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Abstract

Heart failure due to nonischemic dilated cardiomyopathy (DCM) contributes significantly to the

global burden of cardiovascular disease. Myocarditis is in turn a major cause of acute dilated

cardiomyopathy in both men and women. However, recent clinical and experimental evidence

suggests that the pathogenesis and prognosis of DCM differ between the sexes. This seminar

provides a contemporary perspective on the immune mediators of myocarditis, including

interdependent elements of the innate and adaptive immune response. The heart's acute response

to injury is influenced by sex hormones that appear to determine the subsequent risk of chronic

DCM. Preliminary data suggest additional genetic variations may account for some of the

differences in epidemiology, left ventricular recovery and survival between men and women. We

highlight the gaps in our knowledge regarding the management of women with acute DCM and

discuss emerging therapies, including bromocriptine for the treatment of peripartum

cardiomyopathy.

Introduction

Men have an increased incidence and severity of most cardiovascular diseases including

atherosclerosis, myocardial infarction, dilated cardiomyopathy (DCM) and heart failure with

the exception of hypertension, which is higher in women.1-4 Historically, myocarditis has

been considered a male predominant disease,5 but only recently has this sex difference been

confirmed in clinical studies.2,6,7 Huber and colleagues were the first to describe that male

mice have increased myocarditis compared to females.8 Animal models continue to provide

valuable information about the mechanisms that lead to more severe myocarditis, DCM and

heart failure in males.
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Historical perspective

In 1949, Ludden and Edwards from the Mayo Clinic reported a 2.5:1 ratio of myocarditis in

men to women following a poliomyelitis outbreak that occurred in Minnesota in 1946.9 A

study in 1968 reported an incidence of myocarditis in men vs. women of approximately

72%.10 Similarly, in 1980, Woodruff conducted a survey of 164 adolescent and adult cases

of coxsackievirus B (CVB) myopericarditis reported in reviews from 1957 to 1973 and

found that 109, or roughly 67%, of patients were male.5 Although the incidence of

myocarditis appeared to be higher in men, there was little information on sex and gender

differences in the pathogenesis of myocarditis except for data obtained from animal studies

that showed more severe disease in males.11,12

In 2001, the Institute of Medicine released a report examining the importance of sex

differences to human health.13 They concluded that increasing evidence of fundamental sex

differences in the basic biology of cells, tissues and chronic diseases meant that examining

sex differences in clinical and basic research studies was critical. Around this same time, a

number of studies emerged indicating important sex and gender differences in cardiac

remodeling and heart failure in patients.14,15 However, a decade would pass from the

Institute of Medicine report on the importance of sex differences in disease before more

specific clinical data would be obtained about sex differences in myocarditis and DCM

patients.

Definitions

Sex and gender are not interchangeable terms. “Sex” is a biological term. In its report,

“Exploring the Biological Contributions to Human Health: Does Sex Matter?”, the Institute

of Medicine defines sex as “the classification of living things, generally as male or female

according to their reproductive organs and functions assigned by the chromosomal

complement.”13 Examples of sex differences include differing concentrations of sex

hormones, different expression of genes on X and Y chromosomes and different internal and

external sex organs.

Gender, on the other hand, is “a person's self-representation as male or female, or how that

person is responded to by social institutions based on the individual's gender presentation.

Gender is rooted in biology and shaped by environment and experience.”13 It is a

sociocultural construct that is associated with the properties of women and men that are

expressed in the values, beliefs and perceptions that they hold, their psychosocial

characteristics, their behaviors and their roles in society. “Women” and “men” are sex

categories while “feminine” and “masculine” are gender categories. Aspects of sex do not

vary substantially over time, while aspects of gender have varied across time and culture, as

different groups have different beliefs about what it means to be a female or male in society.

Myocarditis is defined as inflammation of the myocardium with or without necrosis, and is a

rare, potentially life-threatening and underdiagnosed cause of acute heart failure in children

and adults.16 Viral infections are the most common cause of myocarditis in developed

countries, but rheumatic carditis, Trypanosoma cruzi, and bacterial infections are frequent

contributors to this disease in developing countries. Myocarditis leads to a significant

Fairweather et al. Page 2

Curr Probl Cardiol. Author manuscript; available in PMC 2014 August 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



minority of DCM cases in the US.17 Idiopathic DCM is defined as DCM of unknown cause

that is characterized by left ventricular (LV) or biventricular dilation and impaired

myocardial contractility.18,19 Acute or recent onset DCM includes patients with a LV

ejection fraction ≤40% and fewer than 6 months of symptoms.2 A combination of T2-

weighted cardiac magnetic resonance imaging (MRI) and post-gadolinium early and late T1-

weighted MRI is often used to diagnose myocarditis, but a myocardial biopsy is required to

confirm the presence of a myocardial inflammatory infiltrate.20-22

Dennis M. McNamara: Classically myocarditis is defined histologically, however most

cases of clinically suspected myocarditis never undergo endomyocardial biopsy (EMB).

Sampling error and regional variation limits the sensitivity of biopsy for detecting cellular

inflammation and EMB remains a poor gold standard for defining myocardial inflammation.

Given these limitations MRI may have an increasing diagnostic role.

Peripartum cardiomyopathy (PPCM) is a relatively rare form of acute cardiomyopathy that

affects otherwise healthy women in the peripartum period. According to the National Heart

Lung, and Blood Institute and the Office of Rare Diseases of the National Institutes of

Health Workshop on Peripartum Cardiomyopathy,23 all four of the following criteria must

be met to establish the diagnosis of PPCM: 1) development of cardiac failure in the last

month of pregnancy or within 5 months of delivery, 2) absence of an identifiable cause for

the cardiac failure, 3) absence of recognizable heart disease before the last month of

pregnancy, and 4) LV systolic dysfunction demonstrated by classical echocardiographic

criteria (i.e. ejection fraction <45% or fractional shortening <30%, or both). More recently,

the Heart Failure Association of the European Society of Cardiology Working Group on

PPCM slightly modified the criteria, stating that “PPCM is an idiopathic cardiomyopathy

presenting with heart failure secondary to LV systolic dysfunction toward the end of

pregnancy or in the months following delivery, where no other cause of heart failure is

found. It is a diagnosis of exclusion. The left ventricle may not be dilated but the ejection

fraction is nearly always reduced below 45%.”24

Dennis M. McNamara: The incidence of inflammation on EMB is similar in PPCM to

other forms of recent onset non-ischemic cardiomyopathy, as is the lymphocytic cellular

predominance. A significant subset of PPCM is believed to have a similar inflammatory

pathogenesis as other forms of myocarditis, with the “trigger” being fetal of placental

antigen, rather than viral.

Sex differences in epidemiology

Myocarditis and DCM have a slighter greater prevalence in men than in women. Recent

trials and registries of myocarditis report a female to male ratio between 1:1.5 and

1:1.7,25-27 while DCM studies report a female to male ratio between 1:1.3 and 1:1.5.28-30 In

1989, a population-based study in Olmsted County, Minnesota found the age-adjusted

female to male ratio for both incidence and prevalence of idiopathic DCM to be 1:3.31 The

increased incidence of men developing idiopathic DCM compared to women is not

explained by socioeconomic factors, alcohol intake or other similar variables.18,32 Although

relatively rare, PPCM is a cause of heart failure unique to women. No systematic
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epidemiologic studies have been published, and reported incidence seems to vary according

to geography and population, with the estimated incidence varying between 1:300 and

1:5500 live births.33

Sex differences in genetics

Dilated cardiomyopathy has been shown to have a familial basis in about 20-35% of cases.

