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Abstract

Background: Hyperthyroidism is currently recognized to affect the cardiovascular system, leading to a series of molecular 
and functional changes. However, little is known about the functional influence of hyperthyroidism in the regulation of 
cytoplasmic calcium and on the sodium/calcium exchanger (NCX) in the cardiac muscle. 

Objectives: To evaluate the functional changes in papillary muscles isolated from animals with induced hyperthyroidism. 

Methods: We divided 36 Wistar rats into a group of controls and another of animals with hyperthyroidism induced by 
intraperitoneal T3 injection. We measured in the animals’ papillary muscles the maximum contraction force, speed of 
contraction (+df/dt) and relaxation (-df/dt), contraction and relaxation time, contraction force at different concentrations 
of extracellular sodium, post-rest potentiation (PRP), and contraction force induced by caffeine. 

Results: In hyperthyroid animals, we observed decreased PRP at all rest times (p < 0.05), increased +df/dt and -df/dt (p 
< 0.001), low positive inotropic response to decreased concentration of extracellular sodium (p < 0.001), reduction of the 
maximum force in caffeine-induced contraction (p < 0.003), and decreased total contraction time (p < 0.001). The maximal 
contraction force did not differ significantly between groups (p = 0.973). 

Conclusion: We hypothesize that the changes observed are likely due to a decrease in calcium content in the sarcoplasmic 
reticulum, caused by calcium leakage, decreased expression of NCX, and increased expression of α-MHC and SERCA2. 
(Arq Bras Cardiol. 2016; 107(6):542-549)
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Due to the great importance of calcium as a signaling 
pathway in the generation of membrane depolarization, 
induction of calcium release by the sarcoplasmic reticulum (SR), 
and activation of the contractile machinery, pathophysiological 
conditions that alter the control of calcium in the myocyte 
are the main causes of contractile dysfunction in the cardiac 
muscle and development of arrhythmias.10

However, little is known about the thyroid hormones 
influence on cellular events associated with increased and 
decreased cytoplasmic calcium in the excitation-contraction 
coupling process in the cardiac muscle.11 The largest 
amount of information available comprises changes in gene 
expression of proteins involved in the excitation-contraction 
coupling. Still, the functional consequences of these proteins 
in hyperthyroidism are still largely unknown. Much less is 
known about the consequences of changes in the sodium/
calcium exchanger (NCX) on the cardiac muscle function 
in hyperthyroidism.

The objective of this study was to evaluate the effects of 
hyperthyroidism on the cardiac function, including cardiac 
strength and contraction time and speed in papillary muscles 
isolated from rats. 

Methods
The study included 36 male Wistar rats weighing 250–

300 g, provided by the Animal Facility of the Department of 

Introduction
A normal endocrine function is essential for the 

cardiovascular health.1 Hyperthyroidism is among the most 
common endocrine disorders, with a prevalence of 1.3% in 
the United States2 and 0.7% (95% confidence interval [CI] 
0.2–1.1%) in Brazil.3 This condition is defined by increased 
levels of thyroid hormones (T3 and/or T4) and suppressed or 
decreased levels of TSH.2

It is now recognized that thyroid hormones affect the 
cardiovascular system. Changes in these hormones’ circulating 
levels influence the cardiac contractility and electrophysiological 
function.4 Increased thyroid hormone levels (hyperthyroidism) 
result in increased cardiac contractility, speed of contraction 
and relaxation, cardiac output, and heart rate.1,5

Thyroid hormones regulate a variety of proteins in the 
cardiac myocyte (including myosin heavy chains [MHC] α 
and β, β-adrenergic receptors, SERCA2, and phospholamban 
[PLB]) and may lead to cardiac hypertrophy.6-8 These molecular 
changes ultimately affect the cellular calcium cycling.9
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Biological Sciences at Federal University of Paraná (UFPR). 
All animals were kept in cages under controlled temperature 
and 12-hour light-dark cycles, with free access to food 
and water. All procedures performed in this study were 
approved by the Ethics Committee on Animal Use (CEUA) 
at the Department of Biological Science, Federal University 
of Paraná (UFPR); Certificate No. 23075.098041/2011-11.

