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if the thioredoxin-1 overexpression enhances the posctconditioning protective effect, and whether the
lack of the activity abolishes the reduction of the infarct size. Wild type mice hearts, transgenic mice
hearts overexpressing thioredoxin-1, and a dominant negative mutant (C32S/C35S) of thioredoxin-1
were used. The hearts were subjected to 30 min of ischemia and 120 min of reperfusion (Langendorff)
(I/R group) or to postconditioning protocol (PostC group). The infarct size in the Wt-PostC group decreased
in comparison to the Wt-I/R group (54.6 +2.4 vs. 39.2 £+ 2.1%, p <0.05), but this protection was abolished
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Oxidative stress in DN-Trx1-PostC group (49.7 £ 1.1%). The ischemia/reperfusion and postconditioning in mice overex-
Thioredoxin-1 pressing thioredoxin-1 reduced infarct size at the same magnitude (35.9+2.1 and 38.4+1.3%, p<0.05
Dominant negative of Trx1 vs. Wt-I/R). In Wt-PostC, Trx1-I/R and Trx1- PostC, Akt and GSK3[ phosphorylation increased compared

to Wt-I/R, without changes in DN-Trx1 groups. In conclusion, given that the cardioprotection conferred
by thioredoxin-1 overexpression and postconditioning, is accomplished through the activation of the
Akt/GSK3[ survival pathway, no synergic effect was evidenced. Thioredoxin-1 plays a key role in the
postconditioning, given that when this protein is inactive the cardioprotective mechanism was abol-
ished. Thus, diverse comorbidities or situations modifying the thioredoxin activity, could explain the
absence of this strong mechanism of protection in different clinical situations.
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1. Introduction

Ischemic PostC is a potent cardioprotective mechanism that
reduces the infarct size (Zhao et al., 2003; Buchholz et al., 2014a;
Donato et al., 2010). In the pioneer study of PostC, Zhao et al.
(2003) demonstrated that this novel mechanism in open-chest
dogs, exerted its protective effect by reducing the endothelial acti-
vation and the neutrophil adherence to the vessels, and as a result
of these actions, redox-sensible mechanisms were attenuated. Sev-
eral authors also described that PostC reduced oxidative stress in
in vitro models (Heusch, 2015a; Kin et al., 2004; Liu et al., 2007; Cai
etal.,, 2011), independent from inflammation and vascular compo-
nent. Given that it is well known that during reperfusion a burst
of ROS and RNS occur, an important target to avoid the deleteri-
ous effects is the reduction of oxidative stress (Zhao et al., 2003;
Schwartz and Lagranha, 2006; Iliodromitis et al., 2006). Therefore,
one of the mechanisms widely attributed to the cardioprotection
conferred by PostC against I/R injury, is the ROS and RNS reduction.
Also, PostCinvolves signal transduction pathways that are triggered
by several autacoids such as adenosine, acetylcholine, opioids, and
also adrenergic receptors that activate protective signaling path-
ways including RISK signaling, mainly PI3K-Akt and GSK3f3 (Tsang
et al., 2004; Hausenloy et al., 2005; Buchholz et al., 2014a,b). How-
ever, it is unclear whether the activation of these intracellular
signaling pathways is linked to the changes evidenced in oxidative
stress.

Trx1 (12KDa) is an endogenous system that regulates redox
homeostasis and has cardioprotective effects against I/R injury
(Tsang et al., 2004; Hausenloy et al., 2005; Buchholz et al., 2014b;
Aota et al,, 1996; Zitta et al., 2015; Tao et al.,, 2004). In this sense,
we previously showed that Trx1 reduced infarct size in young
mice, and this cardioprotection included an increase of Akt and
GSK3[ phosphorylation (D’ Annunzio et al., 2016). Furthermore,
we recently demonstrated that PostC decreases the infarct size
in young mice due to a preservation of Trx1 levels after I/R. This
preservation of Trx1 levels, as expected, showed an improve-
ment in the tissue redox status, evidenced through the GSH/GSSG
ratio in young animals (Perez et al., 2016a). This cardioprotec-
tion was accompanied by Akt activation and the phosphorylation
and inhibition of GSK3[, both proteins related to cell survival
pathways, but we were unable to show direct evidence that Trx1
is involved in the PostC cardioprotection mechanism. However,
whether the increase of Trx1 expression and/or its lack of activ-
ity could modify the PostC cardioprotective effects, has not been
described. Thus, the first objective of our study was to evaluate if
the Trx1 overexpression enhances the PostC protective effect, and
whether the lack of activity of this antioxidant abolishes the reduc-
tion of the infarct size. A second objective was to study if PostC
modifies the expression and/or activity of Trx1 and the possible
changes occurring in the GSH/GSSG ratio. Finally, a third objec-
tive was to study if Akt and GSK3[, pro-survival proteins, are
involved in the protection conferred by PostC and its relation with
Trx1.

