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a  b  s  t  r  a  c  t

Thioredoxin  is  one  of  the  most  important  cellular  antioxidant  systems  known  to  date,  and  is responsi-
ble  of  maintaining  the  reduced  state  of the  intracellular  space.  Trx-1 is  a small  cytosolic  protein  whose
transcription  is  induced  by stress.  Therefore  it is possible  that this  antioxidant  plays  a protective  role
against  the  oxidative  stress  caused  by  an  increase  of  reactive  oxygen  species  concentration,  as  occurs
during  the reperfusion  after an  ischemic  episode.  However,  in addition  to its  antioxidant  properties,  it
is  able  to activate  other  cytoplasmic  and  nuclear  mediators  that  confer  cardioprotection.  It  is  remark-
able  that  Trx-1  also  participates  in  myocardial  protection  mechanisms  such  as ischemic  preconditioning
and  postconditioning,  activating  proteins  related  to cellular  survival.  In this  sense,  it  has  been  shown
that  Trx-1  inhibition  abolished  the  preconditioning  cardioprotective  effect,  evidenced  through  apoptosis
reconditioning
ostconditioning
ging

and  infarct  size.  Furthermore,  ischemic  postconditioning  preserves  Trx-1  content  at  reperfusion,  after
ischemia.  However,  comorbidities  such  as aging  can modify  this  powerful  cellular  defense  leading  to
decrease  cardioprotection.  Even  ischemic  preconditioning  and  postconditioning  protocols  performed  in
aged animal  models  failed  to decrease  infarct  size.  Therefore,  the  lack  of  success  of antioxidants  therapies

sease
to  treat  ischemic  heart  di

. Introduction

Trx-11 is one of the molecules with the highest antioxidant
ffect known to date [1], and keeps the intracellular compart-
ent in reduced state [1,2]. In 1964 for first time a protein, called

hioredoxin, was purified from Escherichia coli B. This protein in
he presence of reduced triphosphopyridine nucleotide can replace

educed lipoate as the hydrogen donor in the reductive formation
f deoxycytidine diphosphate from CDP2 with the CDP-reductase
ystem from Escherichia coli [3]. In 1975 Holgrem et al. describes for
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 could  be solved,  at  least  in part, avoiding  the  damage  of  Trx  system.
©  2016  Elsevier  Ltd.  All  rights  reserved.

the first time its structure [4]. This antioxidant enzyme has a long
evolutionary history and was found in a large number of organisms,
from Archae to mammals, and it is present in all cells, including
myocytes [5].

Organisms have developed a wide specialized subset of Trx pro-
teins, each localized in different cellular compartments. Some Trx
are abundant in the cytosol, while others are translocated into the
nucleus or mitochondria. They can also be found associated with
the cell membrane or secreted into the extracellular compartment
[2]. The antioxidant function of this enzyme is due to a dithiol group
in its conserved active site (-Cys-Gly-Pro-Cys-) located in the Trx
surface, in a short amino-terminal segment. This allows it to reduce
thiol groups in several redox-sensitive proteins. By this way, Trx
acts on oxidized (and inactive) proteins, reducing them and restor-
ing their functionality. Also, it is important to mention that Trx

is part of a system that requires Trx-R3 and reduced NADPH4 to
function properly [1,2]. The Trx-R enzyme is responsible for reduc-
ing the oxidized Trx active site, and consequently uses NADPH as

3 Thioredoxin reductase.
4 Nicotinamine adenine dinucleotid phosphate.
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n electron donor. Thus, Trx is again active and it can continue
ith its reducing functions [1]. This system is completed with Trx
eroxidase, which transforms hydrogen peroxide into water.

In mammals particularly, the most studied protein in the Trx
amily is Trx-1, a small 12 kDa5 protein containing cysteine at posi-
ions 32 and 35 of its active site [1,2,6]. This protein is ubiquitous
f the cellular cytoplasm, where it fulfills its antioxidant function,
ut under stress conditions it is able to translocate to the nucleus
nd regulate several transcription factors such as NF�B,6 protein 1
ctivator and p53 [6].

