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Abstract: Oxidative stress and endoplasmic reticulum stress (ERS) are strictly involved in myocardial
ischemia/reperfusion (MI/R). Selenoprotein T (SELENOT), a vital thioredoxin-like selenoprotein,
is crucial for ER homeostasis and cardiomyocyte differentiation and protection, likely acting as a
redox-sensing protein during MI/R. Here, we designed a small peptide (PSELT), encompassing the
redox site of SELENOT, and investigated whether its pre-conditioning cardioprotective effect resulted
from modulating ERS during I/R. The Langendorff rat heart model was employed for hemodynamic
analysis, while mechanistic studies were performed in perfused hearts and H9c2 cardiomyoblasts.
PSELT improved the post-ischemic contractile recovery, reducing infarct size and LDH release with
and without the ERS inducer tunicamycin (TM). Mechanistically, I/R and TM upregulated SELENOT
expression, which was further enhanced by PSELT. PSELT also prevented the expression of the ERS
markers CHOP and ATF6, reduced cardiac lipid peroxidation and protein oxidation, and increased
SOD and catalase activities. An inert PSELT (I-PSELT) lacking selenocysteine was ineffective. In H9c2
cells, H2O2 decreased cell viability and SELENOT expression, while PSELT rescued protein levels
protecting against cell death. In SELENOT-deficient H9c2 cells, H2O2 exacerbated cell death, that
was partially mitigated by PSELT. Microscopy analysis revealed that a fluorescent form of PSELT was
internalized into cardiomyocytes with a perinuclear distribution. Conclusions: The cell-permeable
PSELT is able to induce pharmacological preconditioning cardioprotection by mitigating ERS and
oxidative stress, and by regulating endogenous SELENOT.

Keywords: antioxidants; heart; ischemia/reperfusion injury; peptides; selenoproteins

1. Introduction

Cardiovascular diseases (CVDs) are still considered a major health problem world-
wide, as well as the main cause of death in the Western world [1]. Coronary heart disease
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(CHD) is a major cardiac syndrome, the consequences of which are usually attributed to
the detrimental effects induced by acute myocardial ischemia/reperfusion injury (MI/R);
in patients presenting with acute myocardial infarction (AMI), the timely restoration of
myocardial reperfusion, through thrombolytic therapy or primary percutaneous coronary
intervention, represents the treatment of choice to reduce acute myocardial ischemic in-
jury and limit infarct size [2]. However, reperfusion can paradoxically induce a specific
additional component of irreversible injury exacerbating the necrosis and the final harmful
effects to the myocardium and coronary microcirculation, ultimately leading to heart failure
([3] and references therein). Among the cardioprotective strategies against MI/R, numerous
studies performed in animal and human models showed that ischemic preconditioning
(IPC), consisting in heart exposure to brief, sublethal ischemic insults to render it more
resistant against subsequent, prolonged ischemia, represents a powerful endogenous pro-
tective phenomenon ([4] and references therein). However, IPC cannot be applied in the
case of an AMI since it is necessary to intervene before the onset of myocardial ischemia;
thus, its clinical application remains limited. On the contrary, cardioprotection achieved
by preconditioning-mimetic agents inducing pharmacological preconditioning (PPC) may
have important implications in the clinical setting. IPC and PPC share underlying mechanis-
tic pathways, and several agents including G protein-coupled receptor agonists, potassium
channel openers, sodium/hydrogen exchange inhibitors, opioid receptor agonists and
volatile anesthetics, have been tested for their preconditioning mimetic effects and thera-
peutic potential [5,6]. However, MI/R currently lacks an effective clinical therapy.

The contribution of oxygen free radicals and oxidative stress in the pathogenesis of
MI/R is widely accepted. Reactive oxygen species (ROS), produced by diverse enzymes and
organelles, including endoplasmic reticulum (ER), represent the initiators of MI/R damage
and have been associated with necrosis, apoptosis, arrhythmogenesis and endothelial
dysfunction following MI/R. ROS generated following I/R lead to a compromised post-
ischemic myocardial recovery, thus representing a major cause of the reperfusion injury [7].
The increasing knowledge in the underlying mechanisms of oxidative stress during MI/R
strongly supported the concept by which MI/R (as well as the major CVDs) induces
ER stress (ERS) [8]. Under physiological conditions, ER is the main intracellular site
responsible for biosynthesis, folding, modification and transport of proteins [9]. However,
perturbations of the cellular redox regulation interfere with the conventional folding and
translocation of secretory and membrane proteins within ER, triggering the unfolded
protein response (UPR), eventually leading to ERS [10]. UPR is characterized by three major
effector signaling pathways: inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK),
and activating transcription factor 6 (ATF6); they may deferentially or synergistically act
and can serve both adaptive and maladaptive roles ([11] and references therein). In the
context of the downstream effectors and target genes taking part to the complex ERS-
activated UPR mechanism, if ER protein homeostasis is not restored, the excess and/or
prolonged activation of UPR may induce apoptosis via induction of C/EBP homologous
protein (CHOP), activation of Jun N-terminal kinase (JNK), and cleavage of caspase-12
([11] and references therein).

In order to preserve their integrity against MI/R-induced oxidative stress, cells employ
an arsenal of potent endogenous antioxidative systems, including selenoproteins, antiox-
idant selenium-containing proteins with different subcellular localization and chemical
reactivities [12]. Selenoproteins contain selenocysteine (Sec) in their active site essential
for catalytic activity and possess diverse biological functions in oxidoreductions, redox
signalling, protein folding, Ca2+ homeostasis, apoptosis and cell survival, events that are
altered in MI/R [12–14]. Diverse evidence reports that the dysfunction of selective seleno-
proteins can increase the susceptibility to oxidative stress and its related cardiovascular
alterations, such as congestive heart failure and CHD [15]. Basic and clinical research are on-
going to decipher the mechanism underlying the action of crucial endogenous antioxidant
mechanisms, which may contribute to identify a possible therapeutic targeting/application
against oxidative stress-related CVDs. In this context, we and others have shown that
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selenoprotein T (SELENOT), which belongs to a group of ER-resident redoxins and the
gene disruption of which develops a lethal embryonic phenotype in mice, exerting crucial
oxidoreductase activity through its redox catalytic site, consisting in a CVSU amino acid
sequence, where U represents a Sec residue ([16] and references therein). In particular, our
recent findings suggest that SELENOT is required during early hyperplastic growth of car-
diomyocytes and is essential for cardiomyocyte differentiation and protection, likely acting
as a redox-sensing protein [17]. We also showed that SELENOT specific knockdown in corti-
cotrope cells associates with UPR and ERS and impaired ER associated protein degradation
(ERAD), suggesting its fundamental function in maintaining ER homeostasis [18].

