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Abstract

Little is known about age-related differences in short-term effects of estradiol on ischemia-reperfusion (I/R) insults. The present 
study was designed to evaluate the effects of short-term treatment with estradiol on reperfusion arrhythmias in isolated hearts 
of 6-7-week-old and 12-14-month-old female rats. Wistar rats were sham-operated, ovariectomized and treated with vehicle 
or ovariectomized and treated with 17β-estradiol (E2; 5 µg·100 g-1·day-1) for 4 days. Hearts were perfused by the Langendorff 
technique. Reperfusion arrhythmias, i.e., ventricular tachycardia and/or ventricular fibrillation, were induced by 15 min of left 
coronary artery ligation and 30 min of reperfusion. The duration and incidence of I/R arrhythmias were significantly higher in 
young rats compared to middle-aged rats (arrhythmia severity index: 9.4 ± 1.0 vs 3.0 ± 0.3 arbitrary units, respectively, P < 
0.05). In addition, middle-aged rats showed lower heart rate, systolic tension and coronary flow. Four-day E2 treatment caused 
an increase in uterine weight. Although E2 administration had no significant effect on the duration of I/R arrhythmias in middle-
aged rats, it induced a marked reduction in the rhythm disturbances of young rats accompanied by a decrease in heart rate 
of isolated hearts. Also, this reduction was associated with an increase in QT interval. No significant changes were observed 
in the QT interval of middle-aged E2-treated rats. These data demonstrate that short-term estradiol treatment protects against 
I/R arrhythmias in hearts of young female rats. The anti-arrhythmogenic effect of estradiol might be related to a lengthening of 
the QT interval.
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Premenopausal women are less susceptible to heart 
diseases and sudden cardiac death than men at a similar 
age (1). The incidence of coronary diseases in women 
increases substantially after menopause (2). Animal mod-
els of heart diseases clearly support the cardioprotective 
effects of estrogen supplementation. Basic experiments 
have revealed that estrogen could attenuate ischemia- or 
reperfusion-induced ventricular arrhythmias, thereby sug-
gesting that sex hormones may have protective effects 
against cardiac arrhythmias (3). Patten et al. (4) showed 
that ovariectomized rats supplemented with 17β-estradiol 

(E2) presented reduced cardiomyocyte apoptosis in vitro 
and in vivo. Additionally, E2 had an antiarrhythmic activity 
and reduced the L-type calcium current (ICaL) in female and 
male rats; however, approximately 10-fold less hormone 
was required to produce these effects in female rats (5). 
The natural cardioprotection observed in female rats is 
absent after ovariectomy (OVX) and E2 supplementation 
of estrogen-deficient animals provides protection of myo-
cardial function against ischemia/reperfusion (I/R) injury by 
decreasing inflammation and apoptotic signaling (6).

Although the effects of chronic administration of estro-
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gen have been widely explored in the last few decades, 
especially in studies involving postmenopausal hormone 
replacement therapy (7-11), the short-term actions of estro-
gen have not been fully evaluated. In spite of this, short-term 
estrogen therapy might be an important strategy to treat 
cardiovascular diseases. Indeed, short-term administration 
of E2 to ovariectomized spontaneously hypertensive rats 
(SHR) causes a significant reduction in blood pressure on 
the fourth day of treatment (12), suggesting that the ben-
eficial effects of E2 on the cardiovascular system can be 
already observed after a few days of hormonal supplement. 
Thus, the aim of the present study was to investigate the 
effects of short-term estrogen administration on cardiac 
reperfusion arrhythmias in young and middle-aged rats since 
age-related differences might change the cardiovascular 
responses to the administration of E2.

Material and Methods

Ethical approval
All experimental protocols were performed in accor-

dance with the guidelines for the humane use of laboratory 
animals of our Institute and approved by the local authority, 
the Ethics Committee in Animal Experimentation (CETEA), 
protocol #017/07.

Animals
Female Wistar rats [6-7 weeks old, 200-250 g (young, N 

= 28) and 12-14 months old, 350-400 g (middle-aged, N = 
29)] were obtained from the animal facility of the Instituto de 
Ciências Biológicas, Universidade Federal de Minas Gerais 
(CEBIO-UFMG). The animals were housed in a tempera-
ture- and humidity-controlled room maintained on a 14:10-h 
light-dark cycle with free access to food and water.