Trx-1 activity can be regulated by several mechanisms, most
otably in its expression levels, location, interaction with other
olecules, and post-translational modifications. Moreover, an

mportant feature of this protein is that the Trx gene promoter
egion contains a number of stress response elements. Hence, Trx
ould transcript by several stimuli such as TNF�,7 H2O2,8 UV,9

schemia and thermal shock [2]. In addition, Trx-1 can suffer post-
ranslational modifications such as S-nitrosylation, oxidation and
itration. S-nitrosylation has beneficial effects since it enhances
rx-1 activity, and therefore decreases apoptosis by inactivation
f caspase-3 [7]. Oxidation and nitration produce partial or total
rx-1 inactivation, respectively, resulting in the attenuation of its
iological functions [7].

It is important to remark that Trx-1 acts as a reductase in the
edox control, protecting aggregation and oxidative inactivation
roteins, and it also helps to maintain the cell redox homeostasis
1,2,5] that could be damage by ROS,10 which is underlying in the
athophysiology of many cardiovascular diseases. It also fulfills an

mportant role in the I/R11 injury, in the regulation of programmed
eath by denitrosylation, and also acts as a growth factor, modu-

ating inflammatory response and promoting protein folding [5].

. Role of thioredoxin-1 in the ischemia/reperfusion injury

Since Trx-1 is a transcription protein induced by stress, it is pos-
ible that this antioxidant fulfills a protective role against stress
y ROS overload in I/R injury. This has been demostrated in both

n vivo and in vitro animal models, where Trx-1 has specific ben-
ficial effects in the heart, including I/R cardioprotection reducing
nfarct size and improving ventricular function recovery [8]. Fur-
hermore, it was demonstrated that Trx-1 administration protects
he heart against I/R injury, through adenovirus mediated gene
ransfection, increasing cell survival [9]. In relation to this effect,

itsui et al. [10] showed that Trx-1 over-expression in mice pro-
onged lifespan by 35% compared to Wt12 mice. In a similar manner,
hijoi et al. [6] used transgenic mice expressing increased levels
f human Trx-1 showed that mitochondria, myofibrils, and other
ellular details were much better maintained in ADR13-treated
rx-1-TG14 mice than in ADR-treated non transgenic (Wt) mice.
he increase in the protein carbonyl content, a marker of cellular
rotein oxidation, was suppressed in ADR-treated Trx-1-TG mice
ompared with ADR-treated Wt  mice. The formation of hydroxyl

adicals in ADR-treated heart homogenates of Trx-1-TG mice was
ecreased compared with Wt  mice. For the survival study, all Wt
ice treated with ADR died within 6 weeks, but 5 of 6 Trx-1-TG

5 Kilo-Dalton.
6 Nuclear kappa factor B.
7 Tumor necrosis factor alpha.
8 Hydrogen peroxide.
9 Ultraviolet rays.

10 Reactive oxygen species.
11 Ischemia/reperfusion.
12 Wild type.
13 Adriamycin.
14 Transgenic.
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mice treated with ADR survived more than 8 weeks. These find-
ings suggest that Trx-1 fulfills an important role in cardiomyocyte
cellular defense against ROS damage. Furthermore, Kaga et al. [11]
demonstrated that treatment with resveratrol induces Trx-1, and
vascular endothelial growth factor in infarcted hearts, resulting in
infarct size reduction and in cardiac function improvement. This
would suggest that Trx-1 regulates gene transcription by inter-
acting with several transcription factors increasing antioxidant,
antiapoptotic and pro-angiogenic properties, depending on cel-
lular conditions. In an in vivo model it was demonstrated that
human Trx-1 administration inhibits apoptosis and infarct size in
myocardial tissue subjected to I/R [12]. The underlying mechanism
appears to be partially dependant on p38 reduced kinase acti-
vation [12]. In a similar manner, regarding I/R injury, Aota et al.
[13] demonstrated that the administration of recombinant human
Trx reduced the incidence of reperfusion arrhythmias. Nakamura
et al. [14] showed, in patients subjected to bypass surgery, that Trx
inactivation was  a deleterious mechanism in I/R injury. Kihlström
et al. [15] demonstrated that endurance training by swimming
showed cardioprotection reducing oxidative stress with a concomi-
tant increase in Trx reductase (active form). Similarly, Tao et al.
[16] showed that administration of Trx-1 in vivo exerts significant
protective effects on myocardial apoptosis decreasing myocardial
infarct size, by inhibiting p38-MAPK activation. Considering the
aforementioned studies, all findings show that during ischemia
and reperfusion, the endogenous activity of the Trx-1 system is
decreased. These results strongly suggest that cell damage that
occurs in myocardial infarction seems to be due to reactive oxygen
species production. Thus, the increase of the Trx-1 protein activity
would protect from injury by myocardial ischemia and reperfusion.

