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Abstract
Objective—Several recent studies have demonstrated that thioredoxin (Trx) is an important anti-
apoptotic/cytoprotective molecule. The present study was designed to determine whether Trx activity
is altered in the aging heart in a way that may contribute to increased susceptibility to myocardial
ischemia/reperfusion (MI/R).

Methods and Results—Compared to young animals, MI/R-induced cardiomyocyte apoptosis and
infarct size were increased in aging animals (P<0.01). Trx activity was decreased in the aging heart
before MI/R, and this difference was further amplified after MI/R. Trx expression was moderately
increased and Trx nitration, a post-translational modification that inhibits Trx activity, was increased
in the aging heart. Moreover, Trx-ASK1 complex formation was reduced and activity of p38 MAPK
was increased. Treatment with FP15 (a peroxynitrite decomposition catalyst) reduced Trx nitration,
increased Trx activity, restored Trx-ASK1 interaction, reduced P38 MAPK activity, attenuated
caspase 3 activation and reduced infarct size in aging animals (p<0.01).

Conclusions— Our results demonstrated that Trx activity is decreased in the aging heart by post-
translational nitrative modification. Interventions that restore Trx activity in the aging heart may be
novel therapies to attenuate MI/R injury in aging patients.
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1. Introduction
It is well recognized that age is a major independent risk factor for morbidity and mortality in
ischemic heart disease[1]. However, the mechanisms responsible for this age-related
pathologic change remain elusive. Accumulating evidence indicates that myocardial apoptosis,
a gene regulated programmed cell death, markedly increases with aging[2,3]. The molecular
mechanisms and signaling transduction pathways which are responsible for increased
susceptibility of cardiomyocytes to apoptosis with aging remain largely unidentified.
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Thioredoxin (Trx) is a 12-kDa protein ubiquitously expressed in all living cells that fulfills a
variety of biological functions related to cell proliferation and apoptosis[4]. It is not only
involved in cytoprotective functions against oxidative stress, but also in the regulation of
cellular proliferation and the aging process[5]. Clinical and experimental results have
demonstrated that inhibition of Trx promotes apoptosis[6]. Recent in vitro studies demonstrate
that Trx interacts directly with, and inhibits, the activity of apoptosis-regulating kinase-1
(ASK1), a mitogen-activated protein (MAP) kinase that activates two pro-apoptotic kinases,
p38 MAP kinase (MAPK) and c-Jun N-terminal kinase (JNK)[7]. In aged mouse livers, the
ratio of ASK1/Trx-ASK1 (free ASK1/Trx-binding ASK1) increases and this correlates with
the increased basal activity of the p38 MAPK pathway[8]. These results suggest that Trx may
play a critical role in cell proliferation and cell death in aging. However, whether Trx activity
is reduced in the aged heart and whether this alteration may contribute to increased
cardiomyocyte apoptosis in the aged heart has never been previously investigated.

Reactive oxygen species (ROS) have long been recognized to cause oxidative protein
modification and to act as major mediators of the aging process[9,10]. However, the increased
susceptibility of the aging heart to ischemia and reperfusion injury and increased post-ischemic
cardiomyocyte apoptosis in aging animals cannot be exclusively explained by ROS production,
and many fundamental questions remain unresolved[11]. Recent data have identified nitric
oxide–derived reactive nitrogen species (RNS), such as peroxynitrite (ONOO−), as critical
contributors of protein modification and cell injury, providing potential targets for therapeutic
interventions[12,13]. However, whether increased RNS production may increase
cardiomyocyte apoptosis via nitrative modification of a specific protein remains unknown.

Therefore, the aims of the present study were 1) to determine whether Trx activity is reduced
in the aging heart; 2) to identify the mechanism responsible for aging-induced Trx alteration;
3) to determine the signaling mechanism by which reduced Trx activity leads to apoptotic
cardiomyocyte death in the aging heart; and 4) to investigate whether treatment with FP15 (a
peroxynitrite decomposition catalyst) attenuates apoptotic cardiomyocyte death in the aging
heart.

