduced glutathione, and nonphysiological reducing agents such as N-acetyl cys-
teine, 2-mercaptoethanol, or dithiothreitol (140, 142). The binding of NF-κB to
DNA requires that the Cys62 of the NF-κB p50 subunit be reduced (143). If
the Cys62 of one subunit is linked in a disulfide bridge with the Cys62 of the
other in uncomplexed NF-κB, the DNA can no longer gain access to the bind-
ing surface of the p50 homodimer. If the p50 Cys62 is disulfide-linked to DNA,
it can no longer be released from the complex (144, 145). NMR has been used
to show a disulfide-bonded complex between a catalytically inactive mutant hu-
man thioredoxin-1 (Cys35→Ala,Cys62→Ala, Cys69→Ala,Cys73→Ala) and a 13-
residue peptide comprising residues 56–68 of the p50 subunit of NF-κB that en-
compasses the critical Cys62 residue (56). Both stable and transient transfection of
cells with human thioredoxin-1 have been found to increase NF-κB transactivation
measured with a reporter construct (143, 146). However, other studies have found
that transient transfection with thioredoxin-1 or addition of thioredoxin-1 to the
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medium results in a dose-dependent inhibition of constitutive as well as phorbol
ester–stimulated NF-κB DNA binding and transactivation (147). This difference
may be due to the use of reporter constructs that contain different NF-κB promoter
elements or to the differing roles thioredoxin-1 plays in the cytosol (inhibition of
I κB degradation) and in the nucleus (NF-κB activation).

A second transcription factor whose activity is regulated by Trx is the gluco-
corticoid receptor, which is subject to redox modulation through critical cysteine
residues, whose oxidation leads to decreased ligand binding activity (148) and
decreased DNA binding (74). Transfection of cells with thioredoxin-1 has been
shown to increase the expression of glucocorticoid receptor mediated genes and
glucocorticoid receptor reporter activity in oxidant treated cells, whereas trans-
fection with antisense thioredoxin-1 decreases the expression of the genes and
glucocorticoid receptor reporter activity (86, 149–151). Thioredoxin-1 associates
with the DNA binding domain of the glucocorticoid receptor in the nucleus, which
may account for the increased glucocorticoid receptor DNA binding activity caused
by thioredoxin-1 (86).

The transcription factor AP-1 (Fos and Jun homo- and heterodimers), whose
activation is closely correlated with increased cell growth, is redox regulated
(147, 152). DNA binding of AP-1 is increased by the reduction of a single con-
served Cys residue in the DNA binding domain of each of the homodimers (131).
Mutant Fos and Jun proteins in which this Cys residue is replaced by Ser show con-
stitutive DNA binding (131). Cells transfected with human thioredoxin-1 show an
increase in AP-1 activity measured with a reporter construct (146). Thioredoxin-1
does not reduce AP-1 directly but does so through another nuclear redox pro-
tein Ref-1, (153). Ref-1 is a 37-kDa protein that also has an apurine/apyrimidine
endonuclease repair activity and a core domain that is highly conserved in a fam-
ily of prokaryotic and eukaryotic DNA repair enzymes (154). Sequences in the
N-terminal domain of Ref-1 are required for redox activity while C-terminal se-
quences are necessary for DNA repair activity (154).

Other transcription factors whose binding to DNA is increased by thioredoxin-1
are AP-2 (155), the estrogen receptor (156), and transcription factor PEBP2/CBF
(157). Cotransfection experiments have shown that thioredoxin-1 and Ref-1 in-
crease the transactivating activity of the C-terminal activation domain of hypoxia-
inducible factor 1α (HIF1α), which contains a specific cysteine residue essential
for the hypoxia inducible interaction with the CREB binding protein that leads to
increased expression of genes such as erythropoietin (87).