PTEN15 is one of the proteins that could explain the protection
conferred by Trx-1 in I/R injury, because it has been shown that
Trx1 inhibits PTEN [17]. This mediator avoids activation of PI3K/Akt
complex that confers protection against I/R injury [18–20]. Further-
more, there are several studies relating PTEN with Akt and oxidative
stress in different pathologies [18–21]. These studies show that
PTEN inhibition by phosphorylation, ROS, or binding with other
proteins such as Trx-1, activate Akt pro-survival pathway and pro-
mote cell survival [19,20,22].

Considering the aforementioned studies, we  can partially con-
clude that Trx-1 plays a key role in the cells maintaining the redox
balance in normal conditions. Also, in pathological conditions Trx-
1 is able to prevent the damage caused by oxidative stress when
its intracellular concentration is increased, as in the case of over-
expression models, or if Trx-1 inactivation is prevented.

3. Thioredoxin effects on cardioprotection mechanisms.
Ischemic preconditioning and postconditioning

It is widely known that in endogenous protection mechanisms,
PC16 and PostC17 increase cell survival pathways, at least partially,
by decreasing the oxidative stress damage after I/R injury [23–26].
Therefore it is interesting to review the role of the Trx system in
the endogenous protection mechanisms.

3.1. Ischemic preconditioning

In 1986, Murry et al. [27] observed that the infarct size

resulting from a 40 min  of ischemia produced by the occlusion
of the anterior descendant coronary artery in dogs, could be
reduced if the heart was subjected to four brief ischemic episodes

15 Phosphatase and tensin homolog.
16 Ischemic preconditioning.
17 Ischemic postconditioning.
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ollowed by 5 of reperfusion prior to prolonged ischemia. This
owerful physiological cardioprotective mechanism was termed

schemic preconditioning, and was demonstrated in several species
ncluding humans [27–29]. PC is mediated by the adenosine recep-
ors activation [30–32]. Nowadays, it is known that during brief
pisodes of ischemia, many chemical mediators are released by
he myocardium, including: adenosine, noradrenaline, bradikinine,
pioids and endothelin [30,33–35]. All these agents could bind
yocyte membrane receptors and contribute to the activation of

he PC via coupling their receptors to Gi protein. In relation to
denosine and PC, it was also evidenced that the A3 receptor pre-
onditions human [36] and rabbit [37] hearts. Cohen et al. [38]
emonstrated that adenosine receptor couples to Gi protein, lead-

ng to DAG18 and IP319 formation through PKC20 phosphorylation.
his way, and through different intermediates, mitochondrial K+

ATP
hannels open and release ROS from the mitochondria [38]. These
mall amounts of ROS activate PKC and downstream kinases, which
articipate in the PC cardioprotection. Tyrosine-kinases phospho-
ylate tyrosine residues of certain proteins and acts as mediators
n many intracellular signal transduction events [39–42]. Differ-
nt studies suggest that ROS are not only deleterious, but are also
ssential for the biology and physiology of myocytes [42,43]. There-
ore, depending on the myocyte antioxidant reserve amount, ROS
an either be destroyed or persist. In case of persistence they can
ulfill the role of a second messenger or signaling molecule after
n ischemic episode [42–45].Taken together, the cardioprotective
bilities of PC appear to be linked to redox signaling [44,45] and it
s in this sense where the antioxidant systems, such as Trx-1, play
n important role in conferred cardioprotection.

