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ABSTRACT

The thioredoxin (TRX) system consists of TRX, TRX reductase, and NAD(P)H, and is able to reduce reac-
tive oxygen species (ROS) through interactions with the redox-active center of TRX, which in turn can be re-
duced by TRX reductase in the presence of NAD(P)H. Among the TRX superfamily is peroxiredoxin (PRX),
a family of non-heme peroxidases that catalyzes the reduction of hydroperoxides into water and alcohol. The
TRX system is active in the vessel wall and functions either as an important endogenous antioxidant or in-
teracts directly with signaling molecules to influence cell growth, apoptosis, and inflammation. Recent evi-
dence implicates TRX in cardiovascular disease associated with oxidative stress, such as cardiac failure, ar-
rhythmia, ischemia reperfusion injury, and hypertension. Thioredoxin activity is influenced by many
mechanisms, including transcription, protein—protein interaction, and post-translational modification. Regu-
lation of TRX in hypertensive models seems to be related to oxidative stress and is tissue- and cell-specific.
Depending on the models of hypertension, TRX system could be upregulated or downregulated. The present
review focuses on the role of TRX in vascular biology, describing its redox activities and biological proper-
ties in the media and endothelium of the vessel wall. In addition, the pathopysiological role of TRX in hy-
pertension and other cardiovascular diseases is addressed. Antioxid. Redox Signal. 10, 1127-1136.

INTRODUCTION

IN PHYSIOLOGICAL CONDITIONS, intra- and extracellular reac-
tive oxygen species (ROS) influence metabolic, signaling,
and transcriptional processes in cells, whereas in pathological
conditions, increased bioavailability of ROS (termed oxidative
stress) in cardiovascular cells contributes to cardiovascular dis-
ease (6, 35, 52). Cellular redox homeostasis is regulated by the
coordinate activity of various antioxidant mechanisms, includ-
ing glutathione (GSH) and thioredoxin (TRX) (Fig. 1). These
two thiol-reducing systems are critically involved in defense
against excessive generation of ROS, as well as in redox reg-
ulation of signaling events involved in cell growth, apoptosis,
and inflammation (13). These molecules maintain the intracel-
lular milieu in a reduced state. Glutathione is used by glu-
tathione peroxidase (GPXs) to reduce peroxides, producing glu-

tathione disulfide or oxidized glutathione (GSSG). Glutathione
reductase reduces GSSG to GSH. Thioredoxins are a class of
small 12-kDa redox proteins present in all eukaryotic and
prokaryotic organisms and are essential for cell viability.
Thioredoxin knockout mice are lethal, indicating the impor-
tance of TRX for cell viability (45). To date, three distinct vari-
ants of human TRX, encoded by separate genes, have been char-
acterized. TRX1, the prototype and best characterized, is
located in the cytosol; TRX2 is the mitochondrial form; and
SpTRX is highly expressed in spermatozoa. TRX1 is normally
present in the cytosol but translocates to the nucleus under stress
conditions. The TRX system also includes thioredoxin peroxi-
dase (peroxiredoxin). Thioredoxin reduces peroxiredoxin,
which then catalyzes H,O, to produce H,O. Thioredoxin is
characterized by a highly conserved active site that contains
two cysteine residues. The TRX system reduces cysteine groups
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FIG. 1. Cellular redox imbalance. The cellular redox state
is determined by the balance between pro-oxidant and antiox-
idant species. Redox imbalance leads to oxidative stress that
influences cellular function and oxidative damage that are
important mediators in cardiovascular diseases such as hyper-
tension, atherosclerosis, and diabetes. GPX, glutathione perox-
idase; HpO,, hydrogen peroxide; O,.”, superoxide anion;
ONOO™, peroxynitrite; PRX, peroxiredoxin; SOD, superoxide
dismutase.

on proteins through an interaction with its redox-active center,
by forming a disulfide bond which in turn can be reduced by
the flavoenzyme TRX reductase (TRXR) and NAD(P)H. TRX,
TRXR, and NAD(P)H constitute the TRX system. (37, 47).
Mammalian TRX has a variety of biological activities as a hy-
drogen donor for various intracellular molecules and exerts its
antioxidant function in its reduced form by scavenging H,O,
through TRX peroxidase (Fig. 2).

