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Abstract

Myocardial ischemia/reperfusion and heart failure are the major cardiac conditions in which an
imbalance between oxidative stress and anti-oxidant mechanisms is observed. The myocardium
has endogenous reducing mechanisms, including the thioredoxin (Trx) and glutathione systems,
that act to scavenge reactive oxygen species (ROS) and reduce oxidized proteins. The Trx system
consists of Trx, Trx reductase (TrxR), and an electron donor, NADPH, where Trx is maintained in
a reduced state in the presence of TrxR and NADPH. Trx1, a major isoform of Trx, is abundantly
expressed in the heart and exerts its oxidoreductase activity through conserved Cys32 and Cys35,
reducing oxidized proteins through thiol disulfide exchange reactions. In this review, we will focus
on molecular targets of Trx1 in the heart, including transcription factors, microRNAs, histone
deactylases, and protein kinases. We will then discuss how Trx1 regulates the functions of its
targets, thereby affecting the extent of myocardial injury caused by myocardial ischemia/
reperfusion and the progression of heart failure.
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1. Introduction

About six million people suffer from heart failure and about five million people are affected
by ischemic heart disease in the US. Despite significant advances in medicine, heart failure
is a major cause of death in developed countries [1]. Heart failure is often accompanied by
mitochondrial dysfunction and increases in oxidative stress [2]. Myocardial ischemia occurs
when the oxygen supply to the heart is interrupted due to blockage of a coronary artery. A
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severe blockage of the coronary vessels leads to myocardial infarction. Although
interventions to allow resumption of the blood flow aim to preserve the viability of dying
cardiac muscle and prevent expansion of myocardial infarction, reperfusion itself can cause
damage as well, due to oxidative stress, calcium overload, and mitochondrial transition pore
opening [1, 3]. Ischemia—reperfusion (I/R) is a condition that causes massive leakage of
electrons from the mitochondrial electron transport chain and, consequently, a severe redox
imbalance in the heart, leading to oxidative damage [3]. Redox stress in cells promotes post-
translational oxidative modification of proteins, leading to structural modifications and
changes in their function. This, in turn, can disrupt the normal function of the cell, leading to
cell death via mechanisms including necrosis, apoptosis, autosis, and necroptosis [4].
Several endogenous reducing mechanisms are present in the cell to counteract this oxidative
damage, including the thioredoxin (Trx) and glutathione systems [5]. Of these mechanisms,
Trx1, a major isoform of Trx, is a key protein that regulates oxidative stress in the heart. In
this review, we will discuss how Trx1 counteracts oxidative stress and regulates signaling
mechanisms in the heart.

1.1. Thioredoxinl (Trx1)

Trx1 is a small (12 kDa) ubiquitously expressed redox protein [6] that is evolutionarily
conserved from yeast to mammals [7, 8]. Trx1 contains five cysteine residues of which two,
namely Cys32 and Cys35, occur in the vicinity of the catalytic site [9, 10]. These two
residues form the evolutionarily conserved redox motif (CXXC) through which Trx1 exerts
its oxidoreductase activity [8, 11]. The Trx1 system consists of Trx1, Trx Reductase-1
(TrxR), and an electron donor, NADPH. The latter two are essential for reducing and, thus,
recycling the oxidized Trx1 [12].

Through its ability to reduce cysteine residues, Trx1 can alter the structure and function of
its target proteins. Trx1 interacts with a wide variety of proteins, including transcription
factors and other signaling molecules, and regulates myriad cellular functions [13]. These
include defense against oxidative stress, gene transcription, cell growth, cell survival and
death and protein quality control. Trx1 is vital for embryo growth, development and survival.
Deletion of Trx1 in mice is embryonically lethal since Trx1 is essential for early embryo
morphogenesis, DNA replication, normal progression through the cell cycle and
differentiation [14].

1.2. Mechanism of action

Trx1 primarily interacts with its target proteins to reduce their oxidized cysteine residues or
to break disulfide bonds (Figure 1). This reaction is called a thiol disulfide exchange reaction
and occurs as a two-step mechanism: First, through a nucleophilic attack, the Cys32 residue
binds to the target substrate. Then, the Cys35 residue, almost instantly, reduces this bond and
forms an intramolecular disulfide bridge with Cys32. This results in the reduction of the
target substrate and oxidation of the Trx1 molecule. The oxidized Trx1 accepts an electron
from NADPH and is then reduced by TrxR to continue the cycle [9]. Reduced Trx1 interacts
with and reduces peroxiredoxin, which in turn converts H,O, to water [15]. Thus,
peroxiredoxin is a major target of Trx1 and mediates perhaps one of the most important
mechanisms of Trx1, namely reduction of H,O,. Nevertheless, Trx1 also interacts with a
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wide variety of other molecules and regulates multiple cellular functions by directly
reducing them.

