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Aim: The aim of this study was to identify the effects of swimming training on the mRNA expression and protein
levels of the calcium handling proteins in the hearts of renovascular hypertensive rats submitted to swimming
protocol during 6 weeks.
Mainmethods: Fischer ratswith renovascular hypertension 2-kidney 1-clip (2K1C) and SHAMgroupswere divid-
ed among sedentary and exercised groups. The exercise protocol lasted for 6 weeks (1 h/day, 5×/week), and the
mean arterial pressure, cardiomyocytes hypertrophy parameters, mRNA expression and protein levels of some
calcium handling proteins in the left ventricle were evaluated.
Key findings: Swimming trainingwas able to reduce the levels ofmean arterial pressure in thehypertensive group
compared to 2K1C SED, and to promote cardiac hypertrophy in SHAM EX and 2K1C EX groups in comparison to

the respective control groups. ThemRNA levels of B-type natriuretic peptide were reduced in the 2K1C EXwhen
compared to 2K1C SED. ThemRNA and protein levels of the sarcoplasmic reticulum Ca2+-ATPase increased after
the swimming training in SHAMand 2K1C groups. ThemRNA andprotein levels of phospholamban, displayed an
increase in their levels in the exercised SHAMand in hypertensive rats in comparison to their respective controls;
while mRNA levels of Na+/Ca2+ exchanger was reduced in the left ventricle comparing to the sedentary hyper-
tensive rats.
Significance: Taken altogether, we provide evidence that the aerobic trainingmay lead to cardiac remodeling, and
modulate the calcium handling proteins expression in the heart of hypertensive rats.
© 2014 Elsevier Inc. All rights reserved.
Introduction

Hypertension is a multifactorial disease that involves interactions
between the genetically driven homeostatic control mechanisms and
environmental factors (Takahashi and Smithies, 2004). It is estimated
that 1 billion people worldwide have hypertension, representing a seri-
ous worldwide public health problemmainly because hypertension is a
major and well known risk factor for cardiovascular diseases. Several
treatment guidelines, pharmacological (Edwards et al., 2014) and
ical Sciences, Federal University
uro Preto, MG, Brazil. Tel.: +55
non-pharmacological approaches, such as physical exercise (Semlitsch
et al., 2013) have been suggested in order to maintain the blood pres-
sure at acceptable levels.

It is well known that physical exercise is able to reduce the blood
pressure levels or even to delay the onset of hypertension in rats with
Goldblatt hypertension (Rodrigues et al., 2007; Soares et al., 2011),
which is an experimental model dependent on the renin–angiotensin
system (RAS) that controls blood pressure in renovascular hyperten-
sion. The increase in the activity of this systemmay lead to hypertension
(Reckelhoff et al., 2000), and may also cause deleterious effects on the
heart, such as reduction on the Ca2+ transient (Kemi et al., 2007).

The Angiotensin II (Ang II) is an octapeptide produced from the sub-
strate angiotensinogen through sequential enzymatic cleavages by
renin and angiotensin converting enzyme (ACE). This peptide is the
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main effectormolecule of the RAS, responsible for increased blood pres-
sure by being a potent vasoconstrictor;moreover, Ang II also exerts pro-
liferative, pro-inflammatory, pro-fibrotic activities, and stimulates the
production of aldosterone in the adrenal glands (Briet and Schiffrin,
2010; Benigni et al., 2010), which acts on the distal tubules and
collecting ducts of the nephron causing sodium retention, potassium se-
cretion, water retention, and blood pressure increase. It is also known
that chronic elevation of plasma Ang II is a major determinant in the
pathogenesis of cardiac hypertrophy (Egger and Domenighetti, 2010).

The B-type natriuretic peptide (BNP) is a peptide hormone derived
from atrial and ventricular cardiomyocytes (Nakatsu et al., 2007). Circu-
lating levels of BNP are normally kept at very low levels; however, in re-
sponse to increased myocardial wall stress due to volume or pressure-
overload states, the production of BNP is triggered in cardiomyocytes
(Arjamaa, 2014). Furthermore, BNP is secreted by the ventricle cells in
cases of ventricular overload, hypertrophy, and heart failure (Nakatsu
et al., 2007; Ogawa et al., 1991; Iso et al., 1997; Kim and Januzzi,
2011). The biological activity of BNP includes: stimulation of natriuresis
and vasorelaxation; inhibition of renin, aldosterone and sympathetic
nervous activity; inhibition of fibrosis, and improvement in myocardial
relaxation (Kim and Januzzi, 2011). Interestingly, the BNP has been
shown to be a risk factor for cardiovascular events in hypertensive pa-
tients (Suzuki et al., 2002; Weber and Hamm, 2006; Hirata et al., 2001).