Independent of its antioxidant function, TRX can act as a sig-
naling molecule. Thioredoxin activates some important tran-
scription factors involved in cell growth/apoptosis and inflam-
mation, such as nuclear factor-«B (NF-«B), activator protein-1
(AP-1), and redox factor-1 (Ref-1), by its TRX activity (59).
As such, TRX has been shown to stimulate cell growth and in-
hibit apoptosis. Thioredoxin is also secreted and has cytokine-
and chemokine-like activity. The function of TRX is regulated
by an endogenous inhibitor, vitamin Ds—upregulated protein
(VDUP)-1 (also called TRX-binding protein, TRXBP) with
which it interacts (18). The redox-active site of TRX mediates
this association, which leads to a reduction in TRX activity,
suggesting that the TRX-VDUP-1 interaction may be an im-
portant regulatory mechanism of cellular redox state.

Since increased generation of ROS plays an important patho-
physiological role in the development of hypertension, antiox-
idants including glutathione, catalase, thioredoxin, and perox-
iredoxin may be involved in counter-regulatory actions and
hence have protective actions. Dysregulation of pro-oxidant and
antioxidant coupling mechanisms leads to oxidative damage
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and cardiovascular disease. The present review focuses on the
TRX system in vascular biology, particularly with respect to its
antioxidant actions and signal transduction regulatory proper-
ties, and discusses the potential importance of this system in
vascular disease.

PEROXIREDOXIN (TRX PEROXIDASE)

Among the TRX superfamily, peroxiredoxins (PRXs) con-
stitute a recently discovered family of non-heme peroxidases
present in all organisms that catalyze the reduction of various
hydroperoxides into the corresponding alcohol and water (39).
Thioredoxin scavenges H,O, through PRX. Mammalian cells
express six PRX isoforms (PRX I-VI), PRX [, II, and VI are
localized in the cytosol, PRX III and V in mitochondria, and
PRX IV in the extracellular space (3). All isoforms contain a
conserved cysteine residue that is the primary site of oxidation
by H,0,. (Fig. 3). Two mechanisms may be responsible for the
temporary inactivation of PRX: its phosphorylation by cyclin
B-dependent kinase/Akt and the hyperoxidation of its active site
(63) (Fig. 4).

The importance of peroxiredoxins is increasingly being rec-
ognized as an important regulator of H,O, homeostasis (3).
When overexpresssed or partially depleted using RNAi method-
ology in various cells, platelet-derived growth factor and tumor
necrosis factor-a-stimulated H,O, levels were reduced or in-
creased respectively (4). In addition to reducing H,O,, PRX,
via peroxynitrite reductase, reduces peroxynitrite levels (55).

THIOREDOXIN IN VASCULAR BIOLOGY

The TRX system is functionally active in the vasculature and
is present in endothelial cells and vascular smooth muscle cells
(VSMC). Thioredoxin is unique among antioxidants in that it
interacts directly with various intracellular-signaling molecules
as well as transcription factors, thereby directly influencing vas-
cular cell growth and survival. Proteins that interact with TRX-
1 include apoptosis signal-regulated kinase-1 (ASK-1), vitamin
D3-upregulated protein 1 (VDUP1), phosphatase and tensin ho-
molog (PTEN), the DNA repair enzyme, Ref-1, and transcrip-
tion factors, including NF-«B and AP-1.

Thioredoxin is abundantly expressed in endothelial cells and
is upregulated by oxidative stress, possibly as a counter-regu-
latory response to increased ROS formation. Thioredoxin has
multiple actions in endothelial cells: it plays a protective role
against HyO,-induced endothelial cytotoxicity (34), it regulates
heme oxygenase (HO)-1, a stress response protein, in bovine
aortic endothelial cells (53), and it induces mitochondrial man-
ganese superoxide dismutase (SOD) in human lung microvas-
cular endothelial cells (5).

