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Preface

It is well known that numerous health problems are affected by sex. Women are
more susceptible than men to depression, osteoporosis, asthma, lung cancer due to
smoking and autoimmune disease. However, not all medical problems show sex
dimorphism, for example, males do not differ from females in terms of their
response to infection. And what is the role of sex in cardiovascular diseases? It is
first of all necessary to emphasize that the number of clinical and experimental
papers dealing with this topic significantly increased during the last 30 years:
according to data from Web of Science their amount was negligible still in 1989.
This trend is obviously the result of at least two facts: the number of examples of
different behaviour of the male and female heart under physiological and patho-
logical conditions is steadily increasing and there were controversial reports on the
beneficial or adverse effects of hormonal replacement therapy in women during
menopause.

Both clinical and experimental observations support the view that cardiovascular
diseases belong to the health problems where the sex differences play an important
role. Men are generally at greater risk than are age-matched premenopausal women;
this concerns not only ischemic heart disease but also other cardiovascular disor-
ders, such as hypertension, arrhythmias and heart failure. After menopause the
incidence of cardiovascular diseases increases in women as well; this observation
led to the idea that this increase is associated with the decreasing level of estrogens
during menopause. However, the large-scale human subject studies have shown that
estrogen replacement in postmenopausal women actually increased the ischemic
heart disease suggesting that the mechanisms of sex differences are more
complicated.

Cardiovascular diseases are the leading cause of mortality in men and women.
Unfortunately, women have traditionally been excluded from clinical trials, and
female animals have been used less or sex was not reported in basic research
studies. Until recently, consideration of both sexes was not required in clinical and
preclinical studies focusing on cardiovascular diseases. This research bias led to the
development of cardiovascular therapies that are either less effective or have dif-
ferent side effects in women when compared with men. Sex-specific differences in
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baseline cardiac function are observed already in healthy adults: baseline differ-
ences in cardiac function have been reported both in humans and in animal studies.
Sex differences, characteristic of the normal myocardium, create the logical pre-
sumption of the different reaction of the cardiac muscle to various pathogenic
factors involved in different cardiovascular diseases. Pooling data from males and
females may, therefore, obscure important cardiac differences in many parameters
under both physiological and pathological conditions. Detailed molecular and
cellular mechanisms of these differences are still unknown but one is clear already
today: they are so important that they should be considered by the selection of
optimum diagnostic and therapeutic procedures in clinical practice.

The increasing interest in sex differences undoubtedly reflects importance of this
topic and the urgent need to explain underlying mechanisms, to better understand
sex determinants of outcomes and to minimize bias in the management and treat-
ment of cardiovascular diseases in women. This book summarizes some original
views on the sex differences in cardiac response to different pathological stimuli;
particular attention was paid to the differences in cardiac sensitivity to
ischemia/reperfusion injury and to heart failure. With new basic and clinical
information on sex differences in cardiac sensitivity to cardiovascular diseases we
will be able to offer future patients better evidence-based treatments, better quality
of life and lower mortality.

The presentation of the subject matter in the form of 16 manuscripts on sex
differences of heart disease, as developed by several investigators for this book, is
organized in four parts. Part I, dealing with sex differences in cardiac ischemic
injury, includes five chapters on experimental aspects of cardiac ischemia/
reperfusion injury, the role of testosterone and clinical aspects of ischemic heart
disease. Part II is devoted to sex differences in heart failure and includes also five
chapters. Discussion in this part of the book is centred around the sex differences in
heart failure due to volume overload. Part III of this monograph includes four
papers on risk factors of cardiovascular diseases, namely, hypertension and obesity,
and, finally, three chapters in part IV deal with sex differences of cardiac mito-
chondria under different pathological conditions. We believe this book will be very
useful for cardiovascular scientists, graduate students, postdoctoral fellows and
other health professionals.

We are grateful to ing. Mila Markova and ing. Frantisek Papousek from Prague
for their help in editing the manuscript. Cordial thanks are also due to Dr. Meran
Lloyd-Owen, Ms. Sara Germans-Huisman and Mr. Rajan Muthu for their under-
standing and patience in developing this monograph. We also wish to express
thanks to Dr. Gonzalo Cordova for his efforts in improving the quality of several
chapters in this book.

Prague, Czech Republic Bohuslav Ostadal
Winnipeg, Canada Naranjan S. Dhalla
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Chapter 1
Gender-Related Differences
in the Pathogenesis and Diagnosis
of Ischemic Heart Disease

Marwan Saad, Michael Megaly, Franco Romeo, and Jawahar L. Mehta

Abstract Gender plays an important role in the pathophysiology, clinical presen-
tation, and outcomes of various medical illnesses. Among those, special interest is
directed towards ischemic heart disease, being themost common cause ofmortality in
the United States and the developed world. The prevalence and pathogenesis of tradi-
tional cardiovascular risk factors differ betweenwomen andmen, including hyperten-
sion, diabetes, dyslipidemia, as well as smoking and psychosocial risk factors such as
depression, emotional stress, and low socioeconomic status. However, the difference
in the pathophysiology of atherosclerosis represents the hallmark of gender-related
discrepancies in ischemic heart disease. While men are more likely to have obstruc-
tive coronary artery disease (CAD), women have a higher prevalence of endothelial
dysfunction, more tendency for vasospasm, lower coronary flow reserve, and higher
incidence of plaque erosion than rupture compared with men. These differences
are, at least in part, attributed to variations in sex hormones. Not only that gender
affects the pathophysiology of CAD, but also impacts the difference in its clin-
ical presentation. Women are more likely to present with atypical symptoms, and
hence are more likely to present late or to be misdiagnosed. This has been shown
to adversely impact the outcomes of CAD in women compared with men. Further,
the utilization of various modalities for the diagnosis of CAD in women may be
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challenging due to multiple factors including limited exercise capacity, lower sensi-
tivity of exercise-induced changes in electrocardiogram, higher prevalence of single-
vessel disease, attenuation artifacts from breast tissue, and the higher likelihood of
endothelial dysfunction rather than obstructive CAD. Clinicians should pay special
attention to such differences aiming to improve outcomes in women with ischemic
heart disease.

Keywords Gender · Sex ·Women · Ischemic heart disease

Introduction

Among both women and men, ischemic heart disease remains the most common
cause of mortality in the United States and the developed world [1]. Furthermore,
it represents a heavy burden on the healthcare system in the United States with
more than 1.4 million hospitalizations per year [1]. There is emerging evidence that
ischemic heart disease presentation and outcome differ between women and men.
In this chapter, we highlight the gender-related differences in the pathogenesis and
diagnosis of ischemic heart disease.

Gender-Related Differences in the Pathogenesis of Ischemic
Heart Disease

(A) Risk factors for coronary artery disease

Hypertension

Among the traditional risk factors for coronary artery disease (CAD), there are impor-
tant differences in the prevalence and pathogenesis of hypertension between men
and women. While the overall prevalence of hypertension appears to be similar
among women and men, the prevalence is higher among women over the age of
65 [2], especially black women [3], and could be attributed to hormonal changes
[4]. Estrogen plays a beneficial role in systemic blood pressure regulation through
vascular vasodilation (either via a direct effect on the endothelial cells or indi-
rectly through promoting nitric oxide release), as well as modulation of the renin-
angiotensin system (via increasing the synthesis of angiotensinogen and suppressing
the activity of pro-hypertensive angiotensin type 1 receptor and reducing the activity
of angiotensin type 2 receptor) [5]. The drop in estrogen levels after menopause may
be the basis of higher prevalence of hypertension in elderly women. Higher preva-
lence of hypertension in women > 65 years may relate to higher rates of CAD in
elderly women.
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Diabetes, obesity, and insulin resistance

Diabetes is among the most important risk factors for CAD. Diabetic women have
comparable outcomes as age-matched men, indicating that diabetes may counteract
the advantage of female sex hormones in the pathogenesis of CAD [6]. The peripheral
adipose tissue distribution as well as the higher levels of adiponectin in women
are associated with improved insulin sensitivity and provides some protection from
insulin resistance, the hallmark of metabolic syndrome, compared to men [7–10].
Obesity is an important risk factor for diabetes and CAD.While the burden of obesity
affects women and men equally, women above the age of 60 years have higher
prevalence of metabolic syndrome [11–13], and among women, black women have
the highest prevalence [14]. On the other hand, it is important to recognize that
polycystic ovarian syndrome, which is present in about 10% of women, and includes
a constellation of obesity, diabetes, and metabolic syndrome-like picture may relate
to the higher prevalence of CAD. Treatment of this disease may reverse these risk
factors and reduce the risk of cardiovascular disease [15].

Dyslipidemia

While pre-menopausal women (age 20–55 years) have lower cholesterol levels
compared tomen, the levels increase significantly after the age of 55 years in women.
That is usually linked, at least in part, to the increased cardiovascular risk in elderly
women [16]. On the cellular level, not only that women have higher levels of high-
density lipoprotein (HDL) cholesterol and lower levels of low-density lipoprotein
(LDL) cholesterol, very low-density lipoprotein (VLDL) cholesterol, total plasma
triglyceride and VLDL triglyceride compared to age-matched men [5], their circu-
latingVLDLparticles are smaller in size, whileHDL are larger in size, which appears
to be inversely associated with cardiovascular disease [17, 18]. Furthermore, hepatic
lipase activity in women is much lower compared with men, leading to relatively
larger size of HDL and LDL particles. Small HDL and LDL were found to be
linked to increased cardiovascular disease risk [19, 20]. Further, low HDL and high
triglyceride levels are more predictive of the risk of cardiovascular disease in women
compared with men [21–23].

Smoking

Smoking is the single most important modifiable risk factor for CAD and contributed
to 480,000 premature deaths in the U.S. from 2005–2009 [2], one-third of which
were a result of secondhand smoke. The prevalence of smoking remains higher in
men than women, however, the recent decline in tobacco use is less pronounced
in women than in men [16]. Tobacco is known to be a major cause of endothelial
dysfunction. It promotes inflammatory environment, stimulates platelet aggregation,
increases oxidative stress, and induces vasospasm [24, 25]. Interestingly, the impact
of smoking as a risk factor for cardiovascular disease was found to be at least 25%
greater in women than age-matchedmen [26]. Smoking cessation is associatedwith a
decline in the risk of cardiovascular disease to the levels of non-smokers in 5–10 years
[27, 28].



6 M. Saad et al.

Psychosocial risk factors

Psychosocial stress plays a role in the pathophysiology of CAD [29]. Among the
important psychosocial factors, depression is more prevalent in women and was
found to be present in up to 40% of young women presenting with acute myocardial
infarction [30]. Not only depression increases the risk of cardiac events in women
by at least 50% [31–33], it is also related to poor adherence to medical therapy after
cardiac events and worse overall outcomes. In addition, emotional stress, either acute
or chronic, is a known risk factor for acute coronary syndromes in women. Multiple
studies have shown a relationship between anxiety and marital dissatisfaction with
the risk of cardiac events and progression of CAD [34–37]. Importantly, low level of
education, poor socioeconomic status, smoking, obesity, metabolic syndrome, and
lack of exercise, all of which are highly associated with CAD [38], may be more
pronounced in women than in men. The gender differences among different risk
factors are summarized in Table 1.1.

(B) Plaque burden and morphology

While atherosclerosis is an inflammatory process that involves multiple factors such
as dyslipidemia, endothelial dysfunction and oxidative stress [39–43], the resul-
tant atherosclerotic plaques differ in morphology and burden between women and
men [13, 44]. Men have been shown to have more obstructive CAD than women

Table 1.1 Gender differences in cardiovascular risk factors

Risk factor Compared with men, women have

Hypertension • Higher prevalence of hypertension above age of 65

Diabetes • More peripheral adipose tissue distribution and higher
levels of adiponectin which is associated with improvement
in insulin sensitivity

Obesity and metabolic syndrome • Higher prevalence of obesity and metabolic syndrome
above age of 65

• Polycystic ovarian syndrome associated with obesity and
diabetes and metabolic syndrome-like picture

Dyslipidemia • Lower levels of Cholesterol at age 20–55 years

• Higher levels of HDL cholesterol

• Lower levels of LDL cholesterol, VLDL cholesterol, and
total plasma triglyceride

• Smaller VLDL particles

• Larger HDL particles

• Less hepatic lipase activity

Smoking • The recent decline in tobacco use is less pronounced in
women than in men

Psychosocial risk factors • Depression, anxiety, and emotional stress are more
prevalent in women than men and are all known risk factors
of coronary artery disease and acute coronary syndrome
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in multiple studies [45–47]. Atheromatous plaques in men have more volume, are
more commonly eccentric [13, 44], more likely to have calcification [48], with more
structural and functional abnormalities in epicardial coronary arteries than women
[11], while women have less dense fibrous tissue in their plaques [49, 50], and are
more likely to have angiographically normal coronaries on angiogram. Women have
higher prevalence of endothelial dysfunction, more tendency for vasospasm [2, 4,
51, 52], and lower coronary flow reserve compared with men [11, 44]. Further-
more, compared with men, women exhibit higher incidence of plaque erosion than
rupture [53], and increased hyaluronan deposition, as well as elevated levels of serum
myeloperoxidase [54, 55].

The differences in plaque burden and morphology among women and men are
summarized in Table 1.2.

(C) Vascular biology and microvascular disease

Studies relating to vascular biology have led to better understanding of the patho-
genesis of atherosclerosis. As mentioned above, while the burden of epicardial CAD
may be less in women compared with men, coronary microvasculature plays a major
role in the development of atherosclerosis and CAD is women. Women have higher
incidence of impaired NO-dependent vasodilation of the coronary microvasculature,
resulting in more microvascular spasm and vasospastic angina [56]. Microvascular
dysfunction is considered an important part of the pathophysiology of chest pain
in the absence of significant coronary obstruction, also known as microvascular

Table 1.2 Gender differences in atherosclerotic plaque burden, plaque morphology, and
Pathophysiology of acute coronary syndrome

Criteria Compared with men, women have

Plaque burden • Less obstructive CAD and more likely to have normal coronaries
on angiogram

• Higher prevalence of endothelial dysfunction

• More tendency for vasospasm

• Lower coronary flow reserve

Plaque morphology • Less volume

• Less calcification

• Less dense fibrous tissue

• More centrally oriented

• Increased hyaluronan deposition

• Elevated levels of serum myeloperoxidase

Pathophysiology of ACS • Higher incidence of plaque erosion than rupture

• Higher incidence of SCAD

ACS = acute coronary syndrome
CAD = coronary artery disease
SCAD = spontaneous coronary artery dissection
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angina [57, 58]. The authors of the WISE (Women’s Ischemia Syndrome Evalua-
tion) study [59], showed a clear role for estrogen in mediating vasodilation of coro-
nary microvasculature through myocyte hyperpolarization, increase in prostacyclin
production, and inhibition ofmyocyte-mediated vasoconstriction induced by calcium
and endothelin-1 [59]. Of note, other studies showed that part of estrogen-induced
coronary vasodilation is independent of these classical pathways and is mediated
through changes in ATP-sensitive potassium or calcium channels [60]. As levels of
estrogen decrease, women become more predisposed to microvascular dysfunction.
Further etiologies of microvascular dysfunction in women without obstructive CAD
include abnormal response of phosphocreatine/ATP to exercise indicating a shift
to anaerobic metabolism consistent with myocardial ischemia [2, 52], as well as
impairment of coronary flow velocity reserve [61].

Estrogen plays multiple other roles at the cellular level. For example, it acceler-
ates the catabolism of reactive oxygen species through up-regulation of multiple
enzymes such as superoxide dismutase and catalase. Thus, it reduces oxidative
stress and increases free NO levels [9, 62]. Besides the classic NO/cGMP mediated
pathway for vasodilation, estrogen also causes direct smooth muscle relaxation via
endothelium derived hyperpolarizing factor (EDHF) [9, 63]. Furthermore, estrogen
plays an important role in modulating the shear stress-mediated regulation in arteri-
olar diameter through G-protein-coupled estrogen receptors (GPER) in the vascular
endothelium [18, 64, 65].

The role of estrogen and androgen in vascular biology and pathogenesis of
atherosclerosis is shown in Fig. 1.1.

Fig. 1.1 The role of estrogen and androgen in the vascular biology and pathogenesis of
atherosclerosis



1 Gender and Ischemic Heart Disease 9

(D) Coronary artery dissection

Although spontaneous coronary dissection (SCAD)was considered to be a rare cause
of acute coronary syndrome, evidence is emerging that SCAD is the underlying
etiology in 10–25% of patients with myocardial infarction, predominantly in women
younger than 50 years of age [66–68] without atherosclerotic CAD. SCAD most
commonly affects the left anterior descending artery [68], and is caused either by
an intimal tear or bleeding of vasa vasorum leading to intramural hematoma and
false lumen between the media and adventitia [69, 70]. While the underlying trigger
remains unclear, hormonal changes with subsequent weakening of the arterial walls
are among the main theories behind SCAD [71]. Multiple other factors include
inflammatory disorders, hemodynamic stress during pregnancy or peripartum period,
coronary vasospasm, and connective tissue disorders [72, 73]. In a recent National
Inpatient Sample analysis of 7,347 women with SCAD in the period from 2009–
2014, in-hospital mortality with acute myocardial infarction in the setting of SCAD
was 6.8%, and outcomes appeared to favor conservative management especially in
patients with non-ST-segment elevation myocardial infarction (NSTEMI) [74].

(E) Acute myocardial infarction

Acute myocardial infarction is a leading cause of death in the United States, with
more than 610,000 deaths annually [75]. Development of atherosclerotic plaque is
usually the initial step in the pathophysiology of AMI. Disruption of the endothelium
overlying these plaques triggers a cascade of pro-inflammatory events that in turn
lead to activation of multiple pro-thrombotic factors. Ann et al. described gender-
related differences in plaque morphology in patients with STEMI [76]. Yahagi et al.
[77] observed that AMI in men was more often associated with thin cap vulnerable
plaques than in women. Hence, men are more likely to present with a ruptured plaque
than women. Ruptured plaques are characterized by abundant foamy macrophages
which are potent stimulator of the coagulation cascade, resulting in more frequently
in an occlusive thrombus [78]. Although plaque rupture remains the main etiology
of AMI in women, it is more prevalent in men than women [79]. In contrast, plaque
erosions are seen more commonly in women than men and are associated with a less
dramatic coronary obstruction and micro-embolization [80].

Another gender-related difference is the severity of CAD at the time of AMI.
Early studies showed less plaque burden and obstructive CAD in women by
angiogram in the setting of acute coronary syndrome, and normal appearing coro-
naries are not uncommon [47]. Intravascular ultrasound (IVUS) examination of
plaques showed less eccentric location, more fibrous tissue, and less prevalence
of thin-cap fibroatheromas [80, 81]. Women are more likely to have microvascular
dysfunction and impaired coronary flow reserve [82, 83], which may explain acute
coronary syndromes in women without significant CAD. SCAD is another major
entity resulting in AMI that predominantly occurs in women as mentioned before.

These differences in plaque burden and morphology as well as the pathophys-
iology of AMI are, at least in part, attributed to variations in sex hormones. On
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the cellular level, estrogen promotes re-endothelialization, reduces leukocyte adhe-
sion molecules, and inhibits smooth muscle proliferation as well as matrix depo-
sition in response to any vascular injury, hence acts as a major protective agent
against atherosclerosis [84–86]. Estrogen also enhances vasodilation of coronary
arteries through the production of NO and vasodilator prostaglandins PGE2 and
PGI2 through estrogen receptors ERa and ERb [84]. These protective effects of
estrogen are believed to be the main reason for the reduced burden of atherosclerosis
and the lower incidence of AMI in premenopausal women.

Gender-Related Differences in the Diagnosis of Ischemic
Heart Disease

The Symptomatic Conundrum

The symptomatic conundrum is a common term in the current cardiology literature. It
describes the fact that women present with different CAD symptoms compared with
men. Reasons for higher CADmortality in women include older age at initial presen-
tation and relatively smaller use of diagnostic tools [87]. Symptoms in women are
often “atypical” andmay include dyspnea, heartburn, bloating, or generalized fatigue.
The symptomatic conundrum often leads to underappreciation of presenting symp-
toms and feeds the unawareness of association of these symptoms with CAD [88].
In ACS, despite the fact that most women present with typical symptoms including
chest and/or arm pain, the likelihood of presenting with atypical symptoms is still
high [89, 90].

The symptomatic conundrumnot only leads to underappreciation of the symptoms
by medical practitioners, but also leads to significant delay of care as the symptoms
are also underappreciated by the patient. In a study by Rosenfeld et al. in 2005,
52 US women who presented with AMI were investigated; a large proportion of
them attributed their symptoms to alternative causes or minimized their importance
[91]. This could be partly explained by the common underestimation of CAD risk
in women. In The Berlin Female Risk Evaluation (BEFRI) study, only half of urban
women correctly estimated their CAD risk [92].

The symptomatic conundrum can have serious consequences. In stable CAD
patients, it might lead to delay of care and lack of appropriate therapy that could
help with the patients’ symptoms and improve their quality of life. On the other
hand, it might lead to late presentation in AMI, especially STEMI, delaying effective
reperfusion therapy and leading to more serious long-term sequelae [93].

It is also important to understand that despite the underestimation of CAD risk,
women actually have about 20% higher prevalence of angina compared with men.
Women also report persistent or worsening symptoms at a rate that is double that
of men [94–97]. There is a much larger pool of women with nonobstructive and
obstructive CAD who report a heavy burden of symptoms compared with men [98].
Youngerwomen tend to presentwith absence of chest pain and sufferworse outcomes
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in comparison with their male counterparts. But, this is attenuated by age, with the
difference between genders in the absence of chest pain narrowing or disappearing
as age advances [99].

The impact of symptomatic conundrum has led to gender-based differences in the
work-up of CAD. Women presenting with CAD symptoms might not be thoroughly
investigated as men. Data from Euro Heart Survey in the management and clinical
outcomes of stable angina (3779 patients, 42% women) showed that women were
less likely to be referred for an exercise test or coronary angiography [100]. Another
cross-sectional survey of 1162 patients with angina showed that physicians were
more likely to note the risk factors in men and refer them for further work-up [88].
However, an Italian study investigating the use of cardiac procedures in relation to
age and sex found that there was an age bias but no gender bias in referral to cardiac
catheterization [101]. It is not unreasonable to assume that the underappreciation of
CAD because of atypical symptoms in women would result in incorrectly reassuring
patients without appropriate diagnostic tests.

Diagnostic Modalities

(A) Exercise EKG test

The choice of diagnostic testing and risk stratification in women suspected to have
CAD can be challenging. Patients with low pretest probabilities of CAD, both men
and women, are less likely to benefit from the addition of stress imaging test [102].
Therefore, for most patients at low-risk, exercise treadmill testing (ETT) without
imaging is the initial test of choice for diagnosis and risk stratification. In the low-risk
cohort who were able to exercise, theWOMEN trial [What is the Optimal Method of
Ischemia Elucidation in Women] showed that the ETT alone was equivalent to ETT
plus myocardial perfusion imaging (MPI) [103]. This is supported by guidelines and
consensus statements of the ACC (American College of Cardiology) and American
Society of Nuclear Cardiology (ASNC) [87, 94, 104, 105].

Exercise stress testing is physiologic and provides a constellation of clinical, elec-
trocardiographic (EKG) and hemodynamic data; therefore, it is generally preferred
over pharmacological testing [106]. However, exercise-induced ST depression may
be less sensitive in women compared with men [107]. Exercise-induced ST depres-
sion in the absence of CAD could be secondary to changes in estrogen levels during
the menstrual cycle [108, 109] or due to menopausal hormone therapy which renders
EKG changes less accurate in women compared to men [110]. A recent study by
Fitzgerald et al. found that the prevalence of false-positive exercise ST depression
might be equal in men and women but with less predictable causes in women such as
left ventricular hypertrophy and hypertension [111] Although endothelial dysfunc-
tion is thought to be a hallmark of atherosclerosis, a study found no relationship
between endothelial dysfunction and exercise-induced ST depression in women
[112].
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Most women referred for stress testing often have limited exercise capacity as they
are typically older with significant comorbidities. This is one of the major difficul-
ties as they are often unable to reach a sufficient workload, resulting in submaximal
tests of limited sensitivity. In women who are unable to exercise adequately, phar-
macological stress testing is reasonable (e.g., adenosine MPI or dobutamine stress
echocardiogram).

(B) Stress imaging

In symptomatic women who are at intermediate to high risk for CAD and have
baseline EKG ST-T abnormalities, stress imaging with echocardiography, radionu-
clide single-photon emission computed tomography (SPECT), and positron emission
tomography (PET) are recommended as the initial diagnostic modality. It is also
reasonable to consider stress imaging as the initial modality in women who have
poor exercise capacity or an abnormal stress EKG [113–116]. In the WOMEN trial,
women with intermediate to high pretest risk, use of myocardial perfusion imaging
(MPI) along with ETT was associated with higher accuracy to detect obstructive
CAD [103].

Radionuclide single-photon emission computed tomography

Several studies have reported gender-based differences in the diagnostic accuracy of
SPECT MPI. The diagnostic accuracy has been reported to be lower in women than
men [117–119]. There are multiple reasons for this which include lower exercise
capacity, higher prevalence of single-vessel disease, and anterior wall attenuation
artifacts from breast tissue. Women also have a smaller heart size which often results
in a blurred image affecting the sensitivity of the test [120]. Women also have higher
left ventricular ejection fraction (LVEF) [121] leading to higher normal limits of
transient ischemic dilation ratio [122]. The use of attenuation correction significantly
improves the specificity of SPECT MPI, especially in women with high probability
of breast tissue attenuation but does not typically affect the sensitivity of SPECT
MPI [123, 124]. Another method to increase accuracy in women is using gender-
based normal limits and software interpretation [125]. It is currently recommended
by American Society of Nuclear Cardiology (ASNC) to use gender-based normal
limits for reporting of LVEF and volumes [104].

The prognostic value SPECTMPI in women has also been debated. However, in a
large meta-analysis, women with normal SPECT MPI had prognosis comparable to
men with 99% event-free survival over 36 months [126]. A normal study with both
normal SPECT MPI and stress EKG has excellent prognosis regarding CAD death
or MI [127]. On the other hand, abnormal studies are associated with increases in
adverse CAD events and worse prognosis in women [128]. Left ventricular volumes
and LVEF on SPECTMPI also provide an added prognostic value in predicting CAD
death or MI. Other studies have confirmed the excellent prognostic value of SPECT
MPI in women, including elderly women [130] and women of diverse racial and
ethnic subsets [131]. It is also important to note that some women have a normal
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SPECT with ischemic EKG changes [132]; these patients have worse outcomes with
more cardiovascular events despite normal perfusion pattern [133].

Positron emission tomography

The use of PET has been associated with improved diagnostic accuracy compared
with SPECT [134, 135]. The use of PET has provided multiple advantages over
SPECT including depth-independent attenuation correction, higher spatial and
temporal resolution, lower radiation dose with radiopharmaceuticals that have short
half-lives. PET also provides the ability to perform absolute quantification ofmyocar-
dial perfusion [136]. These advantages render PET preferable in women as it negates
the higher risk of both false positive and false negative studies given breast tissue
attenuation, and amplified partial volume effects in small left ventricles, respec-
tively. The ability to measure absolute myocardial blood flow is specifically relevant
in women who have higher incidence of microvascular ischemia that is increasingly
recognized to be associated with significant cardiovascular morbidity and mortality
[137–139].

Regarding prognosis, a normal PET scan carries an excellent prognosis with 0.4%
annual event rate [140] An abnormal PET study is associated with worse prognosis
with more perfusion defects being associated with a graded increase in risk [141].
The prognostic valuewas found to be similar inmen andwomen in the PETPrognosis
Multicenter Registry sex-specific sub-analysis [142].

Stress echocardiography

Similar to stress MPI, stress echocardiography significantly improves the speci-
ficity and sensitivity for CAD diagnosis. Echocardiography has its limitations in
women which include the variability in acoustic windows with breast tissue and
being operator-dependent, which affects the ability to capture images at maximal
stress. The diagnostic accuracy of stress echocardiography is generally comparable
in men and women [143] The echocardiographic evidence of ischemia on pharma-
cologic stress echocardiography was found to be the only independent predictor of
cardiovascular events in 456 women in the study by Cortigiani et al. [144]. Despite
its limitations, stress echocardiography is preferred in pregnant and young women
due to the absence of ionizing radiation needed for the test.

(C) CT coronary angiography

CT coronary angiography (CTCA) has evolved as a reliable gatekeeper of invasive
coronary angiogram. A negative CT study reliably excluded obstructive CAD with
a high degree of certainty in two independent studies [145, 146]. In patients at low
to intermediate risk of CAD, CTCA is highly accurate in excluding the presence of
obstructive disease [147], and the accuracy of CTCA is similar in men and women
[147–149]. With advancing techniques and the development of CT-derived frac-
tional flow reserve, future application of CTCA might improve outcomes in women
suspected to have CAD. The main limitations of CTCA in women include radiation
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exposure and lower positive predictive value leading to increased downstream testing
with invasive testing.

(D) Coronary angiography in women

Coronary angiography remains the gold-standard for diagnosis of CAD. In women, a
limitation of coronary angiography is the higher prevalence of non-obstructive CAD
[150]. Significant obstructive lesion may not be identified in the cardiac catheter-
ization laboratory unless coronary flow reserve is measured [151]. Women gener-
ally have smaller left ventricles and small coronary artery sizes. The smaller size
along with breast tissue attenuation leads to partial inability to assess smaller mid
and distal coronary segments [152, 153]. Moreover, interpretation of the severity of
lesions might be different between men and women due to the difference in the area
of myocardium supplied. In the FAME trial sub-study, angiographic lesions with
similar severity in men and women were less likely to be ischemia-producing in
women [154].

The use of fractional flow reserve (FFR) assessment of undetermined lesions
have been evolving because of the superiority over angiography-guided PCI [155]
However, using similar FFR values to guide therapy in women and men have been
debated. In 2014, a study by Lin et al. in 1,090 patients, women who underwent
FFR-guided PCI had less favorable long-term outcomes compared with men [156].
This study raised the issue to consider gender-based FFR-guided treatment protocols.
More studies are required to further characterize the bestwomen-specificFFR-guided
treatment strategy.

The gender-related differences in utilization of various diagnostic modalities for
CAD are summarized in Table 1.3.

Table 1.3 Gender differences in clinical presentation and role of diagnostic modalities in coronary
artery disease

Criteria Compared with men, women have the following characteristics

Clinical presentation • Older age at presentation

• More likely to present with atypical symptoms (ex. dyspnea,
heartburn, bloating, or generalized fatigue) leading to late
presentation and significant delay of care

• Less likely to be referred for an exercise test or coronary
angiography

Diagnostic modalities

1. Exercise stress EKG • Exercise-induced ST depression may be less sensitive

• Similar prevalence of false positive exercise ST depression but
with less predictable causes in women (e.g. left ventricular
hypertrophy, hypertension, etc.)

• Limited exercise capacity (typically older with significant
comorbidities)

(continued)
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Table 1.3 (continued)

Criteria Compared with men, women have the following characteristics

2. SPECT MPI • Diagnostic accuracy has been reported to be lower in women
than men due to (a) lower exercise capacity, (b) higher
prevalence of single-vessel CAD, (c) attenuation artifacts from
breast tissue, (d) smaller heart size, (e) higher normal limits of
transient ischemic dilation ratio

3. PET • Improved diagnostic accuracy with PET in women as it

(a) Overcomes the disadvantages of SPECT

(b) Measures absolute myocardial blood flow (important to detect
microvascular ischemia)

(c) Normal PET carries an excellent prognosis

4. Stress echocardiogram • Diagnostic accuracy may be affected by poor acoustic windows
with breast tissue, however in general is comparable with men

• Preferred in pregnant and young women (avoid ionizing
radiation)

5. CT coronary
angiography

• Diagnostic accuracy of CTCA is similar in men and women

• Limitations in women include radiation exposure

6. Coronary angiogram • Higher prevalence of non-obstructive CAD

Small coronary artery size in women leads to partial inability to
assess smaller mid and distal coronary segments

• Possible differences in the outcomes of FFR-guided PCI in
women versus men

ACS = acute coronary syndrome
CAD = coronary artery disease
SCAD = spontaneous coronary artery dissection
EKG = Electrocardiogram
SPECT MPI = Single-photon emission computed tomography myocardial perfusion imaging
PET = Positron emission tomography
CTCA = Computed tomography coronary angiography
FFR = functional flow reserve
PCI = percutaneous coronary intervention

Summary

Women have a significant burden of coronary atherosclerosis. This burden increases
in post-menopausal years and is ascribed to a decline in estrogen levels; however, the
precise etiology is not known. In addition to the atherosclerotic burden, women tend
to have a higher prevalence of microvascular angina. Women generally present late
andwith atypical symptomsof ischemia andhence diagnostic strategies are employed
late. There are also variabilities in the use and result of diagnostic strategies in men
and women. Reperfusion strategies are used less often in women resulting in adverse
outcomes. It is likely that better recognition of these unique gender differences in
CAD will lead to improved outcomes in women.
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Chapter 2
Sex Differences in Cardiac
Ischemia/Reperfusion Injury

Bohuslav Ostadal, Petr Ostadal, and Jan Neckar

Abstract It is now well known that differences in the structure and function of
the heart exist between male and female hearts. Several lines of experimental and
clinical investigations have reported that there are sex differences in the toler-
ance to myocardial ischemia, whereby adult male hearts are more susceptible to
ischemia/reperfusion (I/R) injury as compared to pre-menopausal female hearts.
Experimental studies have also shown that adult female hearts have increased resis-
tance and male hearts are more susceptible to I/R in animals exposed to perinatal
hypoxia.Although there is nowa large body of evidencewhich indicates that estrogen
is involved in the sex differences with respect to cardiac tolerance to ischemia, the
exact mechanisms involved in the cardiac response to ischemia or hypoxia are not
fully understood. Accordingly, this chapter is intended to describe some of the known
molecular and cellular mechanisms that contribute to sex differences in the suscep-
tibility to I/R injury. With such a new basic information and advancements in the
understanding of the mechanisms responsible for sex differences in cardiac sensi-
tivity to ischemic injury, it is hoped that some specific therapeutic strategies will be
developed for post-menopausal females for better quality of life, and lower mortality.
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Introduction

The existence of sex differences in ischemic heart disease (IHD) is now well estab-
lished. In comparison to males, IHD has been shown to occur much later in females
who also have a lower incidence of focal stenotic lesions. Furthermore, the preva-
lence of IHD increases in post-menopausal women, suggesting an association with
the diminished level of estrogen [1–3]. Even though IHD is the major cause of
mortality in both women and men, it has largely been viewed as a “male disease” and
accordingly, themajority of experimental and clinical studies have been conducted in
males. Such an approach is primarily based on the fact that pathophysiology of IHD
in males, unlike females, is not influenced by periodic fluctuations in sex hormones.

The information that women are discriminated in diagnostics and treatment of
cardiovascular diseases was actually first indicated in the early 1990s. In addition,
the number of publications in the topic of “sex and the heart” has only increased
significantly in the last thirty years [4] (Fig. 2.1), most likely as a consequence of the
observed differences in the responses of healthy and diseased male and female heart
aswell as of the inconsistencies in the effects of hormonal replacement therapy (HRT)
in post-menopausal women. In this regard, the use of estrogen in post-menopausal
women has been reported to increase the incidence of IHD [5, 6]. Although several
pieces of information on sex-related differences in cardiac structure and function have
become available in the literature, the underlying pathophysiological mechanisms
have yet to be fully defined. In this article, we provide a brief review of some of the
mechanisms that contribute to sex differences of cardiac ischemia/reperfusion (I/R)
injury with particular attention to the experimental approach [4, 7–9]. It is pointed
out that the term “sex” has been used when reporting biological aspects, while the
term “gender” is reserved for the psychosocial and cultural factors.

Sex Differences of the Normal Heart

Sex-related differences in cardiac structure and function have been observed under
normal physiological conditions [10]. Although there are no differences in theweight
of the cardiac muscle during early ontogenetic development, there occurs an increase
of myocardial weight in males at puberty as well as in adulthood; this change makes
male hearts 15–30%heavier than female hearts [11]. The initial number of cardiomy-
ocytes is comparable in both sexes; however, during ontogenetic development the
number of myocytes in female hearts remains stable whereas the number myocytes
in the male heart decreases significantly [12]. It is pointed out that the cardiomyocyte
loss in male hearts is accompanied by a reactive hypertrophic response.

The average heart rate for women has been reported to be approximately 3–5
beats/min more than for the males [13–15]. Moreover, the female heart has longer
action potential duration, longer QT interval, and a shorter sinus node recovery time
as compared to the male heart [16]. In men under the age of 60 years, the average
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systolic and diastolic pressure is higher by 6–7mmHg and 3–5mmHg, respectively,
as compared to age-matched women. In post-menopausal women, the systolic blood
pressure increases, to the extent that the incidence of hypertension is more prevalent
in women after menopause than in men [17].

There are several inconsistencies with the data on sex differences in the cardiac
contractility, which have been summarized recently by Machuki et al. [18]. For
example, Schwertz et al. [19, 20] and Machuki et al. [18] have observed that female
cardiomyocytes have a larger contraction and greater Ca2+ transient amplitude as
compared to male cardiomyocytes, whereas Farrel et al. [21] have failed to confirm
these findings. These contrasting observations were suggested byMachuki et al. [18]
to be, at least partly, due to the use of whole ventricular myocytes versus left ventric-
ular apical cardiomyocytes, particularly since differences in apical versus basal Ca2

current have been reported in rabbit hearts [22]. An important element of cardiomy-
ocyte contraction is the cAMP-PKA-L-type Ca2+ channel pathway. Machuki et al.
[18] have reported that intracellular cAMP, Ca2+ channel density and Ca2+ transient
were larger in female than in male cardiomyocytes. These investigators have also
suggested that estrogen can regulate the expression of genes for the cAMP-L-type
calcium channel pathway and contribute to sex differences in cardiac contraction.

Over the last few years, the number of studies describing myocardial sex differ-
ences at themolecular level has increased; their enumeration exceeds the possibilities
of this review. For the purposes of our chapter, sex differences in the mechanisms
of cardiac excitation–contraction coupling [21], cardiomyocyte calcium handling,
reactive oxygen species (ROS) generation and β-adrenoceptor density [23–26] are
described. It may be noted that Ca2+ homeostasis is regulated as a function of the
estrous cycle [27] and myofilament Ca2 sensitivity is increased in hearts of ovariec-
tomized female rats. Interestingly, Ca2+ homeostasis is also regulated by testos-
terone, which activates phospholipase C and subsequent production of inositol-3-
phosphate, which in turn mediates the release of Ca2+ from the sarcoplasmic retic-
ulum and increases intracellular Ca2+ [28]. Higher expression of sarcolemmal and
mitochondrial ATP-sensitive potassium (KATP) channels has been reported in the
female myocardium; their inhibition during ischemia increases the extent of tissue
injury [29]. Estrogen regulates also the expression of phospholamban and ryanodine
receptors. In this regard, the higher levels of ryanodine receptors in female cardiomy-
ocytes have been linked to higher Ca2+ release from the sarcoplasmic reticulum [30].
Interestingly, no sex differences have been observed in SERCA (Ca2+-pumpATPase)
expression levels [18].

Sex differences with respect to cardiac structure, function, and cellular mecha-
nisms during aging have been summarized by Keller and Howlett [31]. Dworatzek
et al. [32] have described age–dependent changes in cardiac extracellular matrix
remodeling. In this regard, collagenous protein types I, III, and VI were signifi-
cantly lower in the female heart. Similarly, Arellano et al. [33] revealed a specific
down-regulation of Sirt1 and Sirt3 in aged female human hearts, which was accom-
panied by a decline in the mitochondrial anti-oxidative defense systems. Sex related
differences in cardiac mitochondrial function and energy metabolism as well as the
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possible role of mitochondria in sex differences in tolerance to cardiac I/R injury
have been summarized in [34, 35].

Sex Dependent Tolerance to Experimental Cardiac
Ischemia/Reperfusion Injury

Sex differences in the normal cardiac structure and function suggest that differences
also exist in various cardiac pathologies including I/R injury. Experimental evidence
demonstrating that female rat hearts are more tolerant to hypoxia was first published
by our group in 1984 [36] (Fig. 2.2). Sex differences in cardiac resistance to I/R injury
were later observed in different experimental animals and confirmed higher hypoxic
tolerance of the female myocardium [29, 37–40]. Young adult female hearts have
smaller infarct size, display greater recovery of contractile function, and undergo less
arrhythmias during reperfusion as compared to age-matched males [41, 42]. Simi-
larly, female hearts of transgenic mice overexpressing Na+/Ca2+ exchanger and β2
adrenergic receptors [43, 44] have less injury following I/R, and enhanced contrac-
tility. Moreover, sex differences in the sensitivity to I/R injury exist also in sponta-
neously hypertensive rats. In this regard, post-ischemic recovery was significantly
better in female hearts, despite the comparable elevation in blood pressure [45]. An
increase in infarct size has also been observed in obese males as compared to obese
females [46]. Furthermore, sex differences in cardiac remodeling after myocardial
infarction have been reported [47–50]. These investigators found that male mice had
delayed myocardial healing, and a greater incidence of cardiac rupture, indicative of
an attenuated structural remodeling in the female heart; this effectwas attributed to the
premature extracellular matrix degradation induced by metalloproteinases (MMP)
activation in male heart.

We have reported earlier that the adaptation to chronic hypoxia increases cardiac
tolerance in both sexes, but the increase in tolerance to oxygen deprivation is specifi-
cally maintained in female hearts [36]. Turcato et al. [51] have shown that the cardio-
protective effect of ischemic preconditioning decreases in females during the aging
process [52, 53]. It seems to us, that this observation belongs to the general biological
phenomenon: the degree of cardiac protection has obviously its threshold. We have
namely observed similar negative effects in highly tolerant neonatal hearts: indeed,
adaptation to chronic hypoxia as well as ischemic preconditioning were without any
effect [54, 55]. Lieder et al. [56] have observed that sex is not a determinant of
a cardioprotection effect afforded by ischemic preconditioning as well as remote
ischemic preconditioning in isolated rat hearts. In fact, in the recent CONDI-2/ERIC
PPCI Trial no cardioprotective effect of remote ischemic conditioning in patients
with acute myocardial infarction and no sex differences were observed [57].
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Role of Hormones in Sex-Dependent Variation in Cardiac
Sensitivity to Ischemia

Sex hormones are known to exert cardiac, renal, and vascular effects, which in
turn, may also determine the severity of ischemic injury. While testosterone acti-
vates the renin-angiotensin system (RAS) and induces vasoconstriction as well as
cardiac hypertrophy, estrogenmodulates RAS activity, but in contrast to testosterone,
produces vasodilatation associated with less aggressive remodeling of the heart in
different cardiac pathologies, including cardiac ischemia [58]. Accordingly, experi-
mental investigations have primarily focused on the effect of estrogens; however, it
should be noted that cardioprotection provided by estrogen in experimental animals
is in contrast to the lack of protective effect observed after HRT in women.

There is clear evidence that ovariectomy in female rats increases the infarct size
whereas administration of estrogen is protective inmales [59].Most of the cardiopro-
tective effects of estrogen are considered to bemediated through the nuclear hormone
receptors as well as through estrogen receptor (ER)-α or ER-β [60]. Experimental
data suggest that these receptor types play an important role in the protection against
cardiac I/R injury [61–63]. In fact, these receptors are expressed in cardiac myocytes
and fibroblasts aswell as in vascular smoothmuscle and endothelial cells [64, 65]. ER
are also located on the cell plasma membrane and the mitochondria [66]. Recently,
a third, membrane associated ER, identified as G-protein coupled estrogen receptor
(GPER, [67]) has been found to inhibit the opening of the mitochondrial perme-
ability transition pore (PTP [68]), which is known to be involved in the development
of ischemic injury.

Fig. 2.1 Number of clinical and experimental papers dealing with “Sex and Heart” from 1989 to
2019. Source Web of Science. Adapted from [4], with permission
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The non-genomic (non-nuclear) processes occur rapidly and independently of
protein synthesis [69, 70]. In this regard, while endothelial NO synthase (eNOS)
expression is higher in the female heart as compared to that in males, blockade of
eNOS activity with L-NAME abolishes the sex differences in tolerance to cardiac
I/R injury [44, 53]. It should be mentioned that the higher content of eNOS is
associated with S-nitrosylation of L-type Ca2+ channels, which, in turn, markedly
decreases cardiac I/R injury by attenuating the occurrence of intracellular calcium
overload [71]. In addition, estrogen activates phosphatidylinositol 3-kinase (PI3K)
activity, which is considered to play a role in cardioprotection in females [72]. Taken
together, it can be suggested that the protective effect of estrogen could be attributed
to changes in the expression of specific proteins or altered post translational protein
modifications.

The mechanisms associated with the augmented tolerance to oxygen deprivation
in the female heart are complex and not fully understood. Experimental studies
have shown higher expression of the sarcolemmal [29] and mitochondrial [73] KATP

channels as well as increased protein kinase B (Akt) and PKCε levels in the female
heart [74]. Indeed, in human studies, younger women have been found to have higher
Akt levels as compared to agedmen andpost-menopausalwomen [75]. The protective
effects of estrogen may also be mediated by the inhibition of the the effects of tumor
necrosis factor-α (TNF-α) as well as remodifying the TNF-α expression [76].

Although there is a paucity of information regarding the possible cardiac actions of
testosterone, both adverse and beneficial effects of testosterone on the heart have been
reported [77]. In this regard, testosterone has been shown to activate androgen recep-
tors, which are known to be expressed in cardiomyocytes. It should be mentioned
that like estrogens, androgens are present in both sexes, but in different amounts and
proportions. Endogenous androgens, such as dehydroepiandrosterone, androstene-
dione and testosterone, can bemetabolized to estradiol via 17β-hydroxysteroid dehy-
drogenase and aromatase activities. Interestingly, these enzymes are expressed in
cardiomyocytes and treatment with estrogen precursors has been found to increase
ER-α, ER-β, and iNOS expressions in a sex-dependent manner [78].

There are inconsistencies in the literature regarding the impact of testosterone
on cardiovascular function. It has been suggested that testosterone may increase the
susceptibility for IHD in men [79]. In addition, high doses of androgenic steroid
have been linked to progression of atheroma and thereby elevating the potential for
myocardial infarction [80]. However, there is no compelling evidence to indicate
that physiological concentrations of testosterone cause any ischemic lesions. On the
other hand, some clinical studies have shown that testosterone can exert beneficial
effects on the cardiovascular system. Epidemiological observations have revealed an
association between testosterone and reduced cardiovascular events and mortality
[81]. In fact, low levels of testosterone have been linked to higher cardiovascular
mortality [82]. These relationships may be the consequence of an indirect effect of
testosterone through its conversion to dihydrotestosterone or 17β-estradiol. In this
regard, testosterone administration to ovariectomized female rats has been reported
to attenuate myocardial injury, reduce inflammatory infiltrates and MMP-3 and 13
formations [83]. These researchers suggested that the beneficial effects were not as
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a consequence of any direct action of testosterone, since concurrent inhibition of
aromatase and 5α-reductase enzyme activities did not induce significant changes
in the extent of the I/R injury. Thus, it is conceivable that the beneficial effects of
testosterone observed in males may be attributed to its conversion to estradiol and
its metabolites.

Recently, Ghimire et al. [84] have suggested that low testosterone protects against
I/R injury subsequent to cardioplegic arrest in older mice. By employing a mouse
model of myocardial infarction, Cavasin et al. [85] have reported that while estrogen
prevented chronic remodeling and depressed cardiac function, testosterone nega-
tively impacted healing of the heart muscle (as evidenced by higher cardiac rupture),
and thus contributed to cardiac dysfunction as well as to adverse cardiac remod-
eling. On the other hand, testosterone has been shown to exert cardioprotective
effects through an upregulation of the α1-adrenoceptor; this beneficial action was
significantly reduced by androgen receptor inhibitors [86]. Taken together, these
inconsistencies, point to the need for further investigations, which should take into
consideration the experimentalmodel, formand dosage of steroid hormone, aswell as
timing for the evaluation of effects. Furthermore, it should be pointed out that steroid
hormone receptor function is influenced by a number of co-regulatory proteins to
alter transcription [87]; this aspect should also be considered in the interpretation
and determination of the significance of the data.

Sex-Dependent Effect of Early Hypoxia on Cardiac
Tolerance to Ischemia in Adulthood

There is now epidemiological evidence demonstrating an association between early
hypoxia and increased risk of cardiovascular disease in adulthood [88, 89]. It is
known that pregnancy at high altitude, pregnancy with anemia, placental insuffi-
ciency, as well as heart, lung, and kidney disease can result in hypoxic stress in the
developing fetus. Hypoxemia is considered to be one of the most frequent insults
during early stages of postnatal development as a consequence of congenital cyanotic
heart defects. In this regard, it would be interesting to investigate the possibility of
sex differences in tolerance to cardiac I/R injury in adult animals exposed to perinatal
hypoxia. To study these late effects of early disturbances, the theory of critical devel-
opmental periods, introduced already in 1921 by Stockard [90], should be revived.
According to this idea the tissues are most sensitive to injury during the period of
intense growth. The perinatal period (late prenatal and early postnatal) is regarded
as a typical critical period during ontogenetic development [91].

In a rat model, we have observed that perinatal exposure to chronic intermittent
hypobaric hypoxia increases the tolerance to acute cardiac I/R injury in adult females,
as evidenced by fewer ischemic arrhythmias. In contrast, the number of arrhythmias
increased in males [92]. These results were later confirmed by Xue and Zhang [93];
it was observed that early hypoxia, unlike in female rats, increased cardiac enzyme
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Fig. 2.2 Sex differences in the cardiac tolerance to acute oxygen deprivation in rats (expressed as
% of the reparation of contractility of the isolated right ventricle after acute anoxia). * P < 0.01,
data from [36], with permission

release and infarct size in adult male rats only. Recent study by Thompson et al.
[94] revealed increase in mean arterial blood pressure and cardiac and mitochon-
drial dysfunction specifically in male offspring following exposure of guinea pigs to
prenatal hypoxia at 50 days of gestation.

Several mechanisms for the sex-dependent alterations in tolerance to cardiac
ischemia in adults following perinatal hypoxia have been proposed. For example,
abnormal fetal programming of PKCε gene expression results in a down-regulation
of PKCε activity in adult male offspring only [93]. Chronic hypoxia during gesta-
tion has been shown to down-regulate PKCε expression in the developing heart,
most likely due to epigenetic modifications [95]; in addition, a higher degree of
methylation of specificity protein (SP) 1 binding sites and PKCε transcription were
also observed. Hypoxia-induced methylation was significantly greater in the heart
of male fetuses. It was suggested that this sex-specific effect may be due, in part,
to the higher expression level of both ERα and ERβ in the heart of female fetuses
[95]. The observation that both ER interacted with the SP1 binding sites at the PKCε

promoter in the fetal heart suggests a putative mechanism for the increased protec-
tion of SP1 binding sites and PKCε transcription in the female hearts in response to
hypoxic stress. Recently, Lv et al. [96] have reported a decrease in the expression
of glucocorticoid receptor (GR) mRNA and protein specifically in the heart of adult
male offspring, following antenatal hypoxia. On this evidence, it was suggested that
antenatal hypoxia reprograms GR gene expression in the heart in a sex-dependent
manner, which may constitute a novel mechanism for the explanation of sex differ-
ences in the late effects of hypoxia. Thompson et al. [94] proposed that perinatal
hypoxia is a programming stimulus that may increase the susceptibility to cardiac
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and mitochondrial dysfunction later in life, which in turn increases the risk of heart
disease in adulthood in sex-dependent manner.