p53 is a tumor suppressor protein and transcription factor found to be deleted in
a large number of human cancers (158). p53 is often referred to as the gatekeeper
of the genome, and it induces G1 arrest to allow cells time to repair DNA damage
or, if the damage is too great, to induce apoptosis. The binding of p53 to DNA
is enhanced by phosphorylation by specific kinases in response to DNA damage
leading to the regulation of cell cycle-related genes (159, 160). p53 binding to
DNA is also redox sensitive and is inhibited by oxidizing conditions (161). The
redox regulation of p53 DNA binding occurs through critical cysteine residues in
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the DNA binding domain of p53, the mutation of which markedly decreases DNA
binding (127). When wild-type but not mutant forms of human p53 are expressed
in the fission yeastSaccharomyces pombe, strong growth inhibition occurs (162).
This was used as a model system to screen for genes whose function is required for
normal activity of p53, and a mutant yeast strain partially resistant to the effects
of human p53 expression was found that contained a recessive mutation in a novel
gene,trr1, which has strong homology to thioredoxin reductase (163). The levels
and localization of the p53 protein were unchanged in the mutant yeast strain,
suggesting that it was not p53 expression that was altered. Loss oftrr1 function
resulted in yeast with an increased sensitivity to the toxic effects of H2O2 and a
100% oxygen atmosphere. Studies in the budding yeastSaccharomyces cerevisiae
have shown that deletion of thetrr1 gene inhibits the ability of human p53 to
stimulate reporter gene expression (164, 165). The effect of thetrr1 gene on p53
transactivation, but not DNA binding, was exerted through the negative regulatory
domain rather than the DNA binding or oligomerization domains of p53 (165).
Human thioredoxin-1 at concentrations as low as 10 nM has been shown to increase
the sequence-specific binding of p53 to DNA measured by a gel shift assay and
to increase p53 transactivating activity measured with a p21 reporter construct
and p21 protein levels in cells transiently transfected with thioredoxin-1 (88). The
redox inactive mutant thioredoxin-1 C32S/C35S partly blocks the increase in p53
transactivation caused by cisplatin treatment of cells. The DNA binding of p53
and transactivating activity in cells is also increased by the nuclear redox protein
Ref-1 (88, 166). Thioredoxin-1, which as previously noted, associates with and
reduces Ref-1, increases the effects of p53 on DNA binding and cotransfection
of cells with the redox inactive mutant thioredoxin-1. C32S/C35S decrease the
Ref-1 mediated p53 transactivation, suggesting a role for both thioredoxin-1s in
the Ref-1-mediated transactivation of p53 (88). Thioredoxin peroxidase 5 inhibits
p53-induced apoptosis, raising the possibility that part of the effect of thioredoxin-1
on p53 activity is mediated through scavenging of H2O2 (69).

Protein Binding

Thioredoxin-1 binds to a variety of cellular proteins (Table 1). Protein bind-
ing occurs only with the reduced but not the oxidized or mutant redox-inactive
C32S/C35S forms of thioredoxin-1 (167–170). The mechansim of thioredoxin-1
binding has not been elucidated but may involve mixed disulfide formation be-
tween a catalytic site cysteine residue and a cysteine on the other protein. A
protein to which thioredoxin-1 binds and that has received attention is apoptosis
signal-regulating kinase 1 (ASK1). ASK1 is an activator of the c-Jun N-terminal
kinase (JNK) and p36 MAP kinase pathways and is required for TNF-α-induced
apoptosis (171, 172). Reduced but not oxidized or redox inactive C32S/C35S mu-
tant thioredoxin-1 binds to the N-terminal portion of ASK1 to inhibit its activ-
ity, and thioredoxin-1 also inhibits ASK1-dependent apoptosis when transiently
transfected into MvILu containing an inducible ASK1 (167). Deletion of specific
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TABLE 1 Thioredoxin-1 binding to proteins

Protein Comments Method Ref

Trx-1 Homodimerization X-ray (26, 45, 228,
22, 9)

Ref-1 Trx reduces Ref-1 which then Mammalian two (88)
reduces AP-1 and p53 hybrid assay

Ref-1 peptides bind to a boat NMR (57)
shaped cleft in Trx-1

ASK1 (Apoptosis signal-regulated Yeast two (167)
kinase) binds reduced but not hybrid assay
oxidized or redox inactive
mutant Trx and is inhibited.
TNF-α causes ROS mediated
dissociation of Trx and ASK1 (168)
activation