Surgical ovariectomy
Rats underwent surgical ovariectomy by standard pro-

cedures. Briefly, each ovary was removed and the animals 
were allowed to recover from the surgery for 18 days before 
experimentation. Successful OVX was confirmed by a reduc-
tion in the uterine weight, which was expressed by the ratio 
between uterine weight (mg) and body weight (g). Control 
animals (control group: young, N = 10, middle-aged, N = 12) 
were left with intact ovaries. OVX rats received daily injec-
tions of E2 (E2 group: 5 μg·100 g-1·day-1, SARSA, Hoechst 
Marion Roussel, France; young, N = 11, middle-aged, N = 
7) or vehicle (vehicle group: 0.1 mL corn oil·100 g-1·day-1; 
young, N = 7, middle-aged, N = 10) for 4 days. We chose the 
dose and duration of treatment with E2 (4 days) based on a 
previous study by Belo et al. (12). In the cited study, the au-
thors showed that short-term E2 treatment (5 µg·100 g-1·day-1 
for 4 days) reduced the arterial pressure of ovariectomized 
animals. Also, this effect was correlated with an increase 
in plasma atrial natriuretic peptide levels (12). Thus, these 
results suggest that only 4 days of administration of E2 can 

induce beneficial cardiovascular effects in female rats.

Isolated heart preparation
After a 4-day period of treatment, the rats were decapitated 

10 to 15 min after intraperitoneal injection of 400 IU heparin. 
The thorax was immediately opened and the heart was 
carefully dissected and perfused with Krebs-Ringer solution 
(118.4 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM 
MgSO4.7H2O, 2.5 mM CaCl2.2H2O, 11.7 mM glucose, and 
26.5 mM NaHCO3) through a 1.0 ± 0.3-cm aortic stump. The 
perfusion fluid was maintained at 37 ± 1°C with a constant 
pressure of 65 mmHg and constant oxygenation (5% CO2-95% 
O2). A force transducer was attached through a heart clip to 
the apex of the ventricles to record the contractile force (ten-
sion, g) in a computer equipped with a data-acquisition system 
(Biopac System, USA). A diastolic tension of 1.0 ± 0.2 g was 
applied to the hearts. Electrical activity was recorded with an 
electrocardiogram (Nihon Kohden, Japan) with the aid of 2 
cotton wicks placed directly on the surface of the right atrium 
and left ventricle. Coronary flow was measured by collecting 
the perfusate over a period of 1 min at regular intervals. The 
systolic tension and coronary flow parameters were normalized 
to the heart mass. Because a diastolic tension of 1.0 ± 0.2 g 
was applied to the hearts, diastolic tension was not normalized 
to heart mass. After the equilibration period (approximately 30 
min), the left anterior descending coronary artery was com-
pletely occluded by the method described by Lubbe et al. (13), 
beneath the left auricular appendage together with the adjacent 
veins. The ligature was released after 15 min and reperfusion 
was performed for an additional 30 min. Cardiac arrhythmias 
were defined as the presence of ventricular tachycardia and/
or ventricular fibrillation after the ligature of the coronary artery 
was released. To obtain a quantitative measurement, the ar-
rhythmias were graded arbitrarily by their duration, with the 
duration of 30 min considered to be irreversible arrhythmias. 
Therefore, the occurrence of cardiac arrhythmias for 0 to 3 min 
was assigned a factor of 2; 3 to 6 min was assigned a factor 
of 4; 6 to 10 min was assigned a factor of 6; 10 to 15 min was 
assigned a factor of 8; 15 to 20 min was assigned a factor of 
10; 20 to 25 min was assigned a factor of 11, and 25 to 30 
min was assigned a factor of 12. A value of 0 to 12 was thus 
obtained in each experiment and was denoted as arrhythmia 
severity index (ASI) (14).

Statistical analysis
Data are reported as mean ± SEM. Statistical analysis 

was performed by the Student t-test or one- or two-way 
ANOVA followed by the Bonferroni test. P < 0.05 was con-
sidered to be significant (GraphPad Prism 4.0, USA).