From the aforementioned, it is evident that sex-specific late effects of perinatal
interventions on the sensitivity of the adult heart to I/R injury have important clin-
ical implications. Indeed, cardiac ischemic tolerance in adulthood may be influ-
enced by perinatal conditions (e.g. hypoxemia due to operated congenital cyanotic
heart disease) in sex-dependent manner. While it may be difficult to translate exper-
imental findings directly to clinical situation in humans, it is plausible that perinatal
hypoxia may result in programming of a specific genes in the offspring in a sex-
dependent manner, which may influence the susceptibility of the heart to I/R injury.
This warrants further investigation.

Conclusions

It is well-established that structural and functional differences exist between male
and female hearts. Clinical and experimental data suggest that adult male hearts have
a higher risk of I/R injury than hearts of females at least until menopause; however,
the mechanisms involved are not consistent and not completely understood. There
is a wealth of information that clearly implicates estrogen to have an important
contributory role in the sex differences in cardiac tolerance to ischemia, but there is a
lack of information regarding the identity of the molecular mechanisms responsible
for this clinically highly relevant biological phenomenon.We are convinced that new
experimental lines of evidence on sex differences in cardiac sensitivity to ischemic
injury will provide the foundations for a women-specific therapeutic strategy for
improved quality of life, and lower mortality.
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Chapter 3
The Roles of Testosterone in Cardiac
Ischemia/Reperfusion Injury

Nattayaporn Apaijai, Siriporn C. Chattipakorn, and Nipon Chattipakorn

Abstract Cardiac ischemia/reperfusion (I/R) injury is a serious cardiac complica-
tion following acute myocardial infarction, which include myocardial infarct size
expansion, left ventricular (LV) dysfunction, and fatal cardiac arrhythmias. Sex
hormone deprivation due to aging or other pathological conditions is an indepen-
dent risk factor for cardiovascular disease. Several scientific research studies have
been conducted to investigate the role of sex hormones in myocardial injury during
cardiac I/R. Testosterone is the primary sex hormone in men; it regulates male
sexual characteristics, and controls muscle and bone mass. In addition, testosterone
plays an important role in regulating LV function through multiple mechanisms,
including those controlling cellular calcium homeostasis, regulating cardiac mito-
chondrial function and enhancing antioxidants. Findings from studies regarding the
roles of testosterone on the heart during cardiac I/R are controversial; some have
reported that decreased testosterone level could impair LV function, whilst others
reported the benefits of testosterone deprivation during cardiac I/R. In this chapter,
we include evidence regarding the effects of testosterone deprivation and exogenous
testosterone administration on myocardial injury in terms of myocardial infarct size,
LV function, arrhythmias and molecular alterations. Reports from in vitro, ex vivo,
in vivo studies, and clinical reports are summarized and discussed. The contents of
this chapter will explain the roles of testosterone during cardiac I/R in preventing
cardiac complications. Insights from these reports may help to devise strategies to
improve treatment in patients with acute myocardial infarction.
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Keywords Testosterone · Cardiac ischemia/reperfusion injury · Myocardial
infarction · Left ventricular function · Mitochondria

Introduction

Acute myocardial infarction (AMI) remains a global leading cause of death [1].
It is caused by narrowing of the coronary arteries. It has been demonstrated that
risk factors associated with AMI are atherosclerosis, hypertension, high choles-
terol, diabetes, obesity, smoking and hormonal imbalance [2]. Reperfusion therapy
is an effective treatment for AMI as it allows the return of blood to the injured
myocardium to resupply essential oxygen and nutrients. However, this intervention
has been shown to cause potentially serious adverse effects on the heart, including
myocardial infarct size expansion, left ventricular (LV) dysfunction and fatal cardiac
arrhythmias, collectively known as cardiac ischemia/reperfusion (I/R) injury [3].

It has been demonstrated that sex hormone dysregulation is associated with the
severity of coronary artery disease [4]. Testosterone is a male sex steroid hormone
which is secreted mainly by the testicles and, to a lesser extent, by the adrenal
glands. Testosterone regulates the development of male reproductive organs and
promotes secondary sexual characteristics [4]. In addition, it controls hair growth,
muscle growth, collagen synthesis,muscle strength and endurance,memory function,
mood, red blood cell production and bodymass density [5]. Testosterone deprivation,
as seen in male aging, has been associated with the pathophysiology of various
organ dysfunctions [4]. In the case of the heart, testosterone deprivation increases
the risk of cardiovascular disease by increasing total plasma cholesterol levels and
reducing plasma high density lipoprotein (HDL) levels [6]. A report from a clinical
study demonstrated that ST−ElevationMyocardial Infarction (STEMI)male patients
with hypotestosteronemia had a higher incidence of microvascular obstruction as
identified by coronary angiography, compared to STEMIpatientswith normal plasma
testosterone [7]. These findings suggest that testosteronemay potentially be involved
in the pathogenesis of AMI in male subjects.

In order to understand the mechanisms employed by testosterone in the heart, an
animal model of testosterone deprivation has been established. In male rodents, a
bilateral orchiectomy (ORX) has been shown to eliminate the endogenous produc-
tion of testosterone [8, 9]; exogenous testosterone being subsequently given to those
rodents as therapy [10, 11]. Exogenous testosterone replacement therapy has been
widely used to treat patients with hypogonadism and other low−testosterone related
diseases [12]. It has been shown that exogenous testosterone offers various benefits
for the human body, for instance it augmented positive mood, increased sexual moti-
vation and performance, increased muscle strength and a lean body mass, reduced
body fat mass and improved bone mineral density [5]. However, exogenous testos-
terone has also been shown to cause adverse effects such as acne, mild fluid retention,
increased urination symptoms andworsening of sleep apnea [13]. In accordance with
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these findings, the Endocrine Society do not recommend treatment with exogenous
testosterone in men with heart failure (NYHA class III or IV) [14].

In this chapter, we have summarized and discussed the cumulative data from
in vitro, ex vivo, and in vivo studies, and from clinical reports regarding the effects
of testosterone deprivation and exogenous testosterone administration on the heart
during cardiac I/R injury. This informationwill providemechanistic insight for future
clinical investigations.

The Effects of Testosterone Deprivation on the Heart
with Cardiac I/R Injury

Previous reports have demonstrated that cardiac I/R injury led to myocardial infarct
size expansion, LV dysfunction and arrhythmia [10, 15–17]. Cardiac I/R injury
has been induced in both ex vivo and in vivo settings [18]. For induction in the
ex vivo setting, the heart was removed and connected to a Langendorff system
[18]. The myocardial ischemia was induced by either stopping the perfusate for
several minutes to induce global ischemia or ligating the left coronary artery to
induce regional ischemia [18]. After successful myocardial ischemia, the perfusate
was opened to initiate reperfusion to the injured myocardium [18]. In the in vivo
setting, a thoracotomy was performed and the left coronary artery or left anterior
descending (LAD) coronary artery was ligated to induce myocardial ischemia and
reperfusion was induced by a loosening of the knot [8, 10, 15]. The alterations in the
electrocardiogram were used to confirm a successful cardiac I/R in vivo [8, 10, 15].

The bilateral ORX is a surgical procedure effective in causing a decrease
in plasma testosterone level in the body prior to the induction of cardiac
I/R [10]. Findings regarding the effects of testosterone deprivation on the
heart with I/R injury are inconsistent; some studies have reported that
testosterone deprivation led to an aggravation of myocardial damage after
cardiac I/R [10, 19–23], whereas several other studies reported contrary
findings [24–32]. A comprehensive summary of these reports is shown in
Table 3.1.

With regards to the deteriorating effects caused as a result of testosterone depri-
vation on the heart with I/R, results from ex vivo and in vivo studies have shown
that testosterone deprivation for at least 2 weeks increased myocardial infarct size
after cardiac I/R [10, 21–23]. Testosterone deprivation for 3 weeks did not alter LV
function [19], however, a worsening of LV dysfunction was initially observed after
7 weeks of ORX as indicated by increased LV end−diastolic pressure (LVEDP),
reduced LV developed pressure (LVDP) and ± dP/dt in ex vivo studies [20, 21,
23]. In an in vivo study, after 12 weeks of ORX, increased LVEDP and −dP/dt and
decreased stroke volume (SV) were observed [10]. Cardiac arrhythmia following
cardiac I/R was investigated in two studies. These both found that the arrhythmia
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score [10], the number of premature ventricular beats (PVB) and ventricular tachy-
cardia (VT) increased after 9 weeks of ORX [23]. The mechanisms underlying the
deteriorating effects of testosterone deprivation on cardiac I/R were determined, and
the data showed that testosterone−deprived rats had an increase in lactate dehy-
drogenase (LDH) [21, 23], apoptosis and cardiac mitochondrial dysfunction [10]. In
addition, gap junction protein expression was decreased in ORX rats when compared
to their sham operation controls [10], leading to a disturbance of electrical activity
in the heart. A comprehensive summary of these reports is shown in Table 3.1.

Mitochondria are vital organelles which control energy metabolism, cell death
and cell survival in physiological and pathological conditions [33]. In addition,
mitochondria are largely responsible for reactive oxygen species (ROS) produc-
tion, thereby resulting in a predisposition to oxidative stress [34]. An excessive
level of oxidative stress disrupts mitochondrial membrane integrity which will lead
to cardiac mitochondrial membrane depolarization and opening of the mitochon-
drial permeability transition pores (mPTP), followed bymitochondrial swelling [33].
Cytochrome c is released from the mitochondrial intermembrane space to form an
apoptosome, which ultimately induces apoptosis [33]. Since cardiac mitochondrial
dysfunction was found in cases of both testosterone deprivation and cardiac I/R [15,
17, 35], the severity of cardiac mitochondrial dysfunction was potentially increased
in testosterone deprived rats with cardiac I/R [35].

There is only one ex vivo study which reported that testosterone deprivation for
4 weeks did not alter LV function and apoptosis in rats [27]. However, myocardial
infarct size and arrhythmia statuswere not determined in that study [27]. The findings
from this ex vivo report were not consistent with the in vivo studies, indicating that
the duration of testosterone deprivation as well as the study models could influence
the effects of testosterone on the heart.

Although testosteronedeprivation has been reported to cause adverse effects on the
heart with I/R, inconsistent reports exist. Two studies have reported that myocardial
infarct size was decreased in testosterone deprived rodents [24, 28]. Myocardial
infarct size was decreased 3 weeks after ORX (in a rat model) [28], and 20 weeks
after ORX (in a mouse model) [24]. To the contrary, other studies reported that
testosterone deprivation increased myocardial infarct size in rats between 2 and12
weeks after ORX [10, 21–23]. The discrepancy in myocardial infarct size might
be due to differences in the duration of testosterone deprivation and cardiac I/R
protocol. There is an inconsistency in the data in cases of short−term testosterone
deprivation. Two weeks of testosterone deprivation increased myocardial infarct size
in an in vivo setting after 60min of ischemia and 4 h of reperfusion.On the other hand,
3 weeks of testosterone deprivation decreased myocardial infarct size in an ex vivo
setting after 30 min of ischemia and 150 min of reperfusion. Thus, the difference
in cardiac I/R setting such as ischemia and reperfusion duration might involve a
discrepancy of myocardial infarct size in testosterone deprived rats with cardiac I/R.
A comprehensive summary of these reports is shown in Table 3.1.

As regards LV function, in ex vivo studies testosterone deprivation for 7 weeks
has been shown to have both deteriorating and beneficial effects [20, 25, 26, 29, 31,
32]. Testosterone deprived rats who were subjected to 20 min of ischemia resulted in
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a worsening of LV dysfunction [20]. However, testosterone deprived rats subjected
to 25 min of ischemia showed an improvement in LV function during cardiac I/R,
all rats undergoing similar reperfusion duration (40 min) [26, 29, 31, 32]. These
findings suggest that the ischemic duration could be a key factor in the mediation of
LV function in testosterone deprived rats with cardiac I/R. It has been proposed that
testosterone deprivation attenuated LV dysfunction during cardiac I/R by increasing
the level of survival protein kinase, enhancing antioxidants, reducing apoptosis [26,
29, 32] and inflammation [31]. This finding was supported by another in vivo study
in which a short duration of ischemia (5 min) and reperfusion (5 min) was shown to
reduce LV dysfunction in testosterone deprived rats by promoting cardiac mitochon-
drial respiration [30]. A comprehensive summary of these reports is shown in Table
3.1.

Metabolic syndrome is associated with low testosterone levels [36]. It has been
shown that the percentage of body fat has a negative correlation with circulating
testosterone level [36]. In obese−insulin resistant rats, testosterone deprivation did
not increase myocardial infarct size, or arrhythmias, and it did not alter intracellular
molecular signaling, compared with their sham operated rats [10, 37]. However, a
worsening of LV dysfunction was reported in one study in which it was shown that
testosterone deprivation increased LVEDP and left ventricular end systolic pressure
(LVESP) in obese−insulin resistant rats, when compared with their sham operated
controls [10]. These data indicated that, in a rodent model of metabolic syndrome,
although testosterone deprivation did not increase myocardial infarct size, it aggra-
vated LV dysfunction. A comprehensive summary of these reports is shown in Table
3.1.

The Effects of Exogenous Testosterone Administration
on the Heart with Cardiac I/R

Testosterone acts via two major pathways: the genomic and the non−genomic path-
ways [5]. In the genomic pathway, after testosterone enters the cytosol it can be
converted to dihydrotestosterone (DHT) by an enzyme 5α−reductase [5]. DHT then
binds with an androgen receptor (AR), which forms a homodimer and undergoes a
conformational change [5]. This AR complex then binds with other proteins to facili-
tate their nuclear translocation [5]. After the AR complex enters the nucleus, it binds
to the androgen response elements (ARE), which are found on several promoter
sites on the DNA [5]. ARA 70, a coactivator, is subsequently recruited for the
transcription of AR-regulated genes, which can exert their action on target organs
via their protein products [5]. In the non-genomic pathway, this process requires
neither AR nuclear translocation nor AR-DNA-binding. The activated AR in the
cytoplasm interacts with other signaling pathways such as PI3K/Akt, Ras/Raf and
Src [5]. These signaling molecules activate the mitogen-activated protein kinase
(MAPK)/extracellular signal−regulated kinase (ERK) pathway [5]. The activation
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of theMAPK/ERK pathway is associated with cell proliferation gene expression [5].
In this chapter, we have summarized the effects of exogenous testosterone adminis-
tration on the heart during cardiac I/R in animals with normal plasma testosterone
levels.

In an in vitro study, the isolated cardiomyocytes were subjected to 30 min of
ischemia (by incubating the cells with an ischemic solution) and 30 min of reperfu-
sion (by incubating the cells with normal culturemedia) [38]. Testosteronewas added
to the cells during ischemia until the end of reperfusion. Cellular electrophysiolog-
ical studies were performed, and the results showed that testosterone reduced action
potential duration (APD90) and the number of premature ventricular contractions
(PVC) [38]. However, the resting membrane potential, the action potential ampli-
tude, and Vmax were not affected by the application of testosterone [38]. These
findings suggested that testosterone could reduce arrhythmias at the cellular level. A
comprehensive summary of these reports is shown in Table 3.2.

In the case of ex vivo studies, pretreatment with a very low dose of testosterone
(0.001 nM) in isolated rat hearts was not shown to confer any level of protection
on the heart regarding cardiac I/R injury [39]. Pretreatment with testosterone at
a dose of 3 μg/kg improved LV function, but it did not reduce LDH levels after
cardiac I/R [40]. In addition, pretreatment with a high dose of testosterone (5 mg/kg)
increased myocardial infarct size by decreasing antioxidant levels, but it did not
alter the level of apoptosis [41]. These data suggested that, in rats with a normal
circulating testosterone level, the effects of exogenous testosterone were dependent
on the dosage of exogenous testosterone. A summary of these reports is shown in
Table 3.2.

The Effects of Exogenous Testosterone Administration
on the Hearts of Testosterone Deprived Rats with Cardiac
I/R

In one ex vivo study, testosterone deprived animals were given exogenous testos-
terone prior to cardiac I/R in a range of dosages and for various durations of treat-
ment. The study reported that pretreatmentwith a single dose of testosterone injection
(intraperitoneal injection; IP) at 10 mg/kg 6 h prior to cardiac I/R did not reduce LV
dysfunction in rats and apoptosis was increased [27]. Another ex vivo study showed
that pretreatment with a single dose of testosterone injection (intramuscular injec-
tion; IM) at 500 mg/kg, 14 days prior to cardiac I/R significantly attenuated LV
dysfunction by reducing intracellular calcium levels, possibly through an increase
in sarcoplasmic reticulum calcium ATPase levels [20]. This showed that a single
high−dose of exogenous testosterone administration could protect the heart against
cardiac I/R injury in testosterone deprived rats. A comprehensive summary of these
reports is shown in Table 3.3.
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As regards chronic treatment, testosterone was subcutaneously implanted in
testosterone deprived rats (100 mg, 3 weeks) prior to cardiac I/R [19, 26, 32]. The
results showed that, in the setting of ex vivo cardiac I/R (25 min ischemia and 40
min reperfusion), testosterone attenuated apoptosis but not LV dysfunction [26, 32].
Another study showed that, in an ex vivo setting of cardiac I/R (25 min ischemia and
45 min reperfusion), testosterone attenuated LV dysfunction and increased antioxi-
dant enzyme level [19]. These findings suggested that, with similar doses of testos-
terone, the duration of reperfusion may affect LV function in testosterone deprived
rats with cardiac I/R. A comprehensive summary of these reports is shown in Table
3.3.

The method of regional ischemia performed in some ex vivo studies was ligation
of the LAD [21, 23]. Exogenous testosterone (2 mg/kg) was given to the testosterone
deprived rats daily for 8 weeks prior to cardiac I/R, and the results demonstrated
that testosterone could reduce myocardial infarct size and LV dysfunction [23]. In
addition, the numbers of PVC and VT were decreased in testosterone deprived rats
with cardiac I/R [23]. Another study showed that testosterone could reduce LDH
but it did not affect the heat shock proteins HSP70 and HSF1 [21]. HSP70 and
HFS1 are stress inducible proteins which are excessively expressed during cardiac
I/R [21]. An activation of the HSP70−HSF1 complex could initiate apoptosis and
an inflammatory response [21]. However, the beneficial effects of testosterone were
not mediated by this protein. A comprehensive summary of these reports is shown
in Table 3.3.

In in vivo studies, the effects of acute and chronic exogenous testosterone have
been investigated in testosterone deprived rats. The acute administration of exoge-
nous testosterone (0.2 and 2.0 μg/kg, IV), given to the testosterone deprived rats
during cardiac ischemia was shown to reduce myocardial infarct size [22]. However,
the precise molecular mechanism responsible for the beneficial effects in acute treat-
ment was not determined [22]. In a chronic pretreatment model, exogenous testos-
terone (346 ng/kg and 2 mg/kg, 4 weeks) effectively reduced myocardial infarct size,
LV dysfunction, and arrhythmias in testosterone deprived rats [10, 35, 42]. These
studies proposed that testosterone could reduce cardiac inflammation [42], oxida-
tive stress, apoptosis and cardiac mitochondrial dysfunction [10, 35] in testosterone
deprived rats. These beneficial effects of exogenous testosterone were also observed
in the obese−insulin resistant rats with testosterone deprivation subjected to cardiac
I/R through a similar procedure [10]. A summary of these reports is shown in Table
3.3.

One study used a naturally aged rat model with age related low testosterone levels
[43]. Exogenous testosterone was given to the rats at 1 mg/kg for 30 days prior to
cardiac I/R, and the results showed that this intervention increasedmyocardial infarct
size, when compared with the vehicle control group [43]. However, the degree of LV
dysfunction was decreased. The molecular mechanism demonstrated that exogenous
testosterone decreased p-Akt/Akt, which is a survival protein, however it did not
affect apoptosis and ER stress levels [43] (Table 3.3). These data suggested that
exogenous testosterone reducedLVdysfunction through the activation of this survival
protein.
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Fig. 3.1 This summary diagram demonstrates the potential mechanisms involved in the mediation
of the action of testosterone during cardiac ischemia/reperfusion including the activation of Cx43,
antioxidants, apoptosis, mitochondrial function, and survival kinase. Cx43: connexin 43; LV: left
ventricle

From these reports, it could be concluded that exogenous testosterone applica-
tion reduced cardiac mitochondrial dysfunction and led to a reduction in cardiac
apoptosis, resulting in a reduction in myocardial infarct size and LV dysfunction. In
addition, exogenous testosterone reduced matrix metalloproteinase activity, cellular
infiltration, and inflammation in testosterone deprived rats. A summary regarding
the roles of testosterone on the heart of cardiac I/R is depicted in Fig. 3.1.

The Effects of Testosterone Replacement Therapy (TRT)
on Cardiovascular Outcome in Clinical Reports

A previous study has shown that testosterone plays an important role in regu-
lating cardiac damage during MI, specifically that testosterone deprivation led to
an increased incidence of microvascular obstruction in STEMI patients [7]. There-
fore, TRT is used to prevent cardiac complications in patients with low circulating
testosterone levels. There are large cohort studies showing that long−term TRT use
(for more than 17 months) could increase cardiovascular event free survival rate,
decrease all−cause mortality, and reduce major cardiac adverse events in middle to
old aged men with low testosterone levels [44, 45, 47, 48]. However, TRT for 1 year
has been shown neither to increase nor decrease MI events in middle to old aged
men with low testosterone levels [46]. Although long−term TRT showed benefits
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as regards the cardiovascular outcomes, two studies have reported adverse effects
of TRT in increasing the incidence of obstructive sleep apnea [44] and stroke [48].
In older aged men (the age of all participants was greater than 70 years old), TRT
promoted MI risk by increasing noncalcified coronary artery plaque volume, total
plaque volume, and coronary artery calcium score [49]. These findings suggested
that TRT provided several benefits on cardiovascular outcomes in the middle to old
aged male cohort who have low testosterone levels, however, testosterone prescrip-
tion to the older aged men (subjects over 70 years old) might increase risk for MI. A
comprehensive summary of these reports is shown in Table 3.4.

Previous studies also reported the effects of TRT on cardiovascular outcomes in
men with low testosterone levels, together with MI or heart failure. In the case of
both short-term (1month) and longer-term (3months-1 year) treatment, TRT reduced
cardiac adverse events by delaying the time to ischemia [50] and time to 1 mm ST
segment depression [51], reducing carotid intima−media thickness [50] and QT
dispersion [52] in men with low testosterone and heart disease. However, long−term
TRT did not affect MI events in aging men (subjects over 70 years old) with MI and
low testosterone levels [53]. This information indicated that TRT reduced cardiac
adverse events in middle to old aged men who have cardiac complications and low
testosterone levels. A summary of these reports is shown in Table 3.4.

Table 3.4 Clinical reports concerning the effects of exogenous testosterone administration on
cardiovascular outcomes

Study design TRT regimen Results Interpretation Refs

Men with low
testosterone levels
(0–60 years)

TRT group (n =
3,422) versus Control
(n = 3,422)
F/U = 17 month

−↑ CV event free
survival
−↓ CAD event
−↔ CHF event
Stroke event
−↑ OSA

TRT increased
survival rate and
reduced risk of
coronary artery
disease, but it did not
affect chronic heart
failure and stroke
event in men with low
testosterone levels.
However, TRT
increased obstructive
sleep apnea event

[44]

Men with low
testosterone levels
(Age ≥ 50 years)

TRT group (n =
8,137) versus Control
(n = 4,418)
Mean F/U = 6.6 years

↓ CHF event
CAD event
All−cause
mortality
MI event

TRT reduced
mortality and
cardiovascular events
in men with low
testosterone levels

[45]

Men with low
testosterone levels
(Age > 50 years)

TRT group (n =
207,176) versus
Control (n = 207,176)
F/U = 1 year

↔ MI event TRT did not affect MI
events in men with
low testosterone
levels

[46]

(continued)
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Table 3.4 (continued)

Study design TRT regimen Results Interpretation Refs

Men with low
testosterone levels
(Age ≥ 50 years)

TRT group (n =
43,931) versus
Control (n = 13,378)
Mean F/U = 6.2 years

↓ All−cause
mortality
MI event
Stroke event

TRT reduced
mortality and
cardiovascular events
in men with low
testosterone levels

[47]

Men with low
testosterone levels
(Age > 60 years)

TRT group (n =
2,241) versus low
testosterone group (n
= 801)
F/U = 3 years

↓ MACE
↑ Stroke event

TRT reduced major
cardiac adverse
events, but it
increased stroke
events in men with
low testosterone
levels

[48]

Aging men with
low testosterone
levels
(Age > 70 years)

TRT group (n = 73)
versus Control (n =
65)
F/U = 1 year

↑ non calcified
coronary
artery plaque
volume
Total plaque
volume
Coronary artery
calcium
score

TRT increased
coronary plaques in
aging men with low
testosterone levels

[49]

Men with stable,
chronic angina
pectoris and low
testosterone levels
(Age > 20 years)

TRT group (n = 7)
versus Control (n = 6)
F/U = 1 year

↑ Time to ischemia
↓ Carotid
intima−media
thickness

TRT delayed time to
ischemia and reduced
carotid intima−media
thickness in men with
stable chronic angina
pectoris and low
testosterone levels

[50]

Men with ischemic
heart disease and
low testosterone
levels
(Age > 60 years)

TRT group (n = 11)
versus Control (n =
10)
F/U = 1 month

↑ Time to 1 mm
ST
segment
depression

TRT delayed time to
ischemia in men with
ischemic heart disease
and low testosterone
levels

[51]

Men with heart
failure and low
testosterone levels
(Age > 60 years)

TRT group (n = 44)
versus their baseline
F/U = 3 month

↓ QTd TRT reduced QT
dispersion in men
with heart failure and
low testosterone
levels

[52]

Aging men with
MI and low
testosterone levels
(Age > 70 years)

TRT group (n = 299)
versus non−TRT
group (n = 29,551)
Mean F/U = 2.8 years

↔ MI events TRT did not alter
incidence of MI
events in aging men
with MI and low
testosterone levels

[53]

TRT: testosterone replacement therapy; F/U: follow−up; MI: myocardial infarction; CV:
cardiovascular; CAD: coronary artery disease; CHF: chronic heart failure; OSA: obstructive sleep
apnea; MACE: major adverse cardiac event
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Conclusion

Testosterone plays an important role in the regulation of myocardial injury during
cardiac I/R, the extent of the impact being dependent on the duration of testos-
terone deprivation. Exogenous testosterone administration modulates myocardial
infarction, LV function, and arrhythmias during cardiac I/R injury, the degree of
modulation being dependent on dose and time of administration in both normal and
testosterone deprived rats.
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Chapter 4
The Influence of Sex and Age
on Responses of Isolated Ventricular
Myocytes to Simulated Ischemia
and Reperfusion

David G. Sapp and Susan E. Howlett

Abstract Myocardial ischemia occurs when the blood flow to the heart is disrupted
because of conditions like atherosclerosis or during cardiac surgery. Ischemia ulti-
mately can lead to cardiomyocyte cell death unless blood flow to the heart is restored
by reperfusion, although reperfusion itself also can causemyocardial injury. Ischemia
and reperfusion (IR) damages themyocardium and is amajor cause of cardiovascular
morbidity andmortality in our aging population. This hasmotivated interest in devel-
oping different preclinical models of IR injury to explore underlying mechanisms.
This review focuses on various cellular models of IR that have been developed for use
in isolated cardiac myocytes along with their strengths and weaknesses. In general,
these cellular models permit tight control of the extracellular milieu and facilitate the
application of substances directly onto the myocytes themselves. As these models
eliminate the influence of other cell types and circulating factors on responses to
IR, effects on cardiomyocyte contractile, electrophysiological and molecular mech-
anisms can readily be evaluated. This review highlights what is known about the
influence of age and sex on cellular responses to IR and that most research has used
only cells from young adult male animals. The need to use preclinical models of
IR that more closely represent the older individuals of both sexes who are the most
likely to develop these diseases is emphasized. This will create a stronger knowledge
base that will help promote translation into clinical populations.
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Introduction

Myocardial ischemia occurs when blood flow to heart cells is restricted. It frequently
arises because of atherosclerosis but can occur in other situations such as during
cardiac bypass surgery and in positioning of stents. By preventing blood flow to the
working myocardium, ischemia attenuates cardiac contractile function and disrupts
the electrical activity of the heart [1]. Ischemia can lead to myocardial infarction, so
it is important to restore blood flow to the heart, by reperfusion, as soon as possible.
However, reperfusion itself can cause myocardial injury as it promotes intracellular
calcium overload, oxidative stress and inflammation, all of which can further damage
theheart [1]. The importanceof ischemia and reperfusion (IR) injury in ischemicheart
disease has motivated preclinical researchers to explore underlying mechanisms.
These studies have utilised various established models of IR injury such as coronary
occlusion models in intact animals, perfused hearts exposed to global ischemia and
isolated heart muscle subjected to simulated IR [2, 3]. Cellular models of IR also
have been developed for use in isolated cardiac myocytes. Together, these preclinical
studies have begun to shed light on mechanisms involved in IR injury and identify
new targets for interventions.

Clinical translation of knowledge about IR mechanisms requires basic research in
areas that are relevant to the populations affected by ischemic heart disease. Ischemic
heart disease occurs most frequently in older individuals and is prevalent in both
sexes [4–6]. However, experimental studies of IR injury typically use young, mostly
male animals. To facilitate translation of knowledge to humans it is important to use
preclinical models that represent both sexes and to investigate responses to IR in the
setting of aging. This review will evaluate available cellular models of IR injury in
isolated ventricular myocytes, where cellular mechanisms that underpin IR damage
have been investigated. We will highlight studies that use isolated cardiomyocytes to
study sex and age differences in responses to IR. Knowledge gaps will be discussed
and areas for further exploration will be identified. Additional research into IR injury
in animal models that more closely reflect the older men and women who get these
diseases will help create a stronger foundation of knowledge to develop novel clinical
treatments.

Multicellular Models of Ischemia and Reperfusion

Preclinical investigations of IR have utilised various established models of IR injury.
One established approach is to transiently ligate coronary arteries in intact animals
[2]. Generally, such models are open chest, although newer methods to create closed
chest IR injury in mice have been developed [7]. These models are useful in that
they closely replicate IR damage that occurs clinically, provide information about
left ventricular function and estimate infarct size as a function of the area at risk
[2]. However, they can be complicated by effects of other cell types (e.g. fibroblasts,
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immune cells, etc.) or circulating factors and neuroendocrine signals from other
organs. They are also technically challenging, especially in small animals where
coronary vessels are more difficult to ligate [2].

Isolated perfused hearts exposed to global ischemia followed by reperfusion also
have been used to model IR injury [2]. This model also can be used to measure left
ventricular function and infarct size following exposure to IR. Isolated heart muscle
preparations exposed to conditions that simulate IR can be used to investigate its
effects on contraction and arrhythmic activity in coupled cardiac cells [3]. Isolated
muscle and perfused heart models have the advantage that they minimize effects of
circulating factors, neuroendocrine signals and other cells types. However, they do
not replicate all aspects of IR injury. Advantages and limitations of these classic
models of IR have been reviewed in detail recently [2].

Models of IR in Isolated Ventricular Myocytes

An alternative approach is to use isolated cardiac myocytes as an in vitro model of
IR. This technique allows the extracellular environment to be both tightly controlled
and systematically varied. The use of cell preparations eliminates the influence of
extracellular factors, so the impact of IR on cardiac myocytes can be investigated
without effects of other cell types (e.g. fibroblasts, immune cells etc.) or circulating
factors (e.g. neurotransmitters, hormones). The impact of IR on cell survival and on
contractile, electrophysiological and molecular mechanisms in the myocytes them-
selves can be evaluated [2]. This provides a unique insight into the responses of
individual cells to IR and is ideal for gaining mechanistic insights.

Many different methods to investigate IR in isolated cardiomyocytes have been
developed. These models mimic one or more components of true myocardial
ischemia including acidosis, hypercapnia, hyperkalemia, hypoxia, lactate accumu-
lation, substrate deprivation, metabolic inhibition and/or reactive oxygen species
(ROS) accumulation [8, 9]. Table 4.1 describes models of simulated ischemia,
hypoxia, acidosis, metabolic inhibition and ROS induction in cardiomyocytes. The
table highlights the many features of myocardial ischemia that are simulated in each
case and the references refer to seminal papers where these models were developed
and characterized. In the “simulated ischemia” models in Table 4.1, myocytes are
superfused with buffer that includes most components of true in vivo ischemia and
then reperfused with regular buffer [10–15]. In many of these simulated ischemia
models anoxic gas (e.g. nitrogen gas) is layered over the top of the superfusion
chamber to exclude atmospheric oxygen. A schematic diagram of the first simulated
ischemia model developed by Cordeiro et al. [12] for use in ventricular myocytes
is represented in Fig. 4.1. In the “hypoxia” models, cells are transiently deprived
of oxygen (and occasionally also substrate) and allowed to produce other compo-
nents of ischemia naturally [16–21]. Others cellularmodels have focussed on specific
conditions encountered in true ischemia such as acidosis [22], metabolic inhibition
[23] or ROS induction [24], as summarized in Table 4.1.
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Fig. 4.1 Schematic diagram of an experimental set-up for simulated IR of isolated ventricular
myocytes based on the model originally developed by Cordeiro and colleagues [12]. A. Inflow for
both control and simulated “ischemic” buffer solutions. B. Tubing that allows the inflow of N2
gas creates a layer of anoxic gas over the experimental chamber. C. Raised barriers to maintain
laminar flow of anoxic gas. D. Cell bath containing ventricular myocytes adhered to the bottom and
ischemic/control solution. E. Laminar flow of anoxic gas, creating a sealed hypoxic environment
with aerial access. F. Outflow of ischemic/control solution at a steady flow rate

Simulated ischemia is a commonly used cellular model of IR (Table 4.1). Some
approaches incorporate multiple features of true ischemia including acidosis, hyper-
capnia, hyperkalemia, hypoxia, lactate accumulation and substrate deprivation [11,
12, 14], while others focus on a subset of these [10, 13, 15]. Indeed, the ischemic solu-
tion composition varies between different simulated ischemia models. For example,
aspects such as pH, gas type/concentrations, ion concentrations, and lactate concen-
trations differ between models. The simulated ischemia models established by
Cordeiro et al. [12] and Liu et al. [14] use very similar solutions, although the latter
has greater acidity and contains deoxyglucose. The model developed by Maddaford
et al. [15] is a modification of the Cordeiro model, but the solution has no lactate
and is not bubbled with high (10%) CO2 to produce hypercapnia. Interestingly, more
recent studies with the Maddaford model have supplemented the ischemic solution
with lactate and used higher CO2 to more closely resemble true myocardial ischemia
[25, 26].

Cellular models that focus on hypoxia are also commonly used to investigate IR at
the cellular level.As shown inTable 4.1, simulated ischemiamodels clearly reproduce
more aspects of true myocardial ischemia than the hypoxia models. However, when
cells are subjected to hypoxia some of the other ischemic components are induced
indirectly, as a result of cellular responses to hypoxia [16, 17, 19–21]. For instance,
an early model by Vander Heide and colleagues [19] used centrifugation to pellet
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the myocytes, then removed the extracellular fluid and covered the cells with oil to
induce hypoxia. In consequence, the cells produced lactate and exhausted available
ATP [19]. Other studies have induced hypoxia by exposing cells to between 95 and
100% N2 [17, 20, 21], 100% argon gas [18] or by incubating them under a coverslip
[16]. These investigators found that hypoxic myocytes produce lactate and exhaust
ATP stores. In some cases, hypoxia is combined with substrate deprivation to more
closely mimic ischemia in vivo [20, 21]. The ischemic factors known to be present
in various hypoxia models are illustrated in Table 4.1.

In theory, the models discussed above could be adapted to systematically inves-
tigate the contribution of each component of the “ischemic solution” individually.
Indeed, some studies have examined specific components that are implicated in IR
injury. For example, Cicconi et al. [24] exposed myocytes (the HL-5 cardiac atrial
cell line) to hydrogen peroxide to create oxidative stress and induce ROS. Oxidative
stress andROSgeneration are implicated in IR injury and are associatedwith opening
of themitochondrial permeability transition pore (mPTP) [27].While theROS induc-
tion model does not simulate IR per se, it does isolate a clinically important aspect
of the disease. An entirely different approach to model IR in cardiac myocytes is to
stress the cells by inhibiting metabolism. For example, severe metabolic inhibition of
isolated ventricular myocytes with cyanide reversibly mimics effects of myocardial
ischemia on cellular electrical activity [23]. While these models are a simple way to
imitate ischemia, they do not accurately simulate the full range of cellular stresses
associated with IR.

Cell type is a key factor in experimental models of IR injury, as illustrated in
Table 4.2. Freshly isolated ventricular myocytes from adult animals have been used
by many investigators [12–15, 17–19, 22, 23]. They are considered the gold standard
because they aremost likemyocardial cells exposed to ischemia in vivo [2]. Other cell
types are easier to prepare but have critical physiological differences when compared
to adult cardiomyocytes [2]. For example, as shown in Table 4.2, neonatal myocytes
and early post-natal cells have been used in some investigations [10, 16, 20]. These
preparations create amonolayer of spontaneously beatingmyocytes,which allows the
study of cell-to-cell connections [2]. However, as myocytes undergo marked physio-
logical changes during maturation, results obtained in neonatal cells may not readily
translate to the older population most likely to experience IR injury clinically. Other
studies have used cardiac cell lines including the HL-5 [24], HL-1 [11] and H9c2 cell
lines [21]. However, HL-1 and HL-5 cells are derived from a mouse atrial myocyte
tumor lineage [28, 29] and the H9c2 cells are derived from embryonic rat heart [30].
Therefore, these cells lines do not model the working ventricular myocardium in
adults. Both cardiac-derived cell lines and neonatal/embryonic cardiomyocytes do
not respond to IR in the same way as adult ventricular myocytes [2, 11]. Cardiac cell
types that have been used in IR experiments are summarized in Table 4.2.

Strengths and limitations of the various cellular IRmodels, alongwith the cell type
and model of ischemia employed are highlighted in Table 4.2. Models that simulate
ischemia in freshly isolated adult myocytes are preferred. They have the advantage
that they mimic major aspects of ischemia in vivo [2]. The use of an open experi-
mental chamber allows the investigator to record electrical activity (e.g. membrane
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Table 4.2 Models of ischemia and reperfusion in isolated ventricular myocytes

Modela Cell type Strengths Weaknesses References

Simulated
ischemia

Freshly isolated
adult myocytes

Mimics major aspects
of ischemia in vivo;
open chamber permits
access to myocytes

Requires specialised
equipment

Cordeiro et al.
[12]

Mimics major aspects
of ischemia in vivo;
open chamber permits
access to myocytes

Requires specialised
equipment

Liu et al. [14]

No lactate may reduce
cellular necrosis; open
chamber for cell access

Does not mimic all
aspects of ischemia
in vivo; requires
specialised equipment

Maddaford
et al. [15]

Simultaneous
experiments possible;
can quickly alter
bathing solution;
practical to use a single
myocyte more than
once

Myocyte adherence to
capillaries influences
contractility measure;
measurement error due
to curvature; requires
specialised equipment;
no access to cells

Heller et al. [13]

Neonatal
myocytes

Ease of preparation;
creates monolayer

Does not simulate all
aspects of ischemia
in vivo; does not
isolate individual
myocytes; myocytes
are not identical to
adult in vivo

Athias et al.
[10]

HL-1 cell line Ease of preparation;
long term survival in
culture

Derived from mouse
atrial cardiomyocyte
tumor; not ventricle;
cell line does not
accurately mimic
myocytes in vivo

Brady et al. [11]

Hypoxia Freshly isolated
adult myocytes

Spun cells into a pellet
with no extracellular
fluid to exchange
metabolites; cellular
suspension induces
ischemia without
substrate; open
chamber for cell access

Substrate composition
is not well controlled;
requires specialised
equipment

Vander Heide
et al. [19]

Argon gas exposure;
gas concentration can
be varied; isolates
hypoxia/anoxia
component; open
chamber for cell access

Does not accurately
mimic ischemia
in vivo; requires
specialised equipment

Stern et al. [18]

(continued)
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Table 4.2 (continued)

Modela Cell type Strengths Weaknesses References

N2 gas exposure; N2
concentrations can be
varied; isolates
hypoxia/anoxia
component; open
chamber for cell access

Does not accurately
mimic ischemia
in vivo; requires
specialised equipment

Rajs and Härm
[17]

Neonatal
myocytes

Ease of preparation
using cover slip to
induce hypoxia;
contains ischemic and
control myocytes in
one monolayer;
simulates regional
ischemia

Does not accurately
mimic ischemia
in vivo; does not
isolate individual
myocytes; myocytes
are not identical to
in vivo; no cell access

Pitts and
Toombs [16]

Post-natal
myocytes

Multicompartmental
unit, ease of
preparation; creates
monolayer; open
chamber for cell access

Does not accurately
mimic ischemia
in vivo; does not
isolate individual
myocytes; myocytes
are not identical to
in vivo; does not allow
electrophysiological
measurements

Vemuri et al.
[20]

H9c2 cell line Ease of preparation;
long term survival in
culture; open chamber
for cell access

Does not accurately
mimic ischemia
in vivo; derived from
embryonic rat heart;
does not mimic
ventricular myocytes
in vivo

Yang et al. [21]

Acidosis Freshly isolated
adult myocytes

Isolates low pH
component; open
chamber for cell access

Does not accurately
mimic ischemia
in vivo; requires
specialised equipment

Fry et al. [22]

Metabolic
inhibition

Freshly isolated
adult myocytes

Expose cells to
cyanide; simple
method to stress
myocytes as in
ischemia; open
chamber for cell access

Does not accurately
mimic ischemia
in vivo; requires
specialised equipment

Priori et al. [23]

ROS
induction

HL-5 cell line Ease of preparation;
long term survival in
culture; isolates ROS
component; open
chamber for cell access

Derived from mouse
atrial cardiomyocyte
tumor; not ventricle;
cell line does not
accurately mimic
myocytes in vivo

Cicconi et al.
[24]

aQualitative assessment of various cellularmodels of ischemia and reperfusion (IR) injury. ROS= reactive
oxygen species
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potentials, ionic currents) along with contractile activity in individual myocytes [12].
Cells also can be loadedwith calcium-sensitive fluorescent dyes to allow intracellular
calcium transients to be measured in conjunction with mechanical and/or electrical
responses [31]. The open chamber also facilitates the use of a rapid solution switcher,
so individual cells can be superfused rapidly with drugs of interest [31, 32]. On the
other hand, these approaches do require specialised equipment and technical skill.
Other models aremore easily implemented and can have utility for specific investiga-
tions. For example, the approach developed by Pitts and Toombs [16] uses neonatal
cardiomyocytes and simulates regional hypoxia by placing a coverslip over part of the
cellular monolayer. This creates a model with cells in ischemic, semi-ischemic, and
control conditions on one plate. As ischemia manifests regionally in vivo, this model
uniquely simulates that in cardiomyocytes [16]. Heller et al. [13] have introduced
myocytes into multiple tracks of capillaries rather than in a regular open chamber.
This is beneficial in experiments where responses of individual cells to sequential
solution changes are desired. However, neither the coverslip model nor the capillary
model allows access to the bath and the cylindrical nature of the glass capillaries can
introduce measurement error.

Models of IR in isolated adult ventricular myocytes, neonatal myocytes and cell
lines are inherently different from in vivo cells because the cells are isolated from
each other and the extracellular matrix. Still, there are advantages to these cellular
models in that the extracellular environment can be controlled and effects of IR on
individual cells can be investigated. The next sectionswill highlight how suchmodels
have been used to investigate the influence of sex and age on responses to IR.

Sex Differences in Cellular Responses to IR Injury

While sex differences in the electrical and contractile function of cardiomyocytes
have been identified in cells studied under normoxic conditions [33], relatively little
is known about sex differences in responses to IR. This is a critical knowledge gap
because understanding both sexes’ responses to IR is key to understanding male–
female differences in mechanisms underlying the responses to IR and developing
sex-specific interventions in the setting of IR. Major sex differences in the responses
of cardiomyocytes to IR injury are summarised in Table 4.3.

A few studies have exploredmale–female differences in the recovery of cardiomy-
ocyte contractile function in reperfusion in young adult rats. Ross and Howlett [34]
showed that peak contractionswere abolished in simulated ischemia in both sexes and
remained depressed in cells from males (Table 4.3). By contrast, contractions recov-
ered to exceed baseline levels in myocytes from females [34]. Exposure to ischemia
increased resting calcium levels in both sexes and this returned to normal in reperfu-
sion, but more cells died during reperfusion in males than in females. These obser-
vations suggest that young adult females are resistant to IR injury when compared
to age-matched males. Bell et al. [26] found a female-specific increase in calcium
transients during simulated ischemia with no change in contractions suggesting that
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Table 4.3 Influence of sex on responses to ischemia and reperfusion in ventricular myocytes

Modela Age Sex Species Outcomes References

Simulated
ischemia

3 & 5–6 mos
(Sham &
OVX)

M & F Rat Recovery of contractile
function and cell
survival lower in young
male than young female
in reperfusion; OVX
abolished female
protection, increased
abnormal contractile
activity (alternans)

Ross and
Howlett [34]

~3–4 mos M & F Rat Recovery of myocyte
contractile function and
cell survival in
reperfusion similar in
both sexes; diastolic
calcium increased in IR
more in males than
females; suggests more
effective control of
internal calcium in
females

Bell et al. [25,
26]

~2 mos F Rat Estrogen plus
testosterone treatment
abrogates harmful
effects of OVX on
lactate dehydrogenase
release, contractile
performance, and cell
survival in reperfusion;
individual hormones
alone had fewer
beneficial effects on the
same variables

Liu et al. [14]

Hypoxia Neonatal
(1–3 days)

M Rat Cells exposed to
hypoxia/reoxygenation
show p53-dependent
apoptosis after p53 is
phosphorylated by p38α
MAPK. 17β-estradiol
protects cardiomyocytes
by inhibiting p38α-p53
signalling; both estrogen
receptors (ERα & ERβ)
are involved

Liu et al. [35]

(continued)
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Table 4.3 (continued)

Modela Age Sex Species Outcomes References

Hypoxia plus
isoproterenol

Adult M & F Rat Male cells treated with
isoproteronol then
hypoxia had more cell
death than females with
isoproterenol or both
sexes without drug; due
to higher intracellular
calcium loading in
hypoxia in males; sex
differences were
reduced by nitric oxide
synthase inhibition

Chen et al.
[36]

Metabolic
inhibition

Adult M & F Mouse Cells exposed to sodium
cyanide (0 glucose)
show no sex difference
in wildtype mice; male
cells overexpressing
sodium calcium
exchanger show higher
internal calcium than
females; 17β-estradiol
reduces this increase in
calcium in male cells

Sugishita
et al. [37]

~4–5 mos M Rat GDX increased lactate
dehydrogenase release
and reduced cell
survival (cyanide
model); testosterone
attenuated these effects;
α1-adrenoreceptor
stimulation enhanced
beneficial effects and
androgen receptor
antagonists blocked
them

Tsang et al.
[38]

aOverview of male–female differences in cellular responses to ischemia and reperfusion (IR)
demonstrated in cardiomyocyte models of IR. MAPK=mitogen-activated protein kinase; OVX=
ovariectomy; GDX = gonadectomy; M = male; F = female

myofilament calcium sensitivity declined in females [26]. Even though they found
no sex difference in cell survival in reperfusion [26], they did report that diastolic
calcium increasedmore during IR in cells frommales than females [25]. This suggests
that cardiomyocytes from females are better able to regulate diastolic calcium than
cells from males.

Studies of sex differences in responses to IR have used models that eliminate
or add endogenous sex steroid hormones (e.g. estrogen, testosterone), as detailed
in Table 4.3. The impact of low estrogen on responses to IR has been explored
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in ovariectomy (OVX) models. In OVX models, the ovaries are removed to model
menopause, the timewhen the risk of ischemic heart disease rises inwomen [5]. Inter-
estingly, myocytes from young adult females become highly susceptible to simulated
IR injury following OVX. Unlike sham-operated controls, all myocytes from OVX
animals developed arrhythmic activity anddied in ischemia, so that none survived into
reperfusion [34]. Liu et al. [14] used a simulated IR model and reported a reduction
in cardioprotection following OVX, where contractions and myocyte survival were
lower in OVX than sham controls and lactate dehodrogenase release was increased.
Interestingly, physiological doses of estrogen and testosterone given together abol-
ished these harmful effects of OVX [14]. However, these hormones were less effec-
tive when applied individually than when applied together (Table 4.3). Other work
explored potential underlying mechanisms implicated in estrogen-mediated cardio-
protection [35]. They subjected neonatal rat cardiomyocytes to 18 h of hypoxia
followed by reoxygenation and showed that, when 17-β-estradiol was present prior
to the onset of hypoxia, it was highly protective against apoptosis [35]. This benefi-
cial effect is due to inhibition of p38α MAPK, which in turn inhibits p53-dependent
apoptosis. This study also showed that both estrogen receptors (ERα and ERβ) are
involved in this cardioprotective pathway [35]. Of note, selective agonists for each
receptor were less cardioprotective than 17-beta-estradiol itself [35]. Sugishita et al.
[37] showed that there was no sex difference in calcium accumulation by male and
female cells exposed to sodium cyanide with no glucose. However, male cells that
overexpressed the sodium calcium exchanger show higher internal calcium than
females, an effect that was reversed by 17β-estradiol [37]. In combination, these
findings suggest that estrogen has beneficial effects on cellular IR injury and that
these benefits are at least partially attributable to effects on the myocytes themselves.

Interest in the role of circulating testosterone in IR injury has been motivated
by the links between circulating testosterone levels and the risk of cardiovascular
disease in both sexes [39, 40]. The effects of low testosterone on cellular responses
to IR has been investigated with the help of gonadectomy (GDX) models, where
animals are subjected to bilateral removal of the testes. Tsang et al. [38] used a
metabolic inhibition model of IR to compare responses in ventricular myocytes from
sham operated and GDX rats. They found that GDX increased lactate dehydro-
genase release and reduced cell survival; these effects were attenuated by chronic
testosterone supplementation [38]. Interestingly, exposure to adrenergic stress (e.g.
anα1-adrenergic agonist) augmented these beneficial effectswhile androgen receptor
antagonists blocked these actions. These findings demonstrate that low testosterone
exacerbates cellular IR injury and that supplementation with testosterone can reverse
this.

Several investigators have used cellular models to explore male–female differ-
ences in responses to IR under pathophysiological conditions. Bell et al. [26] used a
ratmodel of cardiac hypertrophy to investigate sex differences in cellular responses to
simulated ischemia in the setting of disease. They found that the patterns of responses
differed between the sexes in hypertrophied hearts. In females, calcium availability
is reduced in hypertrophy whereas the sensitivity to calcium declines in males [26].
These findings suggest that novel sex differences can be revealed by modeling IR
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in a pathological setting. Another study used a ß-adrenergic agonist (e.g. isopro-
terenol) to induce a hyperadrenergic, hypercontractile state prior to exposing male
and female cells to hypoxia followed by reoxygenation [36]. This hyperadrenergic
state mimics that seen in many cardiovascular diseases [41]. Results showed that cell
death was higher in cardiomyocytes from males exposed to isoproterenol prior to
hypoxia compared with female cardiomyocytes [36]. This was attributable to higher
intracellular calcium load in cells from males exposed to isoproterenol followed by
hypoxia when compared to females. This female advantage was due to increased
production of nitric oxide, which attenuated calcium loading following adrenergic
challenge in females but not males [36]. These data may translate to females having
greater resistance to IR damage when a hyperadrenergic state is present prior to the
ischemic insult.

The results discussed above demonstrate that there aremarkedmale–female differ-
ences in cellular responses to IR. These studies show that effects of estrogen and
testosterone on susceptibility to IR injury are due, at least in part, to actions at the level
of the cardiomyocytes. Furthermore, as both men and women suffer from ischemic
heart disease, this highlights the need to conduct experiments in preclinical models
using both sexes to identify underlying mechanisms that may well differ between the
two. However, consideration of sex alone may not be enough, as advanced age is the
major risk factor for cardiovascular disease in both sexes. The next section describes
what is currently known about the influence of age on cellular responses to IR.

