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Thioredoxin reduces post-ischemic myocardial
apoptosis by reducing oxidative/nitrative stress
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Background and purpose: Thioredoxin (Trx) is an oxidoreductase that prevents free radical-induced cell death in cultured
cells. Here we assessed the mechanism(s) underlying the cardioprotective effects of Trx in vivo.
Experimental approach: The effects of myocardial ischemia (30 min) and reperfusion were measured in mice, with assays of
myocardial apoptosis, superoxide production, NOx and nitrotyrosine content, and myocardial infarct size. Recombinant
human Trx (rhTrx, 0.7–20 mg kg-1, i.p.) was given 10 min before reperfusion.
Key results: Treatment with 2 mg kg-1 rhTrx significantly decreased myocardial apoptosis and reduced infarct size (Po0.01).
Nitrotyrosine content of cardiomyocytes was markedly reduced in rhTrx-treated animals (Po0.01). To further identify the
mechanisms by which rhTrx may exert its anti-nitrative effect, iNOS expression and production of NOx and superoxide were
determined. Treatment with rhTrx had no significant effect on iNOS expression or NOx content in the ischemic/reperfused
heart. However, it markedly upregulated mSOD and reduced tissue superoxide content. To further establish a causative link
between the anti- peroxynitrite effect and the cardioprotective effect of rhTrx, cultured adult cardiomyocytes were incubated
with SIN-1, a peroxynitrite donor, (50 mM for 3 h) resulting in a nitrotyrosine content comparable to that seen in the ischemic/
reperfused heart and causing significant cardiomyocyte apoptosis (Po0.01). Treatment with rhTrx markedly decreased SIN-1
induced apoptosis (Po0.01).
Conclusions and implications: These results demonstrate that Trx is a novel anti-apoptotic and cardioprotective molecule that
exerts its cardioprotective effects by reducing ischemia/reperfusion-induced oxidative/nitrative stress.

British Journal of Pharmacology (2006) 149, 311–318. doi:10.1038/sj.bjp.0706853; published online 21 August 2006

Keywords: apoptosis; thioredoxin; protein nitration; ischemia/reperfusion

Abbreviations: MI/R, myocardial ischemia/reperfusion; NO, nitric oxide

Introduction

It is well recognized that apoptosis, a gene-regulated cell

suicide process, contributes significantly to cardiomyocyte

loss and the development of cardiac dysfunction in a variety

of pathologic conditions, including myocardial ischemia/

reperfusion (MI/R) and heart failure (Cohn et al., 1997; Gill

et al., 2002). The search for treatments that reduce apoptotic

myocyte death may offer novel therapeutic options to

reduce myocardial reperfusion injury and improve cardiac

function (Ma et al., 1999; Webster and Bishopric, 2003). In

a recent study (Tao et al., 2004), we have demonstrated that

exogenously administered recombinant human thioredoxin

(rhTrx), a 12 kDa antioxidant protein (Holmgren, 1985;

Yamawaki et al., 2003), preferentially entered ischemic/

reperfused cardiomyocytes and markedly reduced post-

ischemic myocardial apoptosis. However, the mechanisms

responsible for Trx’s cardioprotective effects remain unclear.

Reactive oxygen species have long been recognized to

cause oxidative protein modification and to act as the major

mediator of ischemia/reperfusion injury (Dart and Sanders,

1988). However, myocardial reperfusion injury cannot be

explained exclusively by oxidative stress because multiple

enzymatic and non-enzymatic pathways exist that can

effectively reduce oxidized molecules (Willerson, 1997).

Most recent data have suggested that nitric oxide (NO)-

derived reactive nitrogen intermediates (reactive nitrogen

species, RNS) may contribute to pathologic tissue injury by

nitrative protein modification (nitrative stress), providing

potential targets for therapeutic interventions (McCann,

1997; Bauer, 2000; Brookes and Darley-Usmar, 2002; Ischiro-

poulos and Beckman, 2003). One of the most toxic RNS,

peroxynitrite (ONOO�), is formed by NO and superoxide
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(OK�
2 ) at a near diffusion-limited rate. Considerable evidence

now exists that peroxynitrite plays a causative role in post-

ischemic myocardial apoptosis and necrosis (Virag et al.,

2003; Liang et al., 2004). Although in vitro experiments have

demonstrated that Trx is a powerful antioxidative molecule

that participates in the detoxification of H2O2 to H2O,

whether Trx may have anti-nitrative effects, thus reducing

post-ischemic myocardial apoptosis, has not been previously

determined.