Several studies have been carried out to identify the substrates of Trx1. Identifying direct
substrates of Trx1 has been challenging, however, since the attack by Cys35 on the bond
formed between Cys32 and a target protein is virtually instantaneous, resulting in only a
rapid, transient interaction between Trx1 and its targets. Various strategies have been
employed to overcome this issue. Fu et al. utilized isotope-coded affinity tag (ICAT) -
labeling to identify Trx1-targeted protein substrates in transgenic mice that overexpress Trx1
in a cardiac-specific manner (Tg-Trx1) [16]. ICAT reagents can label cysteine residues
containing free thiol groups. Thus, proteins with greater ICAT labeling in Tg-Trx1 than in
non-transgenic mice may be direct targets of Trx1 in the heart. The group identified 55
proteins containing 78 possible Trx1 redox sites, including proteins involved in the TCA
cycle, the mitochondrial permeability transition pore complex and cardiac contractile
proteins. However, a caveat to this approach is that ICAT labeling can potentially take place
secondarily due to the global reductive environment in Tg-Trx1 rather than due to direct
reduction by Trx1.

In order to identify direct targets of Trx1 in the heart /n vivo, Shao et al. have developed a
trapping mutant of Trx1 in which Cys35 is mutated to Ser [17]. In this mutant, the disulfide
bridge between Trx1 Cys32 and the target substrate is relatively stable and, thus, the target
protein can be identified through pull-down assays. Using this technique, they have
identified AMPK as an oxidoreductase substrate of Trx1. Wu et al. utilized this strategy to
identify additional targets of Trx1 in the nucleus [18]. Recently, Booze et al. have modified
this trapping mutant transgenic mouse model by including a LoxP—-STOP-LoxP cassette
between the promoter and Flag-Trx1 C35S to allow temporal and cell-specific transgene
expression [19]. In the next section, we will discuss specific targets of Trx1 and how Trx1
affects their function.

2. Specific targets of Trx1

Trx1 is ubiquitously expressed in many cell types and is found in various subcellular
localizations. On the other hand, another isoform, Trx2, is primarily localized in
mitochondria. In the current review, we will focus on the function of Trx1.

2.1. Nuclear targets

Trx1 interacts with and reduces the cysteine residues of several transcription factors, such as
NF-xB, AP1 and p53, thereby promoting their binding with DNA targets and gene
expression. For example, in Jurkat T-cells, reduced Trx1 directly interacts with NF-xB to
reduce cysteine residues located in its components, namely p50 and p65 [20]. This
interaction enhances the DNA binding ability of NF-xB and increases transcription of its
target genes. On the other hand, oxidized Trx1 is located in the cytosol and is unable to bind
to NF-xB. In macrophages, upon stimulation with lipopolysaccharides, p40/0X interacts
with oxidized Trx1, preventing its reduction and its ability to bind with NF-xB. On the other
hand, inhibition of Nox2 by apocyanin promoted reduction and nuclear translocation of
Trx1, thus enhancing its ability to bind to NF-xB and promoting transcription of several

Free Radlic Biol Med. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nagarajan et al.

Page 4

inflammatory mediators during sepsis [21]. Cytoplasmic binding of Trx1 to 1xB prevents
degradation of IxB and inhibits nuclear translocation of NF-xB in HSC-1 cells, thus
decreasing its transcriptional activity [22]. Reduced Trx1 binds to Ref1, a DNA repair
enzyme, which, in turn, reduces activator protein 1 (AP1), thereby potentiating the activity
of AP1 in HeLa cells [23]. Other transcription factors possibly regulated by Trx1 include
NRF1, NRF2, and CREB in cardiac myocytes [24]. Some of these transcription factors, such
as NF-xB and NRF2, have cysteine residues that are directly reduced by Trx1. However, the
mechanism by which IxB, NRF1 and CREB are regulated by Trx1 has not yet been
elucidated.

