
INTRODUCTION

REDOX CONTROL OF CELLULAR FUNCTIONS has become a
focus of intensive research in the past few years (3–5, 7,

8, 11, 28, 29, 41, 45, 46). Redox homeostasis of eukaryotes is
required to be maintained for optimal metabolic activities (8,
11, 13). Therefore, cells continuously interact with their envi-
ronment by sensing and responding to stress conditions using
complex signaling cascades. For example, birth of an aerobic
organism is a significant oxidative stress due to sudden expo-
sure of the newborn to a relatively higher oxidative environ-
ment (21% O2) than that present in the uterus (>3% O2). Al-
though birth is a physiological process, it involves exposure
of the newborn to an oxidative stress condition (4, 11) due to
growth and development of the fetus in a relatively hypoxic
environment. Therefore, a wide array of antioxidant systems
develops during the third trimester of the fetal life that not
only protect the newborn, but also allow them to more effi-
ciently generate energy (4, 11).

There are two major redox systems of the cell, glutathione
and thioredoxin (Trx), that have dominated research in the
field of redox control (8). Trx has been more intensely stud-
ied in recent years than glutathione. Glutathione is considered
a major redox buffer system of the cell that acts as a sink for
reactive species oxygen (14, 24). In addition, glutathione is
involved in detoxification via the glutathione transferase sys-

tem. The glutathione peroxidase system detoxifies peroxides
using reducing equivalents from glutathione (1). The Trx sys-
tem is similar to the glutathione system, but has been shown
to have more extensive cellular functions, in addition to its
antioxidant properties (17, 28). Additionally, an increasing
role of truncated Trx is being recognized in many cellular
physiological functions (32). Most importantly, the role of
Trx in signal transduction is emerging as a major research
area similar to protein phosphorylation. In this review, I will
discuss our current understanding of the role of Trx in signal
transduction and regulation of gene expression. Additionally,
I will discuss our current understanding of the role of Trx in
premature newborn biology and the potential areas that need
further investigation.

TRX IN SIGNAL TRANSDUCTION

Protein phosphorylation by kinases and dephosphoryla-
tion by phosphatases have been shown to regulate major cel-
lular functions via transcription factor activation and gene ex-
pression (27, 43, 44). However, recently the importance of
thiol-disulfide exchange reactions in the signal transduction
and gene expression has been widely recognized as control
mechanisms that drive various cellular signaling events. Be-
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sides its antioxidant properties, Trx is perhaps most widely
recognized for its role in signal transduction, resulting in
transcription factor activation and redox control of cellular
functions.

The modulation of nuclear factor-�B (NF�B) activation by
Trx via the thiol–disulfide exchange reaction is one of the
first described roles of Trx in signal transduction (6, 9, 10,
25). An extensive review in this area has appeared recently
(22, 34). Besides a simple thiol–disulfide exchange reaction,
Trx has been shown to activate certain components of the
MEKK1-JNK signaling pathway, resulting in I�B degrada-
tion and NF�B activation (6). These studies demonstrate a far
greater role of Trx in signal transduction processes than
that of a disulfide-reducing action. Nevertheless, disulfide-
reducing action is extremely important in regenerating oxi-
dized proteins, which could render many signaling proteins
inactive. Catalytic sites on several enzymes contain critical
–SH groups that are susceptible to oxidation during catalysis.
Therefore, it is of paramount importance to regenerate oxida-
tively inactivated proteins, a major function of Trx due to ef-
ficient thiol–disulfide exchange reactions. The regulation of
apoptosis signal-regulating kinase-1 activity by Trx (37, 45)
provided a basis for transduction of redox information to
translate into an executable signaling cue, and demonstrated a
more relevant role of oxidation–reduction in signal transduc-
tion. Additionally, an important role of Trx in activator
protein-1 activity has been shown to be mediated by Jab1
(Jun activation domain binding protein) interaction (18).
Taken together, the coupling of thiol–disulfide exchange re-
action with that of kinase-phosphatase dynamics provides a
flexible and executable stress response signal. Therefore, Trx
occupies a unique position in the signaling hierarchy of the
eukaryotic cell.

Besides these important signal transduction roles of the
Trx redox system, several functional roles have been delin-
eated in various physiological processes that deserve men-
tioning in this review. The redox regulatory role of Trx in
lung inflammation (5, 12, 30) and ischemic preconditioning
(5, 26, 38, 40) has been extensively worked out and pre-
sented in two reviews. The role of Trx in the cardiovascular
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system has been dealt with in these reviews (38). In addition,
the role of the oxidative process in aging and the ameliorat-
ing role of Trx in this process have been recently reviewed by
Yoshida et al. (46). We have previously shown that Trx in-
duces the expression of manganese superoxide dismutase
(MnSOD), a critical inducible antioxidant enzyme of the mi-
tochondria. Subsequently, other studies confirmed our find-
ing and suggested that the antioxidant role of Trx is specifi-
cally due to its MnSOD-inducing property (2). Although it
seems somewhat paradoxical that a reducing agent induces
the expression of an antioxidant enzyme, it does demonstrate
the crucial role of the redox state of the cell in signal trans-
duction and gene expression. Therefore, induction of
MnSOD by Trx is a critical event in the protection of cells
and tissues against oxidative stress. These studies suggest
that Trx specifically regulates gene expression by modulat-
ing signaling events in oxidative stress conditions. Addi-
tional studies have shown a protective role of Trx in decreas-
ing brain damage and in attenuating the age-dependent
biochemical alterations (16).

