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Cardiovascular disease remains the leading cause of morbidity 
and mortality throughout the industrialized world, with ischemic 
heart disease being a major manifestation of cardiovascular dis-
ease. Many investigators use animal models to advance our un-
derstanding of the etiology and mechanisms involved. Although 
ischemic heart disease is the leading cause of death for both men 
and women, the overwhelming majority of studies use male ani-
mals. Perhaps the most common reason for this practice is that 
physiologic fluctuations in female reproductive hormones such 
as estrogen may be a confounding variable, given the influence 
of female reproductive hormones on various organ systems.25 
Despite the assertion that cyclical variations in female reproduc-
tive hormones may confound experimental studies, few data are 
available that support estrous-cycle–dependent variations in sus-
ceptibility to ischemic heart injury.

Epidemiologic studies suggest that, compared with men, 
women have lower cardiac mortality prior to undergoing meno-
pause.40 Consistent with human studies, experimental models 
in several species commonly show that the degree of cardiac in-

jury in young female animals is lower than that in male counter-
parts.7,9,21,22,42 Exogenous administration of estrogen has a clear 
effect in reducing injury,14,15 but whether endogenous cyclical 
variations in female reproductive hormones affect cardiac injury 
is not known.

Rats and mice are commonly used species to examine cardi-
ac ischemia–reperfusion injury. Unlike humans, rodents do not 
undergo menstruation, during which the uterine endometrium 
sloughs off and is expelled through the vagina, but rather the 
uterine lining of rodents is reabsorbed during an estrous cycle.24 
The rat estrous cycle is typically 4 to 5 d in length and is defined 
by 4 separate stages: proestrus, estrus, metestrus, and diestrus. 
Proestrus is characterized by increasing levels of estrogen. At the 
end of proestrus, ovulation (signaled by luteinizing hormone) 
occurs and marks the beginning of the estrus cycle. During me-
testrus and diestrus, the uterine lining regenerates, and the cycle 
starts again.24,33 These stages induce changes in the composition 
of the epithelium of the vagina and the presence of inflammatory 
cells, which can easily be detected by using vaginal cytology.18,35

We conducted the current study to determine whether estrous 
cycle stage influences the susceptibility to ischemia–reperfusion 
injury in the rat heart. Because the stage of the estrous cycle may 
influence cardiac injury either directly (via a direct effect of cir-
culating hormones), or indirectly (by inducing changes that are 
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conus arteriosus and left atrium. Occlusion of the left anterior 
descending coronary artery was confirmed with the appearance 
of myocardial cyanosis distal to the occlusion. After 25 min of 
occlusion, the ligature was released, and reperfusion ensued for 
2 h. To minimize desiccation, the chest walls were approximated 
by using paraffin film.

To determine the area at risk, the left anterior descending coro-
nary artery was religated at the original point of occlusion imme-
diately after reperfusion, and 1% Evans blue solution was infused 
through the aorta. After Evans blue staining, infarct size was de-
termined via tetrazolium staining as described previously7,36 and 
expressed as a percentage of the area at risk.

Ex vivo preparation. Rats were injected with ketamine–xylazine 
anesthetic as done previously, and once reflexes were absent, 
hearts were removed via midline thoracotomy. Hearts were ret-
rograde perfused on the cannula of a modified Langendorff appa-
ratus and instrumented for measurement of ventricular pressure 
development, coronary flow, and electrocardiogram according 
to our established protocols.11,36 After a 5-min baseline period, 
global, no-flow ischemia was induced for 25 min, after which 
flow was reestablished and reperfusion ensued for 2 h. Immedi-
ately after reperfusion, the left ventricle was isolated and assessed 
for infarcts via tetrazolium staining as described in the in vivo 
preparation.

Assessment of arrhythmias. Arrhythmias were scored from 
the electrocardiographic signal as described previously6,11 and 
in accordance with the Lambeth Conventions41 as follows: score 
of 0, 0 to 49 premature ventricular beats; 1, 50 to 499 premature 
ventricular beats; 2, 500 or more premature ventricular beats or 1 
episode of spontaneously reverting ventricular tachycardia (VT) 
or ventricular fibrillation (VF) less than 30 s in total duration; 3, 
one or more episodes of reverting VT or VF (total duration of less 
than 60 s); 4, one or more episodes of reverting VT or VF (total 
duration of 61 to 119 s); 5, VT or VF of more than 119 s in total 
duration; 6, fatal (nonreverting) VT or VF that began more than 
15 min into treatment; 7, fatal VT or VF that began between 4 and 
15 min into treatment; 8, fatal VT or VF that began between 1 and 
4 min into treatment; and 9, fatal VT or VF that began within the 
first 59 s of treatment.