Most of the genes implicated are autosomal with primarily dominant transmission. More

than 30 genes have been identified, indicating marked locus heterogeneity. The DCM genes

identified can be grouped into four main categories: 1) myocyte cytoskeletal proteins, 2)

sarcomeric proteins, 3) nuclear envelope constituents, and 4) regulators of calcium

homeostasis. Given the inheritance pattern and the roles of the implicated genes, women and

men should be affected equally. However, clinical presentation and outcomes can differ

between sexes. These differences are likely due to as yet unexplained factors including a

multiple mutations model of DCM affecting penetrance, expressivity and even causation,

mitochondrial genetics, modifier genes, epigenetics, environmental factors and perhaps even

the pathophysiology or pathogenesis of DCM. For example, mutations in troponin T can

lead to familial DCM. A study of familial DCM found that the troponin TA171S mutation

resulted in differing phenotypic expression of the disease in that adult males demonstrated a

more severe phenotype than adult females.34

Sex-related differences in the gene expression within the ventricular myocardium of patients

with idiopathic DCM have been reported. In a study of 11 patients (6 women) with

idiopathic DCM and 11 age-matched non-failing heart donors, investigators found that 55

genes were differentially expressed in idiopathic DCM female patient samples (37

upregulated and 18 downregulated), while 19 of those genes were found to be significantly

upregulated (13 genes) or downregulated (6 genes) in the male patient samples.35 Functional

analysis of the gene expression pattern demonstrated that the deregulated genes unique to

women were those involved in energy metabolism and regulation of transcription and

translation, while the deregulated genes unique to men were related to myocardial

contraction. The findings in this study suggest that these genes may serve as novel targets

for tailored treatment of DCM in women and men.

Recently, a study analyzed TTN, the gene encoding the sarcomere protein titin, in 312

subjects with DCM and 249 controls.36 TTN mutations were found in approximately 25% of

familial DCM cases and in 18% of sporadic cases. Cardiac outcomes were similar in

subjects with and those without TTN mutations, but adverse events occurred earlier in male

mutation carriers than in female carriers. The mean age at the time of these adverse events in

94 mutation carriers within 19 families was 68±5 years for the 33 women and 56±3 years for

the 61 men.

Genetics may play a role in PPCM. Several cases of PPCM patients with either mothers or

sisters who have also been diagnosed with PPCM have been reported,37-40 suggesting that

these cases may represent familial DCM unmasked by the hemodynamic stress of

pregnancy. A study of 90 DCM families in the Netherlands revealed that 5 of the 90 DCM

families had family members with PPCM.41 Cardiologic screening of first degree relatives
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of 3 PPCM patients (not among the 90 DCM families) who had not fully recovered LV

function showed undiagnosed DCM in all three families. These findings suggest that in a

subset of patients, PPCM may be the initial manifestation of familial DCM. Another study

analyzed families in the Familial Dilated Cardiomyopathy Database and found that familial

clustering with DCM was present in 23 of 45 unrelated cases.42 Of the 45 PPCM cases, 19

had been resequenced for known DCM genes, five of which carried mutations (3 familial

and 2 sporadic), suggesting that genetic mutations associated with DCM may be implicated

in the pathogenesis of PPCM. In a genome-wide association study comparing 41 women

with PPCM, 49 postmenopausal women without heart failure and 654 women with unknown

phenotype, 1 single nucleotide (rs258415 at Chromosome 12p11.22 near the PTHLH gene)

met genome-wide significance.43 These results indicate that further investigation of the role

of genetic factors in PPCM is warranted.

In a study using mouse and human healthy cardiac tissue samples, researchers found that

genes located on sex chromosomes were the most abundant among the sexually dimorphic

genes.44 Furthermore, genes on autosomal chromosomes were identified with sex- and/or

age-specific expression levels. Genes expressing sex differences in acute heart failure

patients include genes for inflammation and cardiac remodeling.45

Sex differences in pathophysiology

Normal cardiovascular physiology

First, it is important to realize that every cell has “a sex” based on the influence of sex

chromosomes and hormones from in utero to adulthood, prior to disease.13 It is also clear

that sex differences exist in normal heart physiology and function. For example, men have

larger hearts than women, as evidenced by increased LV mass, even after adjusting for body

surface area.46 Because the number of cardiac myocytes is determined in infancy, increases

in LV mass are mostly due to hypertrophy, which is 25-38% greater in men than in

women47 (Table 1). Women have increased LV ejection fraction (LVEF) compared to

men,48,49 myocardial mass is better preserved in women as they age,50,51 women have

smaller coronary vessels than men,52 and premenopausal women have lower blood

pressure53-54 but a faster resting heart rate than men.55 In one study of normal hearts from

men and women aged 21 to 93 who died of natural causes, apoptosis was found to be 3-fold

higher in the hearts of men compared to women.56 Interestingly, sex, rather than age, was

found to be the determining factor in that study. According to several microarray and

proteomic analyses of individuals that do not have cardiovascular disease, many sex-specific

gene differences exist in the hearts of apparently normal men and women.44,57

Sex steroid hormones are able to directly affect cardiac function, endothelial cell function

and vascular tone through genomic and non-genomic effects of the androgen and estrogen

receptors, which are present on and within vascular endothelial and smooth muscle cells as

well as on and within cardiac fibroblasts, myocytes and platelets.3,58 Additionally, sex

differences exist in estrogen receptor (ER) and androgen receptor (AR) levels on various cell

types; for example, females have higher levels of ERs in their arteries.58 17β-estradiol has

been shown to prevent apoptosis in cardiac myocytes, inhibit reactive oxygen species-
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induced cardiac damage, and oppose mechanisms that lead to cardiac hypertrophy and

fibrosis.59

These cardioprotective effects of estradiol are believed to be mediated by signaling through

cell membrane ERs rather than via genomic receptors. The direct effects of testosterone

have been more difficult to determine, due at least in part to the ability of aromatase to break

down testosterone to estradiol. Testosterone levels in cardiac tissues have been reported to

be higher in men than women60 and to be 4-fold higher than in skeletal muscle.61 Evidence

in animal models suggests that androgens promote hypertrophy under normal conditions,

with male gonadectomized rats developing lower heart weight compared to sham operated

rats.61,62 Overall, these underlying sex differences in cardiac function and physiology may

influence the immune response to infection and injury in the heart. Indeed, men develop

atherosclerotic plaques earlier and more extensively than women, while the number of

cardiovascular events in women increases strikingly with menopause, suggesting that sex

hormones influence heart disease.58,59,63

Sex and gender differences in myocarditis, DCM and heart failure

Male sex is an important risk factor for developing heart failure14 (Table 1). Heart failure

can be the consequence of a number of inflammatory cardiovascular conditions including

atherosclerosis, myocarditis, DCM and PPCM.63,64 Sheppard et al. found that men with

myocarditis or acute DCM had higher cardiac expression of proteins associated with

apoptosis, such as Fas and tumor necrosis factor receptor 1, than women, while patients with

the highest levels of these apoptosis markers had minimal improvement in LVEF.65

Dennis M. McNamara: Women also had less histologic evidence of fibrosis and

hypertrophy on EMB (Teuteberg HFSA, 2006) which supports the gene expression studies

and suggests that women were less likely to present with an “irreversible” DCM phenotype

than the men in the trial.

Sliwa et al. has shown that women with PPCM had elevated levels of tumor necrosis factor-

alpha, interleukin (IL)-6 and Fas/APO-1 compared to healthy controls, and that soluble Fas/

APO-1 levels were significantly higher in PPCM patients who died compared with

survivors.66

Most cases of heart failure among young and middle-aged persons are caused by reduced

myocardial contractile function (i.e. systolic dysfunction). However, heart failure can also

occur because of an inability to relax or fill the ventricle during diastole, in part due to

myocardial fibrosis in the setting of preserved systolic function. Heart failure with preserved

ejection fraction is more common in women than men.67 Heart failure occurs with

advancing age in both genders.3 However, women develop heart failure at an older age and

have better LV function than men.68,69 The incidence of heart failure increases dramatically

in women over 55 years of age, with the strongest predictor of mortality in women being

age, whereas in men it is New York Heart Association (NYHA) classification.3 Patients with

chronic heart failure that have elevated levels of inflammatory mediators have a worse

prognosis.70
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The immune system

Sex hormones have a profound influence on the immune system under normal and

pathological conditions.71 Sex steroid hormone receptors like ERα, ERβ and the AR are

expressed on and within many immune cell populations including mast cells, macrophages,

dendritic cells, natural killer cells, T cells and B cells72 (Figure 1). Human and mouse

monocytes and macrophages express ERα, ERβ and the AR.72,73 ARs are expressed at

higher levels on and within macrophages in men than women.74 In contrast, women have

higher ER expression in their arteries than men, which decreases with age and menopause.58