Trx1 negatively regulates cardiac hypertrophy [25]. In order to elucidate the mechanism
through which Trx1 regulates hypertrophy in the heart, Ago et al. performed a DNA
microarray analysis to identify cardiac genes regulated by Trx1 [24]. Tg-Trx1 mouse hearts
were compared with non-transgenic hearts and more than 3800 genes were found to be
upregulated or downregulated in Tg-Trx1. Based on gene ontology grouping, genes involved
in mitochondrial oxidative phosphorylation and the TCA cycle were found to be
upregulated, including PGC-1a, complex-I11, complex-1V, cytochrome C, Cox IV, Cox VB
and TFAM. Furthermore, the ratio of mitochondrial DNA to genomic DNA was significantly
increased and mitochondrial ATP content was increased in Tg-Trx1 hearts, suggesting that
Trx1 is important for regulation of proteins involved in mitochondrial biogenesis and ATP
production. Using transcription factor binding site (TFBS) analysis, they found stress-
inducible transcription factors, like CREB and HIF-1, to be upregulated. These results
suggest that Trx1 may alleviate heart failure during cardiac hypertrophy or I/R by preventing
mitochondrial dysfunction. The molecular mechanism by which Trx1 affects the activity of
these transcription factors in the heart remains to be elucidated.

Trx1 also regulates nucleo-cytoplasmic shuttling of class Il histone deacetylases (HDACS) to
attenuate cardiac hypertrophy [26]. Using transverse aortic constriction (TAC), a mouse
model of pressure overload, cardiac hypertrophy and heart failure, HDAC4 was found to be
oxidized at Cys667 and Cys669 and localized in the cytosol during cardiac hypertrophy.
Hypertrophic stimuli upregulated Nox4 in the nucleus and HDAC4 oxidation was inhibited
in cardiac-specific Nox4 knock-out mice, suggesting that reactive oxygen species (ROS)
produced by nuclear Nox4 play an important role in mediating HDAC oxidation [27].
Cysteine oxidation of HDAC4 affects its three-dimensional structure and interferes with
interaction between exportin and the nuclear export signal located in the C-terminus of
HDACA4, thereby inducing nuclear localization of HDAC4. In Tg-Trx1 mice, however,
oxidation of HDAC4 was decreased. Upon reduction of the oxidized residues, HDAC4 was
transported back into the nucleus. In addition, DnaJb5 mRNA and protein expression levels
were upregulated in Tg-Trx1 mice subjected to TAC surgery compared to in wild type mice.
Trx1 forms a complex with DnaJb5 and thioredoxin-binding protein (TBP) to interact with
and reduce HDAC4 at Cys667 and Cys669. This, in turn, affects HDAC4 localization and,
thus, its ability to bind to its nuclear targets. HDAC4, when localized in the nucleus,
interacts with transcription factors that mediate cardiac hypertrophy, such as NFAT, and
suppresses their activity. Thus, Trx1 affects cardiac muscle growth during cardiac
hypertrophy by regulating the redox milieu in the nucleus.
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2.2. microRNAs

Trx1 also mediates its anti-hypertrophic activity through regulation of microRNA levels in
the heart. Yang et al. have demonstrated that Trx1 inhibits angiotensin-11 (Ang-11)-induced
cardiac hypertrophy through upregulation of miR-98 [28]. Several members of the let-7
family of miRNAs were upregulated in Tg-Trx1 mice, including miR-98 and let a, b, c, e
and f. In Tg-Trx1 mouse hearts, miR-98 was upregulated, which, in turn, reduced cyclin D2
expression. Cyclin D2 has three miR-98 binding sites in its 3’UTR. Cyclin D2 is essential
for cell size regulation by Ang-1l and downregulation of its expression by miR-98 reduced
Ang-ll-induced cardiac hypertrophy. However, reversal of this miR-98-mediated cyclin D2
downregulation with adenovirus expressing cyclin D2 abolished the suppression of Ang I1-
induced hypertrophy by miR-98. The molecular mechanism by which Trx1 upregulates
miR-98 in cardiomyocytes remains to be elucidated.

