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Heart Failure (HF), an endemic problem of great magnitude in the world, is essentially the 
final and common pathway of cardiovascular diseases that result in cardiac systolic and/or 
diastolic dysfunction. Common underlying disorders in HF include cardiomyopathy, primary 
or acquired from previous myocardial infarctions, chronic myocardial ischemia, hypertension, 
diabetes, valvular defects, dysrhythmias, and congenital heart defects. The hallmark of HF is 
that of relentless clinical progression often manifested as repeated hospitalizations with a sig-
nificant economic impact to society. Despite considerable clinical and research advances, the 
morbidity and mortality of HF remain high. Consequently, there is an urgent need to develop 
new paradigms and to identify novel therapeutic targets for HF.

While invasive and noninvasive procedures such as cardiac catheterization and echocar-
diography have been for several decades the most important diagnostic tools in children and 
adults with cardiovascular diseases, presently clinical cardiology is experiencing a period of 
profound transformation with advances that are changing dramatically our understanding of 
HF pathophysiology. Upon the completion of the Human Genome Project, new discoveries in 
molecular and cellular biology have begun to offer significant insights into the basic mecha-
nisms underlying HF, and they are providing clinicians and researchers alike with a large 
armamentarium of new and largely effective noninvasive diagnostic techniques. With so many 
new and spectacular developments at hand we believe that this is an appropriate time for a new 
book on HF that will translate new information from the bench to the bedside. Our goal has 
been to provide the reader with detailed information of new findings and forthcoming method-
ologies as well as a critical clinical evaluation of the complex HF syndrome together with 
available and future therapies. Initially, the clinical phenotypes of HF and known facts con-
cerning its prevalence, relationship to other diseases and incidence in special population 
defined by age, gender, and ethnicity will be discussed. After that, we will offer the reader 
clinical terminology employed throughout the book, a primer on gene profiling and bioener-
getics of the normal heart and a discussion on molecular, genetic, biochemical, and cellular 
techniques critical to better understanding HF pathogenesis and pathophysiology. Thenceforth, 
animal models of HF (one of the most important research tool currently available) will be 
discussed, including the models of rat coronary artery ligation model, pacing-induced HF, and 
transgenic animals with either deleted or overexpressed genes. Later, the molecular, genetic, 
and metabolic variables so far identified in HF, and specific metabolic, signaling pathways, 
and gene expression patterns that may participate in the causation of HF will be presented. 
This will be followed by discussions on cardiac remodeling, oxidative stress, and alterations 
in other organs and systems that are often associated with human HF. Two chapters are specifi-
cally dedicated to the pathogenesis and clinical presentation of HF in children together with a 
comprehensive subsection covering heart transplantation in this age group. This will be 
followed by another section with two chapters designed to cover basic mechanisms and 
clinical presentation of HF in the elderly.

Finally in the last four chapters, we will deal with current and forthcoming diagnostic 
techniques and therapies, including the application of “omics” in HF, pharmaceutical and 
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pharmacogenomic-based individualized medicine, gene and cell-based therapies, and the 
search for new frontiers.

We have tried to provide the readers of this book with a clear view of current approaches to 
HF clinical diagnosis and treatment, as well as insightful critiques of original and creative 
scientific thoughts on postgenomic HF research; however, we are aware of the limitations that 
a single volume may have to cover in its entirety a subject so complex and extensive as HF.

Nowadays, books dealing with subjects of the complexity and magnitude of HF are often 
written with the participation of numerous contributors sacrificing at times reading homogeneity. 
To overcome this potential shortcoming, we purposely decided to limit the number of contribu-
tors to only a few hoping that this approach will lend the book a higher sense of homogeneity and 
clarity.

We hope that new discoveries, innovations, increasing knowledge, and learning will flourish 
in the future, and hopefully soon there will be no more HF, but until then the work must continue.

From the beginning of time,
we are looking for the light,
it is here… it is there…….,
the truth is worth searching.

José Marín-García, M.D.
Director, The Molecular Cardiology and Neuromuscular Institute,  
Highland Park, NJ, USA
tmci@att.net
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Overview

Heart failure (HF) constitutes an important and escalating 
clinical and public health problem. The overall prevalence of 
clinically evident HF is around 5–20 cases/1,000 population, 
but rises to >100 cases/1,000 population in subjects aged 
>65 years. The overall annual incidence of clinically overt 
HF in middle-aged men and women is approximately  
0.1–0.2%, but with each additional decade of life there is a 
doubling of the rate. Patients with HF frequently suffer from 
clinical decompensation requiring hospital admissions. 
These patients who are admitted and discharged with a 
diagnosis have a high readmission rate in which these rates 
appear to be steadily increasing in all industrialized countries, 
especially among older individuals. In this introductory chapter, 
contemporary data on the epidemiology, risk factors, as well 
as the clinical phenotypes of HF will be reviewed.

Introduction

HF is a clinical syndrome that results from any form of 
 cardiac disease that can cause systolic and/or diastolic func-
tion or both. HF ensues when the organ is no longer able to 
generate a cardiac output sufficient to meet the demands of 
the body without unduly increasing diastolic pressure. As 
HF may be manifested by symptoms of poor tissue perfusion 
alone, e.g., fatigue, poor exercise tolerance, confusion or by 
both symptoms of poor tissue perfusion and congestion of 
vascular beds, e.g., dyspnea, crackles, pleural effusion, 
pulmonary edema, distended neck veins, congested liver, 
peripheral edema, the more general descriptive term HF is 
preferred over the more restrictive term congestive HF [1].

Prevalence and Incidence

According to the American Heart Association (AHA) 2004 
update on heart disease and stroke statistics, 15 million 
patients are believed to have symptomatic HF worldwide. 

In the United States (US), it is estimated that 5 million people 
have HF and 550,000 new cases are diagnosed each year [2]. 
In the Framingham study, at the time of entry, 17 of 5,209 
persons (3/1,000 cases) screened for HF on the basis of clinical 
criteria were thought to have HF; all were less that 63 years of 
age [3]. After 34 years follow up, prevalence rates increased 
as the cohort matured. The estimated prevalence of HF in the 
groups aged 50–59, 60–69, 70–79, and >80 years was 8, 23, 
49, and 91 cases/1,000 persons, respectively [4]. The National 
Health and Nutrition Examination Survey (NHANES-1) 
reported the HF prevalence rate within the US population. 
Based on self reporting, and using a clinical scoring system, 
this study screened 14,407 persons of both sexes, aged 25–47 
years, between 1971 and 1975, with detailed evaluation of 
6,913 subjects and reported a prevalence rate of 20 cases/1,000 
[5]. The study of men born in 1913 examined the prevalence 
of HF in a cohort of 855 Swedish men at ages 50, 54, 57, and 
67 years. The prevalence rate of “manifest” HF rose markedly 
from 21/1,000 at age 50 years to 130/1,000 cases at age 67 
years. In Canada, HF affects approximately 490,000 people 
and accounts for 4,500 deaths each year [6]. Furthermore, 
there is evidence to indicate that the prevalence of HF is 
increasing with projected further increases over the next 
decade (Fig. 1.1) [7]. In the USA, the number of HF incident 
hospital cases per year is projected to more than double by 
the year 2025. To keep the current number of incident patients 
the same as in 1996/97, it is estimated that the incidence of 
HF would have to decrease by 2.6% per year.