The Influence of Age on Cardiomyocyte Responses to IR

Age clearly increases the risk of ischemic heart disease in men and in women [4–
6]. Still, as illustrated in Table 4.3, experimental studies of IR injury tend to use
cardiomyocytes from young adult and even neonatal animals. Investigation of IR
injury in the setting of aging is imperative to develop clinically relevant treatments,
although few studies have explored cellular responses to IR injury in cardiomyocytes
from older animals (Table 4.4).

O’Brien et al. [42] were the first to investigate the impact of age on cellular
responses to simulated IR in ventricular myocytes from male rats (Table 4.4). They
compared responses to IR in cells from young adult (3-month-old) and aged (24-
month-old) animals and found that contractions were abolished in ischemia and only
partially recovered in reperfusion regardless of age. Calcium transients declined in
early reperfusion but then recovered and there was no age-dependent difference in
cell survival following exposure to IR [42]. Despite these similarities, cells from
aged males accumulated much more intracellular calcium in ischemia than cells
from younger animals and this was associated with abnormal contractile activity,
knownasmechanical alternans [42]. Thesefindings indicate thatmyocytes fromolder
male animals are more susceptible to intracellular calcium overload and contractile
dysfunction following IR than cells from younger hearts.
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Table 4.4 Influence of age on responses to ischemia and reperfusion in isolated ventricular
myocytes

Modela Age Sex Species Outcomes References

Simulated ischemia 3 versus 24 mos F Rat Young female cells
protected from IR
injury, but young
male cells were not.
Age and OVX
abolished protection
from IR injury in
females and
increased calcium
loading plus
abnormal contractile
activity (alternans)

Ross and Howlett
[34]

3 versus 24 mos M Rat Many responses
similar in cells from
young and old
males; age enhanced
diastolic calcium
accumulation in
ischemia and
promoted
mechanical alternans

O’Brien et al. [42]

3 mos versus 18
mos

M Rat Exercise attenuated
age-related loss of
cardioprotection by
IPC; IPC plus
exercise reduced
ROS generation and
maintained
mitochondrial
membrane potential
in old mice, but
exercise or
preconditioning
alone did not

Wang et al. [ 43]

ROS induction 3–5 versus 20–24
mos

M Rat The cardioprotective
glycogen synthase
kinase-3β inhibitor
increased ROS
threshold for
opening the mPTP in
young, but not old
cardiomyocytes;
mPTP opened at
lower ROS threshold
in aged cells

Zhu et al. [44]

aOverview of the influence of age on cellular responses to ischemia and reperfusion (IR) injury. F =
female; M = male; mPTP = mitochondrial permeability transition pore; OVX = ovariectomy; ROS =
reactive oxygen species; IPC = ischemic preconditioning
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Although no experimental studies have done a head-to-head comparison of
responses to IR in myocytes from aged males and females, one study has compared
data from young (3-month-old) and old (24-month-old) female rats [34]. This work
has shown that myocytes from young female rats are much more resistant to contrac-
tile dysfunction in reperfusion than cells fromyoungmales, but this female advantage
disappears with increasing age and fewer cells survive IR [34]. Interestingly, like the
cells fromolder females,myocytes from females subjected toOVXexhibited reduced
cell survival after exposure to simulated ischemia [34]. Together these observations
suggest that the age-related decline in serum estrogen [45, 46] may help explain the
enhanced sensitivity of aging female myocytes to IR injury. Results of these studies
are summarized in Table 4.4.

Cells from older females also accumulate more intracellular calcium during
ischemia and exhibit mechanical alternans when compared to younger females [34].
Thus, cells from females become more sensitive to IR injury with age and they
appear to respond to simulated IR much the same as cells from older males [34, 42].
These effects of age on calcium homeostasis in males and females may be mediated
by reduced sarco(endo)plasmic reticululm calcium-ATPase (SERCA) expression.
Lower SERCA expression has been reported in the aging heart [47] and this would
be expected to impair calcium sequestration, especially during cellular stress such
as ischemia. Additionally, reduced SERCA expression is associated with cellular
alternans [48] and this may help explain mechanical alternans in the setting of aging.

Cellular models of simulated IR also have been utilised to determine whether
myocytes from aged hearts can respond to cardioprotective interventions (Table 4.4).
Ischemic preconditioning (IPC) is a powerful cardioprotective intervention, but its
efficacy is known to decline with age [49]. O’Brien and Howlett [50] used a cellular
model of simulated IR to show that IPC improves cell survival in myocytes from
young male rats but not in cells isolated from older male animals. This suggests
that many of the beneficial effects of IPC may reside within the myocytes them-
selves. Wang et al. [43] extended these observations to demonstrate that IPC reduced
ROS generation and increased mitochondrial membrane potential in young male rat
myocytes exposed to simulated IR. However, ROS generation and mitochondrial
membrane potentials were similar in older rat myocytes exposed to IR, regardless
of whether they were exposed to IPC [43]. Interestingly, they showed this loss of
cardioprotection at the cellular level is modulated by exercise. When older male
rats were subjected to a 6-week exercise training program, the efficacy of IPC was
restored in myocytes from older hearts and this was mediated by improved mito-
chondrial function during ischemia [43]. Whether IPC is affected by age in females
and whether exercise can restore IPC in aging females has not yet been investigated.

A cellular model of IR mediated by ROS induction has been used to investi-
gate responses to potential cardioprotective agents in the setting of aging. Glycogen
synthase kinase-3β (GSK-3β) is a constitutively active Ser/Thr protein kinase that
regulates opening of the mPTP, which leads to mitochondrial dysfunction and
myocyte death in IR [51]. Zhu et al. [44] showed that a GSK-3ß inhibitor atten-
uated mPTP opening in young myocytes exposed to an increase in ROS, but this
strategy was not effective in cells from older male rats [44]. These findings suggest
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that age modifies the regulation of the mPTP by GSK-3ß, although whether this
applies in females has not yet been investigated.

The observations presented here provide at least preliminary evidence age can
modify cellular responses to IR. In general, cardiomyocytes from older animals
are more sensitive to the detrimental effects of IR. Importantly, there is emerging
evidence that the influence of age on susceptibility to IR injury may differ between
the sexes, although very few studies have addressed this critical issue at the cellular
level. There is evidence that interventions such as IPC, exercise and mPTP inhibition
may attenuate cellular IR injury, at least in males. Additional studies in aging animal
models, and especially studies in both sexes, are now warranted.

Conclusions

Ischemic heart disease is a complex, multi faceted disease. Many preclinical studies
of myocardial ischemia use isolated cardiac myocytes as an in vitro model of IR.
This allows tight control of the extracellular environment and eliminates the impact
of other cell types and circulating factors on cardiomyocyte responses. This review
highlights the various cellularmodels of IR that have been used in the literature. From
this analysis several important concepts emerge. First, even though ischemic heart
disease occurs most often in older people and is prevalent in both men and women,
most preclinical studies use young adult, mostly male, animals as cellular models
of IR. Second, there are critical male–female differences in cellular responses to IR
and these are mediated, at least in past, by the actions of sex steroid hormones on the
myocytes themselves. Finally, very few studies have investigated the impact of IR
on cardiomyocytes from older animals of either sex. This is an important knowledge
gap. There is a critical need to utilise preclinical models of IR that more closely
represent those who develop these diseases. The use of older animals of both sexes
will help create a stronger foundation of knowledge that will facilitate translation
and help develop novel clinical treatments.
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Chapter 5
Non-atherosclerotic Acute Cardiac
Events in Young Women

Fabiola B. Sozzi, Marco Schiavone, and Marta Belmonte

Abstract Acute coronary syndromes (ACS) represent a major cause of morbidity
and mortality worldwide and are mostly related to coronary artery disease (CAD).
Acute myocardial infarction (AMI) has historically been regarded as a men’s disease
and, formany years,womenhave been underdiagnosed andmistreated, especially at a
young age. Relevant disparities still exist in the diagnosis,management and outcomes
of ACS between men and women, especially during the pre-menopausal age. More-
over, although CAD is uncommon among young patients due to the low prevalence
of atherosclerosis related risk factors, ACS may have destructive effects on their
lifestyle and prognosis. Here we describe three frequent causes of ACS and AMI or
conditions mimicking it, with a specific focus on women with absent or non-critical
CAD: spontaneous coronary artery dissection (SCAD), AMI with non-obstructive
coronary arteries (MINOCA) and Takotsubo cardiomyopathy (TTS). These condi-
tions are rare but potentially life-threatening and are frequently underdiagnosed or
misdiagnosed, since presenting symptoms and signs are atypical and not always overt
and since most affected subjects have always been considered at low risk of having
ACS. Due to difficulties in the diagnostic process and their potential devastating
consequences, it is important to raise awareness on the prevalence and on clinical
features of ACS in this class of patients.

Keywords Young women · Spontaneous coronary artery dissection (SCAD) ·
Microvascular obstruction · Takotsubo syndrome (TTS) · Myocardial infarction
with non-obstructive coronary arteries (MINOCA)

Introduction

Acutemyocardial infarction (AMI) has historically been regarded as amen’s disease,
and for many years, women have been underdiagnosed and undertreated. Relevant
disparities still exist in the diagnosis, management and outcomes of acute coronary
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syndromes (ACS) between women and men. A reason is related to less frequent
medical investigations in symptomaticwomen, especially during the pre-menopausal
age, with subsequent undertreatment of suspected cardiac events [1]. Recognizing
and managing coronary artery diseases (CAD) and related acute ischemic events in
women is crucial since, as a consequence of contemporary lifestyles and increasing
prevalence of obesity, the number of ACS has increased in specific populations not
commonly considered at high risk, such as youngwomen. Both physicians and young
people need to be aware of cardiovascular risk factors, as well as signs and symptoms
linked to CAD, in order to avoid delays in presentation times to the emergency
department and to optimize patient care.

Important differences betweenwomen andmen have to be underlined in the patho-
physiology of AMI, since they lead to different treatment strategies. According to
the current classification of AMI, type 1 myocardial infarction (MI) is related to
atherothrombotic CAD and usually is precipitated by atherosclerotic plaque disrup-
tion (rupture or erosion). As known, it is more frequent in men [2], though it is
demonstrated that in the post-menopausal age the incidence difference flattens out.
Themismatchbetweenoxygen supply anddemand leading toAMIhas been classified
as type 2MI [3].Manydifferent factorsmay contribute to imbalance the ratio between
myocardial oxygen supply and demand. Most of them are intrinsic coronary mecha-
nism like: diminished myocardial perfusion due to coronary atherosclerosis without
plaque rupture and thrombosis, microvascular dysfunction, spontaneous coronary
artery dissection (SCAD)with or without intramural hematoma, coronary embolism,
vasospastic angina. Other factors that may contribute or cause type 2MI are: arrhyth-
mias (severe bradyarrhythmias or tachyarrhythmias that may reduce blood flow or
augment myocardial oxygen demand), respiratory failure (predominantly hypox-
emia), severe anemia, acute heart failure with hypotension or shock [4]. Most studies
showed a higher frequency of type 2 MI in women [5–7]. SCAD and myocardial
infarction with non-obstructive coronary arteries (MINOCA) may be considered as
specific subsets of type 2 MI in which gender differences are extremely relevant.
Type 3 MI instead, is diagnosed when a patient with a typical presentation of acute
myocardial event (including presumed new ischemic electrocardiographic changes
or ventricular fibrillation) dies before it is achievable to sample cardiac biomarkers,
or if the patient might have died soon after the onset of symptoms before elevation
of biomarker values has occurred [8]. The incidence of type 3 AMI is variable, but a
study showed an annual incidence below 10/100.000 person-years and a frequency
of 3–4% among all types of MI (the percentage of male is around 66.6%) [9]. Type 4
AMI consists of 3 different subsets [8]: type 4a, coronary intervention-related; type
4b, stent/scaffold thrombosis related, as documented by angiography or autopsy;
type 4c in-stent restenosis or restenosis following balloon angioplasty in the infarct
territory related. Type 5 AMI is associated with coronary artery bypass grafting [8].
So far, no specific studies have been addressed to assess relevant gender-related
difference in type 4 and type 5 AMI.

Based on the Global Registry of Acute Coronary Events (GRACE) [10], reviews
[11, 12] and validation studies [13], the last universal definition of AMI published
in 2018 states that significantly lower values of high-sensitivity cardiac troponin are
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observed amongwomen comparedwithmen,with the 99th centile inmen being twice
that in women [14, 15]. Therefore, sex-specific 99th percentile upper reference limits
(URLs) are recommended for troponin assays [8]. Using sex-specific cut-off values
have been reported to improve diagnostic and prognostic information in patients
with suspected ACS, even if there is no definitive evidence [8, 10–13, 16–18]. One
of the most recent study revealed that using sex-specific thresholds identifies 5-times
more women than men with myocardial injury. Nevertheless, the women received
approximately one-half the number of treatments for CAD as men, and outcomes
were not improved [19]. In the clinical practice, the role of sex-specific cut-off values
is underused and it is still controversial if this approach provides valuable additional
diagnostic information.

Different electrocardiographic cut-off points are found for women in diagnosing
ST-elevation MI (STEMI), since J-point in healthy women in leads V2 and V3 might
be less elevated than in men, so that, to diagnose STEMI, new ST-elevation at the
J-point in two contiguous leads requires these cut-points: ≥1 mm in all leads other
than leads V2–V3 where elevation ≥2 mm in men ≥40 year, elevation ≥2.5 mm in
men <40 years, or elevation ≥1.5 mm in women regardless of age is needed [8].

The most frequent clinical scenarios in women with suspected or diagnosed
AMI secondary to non-obstructive CAD are represented by (1) spontaneous coro-
nary artery dissection (SCAD), (2) AMI with non-obstructive coronary arteries
(MINOCA), and (3) Takotsubo syndrome (TTS).

Spontaneous Coronary Artery Dissection (SCAD)

Introduction

Spontaneous coronary artery dissection (SCAD) has emerged as a relevant cause of
acute coronary syndrome (ACS) and sudden cardiac death, especially in women.

The first case was described in a 42-years old woman by Pretty in 1931 at autopsy
[20] and from then on, especially in the last decades, different case series has been
reported during pregnancy, in the postpartum period and not related to pregnancy
[21–23].

Moreover, position papers and scientific statements [24, 25] from the main Amer-
ican and European Societies of Cardiology have defined SCAD-associated condi-
tions, diagnosis, management and treatment of SCAD. Advances in diagnostic tech-
niques, such as high sensitivity biomarkers assays (e.g. high sensitivity troponin) and
intravascular imaging (especially optical coherence tomography—OCT), increased
knowledge about SCAD and allow easier diagnosis of this condition in acute settings.



90 F. B. Sozzi et al.

Definition

SCAD is defined as a spontaneous (neither iatrogenic nor related to trauma) and
usually abrupt formation of a tear along the inside wall of an artery, leading to a
development of a false lumen within the coronary artery wall which might compress
the true lumen and compromise coronary flow.

Contemporary usage of the term SCAD should be reserved for the non-
atherosclerotic variant and most modern series exclude SCAD due to atheroscle-
rotic CAD, when SCAD is a consequence of a penetrating ulcer or plaque rupture
secondary to atherosclerotic disease or primary aortic dissection [26]. Therefore,
it represents the result of a false lumen development, generally in the outer third
of the tunica media (Fig. 5.1) [27–30]. Two different possible mechanisms have
been proposed: (1) the “inside-out” model: a casual development of an intimal tear,
allowing blood to cross the internal elastic lamina and accumulate in the media; (2)
the “outside-in” model: a causal disruption of a vasa vasorum micro-vessel leading
to hemorrhage directly into the tunica media [31, 32]. In both cases the true lumen is
compressed by blood that propagates when the false lumen extends. It is still unclear
if there is a single dominantmechanism in SCADor if both causal events are possible,
but recent OCT-based studies have shown cases in which there is no communica-
tion between false and true lumens, suggesting that “outside-in” mechanism is more
likely, in at least a proportion of cases [33, 34]. A large number of histopathological
reports have highlighted the presence of periadventitial mixed inflammatory infil-
trate, frequently with a predominance of eosinophils [35–37]. However, the patho-
physiological significance of this eosinophilic infiltrate is controversial, so that some
authors regard it as pathognomonic for SCAD [35, 37] while others as a nonspecific
response to vascular injury [27].

Epidemiology

The true prevalence of SCAD remains uncertain, primarily because it is an underdiag-
nosed condition. Since SCAD frequently affects youngwomen (about 90% of SCAD
patients are women) [25], typically with few or no traditional cardiovascular risk
factors [38], diagnostic suspicion is often low, even in the presence of classic symp-
toms. Limitations of current coronary angiographic techniques and lack of physician
familiarity with the condition contributes to misdiagnose SCAD [24]. Current angio-
graphic series report SCADdiagnosis rates of 0.07–0.2%of all angiograms and 2–4%
of angiograms performed for ACS [21, 39, 40], even if the study with the highest
ACS rate did not exclude all atherosclerotic SCAD.

In young women SCAD is considered one of the main causes of ACS. The
frequency of SCAD varies in the different case series from 36% of women <60 years
with ACS and one or fewer conventional cardiovascular risk factors in a French series
[41] to 24% of women <50 years with AMI in a Canadian series [21] and to 23% of
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Fig. 5.1 Mechanisms of spontaneous coronary artery dissection (SCAD). A Normal coronary
artery. B Intimal rupture initiating tear, with intramural hematoma formation. C Spontaneous
bleeding into the arterial wall, creating a false lumen filled with intramural hematoma. Figure 5.1
from: Saw J,ManciniGBJ,HumphriesKH.ContemporaryReviewonSpontaneousCoronaryArtery
Dissection. J Am Coll Cardiol. 2016; 68(3):297–312. Reproduced with permission
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women <60 years presenting with acute coronary syndrome in a smaller Australian
series [42].

SCAD has not to be considered primarily a peripartum condition since pregnancy
and peripartum cases (P-SCAD) account for a minority of these cases (around 10%
in most recent series) [42–44]. However, 21–27% of AMI in pregnancy and 50% of
post-partum coronary events are likely due to SCAD [43–45]. The coronary disease
in pregnancy generally has non-atherosclerotic features: pregnancy related-SCAD
accounts for 43% of cases of acute coronary events in pregnancy, 18% of cases have
normal coronary arteries and coronary thrombosis accounts for 17% of cases (often
in the absence of atherosclerosis and most likely due to the hypercoagulability of
pregnancy or from paradoxical embolization) [43, 46]. As the birth rate in women >
40 years increases, acute coronary syndrome complicating pregnancy will become
more common, since for every year increase in maternal age there is a 20% increase
in AMI risk [45]. Classic cardiovascular risk factors are related to CAD in pregnancy,
such as smoking, age, hypertension, diabetes, obesity, and dyslipidemia [43, 47–50]
but also additional risk factors such as pre-eclampsia, thrombophilia, transfusions,
infections, multiparity, and post-partum hemorrhage have to be considered [48, 51].

SCAD has been described in patients aged from 18 to 84 years [21, 52] with
the mean diagnostic age in most recent case series ranging from 44 to 53 years
[25, 52–54].

Etiology and Pathophysiology

The underlying etiology of SCAD appears to be multifactorial. There is a predis-
posing arteriopathy, associated to different factors and conditions, which may be
deteriorated by a precipitating stressor, culminating in the clinical expression of
SCAD. Themost commonly reported association is fibromuscular dysplasia, ranging
from 25 to 86% in some cohort studies [52, 55, 56]. The association of SCAD and
fibromuscular dysplasia was first described in 2005 and subsequently confirmed in
several case series [57, 58]. It is a non-atherosclerotic, non-inflammatory vascular
disease that can manifest as arterial stenosis, aneurysm, tortuosity, or dissection and
that can affect coronary and extracoronary arteries.

Pregnancy related SCAD (P-SCAD) accounts for about 43% of cases of CAD
in pregnancy. P-SCAD can occur antepartum, early post-partum (within 6 weeks
of delivery), late post-partum (6 weeks to 12 months), and very late post-partum
(12–24 months) [23]. The nature of this association needs to be clarified, but it is
related to hormonal role on vascular connective tissue and on the microvascula-
ture. High progesterone levels during pregnancy can weaken arterial media through
their action on the elastic fiber and impairing collagen synthesis. Estrogen also can
contribute to SCAD creating a hypercoagulable state. A weakened arterial wall plus
a prothrombotic state are considered as major factors to increase the risk of SCAD
and thrombosis [26, 59]. Hemodynamic changes during pregnancy can also set off
P-SCAD. The increased cardiac output, the circulatory overload and the increasing
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in intra-abdominal pressures during pregnancy and labor can raise shear stress. Espe-
cially when an underlying vascular disease is present (e.g. fibromuscular dysplasia,
connective tissues disorders, systemic lupus erythematosus), the established hemo-
dynamic condition can trigger P-SCAD. It also has been postulated that multiparity
might be a risk factor for SCAD, since the arterial wall integrity may be damaged
due to the repeated exposures to hormonal changes [23, 26]. Breastfeeding may like-
wise be associated with late and very late postpartum P-SCAD, showing potential
similarities in hormonal changes during pregnancy and lactation [26, 60]. Prolonged
therapies with estrogen or progesterone are likely to undermine arterial architecture
in the sameway [26]. Indeed, 51 out of 187 (27.3%) SCADpatients were on hormone
replacement therapy in a cohort described by Eng et al., and these patients had higher
rate of recurrent SCAD at follow-up [61]. Furthermore, several connective tissues
disorders, inherited arteriopathies and systemic inflammatory diseases are poten-
tially associated with SCAD. Associated conditions and precipitating factors related
to SCAD are summarized in Table 5.1.

The link between systemic inflammation and SCAD is suspected to be due to
chronic inflammation from vasculitis [62], while in connective tissue diseases there
is a weakness of the arterial wall that may lead to SCAD. Precipitating stressors
may increase thoraco-abdominal pressure, cardiocirculatory shear stress and cate-
cholamine release (increasing myocardial contractility or vasospasm, which can lead
to intimal rupture or disruption of the vasa vasorum) that may trigger SCAD, espe-
cially in patients with underlying predisposing arteriopathies [26]. These factors
include labor, delivery, Valsalva-like activities, intense emotional stress, physical
activities (especially isometric) and use of sympathomimetic drugs [52].

Clinical Presentation

There is evidence that SCAD is still underdiagnosed [1, 63]. Some patients never
present to hospital or cardiology services and sometimes the only manifestation of
SCAD may be sudden cardiac death. Among the ones referred to hospitals, many
patients are not referred for coronary investigations, primarily for their age, sex and
because they do not present classical features of patients at high risk of obstructive
atherosclerotic ACS and they are regarded having a low risk for ACS on the basis of
traditional risk scores for ischemic heart disease [25].

Chest pain is the most frequently presenting symptom, ranging from 60 to 90%
of SCAD patients, resulting even more frequent than in patients with atheroscle-
rotic AMI. A possible explanation is that, besides pain generated from myocardial
ischemia, dissection itself may be painful. In a Canadian series described by Luong
et al., chest pain was associated with radiation to the arm in 49.5% of cases and to
the neck in 22.1% of cases; nausea and vomiting was present in 23.4% of patients,
diaphoresis in 20.9%, dyspnea in 19.3% and back pain in 12.2% [64]. In this study,
most patients presented with typical chest pain but burning (9%), pleuritic (3.0%),
tearing (1.0%), and positional (1%) pain was described by aminority of patients [64].
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Table 5.1 Associated conditions and precipitating factors related to SCAD—adapted from Saw
et al. [26]

Associated conditions or factors Precipitating factors

Fibromuscular dysplasia (FMD) Labor and delivery

Pregnancy related SCAD
– antepartum
– early post-partum
– late postpartum
– very late post-partum
– recurrent pregnancies

Intense exercise
– isometric
– aerobic

Connective tissue disorders and inherited arteriopathies
– Marfan syndrome
– Loeys-Dietz syndrome
– Ehler-Danlos syndrome
– Cystic medial necrosis
– Alpha-1-antitrypsin deficiency
– Polycystic kidney disease

Intense Valsalva
– Retching
– Vomiting
– Coughing
– Bowel movement
– Lifting heavy objects

Systemic inflammatory diseases:
– Autoimmune diseases (systemic lupus erythematosus,
rheumatoid arthritis, celiac disease)

– Inflammatory bowel diseases (Crohn’s disease,
ulcerative colitis)

– Sarcoidosis
– Vasculitis (Polyarteritis nodosa, Churg-Strauss
syndrome, Wegener’s granulomatosis, Kawasaki
disease, giant cell arteritis)

Intense emotional stress

Hormone therapy
– Corticosteroids
– Oral contraceptive
– Estrogen, progesteron, β-chorionic gonadotropin and
testosterone

Hormone therapy
– β-chorionic gonadotropin
injections

– Corticosteroid injections

Coronary artery spasm Drugs
– Cocaine
– Methamphetamines

In a low percentage of cases, SCAD presentation was with ventricular arrhythmia
(2.8–10%) [52–54, 65], cardiogenic shock (<3%) [52–54] or sudden cardiac death
(<1%), although this presentation may be underestimated [28]. The typical clinical
presentation of patients with SCAD is ACS with elevation of cardiac markers (e.g.
cardiac troponin) in about 90–100% of cases, with different percentages in STEMI
(26.1–87%) versus non-STEMI (NSTEMI) (13–65.4%) presentations, as reported in
the larger published series [52–54, 65].
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Diagnosis

Misdiagnosis patients with SCAD is not unusual, since clinical features of SCAD do
not resemble the classic phenotype of patients with atherosclerotic CAD, mainly due
to their young age and the absence of classical cardiovascular risk factors [24].Correct
diagnosis of SCAD in the early stages of ACS presentation is crucial to avoid wrong
management and early discharge of these patients. SCAD should be suspected on
the basis of young age, female sex, and few or no conventional cardiovascular risk
factors.

Once SCAD is suspected, coronary angiography represents the principal tool for
the diagnosis in clinical practice [63, 66]. Most SCAD cases are diagnosed only on
angiographic basis and intracoronary imaging is reserved for caseswhere diagnosis is
uncertain [66], such as when coronary arteries appear normal, without clear evidence
of obstruction to flow, or when the findings resemble atherosclerosis.

The most commonly used angiographic classification of SCAD has been adapted
from Saw et al. [67, 68]. From the Saw et. al classification: type 1 is a radiolucent
flap and linear double lumen, associated with contrast staining (Fig. 5.2A). This
pattern is present in 29– 48% of cases [52, 65, 69]. Type 2 pattern (52–67%) [52, 65,
69] is a long (>20 mm) diffuse stenosis typically located in mid or distal segments.
This pattern has been divided into Type 2a (Fig. 5.2B) where there is resumption of
a normal caliber distal vessel and Type 2b (Fig. 5.2C) where the stenosis extends
to the end of the vessel. Type 3 lesions (Fig. 5.2D) are indistinguishable from a
focal atherosclerotic stenosis [65, 67–69]. They require diagnostic confirmation by
intracoronary imaging, using intravascular ultrasound (IVUS) or optical computed
tomography (OCT). These account for a small minority of cases (0–3.9%) [52, 65,
69]. IVUS and OCT techniques are able to distinguish atherosclerotic plaques from
SCAD, demonstrating true and false coronary lumens. The principal advantage of
IVUS over OCT is that blood clearance and subsequent contrast injection is not
required and then that it allows complete visualizationof the vesselwall to the external
elastic lamina. The main advantage of OCT is the greater spatial resolution which
can help characterize small structures associated with SCAD such as the intimal-
medial membrane and localized fenestrations connecting true and false lumens. Type
4 lesions are described as a total occlusion, usually of a distal vessel (Fig. 5.2E)
[66]. The diagnosis is particularly challenging and frequently they are established
once coronary flow is re-established or after subsequent vessel healing and after the
exclusion of an embolic cause. Intermediate type 1/2 SCAD appearance has also
been described (Fig. 5.2F) [25].

Management

No-randomized trial has compared medical therapies versus revascularization strate-
gies (percutaneous coronary intervention or coronary artery bypass grafting), so the
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Fig. 5.2 Angiographic classification of spontaneous coronary artery dissection. A Type 1 spon-
taneous coronary artery dissection (SCAD) of distal left anterior descending (LAD) artery with
staining of artery wall (asterisk). B Type 2A SCAD of mid-distal LAD (between arrows). C Type
2B SCAD of diagonal branch (asterisk), which healed 1 year later (asterisk in D). E Type 3 SCAD
of mid-circumflex artery (asterisk), with corresponding optical coherence tomography showing
intramural hematoma in F. Figure 5.2 from: Saw J, Mancini GBJ, Humphries KH. Contemporary
Review on Spontaneous Coronary Artery Dissection. J Am Coll Cardiol. 2016; 68(3):297–312.
Reproduced with permission

optimal management of SCAD is still undetermined. Current recommendations on
management of SCAD, based on expert opinions and endorsed by the main Amer-
ican and European societies [24, 25], state that the majority of SCAD will first
stabilize and then heal completely over time if managed conservatively. Moreover, it
has to be remarked that revascularization in patients with SCAD is very challenging
due to the presence of underlying vessel frailty and that it is associated with high
failure rates. It is reported that revascularization lead to worse outcomes for coro-
nary angioplasty than in atherosclerotic CAD [52–66, 69]. When there is no need for
urgent revascularization (e.g. in hemodynamically stable patients), a conservative
strategy is generally preferred [24–26, 63, 66]. When revascularization is manda-
tory due to hemodynamic conditions or when it is taken into account due to high
risk features, such as ongoing or recurrent ischemia/chest pain or left main dissec-
tion, specific additional risks associated with SCAD interventions (e.g. increased
risk of iatrogenic catheter-induced coronary dissection, difficulty in advancing coro-
nary wire into distal lumen or guidewire passage into the false lumen or false lumen
propagation during stent deployment) have to be considered [25, 26, 39, 53, 70, 71].
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Revascularization with coronary artery bypass should be considered for patients with
prohibitive risk for percutaneous angioplasty (dissection involving the left main or
extensive dissections involving proximal arteries), or in patients in whom coronary
angioplasty failed or who are not anatomically suitable for it, as a bail-out strategy
[25, 26]. Limited data on coronary artery bypass are reported in literature. Short
term data are good, but a Mayo Clinic series reported high rates of graft failure at
follow-up, maybe due to healing of the native coronary leading to competitive flow
and conduit thrombosis [25, 53].

Medical therapy consists in beta-blockers, that reduce coronary arterial wall stress
and are usually administered acutely and long-term after SCAD [26], while the use of
antiplatelet therapies and the duration of treatment remains controversial in clinical
practice (aspirin seems reasonable in the acute setting of MI, reducing false lumen
thrombus burden, and for the long-term SCAD management) [24–26].

Outcomes and Follow-Up

Acute in-hospital mortality was <5% in modern series, and need for urgent revas-
cularization in conservatively managed patients, in-hospital recurrent AMI or other
major adverse cardiac events were 5–10% [38, 52, 54].

Considering the association between SCAD, fibromuscular dysplasia and other
extra-coronary vascular abnormalities, affecting multiple vascular territories and
the implications for patient management and follow-up, imaging of extra-coronary
vascular beds in patients with SCAD is advised [72–74].

At discharge, cardiac rehabilitation should be highly encouraged, especially with
SCAD-patients dedicated programs.

Long term mortality of SCAD is low: 92% and 94.4% of 10 and 6 years-survival
rates has been reported in a Mayo Clinic series and in an Italian series respectively
[38, 54]; 1.2% mortality has been described in a Canadian series (median follow-
up 3.1 years) [75], while a Japanese series and a Swiss series reported one death
and no deaths among 63 patients each (median follow-up 34 months and 4.5 years
respectively) [65, 69]. SCAD recurrences have been extensively described [26, 38,
52–54, 65, 69]: they often affects new territories and stenting does not offer protec-
tion. No medical therapy has been shown to reduce rates of recurrence, apart from
the potential benefit of beta-blockers and control of hypertension. Among women of
childbearing age, further pregnancies should also be avoided considering the risk of
recurrent SCAD [25].

FollowingSCAD, as in the post-AMI setting for other causes, an assessment of left
ventricular systolic function is mandatory to optimize medical treatment (e.g. with
ACE-inhibitors and mineralocorticoid receptor antagonist) and evaluate the benefit
of device therapy [76, 77].
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Myocardial Infarction with Nonobstructive Coronary
Arteries (Minoca)

Last universal definition of MI introduced the concept of MI with non-obstructive
coronary arteries (MINOCA) [8].

The prevalence of MINOCA is estimated to be around 6–8% among patients
diagnosed with MI (especially in patients with NSTEMI) and it is more common
in women than men (10.5% vs. 3.4%) [78]. Women represent almost 50% of the
MINOCA population, suggesting that the hormonal influences may play a role as it
is in SCAD population, with or without a clear coronary flow obstruction. On the
other hand, women represent only 25% of the population with AMI due to CAD
[78]. Women with MINOCA show higher mortality than men overall (3.6% versus
2.4%) [79].

As the definition of MINOCA implies, diagnosis requires the presence of criteria
of AMI (according to the current 4th definition of AMI [8]), the evidence of non-
obstructive coronary arteries following coronary angiography (no lesions≥50% in a
major epicardial vessel) and the absence of other overt specific cause that can explain
otherwise the acute clinical presentation (such as myocarditis). The angiographic
criteria for non-obstructive CAD in the MINOCA definition consider the conven-
tional cut-off of 50% stenosis, which is consistent with contemporary angiographic
guidelines [80–82].

The finding of non-critical coronary stenosis does not exclude a role of thrombotic
disease in MINOCA, so the most used approach worldwide is to define MINOCA
on the basis of the absence of a potentially obstructive stenosis on coronary angiog-
raphy rather than on the presence of any coronary atherosclerosis. Atherosclerotic
plaque disruption with thrombosis and/or thromboembolism may be a cause of
MINOCA (type 1 AMI, 5–20% of all type-1 AMI cases), likely followed by sponta-
neous thrombolysis or autolysis of a coronary thrombosis [80]. However, coronary
spasm (vasospastic angina), coronary thromboembolism (in the setting of hered-
itary/acquired thrombotic disorders or of coronary/systemic arterial thrombosis),
coronary microvascular dysfunction (even if its role is not conclusively related to
an acute presentation) and SCAD, may be involved as well in the pathogenesis of
MINOCA (type 2 MI) [8, 80, 81].

In the clinical setting of SCAD, accurate review of coronary angiogram has to be
made: despite most patients with SCAD have some obstruction to coronary flow (so
that a diagnosis of MINOCA is excluded), occasionally arteries can appear normal
or near normal and these cases should be classified as MINOCA [81]. With the
increasing use of intracoronary imaging in assessing SCAD, all cases that are not
regarded as “obstructive”, will increasingly be recognized as a relevant cause of MI
related to SCAD [81].

Other forms of type-2AMImay be related toMINOCA,whenmyocardial damage
and infarction are due to supply–demand imbalance in different conditions such
as arrhythmia, anemia, respiratory failure, shock (e.g. hypotensive shock or septic
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shock), hypertensive crisis, severe aortic valve disease, acute heart failure or end-
stage cardiomyopathy [4]. It has to be underlined that all these triggers may also
precipitate underlying obstructive CAD.

Frequently, imaging and functional tests are useful to understand etiology and
pathophysiology of MINOCA. Echocardiography should be performed in the acute
setting to assess wall motion and left ventricular ejection fraction and to diagnose
specific clinical entity, such as Takotsubo syndrome (TTS). Cardiac magnetic reso-
nance imaging is the key diagnostic tool to be performed in MINOCA patients since
it can provide confirmation of AMI and exclude TTS, myocarditis and cardiomy-
opathies. Late gadolinium enhancement allows localizing the area of myocardial
damage and may suggest the mechanism of injury: ischemic if subendocardic
(although the late gadolinium enhancement pattern does not identify the cause at the
base of the ischemia), non-ischemic if subepicardic or absent. Intracoronary imaging
with intravascular ultrasound or optical coherence tomography provide clues as to
how to understand pathophysiology of MINOCA, in order to identify atherosclerotic
plaque disruption, plaque erosion, coronary dissection or thrombosis, which may not
have been clear during coronary angiography.

CharacterizationofMINOCAwas essential to clarify a so-called “epidemiological
paradox” described by Smilowitz et al. [79]: despite young womenwith AMI present
without atherosclerotic CAD at coronary angiography more often than young men
and althoughMINOCA have a better prognosis than type 1 MI, in-hospital mortality
rate related to MI is higher in females than in men in the same age groups [2, 83–86].
Indeed, the ACTION Registry–GWTG (Acute Coronary Treatment and Intervention
Outcomes Network Registry–Get With the Guidelines) [79] clarified that women
have a higher risk of death after type 1 MI, highlighting that women with CAD are
more vulnerable than men, while MINOCA can still be considered as a lower-risk
MI type. This corroborates the theory that women, especially at a young age, take
more advantage from a thorough assessment in case of suspected ACS in order to
improve outcomes and avoid misdiagnosis.

Takotsubo Syndrome (TTS)

Takotsubo syndrome (TTS), also known as stress cardiomyopathy, is an acute cardiac
condition that clinically mimics acute coronary syndrome (chest pain, heart failure,
electrocardiographic changes, biomarkers), with reversible ventricularmotion abnor-
malities not related to epicardial coronary obstruction. Left ventricular dysfunction
generally extends beyond the territory subtended by a single coronary artery and
recovers within weeks [87, 88].

Based on “International Expert Consensus Document on Takotsubo Syndrome”,
there are different diagnostic criteria (InterTAK Diagnostic Criteria) that can be
summarized as follows [89]:
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(1) Transient left ventricular dysfunction (hypokinesia, akinesia, or dyskinesia)
presenting as apical ballooning or midventricular, basal, or focal wall motion
abnormalities, with or without right ventricular involvement (usually, regional
wall motion abnormality in TTS do not have coronary distribution, even if
epicardial vascular distribution pattern may be present as a focal syndrome).

(2) Emotional, physical or combined factors as triggers.
(3) Neurologic diseases (e.g. subarachnoid hemorrhage, seizures or stroke/transient

ischemic attack) or pheochromocytoma as triggers.
(4) NewECGabnormalities: ST segment-elevationor depression,T-wave inversion,

QTc prolongation (rarely, TTS can present without ECG changes)
(5) Cardiac biomarkers elevation (preferably hs-Troponin or creatine kinase) and

significant elevation of brain natriuretic peptide.
(6) Presence of significant atherosclerotic CAD at coronary angiography does not

exclude TTS.
(7) No evidence of acute myocarditis.
(8) Occurrence in postmenopausal women.

Takotsubo syndrome may occur in up to 2% of patients presenting with suspected
ACS and in about 1–2% of patients presenting with STEMI. Out-of-hospital cardiac
arrest is also reported at presentation, especially in men [90]. If only women are
considered, up to 10% of ACS patients are ultimately diagnosed as having TTS
[90]. About 90% of patients with TTS in the NIS cohort (the largest reported cohort
of affected patients from the Nationwide Inpatient Sample in the USA) were aged
≥50 years and 90% were women. Recurrence rate of this syndrome is estimated to
be 1.8% per-patient year [90, 91].

Both emotional and pathological stressors can trigger and predispose to TTS:
as shown by Patel et al., the former, such as chronic psychological disorders, are
more common in women, while the latter, such as major non-cardiac diseases or
previous procedures, in men [92]. Those findings were confirmed by a German
registry that reported that the absence of pathological triggers or emotional stress
alone were more common in women [93]. Acute precipitating factors, such as
thyrotoxicosis, pheochromocytoma and subarachnoid hemorrhage, may increase
cortisol and catecholamines levels by activating sympathetic nervous system, and
may therefore trigger TTS [94]. It is postulated that those factors can induce myocar-
dial damage during an adrenergic storm with several mechanisms, including direct
or adrenoreceptor-mediated toxicity, epicardial and microvascular dysfunction and
increased cardiac workload [95]. Notably, endomyocardial biopsies have shown
apoptosis of microvascular endothelial cells that might highlight the role of microcir-
culatory vasoconstriction related to sympathetic stimulation [96]. Although little is
known about gender differences in this topic, evolutionary theories suggest that men
may be more protected from acute and massive catecholamine release due to a larger
expression of adrenergic receptors in cardiomyocytes that could be associated with a
greater exposure to physical stress developed over the centuries [97]. Also hormonal
mechanisms may have a role in the gender differences, since TTS mostly occurs
in postmenopausal women (about 90% of patients) [88], due to the lower estrogen
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levels that might expose women to a greater renin–angiotensin–aldosterone system
activity (RAAS), sympathetic hyperactivity and subsequent loss of antioxidant and
cardioprotective effects [98]. Based on these data and on findings on rats [99], it
is supposed that hormone replacement therapy with estrogens may have benefits
during menopause, mitigating the excessive adrenergic effects on the cardiovascular
system in response to stress, although clinical trial are lacking. Despite TTS is more
likely to occur in women, male gender is associated with higher acute mortality rate,
in hospital complications (i.e. cardiac arrhythmias) and with worse disease severity
(i.e. use of mechanical ventilation or inotropes) [100, 101]. Also long-term follow-
up corroborate those findings, as reported by Templin et al., that showed that men
have increased rates of death from any cause (12.9% vs. 5.0% per patient-year, P <
0.001) and of major adverse cardiac and cerebrovascular events (16.0% vs. 8.7% per
patient-year, P = 0.002) beyond 30-days.

No randomized clinical trials on the specific treatment of TTS have been
performed so far and treatment of TTS remains mostly supportive, especially during
the acute phase and if cardiogenic shock, acute heart failure or ventricular arrhyth-
mias occur. In the non-acute phase, β-blockers are supposed to be the most useful
therapy for prevention of TTS recurrence, modulating sympathetic nervous system
and preventing catecholamine surges, but they have failed to demonstrate beneficial
effect on mortality after discharge during 1 year of follow-up [101, 102]. However,
RAAS inhibitors such as angiotensin-converting–enzyme inhibitors (ACEi) and
angiotensin-receptor blockers (ARBs) have shown to reduce TTS recurrence and
improve survival at 1 and 4-year follow-up, due to the inhibition of adrenergic effects
and/or having a direct anti-inflammatory effect of cardiomyocytes [101, 102].

Psychological counselling or antianxiety drugs maymodulate emotional stressors
and be useful in prevent TTS recurrence, especially in young women or in patients
affected by neuropsychiatric disorders, in which emotional stressors play a major
role in triggering TTS [102].

Conclusions

CAD is an uncommon clinical entity in young female patients but emerging clinical
entity such as SCAD, MINOCA and stress cardiomyopathy (TTS) are extremely
relevant in current female population.

Women have different risk factor profiles, clinical presentations, and prognoses
compared to men, especially in the young age. All risk factors and symptoms
should be taken into account in the different clinical scenarios, when physicians
assess female patients with suspected AMI, since these conditions are potentially
life-threatening when underdiagnosed or misdiagnosed.

WhenMINOCAis suspected, after the exclusion of other specific causes for symp-
toms and troponin elevation, the diagnostic process should be focused on recognizing
specific causes, so that tailored therapies can be used.
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Despite progresses in the characterization of SCAD and TTS, pathophysiology
of these conditions remains poorly understood. Although it is known that there is a
significant recurrence risk, to date, there is no specific therapy to reduce this risk.

Therefore, it is crucial to enhance awareness of these clinical entities related to
AMI or mimicking AMI in women in order to improve the patient management in
the acute setting and its prognosis.

Prospective studies and randomized control trials, evaluating optimal diagnostic
and management strategies, along with the best medical therapies and the optimal
coronary intervention strategy are needed.
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Chapter 6
Sex Differences in Contractile Function
in Cardiac Hypertrophy and Heart
Failure Subsequent to Volume Overload

Paramjit S. Tappia, Anureet K. Shah, Mohamad Nusier,
and Naranjan S. Dhalla

Abstract Cardiac hypertrophy is an adaptive response of the heart to hemodynamic
overload that is initially designed to maintain cardiac functioning, but prolonged
hypertrophy becomes detrimental and results in cardiac dysfunction and heart failure
(HF). Population studies have indicated that men and women are different in their
risk and etiology in developing HF. In fact, female sex hormones are believed to
have a cardioprotective role during premenopause. Although cardiac remodeling in
experimental volume overload has also been shown to occur in males, there is still a
paucity of information regarding sex differences in the pattern of ventricular remod-
eling and contractile function in response to volume overload. Therefore, this article
discusses the sex differences in changes of ventricular dimensions and contractile
function in cardiac hypertrophy and HF due to volume overload. Furthermore, it
describes cardiomyocyte Ca2+-handling properties that could potentially contribute
to sex differences in cardiac remodeling and contractile function. The influence
of sex hormones that are present during these processes is also highlighted. Since
sex differences in the development of cardiac hypertrophy have been reported to
occur in pressure overload and myocardial infarction, some of these changes are also
described for a comparative perspective. Understanding the sex differences in the
pathophysiology of heart disease may form the foundations for the development of
new approaches for sex-specific treatment and prevention of HF.
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Introduction

Globally cardiovascular disease (CVD) is the leading cause of death, however; signif-
icant differences exist between males and females in the development of CVD [1–
12]. Premenopausal women have a reduced risk of CVD, in fact, the incidence and
severity of CVD increases markedly after menopause [13]. Women tend to develop
heart disease 10–15 years later than men, pointing to the existence of specialized
mechanisms in females that attenuate their risk of developing heart disease [14].
Females have also been reported to be less susceptible to ischemic insult and have
improved survival following myocardial ischemic-reperfusion injury [15, 16].

The incidence of heart failure (HF) due to elevated blood pressure and diabetes is
greater in women than in men [17]. However, as compared to men, the development
of HF in women is more benign and is predominantly characterized by preserved
systolic function and diastolic dysfunction [17]. Interestingly, older women tend to
be more hypertensive and are less likely to present with coronary heart disease [18].
Postmenopausal womenwith diabetes are at a 3- to 6-fold higher risk of a myocardial
infarction (MI), in comparison to a 2- to 4-fold risk of MI in men [19]. Women seem
to be better protected and show a later onset of cardiac decompensation than men
with HF [20]. In terms of survival in older adults with HF, women fare significantly
better than men [21]. It is interesting to note that since 1984, more women die of HF
each year, and yet more men are diagnosed with HF [22].

In women, an increased left ventricle (LV) mass or degree of hypertrophy has
been suggested to be a stronger predictor of mortality than traditional measures of
LVsize and function [23]. Thus, changes in the size, shape, structure, and function
(so-called ventricular remodeling or cardiac remodeling) of the heart, may occur in
a sex-dependent manner. Accordingly, it is planned to discuss sex differences in the
changes in LVdimensions and contractile function in cardiac hypertrophy and heart
failure due to volume overload as well as to describe the potential of cardiomyocyte
Ca2+-handling properties thatmay contribute to sex differences in cardiac remodeling
and contractile function (Fig. 6.1). Also, the role of sex hormones in these processes
will be highlighted. Reference to cardiac remodeling and cardiac function in response
to pressure overload and MI will also be made for the purpose of comparison.

General Characteristics of Cardiac Remodeling
and Function in Hypertrophy and Heart Failure

Geometrical and structural alterations in the heart are the hallmarks of cardiac remod-
eling. Such cardiac changes occur in a range of different cardiac pathophysiological
conditions including hypertrophic cardiomyopathy, dilated cardiomyopathy, diabetic
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Fig. 6.1 Development of cardiac hypertrophy and heart failure at early stages and late
stages of inducing volume overload, respectively. Alterations in subcellular Ca2+-handling and
myofibrillar Ca2+-sensitivity are suggested to be associated with heart failure

cardiomyopathy, ischemic cardiomyopathy as well as hypertensive cardiomyopathy,
which can progressively lead to HF. With an excessive workload or sustained hemo-
dynamic overload, ventricular myocytes grow in response to a complex cascade of
events [24] such as mechanical stress, ischemia, and the activation of multiple intra-
cellular signaling pathways by neurohormones. In the initial stage, cardiac hyper-
trophy may be seen as a beneficial response to normalize LV wall stress and preserve
normal cardiac contractile function, whereas the prolongation of hypertrophy leads
to HF and sudden death [25–27]. This transition of cardiac hypertrophy to HF is
generated by the occurrence of marked ventricular dilatation once the myocardial
hypertrophic response is exhausted [27]. The progressive deterioration of LV func-
tion is an established characteristic of HF in men; however, it appears that a different



114 P. S. Tappia et al.

pattern of ventricular remodeling occurs in women, which is designed to preserve
cardiac contractility.

Sex Differences in Cardiac Remodeling in Hypertrophy
and Heart Failure Due to Volume Overload

Experimental and clinical studies have revealed sex differences inmyocardial remod-
eling in aging, pressure overload, volume overload and MI. The outcome of the
remodeling processes are that women more often present HF with preserved systolic
function, but exhibit an increased risk for acute low output syndrome [28]. Experi-
mental studies have also shown that males experience 10-times higher mortality due
to MI than females [14]. Female rats showed a different pattern of LV remodeling
than males with less increase in the thickness of the noninfarcted portions of LV
than males, but comparable LV cavity enlargement and systolic dysfunction due to
MI [17, 18]. Although, we have earlier reviewed the mechanisms of sex differences
in cardiac dysfunction due to heart disease [29–31], there is still a relative paucity
of information regarding cardiac remodeling in hypertrophy and heart failure due to
volume overload. Some studies have been conducted to examine differences in male
and female rats during both the hypertrophic and failing stages following induction
of volume overload. Gardner et al. [32] have identified that after 8 wks post AV
fistula, mortality was tenfold less in female rats as compared to male rats. Although
females had increased LV and right ventricle (RV) weights, these animals showed
no signs of CHF whereas the males had increased lung weight, marked ventricular
dilatation and increased compliance thus indicating the presence of HF. It should be
pointed out that this study was carried out at 8 wks post fistula and the LV volume
and function studies were carried out under in vitro conditions.

Wehave also observed sex differences in the cardiac remodeling process in volume
overload induced by an AV-shunt [33]. Both males and females developed significant
cardiac hypertrophy. Furthermore, echocardiographic data revealed increases in both
diastolic and systolic left ventricle internal diameters (LVID) in male rats, whereas
females showed no significant change in these parameters. It seems that the principle
difference between males and females at this time point is that females show an
increase inLVposteriorwall thickness (PWT) indicating that concentric hypertrophic
remodeling has taken place (Fig. 6.2). On the other hand, in males it appears that
eccentric cardiac hypertrophy leading to ventricular dilatation occurs. Our study also
examined remodeling at 16 wks post-AV shunt. In this regard, significant cardiac
hypertrophy was seen to remain 16 wks post AV shunt in both males and female
rats (Fig. 6.3). Such sex differences in cardiac remodeling have been shown in other
models of heart failure, including pressure overload [34],MI [35], and spontaneously
hypertension [36]. For example, it was shown that following pressure overload;males
were unable to maintain concentric hypertrophy and transitioned to HF much faster
than their female counterparts who were able to maintain a concentrically remodeled
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0.05 versus sham values

heart, therefore delaying the transition to HF [34]. It is interesting to note that in
aortic stenosis,women tolerate pressure overloadwith less concentric remodeling and
myocardial fibrosis, but are more likely to develop symptoms, which may be related
to higher wall stress and filling pressures in women [37]. Experimentally, female
rats also demonstrated a different pattern of LV remodeling than males following
MI, the LV noninfarcted region was not as thick in females as it was in male animals.
Although both males and females exhibited similar infarct size, females were able
to preserve LVdiastolic filling capacity [35].

It appears that the major sex difference that occurs in many of models of HF is
that females are able to develop cardiac hypertrophy in such a way that they main-
tained cardiac function and delay the transition to HF. It has been suggested by
Grossman et al. [38] that increased LVEDP is the trigger for developing eccentric
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hypertrophy or inappropriate hypertrophy that is unable tomaintain cardiac function.
However, females subjected to volume overload were able to increase LV wall thick-
ness, thereby developing concentric hypertrophy to compensate for the increased
workload and maintain relatively normal cardiac function.

