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Abstract
Purpose Myocardial tolerance to ischaemia/reperfusion (I/R)
injury is improved by exercise training, but this
cardioprotection is impaired by the chronic use of anabolic
androgenic steroids (AAS). The present study evaluated
whether blockade of angiotensin II receptor (AT1-R) with
losartan and aldosterone receptor (mineralocorticoid receptor,
MR) with spironolactone could prevent the deleterious effect
of AAS on the exercise-induced cardioprotection.
Methods and Results Male Wistar rats were exercised and
treated with either vehicle, nandrolone decanoate (10 mg/kg/
week i.m.) or the same dose of nandrolone plus losartan or
spironolactone (20 mg/kg/day orally) for 8 weeks.
Langendorff-perfused hearts were subjected to I/R and evaluated for the postischaemic recovery of left ventricle (LV)
function and infarct size. mRNA and protein expression of
angiotensin II type 1 receptor (AT1-R), mineralocorticoid
receptor (MR), and KATP channels were determined by
reverse-transcriptase polymerase chain reaction and Western
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blotting. Postischaemic recovery of LV function was better
and infarct size was smaller in the exercised rat hearts than in
the sedentary rat hearts. Nandrolone impaired the exerciseinduced cardioprotection, but this effect was prevented by
losartan (AT1-R antagonist) and spironolactone (MR antagonist) treatments. Myocardial AT1-R and MR expression levels
were increased, and the expression of the KATP channel subunits SUR2a and Kir6.1 was decreased and Kir6.2 increased
in the nandrolone-treated rat hearts. The nandrolone-induced
changes of AT1-R, MR, and KATP subunits expression was
normalized by the losartan and spironolactone treatments.
Conclusion The chronic nandrolone treatment impairs the
exercise-induced cardioprotection against ischaemia/
reperfusion injury by activating the cardiac reninangiotensin-aldosterone system and downregulating KATP
channel expression.
Keywords Myocardial ischaemia-reperfusion .
Exercise-induced cardioprotection . Anabolic steroid .
Nandrolone . Renin-angiotensin-aldosterone system .
ATP-dependent potassium channels

Introduction
Cardiovascular disease is the leading cause of death worldwide [1, 2]. Physical inactivity is a main risk factor for
cardiovascular disease, and the beneficial effect of regular
physical activity on reducing cardiovascular disease risk in
humans is well documented [3–7]. In animal models, experimental studies have provided evidence of the
cardioprotective effect of exercise against ischaemiareperfusion (I/R) injuries [8–10]. Different mechanisms have
been proposed to explain the exercise-induced protection
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against myocardial I/R injuries [11, 12]. Among these mechanisms, an important role for ATP-sensitive potassium (KATP)
channels has been suggested by several studies [13–16].
There is a growing misuse of anabolic androgenic steroids
(AAS) in association with exercise [17, 18]. Adverse cardiovascular effects of AAS, including cardiac hypertrophy, myocardial infarction and sudden cardiac death, have been reported [19–22]. Experimental studies in rats have demonstrated