2.3. Proteins kinases

Various studies have shown that Trx1 inhibits apoptosis, a cell death mechanism that plays
an important role in the development of heart failure. One of the mechanisms by which Trx1
inhibits apoptosis is via its interaction with Apoptosis signal-regulating kinase 1 (ASK1).
Oxidative stress activates the ASK1-JNK-p38 pathway, which can, in turn, activate caspase 3
and thus promote apoptosis. Using the yeast two-hybrid system, reduced Trx1 has been
shown to bind to the N-terminal region of ASK1 to inhibit the kinase activity of ASK1 and
thus prevent apoptosis [29]. Trx1 binding to ASK1 promoted ASK1 ubiquitination and
degradation [30]. This interaction is dependent upon the redox status of Trx1 and the redox
inactive (DN-Trx1) mutant of Trx1 fails to bind to ASK1, although binding is not disrupted
if either one of the cysteines (Cys32 or Cys35) is mutated [30]. During oxidative stress, the
disulfide bond formed between Cys32 and Cys35 of Trx1 prevents intermolecular disulfide
bond formation between Trx1 and ASK1 at Cys200 and Trx1 dissociates from ASK1 [31].
This not only stabilizes ASK1 but also allows ASK1 to be oxidized at Cys250, which in turn
stimulates activation of JINK and induction of apoptosis [32]. Although dissociation of Trx1
and stabilization of ASK1 are critical for activation of ASK1 by oxidative stress, the
additional post-translational modification, namely oxidation of Cys250, appears to be critical
for further activation of INK and apoptosis.

In type 2 diabetes cardiac injury models, cardiac dysfunction is enhanced, Trx1-ASK1
interaction is significantly reduced and apoptosis is stimulated [33]. In addition, Ang Il
activates ASK1 to promote hypertrophy in cardiomyocytes [34]. Thus, Trx1 interaction with
ASK1 could regulate both hypertrophy and apoptosis. However, in patients with dilated
cardiomyopathy, Trx1 levels were comparable with those of healthy persons while Trx2
expression was decreased and ASK1 activity was increased. Trx2 also directly interacts with
ASK1 and Trx2-cKO mice exhibited increases in ASK1 activity, mitochondrial ROS and
apoptosis, leading to mitochondrial dysfunction and development of dilated cardiomyopathy.
Attenuation of ASK1 activity in Trx2-cKO mice prevented them from developing dilated
cardiomyopathy, suggesting that, like Trx1, Trx2 regulates cellular apoptosis, possibly
through regulation of ASK1 [35]. These studies indicate that cytosolic Trx1 and
mitochondrial Trx2 have unique mechanisms to protect the heart - Trx1 against cardiac
hypertrophy and Trx2 against dilated cardiomyopathy.
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A recent work by Shao et al. further investigated the mechanism by which Trx1 protects the
heart from cell death during energy starvation [17]. The authors used a Flag-Trx1 C35S-HA-
Tg mutant mouse model that can trap the reaction between Trx1 and its target proteins.
Using this mouse model, the authors found that Trx1 interacts with AMPK, an energy sensor
in cardiomyocytes. This interaction is further enhanced during oxidative stress conditions,
such as upon treatment with H,O or during prolonged ischemia in the heart. The Trx1-
AMPK interaction occurs via a disulfide linkage, as evidenced by the fact that the enhanced
interaction was abolished when the protein lysis buffer contained DTT, a reducing agent.
During myocardial ischemia, AMPK is oxidized at Cys130 and Cys174 to form
intermolecular disulfide bonds. Oxidized AMPK forms protein aggregates, preventing
phosphorylation of AMPK by AMPK kinases. Hence, oxidized AMPK is kinase inactive
and cannot function as an energy sensor. Trx1 can reduce oxidized AMPK to prevent its
inactivation and reduce cardiac infarct size following 3 hours of ischemia. However, under
high fat feeding conditions, Trx1 is downregulated, resulting in increased AMPK oxidation
levels. These mice are more prone to myocardial infarction during ischemia than those fed a
normal diet. Taken together, these results suggest that Trx1 acts as a co-factor for AMPK
during energy stress. Since cellular conditions in which AMPK is activated are often
accompanied by oxidative stress, the presence of reduced Trx1 in cardiomyocytes is quite
important to maintain the function of AMPK during times when activation of AMPK is
really needed.