The animals were randomly divided into two groups: 
control (n = 18) and hyperthyroid (n = 18). Hyperthyroidism 
was induced by daily intraperitoneal injections of T3 (15 
µg/100 g) during 10 days. The control group received daily 
injections of saline solution during the same period.12,13

After 10 days of treatment, the animals were anesthetized 
with ketamine (50 mg/kg) and xylazine (20 mg/kg), and 
subjected to thoracotomy. Their hearts were removed and 
placed in Ringer solution (pH = 7.4; 110 mM NaCl, 4 
mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM TRIS, 11 mM 
glucose). The hearts were subsequently weighed and fixed 
in a petri dish containing oxygenated Ringer solution prior 
to dissection of the left ventricle papillary muscles.

After dissection and removal of the papillary muscles, 
one end of the muscle was fixed to a micromanipulator 
and the other was attached to a force transducer (Fort 
10 WPI, Transduction Laboratories Co.), which, in turn, 
was connected to a data acquisition system (LabChart - 
ADinstruments). The muscle was stretched to the length at 
which the active voltage was maximal (Lmax) and kept in 
a chamber with a continuously oxygenated saline solution 
at 32ºC.

Before each experiment, a calibration curve was 
obtained for the force transducer using known masses. 
The length of the papillary muscle was measured using 
a microscope eyepiece graticule. At the end of each 
experiment, the papillary muscles were weighed. The area 
of the transverse section was calculated using the formula: 
area = mass / (length x density), assuming the density as 
1.0. Thus, the strength produced by the papillary muscles 
was normalized by their cross-sectional area. After these 
steps, the experimental protocol was initiated.

To evaluate the effects of the thyroid hormone 
administrat ion, the animals in both groups were 
exposed to two experimental protocols. The f irst 
protocol involved several contractility measurements of 
isolated and electrically stimulated papillary muscles. 
The second protocol evaluated the contraction force 
induced by caffeine in quiescent papillary muscles (not 
electrically stimulated).

Experiments with electrically stimulated papillary muscle 
After the papillary muscles were isolated and attached 

to a force transducer, as described above, the muscles were 
electrically stimulated with suprathreshold voltage pulses (10 
to 15 V), with a maximum duration of 5 milliseconds, using 
a pair of platinum electrodes positioned along the entire 
muscle length. Using a micromanipulator, the muscle was then 
stretched to the Lmax. The standard stimulation frequency 
was 0.5 Hz (stabilized condition). The preparations were 
maintained in this condition during a stabilization period 

of 20–30 minutes and the experimental protocols were 
then conducted. The resultant force was recorded by a data 
acquisition system (LabChart - ADinstruments) connected to 
a computer.

The following contractile parameters were analyzed: 
maximum isometric force developed; post-rest potentiation 
(PRP), which is the increase in isometric contraction force 
obtained after electric stimulation pauses of 1, 3, 5, 10, 
and 20 seconds; maximum speed of contraction (+df/
dt) and relaxation (-df/dt); total contraction time; time 
to peak contraction; time to maximum relaxation; and 
maximum contraction force at different concentrations of 
extracellular sodium.

For the PRP protocol, the electrical stimulation of the 
papillary muscles was interrupted after periods of stabilization 
of 1, 3, 5, 10, and 20 seconds. The amplitude of the first 
contraction after rest was compared with the amplitude of 
the force obtained before the resting period. These data were 
analyzed and expressed as percentage values of force obtained 
in the steady state prior to the resting period.

After stabilization in Ringer solution containing 110 mm 
NaCl, the preparation was placed in chambers with Ringer 
solution containing 90, 70, and 50 mM of NaCl. To maintain 
their osmolarity and ionic strength, the solutions were 
supplemented with lithium chloride (LiCl) at concentrations of 
up to 110 mM. The contraction amplitude was analyzed and 
expressed as percentage relative to the force value obtained 
in the solution with 110 mM of NaCl.