that the exercise-induced improvement of cardiac tolerance to
I/R injuries is impaired by chronic AAS administration
[23, 24]. The mechanism responsible for the AAS-mediated
impairment of exercise-induced cardioprotection remains incompletely understood. However, some studies suggest that
AAS increases pre- and postischaemic myocardial tumor necrosis factor-α (TNF-α) concentrations [23], impairs exerciseinduced antioxidant enzyme activities [24], and activates the
local renin-angiotensin system [25, 26]. Androgens induce
cardiac hypertrophy [27], and cardiac hypertrophic remodelling is associated with the activation of the renin-angiotensinaldosterone system (RAAS) [28–30]. Angiotensin II-induced
cardiac TNF synthesis via the AT1 receptor (AT1-R) has been
demonstrated in the mammalian heart [31], and both TNF and
AT1-R are involved in reactive oxygen species generation [32]
and the regulation of KATP subunit expression [33]. Therefore,
the present study was designed to 1) determine whether
RAAS blockade with losartan (AT1-R antagonist) and
spironolactone (MR, mineralocorticoid receptor antagonist)
would prevent the impairment of exercise-induced
cardioprotection by nandrolone decanoate, a synthetic AAS;
and 2) evaluate the effect of nandrolone-induced RAAS activation on KATP channel expression.
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nandrolone-treated plus losartan (EDLO). After 8 weeks of
exercise training and treatments, rats were sacrificed and their
hearts were excised, weighted and destined for in vitro I/R
experiments (n =5 per group) or biochemical analysis (n =10
per group). All of the nandrolone-treated groups received a
weekly intramuscular injection of the androgenic anabolic
steroid nandrolone decanoate (10 mg/kg; Deca Durabolin,
Organon, Brazil) for 8 weeks, as previously described [24].
Control animals (SC and EC) were treated with the same
volume of vehicle on the same schedule (peanut oil with
benzyl alcohol, 90:10, v/v). Spironolactone(Espironolactona, EMS, Brazil) or losartan (Losartana
potassica, Merck, Brazil)-treated rats received 20 mg/kg/day
of each drug, administered via gavage. Exercised rats performed moderate intensity exercise training on a motordriven treadmill (EP 131, Insight, Brazil) for 5 days per week
over 8 weeks. During the first week, the exercise training was
initiated at 10 m/min for 15 min per session to allow the
animals to adapt to exercise stress. From the 2nd to the 5th
week, the running speed and exercise duration were progressively increased to the target levels of 16 m/min and 60 min
per session, after which they remained constant throughout the
final 3 weeks.
To evaluate whether losartan and spironolactone alone
induced cardioprotection against ischaemia/reperfusion injuries, additional control experiments were performed in 20 rats
that were distributed into the following groups (n =5 per
group): sedentary losartan-treated (SLO), sedentary
spironolactone-treated (SSP), exercised losartan-treated
(ELO), and exercised spironolactone-treated (ESP). The rats
were treated daily by gavage with 20 mg/kg/day losartan or
spironolactone for 8 weeks. After sacrifice, the hearts were
evaluated in in vitro I/R experiments.