2. Material and Methods
2.1. Experimental Protocols

The experiments were performed in adherence with the National Institutes of Health Guidelines
on the Use of Laboratory Animals and were approved by the Thomas Jefferson University
Committee on Animal Care. Male adult (3 month old) and aging (20 month old) C57/B16 mice
were anesthetized with 2% isoflurane. MI was produced by temporarily exteriorizing the heart
through a left thoracic incision and placing a 6–0 silk suture slipknot at the distal 1/3 of the left
anterior descending artery. After 30 min of MI, the slipknot was released, and the myocardium
was reperfused for 3 h or 24 h. Ten minutes before reperfusion, mice were randomized to
receive either vehicle (PBS, pH 7.5), or FP15 (a peroxynitrite decomposition catalyst, 5 mg/
kg) by i.p. injection. 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% Evans
Blue dye was injected into the left ventricular cavity. The heart was quickly excised, and the
ischemic/reperfused cardiac tissue was isolated and processed according to the procedures
described below.

2.2. Trx Activity Assay
Trx activity was determined by using the insulin disulfide reduction assay[14–16]. In brief,
40μg of cellular protein extracts were pre-incubated at 37°C for 15 minutes with 2μl activation
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buffer (100 mM HEPES, 2 mM EDTA, 1 mg/ml BSA, and 2 mM DTT) to reduce thioredoxin.
After addition of 20μl reaction buffer (100 mM HEPES, 2.0 mM EDTA, 0.2 mM NADPH,
and 140μM insulin), the reaction was started by addition of mammalian Trx reductase (1μl, 15
mU, Sigma) or water to controls and samples incubated for 30 min at 37 °C. The reaction was
terminated by adding 125μl of stopping solution (0.2 m Tris-CL, 10 M guanidine-HCl and 1.7
mM 3-carboxy-4-nitrophenyl disulfide, DTNB) followed by absorption measurement at 412
nm.

2.3. Western Blotting Assay for Trx Expression
Cardiac tissue was homogenized with lysis buffer and centrifuged; the supernatant was used
to assay Trx expression. Equal amounts of protein (80μg protein/lane) were electrophoresed
on a 14% SDS-polyacrylamide gel, and then electrophoretically transferred to a poly
(vinylidene difluoride) membrane (Millipore). After blocking with 5% skim milk in TBS
containing 0.05% Tween 20 at room temperature for 1 hour, the membrane was incubated with
a monoclonal anti-murine Trx antibody (Redox Bioscience, Japan), and then with the HRP-
linked anti-mouse lgG (Cell Signaling). The blot was developed with a Supersignal
chemiluminescent detection kit (Pierce) and visualized with a Kodak Image Station 400. The
blot densities were analyzed with Kodak 1D software (version 3.6)[4].

2.4. Quantitation of Tissue Nitrotyrosine Content
Cardiac nitrotyrosine, a footprint of in vivo RNS (e.g., ONOO−) formation, was determined
by using an ELISA procedure that has been used by numerous investigators [17,18]. In brief,
the free wall of the left ventricle was separated and homogenized in ice-cold PBS (pH 7.0).
The homogenates were centrifuged, the supernatants collected, and protein concentrations
were determined by the BCA method. A nitrated protein solution was prepared and diluted for
use as a standard. These standard samples, along with tissue samples from hearts (100μl/well),
were applied to a sterile ELISA plate pre-coated with a monoclonal anti-nitrotyrosine antibody
(Upstate, Charlottesville, VA). After 1 hour incubation at 37°C and three times washing with
PBS, a rabbit polyclonal anti-nitrotyrosine antibody (1:200, Upstate) was added. Samples were
incubated for another 1 hour at 37°C followed by three times washing with PBS. The secondary
antibody (HRP-conjugated anti-rabbit IgG, Upstate, 1:500) was then added (1 hour at 37°C),
and the peroxidase reaction product was generated by using O-phenylenediamine
dihydrochloride (OPD) solution. The optical density was measured at 490 nm with a
SpectraMax-Plus microplate spectrophotometer. The nitrotyrosine content in tissue samples
was calculated by using standard curves generated from nitrated BSA containing known
amounts of nitrotyrosine and expressed as nanomoles per gram protein.