2. Material and methods
2.1. Animal care

All procedures performed in the studies involving animals were
in accordance with the ethical standards of the Animal Care and
Research Committee of the University of Buenos Aires (CICUAL UBA
# 0037016/2013). FVB mice were housed in ventilated cages with
a 12 h light/dark cycle and controlled temperature (20-22 °C), and
fed with normal chow and water ad libitum.

2.2. Transgenic mice

We have used the transgenic mice from the same colonies of
Prof. Junichi Sadoshima, who generously donated these mice to
us. Two transgenic mice models were used: 1) transgenic mice
with cardiac-specific overexpression of Trx1 generated on an FVB
background using the a-myosin heavy chain promoter to achieve
cardiac-specific expression (Ago and Sadoshima, 2006; Yamamoto
et al., 2003), and 2) DN-Trx1 was generated by mutation of 32Cys
and 35Cys of hTrx1 to Ser using QuikChange (Stratagene, La Jolla,
California, USA). This redox inactive mutant of Trx1 works as a
dominant negative for endogenous Trx1 in mice hearts (Ago and
Sadoshima, 2006).Wt mice were also used as control group.

2.3. Isolated mice hearts

Mice were anesthetized by an intraperitoneal injection of
sodium pentobarbital (150 mg/kg body weight) and sodium hep-
arin (500 Ul/kg body weight). The hearts were excised and the aorta
was immediately cannulated with a 21 gauge cannula. Afterwards,
hearts were perfused according to the Langendorff technique
with Krebs solution [118.5 mMNacCl, 4.7 mMKCI, 1.2 mM KH2PO4,
1.2mM MgSOy4, 1.5mM CaCl,, 24.8 mM NaHCO3, 10 mM glucose
(pH 7.4)] equilibrated with 95% O, and 5% CO, at 37°C, as we
previously described (Perez et al., 2016a). The coronary flow was
constant during all the experimental procedure and was around
4.2 +0.3 mL/min. LVDP and LV + dP/dtmax were used as contractile
state indexes. LVEDP, a myocardial stiffness index in the isovolumic
heart and CPP were also measured. We performed the follow-
ing experimental groups: 1) I/R group: after stabilization, 30 min
of global no-flow ischemia and 120 min of reperfusion were per-
formed; 2) PostC group: I/R group was repeated, but at the onset of
reperfusion we performed 6 cycles of 10s of reperfusion followed
by 105 of ischemia (2 min total intervention). Also we performed
a normoxic group that was only used as a control group for the
western blot and glutathione determinations. Hearts were perfused
during 45 min in normoxic conditions, and the LV samples were
taken for their further processing. All the experimental groups were
performed in Wt, Trx1 and DN-Trx1 mice.

2.4. Infarct size measurement

The assessment of the infarct size was performed using TTC.
After 120 min of reperfusion, the hearts were frozen and cut into
1 mm transverse slices from apex to base. Sections were incubated
for 20 min in 1% TTC (pH 7.4, 37 °C) and then immersed in 10% for-
malin. With this technique, viable sections were stained red, while
the non-stained sections corresponded to the infarct area. Sections
were traced to acetate sheets and planimetered (Image Pro Plus,
version 4.5). Infarct size was expressed as a percentage of the left
ventricular area.

2.5. Samples preparation

Tissue samples (0.2 g of wet weight) were homogenized with a
glass-Teflon homogenizer in a medium consisting of 120 mM KCl,
30 mM phosphate buffer (pH 7.4) (1:5) at 0-4°C. The suspension
was centrifuged at 600g for 10 min at 4 °C to remove nuclei and cell
debris. The pellet was discarded and the supernatant was used as
“homogenate” (Evelson et al., 2001).