There are less extensive studies that report prevalence but 
with objective evidence of cardiac dysfunction. A study from 
Scotland targeted a representative cohort of 2,000 persons 
aged 25–74 years living north of the River Clyde in Glasgow 
[8]. Of those selected, 1,640 (83%) underwent a detailed 
assessment of their cardiovascular status and underwent 
echocardiography. Left ventricular (LV) systolic dysfunction 
was defined as a left ventricular ejection fraction (LVEF) 
<30%. The overall prevalence of LV systolic dysfunction 
using this criterion was 2.9%. Concurrent symptoms of HF 
were found in 1.5% of the cohort, while the remaining 1.4% 
was asymptomatic. Prevalence was both greater in men and 
it increased with age: in men aged 65–74 years it was 6.4% 
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4 1 Introduction to Heart Failure

and in age matched women 4.9%. In a recent study con-
ducted in Minnesota, 21% of the population had mild dia-
stolic dysfunction, 6.6% had moderate diastolic dysfunction, 
0.7% had severe diastolic dysfunction, and 5.6% had moderate 
or severe diastolic dysfunction with normal ejection fraction. 
The prevalence of any form of systolic dysfunction was 6.0% 
and moderate or severe systolic dysfunction was 2.0%. HF 
diagnosis was much more common among those with systolic 
or diastolic dysfunction than in those with normal ventricular 
function. Even among those with moderate or severe diastolic 
or systolic dysfunction, less than 50% had recognized HF. 
Mild diastolic dysfunction and moderate or severe diastolic 
dysfunction were predictive of all-cause mortality [9].

Much less has been reported on the incidence when com-
pared to the prevalence of HF. A list of population studies 
that reported incidence is shown in Table 1.1. In the devel-
oped countries, the crude incidence (unadjusted for age) 
ranges from 1 to 5 cases/1,000 in the general population 
whereas the crude prevalence of HF ranges from 3 to 20/100, 
depends on age groups, in the general population [10]. 
According to the National Heart Lung and Blood Institute 
(NHLBI) Cardiovascular Health Study (CHS), the annual 
rates per 1,000 population of new and recurrent HF events for 
non-black men were estimated to be 21.5 for ages 65–74, 
43.3 for ages 75–84, and 73.1 for age 85 and older. For non-
black women in the same age groups, the rates are 11.2, 26.3, 
and 64.9, respectively. For black men, the rates were 21, 52, 
and 67, and for black women, the rates were 19, 34, and 48, 
respectively. The most detailed incidence data were reported 
in the Framingham heart study [4]. At 34 years follow up, the 
incidence of HF was 2 new cases/1,000 in persons aged 45–54 
years increasing to 40 cases/1,000 in men aged between 85 
and 94 years. In another report from the Framingham study, 
at age 40, the lifetime risk of developing HF for both men and 
women is 1 in 5 [11]. This lifetime risk doubles for people with 
blood pressure greater than 160/90 mmHg versus those  
with blood pressure less than 140/90 mmHg.

A more recent study of incidence was from the Hillingdon 
district of London with a population of approximately 150,000 

[12]. In a 15-month period, 122 patients were referred to a 
special HF clinic. This represented an annual referral rate of 
6.5/1,000 population. Using a broad definition of HF, only 
29% of these patients were clearly diagnosed as having 
suffered HF (annual incidence 1.85/1,000 population).

Risk Factors for the Development  
of Heart Failure

The etiologic importance of associated risk factors for the 
development of HF depends on the age of the cohort as 
well as the criteria used to diagnose the disease. Data from 
the Framingham study into the natural history of coronary 
heart disease, commenced in the United States in 1949, 
provided insight into the modifiable risk factors of HF 
[13]. When these factors are examined in relation to HF, 
the population-attributable rate for high blood pressure 
was the greatest, accounting for 39% of HF in men and 
59% in women. Previous myocardial infarction, despite its 
much lower prevalence in the population (3–10%), was the 
second commonest contributor to HF in men (34%) and in 
women (13%). Valvular heart diseases accounted for 7–8% 
of HF. In the subsequent years of follow up, coronary heart 
disease become increasingly prevalent as the identified 
new cases of HF, increasing from 22% in the 1950s to 
closed to 70% in the 1970s. During the same period, the 
relative contribution of hypertension and valvular heart 
disease declined (Fig. 1.2).

Other less common but equally important risk factors 
for HF are diseases of the heart muscle (cardiomyopathy) 

Fig. 1.1 Projected number  
of incident hospitalizations  
for heart failure patients, using high, 
medium and low population growth 
projections in Canada 1996–2050. It 
is estimated that the increased 
longevity of the population alone 
will result in a doubling of new 
heart failure (HF) cases by 2025 
(Adapted from Johansen et al.[7]. 
Reproduced with permission of the 
Can J Cardiol 2003;19(4):430–435)

Table 1.1 Incidence of heart failure from selected population studies.

Study Location Incidence

Remes et al. [75] Eastern Finland 1–4/1,000 (45–74 years)
Ho et al. [4] Framingham, USA 2/1,000
Rodeheffer et al. [74] Rochester, USA 1/1,000 (<75 years)
Cowie et al. [12] London, UK 1/1,000
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due to alcohol abuse or infections, diabetes, and obesity 
[14]. Diabetes remains a strong risk factor for the develop-
ment of HF. Diabetic women with elevated body mass 
index (BMI) or depressed creatinine clearance are at par-
ticularly high risk with annual incidence rates of 7 and 
13%, respectively. Among nondiabetic women with no 
risk factors, the annual incidence rate is only 0.4%. The 
rate increases with each additional risk factor, and nondia-
betic women with three or more risk factors had an annual 
incidence of 3.4%. Among diabetic participants with no 
additional risk factors, the annual incidence of HF was 
3.0% compared with 8.2% among diabetics with at least 
three additional risk factors. Diabetics with fasting glucose 
>300 mg/dL had a threefold adjusted risk of developing 
heart failure, compared with diabetics with controlled fast-
ing blood sugar levels [15].

Mortality and Morbidity

Patients with HF experience significant mortality and morbidity 
[2, 7, 8, 16]. Based on the long term follow-up of the 
Framingham Heart Study reported in the AHA 2006 update, 
80% of men and 70% of women under age 65 who have HF die 
within 8 years. After HF is diagnosed, survival is poorer in men 
than in women, but fewer than 15% of women survive more 
than 8–12 years. The 1-year mortality rate is particularly high, 
with one in five dying after this period. In the original and sub-
sequent Framingham cohort, the probability of someone with a 
diagnosis of HF dying within 5 years was 62 and 75% in men 
and 38 and 42% in women, respectively. The Rochester epide-
miology project also described the prognosis in 107 patients 
presenting to associated hospitals with new onset HF in 1981, 
and 141 patients presenting in 1991. The median follow up in 

these cohorts was 1,061 and 1,233 days, respectively. The mean 
age of the 1981 patients was 75 years, rising to 77 years in 
1991. The 1- and 5-year mortality was, respectively, 28 and 
66% in the 1981 cohort and 23 and 67% in the 1991 cohort [17, 
18]. The NHANES-I initially evaluated 14,407 adults aged 25 
and 74 years in the US between 1971 and 1975 [5]. Follow up 
studies were carried out in 1982–84 and again in 1986, for 
those aged >55 years and alive during the 1982–84 review. The 
estimated 10-year mortality in subjects aged 25–74 years with 
self-reported HF was 42.8% (49.8% in men and 36% in 
women). Mortality in those aged 65–74 years was 65.4% (71.8 
and 59.5% in men and women, respectively). These mortality 
rates are considerably lower than those observed in Framingham. 
Patients in NHANES-I were non-institutionalized and their HF 
was self reported. Follow up was incomplete. NHANES-I was 
also carried out in a more recent period of time than Framingham 
when prognosis in HF patients may have improved. Framingham 
investigators in 1993 looked at patients developing HF in the 
period 1948–1988 and the Rochester investigators in the period 
1981–1991. In both these studies, no temporal change in 
prognosis was identified.