3. Post-translational modifications other than oxidation

3.1. S-nitrosylation

3.2. HpS

Reactive cysteines in Trx1 can undergo other forms of post-translational modification as
well. Trx1 is S-nitrosylated and can also trans/denitrosylate its target proteins to mediate its
functions [36-39]. S-nitrosylation of Trx1 may occur at Cys62, Cys69 or Cys73, depending
on the pH of the cellular milieu and redox status of Trx1 [36, 37, 40, 41]. During ischemic
preconditioning, cellular protein S-nitrosylation was increased, and it has been shown to be
protective during I/R [42, 43]. Trx1 has been shown to trans/denitrosylate proteins, such as
ASK1, caspase 3, caspase 8, caspase 9 and NF-xB, to regulate apoptosis and, thus, regulate
cell survival in various cell types, including endothelial cells, Jurkat cells, HeLa cells, RAW
macrophages, and HepG2 cells [39, 44-51]. Extracellular delivery of S-nitrosylated Trx1
increases the abundance of S-nitrosylated proteins in the heart, which is accompanied by
cardioprotection [52]. Although direct trans/denitrosylation of these proteins by Trx1 has not
been demonstrated in the heart in an unequivocal manner, modulation of these proteins has
been shown to regulate apoptosis and cardiomyocyte survival during cardiac hypertrophy
and I/R. A possible hypothesis is that regulation of cardiac protein S-nitrosylation by Trx1
may serve as a redox modification to protect the target protein molecules from irreversible
oxidative damage. More studies are required to understand the functional role of Trx1-
mediated regulation of S-nitrosylation in the heart.

Nicholson et al. investigated whether Trx1 contributes to H,S-mediated cardioprotection
[53]. H,S increases Trx1 expression and activity in the heart and has been shown to be
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cytoprotective. In addition, mice treated with H,S during I/R show better cardiac function
with increased ejection fraction and fractional shortening. However, the H,S treatment did
not exert its protective effect in Tg-DN-Trx1 mice. Furthermore, H,S treatment Trx1-
dependently reduced activation of the ASK1-JNK pathway and nuclear export of HDACA4.
This demonstrates that Trx1 is essential for the cardioprotection mediated by H,S. It is
possible that Trx1, in conjunction with H,S, may also induce some other types of post-
translational modification in proteins, such as S-sulfhydration.

3.3. Methylation

In addition to its oxidoreductase-mediated regulation of target proteins, Trx1 participates in
other post-translational modifications such as methylation. Recently, Liu et al. found that
Trx1 regulates lysine methylation, a non-redox protein modification [54]. They used iTRAQ
to evaluate alterations in protein expression levels after TAC surgery in Tg-Trx1 mice. The
expression level was altered for a few proteins, including SMYD1, a lysine
methyltransferase that plays an important role in cardiac development, which was
accompanied by changes in the level of protein methylation of some proteins in the heart.
Thus, it would appear that Trx1 may regulate gene expression and protein function during
cardiac hypertrophy through modification of methylation.

4. Role of Trx1in the heart in vivo

4.1. Cardiac hypertrophy and heart failure

Trx1 negatively regulates Ang Il-induced myocardial hypertrophy [28, 55]. Overexpressed
DN-Trx1 (Trx1 C32S/C35S lacking Trx1 redox activity) acts as a dominant negative,
thereby decreasing the activity of endogenous Trx1. The DN-Trx1 mouse model showed
increased oxidative stress, as well as increases in cardiomyocyte size and, consequently,
enhanced cardiac hypertrophy [25]. These results suggest that Trx1 is a negative regulator of
cardiac hypertrophy.

In a rat model of type | diabetes subjected to Ml, rats that received intramyocardial
administration of adenovirus harboring Trx1 (Ad-Trx1) exhibited reduced fibrosis and
apoptosis and improved cardiac function compared to rats that were administered adenovirus
harboring B-galactosidase (Ad-LacZ), suggesting that Trx1 gene therapy confers
cardioprotection during heart failure [56]. Overexpression of Trx1 also inhibits
mitochondrial dysfunction, promotes mitochondrial turnover and prevents heart failure in
septic mice [57], and reduces adriamycin-induced oxidative stress, thus preventing
cardiotoxicity [55].