Therefore, the aims of the present study were (1) to

determine the effect of Trx on protein nitration (nitrative

stress) in ischemic/reperfused hearts, (2) to identify the

mechanisms by which Trx may reduce nitrative stress (i.e.,

inhibiting NO or superoxide production) and (3) to establish

a causative link between Trx’s anti-nitrative and anti-

apoptotic effects.

Materials and methods

Experimental protocols (Figure 1)

Male adult mice were anesthetized with 2% isoflurane. MI

was produced by temporarily exteriorizing the heart via a left

thoracic incision and placing a 6-0 silk suture slipknot

around the left anterior descending coronary artery. After

30 min of MI, the slipknot was released and the myocardium

was reperfused for 3 h (for apoptosis) or 24 h (for infarct size).

Ten minutes before reperfusion, mice were randomized to

receive either vehicle (phosphate-buffered saline (PBS), pH

7.5) or rhTrx (0.7–6 mg kg�1) by intraperitoneal (i.p.) injec-

tion. Sham operated control mice (Sham MI/R) underwent

the same surgical procedures except that the suture placed

under the left coronary artery was not tied. At the end of the

reperfusion period, the ligature around the coronary artery

was retied and 2% Evan’s blue dye was injected into the left

ventricular cavity. The dye was circulated and uniformly

distributed except in that portion of the heart previously

perfused by the occluded coronary artery (area-at-risk (AAR)).

The heart was quickly excised, and the ischemic/reperfused

cardiac tissue (AAR, Evan’s blue negative area) was isolated

and processed according to the procedures described below.

The experiments were performed in adherence to NIH

Guidelines on the Use of Laboratory Animals and were

approved by the Thomas Jefferson University Committee on

Animal care.

Determination of myocardial apoptosis by TUNEL

To determine myocardial apoptosis in a quantitative man-

ner, the hearts were perfused first with 0.9% NaCl for 5 min

and then with 4% paraformaldehyde in PBS (pH 7.4) for

20 min. Four longitudinal sections from ischemic regions

were cut and further fixed in 4% paraformaldehyde in PBS

for 24 h at room temperature. Fixed tissues were embedded

in a paraffin block and two slides at 4–5 mm thickness were

cut from each tissue block. Immunohistochemical proce-

dures for detecting apoptotic cardiomyocytes were per-

formed by using an apoptosis detection kit (Boehringer

Mannheim, Ridgefield, CT, USA) as described in our previous

study (Liu et al., 2004). After rinsing with PBS, slides were

coverslipped with mounting medium containing 4,6-diami-

dino-2-phenylindole (DAPI) to permit total nuclei counting.

Using a �20 objective, the tissue slide (eight slides/heart)

was digitally photographed with a QICAM-Fast Digital

Camera mounted onto an Olympus BX51 Fluorescence

Microscope. Total nuclei (DAPI staining) and the TdT-

mediated dUTP nick end labeling (TUNEL)-positive nuclei

were counted by an IP Lab Imagine Analysis Software

(Version 3.5, Scanalytics, Fairfax, VA, USA) with a custom-

made script (by Mr Ken Anderson, Bio Vision Technologies,

North Exton, PA, USA). The index of apoptosis (number of

positively stained myocytes/total number of myocytes�
100) was automatically calculated and exported to Microsoft

Excel for further analysis. Eight slides from each heart were

observed and the results were averaged as n¼1. Assays were

performed in a blinded manner.