Since it is known that one of the main triggers for the Trx-1 is the
ncreased oxidative stress that occurs during an I/R episode [46–48],
t is not surprising that Trx-1 levels decreased after ischemia.
elease of Trx-1 is likely due to the adaptive response elicited
y PC, and it is important to note that these results are con-
istent with previous observations demonstrating that Trx-1 is
nducible by stress [49]. Thus, as we mentioned several stimu-
us can induce the increase of Trx-1 as part of the cell defense
apabilities [6,46]. Consistent with these results, Trx-1 inhibition,
bolished the PC cardioprotective effect, evidenced through apo-
tosis and infarct size [8]. In a similar manner, Chiueh et al. [50]
howed that PC increases human Trx mRNA and protein for cyto-
rotection. Furthermore, cytosolic Trx-1 and mitochondrial Trx-2
uppress free radical formation, lipid peroxidation, oxidative stress,
nd mitochondria-dependent apoptosis and thus, to minimize the
ole of either Trx-1 or Trx-2 is detrimental to cell survival [50].
n conclusion, preconditioning adaptation and/or small and brief
mounts of ROS induce a delayed nitric oxide-mediated compen-
atory mechanism for cell survival and vitality in the cardiovascular
ystem.

Due to all the aforementioned, we can conclude that Trx-1 can
lay an essential role in the adaptation process of I/R injury, given
hat Trx-1 regulates the transcription of many genes that are also
egulated by PC [51]. This way, Trx can regulate the “redox switch”
hanging the I/R death signal into a survival cell signal mediated by
C [52] triggering an adaptive response and being able to use the
yocytes own defense.

.2. Ischemic postconditioning
It has been shown that not only PC can be effective
n cardioprotection against I/R injury. Also brief episodes of

18 Diacylglycerol.
19 Inosine 3-phosphate.
20 Protein kinase C.
al Research 109 (2016) 24–31

ischemia/reperfusion performed at the onset of reperfusion (PostC)
reduced infarct size [53]. It has been suggested that PostC is effec-
tive as PC in limiting infarct size and preserving post ischemic
endothelial function [53]. Given that PC stimulus is performed
before ischemia, the concept of ischemic PostC may  be more use-
ful than PC in the clinical setting. In the PostC original paper, the
authors suggested that the mechanisms by which both PC and
PostC confer protection would be different, given that PC stimu-
lates signals that activate mechanisms prior to ischemia, whereas
in PostC they would take place during reperfusion. Subsequent
data of Yellon et al. [54] suggested that this hypothesis would not
be correct. They demonstrated that the inhibition of the PI3K21,
enzyme and the MEK1/222 during the first 15 min  of reperfusion,
abolishes the PostC protective effect [54]; and it is well known
that these proteins are involved in cardioprotection conferred by
PC. Later, Tsang et al. [54] and Yang et al. [55] demonstrated the
important role of the PI3K-AKT and MEK1/2/Erk complexes in the
PostC protection mechanisms. Subsequent studies showed that
PostC was  effective in different species such as rabbit [56] and rat
[54] in vivo, isolated rabbit [55] and rat [57] hearts, isolated car-
diomyocytes [58] and human cardiomyocytes [59]. Kin et al. [60]
demonstrated that ischemic postconditioning was also effective
in rats. This study showed that this new protection mechanism
decreased ROS release, showing a lower superoxide anion produc-
tion, and thus a lower injury. These findings were supported by
Sun et al. [58] in experiments on isolated cardiomyocytes subjected
to hypoxia/reoxygenation. For several years, our laboratory has
been studying the cardioprotection mechanisms against I/R injury
[61–66]. In previous papers we  showed that A1 adenosine receptors
and K+

ATP sensitive channels were involved in PostC cardioprotec-
tion mechanism [65]. Later, other authors demonstrated that the
decrease in ROS and ONOO−23, were involved in the protection
conferred by PostC. We  extended this concept and demonstrated
that ischemic PostC attenuates the MMP-224 activation during the
first minutes of reperfusion and the administration of doxycycline
reproduces the PostC effect on the infarct size by inhibiting MMP-
2 [66]. This way, and according to the aforementioned, PC and
PostC shares the intracellular signaling mechanisms and exerts
cardioprotection, decreasing the oxidative stress that occurs in
reperfusion [67]. However, since the intervention takes place after
the ischemic event occurs, the study of this endogenous protection
mechanism is more interesting from the clinical viewpoint.