The cardiac hypertrophy is classified as eccentric or concentric
(Weber et al., 1991). The concentric hypertrophy (pathological) is
caused by chronic pressure overload, and leads to reduced left ventricu-
lar volume and increased wall thickness; whereas eccentric hypertro-
phy (in general, physiological) is caused by volume overload, causing
dilation and increase in ventricle mass and thickness of the ventricle
wall with an increase in cavity diameters (Barry et al., 2008). The eccen-
tric hypertrophy occurs by addition of sarcomeres in series, resulting in
cell elongation; on the other hand, the concentric hypertrophy is caused
by addition of sarcomeres in parallel, which results in increased cell
thickness (Barry et al., 2008).

The pathological cardiac hypertrophy may also lead to changes in
the expression of proteins involved in the calcium (Ca2+) handling dur-
ing the cardiac contraction and relaxation (Lu et al., 2002; Collins et al.,
2005; Rolim et al., 2007). Studies have shown reduction on the expres-
sion levels of sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) and
phospholamban (PLN) (Flesch et al., 1996), and an increase on the
expression levels of Na+/Ca2+ exchanger (NCX1) (Menick et al.,
1996) in pathological conditions.

Still, there are controversies regarding the effects of the exercise on
the expression of the Ca2+ handling proteins in the heart, which are
probably due to the protocols used in the studies. Corroborating this,
in spontaneously hypertensive rats (SHR), the voluntary running proto-
col did not promote any changes on the expression of SERCA2a, and
reduced the NCX1 expression levels (Collins et al., 2005). de Waard
et al. (2007) showed that the physical exercise when initiated after
myocardial infarction did not alter the expression of SERCA2a, PLN,
and the phosphorylation status of the latter in mice.

On the other hand, studies using animals with heart failure demon-
strated that exercise increased the levels of SERCA2a, and the phosphor-
ylation of PLN on the Ser16 residue after 8 weeks of swimming and
treadmill training, respectively (Rolim et al., 2007; Medeiros et al.,
2008). Furthermore,Wisloff et al. (2001) have also shown increased ex-
pression levels of SERCA2a and NCX proteins in mice with infarction
after 8 weeks of treadmill protocol.

To the best of our knowledge, there are no studies that investigate
the effects of swimming training during 6 weeks in the prevention of
the cardiac remodeling, and its relation with the calcium handling pro-
teins in renovascular hypertensive rats. Based on this, our goal here was
to identify the effects of swimming training on the mRNA expression
and protein levels of the calciumhandling proteins in the hearts of reno-
vascular hypertensive rats submitted to a swimming protocol during
6 weeks.
Materials and methods

Animal care and ethical approval

Thirty-seven Fischer rats were maintained in a light (12-h light
cycle) and in temperature (22 °C) controlled environment, and were
fed a pellet rodent diet ad libitumwith free access to water. The animals
were randomly assigned into untrained and exercise-trained groups.
This study was conducted in accordance with the ethical principles in
animal research adopted by the EU Directive 2010/63/EU for animal ex-
periments. The animal care and protocols in this study were reviewed
and approved by the Ethical Committee of the University of Ouro
Preto (protocol number 2010/45).

Measurements and procedures

Hypertension model
The 2K1C unilateral renovascular hypertension model (Goldblatt

hypertension)was performed by constricting the left renal artery. Brief-
ly, the animals were anesthetized by intraperitoneal injection with a
mixture of ketamine and xylazine (50 and 10 mg/kg, ip, respectively,
Syntec, Brasil). After the laparotomy, the left renal artery was isolated
and was partially constricted using a 3-mm-long, wide U-shaped silver
clipwith an internal gap of 0.20mm. The rats thatwere assigned as con-
trol groups had the surgical intervention performed, but the left renal
artery was left unclipped. The experiments started after the fourth day
of the recovery period.

Swimming training protocol
The exercise protocol was performed in a swimming apparatus es-

pecially designed for the exercise training of rats, in which the rats
swam individually and freely without human intervention in warm
water (30–32 °C) for 5 days a week during 6 weeks, and each session
lasted for 60min. All untrained rats were placed in recipients with shal-
low water (5 cm) for 5 days a week during 6 weeks, and each session
lasted for 40 min (Soares et al., 2011). The animals were submitted to
the swimming training without an overload because it is known that
this model induces physiologic cardiac hypertrophy (Evangelista et al.,
2003).