Thioredoxin can also be protective against nitrosative stress.
Endothelial cells are continually exposed to both exogenous and
endogenous sources of nitric oxide (NO) and NO-derived
species. HUVECs have a unique protective mechanism that al-
lows the maintenance of balance in intracellular redox status
via TRXR induction as an adaptive response to nitrooxidative
stress. Overexpression of TRX prevents NO-induced reduction
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Cytosol

H,0+0,

QT

Signaling cascade

of oxidative conditions. The reduced thioredoxin (TRX-Red) scavenges hydrogen peroxide (H,O) through peroxiredoxin (PRX).
The oxidized Trx (TRX-Ox) in turn is reduced by Trx reductase in the presence of nicotinamide adenine dinucleotide phosphate
(NAD(P)H). TRX-Red can interact with signaling molecules. Ang II, angiotensin II; ET1, endothelin-1; NADPH oxidase sub-
units (NOX, p67, p47, p22); O,~, superoxide anion; SOD, superoxide dismutase.

of eNOS activity in lung endothelial cells (65). In addition, ex-
posure of endothelial cells to NO donors results in increased
levels of TRX protein. Thioredoxin may participate in the reg-
ulation of NOS activity and be involved in NO functions via
multiple mechanisms (44) (Fig. 5).

Thioredoxin and apoptosis

Through protein—protein interactions, TRX alters the enzy-
matic activity or the subcellular localization of its partner pro-
teins, thereby influencing cellular functions. One of the best de-
fined antioxidant-independent functions of TRX is its effect on
apoptosis, through its interaction with ASK-1, a mitogen-acti-
vated protein kinase kinase kinase (MAPKKK). ASK-1 is ac-
tivated by many stress- and cytokine-related stimuli, and in turn
activates other downstream MAP kinases. Thioredoxin and
ASK-1 physically interact in a redox-dependent manner. The
reduced form of TRX1 inactivates ASK-1 (40), an upstream ki-
nase of mitogen-activated protein (MAP) kinases, p38 MAP ki-
nase, and JNK, thereby inhibiting apoptosis (Fig. 6). Pro-apop-
totic stimuli such as tumor necrosis factor and ROS activate
ASKT1 in part by oxidizing TRX (forming intramolecular disul-
fide) to release TRX from ASK (24). Another mechanism
whereby TRX influences apoptosis, is through its effects on the
Akt/PI3K pathway, that induces phosphorylation and inactiva-

tion of Bad, a pro-apoptotic protein, and procaspase-9. In ad-
dition, TRX influences apoptosis by enhancing the DNA bind-
ing activity of NF-«B.

Dimmeler et al. demonstrated that the anti-apoptotic func-
tion of physiological concentrations of ROS is dependent on
TRX expression in HUVECs (11). Overexpression of TRX in-
hibited oxidative stress-induced apoptosis. This seems to occur
only when cysteine 69 is S-nitrosylated (10). Thioredoxin has
also been implicated in angiogenesis. Pharmacological inhibi-
tion of endothelial cell TRX was associated with increased vas-
cular endothelial growth factor (VEGF) receptor expression, en-
hanced cell migration, proliferation, and angiogenesis (48).

Thioredoxin and inflammation

The TRX system has also been implicated in inflammatory
processes, in large part, through its modulatory effects on pro-
inflammatory transcription factors, NF-«B and AP-1. Thiore-
doxin increases DNA binding of NF-«B by reducing cysteine
62 of the NF-«B P50 subunit (27). TRXR1 acts as a positive
regulator of NF-«B and inflammation in endothelial cells (41).
Activation of the AP-1 transcription factor is mediated by TRX
nuclear translocation and its physical interaction with Ref-1
(57). The TRX-Ref -1 complex increases the DNA-binding ac-
tivity of AP-1 (Fig. 7).
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FIG. 3. Cellular localization of thioredoxin (TRX) and per-
oxiredoxin (PRX) isoforms. TRX and PRX isoforms are lo-
cated in the cytosol and in the mitochondria. They can be
translocated to the nucleus or can be secreted. TRXBP (called
also VDUP-1) is the endogenous inhibitor of TRX. Mito Trx
R, mitchondrial thioredoxin reductase; TRX R, thioredoxin re-
ductase; TRXBP, thioredoxin interacting protein; VDUP-1, vi-
tamin D3-upregulated protein.