Both +df/dt and -df/dt were calculated in real time using 
the LabChart software. Data are expressed as force produced 
per cross-sectional area of muscle per second (mN/mm2/sec). 
Time to 100% of maximum force and time to maximum 
contraction force until 100% relaxation are expressed 
in seconds.

Evaluation of the contraction in quiescent papillary muscles
Dissection and assembly of the papillary muscles in this 

experiment followed the same protocols described above, 
with the exception of the electrical stimulation.

This protocol was then carried out in three chambers 
containing different solutions. The first chamber contained 
Ringer solution. The second contained Ringer solution without 
sodium or calcium (Ringer 0Na+ - 0Ca2+), in which the sodium 
and calcium ions were replaced by lithium chloride in order 
to maintain the osmolarity and ionic strength equal to those in 
the Ringer solution. The third chamber was filled with Ringer 
solution 0Na+ - 0Ca2+ plus 30 mM of caffeine. According to the 
literature, caffeine is a known agonist of ryanodine receptors, 
and induces calcium release from the SR at concentrations 
of 30 mM.14

The preparation was initially immersed in Ringer solution 
for at least 30 minutes. It was then transferred to the Ringer 
solution 0Na+ 0Ca2+ and maintained for enough time to 
allow the force to reach the steady state (usually between 5 
to 10 minutes). Then the papillary muscles were transferred 
to the chamber containing Ringer 0Na+ - 0Ca2+ plus 30 mM 
caffeine. The contraction force induced by caffeine was then 
compared between groups.
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Statistical analysis
The results were collected from at least six observations 

from each experiment and are expressed as mean ± standard 
error. The normality of the data was analyzed with the Shapiro-
Wilk test, and the data were compared using Student’s t test 
for independent samples. Statistical differences among groups 
were considered when p < 0.05. The software SigmaPlot 
(version 11.0) was used for data analysis.

Results
Table 1 shows the body weight values on treatment days 1 

and 10 and the heart weight values in both groups. After 10 
days of treatment with the thyroid hormone, the animals in the 
hyperthyroid group showed a statistically significant decrease in 
body weight (p = 0.034) and increase in heart weight (p < 0.001) 
when compared with the animals in the control group.

The results of the maximum isometric contraction force 
in electrically stimulated papillary muscles, +df/dt, -df/dt, 
and total contraction time are shown in Table 2 and Figure 1.

Regarding the PRP, the hyperthyroid group had a significant 
reduction in the percentage of strength gain at all pause times 
when compared with the control group (Figures 2 and 3).

Variations in the percentages of force generated at different 
extracellular sodium concentrations are expressed with 
reference to the force produced in a solution with 110 mM of 
extracellular sodium. A significant difference between groups 
was detected only at extracellular sodium concentrations of 
70 mM (p < 0.001) and 50 mM (p < 0.001). At both times, 
the percentage of force gain in the hyperthyroid group was 
lower than that in the control group (Figure 4).

Regarding the maximum contraction force (mN/mm2) 
induced by caffeine in quiescent papillary muscle, we 
found statistically significant differences between the groups 

(p < 0.001). The contraction force in the hyperthyroid group 
was lower than that in the control group (3.26 ± 0.88 mN/
mm2 versus 8.13 ± 1.07 mN/mm2, respectively).

Discussion
In this study, we found that papillary muscles isolated from 

hyperthyroid rats showed decreased PRP, increased +df/dt 
and -df/dt, reduced contraction and relaxation total times, 
reduced maximal force induced by caffeine, and low positive 
inotropic response to decreased concentration of extracellular 
sodium. However, no difference in the isometric contraction 
force was observed. 