At least to our knowledge, we were the first to suggest a
role for Trx-1 in PostC [68]. In isolated and perfused mice heart,
we demonstrated that PostC decreases the infarct size in young
mice, as we expected, and this cardioprotection was abolished
in middle-aged and old mice. The reduction of infarct size in
PostC is in concordance with Trx-1 levels preservation and with
an improvement in the GSH/GSSG ratio (oxidative stress) in
comparison to the I/R control group. Also, this cardioprotection
was accompanied by the Akt activation and the phosphoryla-
tion and inhibition of GSK3�25, both proteins related to cell
survival pathway [68]. Therefore, our data suggests that the
preservation of Trx-1 levels in young mice subjected to a PostC
protocol would reduce oxidative stress and allow the RISK sig-
naling pathway (Akt- GSK3�) activation to increase cell survival
(Fig. 1).
21 Phosphatidyl inositol 3 kinase.
22 Mitogen regulated kinase.
23 Peroxynitrite.
24 Matrix metalloproteinase-2.
25 Glycogen Synthase Kinase 3 Beta.
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Fig. 1. Cardioprotection conferred by ischemic postconditiong involved thioredoxin-1. Panel A: Infarct size expressed as a percentage of the total left ventricular area.
Infarct  size decreased significantly in postconditioning (PostC) group. *p < 0.05 vs. I/R (ischemia/reperfusion protocol). Panel B: Oxidative stress. The GSH/GSSG ratio shows
a  significant increase in oxidative stress in I/R-Y group, the levels of GSH were decreased and levels of GSSG were increased compared to normoxic (Nx) condition. This
disbalancein redox homeostasis returned to preischemic values after PostC protocol. *p < 0.05 vs. Nx; #p < 0.05 vs. I/R. Panel C: I/R decreases Trx-1 levels in young animals,
a  Panel
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nd  PostC preserves the protein expression levels. *p < 0.05 vs. Nx; #p < 0.05 vs. I/R.
xpression in normoxic (Nx), ischemia/reperfusion (I/R) and PostC young animals
hosphorylation (Panel D). There were no significant changes in the cytosolic Akt a

. Thioredoxin in aging hearts

We  have mentioned that Trx-1 may  be involved in protective
echanisms against I/R, but all these studies have been performed

n young and healthy individuals. However, it should be interesting
o study Trx-1 behavior during aging. In aging there is a progres-
ive loss in adaptability, and although many biological functions
emain normal on a baseline state, when subjected to stress (as
/R), the loss of functional reserve is revealed [69]. It has been
uggested that oxidative stress is exacerbated during the course
f life in a way that exceeds the endogenous protection. In this
egard, it is known that the aged hearts are more susceptible to I/R
njury compared to young individuals, both in experimental models
70,71] and patients [72]. There is an increased oxidative damage,
ncluding modifications by protein oxidation [73], as well as dam-
ge mediated by calcium overload [74]. Moreover, the increase of
he superoxide anion can react directly with the NO to form ONOO−
nd this compound increases with age [75]. From these findings it
an be speculated that the protein expression or the activity of the
ndothelial cell antioxidant enzymes are reduced. Also, it has been
emonstrated that the apoptosis of endothelial cells correlates with

n vitro and in vivo aging [76,77] and that the induction of apoptosis
s increased by TNF in elderly individual’s endothelial cells, but it is
ompletely blocked by Trx-1 over-expression in these cells. These
ata suggest that Trx-1 may  actually improve endothelial function
nd rescue endothelial cells from age induced disorders. Therefore,
n the heart it would be expected that an increased Trx-1 attenuates
tructural and functional changes produced by increased of age. In
ddition, Liu et al. [78] working with 19 and 4 month old F344BN

ats subjected to 30 min  of regional ischemia and 4 h of reperfu-
ion, found an increased apoptosis in adult rat myocytes compared
ith young ones. Consistent with this research, Liu et al. [79]
 D and E: Akt phosphorylation (Ser473) and GSK3� phosphorylation (Ser9) protein
 group shows a significant increase in Akt phosphorylation (Panel D) and GSK3�

K3� protein expression. *p < 0.05 vs. Nx.

hypothesized, in another study but with the same models and the
same groups, that the increased vulnerability of aged myocardial
tissue subjected to I/R could be due to decreased antioxidant capac-
ity, rather than to increased oxidant production after an episode of
I/R.