Determination of myocardial apoptosis by caspase-3 activation

Cardiac caspase 3 activity was performed by using caspase

colorimetric assay kits (Chemicon International Inc., Teme-

cula, CA, USA) as described in our previous study (Gao et al.,

2004). In brief, ischemic/reperfused myocardial tissue was

homogenized in ice-cold lysis buffer for 30 s using a PRO 200

homogenizer. The homogenates were centrifuged for 5 min

at 10 000 g at 41C, supernatants were collected and protein

concentrations were measured by the bicinchoninic acid

method (Pierce Chemical, Rockford, IL, USA). To each well of

a 96-well plate, supernatant containing 200 mg of protein was

loaded and incubated with 25 mg Ac-DEVD-pNA at 371C for

1.5 h. pNA was cleaved from DEVD and the free pNA was

quantified using a SpectraMax-Plus microplate spectrophoto-

Surgical Pro. 30 min MI
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rhTrx (0.7 –6 mg.kg-1)
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Biochemical Assays
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Figure 1 Experimental protocol. Male adult mice were anesthetized and surgical procedure (Surgical Pro.) was performed to induce MI. After
30 min of MI, the myocardium was reperfused for 3 h (for apoptosis, Western blot and biochemical analysis) or 24 h (for infarct size). Ten
minutes before reperfusion, mice were randomized to receive either vehicle (PBS, pH 7.5) or recombinant human Trx (rhTrx, 0.7–6 mg kg�1)
by i.p. injection.
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meter (Molecular Devices, Sunnyvale, CA, USA) at 405 nm.

The results were expressed as nmol h�1 mg�1 protein.

Determination of myocardial infarct size

At the end of the 24-h reperfusion period, the ligature

around the coronary artery was retied and 0.5 ml of 2%

Evan’s blue dye was injected into the left ventricular cavity.

The dye was circulated and uniformly distributed except in

that portion of the heart previously perfused by the occluded

coronary artery area-at-risk (AAR). The heart was excised,

frozen in �201C and sliced into 1 mm thick sections

perpendicular to the long axis of the heart. Slices were

incubated individually using a 24-well culture plate in 1%

TTC in phosphate buffer at pH 7.4 at 371C for 10 min, and

photographed with a digital camera. The Evan’s blue-stained

area (area-not-at-risk; ANAR), the TTC-stained area (red

staining, ischemic but viable tissue) and the TTC stain-

negative area (infarct myocardium) were digitally measured

using an IP Lab Imagine Analysis Software (Version 3.6,

Scanalytics, Fairfax, VA, USA) with a custom-made script (by

Mr Ken Anderson, Bio Vision Technologies, North Exton,

PA, USA). The myocardial infarct size was expressed as a

percentage of infarct area over AAR.

Determination of total NOx content in cardiac tissue

Cardiac tissue samples from AAR were rinsed, homogenized

in deionized water (1:10, wt vol�1) and centrifuged at

14 000 g for 10 min. The tissue NO and its in vivo metabolic

products (NO2 and NO3) in the supernatant, collectively

known as NOx, were determined using a chemiluminescence

NO detector (SIEVER 280i NO Analyzer) as described in our

previous study (Gao et al., 2002).

Quantitation of tissue nitrotyrosine content

Nitrotyrosine content in the ischemic/reperfused cardiac

tissue, a footprint of in vivo ONOO� formation and a reliable

index for nitrative stress (Aulak et al., 2004; Kuhn et al.,

2004), was determined using an enzyme-linked immuno-

sorbant assay method described in our previous publication

(Ma et al., 2001). The results were presented as nanomole of

nitrotyrosine per gram protein.

Quantification of superoxide production

Superoxide production in ischemic/reperfused heart tissue

was measured by lucigenin-enhanced chemiluminescence as

described previously (Lund et al., 2000). Superoxide produc-

tion was expressed as relative light units (RLU) per second

per milligram heart weight (RLU mg�1 s�1).

Immunoblotting

Protein from tissue homogenate was separated on SDS-

polyacrylamide gel electrophoresis gels, transferred to nitro-

cellulose membranes, and Western blotted with monoclonal

antibody against iNOS, magnesium superoxide dismutase

(Transduction Laboratories, San Jose, CA, USA) or gp91phox

(a major component of nicotinamide adenine dinucleotide

phosphate (reduced form) (NADPH) Oxidase, Santa Cruz).

