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Abstract

Recent studies have provided evidence that triiodothyronine (T3) might play an effective
role in the recovery of ischemic myocardium, through the preservation of mitochondrial
function and the improvement of energy substrate metabolism. To this respect, it has
been suggested that T3 could activate AMP-activated protein kinase (AMPK), the cellular
‘fuel-gauge’ enzyme, although its role has yet to be elucidated. The aim of the present
study was to investigate the effects produced by acute treatment with T3 (60 nM) and the
pharmacological inhibition of AMPK by compound C on isolated rat left atria subjected
to 75 min simulated ischemia-75 min reperfusion. Results showed that T3 increased
AMPK activation during simulated ischemia-reperfusion, while compound C prevented it.
At the end of simulated reperfusion, acute T3 treatment increased contractile function
recovery and cellular viability conservation. Mitochondrial ultrastructure was better
preserved in the presence of T3 as well as mitochondrial ATP production rate and tissue
ATP content. Calcium retention capacity, a parameter widely used as an indicator of the
resistance of mitochondrial permeability transition pore (MPTP) to opening, and GSK-3p
phosphorylation, a master switch enzyme that limits MPTP opening, were increased

by T3 administration. All these beneficial effects exerted by T3 acute treatment were
prevented when compound C was co-administrated. The present study provided original
evidence that T3 enhances intrinsic activation of AMPK during myocardial ischemia-
reperfusion, being this enzyme involved, at least in part, in the protective effects exerted
by T3, contributing to mitochondrial structure and function preservation, post-ischemic
contractile recovery and conservation of cellular viability.
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Introduction

It has been described that certain severe extrathyroid
diseases produce changes in the metabolism and peripheral
concentrations of thyroid hormones. To this respect, a
decrease in peripheral conversion of thyroxine (T4) in

triiodothyronine (T3) and, concomitantly, an increase
in the synthesis of reverse T3, due to a lower activity
of the enzyme 5'-monodeiodasa, has been reported in
patients suffering from acute myocardial infarction,
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occurring rapidly within the onset of symptoms, reaching
the lowest values after approximately 72 h (Pingitore
et al. 2016). This entity, commonly known as ‘euthyroid
patient syndrome’ or ‘low T3 syndrome’ (Ojamaa et al.
2000, Friberg et al. 2001), has been reported as the more
frequent mild alteration of thyroid hormones metabolism
in acute myocardial infarction (Li et al. 2011). If this
condition constitutes an adaptive metabolic response
or if it aggravates the patient's condition, it is yet to be
elucidated.

It is well known that thyroid hormones have a
significant impact on energy metabolism and cardiac
function, both at ventricular and atrial level, which are
mediated by both genomic and non-genomic effects.
Based on this, studies in cells, animals and even in humans
postulate that thyroid hormone supplementation could be
implemented as an additional therapeutic option for the
treatment of patients who have suffered acute myocardial
infarction (Ranasinghe et al. 2006, Pantos et al. 2011,
Pingitore et al. 2012), offering hope for the development
of novel cardioprotective strategies that contribute to
attenuate ischemia-reperfusion injury.

Recent studies have provided evidence that T3 could
enhance the recovery of ischemic myocardium through
the preservation of mitochondrial function and the
improvement of energy substrate metabolism. In this
regard, AMP-activated protein kinase (AMPK) is a widely
known enzyme for its critical role in the regulation of
energy metabolism against different types of stress, both
physiological and pathological. Like many other protein
kinases, AMPK has been shown to be significantly activated
when phosphorylated by kinases, in a threonine referred
to as Thrl72 due to its position in the sequence of the
catalytic a subunit (Hawley et al. 2003, Shaw et al. 2004).
Once AMPK is activated, it promotes acute control of
cellular energy homeostasis through the phosphorylation
of enzymes directly involved in the regulation of the
corresponding metabolic pathways, contributing to ATP
production. Although numerous studies have shown that
AMPK is activated during ischemia, and remains activated
during early reperfusion, the role played by this enzyme
in the myocardium undergoing ischemia-reperfusion is
recently beginning to be understood.

Moreover, it has been suggested that AMPK, among
other protein kinases, could be responsible for promoting
the phosphorylation of glycogen synthase kinase 3§
(GSK-3p) (Tian et al. 2019). This serine/threonine kinase
has been proposed as a particularly important target of
drug therapy for ischemia-reperfusion injury because the
phosphorylation and concomitant inhibition of GSK-3f
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during ischemia-reperfusion is believed to be a final
common mechanism mediating myocardial protection
by many interventions (Juhaszova et al. 2004). Regarding
this, phosphorylation of GSK-3f has been related to
the suppression of the mitochondrial permeability
transition pore opening (MPTP) (Nishihara et al. 2007),
a non-specific and high conductance pore that opens
in the mitochondrial inner membrane precipitated by
several different factors, including calcium matrix and
phosphate overload, ATP depletion, oxidative stress, and
rapid correction of intracellular pH from the acidification
induced by myocardial ischemia (Di Lisa et al. 2010).
Massive and irreversible MPTP opening at the onset of
myocardial reperfusion is widely considered as a critical
mediator of ischemia-reperfusion injury (Halestrap &
Richardson 2015). On this basis, any intervention capable
to prevent or at least reduce the extent of MPTP opening
results critical to preserve mitochondria and myocardial
function after ischemia-reperfusion.

From this background, the possible protective role
that thyroid hormones could exert on the myocardium
undergoing ischemia-reperfusion emerges. Such effects
could determine an important role, especially for T3, in
the early recovery of myocardial tissue. To this respect,
we hypothesized that AMPK might be involved, at least in
part, in the acute effects that T3 develops in the ischemic-
reperfused myocardium. In this concern, the aim of the
present study was to gain a deeper insight into the role
of AMPK in the effects exerted by acute treatment with
T3, in the myocardium subjected to ischemia-reperfusion.