Material and Methods
In Vitro I/R Experiments
Animals
The study followed the Principles of Laboratory Animal Care
published by US National Institute of Health (NIH publication, revised in August 2002) and was approved by the local
Institutional Animal Care and Use Committee (IBCCF 006).
Male Wistar rats with initial weights of 200–250 g were used.
The rats were housed in a temperature-controlled room
(23±2 °C) on a 12:12 h dark/light cycle with free access to
rat chow and water.
Exercise Training Protocol and Drug Treatment
Rats were randomly allocated into six experimental groups:
vehicle-treated sedentary control (SC), vehicle-treated
exercised control (EC), sedentary nandrolone-treated (SD),
exercised nandrolone-treated (ED), exercised nandrolonetreated plus spironolactone (EDSP), and exercised

Rats were heparinised (1,000 U/kg, i.p.) 10 min before being
sacrificed by carbon dioxide inhalation and cervical dislocation. The hearts were rapidly excised following a mid-line
thoracotomy, and the aorta was cannulated using a modified
Langendorff apparatus, perfused retrogradely at constant flow
(10 ml/min) with Krebs-Henseleit modified buffer (in mmol/L:
118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.25 CaCl2, 25 NaHCO3, 1.2
KH2PO4, and 11 glucose), and equilibrated with 95 % O2/5 %
CO2 gas mixture at 36.5±0.5 °C. A water-filled latex balloon
was placed into the left ventricle (LV) through the mitral valve
and connected to a pressure transducer and PowerLab System
(ADInstruments, Australia) for continuous LV pressure recording. The heart was kept immersed in a buffer-filled waterjacketed glass chamber, and the end-diastolic pressure
(LVEDP) was adjusted to 10 mmHg. LV developed pressure
(LVDP) was determined as the difference between the peak
systolic and LVEDP. After stabilization (20–30 min) and basal
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parameter recording, the hearts were subjected to normothermic no-flow global ischaemia for 30 min followed by reperfusion for 60 min, as described in previous studies [24, 34].
Infarct Size Measurement
At the end of the 60 min reperfusion period, the hearts were
removed and sliced into 1.5 mm cross-sections from apex to
base and incubated in 1 % triphenyl tetrazolium chloride for
4 min at 37 °C. The slices were then placed in a 10 % (v/v)
formaldehyde solution for 24 h to improve the contrast between the stained (viable) and unstained (necrotic) tissues.
The slices were placed between two glass slides and scanned
(imaged). The infarct size was determined by planimetry
using ImageJ software (version 1.22, National Institute of
Health, USA). Infarct size was expressed as % of at risk
(total) area.
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amplification program consisted of 55 °C for 2 min, 95 °C
for 10 min, and 40 cycles of 95 °C for 30 s and 58 °C for
1 min. The qRT-PCR efficiency was evaluated using serial
dilutions of the template cDNA, and melting curve data were
collected to assess qRT-PCR specificity. Each cDNA was
amplified in triplicate, and a corresponding sample without
reverse transcriptase (no-RT sample) was included as a negative control. The expression of the chosen genes was normalised to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an internal control. The relative quantities of
gene-specific mRNA expression were determined by the comparative CT method as expressed by the equation 2−(ΔCt) [35],
where Ct is the “threshold cycle” determined for each plate by
the 7500 real-time PCR system sequence detection software
(Applied Biosystems). ΔCt was calculated as the difference
between the target mRNA Ct and the endogenous control Ct
(GAPDH). Relative mRNA levels were expressed as the fold
change compared with the exercised control group.

Gene Expression
The mRNA levels of angiotensinogen, angiotensin converting
enzyme (ACE), angiotensin II type 1 receptor (AT1-R), mineralocorticoid receptor (MR), and KATP channel subunits
(Kir6.1, Kir6.2 and SUR2a) were evaluated by quantitative
real-time reverse transcription polymerase chain reaction
(qRT-PCR). Total RNA was extracted from frozen LV samples
and treated with DNase using the RNeasy® Fibrous Tissue
Mini Kit (Qiagen) according to the manufacturer’s instructions. cDNA was prepared from 1 μg total RNA using random
primers and a high-capacity reverse transcriptase kit (Applied
Biosystems) according to the manufacturer’s instructions. The
amplification reactions were performed in a final volume of
25 μl in 96-well plates. Assays were performed with an ABI
Prism 7500 (Applied Biosystems). The qRT-PCR mixture
contained 1 μl 10× diluted cDNA, 12.5 μl 2× Power SYBR
Master Mix (Applied Biosystems), and 150 nM each of forward and reverse primers. The following primers were used:
(i) angiotensinogen: forward 5’-CACGGACAGCACCCTA
TTTT-3’, reverse 5’-GCTGTTGTCCACCCAGAACT-3’,
amplicon length 100 bp; ACE: forward 5’-ACGGAAGCAT
CACCAAGGAG-3’, reverse 5’-TGGCACATTCGCAGGA
ACG-3’, amplicon length 140 bp; AT1-R: forward 5’-ACAC
AACCCTCCCAGAAAG-3’, reverse 5’-TGATGCTGTAGA
GGGTAGGG-3’, amplicon length 148 bp; MR: forward 5’TCGCTTTGAGTTGGAGATCG-3’, reverse 5’-ACGAAT
TGAAGGCTGATCTGG-3’, amplicon length 363 bp; Kir
6.1: forward 5’-AGAAAGGCATCACGGAGAAG-3’, reverse 5’-GAAGAGAAACGCAGAAGTGAATG-3’,
amplicon length 83 bp; Kir6.2: forward 5’-CAAGCCCAAG
TTTAGCATCTC-3’, reverse 5’-CCAGCACTCTACATAC
CGTAC-3’, amplicon length 112 bp; SUR2a: forward 5’CTTTGCCTCTCTGTCTCTCTTC-3’, reverse 5’-CTGTCC
TCGCCAATCTCATC-3’, amplicon length 141 bp. The