Additionally, ERα/β, AR, and aromatase, the enzyme that converts androgens to estrogens,

are expressed on and within vascular endothelial cells, vascular smooth muscle cells, cardiac

fibroblasts, and cardiomyocytes in humans and rodents.59 Estrogen via membrane ERβ

signaling has been shown to regulate arterial tone and blood pressure, while membrane ERα

mediates protection against vascular injury and atherosclerosis.75,76 Additionally, platelets,

which are important for induction of thrombosis, express ERβ and the AR and respond to

sex steroids.72 Steroid receptors regulate gene expression by classic genomic actions via

androgen and estrogen response elements as well as more rapid membrane-associated

receptor signaling.75

Estrogen has a well known ability to activate B cells, resulting in increased antibody

responses to infection, vaccines and autoantigens, while androgens have the opposite

effect63,71,77,78 (Figure 1). However, depending on the context, estrogen can either drive T

helper (Th)1 and/or Th17 responses, increasing inflammation via transcriptional activation

of NFκB, or increase the regulatory arm of the adaptive immune response by enhancing

tolerogenic dendritic cells, interleukin (IL)-4-driven Th2 responses, transforming growth

factor (TGF)-β, regulatory T cell populations, and alternatively activated

macrophages.63,79-81 Estrogen's capacity to decrease cell-mediated immune responses by

increasing regulatory mechanisms may be due to its ability to inhibit components of the

innate immune response including Toll-like receptor (TLR)4-induced IL-1β, IL-6, tumor

necrosis factor-α and NFκB activation from macrophages.11,71,82-84 Far less research has

been conducted on the role of androgens on immunity, but in general, androgens have been

found to increase Th1 responses11,71,78,85 (Figure 1).

One of the difficulties in interpreting studies of the effect of androgens and estrogens on

immune cells and immune responses is that most researchers do not take into account

whether the cells used in culture are of male or female origin or transformed75,86 and how

this could influence the interpretation of the data.87 A similar problem occurs when

researchers use animal models of human disease, as either the animal model may not share

the same sex differences as the human disease being studied or published research reports do

not state the sex of the animal. Another important consideration is whether hormone

treatments influence the innate immune response (i.e., initiation of inflammation via antigen

presenting cells like mast cells, monocytes and macrophages, which express ERs and the

AR) and/or the later adaptive immune response. Other factors include dose, breakdown of

testosterone to estrogen, and target organ effects of sex hormones.81 For example,

administering a high dose of estrogen may have the opposite effect to administering a low

dose.88 These issues lead to a great deal of contradictory findings in the literature and are
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just a few of the important concerns related to the study of sex differences in disease that

urgently need to be addressed.87,89,90

Myocardial inflammation

Currently, our understanding of sex differences in cardiac inflammation during myocarditis

comes almost exclusively from animal models of disease. Most clinical cases of myocarditis

are not linked to a specific cause, but viral infections like the enterovirus CVB3 are

frequently implicated.63 Huber and colleagues were the first to describe that male BALB/c

mice have increased CVB3-induced myocarditis compared to females8 (Table 1). Elevated

cardiac inflammation in males in response to CVB3 infection is not due to increased viral

replication in the heart, which does not differ between the sexes at day 2, 8, 10 or 12 post-

infection.91 Infectious virus is cleared from the heart by day 14 after infection and does not

reactivate during the development of DCM in either sex.92 Male BALB/c mice with CVB3

myocarditis develop a predominantly Th1-type adaptive immune response with more Th1-

induced IgG2a anti-CVB3 antibodies compared to female mice, who develop a Th2

response and more Foxp3+, Tim-3+ and CTLA4+ regulatory T cell populations.11,91,93,94

There is no sex difference in IL-17 levels in the heart during acute CVB3 myocarditis.78

Vγ4+ γδT cells are elevated in the heart of male mice early after CVB3 infection and bias

the adaptive immune response to a Th1 phenotype.95 Using culture and animal models, this

Th1 vs. Th2 dichotomy, as well as the severity of inflammation, has been shown to be due to

testosterone and estradiol, respectively.93,94,96,97

The predominant Th1 response in male mice with CVB3 myocarditis is not due to classical

IL-12/STAT4-induced interferon (IFN)-γ production, but TLR4-induced IL-18, a cytokine

that strongly induces IFN-γ.11,91 Male mice also have more classically activated M1

macrophages in the heart during acute CVB3 myocarditis, while females have more

inhibitory Tim-3+ alternatively activated M2 macrophages.96,98 Surprisingly, TLR4 and

IL-1β were not expressed by M1 macrophages in males, but by M2 macrophages,11,96 a

macrophage population that increases inflammation and cardiac remodeling in males99,100

(Figure 2). TLR4 mRNA expression has been found to be higher in patients with biopsy-

proven myocarditis and DCM than controls and to strongly correlate with enteroviral RNA

levels in the heart.101,102 Although sex differences in TLR4 levels were not examined, 66%

and 75% of the myocarditis and DCM patients in these studies were men, respectively.

Myocarditis patients with active enteroviral replication had higher levels of TLR4 that was

associated with lower systolic function and greater LV dilation. Mast cells, which are known

to increase myocardial inflammation and fibrosis, are also elevated in number in male mice

with CVB3 myocarditis and express more TLR4 compared to female mice11,99,103,104

(Figure 2). Patients with clinically suspected myocarditis or DCM were found to have higher

levels of IgG3 autoantibodies against cardiac myosin that strongly correlated with reduced

LVEF at baseline and 6 months.105 A higher IFN-γ response was found in patients positive

for IgG3, which were predominantly men (p = 0.01). A recent study in mice showed that

although sex chromosomes influence CVB3 myocarditis, sex hormones mediate the

dominant sex effect.106 A paucity of data exists on sex differences in the inflammatory

response in myocarditis and DCM patients, but the findings from animal models

summarized here suggest directions for future research.
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Dennis M. McNamara: Several animal models do suggest important sex differences in

myocardial inflammation and the progression to DCM (Kadokami et al., JCI 2000). In a

transgenic TNF over expression murine model of myocarditis, female virgin mice are

“protected” and do not develop DCM. However, females do develop DCM and heart failure

post partum and this TNF transgenic appears to be a interesting model for PPCM.

Cardiac remodeling

Far more data exists regarding sex differences in cardiac remodeling. A critical step in the

progression from myocarditis to DCM and heart failure involves extracellular matrix

remodeling and fibrosis.107 Cardiac remodeling is defined as structural and functional

changes to the myocardium that result in LV dilatation and heart failure. Alterations in the

coordinated degradation and synthesis of extracellular matrix components are regulated by

enzymes and cytokines released from immune cells, including mast cells and

macrophages.92,103,104 Cytokines associated with Th2-type immune responses like IL-4,

TGF-β and IL-1β (recall that IL-1β is released from M2 macrophages during acute CVB3

myocarditis), are strongly profibrotic (Figure 2). Interestingly, only males of mouse strains

that respond to CVB3 infection with a dominant Th2 response, like BALB/c mice, develop

fibrosis and DCM (e.g. elevated LV end systolic dimension by echocardiography) following

acute myocarditis92,99,108,109 (Table 1). Female BALB/c mice do not develop DCM

following CVB3 infection even though low levels of myocardial inflammation are present

(significantly lower compared to male mice) during the chronic stage of disease.92 A similar

finding has been observed for severe, clinically symptomatic myocarditis patients, where

men were twice as likely to present with visual evidence of myocardial fibrosis then women

by cardiac MRI.6 A Th2 response is necessary for male mice to develop DCM following

CVB3 myocarditis,99 but disease is far more severe if driven by the Th2 cytokine IL-33

compared to the Th2 cytokine IL-4.108,110 These findings highlight the importance of Th2-

driven mast cells and M2 macrophages that express TLR4 and IL-1β in the progression to

fibrosis and DCM in males during and following acute myocarditis (Figure 2). This type of

Th2-driven immune response appears to be disguised as a classical Th1 response in males

due to elevated levels of TLR4-induced IL-18, which increases IFN-γ production and Th1-

type immune cells.