The increase in +df/dt and the reduction in the contraction 
time may be explained by increased α-MHC expression.6-7,15,16 
Although evidence is limited, an increased expression and 
function of ryanodine receptors, SERCA2, and L-type calcium 
channels may have contributed to these results.11,17,18 These 
changes lead to increased calcium influx, rate of calcium release 
by ryanodine receptors, speed reuptake of calcium by SERCA2, 
and α-MHC ATPase activity, which may explain the increase 
in +df/dt, ultimately leading to a decreased time to reach the 
contraction peak.15,19,20

The SERCA2 to PLB ratio is an important determinant in 
calcium uptake kinetics in cardiac myocytes, influencing both 
the relaxation rate and force production.21 Hyperthyroid animals 
have shown an increased SERCA2/PLB ratio, due to a decreased 
amount of PLB and increased SERCA2.7,21-24 Increases in the 
amount of phosphorylated compared with non-phosphorylated 
PLB have also been reported.7 Altogether, these changes promote 
increases in the calcium uptake rate by the SR, causing increased 
relaxation speed of the cardiac muscle (-df/dt) and, consequently, 
decreased relaxation time.21,24 

In the myocardium of most mammals, PRP is believed to 
be produced by the release of a larger amount of calcium 

Table 1 – Animals’ weights on the first and tenth days after treatment

n Animals’ weights (g) on 
the 1st day

Animals’ weights (g) on 
the 10th day Heart weight (g)

Control 18 311 ± 10.94 336.2 ± 7.32 1.528 ± 0.036

Hyperthyroid 18 310 ± 9.57 309.7 ± 9.51* 2.153 ± 0.074#

*p = 0.034; #p < 0.001

Table 2 – Force, speed, and contraction time parameters (n = 36)

Control Hyperthyroid p Value

Maximum force of isometric contraction (mN/mm2) 4.903 ± 0.13 4.917 ± 0.35 0.973

+df/dt (mN/mm²/s) 69.88 ± 2.77 105.90 ± 7.31 <0.001

-df/dt (mN/mm²/s) 51.92 ± 2.04 67.32 ± 3.59 <0.001

Total time of contraction (s) 0.441 ± 0.00 0.350 ± 0.00 <0.001

Time to peak contraction (s) 0.138 ± 0.01 0.108 ± 0.01 <0.001

Time to maximum relaxation (s) 0.303 ± 0.01 0.241 ± 0.01 <0.001
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stored in the SR during the pause period.25,26 However, a loss of 
cellular calcium during rest is well described in the ventricles of 
rabbits, cats, and guinea pigs. These animals, therefore, lack PRP, 
especially over long periods of rest. However, PRP occurs in mice 
and is accompanied by increased calcium stored in the SR.26 

In this study, papillary muscles isolated from hyperthyroid 
animals showed both a reduction in the PRP and maximal 
force induced by caffeine, an agonist of the ryanodine 
receptor. The concentration of caffeine used in this study (30 
mM) is sufficient to deplete the calcium from the SR. These 

Figure 1 – Maximum speed of contraction (+df/dt) and relaxation (-df/dt). The hyperthyroid group (n = 18) showed an increase in +df/dt and -df/dt when compared with 
the control group (n = 18).

0,5 s

0,5 s 0,5 s

0,5 s
Hyperthyroidism Control

+df/df

-df/df

Control
Hyperthyroidism

2 mN 2 mN

Ve
loc

ity
 of

 co
ntr

ac
tio

n a
nd

 
re

lac
ati

on
 (g

/s)

Ve
loc

ity
 of

 co
ntr

ac
tio

n a
nd

 
re

lac
ati

on
 (g

/s)

Figure 2 – Percentage of strength after rest. The force gain at all resting times was significantly lower in the hyperthyroid group (n = 18) compared with the control group 
(n = 18) (*p < 0.001, # p < 0.05).
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Figure 3 – Post-rest potentiation (PRP). The increase in isometric contraction force after electrical stimulation pauses of 1, 3, 5, 10, and 20 seconds was lower in the 
hyperthyroid group (n = 18) compared with the control group (n = 18).

Figure 4 – Percentage of force variation for different extracellular sodium concentrations. The force gain at different extracellular sodium concentrations was significantly 
lower in the hyperthyroid group in two conditions: extracellular sodium concentrations of 70 and 50 mM (n = 36, *p < 0.001).
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data suggest that hyperthyroidism reduces the amount of 
calcium stored in the SR. 