Hospital admissions for HF constitute an important 
clinical outcome particularly in more recent clinical trials. 
Hospital admission rates for several developed countries are 
shown in Fig. 1.2. Hospitalization for HF is a growing prob-
lem globally. In the US, HF continues to be the commonest 
cause of hospital admission in subjects over the age of 65 
years [19]. In the United Kingdom (UK), in the early 1990s, 
0.2% of the population was hospitalized for HF per annum 
and that such admissions accounted for more than 5% of 
adult general medicine and geriatric hospital admissions, 
outnumbering those associated with acute coronary syn-
dromes [20]. Hospital admission is frequently prolonged and 
in many instances followed by readmission within a short 

Fig. 1.2 Changes in the etiologic 
factors in heart failure over time. 
Changes in causal factors for heart 
failure in the Framingham heart study 
during the period 1950–1987
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time. In Canada, based on 1996/1997 data on 40,958 males 
and 42,255 females and within the first year, HF patients 
used an average of 26.9 hospital days and nearly 50% were 
readmitted to hospital [7]. In the UK, the mean length of stay 
for a HF related admission in 1990 was 11.4 days in the acute 
medical wards and 28.5 days in the acute geriatric wards. 
Within the UK, about one third of patients are readmitted 
within 12 months of discharge [20]. Hospital admission data 
for HF in the US are in general very similar [19]. It should be 
pointed out that these hospital readmission rates are far 
higher than the other major causes of hospitalization such as 
stroke and hip fractures. Indeed, in any healthcare delivery 
system, hospital admissions represent more than one-half of 
the healthcare expenditure of HF.

There exists some evidence, however, that the overall 
prognosis of HF may be improving over time. The National 
Swedish registers on hospital discharges and cause-specific 
deaths were used to calculate age- and sex-specific trends 
and sex ratios for HF admissions and deaths [21]. The study 
included all men and women 45–84 years old hospitalized 
for the first time for HF in 19 Swedish counties between 
1988 and 2000, a mean annual population 2.9 million.  
A total of 156,919 hospital discharges were included. In 
1988, a total of 267 men and 205 women/100,000 inhabit-
ants (age adjusted) were discharged for the first time with a 
principal diagnosis of HF. After 1993 a yearly decrease was 
observed, with 237 men and 171 women/100,000 inhabitants 
discharged during 2000. The 30-day mortality also decreased 
significantly. The decrease in 1-year mortality was more 
pronounced in the younger age groups, with a total reduction 
in mortality of 69% among men and 80% among women 
aged 45–54 years. The annual decrease was 9% among men 
and 10% among women aged 45–54 years (95% CI −7 to 
−12% and −6 to −14% respectively) and 4% among men and 
5% among women (95% CI −4 to −5% for both) aged 75–84 
years. In spite of this encouraging trend, the 1-year mortality 
after the first hospitalization for HF is still high. Similarly, a 
study from Scotland also reported a reduction in 30-day and 
1-year case fatality rates among hospitalized patients between 
1986 and 1995 [22].

Economic Burden of Heart Failure

Heart failure can incur significant financial burden to societ-
ies. The direct and indirect cost of HF in the United States for 
2006 is estimated to be $29.6 billion. In 2001, $4.0 billion 
($5,912 per discharge) was paid to Medicare beneficiaries 
for management of HF. In Canada, the annual cost of manag-
ing HF patients with NYHA class III/IV symptoms is esti-
mated to be C$1.4–2.3 billion [23]. Figure 1.3 demonstrates 
that heart failure consumes 1–2% of the total healthcare 

expenditure in a number of industrialized countries. Over 
half of the cost associated with the management of HF is 
spent on hospital admissions.

Gender, Age, and Ethnicity

Women, the elderly and non-White minorities are typically 
underrepresented in HF randomized controlled trials [24]. 
In recent years, however, a great deal of attention has been 
placed on gender differences, particularly women in cardio-
vascular disease [25–27]. It is not surprising that the possi-
bility of gender differences in HF has captured some attention. 
Women with HF have been shown to have a better prognosis 
than men in both the Framingham cohort [28] as well as in 
more recent clinical trials [29]. Women also tend to have a 
higher prevalence of non-ischemic etiologies for HF when 
compared with men [29]. However, these findings are not 
entirely uniform. In the population-based Framingham study 
[3, 4], the prognosis of women was significantly better than 
men after the onset of symptoms of HF. The median survival 
time was 1.7 years in men and 3.2 years in women and the 
5-year survival rate was 25% in men and 38% in women. 
In the intervention trials such as the Studies of Left Ventricular 
Dysfunction (SOLVD) registry, poorer outcome was reported 
in women than in men at least in the short term [30]. Using 
the UNC Heart Failure Database at the University of North 
Carolina, the natural history of patients with HF was studied 
prospectively to determine whether gender was an indepen-
dent risk factor for mortality [31]. Follow-up data were avail-
able in 99% of patients (mean follow-up period 2.4 years) 
after study entry, and 201 patients reached the primary study 
end point of all-cause mortality. By life-table analysis, 
women were significantly less likely to reach this primary 
end point than men (p < 0.001). A significant association was 

Fig. 1.3 Economic burden of heart failure. Cost of managing heart 
failure, absolute dollars, and percent of total health care expenditure
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found between female gender and better survival (p < 0.001), 
which depended on the primary etiology of HF (p = 0.008 
for the gender–etiology interaction) but not on baseline 
cardiac function. Women survived longer than men when HF 
was due to nonischemic causes (men versus women: relative 
risk [RR] 2.36, 95% confidence interval [CI] 1.59–3.51, 
p < 0.001). In contrast, outcome appeared similar when HF 
was due to ischemic heart disease (men vs. women: RR 0.85, 
95% CI 0.45–1.61, p = 0.651). In the Cardiac Insufficiency 
Bisoprolol Study (CIBIS) II, women (n = 515) differed from 
men (n = 2,132) with regard to age, NYHA functional clas-
sification, primary cause of HF, and risk factors such as left 
bundle-branch block [32]. After adjustment for baseline 
differences, the probability of all-cause mortality was sig-
nificantly smaller by 36% in women compared with that in 
men (hazard ratio 0.64, 95% CI 0.47–0.86, p = 0.003). 
Women also had a 39% reduction in cardiovascular deaths 
(hazard ratio 0.64, 95% CI 0.45–0.91, p = 0.01) and a 70% 
reduction in deaths from pump failure (hazard ratio 0.30, 
95% CI 0.13–0.70, p = 0. 005) compared with men.

The overall quality of care for HF patients has been 
shown not to differ with gender, although there are also 
reported gender differences in specific areas in the manage-
ment and access to care. For example, general practitioners 
more often treat elderly, female patients with HF than 
cardiologists [33]. Physicians were also less likely to record 
findings from the initial physical examination of women 
[34–36], and women also underwent fewer procedures [20, 
36, 37]. Women were less often managed by cardiologists 
and more seldom referred to a teaching hospital or trans-
ferred to other acute-care hospitals than men [20, 34–36, 
38]. Compared to women, men had a shorter stay in hospital 
[20, 36] and lower hospital management costs [36]. There 
are inconsistent results regarding gender differences with 
regard to hospital admission. In the SOLVD studies [30], 
women had a higher annual admission rate than men, 
whereas Opasich et al. [39] reported no differences between 
women and men in annual admissions. Readmission rates 
have been shown to be independent of gender [20, 40] or 
lower in women [41]. Women with HF tend to be older, 
suffer from more comorbidities [36], and more likely to be 
widowed and live alone when the demands due to their 
illness increase. Women with HF are therefore more likely 
to need home health aid after hospitalization [42], are more 
often discharged to skilled nursing facilities and receive 
more home care post-discharge [34, 36]. It is unclear whether 
these differences in very specific areas would influence 
clinical outcomes in the women versus men.

As reviewed earlier, HF is the leading cause of hospitalization 
in the elderly and is therefore the major source of morbidity 
and mortality in this population. Elderly patients may differ 
from younger individuals in terms of biologic characteristics 
and management. Accurate diagnosis of the HF syndrome at 

older age is complicated by increasing prevalence of atypical 
symptoms and signs. Exertional dyspnea, orthopnea, lower 
extremity edema, and impaired exercise tolerance are the 
cardinal symptoms of HF. However, with increasing age, 
often accompanied by reduced physical activity, exertional 
symptoms become less prominent [43]. A prominent feature 
that distinguishes HF that occurs in the elderly from the 
younger individuals is the much higher frequency of HF 
occurring in the absence of systolic dysfunction, i.e., diastolic 
HF or HF with preserved systolic function [44].