To verify the specificity of the assay system, samples were pre-treated with sodium hydrosulfite
as described by Ischiropoulos et al. [19] to convert 3-nitrotyrosine to aminotyrosine[20–22].
In brief, ischemic/reperfused heart tissue (n=3 rats) was homogenized and the supernatant pH
was adjusted to 9.0 by addition of sodium hydroxide. Supernatant from the same heart was
aliquated into 4 tubes. Half of the samples were treated with sodium hydrosulfide (final
concentration: 0.5M) and another half were treated with vehicle (50 mM sodium bicarbonate
pH 9.0). Ten minutes after incubation, nitrotyrosine content was determined as described
above. Consistent with previously reported results using solid phase immunoradiochemical
assay[19], pre-incubation with sodium hydrosulfite remarkably reduced nitrotyrosine readings
determined with this well-accepted ELISA method (0.26±0.03 without sodium hydrosulfide
pre-treatment vs. 0.03±0.01 pmole/mg protein with sodium hydrosulfide pre-treatment). This
result demonstrated that the ELISA method used in the present study is reliable and specific
for nitrotyrosine detection.
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2.5. Total NO Assay
Nitric oxide has a very short half-life and is oxidized to form NO2 and NO3 in vivo.
Measurement of NOx (NO + NO2 +NO3) concentration has been demonstrated to reflect total
NO formation in vivo[23]. Cardiac tissue was homogenized with lysis buffer, and the
supernatant was incubated with nitrate reductase for 2 hours to reduce NO3 to NO2. Samples
containing NO2 were then injected into the reducing solution (120 mM potassium iodide in
glacial acetic acid), and NO was detected by chemiluminescence with a nitric oxide analyzer
(NOA 280I; Sievers, Boulder, CO).

2.6. Detection of Trx Nitration and Trx/ASK1 Interaction
Cardiac tissue was homogenized with lysis buffer. Immunoprecipitation and immunoblotting
were performed by using a procedure described by Ischiropoulos and colleagues[24]. In brief,
endogenous Trx-1 was immunoprecipitated with a monoclonal anti-murine Trx-1 antibody
(Redox Bioscience, Japan). After sample separation, Trx-1 nitration was detected with a
monoclonal antibody (Upstate, Charlottesville, VA) against nitrotyrosine, and the Trx-1/ASK1
interaction was determined by using a monoclonal antibody against ASK1 (Upstate). The blot
was developed with Supersignal-Western reagent (Pierce) and visualized with a Kodak Image
Station 400. The blot densities were analyzed with Kodak 1D software (version 3.6).

2.7. p38 MAP kinase activity assay
The p38 MAP kinase activity assay was performed by using a p38 MAPK assay kit (Cell
Signaling Technology) with ATF-2 as a substrate by following the manufacture’s instruction
[25]. In brief, heart tissue (20–25 mg) was homogenized in 0.5 ml ice-cold cell lysis buffer.
The lysates were then sonicated on ice and centrifuged at 15,000×g for 10 min at 4°C.
Immunoprecipitation was performed by adding 20μl of resuspended immobilized monoclonal
antibody against phospho-p38 MAP kinase (Thr180/Tyr182) to 100μl cell lysate containing
250μg proteins. The mixture was incubated with gentle rocking overnight at 4°C. After
centrifuging at 10,000×g at 4°C for 2 min, the pellets were washed twice with lysis buffer and
twice with kinase buffer. The kinase reactions were carried out in the presence of 200μM ATP
and 2μg ATF-2 fusion protein at 30°C for 30 min. After incubation, the samples were separated
by SDS–PAGE, and ATF-2 phosphorylation was measured by Western immunoblotting using
a monoclonal antibody against phosphorylated ATF-2 followed by an enhanced
chemiluminescent detection.