Hormone concentrations. Rat blood was collected from the 
body cavity immediately after heart excision. Serum levels of 
17β-estradiol were determined by using a commercially available 
ELISA kit (Cayman Chemicals, Ann Arbor, MI) according to the 
manufacturer’s instructions.

Statistical analysis. Analysis was done by using either Graph-
Pad (Prism, La Jolla, CA) or SPSS (SPSS, Chicago, IL) software. 
Differences between stages of estrous were tested by using one-way 
ANOVA with the Tukey post hoc test. All binary variables were 
analyzed by using χ2 tests. All data are presented as mean ± SEM.

Results
Hemodynamic parameters. Morphologic data and baseline car-

diac functional (ex vivo) data of our rats are presented in Table 1. 
No significant differences were observed in body weight or heart 
weight across stages of the estrous cycle. Furthermore, there were 
no differences in baseline left ventricular developed pressure, 
coronary flow, or heart rate in ex vivo hearts. In addition, no dif-
ferences in heart rate were observed across stages of the estrous 
cycle in vivo (proestrous, 230 ± 8 bpm; estrus, 192 ± 16 bpm; met-
estrus, 192 ± 14 bpm; and diestrus, 220 ± 16 bpm).

intrinsic to the heart), we used both in vivo and ex vivo models 
of injury.

Materials and Methods
Animals. Female Sprague–Dawley rats (Rattus norvegicus) 

were obtained from a commercial vendor and kept on a 12:12-h 
light:dark cycle, with access to food (Prolab RMH 3000, Lab Diets, 
Purina Laboratory, St Louis, MO) and water ad libitum. Serologic 
evaluation of 2 dirty-bedding sentinel rats caged on the same rack 
gave negative results for serum antibodies to common rat patho-
gens (rat coronavirus, rat parvoviruses, rat theilovirus, Sendai 
virus, pneumonia virus of mice, Mycoplasma pulmonis, Pneumo-
cystis carinii, and reovirus). Rats were ordered so that they were 
older than 50 d at the onset of experiments. Typically female rats 
begin cycling immediately after the vaginal orifice opens (at 32 
to 36 d).12,24 To ensure regular cycling, female rats were housed in 
a room with at least one male rat for the duration of the study.12 
Research was performed in an AAALAC-accredited facility, and 
animals use adhered to the principles stated in the Guide for the 
Care and Use of Laboratory Animals.16 All studies received prior ap-
proval from the IACUC at East Carolina University.

Vaginal cytology examination. To evaluate estrous stage in the 
rats, vaginal smears were collected for cytologic evaluation.18,35 
Briefly, a sterile cotton-tipped swab moistened with sterile sa-
line was inserted into the rat’s vaginal opening. The swab was 
rotated gently against the vaginal wall and removed. The swab 
immediately was rolled onto a glass slide, and then the smear 
was sprayed with a fixative (Safetex Cytology Spray Fixative, 
Andwin Scientific, Woodland Hills, CA). After fixation, the slide 
was stained (Dip Quick Stain Preparation, JorVet, Loveland, CO) 
by dipping each slide10 times into each of the 3 solutions, as this 
procedure was determined to produce optimal staining quality. 
On the day of experiments, vaginal cytology was performed im-
mediately prior to ischemia–reperfusion experiments to get the 
most accurate reading of the cycle stage.

Two independent reviewers examined the smears by counting 
at least 100 cells per slide in a blinded fashion to determine the 
stage of the estrous cycle. When the 2 reviewers could not agree, a 
third independent reviewer was used to determine classification. 
Estrous stage was determined by using the following cell popula-
tion criteria (Figure 1): proestrus, mix of basal and squamous 
(intermediate and superficial) cells accounting for more than 80% 
of cells; estrus, more than 75% superficial squamous (cornified) 
cells; metestrus, mix of squamous cells and occasional neutro-
phils; and diestrus, more than 60% neutrophils with parabasal 
and basal cells (often vacuolated).

In vivo preparation. In vivo ischemia–reperfusion was performed 
similar to established protocols.8,39 Rats were anesthetized with 
ketamine–xylazine (ketamine, 90 mg/kg IP; xylazine, 10 mg/kg IP), 
and a midline tracheotomy was performed. The rats were intu-
bated with PE90 tubing and mechanically ventilated. A circulat-
ing-water heating pad was used to maintain body temperature 
at 37 °C during the surgery. Two leads were placed on each rat 
in a configuration similar to that for lead II in a standard 12-lead 
electrocardiogram.