Methods
Experimental protocol

This study conformed to the Guide for the Care and Use
of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996; http://oacu.od.nih.gov/regs/guide/guide_2011.
pdf) and Argentine Law No. 14346 concerning animal
protection. The experimental protocols were approved
by the Institutional Animal Care and Use Committee
of Facultad de Farmacia y Bioquimica, Universidad de
Buenos Aires (EXP-FYB No 54965/17).

Female Sprague-Dawley rats weighing 220-270 g fed
ad libitum and maintained on a 12 h light:12 h darkness
cycle were used in this study. Rats were sacrificed by
carbon dioxide inhalation with the purpose of inducing
unconsciousness and death. Afterwards, hearts were
excised quickly and cooled in ice-cold saline until
contractions stopped. Left atria were excised and mounted
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isometrically in 20 mL organ baths at a resting force of
750 mg, and paced at 1 Hz with 5-10 V, 0.6 ms square
pulses applied through bipolar punctuate electrodes
during the whole experiment. The bathing medium was
a Krebs-Ringer bicarbonate solution of the following
composition (mmol/L): NaCl 120; NaHCO, 25; KCl
4.8; MgSO, 1.33; KH,PO, 1.2; CaCl, 1.6; Na,EDTA 0.02,
continuously bubbled with 95% O,-5% CO,, pH 7.4 and
kept at 31°C. As metabolic substrate, the bathing medium
contained 10 mmol/L D-glucose.

After 60-min stabilization period, atria were subjected
to 75-min simulated ischemia followed by 75-min
simulated reperfusion. For the induction of simulated
ischemia, the medium was bubbled with 95% N,:5% CO,
(pH 6.8-7) and 10 mmol/L D-glucose was replaced with
10 mmol/L 2-deoxy-D-glucose (Sigma-Aldrich) (Hermann
et al. 2015, 2018). Simulated reperfusion was initiated by
a buffer exchange to normoxic Krebs-Ringer bicarbonate
solution.

Pharmacological interventions

60 nM 3,3’,5-Triiodo-L-thyronine (Sigma-Aldrich) was
added to the bathing medium at the onset of simulated
ischemia and maintained throughout the experiment
(Pantos et al. 2009, 2011).

10 uM compound C, (6-(4-(2-piperidin-1-yl-ethoxy)
phenyl)-3-pyridin-4-yl-pyrazolo(1,5-a)pyrimidine)
(Sigma-Aldrich), a potent, reversible and widely used
pharmacological inhibitor of AMPK (Zhou et al. 2001) was
added to the bathing medium at the onset of simulated
ischemia and maintained throughout the experiment.

Measurement of contractile function

Mechanical variables were recorded with stress transducers
coupled to an amplifier and Grass polygraph. Systolic
function was assessed by peak developed force (F), peak
rate of contraction (+dF/dt) and force-time index (FTI),
which reflects the mechanical energy of contraction per
beat. Peak developed force was calculated as the difference
between the peak of developed force curve and the resting
force. FTI was obtained from the integration of the area
under the systolic portion of the developed force curve.
Diastolic function was assessed by developing contracture,
measured as the rise in resting force, and the peak rate of
relaxation (—dF/dt).

E, FTI and +dF/dt were expressed as a percentage of the
respective basal values at the end of the 60-min aerobic
stabilization period. The rise in resting force was expressed
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as a percentage of the peak developed force at the end of
the 60-min aerobic stabilization period.

Tissue ATP content

Atria samples were homogenized in 3% (mass/volume)
cold perchloric acid for determination of tissue ATD.
After removal of the denatured protein by centrifugation
at 12,000 g for 5 min, aliquots of supernatant were
neutralized (Hermann et al. 2015, 2018) and tissue ATP
concentration was determined by luciferin-luciferase
luminometry assay (ABCAM).

Protein concentrations were determined in the
solubilized pellet by Lowry’s method (Lowry et al. 1951).
The concentration of ATP was expressed as picomoles of
ATP per milligram of tissue protein.

Measurement of cellular viability

The reduction of 3-(4,5 dimethylthiazol-2yl)-2.5
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich) to
blue formazan by cellular dehydrogenases was assessed at
the end of each experimental protocol to measure cellular
viability.

For this aim, atria were incubated in 2 mL PBS
containing 1 mg/mL MTT for 90 min at 37°C. Atria were
then homogenized in 2 mL DMSO at 9500 rpm for 1 min
and the homogenate was centrifuged at 1000 g for 10 min.
The absorbance of the colored supernatant was measured
spectrophotometrically at 520 nm. Optical density per
milligram of wet weight was calculated (Hermann et al.
2015). The results were expressed as a percentage of the
pre-ischemic value.

Western blotting

Atria were homogenized in lysis buffer (18.2 mmol/L
HEPES, 1 mmol/L EDTA, 0.28 mol/L sucrose, 2 mmol/L
dithiothreitol, 2 mmol/L phenylmethylsulfonyl fluoride,
10 mmol/L sodium fluoride, 1x protease inhibitor cocktail,
pH 7.4), an aliquot was saved to measure proteins by
the method of Bradford and the remaining sample was
subjected to SDS-PAGE.

Equal amounts of protein were mixed with LAEMMLI
sample buffer (BioRad) and resolved on 12% SDS-
PAGE gels at 120 V. Next, proteins were transferred to
polyvinylidene difluoride membranes at 15 V for 50 min
and then blocked for 1 h with 5% BSA in Tris-buffered
saline containing 0.1% Tween 20 (TBS-T). Membranes
were then incubated at 4°C overnight with polyclonal
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rabbit anti-total AMPKa (Thermo Scientific) at 1:1000,
polyclonal rabbit anti-phospho AMPKa Thr!'72 (Thermo
Scientific) at 1:1000, polyclonal rabbit anti-GSK-3p (Santa
Cruz Technologies) at 1:1000, polyclonal rabbit anti-
phospho GSK-3p Ser 9 (Santa Cruz Technologies) at 1:1000
and polyclonal rabbit anti-p-actin antibody (Thermo
Scientific) at 1:1000 dilution. HRP conjugated donkey
anti-rabbit antibody (Thermo Scientific) at 1:250 dilution
was then incubated for 2 h at room temperature. Bands
were detected with Bio-Lumina detection reagent (Kalium
Technologies) and exposed to an autoradiography film
(Kodak). The films were scanned for band quantification
using a Hewlett-Packard scanner and the intensity of the
immunoblot bands was analyzed by densitometry using
Image J software and normalized to p-actin. Results were
expressed in arbitrary units.