Nitrocellulose membranes were then incubated with horse-

radish peroxide-conjugated anti-mouse IgG antibody

(1:2000, Cell Signaling, Danvers, MA, USA) for 1 h and the

blot was developed with a Supersignal chemiluminescence

detection kit (Pierce, Rockford, IL, USA). The immunoblot-

ting was visualized with a Kodak Image Station 400 and the

blot densities were analyzed with Kodak 1D software.

Adult mouse cardiomyocyte culture

The hearts from 2- to 3-month-old male C57B16/J mice were

removed and perfused at 371C for B3 min with a Ca2þ -free

bicarbonate-based buffer. The enzymatic digestion was

initiated by adding collagenase type B/D and protease type

XIV to the perfusion solution. When the hearts became

swollen and hard after B3 min of digestion, 50 mM Ca2þ was

added to the enzyme solution. Approximately 7 min later,

the left ventricle was removed, cut into several chunks and

further digested in a shaker for 10 min at 371C in the same

enzyme solution. The supernatant containing the dispersed

myocytes was filtered into a sterilized tube and centrifuged

at 800 g for 1 min. The cell pellet was then resuspended in

bicarbonate-based buffer containing 125 mM Ca2þ . After the

myocytes were pelleted by gravity for B10 min, the super-

natant was aspirated and the myocytes were resuspended in

bicarbonate-based buffer containing 250 mM Ca2þ . Myocytes

were plated at 0.5–1 �104 cells cm�2 in the culture dishes

precoated with mouse laminin. After 1 h of culture in a 5%

CO2 incubator at 371C, the medium was changed to fetal

bovine serum-free minimum essential medium.

Statistical analysis

All values in the text and figures are presented as means7s.d.

of n independent experiments. All data were subjected to

analysis of variance followed by Bonferoni correction for post

hoc t-test. Probabilities of 0.05 or less were considered to be

statistically significant.

Results

Thioredoxin treatment attenuated post-ischemic myocardial

apoptosis and reduced infarct size

In myocardial tissue from sham MI/R hearts, o0.1% TUNEL-

positive staining cells were detected, indicating that the

surgical procedure did not induce detectable cardiomyocyte

apoptosis. In contrast, TUNEL-positive nuclei were prevalent

in tissues from ischemic-reperfused hearts, which were

significantly reduced by rhTrx treatment (2 mg kg�1; Figure

2a and b). To provide more evidence in a quantitative and

specific manner that rhTrx reduces post-ischemic myocardial

apoptosis, myocardial caspase-3 activation, a final common

pathway in caspase-dependent apoptosis, was determined.

As summarized in Figure 2c, ischemia/reperfusion-induced

caspase-3 activation was significantly reduced in rhTrx-

treated hearts.
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To determine whether an early anti-apoptotic effect of

rhTrx (i.e., 3 h after reperfusion) may translate into clinically

meaningful infarct reduction at a later time point, myocar-

dial infarct size was determined 24 h after reperfusion. As

illustrated in Figure 2d, treatment with rhTrx significantly

reduced myocardial infarct size.

The results presented above clearly demonstrated that

treatment with rhTrx at 2 mg kg�1, an effective dose in

reducing brain damage following transient focal cerebral

ischemia in mice (Hattori et al., 2004), significantly reduced

cardiomyocyte apoptosis and limited infarct size. To further

determine whether the optimal dose (i.e., 2 mg kg�1) deter-

mined in a transient focal cerebral ischemia model is also the

best therapeutic dose in limiting myocardial infarct after

ischemia and reperfusion, another three groups of mice were

treated with different doses of rhTrx 10 min before reperfu-

sion. As summarized in Figure 3, treatment with rhTrx

reduced myocardial infarct size in a dose-dependent manner

in the range of 0.7–6 mg kg�1. However, when the dose of

rhTrx was increased to 20 mg kg�1, a significantly increased

myocardial infarct size was observed. These results demon-

strated that rhTrx exerts the best cardioprotective effect with

a therapeutic dose of 2–6 mg kg�1 in mice.