PKCα,δ,ε andζ Trx binding inhibits Phage display (230)
autophosphorylation and histone panning
phosphorylation by PKC

NF-κB NF-κB peptides bind to a boat NMR (56)
shaped cleft in Trx-1

vit D(3) up Binds reduced but not oxidized or Yeast two (231)
regulated protein-1 redox inactive mutant Trx, in cells hybrid assay

vit D(3) upregulated protein-1
expression inhibits Trx expression

Glucocorticoid Trx associates with the GR receptor — (86)
receptor in the nucleus under oxidizing

conditions

p40 phox Cytosolic component of phagocyte Yeast two (170)
oxidase, does not bind mutant hybrid assay
redox Trx

Lipocalin Lipid binding protein and cystein Phage display (232)
proteinase inhibitor from human panning
tears and other tissues

N-terminal residues renders ASK1 constitutively active and no longer influenced
by thioredoxin-1 (167). Oxidation of thioredoxin-1 by the TNF-α or stress- induced
generation of reactive oxygen species leads to dissociation of thioredoxin-1 and
the activation of ASK1, which may contribute to TNF-α induced apoptosis. A
role for the release of thioredoxin-1 bound to ASK-1 in mediating TNF-α induced
apoptosis has been proposed (167, 168). However, whether Trx binding to other
proteins has physiological significance remains to be determined. The Trx-related
protein p32TrxL has also been found to bind to the catalytic fragment of mammalian
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STE-20-like (MST) kinase (40). MST is proteolytically activated by caspases
during CD95 (FAS, Apo-1) induced apoptosis and has been suggested to generate
apoptotic signals downstream of caspase activation (173).

Inhibition of Apoptosis

Thioredoxin-1 added to culture medium prevents apoptosis of lymphoid cells in-
duced by L-cysteine and glutathione depletion (174) and also protects B-type
chronic lymphocytic leukemia cells against apoptosis associated with an increase
in TNF-α secretion, which is an autocrine growth factor for these cells (175).
We have shown that stable transfection of mouse WEHI7.2 lymphoid cells with
human thioredoxin-1 inhibits apoptosis induced by a variety of agents, including
dexamethasone, staurosporine, thapsigargin, and etoposide (176). The inhibition
of apoptosis caused by transfection with thioredoxin-1 is similar to the pattern of
inhibition of apoptosis caused by transfection of the cells with the anti-apoptosis
oncogenebcl-2. When innoculated intoscid mice, the thioredoxin-1-transfected
cells form tumors that grow more rapidly and show less spontaneous apoptosis
than do vector-alone orBcl-2 transfected cells. The tumors are also resistant to
growth inhibition by dexamethasone. Thus, thioredoxin-1 offers a survival as well
as a growth advantage to tumors in vivo, unlikeBcl-2, which offers only a survival
advantage and requires other genetic changes to stimulate tumor growth (177). The
mechanism for the anti-apoptotic effects of thioredoxin-1 is unknown. As noted
above a role for thioredoxin-1 binding to to ASK1 in mediating TNF-α induced
apoptosis has been proposed (167, 168).

Noncatalytic Site Activities of Trx

While most attention has focused on the redox-dependent biological activities of
Trx that require the catalytic site Cys residues, there may be activities that are
independent of this redox activity, although they could still require other reduced
cysteine residues. Precedents exist withE. coli Trx where catalytic site redox
inactive mutants are as active as the wild-type protein in supporting in vivo F1
and M13 phage assembly (178) and the activation of phage T7 DNA polymerase
(179). A catalytic site mutant human thioredoxin-1 in which both catalytic site
Cys residues are converted to Ser (Cys32→Ser/Cys35→Ser) retains its ability to
cause an increase in the rosette inhibition titre of serum (180). Changing Cys73

but not Cys69 to Ser completely abolished the activity of thioredoxin-1 in the
rosette inhibition assay. Because Cys73 is needed for stable dimer formation by
thioredoxin-1 (45), it is possible that dimerization or association of thioredoxin-1
with another protein is necessary for the rosette modifying activity. Truncated
forms of human thioredoxin-1 retaining the conserved active site but lacking the
C-terminal 16 or 24 amino acids are without insulin disulfide reductase activity and
show increased eosinophil cytotoxic activity compared to wild-type thioredoxin-1
(43).
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Cancer Drug Resistance