Electron micrographs

Atria (~1mm? thick) were fixed for 4 h with 2.5%
glutaraldehyde in phosphate buffer (pH 7.4) and then
postfixed for 1 h in 1% osmium tetroxide. After this,
staining en bloc with 2% uranyl acetate, dehydration in
a graded series of ethanol, and imbibition in Durcupan
resin were performed. Thin sections were prepared with
a diamond knife and stained with lead citrate. Grids
were examined under a Zeiss 109 electron microscope
(Laboratorio Nacional de Investigacion y Servicios en
Microscopia Electréonica, Universidad de Buenos Aires).

Measurement of mitochondrial ATP synthesis rate

Mitochondria were isolated by differential centrifugation
after tissue homogenization in ice-cold sucrose buffer
solution (300 mmol/L sucrose, 10 mmol/L Tris-HCI, 2
mmol/L EGTA, 5 mg/mL BSA, pH 7.4) (Solem & Wallace
1993). The mitochondrial pellet was then washed three
times in sucrose isolation buffer solution lacking BSA
(Hermann et al. 2015).

Since it is well documented that complex I of the
respiratory chain is most sensitive to reperfusion injury
(Solaini & Harris 2005), mitochondrial ATP synthesis rate
was measured in the presence of the complex I substrates
pyruvate and malate. Mitochondria (750 pg protein/
mlL) were incubated for 5 min in a medium containing
(mmol/L): KCI 125, Mops 20, Tris 10, EGTA 0.5, KH,PO,
2.4, MgCl, 2.5, malate 2.5, pyruvate 2.5, pH 7.4, in a
metabolic shaker at 30°C. Aliquots were taken from the
incubation mixture and ATP synthesis was then initiated
by the addition of 2.5 mmol/L ADP. Produced ATP was
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measured at 5-s intervals for 120 s by luminescent method
based on luciferin-luciferase reaction in which luciferase
converts ATP and luciferin to oxyluciferin and light
in the presence of oxygen, being the emission of light
proportional to the concentration of ATP present in the
sample (ABCAM). Mitochondrial protein concentration
was determined by the method of Lowry using BSA as a
standard. The rate of mitochondrial ATP synthesis was
calculated and expressed as nanomoles per minute per
milligram of mitochondrial protein.

Mitochondrial calcium retention capacity

The mitochondrial calcium retention capacity (CRC)
was determined as the amount of calcium required
to trigger a massive calcium release by isolated
mitochondria. This parameter is used as an indicator
of the resistance of the MPTP to opening after matrix
calcium accumulation (Pardo et al. 2015). For this aim,
the fluorometric probe Calcium Green-SN (Sigma-
Aldrich) was used (Obame et al. 2008). This probe does
not cross the mitochondrial membrane and functions
as a low affinity indicator exhibiting high rate of
dissociation, being these characteristics advantageous
for evaluating rapid changes in the movement of
Ca?*in the medium.

To accomplish this goal, successive pulses of 6 pmol/L
Ca2+ were added to samples of 0.5 mg/mL of isolated
mitochondria suspended in buffer composed of 120
mmol/LKCl, 5mmol/LMOPS, 5mmol/LKH,PO,, 5Smmol/L
malate, 5 mmol/L pyruvate, pH 7.4. After sufficient calcium
loading, the MPTP opens and the concentration of this ion
abruptly increases in the incubation medium, which was
recorded by fluorescence changes of Calcium green-5N
(100 nM) with excitation and emission wavelengths set at
506 and 532 nm, respectively. The results were expressed
as nmol CaCl, per mg of mitochondrial proteins that
induces massive MPTP opening.

Statistical analysis

All data are presented as mean * s.c.M. Changes in the
contractile function were statistically compared using a
two-factor ANOVA for repeated measures in one factor
followed by Tukey’s test. All biochemical parameters
were evaluated using one or two-way ANOVA followed
by Tukey’s test. Statistical analysis was carried out using
GraphPad 8 (GraphPad Software). The probability level
of 0.05 or lower was used as a criterion for biological
significance.
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Results

The diagrams presented in Fig. 1 detail the experimental
protocols employed in the present study. Atria were
randomly assigned to one of the experimental groups.

Contractile function

We first examined the effects produced by 75-min
simulated ischemia and 75-min simulated reperfusion
in isolated rat left atria. Figure 2 shows an abrupt
decrease in the systolic parameters within the first 10
min of simulated ischemia. Following this early period,
the decrease in these parameters occurred gradually.
During the 75-min of simulated reperfusion, contractile
parameters gradually recovered. Atria subjected to Is-Rs
achieved a recovery of pre-ischemic systolic function
of 35% at the end of the simulated reperfusion period.
Acute treatment with T3 increased contractile function
parameters recovery, reaching at 75-min of simulated
reperfusion, the 50% of pre-ischemic systolic function.
Although the administration of AMPK inhibitor did not
affect per se systolic function recovery, it prevented the
beneficial effects exerted by treatment with T3.