Berk et al. (62) demonstrated that fluid shear stress inhibits
vascular inflammation by decreasing VDUP-1 in endothelial
cells. VDUP-1 and TRX are key components of biomechanical
signal transduction and are potentially novel regulators of TNF
signaling and inflammation in endothelial cells (62). Another
target of TRX that has recently been identified is Peroxisome
Proliferator-Activated Receptor-a (PPARa). Activation of
PPARa leads to increased TRX expression as well as its translo-
cation from cytoplasm to nucleus. Overexpression of TRX in
the nucleus dramatically inhibits PPAR« activation (22).

Thioredoxin is also abundantly expressed in human and ro-
dent vascular smooth muscle cells (VSMCs) from mesenteric
arteries and aorta (38). In the cytosol of VSMCs, TRX main-
tains the reduced thiol-disulfide status and is considered to reg-
ulate many cell functions, including differentiation, gene tran-
scription, cell growth, and apoptosis. In VSMCs, TRX seems
to plays a role in proliferation and cell hypertrophy, similar to
what has been demonstrated in the heart. Adenoviral gene trans-
fer of TRX in human aortic VSMCs, enhanced TRX enzyme
activity and significantly increased DNA synthesis (42). In this
paradigm, redox-dependent VSMC proliferation is regulated by
the TRX endogenous inhibitor, VDUP-1, through interaction
with TRX, and unlike in endothelial cells, treatment of VSMC
with H,O, did not modify TRX expression (64). Nitric oxide
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increases TRX activity in VSMCs by suppressing VDUP-1 ex-
pression (43). Similar to endothelial cells, TRX also has anti-
apoptotic properties, induced in part through induction of HO-
1 (58). Depending on the redox state and cell type, TRX has
the potential to both promote cell growth and to induce apop-
tosis. Low dose ROS seems to induce TRX expression, whereas
a high dose of ROS inactivates TRX. Hence the response of
TRX against different levels of ROS may differentially influ-
ence vascular responses of cell growth versus apoptosis.

Recent findings indicate that protein disulfide isomerase
(PDI) regulates the TRX superfamily in VSMCs. PDI is a
dithiol/disulfide oxidoreductase chaperone of the thioredoxin
superfamily that closely associates with NAD(P)H oxidase to
influence the subunit traffic/assembling (15).

PEROXIREDOXIN IN
VASCULAR BIOLOGY

Peroxiredoxin modulates intracellular signaling pathways,
influences cellular redox status, and regulates transcription fac-
tor activity (17, 20). Different PRX isoforms seem to modulate
different cellular responses. Transfection of rat pulmonary
artery VSMCs with a PRXI expression plasmid significantly
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FIG. 4. The catalytic cycle of 2- Cys peroxiredoxin
(PRX). The conserved cysteine residue of Prx is oxidized by
hydrogen peroxide (H,O,), leading to formation of an inter-
molecular disulfide that is reduced specifically by thioredoxin
(TRX) (1). Prx can be temporarily inactivated either by hyper-
oxidation of its active site (2) or by phosphorylation by cyclin
B-dependent kinase (CDC2) (3).
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FIG. 5. Thioredoxin (TRX) and the nitric oxide (NO) path-
way. Nitric oxide produced by endothelial nitric oxide syn-
thase (eNOS), and superoxide anion (O,~) produced by
NAD(P)H oxidase forms peroxynitrites (ONOO™). Thiore-
doxin (TRX) inhibits the inhibitory effect of NO on eNOS (1).
Peroxiredoxin (PRX) has a peroxynitrite reductase effect (2).

increased their growth (14). PRXII downregulation resulted in
increased activation of platelet-derived growth factor receptor
signaling and associated increased cell proliferation and mi-
gration (19). Overexpression of PRXV prevented p53-depen-
dent generation of ROS and p53-induced apoptosis (66).