Several lines of evidence suggest that Trxs may play a role in resistance to the cell-
killing effects of anticancer drugs. The sensitivity of adult T-cell leukemia cell lines
to doxorubicin is lowest in those cell lines with the highest levels of thioredoxin-1
(181). In contrast, leukemia cell lines, which overall have lower thioredoxin-1
levels than do epithelial cancer cell lines, together with colon and renal cancer cell
lines show the greatest sensitivity to thioredoxin-1 inhibiting disulfide drugs with
antitumor activity and other inhibitors of thioredoxin-1 reductase (182). Human
hepatoma cells with increased thioredoxin-1 show a decreased sensitivity to cell
killing by cisplatin but not by doxorubicin or mitomycin C (85). It has been reported
that bladder and prostate cancer cell lines made resistant to cisplatin have four- to
sixfold increases in levels of thioredoxin-1 mRNA and thioredoxin-1 protein (183).
This resistance to cisplatin could be reversed by lowering thioredoxin-1 levels with
a thioredoxin-1 antisense expression plasmid, which also increases the sensitivity
of the cells to doxorubicin, mitomycin C, etoposide, H2O2, and UV irradiation
but not to vincristine and colchicine. Gastric and colon cancer cell lines resistant
to cisplatin have also been reported to have up to 2.5-fold increases in levels of
thioredoxin-1 protein and up to twofold increases in Trx reductase activity, whereas
a positive correlation between cisplatin resistance and Trx-1 levels was found in
a panel of 11 ovarian cancer cell lines (184). In a follow-up study by the same
group, stable transfection of ovarian and colon cancer cell lines with thioredoxin-1
cDNA giving a 2- to 2.5-fold increase in thioredoxin-1 levels failed to increase the
resistance to cisplatin, doxorubicin, and mitomycin C (185). However, others have
found that stable transfection of fibrosarcoma cells with thioredoxin-1 giving a 2-
fold increase in thioredoxin-1 levels gave a 3-fold increase in resistance to cisplatin
(186). In the cisplatin resistant cell lines, a relatively small increase in thioredoxin-
1 expression of two- to threefold was associated with a cisplatin resistance of 4-
to 20-fold (85, 184, 187). Thioredoxin-1 levels are also increased in mitoxantrone
resistant cells (188). Thus, thioredoxin-1 appears to be necessary but not sufficient
for the anticancer drug resistance.

Reperfusion Injury

Recombinant human thioredoxin-1 has been shown to exert a protective effect
against reperfusion-induced arrhythmias in an isolated rat heart model, with a
concentration of 0.1µM thioredoxin-1 being the most effective (189). In a rat in
vivo model of lung ischemia reperfusion injury, recombinant human thioredoxin-1
improved lung function and lessened the histological signs of damage (190). In a
rabbit in vivo model of lung reperfusion injury, human recombinant thioredoxin-1
had no effect on lung function or on lipid peroxides in the lung but attenuated the
signs of lung damage including intra-alveolar exudation, interstitial thickening,
and cellular infiltration (191). In the same rabbit in vivo model, N-acetyl cysteine
did not provide any protection against lung damage. In a dog lung transplantation
model, human recombinant thioredoxin-1 as well as N-acetyl cysteine protected
against loss of pulmonary function and prevented histological signs of damage
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(192). Thioredoxin-1 expression is increased in rat brain after transient and per-
manent cerebral occlusion (193). Thioredoxin-1 transgenic mice showed smaller
infarct sizes after middle cerebral artery occlusion (194). Thioredoxin-1 protects
endothelial cells against reperfusion injury (169) and protects rats against retinal
ischemia reperfusion injury (195).