Figure 3 shows that acute treatment with T3
increases the development of ischemic contracture. This
effect was more pronounced in the presence of T3 and
compound C, without affecting the time when this peak
appeared. On the other hand, during simulated ischemia,
compound C generated a less pronounced decrease in the

End stabilization period (ESP)

Simulated Ischemia-Reperfusion (Is-Rs)

Is-Rs in the presence of T3 (Is-Rs+T3)

Is-Rs in the presence of Compound C (Is-Rs+CC)

Is-Rs in the presence of T3 and Compound C
(Is-Rs+T3+CC)

Figure 1

STABILIZATION PERIOD
(60 MIN)

STABILIZATION PERIOD
(60 MIN) (75 MIN)
STABILIZATION PERIOD
(60 MIN)
i

STABILIZATION PERIOD
(60 MIN) (75 MIN)
t

relaxation rate. After 75-min of simulated reperfusion,
atria subjected to Is-Rs and treated acutely with T3
showed a significant increase in the recovery of peak rate
of relaxation, compared with atria non-treated with the
thyroid hormone. Compound C reversed the beneficial
effect exerted by T3 over this functional parameter.

Tissue ATP content

Tissue ATP content was determined at 20-min and after
75-min of simulated ischemia. Table 1 shows that at
20-min of simulated ischemia, ATP levels fell to lower
values when atria were treated with T3 or when the
intrinsic AMPK activation was inhibited. However, after
75-min simulated ischemia tissue, ATP content was
significantly reduced in all experimental groups.

At the end of 75-min of simulated reperfusion, tissue
ATP content partially recovered. On the one hand, atria
acutely treated with T3 exhibit a greater recovery of
this high energy phosphate content, compared with
non-treated atria. On the other hand, compound C
significantly reduced tissue ATP level recovery at the end
of simulated reperfusion period, both in T3 treated and
not treated simulated ischemic-reperfused atria.

Cellular viability

Atria subjected to 60-min aerobic stabilization period were
considered 100% of viable cells. After complete simulated
ischemia-reperfusion protocol, atria showed a reduction

STABILIZATION PERIOD
(60 MIN)

SIMULATED REPERFUSION

SIMULATED ISCHEMIA
(75 MIN) (75 MIN)

SIMULATED ISCHEMIA

SIMULATED REPERFUSION
(75 MIN)

T3 (60 nM)

SIMULATED ISCHEMIA
(75 MIN)

SIMULATED REPERFUSION
(75 MIN)

CC (10 pM)

SIMULATED ISCHEMIA

SIMULATED REPERFUSION
(75 MIN)

T3 (60 NM) + CC (10 uM)

A schematic representation of the experimental protocols. Atria were randomly assigned to one of the groups showed in the figure.
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Figure 2

Systolic function parameters. Effects of acute treatment with triiodothyronine (T3) on peak developed force (F), peak rate of contraction (+dF/dt) and
force-time index (FTI) in left isolated rat atria subjected to 75 min simulated ischemia-75 min simulated reperfusion (Is-Rs) in the presence or absence of
compound C (CC). Values (mean * s.e.m., n = 8/each condition) are expressed as a percentage of the respective basal values at the end of the 60-min
stabilization period. ®P < 0.01 vs Is-Rs, Is-Rs+T3, Is-Rs+T3+CC; ¢P < 0.05 vs Is-Rs+T3; @P < 0.05 vs Is-Rs+T3, Is-Rs+T3+CC; *P < 0.05 vs Is-Rs+CC,
Is-Rs+T3+CC; #P < 0.05 vs Is-Rs, Is-Rs+T3+CC; ##P < 0.05 vs Is-Rs, Is-Rs+T3+CC; P < 0.01 vs Is-Rs; **P < 0.01 vs Is-Rs, Is-Rs+CC; *P < 0.05 vs Is-Rs+T3+CC;

9P < 0.01 vs Is-Rs+T3+CC; 24P < 0.01 vs Is-Rs, Is-Rs+CC, Is-Rs+T3+CC.

of approximately 30% on cellular viability at the end of
this period (Fig. 4). Acute treatment with T3 partially
prevented the impairment observed in non-treated
atria, increasing cellular viability preservation after the
complete experimental period. AMPK pharmacological
inhibitor did not affect cellular viability percentage after
simulated reperfusion period, showing no significant
differences between treated and non-treated groups.
However, compound C reverted the effect exerted by
acute treatment with T3 in cellular viability.

AMPK phosphorylation by acute treatment with T3

The effects exerted by acute treatment with T3 in
AMPK phosphorylation, both in simulated ischemia
and reperfusion, the present
study. Considering that AMPK a-subunit contains a
serine-threonine kinase domain, which has a critical
activating residue at Thr!72 within the catalytic cleft,
the phosphorylation status of this amino acid is widely
used as an indicator of the activation state of this kinase

were examined in

Figure 3

Diastolic function parameters. Effects of acute
treatment with triiodothyronine (T3) on resting
force and peak rate of relaxation (—dF/dt) in
isolated left atria subjected to 75 min simulated
ischemia-75 min simulated reperfusion (Is-Rs) in
the presence or absence of compound C (CC). All
values are expressed as mean + s.e.m. (n = 8/each
condition). Rise in resting force is expressed as a
percentage of the peak force developed at the
end of the stabilization period and —dF/dt as a
percentage of the respective basal value at the
end of the stabilization period. MP < 0.01 vs Is-Rs,
IS-Rs+T3, Is-Rs+T3+CC; *P < 0.01 vs Is-Rs+T3,
IS-Rs+T3+CC; **P < 0.01 vs Is-Rs+T3+CC;

**%pP < 0.001 vs Is-Rs+T3+CC; #P < 0.05 vs Is-Rs,
IS-Rs+T3; ###P < 0.001 vs Is-Rs; @P < 0.05 vs Is-Rs,

100 125 150 175
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IS-Rs+T3; ®P < 0.05 vs Is-Rs+T3; ®**P < 0.01 vs
IS-Rs+T3; ##P < 0.01 vs Is-Rs; *+*P < 0.01 vs Is-Rs,

Is-Rs+CC, »¢P < 0.01 vs Is-Rs, Is-Rs+T3,
I1s-Rs+T3+CC; 2P < 0.01 vs Is-Rs, Is-Rs+CC,
Is-Rs+T3+CC.
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Table 1 Tissue ATP content.