In contrast to TRX knockout mice, which are lethal, PRX knock-
out mouse are viable with a specific cardiac phenotype. Nagy et
al. reported that hearts from PRXVI knockout mice are more sus-
ceptible to ischemia—reperfusion-induced injury, as evidenced by
reduced postischemic recovery, increased infarct size, and apop-
totic cell death, compared with those in hearts obtained from their
wild-type littermates (33), suggesting a protective effect of PRX VI
Conversely, PrdxVI-null mice were shown to be hypersensitive to
hyperoxia, providing evidence that PRXVI is an important anti-
oxidant enzyme in in vivo conditions. Moreover, overexpression
of mitochondrial PRXIII prevents left ventricular remodeling and
cardiac failure post myocardial infarction in mice (26).

THIOREDOXIN IN CARDIAC AND
VASCULAR DISEASES

Changes in TRX status, in part related to changes in ROS
levels, have been implicated in various cardiovascular diseases,
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including atherosclerosis, ischemia reperfusion injury, myo-
carditis, cardiac hypertrophy, heart failure, myocardial infarc-
tion, and hypertension.

Hypertension and thioredoxin

Increased oxidative stress in hypertension has been attrib-
uted, in part, to decreased antioxidant capacity. Although al-
terations in the glutathione system and changes in levels of anti-
oxidant vitamins have been studied in hypertension and
atherosclerosis, little is known about the status of the TRX sys-
tem in these conditions. Mansego et al. (25) recently demon-
strated that in untreated hypertensive patients plasma and mono-
cyte levels of GSH were reduced, GSSG levels were increased,
and GSSG/GSH was elevated, compared with normotensive in-
dividuals. This was associated with reduced mRNA expression
of GSS, GSR, GCLC, GCLM, GPX1, GPX4, and GPX6 genes
in the hypertensive group, but there was no relationship with
blood pressure levels. On the other hand, mRNA levels of the
thioredoxins 7RX/ and TRX2 and the thioredoxin reductases,
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FIG. 6. Thioredoxin (TRX) and apoptosis. Apoptosis sig-
nal-regulating kinase 1 (ASK1) activation is mediated by reac-
tive oxygen species (ROS). The reduced thioredoxin (TRX-
Red) interacts with ASK-1 and maintains it in an inactivated
state. Upon dissociation of TRX from ASK-1 induced by ROS,
ASK-1 is activated by phosphorylation and induces apoptosis
through activation of the MAP kinases pathway. JNK, c-Jun N-
terminal kinase; TRXBP, thioredoxin binding protein.
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FIG. 7. Thioredoxin (TRX) and cellular signaling. Thiore-
doxin (TRX) exerts its actions via various biochemical mech-
anisms. Under oxidative conditions, Trx as well as Redox Fac-
tor-1 (Ref-1) are translocated from the cytosol into the nucleus,
where they interact physically. Indeed, TRX-Ref-1 complex in-
creases the DNA binding activity of some transcription factors
such as nuclear factor kappa B (NF-«B) and activator protein-
1 (AP-1) that are involved in cellular growth and inflammation.

TRXRI, TRXR2, and TRXR3 were higher in hypertensive pa-
tients than controls and decreased during antihypertensive treat-
ment. These differences between the GSH and TRX systems
may be attributed to the basal state of oxidative stress. It was
proposed that the TRX system is activated by chronic increased
oxidative stress, whereas the GSH system response is not. In
hypertension, despite activation of the TRX system, this may
be insufficient for maintaining a normal redox state, especially
in the presence of an impaired GSH response. Increased serum
levels of TRX have also been demonstrated in patients with ma-
jor risk factors for cardiovascular disease, including hyperten-
sion, smoking, and hypercholesterolemia.

In experimental models of hypertension, the TRX system has
been shown to be downregulated. In aorta, heart, and kidney
from SHR and SHRSP, which exhibit increased oxidative stress,
expression of TRX, estimated by immunohistochemistry and
Western blot analysis, and expression of TRX gene estimated
by real-time RT-PCR were markedly suppressed, compared
with Wistar Kyoto (WKY) (50). Moreover, induction of TRX
was impaired after Ang II stimulation in peripheral blood
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mononuclear cells isolated from SHR and SHRSP, compared
with those from WKY (50). Yamagata et al. (60) reported sim-
ilar data for cultured cortical neurons isolated from SHRSPs af-
ter ischemia/reperfusion. Taken together, these studies suggest
that decreased TRX in tissues of SHRs and SHRSPs may con-
tribute to hypertension. Zhang et al. (65) demonstrated regula-
tion of endothelial function by a mitochondria-specific TRX,
which reduces oxidative stress and increases NO bioavailabil-
ity, thereby preserving vascular endothelial cell function and
preventing vascular injury in hypertension and atherosclerosis.