Western Blot
Frozen LV samples were homogenised, and total protein was
extracted in RIPA buffer (10 mmol/L Tris base- HCl,
150 mmol/L NaCl, 1 % NP-40, 1 % Triton X-100,
5 mmol.L−1 EDTA, 0.1 % SDS, 1 % sodium deoxycholate)
supplemented with 1× complete protease inhibitors (Roche).
The protein concentrations of the lysates were determined
using the Bradford assay. Proteins (30 μg) were separated on
SDS polyacrylamide gels and transferred to nitrocellulose
membranes. Membranes were blocked with 5 % non-fat dry
milk and incubated with primary antibodies against AT1-R
(1:1000, sc-1173, Santa Cruz Biotechnology, Inc.), MR
(1:500, sc-6861, Santa Cruz Biotechnology Inc.) Kir6.1
(1:250, sc-20808, Santa Cruz Biotechnology Inc.), Kir6.2
(1:250, sc-11228, Santa Cruz Biotechnology, Inc.), SUR2a
(1:250, sc-32461, Santa Cruz Biotechnology, Inc.) followed
by horseradish peroxidase-conjugated secondary antibodies
(1:2000). Immunoblots were developed with ECL-plus
(GE-Healthcare Life Sciences) according to the manufacturer’s instructions, and the densitometry results were
analysed with ImageJ freeware (version 1.22, National
Institute of Health, USA) and normalised to β-actin as a
loading control.
Statistical Analysis
The data are presented as the mean ± s.e.m. Statistical
comparisons were performed by one-way ANOVA followed by a Newman-Keuls post-hoc test. Repeated-measures
ANOVA was used to analyse the changes in LVDP and
LVEDP over time. P < 0.05 was considered to indicate
statistical significance.
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Results
Effect of AT1-R and MR Blockade on Nandrolone-Induced
Cardiac Hypertrophy
After 8 weeks of exercise training and nandrolone decanoate
treatment, no significant differences in final body weight were
observed among the groups (Fig. 1a). The heart weight to
body weight (HW/BW) ratio of the EC rats was significantly
increased by the exercise regimen (P <0.01 vs. SC group).
The nandrolone-treated SD and ED groups demonstrated a
marked increase in HW/BW ratio compared with the SC
group (P <0.001). The combined effect of exercise and nandrolone on the ED group HW/BW ratio was greater than that

Fig. 1 Effects of 8 weeks of
exercise and nandrolone
treatment on (a) body weight and
(b) the heart weight/body weight
(HW/BW) ratio in sedentary
control (SC), exercised control
(EC), sedentary AAS-treated
(SD), exercised and AAS-treated
(ED), exercised and AAS plus
spironolactone-treated (EDSP),
and exercised and AAS plus
losartan-treated (EDLO) rats. The
data are expressed as the mean ±
SEM (n =5/group). **P <0.01,
and ***P <0.001 vs. CS;
###
P <0.001 vs. EC; †P <0.05 and
††
P <0.01 vs. ED
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of exercise alone (P <0.05 vs. EC) but similar to the effect of
nandrolone alone on the SD group. Losartan and
spironolactone treatments prevented the hypertrophic effect
of nandrolone; thus, the HW/BW ratios of the EDSP
(P <0.05) and EDLO (P <0.01) groups were diminished compared with the ED group but were not significantly different
from those of the EC group (Fig. 1b).
Effect of AT1-R and MR Blockade on Post-Ischaemic LV
Function Recovery
All groups presented similar spontaneous heart rate values
before ischaemia and after 60 min of reperfusion (data not
shown). Initial LVEDP was established at 10 mmHg for all
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groups. Ischaemic contracture occurred during the global
ischaemia period, but the increase in the LVEDP was attenuated in the EC, EDSP and EDLO groups (Fig. 2a and c). A
further increase in LVEDP occurred during reperfusion in the
SC, SD and ED groups but not in the EC, EDSP and EDLO
groups (Fig. 2a and c). In comparison to the SC group,
LVEDP level at the end of reperfusion was decreased in the
EC (61.1 %), EDSP (50.1 %) and EDLO (58.9 %) groups but

was increased in the SD (22.3 %) and ED (4.6 %) groups
(Fig. 2e).
The basal (pre-ischaemia) LVDP was lower in the SD
(95.2±3.5 mmHg) and ED (96.6±2.8 mmHg) compared to
the EC (118.4 ± 5.1 mmHg, P < 0.001), EDSP
(110.8±1.6 mmHg, P <0.05) and EDLO (112.8±3.8 mmHg,
P <0.01) groups, but not significantly different from that in
the SC (106.8±1.5 mmHg) group. The 30 min of global