ESP Control T3 cc T3+CC
60 min aerobic 1040.0 + 103.1
20 minIs 902.2 +125.2 515.4 £ 92.6/N 420.5 + 68.7AN 615.1 £ 31.0/A
75 min Is 158.5 + 35.8%** 103.2 £ 11.5%** 22.83 + 1.6%** 148.3 + 38.5%**
75 min Rs 479.9 + 36.6%*# 644.8 + 89.5** 285.8 + 82.7**& 266.2 + 46.0%*&

Effects of 60 min aerobic stabilization period (ESP), 20 min simulated ischemia (20 min Is), 75 min simulated ischemia (75 min Is) and to 75 min simulated
reperfusion (75 min Rs) on tissue ATP content of rat left atrial non-treated (control), acutely treated with triiodothyronine (T3), with compound C (CC) or
co-treated with triiodothyronine and compound C (T3+CC). Values are mean = s.e.m. (n = 6-8/experimental group).

*#*%p < 0.001 vs ESP and respective 20 min value; **P < 0.01 vs ESP; AP < 0.01 vs ESP, 20 min Is; &P < 0.05 vs Is-Rs, Is-Rs+T3; #P < 0.05 vs Is-Rs+T3.

(Hawley et al. 1996). In this context, we explored the ratio
of phosphorylated a-subunit in Thr'72 (AMPKa-pThr!72)
to total enzyme a-subunit (AMPKa-total) by Western blot
analysis at 15-, 45- and 75-min of simulated ischemia and
15-, 45- and 75-min of simulated reperfusion.

The results showed a significant increase in the
AMPKa-pThr!72/AMPKa-total ratio during simulated
ischemia, reaching the maximum phosphorylation
status at 45-min and sustaining it until the end of this
experimental period. Acute treatment with T3 increased
the enzyme phosphorylation ratio, reaching the
maximum phosphorylation status at the end of 75-min
simulated ischemia (Fig. 5 Panel A). During simulated
reperfusion, AMPK remained phosphorylated for at least

125 -
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Figure 4

Cellular viability. Effects of acute treatment with triiodothyronine (T3) on
cellular viability in isolated rat left atria subjected to 75 min simulated
ischemia-75 min simulated reperfusion (Is-Rs) in the presence or absence
of compound C (CC). Atria subjected to the 60-min aerobic stabilization
period were considered 100% viable cells. Values are mean + s.e.m.

(n =8-10/experimental group) and are expressed as percentage of the
pre-ischemic value. ***P < 0.001 vs ESP; ###P < 0.001 vs ESP, Is-Rs+T3;
*P<0.05vs Is-Rs+T3.

45-min of simulated reperfusion, showing greater values
when the atria were acutely treated with T3 (Fig. 5 Panel
B). On the other hand, AMPK pharmacological inhibitor
prevented the phosphorylation of the enzyme in Thr!72
during the whole experiment either in the presence or
absence of T3.

Myocardial and mitochondrial ultrastructure

Representative transmission electron micrographs of
atria subjected to 60-min stabilization period revealed
unaltered  structure, showing myofibrils tightly
placed alongside each other, sarcomeres arranged in
a regular pattern surrounded by mitochondria with
packed cristae (Fig. 6 Panel A). Electron micrographs
obtained after 210-min of aerobic conditions, which
corresponds to total experimental period, showed
preservation of ultrastructural arrangement (Fig. 6 Panel
B). Electron micrographs obtained from atria subjected
to Is-Rs showed a greater deterioration of myocardial
ultrastructural, frequently characterized by rounding
and swelling mitochondria, altered configuration of the
mitochondrial cristae, with disruption and separation of
peaks and clearance of the mitochondrial matrix (Fig. 6
Panel C). Acute treatment with T3 induced mitochondrial
structure preservation during simulated reperfusion (Fig.
6 Panel D), showing a reduction in the appearance of
mitochondrial swelling and cristae disruption. Although
compound C did not exert effects per se on myocardial
and mitochondrial structure (Fig. 6 Panel E), it reverted
the effects produced by acute treatment with T3 (Fig. 6
Panel F).

Rate of mitochondrial ATP synthesis

Present results showed that the mitochondrial rate of ATP
synthesis was reduced by approximately 75% at the end
of simulated reperfusion period. Mitochondria isolated
from atria subjected to simulated ischemia-reperfusion
and acutely treated with T3 showed a significantly lower
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AMPK phosphorylation ratio during simulated ischemia and reperfusion. Immunoblot images show phosphorylated a-subunit in Thr172 (AMPKa-
pThr172) and total enzyme a-subunit (AMPKo-total) expression in rat atria (A) subjected to 15-, 45- and 75-min simulated ischemia (Is) and (B) subjected
to 15-, 45- and 75-min simulated reperfusion (Rs). Immunoblot bands were normalized to corresponding p-actin. The values for the AMPKa-pThr172 and
AMPK-a total ratio are mean = s.e.m. (n = 5/each condition). Results were expressed as arbitrary units (AU). T3, 60 nM triiodothyronine; CC, 10 yM
compound C. Panel A: ***P < 0.001 vs 75-min Is, 15-, 45- and 75-min Is+T3; **P < 0.01 vs 45-min Is: *P < 0.05 vs 15-min Is; ###P < 0.001 vs 75-min Is+T3;
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decrease on mitochondrial ATP synthesis capacity, showing
a reduction of approximately 25% of the respective pre-
ischemic value at 75-min of simulated reperfusion. This
effect was partially reverted by AMPK pharmacological
inhibitor, showing a reduction of approximately 50% in
mitochondrial ATP production rate. However, when atria
were exposed to Is-Rs in the presence of compound C,
isolated mitochondria showed a significant decrease in
the rate of ATP synthesis, reaching similar values when
the atria were subjected to experimental conditions in the
absence of AMPK inhibitor (Fig. 7).