TRX A PROOXIDANT?

We have recently reported that Trx could augment the
generation of superoxide radical in combination with anthra-
cyclines (Fig. 1) (35, 36). In addition, Trx was found to in-
crease plasmid DNA damage in combination with anthracy-
clines, and enhanced p53 DNA binding (35, 36). In the same
study, it was also found that Trx alone could provide reduc-
ing equivalents to NADPH–cytochrome-p450 reductase that
enhanced the activity of this enzyme, suggesting that Trx
could enhance the redox cycling of anthracyclines (Fig. 2).
In a redox system, both oxidation and reduction occur simul-
taneously: one molecule is oxidized by donating an electron,
whereas the acceptor molecule is reduced by accepting the
electron. Therefore, keeping this in perspective, Trx could
donate an electron to anthracyclines either alone or with its
reductase. This is the first study to demonstrate a prooxidant
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FIG. 2. Possible mechanism of Trx-induced redox cycling of
anthracyclines. Redox cycling of the quinone moiety of an-
thracyclines is shown. The quinone is converted to a semiquinone
radical by autooxidation in the presence of molecular oxygen and
a flavoprotein enzyme (Fp). The reductive enzyme uses NADPH
as the source of reducing equivalents. Reduced Trx (Trx-SH) acts
as an electron donor for a bioreductive Fp enzyme that induces
redox cycling of the quinone moiety of anthracyclines.
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FIG. 1. Antioxidant and activation of oxidatively inacti-
vated proteins. Trx itself quenches singlet oxygen and scav-
enges hydroxyl radical, but it does not scavenge superoxide an-
ions. However, it induces a critical antioxidant enzyme,
MnSOD. Thus, it is an ideal antioxidant that could neutralize
all three forms of reactive oxygen species. In addition, by using
reducing equivalents from NADPH, it can regenerate oxida-
tively inactivated proteins. This activation is a major player in
the signal transduction and gene expression by Trx.
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role of Trx in anthracycline redox-cycling in vitro, as well as
in intact cells (35, 36).

ROLE OF TRX IN PREMATURE AND
NEWBORN BIOLOGY

Although major advances have been made in elucidating
the role of Trx in various biological processes, its role in em-
bryogenesis and newborn biology has not received the re-
quired attention. Trx plays a potentially important regulatory
role in embryogenesis, early fetal life, and survival of new-
born infants. The very fact that Trx knockout mice do not sur-
vive beyond embryogenesis attests to the critical role of Trx
in early fetal development. Our previous review has covered
the role of Trx in fetal and neonatal life in primates, as well as
rodents. Additionally, the role of reactive oxygen species in
premature and newborn diseases was extensively reviewed by
O’Donovan and Fernandes (31). Besides the role of redox and
Trx in diseases of the newborn, several excellent reviews pre-
sented the important role of redox molecules in fetal and
neonatal life (7, 23, 33). Transition of fetal life from a rela-
tively hypoxic environment to a more hyperoxic environment
poses an acute oxidative stress in the neonatal life. One of the
major complications of the premature lung is due to supple-
mental oxygen therapy that is routinely administered in criti-
cal care units. As the lung is a major target of oxygen therapy,
lung physiology is critically altered in a hyperoxic environ-
ment. An excellent review by Asikainen and White was pre-
sented in the forum issue relating to the role of oxidants in
premature and newborn biology (4).

A recent study has demonstrated that cytoplasmic thiore-
doxin reductase (TR) plays an essential role during embryo-
genesis, by showing that inactivation of TR1 leads to early
embryonic lethality (19). Homozygous mutant embryos dis-
played severe growth retardation and failed to turn. However,
a rather unique observation was that cardiomyocyte growth
and proliferation were not affected in mice with heart-
specific inactivation of TR1, and the heart of these mice de-
veloped normally and appeared healthy. A higher expression
of Trx mRNA was observed in the developing cerebellum, ol-
factory bulb, and dentate gyrus of postnatal rat brains, sug-
gesting an important role of Trx in central nervous system de-
velopment (20). Additionally, the expression of Trx and TR
was shown to be increased during mouse embryogenesis (21).
A recent review has summarized the role of redox regulation
in lung development and perinatal epithelial function (23).
The role of redox state and oxidative stress in preeclampsia is
one of the most intensely investigated areas of reproductive
biology. This is a disorder of human pregnancy that is associ-
ated with premature delivery and fetal growth retardation.
Continued research in this area further supports a pivotal role
of oxidative stress and redox perturbations as a causal factor
in preeclampsia (15, 39, 42).

Although some progress has been made in understanding
the role of redox control and the Trx system in the growth and
development of embryos, a significant amount of work is
necessary to delineate the role of redox control in organogen-
esis and diseases of the premature and newborns.
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ABBREVIATIONS

MnSOD, manganese superoxide dismutase: NF�B, nu-
clear factor-�B; TR, thioredoxin reductase; Trx, thioredoxin.
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