Unlike studies in genetically hypertensive rats, and similar
to what has been reported in human hypertension, we recently
demonstrated upregulation of the TRX system in Ang II-infused
C57B6 male mice. In particular, cardiac TRX expression was
increased and activity was enhanced in Ang Il-infused mice,
compared with controls (7). This was associated with cardiac
hypertrophy and increased oxidative stress, suggesting that ox-
idative stress induced by Ang II could be responsible for up-
regulation of the TRX antioxidant system, possibly as a counter-
regulatory adaptive process. Interestingly, the upregulation of
the TRX system by Ang II was only observed in male and
ovariectomized female mice and not in intact female mice
where basal TRX levels were already high (7). These results
suggest that normally estrogens may exert beneficial cardio-
vascular actions by augmenting the TRX system (Fig. 8). Oth-
ers have also shown that Ang II activates NAD(P)H oxidase-
mediated ROS production and that oxidative stress induces
expression/activity of TRX (8). Taken together, the existing
data indicate that the TRX system is both increased and de-

Cytosol
E2
PRX
H,0, » 1,040,
TRX System
FIG. 8. Thioredoxin (TRX) and hypertension. Putative reg-

ulation of the thioredoxin (TRX) system in Ang II-induced hy-
pertension. Angiotensin II activates NAD(P)H oxidase, leading
to increased production of superoxide anions (O,7) and hy-
drogen peroxide (H,0O;), which in turn activate the Trx system
as a counter regulatory mechanism. In female mice, estrogen
(E2) seems to inhibit effects of Ang II on NAD(P)H oxidase
and Trx. AT1R, Angiotensin receptor type 1; ER, estrogen re-
ceptor; NAD(P)H oxidase subunits, NOX, rac, p67, p47, p22;
PRX, peroxiredoxin.
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creased in different models of hypertension. It may be possible
that in some circumstances TRX is acting primarily as a sig-
naling molecule influencing cardiovascular remodeling,
whereas in other situations it is acting as an antioxidant, which
may be blunted in hypertension. Hence, the exact role of the
TRX system in hypertension still awaits clarification.

Atherosclerosis and thioredoxin

Miyamoto et al. demonstrated increased plasma levels of
TRX in patients with atherosclerosis, diabetes, coronary artery
disease and acute coronary syndrome (12, 30, 32, 46). Changes
in TRX status have also been reported at the cellular level in
atherosclerosis. In human atherosclerotic neointimal plaques
(38) and in balloon-injured rat arteries (49), endothelial and
macrophage TRX expression is increased. TRXR is also up-
regulated in human atherosclerotic plaques, possibly due to
macrophage-derived low density lipoproteins in monocyte-de-
rived macrophages (9). Other studies reported that extracellu-
lar TRX inhibits lipopolysaccharide-induced interleukin-1beta
expression in human monocyte-derived macrophages (2).
Whether increased TRX and TRXR are reflective of increased
oxidative stress in atherosclerosis or whether they are acting as
signaling molecules involved in atherogenesis is still unclear.

Ischemia—reperfusion and thioredoxin

Ischemia-reperfusion injury in mice is associated with re-
duced cardiac TRX expression (54). Overexpression of cardiac
TRX was associated with improved postischemic ventricular
recovery and decreased myocardial infarct size versus hearts
from wild-type mice (54), whereas downregulation of cardiac
TRX, (by overexpressing cardiac-specific dominant negative
TRX) was associated with increased cardiac injury and oxida-
tive stress, implicating a protective role of TRX in ischemia-
reperfusion injury. In support of this, studies of in vivo models
of ischemia—reperfusion in the heart showed that increasing the
concentration of TRX, either by inducing endogenous TRX or
intravenous administration of human recombinant TRX, re-
duces markers of tissue damage (5). Exogenously applied TRX
reduces myocardial ischemia/reperfusion injury and decreases
oxidative damage in vivo (51). Possible mechanisms for this
protective effect against oxidative-induced injury include acti-
vation of transcription factors that regulate pro-survival and
antioxidant genes and modulation of kinases, such as ASK-1,
which coordinate cell growth and apoptosis. Protection against
reperfusion-induced arrhythmias by human TRX has also been
reported (1).