2.6. Reduced (GSH) and oxidized (GSSG) glutathione levels

Heart samples were homogenized with a glass-Teflon homog-
enizer in a solution containing 1 M HClO4-2 mM EDTA (1:1), and
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centrifuged at 16,000g for 20 min at 4°C. Supernatants were fil-
tered through 0.22 pm cellulose acetate membranes (Corning Inc.,
NY, US), and frozen at —80°C until use. HPLC analysis was per-
formed in a Perkin Elmer LC 250 liquid chromatography (Perkin
Elmer, Waltham, MA, US), equipped with a Perkin Elmer LC ISS 200
advanced sample processor, and a Coulochem II (ESA, Bedford, MA,
US) electrochemical detector. A Supelcosil LC-18 (250 x 4.6 mm ID,
5 wm particle size) column protected by a Supelguard (20 x 4.6 mm
ID) precolumn (Supelco, Bellfonte, PA, US) was used for sample sep-
aration. GSH and GSSG were eluted at a flow rate of 1.2 mL/min
with 20mM sodium phosphate (pH 2.7), and electrochemically
detected at an applied oxidation potential of +0.800 V. Results were
expressed as WM (Rodriguez-Ariza et al., 1994).

2.7. Western blot

We performed additional experiments to obtain heart samples
(n=5 in each group). Heart tissue was homogenized in ice for
approximately 2 min with extraction buffer (pH 7.4), composed
of: Tris 1.2 mM, NaCl 0.36 mM, SDS 0.1%, Triton 1%, DTT 0.2 mM,
protease and phosphatase inhibitors cocktail (Thermo Scientific)
at a rate of 500 L buffer every 150 mg of tissue using a PRO 200
Scientific INC homogenizer. Subsequently, homogenates were cen-
trifuged at 12,608g during 20 min at 4°C. The supernatant protein
concentration was quantified with the Bradford method.

After protein quantification with the Bradford method, 50 pg
of each sample were separated by 16% Tricine-SDS-PAGE gels
(for Trx1 expression), and by 12% Glycine-SDS-PAGE gels (for
pAkt and pGSK3[3) and after that transferred to a PVDF mem-
brane (Thermo Scientific) that was later blocked with 5% BSA for
2h at room temperature. Subsequently, the membrane was incu-
bated with anti-Trx1 (1:1000) (Cell Signaling), anti-phospho-Akt
for Serine*”3 residue (1:1000) (Cell Signaling) and anti-phospho-
GSK3p for Serine? residue (1:1000) (Cell Signalling) overnight at
4°C with agitation. It was later incubated with anti-rabbit sec-
ondary antibody conjugated with horseradish peroxidase (HRP,
1:15,000) (Millipore) for an hour at room temperature. The mem-
brane was developed with photographic plates (Kodak) and Super
Signal West Pico Chemiluminescent Substrate (Thermo Scientific).
Trx1 pAktS™73 and pGSK335¢™ expression were quantified by den-
sitometry with Image Gauge 4.0 software (Fujifilm) compared to
the charge control values, anti-GAPDH (1:1000, Cell Signaling),
measured in the same membranes, were used as loading control.

2.8. Statistical analysis

Data are expressed as mean4+ SEM. Inter-group comparisons
were performed using analysis of variance and then the Bonferroni
test for multiple comparisons. p <0.05 was considered statistically
significant.

3. Results

Table 1 shows the systolic function behavior at baseline and
during different reperfusion times. In all groups, LVDP (mmHg)
and LV +dP/dtmax (mmHg/s) were significantly lower compared to
pre-ischemic values, but showed no significant differences among
groups throughout the procedure. LVEDP (mmHg) and CPP (mmHg)
increased at 30 min compared to pre-ischemic values without dif-
ferences among the groups, although LVEDP (myocardial stiffness)
were higher in both DN-Trx1 groups compared with Wt and Trx1
groups.