A small number of randomized trials of therapies con-
ducted specifically in the elderly populations, in conjunction 
with a multitude of data from observational data sets, suggest 
that most recommendations on HF therapies are applicable 
to elderly patients. Observational data suggest that ACE 
inhibitor use in elderly HF patients may preserve cognition, 
slow functional decline, and reduce hospitalizations and per-
haps even mortality, even in patients with relative contraindi-
cations such as mild to moderate renal impairment [45]. The 
b-blocker nebivolol has been studied in over 2,000 patients 
³70 years with clinical evidence of HF, regardless of ejection 
fraction [46]. After follow up of less than 2 years, a signifi-
cant benefit for nebivolol was seen with reduction of the 
combined primary end point of mortality and cardiovascular 
hospitalization. Elderly patients are vulnerable to adverse 
drug events (ADE), due to the growing complexity of medi-
cation regimens, age-related physiologic changes, and a 
higher burden of co-morbid illnesses. Cardiovascular medi-
cations are frequently associated with ADE in the elderly 
[47]. Digitalis toxicity can occur at therapeutic serum levels 
[48]. Falls constitute common clinical presentations of ADE 
in the elderly, often from postural hypotension. In random-
ized trials of drug treatment for HF, titration to target doses 
is less frequently successful in older patients due to higher 
side effect rates.

Several systematic reviews support the role of HF man-
agement programs in elderly HF patient populations [49]. 
While active involvement of caregivers in patient monitoring 
and medication adjustment is common to studies showing 
benefit, the optimal way of providing HF management remains 
controversial. The precise design of such care delivery systems 
depends in part upon local resources and infrastructure. 
Comprehensive geriatric assessment, shown to improve 
function, prevent hospitalization and institutionalization, 
reduce the risk of adverse drug reactions, and improve 
sub-optimal prescribing, may have a role to play in the 
management of frail elderly patients with HF.

Racial differences in the epidemiology and outcomes of 
HF have been inferred [50]. However, to gain certainty and 
insights with such differences would require studies of rea-
sonable sample size that provide simultaneous comparison 
of two ethnic populations. Because the distribution of ethnic 
population differs between countries and geographic regions, 
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such comparisons are frequently not feasible. The only racial 
comparison that is mostly frequently conducted is that between 
African Americans and the white population in the United 
States. However, such observations often yielded different 
results.

Such potential differences in incidence and case fatality 
of HF in the US were recently examined in the Atherosclerosis 
Risk in Communities (ARIC) population-based cohort fol-
lowed from 1987 to 2002 [51]. The age-adjusted incidence 
rate (per 1,000 person-years) for Caucasian women, 3.4, was 
significantly less compared with all other groups (Caucasian 
men, 6.0; African-American women, 8.1; African-American 
men, 9.1). Age-adjusted HF incidence rates were greater for 
African-Americans than Caucasians, but adjustment for con-
founders attenuated the difference. The adjusted African-
American-to-Caucasian hazard ratio was 0.86 (95% CI 
0.70–1.06) for men, and 0.93 (95% confidence interval, 
0.46–1.90) for women during the second half of follow-up. 
The hazard ratio (HR) for women during the first half of 
follow-up was 1.79 (95% confidence interval, 1.25–2.55). 
Thirty-day, 1-year, and 5-year case fatalities following 
hospitalization for HF were 10.4, 22, and 42.3%, respec-
tively. African-Americans had a greater 5-year case fatality 
compared with Caucasians (p < 0.05). HF incidence rates in 
African-American women were therefore more comparable 
to those of men than of Caucasian women. The greater HF 
incidence in African-Americans than in Caucasians was 
largely explained by African-Americans’ greater levels of 
atherosclerotic risk factors.

The association between race and the natural history of 
HF has recently been examined in a propensity-matched 
population of chronic HF from the Digitalis Investigation 
Group (DIG) trial in which baseline characteristics were 
balanced between the races [50]. Propensity scores for 
being nonwhite were calculated for each patient and were 
used to match 1,018 pairs of white and nonwhite patients. 
Matched Cox regression analyses were used to estimate 
associations of race with outcomes during 38 months of 
median follow-up. All-cause mortality occurred in 34% 
(rate, 1,180/10,000 person-years) of whites and 33% (rate, 
1,130/10,000 person-years) of nonwhite patients (HR when 
nonwhite patients were compared with whites, 0.95, 95% CI 
0.80–1.14; p = 0.593). All-cause hospitalization occurred in 
63% (rate, 3,616/10,000 person-years) of whites and 65% 
(rate, 3,877/10,000 person-years) of nonwhite patients (HR, 
1.03, 95% CI 0.90–1.18; p = 0.701). Respective hazard ratios 
(95% CI) for other outcomes were: 0.95 (0.75–1.12) for 
cardiovascular mortality, 0.82 (0.60–1.11) for HF mortality, 
1.05 (0.91–1.22) for cardiovascular hospitalization, and 1.17 
(0.98–1.39) for HF hospitalization. Therefore, in a propen-
sity-matched population of HF patients where whites and 
nonwhites were balanced in all measured baseline character-
istics, there appeared to be no racial differences in major 

natural history end points. Using the Acute Decompensated 
Heart Failure National Registry (ADHERE), race-related 
differences in presentation, treatment, in-patient experiences, 
and short-term mortality due to acute decompensated HF 
(ADHF) were analyzed [52]. Demographic and mortality 
differences in African American and white patients with 
ADHF entered into the database from its initiation in 
September 2001 to December 31, 2004. A total of 105,872 
episodes of ADHF occurred in white patients and 29,862 
occurred in African American patients. African American 
patients with ADHF were younger than white patients (mean 
[SD] age, 63.5 [15.4] versus 72.5 [12.5] years) and had lower 
mean LVEF. The prevalence of hypertension, diabetes mel-
litus, and obesity was higher in African American patients. 
African American race was associated with lower in-hospital 
mortality after adjustment for known predictors (2.1% ver-
sus 4.5%; adjusted odds ratio [OR], 0.79; 95% CI 0.72–0.87; 
p < 0.001). This association persisted for all age cohorts, 
was independent of the use of intravenous drugs, and was 
especially present in African American patients in the nonis-
chemic subgroup (adjusted OR, 0.74; 95% CI 0.57–0.96), 
but not the ischemic subgroup (adjusted OR, 0.91; 95% CI 
0.76–1.09). In this analysis, African American race is 
therefore associated with lower in-hospital mortality from 
ADHF compared with white race, despite certain indicators 
of increased disease severity.

Multiracial Singapore offers an ideal setting to study 
racial differences in various aspects HF from ethnic groups 
other than the comparisons of whites and African American 
that have been explored extensively in the US. In a recent 
study conducted in Singapore, 668 HF patients, consisting 
of Chinese (72%), Malays (17.1%), and Indians (10.9%) 
were prospectively followed up for 24 ± 12 months [53]. 
Primary outcome measure was the composite endpoint of 
all-cause mortality or HF readmission. Composite endpoints 
occurred in 198 (29.6%) patients (133 deaths, 112 HF 
readmissions). Diabetes mellitus, peripheral vascular 
disease, and hyperlipidemia were more prevalent in Indians 
compared to Malays or Chinese (all p < 0.05). Indians and 
Malays had higher composite endpoint rates compared to 
the Chinese (p = 0.01). Although Indians and Malays 
had higher HF readmission rates compared to the Chinese 
(p < 0.01), a trend towards a higher all-cause mortality rate 
was seen in Malays (p = 0.12). Malay race was an indepen-
dent predictor of the composite endpoint (OR = 1.65, 95% 
CI = 1.04–2.63, p = 0.034), as were age, diabetes mellitus, 
ischemic cardiomyopathy, b-blocker use, and NYHA class 
(all p < 0.05). Therefore, in the multiracial Singapore heart 
failure population, Indians and Malays had a worse outcome 
compared to the Chinese, due to higher heart failure 
readmission rates in Indians and higher mortality and 
HF readmission rates in Malays. While the worse outcome 
in Indians may be due to the greater prevalence of diabetes 
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mellitus and atherosclerotic vascular disease, the cause of 
the poorer prognosis in Malays remains unclear.