2.8. Measurement of Infarct Size
Twenty-four hours after reperfusion, mice were anesthetized, and the hearts were excised.
Myocardial infarct size was determined by using 2,3,5-triphenyltetrazolium chloride (TTC)
staining as described (n=8–12 per group)[25].

2.9. Determination of Ischemic/Reperfusion-Induced Cardiomyocyte Apoptosis
Myocardial apoptosis was analyzed by terminal deoxynucleotidyltransferase-mediated dUTP
nick end labeling (TUNEL) staining (n=8–10 hearts per group) and caspase-3 activity assay
(n=10–12 per group) as described[26].

2.10. Statistical analysis
All values in the text and figures are presented as means ± SEM of n independent experiments.
All data (except Western blot density) were subjected to ANOVA followed by Bonferoni
correction for post-hoc t test. Western blot densities were analyzed with the Kruskal-Wallis
test followed by Dunn’s post-hoc test. Probabilities of 0.05 or less were considered to be
statistically significant.
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3. Results
3.1. Aging enhanced myocardial ischemia/reperfusion injury

Consistent with previously published results by other investigators in aging rats[27], MI/R-
induced cardiac injury was enhanced in aging mice as evidenced by increased apoptosis
(TUNEL: 5.0±1.8 % vs. 8.8±0.9%, caspase 3 activity: 18.0±0.9 vs. 27.4±1.9 nmol/h/mg
protein, P<0.01) and enlarged infarct size (38.5±2.7% vs. 52.0±1.8%, P<0.01).

3.2. Trx activity is reduced but its expression is increased in the aging heart
Emerging evidence indicates that Trx is a critical cell survival molecule that exerts strong
cytoprotective effects by its anti-oxidant and anti-apoptotic properties. Having demonstrated
that the aging heart is more susceptible to ischemia/reperfusion injury, we thought to test a
hypothesis that Trx activity/expression might be reduced in the aging heart, thus tilting the
death/survival balance toward cell death and promoting ischemia/reperfusion injury.
Compared with young animals, cardiac Trx activity was decreased in the aging heart before
MI/R (Figure 2A), and this difference was further amplified after MI/R (data not shown).
Surprisingly, Trx expression was slightly increased, rather than decreased in aging hearts
(Figure 2B). These results indicate that reduced Trx activity in the aging heart is caused by
post-translational Trx modification, rather than reduced protein expression.

3.3. Production of reactive nitrogen species and Trx nitration are increased, Trx/ASK1
interaction is inhibited, and p38 MAPK activity is increased in the aging heart

In a recent study, we have demonstrated that Trx is susceptible to nitrative modification by
peroxynitrite, and its activity is irreversibly inhibited by this novel post-translational
modification[28]. To determine whether reduced Trx activity observed in the aging heart is
caused by increased nitrative stress and subsequent Trx nitration, two additional experiments
were performed. In the first series of experiments, total NO production and cardiac
nitrotyrosine, the foot-print of in vivo RNS (e.g., peroxynitrite) formation, were determined.
As summarized in Figure 3, a greater than 1.5-fold increase in both NOx and nitrotyrosine
contents were observed in cardiac tissues obtained from aging animals even before the hearts
were subjected to ischemia/reperfusion. Moreover, ischemia/reperfusion-induced
overproduction of peroxynitrite was further amplified in the aging heart (0.26±0.01 vs. 0.20
±0.01 pmole/mg protein, P<0.05). In the second series of experiments, Trx nitration in young
and aging hearts was detected by immunoprecipitation (anti-Trx) followed by immunoblotting
(anti-nitrotyrosine). As illustrated in Figure 4A, Trx nitration was not detected in cardiac tissue
obtained from young animals. In contrast, clear Trx nitration was detected in cardiac tissues
from the aging heart before ischemia/reperfusion (Figure 4A), and this aging-induced Trx
nitration was further intensified after ischemia/reperfusion (Figure 5).