Arterial pressure measurements
At the end of the sixthweek, 48 h after the conclusion of the EX pro-

tocol, the rats were anesthetized with a mixture of ketamine and
xylazine (50 and 10 mg/kg, ip, respectively, Syntec, Brasil) for direct
cardiovascular evaluation, and the femoral artery was cannulated.
Twenty-four hours after the surgery, the pulsatile arterial pressure
was monitored with a Gould pressure transducer (PM-1000, CWE,
USA) coupled to a blood pressure signal amplifier (UIM100A, Powerlab
System, AD Instruments, USA). The values of mean arterial pressure
(MAP) were determined by the arterial pressure waves. All variables
were recorded and stored in a PowerLab digital acquisition system
(Powerlab 4/20, AD Instruments) with an 800-Hz sampling rate.

Tissue and organ collection
After the conclusion of the experiments, the animals were eutha-

nized by decapitation, and had a laparotomy performed for the resec-
tion of the heart, which was weighted (wet weight). The hearts,
kidneys and tibia were stored at −80 ° C along for future analysis.

Structural analysis

The left ventricle was fixed by immersion in 4% buffered formalin
and embedded in paraffin for routine histology processing. Sections of
4 μm were stained with hematoxylin and eosin to further examination
under a microscope. All the morphometric measurements were made
in tissue sections under the light of the microscope (Leica DM5000),
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and analyzed with the Leica Qwin Image Processing and Analysis
Software (Germany). The cardiomyocyte diameter was measured by
the method described by Loud et al. (1978) in a light microscope at
40× magnification. For every 10 cardiomyocytes containing a visible
nucleus in the field a single transverse measurement of width passing
through the nucleus was determined. The diameter was determined
for each animal by the average of the measured cardiomyocytes.
Morphometric analysis was used to quantify the tissue collagen deposi-
tion as described by Soares et al. (2011). The degree of cardiac hypertro-
phywas calculated as the ratio between the left ventricle wall thickness
(Wt), and the left ventricle lumen (L) (Wt/L). The left ventricle wall
thickness and ventricle lumenwere determined on sections at 5×mag-
nification (Soares et al., 2011).

Real time-PCR

Total RNA was isolated from the left ventricles of the control and
2K1C rats with a Trizol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA) according to the manufacturer's protocol. Samples of RNA
(2 μg) were treated with DNase to remove any genomic DNA present
in the samples. The gene expression was assessed by polymerase
chain reaction after real time-PCR. The total RNA treated with DNase
was reverse transcribed using random primers. The RT-PCR was
performed with QuantiTect SYBR Green RT-PCR kit (Qiagen) with a
pair of primers for SERCA2, FLB and NCX (Qiagen). The sequences of
the forward (f) and the reverse (r) primers are provided in Table 1.
The 26S was adopted as an internal standard and mRNA levels were
expressed relative to male 2K1C. The amplification and quantification
were performed using the iCycler iQ Real-Time detection system
under the following conditions: RT-PCR activation step 15 min at
95 °C; denaturation for 15 s at 94 °C, annealing for 30 s at 55 °C; and ex-
tension for 30 s at 72 °C for 40 cycles (Applied Biosystems). Each sam-
ple was performed in duplicate and the mean threshold cycle (Ct) was
used to calculate the relative mRNA expression (fold change) using
the comparative Ct method (2−ΔΔCt).

Western blot analysis

For Western blot analysis total protein was harvested from the
heart tissue. After lysis with 300 μl of PhosphoSafe extraction buffer
containing protease inhibitors (Roche), the protein concentration
was determined with the BCA protein assay kit (Pierce). The mixture
of loading gel, antioxidant agent (Invitrogen) and 25 μg of protein was
heat denatured (70 °C for 10 min), and loaded into a 10% NuPAGE
Tris–Bis gel (Invitrogen). Electrophoresis was performed at 200 V and
100 mA for 50 min. After transfer (30 V and 170 mA) to PDVF mem-
branes, the blot was developed by using the WesternBreeze chromo-
genic immunodetection kit (Invitrogen). Briefly, nonspecific sites were
blocked (1 h), and the membranes were incubated overnight at 4 °C
with: SERCA2 (rabbit polyclonal to SERCA2 ATPase, ABCAM, catalog
ab3625) and phospholamban (rabbit polyclonal to phospholamban,
ABCAM, catalog ab86930) antibodies. β-Actin was used as loading
Table 1
Primer sets for real-time quantitative RT-PCR.