There also appear to be very subtle racial differences 
in terms of quality of care and access to healthcare in 
heart failure. In the recently published Organized Program 
to Initiate Lifesaving Treatment in Hospitalized Patients 
with Heart Failure (OPTIMIZE-HF) registry, data on quality 
of care measures and outcomes were analyzed for 8,608 
African-American patients compared with 38,501 non-Afri-
can-American patients [54]. African Americans were signifi-
cantly younger and more likely to receive evidence-based 
medications but less likely to receive discharge instructions 
and smoking cessation counseling. In multivariable analyses, 
African-American race was an independent predictor of 
lower in-hospital mortality (odds ratio 0.71; 95% confidence 
interval 0.57–0.87; p < 0.001) but similar hospital length of 
stay. After multivariable adjustment, post-discharge out-
comes were similar for American-American and non-
African-American patients, but African-American race was 
associated with higher ACE inhibitor prescription and LV 
assessment; no other HF quality indicators were influenced 
by race. In the context of a performance-improvement pro-
gram as in OPTIMIZE-HF, African Americans with HF 
received similar or better treatment with evidence-based 
medications, less discharge counseling, had better in-hospital 
survival, and similar adjusted risk of follow-up death/repeat 
hospital stay. In another longitudinal comparative study from 
eight participant sites in the US, propensity scores were used 
to adjust for sociodemographic and clinical differences 
among the ethnic/racial groups [55]. Health-related quality 
of life was measured using the Minnesota Living with Heart 
Failure Questionnaire. Significant racial effects were demon-
strated, with more favorable Minnesota Living with Heart 
Failure Questionnaire total scores post-baseline for Hispanic 
patients compared with both black and white patients, after 
adjusting for baseline scores, age, gender, education, severity 
of illness, and care setting (acute vs. chronic), and estimating 
the treatment effect (intervention vs. usual care). The models 
based on the physical and emotional subscale scores were 
similar, with post hoc comparisons indicating more positive 
outcomes for Hispanic patients than non-Hispanic white 
patients. To assess the impact of race on healthcare utiliza-
tion and outcomes in veterans with HF, 4,901 black and 
17,093 white veterans hospitalized for HF in 153 Veterans 
Health Administration (VA) hospital evaluated retrospec-
tively. [56]. The risk-adjusted odds ratios (OR) for 30-day 
and 2-year mortality in black versus white patients were 0.70 
(95% CI 0.60–0.82) and 0.84 (95% CI 0.78–0.91), respec-
tively. In the year following discharge, blacks had the same 
rate of readmissions as whites. Blacks had a lower rate of 
medical outpatient clinic visits and a higher rate of urgent 
care/emergency room visits than whites, although these 
differences were small. In a system where there is equal 

access to healthcare, the racial gap in patterns of healthcare 
utilization is relatively small.

Clinical Phenotypes of Heart Failure

Systolic vs. Diastolic Heart Failure

Systolic and isolated diastolic failure, the latter also known 
as HF with preserved systolic function, are two phenotypes 
of HF commonly encountered in clinical practice. Traditi- 
onally, HF has been attributed to systolic dysfunction of the 
left ventricle (LV) and until recently, resources have been 
invested mostly to understanding the pathophysiology and 
treatment of systolic HF. As a result, clinicians who manage 
patients with systolic HF can rely on practice guidelines that 
are supported by strong evidence from large-scale clinical 
trials. Over the past decade, there has been a steady rise in 
the prevalence of HF in those with a preserved systolic func-
tion (PSF), related in part to increasing recognition of this 
condition [57]. In general, patients with HF with PSF can be 
defined as those with symptomatic HF that occur in the set-
ting of a measured left ventricular ejection fraction ³40–45% 
[58, 59]. Thus, the bedside and radiographic findings of the 
two phenotypes are almost indistinguishable although the 
epidemiology differs between the two phenotypes. HF with 
PSF has not been studied as extensively as HF with systolic 
dysfunction and there is relatively little information on 
pathophysiology and therefore little evidence-based recom-
mendation to guide the clinicians. This clinical phenotype is 
frequently equated with diastolic HF [60]. However, not 
every patient with HF and PSF necessarily has demonstrable 
diastolic dysfunction, such as that demonstrated on echocar-
diography, while subjects with objective evidence of dia-
stolic dysfunction, do not necessarily have symptoms [61].

Recent data indicate that 30–55% of patients with HF 
have PSF [17, 62, 63]. In a large population based study, 8% 
of persons older than 65 years were found to have HF, and 
55% of the patients with HF were noted to have normal 
LVEF [63]. The same study also found patients with HF and 
PSF to be twice as likely to have diabetes mellitus as asymp-
tomatic control subjects. In addition, patients with this form 
of HF are more likely to be older and female and more likely 
to have a history of hypertension [17, 63, 64].

Similar reductions in quality of life, as measured on stan-
dard HF indices, have been noted for patients with the two 
clinical phenotypes [65]. Patients with either phenotype have 
significantly decreased peak exercise performance compared 
with healthy control subjects. Exercise performance, as mea-
sured by lactate levels, is also markedly decreased in both 
when compared with healthy control subjects [65]. 
Furthermore, for patients hospitalized with HF, readmission 



10 1 Introduction to Heart Failure

rates for patients with an ejection fraction greater than 50% were 
similar to those with ejection fraction less than 50% [58].  
As HF with PSF causes at least as many hospitalization, this 
condition is also responsible for roughly the same healthcare 
expenditures as systolic HF [57, 66].

Patients with HF and PSF have similar or lower mortality 
compared to patients with systolic HF. The Veterans 
Administration Cooperative Study, an intervention multi-
center trial, found that patients with HF and PSF had an 
annual mortality of 8%; whereas those with a reduced ejec-
tion fraction had a 19% annual mortality [67]. Results from 
the United Kingdom Heart Failure Evaluation and Assessment 
of Risk Trial (UK-HEART) study reported a 5-year mortality 
of 25.2% for HF with PSF versus 41.5% for those with 
reduced systolic function [68]. Analysis of Framingham data 
also demonstrated a significant difference in mortality 
between the two phenotypes, annual mortality for PSF of 
8.7% versus 3.0% for age-matched control subjects, and for 
systolic HF 18.9% versus 4.1% for age-matched control sub-
jects [62]. By contrast, a study of newly diagnosed HF in 
Olmsted County found no difference in mortality between 
those with preserved and impaired ejection fraction [17].

Acute Heart Failure Syndromes

Although acute HF, often manifested by an acute onset of 
dyspnea, is likely one of the oldest described clinical syn-
dromes, it was not until recently that this syndrome has 
received attention from clinicians and researchers. Acute HF 
syndromes (AHFS) have recently been defined as HF with a 
relatively rapid onset of signs and symptoms, often resulting 
in hospitalization or unplanned office or emergency room vis-
its [69]. With only a handful of randomized trials over the 
past 5 years investigating new treatments of acute decompen-
sated HF, the field has recently received increasing attention.

The Heart Failure Society of America distinguishes 
patients with AHFS to three categories [70]:

 1. The majority of patients hospitalized with acute HF has 
evidence of hypertension on admission and frequently 
has preserved systolic function.