Rats were given a 10-min equilibration period while ventilated. 
Then the thorax was opened via a left parasternal incision, the 
pericardium was removed from the heart, and the left anterior 
descending coronary artery was ligated by using a reversible 
snare that was applied 4 mm distal to the origin and between the 
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thermore, there was no correlation observed between the level of 
circulating 17β-estradiol at the time of heart excision and infarct 
size in the ex vivo preparation (r2 = 0.002; Figure 2).

Arrhythmias. Arrhythmias were scored for the first 15 min of re-
perfusion in isolated rat heart (ex vivo) experiments. There were 
no differences observed in the severity of arrhythmias (that is, 
arrhythmia score; P = 0.32) or the incidence of VF (P = 0.21). The 
severity of these arrhythmias was not correlated with the levels of 
estradiol (r2 = 0.06; Figure 3).

Infarct size. There were no differences observed in the infarcted 
area (expressed as a percentage of the zone-at-risk) in ex vivo, iso-
lated hearts according to the stage of the estrous cycle (proestrus, 
42% ± 6%; estrus, 49% ± 4%; metestrus, 40% ± 9%; diestrus, 47% ± 
9%; P = 0.77). In addition, no differences in infarct size were seen 
between stages for the in vivo, surgical preparation (proestrus, 
31% ± 4%; estrus, 29% ± 4%; metestrus, 28% ± 2%; diestrus, 30% 
± 4%; P = 0.91). In the in vivo studies, there were no differences 
in the zone-at-risk between stages (proestrus, 48% ± 4%; estrus, 
52% ± 3%; metestrus, 49% ± 5%; diestrus, 53% ± 4%; P = 0.90). Fur-

Figure 1. Representative images of vaginal cytology of rats in (A) proestrus, (B) estrus, (C) metestrus, and (D) diestrus.

Table 1. Baseline characteristics of rats used in the ex vivo preparation

Proestrus Estrus Metestrus Diestrus

Body weight (g) 204 ± 2 200 ± 4 205 ± 4 201 ± 4
Heart weight (mg) 930 ± 30 990 ± 40 950 ± 30 1000 ± 30
Left ventricular developed pressure (mm Hg) 117.6 ± 0.5 107.0 ± 0.6 124.1 ± 0.4 127.7 ± 0.5
Heart rate (bpm) 233 ± 3 187 ± 3 193 ± 2 209 ± 2
Coronary flow (mL/min/g) 11.73 ± 0.05 10.05 ± 0.07 10.48 ± 0.04 11.06 ± 0.06
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The cardioprotective phenotype of premenopausal female 
animals has been demonstrated in mice, rats, rabbits and 
dogs.7,9,17,21,22,42 Although several mechanisms have been suggested 
for the possible underlying mechanism, none of the cited studies 
delved into the potential changes to cardiac tissue during specific 
stages of the estrous cycle. Specifically, the influence of fluctu-
ating estrous cycle hormones on cardiac tissue remains largely 
unknown, because studies typically have focused specifically 
on vascular function.40 In a recent study, rats receiving ketamine 
and medetomidine combination as an injectable anesthetic for 
echocardiographic assessment demonstrated a reduction in left 
ventricle systolic function as serum levels of estradiol increased.32

Another recent study found that cardiovascular events 
in menstruating women account for only 1% of all events.26 
However, the stage of the menstrual cycle can have profound 
effects on cardiovascular function in humans. For example, 
blood pressure and heart rate can vary between stages.25 In 
addition, women early in the menstrual cycle are at increased 
risk for angina,19supraventricular tachycardia,27,30 and exercise-
induced ST depression.23 Furthermore, episodes of supraven-
tricular tachycardia have been linked to decreased levels of 
circulating estradiol and increased levels of progesterone,30 
and women who have irregular cycles are more susceptible to 
future coronary heart disease3,37 that can be extended to their 
postmenopausal years.1 Because animal models are power-
ful tools for investigating cardiovascular disease, these data 
provide valuable insight regarding the estrous cycle and car-
diovascular health.