Mitochondrial calcium retention capacity

Figure 8 shows that the number of calcium pulses required
to produce the cessation of mitochondrial calcium uptake
and to trigger MPTP opening was significantly higher

in the mitochondria isolated from atria subjected to
simulated ischemia-reperfusion and treated acutely with
T3. Consequently, mitochondrial calcium retention
capacity was significantly higher compared with simulated
ischemic-reperfused group. When the atria were treated
with both T3 and compound C, mitochondrial calcium
retention capacity was significantly lower, showing no
significant differences with mitochondria isolated from
simulated ischemic-reperfused atria and mitochondria
isolated from atria subjected to simulated ischemia-
reperfusion in the presence of compound C.

Phosphorylation of GSK-3§

Since accumulating evidence suggests that the
phosphorylation and inhibition of GSK-3f acts as a
master switch to limit MPTP opening, the ratio of
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Is-Rs+CC Is-Rs+T3+CC Figure 6

phospho GSK-3p in Ser 9 to total enzyme was assessed by
Western blot. Present results showed that acute simulated
ischemia increased GSK-3p phosphorylation, which
was maintained until the end of simulated reperfusion
period (Fig. 9). Acute treatment with T3 significantly
enhanced the enzyme phosphorylation ratio at the end of
simulated reperfusion, this effect being reverted by AMPK
pharmacological inhibitor, compound C.

Discussion

It is well known that thyroid hormones have profound
effects on the heart and cardiovascular system (Li et al.
2011, Ragone et al. 2015). Although thyroxine and T3 are
considered as the biologically active thyroid hormones,
T3 is considered the most active biological form of thyroid
hormone that exerts its effect on ischemic-reperfused
myocardium (Pantos et al. 2011). To this respect, previous
experimental and clinical evidence has shown that T3 can
regulate important cardioprotective signaling pathways,
increasing the resistance of the myocardium to ischemia

Electron micrographs. Representative
transmission electron micrographs obtained from
left atria subjected to: 60-min stabilization (A),
210-min aerobic period (B), 75-min simulated
ischemia-75-min simulated reperfusion (Is-Rs)
(C), Is-Rs in the presence of triiodothyronine (T3)
(D), Is-Rs in the presence of compound C (CC) (E),
Is-Rs in the presence of T3 and compound C (CC)
(F). Black arrows show mitochondria with
disruption and separation of peaks and clearance
of the mitochondrial matrix.

(Zinman et al. 2006, Chen et al. 2008). In spite of this,
the mechanism involved in T3-induced cardioprotection,
especially at atrial level, is largely unknown, making it
necessary to deepen the knowledge in this field in order
to contribute to the future development of more effective
therapeutic interventions than those existing today.

The T3 dose used in the present study has been
previously established as cardioprotective in the ischemic-
reperfused myocardium (Pantos et al. 2009, 2011).
Although this dose is within the pharmacological range,
it did not develop significant effects on the contractile
function of the non-ischemic myocardium (data not
shown). Moreover, since acute T3 administration in
patients has been effective at supraphysiological doses,
without producing changes in heart rate or atrial
fibrillation development incidence (Ranasinghe et al.
2006, Kaptein et al. 2010), the results of the present study
have a considerable clinical relevance for patients who
suffer from acute myocardial infarct.

When analyzing the effects exerted by T3 on atrial
myocardium contractile function, results of the present
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Figure 7

Rate of mitochondrial ATP synthesis. Effects of acute treatment with
trilodothyronine (T3) in isolated rat left atria subjected to 75 min
simulated ischemia-75 min simulated reperfusion (Is-Rs) in the presence
or absence of compound C (CC) on isolated mitochondria ATP synthesis
rate. Values are mean * s.e.v. (n = 6-8/experimental group) and are
expressed as nanomol per minute per milligram of mitochondrial protein.
#P < 0.05 vs ESP; ***P < 0.001 vs ESP; **P < 0.01 vs Is-Rs+T3; *P < 0.05 vs
IS-Rs+T3.

study showed a significant increase in post-ischemic
contractile recovery. In accordance with these results, it
has been previously reported that T3 supplementation
could markedly improve cardiac function (Pingitore et al.
2012, Nicolini et al. 2016, Ragone et al. 2015, Accorroni
et al. 2016); however, T3-treated atria also showed
an increase in ischemic contracture. In this concern,
Kolocassides et al. previously reported the existence of
a paradoxical relation between ischemic contracture and
post-ischemic contractile function recovery (Kolocassides
et al. 1996), providing evidence that cardioprotective
interventions may accelerate
although developing powerful protective post-ischemic
responses, as it was observed in the present study.

Recent studies have identified that thyroid hormones
could rapidly modulate distinct signaling pathways
in seconds or minutes, which might contribute to the
acute regulation of cardiomyocyte function in ischemic-
reperfused myocardium. In this concern, present results
provide significant evidence that suggests an acute
treatment with T3 enhances AMPK phosphorylation
during both ischemic and reperfusion periods. To this
respect, the widely used AMPK pharmacological inhibitor,
compound C, was able to prevent AMPK phosphorylation
either in the presence or absence of T3, supporting the

ischemic contracture,
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Figure 8

Mitochondrial calcium retention capacity. Typical representative trace of
changes in calcium green fluorescence after calcium addition in samples
of mitochondria, expressed as relative fluorescence units. Calcium
retention capacity (CRC) was determined as the amount of calcium
required to trigger a massive calcium release by isolated mitochondria.
Values are mean = s.e.m. (n = 6-7/experimental group) and are expressed
as calcium nanomoles per milligram of mitochondrial protein required to
trigger massive calcium release by isolated mitochondria. *P < 0.05 vs
ESP, Is-Rs+T3.