Regarding cardioprotection, it is known that certain comorbidi-
ties, such as age, interfere in the cardioprotection mechanisms
commonly used to reduce the infarct size in hearts subjected to I/R
[80–82]. This way, an increased sensitivity of aged myocardium to
oxidative stress results in the accumulation of cell and tissue dam-
age, which may  explain the high mortality rate after an episode
of myocardial I/R in aging [83,84]. It has been demonstrated that
aging is not only associated with increased susceptibility against
ischemia, but also to a decreased recovery of myocardial function
following ischemia [85]. This concept suggests that aging decreases
the intrinsic tolerance to ischemia. This loss of tolerance to myocar-
dial ischemia in mice starts during the middle-aged of life (12
month old) and it becomes more manifest during aging (18 month
old and 24–28 month old) [86]. In this sense, Zhang et al. [87]
demonstrated that the activity of Trx was significantly reduced in
aging hearts even before they were subjected to myocardial I/R.
For these reasons, infarct size was larger in aged C57/BI6 mice (20
month old). In a similar manner, Azhar et al. [88] demonstrated an
increase in the infarct size in C57/BI6 mice at 22–24 month old,
subjected to 45 min of ischemia and 4 h of reperfusion. However,
this reduction of tolerance to ischemia was not evidenced in the
infarct size of C57/BI6 mice at 13 month old, subjected to 30 min of
ischemia and 2 h of reperfusion (in vitro) [89]. Taken together, and
although it is clear that I/R injury is exacerbated in elderly popula-

tions, it is not clear whether this also occurs in middle-aged, when
the deleterious effects of aging are already taking place [90,91]. This
lack of studies in middle-aged is striking, since an ischemic episode
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Fig. 2. Panel A shows that Trx-1 overexpression only reduced infarct size in young mice and in middle-aged mice this cardioprotective effect was abolished. Panel B shows
that  activity of Trx-1 decreased in middle-aged mice compared with young transgenic mice. Finally, Akt phosphorylation (PanelC) and GSK3� phosphorylation (Panel F)
increased in Trx-1 young mice. There were not observe significant changes neither in Akt (Panel D) nor GSK3� phosphorylation (Panel G). Panel E and H show representative
blots  of total and phosphorylated Akt and GSK3-�,  respectively.*p < 0.05 vs. wild type young mice (Wt-Y).

Fig. 3. Panel A: Infarct size expressed as a percentage of the total left ventricular area. PostC cardioprotective effect was abolished in middle-aged and old groups. Panel
B:  Trx-1 expression in normoxic (Nx) condition among young, middle-aged and old mice. In middle-aged and old mice decreases Trx-1 expression compared with young
animals. *p < 0.05 vs. young mice. Panel C: Trx-1 expression in middle-aged animals in Nx, ischemia/reperfusion (I/R) and postconditioning (PostC) protocols. There were
not  significantly changes in Trx-1 expression in middle-aged group between I/R and PostC protocols. Panel D: Trx-1 expression in old animals in Nx, I/R and PostC protocols.
There  were not significantly changes in Trx-1 expression in old group between I/R and PostC protocols.
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n patients begins at that stage of life, and they are not exclusive of
dvanced age [90,91]. However, it is known that even though oxida-
ion processes start when life begins; it is in middle-aged that they
each sufficient levels to trigger deleterious mechanisms on differ-
nt cell components [92], and this ROS increase is able to modify
xpression and/or activity of several proteins [93–95]. In a recent
aper from our lab, we showed that young mice overexpressing
rx-1 have a smaller infarct size compared to their corresponding
t mice [96]. However, this infarct size reduction was  observed

either in Trx-1 middle-aged nor in young and middle-aged DN-
rx-1 mice. Although we found a significant increase in Trx-1 levels
n young and middle-aged transgenic mice, Trx-1 activity was  less
n middle-aged mice and these findings were accompanied by an
ncrease in the nitration of this protein. Finally, we also demon-
trated that phosphorylation of Akt and GSK3� was  increased only
n young Trx-1 mice without any change in middle-aged mice and
N-Trx-1 mice (Fig. 2).