Compared to female BALB/c mice, males have significantly elevated TLR4 expression on

macrophages and mast cells in the spleen as early as 12 hours after CVB3 infection, and

TLR4 expression remains elevated on immune cells in the heart of males with CVB3

myocarditis11 (Figure 2). Recently, microarray analysis of male and female BALB/c mice

revealed that males upregulate genes associated with the development of cardiovascular

disease and heart failure in the spleen 12 hours after CVB3 infection.111 This gene

upregulation is not present in spleens from uninfected mice, further emphasizing the

importance of innate inflammation in the progression of disease in males. Genes with well

known roles in promoting cardiovascular disease were more highly expressed in the spleen

of CVB3 infected males compared to females at 12 hours. These genes included carbonic

anhydrase (induces hypertrophy and heart failure), phospholipase A2 (secreted from

activated mast cells and macrophages, increases inflammation and atherosclerosis), squalene

synthase (increases intracellular cholesterol levels, needed for steroid synthesis), MAP2

Fairweather et al. Page 9

Curr Probl Cardiol. Author manuscript; available in PMC 2014 August 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



kinase 3 (regulates gene activation, proliferation and apoptosis), and the chemokine

CXCL12 (regulates neutrophil and macrophage function). Interestingly, phospholipase A2

and MAP2 kinase 3 were found to be more highly expressed in men than women with

severe heart failure secondary to idiopathic DCM using microarray of cardiac biopsies.112

Several studies report that men with myocarditis or DCM have a greater induction of

extracellular matrix proteins and/or fibrosis in the heart compared to women, including

increased collagen and matrix metalloproteinase production3,6,35 (Table 1). Various animal

models of heart disease have shown that testosterone is responsible for adverse cardiac

remodeling in males.113 and that estrogen signaling via ERb, in particular, prevents cardiac

myocyte hypertrophy and fibrosis in females by blocking TGF-β and collagen synthesis.75

Comparison of genes in the cardiac tissue of male and female mice with CVB3 myocarditis

or DCM using microarray analysis has revealed that most changes in remodeling genes

occur in males during acute myocarditis, but are largely absent at the chronic stage of

disease.92 In other words, gene changes that promote remodeling in males occur during

acute myocarditis in mice (around day 10 after infection) but only develop into observable

fibrosis and dilation several weeks later (by day 35 after infection) (Figure 2). These

findings suggest that biomarkers to predict progression to DCM in patients need to be

examined in the early stages of disease. This idea is supported by the finding that 33% of

genes in a meta-analysis of 11 clinical microarray studies of DCM patients (primarily men)

were also elevated in males with acute CVB3 myocarditis, whereas there was only 11%

overlap in DCM genes in patients compared to the DCM phase of disease in mice.92,114

Serpin A 3n, also known as α1-anti-chymotrypsin, has been found to be consistently

upregulated in 11 separate microarray studies of acute DCM patients and male mice with

acute CVB3 myocarditis.92,114 Serpin A 3n is a potent serine protease inhibitor of

leukocyte-derived proteases that was found to be increased in the heart of male mice by

testosterone and IL-1β and to induce cardiac fibrosis by altering matrix metalloproteinases

during acute CVB3 myocarditis92 (Figure 2). Overall, these studies suggest that elevated

testosterone levels in men increase cardiac inflammation and fibrosis, leading to DCM and

heart failure.

Testosterone

However, a few studies report an association between low serum testosterone levels,

cardiovascular disease and mortality in older men.115-117 Testosterone has many beneficial

effects, including metabolism of body fat. Conversely, central fat deposits have a high

degree of aromatase activity, which metabolizes testosterone to estradiol.115 Testosterone

supplementation in older men may reduce cardiovascular disease, particularly in patients

with type 2 diabetes.115,117,118 However, one recent trial of testosterone administration to

older men via a testosterone gel was discontinued early due to a higher rate of adverse

cardiovascular events in the testosterone group compared to the placebo group.119 There are

several possible explanations for these contradictory findings. Lower testosterone levels

could indicate that the hormone is being consumed.111 A change from a high level of

testosterone to a low level with aging could have opposite effects on cardiac tissues or

inflammation, as has been shown for estrogens. Another possibility is that elevated tumor
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necrosis factor-α, IL-1β and IL-6 levels in patients with cardiovascular disease (or other

chronic inflammatory conditions) reduce testosterone levels in the sera. These

proinflammatory cytokines are known to regulate the hypothalamic-pituitary axis, resulting

in reduced testicular production of testosterone.115,120 Additionally, serum testosterone

levels may not reflect local tissue or immune cell levels. Cardiac tissues and macrophages,

for example, are both able to produce sex steroid hormones. The question that is yet to be

resolved, then, is whether testosterone is low in aging men because of the presence of

chronic inflammatory disease or if low testosterone is a cardiovascular disease risk factor. It

has been suggested that a long-term multi-center randomized trial of testosterone

replacement therapy should be conducted with a combined measure of cardiovascular events

and death as a primary outcome in order to determine whether low testosterone is beneficial

or detrimental.115

Sex and gender differences in clinical manifestation

Men and women with heart failure present with different clinical manifestations. In the Euro

Heart Survey, men were found to develop systolic heart failure whereas women more often

had preserved ejection fraction and diastolic heart failure3,14 Hypertension, obesity and

diabetes are more likely to be risk factors in women, while coronary artery disease and

DCM are risk factors in men.1,3,4

The prevalence and severity of symptoms of cardiovascular disease have consistently been

reported to be higher in women than men. According to the Studies Of Left Ventricular

Dysfunction (SOLVD) database, women with impaired systolic LV function are more likely

than men to have dependent edema, murmurs, jugular venous distension, and an S3

gallop.121 A study of 303 patients (65 women) with idiopathic DCM in the Italian

Multicenter Cardiomyopathy Study Group showed that women had more severe symptoms,

presented more frequently with heart failure, and had higher frequency of left bundle branch

block compared to men.122

Like patients with other forms of acute DCM, patients with PPCM frequently present with

typical heart failure symptoms including dyspnea, fatigue and peripheral edema. Rarely,

patients present with sudden cardiac death. Because many of the signs and symptoms of

acute congestive heart failure are similar to those of normal pregnancy and the early

postpartum period, the diagnosis of PPCM can easily be missed. Early diagnosis of PPCM is

key, as delayed diagnosis may lead to major adverse events including the need for cardiac

transplantation, or death.123

Health-related quality of life for patients admitted for heart failure is lower in women

compared to men,124 and women with heart failure have greater impairment in activities of

daily living.125 A study of middle-aged and elderly Portuguese women and men with

symptomatic heart failure found that women had increased depressive symptoms compared

to men.126

Fairweather et al. Page 11

Curr Probl Cardiol. Author manuscript; available in PMC 2014 August 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Sex and gender differences in management

Pharmacologic therapy

Patients with myocarditis, DCM and PPCM are treated with standard heart failure

medications. Previous studies involving the general heart failure population have shown that

women treated for heart failure are significantly less likely to be prescribed certain evidence-

based medications and, when these medications are prescribed for women, dosing tends to

be suboptimal.69,127 A study on the impact of physician gender in prescribing appropriate

treatment to chronic heart failure patients demonstrated that there was no difference in

treatment for male and female patients by female physicians, whereas male physicians used

significantly less medication and lower doses of medication for female patients.128 This

treatment gap may be changing, however, as a recent study of hospitals participating in the

American Heart Association Get With The Guidelines Heart Failure registry, which includes

nearly 100,000 patients, found that women were just as likely as men to be prescribed

angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs)

and β-blockers.129

There is little published on differences in the use of pharmacologic therapies between

women and men with either myocarditis or DCM, specifically. The Intervention in

Myocarditis and Acute Cardiomyopathy (IMAC) trial, which included 373 patients (38%

women) with either myocarditis, acute nonischemic cadiomyopathy or PPCM, showed that

there was no significant difference in the use of ACE inhibitors or ARBs and β-blockers

between men, women without PPCM, and women with PPCM7 (Table 2). Dosage of these

medications was not reported for any group.