Gene Sequence (5′→3′)

SERCA2 f TCTGTCATTCGGGAGTGGGG
r GCCCACACAGCCAACGAAAG

NCX1 f GTGGAGGTCTGGGAAGAATT
r GCTTCCTCGTCATCTTGGTC

Phospholamban f TGTGACGATCACAGAAGCC
r GCAGCAGACATATCAAGATGAG

BNP f AGAACAATCCACGATGCAG
r CCTTGGTCCTTTGAGAGCTG

26S f CGATTCCTGACAACCTTGCTATG
r CGTGCTTCCCAAGCTCTATGT
control antibody (1:1000 dilution; Cell Signaling Biotechnology,
#4967). Membranes were then rinsed (four times, 5 min) with the kit
antibody washing solution, incubated in the alkaline phosphatase-
conjugated anti-rabbit secondary antibody for 1 h at room temperature,
rinsed again (four times, 5 min), and finally placed in a solution of 5-
bromo-4-chloro-3-indolyl-1- phosphate and nitro blue tetrazolium
(BCIPNBT) substrate for alkaline phosphatase until bands appeared.
After rinsing in water, the membranes were air-dried, scanned, digita-
lized, and the optical densities were quantified by using NIH IMAGE
software (Version 1.62, by Wayne Rasband, National Institutes of
Health, Bethesda). Band densities were normalized to that of the anti
β-actin immunoreactive band within the same lane.

Statistical analysis

Themeans and the standard deviations of the valueswere compared
among the groups by the analysis of the variance (one-away ANOVA),
followed by the Tukey test for blood pressure, hypertrophy, mRNA,
andWestern blot data. Nonparametric statistic was used to analyze col-
lagen deposition and left ventricular cross-sectional (Kruskal–Wallis
test). These analyses were performed by GraphPad Prism 5. The differ-
ences were considered significant at P b 0.05.

Results

Basal levels of mean arterial pressure (MAP)

The basal levels of MAP in SHAM and 2K1C rats in waking state are
shown in Fig. 1. We observed that resting levels of MAP in the 2K1C
SED ratswere higher than in the SHAMSED and SHAMEX rats. The rest-
ing levels of MAP in 2K1C EX rats were smaller when compared to the
2K1C SED rats (Fig. 1).

Histological heart evaluation

Weobserved in Fig. 2 that SHAMEX animals had significantly higher
values of cell thickness compared to the SHAM SED. On the other hand,
the 2K1C EX group showed significant increase in cell thickness com-
pared to other groups (SHAM SED, SHAM EX and 2K1C SED). The anal-
ysis of collagen deposition showed no difference between the groups
(Fig. 3). In Fig. 4, there is a representation of photomicrographs of the
left ventricle of SHAM and 2K1C groups.

As shown in Table 2, the Wt/L ratio was higher in 2K1C SED and
2K1C EX animals compared to SHAMSED rats,which suggests a concen-
tric hypertrophy profile. This ratiowas lower in SHAMEX rats compared
to SHAM SED rats, suggesting an eccentric hypertrophy profile. No
Fig. 1. The mean arterial pressure (mm Hg) in sedentary rats and exercised rats. Data are
shown asmean± SD. *P b 0.005 compared to SHAMSED rats. #P b 0.005 compared to the
SHAM EX rats. †P b 0.005 vs. 2K1C SED rats (oneway ANOVA followed by the Tukey test).
SHAM SED, n = 10; SHAM EX, n = 9; 2K1C SED, n = 9; 2K1C EX, n = 9.



Fig. 2. The cardiacfibers thickness (μm) in the SHAMand 2k1C groups. *Pb 0.05 compared
to SHAM SED. #P b 0.005 compared to SHAM EX. †P b 0.005 compared to 2K1C SED (one-
way ANOVA followed by the Turkey test). SHAMSED, n=10; SHAMEX, n=9; 2K1C SED,
n = 9; 2K1C EX, n = 9.

Fig. 4. Left ventricle photomicrography of the SHAM and 2K1C rats showing
cardiomyocytes. Hematoxylin and eosin. Bar = 75 micromeres (pm). Black arrows indi-
cate inflammatory7 cell; Yellow arrow indicate fibrotic areas. BV: Blood vessel; HFC: Hy-
pertrophic cardiomyocyte.
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difference was observed in the left ventricle Wt/L ratio between
2K1C groups; although we have observed a decreasing tendency on
the Wt/L ratio. Likely this was due to the small number of animals
used, and the length of the exercise protocol used in our work. Fig. 5
shows the left ventricular cross-sectional of the SHAM and 2K1C rats.

Cardiac BNP expression evaluation

In Fig. 6, we observed that in 2K1C SED and 2K1C EX animals there
was an increase in the expression of BNP in comparison to the SHAM
SED animals. The 2K1C EX animals showed a reduction in the expres-
sion of this marker compared to the 2K1C SED animals.

The expression levels of the calcium handling proteins in the cardiac tissue

In order to verify whether the physical exercise influence the im-
provement of the calcium handling, we evaluated themRNA expression
and protein levels of some key proteins of this process.