Fig. 1 shows the behavior of the infarct size in all experimen-
tal groups. In Wt animals, as expected, PostC reduced the infarct
size (I/R: 54.6 +2.4 vs. PostC: 39.24+2.1%, p<0.05). In Trx1 mice,
I/R mimics the protective effects of PostC, but in the group Trx1

3
Table 1

Left ventricular systolic and diastolic function and coronary perfusion pressure.
Groups Baseline 30 min Rep

LVDP Wt-I/R 90.5+4.3 21.44+4.1%
(mmHg) Wt-PostC 92.9+6.2 16.1+£3.4*
Trx1-1/R 93.3+4.38 20.6 +6.2*

Trx1-PostC 93.5+5.5 121+£1.1%

DN-Trx1-I/R 92.0+4.0 19.1+£2.2*

DN-Trx1-PostC 92.2+58 15.4+5.0*

LVEDP Wt-I/R 7.6+£0.9 18.5+4.6"
(mmHg) Wt-PostC 8.1+1.0 21.4+55*
Trx1-1/R 7.3+0.9 18.8+£4.1*

Trx1-PostC 8.1+£0.8 18.7+3.7*

DN-Trx1-I/R 71+24 38.5+5.4"*

DN-Trx1-PostC 8.0+1.6 32.4+4.6"*

+dP/dtmax Wt-I/R 3847 +416 836+ 126
(mmHg/s) Wt-PostC 4112 +£469 928 +139*
Trx1-1/R 3982 +395 917 +250*

Trx1-PostC 4024 +492 870+201*

DN-Trx1-I/R 3854 +365 698 +119*

DN-Trx1-PostC 4106 +£431 779+103*

CPP Wt-I/R 76.0+2.4 91.64+9.3*
(mmHg) Wt-PostC 74.8+25 108.3+8.0*
Trx1-1/R 73.4+2.7 98.0+1.7*
Trx1-PostC 743 +3.0 102.8 +£8.2*

DN-Trx1-I/R 76.7+4.0 96.7 +7.9*

DN-Trx1-PostC 75.7+34 95.8 +6.6"

LVDP: Left ventricular developed pressure; LVEDP: Left ventricular end diastolic
pressure; +dP/dtmax: Left ventricular maximal rate of pressure increase; CPP: coro-
nary perfusion pressure. Rep: Reperfusion. *: p<0.05 vs. respective baseline value.
#: p<0.05 vs. Wt I/R and PostC, respectively. Wt: wild type; Trx1: transgenic mice
thioredoxin-1 overexpression; I/R: Ischemia/Reperfusion; PostC: ischemic postcon-
ditioning.
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Fig. 1. Panel A shows infarct size expressed as a percentage of the total left ventric-
ular area. Infarct size decreased significantly in Wt-PostC, Trx1-I/R and Trx1-PostC
groups compared with Wt-I/R but this cardioprotective effect was abolished in the
DN-Trx1-PostC group. There were no differences between Trx1-I/R and Trx1-PostC
groups. Panel B shows representative slices of the different experimental groups.
*p<0.05vs.I/R.Wt: wild type; Trx1: thioredoxin-1; DN-Trx1: dominant negative for
Trx1; I/R: ischemia/reperfusion; PostC: ischemic postconditioning. n=7 per group.
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Fig. 2. Oxidative stress. GSH (Panel A), GSSG (Panel B) and GSH/GSSG ratio (panelC). Oxidative stress was significantly increased in Wt-I/R, DN-Trx1-I/R and DN-Trx1-PostC
groups, the levels of GSH were decreased and levels of GSSG were increased compared to Nx hearts. However these imbalances in redox homeostasis return to pre-ischemic
values after the postconditioning protocol in Wt-PostC groups but not in the DN-Trx1-PostC group. Trx1-I/R and PostC groups did not show differences in oxidative stress.
*p<0.05 vs. Nx; #p<0.05 vs. I/R. Wt: wild type; Trx1: thioredoxin-1; DN-Trx1: dominant negative for Trx1; Nx: normoxic; I/R: ischemia/reperfusion; PostC: ischemic

postconditioning. n=>5 per group.

with PostC there was not additive cardioprotection (I/R: 35.9 + 2.1
vs. PostC: 38.4 +1.3%, p<0.05). However, in DN-Trx1 the cardio-
protective effect of PostC on infarct size reduction was abolished
(I/R: 56.3 £ 3.9 vs. PostC: 49.7 & 1.1%). Panel B shows representative
slices of the different experimental groups.