The development of cardiac hypertrophy in response to volume overload subse-
quent to chronic aortic valve regurgitation (AVR) in both male and female rats has
also been evaluated [39]. In this regard, AVR-inducd volume overload resulted in
comparable increases in LV dilation and heart weight mass in both male and female
rats, as compared to respective sham controls. However, the relative LV wall thick-
ness as measured by the ratio between wall thickness to end-diastolic diameter, was
diminished in male rats, but remained unchanged in females as compared to respec-
tive sham controls. Treatment of the experimental animals with the angiotensin II
receptor blocker (ARB), valsartan, was observed to reverse LV thickening in female
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rats only, with no effect on LV dilation in both sexes. In addition, valsartan treatment
normalized left atrial mass and E-wave slope, but only in female AVR rats [39].

Earlier we have reported differences in basal hemodynamic parameters between
male and female rats [33]. In this regard, it was observed that both the rate of contrac-
tion (+dP/dt) and rate of relaxation (-dP/dt) were significantly lower in the female
control rats as compared to the male counterparts at 4 (Fig. 6.4) and 16 wks (Fig. 6.5)
time points, except –dP/dt at 4 wks. While LVEDP was seen to be higher at 4 wks,
no changes in baseline left ventricular systolic pressure (LVSP) and left ventricular
end-diastolic pressure (LVEDP) values were seen at 16 wks in both female and male
rats (Figs. 6.4 and 6.5). On the other hand, hemodynamic assessment at the same time
points i.e. at 4 and 16 wks post-AV shunt revealed that LVEDP, unlike other param-
eters, was significantly increased only in males at 4 wks post-AV shunt (Fig. 6.4).
However, at 16 wks post-AV shunt, cardiac function was significantly depressed in
males as evidenced by decreases in+ dP/dt and -dP/dt aswell as a significant increase
in LVEDP; these parameters were unaltered in the 16wk post-AV shunt female group
(Fig. 6.5). No significant differences in heart rate (beats/min) were observed in both
male and female rats at 4 wks and 16 wks post-AV shunt as compared to respective
sham control values. In this study, an echocardiographic assessment of normal and
post-AVmale and female hearts was also conducted. In this regard, at 4 wks post-AV
shunt (hypertrophy stage), an increase in the cardiac output, but decrease in the frac-
tional shortening were seen in male rats (Fig. 6.4). At 16 wks following AV shunt
(HF stage), while cardiac output was increased, a decrease in fractional shortening
were seen in male rats. On the other hand, a small, but significant increase in the
cardiac output, was observed at 16 wks post-AV shunt, but no changes occurred in
fractional shortening (Fig. 6.5).

Role of Estrogen in Cardiac Hypertrophy and Heart Failure

Since there is an elevated risk of CVD in postmenopausal women, the role of female
sex hormones has generally been considered to be a major factor in providing protec-
tion againstCVD inpremenopausalwomen.Observations fromseveral investigations
such as Women’s Health Initiative Studies, Cochrane Review Studies, Early Versus
Late Intervention Trial with Estradiol Study, and Kronos Early Estrogen Preven-
tion Study have indicated that hormone replacement therapy (HRT) may exert some
beneficial action in women. However, it was also observed that the beneficial action
occurs in those women that were under 60 yrs of age, and if HRT was started within
10 years of menopause. On the other hand, there was no benefit to be found in women
who were of more than 60 years, and in particular if their HRT was initiated at more
than 10 years of menopause [40].

Estrogen has been thought to have a cardioprotective effect. However, the recent
outcomes of the Heart and Estrogen Replacement Study (HERS) and TheWHI have
indicated that estrogen or a combination estrogen-progestin therapy increased the
coronary heart disease events and therefore physicians were advised to use hormone
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Fig. 6.4 Hemodynamic changes in male and female rats at 4 weeks post AV shunt. Values are
taken from our paper—Dent MR, Tappia PS, Dhalla NS. J Card Fail 16: 439–449, 2010. Erratum
in: J Card Fail. 17:179, 2011 [33]. Sham, age-matched controls;+ dP/dt, rate of contraction; -dP/dt,
rate of relaxation. LVEDP, LVend-diastolic pressure; LVSP, LVsystolic pressure. * P < 0.05 versus
sham-operated values



6 Cardiac Function in Hypertrophy and Heart Failure 119

0

2000

4000

6000

8000

10000

 Male Female

+d
P/

dt
 (m

m
H

g/
se

c)

 Sham
 AV Shunt

0

1000

2000

3000

4000

5000

6000

7000

8000

Male

-d
P/

dt
 (m

m
H

g/
se

c)

Female

0
2
4
6
8

10
12
14
16
18
20

 Male

LV
ED

P 
(m

m
H

g)

Female
0

20

40

60

80

100

120

140

Male

LV
SP

 (m
m

H
g)

Female

* 

* 
0

10

20

30

40

50

60

70

80

Male

Fr
ac

tio
na

l S
ho

rte
ni

ng

Female
0

10

20

30

40

50

60

70

80

Male

C
ar

di
ac

 O
ut

pu
t

Female

* 

* 

A. B.

C. D.

E. F.

Heart Failure: 16 weeks AV Shunt

* 

* 

Fig. 6.5 Hemodynamic changes in male and female rats at 16 weeks post AV shunt. Values are
taken from our paper—Dent MR, Tappia PS, Dhalla NS. J Card Fail 16: 439–449, 2010. Erratum
in: J Card Fail. 17:179, 2011 [33]. Sham, age-matched controls;+ dp/dt, rate of contraction; -dP/dt,
rate of relaxation. LVEDP, LVend-diastolic pressure; LVSP, LVsystolic pressure. * P < 0.05 versus
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replacement therapy strictly for menopausal symptom relief [41]. Another publica-
tion reported on the CV data from two arms of WHI and concluded that the age of
initiation of therapymay play a role on the effect on coronary heart disease outcomes.
It appears that younger women who are closer to menopause have a lower event rate
than women where therapy was initiated over the age of 60 [42]. In different rat
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models of CHF estrogen has been suggested to play a major role in the under-
lying mechanisms for the gender differences in the cardiac remodeling process. For
example, in the in vitro study by Brower et al. [43] it was found that ovariectomy
lead to the development of eccentric hypertrophy and low contractilitymeasurements
as opposed to concentric hypertrophy and maintained contractility in the control
females. In addition, the prevention of adverse cardiac remodeling in volume over-
load induced by aortocaval fistula in the female rat has been suggested to be the result
of an estrogen-altered mast cell phenotype and/or prevention of mast cell activation
[44].

Subsequent studies conducted by this group showed that the administration of
phytoestrogens added to the female advantage against volume overload [45] and the
estrogen treatment prevented pulmonary edema and clearly attenuated LV hyper-
trophy and dilatation but did not maintain contractility [46]. In contrast, Drolet
et al. [47], observed that in an aortic regurgitation model, female rats had increased
cardiac remodeling than males, which imposed a greater workload on their hearts;
it was concluded that hormone status did not have any implication on the remod-
eling process [47]. Following MI, it was shown that 17β-estradiol increased LV
and cardiomyocyte hypertrophy [48] and prevented deterioration of cardiac function
[49]. In contrast, 17β-estradiol attenuated hypertrophy following pressure overload
[48, 50]. These authors concluded that the effect of estrogen on cardiac hypertrophy
might be dependent on the initial stimulus [49]. Interestingly, we have shown that the
administration of estrogen in ovariectomized female rats following the induction of
volume overload induces a higher degree of hypertrophy than that seen in the intact
control female rats. Echocardiographic analysis has also revealed that the treatment
of the AV shunt ovariectomized female rat with estrogen results in attenuation in the
ventricular dilatation, as well as increased the wall thickness. These findings indicate
that estrogen may be implicated in the signaling mechanism that initiate concentric
hypertrophy as opposed to inappropriate eccentric hypertrophy.

To investigate the role of estrogen in cardiac function in heart failure, we have
earlier conducted experiments in sham-operated as well as ovariectomized animals
with or without 17-β estradiol treatment. Figure 6.6 shows that in contrast to intact
female rats, AV shunt produced significant depressions in+ dP/dt, -dP/dt and LVSP
and amarked increase in LVEDP in ovariectomized rats; these alterations were either
fully or partially prevented by estrogen treatment. Although ovariectomy reduced
LVEDP, unlike +dP/dt, -dP/dt and LVSP, this change was not affected by estrogen
treatment (Fig. 6.6). Furthermore, echocardiographic assessment of cardiac perfor-
mance of females and ovariectomized female rats treated with or without estrogen,
revealed a preservation of fractional shortening and cardiac output subsequent to
induction of volume overload by an AV shunt [33]. Since cardiac function as repre-
sented by ±dP/dt was maintained and a partial attenuation of the increase in the
LVEDP was observed upon administration of estrogen to ovariectomized animals,
estrogen likely plays an important role in the cardiac remodeling observed in females
subjected to volume overload. Indeed, alterations in intraventricular dimensions of
intact female rats and ovariectomized females treated with or without estrogen, in
sham and AV animals can be prevented by estrogen treatment [33].



6 Cardiac Function in Hypertrophy and Heart Failure 121

0

2000

4000

6000

8000

OVX
+ Estrogen

OVXFemale

+d
P/

dt
 (m

m
H

g/
se

c)

 Sham
 AV Shunt

* 

0

2000

4000

6000

8000

OVX
+ Estrogen

OVXFemale

-d
P/

dt
 (m

m
H

g/
se

c)

* 

A. B.

0

5

10

15

20

OVX
+ Estrogen

OVX

LV
ED

P 
(m

m
H

g)

Female
0

20

40

60

80

100

120

140

OVX
+ Estrogen

OVX

LV
SP

 (m
m

H
g)

Female

* 

D.C.

* 

* 

Estrogen Treatment

Fig. 6.6 Hemodynamic changes in female, ovariectomized treated with or without estrogen
rats at 16 weeks post AV shunt. Data are taken from our paper—Dent MR, Tappia PS, Dhalla
NS. J Card Fail 16: 439–449, 2010. Erratum in: J Card Fail. 17:179, 2011 [33]. Sham, age-matched
controls; + dP/dt, rate of contraction; -dP/dt, rate of relaxation. LVEDP, LVend-diastolic pressure;
LVSP, LVsystolic pressure; OVX, ovariectomized. * P < 0.05 versus sham-operated control values

Interestingly, sex differences in LV function at different stages of LV hypertrophy
due to pressure overload induced by the banding of the abdominal aorta have also
been reported [51]. In early stage of LV hypertrophy, increased LV mass index,
heart weight-to-tibial length, cardiomyocyte diameter, concentric LV geometry, and
moderate interstitial fibrosis were detected in both male and female rats subjected to
aortic banding. These changes were associated with impaired relaxation, increased
contractility, and preserved ventricular-arterial coupling in both sexes. However, the
late stage was associated with eccentric remodeling, increased fibrosis, and enhanced
chamber stiffness in male rats only. Furthermore, augmented contractility declined
in male rats, but not in the female animals. It was concluded that contractile augmen-
tation, preserved ventricular-arterial coupling, and improved myocardial compliance
in female rats contribute to sex differences in LV function during the progression of
pressure overload-induced LV hypertrophy [51].
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Sex Differences in Cardiomyocyte Ca2+-handling Proteins

Contractile abnormalities in HF have been linked to ventricular remodeling and
progressive defects in cardiomyocyte Ca2+-handling as well as changes in myofib-
rillar sensitivity to Ca2+ [52–56]. Sex differences have been reported to exist in
cardiac contractility [57], as well as the inotropic responses to Ca2+ [58], myocar-
dial Ca2+-channel density [59] and the cardiac response to adrenergic stimulation
[57, 60]. Thus, it has been postulated that sex hormones may have a role to play
for changes in cardiac remodeling in males and females under a variety of different
cardiac pathologies including volume overload and pressure overload [33, 45, 61–
64]. Since the sarcoplasmic reticulum (SR) and sarcolemma (SL) are intimately
involved in the Ca2+ handling and cardiac contractility, differences in abnormalities
in SR and SL functions would be seen to contribute to sex differences in the develop-
ment of cardiac dysfunction. Furthermore, alterations in the sensitivity of myofibrils
(MF) to Ca2+ in male and female hearts would also be a factor in determining the
sex difference.

The functionality of sex hormones has been examined in ovariectomized female
rats as well as castrated male rats. Treatment of the ovariectomized female rats
with estrogen eliminated defective cardiac function as well as alterations in SR
Ca2+-pump, Ca2+-release channels (RyR2), and SL Na+-Ca2+-exchange activities
[65, 66]. While ovariectomy in female rats and castration in male rats have both
been reported to produce a shift in myosin enzymes and decrease cardiac contractile
function, treatment with estrogen and testosterone was demonstrated to attenuate
these changes [67]. It is also pointed out that castration in male rats has also been
reported to depress SLNa+-Ca2+-exchanger and L-typeCa2+-channelsmRNA levels,
with partial normalization upon testosterone treatment [68–70].

It should be noted that 17-β estradiol and estrogen receptors have a sex-specific
role in mitochondrial function and Ca2+ ion channel activity in the heart [71] as well
as for sustaining cardiac contractile function. These observations provide further
evidence that sex hormones are an important factor in determining differences in
the regulation of cardiac function in male and females. The relation between sex
and contractile properties at the actin-myosin level in patients with chronic volume
overload due to mitral regurgitation (leakage of blood backwards through the mitral
valve during each contraction from LV) has recently been examined [72]. This study
demonstrated that female fibers from patients exposed to chronic volume overload
developed higher force values at a given Ca2+ concentration compared to fibers
from male patients. The Ca2+ sensitivity among the male and female patients was
significantly different, and it was suggested that males have higher Ca2+ sensitivity
and might compensate for lower force values at maximal Ca2+ concentrations by a
higher affinity for this cation. Thus, female patients with mitral regurgitation would
appear to work in a more energy efficient manner [72].

It should bementioned thatMI represents themajor formofHF and a large amount
of the experimental data have been obtained by employingmale hearts. Consequently,
the effects of female sex hormones inmodifyingMI-induced changes inCa2+-cycling
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proteins need to be examined in females with and without ovariectomy. On the other
hand, the deleterious effects of testosterone and castration in theMI-induced changes
in Ca2+-cycling proteins should also be examined. It is possible that a divergent
pattern of sex differences in the Ca2+-cycling proteins may exist depending on the
etiology of HF. In this regard, some of our work on MI-induced HF has indicated
that changes in the SR Ca2+-cycling proteins are more marked as compared to the
changes at the level of the SL and myofibrils.

It is interesting to note that temporal sex differences in Ca2+-signaling have
been reported in pressure overload-induced LV hypertrophy [73]. An initial hyper-
trophy of the LV due to pressure overload-induced by thoracic aortic constriction
was seen in female mice and was associated with a concomitant down-regulation
of SERCA2a, CaMKII activation, and GSK3β inactivation. Although both male
and females showed systolic dysfunction, which may be associated with the down-
regulation of RyR2, only males exhibited preserved diastolic LV function. Thus, HF
caused by different etiology may exert different types of changes for Ca2+-handling
in a sex-dependent manner. These possibilities, in volume overload-induced cardiac
hypertrophy and heart failure, therefore warrant further investigation. In addition,
since MI is the most prevalent cause of HF when compared to other etiologies
such as pressure overload, volume overload, valvular defects and other type of
cardiomyopathies [74–76], sex-differences in MI-induced HF should also be further
examined.

Conclusions

It is evident that echocardiographic and hemodynamic studies have revealed signif-
icant sex differences in cardiac remodeling and contractile function due to volume
overload. Females undergo concentric remodeling and maintain an appropriate level
of cardiac hypertrophy that is sufficient to delay the transition to HF. In contrast,
males develop eccentric hypertrophy and transition to HF. Estrogen plays a key role
in cardiac remodeling following the induction of volume overload. While the mech-
anisms involved in sex differences in cardiac remodeling and contractile function are
still a matter for extensive research, understanding sex differences in the pathophys-
iology of heart disease may help in developing novel sex-specific interventions for
the management and prevention of HF.

Acknowledgments Infrastructural support was provided by the St. Boniface Hospital Research
Foundation. Dr. Nusier is a Visiting Professor from Jordan University of Science and Technology,
School of Medicine, Department of Physiology and Biochemistry, Jordan.



124 P. S. Tappia et al.

References

1. Zhang Y, Liu B, Zhao R et al (2020) The influence of sex on cardiac physiology and
cardiovascular diseases. J Cardiovasc Transl Res 13:3–13

2. Lundberg G, Walsh MN, Mehta LS (2019) Sex specific differences in risk factors for
development of heart failure in women. Heart Fail Clin 15:1–8

3. Mentzer G, Hsich EM (2019) Heart failure with reduced ejection fraction in women:
epidemiology, outcomes, and treatment. Heart Fail Clin 15:19–27

4. Madan N, Itchhaporia D, Albert CM et al (2019) Atrial fibrillation and heart failure in women.
Heart Fail Clin 15:55–64

5. Kessler EL, Rivaud MR, Vos MA, van Veen TAB (2019) Sex-specific influence on cardiac
structural remodeling and therapy in cardiovascular disease. Biol Sex Differ 10:7

6. Stanhewicz AE, Wenner MM, Stachenfeld NS (2018) Sex differences in endothelial function
important to vascular health and overall cardiovascular disease risk across the lifespan. Am J
Physiol Heart Circ Physiol 315:H1569–H1588

7. Marra AM, Salzano A, Arcopinto M et al (2018) The impact of gender in cardiovascular
medicine: lessons from the gender/sex-issue in heart failure. Monaldi Arch Chest Dis 88:998

8. Cauwenberghs N, Kuznetsova T (2018) Sex-specific differences in cardiac maladaptation to
hypertension and arterial stiffening. Kardiol Pol 76:1303–1311

9. Kerkhof PLM, Peace RA, Macfarlane PW (2018) Sex- and Age-related reference values in
cardiology, with annotations and guidelines for interpretation. Adv Exp Med Biol 1065:677–
706

10. SavareseG,D’Amario (2018)Sexdifferences in heart failure.AdvExpMedBiol 1065:529–544
11. Shufelt CL, Pacheco C, Tweet MS, Miller VM (2018) Sex-specific physiology and cardiovas-

cular disease. Adv Exp Med Biol 1065:433–454
12. Kerkhof PLM, Peace RA, Heyndrickx GR et al (2018) Heart function analysis in cardiac

patients with focus on sex-specific aspects. Adv Exp Med Biol 1065:361–377
13. Schonfelder G (2005) The biological impact of estrogens on gender differences in congestive

heart failure. Cardiovasc Res 67:573–574
14. Rossouw JE (2002) Hormones, genetic factors, and gender differences in cardiovascular

disease. Cardiovasc Res 53:550–557
15. Bae S, Zhang L (2005) Gender differences in cardioprotection against ischemia/reperfusion

injury in adult rat hearts: focus on Akt and protein kinase C signaling. J Pharmacol Exp Ther
315:1125–1135

16. Wang M, Wang Y, Weil B et al (2009) Estrogen receptor beta mediates increased activation
of PI3K/Akt signaling and improved myocardial function in female hearts following acute
ischemia. Am J Physiol Regul Integr Comp Physiol 296:R972–R978

17. Stromberg A, Martensson J (2003) Gender differences in patients with heart failure. Eur J
Cardiovasc Nurs 2:7–18

18. Rosengren A, Hauptman P (2008) Women, men and heart failure: a review. Heart Fail Monit
6:34–40

19. Regitz-Zagrosek V, Lehmkuhl E (2005) Heart failure and its treatment in women: role of
hypertension, diabetes and estrogen. Herz 30:356–367

20. Guerra S, Leri A, Wang X et al (1999) Myocyte death in the failing human heart is gender
dependent. Circ Res 85:856–866

21. Parashar S, Katz R, Smith NL et al (2009) Race, gender, and mortality in adults > or = 65
years of age with incident heart failure (from the Cardiovascular Health Study). Am J Cardiol
103:1120–1127

22. Sobhani K, Nieves Castro DK, Fu Q et al (2018) Sex differences in ischemic heart disease and
heart failure biomarkers. Biol Sex Differ 9:43

23. Mejhert M, Kahan T, Edner M, Persson HE (2008) Sex differences in systolic heart failure in
the elderly: the prognostic importance of left ventricular mass in women. J Womens Health
17:373–381



6 Cardiac Function in Hypertrophy and Heart Failure 125

24. Eizema K, Van Heugton H, Bezstarosti K et al (2000) SERCA2 and ANF promoter-activity
studies in hypertrophic cardiomyocytes using liposome-, gene gun-, and adenovirus-mediated
gene transfer. In: Takeda N, Nagano M, Dhalla NS (eds) The hypertrophied heart. Kluwer
Academic Publishers, Boston, pp 52–66

25. Sakurai K, Sugawara H, Watanabe T, et al (2000) Ca2+ transients, contractility, and inotropic
responses in rabbit volume-overloaded cardiomyocytes. In: Takeda N, Nagano M, Dhalla NS
(eds) The hypertrophied heart. Kluwer Academic Publishers, Boston, pp 67–81

26. VanBilsenM,ChienKR (1993)Growth and hypertrophy of the heart: towards an understanding
of cardiac specific and inducible gene expression. Cardiovasc Res 27:1140–1149

27. Takano H, Zou Y, Akazawa H et al (2003) Ca2+-dependent signaling pathways through
calcineurin and Ca2+/calmodulin-dependent protein kinase in development of cardiac hyper-
trophy. In: Dhalla NS, Hryshko L, Kardami E, Singal PK (eds) Signal transduction and cardiac
hypertrophy. Kluwer Academic Publishers, Boston, pp 85–103

28. Piro M, della Bona R, Abbate A et al (2010) Sex-related differences in myocardial remodeling.
J Am Coll Cardiol 55:1057–1065

29. DhallaNS,DentMR, ElimbanV, Zieroth S (2006)Mechanisms of gender differences in cardiac
dysfunction due to heart disease. In: Kimchi A (ed) Proceedings of the16th world congress on
heart disease. International Academy of Cardiology, Monduzzi Editore S.p.A-Medimond Inc.
Bologna, pp 239–245

30. Dent MR, Elimban V, Malik A et al (2013) Functional adaptation during the development
of cardiac hypertrophy and heart failure in females. In: Ostadal B, Dhalla NS (eds) Cardiac
adaptation: molecular mechanisms. Springer Science+Business Media, LLC, New York, pp
201–212

31. Dhalla NS, Malik A, Zieroth S, Tappia PS (2013) Role of gender in Ca2+ cycling and cardiac
remodeling due to heart failure. In: Jugdutt BI, Dhalla NS (eds) Cardiac remodeling -molecular
mechanisms. Springer Science+Business Media, LLC, New York

32. Gardner JD, BrowerGL, Janicki JS (2002) Gender differences in cardiac remodeling secondary
to chronic volume overload. J Card Fail 8:101–107

33. Dent MR, Tappia PS, Dhalla NS (2010) Gender Differences in cardiac dysfunction and remod-
eling due to volume overload. J Card Fail 16: 439–449; Erratum in: J Card Fail. 17:179,
2011

34. Douglas PS, Katz SE, Weinberg EO et al (1998) Hypertrophic remodeling: gender differences
in the early response to left ventricular pressure overload. J Am Coll Cardiol 32:1118–1125

35. Litwin SE,Katz SE, LitwinCMet al (1999)Gender differences in postinfarction left ventricular
remodeling. Cardiology 91:173–183

36. Tamura T, Said S, Gerdes AM (1999) Gender-related differences in myocyte remodeling in
progression to heart failure. Hypertension 33:676–680

37. Singh A, Chan DCS, Greenwood JP et al (2019) Symptom onset in aortic stenosis: relation to
sex differences in left ventricular remodeling. JACC Cardiovasc Imaging 12:96–105

38. Grossman W, Jones D, McLaurin LP (1975) Wall stress and patterns of hypertrophy in human
left ventricle. J Clin Invest 56:56–64

39. Walsh-Wilkinson E, Drolet MC, Le Houillier C et al (2019) Sex differences in the response to
angiotensin II receptor blockade in a rat model of eccentric cardiac hypertrophy. PeerJ 7:e7461

40. PabbidiMR,KuppusamyM,Didion SP et al (2018) Sex differences in the vascular function and
relatedmechanisms: role of 17β-estradiol. Am J Physiol Heart Circ Physiol 315:H1499–H1518

41. Rossouw JE, Anderson GL, Prentice RL et al (2002) Risks and benefits of estrogen plus
progestin in healthy postmenopausal women: principal results from the Women’s Health
Initiative randomized controlled trial. JAMA 288:321–333

42. Rossouw JE, Prentice RL, Manson JE et al (2007) Postemenopausal hormone therapy and risk
of cardiovascular disease by age and years since menopause. JAMA 297:1465–1477

43. Brower GL, Gardner JD, Janicki JS (2003) Gender mediated cardiac protection from adverse
ventricular remodeling is abolished by ovariectomy. Mol Cell Biochem 251:89–95

44. Lu H, Meléndez GC, Levick SP, Janicki JS (2012) Prevention of adverse cardiac remodeling
to volume overload in female rats is the result of an estrogen-altered mast cell phenotype. Am
J Physiol Heart Circ Physiol 302:H811–H817



126 P. S. Tappia et al.

45. Gardner JD, Brower GL, Janicki JS (2005) Effects of dietary phytoestrogens on cardiac
remodeling secondary to chronic volume overload in female rats. J Appl Physiol 99:1378–1383

46. Gardner JD, Brower GL, Voloshenyuk TG, Janicki JS (2008) Cardioprotection in female rats
subjected to volume overload: synergistic interaction of estrogen and phytoestrogens. Am J
Physiol Heart Circ Physiol 294:H198–H204

47. Drolet MC, Lachance D, Plante E et al (2006) Gender-related differences in left ventricular
remodeling in chronic severe aortic valve regurgitation in rats. J Heart Valve Dis 15:345–351

48. Patten RD, Pourati I, Aronovitz MJ et al (2008) 17 Beta-estradiol differentially affects left
ventricular and cardiomyocyte hypertrophy following myocardial infarction and pressure
overload. J Card Fail 14:245–253

49. Cavasin MA, Sankey SS, Yu AL et al (2003) Estrogen and testosterone have opposing effects
on chronic cardiac remodeling and function in mice with myocardial infarction. Am J Physiol
Heart Circ Physiol 284:H1560–H1569

50. Van Eickels M, Grohe C, Cleutjens JP et al (2001) 17β-estradiol attenuates the development
of pressure-overload hypertrophy. Circulation 104:1419–1423

51. Ruppert M, Korkmaz-icöz S, Loganathan S et al (2018) Pressure-volume analysis reveals
characteristic sex-related differences in cardiac function in a rat model of aortic banding-
induced myocardial hypertrophy. Am J Physiol Heart Circ Physiol 315:H502–H511

52. Dhalla NS, Das PK, Sharma GP (1978) Subcellular basis of cardiac contractile failure. J Mol
Cell Cardiol 10:363–385

53. Dhalla NS, Afzal N, Beamish RE et al (1993) Pathophysiology of cardiac dysfunction in
congestive heart failure. Can J Cardiol 9:873–887

54. Dhalla NS, Liu X, Panagia V, Takeda N (1998) Subcellular remodeling and heart dysfunction
in chronic diabetes. Cardiovasc Res 40:239–247

55. Dhalla NS, Saini HK, Tappia PS et al (2007) Potential role and mechanisms of subcellular
remodeling in cardiac dysfunction due to ischemic heart disease. J Cardiovasc Med 8:238–250

56. Dhalla NS, Rangi S, Babick AP et al (2012) cardiac remodeling and subcellular defects in heart
failure due to myocardial infarction and aging. Heart Fail Rev 17:671–681

57. Capasso JM, Remily RM, Smith RH, Sonnenblick EH (1983) Sex differences in myocardial
contractility in the rat. Basic Res Cardiol 78:156–171

58. Wang SN, Wyeth RP, Kennedy RH (1998) Effects of gender on the sensitivity of rat cardiac
muscle to extracellular Ca2+ Eur J Pharmacol 361:73–77

59. Ishii K, Kano T, Ando J (1988) Sex differences in 3H nitrendipine binding and effects of sex
steroid hormones in rat cardiac and cerebral membranes. Jpn J Pharmacol 46:117–125

60. Schwertz DW, Vizgirda V, Solaro RJ et al (1999) Sexual dimorphism in rat left atrial function
and response to adrenergic stimulation. Mol Cell Biochem 200:143–153

61. Gardner JD, Murray DB, Voloshenyuk TG et al (2010) Estrogen attenuates chronic volume
overload induced structural and functional remodeling in male rat hearts. Am J Physiol Heart
Circ Physiol. 298:H497–H504

62. Wankerl M, BöhmM, Morani I et al (1990) Calcium sensitivity and myosin light chain pattern
of atrial and ventricular skinned cardiac fibers from patients with various kinds of cardiac
disease. J Moll Cell Cardiol 22:1425–1438

63. Ayaz O, Howlett SE (2015) Testosterone modulates cardiac contraction and calcium home-
ostasis: cellular and molecular mechanisms. Biol Sex Differ 6:9

64. Dent MR, Tappia PS, Dhalla NS (2010) Gender differences in apoptotic signaling in heart
failure due to volume overload. Apoptosis 15:499–510

65. Bupha-Intr T, Wattanapermpool J (2006) Regulatory role of ovarian sex hormones in calcium
uptake activity of cardiac sarcoplasmic reticulum.AmJPhysiolHeart Circ Physiol 291:H1101–
H1108

66. Kravtsov GM, Kam KW, Liu J et al (2007) Altered Ca2+ handling by ryanodine receptor and
Na+-Ca2+ exchange in the heart from ovariectomized rats: role of protein kinase A. Am J
Physiol Cell Physiol 292:C1625–C1635

67. Scheuer J, Malhotra A, Schaible TF et al (1987) Effects of gonadectomy and hormonal
replacement on rat hearts. Circ Res 61:12–19



6 Cardiac Function in Hypertrophy and Heart Failure 127

68. Golden KL, Marsh JD, Jaing Y (2002) Castration reduces mRNA levels for calcium regulatory
proteins in rat heart. Endocrine 19:339–344

69. GoldenKL,Marsh JD, JaingYet al (2003)Gonadectomyof adultmale rats reduces contractility
of isolated cardiac myocytes. Am J Physiol Endocrinol Metab 285:E449–E453

70. Golden KL, Marsh JD, Jaing Y (2004) Testosterone regulates mRNA levels of calcium
regulatory proteins in cardiac myocytes. Endocrine 36:197–202

71. Mahmoodzadeh S, Dworatzek E (2019) The role of 17β-estradiol and estrogen receptors in
regulation of Ca2+ channels and mitochondrial function in cardiomyocytes. Front Endocrinol
10:310

72. Bening C, Hamouda K, Leyh R (2016) Sex differences in volume overload in skinned fibers.
BMC Cardiovasc Disord 16:197

73. Prévilon M, Pezet M, Semprez F et al (s2011) FKBP12.6 mice display temporal gender differ-
ences in cardiac Ca2+-signaling phenotype upon chronic pressure overload. Can J Physiol
Pharmacol 89:769–782

74. Müller AL, Dhalla NS (2012) Role of various proteases in cardiac remodeling and progression
of heart failure. Heart Fail Rev 17:395–409

75. Yousef ZR, Redwood SR,Marber MS (2000) Postinfarction left ventricular remodeling: where
are the theries and trials leading us? Heart 83:76–80

76. Duhamel TA, Dhalla NS (2007) New insights into the causes of heart failure. Drug Discov
Today Dis Mech 4:175–184



Chapter 7
Sex-Specific Differences of Apoptosis
in Heart Failure Due to Volume-Overload

Sukhwinder K. Bhullar, Anureet K. Shah, and Naranjan S. Dhalla

Abstract Volume overload induced by arteriovenous shunt for 4 and 16 weeks has
been shown to produce sex-specific alterations in cardiac hypertrophy and heart
failure, respectively. These changes were accompanied by sex-dependent alterations
in the pro- and anti-apoptotic protein content and cardiomyocyte apoptosis in the
heart. Cardiac hypertrophy in both male and female hearts produced a small depres-
sion in the extent of apoptosis without any change in mRNA levels for caspases 3
and 9. On the other hand, heart failure in males, unlike females, showed a marked
increase in apoptosis and elevated mRNA levels for both caspase isoforms. Content
for unphosphorylated and phosphorylatedBad proteins aswell as Bax protein content
in failing male hearts were higher than those in female hearts. Phosphorylated Bcl-2
protein content in male failing hearts were lower and that for females were higher in
comparison to the respective sham control values. Increased apoptosis as well as the
protein content for caspase 3, caspase 9, phosphorylated Bad and Bax in 16 weeks
AV-shunt ovariectomized animals were attenuated by treatment with estrogen. AV-
shunt induced alterations in Bcl-2 and phosphorylated Bcl-2 protein content in
ovariectomized hearts were also prevented by estrogen treatment. These alterations
in cardiomyocyte apoptosis as well as, pro-and anti-apoptotic factors in the heart may
provide a possible mechanism to explain the sex-specific differences in the cardiac
remodelling and cardiac function induced by volume overload.
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Introduction

Apoptosis is a tightly regulated and energy-requiring mechanism in which cell death
follows a programmed sequence of structural changes including cell shrinkage,
plasma membrane blebbing, nuclear condensation, DNA fragmentation, formation
of apoptotic bodies in the nucleus and inflammation [1–5]. Various cellular stress
signals including intracellular Ca2+-overload, alterations in cytokines, loss of growth
factors, oxidative stress, functional hypoxia and nitric oxide are considered to partic-
ipate in the occurrence of apoptosis [6–16]. Apoptosis, in the cell is initiated by two
major pathways: (i) extrinsic/death receptor pathway via ligand binding to external
death receptors and (ii) intrinsic/mitochondrial pathway near the surface of the mito-
chondria. These are regulated by pro- and anti-apoptotic protein content including
caspases 3 and 9, Bcl-2, Bad as well as BAX, which play a critical role in the
development of apoptotic cell death in the myocardium [16–22].

Since apoptosis causes structural deformities in the myocardium, which has a
limited ability for self-renewal, an increase in the rate of cardiomyocyte apoptosis has
been shown to profoundly affect cardiac contractility and induce cardiac dysfunction
[23–27]. Contribution of this mechanism is now well known in the development
of contractile heart failure due to different etiologies such as myocardial infarction
[28–34], ischemia-reperfusion injury [35–38], pressure overload [21, 39–44], volume
overload [45–54], cardiomyopathies (dilated, ischemic, toxic and hypertrophic) [24–
26, 55–70], hypertension [34, 71, 72], as well as atherosclerosis and restenosis [73–
77]. Although cardiac hypertrophy is considered to be an adaptive mechanism for
maintaining heart function, the ongoing loss of cardiomyocytes by apoptosis may
result in the transition of cardiac hypertrophy to heart failure. In view of the well
known differences in the responses of male and female hearts to various stressful
situations, it appears that the development of cardiac hypertrophy and heart failure
are gender-dependent events. Accordingly, the present article is intended to focus
discussion on whether the occurrence of cardiomyocyte apoptosis and alterations of
the associated pro-and anti-apoptotic proteins in different types of heart diseases are
gender-dependent. In particular, it is planned to discuss the role and mechanisms
of cardiomyocyte apoptosis in male and female hearts during the development of
cardiac hypertrophy and heart failure upon the induction of volume overload.

Gender Differences of Cardiomyocyte Apoptosis in Heart
Disease

It is now well known that the status of cardiac function and the extent of cardiomy-
ocyte apoptosis in healthy males are essentially not different from those in the
normal female hearts. However, cardiomyocyte apoptosis and cardiac dysfunction in
diverse heart diseases have been found more prevalent in men compared to women
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[21, 25, 31–34, 44–46, 78–88]. This could be due to the difference in the pres-
ence of apoptosis-related genes on the Y chromosomes or the role of estrogen and
estrogen receptors in female population [25, 89–94]. Also, with aging the preva-
lence of cardiomyocyte apoptosis activity in human hearts has been found more
pronounced in males than females [95–98]. In this regard, it is noteworthy that,
unlike the females, a 4-fold increase in cardiomyocyte apoptosis has been described
in the senescent male monkey hearts; this observation has signified the role of aging
in gender differences [98].

Cardiomyocyte loss, which is invariably associated with heart failure, has been
reported to exhibit gender difference [31, 99]. The extent of cardiomyocyte apop-
tosis was lower in female failing hearts in various heart diseases such as myocar-
dial infarction [100], volume overload [25], pulmonary hypertension [101], and
different cardiomyopathies [25, 88, 102, 103]. Improved cardiac function, and a
greater reversibility of heart failure were observed in women with dilated cardiomy-
opathy [104–106]. However, the occurrence of heart failure as well as morbidity
and mortality in patients with ≥20 years of age, were found to be equal in both
genders [107]. Furthermore, the treatment approaches for heart failure in both males
and females are similar except for using angiotensin-converting enzyme inhibitors
and angiotensin receptor antagonists in females during pregnancy due to the risk of
birth defects [108–111]. Nonetheless, there are dramatic sex differences with respect
to heart dysfunction during the development of heart failure [112]. In comparison
to males, females with heart failure have shown improved survival and were found
to maintain normal left ventricular size and preserve ejection fraction when chal-
lenged with myocardial infarction [55, 93, 113–118]; atherosclerotic burden [93,
119]; and ischemia/reperfusion injury [114, 120–126]. In addition to, common causes
including aging, pregnancy, environmental factors and lifestyle changes, there are
other pathological influences such as hypertension which have shown sex differences
with respect to hormonal imbalances, as well as cardiac remodeling processes, and
signal transduction mechanisms for apoptosis [88, 89, 108, 127–132].

A growing number of studies have supported the view regarding gender differ-
ences for cardiomyocyte apoptosis in heart failure. Compared to men, a markedly
lower extent of cardiomyocytes apoptosis was seen in the women’s failing hearts
[133, 134]. In hearts of patients undergoing cardiac transplantation, a significantly
lesser degree of apoptosis in female heart was observed in comparison to males,
and it has been pointed out that higher cardiomyocyte death in men was associated
with earlier onset of heart failure [55]. It was also reported that due to increased
extent of cardiomyocyte apoptosis after myocardial infarction [100], men were at
much higher risk of worsened myocardial function and cardiac rupture while women
showed greater myocardial retrieve [135]. Furthermore, females were found rela-
tively more protected than males in response to prolonged acute coronary ischemia
[55, 93, 110]. It may also be noted that there is a rapid progress in the transition from
cardiac hypertrophy to heart failure in males compared to females, and cardiomy-
ocyte apoptosis may play a role at the late stage of this transition [58, 63, 136–
142]. The development of heart failure in pathological conditions such as pressure
overload [143–149] and volume overload [25, 150–152] have been observed to be
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slower in females compared tomales. These observations indicate sex-specific differ-
ences concerning apoptosis in a wide variety of cardiovascular diseases and provide
evidence that cardiomyocyte apoptosis may play an important role in determining
the gender-dependent differences in the development of heart failure.

Gender Differences of Cardiomyocyte Apoptosis in Heart
Failure Due to Volume Overload

Since cardiomyocytes apoptosis plays a significant role in transition from cardiac
hypertrophy to heart failure, this section is concerned with discussion on differences
in cardiomyocyte apoptosis during the development of cardiac hypertrophy and heart
failure induced by volume overload as a consequence of arteriovenous (AV) shunt in
male and female rats [25]. Upon induction of volume overload, the degree of cardiac
hypertrophy was increased and the cardiac output was unaltered, but the extent of
apoptosis was depressed in both male and female hearts at early stage (4 weeks)
(Fig. 7.1a). These events were not accompanied by any changes in mRNA levels for
both caspase 3 or caspase 9 (Fig. 7.1b, c). On the other hand, at late stage of heart
failure (16weeks), the parameters of cardiac performancewere considerably reduced
in males hearts, while, these were maintained in female hearts [25]. Compared to
the females, the levels of mRNA for caspase 3 and caspase 9 were higher (Fig. 7.1d,
e) and extent of apoptosis was significantly greater in the male hearts (Fig. 7.1a).
Furthermore, the data for different signaling transduction pathways involved in the
regulation of apoptosis at 16 weeks volume overload are shown in Fig. 7.2a–e. The
pro-apoptotic Bad protein content was higher in both phosphorylated and non- phos-
phorylated forms inmale failing heartswhereas no changewas seen in female volume
overload hearts (Fig. 7.2a, b). The anti-apoptotic Bcl-2 protein content was remained
unaltered in the non-phosphorylated form in both sexes (Fig. 7.2c) but the level of
phosphorylated form was higher in female hearts and lower in male hearts upon the
induction of volume overload for 16 weeks (Fig. 7.2d). Furthermore, protein content
of pro-apoptotic factor BAX was higher in male failing hearts but was unaltered in
the female volume overload heart (Fig. 7.2e). These results have demonstrated that
the potential for the occurrence of apoptosis in the female heart is less than the male
heart at the hypertrophic as well as the failing stages after the induction of volume
overload. It appears that the observed decrease in the extent of apoptosis in both
males and females may be due to an adaptive response to volume overload at the
early stage of cardiac hypertrophy. However, the male failing heart showed a marked
increase in the extent of apoptosis whereas female volume overload heart exhibited a
lesser extent of apoptosis 16 weeks post AV shunt. These observations are consistent
with the view that there are sex-specific differences in volume overload induced heart
failure.
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Fig. 7.1 Sex-specific changes in apoptosis as well as mRNA levels for caspases 3 and 9 in sham
and AV shunt failing (4 weeks and 16 weeks) hearts due to volume overload in male and female
rats. Data are taken from our paper—Dent MR, Tappia PS, Dhalla NS. Apoptosis 15: 499–510,
2010. Erratum in: Apoptosis. 16, 757–758, 2011. *_ P < 0.05 versus sham; #_ P < 0.05 versus
corresponding value for male
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Fig. 7.2 Sex-specific changes in Bad, phosphorylated Bad (p-Bad), Bcl-2, phosphorylated Bcl-2
(p- Bcl-2) and BAX protein content in sham and 16 weeks AV shunt hearts due to volume overload
inmale and female rats. Data are taken from our paper—DentMR, Tappia PS, Dhalla NS. Apoptosis
15: 499–510, 2010. Erratum in: Apoptosis. 16, 757–758, 2011. *_ P < 0.05 versus sham; #_ P <
0.05 versus corresponding value for male
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Role of Estrogen in Cardiomyocyte Apoptosis Due to Volume
Overload

Several studies have been reported that cardiomyocyte apoptosis is affected by sex
hormones such as estrogen, testosterone and progesterone, which exert different
actions during the development of heart failure inmales and females [25, 92–94, 120,
153–163]. The effects of estrogens in the females include the delay in heart failure
and improved survival during the pre-menopausal period in addition to slowing down
the development of left ventricular hypertrophy [112, 144, 164–167]. Moreover,
in comparison to male heart, the loss of viable cardiomyocytes was found to be
markedly low in the healthy aging female heart [141, 145, 167, 168]. These effects
in female hearts are believed to be due to estrogens and estrogen receptors signaling,
particularly mediated by the estrogen receptor-β [90, 152–154, 169–172]. Since sex-
specificdifferences in cardiovascular systemshavebeen attributed to the consequence
of higher levels of estrogen, as well as the presence or absence of other hormones,
whichmodify apoptosis and reduce the risk of heart failure in women [144], estrogen
has been suggested to prevent cardiomyocyte apoptosis due to volume overload in
females [25].

The extent of cardiomyocyte apoptosis was increasedmarkedly in ovariectomized
female rats upon induction of volume overload at 16 weeks (Fig. 7.3a), but was
depressed upon treatment of these animals with estrogen (Fig. 7.3a). It was seen that
the level of protein content for caspase 3 was increased, whereas, that for caspase
9 remained unchanged due to volume overload in ovariectomized animals. Treat-
ment of ovariectomized volume overload rats with estrogen, protein content for both
caspase 3 and caspase 9 was observed to be depressed (Fig. 7.3b, c). Alterations in
different signaling transduction pathways involved in the regulation of apoptosis after
inducing AV shunt in the ovariectomized rats are depicted in Fig. 7.4a–e. Induction
of volume overload in ovariectomized rats were found to reduce protein content for
Bcl-2 and phosphorylated Bcl-2 but increased phosphorylated Bad and BAX protein
content without any changes in bad protein content (Fig. 7.4). It can also be seen
from Fig. 7.4d that protein content for phosphorylated Bcl-2 was increased in sham
control ovariectomized rats. Treatment of ovariectomized volume overload rats with
estrogen was found to attenuate the ovariectomy-induced changes in these parame-
ters fully or partially (Fig. 7.4). Thus, estrogen may modify both pro-apoptotic and
anti-apoptotic regulatory mechanisms and prevent the occurrence of cardiomyocyte
apoptosis in females. Accordingly, these observations are consistent with the view
that estrogen may play an important role in determining the reduced susceptibility
of females to different cardiovascular risk factor.
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Fig. 7.3 Changes in apoptosis as well as protein content for caspases 3 and 9 in sham and 16 weeks
post AV-shunt female rats with or without ovariectomy (OVX) as well as OVX animals treated
with estrogen. Data are taken from our paper – Dent MR, Tappia PS, Dhalla NS. Apoptosis 15:
499–510, 2010. Erratum in: Apoptosis. 16, 757–758, 2011. *_ P < 0.05 vs sham; †_ P < 0.05 versus
corresponding value for control female; ∂_ P < 0.05 versus corresponding value for OVX animals
without 17-β estradiol treatment

Conclusions

This study has provided evidence that cardiac hypertrophy due to induction of volume
overload at early stages in both male and female rats was associated with an equal
extent of depressions in cardiomyocyte apoptosis without any changes in the mRNA
levels of caspase 3 and 9. However, a marked degree of apoptosis in male hearts,
unlike female hearts, was evident in heart failure at late stage of volume overload.
These sex-dependent differences in the cardiomyocyte apoptosis in the failing heart
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Fig. 7.4 Changes in Bad, phosphorylated Bad (p-Bad), Bcl-2, phosphorylated Bcl-2 (p- Bcl-2), and
BAX protein content in sham and 16 weeks post AV-shunt female rats with or without ovariectomy
(OVX) as well as OVX animals treated with estrogen (16 weeks post AV-shunt). Data are taken from
our paper – Dent MR, Tappia PS, Dhalla NS. Apoptosis 15: 499–510, 2010. Erratum in: Apoptosis.
16, 757–758, 2011. *_ P < 0.05 vs sham; †_P < 0.05 versus corresponding value for control female;
∂_P < 0.05 versus corresponding value for OVX animals without 17-β estradiol treatment
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were associated elevated levels of mRNA for both caspase 3 and 9. Sex-specific
differences in some pro-apoptotic and anti apoptotic parameters such as Bad, BAX
and Bcl-2 protein content were also seen in the failing hearts due to volume over-
load. Volume overload in ovariectomized animals was found to increase the extent
of apoptosis in association with increased levels of caspase 3 as well as BAX protein
content and decreased protein of phosphorylated Bcl-2. These alterations in ovariec-
tomized volume overload animals were partially or fully prevented by treatment with
estrogen. These observations support the view that cardiomyocyte apoptosis and
associated heart failure is sex-specific. Furthermore, this study provides evidence for
the role of estrogen in reducing the susceptibility of female population to different
cardiovascular risk factor.
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Chapter 8
Sex-Specific Differences
in β-Adrenoceptor Signal Transduction
in Heart Failure Due to Volume-Overload

Naranjan S. Dhalla, Vijayan Elimban, Anureet K. Shah,
and Mohamad Nusier

Abstract Volume-overload upon inducing arteriovenous shunt was found to
produce sex-dependent changes in cardiac hypertrophy and heart failure. These
alterations are accompanied by sex-dependent changes in β-adrenoceptor (AR)—
guanine protein—adenylyl cyclase complex in the heart. Unlike females, prolonged
exposure of animals to volume-overload resulted in heart failure in males. Protein
content of β1-AR and β2-AR as well as their mRNA levels in the heart were lower in
males and higher in females upon inducing volume-overload. Hearts from females
also showed higher adenylyl cyclase protein content as well as epinephrine stimu-
lated adenylyl cyclase activity in comparison to male hearts subjected to volume-
overload.Marked increase in β1-AR, β2-AR and adenylyl cyclase content and depres-
sion in epinephrine-stimulated adenylyl cyclase activity as well as plasma cate-
cholamines, were seen due to ovariectomy. All these changes except those in plasma
catecholamines were fully or partially prevented upon treatment of ovariectomized
animals with estrogen. These sex-specific alterations in β-AR signal transduction
system may explain the reduced risk of heart failure in females, unlike males, under
stressful conditions.
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Introduction

β-adrenoceptors (β-AR) signal transduction system is now well known to be inti-
mately involved in the regulation of heart function by the sympathetic nervous
system [1–10]. This pathway has been shown to be mainly composed of different
components such as β1- and β2- AR receptors, guanine nucleotide stimulatory and
inhibitory proteins (Gs- and Gi proteins) and adenylyl cyclase, which are present in
the sarcolemmal membrane. In addition to G-proteins, β-AR kinase (GRK proteins)
and β-arrestins are also known to play a regulatory role for the activation of β-AR—
adenylyl cyclase complex. Both norepinephrine (NE) (released from the sympa-
thetic nerve endings) and epinephrine (EPI) (released from the adrenal medulla)
activate the β-AR—adenylyl cyclase complex to form cyclic AMP upon stimula-
tion of the sympathetic nervous system. This signal transducing molecule activates
protein kinase A (PKA), phosphorylates various Ca2+—handling proteins, promotes
Ca2+—transport in cardiomyocytes and increases the extent of cardiac contraction
and relaxation. The activation of β-AR signal transduction system has also been
implicated in the development of several biochemical processes such as cardiac
hypertrophy, cardiac apoptosis and myocardial metabolism.

Although the activated β-AR signal transduction system is considered to provide
critical support for the maintenance of cardiac function at initial stages of heart
disease, varying degrees of defects in different components of this pathways have
been reported to occur during later stages of heart disease [11–22]. On the basis
of research work carried out in various experimental models of heart failure such
as cardiomyopathic hamsters [23–25], myocardial infarction [26–29] and volume-
overload [30, 31], it has been suggested that derangements in the β-AR—G-
proteins—adenylyl cyclase system may serve as one of the important mechanisms
for the development of cardiac dysfunction in heart failure [9, 10]. In fact, changes
in β-AR signal transduction were also seen to depend upon the type and stage of
cardiac hypertrophy because catecholamine-induced increases in cardiac function,
activation of adenylyl cyclase and intracellular Ca2+ concentration as well as β1-AR
density were unaltered by pressure- overload and augmented by volume-overload at
early stages; however, changes in these parameters were attenuated by both pressure-
and volume-overloads at late stages [32]. The present article is intended to focus on
discussion whether alterations in the β-AR signal transduction pathway in cardiac
hypertrophy and heart failure are gender dependent.

Gender/Sex Dependent Differences in β-AR Signal
Transduction

Although general characteristics of healthy hearts from both males and females are
not different from each other, unaltered, depressed or augmented responses to β-
AR stimulation have been reported in males in comparison to females [33–37]. The
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enhanced response of male cardiomyocytes to β-AR stimulation was shown to be
due to greater formation of cyclic AMP and greater influx of Ca2+ [38]. Gender
differences in β-AR responsiveness has also been observed in the diabetic rat heart
[39]. The cardiac contractile responses to β-AR stimulation were preserved in old
females, unlike old males [40]. Furthermore, marked differences between males and
females for cardiac remodeling and cardiac dysfunction have been reported to occur
as a consequence of β1-AR and β2-AR overexpressions [41–45]. In an experimental
model of catecholamine-induced cardiac remodeling, the extent of increase in cardiac
wall thickness, myocardial cross-sectional area and collagen deposition in females
was less than that of males [46]. Thus, it is evident that gender differences with
respect to β-AR signal transduction become evident only after exposure of the animal
to stressful situations.