Our findings evidenced an increase in the infarct size only in
ld mice (20 month old), but we did not observe changes in the
nfarct size in middle-aged mice (12 month old). In this study we
lso demonstrated that PostC protocol did not confer protection in
he middle-aged (12 month old) and in the old mice (>18 month
ld) [68]. These data are according with our finding that showed
hat Trx-1 levels in normoxic conditions, decreased in middle-age
nd old mice, compared with young mice (Fig. 3). These results
how that the protection conferred by PostC was  abolished in
iddle-aged and old animals, suggesting that the changes that can

ccur with aging are able to modify the behavior of the endoge-
ous antioxidant systems, and therefore avoiding cardioprotection
echanism such as PC and PostC.

. Conclusion

A better understanding of endogenous defense system against
/R injury, could prevent and reduce complications of the ischemic
eart disease. Furthermore, the study of cardioprotection mecha-
isms (PC and PostC) in models with comorbidities such as age, is
learly fundamental for the potential extrapolation to the clinical
etting. In this review we summarize data showing that the car-
ioprotective effect of Trx-1 per se,  PC and PostC were abolished in
iddle age and old animals, at least in part by inactivation of the

rx system. Therefore, the lack of success of antioxidants therapies
o treat ischemic heart disease could be solved avoiding the dam-
ge of Trx system. Further basic and clinical research are necessary
o better understand the mechanisms involved in the inactivation
f the antioxidants in order to prevent the oxidative stress deleteri-
us effect, especially in ischemia and reperfusion injury and aging
s well as in other comorbidities. This way the cardioprotective
echanisms can be useful and be applied in the clinical setting.
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changes in Ca(2+)-ATPase and oxidative damage in sarcoplasmic reticulum of
rat heart, Physiol. Res. 61 (2012) 453–460.

94] K.B. Choksi, J.E. Nuss, J.H. DeFord, J. Papaconstantinou, Mitochondrial electron
transport chain functions in longlived Ames dwarf mice, Aging (Milano) 3 (8)
(2011) 754–767.

95] J.Y. Kim, O.Y. Kim, J.K. Paik, D.Y. Kwon, H.J. Kim, J.H. Lee, Association of
age-related changes in circulating intermediary lipid metabolites,
inflammatory and oxidative stress markers, and arterial stiffness in
middle-aged men, Age (Dordr.) 35 (2013) 1507–1519.
infarction in middle aged transgenic mice overexpressing cardiac
thioredoxin-1, Oncotarget (2016), http://dx.doi.org/10.18632/oncotarget.
7726.

http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0390
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0395
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0400
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0405
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0410
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0415
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0420
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0425
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0430
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0435
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0440
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0445
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0450
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0455
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0460
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0465
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0470
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
http://refhub.elsevier.com/S1043-6618(16)30182-7/sbref0475
dx.doi.org/10.18632/oncotarget.7726
dx.doi.org/10.18632/oncotarget.7726
dx.doi.org/10.18632/oncotarget.7726
dx.doi.org/10.18632/oncotarget.7726
dx.doi.org/10.18632/oncotarget.7726
dx.doi.org/10.18632/oncotarget.7726
dx.doi.org/10.18632/oncotarget.7726
dx.doi.org/10.18632/oncotarget.7726

	Role of thioredoxin-1 in ischemic preconditioning, postconditioning and aged ischemic hearts
	1 Introduction
	2 Role of thioredoxin-1 in the ischemia/reperfusion injury
	3 Thioredoxin effects on cardioprotection mechanisms. Ischemic preconditioning and postconditioning
	3.1 Ischemic preconditioning
	3.2 Ischemic postconditioning

	4 Thioredoxin in aging hearts
	5 Conclusion
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data
	References