Our findings demonstrate that endogenous fluctuations in re-
productive hormones do not exert a measurable influence on car-
diac injury. Several others have found that exogenous estradiol 
administration can affect ischemia–reperfusion injury, with sev-
eral distinct mechanisms promulgated (for review, see references  
4 and 10). For example, estradiol augments the activity of the 
PI3K/Akt pathway, and inhibition of PI3K and PKC has been 
shown to diminish cardiac function and increase infarct size 
in female, but not male, rats.2 Using isolated hearts, other in-
vestigators found that female mice lacking estrogen receptor 
β exhibit diminished protection from myocardial infarction, 
inferring that increased activation of PI3K/Akt and decreased 
apoptosis may be responsible for this cardioprotective pheno-
type.42 Further demonstrating the possible antiapoptotic ef-
fects of estrogen, activation of a G-protein–coupled receptor 
that binds directly to estrogen decreases mitochondrial per-
meability transition.5 Each of these studies demonstrates the 
cardioprotective effects of estrogen-dependent signaling as 
a mechanism in young women. However, during the estrous 
stage in young female rats, endogenous changes in reproduc-
tive hormones do not appear to be a confounding variable in 
ischemia–reperfusion studies.

Acute pharmacologic doses of exogenous estradiol have been 
shown to be cardioprotective in the isolated heart models and 
lower, more physiologic levels of estradiol have no acute effect.38 
The fact that we saw no estrous-stage–associated difference in 
infarct size nor correlation between infarct size and estradiol lev-
els substantiates this observation. Debates among investigators 
regarding the protective effects of exogenous estradiol adminis-
tration may reflect the use of supraphysiologic compared with 
physiologic doses of estradiol in these studies.

Discussion
It has been widely demonstrated in animal models that females 

exhibit a cardioprotective phenotype during their reproductive 
years.7,9,17,21,22,42 This characteristic has become an extensively stud-
ied area, with several different hypotheses regarding the mecha-
nism. However, inherent variability in the data collected in these 
studies may have arisen due to animals in different stages of the 
estrous cycle. The goal of the current study was to investigate 
whether the stage of estrous cycle affected the susceptibility of 
rats to cardiac ischemia–reperfusion injury. We found that estrous 
stage has no direct effect on the level of myocardial infarction 
in either in vivo or ex vivo rat models. The level of myocardial 
infarction was not correlated with serum levels of 17β-estradiol, 
supporting our conclusion that estrous cycle stage has no dis-
cernible bearing on the extent of ischemia–reperfusion injury.  
No differences in the severity of arrhythmias or incidence of VF 
according to cycle stage were apparent. Our current study helps 
to establish that the rat estrous cycle does not influence ischemia–
reperfusion injury in studies where estrous has not, or cannot, be 
controlled for.

Figure 2. There was no correlation between infarct size and serum levels 
of estradiol in isolated rat hearts.

Figure 3. There was no correlation between the arrhythmia score and 
serum levels of estradiol in isolated rat hearts.
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tive effects of 17β-estradiol produced by activation of mitochon-
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Our current study is important in establishing that estrous cycle 
does not influence myocardial infarction in young, healthy female 
rats. However, our results cannot rule out an effect of the estrous 
cycle on the extent of infarction in animal models where the coro-
nary vasculature is compromised (such as atherosclerosis).

The benefits of exogenous hormone therapy to human health 
may also be limited, given that studies on hormone replacement 
therapy and morbidity have yielded conflicting results (for re-
view and discussion, please see references 28 and 29). Initially, 
findings from the World Health Initiative study led investigators 
to believe that the risks of hormone replacement therapy out-
weighed its benefits. However, others investigators have chal-
lenged this belief, and current debate exists regarding whether 
the efficacy of hormone replacement therapy depends on the tim-
ing of administration.13,20,31 Interestingly, there is an overall de-
crease in the risk of cardiovascular events with no increase in the 
adverse risks (that is breast cancer, deep vein thrombosis, stroke) 
if treatment begins early in menopause.34

Although several studies have shown that the levels of female 
sex hormones can have profound effects on cellular function, no 
one previously had investigated whether circulating hormones 
affect ischemia–reperfusion injury in rats. Our current study re-
vealed that circulating hormone levels during various estrous- 
cycle stages do not influence cardiac ischemia–reperfusion injury 
in rats. In addition, the serum estradiol level of rats is not cor-
related with infarct size or arrhythmia. These findings were con-
firmed by using both in vivo and ex vivo models, demonstrating 
that the effects of circulating hormones do not markedly influence 
ischemia–reperfusion injury in rat hearts. Our study is important 
in establishing the validity of data obtained from female rats in 
studies where estrous cycle stage was not determined.
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