The physiological impact of SELENOT during heart development, as well as its
capacity to reduce free radical level and to prevent ERS prompted us to investigate whether
SELENOT can play a role in preventing MI/R and ERS. Particularly, since the Sec residue
of CVSU sequence of SELENOT can form a selenosulfide bridge with the upstream Cys
residue and that this motif can interact with other cellular components via redox reactions,
we designed a small peptide (PSELT), encompassing the redox active site of SELENOT,
to explore: (1) its ability to induce ischemic preconditioning-like myocardial protective
effects and its underlying mechanisms of cardioprotection in an isolated rat heart model of
I/R insult; (2) its protective action against exposure to hydrogen peroxide (H2O2) in H9c2
cardiomyoblast cells; (3) the contribution of the endogenous SELENOT in the exogenous
PSELT-dependent cell protection during H2O2 treatment; and (4) its ability to penetrate
into the cardiomyocyte and its intracellular distribution.

2. Materials and Methods
2.1. Peptides and Drugs

The peptides PSELT (H-Phe-Gln-Ile-Cys-Val-Ser-Sec-Gly-Tyr-Arg-OH), [Ser46,49]
PSELT [called inert PSELT (I-PSELT) as a control], and PSELT-dansyl were synthesized by
Fmoc solid phase methodology on an automated peptide synthesizer (CEM, Saclay, France)
as previously described [19]. KCl, NaCl, NaHCO3, CaCl2, MgSO4, KH2PO4, NaH2PO4,
Na2HPO4, mannitol, glucose, Na-pyruvate, β-nicotinamide adenine dinucleotide (NADH),
reduced disodium salt hydrate, 2,4 dinitrophenylhydrazine (DNPH), 2-thiobarbituric acid
(TBA), bovine serum albumin (BSA), butylated hydroxyanisole, diethyl ether, ethylene-
diaminetetraacetic acid (disodium salt), diethylenetriamine pentaacetic acid, pyrogallol,
streptomycin sulfate, tween-20, hydrogen peroxide (H2O2), and urea were purchased
from Sigma Aldrich (St. Louis, MO, USA). Tunicamycin (TM) was from Cayman Chem-
ical (Ann Arbor, MI, USA), Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F-12), penicillin/streptomycin and fetal bovine serum (FBS) were provided by
Thermo Fisher Scientific (Waltham, MA, USA). All the solutions were freshly prepared be-
fore starting the experiments. Absolute ethanol, ethyl acetate, hydrochloric acid, methanol,
and trichloroacetic acid (TCA) were from Carlo Erba Reagents (Cornaredo, Milano, Italy).

2.2. Animals

Male Wistar rats (Envigo, Udine-Italy), weighing between 250 and 300 g, were housed,
two per cage, under standard conditions of light and temperature and in a ventilated
environment. The animals had access to food and water ad libitum. The experiments were
conducted according to the Declaration of Helsinki, Italian law (D.L. 26/2014), the Guide
for the Care and Use of Laboratory Animals published by the US National Institutes of
Health (2011), and the Directive 2010/63/EU of the European Parliament on the protection
of animals used for science. The scientific project was approved by the Italian Ministry of
Health, Rome, and by the Ethics Review Board of the University of Calabria.

2.3. Langendorff Isolated Rat Heart Perfusion

Rats were intraperitoneally injected with ethyl carbamate (2 g/kg body weight) for
anesthetization and euthanized. Then, the hearts were connected to the Langendorff
apparatus to start the retrograde perfusion, as reported in previous publications [17,20,21].
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Hearts were perfused with Krebs–Henseleit (KH) solution (pH 7.4, gassed with 95%
O2 and 5% CO2) containing in mM: 4.7 KCl, 113 NaCl, 25 NaHCO3, 1.8 CaCl2, 1.2 MgSO4,
1.2 KH2PO4, 1.1 mannitol, 11 glucose, and 5 Na-pyruvate. In order to continuously record
the cardiac mechanical parameters and to allow isovolumic contractions, a water-filled
latex balloon, connected to a pressure transducer (BLPR; WRI, Inc., Sarasota, FL, USA), was
inserted through the mitral valve into the left ventricle (LV). The balloon was filled to obtain
a LV end-diastolic pressure (LVEDP) of 5–8 mmHg during basal conditions. A second
pressure transducer, located above the aorta, was employed for recording the coronary
pressure (CP). Hemodynamic parameters were monitored and analyzed using a PowerLab
data acquisition system (AD Instruments, Sydney, New South Wales, Australia) and the
performance variables were measured every 10 min.

2.4. Experimental Protocols
2.4.1. Ischemia/Reperfusion (I/R) Protocol

Hearts were allowed to stabilize for 40 min with KH solution during which the
baseline parameters were recorded. After the stabilization period, the hearts underwent to
30 min of global, no-flow ischemia followed by 120 min of reperfusion to reproduce I/R
injury. Cardiac performance was evaluated in pre- and post-ischemic phases by assessing
developed LV pressure (dLVP) recovery, an index of contractile activity, and LVEDP, an
index of contracture, defined as an increase in this parameter of 4 mmHg above the baseline
level [17,20,22].

2.4.2. Experimental Groups

Hearts were randomly assigned to one of the following experimental groups:

(a). Sham group: hearts underwent only 190 min of perfusion;
(b). I/R Control group: hearts were exposed to I/R protocol;
(c). PSELT group, pre-conditioning with PSELT: after stabilization, PSELT was infused

for 20 min before I/R at the concentration of 5 nM according to our prior ex vivo
study [17], where PSELT elicited cardioprotection as post-conditioning agent;

(d). TM group, pre-conditioning with tunicamycin (TM): after stabilization, TM
(2.5 µg/mL) was infused for 5 min before I/R [23];

(e). TM + PSELT group, pre-conditioning with TM + PSELT: after stabilization, TM was
infused for 5 min followed by a 20 min 5 nM PSELT infusion before I/R;

(f). I-PSELT group, pre-conditioning with inert PSELT (I-PSELT): after stabilization, 5 nM
I-PSELT was infused for 20 min before I/R [17].

2.5. Assessment of Myocardial Injury
2.5.1. Lactate Dehydrogenase Activity in Coronary Effluent

The coronary effluent was collected in ice-cold tubes immediately before ischemia
and at 10, 20, and 30 min of reperfusion for the assessment of LDH activity [24], that was
evaluated spectrophotometrically by a Multiskan™ SkyHigh (Thermo Fisher Scientific
Inc., Waltham, MA, USA) according to the method of McQueen [25] and as previously
reported [20]. LDH activity, expressed as IU/mL, was obtained by monitoring the decrease
in absorbance at 340 nm, resulting from the oxidation of NADH.

2.5.2. Infarct Size

At the end of I/R protocols, the hearts were quickly removed from the Langendorff
apparatus and infarct areas were measured by nitro blue tetrazolium staining, as previously
described [20,22]. The analysis was performed in a blinded fashion by an independent
observer who was not aware of the type of the intervention and unstained necrotic tissue
was carefully separated from stained viable tissue. The infarct size (IS) was expressed as a
percentage of the total LV mass [20,22].
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2.6. Biochemical Analyses

After I/R protocols, one part of the LV of each heart was processed for protein im-
munoblotting assays, while the other part was used for evaluating antioxidant enzyme
activities, lipid peroxidation and protein oxidation.