Results

As depicted in Figure 1, ventricular tachycardia and/or 
ventricular fibrillation were observed in young and middle-
aged groups during the reperfusion period. However, the 
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duration of I/R arrhythmias was significantly longer in 
young rats compared to middle-aged rats (ASI: 9.4 ± 1.0 

vs 3.0 ± 0.3 arbitrary units in young and middle-aged rats, 
respectively; Figure 2A). In addition, 50% of the hearts from 

Figure 1. Original raw traces of contraction force (tension, g) of representative experiments conducted 
on (A) young and (B) middle-aged rats. Arrhythmias were produced by 15-min occlusion of the left 
anterior descending coronary artery in isolated rat hearts followed by reperfusion for 30 min. Insets 
demonstrate ventricular fibrillation during the reperfusion period. Arrhythmia severity index (ASI) = 12 
for the young rat and ASI = 4 for the middle-aged rat.
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young rats presented irreversible arrhythmias while none 
of the hearts from middle-aged animals showed irrevers-
ible arrhythmias during the reperfusion period. Thus, the 
incidence of irreversible arrhythmias was markedly higher 
in young rats compared to older rats (Figure 2B).

The success of the OVX procedure and of E2 treatment 
was confirmed by the analysis of uterine weight. OVX caused 
a significant reduction of the uterine weight of both young and 
middle-aged rats, which was reversed by 4-day E2 adminis-
tration (Figure 3). No significant changes in body weight were 
observed when comparing the young groups (control: 179.8 
± 4.8 g; vehicle: 173.8 ± 4.9 g; E2: 172.0 ± 6.8 g) or when 
comparing the middle-aged groups (control: 351.4 ± 15.8 g; 
vehicle: 332.0 ± 13.3 g; E2: 356.4 ± 12.8 g).

We next determined if short-term administration of E2 
might modify the duration and incidence of I/R arrhythmias 
in young and middle-aged rats. Short-term E2 administration 
induced a significant reduction in the rhythm disturbances 
of young rats (ASI: 6.6 ± 1.7 in vehicle group vs 3.8 ± 0.8 
in E2 group; Figure 4A). On the other hand, treatment with 
E2 did not cause any significant effect on the duration of 
I/R arrhythmias in middle-aged rats (Figure 4B).

In terms of cardiac function, control and ovariectomized 
E2-treated middle-aged rats presented lower coronary flow 

Figure 2. Effect of age on ischemia/reperfusion arrhythmias in 
female rats. Arrhythmias were produced by 15-min occlusion of 
the left anterior descending coronary artery in isolated rat hearts 
followed by reperfusion. A, Averaged arrhythmia severity index 
(ASI) and B, percentage of irreversible arrhythmias. N = 8-10 
rats. *P < 0.05 vs young group (Student t-test).

Figure 3. Effects of ovariectomy (OVX) and hormonal treatment 
(estradiol) on uterine weight. Uterine weight is reported as the 
ratio between uterine weight (mg) and body weight (g). N = 4-6 
rats. *P < 0.05 vs control of the same age, #P < 0.05 vs vehicle-
treated group of the same age (two-way ANOVA followed by the 
Bonferroni test).

Figure 4. Effects of estradiol on ischemia/reperfusion arrhyth-
mias in isolated hearts from (A) young and (B) middle-aged fe-
male rats. Arrhythmias were produced by 15-min occlusion of 
the left anterior descending coronary artery in isolated rat hearts 
followed by reperfusion. ASI = arrhythmia severity index; OVX = 
ovariectomy. N = 7-12 rats. *P < 0.05 vs control group (one-way 
ANOVA followed by the Bonferroni test).
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compared to young rats. In ovariectomized E2-untreated rats 
no significant differences were observed between young 
and middle-aged animals (Figure 5A). The systolic tension 
was lower in control and in ovariectomized E2-untreated and 
-treated middle-aged animals compared to young rats. How-
ever, systolic tension was significantly 
higher in vehicle-treated rats than in 
control middle-aged animals (Figure 
5B). No significant differences in 
diastolic tension were observed in 
any of the groups (Figure 5C). Heart 
rate was lower only in control middle-
aged animals compared to young 
rats. In OVX-untreated and OVX + 
E2-treated rats, no significant differ-
ences were observed between young 
and middle-aged animals. However, 
the heart rate of young E2-treated 
rats was significantly lower than that 

of young control animals (Figure 5D). In addition, E2 adminis-
tration induced a significant increase in QT and PR intervals 
in young rats compared to control. No significant changes in 
QT or PR intervals were observed in middle-aged E2-treated 
rats (Table 1).