Several studies have been carried out to reveal the mechanisms of gender/sex
differences for the occurrence of cardiac dysfunction during the development of heart
disease [47, 48]. These investigations during cardiac remodeling in heart failure have
identified twomajormechanisms namely (i) the role of gender/sex-dependent subcel-
lular defects and Ca2+ cycling; (ii) the role of gender/sex-dependent alterations in
β-AR signal transduction pathways. It has also been demonstrated that females have
greater α-AR sensitivity than males, whereas β1-AR sensitivity is similar between
genders [49]. A marked reduction in β-AR responsiveness in heart failure has been
reported in males compared to females [50]. It should be recognized that there occurs
a differential regulation of β-AR density and cyclic AMP production with respect
to age and sex [51]. Strenuous exercise has also been shown to depress ventricular
function to a greater degree in males in comparison to females as a consequence of
corresponding changes in theβ-AR responsiveness [52]. The susceptibility of animals
to AR stimulation-induced arrhythmias is also dependent upon sex [53].

Gender/Sex-Dependent Alterations of β-AR Signal
Transduction in Heart Failure

Since heart failure is invariably preceded by cardiac hypertrophy, this section will be
devoted to discussion for β-AR signal transduction changes in both cardiac hyper-
trophy and heart failure induced by volume-overload as a consequence of arteriove-
nous fistula or AV shunt in male and female rats [54, 55]. At early stages of inducing
volume-overload, the degree of cardiac hypertrophy was greater, the increase in
cardiac output was larger and the elevation of plasma epinephrine and norepinephrine
was higher in males than in females [54]. On the other hand, increases in both the
density of β1-AR and epinephrine-stimulated adenylyl cyclase activities in hyper-
trophied hearts are higher in females than those in males [54]. A wide variety of
alterations in mRNA levels for different regulatory functions for β-AR—adenylyl
cyclase complex were also observed in both male and female hypertrophied hearts.
For example, unlike female hearts, mRNA levels of β1-AR proteins were decreased
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and those for Gi-proteins were increased in male hearts due to cardiac hypertrophy.
Furthermore, mRNA levels for GRK2 and β-arrestins 2 proteins were increased to
equal extent in both male and female hypertrophied hearts, whereas mRNA for β2-
AR, GRK3 and β-arrestins 1 were increased only in female hypertrophied heart [54].
These results have been suggested to indicate sex-dependent differences in β-AR
signal transduction pathway in males and females upon the induction of cardiac
hypertrophy.

Alterations in β-AR signal transduction pathway were also examined in volume-
overload heart failure due to induction of AV shunt for 16 weeks in both male and
female rats [55]. The results in Fig. 8.1 show that protein content for β1-AR and β2-
ARwere depressed inmale failing hearts but those in female hearts were increased. It
may also be noted that protein content for β1-AR in female shamcontrol hearts, unlike
β2-AR, was higher than those in control males (Fig. 8.1). Likewise, the pattern of
changes in β1-and β2-mRNA levelswas similar to that seenwith respect to the protein
content in the failing hearts, although no differences in the sham control values for
males and females were seen (Fig. 8.2). The values for both basal and epinephrine-
stimulated adenylyl cyclase activities in female failing hearts were found to be higher
than those inmales (Fig. 8.3). Furthermore, adenylyl cyclase protein content in female
experimental hearts, unlike male hearts, were higher (Fig. 8.3). It may be noted from

Fig. 8.1 Sex-specific
changes in β1- and β2-
adrenoceptor protein content
in sham and failing
(16 weeks AV shunt) hearts
due to volume-overload.
Data are taken from our
paper—Dent MR, Tappia PS
and Dhalla NS. J. Cell.
Physiol. 227: 3080–3087,
2012. *_ P < 0.05 versus
sham; #_ P < 0.05 versus
corresponding value for male
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Fig. 8.2 Sex-specific
changes in β1- and β2-
adrenoceptor mRNA levels
in sham and failing
(16 weeks AV shunt) hearts
due to volume-overload.
Data are taken from our
paper—Dent MR, Tappia PS
and Dhalla NS. J. Cell.
Physiol. 227: 3080–3087,
2012. *_ P < 0.05 versus
sham
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Fig. 8.3 Sex-specific
changes in adenylyl cyclase
activities and protein content
in sham and failing
(16 weeks AV shunt) hearts
due to volume-overload.
Data are taken from our
paper—Dent MR, Tappia PS
and Dhalla NS. J. Cell.
Physiol. 227: 3080–3087,
2012. *_ P < 0.05 versus
sham; #_ P < 0.05 versus
corresponding value for
male. Basal and epinephrine
(EPI)—stimulated adenylyl
cyclase activities were
determined in the absence
and presence of 1 μM
epinephrine
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Fig. 8.4 Sex-specific
changes in mRNA levels for
adenylyl cyclase (V and V1)
as well as Gi- Gs- proteins in
sham and failing (16 weeks
AV shunt) hearts due to
volume-overload. Data are
taken from our paper—Dent
MR, Tappia PS and Dhalla
NS. J. Cell. Physiol. 227:
3080–3087, 2012. *_ P <
0.05 versus sham
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Fig. 8.4 that heart failure due to volume-overload depressed the mRNA levels for
both adenylyl cyclase V and VI isoforms in males only. Furthermore, no change
in mRNA levels for Gi- and Gs- proteins was seen in both males and females [4].
These results are consistent with the view that β-AR—adenylyl cyclase system is
induced by heart failure and the sex- specific changes in these observations can also
explain the role of β-AR—adenylyl cyclase complex in maintaining heart function
in females and the loss of adrenergic support in heart failure in males.

Role of Estrogen in β-AR Signal Transduction System
in Females

Since estrogen has been shown to serve as a cardioprotective agent responsible for
reducing the incidence and severity of cardiovascular disease risk in women [56–60],
the effect of estrogen on β-AR signal transduction was tested upon inducing volume-
overload in ovariectomized female rats according to the procedure described earlier
[55]. Ovariectomy was observed to increase protein content of β1-AR, β2-AR and
adenylyl cyclase (Figs. 8.5 and 8.6). The epinephrine stimulated adenylyl cyclase
activity was markedly reduced by ovariectomy without changes in the basal activity
(Fig. 8.6). All these changes in ovariectomized animals were partially prevented
by treatment with estrogen (Figs. 8.5 and 8.6). It is pointed out that ovariectomy
produced a marked depression in the adenylyl cyclase protein content in the experi-
mental (AV shunt) animal and this may explain the attenuated responses of adenylyl
cyclase upon treatment of ovariectomized animals with estrogen (Fig. 8.6).

It may be noted from data in Fig. 8.7 that plasma levels of both norepinephrine and
epinephrine were depressed by ovariectomy in the sham and experimental animals
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Fig. 8.5 Protein content of
β1- and β2- adrenoceptors in
sham and experimental
(16 weeks AV shunt) hearts
in control female,
ovariectomized (OVX) and
OVX + estrogen treated rats.
OVX animals were
implanted with or without a
slowly releasable pellet
(1.5 mg estrogen) twice
during 16 weeks period.
Data are taken from our
paper—Dent MR, Tappia PS
and Dhalla NS. J. Cell.
Physiol. 227: 3080–3087,
2012. *_ P < 0.05 versus
sham; #_ P < 0.05 versus
control (Female); †_ P <
0.05 versus OVX
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and these changes were not affected significantly upon treatment with estrogen.
These observations indicate that other hormones in addition to estrogen may also be
involved in offering cardioprotection for reducing the risk of heart failure in females.
Nevertheless, it is pointed out that the plasma levels of both norepinephrine and
epinephrine in control and experimental females were markedly lower than those
in the males. These changes may support the view that prolonged activation of the
sympathetic nervous system along with associated changes in the β-AR signal trans-
duction pathway may play a critical role in determining sex-dependent differences
in the development of heart failure.

Conclusions

In comparison to males, the activation of β-AR—G-protein—adenylyl cyclase
complex by stimulation of the sympathetic nervous system and subsequent release
of catecholamines has been demonstrated to produce a greater increase in cardiac
function, larger degree of cardiac hypertrophy and higher extent of cardiac output in
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Fig. 8.6 Adenylyl cyclase
activities and protein
contents in sham and
experimental (16 weeks AV
shunt) hearts in control
(intact female),
ovariectomized (OVX) and
estrogen treated
ovariectomized rats.
Adenylyl cyclase activities
were determined in the
absence (Basal) and presence
of 1 μM epinephrine (EPI).
OVX animals were
implanted with or without a
slowly releasable pellet
(1.5 mg estrogen) twice
during 16 weeks period.
Data are taken from our
paper—Dent MR, Tappia PS
and Dhalla NS. J. Cell.
Physiol. 227: 3080–3087,
2012. *_ P < 0.05 versus
sham; #_ P < 0.05 versus
corresponding value for
female; †_ P < 0.05 versus
corresponding value for
OVX
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females. This β-AR signal pathways provides support to maintaining cardiac func-
tion during the development of heart disease in females whereas varying degrees
of defects in different components of β-AR—G-protein—adenylyl cyclase complex
upon prolonged activation contributes to the occurrence of cardiac dysfunction in
males. Several events associated with the development of cardiac hypertrophy and
heart failure due to volume-overload have been discussed to emphasize gender- or
sex-specific differences with respect to β-AR signal transduction pathways. Attenu-
ations of β-AR and adenylyl cyclase by ovariectomy in females subjected to volume-
overload, and partial recovery of these alterations upon treatment with estrogen
support the view for the important role of this hormone in reducing the risk of
heart disease in female population.
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Fig. 8.7 Plasma levels of
norepinephrine and
epinephrine in sham and
experimental (16 weeks AV
shunt) male, female,
ovariectomized (OVX), and
OVX + estrogen treated rats.
Data are taken from our
paper—Dent MR, Tappia PS
and Dhalla NS. J. Cell.
Physiol. 227: 3080–3087,
2012. OVX animals were
implanted with or without
slowly releasable pellet
(1.5 mg estrogen) twice
during 16 weeks period. *_ P
< 0.05 versus sham; ∂_ P <
0.05 versus corresponding
value for male; #_ P < 0.05
versus P < 0.05 versus
corresponding value for
female
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Chapter 9
Sex and Heart Transplantation

Ana Ayesta and Manuel Martínez-Sellés

Abstract Heart transplantation is the treatment of choice in selected patients with
end-stage heart disease. When allocating a graft several factors must be considered.
Among these donor and recipient sex are relevant and might influence the prog-
nosis. The influence of donor and recipient sex on prognosis after heart transplanta-
tion has been the focus of several studies. In most of them, sex mismatch between
donor and recipient was identified as a determinant of worst prognosis, particularly
in the combination female donor to male recipient. A recently published metanal-
ysis confirmed this relationship. Different physiological reasons could explain these
findings, including rejection, cardiovascular allograft vasculopathy, primary graft
failure, and important confounding variables as age, urgent transplantation, and size
mismatch. Also, pulmonary hypertension of the recipient seems to have a key role
in this association. When allocating a graft, sex mismatch should be considered as
a variable that will potentially influence on prognosis, especially in male recipients
with previous pulmonary hypertension.

Keywords Sex ·Mismatch · Heart · Transplantation · Female donor ·Male
recipient · Pulmonary hypertension

Introduction

Heart failure is the common final pathway of most heart diseases. It affects 1–2% of
adult population and this rate is higher than 10% in those >70 years. The develop-
ment and worsening of symptoms leads to a decrease in functional class, quality of
life, hospitalizations and premature death. Although some treatments have decreased
hospitalization rates and mortality, heart failure still has a poor prognosis [1]. Heart
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transplantation is the treatment of choice in selected patients with end-stage heart
disease [1]. However, patient survival is still suboptimal [2, 3] due to immuno-
suppressive treatment (infections and tumors), acute rejection and cardiac allograft
vasculopathy. However, since late 90s and early 21st century [3] there has been a
decrease in the number of heart transplantations. Shortage of optimal donors and
improvement in heart diseases prognosis are probably the main causes. This has also
led to a worsening of recipient clinical profile, with higher comorbidity rates and a
progressive extension of the donation criteria (elderly donors, deaths from stroke,
and greater ischemia times) [2, 3].

When allocating a graft, several serological and immunological factors must be
considered.Among these, donor and recipient sex have been studied for years. Single-
center and small studies were the first ones but we now have data from multi-center
studieswith large number of patients from international registries. These studies have
analyzed the influence that both donor and recipient sex have on different events and,
more recently, the interaction between donor and recipient sex. In this chapter we
will address the issue of donor/recipient sex influence on heart transplantation results
and how this could influence clinical decisions.

Donor/Recipient Sex Influence on Heart Transplantation
Prognosis

Several small and single-center studies relating donor/recipient sex with mortality
were first publishedwith heterogeneous results.Most of them reportedworst survival
of recipients from female donor (FD) [4–6],while others related female recipient (FR)
with higher rates of rejection [4, 7–10]. In 1988 Crandall et al. [7] analyzed 140 trans-
plants and found no differences in survival between male recipients (MR) and FR.
Similar results were found in 1991 [4], although recipients from male donors (MD)
had greater survival. In 1994 the results of heart transplantation in the USA reported
a greater survival of those recipients from MD [11]. The first study that specifically
analyzed survival based on donor sex was published in 1996 [12]. After studying
283 transplants, the authors showed that recipients from FD doubled mortality and
had higher rejection rates compared to those of MD. No differences in survival were
noted according to recipient sex. Other studies also demonstrated a lower survival
of recipients from FD. Mc Carthy et al. [5] identified 5 significant variables as risk
factors, including FD. Likewise, a multicenter study in 2002 [6] identified female
sex as a risk factor. In this same study, FD was related to intra-hospital mortality. On
the contrary, Solomon et al. [13] identified FD as a risk factor for low cardiac output
and need for intra-aortic balloon pump but not for mortality. Subsequent studies
failed to show the relationship between donor and/or recipient sex with mortality.
In 2005 Radovancevic et al. [14] published xxx the their single-center results and
did not identify donor/recipient sex or sex mismatch as a predictor of survival. In a
more recent study, female sex was not identified as a risk factor for worse long-term
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Table 9.1 Single-center
studies that analyze the
influence of donor and/or
recipient sex on survival after
heart transplantation

Female donor is related with mortality

– Fabbri et al. [4]
– Mc Carthy et al. [5]
– Tsai et al. [6]

Donor sex does not influence on mortality

– Fiorelli et al. [15]
– Brock et al. [16]

Female recipient is related with better survival

– Fabbri et al. [4]
– Mastrobouni et al. [20]

Recipient sex does not influence on mortality

– Del Rizzo et al. [17]

Donor and recipient sex do not influence on survival

– Solomon et al. [13] (only analyses female sex)
– Randovancevic et al. [14]
– Chou et al. [18]

Table 9.2 Multicentric
studies that analyze the
influence of donor and/or
recipient sex on survival after
heart transplantation

Female donor increases mortality

– Keck et al. [11]
– Bryan et al. [12]

Recipient sex does not influence on survival

– Crandall et al. [7]
– Bocchi et al. [19]
– Bryan et al. [12]

survival [15]. Two other studies analyzing early mortality failed to show influence of
donor [16] or recipient [17] x) sex. Chou et al. [18] did not find, in an analysis of 214
patients from a single center, an independent influence of donor and recipient sex
on survival. A multicenter study summarizing the Brazilian experience published in
2001 also found no differences in survival based on recipient sex [19]. The results
of these studies are summarized in Tables 9.1 and 9.2.

Sex Mismatch Influence on Heart Transplantation Prognosis

After the initial results that failed to show an association between donor/recipient
sex and survival [5, 6, 12–19], the influence of donor/recipient sex mismatch on
prognosis was studied. Single-center or small sample studies were followed by large
multi-center studies and the analysis of large international registries. The first studies
that reported the influence of sexmismatch on survival were published in 1998. Kirsh
et al. [21] showed an influence on early mortality while Prendregast et al. [22] found
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worst annual and censored survival. This was due to worse rates in the female to male
(F/M) group and attributed to sizemismatch. Higher rates of acute rejectionwere also
found in recipients from sex-mismatched heart. The worst survival in F/M was later
demonstrated in several studies [23–30].Kittleson et al. [29] showed better survival in
patients receiving a same sex heart. However, they failed to demonstrate statistically
significant worse survival of F/M group although when analyzing survival curves an
increase in earlymortality in F/M is suggested. Eiffert et al. [28] reported that F/Mhad
lower survival first year after heart transplantation, with a better survival of the female
to female (F/F) group. Likewise, a smaller analysis [30] of male recipients showed
worst survival in F/Mgroup,mainly due toworst survival in the initial post-transplant
stages. Despite these results, other studies proved otherwise. Some of them related
sex mismatch with mortality (regardless of the recipient sex) [21, 31–33], while
others failed to show this relation [34–38]. Thus, a study [39] that analyzed 200 male
recipients betweenNovember 2003 andDecember 2013 in a Portuguese center failed
to show higher mortality in the sex mismatch group, although they observed a trend.
The results of the analysis of large registries also reported heterogeneous results
[23–26, 40, 41]. Most of them showed a worse survival in F/M [23, 25, 26], although
some of them found similar results for M/F [40, 41]. The results of the analysis of
the Collaborative Transplant Study were reported by Zeier et al. in 2002 [26]. They
analyzed 25,432 transplanted patients between 1985 and 2000 and reported worse
survival of F/M, while there was no difference in FR survival. The results of the
analysis of United Network for Organ Sharing (UNOS) database [25, 41] showed
that patients receiving a sex mismatched heart were 14% more likely to have died
at 5 years than those with a same sex heart. A more thorough analysis of these data
showed that this was not valid for FR and the lowest survival of 4 groups (created
based on sex mismatch) showed lower survival at 5 years in the F/M and greater
survival in the male to male (M/M) group [25]. The database of the International
Society for Heart and Lung Transplantation (ISHLT) is the biggest heart transplant
database. It has been analyzed several times [23, 40, 42]. In 2012 Khush et al. [40]
published an analysis of this database. They created twogroups of recipients (men and
women) and analyzed the differences in survival of both the recipient and the graft in
mismatch/no mismatch different groups. In a cohort of 61,938 transplanted patients
between January1990 andDecember 2008 (60,584patients after rulingout thosewith
more than one transplant or with incomplete data regarding baseline characteristics),
they reported an increase in mortality in F/M, compared to M/M. However, they
suggested that this was also valid for male to female (M/F). In survival curves we can
realize that difference in survival MR is influenced by early survival. Subsequently,
Kackmarek et al. [23] analyzed 67,855 transplanted patients between January 1980
and June 2009 and divided them into 4 groups according to donor and recipient
sex. The worst annual survival rates were found in F/M. In the most recent analysis,
which included 52,455 patients between 1994 and 2013, Bergenfeldt et al. [42] found
that sex mismatch increased mortality independently of weight match. In 2014 we
analyzed 4625 patients from the Spanish Heart Transplantation Registry and found
that sex mismatch influence on early mortality only in male recipients, particularly in
patients with pulmonary gradient >13 mmHg [43]. On the other hand, the results of
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the University of Alabama (CTRS) base, previously published, failed to demonstrate
this association [24]. Interaction between sex, weight mismatch and survival was
found, especially in F/M. However, these differences were not observed when the
weight mismatch was minimum. The analysis of the results of the UNOS database
[41] of 42,765 transplantedpatients betweenOctober 1989and June2011 showed that
survival differences associated with sex mismatch of a male recipient were modified
and could be attributed to differences in cardiac predicted mass by a mathematical
model. The authors demonstrated that M/F increased mortality, although this was
not shown in the case of F/M. The authors suggested that the assessment of cardiac
size may not be adequate. Recently, we have published a meta-analysis analyzing
sex mismatch influence on one-year survival [44]. A total of 76,175 patients were
included in our quantitative meta-analysis and we found a poor prognosis in F/M
compared with other groups. Our results were strongly influenced by the data of the
largest international registry [23]. The results of these studies are summarized in
Tables 9.3 and 9.4.

Table 9.3 Single-center
studies that analyze the
influence of sex mismatch on
survival after heart
transplantation

Sex mismatch influence on worst survival

– Kirsch et al. [21]
– Schelechta et al. [33]

Sex mismatch influence on worst survival only in male
recipients

– Prendergast et al. [22]
– Al- Khaldi et al. [27]
– Welp et al. [30]
– Kittleson et al. [29]
– Eiffert et al. [28]

Sex mismatch does not influence on survival

– Tsai et al. [6]
– Del Rizzo et al. [17]
– Radovancevic et al. [14]
– Keogh et al. [45]
– De Santo et al. [34]
– Yamani et al. [37]
– Izquierdo et al. [46]
– Mastrobouni et al. [20]
– Tsao et al. [36]
– Aliabadi et al. [38]
– Correia et al. [39]ara>
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Tabla 4 Multicentric studies
that analyze the influence of
sex mismatch on survival
after heart transplantation

Sex mismatch influence on worst survival

– Khush et al. [40]
– Maltais et al. [32]
– Bello et al. [31]

Sex mismatch influence on worst survival only in male
recipients

– Zeier et al. [26]
– Weiss et al. [25]
– Stehlik et al. [24]
– Kaczmarek et al. [23]
– Martínez- Sellés et al. [43]
– Ayesta et al. [44]

Sex mismatch influence on worst survival only in female
recipients

– Reed et al. [41]

Sex mismatch does not influence on survival

– Jalowiec et al. [35]

Possible Physiopatological Mechanisms

The influence of sex mismatch on prognosis after heart transplantation could be
due to different reasons. Anatomical, genetic, immunological, and hormonal differ-
ences between men and women could influence on survival or complications after
heart transplantation. Moreover, the relationship with confounding factors and the
heterogeneity among studies should be considered. Anatomic, hormonal, genetic
differences, differences in ventricular arrhythmias and greater protection of female
heart against necrosis and signs of cell death could be involved in better survival in
women with heart failure [47, 48], specially in those with previous pregnancies [48].
This situation could be comparable to better survival ofM/F. Differences in the struc-
ture of both ventricles and, mainly in the right ventricle, lead to a better adaptation
to the hemodynamics of left ventricular dysfunction [49–52]. Also, women have a
special ability to adapt to volume overload due to pregnancy, especially in those with
several previous pregnancies [53, 54]. Anatomical responses to heart disease are also
different. While women develop concentric hypertrophy and later clinical presenta-
tion, men develop eccentric hypertrophy and earlier dilatation [55–58]. In addition,
women have a lower rate of ventricular arrhythmias than men (in the same state of
heart failure) probably due to lower dispersion of the conductive tissue through a non-
homogeneous myocardial tissue and dominance of vagal system [59]. Moreover, left
ventricular systolic dysfunction is a predictor of mortality in men but not in women
[60]. Hormonal differences may be also involved. Estrogen increases endothelial
cell growth and greater resistance to endothelial damage [61], and both estrogen
and progesterone produce angiogenic effects and vasodilation [62]. In addition, sex
hormones could affect the release of calcium to contractile proteins and, conse-
quently, contractile function [63]. There is also a possible influence of sex hormones
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on gene expression [64]. Differences in endocrine and immune system between men
and women [65] could also lead to a different adaption to sex mismatch. Women
have a greater immune response [7, 66–68] with higher incidence of autoimmune
diseases, higher levels of circulating immunoglobulins, and lower tissue sensitivity to
androgens than men [68]. In women with previous pregnancies this is more striking
due to the development of antibodies during pregnancy [68]. These mechanisms
could influence on higher rejection rates [12], although this do not always entail
higher mortality [4, 7, 8]. On the contrary, the presence of male cells in the explanted
heart of transplanted women with previous male pregnancies [69] could explain a
better survival of M/F. Published results in this regard are also heterogeneous. This
could be due to the lack of a systematic method to diagnose rejection and the lack
of agreement on the level of abnormality of the biopsy, especially in those published
before the ISHLT consensus [70]. As shown in Table 9.5, acute rejection has also
been related to female donor [71], sex mismatch between donor and recipient in male
[12] and female recipients [35, 45, 72] and, in some cases, has not been related to
donor and/or recipient sex [27, 34, 73] or sex mismatch [31].

Table 9.5 Influence of
donor/recipient sex on
rejection after heart
transplantation

Female recipient influence on rejection

– Crandall et al. [7]
– Esmore et al. [8]
– Kobashigawa et al. [10]
– Kirklin et al. [9]
– Sharples et al. [71]

Female donor influence on rejection

– Sharples et al. [71]

Sex mismatch influence on rejection

– Prendergast et al. [22]
– Aliabadi et al. [38]

Sex mismatch influence on rejection only in female recipients

– Jalowiec et al. [35]
– Keogh et al. [45]
– Patel et al. [72]

Sex mismatch influence on rejection only in male recipients

– Bryan et al. [12]

Sex mismatch does not influence on rejection

– Bello et al. [31]

Donor/Recipient sex do not influence on rejection

– Al-Khaldi et al. [27]
– De Santo et al. [34]
– George et al. [73]
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Cardiac Allograft Vasculopathy

Cardiac allograft vasculopathy (CAV) could also influence survival in patients
receiving mismatched hearts. Immunological or size mismatch could be the reasons
under this association [71, 74]. However, the lack of uniformity in its description until
the consensus definition [75] led to heterogeneous results (Table 9.6). Sharples et al.
[71] showed in 323 patients, 19 graft losses with higher risk of F/M. In a subsequent
study Mehra et al. [74] confirmed these results by intravascular ultrasound (IVUS),
although it was a study with a small sample and some technical limitations. Years
later, a study by Enric et al. [76] with volumetric intravascular ultrasound showed
that the highest rate of graft disease was seen in female donors, with no differences
between male and female recipients. Constanzo et al. [77] analyzed 2,609 patients
from 39 centers who had survived one year after heart transplantation. They tried
to identify preoperative donor/recipient factors that could influence on the develop-
ment of this disease and on death and retransplantation. The early development of
CAV was related with MD and MR. In other study [78], 505 transplanted patients
were analyzed between November 1985 and February 2001 and MD was related
to the appearance of CAV. There were other studies that linked this disease with
sex mismatch [38] and others that failed to find a relationship between CAV and
donor/recipient sex [28].

Table 9.6 Influence of
donor/recipient sex on cardiac
allograft vasculopathy after
heart transplantation

Female donor/Male recipient influence on the development of
CAV

– Sharples et al. [71]
– Mehra et al. [74]

Female donor influence on the development of CAV

– Enric et al. [76]

Male sex (donor and/or recipient) influence on the development
of CAV

– Constanzo et al. [77]

Male donor influence on the development of CAV

– Caforio et al. [78]

Female donor/Female recipient influence on the development of
CAV

– Yamani et al. [37]

Sex mismatch influence on the development of CAV

– Aliabadi et al. [38]

Donor/Recipient sex do not influence on the development of
CAV

– Eiffert et al. [28]
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Primary Graft Failure

Primary graft failure (PGF) is an impairment of the transplanted heart that occurs
in the first 24 h after transplantation; it has idiopathic etiology. It is classified as
left heart failure (mild, moderate or severe), right heart failure or both. Secondary
graft failure is an organ dysfunction due to a known cause as hyperacute rejection,
pulmonary hypertension or surgical complications [79]. It is known that death during
early postoperative period causes a decrease in survival of around 10–15% [80]. The
main cause of death in the first 30 days is PGF with up to 22%mortality in the series
published by the Spanish Registry of Cardiac Transplantation [81]. Subsequent data
from this registry showed an increase inmortality in F/M only in the first 30 days [43]
but PGFwas relatedwith FD, as previously noted [82], but not with sexmismatch. On
the contrary, some studies showed an association between sexmismatch and PGF.An
analysis of 16,716 patients from the UNOS database [83] showed that sex mismatch
was a risk factor for the development of PGF in MR. However, this study used an
extensive definition of this disease that could include cases of humoral rejection.
Other previous studies showed similar results. A multicenter study of 7,259 patients
[84] showed a higher risk of early graft failure in F/M and this was particularly
important when the size exceeded 30%. Again the definition used included cases
of secondary graft failure [79]. Other confounding factors or heterogeneity among
the studies should be seriously considered. Among these, D age, R age D/R size
mismatch and urgent transplant are the most important.

Donor and Recipient Age

Lately, increasing donor age has led to a progressive decrease in survival, espe-
cially with 60 years and older donors [85]. Advanced donor age has been related to
mortality, mainly during the first year after HT [86]. Analyses from different studies
showed that FDwere older thanMD [23, 27, 33, 34, 37, 39, 43]. Al-Khaldi et al. (n=
849) [27], found worse survival F/M in older donors (>45 years) and older recipients
(>45 years), regardless of donor age. In multivariate analysis, FD was only a risk
factor when in MR > 45 years. Correia et al. [39] analyzed 200 MR and found that
FD were older than MD but survival was similar in both groups. De Santo et al.
(n = 99) [34] did not identified sex mismatch or donor sex as a risk factor in spite
of donor age difference between the groups (older FD). Survival was also similar
among different groups despite older FD in the published results by Yamani et al. (n
= 361) [37].We have found (n= 4,625) [43] that F/M had a worst survival thanM/M
in univariate analysis but this association lost statistical significance when adjusting
by donor age (being FD older). However, there was a trend towards worst survival
in F/M. Kaczmarek et al. [23] also found older FD and reported worse one and ten-
year survival in F/M, F/F than in M/F, M/M. Multivariate analysis still confirmed
the worst survival of F/M group, so age was discarded as a confounding factor. The
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age of FR could also act as a confounding factor. Kaczmarek et al. [23] showed
that FR were younger than MR. However, M/M with the oldest recipients had better
one-year survival than M/F. Jalowiec et al. [35] also reported younger recipients in
M/F group but they did not found differences on survival among the groups. Other
studies did not found younger FR [33, 34] or these data were not reported [36]. In
our previous analysis [43] from the Spanish Registry, FR were younger than MR,
but recipient age did not change multivariate analysis. Al-Khaldi et al. [38] found
an interaction between age and donor/recipient sex. FR (younger) had no impact on
multivariate analysis and theM/M group was the one with the best one-year survival.
This confirmed previously published data from the UNOS registry that recipient <
55 years and donor <30 years had the best long-term survival [87]. In other analysis
of this same registry, an older age of the donor was associated with a higher risk
of developing CAV throughout his life [88]. However, other previously published
analyzes had observed similar survival rates among older marginal donors and the
standard donor [89] or just a slight increase in mortality [90].

Undersizing and Oversizing

The “under-sizing” effect could also interactwith sexmismatch influence on survival,
especially in F/M. Female heart would not be able to keep the perfusion required by a
man who previously had a larger heart. This could result in pulmonary hypertension
and immediate right ventricular failure [91]. In a situation of previous pulmonary
hypertension with high transpulmonary gradient this effect could be more important
resulting in higher mortality [43]. The analysis of the ISHLT database performed
in 2013 [23] was focused on the influence of donor and recipient body mass index
(BMI). The existence of an undersizing effect is suggested due to F/M worst results
after correction of weight and height. On the contrary, better short-term results were
reported in the combination ofM/F, suggesting a beneficial effect of oversizing, espe-
cially when the recipient had high pulmonary pressures. In a previous analysis of
this same database, Khush et al. [40] adjusted the results based on weight mismatch,
using three different parameters: donor and recipient weight, donor and recipient
weight difference and weight ratio of recipient regarding donor weight. The authors
found worse survival in F/M, but they did not find an interaction of the difference
in weight in this survival. However, they also suggested a worse survival of M/F,
which, eventually, could influence on not finding interaction between these vari-
ables. The most recent analysis of ISHLT database [42] using data from from 1994
until 2013 found that sex mismatch increased mortality independently of weight
match. UNOS data published in 2009 [25] studied BMI ratio and body surface area
(BSA) ratio between donors and recipients, finding a quite precise adjustment, prob-
ably due to a deliberate move to allocate the graft adjusting by cardiac size. Other
studies were consistent with this adjustment and showed no difference among the
four groups in donor/recipient BSA ratio [27, 33, 34]. On the contrary, Correia et al.
[39] and Jalowiec et al. [35] found a difference in this ratio. However, this was due
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to oversized hearts in some recipients (not to undersized hearts in MR) and could
not explain a higher early mortality in F/M. Indeed, Correia et al. [39] described a
deliberate aim to avoid the use of FD (smaller) in recipients with some degree of
pulmonary hypertension when allocating a graft. Previously, a single-center study
[22] had shown a worse annual survival in F/M, being this group the one with a
minor BSA ratio between donor and recipient, suggesting that female hearts were
not able to support male circulation. However, authors of this same group had not
previously found deleterious effects of size mismatch [91, 92], suggesting a different
adaptation of that smaller heart with greater left ventricular hypertrophy [92]. Other
authors related size mismatch greater than 20% with a significant reduction in graft
survival, a generally accepted criterion for donor selection in heart transplantation
[93, 94]. In 2014 Reed et al. [41] suggested that the measures used to assess the rela-
tionship between donor and recipient cardiac size were not adequate, having a poor
correlation between weight and heart size. They studied a new way of assessing this
relationship by combining mathematical formula. They conducted a retrospective
study of 31,634 patients in the UNOS registry and used predictive models, iden-
tifying undersizing pairs with increased risk. The formula calculated the predicted
cardiac mass combining the predicted left ventricular and right ventricular cardiac
mass. They found that a difference of 10–15% (undersized heart) resulted in higher
risk of mortality. In the adjusted analysis the risk attributed to sex mismatch in F/M
disappeared and higher mortality was observed in M/F. Looking at the pediatric
population could help assess the role of size-mismatch as a confounding factor in
sex mismatch, as recently done by Tosi et al. [95]. In their study of 3,630 heart
transplant recipients <18 years-old donor/recipient BSA ratio was >1.2 in all sex
groups (meaning paediatric subjects tend to receive adequate or oversized hearts).
Sex matching was not associated with advanced survival and M/F had an increased
mortality compared to F/M. This could be partially explained by the fact that females
have an increased risk of mortality after paediatric cardiac surgery. Later on, similar
results were reported in a 5,795 recipients [96]. These results would agree with the
theory that cardiac size mismatch is interacting with worst survival in F/M, which
would mean that traditional measures do not accurately address this issue. Also, they
might be an interaction between cardiac size mismatch, sex and age. The cardiac
transplant research database (CTRD) analysis included 7,321 patients transplanted
between 1990 and 2007 [24]. The authors found that 56% of patients weighed less
than donors, while 44% weighed more. Oversizing was not related to risk or benefit,
even in the group with pulmonary hypertension, while undersizing was related with
mortality. They also found an interaction between weight difference, age, and recip-
ient sex, with a higher one-year mortality in F/Mwith an older organ (more than forty
years) and a 30% weight difference. As we can see, the results about the possible
influence of the size mismatch on survival are heterogeneous, and its interaction with
sex mismatch is not clear. In our previous analysis [43] we showed that sex mismatch
increased mortality only in men with pulmonary hypertension the first month after
heart transplantation. Thus, it is possible that MRwith high transpulmonary gradient
that receives a smaller heart may not be able to maintain pulmonary artery pressure,
resulting in right ventricular impairment and mortality. However, there were not
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significant differences in weight relationship between donor and recipient in M/M
vs. F/M, so those results cannot be attributed to a difference in cardiac size. Previous
studies had shown higher mortality with increasing pulmonary vascular resistance
[94, 97] and an increased risk of graft failure in those with pulmonary vascular resis-
tance greater than 4 UW and with a donor/recipient weight ratio of less than 0.8 [32,
98, 100]. The analysis of CTRD database explored a possible interaction between the
percentage of weight difference and high pulmonary resistance [24]. In the univariate
analysis, mortality appeared to be higher in patients with high pulmonary resistance
and a percentage of weight difference above 20%. However, this interaction was
not confirmed as significant in the multivariate model. However, clinical practice
has adapted graft allocation to these circumstances [21, 22, 39, 94, 99]. Thus, a
single-center Portuguese study [39] showed same survival in those patients with
sex mismatch due to a good selection of grafts based on cardiac size and in those
patients with high transpulmonary gradient. However, it is a single-center and small
sample study so their results cannot be considered superior to those observed in large
international bases.

Urgent Transplant

The UNOS registry data published in 2009 [25] showed higher mortality in F/M.
The subgroup analysis showed that these data were only valid for those transplanted
in maximum urgency. Previously, an analysis published in Spain [46] showed higher
mortality in the male recipient of female heart, being attributed to the higher rates of
urgent transplant.

Conclusion

Heart transplantation is the treatment of choice in selected patients with end-stage
heart disease. When allocating a graft several factors must be considered. Among
these donor and recipient sex are relevant and might influence the prognosis. Several
studies have analyzed the influence of donor and recipient sex on prognosis. Sex
mismatch, particularly FM in recipients with pulmonary hypertension seems to have
a deleterious effect on prognosis. Further studies regarding the role of sex on heart
transplantation would be welcome.
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Chapter 10
Sex, Age and Gene Interactions
in Cardiometabolic Diseases

Pavel Hamet, Candan Hizel, and Johanne Tremblay

Abstract Crosstalk between environmental factors, genes and health outcomes is
gaining more attention in the pathophysiology of cardiometabolic diseases. The
genome and environment convergence is a major focus of personalized medicine
that became subject of interest in preventive/predictive healthcare. The collective
knowledge related to multifactorial and polygenic nature of diabetes, hypertension
and cardiovascular diseases obtained from recent breakthroughs in “-omics” tech-
nologies and in bioinformatics provides compelling evidence on the functionality of
the genome along with environmental and demographic factors, including sex, age
and ethnicity. Accordingly, in the context of “genome–environment interactions”,
knowledge from “omics” and grasp of age/sex and gene interplay should contribute
prospective analysis of complex diseases enabling risk stratification for more effi-
cient and personalized treatment of individuals. To this end, this chapter aims to
highlight the contribution of age/sex—genetic make-up interplay in the development
of cardiovascular diseases and diabetes and hypertension complications.
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Introduction: Insights from Genetic Studies

Since the completion of the Human Genome Project (HGP) in 2003 [1, 2] and the
international haplotype map (HapMap) project in 2005 [3], our understanding of
health and diseases, being rare or common, monogenic or polygenic [4] under-
went deep modifications in its conceptualization of predictive tests and tailored
interventions during the pre-symptomatic phase of the disease [5].

As a natural extension of the HGP, genome-wide association studies (GWAS) [4]
representing “hypothesis-free” approach, accelerated the identification of genomic
variants, mostly in the form of single nucleotide polymorphisms (SNPs), associ-
ated with multifactorial disorders or with adverse drug reactions (ADR)s/toxicities
or resistance to drug response [6, 7]. The publication of the first GWAS in 2007
and following GWAS studies [8–11] led to the identification of many genes unpre-
dictably involved in the initiation and/or progression of common diseases. Many of
these diseases such as type 2 diabetes (T2D) and hypertension are influenced by
hundreds and even thousands of SNPs, dispersed throughout the genome, each one
with small effect sizes [6]. Moreover, contrary to rare diseases in which the asso-
ciated rare variants are usually causal and located within the coding region with
protein modification, most SNPs relevant to complex diseases are located in non-
coding regions, such as promoters, introns and in intergenic regions contributing
indirectly to the disease [6].

Recent developments of polygenic risk scores (PRS) composed of thousands of
common variants (mainly SNPs) identified by GWAS and that account for only
modest effects on their own but when combined provide better prediction than tradi-
tional clinical risk factors, are becoming important genomic tools of personalized
medicine (PM) [12, 13].Henceforth, the utility of PRS for different cancers, including
prostate [14] and breast cancer [15], for response to statin therapy [16], for coronary
artery disease [17], and for microvascular and macrovascular complications of T2D
[18] addresses a personalized healthcare approach that considers individual’s unique
clinical, genomic, environmental and demographic (sex, age, and ethnicity) infor-
mation for risk assessments, risk stratified prevention and optimal drug treatments
[19–21]. Accumulating bulk of evidence clearly acknowledge that complex diseases
are the result of the combined effect of genes, environmental factors and their inter-
actions generating an evermore intricate feature of human disease at the molecular
level [22–26]. To this end, genomics of complex diseases, such as T2D, hyperten-
sion and their cardiovascular complications should be viewed through a lens of the
interplay between genetic and environmental factors [23–26].

In this chapter, we are specifically discussing the critical impact of sex and age as
internal environmental drivers of interactions with genetic backbone and resulting
risk prediction with relevant clinical utility.
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Genes and Age in Disease Penetrance and Outcomes

The evidence for a genetic basis of essential hypertension dates to studies of parent-
child concordance of blood pressure in natural vs adopted children by Mongeau and
Biron in Montreal where systolic blood pressure was estimated as sustained 61%
by genes and 39% by shared household environment [27]. Our contribution related
to the importance of genes, sex, age and environmental origin stems from studies
of 120 multigenerational families, ascertained by the presence of hypertension and
dyslipidemia, of French-Canadian individuals living in North-East of Quebec with
founder effect [28]. Our studies demonstrated that the penetrance of hypertension, in
families with genetic predisposition, appears at a younger age than in families of the
general population living in the same geographical area. As illustrated in Fig. 10.1, at
the youngest age studied (<20 years old) the ratio of hypertensive individuals within
hypertensive families (and presumably sharing higher density of hypertensive alleles)
exceeds 20-fold that in families of the general population,while at the ageof>65years

Fig. 10.1 The sibling risk ratio (λs) of hypertension per age group in French–Canadians. We
observed a strong familial clustering in younger individuals, the highest fold difference in λs being
for cases occurring between 18 and 24 years, ~27. Augmentedλs for hypertension reflects increased
genetic susceptibilities of our cohort, compared to the general population of Saguenay–Lac-St-Jean
(SLSJ). However, the siblings may differ by environmental risk factors for hypertension, thus
increasing the risk of hypertension independently of genetic effects (Source Simon et al. Am J
Hypertens. 29:891–9, 2016 reproduced with permission) [24]
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old, this ratio is less than 2-fold, underlying the increasing impact of environment and
ageing [24]. These studies demonstrated that the genetic contribution (enriched in
ascertained families) leads to an early penetrance of hypertension,while in the general
population, environmental exposure requires a prolonged period for hypertension to
appear.

Moreover, the impact of age (progression and ageing) may be competing with age
of onset of the disease (penetrance). For instance, in the context of the ADVANCE
clinical trial, where all participants had T2D,we observed a dominant effect of age on
incidence of macrovascular events contrasting with microvascular events that were
more dependent on early onset of T2D [29]. A similar situation was recently noted by
Sattar et al. [30] as illustrated in Fig. 10.2. The study analyzed three hundred thousand
sex- and age-matched controls to more than two hundred thousand individuals with
T2D and showed that T2D is a major risk factor of cardiovascular and total mortality,
AMI and stroke but that its impact is fading with age. These studies demonstrate that
genetic factors have more impact at a younger age and that G × E interactions are
not static but vary throughout the lifespan of an individual and should therefore be
evaluated as a function of age [24, 28].

Sex, Age and Genes Relative Impact on Phenotypes

Our early studies using multigenerational families counted an intensive pheno-
typing totaling 539 traits. We estimated the proportion of the variance of these traits
contributed by genes, sex, age and environment (residual). A few examples are illus-
trated in Fig. 10.3, where it shows that BMI is determined mainly by genes (60%)
and environment (~35%) while total body fate (evaluated by impedance) is mainly
determined by age and sex but genes’ contribution dominates for specific fat accu-
mulation such as subscapular skinfold. Most illuminating is the difference between
systolic and diastolic blood pressures: other than genetics and environment, age has
a major impact on systolic blood pressure, impact that is minor for diastolic blood
pressure, compatible with well recognized biphasic progression of diastolic BP with
age. And finally, while the environment (including nutrition) is relevant for LDL
levels, its contribution to their variance is below 50% [28].

Our systematic analysis of genome-wide sex-specific linkage of cardiovascular
traits in our hypertensive families showed that within the 539 studied traits, 47%
are sex- and age-independent, 24% are sex- and age-dependent, 15% are only age-
and 14% are only sex-dependent as defined by 2 LOD score differences between
sexes [31]. Figure 10.4 illustrates a progressive gradient of sex- and age-specific and
independent blood pressure and heart rate traits, contrasting with mainly age- and
sex-independent humoral and biochemical traits.

In the same study, we identified a locus on chromosome 12, in significant linkage
and association with systolic blood pressure, exclusively in men. A major lesson
from this finding is that as seen in Fig. 10.5, sex-adjusted values completely hid
this genetic locus, which resulted in the highest systolic BP in homozygous males
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Fig. 10.2 Adjusted hazard ratios (95% CI) for patients with type 2 diabetes mellitus according
to age at diagnosis, in comparison with matched controls in those without previous cardiovascular
disease (blue) and in the whole cohort (red). The models used in the main analyses (blue) used
age as the underlying time scale and include only sex, yearly time-updated duration (which is zero
for the controls who are persons who have not yet been diagnosed with diabetes mellitus), and
diabetes status, which is coded as either control or different categories of persons with diabetes
according to their age at onset. The models used for the supporting analyses in the entire cohort
(red) also include persons with prevalent cardiovascular disease at cohort entry, and, in addition,
contain binary indicators for per index acute myocardial infarction (AMI), and stroke (Sources
Sattar et al. Circulation 139:2228–2237, 2019—reproduced with permission) [30]
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Residual Age Sex Genetic

Subscapular skinfold

BMI

Body fat - impedance

Systolic blood pressure

Diastolic blood pressure

LDL Cholesterol

Fig. 10.3 Partitioning ofVariance of a Set ofHemodynamic,Anthropometric, andMetabolic Traits.
The oligogenic and multifactorial nature of these traits is, as demonstrated by the relatively large
contribution of both genetic (from a fewQTLs) and environmental (residual) factors to the variance.
This analysis suggested the presence of QTLs with a large effect for several phenotypes. Age was
found to contribute, to a large extent, to the variance of %body fat measured by impedance. On
the other hand, the covariate sex explained 12–24% of the variance of waist circumference, LDL
levels, and %body fat. These results thus confirmed that age and sex are important covariates for
cardiovascular-related phenotypes and that a sizable sexual dimorphism has to be considered for
several of these traits. (Sources Hamet et al. Am J Hum Genet. 76:815–32, 2005 with permission)
[28]

Fig. 10.4 Distribution of sex, age and sex, and age-related traits in major phenotype categories.
Relative frequencies of phenotypes for which sex , age , and sex and age are significant
covariates in the linear regression model after correction for multiple testing (P < 9.3 × 10−5).
The percentage of traits in each major phenotype category not passing the threshold is indicated as
independent (IND.,). BP/HR indicate cardiac indices; HUMORAL/BCH, humoral and biochemical
measures (Source Šeda et al. Hyepertension 51:1156–62, 2008 with permission) [31]
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Fig. 10.5 A, Male-specific
linkage of supine SBP on
chromosome 12 by
microsatellite-based
multipoint linkage and
2-point linkage with SNPs.
B, Detailed view of linkage
disequilibrium at the peak of
2-point linkage is shown
using Haploview
4.0-generated linkage
disequilibrium blocks. The
values of D′ are indicated in
number and by color (for
LOD ≥ 2: bright red: D′ = 1,
shades of red/pink: D′ < 1;
for LOD < 2: white), with
indication of gene tracks in
the region. C, SBP
(age-adjusted mean ± SE) in
the supine position according
to sex and genotype of
rs575121. Only significant
results of Tukey’s posthoc
tests between women and
men of identical genotypes
are shown. ***p < 0.001.
(Source Šeda et al.
Hyepertension 51:1156–62,
2008 reproduced with
permission) [31]

(135 mmHg) and lowest in homozygous females (115 mmHg) within the same fami-
lies. It is furthermore intriguing, that the gene potentially implicated is FAOK3, a
gene demonstrated to have an androgen sensitive expression [32].

Most recently we developed a PRS by selecting from publicly available GWAS
data performed in 1.2 million individuals, 600 SNPs associated to risk factors and
outcomes of T2D complications and together with principal component of geo-
ethnicity (using 35 000 SNP), sex, and age at the onset of T2D, was used to stratify
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Table 10.1 Predictive performance (AUC of the ROC) of PRS in males and females

Males Females Difference

Phenotype AUC 95%CI AUC 95%CI P-Value

Microvascular events 0.66 0.65–0.70 0.71 0.66–0.77 0.15

Macrovascular events 0.65 0.62–0.68 0.72 0.68–0.76 0.01

All cause death 0.68 0.65–0.71 0.72 0.67–0.76 0.20

Cardiovascular death 0.71 0.67–0.75 0.77 0.72–0.82 0.09

T2D patients into low, medium and high risk categories for diabetic nephropathy,
stroke, myocardial infarction, heart failure, and cardiovascular and total death [18].
The prediction performance of the PRS, expressed in c-statistics as AUCs is signif-
icantly better in women than men with T2D for macrovascular events and cardio-
vascular death (Table 10.1). We have also evaluated the clinically recognized impact
of age at the onset of T2D on microvascular and macrovascular events, discussed
above [29] in its genetic component.We observed amore than 2-fold gradient of both
micro- and macrovascular events between individuals carrying low and high PRS in
the youngest tertile of age at disease onset (<55 y/o) contrasting with overall increase
in macrovascular event rates with age [18]. Finally, in agreement with Winkler et al.
who demonstrated the influence of age and gene association for such traits as BMI
and waist/hip ratio (WHR), illustrated in Fig. 10.6, we can conclude that assess-
ment of genetic risk must include age of disease onset and that in most situations,
polygenic risk scoring should be performed in men and women separately and not
only in “adjusted for sex” condition [33]. This is further underlined in Fig. 10.7,
depicting population distribution along sex and ethnicity (separatingCeltic andSlavic
participants in the ADVANCE trial) [34].

Lifestyle, Medication, Disease and Gene Interactions

Lifestyle and environmental factors have a massive impact on disease prevalence.
One of most robust examples is the prevalence of diabetes in Pima Indians residing
in Mexico versus USA. While both groups have very similar genetic profile, the
prevalence of T2D is 7-fold higher in USA, accompanied by obesity and associated
with sedentary lifestyle. In addition, the prevalence of diabetes in Pima Indians is
similar in both sexes, while in non-Pima Mexicans it is much more prevalent in
women [35].

Gene encoding fat mass and obesity-associated protein (FTO) is one the major
gene associated with obesity and has been identified in over 20 GWAS for being
significantly associated to BMI, obesity, T2D and waist circumference. Accordingly,
two facts are relevant in the context of our discussion: None of the published GWAS
detected its association with BP, until we reported it in the French-Canadian popu-
lation [36]. One of the possible explanations could be that in the majority of GWAS
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Age-dependent BMI loci. 

Sex-dependent WHR*adjBMI l 

a. Age -dependent BMI loci. 

b. Sex-dependent WHRadjBMI loci 

Fig. 10.6 aAge-dependent BMI loci. Effect estimates (beta± 95CI) per standard deviation in BMI
and risk allele for loci showing age-differences in men&women≤ 50y compared to men&women
> 50y. Loci are ordered by greater magnitude of effect in men & women ≤ 50y compared to men &
women > 50y. (95%CI: 95% confidence interval; BMI: body mass index; SD: standard deviation,
*Newly identified loci). (SourceWinkler et al. PLoS Genet. 11: e1005378, 2015 Reproduced with
permission) b Sex-dependent WHRadjBMI loci. Effect estimates (beta ± 95CI) per standard devi-
ation in WHRadjBMI and risk allele for loci showing sex-differences in women compared to men.
Loci are ordered by greater magnitude of effect in women compared to men. (95%CI: 95% confi-
dence interval; SD: standard deviation. *Newly identified loci. † Newly identified sex-differences
(Source Winkler et al. PLoS Genet. 11: e1005378, 2015 Reproduced with permission) [33]

Fig. 10.7 Distribution in
deciles of PRS (wGRS, sex
and PC1) of global risk in
the two sexes and Celtic and
Slavic ethnic groups of
participants in ADVANCE
trial—Global risk includes
decline of renal function,
myocardial infarction (MI),
stroke and cardiovascular
death. Data from [18]
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that used massive cohorts of subjects, blood pressure was determined in medicated
subjects. Our observation revealed that genetic variants of FTO (specifically SNP
rs7196791 on chr16) was significantly associated with systolic blood pressure (p =
0.009) in hypertensive subjects after 3 weeks of antihypertensive medication with-
drawal, while in the same subjects under standard antihypertensive medication, there
was no significant association (p = 0.7). Thus, drug–gene–outcome relationships
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[37] that is strongly influenced by “environmental modulation” through medication
history leading to phenotypic plasticity can obscure the genetic impact of such an
important trait as hypertension [24]. Another fine example of gene-environment (G
× E) interactions involving FTO gene is physical activity. Kilpeläinen et al. [38]
demonstrated that the association between FTO gene (rs99339606) and BMI and
waist circumference detected in inactive individuals is greatly attenuated by physical
activity, particularly in North-American individuals.