Cardiac hypertrophy and thioredoxin

Thioredoxin, possibly due to its cell growth regulating prop-
erties and antioxidant properties, has also been implicated in
the pathogenesis of cardiac hypertrophy. In in vivo studies
downregulating TRX, by dominant negative TRX overexpres-
sion or by antisense approaches, was associated with decreased
oxidative stress and attenuated cardiac hypertrophy in response
to pressure overload (61). Yoshioka et al. (64) demonstrated
that VDUP-1, an endogenous inhibitor of TRX, controls car-
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diac hypertrophy by modulating TRX activity. Thioredoxin
overexpression in rat ventricular myocytes prevents alpha ad-
renergic-stimulated hypertrophic signaling by inhibiting Ras ac-
tivation (21).

Myocarditis and thioredoxin

Increased oxidative stress has been implicated in autoimmune
myocarditis, due in part to alterations in the TRX system. Liu
et al. (23) demonstrated a decrease in the development of myo-
carditis and reduced inflammation in mice treated with TRX.
Other studies demonstrated that TRX is involved in the devel-
opment of age-related cardiac changes (29).

Clinical implications

Thioredoxin may be a biomarker of oxidative stress, as well
as a potentially important therapeutic agent in cardiovascular
disease. Recent clinical studies reported an increase in circulat-
ing levels of TRX in patients with chronic cardiac failure where
TRX elevation correlated significantly with increased oxidative
stress (16). Plasma levels of TRX are also increased in patients
with unstable angina compared to those with stable angina (31)
and in post-angioplasty in patients with peripheral vascular dis-
ease plasma (56). Upregulation of the cardiac TRX system has
also been demonstrated in patients with myocarditis and car-
diomyopathies, as evidenced by increased TRX expression in
endomyocardial biopsy samples (36). Variations of TRX con-
centrations have been suggested as an indicator of the severity
of some cardiac pathologies, and in some studies TRX levels
have been used as biomarkers of cardiovascular disease (28).

Because of its function as an antioxidant and as a negative
regulator of hypertrophy and cardiac failure, TRX is potentially
an interesting therapeutic target. Moreover TRX is a small mol-
ecule, it is stable, and is functionally active in the intracellular
and extracellular compartments, making it especially attractive
as a therapeutic possibility.

CONCLUSIONS

Thioredoxin influences many cellular responses, both as an
antioxidant and as a modulator of signaling pathways via direct
interaction with signaling kinases and transcription factors.
Regulation of TRX activity is complex and involves many
processes, including transcription, cellular localization, pro-
tein—protein interaction, and post-translational modification.
Thioredoxin-interacting proteins important in cardiovascular bi-
ology include ASK-1, TXNIP/VDUP/TBP-2, PTEN/PI3K/Akt,
and transcriptional factors such as NF-«B and AP-1. Activa-
tion of the TRX system has been shown to be both increased
and decreased in experimental and human hypertension,
whereas in atherosclerosis and cardiac disease, TRX appears to
be primarily upregulated. The (patho)physiological significance
of these TRX differences in cardiovascular disease has yet to
be determined. It is still unclear whether elevated TRX in patho-
logical conditions is an index of increased oxidative stress,
whether it is upregulated to counterbalance increased bioavail-
ability of ROS, or whether increased TRX is responsible for
aberrant cellular signaling. Further investigations are needed to
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understand the mechanisms of regulation, downstream targets,
and the role of TRX in oxidative balance in the cardiovascular
system, and the pathophysiological significance of alterations
of TRX in cardiovascular disease.
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