Figure 5. Effects of estradiol on coronary flow (A), systolic tension (B), diastolic tension (C), and heart rate (D) of isolated perfused 
hearts from young and middle-aged female rats during the basal period. OVX = ovariectomy. N = 5-11 rats. *P < 0.05 (two-way 
ANOVA followed by the Bonferroni test).

Table 1. Effects of estradiol on PR and QT intervals of hearts isolated from young and 
middle-aged female rats during the basal period.

Young rats (6-7 weeks old) Middle-aged rats (12-14 months old)

PR (ms) QT (ms) PR (ms) QT (ms)

Control 33.15 ± 1.41 75.95 ± 2.37 37.76 ± 0.52 79.10 ± 3.55
OVX + Veh 34.74 ± 1.82 70.51 ± 4.56 36.53 ± 2.06 73.91 ± 2.91
OVX + E2 39.67 ± 1.87+ 87.65 ± 3.12+* 37.32 ± 2.20 77.05 ± 1.74

Data are reported as mean ± SEM for 5-7 animals/group. ms = millisecond; OVX = ovariec-
tomy; E2 = estradiol. +P < 0.05 vs control at the same age; *P < 0.05 vs vehicle (Veh) at the 
same age (one-way ANOVA followed by the Bonferroni test). 
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Discussion

The results obtained in this study show that E2 treat-
ment was less effective in attenuating cardiac reperfusion 
arrhythmias in middle-aged female rats compared to young 
female rats, thereby suggesting that the protective effects 
of estrogen on I/R insults are age-dependent. One possible 
explanation for this observation is that aging influences the 
cellular regulation of cardiac estrogen receptors (ERs). 
The cardiac effects of E2 are mediated, at least in part, 
by two distinct receptors: ER-alpha and ER-beta (15-17). 
Vornehm et al. (18) found that both ER-alpha and ER-beta 
are involved in mediating E2-induced rapid cardioprotection 
after I/R injury. Additionally, a membrane-bound G protein-
coupled estrogen receptor (GPER) with high affinity for 
estrogen has been identified in the heart (19,20). Activation 
of GPER improves the functional recovery and reduces 
the infarct size in isolated rat hearts following I/R through 
a PI3K-dependent and gender-independent mechanism 
(21). Although we did not evaluate cardiac ER expression 
in the current study, Jazbutyte et al. (22) demonstrated 
that ER-alpha expression in hearts was significantly lower 
in sham-operated and in ovariectomized senescent (24 
months old) SHR compared to young animals (3 months old). 
On the other hand, the expression of ER-beta was detected 
at comparable levels in hearts of young and senescent 
rats. Taken together, these findings suggest that cardiac 
ER expression decreases with age and may influence the 
responses to E2 treatment. Consequently, this leads to a 
reduction in the cardioprotective effects of E2.

One may argue that 4-day E2 treatment could not be 
sufficient to modulate the cardiovascular system. However, 
as shown by Belo et al. (12), short-term E2 administration 
resulted in intense reduction of SHR blood pressure with a 
concomitant increase in the synthesis and release of atrial 
natriuretic peptide, which is mainly synthesized, stored and 
secreted by cardiac atria (23). Also, many studies have 
demonstrated the effects of estrogen infusion on cardiac 
activity in rats (5,24). We found that the efficiency of short-
term E2 treatment was demonstrated by the increase in 
uterine weight observed in ovariectomized E2-treated 
young and middle-aged rats. These latter data suggest that 
estrogen metabolism is similar in young and middle-aged 
rats, thereby indicating that aging did not interfere with the 
metabolism of E2.

In keeping with previous reports, we observed that, 
in addition to the antiarrhythmogenic effect induced by 
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