SERCA2a mRNA and protein levels
In Fig. 7, we observed that the mRNA levels of SERCA2a increased

in the SHAM EX (410%) compared to the SHAM SED. The 2K1C EX ani-
mals had an increase in the expression on the levels of SERCA2a in com-
parison to the SHAM SED (350%) and 2K1C SED animals (291%). Fig. 8
shows aWestern blot analysis of SERCA2a protein expression,which in-
dicates an increase in protein levels in 2K1C group subject to training in
comparison to sedentary hypertensive group.

Phospholamban mRNA and protein levels
In Fig. 9, we observed that physical exercise was able to increase

the expression levels of phospholamban in SHAM EX group when
compared to SHAM SED (2023%); however, in 2K1C EX group we
Fig. 3. Left ventricule collagen deposition in sedentary rats and exercised tats. No differ-
ences were observed (Kruskal–Wallis test).
observed an increase on the expression levels of phospholamban in
comparison to the SHAM and 2K1C (2000%) sedentary groups. Fig. 10
shows a Western blot of PLN protein levels, where we found the same
increase observed for the SERCA protein regarding the training animals.

NCX1 mRNA
The NCX1 levels increased in the 2K1C SED group compared to

the SHAM SED and EX groups (473%). The physical exercise was able
to reduce the levels of mRNA in the 2K1C EX compared to the 2K1C
SED in approximately 1150% (Fig. 11). We did not detect any NCX1
band in the Western blot assay.

Discussion

The cardiac hypertrophy is related to significant alterations in the
myocardial contractility; however, the role of exercise training in the
modulation on the expression levels of the proteins involved in the cal-
cium handling in cardiomyocytes of rats, which is due to the diversity of
the protocols used in the literature, is not yet established.

It has been reported that exercise training reduces the levels of
blood pressure in patients with hypertension (Kohlmann et al.,
1999; Padmalayam, 2012), and this decrease is intensity dependent
(Molmen-Hansen et al., 2012). There are few studies that correlate the
effects of the aerobic exercise in rats with renovascular hypertension.
For example, Rodrigues et al. (2007) and Soares et al. (2011) have
shown that the swimming training was able to reduce the levels of
blood pressure in renovascular hypertensive rats. Still, the literature is
still inconclusive regarding the mechanisms that trigger this response
during 6 weeks of the 2K1C renovascular hypertension model.

The reduction of blood pressure levels after the exercise is related to
a decrease in the activity of RAS associated with a reduction on plasma
levels of rennin (Molmen-Hansen et al., 2012), Ang II, aldosterone, and
vasopressin (Duncan et al., 1985). It is likely that the decrease in the
Table 2
Left ventricle wall thickness/lumen ratio (Wt/L) of SHAM and 2K1C rats.

Groups SHAM SED
(n = 5)

SHAM EX
(n = 5)

2K1C SED
(n = 3)

2K1C EX
(n = 3)

Mean 0.6724 0.4619⁎ 0.8357⁎ 0.7496⁎

SD ±0.00382 ±0.226 ±0.02409 ±0.00061

⁎ P b 0.05 compared to SHAM SED.



Fig. 5. Left ventricular cross-sectional of the SHAMand 2K1C rats.

Fig. 7. SERCA2a mRNA expression levels in sedentary rats and rats subjected to exercise
training. *P b 0.001 compared to SHAM SED. #P b 0.001 compared to SHAM EX.
†P b 0.001 compared to 2K1C SED (one-way ANOVA followed by the Tukey test). SHAM
SED, n = 10; SHAM EX, n = 9; 2K1C SED, n = 9; 2K1C EX, n = 9.
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blood pressure found in our study is multifactorial (Fig. 1); however to
an extent, the reduction found on blood pressure is related to RAS suf-
fering the influence of the peripheral oxidative metabolism.

The concentric hypertrophy is characterized by an increase in ven-
tricular mass with proliferation of fibroblast (Wakatsuki et al., 2004),
which leads to reduction in cavity diameters. Our data show a pattern
of concentric hypertrophy both in sedentary and exercised hyperten-
sive rats; however, we did not find any difference in the collagen con-
tent between the groups (Fig. 3).