2.6.1. Superoxide Dismutase (SOD) Assay

SOD activity was measured by following the inhibition of pyrogallol autooxidation
according to the method of Marklund and Marklund (1974) [26]. In brief, a buffer with
50 mM Tris HCl, pH 8.2 containing 1 mM diethylenetriamine pentaacetic acid was used to
homogenize LV tissues, that were then centrifuged for 20 min at 20,000× g. Supernatant
was then employed for the enzyme activity determination. The reaction was initiated by
adding 0.2 mM pyrogallol and its autooxidation was monitored by measuring absorbance
at 420 nm for 3 min using a Multiskan™ SkyHigh (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The enzyme activity was assessed as units per milligram of protein, where
1 U of SOD corresponds to the amount of enzyme able to inhibit the rate of pyrogallol
autoxidation by 50%.

2.6.2. Catalase (CAT) Assay

LV of I/R-exposed hearts of each experimental group was homogenized in a buffer
containing 50 mM potassium phosphate buffer at pH 7.4 (weight-to-volume ratio of 1:10).
After centrifugation at 20,000× g for 30 min, supernatant was collected and used for CAT
activity assay according to the method of Clairborne (1985) [27]. CAT was estimated
by measuring the change in the absorbance for H2O2 consumption at 240 nm for 3 min.
One unit of CAT activity reflects the micromoles of H2O2 decomposed per min using the
molar extinction coefficient of H2O2 (43.6 M−1 cm−1). Specific activity of the enzyme was
expressed in µmoles/mg protein.

2.6.3. Thiobarbituric Acid Reactive Substances (TBARS) Assay

The lipid peroxidation was determined by thiobarbituric acid reactive substances
(TBARS) assay, as previously described [28]. Briefly, LV of hearts exposed to I/R protocol
was homogenized in 0.9% KCl (pH 7.4) (10% w/v) and after homogenization samples were
incubated at 37 ◦C. Then, 1 mL of 40% (w/v) TCA and 1 mL of 0.2% (w/v) TBA were
added to 2 mL of each cardiac homogenate. 2% (w/v) butylated hydroxytoluene was also
added to the TBA reagent mixture for preventing artificial lipid peroxidation during the
procedure [29]. The mix was incubated at 100 ◦C for 15 min, brought to room temperature
and 2 mL of 70% (w/v) TCA was added. The samples were then centrifuged (3500 rpm
for 20 min) and the color intensity, determined spectrophotometrically at 523 nm, was
interpreted as TBARS levels and expressed in nmoles/g heart tissue.

2.6.4. Protein Carbonyl Content Assay

For protein carbonyl content determination, (i.e., an indicator of protein damage fol-
lowing oxidative stress), LV samples of I/R-exposed hearts were homogenized in 50 mM
KH2PO4, 1 mM EDTA buffer pH = 7.4. Protein oxidation was evaluated by the derivati-
zation of protein carbonyl groups with DNPH according to the method of Reznick and
Packer (1994) [30]. After centrifuging cardiac homogenate at 10,000× g for 15 min, their
supernatants were incubated at room temperature for other 15 min with 1% streptomycin
to remove nucleic acids, which may erroneously overestimate carbonyls, and centrifuged
at 6000× g for 10 min at 4 ◦C. The resulting supernatant was used for the subsequent
assay made as previously reported [31,32]. The protein carbonyl concentration was calcu-
lated by measuring the absorbance at 375 nm, using the extinction coefficient for DNPH
(22 mM−1 cm−1) and was expressed in nmol/mg protein.
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2.7. Western Blot Analyses on Cardiac Tissues

Immunoblotting procedures were carried out on heart tissue extracts, as reported in
our previous publications [17,20,22,33]. Forty micrograms of protein, the concentration of
which was determined using the Bradford assay (Sigma-Aldrich, St. Louis, MO, USA), were
loaded on 10% (for ATF-6α, sc-166659, Santa Cruz Biotechnology, Dallas, TX, USA) and
12% (for SELENOT, rabbit polyclonal antibody, LS-C168948, LSBio|LifeSpan BioSciences,
Seattle, WA and CHOP, sc-7351, Santa Cruz Biotechnology) sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) gels, separated and electrophoretically
transferred to polyvinyl difluoride (PVDF) membranes (GE Healthcare, Chicago, IL, USA).
After blocking non-specific protein-binding sites with 5% (w/v) non-fat milk in Tris-buffered
saline 0.1% (w/v) Tween-20 for 1 h at room temperature, the PVDF membranes were
incubated overnight at 4 ◦C with antibodies specific for the above antigens diluted 1:500
(ATF-6α and CHOP) and 1:1000 (SELENOT and β-actin) in Tris-buffered saline containing
0.1% Tween 20 and 5% nonfat dry milk. Antibody against β-actin (sc-81178, Santa Cruz
Biotechnology) was used as loading control. The bound primary antibodies were detected
using goat anti-rabbit (G-21234, Thermo Fisher Scientific, Waltham, MA, USA) or goat anti-
mouse (G-21040, Thermo Fisher Scientific) horseradish peroxidase-conjugated secondary
antibody diluted 1:2000 in Tris-buffered saline containing 0.1% Tween 20 and 5% nonfat
dry milk for 2 h at room temperature and an enhanced chemiluminescence (ECL) Western
blotting detection system (Amersham, IL, USA). Densitometric analysis of the bands was
performed after digitalization by evaluating the areas and the pixel intensity and subtracting
the background. The analyses were conducted using ImageJ 1.6 (National Institutes of
Health, Bethesda, MD, USA).

2.8. Cell Culture and Treatments

The H9c2 rat cardiomyoblast cell line was obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, USA) (Cat# CRL-1446) and cultured in Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco)
and 1% penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Cells were
then incubated at 37 ◦C in humidified atmosphere with 5% CO2. After reaching ~80% of
density in 100-mm dishes, cells digestion was performed using 0.25% Trypsin-EDTA (1X)
(Gibco) according to a 1:2 ratio, following manufacturer’s instructions (ATCC). To perform
experiments, cells were seeded and incubated for 48 h at 37 ◦C, 95% O2 and 5% CO2, as
previously reported [34–37].

2.8.1. Cell Viability by 3-(4,5-Dimethylthiazol-)2,5-diphenyl Tetrazolium Bromide (MTT) Assay

MTT assay was performed to assess H9c2 cell viability. To this aim, cells were seeded
at a density of 5 × 103 cells/well in 96-well plate and then treated with PSELT (from 5 to
1000 nM) or inert PSELT (I-PSELT) (from 5 to 1000 nM) for 24 h except for control cells
that were treated with vehicle (UltraPure RNase/DNase-free distilled water). Then, H9c2
cardiomyoblast cells were treated with 200µM H2O2 for 3 h, with or without PSELT or
I-PSELT, to establish an oxidative stress model, as previously reported [38]. At the end of
treatments, the cell culture medium was replaced with 100 µL of 2 mg/mL MTT solution
(Sigma Aldrich, St. Louis, MO, USA) and cells were incubated for 4 h at 37 ◦C, 5% CO2.
Finally, the MTT solution was removed and the formazan crystals were solubilized in
DMSO for 30 min. The absorbance was recorded at 570 nm (Multiskan™ SkyHigh (Thermo
Fisher Scientific Inc., Waltham, MA, USA).