Most clinical trials of systolic heart failure did not plan to enroll a certain percentage of

women or to prospectively analyze sex differences, thus limiting our ability to draw

conclusions about the safety and efficacy of their treatment.130 As a result, current heart

failure treatment guidelines are not sex-specific due to under-representation of women and a

lack of prospective, randomized clinical trials designed to analyze sex-specific results. As

there are discrepancies in clinical presentation, burden of disease, and outcomes between

women and men with systolic heart failure, it is essential that the risks and benefits of

medical treatment, including “standard medical treatment”, be accurately assessed for both

sexes in order to optimize treatment for all patients.

Recently, a sex-specific therapeutic approach has been proposed for PPCM. Preliminary

data involving a mouse model for PPCM and a small number of PPCM patients suggest that

bromocriptine, which inhibits prolactin secretion, might help prevent death and deterioration

of LV function upon subsequent pregnancies by preventing the formation of a 16 kDa

prolactin fragment. Increased oxidative stress in the peripartum period triggers the activation

of cathepsin D, a ubiquitous lysosomal enzyme that subsequently cleaves serum prolactin

into its antiangiogenic and proapoptotic 16 kDa form.131 The 16 kDa fragment induces

endothelial inflammation and apoptosis, impairs nitric oxide-mediated vasorelaxation,

impairs cardiomyocyte metabolism, and reduces myocardial contraction. A proof-of-concept

pilot study of PPCM patients with severely reduced LVEF diagnosed within 1 month of

delivery showed that mortality was reduced in patients treated with bromocriptine compared
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with patients receiving placebo.132 A larger, randomized study in Germany is currently

underway in order to confirm the reportedly beneficial effects of bromocriptine during the

acute phase of PPCM (http://clinicaltrials.gov/ct2/show/NCT00998556).

Dennis M. McNamara: The proof-of-concept report was limited by an unexpected high

mortality in the control group, and the significance of earlier anecdotal reports on the

clinical use of bromocriptine is uncertain given the high spontaneous recovery rate in

PPCM. The use of bromocriptine for PPCM currently remains quite limited in the US, as

most clinician remain hesitant given potential risks. The results of the ongoing European

trial will be extremely helpful in determining the future role of bromocriptine in this

disorder.

Beta blockers—Investigators have shown that sex hormones play an important role in the

regulation of myocardial beta adrenergic receptors, so it seems reasonable that differences in

response to medications that target these proteins and receptors would be expected. Most

beta blocker trials were not designed to investigate sex differences and recruited, on average,

only about 20% female patients. There are no trials that specifically investigate the effects of

beta blocker therapy in patients with myocarditis, DCM, or PPCM, so data on the safety and

efficacy of beta blocker therapy in patients with these conditions has been extrapolated from

trials including patients with LV systolic heart failure due to various causes.

Bisoprolol and metoprolol are both beta1-selective beta adrenergic antagonists. Post hoc

analysis of 515 women with NYHA functional class III or IV symptoms and LVEF ≤35%

studied in the Cardiac Insufficiency Bisoprolol Study II (CIBIS II) showed that bisoprolol

improved survival.133 The survival benefit was similar for women and men (Table 2). Post

hoc analysis of 898 women with NYHA functional class II to IV symptoms and LVEF

<40% who were enrolled in the Metoprolol CR/XL Randomized Intervention Trial in Heart

Failure (MERIT-HF)134 showed that although metoprolol significantly reduced

hospitalizations, it provided no survival benefit. In contrast, there was both a significant

reduction in heart failure hospitalizations and mortality in the men treated with metoprolol in

this study (Table 2).

In contrast to metoprolol and bisoprolol, cardvedilol is a non-selective beta blocker with

additional alpha-blocking effects. Post hoc analysis of 256 women with moderate symptoms

and LVEF ≤35% participating in the US Carvedilol Heart Failure Study showed that

carvedilol improved survival, even though this was not a mortality trial.135 In the Carvedilol

Prospective Randomized Cumulative Survival Trial (COPERNICUS), carvedilol reduced

the combined end point of death or hospital stay in the 469 women studied with LVEF

<25% and severe HF symptoms.136 Most of this benefit, however, was due to a reduction in

hospitalizations, as the mortality data had a wide confidence interval that crossed 1.0.

Although the apparently conflicting results of these trials may lead to the conclusion that

beta blocker therapy is not as effective in women as in men, when data from three of these

trials (i.e. MERIT-HF, COPERNICUS, and CIBIS II) were pooled, beta blockade appears to

result in a similar decrease in mortality among women and men137 (Table 2). The beta

blocker study results emphasize the need to enroll more women in clinical trials and the

Fairweather et al. Page 13

Curr Probl Cardiol. Author manuscript; available in PMC 2014 August 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://clinicaltrials.gov/ct2/show/NCT00998556


importance of performing meta-analyses of data from clinical trials until women are

adequately represented in clinical trials in order to determine possible sex differences in

treatment effect.

ACE inhibitors—Numerous clinical trials have reported the benefit of ACE inhibitor

therapy in patients with reduced LV systolic function and subsequent cardiovascular society

guidelines have recommended ACE inhibitors as a key therapy in heart failure patients.

Similar to beta blockers, few women participated in the landmark ACE inhibitor studies and

sex-specific results were not reported in the initial trials, so it is difficult to estimate the

treatment benefit of ACE inhibitor therapy for women with systolic heart failure. There have

been no reports analyzing the effect of ACE inhibitor therapy specifically in patients with

myocarditis, DCM or PPCM.

A meta-analysis of nearly 7000 patients (23% women) enrolled in 32 randomized trials of

ACE inhibitor therapy conducted prior to 1995 demonstrated a 24% decrease in mortality

among men, but only a 21% decrease in mortality among women.138 The survival benefit

for men, but not for women, was significant, possibly due to the relatively small number of

women included in the trials. A subsequent meta-analysis that analyzed the 6 largest ACE

inhibitor trials also showed a significant survival benefit for men, but no significant decrease

in mortality for women treated with ACE inhibitors139 (Table 2). There was a trend toward

benefit of ACE inhibitor therapy in symptomatic, but not asymptomatic women, suggesting

that symptomatic women probably benefit from ACE inhibitors but the beneficial effect is

likely less than it is in men. It remains unclear whether women with asymptomatic LV

systolic dysfunction receive benefit from ACE inhibitor therapy.

Angiotensin receptor blockers—Patients with systolic heart failure who cannot tolerate

ACE inhibitor therapy are increasingly being treated with ARBs. Similar to beta blockers

and ACE inhibitors, there have been no reports analyzing the effect of ARBs specifically in

patients with myocarditis, DCM or PPCM, and there are no prospective sex-specific trials

for the efficacy of ARB treatment in patients with heart failure. Current data are limited to

post hoc analyses of outcomes in ARB clinical trials. CHARM-Alternative (ARB for

patients intolerant of ACEI) and CHARM-Added trials (ARB added to an ACEI) that

included 1,188 women with a NYHA functional class II to IV and LVEF ≤40%, show that

women who were randomized to candesartan had a 20% reduction in the primary combined

end point of cardiovascular death or hospitalization for heart failure.140 The therapeutic

effect was similar for men. In the Valsartan Heart Failure Trial (Val-HeFT),141 which

included 1,003 women with NYHA functional class II to IV and LVEF ≤40%, women who

were treated with valsartan had a 19% reduction in the primary combined endpoint of

cardiovascular death and hospitalization for heart failure, but this was nonsignificant, likely

due to the relatively low number of women in the trial. Valsartan therapy did not

significantly reduce mortality in either men or women. The available data, although limited,

suggests that there are no significant sex-specific differences in the therapeutic effect of

ARBs in patients with systolic heart failure (Table 2).

Dennis M. McNamara: While more prospective studies would be on interest, new

randomized data on safety and efficacy of standard heart failure therapy specifically in
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women would be extremely difficult to obtain from a human studies perspective unless

credible concerns had been raised. As demonstrated by Table 2, for the most part the

efficacy of standard therapy appears similar in men and women for beta blockers and ACE

inhibitors as well as ARBs and aldosterone receptor antagonists. In contrast to ongoing

controversy on racial differences in drug efficacy, the current consensus is that standard

heart failure therapies are likely equally efficacious in men and women.