The collagen is a structural protein responsible for the functional
integrity of the myocardium, allowing the interdigitation and force
transmission between the myocytes in contraction process (Weber
et al., 1987); however, loss or damage in collagen network in the
heart could compromise the systolic function (Janicki and Brower,
2002). According toWeber et al. (1987), in a pressure overload scenario,
the collagen is proportional in comparison to the hypertrophic muscle
seems to behigher; however, in ourworkwehave not observed any sig-
nificant difference in the collagen content between the groups (Fig. 3).
On the other hand, other studies have demonstrated the efficacy of
Fig. 6. Cardiac mRNA expression levels of Brain Natriuretic Peptide in sedentary rats and
exercised rats. mRNA levels of BNP as ratio to 26S mRNA levels. *P b 0.05 compared to
SHAM SED. #P b 0.005 compared to SHAM EX. †P b 0.005 compared to 2K1C SED
(ANOVA followed by the Tukey test). SHAM SED, n = 10; SHAM EX, n = 9; 2K1C SED,
n = 9; 2K1C EX, n = 9.
the exercise in reducing the collagen content in hearts of rats submitted
to exercise (Kwak et al., 2006; Thomas et al., 2001; Kwak et al., 2011).
Therefore, it is likely that this result was due because of the length of
the exercise protocol used in ourwork, and it is further explained below.

Even though we have not observed an increase in the collagen
content, and in cardiac cell thickness in the 2K1C SED,we have observed
a significant difference in the levels of BNP, and on Wt/L ratio
(Figs. 2–4). This data indicate that the hypertensive group suffered the
deleterious effect of RAS promoted by hypertension. Likewise, the
2K1C EX displayed an increase on Wt/L ratio in comparison to SHAM
SED. The increase in the cardiac fiber thickness found in 2K1C EX
group when compared to SHAM and 2K1C SED indicates that RAS has
also promoted deleterious effects, even in the absence of significant
differences in the collagen content. Therefore, our data show that the
duration of our protocol was not sufficient to fully reverse the patholog-
ical hypertrophy present in the hypertensive group, but it was able to
reduce the levels of BNP, which shows some beneficial effects of our ex-
ercise protocol in the hypertensive heart.

Corroborating and strengthening our findings, our laboratory has
shown significant alterations in the hypertrophy patterns in hyperten-
sive animals after swimming training during 5 weeks without an
Fig. 8. SERCA protein expression levels in sedentary rats and rats subjected to exercise
training. *P b 0.05 compared to SHAMSED. #P b 0.05 compared to SHAMEX. †P b 0.01 com-
pared to 2K1C SED (one-way ANOVA followed by the Tukey test). SHAM SED, n = 6;
SHAMEX, n = 6; 2K1C SED, n = 6; 2K1C EX, n = 6.



Fig. 9. PhospholambanmRNA expression levels in sedentary rats and rats subjected to ex-
ercise training. *P b 0.001 compared to SHAM SED. #P b 0.001 compared to SHAM EX.
†P b 0.001 compared to 2K1C SED (one-way ANOVA followed by the Tukey test). SHAM
SED, n = 10; SHAM EX, n = 9; 2K1C SED, n = 9; 2K1C EX, n = 9. Fig. 11. NCX1 mRNA expression levels in sedentary rats and rats subjected to exercise

training. *P b 0:05 compared to SHAMSED. #P b 0:05 compared to SHAMEX. †P b 0.01 com-
pared to 2K1C SED (two-way ANOVA followed by the Tukey test). SHAM SED, n = 10;
SHAM EX, n = 9; 2K1C SED, n = 9; 2K1C EX, n = 9.
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overload (Soares et al., 2011). Unpublished data from our laboratory
have shown that swimming training during 8 weeks without an over-
load also promotes ventricle remodeling in rats with renovascular hy-
pertension. In this same study, it was observed that the duration of
4 weeks did not alter the Wt/L ratio in hypertensive rats. Given this, it
seems the duration of our protocol is working in a transitional phase
of the cardiac remodeling in the hearts of rats with renovascular hyper-
tension, and may accentuate this response in later stages, in which we
observe physiological hypertrophy (unpublished data).

In eccentric hypertrophy there is an increase in the mass of the ven-
tricle and in the thickness of ventricle wall with an increase in the cavity
diameters (Wakatsuki et al., 2004), which was observed in the animals
SHAM EX. The exercise protocol used in this study was able to promote
a physiological cardiac hypertrophy; even though it was not enough to
fully reverse the pathological hypertrophy found in the hypertensive
animals (Figs. 2, 4, and 5; Table 2). Our physical exercise protocol
started 4 days after the implantation of the silver clip in the renal artery.
Thus looking at the results of the cardiac fiber thickness, we can infer
that the cardiac remodeling seems to be associated with the swimming
training, since only a significant difference in the cell thickness in ani-
mals subjected to the exercise training was seen (Fig. 2).
Fig. 10. Phospholamban protein expression levels in sedentary rats and rats subjected to
exercise training. *P b 0.001 compared to SHAM SED. #P b 0.001 compared to SHAM EX.
†P b 0.001 compared to 2K1C SED (one-way ANDVA followed by the Tukey test). SHAM
SED, n = 6; SHAM EX, n = 6; 2K1C SED, n = 6; 2K1C EX, n = 6.
Our data corroborate with the results found by Evangelista et al.
(2003), who reported the development of cardiac hypertrophy in
mice submitted to a swimming protocol during 4 and 6 weeks. The in-
crease in the fiber thickness found in the exercised animal groups
SHAM and 2K1C seems to be related to the intensity of training, since
the animals submitted to swimming training with 3% additional charge
during 5 weeks displayed an increase in the number of inflammatory
cells when compared to sedentary animals with no additional charge
(Soares et al., 2011). It is still unknown which mechanisms are directly
involved in these responses, but we speculate that there is an interac-
tion between the regulatory pathways of the cardiac hypertrophy
after the exercise training, such as AKT-mTOR and IGF-1 (Barry et al.,
2008).