The percentage of cell viability, reported as percentage of cells survival relative to
control cells, derives from the means of absorbance values of six wells in each experimental
group. The experiment was repeated three independent times [33–35].
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2.8.2. Western Blot Analysis on H9c2 Cells

Following the specific treatments with vehicle, H2O2 (200µM) and H2O2 + PSELT
(from 5 to 1000 nM), total proteins of H9c2 cells were extracted using RIPA lysis buffer
(Sigma Aldrich) appropriately supplemented with a mixture of protease inhibitors [(apro-
tinin 20 µg/mL, phenylmethylsulfonyl fluoride 1%, sodium orthovanadate 2 µM
(Sigma-Aldrich)]. Scraped cells were transferred in microtubes and incubated on ice
for 30 min with intermittent mixing; then, they were centrifuged at 12,000× g for 15 min
at 4 ◦C. The concentration of proteins in the supernatant was assessed by Bradford assay.
Then, 30 micrograms of protein were loaded on 12% SDS-PAGE gel (anti-SELENOT). The
next steps were performed as described in the section above.

2.8.3. Short Interfering RNA (siRNA) Transfection for SELENOT Silencing

H9c2 cardiomyoblasts (1 × 105 cells/well) were seeded in 6-well plates 48 h before
transfection. For gene silencing, siRNA (100 nM) against SELENOT was transfected
into H9c2 cardiomyocytes using Lipofectamine 2000 transfection reagent following the
manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
Scrambled siRNA used as control and siRNA for SELENOT were obtained from Santa
Cruz Biotechnology. Six hours post-transfection, serum-free medium was replaced with
growth medium and cells were incubated for 36 h at 37 ◦C, 5% CO2. The efficiency of
knockdown was assessed by Western blot analysis. Afterwards, H9c2 cells were seeded at
a density of 5 × 103 cells/well in 96-well plate and then transfected with SELENOT siRNA
(si-SELENOT) or si-RNA negative control (si-NC) as above reported. After transfection,
H9c2 cardiomyocytes were pre-treated with increasing concentrations of PSELT (from 5
to 1000 nM) for 24 h and then exposed to H2O2 (200µM) for additional 3 h. At the end of
treatments, H9c2 cell viability was evaluated by MTT assay as previously reported.

The percentage of cell viability, reported as percentage of cells survival relative to
si-RNA negative control cells, derives from the means of absorbance values of six wells in
each experimental group. The experiment was repeated three independent times.

2.8.4. Immunofluorescence Analysis

H9c2 cells were seeded in chambers with coverslip (5 × 104 cells per chamber), incu-
bated for 48 h at 37 ◦C, 5% CO2 and then treated with vehicle or PSELT-dansyl 30 nM for
15 min. Cells were washed with DPBS and fixed for 10 min with ice-cold methanol. Fixed
cells were rinsed with DPBS two times and permeabilization phase was performed using
0.1 % Triton X-100 in DPBS for 30 min at RT. Permeabilized H9c2 cells were then washed
with DPBS and blocked with 1% BSA in DPBS for 30 min at RT. For immunofluorescence
analysis, cells were incubated with a primary antibody against laminin (diluted 1:100)
overnight at 4 ◦C and then stained with a donkey anti-rabbit secondary antibody, Alexa
Fluor 488 (diluted 1:400) for 1 h at RT. The cells were then washed twice with DPBS and
incubated with propidium iodide (PI) for nuclei staining. Images were obtained using
an Olympus Fluoview FV3000 microscope and the images were taken with FV31S-SW
software. Quantification of fluorescence signals was carried out using CellSens Dimension
software 1.7 (Count&Measure Full, Olympus Europa SE & Co., Hamburg, Germany).

2.9. Statistical Analyses

Experimental data were expressed as means ± SEM. A two-way ANOVA and non-
parametric Bonferroni’s multiple comparison test (for post-ANOVA comparisons) were
used for hemodynamic analyses and LDH evaluation. A one-way ANOVA and the non-
parametric Newman–Keuls multiple comparison test (for post-ANOVA comparisons),
one-way ANOVA followed by Dunnett’s multiple comparison test, and unpaired t-test
were used for the other analyses when appropriate. Values (* p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001) were statistically significant. The statistical analysis was conducted using
Prism 5 (GraphPad Software, La Jolla, CA, USA).
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3. Results
3.1. Action of PSELT on Post-Ischemic Systolic and Diastolic Recovery

To determine the potential cardioprotective effect of PSELT on I/R injury, we em-
ployed an ex vivo Langendorff model in the presence or absence of the ER stress inducer
TM. In order to evaluate the endurance and the stability of the preparation, the variables of
the cardiac performance were recorded every 10 min indicating that the heart is stable up
to 190 min. Indeed, the cardiac parameters of sham hearts at the end of perfusion were:
dLVP = 65 ± 3 mmHg; LVEDP = 5 ± 0.6 mmHg; CP = 68 ± 1.1 mmHg; HR = 250 ± 8 mmHg.

While, considering all experimental groups, the cardiac parameters obtained after
40 min of stabilization, before I/R protocols, were: dLVP = 68 ± 2 mmHg;
LVEDP = 5 ± 0.4 mmHg; CP = 66 ± 0.6 mmHg; HR = 260 ± 2 mmHg. Performance
variables were measured every 10 min.

The pre-conditioning (PreC) cardioprotective action of PSELT on the post-ischemic
systolic and diastolic function was examined by analyzing the developed LVP recovery
(dLVP; i.e., the inotropic activity) and the LVEDP value (i.e., the contracture state) before
and after ischemia. As depicted in Figure 1A, showing dLVP values during the reperfusion
and at the end of reperfusion, in the control I/R and TM groups, the dLVP was significantly
lower than before ischemia (I/R group: dLVP: 27 ± 3 mmHg at the end of reperfusion;
values at baseline: 73 ± 8 mmHg; TM group: dLVP: 27 ± 6 mmHg at the end of reperfusion;
baseline values: 70 ± 4 mmHg); in contrast, in PSELT and TM + PSELT groups, where
PSELT was administered at the concentration of 5 nM before I/R [17], dLVP recovery
significantly improved during reperfusion (PSELT group: dLVP: 58 ± 6 mmHg at the end
of reperfusion; baseline values: 64 ± 6 mmHg; TM + PSELT group: dLVP: 58 ± 6 mmHg
at the end of reperfusion; baseline values: 68 ± 4 mmHg) (Figure 1A). Conversely, I-
PSELT (5 nM) showed no action, since in I-PSELT group dLVP was not significantly im-
proved in the post-ischemic phase compared to the pre-ischemic phase (I-PSELT group:
dLVP: 28 ± 4 mmHg at the end of reperfusion; baseline values: 62 ± 3 mmHg) (Figure 1A).