Thioredoxin treatment markedly reduced nitrotyrosine content

in ischemic/reperfused hearts

Recent studies have demonstrated that most, if not all,

superoxide-initiated tissue injury is caused by ONOO�,

rather than O2
K� itself or H2O2/HO as previously thought

(Beckman and Koppenol, 1996). Therefore, the protective

effect of Trx against ischemic/reperfusion injury may not be

explained by its previously reported H2O2 detoxification

property. To explore the potential mechanism by which Trx
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Figure 2 In vivo administration of rhTrx (2 mg kg�1) reduced post-ischemic cardiac injury. (a) Representative photomicrographs of in situ
detection of DNA fragments in heart tissue from mice subjected to 30 min of ischemia and 3 h of reperfusion receiving vehicle or rhTrx. Total
nuclei were labeled with DAPI, and apoptotic nuclei were detected by TUNEL staining. (b) Summary of percent of TUNEL-positive myocytes.
**Po0.01 vs MI/Rþ vehicle. N¼5–6 hearts/group. (c) Effect of rhTrx treatment on myocardial caspase 3 activity after 30 min of ischemia and
3 h of reperfusion. **Po0.01 vs MI/Rþ vehicle. N¼12–14 hearts/group. (d) Effect of rhTrx treatment on myocardial infarct size after 30 min of
ischemia and 24 h of reperfusion. **Po0.01 vs MI/Rþ vehicle. N¼10–12 hearts/group. For colour see online version.
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may reduce post-ischemic injury, we determined the effect

of rhTrx on tissue content of nitrotyrosine, a well-accepted

indirect measurement of in vivo ONOO� production and a

reliable index for nitrative stress. As summarized in Figure 4,

30 min of ischemia followed by 3 h of reperfusion resulted in

a greater than threefold increase in nitrotyrosine content.

Treatment with rhTrx before reperfusion significantly re-

duced nitrotyrosine content, suggesting that rhTrx exerted

its cardioprotective effects, at least in part, by its anti-

nitrative activity.

Thioredoxin inhibits nitrative stress by blocking superoxide,

but not NO, production in vivo

Having demonstrated that treatment with rhTrx markedly

attenuated nitrative stress in the ischemic/reperfused heart,

we further investigated the mechanisms by which rhTrx may

reduce nitrative stress. Consistent with previous reports from

other investigators and our own group, significant iNOS

expression was detected in ischemic/reperfused cardiac tissue

and total NO production as determined by tissue NOx

content was markedly increased. Surprisingly, treatment

with rhTrx neither inhibited iNOS expression nor total NO

production in the ischemic/reperfused heart, suggesting that

rhTrx reduced nitrative stress via mechanisms other than

direct inhibition of NO production (Figure 5a and b).

However, superoxide content in the ischemic/reperfused

cardiac tissue was markedly reduced in the rhTrx-treated

group when compared with the vehicle-treated group

(Figure 6b). As the production of potent nitrative species,

such as ONOO�, requires simultaneous production of

superoxide and NO, our results indicate that Trx reduces

ONOO� formation and subsequent nitrative tissue injury

likely by blocking ischemia/reperfusion-induced superoxide,

but not NO, production.

To further dissect the mechanisms by which Trx may

reduce superoxide content in ischemic/reperfused cardiac

tissue, we determined the effect of rhTrx on the expression

of gp91phox, a major component of NADPH oxide that is

the most important superoxide-producing enzyme in the

ischemic reperfused heart, and the expression of mSOD,

the single most important enzyme that competes with NO

to inhibit peroxynitrite formation. Interestingly, although

ischemia/reperfusion increased gp91phox expression

(2.170.3-fold over sham MI/R, n¼6, Po0.01), treatment

with rhTrx failed to inhibit gp91phox expression (P40.5).

In contrast, mSOD expression was not significantly changed

in ischemic/reperfused cardiac tissue when compared with

sham MI/R. However, treatment with rhTrx significantly

increased mSOD expression (2.370.2-fold over vehicle

group, n¼6, Po0.01) (Figure 6a).