This decrease in calcium content in the SR may be due 
to three not mutually excluding possibilities: a) an increase 
in NCX expression and/or activity, which in the resting 
stimulation period would increase the extrusion of calcium 
from the cell, decreasing the amount of calcium available 
for uptake by the SR; b) decreased SERCA2 expression and/
or activity, and c) increased calcium leakage from the SR 
through the ryanodine receptors.27

Our results on contractility, along with data from the 
literature, lead us to hypothesize that the SERCA2 function 
is increased and the NCX function is decreased. However, 
these two changes are unable to reduce the PRP, so we 
believe that this occurred due to the release of calcium by 
the SR ryanodine receptors. 

Another factor that could have contributed to the 
decreased calcium content in the SR is the phosphorylation 
of the ryanodine receptors by calcium/calmodulin-
dependent protein kinase II (CaMKII). Studies have shown 
that hypertrophic conditions and heart failure, both 
common in hyperthyroidism, increase the expression of 
CaMKII, favoring the opening of ryanodine receptors that 
lead to leakage of calcium from the SR.28

Ai et al.27 found increased levels of CaMKII and 
phosphorylation of ryanodine receptors in animals with 
heart failure, strengthening the hypothesis of the receptors 
opening and favoring diastolic calcium leakage from 
the SR.29,30

Song et al.31 induced cardiac hypertrophy with thyroid 
hormone in rats and observed a decrease in the content 
of calcium in the SR due to increased calcium leakage 
by ryanodine receptors. They observed in animals that 
developed hypertrophy that the reduction in the release 
of calcium during contraction could be due to increased 
spontaneous calcium release at rest.

 Therefore, phosphorylation of ryanodine receptors by 
CaMKII increasing the spontaneous diastolic release of 
calcium from the SR could contribute to the decreased 
calcium in the SR.27,28 However, our model of hypertrophy 
was induced by thyroid hormone, and we were unable to 
find studies evaluating the expression of CaMKII in this 
model of hypertrophy.

The reduction in extracellular sodium concentration 
induces a positive inotropic response. Decreases in 
the electrochemical gradient of sodium reduce or 
even revert the NCX function, leading to increased 
intracellular concentration of calcium and, consequently, 
increased force.28,32,33

Diedrichs et al.33 have shown that the cardiac muscle in 
patients with heart failure is more sensitive to a reduction 
in extracellular sodium, exhibiting a greater increase in 
contractile force when compared with the muscle in 

normal individuals. According to the authors, this is due 
to intracellular calcium accumulation via NCX, whose 
expression and function is increased in heart failure.

Our results show that the contraction force in hyperthyroid 
animals was slightly increased when compared with that in 
controls. This may be explained by a reduced NCX function 
in hyperthyroidism. It is well described that hyperthyroid 
animals have decreased NCX expression.8,9 

The strength of this study is the evaluation of the 
functional changes in isolated papillary muscles in 
hyperthyroidism. The major limitation, which is also a 
suggestion to be explored in other studies, is the lack of 
molecular biology experiments evaluating the expression of 
membrane proteins that control intracellular calcium and 
the calcium content in the SR.

Conclusions 
We demonstrated in this study that isolated papillary 

muscles from hyperthyroid animals presented decreased 
PRP, increased +df/dt and -df/dt, low positive inotropic 
response to decreased concentrations of extracellular 
sodium, decreased production of maximum force induced 
by caffeine, and decreased time to reach both the 
contraction peak and maximum relaxation. We hypothesize 
that these changes are likely due to a decrease in calcium 
content in the SR, probably caused by calcium leakage, 
decreased expression and/or activity of NCX, and increased 
expression of α-MHC and SERCA2.

Author contributions
Conception and design of the research: Vieira FF, Olivoto 

RR, Fogaça RTH; Acquisition of data: Vieira FF, Silva PO, 
Francisco JC, Fogaça RTH; Analysis and interpretation of the 
data: Vieira FF, Olivoto RR, Silva PO, Fogaça RTH; Statistical 
analysis and Writing of the manuscript: Vieira FF, Fogaça 
RTH; Critical revision of the manuscript for intellectual 
content: Vieira FF, Olivoto RR, Francisco JC, Fogaça RTH.