Fig. 2 shows the behavior of oxidative stress in the different mice
protocols. We measured the oxidized (GSH) and reduced (GSSG)
glutathione concentration (.g/g of tissue) and the ratio between
them. In Panel A it can be observed that the GSH concentration
significantly reduces after I/R in Wt and DN-Trx1 animals (Wt-Nx:
31.97 £2.23 vs. Wt-I/R: 24.76 - 1.22 and DN-Trx1-Nx: 32.79 £ 1.58
vs. DN-Trx1-I/R: 25.16 = 1.37, p<0.05) reached to its pre-ischemic
values in the PostC only in Wt animals (Wt-PostC: 29.97 4 2.01
vs. I/R, p<0.05) and in DN-Trx1-PostC it did not modify GSH
compared with Nx (27.23 +1.09 vs. Nx, p<0.05). In Trx1 animals
the GSH concentration did not change between different proto-
cols (Nx: 32.39+0.70, I/R: 28.47 £2.17 and PostC: 31.04 +1.78).
In Panel B it can be observed that the GSSG concentration sig-
nificantly increases after I/R in Wt, Trx1 and DN-Trx1 animals
(Wt-Nx: 8.3142.86 vs. Wt-I/R: 21.11 £ 4.98; Trx1-Nx: 7.06 +2.09
vs.Trx1-1/R: 18.03 £5.61 and DN-Trx1-Nx: 6.64 & 1.60 vs. DN-Trx1-
I/R: 24.69 £ 6.00, p <0.05) reaching to its pre-ischemic values in the
PostC only in Wt animals (Wt-PostC: 9.82 4 3.28 vs. I/R, p<0.05),
this values did not change when PostC was performed in Trx1
and DN-Trx1 animals (Trx1-PI: 15.90+4.15 and DN-Trx1-PostC:
23.04 +£5.51 vs. Nx, p<0.05). Finally, in Panel C, the GSH/GSSG ratio
can be observed, a reliable indicator of redox status. After I/R, the
GSH/GSSG ratio decreases in Wt and DN-Trx1 animals (Wt-Nx:
7.07 £2.44 vs. Wt-1/R: 1.47 £0.34 and DN-Trx1-Nx: 7.07 £ 1.15 vs.

DN-Trx1-I/R: 1.78 +0.57, p <0.05) returning to its pre-ischemic val-
ues in the PostC only in Wt animals (Wt-PostC: 4.74 +1.85 vs. I/R,
p<0.05 and DN-Trx1-PostC: 2.43 £0.77 vs. Nx, p<0.05). In Trx1
animals the ratio did not change between different protocols (Nx:
6.98 +2.58, I/R: 3.64 4 1.40 and PostC: 2.65 +1.13).

Fig. 3 shows, in panel A, that Trx1 expression decreases in the
Wt-I/R group (Wt-Nx: 1.00+0.05 vs. Wt-I/R: 0.32+0.09 AUDO,
p<0.05), but PostC avoids Trx1 degradation after the I/R proto-
col (Wt-PostC: 0.65+0.08 AUDO vs. I/R, p<0.05). In both, Trx1
and DN-Trx1 groups, Trx1 expression did not change among Nx,
I/R and PostC, but Trx1 levels were 2.5 folds higher in Trx1 and
DN-Trx1 compared to Wt Trx1 levels (Trx1-Nx: 2.52 +£0.14; Trx1-
I/R: 2.72 +0.07; Trx1-PostC: 2.86+0.11 AUDO and DN-Trx1-Nx:
2.55+0.13; DN-Trx1-I/R: 2.68 +£0.13; DN-Trx1-PostC: 2.51 £0.15
AUDO). In panel B Trx1 activity throughout the time measured
in baseline conditions can be observed; at 120s Trx1 activ-
ity was increased in Trx1 animals (Trx1: —0.15+£0.02 vs. Wt:
—0.07 £0.02 nm, p<0.05) and was decreased in DN-Trx1 animals
(DN-Trx1: —0.01+0.02nm vs. Wt, p<0.05) compared with Wt
mice.