Thioredoxin blocked ONOO�-induced cardiomyocyte apoptosis

in vitro

Our in vivo experimental results demonstrated that treat-

ment with rhTrx significantly reduced post-ischemic super-

oxide production and nitrotyrosine content, and decreased

myocardial apoptosis. To obtain more evidence to support a

causative link between Trx’s anti-nitrative and anti-apoptotic

effects, an additional study was performed using cultured

adult cardiomyocytes. Adult mouse cardiomyocytes were

treated with 50 mM SIN-1 (which releases NO and O2
K�

simultaneously and produces ONOO� (Holm et al., 1998;
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Balafanova et al., 2002) for 3 h in the presence or absence of

rhTrx (500 nM) and cardiomyocyte apoptosis was deter-

mined. Consistent with previously published results, expos-

ing cardiomyocytes to an ONOO� donor resulted in

significant apoptosis as evidenced by increased TUNEL

staining and caspase-3 activation. Most important, treat-

ment with rhTrx significantly attenuated SIN-1 induced

apoptosis (Figures 7 and 8), indicating that Trx is capable of

blocking nitrative stress-induced cardiomyocyte apoptosis.

Discussion

We have recently reported that administration of rhTrx

before reperfusion exerts significant cardioprotective effects

after myocardial ischemia and reperfusion (Tao et al., 2004).

However, the mechanism by which Trx may exert its anti-

apoptotic effect was not directly determined. The present

study provides the first direct evidence that treatment

with rhTrx significantly reduces nitrotyrosine content in

ischemic/reperfused cardiac tissue, suggesting that Trx may

exert its anti-apoptotic effect via a novel anti-nitrative

property. In this connection, we have also provided direct

evidence that in vitro treatment with rhTrx blocks SIN-1 (a

peroxynitrite donor)-induced cardiomyocyte apoptosis.

Moreover, we have demonstrated for the first time in an

in vivo animal model that treatment with thioredoxin

reduces post-ischemic nitrative stress via upregulation of

mSOD and inhibition of superoxide content, rather than by

inhibition of NO production.

The Trx system, including Trx, Trx reductase and Trx

peroxidase, has been shown to play a critical role in

maintaining physiologic cardiovascular function as well as

protecting cells from oxidative injury under a variety of

pathologic conditions (Yamawaki et al., 2003). Our present

experimental results provide direct evidence that exogenous

rhTrx, when administered before reperfusion, significantly

reduces myocardial apoptosis and infarct size. This result

suggests that Trx may have great clinical applications in the

treatment of cardiovascular diseases where apoptosis plays

a pathogenic role.

It has been recognized for many years that superoxide

production is markedly increased in ischemic/reperfused
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cardiac tissue and that subsequent formation of H2O2 and

HO. has been thought to be the primary mechanism

responsible for reperfusion injury (Dart and Sanders, 1988).

However, antioxidant treatment has not been proven

beneficial in several clinical trails (Willerson, 1997). Accu-

mulating evidence from recent biochemical and biological

studies indicates that besides oxidative stress, NO-initiated

nitrative stress also plays a critical role in cell death and

tissue injury associated with a variety of cardiovascular

diseases (Zweier et al., 2001; Ferdinandy and Schulz, 2003).

High concentrations of NO have been reported to induce

apoptotic cell death in cultured cells (Chung et al., 2001).

The reported mechanisms involve DNA strand breaks

(Richard et al., 1995; Pieper et al., 1999), p53 accumulation

(Kim et al., 1999; Chung et al., 2001), cdc42 activation

(Thomas et al., 2000), p38 mitogen activated protein kinase

activation (Ghatan et al., 2000) and mitochondrial perme-

ability transition formation (Hortelano et al., 1997). How-

ever, in a recent study, we have demonstrated that in

cultured cardiomyocytes, neither superoxide nor NO alone

results in significant apoptosis. Specifically, exposing cardio-

myocytes to high concentrations of pyrogallol (4100 mM), a

superoxide donor, or SNAP (4300 mM), an NO donor, induces

significant apoptosis. However, pyrogallol-induced apoptosis

is blocked not only by Tiron, a cell-permeable superoxide

scavenger, but also by L-NMMA, a non-selective NOS

inhibitor (administered 10 min before pyrogallol treatment).