Recent in vitro studies have demonstrated that binding/inhibition of Trx with ASK1 is the
primary mechanism by which Trx exerts its anti-apoptotic effect[7,29]. Moreover, the ratio of
ASK1/Trx-ASK1 has been shown to be significantly increased in aged mouse livers, and this
correlates with the increased basal activity of the p38 MAPK pathway[30]. To determine
whether Trx nitration may alter the Trx/ASK1 interaction thus activating the downstream pro-
apoptotic kinases, two additional observations were made. As illustrated in Figure 4B, Trx is
physically associated with ASK1 (anti-Trx-1 immunoprecipitation and anti-ASK1
immunoblotting) in cardiac tissues isolated from young animals, and this protein/protein
interaction was significantly decreased in aging animals. Consequently, activity of p38 MAPK,
a pro-apoptotic downstream molecule for ASK1, was significantly enhanced in the aging heart
compared with the young heart (Figure 4C).
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3.4. Treatment with a peroxynitrite decomposition catalyst blocked Trx nitration and
protected the aging heart from ischemia/reperfusion injury

Considerable evidence exists that peroxynitrite is the most pathologically relevant nitrating
agent in vivo. To obtain more evidence to support our hypothesis that increased Trx nitration
is causatively related to increased susceptibility to myocardial ischemia/reperfusion injury in
the aging heart, aging mice were treated with FP-15 (5 mg/kg, 10 minutes before reperfusion),
a novel peroxynitrite decomposition catalyst that has recently been shown to attenuate diabetic
neuropathy[31,32]. Treatment with FP-15 shortly before reperfusion reduced Trx nitration
(Figure 5A), preserved Trx activity (Figure 5B), restored Trx-ASK1 interaction (Figure 6A),
reduced P38 MAPK activity (Figure 6B), attenuated caspase 3 activation (Figure 7A) and
reduced infarct size (Figure 7B) in aging animals (p<0.01).

4. Discussion
Myocardial infarction represents a major cause of morbidity and mortality in the elderly. Aging
is associated with an increase in myocardial susceptibility to ischemia and a decrease in post-
ischemic recovery of cardiac function[33]. Understanding the potential mechanisms of aging
could lead to improved medical treatment of this increasing patient population. Our present
study provided the first evidence that the activity of Trx, a critical anti-oxidant and anti-
apoptotic molecule, is significantly reduced in aging hearts even before they are subjected to
myocardial ischemia/reperfusion. Moreover, we have demonstrated that it is the post-
translational nitrative modification of Trx, not its expression, which is responsible for this
reduced Trx activity in the aging heart. In addition, we have demonstrated that increased
nitrative modification of Trx results in a decreased Trx-ASK1 binding in the aging heart before
myocardial ischemia/reperfusion. Finally, we have demonstrated that treatment with a novel
peroxynitrite decomposition catalyst shortly before reperfusion blocked nitrative Trx
inactivation, attenuated ASK1 activation and reduced post-ischemic myocardial apoptosis in
the aging heart. Taken together, these results provided strong evidence that nitrative Trx
inactivation plays a causative role in increased post-ischemic cardiomyocyte apoptosis in the
aging heart.

