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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
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
to  treat  ischemic  heart  disease  could  be solved,  at  least  in part, avoiding  the  damage  of  Trx  system.

©  2016  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Trx-11 is one of the molecules with the highest antioxidant
effect known to date [1], and keeps the intracellular compart-
ment in reduced state [1,2]. In 1964 for first time a protein, called
thioredoxin, was purified from Escherichia coli B. This protein in
the presence of reduced triphosphopyridine nucleotide can replace
reduced lipoate as the hydrogen donor in the reductive formation
of deoxycytidine diphosphate from CDP2 with the CDP-reductase
system from Escherichia coli [3]. In 1975 Holgrem et al. describes for
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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
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an electron donor. Thus, Trx is again active and it can continue
with its reducing functions [1]. This system is completed with Trx
peroxidase, which transforms hydrogen peroxide into water.

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

Trx-1 activity can be regulated by several mechanisms, most
notably in its expression levels, location, interaction with other
molecules, and post-translational modifications. Moreover, an
important feature of this protein is that the Trx gene promoter
region contains a number of stress response elements. Hence, Trx
could transcript by several stimuli such as TNF�,7 H2O2,8 UV,9

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

It is important to remark that Trx-1 acts as a reductase in the
redox control, protecting aggregation and oxidative inactivation
proteins, 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
pathophysiology of many cardiovascular diseases. It also fulfills an
important role in the I/R11 injury, in the regulation of programmed
death by denitrosylation, and also acts as a growth factor, modu-
lating inflammatory response and promoting protein folding [5].

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

Since Trx-1 is a transcription protein induced by stress, it is pos-
sible that this antioxidant fulfills a protective role against stress
by ROS overload in I/R injury. This has been demostrated in both
in vivo and in vitro animal models, where Trx-1 has specific ben-
eficial effects in the heart, including I/R cardioprotection reducing
infarct size and improving ventricular function recovery [8]. Fur-
thermore, it was demonstrated that Trx-1 administration protects
the heart against I/R injury, through adenovirus mediated gene
transfection, increasing cell survival [9]. In relation to this effect,
Mitsui et al. [10] showed that Trx-1 over-expression in mice pro-
longed lifespan by 35% compared to Wt12 mice. In a similar manner,
Shijoi et al. [6] used transgenic mice expressing increased levels
of human Trx-1 showed that mitochondria, myofibrils, and other
cellular details were much better maintained in ADR13-treated
Trx-1-TG14 mice than in ADR-treated non transgenic (Wt) mice.
The increase in the protein carbonyl content, a marker of cellular
protein oxidation, was suppressed in ADR-treated Trx-1-TG mice
compared with ADR-treated Wt  mice. The formation of hydroxyl
radicals in ADR-treated heart homogenates of Trx-1-TG mice was
decreased compared with Wt  mice. For the survival study, all Wt
mice treated with ADR died within 6 weeks, but 5 of 6 Trx-1-TG
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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.
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