Aldosterone antagonists—In contrast to the subgroup post hoc data on beta blockers,

ACE inhibitors and ARBs, data from the Randomized Aldactone Evaluation Study

(RALES)142 and Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and

Survival Study (EPHESUS)143 show that both nonspecific and specific aldosterone

antagonism seem to decrease mortality in women with symptomatic systolic heart failure.

The RALES trial included 446 (27%) women with either ischemic or nonischemic

cardiomyopathy with NYHA functional class III to IV symptoms and LVEF ≤35%.142 Both

women and men treated with spironolactone showed an approximately 30% decrease in all-

cause mortality. The EPHESUS trial enrolled 1, 918 (29%) women participants with LVEF

≤40% 3-14 days after myocardial infarction.143 Eplerenone was associated with a reduction

in all cause mortality in 20% of women and 15% of men, with the difference in survival

benefit between sexes nonsignificant. EMPHASIS-HF enrolled 610 (22%) women with

NYHA functional class II symptoms and ≤35%.144 Results showed a 24% reduction in all

cause mortality in the entire cohort of patients treated with eplerenone, with no significant

difference between women and men (Table 2). Given the results of these three trials, it

appears that aldosterone antagonism provides a similar survival benefit between women and

men with symptomatic systolic heart failure.

Hydralazine and isosorbide dinitrate—Hydralazine plus isosorbide dinitrate has been

used in heart failure patients who cannot tolerate an ACE inhibitor or ARB, or are pregnant.

The initial clinical trials that supported the use of this combination for improved survival

were completed including only men145,146 and to date, there have been no systematic

investigations of women using hydralazine plus isosorbide dinitrate as a substitute for an

ACE inhibitor or ARB. The African American Heart Failure Trial (A-HeFT)147 studied 420

women and 640 men with NYHA functional class III to IV symptoms already taking beta

blockers and an ACE inhibitor or ARB to determine whether adding hydralazine/isosorbide

dinitrate would improve outcomes. A significant reduction in both mortality and

hospitalizations for heart failure in both women and men prompted early termination of the

study.148 Based on this data, the combination of hydralazine and isosorbide dinitrate likely

improves outcomes in African American women, but whether this combination has any

beneficial effect on women of other races or ethnicities remains uncertain.

Digoxin—The Digitalis Investigation Group (DIG) trial showed that digoxin reduces

hospitalization for heart failure but has no effect on mortality.149 A subsequent post hoc

subgroup analysis revealed that women not only had a smaller rate of decreased

hospitalization compared to men, they also had an increased risk of death that was not

observed in men150 (Table 2). The increased mortality was thought to be due to digoxin

toxicity, as the mean serum level of digoxin was slightly higher for women than for men at
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one month, but similar at 12 months. A retrospective analysis of only the men included in

the original study showed that higher serum digoxin levels were indeed associated with

increased mortality in men with systolic heart failure.151 Based on this retrospective

analysis, a digoxin level between 0.5 and 0.9 ng/mL is now generally deemed safe for both

men and women, even though the association between drug level and outcomes was not

investigated in women.

Pharmacologic considerations for women of childbearing age—Special

consideration must be given to treating women with myocarditis, DCM or PPCM during

their childbearing years. Although most PPCM patients present postpartum, a number of

patients will present while pregnant. Myocarditis most commonly occurs in young adult

patients, so women are at risk of developing myocarditis while pregnant. Patients with DCM

generally present at an older age, although familial DCM will manifest in some patients

while they are pregnant. No pregnant women have been enrolled in any of the randomized

cardiovascular pharmacologic therapy trials, so there is no systematic evidence regarding the

safety and efficacy for the use of any of the standard heart failure medications during

pregnancy.

Treating heart failure patients during pregnancy presents a particular challenge, as potential

risks and benefits for both the mother and the fetus must be considered. Although there are

no systematic studies of the effects of any of the standard heart failure medications on

fetuses, there is animal data and some observational data in humans that suggests that certain

standard heart failure pharmacologic therapies can have a detrimental effect. Beta blockers,

particularly when administered in the first trimester and in higher doses, have been

associated with fetal bradycardia and low birth weight babies. ACE inhibitors and ARBs

should be avoided in pregnant women due to potential teratogenic effects including renal

malformation and/or dysfunction, intrauterine growth restriction, and fetal or neonatal death.

Other afterload reducers, such as hydralazine and nitrates, appear to be safe for both mother

and fetus. Aldosterone antagonists should be avoided, as they may cause antiandrogenic

effects on the fetus. Digoxin is relatively safe for use during pregnancy, but serum values

must be carefully monitored, as plasma digoxin levels tend to fall relative to dose during

pregnancy due to increased clearance and then rise again postpartum.

Due to these potential harmful effects on a fetus, patients diagnosed with heart failure during

pregnancy have limited pharmacologic options. Even diuretics must be administered

cautiously due to the potential for decreased placental blood flow. Women of childbearing

age who are diagnosed with heart failure while they are not pregnant must be carefully

counseled about the potential harmful effects of each medication prescribed should they

become pregnant. Should a woman with heart failure or a history of heart failure wish to

become pregnant, preconception counseling is necessary in order to discuss the risks and

benefits of all heart failure therapies prior to the onset of pregnancy. This is particularly

important with regard to pharmacologic therapy, as the teratogenic effects of some

medications may occur quite early in pregnancy.
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Devices

Implantable cardiac defibrillator—Women are underrepresented in randomized

implantable cardiac defibrillator (ICD) trials and obtain less ICD implantations than

men.152,153 The data for safety and efficacy of ICD treatment in women are largely based on

post hoc analyses and so we are limited in being able to determine whether women benefit

from ICD therapy and, if they do, to what extent. A meta-analysis of five ICD clinical trials

(MUSTT, MADIT II, DEFINITE, SCD-HeFT and COMPANION) enrolling 7,229 patients

(22% women) with DCM, of whom 1,677 (23%) had nonischemic DCM, showed that there

was no significant difference in overall mortality between women and men, but women

experienced significantly fewer appropriate ICD interventions. 154 Men, but not women, had

a significant survival benefit from prophylactic ICD therapy (Table 3). Another meta-

analysis (including data from MUSTT, MADIT II, DINAMIT, DEFINITE and SCD-HeFT)

showed that ICD therapy was associated with a significant decrease in total mortality in

men, but not in women.155 These findings suggest that ICD therapy could be associated with

a decreased survival benefit in women compared to men.

The Defibrillators in Non-Ischemic Cardiomyopathy Treatment Evaluation (DEFINITE)

trial enrolled 132 women (29% of study participants) with nonischemic cardiomyopathy,

LVEF <36%, and either premature ventricular contractions or nonsustained ventricular

tachycardia.156 Trial results showed an overall 35% reduction in all-cause mortality. There

was no significant difference in arrhythmic death between women and men after ICD

implantation, but there was a relative increase in death among women randomized to ICD

therapy compared to women randomized with standard therapy alone.157 This study also

showed a trend for women to obtain fewer appropriate ICD shocks.

Women are less likely to undergo ICD implantation than men, particularly for primary

prevention. An observational analysis of more than 13,000 patients with and LVEF ≤30%

who were hospitalized for heart failure and discharged alive from hospitals in the American

Heart Association's Get With the Guidelines Heart Failure quality improvement program

between 2005 and 2007 demonstrated that only 35.4% of eligible patients had ICD therapy

at discharge.158 ICDs were used in only 29% of eligible women compared to 41% of eligible

men. Recently, a follow-up study of patients ≥65 years old with a history of heart failure and

a LVEF ≤35% enrolled in the Get With the Guidelines Heart Failure program showed that

the use of ICD therapy in 2009 had increased to 32% in eligible women and 50% in eligible

men.159 Clearly, gender disparities persist and the gap between women and men is

widening. This disparity may be due, in part, on the perception that women do not benefit

from ICD therapy based on the results of clinical trials. Given the lower risk of sudden death

in women compared to men, however, the number of women enrolled in ICD trials has not

been large enough to definitely determine that there is no survival benefit for women treated

with ICD therapy.