 2. Most hospitalized patients have volume overload and 
congestive symptoms.

 3. Only a minority have severely impaired systolic function, 
reduced blood pressure, and symptoms reflective of low 
cardiac output and poor tissue perfusion.

The European Society of Cardiology also classified 
acute heart HF patients in six categories (Table 1.2), which is 
based on newer concepts of AHFS, and which may carry 
prognostic information [71]. For example, hypertensive 
acute pulmonary edema likely has a lower mortality rate 

than decompensated HF with low blood pressure [72]. The 
rapid diagnosis of acute decompensated HF is necessary to 
initiate appropriate treatment. Failure to do so increases the 
need for mechanical ventilatory support, delays hospital 
discharge, and inflates treatment costs. Unfortunately, the 
signs and symptoms of acute heart failure often overlap with 
those of other common medical conditions, particularly 
chronic obstructive pulmonary disease. In addition, because 
of the heterogeneous nature of acute decompensated HF, 
no single finding is perfect for diagnosis, and instead, a 
broad array of signs and symptoms are associated with the 
condition (Table 1.3) [73]. Evidence of meaningful outcome 
benefits with current therapies for acute decompensated HF 
is often lacking.

Table 1.2 Classification of acute heart failure syndrome based on 
clinical presentation and pathophysiology [71]

1. Acute decompensated heart failure (do novo or as decompensated 
from chronic heart failure) with signs and symptoms of acute heart 
failure, which are mild and do not fulfill criteria of cardiogenic 
shock, pulmonary edema, or hypertensive crisis

2. Hypertensive acute heart failure: signs and symptoms of acute heart 
failure are accompanied by high blood pressure and relatively pre-
served left ventricular function and chest radiograph compatible 
with pulmonary edema

3. Pulmonary edema (verified by chest X-ray) accompanied by severe 
respiratory distress, with crackles over the lung and orthopnea, with 
oxygen saturation usually less than 90% on room prior to treatment

4. Cardiogenic shock: Cardiogenic shock is defined as evidence of poor 
tissue perfusion induced by heart failure after correction of preload. 
Cardiogenic shock is usually characterized by reduced blood pres-
sure (systolic blood pressure <90 mmHg or a drop of mean arterial 
pressure >30 mmHg) with a pulse rate >60 beats/min with or without 
evidence of organ congestion

5. High output failure is characterized by high cardiac output, usually 
with high heart rate, with warm peripheries, pulmonary congestion, 
and sometimes with low blood pressure as in septic shock

6. Right heart failure is characterized by low output syndrome 
with increased jugular venous pressure, increased liver size, and 
hypotension

Table 1.3 Physical findings in patients with phenotype of acute heart 
failure symptoms

• Prior history of heart failure
• Dyspnea on exertion, orthopnea, or paroxysmal nocturnal dyspnea
• Fatigue
• Increasing edema, weight, or abdominal girth
Physical examination
• Elevated jugular venous pressure
• Peripheral edema or ascites
• Rales, hypoxia or tachypnea
• Tachycardia, arrhythmia
• Diffuse point of maximal intensity
• Ventricular filling gallop (S3)
• Atrial gallop (S4)
• Cool extremities above the hands and feet
• Poor urine output
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Summary

Heart Failure (HF) is an important clinical and public  •
health problem world wide.
The overall prevalence of clinically identified HF is esti- •
mated to be 3–20 cases/1,000 population, but rises to >100 
cases/1,000 population in those aged >65 years.
Although reported incidence rates are higher in men than  •
women, greater longevity in women balances overall 
prevalence rates on a sex specific basis.
The overall annual incidence of clinically overt HF in  •
middle aged men and women is approximately 0.1–0.2%. 
In each additional decade of life, there is an approximate 
doubling of this rate and the incidence of HF in those 
aged >85 years is about 2–3%.
Annual hospital admission rates for heart failure range from  •
10 to 40 admissions/10,000 population and increased to >75 
admissions/10,000 population in those aged >65 years.
HF admission rates are increasing in all industrialized  •
countries, especially among older individuals.
Gender and racial differences in specific parameters  •
related to the natural history and management of HF have 
been reported. However, there are no systematic differences 
in any of these parameters with significant variations in 
observations between studies.

Primer of Terminology

Prevalence. Prevalence is a statistical concept referring to 
the number of cases of a disease. The prevalence of HF is 
therefore the proportion of individuals in a population having 
HF at a given time.

Incidence. Incidence is the number of newly diagnosed cases 
of HF during a specific period of time. The incidence is 
distinct from the prevalence, which refers to the number of 
cases alive on a certain date.

Diastolic heart failure or heart failure with preserved sys-
tolic function. HF with PSF can be defined as those cases 
with symptomatic HF that occur in the setting of a measured 
left ventricular ejection fraction ³40–45%.

Acute heart failure. Acute HF or acute heart failure syn-
dromes (AHFS) are HF with a relatively rapid onset of signs 
and symptoms, often resulting in hospitalization or unplanned 
office or emergency room visits.
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Overview

During the cardiac action potential, it is the rise in the level 
of cytoplasmic calcium as well as the sensitivity of several 
calcium-sensitive proteins to that released calcium that 
determines the force of myocardial contraction. Both calcium 
entry and sensitivity are significantly reduced in heart failure. 
In this chapter, we discuss how calcium primarily enters the 
cell through the L-type calcium channel in the plasma 
membrane. This triggers a large release of calcium primarily 
through channels (ryanodine receptors) in the sarcoplasmic 
reticulum. Calcium then binds to several proteins that activate 
the interaction of actin and myosin in the myofilaments. 
Finally, this calcium is removed from the cytoplasm back 
into the sarcoplasmic reticulum and out of the cell through 
the plasma membrane by several active energy-dependent 
processes. This calcium removal process is also altered 
during the development of heart failure. In this chapter, these 
changes are discussed along with the potential new treatments 
for heart failure involving changes in calcium entry, exit, and 
sensitivity.

Introduction

It is the loss of the heart’s ability to adequately pump sufficient 
blood that is the characteristic finding in heart failure. A normal 
heart can increase its pumping ability to a great extent. 
Myocardial contractility is primarily controlled by calcium 
cycling into and out of the cytoplasm of cardiac myocytes as 
well as calcium sensitivity of various proteins in cardiac myo-
cytes. Calcium initially enters the cell through channels in the 
plasma membrane, although the major path for calcium entry 
into the cell cytoplasm is from the sarcoplasmic reticulum. 
Calcium release channels in the sarcoplasmic reticulum are 
activated by calcium entry from the plasma membrane. The 
released cytoplasmic calcium interacts with calcium-sensitive 
proteins to control the force and rate of contraction. Calcium is 
then removed from the cytoplasm by several energetic pro-
cesses, which pump it back into the sarcoplasmic reticulum and 

out through the plasma membrane. This calcium cycling of the 
normal heart is illustrated in Fig. 2.1. Calcium can also enter 
the mitochondria. All of these processes are altered during the 
transition to heart failure (HF) [1, 2]. This leads to a loss of 
contractile reserve. In this chapter, we will first discuss the cal-
cium entry into the cytoplasm both from outside the cell and 
from the sarcoplasmic reticulum and how this entry is altered 
in HF. Thereafter calcium sensitivity will be addressed, as 
well as changes in calcium stores in the sarcoplasmic reticu-
lum. We will also discuss calcium removal and how this param-
eter is altered in HF. Finally, we will analyze changes in the 
calcium transients that occur in HF. Some of the changes in 
calcium cycling that occur in heart failure are presented in 
Fig. 2.1. It has been proposed that calcium cycling defects may 
be the final common pathway in the progression to HF [3]. 
Treatment strategies have been proposed to address the issue of 
increasing the ability of calcium to ameliorate function in the 
failing heart [4–7].