Fig. 4 shows the expression of p-Akt>¢™73 (Panel A) and
p-GSK3B5¢® (Panel B) normalized by GAPDH. An increased in
Akt phosphorylation can be observed in the Wt-PostC group
(1.49+0.04 vs. Nx: 1.00 £0.04 and I/R: 1.194+0.03 AUDO, p<0.05),
and in both protocols of Trx1 mice (I/R: 1.67 +£0.10 and PostC:
1.49+0.11 vs. Nx: 1.05+0.05AU and Wt-I/R AUDO, p<0.05).
However, we observed a slightly increased in DN-Trx1-I/R mice
compared with Nx mice (I/R: 1.29+0.07 vs. Nx: 1.01+0.06
AUDO, p<0.05), but PostC did not improve this augmentation
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Fig. 3. Trx1 expression (Panel A) and Trx1 activity (Panel C). In Wt animals Trx1 levels were decreased in the I/R group and PostC preserves the protein content. There were
no significant changes in Trx1 expression in different protocols of Trx1 and DN-Trx1 groups. Panel B shows representative blots. *p <0.05 vs. Nx; #p <0.05 vs. I/R. n=5 per
group. Trx1 activity increased with time in the Trx1 group and was significantly higher than the Wt group at 120s. Trx1 activity was significantly low in the DN-Trx1 group.
*p<0.05vs. Wt; #p <0.05 vs. Trx1. n =4 per group. Wt: wild type; Trx1: thioredoxin-1; DN-Trx1: dominant negative for Trx1; Nx: normoxic; I/R: ischemia/reperfusion; PostC:

ischemic postconditioning. AUDO: Arbitrary units of density optic. n=6 per group.

(1.334+0.05 AUDO). A similar behavior was observed in relation
to GSK3[, but the phosphorylation in Wt-PostC group was higher
(PostC: 3.4040.29 vs. Nx: 1.0440.02 and I/R: 1.39+0.19 AUDO,
p<0.05) compared with the same intervention in the Trx1 mice
(I/R: 1.86+0.14 and PostC: 2.06 +£0.20 vs. Nx: 1.05+0.04 AUDO,
p<0.05). However, in DN-Trx1-PostC the GSK3[( phosphoryla-
tion was lower compared to Wt-PostC and Trx1-PostC (DN-Trx1:
1.59 4+ 0.38 AUDO vs. Wt and Trx1, p <0.05). Although we observed
a slight increase in DN-Trx1-I/R mice compared with Nx mice (I/R:
1.32+£0.28 vs. Nx: 0.93 £ 0.05 AUDO, p<0.05).

4. Discussion

In the present study we confirmed that Trx1 plays an important
role in the PostC protection mechanism. We had indirectly demon-
strated previously a possible relation between PostC and Trx1, since
PostC avoided the antioxidant’s degradation in Wt mice (Perez et al.,
2016a). The fact that the reduction of the infarct size that occurs
in Wt PostC was abolished in the DN-Trx1 group overexpressing
inactive Trx1 strengthens the role of Trx1 in the PostC mechanism.
Furthermore Trx1 overexpression decreased the infarct size, as we
had previously demonstrated (D’ Annunzio et al., 2016), however a
PostC protocol did not enhance the cardioprotective effect in these
mice. Both PostC and Trx1 overexpression exerted their protective
effect through the activation of the Akt/GSK3[ cell survival path-
way. As we mentioned, these findings were corroborated by the fact
that in DN-Trx1 mice, where an overexpression of Trx1 mutated in
its active site exists, PostC did not produce a reduction in the infarct
size, nor an activation of the Akt/GSK3[ cell survival pathway.

The cardioprotective effects of PostC have been demonstrated by
several authors, including our previous papers (Zhao et al., 2003;
Buchholz et al., 2014a, 2014b; Donato et al., 2010; Tsang et al.,
2004; Hausenloy et al.,2005; Perez et al.,2016a). We had previously
shown that Trx1 could participate in the PostC mechanism, given
that this cardioprotective intervention avoided the Trx1 degrada-
tion in Wt mice (Perez et al., 2016a). In the present manuscript, we
showed that a direct involvement of Trx1 in PostC could be due to
the fact that the PostC cardioprotection was abolished in DN-Trx1
mice, where the activity of Trx1 is almost null.