Potential Conflict of Interest

No potential conflict of interest relevant to this article 
was reported.

 

Sources of Funding

This study was funded by CAPES.

 

Study Association

This article is part of the thesis of master submitted by 
Fabricio Furtado Vieira from Universidade Federal do Paraná.

547



Original Article

Vieira et al.
Effects of hyperthyroidism on cardiac papillary muscle in rats

Arq Bras Cardiol. 2016; 107(6):542-549

1  Klein I, Ojamaa K. Thyroid hormone and the cardiovascular system. N 
Engl J Med. 2001;344(7):501-9.

2  Rhee SS, Pearce EN. Update: Systemic Diseases and the Cardiovascular 
System (III). The endocrine system and the heart: a review. Rev Esp 
Cardiol. 2011;64(3):220-31.

3  Benseñor IM, Goulart AC, Lotufo PA, Menezes PR, Scazufca M. 
Prevalence of thyroid disorders among older people: results from the São 
Paulo Ageing & Health Study. Cad Saude Publica. 2011;27(1):155-61.

4  Klein I. Thyroid-hormone and the cardiovascular-system. Am J Med. 
1990;88(6):631-7.

5  Carr AN, Kranias EG. Thyroid hormone regulation of calcium cycling 
proteins. Thyroid. 2002;12(6):453-7.

6  Dillmann W. Cardiac hypertrophy and thyroid hormone signaling. Heart 
Fail Rev. 2010;15(2):125-32.

7  Ojamaa K, Kenessey A, Klein I. Thyroid hormone regulation of 
phospholamban phosphorylation in the rat heart. Endocrinology. 
2000;141(6):2139-44.

8  Reed TD, Babu GJ, Ji Y, Zilberman A, Ver Heyen M, Wuytack F, et al. The 
expression of SR calcium transport ATPase and the Na+/Ca2+ exchanger 
are antithetically regulated during mouse cardiac development and in 
hypo/hyperthyroidism. J Mol Cell Cardiol. 2000;32(3):453-64.

9  Shenoy R, Klein I, Ojamaa K. Differential regulation of SR calcium 
transporters by thyroid hormone in rat atria and ventricles. Am J Physiol 
Heart Circ Physiol. 2001;281(4):H1690-6.

10  Bers  DM. Cardiac  exc i ta t ion-contract ion coupl ing .  Nature. 
2002;415(6868):198-205.

11  Jiang M, Xu A, Tokmakejian S, Narayanan N. Thyroid hormone-induced 
overexpression of functional ryanodine receptors in the rabbit heart. Am 
J Physiol Heart Circ Physiol. 2000; 278(5):H1429-38.

12  Wolska BM, Averyhart-Fullard V, Omachi A, Stojanovic MO, Kallen RG, 
Solaro RJ. Changes in thyroid state affect pHi and Nai + homeostasis in 
rat ventricular myocytes. J Mol Cell Cardiol. 1997;29(10):2653-63.

13  Szkudlarek AC, Aldenucci B, Miyagui NI, Silva IK, Moraes RN, Ramos 
HE, et al. Short-term thyroid hormone excess affects the heart but does 
not affect adrenal activity in rats. Arq Bras Cardiol. 2014;102(3):270-8.

14  Sekiguchi T, Shimizu H. Caffeine-induced calcium release from 
sarcoplasmic reticulum of a skeletal-muscle. J Pharmacobiodyn. 
1987;10(1):55-62.

15  Machackova J, Barta J, Dhalla NS. Molecular defects in cardiac 
myofibrillar proteins due to thyroid hormone imbalance and diabetes. 
Can J Physiol Pharmacol. 2005;83(12):1071-91.

16  Danzi S, Klein I. Thyroid hormone and the cardiovascular system. Med 
Clin North Am. 2012;96(2):257-68.

17  Watanabe H, Washizuka T, Komura S, Yoshida T, Hosaka Y, Hatada K, et 
al. Genomic and non-genomic regulation of L-type calcium channels in 
rat ventricle by thyroid hormone. Endocr Res. 2005;31(1):59-70.