Trx, a small, ubiquitous protein, is one of the most important regulators of reduction–oxidation
(redox) balance and, thus, redox controlled cell functions[34]. Although Trx was discovered
40 years ago in bacteria, the number and diversity of processes that Trx influences in human
cells has only recently been appreciated. Processes influenced by Trx include the control of
cellular redox balance, the promotion of cell growth, the inhibition of apoptosis and the
modulation of inflammation. Not surprisingly, the role of Trx has been discovered in a wide
range of human diseases and conditions, including cancer, viral disease, and ischemia/
reperfusion injury[35]. Emerging evidence suggests that Trx plays a critical role in promoting
cell proliferation/survival and reducing cell death. Trx and Trx reductase (TrxR) are
upregulated in cancer tissues, and molecules that inhibit Trx or TrxR promote apoptosis and
reduce cancer development[36]. In contrast, Trx activity is reduced in diseased tissues where
pathologic apoptosis is increased[37]. Moreover, a very recent study has demonstrated that
aging is associated with a TrxR2 reduction in skeletal muscle which thus enhances the
susceptibility to free radical-induced apoptosis[38]. Trx is involved not only in cytoprotective
functions against oxidative stress, but also in the regulation of cellular proliferation and the
aging process[39]. Cumulatively, these data strongly suggest that altered Trx expression and/
or activity play critical pathogenic roles in aging, and that Trx may be a novel therapeutic target
for age-associated diseases, such as cardiovascular disease, where a physiologic balance
between cell death and cell proliferation is disturbed.

Recent studies have demonstrated that besides upregulation or downregulation of Trx
expression at the gene level, Trx activity is regulated by post-translational modification. Three
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forms of post-translational modification of Trx have been previously identified. These include
oxidation, glutathionylation and S-nitrosylation. Interestingly, all three forms of modification
occur at cysteine residues but affect Trx function differently. Oxidation of the thiol groups of
Cys-32 and -35 forms a disulfide bond which results in Trx inactivation. However, previous
studies have demonstrated that administration of oxidized Trx-1 exerts significant anti-oxidant
and cytoprotective effects unless intracellular Trx reductase is inhibited, indicating that
oxidative Trx inhibition is reversible and this form of post-translational modification may not
be the major mechanism responsible for Trx inactivation in vivo[40,41]. Glutathionylation
occurs at Cys-73, and this post-translational modification significantly inhibits Trx activity
[42]. However, whether Trx glutathionylation may occur in vivo in diseased tissues remains
completely unknown and the role of this form of post-translational modification in regulating
Trx function in vivo remains to be determined. S-nitrosylation has been reported to occur at
either Cys-69[4,43] or Cys-73[44]. In contrast to oxidation and glutathionylation, S-
nitrosylation increases Trx activity and further enhances its anti-apoptotic effect[4,43,44].

In a recent study, we have demonstrated that besides three previously reported post-
translational Trx modifications which all occur at the cysteine residue, Trx can also be modified
at the tyrosine residue (protein nitration) in a peroxynitrite-dependent fashion[28]. More
interestingly, in contrast to the reversible (by Trx reductase) oxidative Trx inactivation,
nitrative modification of Trx results in an irreversible inactivation [28]. Therefore, nitric oxide
and its secondary reaction products, particularly peroxynitrite, exert opposite effect on Trx
activity. Specifically, nitric oxide itself induces Trx S-nitrosylation and enhances its activity
[4,43,44]. In contrast, peroxynitrite results in Trx nitration and causes an irreversible
inactivation[28]. Our present study demonstrated for the first time that this nitrative inhibitory
post-translational modification of Trx is increased in the aging heart. ASK1 is a member of
mitogen activated protein kinases (MAPK’s) and functions as an upstream activator of JNK
and p38 MAPK. Under physiologic conditions, ASK1 activity is inhibited by several cellular
factors, including Trx, glutaredoxin, and phosphoserine-binding protein 14-3-3[45]. Previous
studies have demonstrated that many cellular stresses and apoptotic stimuli activate
mitochondrial-dependent apoptotic pathways by facilitating dissociation of ASK1 with its
inhibitory proteins[46,47]. Our current study demonstrated that Trx is physically associated
with ASK1 in cardiac tissues from young animals. However, Trx/ASK1 binding was reduced
in cardiac tissue from aging animals. Therefore, it is likely that increased Trx nitration in aging
hearts results in disassociation of Trx from ASK1, thus increasing post-ischemic myocardial
apoptosis by increasing p38 MAPK activity. In this connection, we have provided direct
evidence in the current study that treatment with a peroxynitrite decomposition catalyst in aging
animals significantly reduced Trx nitration, partially restored Trx/ASK1 binding, reduced post-
ischemic myocardial apoptosis, and reduced myocardial infarct size in aging hearts. It is worth
noticing that treatment with FP15 also reduced myocardial infarct size in young animals (from
37.7±2.8 to 24.3±1.9%, a 36% reduction). However, this treatment reduced infarct size to a
much greater extent in the aging heart (from 52±2.2 to 27.9±1.9%, a 46% reduction). These
results strongly suggest that increased nitrative Trx modification is a novel pathologic pathway
by which aging increases the susceptibility to ischemic/reperfusion injury. In addition, it should
be noted that treatment with FP15 failed to completely block Trx nitration (Figure 5A). Two
possible explanations exist. Decomposition of peroxynitrite by FP15 leads to formation of
nitrite [48] and high concentrations of nitrite has been shown to cause protein nitration in
vitro. However, several previous studies [31,49] have demonstrated that treatment with FP15
markedly reduces protein nitration in diseased tissues, indicating that nitrite itself is not a major
nitrating agent in vivo. Another more likely explanation is that besides peroxynitrite,
peroxidases, particularly myeloperoxidase, may catalyze protein nitration in the presence of
nitrite and hydrogen peroxide.
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In conclusion, our results demonstrated that Trx activity is decreased in the aging heart by post-
translational nitrative modification. Blocking ONOO− production and inhibiting Trx
inactivation significantly protected the aging heart from MI/R injury. These results suggest
that therapeutic interventions that preserve Trx activity in the aging patient may improve
outcome after MI.
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List of Abbreviations
ASK-1  