Finally, we would like to mention the fact that disease itself can obscure or
unveil the genetic contribution to a trait. GWAS from the CKDGen Consortium,
that includes over 70 international groups and over one million subjects with chronic
kidney diseases [39] showed that among the hundreds of genes associated to kidney
function, a few were unique to diabetic nephropathy. One of them is RAB38 gene
(rs649529) which was shown to be associated with albuminuria, but only in individ-
uals with diabetes. Experimental evidence led by H. Jacob from Medical College of
Wisconsin showed that in RAB38 knock-out rats, no abnormality could be observed
until diabetes was induced by streptozotocin injections and massive albuminuria
appeared exclusively in rats deprived of RAB38. It could be concluded from these
studies that “diabetogenic genes” were not required but a “diabetic environment”
resulted in the manifestation of genetic effects on albuminuria [40].

Conclusion

We are at dawn of application of first polygenic risk scores in clinical practice as a
significant component of personalized medicine. In order to benefit fully from clin-
ical utility of genomic information we must complete several steps: 1. clearly define
sex-dependent differences and either determine the score in each sex separately
(especially when in opposite direction) and adjust for sex only when appropriate. 2.
Distinguish between impact of age, usually an accumulation of environmental expo-
sures, and age at the onset of disease, reflecting rather age dependent susceptibility
impacting on penetrance. 3. Realize that most frequent “environmental exposure” in
disease is its treatment and that disease itself may represent an “exposure” to high
blood pressure, hyperglycemia or hyperlipidemia. 4. Dynamics of phenotypes may
modify profoundly the genomic determinant: genes controlling renin activity in the
upright or recumbent positions are not the same genes, as we have fully analyzed
previously [41]. 5. The diseases risk must by adjusted for ethnicity using principal
component analysis as illustrated in Fig. 10.2 [18]. Other environmental factors must
be analyzed for their additive effects or for their eventual interactions with genomic
factors, such as physical activity, smoking, nutrition. We have discussed some of
these aspects in this chapters, but they are all to be pondered in our path to clinical
application of personalized medicine.
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Chapter 11
Sex Differences in Response to Fatty
Acids in Cardiovascular Health
and Disease

Paramjit S. Tappia and Anureet K. Shah

Abstract It has now been established that differences in the risk of cardiovascular
diseases, including atherosclerosis, exist between men and women. The field of
nutritional genomics focuses on the interaction between diet and gene and consequent
risk of disease. It is conceivable that advances in this area of investigation could result
in specific dietary recommendations and guidelines to individual’s nutritional pattern
as well as to populations at risk of cardiovascular abnormalities. Accordingly, this
chapter will briefly describe and provide an update on sex dependent regulation
of gene expression by different fatty acids in the diet in relation to heart disease
risk. Such information could lead to novel sex-specific nutritional strategies for the
management and prevention of cardiovascular disease.

Keywords Sex differences · Fatty acids · Gene expression ·Metabolic responses ·
Cardiovascular disease

Introduction

A wealth of evidence has established that there are differences in cardiovascular
disease (CVD) risk between men and women [1]. Most notable is that CVD develops
much later in women as compared to men, and that heart disease is the leading
cause of death in women over the age of 65 years, and in fact, heart disease risk
in women may even be underestimated [2]. The European Heart Survey has found
that women are more likely to be misdiagnosed for cardiovascular abnormalities
[3]. The National Health and Nutrition Examination Surveys revealed that while an
increase in myocardial infarction (MI) in women between the ages of 35 to 54 years
occurred, a decrease was reported in male counterparts [4]. Hypertension in women
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over the age of 65 years is higher than in men; in addition, the incidence of obesity
and diabetes, which are major risk factors for CVD, are also increasing in women
[5, 6].

The sex of an individual is an important factor in the determination of nutritional
well-being, metabolic status, and risk to diet-induced diseases. Indeed, the field
of nutrigenomics, or molecular nutrition in relation to human health and disease
has grown exponentially over the last few years. Since nutrients can modulate the
expression of a number of different genes [8], this chapter will describe how certain
fatty acids in the humandiet can affect gene expression and influenceCVDrisk inmen
and women (Fig. 11.1). Although some advances have been made, the relationship
between the sex-dependent response to fatty acids and risk of CVD still remains to
be completely understood.

DIETARY FATTY ACIDS

Activation of 
Transcription Factors

Sex-specific Gene Expression

Sex-dependent Metabolic Response

SEX DIFFERENCES IN 
CARDIOVASCULAR HEALTH 

AND  DISEASE 

Sex-dependent 
Pathophysiological Response

Fig. 11.1 Putative role of dietary fatty acids in sex differences in the regulation of gene transcription
and cardiovascular health and disease
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Influence of Sex in the Response to Fatty Acids and Risk
of Cardiovascular Disease

The n-3 polyunsaturated fatty acids (PUFAs) such as eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), linolenic acid (LNA) and arachidonic acid (AA) and
oleic acid (OA), a monounsaturated fatty acid, exhibit cardiovascular health proper-
ties [7]. A high intake of marine n-3 PUFA has been associated with lower risk of
coronary heart disease (CHD) [8–14]. In a study by Joensen et al. [15], itwas observed
that men with > 0.39 g of n-3 PUFA in the diet/day exhibited lower occurrence of
acute coronary syndrome.

According to the Japanese Health, Labour and Welfare Ministry, the Tochigi
region of Japan has a highmortality rate due toCADand lowconsumption of seafood.
In fact, lower intake of EPA has been reported in women, particularly menopausal
women, in this region [16]. In a Danish study with 8-11 yr old children, although
high EPA levels were associated with low TG concentrations, they were, however;
associated with higher cholesterol levels [17]. α-linolenic acid (ALA) is a plant-
derived n-3 fatty acid that exerts anti-atherosclerotic [18, 19], antithrombotic [20],
and anti-inflammatory [21, 22] actions. Although some observational studies have
indicated beneficial effects of dietary ALA in CHD [23–27], others have reported
inconsistencies [28–33], while no correlation between dietary ALA and risk of MI
has been reported [34].

Although experimental studies have demonstrated that conjugated linoleic acid
(CLA) can exert several beneficial cardiovascular health actions [35–40], human
studies are inconsistent with respect to any beneficial effect of CLA in atherosclerosis
[38, 39, 41–45]. On the other hand, high CLA content of adipose tissue has been
correlated to low risk of MI [46], while Wannamethee et al. [47] reported that high
circulating CLA levels were negatively linked to HF risk in older men.

Our earlier experimental studies have demonstrated that specific CLA isomers
elicit different functional effects on heart that are related to sex [48]. We have further
reported that supplementation of the diet with different CLA isomers can influence
cardiac gene expression as well as sarcoplasmic reticulum (SR) function [49]. It
was accordingly suggested that the sex-dependent cardiac contractile response to
different CLA isomers may be related to not only modulation of gene expression
of the heart, but also to altered SR function. An increase in mRNA expression and
activity of sodium-calcium exchange (NCX) [50] and reduced SERCA2a expression
[51, 52] has been observed in HF. In this regard, we have also reported an increase in
SERCA2a gene expression in the heart of male rats, and a reduced NCX expression
in the female heart due to t10,c12 CLA isomer. These data were taken to suggest
that specific dietary isomers of CLA may alter Ca2+-cycling proteins, and that CLA
isomers exert beneficial cardiac effects according to sex. It should be mentioned that
the dietary intake of trans fatty acids (TFAs) is correlated to adipose tissue content
[53]. Although an adverse link between TFAs and CHD has been reported [54, 55],
the relationship is still not conclusive. In a study by Jakobsen et al. [56], a higher
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MI rate was observed in women with higher adipose tissue content of specific 18:1
TFAs as compared to men.

While dietary fish intake in women is linked to protective effects against CHD,
a similar correlation was not reported in men [57]. Some lines of evidence have
suggested that females respond differently to dietary fat with respect toCHDprogres-
sion [58]. On the other hand, a greater lipemic response to a standardized fat meal has
been reported to occur inmen as compared towomen [59]. Furthermore, in this study,
men also presented with increased blood pressure as well as carotid intima-media
thickness; interestingly, a slight correlation between carotid intima-media thickness
and levels of ox-LDL was observed, but only in men [59].

It has been suggested that the cardioprotective effects of estrogen are mediated
through cyclooxygenase activation and synthesis of prostacyclin (PGI2) [60–62].
Booth et al. [63] have demonstrated that myocardial protection against I-R injury
provided by estrogen is due to an increase in the production of PGI2 via COX2
activity. Similarly, estrogen receptor β has been shown to mediate sex differences
in the response to I-R [64]. In this study, baseline experiments revealed that less
functional recovery was observed in the hearts from wild-type (WT) male mice as
compared to the hearts from WT female counterparts subsequent to I-R. It was then
further demonstrated that while no differences in the extent of functional recovery
subsequent to I-Rwere observed betweenα estrogen receptor knock out female hearts
and WT females, a lower functional recovery in β estrogen receptor knock out mice
vs. WT females, which was also comparable to the recovery of heart function in WT
males was seen. These observations provided the evidence that the cardioprotective
effects of estrogen are mediated through the β estrogen receptor [64]. Since reperfu-
sion of the ischemic heart results in an increased production of fatty acids [65], it is
possible that these fatty acids could play an interactive role in the cardioprotective
effects of estrogen.

Regulation of Gene Transcription, Apolipoproteins
and Atherogenicity by Fatty Acids

Accumulating evidence has indicated that dietary practices can impact on the genetic
determinants of CVD risk. The risk for ACS is increased in carriers of the chromo-
some 9p21 variant rs4977574 and low dietary n-3 fatty acids [66]. Consumption
of a high fat diet can increase lipopolysaccharide (LPS) levels and induce subclin-
ical inflammation [67]. In this study, consumption of a high-fat high-saturated meal
by healthy women, resulted in endotoxemia and increased TNF-α and VCAM-1
expression levels. In addition, these diets were found to modulate the circulating
miRNAs levels involved in the regulation of inflammatory and lipid metabolic
proteins postprandially [67].

Atherothrombotic disease has been linked to the activation of the 5-lipoxygenase
pathway; in addition MI risk has been associated with a repeat polymorphism in the
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arachidonate lipoxygenase-5 (ALOX-5) gene [68, 69]. Interestingly, consumption
of AA and EPA in the diet have been reported to exert differential effects on 5-
lipoxygenase expression [70, 71], suggesting that high AA in the diet increases the
risk of atherosclerosis and MI, whereas EPA may lower the risk. On the other hand,
Gammaelmark et al. [72] reported that the interaction of EPA and AA and ALOX-5
polymorphism is not important enough to influence the risk ofMI inmen andwomen.

It is now well documented that PPARs are important transcription factors that
regulate lipid metabolism and thus are considered as important therapeutic targets
for atherosclerosis. It has been shown that the PPAR reporter homogene expression
level in female mice is much lower than that in male mice [73]. Such a difference in
the level of PPAR reporter homogene expression could help to explain the disparity in
PPAR transcriptional activity in male and female mice as well as the ineffectiveness
of hormone supplementation or dietary interventions in females to increase liver
PPAR. These researchers also suggested a sex-specific risk for atherosclerosis. In
a study by Morise et al. [74] examining the protective effects of n-3 PUFA and
estrogens against atherosclerosis in male and female hamsters fed fat diets enriched
in ALA or saturated fatty acids (SFAs), it was observed that the SFAs caused marked
elevations in plasma triglycerides and VLDL concentrations in male hamsters as
compared to females. No sex differences were reported in PPAR or sterol regulatory
element binding protein in response to these diets [75].

Dietary flaxseed (high ALA content) has been shown to reduce hepatic and circu-
lating levels of cholesterol in hypercholesterolemic male and female mice by atten-
uation of cholesterol absorption and/or bile acid resorption, but no sex variances in
this responsewere observed [76].While experimental models of atherosclerosis have
demonstrated down regulation of leptin mRNA expression and protein levels [77],
dietary supplementation with flaxseed results in an increase in leptin expression that
is inversely associated with atherosclerosis. The activation of the nuclear factor-κB
(NFκB) system of transcription factors in response to inflammatory and atherogenic
stimuli can be attenuated by n-3 fatty acids [78, 79]. Some common oils have been
reported to exert an anti-atherogenic effect in the development of atherosclerosis in
apo-E knockout mice [80–82]. However, sex differences in the response to n-3 fatty
acids and the development of atherosclerosis warrants further investigation.

Linoleic acid (LA) can activate specific endothelial transcription factors that
initiate the formation of the atherosclerotic lesion, it is considered as an athero-
genic fatty acid [83]. However, size reduction of the atherosclerotic lesions has been
observed in male mice fed a sunflower oil diet, rich in LA, whereas lesion reduction
in female mice has been observed with olive oil, rich in OA, as well as with palm
oil, rich in both saturated fatty acid, palmitic acid, and OA [84]. These responses to
different fatty acids were attributed to reduced triglyceride levels in male mice, while
the atherosclerotic lesion reduction in female mice was linked to an increase in circu-
lating ApoA-1 levels [84]. Although the authors suggested that different fatty acids
can influence the development of atherosclerotic lesion, the impact of fatty acids on
apolipoproteins needs to be fully explored, as depressed Apo-E gene has also been
associated with increased atherosclerosis risk [85]. Furthermore, an elevated risk
for the development of atherosclerosis was reported in female heterozygous Apo-E
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deficient mice on atherogenic diets as compared to male counterparts with a 2-fold
increase in circulating levels of cholesterol in the female mice as compared to male
mice [85]. It should be noted that sex-dependent expression of different subtypes of
Apo-E could also be major confounding factors in determining CVD, a possibility
that warrants further investigation.

It should be mentioned that the expression of fatty acid β-oxidation enzymes
is decreased at the gene transcriptional level in animal models of LV hypertrophy
and HF [86]. In humans with idiopathic dilated cardiomyopathy, myocardial fatty
acid oxidation is decreased. In hypertensive heart disease, independent predictors
of increased LV mass were male sex, decreased myocardial fatty acid oxidation,
decreased ejection fraction and increase in systolic blood pressure. Although sex
differences have not been determined, a decrease in fatty acid-binding protein 3 gene
expression has been reported in the atrium of patients with post-operative atrial fibril-
lation [87], suggesting the potential association between altered fatty acid transport
and increased atrial fibrillation onset after cardiac surgery.

Sex-Linked Protective Mechanisms of Fatty Acids Against
Cardiovascular Disease

There are several sites where different fatty acids could interact to modify CVD
disease progression and sex can be seen to influence the response (Fig. 11.2). The anti-
atherogenic effects of n-3 PUFAsmay be mediated through regulation of nitric oxide
(NO) production and release [88, 89]. Nitric oxide can attenuate the atherosclerotic
processes including the inhibition of platelet aggregation and vascular smoothmuscle

Fig. 11.2 Potential
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may be an important
determinant of fatty acid
action and CVD
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cell proliferation [96, 97]. In fact, n-3 PUFAs have been suggested to increase NO
levels [90, 91]. Since estrogen was also reported to increase NO production, it is
evident that the anti-atherogenic effects of both n-3 PUTAs and estrogen may be due
to increases in NO levels [92].

An increase in the saturated fatty acid and reduced PUFA content (with the
exception of LA) in the phospholipid fractions of human coronary arteries has been
reported in sudden cardiac death, which has been suggested to be due to a decrease
in delta6-desaturase activity in the coronary artery wall resulting in impairment of
LA metabolism [93]. An alteration in the fatty acid composition of serum choles-
terol esters, with a low arachidonic to dihomogammalinolenic ratio, attributed to
depressed delta5 desaturase activity, was observed in middle-aged men who later
develop a MI. Thus, it is conceivable the quality and type of fat in the diet, or altered
fatty acid metabolism, may occur in the initial stages of CHD [94].

PGI2 is an inhibitor of platelet aggregation and a vasodilator. Experimental studies
have revealed that PGI2 levels are inversely related to plaque size, and treatment of
arteries of ovariectomized female monkeys with estrogen results in an increased
production of PGI2 [95]. Since the precursor for PGI2 is AA, it was suggested that
the levels of this fatty acid may play an important role in the risk of atherosclerosis
in male and females.

While different fatty acids are known to exert a cardioprotective role, there is a
lack of information in the literature regarding sex differences in cardiac gene expres-
sion in response to different fatty acids in the diet [96]. Microarray analysis of adult
rat cardiomyocytes have demonstrated that fatty acids can differentially regulate the
expression of genes [97]. Essentially, diets that are rich in OA are cardioprotec-
tive, whereas diets rich in saturated fatty acids such as palmitic acid are ineffective.
While such a study to identify the influence of sex has not been conducted, it is
conceivable that the response to fatty acids particularly in pre and postmenopausal
women may exist. An increase in the bioavailability of epoxyeicosatrienoic acids
(EETs), metabolites of AA with cardioprotective properties that are catabolised by
soluble epoxide hydrolase (sEH) [98, 99], has been suggested to attenuate coronary
myogenic constriction in sEH knock out female mice [100].

Conclusions

This chapter has provided some discussion on sex differences in the response to
fatty acids that are an important determinant of the risk of CVD. From the evidence
provided it is evident that dietary fatty acids can regulate gene expression and influ-
ence metabolic and cell function resulting in the development of atherosclerosis and
cardiac dysfunction. The beneficial and protective role of estrogen against cardiovas-
cular disorders has also been highlighted, which clearly demonstrates the important
role of sex in adverse cardiovascular health outcomes. Although some advances on
the sex differences in the responsiveness to dietary fatty acids have been made over
recent years, this area of investigation still remains largely unexplored. For example,
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sex differences in the cellular and molecular mechanisms involved in the regulation
of cell function still remain to be completely understood. The sex differences and the
impact of dietary fatty acids on downstream signal transduction processes in rela-
tion to cardiovascular health remain to be examined. The interaction of specific fatty
acids on epigenetic changes thatmaymodulate gene expression and either increase or
reduce the risk of CVD need to be determined. Another important factor to consider
would be the influence of ethnicity on the responsiveness to fatty acids and CVD risk.
These aspects would be of great value to advancements in personalized medicine,
but are yet to be fully addressed. Accordingly, it is envisioned that new approaches
for prevention and management of CVD constituting of dietary interventions will
ultimately encompass sex into consideration.
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Chapter 12
Nutritional Aspect of Sex-Dependent
Difference in Heart Disease

Anureet K. Shah, Anabela Kim, and Carrie Adase

Abstract According to a 2019 report by the American Heart Association, cardio-
vascular disease is the leading cause of death worldwide, accounting for more than
17.6 million deaths per year in 2016; this number is expected to grow to more than
23.6 million by 2030. Body composition, which is influenced by nutritional status,
is considered to have a great significance in determining the incidence of chronic
diseases including heart disease. The difference in body composition is not only
affected by age, race, and heredity, but also to a greater extent by sex. Biological
males and females show variable body fat at different locations as males tend to
accumulate more fat in the abdominal area and females in the thighs and buttocks.
This sex difference in fat distribution is considered to determine the difference in
the susceptibility of males and females to various pathological stimuli for the devel-
opment of heart disease. Because males have higher muscle mass as compared to
females of the same age, difference in the metabolic status of the body has also been
shown to determine sex difference for the occurrence of heart disease. Furthermore,
in view of the role of different sex hormones in determining the incidence of heart
disease, the interaction of sex hormones with some nutritional factors and metabolic
pathways has been explored to explain gender difference for the development of
cardiovascular abnormalities.

Keywords Sex differences · Cardiovascular disease · Calorie restriction · Sex
hormones · Cholesterol metabolic pathway

Introduction

Over the past decade, there has been increasing awareness about the leading cause of
cardiovascular disease, and a considerable effort has been made to better understand
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its implication with respect to sex differences. It is now well known that cardio-
vascular disease is the underlying cause of 1 in every 3 deaths in the United States
(Table 12.1). Prior to the enactment of theNational Institutes ofHealth (NIH)Revital-
izationAct of 1993, subjects of randomized controlled trials predominantly consisted
of males, and the outcomes of early clinical studies were often founded on limited
female representation [1]. However, it has now become evident that there are marked
differences betweenmales and females with respect to the incidences of heart disease
and thus issues for both sexes are now handled separately. Furthermore, special atten-
tion is being paid to determine the role of nutrition in sex difference for the develop-
ment of heart disease. It may be noted that some of the benefit of diet lie in the acti-
vation of various metabolic pathways including reduced inflammation, quick repair,
less occurrence of cardiovascular problems and ultimately increased longevity [2].
Of these various metabolic pathways involved in longevity and sexual dimorphism
are the nutrient—responsive mTOR [3], growth hormones [4, 5], Sirtuins [6], IGF-1
[7] and cholesterol metabolic pathway. Accordingly, this article will be focused on
discussions of these aspects with respect to sex differences for the occurrence of heart
disease. In addition, it is intended to discuss the sex differences in response to nutri-
tionalmanipulation by calorie restriction, sex hormones, and cholesterol biosynthetic
pathway. It should be noted that cholesterol is an integral part of the cell membrane
of all organs and is considered to play a critical role in maintaining their functional
status.

Table 12.1 Cardiovascular Disease (CVD) and death rate in US

Type of CVD Death rate (%) Remarks

Coronary heart disease 43.2 Average age of first heart attack:
Male—65.6 years
Female—72.0 years

Stroke 16.9 Disability following by stroke:
Male—3%
Female—2%

Peripheral artery disease 3.0 Individual with total cholesterol levels of 200 mg/dL
or higher:
Male—35.4%
Female—41.8%

Hypertension 9.8 –

Heart failure 9.3 –

Other CVDs 17.7 –

Taken from the report by American Heart Association, 2019 (https://www.heart.org/en/about-us/
heart-and-stroke-association-statistics)

https://www.heart.org/en/about-us/heart-and-stroke-association-statistics
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Sex Differences in Response to Calorie Restriction
and Cardiovascular Disease

After nearly a century of research observing the role of reduced energy intake on
life extension in model organisms, calorie restriction and related diets continue to
draw serious interest not only for their roles as mitigators of aging but also of age-
related disease and pathogenesis [8, 9]. Clinical trials and observational studies have
also revealed that calorie restriction (CR) has ameliorating effects on metabolic and
hormonal homeostasis in both humans and experimental models, and is a promising,
inexpensive mode of intervention for the treatment and prevention of cardiovascular
disease [9–12]. Furthermore, there is ample evidence from animal and human studies
to suggest that there are notable sex-dependent responses to these interventions,
possibly influenced by a variety of sex differences including fat distribution in the
body and the interaction of steroid hormones [12–15]. The lack of comprehensive
analysis of possible sexual dimorphism in response to calorie restriction warrants
the need for more rigorous research that considers sex and age as major variables.

Prior to discussing the sex-based differences in the effects of calorie restric-
tion, it is necessary to introduce its implications on cardiovascular disease risk. It
should be noted that calorie restriction, as practiced chronically or intermittently,
is often defined as a physiological state of reduced energy intake while avoiding
malnutrition [11]. Common protocols in rodent studies is 25–40% calorie reduction
from usual ad libitum daily intake, with effects dependent not solely on sex but
also on dose, age, strain, and nutrient composition of the diet [13, 15]. However, in
a pilot study of the CALERIE (Comprehensive Assessment of Long-term Effects
of Reducing Intake of Energy) randomized controlled trials, weight loss induced
by an average calorie reduction of just 11.5 (±2)% for 1 year in overweight and
middle-aged individuals contributed to significant reductions in plasma concentra-
tions of LDL-cholesterol, triglycerides, and C-reactive protein, along with reduc-
tions in total cholesterol:HDL ratio and insulin resistance which are the major risk
factors of coronary heart disease [16–18]. The phase-2 multicenter trial, CALERIE-
2, spanning two years, also demonstrated that prolonged mild calorie restriction
significantly improved blood lipid profiles and insulin sensitivity while significantly
reducing intramyocellular lipids as well as visceral and subcutaneous abdominal
adipose tissue [18–22].Another 6-month calorie restriction study found a reduction in
oxidative stress, as measured by reduced ROS production, higher glutathione levels,
and increased catalase activity [23]. Short-term interventions spanning 10 weeks
with 20% calorie reduction have also been proven to be effective in reducing systolic
and diastolic blood pressure, glucose concentration, as well as reversing fibrinolytic
dysfunction, which has been associated with increased cardiovascular disease risk
[18, 21, 22].

A cross-sectional look at members of the Calorie Restriction Optimal Nutrition
(CRON) Society, who have been practicing, on average, 30% calorie restriction for
3–15 years while maintaining a highly nutrient-dense and low glycemic diet, demon-
strated very low risk factors for atherosclerosis. Average serum total cholesterol
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and LDL-cholesterol concentrations were in the bottom 10% of their age bracket
and triglyceride concentrations were comparable to values at the 5th percentile
for average 20-year-olds [19]. Carotid intima-media thickness (IMT) in CR prac-
titioners also measured 40% less than age-matched controls on a typical Western
diet. Lastly, heart rate variability in the calorie restriction group was comparable to
healthy males and females at ages 20 years younger [19]. A considerable number of
these studies did not observe or quantify the effects of calorie restriction in relation to
sex. Despite limited analysis of sex differences in long-term clinical trials, substantial
evidence exists in animal models, short-term calorie restriction and related interven-
tions that may explain some fundamental physiological differences between males
and females beyond the context of reproduction.

Effects of Calorie Restriction and Sex Differences
on Endothelial Function

Maintaining healthy endothelial function is essential for the management of cardio-
vascular disease risk in males and females as endothelial impairment has been
shown to precede hypertension, atherosclerosis, and other acute disease manifes-
tations [12, 27]. One distinguishing characteristic of healthy endothelial function
is estradiol (E2) -mediated increase in nitric oxide (NO) bioavailability in relation
to decreased oxidative stress [11, 27]. Estradiol (E2) binding to estrogen recep-
tors (ER) expressed on endothelial cells and vascular smooth muscle cells has been
shown to stimulate production of NO through the activation of endothelial nitric
oxide synthase (eNOS) [27]. And with accelerated NO production comes the need
to suppress oxidative stress, particularly superoxide (O2

−) whose reactivity with NO
reduces its bioavailability [24]. In a 2-week study observing rats subjected to 40%
calorie reduction (compared to controls) and vascular reactivity tests, caloric restric-
tion significantly increased NO concentrations in males only and reduced NADPH-
sensitiveO2

− productionwith greater effect inmales than females [24].While caloric
restriction proved to be more effective towards males in this experiment, it is impor-
tant to note that female controls had higher relative NO production and markedly
lower O2

− production than their male counterparts. This discrepancy in sex reveals
high levels of E2 in young female rats serves a cardioprotective advantage to which
caloric restriction showed no significant effect [24].

Further testing to see if caloric restriction altered serum levels of estrogen and
testosterone in animals demonstrated no change in serum level as well as mRNA
expression of ERs. This observation indicates that calorie restriction benefits noted
in males were not primarily the result of estrogens and ER activity but its mecha-
nisms still remains to be investigated [25]. One known means of activating eNOS,
noted when binding to subtypes ERα and ERβ, involves the induction of the phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway [28, 29]. Independent of ERs, calorie
restriction—induced AMPK activation also triggers a downstream cascade of the
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PI3K/Akt/eNOS pathway. Conversely, overconsumption of food has been shown
to dysregulate this pathway, further demonstrating the potential benefits of calorie
restriction in males and postmenopausal females in maintaining healthy vasculature
[11, 28].

Effect of Calorie Restriction and Sex Differences in Fat Loss

Sex differences in visceral and subcutaneous fat distribution have largely been inves-
tigated in association with sex steroid characteristics. Analysis of participants from
the Multi-Ethnic Study of Atherosclerosis revealed that higher levels of bioavailable
testosterone was associated with lower visceral and subcutaneous fat composition in
males while the reverse was seen in females. Other androgens at high levels, such
as dehydroepiandrosterone, were again associated with higher visceral fat content
in females but not in males [30]. Another study looking at the role of sex steroid
profiles on fat loss from lifestyle modifications showed the amount of visceral and
subcutaneous fat was inversely associated with high testosterone and sex-hormones
binding globulin (SHBG) levels in males, while females only found correlation
with high SHBG levels [31]. Considering the protective functions provided by high
testosterone levels in males only, a 12-week 800 kcal/day caloric restriction interven-
tion has been shown to significantly increase testosterone and SHBG levels in obese
male subjects through improved testicular function and reduced aromatase conver-
sion of testosterone to estradiol in adipose tissue [32]. Postmenopausal females in
the SHAPE-2 weight reduction trial demonstrated that calorie restriction did not
elevate serum testosterone and androstenedione levels in females and maintained
cardioprotective testosterone to estradiol ratios [33]. These findings demonstrate the
role of calorie restriction in ameliorating age-associated decline in cardioprotective
sex steroid profiles.

As shown in Fig. 12.1, the observation of calorie restriction effects on fat loss in
mice studies reveals male mice tend to lose both visceral and subcutaneous fat while
females predominantly lose more visceral fat [34]. A direct comparison of visceral
adipose tissue loss after 8-weeks of 800–1000 kcal/day consumption in adult human
males and females, revealed males experienced greater loss than females after
adjusting for relative changes in fat mass [35]. However, when sample sizes were
reduced to compare males and females with matched baseline ratios of visceral-
to-subcutaneous fat, the significant difference was no longer evident [35]. Despite
evident sexually dimorphic patterns of fat loss between sexes in mice studies, human
studies still require further examination with larger sample sizes matched in baseline
characteristics. Lastly, an analysis of adipose tissue genes from males and females
subjected to 12 weeks of a high protein-low calorie-intermittent fasting protocol
showed higher expressions of 158 sex-biased genes, except one, in female adipose
tissue. Even after controlling for fat mass (which is generally higher in females),
the discrepancy remained consistent in 80% of the genes [36]. While it is difficult
to draw conclusions relative to cardiovascular disease risk from these findings, the



208 A. K. Shah et al.

Fig. 1 Fat Distribution of
male and female mice
subjected to Ad-lib feeding
(sham control) and caloric
restriction (CR) Reprinted
from Shi H, Strader AD,
Woods SC, Seeley R. Am J
Physiol Endocrinol Metab
293, E316–E326, 2007.
Subcu—subcutaneous

evident sexual dimorphism in adipose tissue gene expression further implicates the
possibly greater role of sex on metabolic health [36].
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Sex Differences in Response to Hormones and Predisposition
to Cardiovascular Diseases

It is now well documented that heart disease is the primary cause of morbidity and
mortality in both males and females. While males are at higher risk than females
during early adulthood, risk appears to increase in females after menopause. The
connection between lower levels of estrogen and higher levels of androgens and their
role in cardiac health has been widely studied, although results remain conflicting
[37]. Androgens and estrogens are typically thought of, respectively, as the “male”
and “female” sex hormones. However, both classes of hormones are found in each sex
and proper regulation may be necessary in order to prevent health risk. In addition
to the development of reproductive organs and secondary sex characteristics, sex
hormones participate in the regulation of a variety of other systems within the body.
Testosterone assists in regulation of muscle mass and function, bone mass, and fat
distribution [38, 39]. As for estrogen, there are three primary types; Estrone (E1),
Estradiol (E2), and Estriol (E3). 17β-Estradiol is the primary estrogen found in
the human body. It has been shown to impact cardiac health through stimulating
vasodilation, cell differentiation, and regulation of cholesterol production in the liver
[40–42].

Obesity and Metabolic Syndrome

Obesity has been significantly linked to increased risk of health-related conditions
such as insulin resistance, diabetes, and cardiovascular disease [43, 44]. Measure-
ments of abdominal obesity such as waist circumference, which measure abdominal
obesity, verses body mass index which measures general obesity, has shown to indi-
cate greater health risk especially when considering cardiovascular disease [45]. In
addition to individual risk, obesity is part of the collection of conditions that make
up metabolic syndrome which, together, increase risk for development of cardiovas-
cular disease, diabetes, or stroke.Metabolic syndrome is diagnosedwhen a person has
three or more of the following conditions: abdominal obesity/40 inch waist measure-
ment (male) and 35 inch (female), blood pressure of >/=130/85 mmHg, triglyc-
erides of >150 mg/dL, fasting blood glucose > 100 mg/dL, and HDL < 40 mg/dL
(male) or <50 mg/dL (female) [44–46]. It had been largely understood that males
had a higher rate of risk of cardiovascular disease than females of the same age.
However, continuing research has shown that cardiovascular disease risk increases
for peri and post-menopausal females [46]. Understanding the role of sex hormones
in obesity, diabetes, cardiovascular disease, and its risk is imperative for treatment
and prevention of such conditions [47–54].

Several studies have shown a link between diminished testosterone levels/elevated
estrogen levels in males and elevated testosterone/diminished estrogen in females
and metabolic syndrome [55, 56]. There are a variety of factors that could affect
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circulating hormone levels. Both the aging process and increased adiposity have
been shown to have a negative association in relation to testosterone and estrogen
levels [39, 57]. In addition to serving as a storage site for energy, adipose tissue is
metabolically active. Free testosterone is metabolized by adipose tissue into estra-
diol. Therefore, excess adipose tissue could result in depleted levels of circulating
testosterone. Inmales, this increase in estrogen exasperates testosterone levels further
by suppressing testosterone production from the testes [40]. In addition to metabolic
factors, adipose tissue could affect circulation and delivery of testosterone to target
tissues. While some testosterone circulates in free form, most is bound to either
albumin or SHBG. Studies are not clear on the relationship between obesity and
SHBG levels, however, there could be a relationship between the effect of visceral
fat on SHBG synthesis in the liver [41]. Adipose tissue distribution is also affected
by estrogen as it has shown to promote subcutaneous fat accumulation in pre-
menopausal females with normal estrogen levels. During and post-menopause, the
decline in estrogen has been linked to a decrease in subcutaneous fat accumulation
and an increase in abdominal visceral fat [57, 58]. It is pointed out that sex hormones
can increase risk of metabolic syndrome in obese and normal weight persons alike.
In males, regardless of weight, low testosterone and androgen receptor deficiency
have been linked to hyperinsulinemia and type II diabetes risk. In females, risk is
also increased when free testosterone levels are elevated, and SHBG and estrogen
levels are diminished [57, 59]. This is of concern as type II diabetes increases risk for
cardiovascular disease by contributing to arterial stiffness, hypertension, endothelial
dysfunction, inflammation, and atherosclerosis 60].

Hypertension

Males have higher rates of hypertension in relation to age-matched females up until
menopause. After menopause, both systolic and diastolic blood pressure increase
in females beyond that of comparative aged males [37]. This noted change could
point to a connection with decreased estrogen levels after menopause and the effect
estrogen has on the regulation of overall blood pressure. Considering estrogen is
found in both males and females, it has shown to have cardioprotective effects in
both sexes. Estrogen affects blood pressure directly by impacting vascular tone and
endothelial function through receptor dependent genomic and non-genomic actions
[47]. Endothelial function is primarily regulated by endothelial nitric oxide synthases
(eNOS) for the secretion of nitric oxide (NO). Estrogen has also been shown to
have a positive effect on blood pressure through rapid non-genomic action of NO.
Through genetic transcription, estrogen binding to estrogen receptors (ER-α and ER-
β) is integral in the synthesis of eNOS. While this process takes time, endothelial
production of nitric oxide appears to be stimulated by estrogen action [37, 53]. In
addition to regulating NO production, ER-α and ER-β are observed to protect against
vascular injury and atherosclerosis as well as control blood pressure and arterial
tone, respectively [47]. Testosterone has also shown to have a possible relationship
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with NO and eNOS. While reports on this relationship have been conflicting, many
studies have reported that deficiency in testosterone is connected to decreased eNOS
expression and low NO production [48].

While appropriate endothelial function and vascular tone is important in cardio-
vascular health, the primary regulator of arterial blood pressure is the renin-
angiotensin-aldosterone system (RAAS). Continuing research has examined how
sex hormones impact the regulation of RAAS. Estrogen appears to participate in all
aspects of RAAS.Ways in which estrogen participates in reduction of blood pressure
may include decreasing the synthesis of renin and ACE, decreasing the expression of
angiotensin II receptor type 1 (AT1R) and attenuating the expression of angiotensin
II receptor type 2 (AT2R) [50]. AT1R is the primary receptor that participates in the
regulation of blood pressure. AT2R is upregulated after vascular injury and appears to
assist in cardioprotective activities [49].While estrogen’s role in theRAASappears to
be cardioprotective in nature, testosterone has shown to have an impact on increased
arterial pressure by participating in the expression of angiotensinogen, renin, and
AT1R system [50].

Hormone Replacement Therapy

Considering the noted increase of cardiovascular disease risk as associated with sex
hormone imbalance, hormone replacement therapy has been used as the primary
way to minimize risk of cardiovascular disease development. While estrogen and
testosterone hormone replacement therapy are common treatments for the reduc-
tion of risk, studies remain conflicting in results [43, 51, 52]. Regarding post-
menopausal hormone replacement therapy (HRT), treatment became controversial
after the Women’s Health Initiative released research findings that conflicted with
research that showed the benefits of estrogen HRT. It was found that HRT increased
risk of coronary heart disease (CHD) and stroke [61]. In a follow-up study, published
in 2013, it was observed that timing of initiation of HRT could play a role in risk
of CHD. Starting HRT closer to the point of menopausal onset, in association with
decreased independent biomarkers for CHD risk, has shown to reduce HRT CHD
risk. However, more research needs to be conducted to determine increased stroke
risk and timing of HRT [61]. For testosterone replacement therapy, while a long-term
study comparable to the Women’s Health Initiative has not been conducted, many
studies have pointed to improvement in cardiovascular risk following testosterone
replacement [38].
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Sex Differences in Response to Genes Involving Cholesterol
Biosynthesis

The cholesterol biosynthetic pathway also known as the mevalonate pathway is an
important mechanism involved in a vast array of cellular functions. This pathway has
been very closely observed by various researchers to study genes affecting heart func-
tion. HMG-CoaReductase (HMGCR) is the rate limiting enzyme of this pathway and
catalyze the conversion of HMG-CoA to mevalonate. This pathway provides sterols
for membrane structure and non-sterol intermediates for the post-translational modi-
fications and membrane anchorage of growth-related proteins, including Ras, Rac,
and Rho GTPase families. In the past years, the regulation of HMGCR has been thor-
oughly investigated because of its prime involvement in cholesterol and isoprenoid
biosynthesis. As all cells require a steady supply of mevalonate, both the sterol (i.e.
cholesterol) and non-sterol (i.e. isoprenoid) as products of mevalonate metabolism
exert coordinated feedback regulation on HMGCR through different mechanisms.
The right functioning of HMGCR as the rate limiting enzyme in the mevalonate
pathway is of prime importance under both normal physiologic conditions and in
many diseases. HMGCR has diverse roles in various cellular pathways involving
cell proliferation, cellular metabolism and cholesterol biosynthesis, in maintaining
cytoskeletal stability and dynamics, cellular structure, it’s fluidity, mitochondrial
function and eventually in regulating overall fate of the cell [62]. Due its implication
with endogenous cholesterol metabolism and heart diseases, this pathway has been
studied very closely to determine the effect of vitamins and micronutrients targeting
the regulation of HMGCR and its downstream effectors. Several studies suggested
vitamin isomers mimic the role of statins, a class of drugs used in patients to lower
their cholesterol by targeting HMGCR [63]. Earlier studies have substantially found
the sex difference in metabolism of mevalonate in rats [64]. The two known path-
ways of mevalonate metabolism—the shunt pathway and the cholesterol synthesis
pathway, both have been demonstrated to exhibit the sex difference. Firstly, the shunt
pathway in female rats has shown to exhibit twice the ability tometabolize circulating
mevalonate accounted by greater ability of the female kidney to convert mevalonate
to CO2. Secondly, male rats have significantly greater ability to convert circulating
mevalonate to cholesterol as compared to the females [64, 65]. However, there is
no significant data to extrapolate these findings in humans and further research is
needed to justify these findings. It may be a little premature to relate these findings
to lower cholesterol levels and less occurrence of atherosclerosis in females in spite
of the major findings reported in the studies indicated above.
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Conclusion

From the foregoing discussion, it is evident that nutrition and incidence of CV
disease go hand in hand. Although, calorie restriction, sex hormones and cholesterol
metabolism play a significant role, there is still a void in concise understanding of the
exact role of sex with respect to diet and heart disease. There is a lower risk of heart
disease, hypertension and atherosclerosis in females before menopause then that in
the male; however, this sex-dependent difference is not evident after menopause.
Such a switch in the susceptibility of females may be attributed to alterations in the
levels of estrogen hormones and/or the sensitivity of its receptors. Differences in
the lipid profile, particularly in the cholesterol biosynthetic pathway has also been
suggested to explain the differences in the development of cardiovascular disease
in male and female population. Nutritional status is considered to have a profound
impact on the sex-specific differences in the sensitivity of various factors involved
in the induction of heart disease. Caloric restriction has been observed to modify the
sex-dependent difference in the incidence of cardiovascular disease by changing the
distribution of body fats, altering the difference in the endothelial function, reducing
the oxidative stress and regulating the levels of sex hormones. Thus, it is suggested
that the nutrition plays a critical role in modifying the incidence of heart disease in
both males and females.
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Chapter 13
Cardio-Oncology: Preventing Broken
Hearts in Women with Breast Cancer

Hilary Bews, Cameron Eekhoudt, Sonu Varghese, and Davinder S. Jassal

Abstract Breast cancer is the leading cause of cancer in Canadian women and as a
result constitutes a significant cause of morbidity and mortality in this patient popu-
lation. Although overall survival is significantly improved by treatment with anti-
cancer drugs including Doxorubicin and Trastuzumab, approximately 1 in 4 Cana-
dian women are at risk of developing chemotherapy induced cardiotoxicity. Current
guidelines recommend serial cardiac monitoring using transthoracic echocardiog-
raphy (TTE) ormultigated acquisition scan (MUGA) for the non-invasive assessment
of left ventricular ejection fraction (LVEF). Recent studies suggest that echocardio-
graphic deformation measures including tissue velocity imaging and strain param-
eters can detect adverse cardiac changes prior to quantifiable differences in LVEF.
Early detection of chemotherapymediated cardiotoxicity would allow for early inter-
vention with the use of cardioprotective agents in women with breast cancer. The
prophylactic use of angiotensin converting enzyme inhibitors (ACEi), angiotensin
receptor blockers (ARBs), β-blockers, statins, anti-oxidants, and nutraceutical agents
as cardioprotective agents have been studied in the Cardio-Oncology setting. While
animal models and initial clinical trials prove promising, further studies are required
to prevent the devastating consequences of chemotherapy mediated cardiotoxicity in
women with breast cancer.
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Breast Cancer: An Overview

Breast cancer is amajor public health concern as the leading cause of cancer inwomen
[1]. Approximately 1 in 8 Canadian women will develop breast cancer throughout
their lifetime and 1 in 33 will die from breast cancer [1]. It is estimated that in
2019 alone, 26 900 Canadian women will be diagnosed with breast cancer and over
5 000 women will die as a consequence of the disease [1]. Breast cancer is primarily
a disease of females as illustrated by the projected 2019 statistics for Canadian
males. It is expected that only 230 males in Canada will be diagnosed with breast
cancer and 55 will die of the disease [1]. The incidence of breast cancer increased by
2%/year between 1984 and 1991, largely attributable to increased detection through
the implementation of screening programs [1]. A slight decrease in incidence after
2002 is credited to a decline in the use of hormone replacement therapy in post-
menopausal women [1, 2]. The overall 5-year survival from breast cancer also differs
between males and females at 80% and 88%, respectively [1].

In 2018, the Canadian Task Force on Preventative Health Care published new
guidelines for breast cancer screening in women of average risk. The guidelines
recommend screening mammography every 2–3 years in women aged 50–69 years
and 70–74 years [3]. The implementation of these recommendations is expected
to decrease the absolute rate of death from breast cancer by 0.75–0.92/1000 and
1.55/1000women screened, respectively, for the two age cohorts [3]. Self and clinical
breast exams are no longer recommended due to conflicting evidence for benefit [3].
As with any screening program, mammography programs will lead to over diagnosis
of early stage breast cancer. Approximately 25% of invasive and in situ cancers
identified over five years of screening may be overdiagnosed among women aged
50–59 years [3].

Heritable factors account for approximately 25–30% of breast cancers, of which
mutations in the BRCA genes are most strongly implicated [4]. BRCA genes are
postulated to function as tumor suppressor genes, such that mutations provide the
“first hit” of genetic susceptibility in the two-hit hypothesis to explain the develop-
ment of breast cancer [4]. Breast cancer develops in women with a BRCA mutation
if a second allele becomes mutated [4]. It is estimated that 0.1–0.5% of women
carry a mutation in either the BRCA1 or BRCA2 genes, associated with a lifetime
risk for developing breast cancer of approximately 72% and 69%, respectively [4,
5]. Screening via magnetic resonance imaging (MRI) provides superior sensitivity
to detect cancer in these high risk individuals when compared to mammography or
ultrasound [6].

Treatment of breast cancer involves a multimodal approach involving surgery,
radiotherapy, chemotherapy, hormone modulation, and immunotherapy depending
on the stage and pathological features of the malignant cells. Surgical treatment
involves either mastectomy or lumpectomy with breast irradiation. A randomized
control trial conducted in 1976 compared mastectomy versus lumpectomy with radi-
ation in women with resectable breast cancer and demonstrated no difference in
disease-free, distant-disease-free, or overall survival at a follow-up of 20 years [7].
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Thus, if negative margins are achievable, breast conserving therapy is favored to
minimize cosmetic and functional consequences.

Adjuvant chemotherapy is administered to women with early stage breast cancer,
defined as cancer confined to the breast or spread to loco-regional nodes, following
resection to control microscopicmetastatic spread [8]. Ameta-analysis performed by
the Early Breast Cancer Trialists’ Collaborative Group demonstrated that adjuvant
chemotherapy with an anthracycline decreases annual breast cancer death by 20–
38% in this setting [8]. The two most commonly employed regimens include either
Adriamycin (doxorubicin; DOX) and Cyclophosphamide (AC) or 5-Flurouroucil,
Epirubicin, and Cyclophosphamide (FEC).

Anthracycline based chemotherapy constitutes the foundation of breast cancer
chemotherapy. The first two anthracyclines developed, DOX and daunorubicin, were
isolated from Streptomyces peucetius in the 1960s [9]. While DOX is widely utilized
in breast cancer treatment, daunorubicin demonstrates activity in hematologic malig-
nancies [9]. Epirubicin, commonly used in breast cancer chemotherapy regimens, is a
semi-synthetic derivative with an increased volume of distribution and reduced half-
life [9]. A number of proposed mechanisms exist to explain the cytotoxic actions of
anthracyclines including: (1) inhibition of DNA synthesis through intercalation and
inhibition of DNA polymerase; (2) free-radical generation resulting in DNA damage
and lipid peroxidation; (3) DNA alkylation; (4) interference of DNA unwinding
through helicase modulation; (5) DNA topoisomerase inhibition; and (6) induction
of apoptotic pathways [10]. A number of these mechanisms are only observed at
concentrations well above those achieved in the clinical setting [9, 10]. As such, the
three most clinically relevant mechanisms of cytotoxicity appear to include inhibi-
tion of DNA topoisomerase II, apoptosis induction, and generation of free-radicals
[9]. Topoisomerases induce single- or double-strand breaks in DNA which are then
resealed, to ultimately modulate DNA helical supercoiling [9]. Anthracyclines stabi-
lize an intermediate structure by creating a covalent bond between the cut DNA
strands and the tyrosine moiety of topoisomerase II which prevents the resealing
of DNA [9]. A minor contribution to cell death through the inhibition of topoiso-
merase I has also been proposed [9]. Anthracyclines induce apoptosis through the
activation of p53-DNA binding [9]. This ultimately leads to the inhibition of cyclin-
dependent kinases involved in theG1 to S cell cycle transition [9]. Alternatively, there
is some evidence to suggest that anthracyclines may stimulate the direct release of
cytochrome c from the mitochondria, triggering a caspase cascade culminating in
cell death [11]. Finally, anthracyclines are strong inducers of free-radical damage
and oxidative stress as a consequence of participation in one electron redox cycling
to generate by-products such as the superoxide anion and hydrogen peroxide [9]. The
free-radicals generated from this process induce harmful post-translational modifi-
cation of cell constituents and possibly serve as aberrant transmitter signals in cell
cycle or apoptotic pathways [9].

In addition to chemotherapy, endocrine therapies were developed to treat hormone
receptor positive breast cancers. Hormone receptor positivity, representing 70% of
breast cancers, is defined pathologically when >1% of cells stain positive for the
estrogen or progesterone receptor on surgical specimens [12]. Estrogen receptor
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alpha (ERα) in malignant tissue is activated by endogenous estrogen to promote
oncogenic growth pathways [12]. The expression of the progesterone receptor is also
a marker of ERα signaling [12]. All women with hormone positive breast cancer are
treated with endocrine therapy for five years [12]. Specific therapy includes selective
estrogen receptor modulators including tamoxifen, which competitively bind to the
estrogen receptor and block ERα growth pathways [12]. Aromatase inhibitors, such
as anastrozole, exemestane and letrozole, are employed in post-menopausal women
to prevent the conversion of androgens to estrogen, thereby reducing estrogen levels
[12]. The addition of systemic endocrine therapy results in an approximately 50%
relative reduction in cancer recurrence rates for the first 5 years on therapy and a
30% reduction in cancer recurrence for the subsequent five years [13]. Continuing
hormonal therapy beyond 5 years may be associated with a small benefit in regards
to both recurrence and mortality at the expense of increased side effects such as
endometrial cancer, osteoporosis, and thromboembolic events [14, 15].

Targeted immunotherapy is the most recent advance in breast cancer which
has drastically improved overall prognosis [12]. The human epidermal growth
factor receptors (HER) are a family of tyrosine kinase receptors important in
cell proliferation, survival, and migration [16]. HER subsequently activates both
mitogen-activated protein kinase (MAPK/MEK/Erk) and phosphatidylinositol-3-
kinase (PI3K/PKB/Akt) signaling pathways, to induce mitosis and survival, respec-
tively [16]. Erk activation through HER signaling results in downstream cell migra-
tion and proliferation, transformation, and resistance to apoptosis [17, 18]. Atk is
a serine/threonine kinase with activity in nutrient metabolism, cell growth, tran-
scriptional regulation, and cell survival [11]. Downstream regulators include YAP,
MDM2, and the Forkhead family of transcription factors [11]. Approximately 20–
30% of breast cancers overexpress HER2, leading to a more aggressive disease with
a worse prognosis [19]. Trastuzumab (TRZ), a recombinant humanized IgG mono-
clonal antibody, was developed in the 1990s to selectively bind the extracellular
domain of HER2 [12, 19]. Proposed anti-cancer mechanisms include internalization
and degradation of HER2 receptors, recruitment of immune cells to target tumor
cells, and the inhibition of metalloproteinase-induced cleavage of the extracellular
HER2 domain which is necessary for signaling [19]. TRZ further inhibits PI3K/Akt
and MAPK signaling, as well as modulates other transcription pathways to promote
apoptosis and anti-angiogenesis [19]. In 2001, amulti-centre randomized control trial
was conducted to compare the efficacy of chemotherapy (consisting of an anthracy-
cline and cyclophosphamide or paclitaxel) versus chemotherapy plus TRZ in women
with HER2 positive metastatic breast cancer [20]. The addition of TRZ resulted in a
longer median time to disease progression of 7.4 months versus 4.6 months, as well
as a longer median survival of 25.1 months versus 20.3 months [20]. More recently,
TRZ has been approved for use in early breast cancer in the adjuvant setting [21, 22].
The HERceptin Adjuvant trial randomized 5102 females with early HER2 positive
breast cancer following initial treatment with surgery, chemotherapy, and radiation
to TRZ for 1 or 2 years, or placebo [21]. After 11 years of follow-up, treatment with
TRZ for 1 year was found to decrease disease-free survival with a hazard ratio of 0.76
(95%CI 0.68–0.86) and death with a hazard ratio of 0.74 (95%CI 0.64–0.86) [21].
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Treatment with TRZ for 2 years did not significantly alter outcomes when compared
to the 1 year cohort [21].