We have also evaluated the effect of our physical exercise on the ex-
pression of a pathological hypertrophy marker, the BNP (Iso et al.,
1997). We observed that its mRNA levels were significantly higher in
2K1C animals compared to SHAM group, and thus corroborating with
the data from Mercure et al. (2008), who found a fourfold increase
on the BNP expression in mice infused during 19 days with Ang II. To
best of our knowledge, there are no studies that associate the response
of BNPwith exercise in animals with renovascular hypertension. There-
fore, our data show that a decrease on the expression levels of this pep-
tide may indicate the effect of the cardiac remodeling evoked by the
exercise in 2K1C animals in comparison to the sedentary group (Fig. 6).

Next, we sought to evaluate the expression of some calcium han-
dling proteins that can be modulated by the exercise training, such as:
SERCA (Lu et al., 2002), phospholamban (Collins et al., 2005) and
NCX1 (Lu et al., 2002).

The SERCA2a plays a central role in the Ca2+ cycle and in excitation–
contraction coupling process of the cardiomyocytes, and it is the most
expressed isoform in the heart. This calciumpump is composed of a sin-
gle polypeptide with 110 kDa, and it is located in both endoplasmic re-
ticulum and sarcoplasmic reticulum membrane where it transports
calcium to the sarcoplasmic reticulum during the diastole (Locatelli
et al., 2014).

In this given study, the expression of mRNA and protein levels of
SERCA2a increased in the groups submitted to swimming training,
whichmay lead to an improvement in the calcium handling, and subse-
quently improvement on cardiac function; since it has been shown that
decreased protein expression of SERCA2amay alter the cardiac function
in SHR (Li et al., 2005). Furthermore, the expression of the SERCA2a
protein is significantly reduced in SHR, leading then to abnormal calci-
um handling (Li et al., 2005). Therefore, our data are in agreement
with the literature. The increase found in the mRNA and protein levels
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of SERCA2a is beneficial to the calcium handling, and supports the ben-
eficial effects of our exercise protocol in the hypertensive heart (Figs. 7
and 8).

PLN is a small transmembrane protein located in the sarcoplasmic
reticulum (SR) that binds to SERCA2a and inhibits its activity by lower-
ing its apparent affinity for Ca2+ (MacLennan and Kranias, 2003). PLN
phosphorylation on Ser16 and Thr17 is physiologically relevant for con-
trolling the activity of SERCA2a (Cerra and Imbrogno, 2012).

Ourfindings demonstrate that the exercise training is also associated
with an increase on the expression of mRNA and protein levels of PLN.
Some studies have shown that the exercise training is able to normalize
or even to increase the expression and activity of this protein, and also
to increase the phosphorylated forms on the residues threonine 17
and serine 16 (Rolim et al., 2007; Medeiros et al., 2008; Wisloff et al.,
2001).

The increase on the expression of the mRNA and protein levels of
PLN after training may improve the mechanism of calcium uptake,
and ventricular function of animals with renovascular hypertension be-
cause this may increase the activity of SERCA, which then facilitate the
uptake of Ca2+ by the sarcoplasmic reticule (Figs. 9–10). But, in order
to firmly state what was previously said, the phosphorylated forms of
PLN are needed, as in this study it was not performed such assay; we
could not affirm that the swimming trainingmay have increased the ac-
tivity of SERCA2a.

The (NCX) is amembrane transporter that carries one calcium out of
the cell in exchange for three sodium that are send to the cytoplasm, but
it may also mediate the flow of both calcium and sodium across the
membrane in a bidirectional way (Li et al., 2005). NCX1 is an important
regulator of calcium homeostasis in cardiomyocytes, and alterations in
its activity may affect the contractility process. It is well known that
NCX1 is upregulated at transcriptional level in hearts with hypertrophy
and failure (Menick et al., 1996; Hasenfuss et al., 1999).