Fig. 2 Effects of 8 weeks of exercise and nandrolone treatment on
postischaemic diastolic and systolic function recovery. Time course of
changes in left ventricular end diastolic pressure (LVEDP: a, c) and
developed pressure (LVDP: b, d) during the 30 min of global ischaemia
and 60 min of reperfusion in ex-vivo perfused hearts. LVDP was

expressed as percentual of variation relative to preischaemia period.
LVEDP (e) and LVDP (f) measured at 60 min reperfusion. The data are
expressed as the mean ± SEM (n =5 per group). &P <0.05, §P <0.01 and
‡
P<0.01 vs. SC and ED; ***P <0.001 vs. SC; ###P <0.001 vs. EC; †††P <
0.001 vs. ED
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ischaemia impaired the LV systolic function in hearts from all
groups. Postischaemic recovery of LVDP, expressed as a
percentage of the basal value, was significantly improved in

hearts from exercised EC rats compared to SC sedentary rats,
but not in exercised rats chronically treated with nandrolone
decanoate (Fig. 2b). The nandrolone-induced impairment of

Fig. 3 Effects of spironolactone or losartan treatments on postischaemic
recovery of diastolic and systolic function in sedentary and exercised rats.
Time course of changes in left ventricular end diastolic pressure (LVEDP:
a, c) and developed pressure (LVDP: b, d) during the 30 min of global
ischaemia and 60 min of reperfusion in ex-vivo perfused hearts. LVDP
was expressed as percentual of variation relative to preischaemia period.

LVEDP (e) and LVDP (f) measured at 60 min reperfusion in sedentary
control (SC), sedentary spironolactone-treated (SSP), sedentary losartantreated (SLO), exercised control (EC), exercised spironolactone-treated
(ESP), and exercised losartan-treated (ELO) rats. The data are expressed
as the mean ± SEM (n =5 per group). **P <0.01 and ***P <0.001 vs.
SC; §P <0.05 and ‡P <0.001 vs. SSP and SLO
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the postischaemic recovery of LV function was prevented by
the spironolactone (EDSP) and losartan (EDLO) treatments
(Fig. 2d). The LVDP values at 60 min of reperfusion were
increased by 293 % in EC compared to SC hearts. The LVDP
value of the ED hearts was 74.8 % lower than that of the EC
hearts but similar to those of the SC and SD hearts. The LVDP
values of the EDSP and EDLO groups were 210 % and
231.8 % higher than that of the ED group, respectively, and
did not differ from that of the EC group (Fig. 2f).
To evaluate whether AT1-R and MR blockade alone had
induced cardioprotection against ischaemia/reperfusion injuries, we treated sedentary (SSP and SLO) and exercised
(ESP and ELO) rats with spironolactone or losartan, respectively, for 8 weeks. Chronic AT1-R and MR blockade decreased the diastolic contracture in the hearts of sedentary rats
(Fig. 3a and e), but did not significantly change the
postischaemic LVEDP in exercised rats (Fig. 3c and e).
Chronic AT1-R and MR blockade did not significantly alter
the postischaemic recovery of LVDP in hearts from sedentary
SSP and SLO rats compared to SC rats (Fig. 3b and f), nor in
hearts from exercised ESP and ELO rats compared to EC rats
(Fig. 3d and f).
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Effect of AT1-R and MR Blockade
on the Ischaemia-Reperfusion Infarct Size
As demonstrated in Fig. 4a, 30 min global ischaemia induced
a smaller infarct in EC hearts than in SC hearts. The SC and
SD groups had similar infarct sizes. The exercise-induced
infarct size reduction was attenuated by chronic nandrolone
treatment, because the ED hearts had larger infarcts than did
the EC hearts. However, the infarct size of the ED hearts was
lower than those of the SC and SD hearts. Both losartan and
spironolactone treatments prevented the nandrolone
decanoate-mediated effect on the ischaemia-induced infarct
because the infarcts of the EDSP and EDLO hearts were
significantly smaller than those of the ED hearts. No significant differences in infarct size were observed among the EC,
EDSP and EDLO hearts. To assess whether AT1-R and MR
blockade alone affected the ischaemia/reperfusion-induced
cardiac infarct area, we evaluated heart infarct size in sedentary (SLO and SSP) and exercised (ELO and ESP) rats that
were treated with losartan or spironolactone, respectively, for
8 weeks (Fig. 4b). AT1-R and MR blockade reduced the
infarct size in the hearts of the sedentary (SLO and SSP) rats.
However, the infarct sizes in losartan- or spironolactonetreated exercised rats (ELO or ESP, respectively) were not
significantly different than those in the EC group.