In mice overexpressing Trx1, PostC did not enhance the pro-
tein’s protective effect. The lack of synergism when two different
cardioprotective interventions were compared had already been
demonstrated by other authors (Halkos et al., 2004; Chen et al.,
2016). In this sense, Yang et al. (2004) could demonstrate syn-
ergism between different cardioprotection mechanisms (PC and
PostC) only when they used 45 min of ischemia, where the infarct
size was larger, around 65% and therefore it was possible to enhance
both protective effects. Furthermore, it was also demonstrated that
ischemic remote PC and remote PostC increased the phosphory-
lation of Akt/GSK3[3, with no significant differences between the
two procedures in cardioprotection, suggesting that the protec-
tive effects of both mechanisms are associated with activation of
the RISK pathway. It has been demonstrated that high Trx1 levels
inhibit PTEN, and that the PTEN inhibition allows the phospho-
rylation and activation of the PI3K/Akt complex, triggering a cell
survival mechanism. Also, we and other authors evidenced that
the activation of cellular membrane receptors coupled with the
G protein (Perez et al., 2016a; Buchholz et al., 2014b; Ferdinandy
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Fig. 4. Akt phosphorylation (Ser4”?) protein expression (Panel A) and GSK3 phosphorylation (Ser?) protein expression (Panel B). Wt-PostC, Trx1-IR and Trx1-PostC groups
show a significantly enhanced Akt and GSK3[3 phosphorylation compared with Wt-I/R. There was a slight increase in Akt and GSK3[ phosphorylation in Wt-I/R and DN-I/R
protocols compared with Nx hearts. However in Trx1 and DN-Trx1 groups there were no significant differences between I/R and PostC protocols. Panel C and D show
representative blots. GAPDH was used as control loading. *p <0.05 vs. Nx; #p <0.05 vs. Wt-I/R. Wt: wild type; Trx1: thioredoxin-1; DN-Trx1: dominant negative for Trx1;
Nx: normoxic; I/R: ischemia/reperfusion; PostC: ischemic postconditioning. AUDO: Arbitrary units’ density optic. n=5 per group.

et al., 2014; Heusch, 2015b), through the performance of a PostC
protocol, activate the Akt/GSK3[3 complex. However, other authors
demonstrated that the activation of another intracellular signal-
ing pathway was involved in the PostC protection mechanism. In
this sense, Inserte et al. (2013) showed that PostC activates the
cGMP/PKG pathway via a mechanism independent of the PI3K/Akt
cascade and dependent on the reduction of O,~ production at the
onset of reperfusion. This results in an attenuation of the BH4 oxi-
dation and a decrease of reduced NOS uncoupling.

The lack of synergism between both cardioprotection mech-
anisms could be due that in both mechanisms, the Trx1
overexpression and the PostC, exerted their protective effect acti-
vating the same pro-survival pathway, in this case Akt/GSK3{3.
Furthermore, our results reflected that the Akt/GSK3[3 pathway is
not the only intracellular pathway involved in PostC cardioprotec-
tion in the Trx1 mice, since we observed a higher phosphorylation
in Wt-PostC than in Trx1-PostC. Although, Akt and GSK3[3 phos-
phorylation increased in PostC in all mice (Wt, Trx1 and DN-Trx1)
compared to their respective Nx values. Only in Wt and Trx1 groups,
did Akt and GSK3{3 phosphorylation increase compared to the Wt-
I/R group, consistent with infarct size reduction.

Aswe have previously demonstrated, the reduction of the infarct
size in PostC Wt mice was in concordance with Trx1 levels preser-
vation and with an improvement in the GSH/GSSG ratio, a reliable
indicator of redox status, in comparison to the Wt-I/R group (Perez
et al.,, 2016a). However, we did not detect changes in Trx1 levels
in the Trx1 and DN-Trx1 mice, compared to their respective base-
line values. In a similar manner, we have previously evidenced that
Trx1 levels in Trx1 mice were maintained despite having suffered
an episode of I/R (D’ Annunzio et al., 2016), and in DN-Trx1 mice,
given that the protein is inactive, is irrelevant that Trx1 levels have

been preserved after I/R episode. Regarding Wt mice, other authors
have evidenced that after an I/R episode, during reperfusion, the
RNS concentration increases (Buchholz et al., 2014a; Donato et al.,
2010; Schwartz and Lagranha, 2016), and consequently produces
cellular damage by lipid peroxidation and DNA fragmentation in
the heart. In addition, RNS could decrease endogenous antioxidants
(Qin et al., 2011; Dhalla et al., 2000) including Trx1 (Zhang et al.,
2007). All these deleterious damages were related with I/R injury
could be avoided in the Wt-PostC group.