Transgenic and Knockout Animals

The many biological properties of Trx make it of considerable interest to have
animals showing increased or decreased expression of Trx. Mice with targeted dis-
ruption of the thioredoxin-1 gene show that homozygous animals die shortly after
implantation whereas heterozygous animals are viable, fertile, and in other respects
apparently normal (196). The lethal effects of thioredoxin-1 in early development
is a finding consistent with the one that thioredoxin-1 is widely distributed in dif-
ferent organs and tissues during fetal development (197). Transgenic mice with
human thioredoxin-1 under the control of aβ-actin promoter have been reported
(194). Heart showed the highest level of increased expression of human—relative
to mouse—thioredoxin-1, with kidney, brain, lung, skin, and liver showing lower
levels. The mice were functionally normal, and no histological abnormalities were
observed. There was no change in the expression of Cu Zn superoxide dismutase,
Mn superoxide dismutase, or glutathione peroxidase. The thioredoxin-1 trans-
genic mice showed smaller infarct sizes after middle cerebral artery occlusion and
a subsequent, larger increase in C-fos expression, observations that lead to the
suggestion that thioredoxin-1 may have a neuroprotective function through the
activation of AP-1. Selective expression of human thioredoxin-1 under the control
of a human insulin promoter in theβ-islet cells of the pancreas protected the mice
against spontaneous diabetes and against streptozotocin-induced apoptosis (198).

Other Activities

Thioredoxin-1 can act as a catalyst of protein folding because of relatively weak
protein disulfide bond isomerizing activity (199). Thioredoxin-1 directly reacti-
vates proteins that have been inactivated by oxidative stress, including glyceralde-
hyde-3-phosphate dehydrogenase (200), iodothyronine 5′-deiodinase (201), and
ornithine decarboxylase (202). Protein disulfide isomerase, which has two re-
gions homologous to the Trx catalytic site with -Trp-Cys-Gly-His-Cys-Lys- (203),
is several-fold more efficient than thioredoxin-1 at catalyzing the isomerization,
and because it is abundant in the endoplasmic reticulum lumen, where most pro-
tein disulfides are formed, it is the major physiological catalyst of protein disul-
fide isomerization (199). It is interesting that the gonadotrophic hormone subunit
β-lutropin has a Trx- like -Cys-Gly-Pro-Cys- sequence and aβ-follitropin Cys-
Gly-Lys-Cys sequence, and both are several-fold more active as protein disulfide
isomerases than Trx (204).

Thioredoxin-1 was identified by a random screening of antisense expressed
genes as a component of the pathway signaling the interferon-gamma growth
arrest of HeLa cells (10). Thioredoxin-1 is also a chemotaxic factor for cells of
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leukocyte lineage (205). Chemotaxis is not exhibited by redox inactive mutant
thioredoxin-1, and the effects are seen in the nM range, which is comparable to
other known chemokines.

TRX IN PLASMA

Plasma levels of thioredoxin-1 in normal individuals are between 10 and 80 ng/ml
(0.8–6.6 nM) (188, 206–209). Studies have been conducted to determine whether
plasma thioredoxin-1 is elevated in human disease. Serum thioredoxin-1 has been
reported to be elevated almost twofold in patients with hepatocellular carcinoma,
and after surgery to remove the tumor, the levels drop (188). Serum thioredoxin-1
is not elevated in patients with chronic hepatitis or liver cirrhosis (188). Plasma
thioredoxin-1 is also elevated more than twofold in patients with pancreatic ductal
carcinoma compared to normal individuals (84). Serum thioredoxin-1 has been
reported to be elevated in patients with HIV (206), rheumatoid arthritis, and Sjo-
gren’s syndrome (101, 210).

TRX IN HUMAN DISEASE

Skin Damage

Normal skin shows thioredoxin-1 immunohistochemical staining in the sebaceous
glands, secretory components of sweat glands, and the outer root sheath of the
hair follicle, but not in the interfollicular epidermis (211). Enhanced expression
of thioredoxin-1 has been demonstrated by immunohistochemical staining in the
epidermal cells of sun-exposed skin (67) and may be a protective response to
oxidative damage.