Calcium Entry Through the Plasma 
Membrane

Calcium enters the cardiac myocyte cytoplasm from the 
extracellular space mainly through L-type Ca2+ channels. 
These channels are one of the main systems in the heart for 
Ca2+ uptake regulation [8, 9]. Their structure has been com-
prehensively studied and consists of heterotetrameric poly-
peptide complexes [10, 11]. There are also several accessory 
subunits of this channel. The L-type Ca2+ channels are 
responsible for the activation of sarcoplasmic reticulum 
calcium release channels (RyR2) and are controllers of the 
force of muscle contraction generation in the heart. Thus, the 
activity of the heart depends on L-type Ca2+ channels [8, 12]. 
The L-type Ca2+ channels and the RyR2 receptors are closely 
linked in the T-tubules of cardiac myocytes [13], and there 
appears to be a physical connection between these two 
channels [12]. Phosphorylation of the L-type Ca2+ channel-
forming subunits by different kinases is one of the most 
important ways to change the activity of L-type Ca2+ channel 
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(see Chap. 8). Phosphorylation can either increase or decrease 
channel activity. Additionally, the activity of L-type Ca2+ 
channels depends on Ca2+ concentration in cytoplasm. Other 
calcium channels may play a minor role in calcium entry into 
the cardiac myocytes [14]. The Ca2+ current entering the car-
diac cells through the L-type Ca2+ channel facilitate contrac-
tion. This entry process is regulated by phosphorylation of 
L-type Ca2+ channels and intracellular Ca2+ concentration. 
Disturbances in cellular Ca2+ transport and regulation of 
L-type Ca2+ channels are directly related to HF.

Calcium entry into cardiac myocytes is significantly 
affected by the development of HF. Some of the changes asso-

ciated with HF are related to changes in the phosphorylation 
state of the L-type Ca2+ channels [4]. In mice, overexpression 
of L-type Ca2+ channels leads to HF [15]. The structure of 
these channels changes during HF, and their remodeling may 
prove useful in the treatment of the failing heart [10].

It is not clear whether there are changes in total channel 
density during the development of HF [11]. Some studies 
have suggested that there may be reduced expression of these 
calcium channels in the failing heart [6], in which the cou-
pling between the L-type calcium channels and the calcium 
release channels of the sarcoplasmic reticulum is also reduced 
[16]. Although, calcium entry into the cell is reduced in HF, 

Fig. 2.1 (a) Calcium entry and 
exit from a normal cardiac 
myocyte. Calcium (■) enters 
from outside through L-type 
calcium channels (Ica, L). This 
triggers Ca2+ release from the 
ryanodine receptors (RyR) in the 
sarcoplasmic reticulum, called 
calcium-induced calcium release 
(CICR). Calcium then activates 
the myofilaments by binding to 
troponin C. Calcium is removed 
from the cytoplasm to the outside 
of the cell by a sodium–calcium 
exchanger, which requires an 
active Na+/K+ ATPase. There is 
also a plasma membrane Ca2+ 
ATPase. Calcium is pumped back 
into the sarcoplasmic reticulum 
by a Ca2+ ATPase (SERCA) that 
is controlled by a 
phospholamban. (b) Calcium 
entry and exit from a failing 
cardiac myocyte. There is 
reduced calcium entry through 
the L-type calcium channels and 
RyR. This is shown by reduced 
numbers but may also involve 
reduced activity. Sodium–calcium 
exchanger activity may increase, 
but SERCA function is reduced. 
There is also more diastolic 
calcium in the cytoplasm
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activation of calcium channels has not proved to be useful in 
the treatment of HF, in which other calcium entry channels 
may also play a role [14].

Calcium Release from the Sarcoplasmic 
Reticulum

During the cardiac action potential, Ca2+ influx across the 
cell membrane via L-type Ca2+ channels triggers the release 
of more Ca2+ from the sarcoplasmic reticulum, primarily by 
activating ryanodine receptors (RyR2) in the adjacent sarco-
plasmic reticulum membrane [12, 13]. L-type Ca2+ channels 
are located predominantly in the T-tubules, in close proxim-
ity to RyR2 channels at the dyad: the junctional region where 
Ca2+ influx from the surface channels triggers sarcoplasmic 
reticulum Ca2+ release [9, 13]. The geometry of this region is 
of critical importance for proper myocardial function [17]. 
RyR2 function is regulated by several accessory proteins 
[18]. Calcium induced calcium release is one of the major 
controllers of myocardial function [19]. Most of the rise in 
cytoplasmic calcium that occurs during the cardiac action 
potential is related to calcium released from the sarcoplas-
mic reticulum by the RyR2.

Local release of calcium from the RyR2 channels leads 
to calcium sparks [20] and the rise of intracellular Ca2+ acti-
vates the contractile proteins. The systolic Ca2+ transient is 
the spatial and temporal sum of such local calcium releases 
(calcium sparks). The fraction of the total sarcoplasmic 
reticulum Ca2+ content that is released during any given 
action potential depends on the sarcoplasmic reticulum 
Ca2+ content, the various accessory proteins and the size of 
the Ca2+ trigger [18, 19, 21].

The calcium release channels in the sarcoplasmic reticulum 
become dysfunctional during the development of HF [5, 19, 
22, 23], in which there is evidence for a significant change in 
the phosphorylation state of these RyR2 channels [4, 12, 24]. 
However, expression levels of the RyR2 channels may not 
change significantly [25]. Furthermore, there are slowed cal-
cium transients related to activation of this channel [22, 23].

The structural relationship between the RyR2 channels 
and the L-type calcium channels is significantly altered with 
the development of HF [16], in which the physical coupling 
between these channels is reduced. Moreover, RyR2 chan-
nels become leaky during HF [24, 26], although whether this 
increased leakiness of the RyR2 channels is a cause or an 
effect of the failing heart is not clear. Fixing this leakiness 
may prove to be a good therapeutic strategy in the treatment 
of HF [24]; and this is supported by recent observations sug-
gesting that in HF, RyR2 channels may be useful therapeutic 
targets [18, 27]. Interestingly, several mutations of the RyR2 
channel that affect channel activity have been associated 

with the development of human heart failure [22]. These 
changes in RyR2 and L-type calcium channels lead to 
reduced calcium transients in failing hearts.

While RyR2 Ca2+ release channels have received significant 
attention, the role of a second pathway for internal Ca2+-release 
has largely been ignored. The cellular role for inositol 1,4,5- 
trisphosphate receptors (IP

3
R) has remained elusive. However, 

there is great and growing interest in cardiac IP
3
 signaling due 

to the known importance of several IP
3
-inducing agonists (e.g., 

endothelin, angiotensin II, and norepinephrine) in both hyper-
trophy and HF [28]. While agonist-induced IP

3
-dependent Ca2+ 

release is readily observed in most tissues, the role of IP
3
Rs in 

cardiac tissue is less clear. The role played by IP
3
Rs has yet to 

be convincingly demonstrated in the normal heart. However, 
there are suggestions that it may lead to amplification of Ca2+ 
signals from the RyR2 or be independently activated through 
several diverse pathways that lead to the generation of IP

3
 

[29]. This second calcium release channel in the sarcoplasmic 
reticulum may play a role in normal excitation–contraction 
coupling. There are also suggestions that the importance of 
IP

3
Rs can change significantly during normal aging [30]. This 

implies that these other calcium release channels may have 
an increased importance during the development of HF.

Calcium Sensitivity

Myocardial contraction is initiated when Ca2+ binds to a spe-
cific site on cardiac troponin C [31]. This 12-residue EF-hand 
loop contains six residues that coordinate Ca2+ binding and six 
residues that do not appear to influence Ca2+ binding directly 
[32]. Structural changes in troponin C affect its calcium sensi-
tivity [32]. Ca2+ binding affinity controls contractile force and 
changes in many types of diseases. Troponin C is part of a 
troponin complex that together with tropomyosin affects the 
interaction between actin and myosin leading to the develop-
ment of myocardial contraction [33, 34]. The interaction 
between troponin C and calcium is the critical final step of 
calcium induced control of myocardial contractility. Stretch 
also affects calcium sensitivity and force development [35]. 
This is part of the explanation for the Frank–Starling mecha-
nism [36], which may be affected by stretch activated calcium 
channels. In addition to troponin C, there are several other cal-
cium binding proteins that affect myocardial contractility [37], 
including calpains and calcium dependent protein kinases 
[38–41]. These various calcium binding proteins regulate the 
force of myocardial contraction in the normal heart.