Patients with myocarditis do not usually require ICD implantation, as tachyarrhythmias

often resolve within several weeks after diagnosis. If symptomatic or sustained ventricular

tachycardia persists, however, particularly in the setting of persistent LV systolic

dysfunction, ICD implantation should be considered. Due to the relatively high rate of LV
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recovery observed in PPCM patients, ICD implantation is uncommon in this group as well.

ICD implantation for primary prevention of sudden death may be considered in PPCM

patients whose LVEF remains <30% six months after diagnosis. For patients with either

myocarditis or PPCM who present with sudden cardiac death, ICD implantation for

secondary prophylaxis is indicated. There are no studies investigating the potential

beneficial effects of ICD implantation in patients with either myocarditis or PPCM, so no

sex-specific data is available for these patient groups.

Dennis M. McNamara: The use of ICDs and timing of ICD placement was identical in men

and non-peripartum women IMAC2, the multicenter investigation of myocardial recovery in

recent onset cardiomyopathy The study was too small (n=373) and the incidence of sudden

death too rare to address efficacy. The use of ICDs was significantly less in PPCM in

IMAC2, likely due to greater myocardial recovery evident in this subset.

Cardiac resynchronization therapy—Cardiac resynchronization therapy (CRT) has

increasingly been used to treat patients with advanced heart failure. Similar to ICD trials,

CRT trials tend to recruit more men than women, and like ICD utilization studies, women

are less likely to receive CRT therapy (Table 3).152,160 This gender disparity is especially

notable in light of recent studies which suggest that women are more likely to respond to

CRT. A best subset regression analysis of the 1,761 patients enrolled in the Multicenter

Automatic Defibrillator Implantation Trial With Cardiac Resynchronization Therapy

(MADIT-CRT) identified female sex as one of the seven patient characteristics most

predictive of echocardiographic response to CRT therapy.161 A sub-analysis of the

Predictors of Response to Cardiac Resynchronization Therapy (PROSPECT) trial also

showed that women had significantly better echocardiographic response to CRT than

men.162 A study of 233 patients (23% women) found that male gender was associated with

worse long-term survival (58 +/−15 months, HR 3.62, CI 1.88-6.99).163 More recently, a

study of 578 patients (25% women) who underwent CRT showed that there was a

significant difference in long-term survival between women and men, with a 2 year all-cause

mortality rate of 15% for men and only 8% for women (p = 0.025).164 Patients with

nonischemic DCM had significantly better survival compared to patients with ischemic

cardiomyopathy (HR 0.57, CI 0.419-0.776). Women with heart failure due to nonischemic

DCM showed the best long-term survival.

Mechanical circulatory support—Ventricular assist devices (VADs) have increasingly

been used as a bridge to transplantation or recovery therapy for patients with acute heart

failure with hemodynamic compromise and cardiogenic shock, including patients with

myocarditis and PPCM. Due to the rarity of myocarditis and PPCM, no large scale clinical

trials have investigated the use of these devices specifically in these patient groups. One

study of VADs used in 11 patients (6 women) with acute viral myocarditis showed similar

survival among women and men.165 However, adverse events differed between the sexes, as

more men than women required reoperation, while more women than men developed right

heart failure (Table 3). A review of the use of VADs as a bridge to transplant in 6 patients (2

women) with giant cell myocarditis reported that 3 men and 1 woman were still alive after

transplant while 1 woman died of an embolic stroke and 1 man died of a hemorrhagic stroke
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prior to transplant.166 Several case reports have described successful use of ventricular assist

device support as either a bridge to transplantation or a bridge to recovery in PPCM patients,

but systematic data on the use of VADs in this population remains limited.

Dennis M. McNamara: A recent single center report of the use of LVAD as bridge to

recovery (Simon, JCF 2010) reported an incidence of 14% (14/102) of successful LVAD

explant without transplantation in non-ischemics. This recovered cohort was predominantly

female (10 women including 4 subjects with PPCM) despite being a minority of the overall

non-ischemic study group of 34 women and 68 men.

VADs have also been implanted in DCM patients with chronic end stage heart failure as a

bridge to transplantation or destination therapy. Few women were enrolled in the early trials

investigating pulsatile flow left ventricular flow devices (LVADs) because the devices were

often too large for the body size of most women. With the advent of the smaller continuous

flow LVADs, more women have been enrolled in clinical trials. Information on sex and

gender differences remains limited, however, because sex-specific results are infrequently

reported. The single study published to date that systematically compared outcomes in

women versus men using LVADs as a bridge to transplantation reported no survival

difference between the sexes while on LVAD support, but fewer women than men

underwent heart transplantation.167 In the study, more women (72/104, 69%) than men

(184/362, 51%) had nonischemic cardiomyopathy. Adverse event rates were similar

between women and men with the exception of hemorrhagic stroke, which occurred more

frequently in women, and device lead infections, which occurred more frequently in men.

Transplant

Cardiac transplantation is reserved for those patients who are refractory to optimal medical

therapy and mechanical circulatory support. Men are more frequently referred for heart

transplantation than women. According to the International Society for Heart and Lung

Transplantation, women comprised only 23% of patients who underwent heart

transplantation between 2005 and 2010.168 The gender imbalance in referral for heart

transplantation is even more pronounced for the subset of patients with DCM, as the ratio of

referral of women to men has been reported to be 6:1 at the German Heart Center Berlin and

5:1 in the Eurotransplant database.169 The sex differences seem to be due to referral bias, as

women in both transplantation cohorts had more severe heart failure but fewer relative

contraindications than men at the time of referral. The acceptance rate of patients referred

for transplantation in these two cohorts was virtually identical for women and men, and

gender did not modify the hazard rate for listing.

The lower rates of transplantation in women may also be at least partially explained by

higher levels of panel reactive antibodies in parous women, making finding suitable donors

more challenging. Another likely contributing factor is that women are less likely to accept

the option for transplantation compared to men.170

In general, survival rates for women versus men after heart transplantation are similar,169

although clinical courses may differ. In patients with idiopathic DCM undergoing heart

transplantation, inflammation in explanted hearts occurred more frequently in men than
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women, and patients with inflammatory DCM had a worse clinical status and a greater

dependence on inotropic drugs.32

Recently, a review of the United Network for Organ Sharing Database showed that 42,406

patients (9,419 women, 485 of whom had PPCM as the indication) were transplanted

between 1987 and 2010.171 Compared to other women and men, PPCM patients were

younger, had higher sensitization, required a higher intensity of cardiovascular support pre-

transplant, and had a higher listing status and more post-transplant rejection during the index

transplant hospitalization as well as during the first year. In addition, graft survival was

inferior and age-adjusted survival was lower for PPCM patients compared to other groups.

The authors postulate that “cardio-toxic” autoimmunity may play a role in the higher rate of

rejection in PPCM patients, as previous studies found cardiac specific autoantibodies in

cardiac biopsy specimens of PPCM patients leading to the hypothesis that dysregulated

autoimmunity may cause PPCM.172

Graft survival has recently been reported to be better in women compared to men. Amarellia

and colleagues found that male sex was one of the determining factors of early graft failure

in the highest-risk group.173 As early graft failure has a poor prognosis, it is not surprising

that patients in the highest risk group (93% men) had 100% mortality, while patients in the

lowest risk group (27% women) had only 48% mortality. These data support previous

reports that women do as well as men after cardiac transplant and suggest that in certain

circumstances, women may fare better than men.

Sex Differences in Outcomes

Women with heart failure in general have a better prognosis and longer survival after

diagnosis than men with heart failure, possibly due to a lower incidence of ischemic heart

disease and a higher incidence of heart failure with preserved ejection fraction. In 1993 Ho

et al. reported findings on survival rates after congestive heart failure obtained from 652

participants of the Framingham Heart Study that found that survival was significantly worse

for men compared to women.174 This holds true for the subset of heart failure patients with

myocarditis and nonischemic DCM as well. Recently, the Intervention in Myocarditis and

Acute Cardiomyopathy (IMAC)-2 Study reported that among the 373 patients (38% women)

with LVEF <40%, fewer than 6 months of symptom duration, and an evaluation consistent

with idiopathic DCM, myocarditis or PPCM, myocardial recovery was significantly better

for women than men.2 Baseline LVEF was 24% in women and 23% in men, improving to

43% in women but only 39% in men at 6 months. Transplant-free survival was also

significantly better in women, with 1-, 2-, and 4-year transplant-free survival for women of

96%, 96% and 96%,but only 93%, 90% and 84% for men (p = 0.03). This difference was

largely driven by a markedly better survival among women compared to men (p = 0.003).