Sumanth et al. administered mesenchymal stem cells (MSCs) transduced with either Ad-
Trx1 or Ad-LacZ into the cells in the peri-infarct area during MI. Increasing Trx1 expression
in the MSCs increased their proliferation and pluripotency in the heart, and the MSCs more
readily differentiated into cardiomyocytes, smooth muscle cells and endothelial cells than
MSCs without Trx1 overexpression. Furthermore, fibrosis was decreased and intercellular
connections were increased, suggesting that engineering MSCs to express Trx1 could be a
potential therapeutic measure to treat heart failure [58].
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4.2. Myocardial ischemia and I/R

Acute myocardial ischemia upregulates endogenous Trx1 in the heart. Myocardial infarct
size was increased after 3-hour prolonged ischemia in Tg-Trx1 C35S and Tg-DN-Trx1 mice,
demonstrating that the redox activity of Trx1 is vital for cardiac protection during
myocardial ischemia [17]. These results suggest that Trx1 represents an endogenous
mechanism to protect the heart against myocardial ischemia. Exogenous application of
hTrx1 after 30 minutes of ischemia and 10 minutes before reperfusion decreased infarct size
following I/R compared to in the vehicle-treated model. Interestingly, addition of S-
nitrosylated Trx1 enhanced this protective effect of Trx1, possibly by stimulating uptake of
Trx1 into cardiomyocytes or increasing the abundance of S-nitrosylated proteins in the heart
[52]. Thus, enhancing the action of Trx1 appears to be beneficial during I/R injury.

4.3. Preconditioning

Earlier studies have demonstrated that Trx1 is upregulated during ischemic preconditioning
[59] and that Tg-Trx1 mice subjected to I/R show a significantly decreased infarct size
compared to non-Tg mice [17]. Thus, it is likely that Trx1 mediates the effect of ischemic
preconditioning, an endogenous mechanism of protection against myocardial ischemia.
Interestingly, however, this protective effect of Trx1 appears to be age-dependent: Although
the infarct size was reduced following I/R in young Tg-Trx1 mice (3-month old) compared
to in non-Tg mice, the protective effect was not observed in middle-aged (12-month old) Tg-
Trx1 mice [60]. Both the protein level and the activity of Trx1 were decreased after 15
minutes of reperfusion in young mice, but they were decreased sooner in middle-aged mice.
Inactivation of Trx1 could be due to an increase in protein nitration in middle-aged Trx1
mice compared to in young Trx1 mice. Other studies have reported that during reperfusion
after ischemia, there is an increase in peroxynitrite concentration, which could in turn lead to
depletion of antioxidants such as Trx1 [61]. It is proposed that Trx1-mediated
cardioprotection occurs via activation of the Akt-GSK-3p pathway, possibly through an
interaction between Trx1 and Akt [60].

Remote ischemic preconditioning (RIPC) in cardiac surgery patients led to increased levels
of Trx1 in cardiac tissue, suggesting that Trx1 is an RIPC-induced factor that could
potentially mediate RIPC-induced cardioprotection [62].

4.4. Postconditioning

Postconditioning is another endogenous protective mechanism that reduces infarct size after
I/R. In Tg-Trx1 mice, the infarct size following I/R was reduced compared to in WT mice,
but postconditioning did not show an additive effect. In contrast, in Tg-DN-Trx1, the
protective effect of postconditioning was not observed [63, 64]. Furthermore, in young mice,
ischemic postconditioning conferred a protective phenotype after I/R by preventing Trx1
degradation and, thus, increasing Akt and GSK-3p phosphorylation. However, the
postconditioning effect was abolished in middle-aged and older mice, as Trx1 was degraded
rapidly [64, 65]. This suggests that Trx1 plays an important role in mediating the
cardioprotection afforded by ischemic postconditioning.
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4.5. Protein quality control

Trx1 is also protective in the R120G ap-crystallin mouse, a mouse model of desmin-related
cardiomyopathy, where accumulation of protein aggregates leads to cardiac hypertrophy and
heart failure. In these mice, both reduced Trx1 and TrxR1 are upregulated through Nrf2
activation and prevent accumulation of cytoplasmic protein aggregates. This finding is of
interest because it has been suggested that protein aggregates are formed due to reductive
stress in desmin-related myopathy [66]. The fact that an antioxidant mechanism can reduce
protein aggregates even in the presence of reductive stress conditions indicates that the
protective effect of the Trx1 system may be compartmentalized.