A better redox status supposedly occurring in Trx1 transgenic
mice could increase cardiac performance. Due to this reason, we
performed new experiments that would allow us to know the redox
status in our model. Taking into consideration that the mitochon-
drial redox potential is given by the GSH/GSSG ratio, the increase in
the cytosolic Trx1 expression in transgenic mice could contribute
in reducing the thiol pool reserve. In Wt mice, a decrease of the
GSH/GSSG ratio was observed in the I/R group, recovering signifi-
cantly after the PostC protocol. These results behave similarly to the
Trx1 levels, since they decreased during reperfusion after ischemia,
and the PostC decreased the protein degradation. In the Trx1 mice,
I/R injury did not produce changes in the GSH/GSSG ratio or in the
Trx1 protein levels. These findings could explain, at least partially,
that the decrease in the infarct size observed in I/R group of the Trx1
was of the same magnitude of those observed in the PostC. Finally,
the DN-Trx1 mice have a decreased Trx1 activity at baseline and as
consequence an unfavorable redox status. Therefore, when the pro-
tective intervention was performed, it was not capable of reducing
the infarct size, although the Trx1 levels were preserved after I/R.
However, the GSH/GSSG ratio was decreased in the I/R group and it
maintained low levels after the PostC protocol. Also, it is clear that
the cardioprotective interventions promote a favorable redox sta-
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tus, represented by a decrease of the GSH/GSSG ratio in the groups
overexpressing active Trx1 and in the PostC Wt group.

Our data evidences dissociation between the infarct size and the
behavior of ventricular function in those groups where a reduction
of the infarct size was evidenced (PostC Wt, I/R-Trx1 and PostC-
Trx1). However, these findings are not totally surprising since
Cohen et al. (2000) demonstrated dissociation between the infarct
size reduction and the recovery of ventricular function, conferred
by PostC. In Cohen’s et al. (2000) study, they evidenced that dur-
ing the first 48 h of reperfusion there was no improvement in the
recovery of ventricular function. The beneficial effect on the ven-
tricular function was achieved at 72 h after the reperfusion of the
ischemic myocardium. Probably this is due to the persistence of
stunning areas adjacent to the area of necrosis in the first moments
of reperfusion. It is probable that this occurs in our experimental
model since, due to a limitation of the experimental model, we
could not perform the follow up of the ventricular function for
several days, as it occurs in Cohen’s study. Furthermore, in pre-
vious works of our laboratory (D’ Annunzio et al., 2016; Perez et al.,
2016a) and of other authors (Cohen et al., 2000; Ashrafian et al.,
2012), this dissociation between the behavior of ventricular func-
tion and the infarct size in different protection mechanisms has
also been evidenced. We only detected and increase in myocar-
dial stiffness in DN-Trx1 mice at 30 min of reperfusion compared
with Wt mice. This data are according with our previous study that
showed an exacerbation of myocardial stiffness during reperfusion,
after a short period of ischemia (myocardial stunning) in DN-Trx1
mice (Perez et al., 2016b). Due to the aforementioned, this dissoci-
ation evidenced between the infarct and the ventricular function is
possibly associated to the presence of myocardial stunning.

Summarizing, our data suggests that Trx1 plays a key role in
the PostC protection mechanism, since the beneficial effect was
abolished in DN-Trx1 transgenic mice, in which the activity of
endogenous Trx1 is reduced. We were unable to detect synergic
effect between both cardioprotection mechanisms, this could be
due to the fact that the cardioprotection conferred by Trx1 overex-
pression and by PostC involve the activation of the Akt/GSK3( cell
survival pathway. Our novel finding strongly suggests that Trx1 is
an important component in the complex mechanisms of PostC. The
description of these new regulatory mechanisms in PostC opens the
possibility to new therapeutic strategies in I/R injury.
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