Although treatment for breast cancer, particularly chemotherapy and
immunotherapy, is potentially live saving, it is also associatedwith negative sequelae,
specifically cardiotoxicity. As breast cancer is overwhelmingly a disease affecting
females, this creates a unique risk factor for the development of cardiovascular
disease.

Chemotherapy Mediated Cardiac Dysfunction

Chemotherapy induced cardiotoxicity is a leading cause ofmorbidity andmortality in
cancer survivors [23]. Patients with pre-existing cardiovascular disease, additional
cardiovascular risk factors, increasing age, and exposure to multiple cardiotoxic
agents are at a particularly high risk of developing cardiac dysfunction [23]. In
addition to left ventricular (LV) systolic dysfunction, cancer therapies may promote
the development of hypertension, myocardial ischemia, arterial thrombosis, and/or
arrhythmias [23]. The American Society of Echocardiography defines cancer ther-
apeutics—related cardiac dysfunction (CTRCD) as a decrease in the LV ejection
fraction (LVEF) of >10% to an absolute value of <53% [24]. This definition requires
confirmation of a reduced LVEF on repeat cardiovascular imaging, performed 2–
3 weeks after the baseline study [24]. CTRCD is further stratified as reversible,
partially reversible, or irreversible. Cardiotoxicity is considered reversible if the
LVEF recovers to within 5% of the baseline value, partially reversible if the LVEF
improves by ≥10% from the nadir but remains >5% from the baseline value, and
irreversible if the LVEF improves by <10% from the nadir and remains >5% from
the baseline value [24].

CTRCD is further classified by two distinct patterns of toxicity as shown in Table
13.1. Type 1 cardiotoxicity, of which DOX serves as a prototype, is characterized

Table 13.1 Comparison between the features of type 1 and type 2 cardiotoxicity

Type 1 Cardiotoxicity Type 2 Cardiotoxicity

Prototypical agent Anthracycline based chemotherapy Trastuzumab

Dose dependency Yes No

Mechanism Oxidative stress, topoisomerase
inhibition

Variable

Reversibility Irreversible Functional recovery after
discontinuation is common

Ultrastructural change Vacuolar swelling, myofibrillar
disarray, and cell death

May not lead to apoptosis in
isolation

Rechallenge after
cardiotoxicity

Not safe May not result in further
cardiotoxicity
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by dose-dependent toxicity and microscopic cardiomyocyte damage represented by
vacuolar swelling, myofibrillar disarray, and cell death [24]. Damage at the cellular
level is permanent and drug re-challenge is associated with a high risk of further
damage [24]. In contrast, type 2 CTRCD including agents such as TRZ, does not
demonstrate a dose-dependent toxicity and is not believed to be associated with
abnormalities at the cellular level [24, 25]. As such, type 2 cardiotoxicity is believed
to be potentially reversible and re-challenge with the anti-cancer drug such as TRZ
may be safe. Despite this, some evidence exists to challenge the reversibility of type
2 toxicity as ultrastructural changes have been observed in murine models [24, 25].

The dose-dependent relationship between the cumulative DOX dose and develop-
ment of cardiotoxicity has been well established. Cardiotoxicity develops at an inci-
dence of >4% when the cumulative DOX dose is 500–550 mg/m2, >18% at a cumu-
lative dose of 551–600 mg/m2, and increases significantly to 36% at a cumulative
dose of >601 mg/m2 [26]. Furthermore, the accumulation of DOX in cardiac tissue
also correlates with the administered concentration [9]. As such, a maximum cumu-
lative dose of 500 mg/m2 is recommended to avoid these adverse consequences [26].
Specific risk factors that predispose an individual to develop DOX mediated cardiac
dysfunction include age >70 years old, combination therapy with agents including
cyclophosphamide, concurrent mediastinal irradiation, pre-existing cardiac disease,
hypertension, and/or liver disease [26]. DOX induced cardiotoxicity develops at
varying time points following treatment, occurring as remotely as 20 years after
DOX administration [27]. Rarely, a myocarditis-pericarditis syndrome or myocar-
dial infarction can occur after the first day and during the first month of DOX therapy
[26].

DOXmediated cardiotoxicity develops primarily as a consequence of free-radical
production and oxidative stress culminating in programmed cell death (Fig. 13.1)
[26]. Cell death is promoted by both extrinsic and intrinsic pathways. In a neonatal
rat cardiomyocyte model, DOX was shown to induce apoptosis through an extrinsic
receptor mediated pathway [28]. DOX induces the intrinsic apoptotic pathway
through the up-regulation of Bax. The participation of DOX in redox cycling gener-
ates reactive oxygen species such as the superoxide ion and hydrogen peroxide
which induce p53 to transcriptionally activate Bax [9]. Bax then functions to promote
mitochondrial pore opening, cytochrome c release, and the formation of the apop-
tosome complex [9]. The reactive oxygen species generated from DOX adminis-
tration may also directly stimulate pore formation in the mitochondria to promote
apoptotic pathways [9]. Anti-apoptotic mediators such as Bcl-xL, responsible for
blocking cytochrome c release from the mitochondria through the zinc finger tran-
scription factor GATA-4, are also modulated by DOX to further induce cell death
[9]. In addition to promoting the generation of reactive oxygen species, DOX renders
cardiomyocytes less resilient to oxidative stress by depleting anti-oxidant levels [26].
Cardiomyocytes are particularly susceptible to this phenomenon as selenium depen-
dent GSH-peroxidase-1 is readily inactivated in these cells following DOX admin-
istration, leaving cardiac tissue vulnerable to oxidative stress [9]. Additional pro-
apoptotic mechanisms include the activation of NF-kB and p38 MAPK, as well as
the dysregulation of iron to catalyze DOX redox reactions, subsequently disrupting
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Fig. 13.1 The mechanism of doxorubicin (DOX) + trastuzumab (TRZ) mediated cardiotoxicity

iron dependent cellular processes [9]. While these apoptotic mechanisms prevail
in in vitro studies and several animal models, non-apoptotic mechanisms may also
contribute to toxicity in the in vivo setting [9, 29, 30]. These include membrane lipid
peroxidation, inhibition of nucleic acid and protein synthesis, the release of vasoac-
tive amines, changes in adrenergic function and adenylate cyclase, abnormalities
in calcium handling, transcriptional changes, mitochondrial creatine kinase (CK)
aberrancies, and induction of nitric oxide synthase [9, 27].

TRZ induced cardiotoxicity is much less understood when compared to the
adverse cardiovascular effects associated with DOX. HER2 is present in cardiac
tissue and plays an important role in embryonic cardiogenesis and cardiac hyper-
trophy [31]. Additionally, disruption of the HER2 receptor in adult murine models
results in a dilated cardiomyopathy [25]. The cardiotoxic risk of TRZ is associated
with increased age and concurrent treatment with anthracyclines [32]. Pre-existing
cardiac dysfunction, prior chest wall irradiation, HTN, diabetes, and a post-ACLVEF
of 50–54% are proposed risk factors [32, 33]. Although the pathogenesis by which
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TRZ results in cardiomyopathy is not well understood, three dominant mechanisms
likely explain the majority of damage.

The first mechanism by which TRZ promotes cardiotoxicity is through the inhi-
bition of HER heterodimer formation. In addition to its other elucidated roles, HER2
forms heterodimers with other HER, to facilitate more global signal transduction
[25]. For example, HER3 and HER4 activity is impaired when the assembly of
heterodimers with HER2 is interrupted [25]. HER heterodimerization initiates down-
stream signaling by PI3K/Akt, MAPK and endothelial nitric oxide synthase which
serve pivotal functions in cell survival, mitochondrial function, sarcoplasmic retic-
ulum calcium uptake, growth, and proliferation [25, 34]. TRZ also induces changes
in the expression of DNA repair and stress response genes [25]. Secondly, apoptosis
is hypothesized to play a role in TRZ cardiotoxicity. The addition ofHER2 antibodies
to cardiomyocytes for 24 h increased levels of the pro-apoptotic protein Bcl-xS and
decreased levels of the corresponding anti-apoptotic protein Bcl-xL [35]. Ultimately,
these effects led to Bax oligomerization, cytochrome c release, caspase activation,
andmitochrondrial dysfunction [35]. Finally, TRZmay contribute to cardiac damage
through themodulationof the renin-angiotensin system (RAS).TRZ inhibitsNADPH
oxidase, thus up-regulating angiotensin II and subsequently inhibiting neuregulin-1
[33, 36]. Neuregulin-1 promotes sarcomere stability and relieves oxidative stress
contributing to cell survival [33]. Angiotensin II can also bind the angiotensin I
receptor leading to the production of oxidative stress and activation of apoptosis
signal-regulating kinase-1 to stimulate apoptosis [34, 37].

While the cardiotoxic potential of TRZ in isolation is controversial, it iswell estab-
lished that TRZ potentiates DOX mediated cardiotoxicity. As previously described,
DOX stimulates the production of oxidative stress and reactive oxygen species, while
the modulation of HER2 signaling by TRZ impedes survival pathways to poten-
tiate DOX toxicity, ultimately leading to apoptosis and cardiomyocyte death [25]. To
support this, animalmodels have demonstrated thatHER signaling protectsmyocytes
from anthracycline induced apoptosis. For example, mice were protected from
daunorubicin induced apoptosis by treatment with neuregulin-1β and subsequent
HER4 activation of the PI3K/Akt pathway [38].

The cardiotoxicity of TRZ in the adjuvant setting following anthracycline
chemotherapy has been evaluated in a number of clinical trials [21, 39, 40]. After
11 years of follow-up, only 4.4% of individuals in the chemotherapy + TRZ treat-
ment armof theHERceptinAdjuvant trialmet the secondary cardiac endpoint criteria
of a decrease in LVEF by >10% to an absolute value of <50% [21]. Even fewer
patients (1%) were severely symptomatic as defined by New York Heart Association
(NYHA) class 3 or 4 symptoms [21]. Similar rates of cardiotoxicity were observed
in the National Surgical Adjuvant Breast and Bowel Project (NSABP) B-31 trial.
At a median follow-up of 8.8 years, 3.4% of patients in the chemotherapy + TRZ
arm demonstrated a >10% decrease in LVEF to an absolute value <50% [39]. The
exclusion of patients with cardiac risk factors may explain the favorable outcomes
observed in trials such as these [25, 39].

Despite the low rates of DOX+ TRZmediated cardiotoxicity initially reported in
clinical trials, subsequent real-world observational studies have revealed the adverse
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event to be far more prevalent. A 2007 observational study conducted in British
Columbia followed 155 females treated with adjuvant TRZ in the setting of breast
cancer [41]. A total of 21.6% of patients in the study experienced a cardiac event
requiring discontinuation of TRZ, of which 4 cases represented clinical heart failure
[41]. Of a total of 18 patients who experienced an asymptomatic decline in LVEF, 14
were re-challenged with TRZ and only 2 patients demonstrated further impairment
in LVEF [41]. Similar findings were reported in a 2009 retrospective analysis of 152
patients with breast cancer treated with anthracycline based chemotherapy + TRZ
in Winnipeg, Manitoba by our group [42]. A total of 24% of patients in this study
developed TRZ mediated cardiotoxicity, the majority of which were asymptomatic
[42]. As 1 in 4 females treated with DOX + TRZ will develop cardiotoxicity, early
detection of adverse cardiac changes is important in the prevention of morbidity and
mortality in this setting.

Detection of Chemotherapy Induced Cardiotoxicity

The high prevalence of chemotherapy induced cardiotoxicity in women with breast
cancer necessitates early detection to prevent subsequent morbidity and mortality in
this vulnerable patient population. Serial cardiac imaging to detect adverse changes
constitutes themainstay ofmonitoring inwomenwith breast cancer undergoingDOX
+ TRZ therapy [43]. Unfortunately, the optimal surveillance schedule is unknown
and current practice follows research protocols and consensus opinion [23]. Most
commonly, LVEF is quantified every 3 months during DOX + TRZ therapy by
radionuclide angiography (multiple gated acquisition scan; MUGA), transthoracic
echocardiography (TTE), or cardiac MRI (CMR; Table 13.2) [23].

Table 13.2 Comparison of
the cardiac modalities used to
monitor for chemotherapy
mediated cardiac dysfunction:
multiple gated acquisition
scan (MUGA), transthoracic
echocardiography (TTE), and
cardiac magnetic resonance
imaging (CMR)

MUGA TTE CMR

Spatial
Resolution

6–8 mm 3–4 mm 1–2 mm

Temporal
Resolution

8–16 frames/s 30–120
frames/s (2D)
1000–5000
frames/s (M
mode)

10 frames/s

Portable No Yes No

Radiation Yes No No

mSv 5 0 0

CXR
equivalents

10–15 0 0

Potential for
renal
impairment

No No Yes
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MUGA scans are commonly employed to detect adverse cardiac changes while
breast cancer patients are receiving chemotherapy due to the favorable reproducibility
and accuracy of this imaging modality [44]. Despite this, MUGA scans are limited
by high radiation exposure, with each study delivering roughly the same radiation as
computed tomography (CT) of the chest; approximately equivalent to 10–15 chest x-
rays per scan [45]. Furthermore,MUGA scans lack detailed structural information on
valvular function,wallmotion abnormalities, andpericardial disease anddemonstrate
limited accuracy in patients with underlying cardiac arrhythmias [43].

TTE is endorsed by the Canadian Cardiovascular Society (CCS) as the imaging
modality of choice to detect chemotherapy induced cardiomyopathy, as it is widely
available and lacks ionizing radiation [23, 43]. Further benefits include visualiza-
tion of valvular structure and function along with the non-invasive assessment of
the pericardium [23]. Despite these favorable characteristics, the accuracy of two
dimensional (2-D) echocardiography is limited. A study of 54 patients with cancer
undergoing chemotherapy evaluated the efficacy of both 2-D and 3-D echocardiog-
raphy [46]. Study patients were selected on the basis of having stable cardiac func-
tion (as evaluated by stable global longitudinal strain over 12 months) and under-
went LVEF assessment by both echocardiographic modalities over time [46]. As it
was assumed that cardiac function remained stable, any variability was attributed
to echocardiographic inaccuracy. From this study, the variability was reported to be
6% for 3-D echocardiography and >10% for 2-D echocardiography [46]. A similar
study conducted in survivors of childhood cancer compared the efficacy of 2-D and
3-D TTE to CMR as the gold standard to assess cardiac structure and function [47].
As compared to CMR, the sensitivity to detect a LVEF <50% was 25% and 53%
for 2-D and 3-D echocardiography, respectively [47]. The efficacy of serial cardiac
imaging was also assessed by our group in 50 females with HER2 positive breast
cancer treated with DOX + TRZ in the adjuvant setting [44]. Imaging by MUGA,
2-D TTE, and real time 3-D TTE was conducted at baseline, 6, and 12 months after
TRZ therapy and compared to CMR as the gold standard [44]. Whereas 2-D TTE
demonstrated a weak correlation with CMR (r = 0.42), MUGA and 3-D TTE corre-
lated strongly with CMR at 12 months (r = 0.90 and r = 0.91, respectively) [44].
As such, 3-D TTE has been suggested as superior to 2-D TTE for the detection of
chemotherapy induced cardiotoxicity [23]. The use of contrast may further improve
LVEF assessment by TTE and should be employed when more than 2 contiguous
LV segments are not well visualized on any apical view [23]. A study of 51 patients
referred for MUGA because of poor echocardiographic windows, compared 2-D
TTE with and without contrast [48]. A LVEF assessment was only possible in 31%
of studies without contrast as compared to 100% of cases in which contrast was
administered [48]. Furthermore, LVEF as determined by 2-D TTE with contrast
strongly correlated with radionucleotide derived values [48].

CMR is considered to be the gold standard of non-invasive cardiac imagingmodal-
ities, as the sample size required to detect changes in LVEF is considerably smaller
than with TTE [23, 49]. Additional benefits include the ability to detect myocar-
dial edema, perfusion abnormalities, and cardiac fibrosis. Characteristically, TRZ
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induced cardiomyopathy demonstrates subepicardial linear late gadolinium enhance-
ment on CMR [50]. In a case study performed by our group including 10womenwith
DOX + TRZ mediated cardiotoxicity detected by MUGA, all patients demonstrated
late gadolinium enhancement on CMR [50]. Additionally, the delayed enhancement
findings persisted at 6 months despite an improvement of LV systolic function in 6
patients [50]. Despite the low intra- and inter-observer variability of LVEF assess-
ment by CMR, it is limited by universal access and cost, often precluding its routine
use for monitoring cardiac function in the setting of breast cancer.

The imaging modality employed for the non-invasive monitoring of cardiac func-
tion during chemotherapy may vary as a result of patient specific factors. However,
LVEF should be followed serially using the same modality over time as measure-
ments by TTE, MUGA, and CMR may differ. For example, the mean LVEF in 52
patients with chronic stable heart failure was 31 ± 10%, 24 ± 9%, and 30 ± 11%
by 2-D echocardiography, MUGA, and CMR respectively [51].

Current monitoring programs to detect chemotherapy induced cardiac dysfunc-
tion follow LVEF as a parameter. Unfortunately, a decrease in LVEF is a late finding
in chemotherapy induced cardiotoxicity, and is detected only after global cardiomy-
ocyte damage has occurred [23]. Ideally, early identification of adverse changes
before structural damage would allow for the discontinuation of chemotherapy and
the implementation of cardioprotective strategies to ultimately prevent chemotherapy
related cardiotoxicity. Tissue velocity imaging and strain imaging are sensitive
echocardiographic techniques that allow for early detection of LV systolic dysfunc-
tion. Tissue velocity imaging is amodification of conventional Doppler to detect high
amplitude, low velocity Doppler signals derived from tissue [43]. Strain quantifies
the deformation of a region of myocardium and can describe the change in length in
one direction (i.e. longitudinal) or describe LV function globally by applying speckle
tracking [52]. Tissue velocity imaging has been shown to detect early adverse cardiac
changes in a murine model of DOX + TRZ mediated cardiotoxicity [53]. In this
study, progressive LV systolic dysfunction was observed in the DOX + TRZ treat-
ment arm, as compared to a preserved LVEF observed in control mice [53]. Tissue
velocity imaging was adversely affected as early as 24 h in DOX + TRZ treated
mice, well before LV dilatation and LV systolic dysfunction were observed on day
4 [53].

Similar findings have been replicated in the clinical setting of DOX + TRZ
mediated cardiotoxicity. A study by our group involved 42 women with HER2
positive breast cancer treated with TRZ in the adjuvant setting after anthracycline
chemotherapy [54]. A total of 24% of study participants met criteria for DOX +
TRZ mediated cardiomyopathy, defined as a decrease in LVEF of at least 10% to an
absolute value of <55% and symptoms consistent with congestive heart failure [54].
A decline in LVEF was only detected at 6 months in the subset of women who devel-
oped a cardiomyopathy (mean LVEF of 42± 9% compared to a mean LVEF of 64±
4% in the cohort without cardiac dysfunction) [54]. A further decrease inmean LVEF
to 39 ± 5% was observed at 9 months in the cardiomyopathy group, despite discon-
tinuation of TRZ [54]. At 12months, partial functional recovery was observed (mean
LVEF of 49 ± 4%) [54]. In contrast, tissue velocity imaging and strain parameters
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detected impending cardiac dysfunction as early as 3 months after TRZ therapy [54].
A threshold of 0.6 cm/s for the lateral S’ of themitral valve (difference between base-
line and 3 months) and 2% for longitudinal strain (difference between baseline and
3 months) captured the majority of patients who developed chemotherapy induced
cardiomyopathy [54]. Additionally, there were no false positive results by tissue
velocity imaging and only 3 by strain parameters [54]. Similar findings were repro-
duced in a study of 35 womenwith HER2 positive breast cancer undergoing adjuvant
TRZ therapy [55]. At 12 months of follow-up, a reduction in tissue velocity imaging
and strain rate were observed in a subset of patients, despite all participants demon-
strating a preserved LVEF [55]. Of the 18 patients with reduced longitudinal strain
rate, 5 women developed chemotherapy mediated cardiac dysfunction, with a reduc-
tion in LVEF at 20 months [55]. Finally, a systematic review described the utility
of myocardial deformation parameters in 1504 patients treated with chemotherapy
[56]. Changes in deformation, including tissue velocity imaging and speckle tracking
echocardiography, were uniformly detected well in advance to a measurable decline
in LVEF [56]. In this review, a 10–15% decrease in global longitudinal strain was
the most useful parameter for predicting future systolic dysfunction [56]. Several
additional studies corroborate the potential for tissue velocity imaging and strain
rate to detect early changes consistent with chemotherapy induced cardiomyopathy
[57–59]. In addition to early detection using non-invasive cardiovascular imaging,
preventative strategies are a novel area of research with the potential to decrease the
morbidity and mortality associated with chemotherapy mediated cardiotoxicity.

Prevention of DOX + TRZ Mediated Cardiotoxicity

The morbidity and mortality associated with chemotherapy mediated cardiotoxicity
has necessitated the search for a prophylactic agent to prevent these devastating
consequences. Potential agents investigated thus far include angiotensin converting
enzyme inhibitors (ACEi)/angiotensin receptor blockers (ARB), β-blockers, statins,
anti-oxidants, and nutraceuticals.

ACEi and ARBs constitute the mainstay of heart failure therapy. The 2017 CCS
heart failure guidelines strongly recommend ACEi/ARB therapy in the treatment
of heart failure with reduced EF (HFrEF), as large randomized control trials have
consistently demonstrated improvement in both patient morbidity andmortality [60].
These favorable effects are largely attributed to the blockade of negative down-
stream effects of angiotensin II, such as fibroblast hypertrophy, collagen deposition,
and subsequent detrimental cardiovascular remodeling [61]. The beneficial effects
of ACEi/ARB therapy in established HFrEF and the potential implication of the
RAS in chemotherapy mediated toxicity have led to the study of ACEi/ARB in
the prevention of DOX + TRZ cardiotoxicity [33, 36]. In a rat model of DOX
induced cardiomyopathy, co-administration of an ACEi (captopril) or ARB (telmis-
artan) reduced biochemical markers of cardiotoxicity (lactate dehydrogenase; LDH
and creatine kinase; CK) and attenuated oxidative stress [62]. A similar study was
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conducted in 240 mice randomized to prophylactic placebo, direct renin inhibi-
tion (aliskiren), ACEi (perindopril) or ARB (valsartan) prior to administration of
chemotherapy with DOX, TRZ, or the combination of DOX + TRZ [63]. Echocar-
diography was conducted weekly to monitor cardiac structure and function for the
duration of the 13week study [63].Mice in the placebo arm demonstrated an increase
inLVend diastolic diameter (LVEDD) from3.1± 0.2mmat baseline to 4.6± 0.3mm
at week 13 (p < 0.05) [63]. Prophylactic treatment with aliskiren, perindopril, or
valsartan attenuated the degree of LV cavity dilatation with LVEDD dimensions of
3.9 ± 0.2 mm, 4.1 ± 0.2 mm, and 4.2 ± 0.1 mm at week 13, respectively (p <
0.05) [63]. The LV fractional shortening (LVFS) values corroborated these findings.
At week 13, LVFS significantly decreased to 26 ± 2% in placebo treated mice, but
this effect was attenuated by the prophylactic administration of aliskiren (40 ± 1%),
perindopril (32 ± 1%), or valsartan (33 ± 2%) (p < 0.05) [63].

In addition to ACEi/ARB therapy, β-blockers have also consistently demonstrated
decreased hospitalization rates with improved long-term survival in the setting of
HFrEF [60]. Sympathetic stimulation of β-adrenergic receptors in heart failure leads
to further decreases in LVEF, arrhythmias, and tachycardia [64]. Harmful peripheral
consequences include activation of the RAS and subsequent fluid retention [64].
In the setting of DOX induced cardiomyopathy, β2-receptors are up-regulated, and
as such serve as a potential target for cardioprotection [65]. In a murine model,
the beta blocker carvedilol attenuated DOX induced changes in LVEDD and LVEF
after 35 days [66]. Furthermore, markers of fibrosis, apoptosis, oxidative stress, and
mitochondrial damage were decreased in carvedilol treated mice [66]. In a small
clinical trial, 50 patients undergoing anthracycline chemotherapy were randomized
to placebo or prophylactic treatment with carvedilol [67]. After 6 months of follow-
up, 1 patient died in the carvedilol arm as compared to 4 patients in the control
group [67]. Additionally, the mean LVEF remained similar to baseline value in the
carvedilol group, while patients in the control group demonstrated a significantly
lower mean LVEF by the end of the study period [67]. Only 1 patient in the carvedilol
arm demonstrated a LVEF <50%, as compared to 5 patients in the control group [67].

Several clinical studies have investigated the prophylactic use of ACEi/ARB
therapy and β-blockade in the prevention of chemotherapy induced cardiac dysfunc-
tion with differing results. In the OVERCOME trial, 90 patients with acute leukemia
or another hematologic malignancy undergoing hematopoietic stem cell transplanta-
tion were randomized to enalapril (ACEi) + carvedilol (β-blocker) or placebo [68].
Cardiac imaging by TTE or CMR was conducted at baseline and after 6 months
of follow-up [68]. At the conclusion of the study, the LVEF did not significantly
change in the intervention group, but did significantly decrease in the control group
(−3.1% by TTE and −3.4% by CMR) [68]. Additionally, the composite endpoint
of heart failure and death was significantly reduced in the enalapril + carvedilol
arm at 6.7%, compared to 22% in the placebo group [68]. The PRADA trial was a
placebo-controlled double blind trial in which 121 women with breast cancer treated
with adjuvant epirubicin were randomized to concomitant metoprolol (β-blocker),
candesartan (ARB),metoprolol+ candesartan, or placebo [69]. Troponin levels were
followed as a biomarker of cardiac damage after anthracycline administration and
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were attenuated by prophylactic treatment with metoprolol but not candesartan [69].
Additionally, no correlationwas observed between troponin levels and changes in LV
function by cardiac imaging, raising question to the relevance of the findings [69].
More recently, the MANTICORE study randomized 94 women with HER2 positive
breast cancer to perindopril (ACEi), bisoprolol (β-blocker), or placebo during adju-
vant therapy with TRZ [70]. CMR imaging was conducted at baseline and after 17
cycles of TRZ [70]. Unfortunately, no improvement in the primary outcome of LV
end diastolic volume (LVEDV) was observed in the intervention groups. After 17
cycles of TRZ, LVEDV was 7 ± 14 mL/m2 for the perindopril arm, 8 ± 9 mL/m2

for the bisoprolol arm, and 4 ± 11 mL/m2 for the placebo arm [70]. Bisoprolol
was partially cardioprotective, a decrease in LVEF by only −1 ± 5% was observed
compared to a decrease by -3 ± 4% and −5 ± 5% in the perindopril and placebo
arms, respectively [70]. Whether the prophylactic administration of ACEi/ARB and
β-blockers can prevent chemotherapymediated cardiotoxicity warrants further study.

Statins are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
inhibitors that are widely prescribed to treat hypercholesterolemia [71]. Statins lower
cholesterol by decreasing hepatic cholesterol synthesis and increasing hepatic uptake
of low-density lipoprotein (LDL) [71]. At lower doses, statins demonstrate anti-
inflammatory and anti-oxidant properties, such as improved endothelial function,
cardioprotection, and anti-tumor action [71]. For example, in mice treated with ator-
vastatin, DOX induced oxidative stress, DNA, and cellular damage were reduced
[71]. An observational study involving 628 women with newly diagnosed breast
cancer treated with anthracycline chemotherapy compared heart failure hospitaliza-
tion in patients receiving statin therapy to controls [72]. A hazard ratio of 0.3 was
calculated for patients on uninterrupted statin therapy [72]. Similar findings were
reported for 51 patients treated with anthracycline based chemotherapy for breast
cancer, leukemia or lymphoma followed by CMR imaging for 6 months.[773] The
14 individuals on statin therapy, who were more likely to be older and comorbid with
hypertension or hyperlipidemia, demonstrated a preserved LVEF at study completion
(56.6% ± 1.4% at baseline, 54.1% ± 1.3% at 6 months, p = 0.15) as compared to
those not on statin therapy (57.5% ± 1.4% at baseline, 52.4% ± 1.2% at 6 months; p
= 0.0003) [73].More recently, womenwith HER2 positive breast cancer treated with
TRZ ± anthracycline chemotherapy on a statin were retrospectively identified and
matched to 2 patients of the same age and anthracycline exposure [74]. The median
decrease in LVEF was −6% in the control group, as compared to 0% in the statin
group [74]. These studies demonstrate that statins may play an important cardio-
protective role in the prevention of chemotherapy mediated cardiotoxicity, however
further prospective study is warranted.

Anti-oxidants have been explored as prophylactic agents in the prevention ofDOX
+ TRZ cardiotoxicity given the prominent role of oxidative stress in this process.
Although Probucol is a lipid lowering agent used to treat clinical atherosclerosis, its
use is limited by an undesirable high-density lipoprotein (HDL) lowering effect [75].
Probucol has demonstrated anti-oxidant properties and may inhibit free-radical lipid
peroxidation [75]. In a mouse model of DOX + TRZ cardiotoxicity, 114 mice were
treated with Probucol or placebo [76]. Probucol was administered on alternating days
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for 2 weeks prior to the chemotherapeutic challenge, after which mice were followed
by TTE for 10 days [76]. Mortality was significantly decreased from >80% in the
placebo group to 40% in the Probucol group at study completion [76]. Prophylactic
treatment with Probucol further attenuated adverse LV morphological changes and
histological findings of myofibrillar degeneration and vacuolization [76].

N-acetyl-cysteine (NAC), an anti-oxidant commonly used in the setting of Tylenol
overdose, was first studied in the setting of DOX induced cardiotoxicity in 1983 [77].
A total of 20 patients were randomized to receive placebo or NAC 1 h prior to the
administration of DOX [77]. Endomyocardial biopsies were completed at baseline,
4, and 24 h after chemotherapy [77]. No difference in tubular area or mitochondrial
swelling was observed between the two groups and the conclusion was drawn that
NAC was not an effective cardioprotective agent in this setting [77]. Contemporary
studies have shifted focus to the amide derivative of NAC (NACA). NACA is more
bioavailable and readily replenishes intracellular GSH stores in comparison to NAC
in a human red blood cell model of tert-butylhydroxyperoxide induced oxidation
[78]. In vitro, NACA decreased reactive oxygen species and lipid peroxidation and
increasedGSH inDOX treated cardiomyocytes [79]. However, NACAdid not protect
against cell death in this model [79]. In vivo, we conducted a study in which 100
female mice treated with DOX + TRZ received prophylactic placebo or NACA
treatment during a 10 day study [80]. Although the LVEF decreased from 72 ± 3%
to 32 ± 2% in the DOX + TRZ group, it was partially preserved at 55 ± 3% in those
mice pre-treatedwithNACA [80]. NACAalso attenuated the loss of cellular integrity,
oxidative stress, and apoptosis in histological and biochemical analyses [80]. To date,
no clinical studies have evaluated the efficacy of NACA in the prevention of DOX
+ TRZ cardiotoxicity.

Finally, nutraceuticals including flaxseed are a prophylactic option in the preven-
tion of DOX + TRZ induced cardiotoxicity. Flaxseed contains plant lignans, natu-
rally occurring chemicals, and the omega-3 fatty acid α-linolenic acid (ALA)
which possesses anti-inflammatory and anti-oxidative properties [81, 82]. The lignan
secoisolariciresinol diglucoside (SDG) has proven effective against radical-induced
DNA damage and liposomal lipid peroxidation in vitro.[83] In a mouse model, ALA
attenuatedDOX induced increases in cardiacweight, brain natriuretic peptide (BNP),
CK, LDH, and troponin levels, and protected against adverse myocardial necrosis,
LVEDD, and LVEF changes [84]. Additionally in a study of DOX + TRZ induced
cardiotoxicity, 195 mice received daily prophylactic treatment with regular chow,
flaxseed, ALA or SDG for 6 weeks [85]. LVEF decreased significantly from 73 ±
2% to 38± 2% inmice administered regular chow at 6 weeks [85]. Of interest, LVEF
was partially preserved at 61 ± 2%, 60 ± 3% and 61 ± 4% in the flaxseed, ALA
or SDG treated groups, respectively [85]. Furthermore, flaxseed and ALA attenu-
ated inflammation, as measured by COX-derived oxylipins, and all three treatments
attenuated OS and apoptosis, as represented by 8,9-DiHETrE and Bax/Bcl-xL levels,
respectively [85].
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Conclusion

Chemotherapy mediated cardiotoxicity remains a unique risk to females. As 1 in 4
womenwithHER2 positive breast cancermay develop cardiotoxicity, early detection
and prevention remain important concepts in decreasing the associated morbidity
and mortality. The CCS recommends consideration of ACEi/ARB, β-blocker, and/or
statin in this high risk population [23]. Future research studies in the evolving field
of Cardio-Oncology will continue to focus on developing strategies, programs, and
guidelines to prevent cardiovascular complications in women with breast cancer.
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Sex-Related Pathophysiological
Differences in Cardiac Mitochondria:
Role of Estrogens
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Abstract A higher prevalence of cardiovascular diseases has been observed for
long time in men; although initially associated with stressful working situations
that women supposedly did not deal with. However, the subsequent inclusion of
women in all kind of formal jobs proved this idea wrong since cardiac affections still
occur more frequently in men. Apart from clinical studies, considerable research
has been performed in order to unveil the pathophysiological causes accounting for
this sex-related difference. Nowadays, it is known that female hormones, particu-
larly estrogens, have cardioprotective effects; thus pointing them out as key factors
in the development of cardiovascular disorders. Estrogens regulate the heart func-
tion not only at the organ/cellular levels but also at the mitochondrial level. The
effects of estrogens on mitochondria may result from their binding to nuclear and
mitochondrial estrogen receptors, which modulate gene expression and signaling
pathways or directly by interacting with proteins and modifying physicochemical
properties of mitochondrial membranes. In female animal models, estrogens depri-
vation leads to a number of heart mitochondrial impairments and higher sensitivity
to ischemia/reperfusion. Despite we have gained substantial descriptive evidence of
these effects in heart, the molecular basis remains unclear. This book chapter aimed
to revisit the current knowledge about sex-related differences in cardiac pathophys-
iology, emphasizing on the role of estrogens in heart mitochondrial function under
normal conditions and after ischemia/reperfusion injury.
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Introduction: “A Females’ Thing”

Until theWorldWar I, itwas common to believe that heart strokewas a “men’s illness”
due to the low prevalence of this condition in women. In those times, cardiovascular
affections were mostly related to high stress situations that women, typically staying
home, apparently did not deal with. In the course of the mid-twentieth century,
the majority of men continued working in the stressful fields, factories and offices;
whereaswomenwere still far fromsuch a pressure.Nowadays, in spite of the presence
ofwomen in allworkingfields, their susceptibility to suffer a heart attack is still lower.
Thus, a sex-related explanation for this condition becomes essential.

Testosterone and other androgenic steroids have been associated with myocar-
dial ischemia, sudden cardiac death and hypertension in males, particularly athletes,
leading to the view that these hormones are detrimental for the cardiovascular system
[1–3]. In contrast, different intervention studies rather suggest a beneficial effect of
natural circulating androgens on coronary heart disease in males [4]. Indeed, there
is substantial evidence that physiological testosterone levels have favorable effects
on blood vessels and cardiovascular system due to the activity of aromatase, which
catalyzes the interconversion of testosterone to estradiol. Inhibition of this enzyme
increases the fatty streak lesions in male mice at the same extent as castration does
[5]. It has also been demonstrated that the aromatizable androgen dehydroepiandros-
terone (DHEA) prevents atherosclerosis in intact cholesterol-fed rabbits, whereas
non-aromatizable androgens have no effects [6]. Cardiovascular diseases have been
described to increase in women entering menopause [7]. This female stage is charac-
terized by a decline in hormone production by the ovaries, mainly estrogens [8]. It is
also known that cardiovascular diseases show a better prognosis in pre-menopausal
women than in men. Several epidemiological studies have also shown that the risk
of atherosclerotic disease is low in pre-menopausal women and increases dramati-
cally after menopause. Reasonably, estrogens have been pointed out as the causative
factors of this sex-related cardiac difference.

However, current knowledge about testosterone/androgens effects on cardio-
vascular system remains controversial; therefore, further studies are required to
unveil the pathophysiological mechanisms exerted by these hormones, especially
in humans.

Estrogens and Heart

Estrogens are considered traditionally as female sex hormones; most likely due
to their high concentrations and the remarkable physical changes they promote in
females. Nevertheless, these steroid hormones are also synthesized in males and
participate in a number of physiological and reproductive processes; e.g. spermato-
genesis and erectile function [9]. There are three main estrogens with hormonal
activity: 17β-estradiol, estrone and estriol [10]. Above all, the most potent estrogen
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in circulation is 17β-estradiol. In general, estrogen hormones not only regulate repro-
ductive system functions, but also participate in other physiological processes such
as cognition [11], cardiovascular function [12], immunity [13] and mineral and bone
metabolism [14].

The pleiotropic role of estrogens arises essentially from their binding to intracel-
lular estrogen receptors (ERs). These hormone-receptor complexes are translocated
into the nucleus to regulate gene expression [15]. Two isoforms of ERs have been
identified: estrogen receptor α (ERα) and β (ERβ). These receptors are encoded
respectively by the ESR1 and ESR2 genes in humans. Both isoforms belong to the
superfamily of nuclear receptor transcription factors [16]. Estrogen hormones bind
similarly to the two isoforms since the DNA- and ligand-binding domains are highly
conserved [17]. In this regard, it has been shown that ERs may trigger signaling via
both genomic and non-genomic pathways [18]. Recent studies have also evidenced
that a G protein-coupled receptor with a high affinity for estrogens, known as GPER
or GPR30, is present in heart and may modulate rapid signaling events [19–21], even
in the presence of the so-called weak estrogens; i.e. estrone and estriol.

The presence of functional ERs has been demonstrated in cardiac myocytes and
fibroblasts from both male and female rats [22]. Interestingly, the group of Regitz-
Zagrosek has shown that ERα is localized in the intercalated discs, adjacent to the
sarcolemma and in some but not all nuclei; besides, it exhibits a striated pattern with
troponin T [23]. In rats with dilated cardiomyopathy, ERs are up regulated in both
genders; the expression of ERs is remarkably higher in females though. Further-
more, the intercalated discs, which are critical sites for the normal propagation of
electrical stimuli in cardiac myocytes, undergo significant changes in injured hearts.
The intercalated discs are composed by gap junctions, desmosomes and adherens
junctions. The gap junctions regulate electrical coupling, while desmosomes and
adherens junctions integrate intermediate filaments and anchor myofibrils to the
sarcolemma. Taken together, these data are particularly relevant and suggest that
estrogens and their receptors could modulate not only the function, but also maintain
normal cell–cell interactions between myocytes.

Role of Estrogens in Heart Mitochondria

A new perspective of estrogenic regulation emerged after the discovery of estrogen
receptors α and β within mitochondria [24, 25]. This finding suggests that estrogens
may modify directly the mitochondrial function and energy metabolism, although
depending on the cell type. Prior to describe those effects, we have included a
brief description of mitochondrial energy metabolism in cardiac cells for a basic
biochemical understanding.

In aerobic eukaryotes, mitochondria are the major source of adenosine triphos-
phate (ATP), which is synthesized in the oxidative phosphorylation (OXPHOS)
pathway. Four membrane oxidoreductases transfer electrons from different reduced
electron carriers to the oxygen (O2). These multi-subunit complexes (I, II, III and
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IV) constitute the mitochondrial respiratory chain; a.k.a. electron transport chain.
Complexes I, III and IV use the energy released during the electron transfer to translo-
cate protons from themitochondrial matrix to the intermembrane space; hence gener-
ating an electrochemical gradient of protons that is used by the F1FO-ATP synthase
(complex V) to drive the ATP synthesis [26]. The establishment of the mitochondrial
transmembrane potential (��m) by the respiratory chain is also important for other
processes, such as metabolite transport, protein import, calcium (Ca2+) uptake and
fusion/fission [27, 28].

In heart, the excitation–contraction coupling and optimalmyocardial performance
has to be supported by the OXPHOS system, which keeps providing ATP in both
systolic and diastolic periods. During maximal demand, cardiac muscle uses up to
90%of its oxidative capacity; i.e. cardiac cell function reliesmainly onmitochondrial
energy metabolism [29]. Finely tuning of ATP synthesis [30] is achieved when all
OXPHOS components work tightly coupled; otherwise ATP yield is compromised
leading to energy deficits and cardiac impairment [31]. Even though cardiac mito-
chondria are essentially dedicated for aerobic energymetabolism, these organelles are
also involved in steroidogenesis, ion homeostasis and biosynthesis of heme groups,
lipids, aminoacids and nucleotides [32–34].

The presence of ERs allows regulation of gene expression by estrogens not only
in the nuclear genome but also in the mitochondrial genome [35]. It should be noted
that the majority of mitochondrial proteins are encoded in the nuclear DNA (nDNA),
synthesized in the cytosol and later imported into mitochondria. Nonetheless, few
subunits of the OXPHOS complexes, as well as tRNAs and rRNAs are encoded
in the mitochondrial DNA (mtDNA) and synthesized in the matrix [36]. In partic-
ular, estrogens regulate the mitochondrial metabolism, biogenesis and apoptosis by
modulating the expression of a number of nDNA- and mtDNA-encoded proteins;
e.g. subunit II of cytochrome c oxidase, PGC1α, Bax and Bcl-2 [37–41].

On the other hand, estrogen effects on mitochondrial functions are not only
limited to gene regulation. For example, in the brain, estrogens may bind directly
with complex V inhibiting ATP synthesis; whereas in heart, interaction of estro-
gens with this enzyme increases its activity suggesting a direct role in mitochondrial
ATP production [42]. Importantly, estrogens have other effects that do not involve
interactions with proteins or genes; instead they can directly modify the biophysical
properties of mitochondrial membranes, such as microviscosity [43].

Sex-Related Differences in Cardiac Sensitivity
to Ischemia/reperfusion Damage

Ischemia/Reperfusion (I/R) in Heart

Myocardial infarction, stroke and peripheral vascular disease occur when myocar-
dial tissue receives insufficient blood supply; i.e. ischemia. The lack of oxygen and
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nutrients results in lower mitochondrial ATP production, increased lactate produc-
tion, cytosolic pH acidification, Ca2+ overload andmultiple ion and redox imbalances
[44]. The level of cardiac tissue damagedepends directly on the extent of blood supply
reduction and the length of the ischemic interval [45]. Paradoxically, restoration of
blood supply to ischemic tissues may cause additional cell damage; i.e. reperfusion
injury [46]. It should be noted that, during ischemia, redox centers and the pools of
electron carriers, such as NAD(H), NADP(H), FAD(H2), ubiquinone (Q/QH2) and
glutathione (GSSG/GSH), become highly reduced. When O2 is again available, the
electron transport chain flow is restored; however, excessive reduction promotes the
release of free radicals, which results in overproduction of reactive oxygen species
(ROS) [47]. On the other hand, during reperfusion, theCa2+ is accumulatedwithin the
injured tissue triggering additional overload, thus causing fatal cardiac arrhythmias
and cell death [48]. The restored blood supply can also exacerbate the inflamma-
tion response, promoting white blood cells infiltration leading to necrosis and tissue
destruction [49, 50].

Lack of Estrogens Results in Cardiac Mitochondrial
Dysfunction, Particularly After I/R

In an interestingwork performed in 2000 [51], Zhai and co-workers reportedmorpho-
logical alterations in mitochondria from hearts subjected to ischemia/reperfusion,
that were obtained from ovariectomized (OVX) female rats, fed with a diet without
phytoestrogens and another group supplemented with 17β-estradiol. Such alter-
ations included abnormal cristae and matrix cleared out (simulating vacuoles), in
clear contraposition with the normal matrix and slight changes in cristae and shape
observed in the OVX rats group that received a diet supplemented with 17β-estradiol
[51]. These results reinforced the idea that estrogens have an important role in
preserving mitochondrial structure and consequently protecting the myocardium
against I/R injury.

In this respect, our group has established a clear association between the heart
electrical activity, inflammation processes andmitochondrial function with the levels
of sexual hormones in both female and male rats. We have observed that in male
rats, castration does not affect the heart function, showing better electrocardiogram
records; whereas in female rats the opposite was observed; i.e. removal of ovaries
led to irreversible cardiac damage [52]. This sex-related difference was more evident
when cardiac mitochondrial function was explored. In female rats, oophorectomy
resulted in ~50% loss of mitochondrial OXPHOS coupling, characterized by a low
respiratory control (RC) ratio (Intact RC= 6± 0.5 vs OVX RC= 3± 0.3); whereas
in castratedmale, theRCdid not change significantly (Intact RC= 5± 0.8 vsCast RC
= 4 ± 0.9). The RC value not only reflects the intactness of the mitochondrial inner
membrane after isolationbut also the couplingbetweenATPsynthesis and the respira-
tory chain activity [53]. It is calculated as the ratio between oxygen consumption rates
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(OCR) in phosphorylating state (plus adenosine diphosphate (ADP) and phosphate;
state 3) and in resting state (state 4); i.e. RC=OCRstate3/OCRstate4. Since the RC is a
substrate-, tissue- and organism-dependent ratio, there is no absolute diagnostic value
for mitochondrial dysfunction [54]. Nevertheless, it is widely accepted that higher
RC values are representative of a more intact and “coupled”/functional preparation
of isolated mitochondria. These results suggested that the OXPHOS pathway was
altered in heart mitochondria from OVX female rats, but it is mandatory to explore
these functional abnormalities further.

We have also found that mitochondria from OVX female rats were not capable to
accumulate Ca2+, in contrast with mitochondria from castrated males (Fig. 14.1) and
that this effect was indeed time-dependent (Fig. 14.2) [55]. The mitochondrial Ca2+-
handling capacity was gradually lost after the second month post-oophorectomy
(Fig. 14.2B). In general, mitochondrial Ca2+ accumulation is an important process
regulating a variety of metabolic and pathological processes within cells [56].

In mammalian cardiac and skeletal muscle tissues, mitochondria occur as indi-
vidual organelles, situated either in clusters beneath the sarcolemma (subsar-
colemmal mitochondria, SSM) or in longitudinal rows within the contractile appa-
ratus (interfibrillar mitochondria, IFM); thus occupying the entire space between
Z-lines with usually one mitochondrion per sarcomere [57]. Overall, perinuclear
mitochondria are smaller than interfibrillar and have a more rounded shape [58].
IFM are mainly situated in close proximity to the sarcoplasmic reticulum, which
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Fig. 14.1 Effect of castration/oophorectomy on Ca2+ uptake by heart mitochondria isolated from
male and female rats. Mitochondrial Ca2+ uptake was monitored spectrophotometrically at 675–
685 nm using the indicator Arsenazo III at 25 °C. To start the assay, mitochondrial protein (2 mg)
was added into 3 mL of a medium containing 125 mM KCl, 10 mM succinate, 10 mM HEPES,
3 mM phosphate, 100 μM ADP, 5 μg rotenone, 50 μM Arsenazo III and 100 μM CaCl2. (A);
trace a shows Ca2+ handling in mitochondria from intact male rats; trace b, shows behavior in
mitochondria from castrated male rats. (B); trace a, shows Ca2+ handling by intact female heart
mitochondria; trace b shows failure in Ca2+ retention capacity in mitochondria isolated from OVX
female rats. Representative traces from 10 independent experiments
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Fig. 14.2 Effect of oophorectomy on Ca2+ retention capacity by heart mitochondria isolated from
female rats at different times post-surgery. Reaction mixture and assay conditions as described in
Fig. 14.1. (A); traces a, b, c show Ca2+ uptake in mitochondria isolated from control female rats
after 1, 2 and 3 months of sham surgery, respectively. (B); traces a, b, c show Ca2+ uptake in
mitochondria isolated from OVX rats after 1, 2 and 3 months of ovaries removal, respectively. Note
the clear impairment in Ca2+ retention that takes place at the third month post-oophorectomy (trace
c). Representative traces from 10 independent experiments

stands between the IFM and T-tubule. This arrangement creates microdomains of
high Ca2+ release; a.k.a. Ca2+ hotspots [59]. In other words, the correct function
and location of mitochondria are critical for accurate Ca2+ cycling. The Ca2+ uptake
in mitochondria is driven by the ��m; thereby, both Ca2+ handling and OXPHOS
processes should be tightly interconnected [60, 61]. In a related study, Ribeiro Junior
and co-workers reported that the IFM and SSM exhibited a different susceptibility
to estrogen deprivation [62]. These authors have also shown a lower ADP/O ratio in
both subpopulations and a poor Ca2+ retention capacity in IFM from OVX rats. In
addition, their studies showed that estrogen replacement restored the majority of the
heart mitochondrial alterations induced by the ovariectomy.

The restoring effect of estrogens has been also demonstrated in human cell lines.
After growing these cells in the presence of 17β-estradiol during 4–6 days, an increase
in mitochondrial biogenesis and higher oxygen consumption were observed. In fact,
a higher expression of different OXPHOS-related proteins occurred in 17β-estradiol-
treated cells [63]. Similarly, our group observed a partial recuperation of the Ca2+

retention in isolated heart mitochondria from OVX female rats after being incubated
with 17β-estradiol [52]. This effectwas achievedby incubating the isolated organelles
for ~2–3 h in the presence of the hormone (Fig. 14.3, trace c). Our results hence
illustrate the direct effect estrogens have onmitochondrial function; however, further
studies are essential in order to explain this phenomenon at the molecular level.