LVEDP (i.e., cardiac contracture state) is considered an index of the diastolic function in
the post-ischemic phase (i.e., LVEDP 4 mmHg or more above baseline level) [17,20,22]. Our
results showed that in I/R control group, LVEDP significantly increased during reperfusion
[I/R group: LVEDP: 22 ± 1 mmHg at the end of reperfusion; baseline values: 6 ± 1 mmHg],
in TM group, the LVEDP increase was more pronounced since it significantly increased
compared with I/R group (TM group: LVEDP: 34 ± 2 mmHg at the end of reperfusion;
baseline values: 3 ± 1 mmHg), attesting an additive effect of TM-induced ER stress
to I/R protocol, whereas in the PSELT and TM + PSELT groups, this parameter was
significantly lower compared to I/R and TM alone, respectively (PSELT group: LVEDP:
10 ± 3 mmHg at the end of reperfusion; baseline values: 4 ± 1 mmHg; TM + PSELT group:
LVEDP: 14 ± 1 mmHg at the end of reperfusion; baseline values: 5 ± 1 mmHg) (Figure 1B).
In addition, in I-PSELT group, the cardiac contracture was not abolished, since LVEDP
significantly augmented during reperfusion (I-PSELT group: LVEDP: 24 ± 2 mmHg at the
end of reperfusion; baseline values: 5 ± 1 mmHg) (Figure 1B).

3.2. Effect of PSELT on Infarct Size (IS) and Lactate Dehydrogenase Release (LDH)

The cardioprotective effect of PSELT as PreC agent was also evaluated by measuring
the extent of myocardial infarction (ischemia-induced LDH release and IS, in the presence
or absence of TM).

IS (expressed as a percentage of LV mass) values were similar in the I/R control and
TM groups (~65 ± 2% and ~69 ± 3% of IS/LV, respectively) (Figure 2A). In contrast, IS was
significantly reduced in the presence of PSELT compared with I/R and TM alone groups,
being ~50 ± 2% in PSELT group and ~55 ± 2% in TM + PSELT group (Figure 2A). I-PSELT
was not able to reduce IS compared to I/R control group; indeed, the infarct area in I-PSELT
group was ~66 ± 2% (Figure 2A).
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Figure 1. Effect of the selenoprotein T-derived peptide 43-52 (PSELT) and tunicamycin (TM),
alone and in combination, on systolic and diastolic functions of Langendorff-perfused hearts
subjected to I/R injury. (A) dLVP and (B) LVEDP variations. Black boxes indicate ischemic admin-
istration (Bonferroni multiple comparison test). dLVP = 6.97 % of total variation between groups
(p < 0.001); LVEDP = 20.70 % of total variation between groups (p < 0.001). dLVP and LVEDP values
at the end of reperfusion are showed in the inset graph. Data are expressed as changes of dLVP
and LVEDP values (millimeters of mercury) from stabilization to the end of the 120 min of reper-
fusion with respect to the baseline values for control (I/R alone), PSELT, TM, TM + PSELT (n = 6
hearts/group) and I-PSELT groups (n = 4 hearts). p < 0.01 (**), p < 0.001 (***) (one-way ANOVA and
Newman–Keuls multiple comparison test).
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Figure 2. Effect of PSELT and TM, alone and in combination, on infarct size and LDH activity in
coronary effluent of Langendorff-perfused hearts subjected to I/R injury. (A) Infarct size (IS) for
I/R, PSELT, TM, TM + PSELT (n = 6 hearts/group) and I-PSELT groups (n = 4 hearts). The amount
of necrotic tissue measured after 30 min global ischemia and 120 min reperfusion is expressed as a
percentage of the LV mass (%IS/LV). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) (one-way ANOVA and
Newman–Keuls multiple comparison test). (B) LDH activity was determined in coronary effluent
5 min before ischemia and 10, 20 and 30 min after ischemia in the reperfusion phase. LDH variations
for I/R, PSELT, TM, TM + PSELT (n = 6/group) and I-PSELT groups (n = 4) (Bonferroni multiple
comparison test). A total of 3.26 % of total variation between groups (p < 0.001). Inset graph shows
LDH activity at the end of 10, 20 and 30 min of reperfusion. Data are expressed as IU/mL for
I/R, PSELT, TM, TM + PSELT (n = 6/group) and I-PSELT groups (n = 4). p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***) (one-way ANOVA and Newman–Keuls multiple comparison test).

The severity of cardiac cellular damage was assessed by evaluating the activity of
LDH enzyme from coronary effluents (collected during the first 10, 20 and 30 min of
reperfusion) [24]. Figure 2B, representing LDH release during the first 30 min of reperfusion
and at 10, 20, and 30 min of reperfusion, shows that the post-ischemic LDH release was
markedly increased compared with pre-ischemic phase in I/R control and TM groups
(Figure 2B), while PSELT significantly attenuated LDH release in coronary effluent during
reperfusion, both in the absence and presence of TM (PSELT and TM + PSELT groups)
with respect to I/R and TM alone groups, respectively (Figure 2B). The enzyme activity in
I-PSELT-treated hearts was similar to that of I/R control hearts.

3.3. Effect of PSELT on Cardiac Oxidative Stress and the Activity of Endogenous
Antioxidant Enzymes

In order to determine the potential ability of PSELT to reduce cardiac oxidative stress
induced by I/R maneuver, with or without TM, selective oxidative stress-related markers
and the activity of the endogenous antioxidant enzymes SOD and CAT were measured.
Figure 3A shows that the levels of TBARS, a lipid peroxidation indicator, increased in
I/R exposed hearts compared with sham hearts, whereas PSELT significantly attenuated
cardiac TBARS formation with respect to I/R control group; similarly, in TM group, TBARS
levels were significantly higher than those of sham and I/R groups, while in TM + PSELT
group, they significantly decreased compared to TM alone group (Figure 3A). Similar to
I/R group, in I-PSELT-treated hearts, TBARS levels were significantly higher than those
of sham hearts (Figure 3A). A similar trend was observed for the estimation of protein
carbonyl groups, used as a marker of protein damage following oxidative stress (Figure 3B).
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Figure 3. Effect of PSELT and TM, alone and in combination, on lipid peroxidation, protein
oxidation, and antioxidant enzymes. (A) TBARS levels, (B) protein carbonyl groups, (C) SOD
enzyme activity and (D) CAT enzyme activity in sham and I/R-exposed hearts for I/R alone, PSELT,
TM, TM + PSELT (n = 6/group) and I-PSELT groups (n = 4). p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)
(one-way ANOVA and Newman–Keuls multiple comparison test).

Regarding the activity of endogenous antioxidant enzymes, I/R and TM hearts ex-
hibited a significantly decrease of both SOD and CAT activity respect to sham hearts
(Figure 3C,D). Conversely, in the PSELT and TM + PSELT groups, SOD and CAT activ-
ity were significantly higher than in the I/R and TM groups, respectively (Figure 3C,D).
I-PSELT treatment was not able to prevent the decrease of SOD and CAT activity induced
by I/R, since in I-PSELT group the levels of these enzymes were similar to those of I/R
control group (Figure 3C,D).