On the other hand, SNAP-induced apoptosis at high

concentrations is blocked not only by hemoglobin, an NO

scavenger, but also by Tiron. Moreover, exposing cultured

cardiomyocytes to SIN-1, an ONOO� donor, at concentra-

tions that caused an increase in nitrotyrosine content

comparable to that seen in the ischemic/reperfused heart,

resulted in significant cardiomyocyte apoptosis (Ma et al.,

2004). This result strongly suggests that superoxide and NO

induce cardiomyocyte apoptosis by a peroxynitrite-depen-

dent mechanism. Therefore, it is conceivable that therapeu-

tic interventions that block excessive production of NO

or superoxide, or directly inhibit ONOO�-induced nitrative

stress, may exert a significant cardioprotective effect.

Peroxynitrite is the bi-radical reaction product of NO and

O2
K� at a diffusion-limited rate (Ferdinandy, 2006). Peroxy-

nitrite has been reported to increase apoptotic cell death in

a variety of cell types. The proapoptotic mechanisms of

ONOO� include protein and DNA oxidation (Chiarugi and

Moskowitz, 2002), lipid peroxidation (Ushmorov et al.,

1999), protein nitration (Francescutti et al., 1996; Gow

et al., 1996; MacMillan-Crow et al., 1998), apoptosis-indu-

cing factor release (Zhang et al., 2002) and endoplasmic

reticulum stress with the subsequent release of caspase 12

(Oyadomari et al., 2001). Our present experiment demon-

strated for the first time that administration of rhTrx

markedly reduced cardiac nitrotyrosine content and reduced

apoptosis. However, treatment with rhTrx failed to inhibit

iNOS expression and NO production in ischemic/reperfused

cardiac tissue, indicating that Trx blocks nitrative stress and

subsequent cell death by mechanisms other than direct

inhibition of NO production. In this connection, we have

provided direct evidence that treatment with rhTrx caused

a significant upregulation of mSOD and markedly reduced

superoxide content in the ischemic/reperfused heart. As the

production of potent nitrative products, such as ONOO�,

requires simultaneous production of NO and superoxide, the

upregulation of mSOD and inhibition of superoxide content

by Trx provides a likely explanation for Trx’s anti-nitrative

and anti-apoptotic effects.

Another interesting finding of the present study is that the

addition of rhTrx in cultured cardiomyocytes blocked SIN-1-

induced cardiomyocyte apoptosis. This result provides the

strongest evidence that Trx may exert its anti-apoptotic

effect via a novel anti-nitrative mechanism. There are two

possible explanations for this novel phenomenon. First, by

its antioxidant property, Trx may scavenge SIN-1-released

superoxide, thus preventing peroxynitrite formation. How-

ever, as NO reacts with superoxide at a diffusion-limited rate,

it is unlikely that Trx may effectively compete with NO to

react with superoxide. Another possible explanation is that

exogenously administered rhTrx may compete with other

endogenous anti-apoptotic molecules (such as SOD and

endogenous Trx) to react with peroxynitrite, thus preventing

their nitrative inactivation as previously reported (Guo et al.,

2003). More experiments are needed to provide direct

evidence to support this hypothesis.

In summary, we have demonstrated in the present study

for the first time that Trx reduces nitrative stress by multiple

mechanisms that involve blocking superoxide production

(thus preventing production of potent nitrative species) and

possibly by directly inhibiting peroxynitrite-induced nitra-

tive inactivation of endogenous anti-apoptotic molecules. As

recent studies have clearly demonstrated that nitrative stress

plays a critical pathogenic role in many cardiovascular

diseases, the novel anti-nitrative property of Trx provides

a likely explanation for its cardiovascular protective effect as

previously reported. Therefore, Trx may prove to have

therapeutic value in cardiovascular diseases where ONOO�

generation is increased and apoptotic cell death occurs.
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