18  Kreuzberg U, Theissen P, Schicha H, Schroder F, Mehlhorn U, De Vivie ER, 
et al. Single-channel activity and expression of atrial L-type Ca2+ channels 
in patients with latent hyperthyroidism. Am J Physiol Heart Circ Physiol. 
2000;278(3):H723-30.

19  Dillmann WH. Cellular action of thyroid hormone on the heart. Thyroid. 
2002;12(6):447-52.

20  Korecky B, Zak R, Schwartz K, Aschenbrenner V. Role of thyroid-hormone in 
regulation of isomyosin composition, contractility, and size of heterotopically 
isotransplanted rat heart. Circ Res. 1987;60(6):824-30.

21  Kiss E, Jakab G, Kranias EG, Edes I. Thyroid hormone-induced alterations 
in phospholamban protein expression: regulatory effects on sarcoplasmic 
reticulum Ca2+ transport and myocardial relaxation. Circ Res. 
1994;75(2):245-51.

22  Kiss E, Brittsan AG, Edes I, Grupp IL, Grupp G, Kranias EG. Thyroid hormone-
induced alterations in phospholamban-deficient mouse hearts. Circ Res. 
1998; 83(6):608-13.

23  Bhupathy P, Babu GJ, Periasamy M. Sarcolipin and phospholamban as 
regulators of cardiac sarcoplasmic reticulum Ca2+ ATPase. J Mol Cell 
Cardiol. 2007;42(5):903-11.

24  Periasamy M, Bhupathy P, Babu GJ. Regulation of sarcoplasmic reticulum 
Ca2+ ATPase pump expression and its relevance to cardiac muscle 
physiology and pathology. Cardiovasc Res. 2008;77(2):265-73.

25  Pieske B, Sutterlin M, Schmidt-Schweda S, Minami K, Meyer M, Olschewski 
M, et al. Diminished post-rest potentiation of contractile force in human 
dilated cardiomyopathy: functional evidence for alterations in intracellular 
Ca2+ handling. J Clin Invest. 1996; 98(3):764-76.

26  Bassani RA, Bers DM. Na-Ca exchange is required for rest-decay but not for 
rest-potentiation of twitches in rabbit and rat ventricular myocytes. J Mol 
Cell Cardiol. 1994;26(10):1335-47.

27  Ai X, Curran JW, Shannon TR, Bers DM, Pogwizd SM. Ca2+/calmodulin-
dependent protein kinase modulates cardiac ryanodine receptor 
phosphorylation and sarcoplasmic reticulum Ca2+ leak in heart failure. 
Circ Res. 2005;97(12):1314-22.

28 Bers DM, Despa S. Cardiac myocytes Ca2+ and Na+ regulation in normal 
and failing hearts. J Pharmacol Sci. 2006;100(5):315-22.

29  Wehrens XH, Lehnart SE, Marks AR. Intracellular calcium release and cardiac 
disease. Annu Rev Physiol. 2005;67:69-98.

30  Zalk R, Lehnart SE, Marks AR. Modulation of the ryanodine receptor and 
intracellular calcium. Annu Rev Biochem. 2007;76:367-85.

31  Song LJ, Wang GL, Liu J, Qiu QY, Ou JH, Guan YY. Cellular mechanisms of 
reduced sarcoplasmic reticulum Ca2+ content in L-thyroxin induced rat 
ventricular hypertrophy. Acta Pharmacol Sin. 2008;29(4):430-6.

32  Philipson KD, Nicoll DA. Sodium-calcium exchange: a molecular 
perspective. Annu Rev Physiol. 2000;62:111-33.

33  Diedrichs H, Frank K, Schneider CA, Burst V, Hagemeister J, Zobel C, et al. 
Increased functional importance of the Na, Ca-exchanger in contracting 
failing human myocardium but unchanged activity in isolated vesicles. Int 
Heart J. 2007; 48(6):755-66.

References

548



Original Article

Vieira et al.
Effects of hyperthyroidism on cardiac papillary muscle in rats

Arq Bras Cardiol. 2016; 107(6):542-549549