3.4. Influence of PSELT on the Expression of SELENOT and ER Stress Response Markers in
I/R Hearts

To evaluate whether PSELT could affect the cardiac expression of SELENOT and
selective ER stress response markers, we performed western blot analyses on the LV
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extracts deriving from the hearts exposed to I/R protocols of each experimental group.
Our results showed first that after I/R protocols, SELENOT expression levels significantly
increased compared with sham hearts (Figure 4A). Moreover, PSELT treatment further
enhanced the protein expression (Figure 4A). Similarly, in TM, TM + PSELT and I-PSELT
groups, SELENOT protein expression was significantly higher than sham group (Figure 4A).
We then examined whether PSELT could influence the cardiac expression levels of CHOP, a
hallmark of UPR and ATF6, a sensor of ER stress. Western blot and densitometric analyses
showed in Figure 4B indicate that I/R, triggered a significant increase of cardiac CHOP
expression both in presence and absence of TM and that PSELT was able to significantly
reduce the protein expression in both PSELT and TM + PSELT groups (Figure 4B). A similar
trend was observed for ATF6 expression (Figure 4C). In addition, in this case, I/R and
TM-treated hearts exhibited a significant increase of ATF6 expression, that was mitigated
in the hearts preconditioned with PSELT, while I-PSELT was unable to significantly reduce
the protein expression compared with I/R alone group (Figure 4C).
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Figure 4. Effect of PSELT and TM, alone and in combination on protein expression of SE-
LENOT and ERS-related markers. Western blot analysis of (A) SELENOT, (B) CHOP, and
(C) ATF6 in sham and I/R-exposed hearts for I/R alone, PSELT, TM, TM + PSELT and I-PSELT groups
(n = 4 hearts/group). Histograms represent the ratio of densitometric analysis of protein/loading
control. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) (one-way ANOVA and Newman–Keuls multiple
comparison test).

3.5. Effect of PSELT against Oxidative Stress in H9c2 Cells

To test the protective effect of PSELT against a direct cardiac oxidative damage, we
exposed H9c2 cardiomyoblasts to H2O2 to reproduce an in vitro model of oxidative stress.
Our results indicate that the viability of H9c2 cells treated with H2O2 decreased compared
with the control group (vehicle) (Figure 5A), while the viability of cells pre-treated with
PSELT (5, 10, 25, 50, 100, 500, and 1000 nM) for 24 h before exposure to H2O2 significantly
increased, in a concentration-dependent manner (EC50 value: ~30 nM), compared with
H2O2 alone group (Figure 5A). The graph in Figure 5A also shows that PSELT alone, without
H2O2, did not affect cell viability at any tested concentration. Figure 5B indicates that, in
the same experimental conditions, I-PSELT was inactive, since no significant effects have
been observed on viability of H9c2 cells at the concentration range of I-PSELT 5–1000 nM,
in the presence of H2O2 compared with H2O2 alone group.
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Figure 5. Effects of PSELT against oxidative stress-induced damage in H9c2 cells. (A) Effect of
PSELT on cell viability in H9c2 cells exposed to a pre-treatment with increasing concentration of
PSELT (5, 10, 25, 50, 100, 500, and 1000 nM) or (B) inert PSELT (I-PSELT) (5, 10, 25, 50, 100, 500, and
1000 nM) for 24 h and then exposed to H2O2 (200 µM) for additional 3 h. Cell viability was assessed
using MTT assay. Results are represented as mean ± SEM (n = 6 per group). Significant differences
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were detected by one-way ANOVA followed by Newman–Keuls multiple comparison test, p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***). (C) Western blot analysis of SELENOT in H9c2 cells exposed to vehicle
(indicated as control) or pre-treated with increasing concentration of PSELT (5, 10, 25, 50, 100, 500,
and 1000 nM) for 24 h and then exposed to H2O2 (n = 3 independent experiments) (rabbit polyclonal
antibody against SELENOT and β-actin. Histograms represent the ratio of densitometric analysis
of protein:loading control. Significant differences were detected by t-test. p < 0.05 (*), p < 0.01 (**).
(D) Representative image of SELENOT knockdown in H9c2 cells, transfected with 100 nM siRNA-
SELENOT or negative control (siRNA-NC). Data are shown as mean ± SEM from three independent
experiments. Histograms represent the ratio of densitometric analysis of protein:loading control.
Significant differences were detected by t-test. p < 0.05 (*) vs. si-NC group. (E) Effect of si-SELENOT
gene silencing on cell viability in H9c2 cells pre-treated with increasing concentration of PSELT for
24 h and exposed to H2O2 for 3 h. Cell viability was evaluated using MTT assay and was expressed
as the percentage of control cells only transfected with siRNA negative control (indicated as si-NC).
Results are represented as mean ± SEM (n = 6 per group). Significant differences were detected by
one-way ANOVA followed by Newman–Keuls multiple comparison test. p < 0.001 (***).

3.6. Role of Endogenous SELENOT in PSELT-Dependent H9c2 Cell Protection
following H2O2 Exposure

To determine the possible contribution of endogenous SELENOT in PSELT-dependent
cytoprotection in H9c2 cells during H2O2 exposure, we first evaluated the influence of
PSELT on SELENOT expression in H9c2 cells exposed to H2O2. The results showed that
H2O2 significantly decreased SELENOT expression levels with respect to control cells
(Figure 5C), while PSELT treatment was able to rescue the protein levels during H2O2
treatment, as evidenced by its significant increase in H9c2 cells pre-treated with increas-
ing concentrations (25, 100, 500, and 1000 nM) of PSELT before incubation with H2O2
(Figure 5C). Subsequently, we evaluated the effect of SELENOT knockdown by a SELENOT
small interfering RNA (siRNA) on PSELT-induced cytoprotection in H9c2 cells during
H2O2 exposure. To this aim, we firstly assessed the effectiveness of SELENOT knockdown
in H9c2 cells with siRNA SELENOT (si-SELENOT). Western blot and densitometric analysis
presented in Figure 5D indicate that the SELENOT expression levels were significantly
decreased in si-SELENOT group compared with control group. Then, si-SELENOT trans-
fected cells were pre-treated with PSELT (5, 10, 25, 50, 100, 500, and 1000 nM) for 24 h before
H2O2 incubation. Results presented in Figure 5E indicate that si-SELENOT provoked
a significant decrease of cell viability compared with control cells (si-NC) and that the
treatment with H2O2, with or without si-SELENOT, further decreased cell viability with
respect to si-NC control group. The figure also shows that PSELT (5, 10, 25, 50, 100, 500, and
1000 nM) administration in si-SELENOT transfected H9c2 cells exposed to H2O2 partially
recovered cell viability, although only 500 nM concentration was statistically significant,
compared with si-SELENOT H9c2 cells treated with H2O2.