Some studies have evaluated the effect of aerobic training over the
alterations on SERCA2a and NCX1 (Rolim et al., 2007; Sugizaki et al.,
2011; Bupha-Intr et al., 2009; Jiao et al., 2012). Corroborating with our
result, a study using SHR has demonstrated that the exercise training
was able to increase the protein levels of SERCA2a; in addition to any al-
teration on the NCX1 protein levels (Garciarena et al., 2009). Further-
more, Buttrick et al. (1994) has demonstrated an increase on the
mRNAexpression levels of SERCA2a in thehearts of renovascular hyper-
tensive rats submitted to 6 weeks of swimming protocol compared to
sedentary animals. Despite the great number of studies using different
exercise protocols, the majority of these studies have demonstrated
normalization or even an increase on the protein levels of SERCA2a in
the hearts of rats with or without disorders (Carneiro-Junior et al.,
2013; da Costa Rebelo et al., 2012).

An important finding of our studywas that the exercise trainingwas
able to restore the expression of mRNA levels of NCX1 on the 2K1C EX
group. The decrease on the expression of mRNA levels of NCX1 found
in the 2K1C EX group, in addition to an increase on mRNA and protein
levels of SERCA2a, likely represents a compensatory mechanism of
Ca2+ removal from the sarcolemma promoted by physical exercise.
Thus, given these results, we hypothesize that the exercise training pro-
motes normalization on the levels of NCX1 and SERCA, which prevent
the Ca2+ leaking from the cardiomyocytes that ultimately could lead
to an imbalance in cell action potential. Therefore, the Ca2+ is retaken
by the SR.

Such statement could be criticized since any protein band of NCX1
has not been detected, but only mRNA levels through RT-PCR. Since
the overexpression of mRNA and protein levels of NCX1 in cardiac fail-
ure and in hypertrophy is well accepted (Hasenfuss et al., 1997;
Menick et al., 2007; Cheng et al., 1999); we could say that our exercise
protocol has improved the calcium handling in the heart of exercised
hypertensive rats, since there was an increase in the expression levels
of SERCA2a, and a reduction on NCX1 expression levels in comparison
to the sedentary animals.
However, our study has observed huge differences in the mRNA of
calcium handling proteins, which were not proportional to the protein
levels found. It is known that an increase in mRNA levels is not propor-
tional to the protein levels due to the presence of several genetically
driven regulatory mechanisms present in the transcription, RNA pro-
cessing and translational processes (Maniatis and Reed, 2002; Vogel
and Marcotte, 2012). Thus, the differences seen in our study can be at
least explained by two reasons: first, the difference in the sensibility be-
tween RT-PCR and Western blot techniques; and second, due to the
presence of several regulatory mechanisms present in the cell from
the genome to the protein level, which ultimately leads to degradation
of mRNA that is not translated into protein (Maniatis and Reed, 2002;
Vogel and Marcotte, 2012).

Indeed, the literature is still controversial regarding the effects of the
exercise training on the expression of proteins that are involved on the
calcium handling process in the cardiac tissue. The exercise training can
delay the cardiac dysfunction,which can be attributed, at least in part, to
the cardiac remodeling, and to an upregulated balance of cardiac pro-
teins that are involved in sarcoplasmic reticulum calcium release and
reuptake.

Taken altogether, our exercise protocol has beneficial effects on the
expression of SERCA2a, PLN, and NCX1, which are key proteins for the
proper regulation of the calcium handling. Furthermore, our data
show that the exercise protocol used in this study was not able to fully
reverse the pathological hypertrophy caused by hypertension, but it
was able to reduce the levels of blood pressure and BNP; since it
seems our exercise protocol is in a transitional phase regarding cardiac
remodeling. Therefore, further investigations are necessary in order to
identify the possible mechanisms involved in cardiac remodeling and
modulation of the calciumhandling proteins in hearts of ratswith reno-
vascular hypertension and to analyze the effectiveness of the exercise
training as a therapeutic approach.

Conclusion

Our results suggest that aerobic training: may promote eccentric
cardiac hypertrophy in normotensive rats; modulates the expression
of some calcium handling proteins in the heart of renovascular hyper-
tensive rats, such as: SERCA2a, PLN and NCXI; and reduces the expres-
sion of BNP, which is a pathological hypertrophy marker. Furthermore,
we observed that the duration of our exercise training did not fully re-
verse the concentric hypertrophy caused by renovascular hypertension.
Therefore, we have shown important findings that contribute to the
better understanding of the cardiac alterations that occur during the
onset of hypertension.
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