Nandrolone Treatment Increased AT1-R and MR
and Decreased KATP Expression

Fig. 4 a Spironolactone and losartan treatments preserved the exerciseinduced myocardial infarct size reduction in nandrolone-treated rats.
b Spironolactone and losartan treatment decreased the infarct sizes of
sedentary (SSP, SLO) rats but did not alter the infarct sizes of exercised
(ESP, ELO) rats. Infarct size was determined by TTC staining after
30 min of global ischaemia and 60 min of reperfusion in ex-vivo perfused
hearts. Infarct size was expressed as a percentage of the risk area. The data
are the mean ± SEM (n =5 per group). ***P <0.001 vs. SC; ###P <0.001
vs. EC; †††P <0.001 vs. ED

To address the potential molecular mechanism underlying the
exercise training and nandrolone treatment-induced changes,
we assessed angiotensinogen, ACE, AT1-R, and MR expression. No significant differences in angiotensinogen or ACE
mRNA levels were found among the groups (data not shown).
However, as demonstrated in Fig. 5a and b, AT1-R and MR
mRNA levels were markedly higher in the ED group than in
the EC group. Both spironolactone and losartan treatments
prevented the nandrolone-induced elevation of AT1-R and
MR mRNA levels. Figure 5c demonstrates the AT1-R protein
expression profile. The AT1-R levels in ED hearts were increased after chronic nandrolone administration compared
with the EC group. Both losartan and spironolactone treatments prevented the increase in AT1-R expression; thus, no
differences in AT1-R protein levels were observed among the
EC, EDSP and EDLO groups. Similar results were observed
for MR protein levels (Fig. 5d), which were elevated in the ED
hearts compared with the SC and EC hearts. Exercise training
itself increased MR expression; thus, the MR protein levels
were higher in EC hearts than in the SC group hearts. Both
losartan and spironolactone treatments also prevented the
nandrolone-induced increase in MR protein level, which was
similar among the SC, EDLO and EDSP groups.
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Fig. 5 Spironolactone and losartan treatments prevented the nandroloneinduced increases in cardiac type 1 angiotensin II (AT1-R) and mineralocorticoid (MR) receptor mRNA (a, b) and protein (c, d) expression.
mRNA transcript levels were determined by quantitative RT-PCR and
normalized to the EC group mRNA value. AT1-R and MR protein levels

were determined by western blot analysis and normalised to the corresponding level in SC group. The data are expressed as the mean ± SEM
(n =4–10 per group). *P <0.05 vs. SC; ##P <0.01 and ###P <0.001 vs. EC;
††
P <0.01 and †††P <0.001 vs. ED

Additionally, to evaluate the contributions of KATP channels to the effects of nandrolone, Kir6.1, Kir6.2 and SUR2a
subunit expression was assessed (Fig. 6). Kir6.1 mRNA levels
were decreased in ED hearts compared with EC hearts.
Losartan but not spironolactone treatment prevented
nandrolone-induced Kir6.1 downregulation; thus, the Kir6.1
mRNA content in EDLO hearts was higher than those in the
ED, EC, and EDSP hearts (Fig. 6a). The increase in Kir6.1
mRNA levels after spironolactone treatment was not significantly different from that in the ED group, but the Kir6.1
mRNA level in the EDSP group was not significantly different
from that in the EC group. Conversely, Kir6.2 mRNA levels
were higher in the ED group than in the EC group. The
nandrolone-induced Kir6.2 mRNA increase was prevented
by the spironolactone and losartan treatments (Fig. 6b).
Nandrolone treatment also downregulated SUR2a subunit
expression (Fig. 6c). The ED group hearts exhibited significantly decreased SUR2a mRNA content compared with the
EC group. Both losartan and spironolactone treatments
prevented this effect; thus, EDSP and EDLO group hearts
had greater SUR2a mRNA levels than did the ED group