3.7. Evaluation of Cardiomyocyte-Penetrating Capacity and Cell Distribution of PSELT

To establish whether PSELT could penetrate within the cell and study its distribution,
we used PSELT-dansyl, consisting in a fluorescent form of PSELT obtained by coupling a
dansyl fluorophore to the N-terminus of the peptide. For this purpose, H9c2 cells were
incubated for 15 min with vehicle or PSELT-dansyl. Confocal microscopy analysis revealed
that the peptide was internalized into cardiomyocytes showing a perinuclear distribution,
as evinced by PSELT-dansyl fluorescent dots (Figure 6).
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4. Discussion

Ischemic heart disease and the consequent heart failure that often occurs still represent
the major causes of death and disability in the world; therefore, novel therapeutic strategies
are urgently needed to protect the heart against the detrimental effects induced by acute
MI/R and improve clinical outcomes in patients with AMI. Extensive investigations aimed
to find and characterize novel cardioprotective strategies against MI/R have been carried
out over the last three decades. Starting from the discovery of IPC [39] that provided
consistent and robust results in terms of protective maneuver against MI/R injury, other
conditioning approaches have been studied in experimental and clinical setting to increase
the IPC clinical applicability and reduce its invasiveness. In this regard, ischemic post-
conditioning (IPost) [40], an adaptive response triggered by brief episodes of I/R performed
at the onset of reperfusion and the less invasive remote ischemic conditioning (RIC) [41],
where brief, reversible episodes of I/R are applied in one vascular bed, tissue, or organ,
have provided important insights into the field of cardioprotection. Moreover, in MI/R
experimental and human models several pharmacological agents, whose use aims to
activate crucial cardioprotective intracellular signaling pathways and/or limit the tissue
injury, have been assessed in pharmacology-based cardioprotective protocols, that may be
more suitable in the clinical setting compared with IPC [42]. However, MI/R currently lacks
an effective clinical therapy; in fact, despite a large number of pre-clinical studies showing
that several cardioprotective therapies were effective in reducing myocardial infarct size
and improving heart function, these potential therapies showed disappointing results in
the clinical evaluation. Therefore, the development of an effective cardioprotective agent to
administer just before or at the onset of reperfusion still represents a major unmet medical
need [3,42].

In the present study, we provided novel insights in the cardiac implication of endoge-
nous SELENOT and in the IPC-like myocardial protective effects of exogenous PSELT
against ex vivo induced I/R damage and ERS. We previously reported that SELENOT ex-
erts an essential function for tissue activity and development, and is required for oxidative
stress tolerance and for controlling the function of crucial organelles, such as mitochondria
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and ER during differentiation [16,17,43]. We also recently demonstrated that SELENOT is
required during early hyperplastic growth of cardiomyocytes and is essential for cardiac
differentiation and protection, likely acting as a redox-sensing protein, pointing out this se-
lenoprotein as an emerging regulator of cardiac development and function [17]. Production
and characterization of novel therapeutic peptides are under intense investigation due to
their distinctive mechanism of action based on targeting specific molecules and pathways
and thus, on modulating selective molecular activities, which may circumvent the typical
limitations of conventional therapeutics [44]. In this regard, to overcome the potential
limitations associated with the use of a full-length form of SELENOT, we designed a small
peptide (PSELT) that only encompasses the redox active site (with the CVSU motif) of the
protein, which is essential for its function. Accordingly, we previously reported in two
different contexts the therapeutic potential of this peptide in recapitulating the activity of
full-length SELENOT; in particular, we found in a mouse model of Parkinson’s disease that
PSELT protects dopaminergic neurons against neurotoxin induced-oxidative stress and
cell death and improves motor skills by acting at nuclear level [19]. On the other hand, the
pharmacological post-conditioning with PSELT protected the rat hearts exposed to I/R
injury via fundamental intracellular cardioprotective signaling mechanisms [17]. These
data correlate with the crucial cytoprotective action exerted by SELENOT in brain [45],
pancreas [46] and liver [47] and indicate that PSELT is able to act as a SELENOT-mimetic.
These findings prompted us to further delineate the cardiac implication of SELENOT by
investigating whether the pre-conditioning cardioprotective effect of PSELT results from
modulating ERS and oxidative stress, as well as the endogenous SELENOT expression
during I/R-induced heart dysfunction.

4.1. PSELT Exerts Preconditioning-like Myocardial Protective Effects against I/R Injury and
TM-Induced ERS through the Sec Residue

It has been proven that UPR signaling plays a key role in the progression of MI/R [8];
cell perturbations occurring during MI/R, such as ATP depletion, altered oxidative status
and disrupted calcium homeostasis, can induce misfolded proteins accumulation in the
ER lumen, which triggers UPR and ERS [48]. In this study, we established a model of ex
vivo-induced MI/R by Langendorff method and examined whether ERS is functionally
important for the cardioprotective role of PSELT by employing the ERS-inducing agent,
TM, to enhance ERS in the IR-exposed hearts. The isolated Langendorff perfused heart
model represent a useful tool for assessing the effects of pharmacological agents on heart
physiology and its susceptibility to I/R insult [49]. On the other hand, TM, a naturally
occurring antibiotic, blocks N-linked glycosylation by inhibiting the transfer of UDP-N-
acetylglucosamine (GlcNAc) to dolichol phosphate in ER, resulting in UPR and cell death;
therefore, TM is extensively used to induce ERS [50]. Our results showed that PSELT,
given just before I/R induction, limited the I/R and TM-dependent contractile impairment
and myocardial damage through its redox active catalytic site. In particular, the peptide
markedly improved the post-ischemic contractile recovery (i.e., dLVP) without affecting
the cardiac contracture, since it prevented LVEDP elevation during reperfusion, in both the
absence and presence of TM; it has been reported that 4 mmHg or more above the baseline
level of LVEDP represents an important index of cardiac damage in the rat heart [17,20].
The hemodynamic effect of PSELT was corroborated by its ability to mitigate the extension
of myocardial infarction by reducing ischemia (with and without TM)-induced IS and
LDH activity, whose release in coronary effluent reflects the severity of myocardial cellular
damage during reperfusion. IS represents a crucial factor to evaluate the clinical outcomes
in patients with post-ischemic heart failure and to assess the benefit of new therapies. Thus,
the development of strategies that effectively decrease IS is a major objective of preclinical
and clinical studies [51]. Noteworthy, we did not observe any cardioprotective action when
an analogous control peptide (i.e., inert PSELT, I-PSELT), lacking the Sec residue in the
active site, was infused before I/R protocol, indicating that the Sec residue within the CVSU
context is responsible for the cardioprotective action of PSELT against I/R and TM.
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4.2. PSELT Reduces the Cardiac Expression of the ERS Markers CHOP and ATF6 and Increases
Endogenous SELENOT Protein Expression