Although Trx1 functions to protect the heart in many instances, some exceptions seem to
exist. In a recent study, Korge et al. proposed that activation of the Trx system can cause
excessive production of mitochondrial ROS, thereby playing a detrimental role in the heart.
They demonstrated that TrxR and glutathione reductase can leak electrons and add them to
O, to generate ROS in the absence of the appropriate electron acceptors, such as oxidized
Trx, during reductive stress in the heart, leading to oxidative damage [67]. These results
suggest that, depending on the redox atmosphere in the cell, Trx can be either beneficial or
detrimental. Hence, therapeutic upregulation of Trx1 must be carefully regulated based on
the cellular redox milieu in the heart. More studies are essential to identify the appropriate
cellular conditions under which Trx1 can be administered to a patient for it to have a
beneficial effect rather than a detrimental one.

4.6. Autophagy

Recent studies propose a novel function for Trx1 in the regulation of macroautophagy, a
major mechanism of degradation by which proteins and organelles are removed through
lysosomes. Increasing lines of evidence suggest that Trx1 is involved in regulation of
autophagy by interacting with the molecules regulating autophagy. For example, Trx1-
mediated autophagy regulation has been implicated in neurodegenerative disorders. In
amyotrophic lateral sclerosis, Trx1 binds to Mst1, rendering it inactive and, thus, stimulating
autophagosome formation. Dissociation of this binding occurs via an ALS-associated G93A
mutant of human superoxide dismutase 1, leading to an autophagic flux imbalance in lumbar
spinal cord motor neurons that is responsible for the severity of the disease [68]. Trx1 also
regulates autophagy through Atg4 (Autophagy related 4). Trx1 reduces the disulfide bond
between Cys338 and Cys394 of Atg4 to activate it, thus regulating autophagy in S.
Cerevisiae [69]. During physiological stresses such as hypoxia, exercise or starvation, Trx—
interacting protein (TXNIP), a negative regulator of Trx1, binds to REDD1 to increase ROS.
ROS can inhibit Atg4B and promote stress-induced autophagy during energy deprivation
[70].

In the heart, Tg-Trx1 mice showed increased LC3-11/LC3-1, indicating upregulation of
autophagy, compared to in WT mice [57]. To our knowledge, no studies have been carried
out to study the effect of Trx1 on autophagy in the heart during stress. Autophagy is an
important prosurvival mechanism during myocardial ischemia. More studies are necessary to
better understand how Trx1 can be utilized therapeutically to control autophagy in the
myocardium.
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Trx1 regulates various signaling pathways via its redox activity to exert cardiac protection
(Figure 2). In addition to the above targets discussed in this review, several other targets have
been identified in various global profiling studies. Studying these protein targets will shed
light on several other mechanisms regulated by Trx1. In addition, Trx1 has been implicated

in other forms of post-translational modification besides oxidation, namely protein S-
nitrosylation and methylation of targets. Elucidating the mechanisms by which Trx1

performs its functions and the signaling mechanisms it regulates will help in developing

novel therapeutic approaches to treating ischemic heart disease and heart failure.
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Highlights

. Trx1 is an important antioxidant that is cardioprotective during myocardial
ischemia/reperfusion and heart failure.

. Trx1 reduces oxidized proteins through a thiol disulfide exchange reaction.

. Trx1 may also modify the nitrosylation and methylation status of proteins.
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Figure 1.
Reduced Trx1 with free Cys32 and Cys35 can interact with and reduce oxidized target

molecules having disulfide bonds. Although this reaction produces oxidized Trx1 with an
intramolecule disulfide linkage between Cys32 and Cys35, the oxidized Trx1 can be reduced
again (recycled) by TrxR in the presence of the electron donor, NADPH. Examples of Trx1
targets include histone deactylase 4 (HDAC4) and AMP activated protein kinase (AMPK).
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Figure 2.
Trx1 binds to its targets and exerts cardioprotection by preventing mitochondrial

dysfunction, increasing ATP production and mitochondrial biogenesis, inhibiting apoptosis,
and preventing cardiac hypertrophy and cardiac fibrosis. It mainly interacts with and reduces
disulfide bonds in its target molecules. It can also participate in other post-translational
modifications such as S-nitrosylation and methylation (indicated in green). The functional
significance of Trx1 in the heart is highlighted in purple. (Abbreviations: ROS- Reactive

Oxygen Species, I/R- Ischemia/Reperfusion, IPC- Ischemic Preconditioning, Post-
Postconditioning)
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