Atherosclerosis

NO and peroxynitrite contribute to the damage to smooth muscle and endothelial
cells seen during atherosclerotic plaque formation (212). Thioredoxin-1 prevents
the NO-dependent inhibition of purified NO-synthase (213), and when human
thioredoxin-1 was transiently transfected into porcine pulmonary artery endothe-
lial cells, it protected against a loss of NO-synthase activity (214). Thioredoxin-
1-transfected L929 murine fibrosarcoma cells show resistance to peroxynitrite-
induced cytotoxicity, although the effect is small (215). Thioredoxin-1 mRNA and
thioredoxin reductase mRNA are increased in endothelial cells and macrophages
of human atherosclerotic plaques, leading to the suggestion that thioredoxin-1
plays a role in the pathogenesis of atherosclerosis (215).

Immune Function

Thioredoxin-1 is a component of early pregnancy factor in serum that provides
immune protection of the developing embryo (29). Thioredoxin-1 is initially
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produced by maternal tissues, but the fetus begins thioredoxin-1 production after
implantation (216). Eosinophils are inflammatory cells associated with inflam-
matory responses, allergic diseases, and tumor cytotoxicities. Thioredoxin-1 in-
creases eosinophil migration, cytotoxicity, and the release of major basic protein
from eosinophils (217–219). Thioredoxin-1 expression is increased in infiltrating
B cells and epithelial cells of patients with Sjogren’s syndrome, an EBV-associated
autoimmune disease (220).

Alzheimers Disease

The brains of subjects with Alzheimer’s disease show decreased levels of thiore-
doxin-1, particularly in the amygdala and hippocampus, while at the same time
the thioredoxin reductase activity is increased (221). It was suggested that these
changes may contribute to the increased oxidative stress and subsequent neurode-
generation observed in Alzheimer’s disease.

HIV

Trx-expressing cells are absent from the lymph nodes of patients with AIDS and
AIDS related complex (222). However, plasma levels of thioredoxin-1 are signifi-
cantly elevated in patients with AIDS (206). Approximately 25% of AIDS patients
had thioredoxin-1 levels higher than the highest level found in plasma of control
subjects and tended to have lower overall CD4 counts. Furthermore, increased
plasma thioredoxin-1 corresponded with decreased cellular thiols and altered cell
surface antigen expression (CD62L, CD38 and CD20) that occurs in the later
stages of HIV infection.

Added thioredoxin-1 has been reported to inhibit the expression of HIV in
human macrophages as measured by p24 antigen production and integration of
the provirus as well as expression of the integrated virus in chronically infected
cells (223). Thioredoxin-1 was considerably more potent than N-acetyl cysteine in
inhibiting HIV production. Surprisingly a truncated form of thioredoxin-1, human
eosinophil cytotoxicity factor, potentiated HIV production.

Cancer

Studies with a variety of human primary tumors have shown that thioredoxin-1
is overexpressed in the tumor compared to levels in the corresponding normal
tissue (Table 2). We have shown by immunohistochemical studies using paraf-
fin embedded tissue sections that thioredoxin-1 expression is increased in more
than half of human primary gastric cancers. The thioredoxin-1 levels showed a
highly significant positive correlation (p< 0.001) with cell proliferation mea-
sured by nuclear proliferation antigen and a highly significant negative correlation
(p< 0.001) with apoptosis measured by the terminal deoxynucleotidyl transferase
(Tunel) assay. In a recent immunohistochemical study of thioredoxin-1 levels in
human colon cancer, thioredoxin-1 protein was not increased compared to nor-
mal colonic mucosa in precancerous colon polyps but was increased sixfold in
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TABLE 2 Thioredoxin overexpression by human primary cancers

Number of Percent
Tumor Type subjects overexpressed Reference

Lung mRNA 10 50a (11)

Colon mRNA 10 60a (60)
protein 18 55a (224)

Cervix protein 79 78b (73)

Hepatoma mRNA 20 85 (85)
protein 25 52 (72)

Gastric protein 10 50 (82)

Pancreatic protein 58 41 (84)
29 7 (differentiated)

Squamous cell carcinoma protein 6 metastatic 6 (211)

Myeloma protein 10 9 unpublished

Non–Hodgkins lymphoma protein 20 7 (advanced) unpublished

Acute lymphocytic leukemia protein 33 15 unpublished

aCompared to corresponding normal tissue from the same subject.
bImmunohistochemistry and comparison to normal tissue from the same subject.

primary colon cancers and almost ninefold in metastatic colon tumors in adjacent
lymph glands (224). Furthermore, high levels of thioredoxin-1 in the tumor appear
to be associated with decreased patient survival (J Raffel, AK Bhattacharyya &
G Powis unpublished observations).