hearts. As shown in Fig. 6d, e and f, myocardial Kir6.1,
Kir6.2 and SUR2a protein levels were elevated in the
exercised EC hearts compared with the SC hearts. Chronic
nandrolone treatment impaired the exercise-induced Kir6.1,
Kir6.2 and SUR2a KATP channel subunit overexpression in
the ED group. However, losartan (EDLO group) or
spironolactone (EDSP group) treatment preserved the effects
of exercise on Kir6.1, Kir6.2 and SUR2a KATP channel subunit expression.

Discussion
The major findings of this study are that nandrolone treatment
abolishes exercise-induced cardioprotection via the downregulation of KATP channels, in association with cardiac AT1 and
mineralocorticoid receptor overexpression. The nandroloneinduced loss of cardioprotection by exercise, as well as the
changes in AT1-R, MR, and KATP channel expression, was
prevented by AT1 receptor blockade using losartan and MR
blockade using spironolactone, suggesting a role for the renin-
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Fig. 6 Spironolactone and losartan treatments preserved the exerciseinduced increases in KATP channel expression in the nandrolone-treated
rat hearts. Cardiac KATP subunits (Kir 6.1, Kir 6.2, and SUR2a) mRNA
(a, b, c) and protein (d, e, f) levels. mRNA transcript levels were determined
by quantitative RT-PCR and normalised to the EC group mRNA value.

Protein levels were determined by western blot analysis and normalized to
the corresponding level in the SC group. The data are expressed as the mean ±
SEM (n =4–10 per group). *P <0.05 and ***P <0.001 vs. SC; #P <0.05,
##
P < 0.01, and ###P < 0.001 vs. EC; †P < 0.05, ††P < 0.01, and
†††
P <0.001 vs. ED

angiotensin-aldosterone system in regulating the deleterious
effects of nandrolone.
As previously reported [24–26], we demonstrated significant cardiac hypertrophy after 8 weeks of nandrolone treatment. We also found that AT1-R blockade with losartan and
MR blockade with spironolactone effectively prevented the
nandrolone-induced cardiac hypertrophy. These findings are
consistent with those of Rocha et al. [25], who demonstrated
cardiac hypertrophy with increased collagen deposition in
trained nandrolone-treated rats. It was suggested that cardiac
renin-angiotensin system activation was responsible for the
nandrolone-induced cardiac remodelling because the AT1-R
blockade with losartan prevented the effects of nandrolone
[25]. Consistent with these findings, other studies demonstrated that AT1-R inhibition by losartan treatment prevented angiotensin II-induced fibrosis and hypertrophy and decreased
AT1-R expression [36, 37]. The participation of the RAAS in
hypertrophic remodelling has been previously demonstrated
in infarcted rats, in which angiotensin-activated myocardial
aldosterone synthesis was associated with post-myocardial
infarct remodelling [38]. Aldosterone increases AT1-R
mRNA and density [36, 39], and MR receptor blockade with
spironolactone abolished collagen deposition and improved
ventricular function in hypertrophic hearts from spontaneously hypertensive rats [40]. In our study, we did not demonstrate
any significant changes in myocardial angiotensinogen or
ACE mRNA levels, but AT1-R and MR mRNA and protein