possible role of AMPK in ischemic-reperfused atrial
myocardium in response to acute treatment with T3.
In accordance to this, growing experimental evidence
has suggested the existence of a possible relationship
between T3 and AMPK signaling pathway in different
tissues, under physiological or pathological conditions.
In this concern, it has been previously reported that T3
upregulates the expression of skeletal muscle AMPK,
leading to enzyme activation by phosphorylation with
concomitant phosphorylation of the target proteins
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GSK-3p phosphorylation ratio. Immunoblot images show phosphorylated
GSK-3p in Ser 9 (p-GSK-3p) and total enzyme (GSK-3p) expression in rat
atria 75-min simulated ischemia (Is) and 75-min simulated reperfusion
(Rs). Immunoblot bands were normalized to corresponding f-actin. The
values for p-GSK-3p and total GSK-3p ratio are mean = s.e.m. (n = 5/each
condition). Results were expressed as arbitrary units (AU). **P < 0.01 vs
ESP, Is+CC, Is+T3+CC, Is-Rs+CC, Is-Rs+T3+CC; ##P < 0.01 vs ESP; *P < 0.05
Vs Is-Rs; #P < 0.05 vs Is+CC. n = 5/each group.

(Park et al. 2002, Branvold et al. 2008, De Lange et al. 2008,
Irrcher et al. 2008, Yamauchi et al. 2008). In addition,
Takano et al. demonstrated that thyroid hormone exerts
rapid effects in cultured cardiomyocytes growth through
AMPK signaling pathway (Takano et al. 2013). Moreover,
in heart muscle, Mourouzis et al. have reported that 6
weeks treatment with thyroid hormones improved
the mechanical performance of the post-infarcted
myocardium in rats with streptozotocin-induced diabetes,
an effect which was associated at least in part with AMPK
activation (Mourouzis et al. 2013). Although induction
of AMPK signaling pathway in response to T3 has also
been shown in several non-muscle tissues, as hepatocytes,
adipocytes or mesenchymal stem cells (Videla et al. 2014,
Wang et al. 2014, Chen et al. 2020), Lopez et al. reported
that either whole-body hyperthyroidism, induced
by chronic s.c. administration of T4 for a period of 3
weeks, or direct central administration of T3, decreases
the activity of hypothalamic AMPK (Lépez et al. 2010).

In this regard, it should be considered that T3 might
display differential effects over AMPK signaling pathway
at central and peripheral level, contributing through this
way in the regulation of the cellular energy metabolism or
the whole-body central energy balance by the activation
or inactivation of AMPK according to the target tissue in
which T3 exerts its effects (Hardie 2010).

As compound C treatment prevented T3 enhanced
recovery of contractile function, the results of the present
study suggest that AMPK might beinvolved, at least in part,
in the improved acute recovery of myocardial function
after simulated ischemia when treated with T3. Although
several studies have evidenced a possible relationship
between T3 and AMPK signaling pathway activation,
the molecular mechanisms involved in these possible
effects in the ischemic-reperfused heart have not yet been
elucidated. In this concern, experimental evidence has
suggested that T3 should non-transcriptionally activate
AMPK via intracellular Ca2+ mobilization. To this respect,
it has been demonstrated that T3 rapidly increases
intracellular Ca2+ levels through activation of inositol
1,4,5-triphosphate (IP;) receptor with concomitant Ca2+
efflux from endoplasmic reticulum into cytoplasm or
by rapid enhancement of Ca?+ uptake, mediating this
way the activation of AMPK upstream kinase calcium/
calmodulin-dependent protein Kkinase kinase beta
(CaMKKp) (Yamauchi et al. 2008, Vargas et al. 2013).
Moreover, other experimental evidence has suggested
that the induction of mitochondrial respiration by T3
is accompanied by increased generation of ROS, which
might be also involved in the induction of intracellular
Caz?+ release that activates CAMKKp upstream activator of
AMPK (Sinha et al. 2015). In this concern, more studies
are required to elucidate the molecular pathway involved
in AMPK activation in response to T3-treatment during
myocardial ischemia-reperfusion.

Present results were accompanied by a greater tissue
ATP content recovery and conserved mitochondrial ATP
synthesis capacity after simulated reperfusion period in
response to acute T3 treatment. Present data suggest that T3
might induce inotropic effects via rapid replacement and
the maintenance of high energy phosphate stores within
the atrial myocardium. In accordance to these results,
previous investigations showed that the administration
of T3 led to normal mitochondrial function recovery,
reactivation of the tricarboxylic acid cycle and full
aerobic metabolism after ischemia-reperfusion, being
high energy phosphate stores more rapidly replaced
(Novitzky & Cooper 2014, Fang et al. 2019). Accordingly,
in experimental models of post-ischemic low T3 state,
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thyroid hormone administration at physiological or near
physiological dose rescued mitochondrial function which
was related to reduced cardiomyocyte loss in the peri-
infarct zone and better preserved cardiac performance
(Forini et al. 2014). In this context, T3 may lead to
both the increased synthesis of high energy stores and
increased utilization of such stores, resulting in improved
myocardial function recovery (Novitzky & Cooper 2014,
Ragone et al. 2015). Although long-term effects of thyroid
hormone have been recognized as a major modulator of
mitochondrial metabolic efficiency, its acute effects over
this organelle still remain to be more deeply identified.
To this respect, present results provide evidence that
intrinsic AMPK enhanced activation might be involved in
the preservation of ATP tissue content and partially on
mitochondrial high energy phosphate production, as the
beneficial effects exerted by T3 were in part prevented by
the administration of compound C. These results suggest
that AMPK activation in response to acute treatment
with T3 might contribute to myocardial cellular energy
production and its turnover, promoting an increase in
contractile function recovery. In this regard, AMPK is
well known as an important regulator of diverse cellular
pathways aimed to reestablish energy homeostasis at a cell-
autonomous level. Once AMPK is activated, it orchestrates
several metabolic pathways to maintain acceptable ATP
levels required for cell survival under metabolic stress
conditions. This enzyme promotes catabolic pathways,
including breakdown of energy stores, glucose transport,
glycolysis and fatty acid oxidation, and inhibits energy-
consuming anabolic processes that are not essential
for short-term cell survival (Hardie et al. 2012, Zaha &
Young 2012). In this concern, it has been reported that
T3 treatment increases the mitochondrial multienzyme
pyruvate dehydrogenase complex (PDH) activity in
hearts subjected to ischemia-reperfusion,
post-ischemic contractile function in T3 treated hearts
(Liu et al. 1998). To this respect, previous experimental
data showed that atrial myocardium subjected to Is-Rs
exerted an enhanced activity of PDH when AMPK was
activated, but it was significantly reduced in the presence
of AMPK inhibitor (Hermann et al. 2018). These results
suggested that an increase in mitochondrial oxidative
decarboxylation of pyruvate to acetyl-CoA and CO,
could be taking place when AMPK is activated by acute
treatment with T3. This condition might result in higher
ATP mitochondrial production and in high energy
phosphate content restoration during reperfusion and
therefore, contributing to contractile recovery when
AMPK is enhanced by T3 treatment.