Apoptosis-regulating kinase-1

JNK  
c-Jun N-terminal kinase

MAPK  
Mitogen activated protein kinase

MI/R  
Myocardial ischemia/reperfusion

NO  
Nitric oxide
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ONOO−  
Peroxynitrite

RNS  
Reactive nitrogen species

ROS  
Reactive oxygen species

Trx  
Thioredoxin

TTC  
2,3,5-triphenyltetrazolium chloride

TUNEL  
Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling
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Figure 1.
MI/R injury is significantly increased in aging hearts. A: Myocardial infarct size; B: Apoptotic
index; C: Cardiac caspase 3 activity. N=8 mice/group. **P<0.01 vs. Young+MI/R.
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Figure 2.
Trx activity is significantly reduced (A) but Trx protein expression is significantly increased
(B) in the aging heart before it was subjected to MI/R. N=6–8 mice/group. *P<0.05, **P<0.01
vs. young animals.
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Figure 3.
Aging enhances nitrative stress in the heart before it was subjected to MI/R as evidenced by
increased total NOx production (A) and nitrotyrosine content (B). N=6 mice/group. *P<0.05
vs. young animals.
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Figure 4.
Aging enhances Trx nitration (A), decreases Trx/ASK1 binding (B) and increases p38 MAPK
activation (C). Inserts: representative Western blots; Bar graphs: Density analysis (5–7
animals/group). *P<0.05 vs. young animals.
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Figure 5.
Effect of FP15 treatment on MI/R-induced Trx nitration (A) and Trx inactivation (B) in the
aging heart. Inserts: representative Western blots; Bar graphs: Density analysis (N=6–8 mice/
group). **P<0.01 vs. aging sham MI/R; ++P<0.01 vs. aging MI/R+V. V=vehicle.
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Figure 6.
Effect of FP15 treatment on MI/R-induced Trx/ASK1 dissociation (A) and p38MAPK
activation (B) in the aging heart. Inserts: Representative Western blots; Bar graphs: Density
analysis. N=6–8 mice/group. **P<0.01 vs. aging sham MI/R; ++P<0.01 vs. aging MI/R+V.
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Figure 7.
Effect of FP15 treatment on MI/R-induced cardiomyocyte apoptosis (A) and myocardial infarct
size (B) in the aging heart (n=10–12/group). **P<0.01 vs. aging sham MI/R; ++P<0.01 vs.
aging MI/R+V.
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