expression were increased in the hearts of nandrolone-treated
trained rats. Indeed, AT1-R and MR blockade prevented the
nandrolone-induced overexpression of AT1-R and MR.
Previous studies from our group had demonstrated that
hearts from exercise-trained rats that had been submitted to
ischaemia/reperfusion exhibited a reduced infarct area and
better left ventricular function recovery compared with sedentary rats [24]. However, chronically nandrolone-treated
trained rats exhibited impaired exercise-induced
cardioprotection, which was expressed as reduced left ventricular function recovery and increased infarct area, similar to the
profile of sedentary rat hearts [24]. In the present study, we
confirmed that cardioprotective effects had been induced by
8 weeks of treadmill exercise training and that these effects
were impaired by chronic nandrolone decanoate administration. Conversely, AT1-R and MR blockade prevented the
attenuation of the beneficial effects of exercise on
postischaemic cardiac function recovery by nandrolone, suggesting a role for RAAS activation by chronic AAS treatment
in the impairment of exercise-induced cardioprotection. In our
study hearts from sedentary rats chronically treated with MR
and AT1-R blockers presented reduced I/R-induced infarct
size but without significant improvement in functional recovery. Spironolactone [41] and losartan [42, 43] have been
reported to induce cardioprotection, however these effects
were observed in conditions of short-time exposition to the
drugs before I/R.
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The mechanism underlying the nandrolone-mediated impairment of exercise-induced cardioprotection is unknown.
However, we can suggest that the long-term effects of nandrolone treatment on exercise-induced cardioprotection are
mediated by KATP channel expression regulation by the cardiac RAAS, because the exercised and nandrolone-treated rat
hearts demonstrated Kir6.1, Kir6.2, and SUR2a subunit
downregulation, which was prevented by AT1-R and MR
blockade. In the exercised and nandrolone-treated rat hearts,
the expression of Kir6.2 protein was decreased despite the
increase in the levels of mRNA. We do not know the mechanism of this dissociation between mRNA and protein expression, but we suggest that this dissociation could be due to
independent translational and posttranscriptional mechanisms
regulating Kir6.2 expression. A similar dissociation between
Kir6.2 mRNA and protein expression was reported by
Tsounapi et al. [44], who observed that rat testis subjected to
ischaemia/reperfusion presented an up-regulation of Kir6.2
mRNA and a tendency for a decreased Kir 6.2 protein expression. The role of sarcolemmal KATP (sarcKATP) channels in
exercise-induced cardioprotection was suggested by Brown
et al. [13], who observed that sarcKATP channel inhibition by
HMR1098, but not mitochondrial KATP (mitoKATP) channel
inhibition with 5HD, abolished training-induced
cardioprotection in female rats. Rather, the authors observed
exercise-induced increases in myocardial Kir6.2 and SUR2a
KATP subunit protein expression. In the present study, the
nandrolone-mediated impairment of exercise-induced
cardioprotection was associated with the abrogation of the
exercise-induced increases in Kir6.1, Kir6.2, and Sur2a expression. This finding is consistent with the observation of
greater cardiac Kir6.2 and SUR2a protein expression and
lesser susceptibility to ischaemia-reperfusion injury in female
rats compared with male rats [14]. Such sex-dimorphic responses to ischaemia-reperfusion suggest an androgenmediated downregulation of cardiac KATP channels. Taken
together, these findings point to a role of sarcKATP channels
in the nandrolone-mediated impairment of exercise-induced
cardioprotection. The ventricular sarcKATP channel has been
proposed to be composed by Kir6.2 and SUR2a subunits [45,
46], although Kir6.1 and SUR1 subunits are also expressed in
ventricular myocytes [47]. On the other hand, there is yet no
conclusive identification of the molecular constituents of
mitoKATP channel [48–50].
Our observation that AT1-R and MR blockade prevented
the nandrolone-mediated impairment of exercise-induced
cardioprotection, AT1-R and MR overexpression, and KATP
channel downregulation suggest that the regulation of KATP
channel expression by cardiac RAAS has a role in the longterm effects of AAS on exercise-induced cardioprotection.
Tavares et al. [33] have demonstrated angiotensin IImediated KATP channel expression remodelling in postinfarct heart failure. Angiotensin II-mediated KATP channel
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inhibition has also been reported in arterial smooth muscle
cells [51, 52].
In summary, the present results demonstrated that exercise
training improves myocardial tolerance to ischaemiareperfusion injuries in male rats, but the association of exercise training and nandrolone treatment abolish this
cardioprotection by a mechanism involving cardiac RAAS
activation and downregulation of KATP channel expression.
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