improving
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effects of T3

On the other hand, in the present study, results showed
that acutely treated atria with T3 developed an increased
MPTP resistance to opening calcium loading-mediated,
compared with non-treated ischemic-reperfused atria,
being this effect reverted by the inhibition of AMPK. To
this respect, MPTP is a non-specific pore that opens in the
inner mitochondrial membrane when matrix calcium is
highly concentrated, especially when accompanied by
oxidative stress, high inorganic phosphate and adenine
nucleotide depletion (Halestrap & Richardson 2015). The
loss of the selective permeability of inner mitochondrial
membrane allows the indiscriminate passage of ions and
metabolites until equilibrium is reached; also, the osmotic
flow that accompanies this process generates the increase
in the volume of the matrix. As a result of mitochondrial
edema, eventually the rupture of the external
mitochondrial membrane occurs and, consequently, the
release of pro-apoptotic factors from the intermembrane
space to the cytosol can lead to cell death by apoptosis. The
opening of the calcium-induced mitochondrial transient
permeability pore has been suggested to be favored in the
first minutes of reperfusion since ischemia intracellular
acidity prevents its opening, representing one of the main
causes of reperfusion injury. In addition, opening of the
MPTP not only prevents mitochondria from adequate ATP
synthesis by oxidative phosphorylation but also allows
hydrolysis of the ATP produced by glycolysis or remaining
healthy mitochondria through reversal function of the
FF,-ATP synthase, resulting determinant for the extent
of cardiac ischemia-reperfusion injury (Halestrap 2009).
Inhibitors of MPTP opening has shown protection from
reperfusion injury in a wide variety of experimental
models (Piot et al. 2008, De Paulis ef al. 2013, Kloner
2013, Halestrap et al. 2015). In this context, attenuation
of MPTP opening might contribute to mitochondrial
structure and function preservation, promoting a more
adequate provision of ATP by oxidative phosphorylation
for contractile function recovery, as it was observed in
response to acute T3 treatment and that was reverted
through AMPK inhibition. To this concern, it is widely
accepted that mitochondrial dysfunction and particularly
MPTP opening plays a major role in determining the
extent of myocardial ischemia-reperfusion injury. In this
regard, present results were accompanied by enhanced
conservation of cellular viability when atria were acutely
treated with T3, effect which was abolished when thyroid
hormone and compound C were co-administrated.

Accumulating evidence has proposed that GSK-3p,
a serine/threonine kinase localized in the cytosol, when
phosphorylated at Ser9 and inactivated, elevates MPTP
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opening threshold (Juhaszova et al. 2004), although the
mechanism by which it occurs is not fully known. In the
present study, results showed that acute treatment with
T3 increased the ratio of the enzyme phosphorylation,
effect that was prevented by compound C, suggesting
the involvement of AMPK in the inhibition of GSK-3§
in response to thyroid hormone treatment. To this
respect, Ser9 phosphorylation and inactivation of this
enzyme have been attributed to multiple kinases of
different pro-survival signaling pathways (Murphy &
Steenbergen 2007, Sugden et al. 2008). Among them, few
studies have recently proposed that GSK-3p might be a
downstream molecular target of AMPK (Tian et al. 2019).
In accordance with present results, it has been suggested
that enhancing AMPK activation during ischemia might
protect myocardium against reperfusion injury through
GSK-3p phosphorylation, contributing to MPTP opening
inhibition and significantly reducing myocardial infarct
size (Paiva et al. 2011). In this concern, present results
suggest that acute treatment with T3 may improve
mitochondrial function and morphology, at least in
part, through activation of the AMPK/GSK-3p signaling
pathway, which was shown to be involved in MPTP
opening limitation.

Although the exposed acute effects of T3 might
be involved in the protective effects on mitochondrial
structure and function, at least partially, through AMPK
enhanced intrinsic activation, it cannot be discarded
that additional long-term effects might be exerted. In
spite of present emerging lines of evidence, how AMPK
contributes to mitochondrial structure and function
preservation in response to acute T3 treatment remains to
be widely investigated.

Conclusion

In conclusion, the present data provide new insight into
the mechanism of T3-induced cardioprotection in the
ischemic-reperfused myocardium.

The present study provides novel evidence that T3
enhances intrinsic activation of AMPK during simulated
ischemia, remaining its activation increased during
simulated reperfusion. The results showed that AMPK
is involved, at least in part, in the protective effects
exerted by T3 in the myocardium subjected to simulated
ischemia-reperfusion through GSK-3p phosphorylation,
contributing to MPTP opening inhibition. In this context,
AMPK activation enhanced by T3 might contribute to
mitochondrial structure and function preservation and

thus to tissue ATP content recovery, resulting in the
improvement of post-ischemic contractile recovery and
cellular viability conservation.
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