Wehave also shown that estrogens deprivation resulted in a progressive decrease in
the expression and function of several aerobicmetabolism-related proteins (Fig. 14.4)
[55]. This situation was not dependent on testosterone. Protein content and enzyme
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Fig. 14.3 Effect of
17β-estradiol on Ca2+ uptake
by heart mitochondria
isolated from OVX rats.
Reaction mixture and assay
conditions as described in
Fig. 14.1. Trace a; Ca2+

retention by heart
mitochondria isolated from
female rats; trace b shows
failure in Ca2+ retention
capacity in mitochondria
isolated from OVX female
rats; trace c shows
restoration of Ca2+ uptake in
mitochondria from OVX
females rats after being
incubated with 17β-estradiol
(100–300 nM) for ~2–3 h
before the assay

300 s

A
= 

0.
2

a 

b 

c 

activities of respiratory complexes I (CI) and IV (CIV), pyruvate dehydrogenase
(PDH) and 2-oxoglutarate dehydrogenase (OGDH) were clearly diminished in OVX
female rats after the secondmonth post-oophorectomy (Fig. 14.4).Although~50%of
CIV activity was lost (Fig. 14.4C), complex II (CII)-linked respiration and coupling
did not change after estrogens deprivation. Conversely, both CI-linked respiration
and coupling were severely affected. When electrons enter the respiratory chain
through either CI or CII, the major flux control relies on complexes I/III or III/IV,
respectively [64]. The stoichiometry for the respiratory complexes I:II:III:IV in heart
mitochondria has been reported as 1:1.5:3:6–7 [65]; therefore, a partial decrease in
CII and CIV contents would not be expected to modify the oxygen consumption
activity as a CI deficiency would. It has also been described that the expression
of genes encoding CI subunits ND1, NDUFS7 and NDUFS8 might be regulated
by estrogens [66]. The latter may explain the decrease in cardiac CI content and
activity in the OVX rats. Unexpectedly, expression of subunit ND1 of complex I
did not change after oophorectomy (Fig. 14.4D). Subunit ND1 is a mtDNA-encoded
protein, whereas subunits NDUFS7 and NDUFS8 are codified by nuclear genes. In
this regard, the expression of nuclear-encoded subunits seemed to be more suscep-
tible to estrogenic regulation since SDHC, COX4, glutaminase and PDH-E1α were
markedly downregulated after oophorectomy. Moreover, it has been described that
the regulation of glutaminase expression involves the estrogen-related receptor alpha
(ERRα) during cell differentiation [67].
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Fig. 14.4 Oophorectomy results in progressive decrease of several cardiac mitochondrial proteins
and OXPHOS complexes. Isolated heart mitochondria from control and OVX (1-, 2- and 3-months
post-surgery) rats were solubilized with dodecyl-maltoside (2 g/g protein) and separated by Blue
Native-PAGE in 4–12% polyacrylamide gradient gels. (A); after electrophoretic separation, the
proteins were stained with Coomassie blue dye. (B); In-gel NADH dehydrogenase activity staining
for complex I was performed by incubating the gel in 10 mM Tris/HCl pH 7.0 supplemented
with 1 mMNADH and 0.5 mg/ml Nitrotetrazolium blue chloride. (C); In-gel cytochrome c oxidase
activity staining for complex IVwas carried out by incubating the gel in sodium phosphate buffer pH
7.4 supplemented with 0.04% diaminobenzidine and 0.02% horse heart cytochrome c. OXPHOS
complexes are marked as CI (complex I), CIII (complex III), CIV (complex IV) and CV (ATP
synthase). (D); Left panel, western blot analysis of different mitochondrial proteins from control
andOVX (3months post-oophorectomy) female rat mitochondria. Analyzed proteins: ND1, subunit
ND1 from complex I; COX4, cytochrome c oxidase subunit 4; ATP5F1B, ATP synthase subunit 5B
(beta); ANT, adenine nucleotide translocase; PDHA1, pyruvate dehydrogenase subunit E1; OGDH,
2-oxoglutarate dehydrogenase; SDHC, succinate dehydrogenase subunit B; GA, glutaminase.Right
panel, variations in relative content of analyzed proteins compared to the loading control (ND1).
Representative blots and data from three independent experiments; *p < 0.05 and **p < 0.01
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Estrogen Effects on Mitochondrial Permeability Transition
and ROS Production After I/R

Mitochondrial impairments occurring in cardiovascular affections, such as myocar-
dial hypertrophy, heart failure and ischemia/reperfusion could also trigger the
opening of the so-called mitochondrial permeability transition pore (MPTP). As
a result, molecules with masses up to 1.5 kDa can diffuse in a non-selective fashion
across the mitochondrial membranes causing a high level of damage including
large amplitude swelling, ��m dissipation, OXPHOS uncoupling, ATP depletion,
exhaustion of glycolytic substrates, acidosis and cell death [68]. The mitochondrial
permeability transition (MPT) has also been recognized as a key mechanism under-
lying both necrotic and apoptotic cell death [69]. However, the structure of MPTP
remains controversial. On the one hand, it has been described that it is composed
by the voltage-dependent anion channel (VDAC), phosphate carrier (PiC), adenine
nucleotide translocase (ANT) and cyclophilin D (CypD) [70]. On the other hand, it
has been recently proposed that the MPTP forms at the interface between complex
V dimers [71].

Sex-related differences in mitochondrial permeability transition have been
described in heart. In female rats, the Ca2+ retaining capacity of the mitochon-
drial matrix is higher than in male rats [72]. In addition, recovery of ��m after
depolarization occurs faster, whereas the mitochondrial swelling after Ca2+ uptake
is lower; hence, decreasing the possibility to trigger the MPTP opening [73, 74].
Remarkably, in hearts of male mice that were subjected to I/R, a brief exposure to
17β-estradiol favored the Ca2+ retention capacity by inhibiting the MPTP, which
diminished the infarct size [75]. This cardio-protective effect might result from the
interactions between CypD and theMPTPmodulated by 17β-estradiol and ERβ [76].
Although the molecular mechanism is unclear, the combined effect of estrogens on
the Ca2+ homeostasis and OXPHOS seems to prevent the MPTP opening after I/R.
Since complex V and CypD levels are similar in both male and female hearts, it has
been recently proposed that the lower sensitivity of the MPTP to the Ca2+-induced
swelling is also related to a higher ischemic tolerance of the female myocardium
[77].

Besides, mitochondria are themajor cellular source of ROS, i.e. H2O2, superoxide
anion (O2

•–) and hydroxyl free radical (•OH). It has been estimated that 2% of the
respiratory chain flux ends in formation of H2O2 [78]. Within mitochondria, the
manganese-dependent superoxide dismutase (MnSOD or SOD2) converts O2

•– to
H2O2. Mitochondrial ROS may diffuse to the cytosol, where they participate in
redox signaling pathways and other cell processes. However, ROS overproduction
and failure of the antioxidant systems lead to oxidative stress and cell death. It is
important to mention that estrogens control the expression of several antioxidant
enzymes too, among them MnSOD, which has a higher expression in females [79].
Estrogens might upregulate ROS handling systems, thus protecting the female heart
against oxidative stress. Until now two major ROS-forming sites at the OXPHOS
system have been recognized: (a) the flavin mononucleotide (FMN) group of CI and
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(b) the QO site in CIII [80]. Likewise, FAD-containing proteins, such as CII, PDH
and OGDH, have been potentially suggested as ROS sources [81]. It has also been
described that 17β-estradiol is capable to inhibit complex I at the FMN site [82].
Hence, it is proposed that this hormone may block the superoxide generation by CI,
preferentially in females.

Other Cardiac Impairments Related to Estrogens
Deprivation

The estrogen treatment has been shown to ameliorate and even prevent different
levels of cardiac damage in several models of infarct, especially in vivo. Treating
adult OVXmice subjected to coronary artery ligation with 17β-estradiol reduced the
cardiomyocytes apoptosis, which is otherwise observed in untreated animals [83].
Similarly, OVX rabbits treated with estrogens prior to the induction of myocardial
infarction, exhibited smaller heart stroke dimensions [84]. The estrogens effects
observed in vitro are also remarkable; for instance, the presence of estrogens in
cultures of adult rat myocytes obtained from infarcted hearts led to a lower degree
of apoptosis and higher viability in comparison with the untreated controls [85].
Therefore, these observations deserve special attention since estrogens are able to
activate different molecules involved in survival signaling pathways; e.g. Akt.

Akt (protein kinase B, PKB) is an important kinase which regulates not only
apoptosis and cell proliferation but also a number of other cellular processes; such
as, carbohydrates metabolism, motility and transcription. A higher activation of this
kinase has been described in neonatal rat cardiomyocytes supplemented with 17β-
estradiol [83]. The same effect has been also observed using an in vivomurinemodel;
i.e. administration of 17β-estradiol before blocking the coronary artery promoted
a high activation of Akt. In contrast, cardiac damage situations, such as pressure
overload, result in a lower activation of Akt in OVX rats in comparison to the sham
controls [86]. The latter reinforces the notion of a crucial connection among estrogens
and Akt. In fact, it has been reported that cardiomyocytes from pre-menopausal
women have a higher Akt activity than the one displayed by the same cells from
men or post-menopausal women [87]. Certainly, all these findings strongly suggest
that the cardioprotective effects of estrogens observed in the different cardiovascular
disease models may also have a common molecular basis involving the regulation
of the Akt activity/expression.

Moreover, estrogens and ERs have effects on the heart contractile function by
controlling ion channels and indirectly the excitation–contraction (EC) coupling.
The presence of 17β-estradiol in cultures of guinea-pig isolated ventricular myocytes
reduces the peak inward Ca2+ current (ICa), which means that the hormone might
have a Ca2+ channel inhibitory feature [88]. In another study using estrogen receptor-
knockout (ERKO)mice [89], it has beenobserved an elongation in the action potential
duration (APD), as well as a clear electrocardiographic difference; i.e., an increase in
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the QT interval (~70%). In addition, the authors found an increased expression of the
L-type Ca2+ channels resulting in a cardiac repolarization delay in ERKOmice [89].
When female rats were ovariectomized, it has been observed a higher expression of
subunit Cav1.2 from L-type Ca2+ channels in ventricular myocytes [90].

Even so, estrogens not only affect calcium channels but also potassium (K+)
channels. It has been also noticed a downregulation of the subunits Kv1.5 and Kv4.3
in estrogen-treated OVX mice resulting in lower transient outward and delayed K+

currents; i.e. APD is prolonged [91, 92]. These findings confirmagain the existence of
sex-related differences in the female heart and thus suggest that the signals triggered
by estrogens are indeed important for Ca2+ and K+ channels expression and optimal
ion currents.

Perspectives for Elucidating the Molecular Basis of Sex
Differences in Cardiovascular Disorders

Sex-related differences in cardiovascular diseases come about from a complex inter-
action of genetic, hormonal and environmental factors resulting in a profile of indi-
vidual risk and phenotypic presentation of the disorder. Therefore, there is an enor-
mous interest in elucidating all these interactions in order to optimize the patient
treatments and outcomes. If estrogens were the only factors accounting for sex-
related differences in the prevalence of ischemic heart disease, it might be expected
an increase of this affection after themenopause and that estrogenic hormone replace-
ment therapy would prevent it. TheWomen’s Health Initiative study, however, found
that the hormone replacement therapy did not reduce the risk of ischemic heart disease
in postmenopausal women [93]. A recent large population-based prospective study
found only a minor increase in the risk of ischemic heart disease after the menopause
in 55–65 years old women [94]. These findings suggest that ovarian hormones are
not the only molecular basis for the sex differences observed in heart; accordingly,
we should continue looking for other factors in both males and females and their
mechanistic roles in cardiac diseases.

The studies summarized on this chapter reveal pervasive sex-related differences in
cardiovascular diseases (CVD) and document diverse mechanisms that contribute to
their development. Since most of the studies have only focused on the role of gonadal
hormones in cardiac disorders, the biological variable of sex has to be taken apart
into its components to better understand the molecular mechanisms underlying those
differences. As it has been reviewed within the previous specific sections, estrogens
are the most frequently studied factors due to their cardioprotective effects. The
shortage of studies about the roles of androgens in cardiac pathophysiology offers,
however, an important opportunity for further investigations.

Interestingly, recent studies in gonadectomized mice with altered sex chromo-
somes have shown differences in I/R injured hearts related to the number and type
of sex chromosomes [95, 96]. The cardiac infarct size after I/R in gonadectomized
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adult mice with two X chromosomes (XX or XXY) is ~40–50%, larger than those
containing only one X chromosome (XY or XO) [95]. In this case, the absence or
presence of the Y chromosome had no effect; i.e. genes encoded in Y chromosome
do not seem to contribute for sex-related differences in I/R injury. The presence of
a second X chromosome was associated with adiposity which is a risk factor in the
coronary heart disease [95]. Nevertheless, the effects on I/R injury were not related
with this condition, since the damage occurred before the signs of adiposity become
evident. In any case, it has been suggested that some putative genes of the second
X chromosome encoding for proteins with metabolic function could be related to
account for the sex differences in different metabolic phenotypes [97]. Therefore,
this subset of genes escape inactivation since their expression is higher [98].

The effect of an additional X chromosome in female mice is paradoxical in I/R
injury. In OVX female mice, it promotes higher damage instead of preventing it. This
observation has a potential clinical significance in humans since female-specific
factors may interact with one another resulting in a negative effect in women. In
other words, the cardioprotective effect of 17β-estradiol could be mitigated by the
presence of the second X chromosome. In women, the heart might be protected by
the estrogens at early ages; but later, after the menopause, it would become more
susceptible to I/R injury due to the deleterious effects of the second X chromosome
[98].

The potential implication of sex chromosomes, especially X chromosome copy
number, has only been reported in fundamental research studies. The particular genes
involved, as well as their sites and mechanisms of action are still unidentified. In
addition, both hormonal and sex chromosome functions clearly influence the same
disease outcomes, but sometimes in opposite directions; again, the molecular basis
for these interactions remains unclear. The specific sex-biasing factors in animal
research have yet to be fully translated into the clinical field. However, the current
evidence suggests that the effectiveness of specific drug therapies may depend on
sex or the levels of sex-biasing factors, for instance estrogens [99].

Another research field that is emerging is related with the transsexual commu-
nity, where men use estrogens by different ways of administration (transdermal, oral,
injected, etc.) and in unknown doses; even up to 20 times the recommended doses for
post-menopausal women. On the other hand, a similar situation happens in women
who have chosen to change their gender and take supraphysiological doses of testos-
terone. It is urgent to performmore studies including these groups in order to prevent
possible physiological alterations and damage. In this regard, a study from 2011 has
found cardiovascular diseases, particularly ischemic heart disease, as one of the most
frequent death causes in this community [100]. Accordingly, it is probable that we
will observe more sex hormone-related effects in members of this group, which have
not been described or even predicted from the laboratory research so far.

It is very interesting to notice that significant sex-related differences do exist not
only in cardiovascular diseases but also in the basal heart function. For example,
healthy women have higher ejection phase indices compared to healthy age-matched
men. The effects of estrogens on mitochondrial and heart functions are unques-
tionably important and result from a combination of several genetic, metabolic and
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signaling factors, which have a tremendous therapeutic potential in ameliorating the
complications of cardiovascular diseases. Yet, administration of estrogens for this
purpose is far from being safe and it must be still extensively tested in agreement
with individual needs.
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Chapter 15
Cardiac Mitochondria
and Ischemia/Reperfusion Injury—Sex
Differences

Zdenek Drahota, Marketa Hlavackova, and Bohuslav Ostadal

Abstract It is now widely accepted that function of cardiac mitochondria is sex-
dependent. Female mitochondria better utilize lipids and exhibit higher oxidative
capacity in comparison with males. Our results have revealed that female cardiac
mitochondria are more resistant to calcium–induced swelling as compared with the
male myocardium; this suggests their better protection against mitochondrial perme-
ability transition pore (PTP) opening. It seems to us that sex-dependent specificity
of the PTP function is not the result of differences in its protein composition, since
the male and female rat heart contains comparable amount of ATP synthase and its
regulatory protein cyclophilinD (CypD). The higher hypoxic tolerance of the female
cardiac mitochondria thus rather reflects sex differences in the regulation of PTP
function, probably together with regulation of CypD by post-translational modifica-
tions. The precise knowledge of the composition of the PTP complex and regulation
of pore opening are essential conditions for the development of new drugs targeting
the function of PTP.

Keywords Sex · Heart ·Mitochondria · Ischemia/reperfusion injury ·
Mitochondrial permeability transition pore

Introduction

Mitochondria are essential for the function of the cardiovascular system owing to
their central position in the oxygen and calcium handling. Why are mitochondria
unique? (i) They arose through an endosymbiotic process more than 1.45 billion
years ago and (ii) they are exclusively maternally inherited [1]. They consist of
an external membrane and the inner membrane formed by multiple invaginations
or cristae, connected to the boundary region at narrow circular junctions, delin-
eating amatrix and an intermembrane space.Mitochondria contain their own circular
DNA (mtDNA); the mitochondrial genome encodes 13 subunits of the mitochondrial

Z. Drahota · M. Hlavackova · B. Ostadal (B)
Institute of Physiology, Czech Academy of Sciences, Prague, Czech Republic
e-mail: ostadal@biomed.cas.cz

© Springer Nature Switzerland AG 2020
B. Ostadal and N. S. Dhalla (eds.), Sex Differences in Heart Disease,
Advances in Biochemistry in Health and Disease 21,
https://doi.org/10.1007/978-3-030-58677-5_15

257

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-58677-5_15&domain=pdf
mailto:ostadal@biomed.cas.cz
https://doi.org/10.1007/978-3-030-58677-5_15


258 Z. Drahota et al.

respiratory chain, 2 ribosomal and 22 transfer RNAs. The mitochondrial proteome
contains more than 1000 proteins; each cell contains multiple mitochondria (7000–
10,000 in cardiac cells) and their number and activity are highly dependent on the
cell type and energy requirements [2]. Mitochondria proliferate by division of preex-
isting organelles through a process called mitochondrial biogenesis. In most cells
mitochondria are present as a network undergoing frequent fusion and fission events.
This process, calledmitochondrial dynamics, is an important factor in several disease
conditions. The final step of mitochondrial biogenesis needs the biosynthesis of
membrane lipids, including cardiolipin [3]. Poorly functioning mitochondria can be
eliminated through mitochondrial autophagy (mitophagy), which not only allows
elimination of defective mitochondria but may also accelerate the mitochondrial
turnover [4].

Mitochondrial Function

Mitochondria are the site of oxidative phosphorylation (OXPHOS); they produce
the majority of energy-rich bonds in the form of ATP (>90% for the heart). They
use mainly fatty acids and carbohydrates to produce reducing equivalents that are
oxidized along the respiratory chain, providing a proton gradient across the inner
membrane. A by-product of electron transport is the generation of reactive oxygen
species (ROS), essentially at complex I and III of the respiratory chain. Naturally
low levels of ROS represent key signaling molecule to regulate biological processes.
However, whenmitochondria are dysfunctional, higher production of ROS can cause
irreversible damage to lipids, DNA and proteins [1].

Increase of the permeability of the inner mitochondrial membrane is mediated
by the permeability transition pore (PTP). PTP opening may be induced by calcium
and ROS, and inhibited by adenine nucleotides, and acidic pH. The final effect
depends on time: whereas short-term opening may participate in Ca2+ and ROS
homeostasis, long-lasting opening induces different types of adverse effects, e.g.
mitochondrial swelling, collapse of membrane potential, and cessation of OXPHOS
and ATP synthesis [5]. Whereas the discovery of the existence of PTP is more than
fifty years old [6], its molecular identity is still unclear. Genetic analysis [7] ruled out
the original concept of multi-component PTP. New potential candidate is F0F1 – ATP
synthase (complex V), which consists of two protein domains, F1 and F0 with 17
different types of subunits, responsible for stabilization of theATP synthase structure.
The composition of these two domains is different: while the catalytic domain F1
consists of five different subunits (α,β,γ,δ,ε), domain F0 includes the regular subunits
c,a,b,d, F6, oligomycin sensitivity-conferring protein and the accessory subunits e,f,g
and A6L. Bonora et al. [8] identified the c subunit as a fundamental regulator of PTP
activity; this original finding was a few months later confirmed by Giorgio et al. [9].
ATP synthase has a capacity to form an ATP synthasome through its dimerization
[10]. Increasing evidence suggest that PTP formation is regulated by cyclophilin D
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(CypD). It represents the primary binding targets of immunosuppressive agents such
as cyclosporine [11, 12].

Important is the role of mitochondria in calcium homeostasis. They accumulate
calcium along its electrochemical gradient; this process may favor OXPHOS by
stimulating several mitochondrial dehydrogenases. Excess calcium leads, however,
to an opening of the PTP and finally cell death [5].

Mitochondria are involved in sex steroid hormone biosynthesis and in turn these
hormones like estrogen, progesterone and testosterone may regulate mitochondrial
function. Cells contain functional estrogen, androgen and progesterone receptors that
are targets for sex hormone action. Estrogen regulation ofmitochondrial capacity and
function has been shown to participate in vascular, cardiac, and neuronal protection
[13].

Another very important by-product of energy transformation process is energy
dissipation as heat. This portion of dissipated energy plays an important role in main-
tenance of thermal homeostasis of mammalian organisms. It may be increased by so
called uncoupling of the oxidative phosphorylation process by various endogenous or
exogenous factors that discharge the proton gradient across the inner mitochondrial
membrane formedby themitochondrial respiratory enzymes and inhibit its utilization
for generation of ATP. Recently, it was found that mitochondria under physiological
conditions operate at temperature about 10 degrees higher than is the cell and tissue
temperature [14] and that activity of mitochondrial respiratory chain enzymes is
maximal at this temperature. However, mitochondria possess also specific regulated
proton channels (uncoupling proteins) that can dissipate membrane potential and
further increase heat production. There exists a special tissue in newborn mammals
and hibernating animals - brown adipose tissue - with high amount of mitochon-
dria with highly expressed uncoupling proteins in their inner membrane. This tissue
produces heat by oxidation of fatty acids [15], protects newborn animals against cold
stress after birth, and helps hibernating animals to recover body temperature during
arousal [16, 17].

It should be also mentioned that mitochondria show big diversity in various
mammalian tissues. They all have the same enzymeequipment for energy transforma-
tion—oxidative phosphorylation system—but they contain many different enzymes
related to specific functions of particular tissue. They differ in quantity, morphology
and localization inside the cell; in adult cardiomyocytes are mitochondria regularly
localized between myofibrils and under the cell membrane. These fractions can be
isolated as subsarcolemmal and myofibrilar mitochondria; they have many differ-
ences in quantity, morphology, and enzyme activities [18]. The final localization of
these fractions occurs only during postnatal development.
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Sex Differences in Cardiac Mitochondria

Mitochondria exhibit sex-specific behaviour (for rev see [19]). Cardiomyocytes from
female rats have lower mitochondrial content, but are more efficient and more differ-
entiated than male mitochondria [20]. Moreover, they generate less ROS than male
ones and have higher capacity of antioxidant defence [21]. At baseline, no difference
in oxygen consumption rate and cardiolipin content is observed between mitochon-
dria from male and female rats [22]. Subsarcolemmal and intermyofibrillar isolated
mitochondria from female hearts have the same respiration rates as the male ones
except for glutamate-malate-stimulated respiration which is lower in females, while
the ADP/O ratio is higher in the female heart [23]. Taken together, these results
suggest that female cardiac mitochondria have higher specific activity than the male
ones but lower mitochondrial content, explaining the similar oxidative capacity in
males and females [1].

It is nowgenerally accepted thatmitochondria aremajor targets of cardioprotective
signaling; in addition, females have different cardiac mitochondrial function [24,
25]. Lagranha et al. [21] have observed that mitochondria isolated from the female
heart exhibit reduced ROS generation, reoxygenation, and oxidative metabolism. It
is interesting to mention that the opening of PTP can be blocked by estrogens, similar
to blockade with cyclosporine [26, 27].

Mitochondria from female hearts have lower Ca2+ uptake rates and improved
recovery of mitochondrial membrane potential from Ca2+-induced depolarization
[28]; they cope more successfully with external calcium load by decreasing the rate
of calcium influx by the calcium uniporter (MCU). The important role plays the
interaction betweenMCU and calcium uptake regulatory proteins M1CU1, M1CU2,
MCUR1, SLC25A23, and EMRE [29]. In addition, it has been found that the concen-
tration threshold for net mitochondrial Ca2+ uptake was higher in the female than in
male myocardium [30]. These findings suggest that female heart mitochondria are
less prone to Ca2+ overload upon I/R, suggesting why the female heart suffers less
I/R injury in susceptibility to ischemic heart disease [31].

Mitochondria in Cardiac Ischemia/Reperfusion Injury

Degree of I/R injury increases significantly during postnatal ontogeny and the adult
female heart is more tolerant than the male myocardium. Some recent data indicate
that mitochondria could play an important role in this effect [1, 8].

It was described that mitochondria become leaky, uncoupled, and massively
swollen if they are exposed to high Ca2+ concentrations, especially when accompa-
nied by oxidative stress [32–36]. The collapse of mitochondrial membrane potential
due to opening of PTP has been implicated in the molecular mechanism of cardiac
I/R injury [37–39]. PTP is closed during ischemia due to the low pH (<7.0), but it
opens during the firstminutes of reperfusion, togetherwith normalization of pH,ROS
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accumulation, and rise in intracellular calcium. PTP opening, accompanied bymatrix
swelling, leads finally to myocardial cell death [40]. If the I/R injury is minimal, the
cell may recover, if the damage is moderate, the cell may undergo apoptosis; and if
the damage is severe, the cell may die due to inadequate energy production [41].

The blockade of PTP by cyclosporine and sanglifehrin in perfused heart was
cardioprotective in most animal models of cardiac I/R injury [42]. Experimental
studies were, however, carried mostly on subsarcolemmal mitochondria in spite of
the fact that interfibrillar mitochondria are more resistant to high concentration of
calcium [18, 43, 44]. Cyclosporine A was cardioprotective also in a small clinical
studywith patients suffering frommyocardial infarction [45]. However, a largemulti-
center clinical trial (CIRCUS) revealed no protective effect of this drug [46, 47]. For
the explanation of these negative results, severity of infarction, a quite narrowwindow
of protection, timing of administration as well as comorbidities have to be taken into
consideration. Nevertheless, these studies challenge the clinical use of blockade of
PTP as well as possible CypD inhibitors for cardioprotection [10].

CypD has been shown to interact with the ATP synthase through binding to
the lateral stalk; the ATP synthase-CypD interaction could mediate the enzymatic
activity of this complex [48]. Hypothetically, the activity of CypD to stimulate or
inhibit PTP induction can be regulated by post-translational modifications of CypD
by phosphorylation, nitrosylation, oxidation or acetylation.

Sex Differences in the Sensitivity of Cardiac Mitochondrial
PTP to Calcium Load

In our previous papers, we have tested the hypothesis that the role of cardiac PTP in
I/R injury is sex-dependent [49].We have observed that female cardiac mitochondria
aremore resistant to swelling at higher calciumconcentrations (Fig. 15.1), suggesting
a better protection of these mitochondria against opening of PTP. This observation
may at least partly contribute to the explanation of the pathogenetic mechanisms
involved in the increased tolerance of the female heart to I/R injury.

It was, therefore, of interest to know whether changes in PTP components can
be involved in this process [49]. Our results have revealed that there are no sex
differences in substrate oxidation and coupled ATP generation. These findings were
confirmed by quantitative immunodetection analysis: female mitochondria contain
comparable amount of ATP synthase as well as of PTP regulatory protein CypD. It
may be of interest to note that we have obtained similar results also in our previous
study comparing the role of PTP in highly hypoxic tolerant neonatal and adult cardiac
mitochondria [50], (for rev. see [19]). On the basis of all these observations the high
myocardial hypoxic tolerance cannot be explained by changes in the composition of
PTP and rather reflects regulation of its function. Until now, we can only speculate on
the possible role of differences in calcium interaction with CypD and PTP opening,
particularly in accordancewith regulation ofCypDbypost-translationalmodification
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Fig. 15.1 Calcium induced swelling by rat heart mitochondria from male and female rats. Extent
of swelling was calculated from the swelling curves and expressed as the decrease of absorbance at
520 nm during 5 min after addition of 200 μM CaCl2. Maximum rate of swelling was calculated
from curves obtained after derivatization of data of the extent of swelling. *P < 0.01. Data from
[50]

[10, 45]. CypD thus remains an attractive target for both experimental studies and
clinical application of PTP inhibitory strategies [5].

Conclusions

It may be concluded from our data that cardiac mitochondria reveal sex-dependent
sensitivity of PTP to calcium load: female mitochondria are significantly more resis-
tant to swelling at higher calcium concentration. It seems to us that sex-dependent
specificity of the PTP function is not the result of differences in its protein composi-
tion, since the male and female rat heart mitochondria contain comparable amount
of ATP synthase and its regulatory protein CypD. The increased resistance of the
female heart mitochondria thus rather reflects sex differences in the regulation of
PTP function, probably together with regulation of CypD. The precise knowledge
of the protein composition of the PTP complex and regulation of its opening are
essential conditions for the development of new drugs targeting the opening of PTP.
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Chapter 16
Sex Differences in Mitochondrial
Antioxidant Gene Expression

Consuelo Borrás, Cristina Mas-Bargues, Ana B. Paes, and Susana Novella

Abstract Females live longer than males. This could be in part due to the higher
levels of estrogens in females, which protect them against aging. Physiological
concentrations of estrogens have antioxidant effects as they induce the expression of
manganese superoxide dismutase and glutathione peroxidase by stimulating estrogen
receptors and the mitogen-activated protein kinase and nuclear factor kappa B path-
ways. However, estrogens can have undesirable effects such as they are feminizing
to males, so other alternatives need to be searched. Phytoestrogens are good candi-
dates as they can also bind to estrogens receptors, and in fact, they are able to mimic
the antioxidant properties of estrogens. It is very important to consider that the
expression of estrogen receptors is not the same between sexes, organs or that their
proportion changes with age. Depending on the organ studied, there are differences
in the estrogen receptors involved in the beneficial effects of estrogens.

Keywords Estrogens · Phytoestrogens · ER · Antioxidant · Aging

Introduction

A major aim of gerontology is to find suitable models to understand aging. A very
remarkable possibility to study differential aging is the fact that in many species,
including humans, females live longer than males [1, 2]. Thus, animals with a very
similar genetic background may differ in their average life span by as much as 10%.
Oxidative damage, especially that of mitochondria, has been shown to increase with
age [3, 4], therefore, one of the reasons for the longer longevity of females could be
that they are protected against oxidative stress. This is the case; females overexpress
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mitochondrial antioxidant enzymes which protect them against oxidative damage
[5]. Estrogens are responsible for this up-regulation, as they trigger the expression
by binding to estrogen receptors (ER),which in turn are able to activateMAPK/NFkB
signaling pathway and finally Mn-superoxide dismutase and glutathione peroxidase,
both of them mitochondrial antioxidant enzymes [6]. But estrogens can have unde-
sirable effects such as they are feminizing to males, so other alternatives need to be
searched. Phytoestrogens are good candidates as they can bind to estrogens receptors,
and in fact, they are able to mimic the antioxidant properties of estrogens [7, 8]. It is
very important to consider that the expression of ER is not the same between sexes,
organs or that their proportion changes with age. Depending on the organ studied,
there are differences in the ER involved in the beneficial effects of estrogens. At the
cardiovascular level, ERα is the one that exerts the beneficial cardiovascular effects
[9].

Redox Stress and Aging

The free radical theory of aging states that the accumulation of oxidative damage
causes aging [1]. Oxidative stress is a cellular phenomenon or conditionwhich occurs
as a result of physiological imbalance between the levels of antioxidants and oxidants,
in favor of oxidants. These latter ones include free radicals or reactive species that are
chemical species with a single unpaired electron which is highly reactive, and a chain
reaction of free radicals can occur, leading to more and more damaging reactions.
The majority of free radicals are oxygen-derived and are produced in several sites:
mitochondrial electron transport, peroxisomal β-oxidation of fatty acids, cytochrome
P-450 and phagocytic cells.

Reactive oxygen species (ROS) at low doses play a beneficial role in processes
such as cell signaling [2], although their accumulation (when their production exceeds
the body’s natural antioxidant defense mechanisms) leads to oxidative damage to
biomolecules (DNA, proteins and lipids) which in turn is associated with aging
and has negative effects on longevity [10–12]. Several studies have found increased
levels of 8-hydro-2′-deoxyguanosine (8-OHdG) in mitochondrial and nuclear DNA
in post mortem brains of aged subjects [13]. Mitochondrial DNA (mtDNA) is highly
susceptible to oxidative damage due to a lack of repair mechanisms, a lack of protec-
tion by histones, and the fact that it is located closer to the inner mitochondrial
membrane, where ROS are generated. Furthermore, an inverse correlation has been
shown between the levels of oxidative damage to mtDNA andmaximum longevity in
both heart and brain [14]: slowly aging mammals exhibit lower mtDNA damage than
those who age faster. Changes in membrane fatty acid composition are also related to
aging. For example, peroxidation of arachidonic acid (AA) forms malondialdehyde
(MDA), and increased levels of MDA have been found in red blood cells obtained
from elderly subjects [15]. An increased accumulation of protein carbonyl groups
has also been observed along with age in human brains [16]. Similarly, carbamylated
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proteins from the peripheral blood of healthy subjects were found to be related to
oxidative damage, aging and gender [17].

Lifespan and Antioxidant Enzymes

Eukaryotic cells are provided with important antioxidant enzymes such as super-
oxide dismutase (SOD), catalase (CAT) andglutathione peroxidase (GPx). Tolmassof
et al. found that the higher activity of SOD, the longest-lived species [18]. However,
Cutler showed years later that the CAT and GPx activities were negatively corre-
lated with maximum life span potential [10]. Moreover, other studies have found no
changes with age of these three enzyme activities. Thus, the decrease of the activity
of these enzymes do not explain the aging process by themselves. However, what
is true is that free radicals cause damage to the tissues and cells and this damage
accumulates with aging [19]. Accordingly, when comparing individuals of the same
species, it has been shown that those who enjoy a longer life, also have an increased
activity of antioxidant enzymes and lower oxidative damage that the short-lived ones
[20]. For example, a recent finding has reported that female flies have higher levels of
these three antioxidant enzymes as well as an increased lifespan and reduced levels of
ROS [21]. There are many studies in which the levels of antioxidant enzymes have
been genetically upregulated to increase their expression for testing the effect on
longevity of such manipulation. We found that mice over-expressing regulated p53
andArf lived longer because p53 increased the expression of the antioxidant enzymes
called sestrins and that this effect in longevity was independent of the so-called effect
of p53 against cancer [22, 23].

Taken together, these findings are at least consistent with the idea that increased
antioxidant protection during the life span is able to slow down physiological dete-
rioration and aging at the individual level [24]. However, we should not forget that
there are controversial results which show that increasing oxidative stress with mild
stressors, can also increase longevity. We refer to the terms hormesis [25] and mito-
hormesis [26], which have been shown to be able to increase longevity. Some years
ago, we published a complete review of this interesting topic, and formulated a new
theory of aging and oxidative stress called The Cell Signaling Disruption Theory of
Aging [27].

Females are Protected by Estrogens and Live Longer Than
Males

During the twentieth century there has been a dramatic increase in life expectancy
in the human population (see Table 16.1). At the beginning of the century, median
life span was around 35 years, and nowadays, although depends on the countries
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Table 16.1 Life expectancy
in Spain between 1900 and
2010 (Data taken from
Spanish national Institute for
Statistics)

Year Men Women Difference (%)

1900 33.8 35.1 3.8

1960 67.4 72.2 7.1

1980 72.5 78.6 8.1

1992 73.9 81.1 9.1

2000 75.9 82.7 9.2

2010 79.0 85.0 9.3

and many other factors, it is around 80 years [28]. Despite these changes in life
expectancy, comparing sex differences in longevity, women have always lived longer
than men. A noteworthy detail is that, in addition, just when people get older, that is,
when they reach longevity more similar to the current one—which would be from
1960 onwards—this is when the difference in longevity between men and women
begins to increase. This not only occurs in Spain, but also occurs in other countries,
as has been analyzed in many publications [29].

Of course, there are many sociocultural conditions behind all these differences. In
our laboratory we consider whether, in addition to other differences, there could be
biological differences that support these sex-associated gap in longevity. For this, we
analyzed the longevity of males and females in laboratory animals, in which these
sociocultural differences do not exist, since all are housed under the same conditions,
i.e. they can eat the same diet and have the same light–dark cycles, etc. We found
that indeed, females also lived longer than males, therefore we considered that there
should be also biological differences underlying their sex-associated longevity gap.
The basic biological differences between men and women are sex hormones, and,
within them, estrogens have a structure that gives them a certain antioxidant capacity,
so they were the chosen candidates. Estrogens, in their action as sex hormones, bind
to their ER, and a special feature is that ER are not distributed in the same way
throughout the body or between men or women, nor within the same sex, so the
effects could be different in some tissues and in others. This will be discussed later
in the review.

The beneficial effects of estrogens in women have been widely demonstrated.
Estradiol has been shown to have a cardioprotective role [30], a possible beneficial
effect in the prevention of Alzheimer’s disease [31] or type 2 diabetes [32] and of
course a protection against osteoporosis [33], all of these diseases being associated
to aging. Certainly, recent studied have demonstrated that they are not only good for
females, but also males can benefit from their effects. Garratt et al. published in 2018
that administration of estradiol did increase lifespan in male mice [34].
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Role of Mitochondria in Oxidative Stress-Related Sex
Differences

Aging is an extremely complex process, so there are many theories that try to explain
how and why it occurs [35].Within the theories of aging, we focused on the theory of
free radicals in aging, because as stated before, there is a direct relationship between
aging and oxidative stress when it is maintained continuously.Mitochondria has been
postulated as the main source and target of free radicals, and it is the best organelle
to study when looking for oxidative damage associated to aging [3].

Considering this, we evaluated sex-associated differences inmitochondrial oxida-
tive stress and found that themitochondrial production of hydrogenperoxide,whether
in the liver, whether in the brain (non-synaptic or synaptic mitochondria), was higher
in males than in females. Therefore, the mitochondria of males produce more free
radicals than those of females [5].Whenwe analyzed the consequences of this greater
production of free radicals in males, we observed that oxidative damage tomitochon-
drial DNA was much more pronounced in that of males than in that of females, and
the oxidation level of this parameter has been related to longevity [14]. In addition,
we demonstrated that the protection against oxidative stress of females was mediated
by the up-regulation of mitochondrial antioxidant enzymes, such as Mn-SOD and
GPx. This is important in the context of previous work by Prof. Orr [36] who showed
that the overexpression of SOD and CAT in Drosophila increased average life span
in the double transgenic flies. This in itself may explain why the average life span of
females is higher than that of males.

Further studies demonstrated that estrogenswere responsible for the up-regulation
of the mitochondrial antioxidant enzymes [5]. It is known that estrogens can have an
in vitro antioxidant effect due to its phenolic chemical structure. However, the in vitro
dose used is supraphysiological, which prevents the protective antioxidant role of
estrogens from being due to its chemical structure. Thus, we reasoned that this effect
should be mediated by a cellular process, and we demonstrated that estrogens bind to
ER and activate theMAPK-NFkB signaling pathway, which in turn induce the upreg-
ulation of the mitochondrial antioxidant enzymes Mn-SOD and GPx, conferring this
antioxidant protection to the cells [6].

Therefore, estrogens are protective hormones against oxidative damage, and can
be in part responsible for the longer longevity of females when compared withmales.
The challenge for the future is finding similar molecules with the beneficial effects of
estrogens, but without its undesirable effects. Good candidates to meet this challenge
may be phytoestrogens.
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Phytoestrogens Mimic Antioxidant Beneficial Effects
of Estrogens

Phytoestrogens are plant substances or metabolites that induce biological responses
in vertebrates and can mimic or modulate the actions of endogenous estrogens,
usually by binding to ER [37]. The main phytoestrogens in food are isoflavones,
coumestrans, lignans and prenylated flavonoids. The structural similarity of lignans
and isoflavones to estrogens was described by induced to Setchell et al. [38] and
Adlercreutz et al. [39]; they to proposed their possible effects on cancer prevention.
Cross-sectional studies have shown that populationswith higher phytoestrogen levels
in urine and plasma enjoy lower risk of diseases such as heart disease, osteoporosis,
breast cancer, prostate cancer, and menopausal symptoms [40, 41]. Certainly, their
beneficial health effects have been reported repeatedly [7, 42] and, to our knowledge,
very few, if any, reports have shown unfavorable effects. Some years ago, we studied
if phytoestrogens could mimic the beneficial antioxidant properties of estrogens,
and we found that indeed, soy consumption by male rats increased the expression of
antioxidant enzymes, which was at the same time responsible for an improvement
of cardiovascular function [7]. The molecular mechanisms underlying this action
were similar to estrogens, i.e. through the activation of the ER (mainly ERβ), and
MAPK/NFkB signaling pathway [8]. The concentration of genistein we used can
be considered as nutritionally relevant as it is the concentration normally found in
plasma of people at the Far East, who usually eat relatively large quantities of soy in
their diet.

More recently, we have shown that genistein, as it is able to increase antiox-
idant defense, is also useful as treatment or in the prevention of age-associated
diseases such as Alzheimer’s [43] or type 2 diabetes mellitus (unpublished results).
Thus, a practical approach of these studies is that administration of phytoestrogens
may be very beneficial for longevity (in males and females) because they bind very
preferentially to ERβ and promote the upregulation of longevity related genes.

Role of ER in the Beneficial Effects of Estrogens
in the Cardiovascular System

Inwomen, the hormonal status achieved aftermenopause seems to be themain trigger
for cardiovascular disease [44–46]. Menopause is characterized by estrogen levels
decline including 17β-estradiol (estradiol), which is produced in women mainly
by the ovaries, and is the predominant form of circulating estrogen during women
reproductive years. At cardiovascular level, actions exerted by estradiol are mainly
mediated by genomic and non-genomic mechanisms through ER which are in turn
affected by biological processes such as aging and inflammation. In fact, cardiomy-
ocytes, endothelial and vascular smooth muscle cells express different classes of ER
(ERα, ERβ and G protein-coupled estrogen receptor, GPER) [47], as well as cells
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involved in inflammatory processes such as macrophages, monocytes and dendritic
cells, which suggest an estradiol modulation of inflammation, a key event in cardio-
vascular disease development [48, 49]. Estradiol binds to differently located receptors
to mediate genomic and non-genomic responses. The binding of estradiol to classical
intracellular receptors (ERα and ERβ) induces the dimerization and translocation to
the nucleus, binding directly to specific motifs known as estrogen response elements
(ERE) in target gene promoters, and thus regulating transcription of estrogen respon-
sive genes [50]. The different distribution of ERα and ERβ throughout the body
involves contrasting biological effects, being described opposite [51, 52] or redun-
dant roles [53, 54] on gene expression. Apart from intracellular receptors, estra-
diol also binds to membrane ERα and ERβ receptors and to G protein-coupled ER
(GPER) [55], and activatesmainly protein-kinase cascades to trigger faster responses.
But the heterogeneity of ER is not only limited to their location on cytosol or
membrane but also by the different ER isoforms generated by alternative promoter
usage and splicing [56] in a tissue-specific manner [57]. In addition to full-length
ERα (ERα66), two truncated splice variants of the ERα, 46 kDa estrogen receptor
(ERα46) and 36 kDa estrogen receptor (ERα36) have been identified as membrane
ER. The membrane-expressed ERα46, which shares the ligand-binding domain with
ERα66 but is deficient in the AF-1 transactivation domain [58], is abundant in human
endothelial cells and plays a key role in these endothelial responses to estradiol [56,
59]. ERα46 also preserves domains for palmitoylation, which is required for ERα-
protein interaction and caveolin-1 association, and for its plasma membrane local-
ization. Likewise, estrogen binding to membrane ERα46 could also induce eNOS
activation more efficiently than the intracellular full-length ERα66 [58]. Another
splice variant of ERα66 is the membrane-associated ERα36. It lacks both AF-1 and
AF-2 transactivation domains, and present a truncated ligand-binding domain in the
C-terminal, explaining its different binding affinity to estradiol. ERα36 mediates the
acutely stimulation by estradiol of MAPK pathway and also mobilizes intracellular
calcium [58] (different functional domains in ERα is showed in Fig. 16.1). For ERβ,
it has been described four isoforms, referred to as ERβcx/2, ERβ3, ERβ4 and ERβ5.
All ERβ variants have novel C-terminus, being unable to bind estrogens and other
explored ligands [60].

The protective effect of estrogens has often been attributed to modulation of
vascular mechanisms such as vascular tone, inflammation, lipid metabolism, and
oxidative stress [61–63]. The spread distribution of ERα and ERβ balances estradiol
action in different tissues [64], although several studies highlight the importance of
ERα in the vasoprotective effects of estradiol [65, 66]. Also, GPER has been linked
to the beneficial vascular effects of estradiol on vascular level [67], by reducing the
expression of myocardial pro-inflammatory cytokines, inhibiting the VSMC prolif-
eration and inducing vasodilation through a nitric oxide (NO)-dependent mechanism
[68]. Estradiol can also affect vascular tone through the regulation of endothelial func-
tion [69]. Thismodulation is accomplished through the release of several endogenous
vasoactive substances thereby promoting vasodilation via NO, prostacyclin [70] and
angiotensin (Ang) 1–7 [71], or reducing vasoconstriction through the decrease of
endothelin-1 [72] and Ang II receptor type 1 expression [73].
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Fig. 16.1 The structures of the ERα isoforms. Briefly, the NH2-terminal domain (NTD) contains
a ligand-independent transactivation domain, activation function (AF1), the region responsible
for recruitment of co-regulatory proteins that transactivates gene transcription in the absence of
estrogen. DNA-binding domain (DBD) which will bind to the Estrogen Response Elements (ERE)
in ERα-regulated genes (orange), the D region (red), known as the hinge region which separates the
non-classical signaling pathway (left) with the classical signaling pathway (right), and the COOH-
terminal or ligand-binding domain (LBD) (green), which contains the ligand binding cavity and
will activate gene transcription. The F domain is variable in length, and its function is not clear [60,
108]

The modulation of NO by estrogen has been extensively studied and is attributed
to both genomic and non-genomic effects. Estradiol increases NO bioavailability
by increasing NO synthase (eNOS) gene expression [74], the enzyme responsible
for NO synthesis in endothelial cells, and non-genomic and rapid activation of
enzyme activity via cascades that activate kinases [59]. Findings from cell culture
and ERα knockout mice indicate that estrogen may regulate vascular endothelial
function via ERα modulation of eNOS [75]. Also, estradiol increases intracellular
free Ca2+ concentration in endothelial cells [76], regulates endogenous inhibitors
and cellular location [9], and attenuates superoxide anion (O2−) concentration,
thereby decreasing O2−-mediated NO inactivation [77, 78]. Some of these rapid
effects of estradiol on the NO signaling pathway are mediated by ER46, which
mediates estrogen-induced eNOS activation in a more efficient manner than ER66
[56]. An increasing number of studies also point to GPER in NO production via
c-Src/PI3K signaling pathway [79]. Therefore, either through ERα or GPER, estra-
diol increases NO release, which through multiple effects on vascular homeostasis
promotes vasoprotection [80].

Also, of key importance is the vasoprotective effect that estradiol exerts through
the prostanoid pathway. In endothelial cells, estradiol mediates a shift towards
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prostacyclin production through cyclooxygenase [81] and via ERα [70]. Prostacy-
clin shows vasodilator and antiaggregatory effects, and the up-regulation of prosta-
cyclin production improves cerebral perfusion and prevents thrombus formation
in cerebral blood vessels from ovariectomized rats [78]. In the same way, GPER
affects prostanoid pathway by inhibiting vasoconstrictor prostanoids production
under in vitro pro-inflammatory conditions,which could lead to inhibition of vascular
tone and inflammation [82].

Additionally, estradiol is able to modulate the renin–angiotensin system (RAS)
[83, 84], which plays a pivotal role in the physiological regulation of cardiovas-
cular system. Two axes of RAS modulate cardiovascular function. On the one
hand, the classical view of RAS is represented by Angiotensin II (Ang II), which
promotes vasoconstriction and vascular remodeling through receptor type 1 (AT1R),
and exerts opposing effects through receptor type 2 (AT2R). On the other hand,
tissue angiotensin-converting enzyme 2 (ACE2) converts Ang II into angiotensin 1–7
[Ang-(1–7)], which acts as vasodilator through Mas receptor. Therefore, an essen-
tial balance is established between the two axes in cardiovascular homeostasis [85].
Circulating plasma Ang-(1–7)) concentrations have been related to sex differences,
being higher in healthy premenopausal women than in healthy men of a similar age
[86]. Again, as in NO and prostacyclin pathways, ERα seems to be responsible for
estradiol modulation of RAS and the observed sex differences both in kidney from
ovariectomized mice [87] and in endothelial cells [71], where a crosstalk between
estradiol and Ang-(1–7)–Mas axis has been described [88]. Accordingly, the lack
of estrogen that occurs in menopause could shift the Ang-(1–7) vasoprotective axis
towards Ang II pathway, losing the vasoprotection conferred by ACE2 [89–91].
Therefore, ERα appears to play a pivotal role in the cardiovascular protection through
its interaction with several fundamental pathways of cardiovascular physiology [59].

Estrogen can thusmodulate cardiovascular function throughER-mediated actions,
either through genomic or rapid effects. But sex hormones can also regulate gene
expression through epigenetics. In this sense, microRNA (miRNA) are emerging as
a novel regulatory mechanism involved in several physiological and pathological
processes, where the identification of different profile of circulating miRNA raises
the possibility of serving as potential biomarkers in CVD [92]. MiRNA are small
(approximately 22nucleotides in length), non-coding,RNAmolecules that play a role
in post-transcriptional gene regulation through repression and/ormRNAdegradation,
and are also related to the estrogen levels in women [93]. Also, estradiol changes the
expression of miRNA biosynthesis genes in endothelial cells [94]. ER are partially
involved in estrogen regulation of miRNA as demonstrated by bioinformatics and
pharmacological approaches. ER binding sites close to estrogen-regulated miRNA
have been determined in endothelial cells [95] andVSMC [96], and several estradiol-
regulated miRNA expression changes by using ER agonists and antagonists. It is
striking that the most of the analyzed miRNA are regulated by ERα in endothelial
cells [95]. ERα participates in the antiproliferative action of estrogens on VSMC
mediated by miR-203 [96], or in the antioxidant effect of estrogen on cardiovascular
tissues mediated by miR-22 [97], although the expression of miR-21 involved in
cardiac fibrosis [98] is regulated by an ERβ-dependent mechanism [99].



276 C. Borrás et al.

As it mentioned above, ERβ mediates different effects and somehow counteracts
the beneficial profile of estradiol through ERα. ERβ is more—highly expressed than
ERα in inflammation, hypoxia and oxidative stress [100], and alsomediates a protec-
tive role in–in injured arteries [101]. The physiological balance between ERα and
ERβ expression appears to change during aging that in women is inevitably linked to
menopause. In fact, the uterine arteries of postmenopausal women express increasing
levels of ERβ after 10 years from menopause, with no significant changes in ERα

expression. The increasing level of ERβ expression related to age and menopause is
further correlated with a pro-inflammatory profile of estradiol [102]. It is possible
that this increased ratio of ERβ/ERα could be responsible of the increase in oxidative
stress due to aging, as observed in an experimental model of menopause [103]. These
age-dependent effects of estradiol could explain, at least in part, the cardiovascular
risk of Hormone Replacement Therapy (HRT) in clinical trials.

HRT is associated with improved endothelial function [104] but as age moderates
estrogen’s vasodilatory [105] and anti-inflammatory [102] effect on vascular tissue,
years since menopause could affect the benefit/risk profile of HRT [106]. This is
the so-called timing hypothesis, which assumes that the beneficial impact or HRT
in primary prevention of CVD occur only if started before the detrimental aging-
associated changes in the cardiovascular system have become established [107].

Therefore, the vasoprotective profile of estrogen, mediated primarily by ERα,
involves multiple vascular pathways, including NO, prostanoids, RAS and epige-
nomics. These intracellular pathways which are also regulated by aging, become
important in women after menopause, when increases the risk of developing CVD.
However, despite that sex is an important factor in clinical research, there is a paucity
of cardiovascular studies that take sex into account. Therefore, there is a need for a
more detailed understanding of sex-specific cardiovascular mechanisms underlying
the observed sexual differences in cardiovascular disease.

Conclusions

There is a sex-associated difference in mitochondrial antioxidant expression in favor
of females,which can explain, in part, the longer longevity of them.Estrogens are able
to up-regulate these antioxidant enzymes through a mechanism that phytoestrogens
are able to mimic. Therefore, also phytoestrogens can exert health beneficial effects
(See summary in Fig. 16.2). The expression of the different ER is not homogeneous
throughout among the body and it is also different between males and females,
and changes with age. Therefore, it is very important to consider that the effect of
estrogens or phytoestrogens is dependent on the organ or cell type studied and the
sex and age of the subject studied.
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Fig. 16.2 Schematic rendition of the estrogens action as antioxidants
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