Further analysis of these sex differences among the IMAC-2 study was investigated by

subdividing the study cohort into three groups: men (group 1, n = 240), women with

nonperipartum cardiomyopathy (group 2, n = 104) and women with PPCM (group 3, n =

39). For groups 1, 2, and 3, the mean LVEF at baseline was 23%, 24% and 27% while the

mean LVEF at 6 months was 39%, 42% and 45%, respectively (p = 0.007).7 PPCM patients
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had a significantly greater likelihood of achieving a LVEF >50% at 6 months than patients

in groups 1 or 2 (19%, 34% and 48%, respectively; p = 0.002) (Figure 3) These results show

that among patients with acute cardiomyopathy, myocardial recovery is greatest in women

with PPCM, poorest in men, and intermediate in women with non-peripartum acute

cardiomyopathy.

Future directions

The next several years should see an expansion of research efforts in sex-specific

pathogenesis and translational science. The rapid progress in the biology of DCM gleaned

from murine models will be explored in translational studies of human disease, using blood

samples and heart biopsy tissue. Further studies to examine sex differences in myocarditis

and other forms of DCM are warranted in order to confirm or establish beneficial effects of

current therapies. To facilitate the efforts in translational science, a centralized BioBank of

blood samples linked to a well-characterized phenotype should be established. Clinical trials

of novel therapeutic strategies for patients with myocarditis and other forms of DCM should

be designed to specifically establish efficacy in women. In summary, a heightened

understanding of sex differences is critical for improving diagnostic strategies and clinical

management that will lead to optimal care for both women and men with these potentially

devastating cardiovascular diseases.

Dennis M. McNamara: Differences by sex in the incidence of myocarditis and subsequent

clinical outcomes almost certainly underlie the observed differences in the more common

cardiovascular disorder, primary non-ischemic dilated cardiomyopathy. The observation of

better myocardial recovery in females than males is a consistent finding in murine models of

myocarditis and in clinical studies of recent onset cardiomyopathy. The mechanism remains

uncertain, but differences in immune function by sex almost certainly play an important role.

For myocarditis and inflammatory cardiomyopathy female sex is protective, in sharp

contrast to its more adverse impact in more clearly defined autoimmune disorders such as

lupus and rheumatoid arthritis. While much can be learned from animal models, the complex

genomic influences on the development of DCM makes additional multicenter clinical

studies essential to our understanding of th influence of sex on inflammatory pathogenesis

and myocardial recovery. Knowledge of the cellular mechanism of this “gender effect” may

lead to better targeted therapies for both men and women with myocarditis and dilated

cardiomyopathy.
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Abbreviations

ACE angiotensin-converting enzyme

AR androgen receptor

ARBs angiotensin receptor blockers

CVB3 coxsackievirus B3

DCM dilated cardiomyopathy

ER estrogen receptor

ICD implantable cardiac defibrillator

IFN interferon

IL interleukin

LV left ventricular

LVEF left ventricular ejection fraction

NYHA New York Heart Association

PPCM peripartum cardiomyopathy

Th T helper-type immune response

TGF-β transforming growth factor-β

TLR Toll-like receptor

VAD ventricular assist device
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Figure 1. Sex hormone effects on the immune cell response
Antigen presenting cells, such as mast cells, dendritic cells and monocyte/macrophages, in

mice and humans express androgen receptors (AR) and estrogen receptor-α/β (ERα/β). Men

express higher AR levels on macrophages than women. Estrogen via ERα/β has a well

known ability to activate B cells, resulting in increased antibody (Ab) and autoAb levels and

to drive T helper (Th)2 responses, while testosterone via the AR decreases Ab levels and

drives Th1 responses.
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Figure 2. The effect of testosterone on myocardial inflammation leading to fibrosis and dilated
cardiomyopathy (DCM)
Testosterone increases mast cell and macrophage numbers in the heart and Toll-like receptor

(TLR)4 expression on mast cells and macrophages. Mast cell release of interleukin (IL)-4

induces alternative activation of macrophages to induce M2 macrophages that express TLR4

and release IL-1β. Elevated testosterone and IL-1β during acute myocarditis increase serpin

A3n levels in the heart, which, along with transforming growth factor (TGF)- β1, causes

fibroblasts to produce collagen over the subsequent 4 weeks resulting in fibrosis and the

development DCM.
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Figure 3. LVEF at baseline and at 6 months for men, peripartum cardiomyopathy (PPCM)
women and non-PPCM women
Label on each bar represents the mean left ventricular ejection fraction (LVEF) for the

subset ±standard deviation. LVEF was significantly greater in PPCM women at baseline (p

= 0.04) and at 6 months (p = 0.007). Men at all points had the lowest LVEF, while non-

PPCM women had intermediate LVEF levels. Reproduced with permission from Cooper et

al. 2012 (7).
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Table 1

Known effects of testosterone and/or male sex on the hearta

Effect References

Hypertrophy 47, 61, 62

Apoptosis 56, 65

Testosterone production in the heart 60, 106

Myocardial inflammation 8, 11, 12, 25-32, 91, 92

Atherosclerotic plaques/atherosclerosis 4, 58

Increased AR expression on macrophages 74

Increased numbers of macrophages and mast cells 11

Increased TLR4 and IL-1β expression 11, 91, 92, 100, 101, 102

Increased Th1 immune response 11, 71, 85, 91,93-97, 105

Increased Serpin A3n (α1 anti-chymotrypsin) 92, 114

Increased fibrosis/ECM remodeling 3, 6, 15, 35, 92, 113, 114

DCM 1, 18, 32, 92, 99, 112

Heart failure 1,-3, 14, 68, 69, 111, 114, 119

a
Abbreviations: AR, androgen receptor; DCM, dilated cardiomyopathy; ECM, extracellular matrix; IL-1β, interleukin-1β; Th1, T helper cell-type

1; TLR4, Toll-like receptor 4
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Table 2

Post hoc analyses of pharmacologic therapies for cardiovascular disease by sexa

Treatment Survival Benefit References

α/β adrenergic receptor blockers

 Bisoprolol Women = Men 133, 137

 Metoprolol Women ≤ Men 134, 137

 Carvedilol Women = Men 135, 136, 137

Angiotensin-converting enzyme (ACE) inhibitors Women ≤ Men 138, 139

Angiotensin receptor blockers Women = Men

 Candesartan Women = Men 140

 Valsartan Women = Men 141

Aldosterone antagonists

 Spironolactone Women = Men 142

 Eplerenone Women = Men 143, 144

Hydralazine + isosorbide dinitrate Women = Menb 147, 148

Digoxin Women < Men 149, 150, 151

a
Note that no intentional studies of sex differences in the effects of pharmacologic therapies for myocarditis and DCM patients exist

b
African Americans
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Table 3
Sex differences in the implantation and effectiveness of cardiovascular devices

Devicea Effect References

ICD

F < M ICD implantation 152-160

F < M Appropriate ICD shocks 154, 157

F < M Reduction in total mortality 155

F < M Survival benefit with ICD therapy 154, 157

CRT

F < M CRT implantation 152, 160-164

F > M Response to CRT therapy 161, 162

F > M Long-term survival 163, 164

VADs

F = M Survivalb 165

F < M Need for reoperationb 165

F > M Right heart failure following VAD implantationb 165

F < M Cardiac transplant following VAD implantation 167

F > M Hemorrhagic stroke 167

F < M Device lead infection 167

a
Abbreviations: CRT, cardiac resynchronization therapy; F, female; ICD, implantable cardiac defibrillator; M, male; VADs, ventricular assist

devices.

b
Patients with acute viral myocarditis
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