DRUGS THAT INHIBIT TRX

The growth-stimulating effects of thioredoxin-1, together with the finding that it is
overexpressed by a number of human primary tumors, raise the intriguing possibil-
ity that thioredoxin-1 contributes to aggressive tumor growth and poor patient prog-
nosis (25). Furthermore, because thioredoxin-1 also inhibits apoptosis caused by
a number of anticancer drugs and is a cause of resistance to the cytotoxic effects of
some anticancer drugs, it is possible that increased thioredoxin-1 could be a cause
of resistance to chemotherapy. These findings make thioredoxin-1 an attractive tar-
get for the development of drugs to inhibit cancer cell growth. Several such com-
pounds have been identified. They include 1-methylhydroxypropyl 2-imidazoloyl
disulfide (PX-12, Figure 5), which was identified as an inhibitor of thioredoxin-1
by binding to the Cys73 residue (225). The median IC50 for growth inhibition of a
variety of cell lines by PX-12 is 8.1µM (177). PX-12 has been shown to have in
vivo antitumor activity against human tumor xenografts inscidmice (226). The
growth inhibition by compound PX-12 in a 60 human tumor panel was significantly
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Figure 5 Structures of PX-12 and NSC 131233.

correlated with the expression of thioredoxin-1 mRNA (182). Several other in-
hibitors of thioredoxin-1 have been identified by the COMPARE program, from
over 50,000 compounds tested by the Naional Cancer Institute in the 60 human
tumor cell line panel, as having a pattern of cell-killing activity similar to PX-12
(227). One of these compounds, 2,5-bis[dimethylamino)methyl]cyclopentanone
(NSC 131233), is an irreversible inhibitor of thioredoxin-1 with a Ki of 1.0µM.

SUMMARY AND CONCLUSIONS

The mammalian Trxs have been known for many years. However, only recently
has the multiplicity of biological functions of Trx become apparent. The most
studied Trx, thioredoxin-1, is found in the cytosol and the nucleus and acts as a
cofactor that provides reducing equivalents to other redox enzymes. It can directly
reduce cysteine groups on proteins to alter protein binding activity, for exam-
ple of transcription factors, and it can bind to proteins to alter their enzymatic
activity. Thioredoxin-1 is a secreted protein, and it acts outside the cell to stimu-
late cell growth and inside the cell to stimulate cell growth and inhibit apoptosis.
Whether these extracellular and intracellular activities of Trx-1 are related is not
clear at this time; however, redox activity is necessary for both. The ability of
thioredoxin-1 to homodimerize, leading to a loss of redox activity, is conserved
among mammalian species. Whether homodimerization occurs in cells and is of
biological significance remains to be established. A new mitochondrial Trx fam-
ily member, thioredoxin-2, has recently been identified, but its function remains
unknown. Thioredoxin-1 has multiple biological activities including antioxidant,
growth stimulation, and inhibition of apoptosis. However, the mechanisms respon-
sible for most of these activities have not been established, and their identification
provides a challenge for future work. Thioredoxin-1 may play a role in a number of
human diseases but particularly cancer, in which increased levels of thioredoxin-1
are found in many tumors and are associated with aggressive tumor growth. Thus,
thioredoxin-1 presents a target for drugs to inhibit cancer cell growth. The first gen-
eration of drugs that inhibit thioredoxin-1 are currently in development. The chal-
lenges for the future are to identify a unifying mechanism for the various biological
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activities of the Trxs and to determine exactly how redox control of protein function
by Trx can occur in the highly reducing intracellular environment of the cell.
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