Growing evidence indicates that several ERS-related pathways are involved in MI/R.
Cells react to ERS by engaging the defensive process UPR; in particular, the ERS sensor
transcription factor 6 (ATF6) is activated as signal transducer in UPR during MI/R injury
to attempt to reduce cardiac damage [52]. In the ER cardiomyocyte, that comprises the
SR/ER, ATF6 acts as a critical protein for quality control function [53]. However, when the
adaptive UPR is not able to preserve ER homeostasis, a maladaptive UPR signaling shifting
from pro-survival adaptive response to pro-apoptotic maladaptive response, is engaged
and this process is mainly orchestrated by the homologous C/EBP protein (CHOP) [54].
The increase of this important pro-apoptotic transcription factor during ER-initiated apop-
tosis further contributes to cardiomyocyte death, which is the main detrimental effect of
MI/R [55]. Therefore, in our study, we focused on these two ERS markers. Intriguingly, we
found that PSELT reduced the cardiac overexpression of both CHOP and ATF6 induced by
I/R and TM, supporting the hypothesis that the peptide can mitigate ERS response both
during MI/R alone and when ERS is functionally induced by TM during MI/R. These data
are consistent with the recent studies showing the key role of SELENOT in the regulation
of ER proteostasis during insulin and corticotropin biosynthesis and release, in line with
the identification of SELENOT as a novel subunit of the oligosaccharyl transferase (OST)
complex, which contributes to hormone N-glycosylation, folding and secretion and the
fact that SELENOT knockdown triggers UPR and ERS and impairs ERAD [18]. The other
important mechanistic finding of our study is that PSELT infusion positively affected the
cardiac expression of endogenous SELENOT during MI/R and TM; we have previously
reported that SELENOT, highly expressed during cardiac embryogenesis and early develop-
ment, is undetectable in mature heart, but its expression can be induced following exposure
to a potent oxidative stimulus, such as I/R injury, highlighting the importance of this
protein in controlling altered homoeostasis of cardiomyocytes during oxidative stress [17].
In the present study, all the hearts exposed to I/R exhibited a higher protein expression
compared with sham hearts, confirming our previous observations. Interestingly, PSELT
preconditioning could further enhance SELENOT expression, indicating that the peptide
could stimulate the expression of the endogenous protein (Figure 7).
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presence and absence of TM-induced functional ERS activation is illustrated. PSELT preconditioned
the heart by (i) inhibiting lipid peroxidation and protein oxidation; (ii) enhancing SOD and CAT
activities; (iii) relieving TM-induced ERS markers CHOP and ATF6. Dashed line indicates putative
mechanisms, in particular related to the potential cooperative role of endogenous SELENOT in the
PSELT-dependent cardioprotection. For further explanation, see text. ATF6: activating transcription
factor 6; CAT: catalase; CHOP: C/EBP homologous protein; ER: endoplasmic reticulum; ERS: endoplasmic
reticulum stress; I/R: ischemia/reperfusion; ROS: reactive oxygen species; SELENOT: selenoprotein T; SOD:
superoxide dismutase; TM: tunicamycin.

4.3. PSELT Reduces Oxidative Stress and Improves the Endogenous Antioxidant Defence System
to Promote Cardioprotection

The contribution of ROS production and the resulting oxidative stress to MI/R is well
established. Following MI/R, the excessive generation or accumulation of free radicals
can induce macromolecule damage, including lipid peroxidation and protein oxidation,
and affect the endogenous antioxidant defense, reflected by decreased activity of crucial
antioxidant enzymes such as SOD and CAT, aggravating myocardial injury [56]. Im-
portantly, compared to I/R and TM hearts, PSELT lowered TBARS levels (i.e., index of
lipid peroxidation) and protein carbonyl content (i.e., index of protein carbonylation)
improving myocardial SOD and CAT activities. These findings indicate that PSELT pre-
conditioned the heart against I/R and TM damages by mitigating oxidative stress during
reperfusion and boosting the endogenous antioxidant capacity. In this perspective, con-
sidering that agents able to enhance these defenses are the principal strategies underlying
antioxidant therapy [57], the effect of PSELT should be regarded with interest. The an-
tioxidant action of PSELT in the whole hearts was corroborated in vitro by evaluating the
effect of the peptide against oxidative damage in cardiomyocytes. For this, we employed
H2O2 to trigger oxidative stress in H9c2 cells, a cell line widely used to model cardiomy-
ocytes in vitro given their biochemical, morphological and electrical/hormonal signaling
properties [58,59]. The results show that the pre-treatment with PSELT, but not the inert
form of PSELT (I-PSELT), dose-dependently counteracted the detrimental action of H2O2
on cell viability, indicating that the peptide protects cardiomyocytes from oxidative damage
through Sec residue. We also found that H2O2 exposure significantly decreased SELENOT
protein expression compared with control cells; interestingly, increasing concentrations
of exogenous PSELT were able to rescue the protein expression with a strong stimulation
at higher doses (100–1000 nM). These data suggest that SELENOT protein expression is
stimulated by exogenous PSELT to protect cardiomyocytes against an acute oxidative
damage, thus supporting the hypothesis that SELENOT contributes, at least in part, to the
PSELT-dependent cardioprotection. To further elucidate the potential synergic action of
exogenous PSELT and endogenous SELENOT in protecting cardiomyocytes from oxidative
insult, we evaluated the effect of SELENOT knockdown on PSELT-induced cytoprotec-
tion in H9c2 cells during H2O2 exposure. The result indicates that SELENOT deficiency
negatively affected cell viability of H9c2 with or without H2O2, indicating the importance
of SELENOT in cardiomyocyte survival, and that the reduced viability after SELENOT
knockdown was only partially alleviated by exogenous PSELT, reinforcing the idea that
SELENOT could play a key role in the peptide antioxidant action and that the dual action
of PSELT/SELENOT could be required to achieve cardioprotection.

Confocal microscopy analysis indicates that PSELT was able to cross the cardiomy-
ocyte plasma membrane showing a perinuclear distribution. This finding suggests that
PSELT possesses an intrinsic capacity to cross the plasma membrane and that it can act
intracellularly. Although further molecular and structure-activity studies are necessary to
establish the mechanism of the peptide uptake and cellular compartment distribution, as
well as to define the amino acids by which PSELT crosses the plasma membrane, this result
correlates with our recent data according to which PSELT alone is as effective as PSELT
conjugated with the cell-penetrating peptide TAT in inducing neuroprotective action [19].
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5. Conclusions

The growing evidence regarding the key role of oxidative stress and ERS in the onset
and progression of MI/R makes these processes attractive therapeutic targets for a cardiac
disease that currently lacks an effective therapy. Our results overall suggest that the small
mimetic PSELT (but not its inert form, I-PSELT), deriving from a protein whose genetic
ablation develops a lethal phenotype and that participates to the cardiac differentiation and
protection, exerts ex vivo preconditioning-like protection in hearts exposed to I/R and I/R
stimulated with TM to functionally induce ERS, by mitigating cytotoxicity, oxidative stress
and ERS, and by regulating the expression levels of endogenous SELENOT. The in vitro
findings show that PSELT protects cardiomyocytes against H2O2 damage, and rescues
the reduced SELENOT protein levels induced by H2O2 exposure, presumably acting in
concert with the endogenous SELENOT to achieve cytoprotection. The ability of PSELT
to penetrate the cardiomyocyte membrane suggests that the peptide acts intracellularly
(Figure 7). This study further characterizes the physiological relevance of SELENOT in
the heart, highlighting the possible cooperative action between PSELT and SELENOT
in a physiopathological context, such as MI/R. These findings pave the way to further
investigations on the mechanisms underlying the intracellular target/s of SELENOT/PSELT
in the heart on the fundamental side and the potential use of PSELT in cardiac disease
management on the clinical side.
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