Mutations in troponin C have been associated with the 
development of HF [34], and changes in calcium sensitivity 
of troponin may be a potentially useful treatment for HF [42, 
43]. As the heart progresses into failure significant reduc-
tions in calcium sensitivity occur [33, 44]. Furthermore, 
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decreased phosphorylation level of troponin C occurs in HF 
[45], and this may be contributory to the decreased contrac-
tile function observed in the failing heart [33]. Agents that 
stabilize troponin C may prove useful.

Several reports have claimed that the increased sensitivity 
of troponin to calcium observed in the failing heart is due to 
changes in phosphorylation of troponin I [46]. Several muta-
tions in troponin isoforms have been associated with HF 
[34]. The ability of the heart to respond to wall stress is also 
depressed [3]. Other myocardial calcium-binding proteins 
may also be useful targets for gene therapy in HF [37, 41].

Sarcoplasmic Reticulum Calcium Stores

The major site of internal cellular calcium storage is the sar-
coplasmic reticulum (SR). The amount of calcium released 
by the RyR2 receptors depends, in part, on the amount of 
calcium in the SR [21]. The calcium content of the SR depends 
on the balance between calcium uptake by the sarcoplasmic 
reticulum Ca2+-ATPase (SERCA) and efflux of calcium 
through RyR2 channels [47]. Calsequestrin is by far the most 
abundant Ca2+-binding protein in the SR of cardiac muscle 
[48]. There is a physical link between calsequestrin and 
RyR2, which allows some control of calcium release during 
the action potential. This link controls the release of calcium 
through the RyR2 [49]. Calsequestrin is not the only binding 
calcium protein in the SR, since calsequestrin null mice are 
viable suggesting that other protein can also regulate calcium 
storage in the SR [50]. Other calcium binding proteins including 
sarcalumenin, calumenin, etc. [51, 52], may also play an 
important role in calcium storage in the SR.

There are significant alterations in the calsequestrin and SR 
calcium loads in HF [5]. This may contribute to the increased 
diastolic calcium levels observed in cardiac myocytes during 
diastole in HF [49]. Furthermore, calsequestrin loss may also 
contribute to the development of cardiac hypertrophy [50]. 
Other calcium binding proteins in the SR may also be affected 
in the failing heart [51]. Initially, the SR calcium stores may be 
increased during the early stages of heart failure [53]. However, 
calcium levels significantly decrease in the SR as the degree of 
heart failure progresses [37]. Some of these changes are related 
to increased leakiness from the SR [24, 26]. It is possible that 
improving calcium storage or its control in the SR may prove 
a useful target for the treatment of HF.

Calcium Removal

The Na+/Ca2+ exchanger is the major plasma membrane 
transport protein that can cause calcium to exit from the 
cardiac myocyte [54]. The direction and amplitude of the 

Na+/Ca2+ exchanger current depend on the membrane potential 
and on the internal and external Na+ and Ca2+ levels. The 
Na+/Ca2+ exchanger is the main pathway for Ca2+ extrusion 
from ventricular myocytes [54]. This exchanger is regulated 
by a variety of accessory proteins such as phospholemman 
[55, 56]. However, the full extent of its control is controver-
sial [57].

Protein phosphorylation is a major regulator of the Na+/
Ca2+ exchanger [57]. Under some circumstances, the Na+/Ca2+ 
exchanger can operate in the reverse mode and allow  
calcium entry into the cardiac cell. This exchanger depends 
in large measure on the activity of the Na+/K+ ATPase, which 
keeps the internal sodium levels low. A plasma membrane 
calcium ATPase can also aid in the removal of cytoplasmic 
calcium to the outside [58]. During each heart beat, Ca2+ 
balance is preserved by Ca2+ entry via L-type Ca2+ channels 
and Ca2+ exit predominantly via the Na+/Ca2+ exchanger.

The importance of the Na+/Ca2+ exchanger in controlling 
myocardial contractility actually increases during HF [59]. 
This suggests downregulation of other important calcium 
handling proteins in the failing heart. Blockade of the Na+/
Ca2+ exchanger has been suggested as a possible beneficial 
therapeutic intervention in heart failure [60]. Classic ways of 
increasing inotropic activity in failing hearts primarily rely 
on activation of Na+/Ca2+ exchanger by blocking the Na+/K+ 
ATPase in the plasma membrane. Cardiac glycosides such as 
digitalis and a variety of agents have been used to block Na+/
K+ ATPase and increase calcium retention in the cytoplasm 
of failing myocytes [7, 61], which increases the inotropic 
capacity of the failing cardiac myocytes.

Much of the calcium in the cytoplasm at the end of a cardiac 
action potential is returned to the SR. The cardiac isoform of 
the SR calcium ATPase (SERCA2a) is a calcium ion pump 
powered by ATP hydrolysis [62]. SERCA2a transfers Ca2+ 
from the cytosol of the cardiac myocyte to the lumen of the 
SR during muscle relaxation. This transporter has a key role 
in cardiac myocyte calcium regulation [9].

Phospholamban acts as a major control of SERCA [63]. 
Phospholamban reduces the activity of SERCA, thus reduc-
ing calcium reentry into the SR [64]. When phospholam-
ban becomes phosphorylated, inhibition of SERCA2a is 
reduced. A number of kinases can phosphorylate phospho-
lamban [65–67], that speeds the re-uptake of calcium into 
the sarcoplasmic reticulum. There are also calcium binding 
proteins within the SR that help regulate SERCA activity 
[51, 52, 63]. In addition, there is a calcium ATPase in the 
plasma membrane that can also remove calcium during 
normal myocardial functioning although this is a relatively 
minor pathway for calcium removal from the cytoplasm [1, 
5, 6, 58].

The expression of SERCA2a is significantly decreased in 
HF, which leads to abnormal Ca2+ handling and a deficient 
contractile state [6, 25, 62]. This also leads to reduced  
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calcium removal from the cytoplasm. Following numerous 
studies in isolated cardiac myocytes and small and large ani-
mal models, a clinical trial is underway to restore SERCA2a 
expression in HF patients by use of adeno-associated virus 
type 1. Beyond its role in contractile abnormalities in HF, 
SERCA2a overexpression has beneficial effects in a host of 
other cardiovascular diseases, and is considered an important 
target for gene therapy in HF [37, 68].

It is clear that changes in SERCA2a and phospholamban 
play an important role in the development of HF [5], and 
preventing the action of phospholamban on SERCA2a may 
play a beneficial role [69]. Since changes in phospholamban 
and SERCA2a lead to prolonged calcium transients in fail-
ing cardiac myocytes [6, 62, 70], treatment to improve the 
actions of phospholamban and SERCA2a are currently the 
major focus of treatment strategies to improve calcium han-
dling during HF.

Changes in Calcium Transients

Calcium transients are involved in regulating electrical sig-
naling and contraction in the heart [1]. The calcium transient 
that occurs during the action potential in a cardiac myocyte 
is regulated via ion currents and exchangers, the regulation 
of other channels or exchangers, and the action potential 
shape. This is critical for excitation–contraction coupling. 
When the heart begins to fail, there are alterations in this 
calcium transient due to the changes discussed above. Since 
baseline cytosolic diastolic calcium levels are elevated, this 
may contribute to cardiac diastolic dysfunction [71], that 
may be partially related to calcium leak from the SR [26].

The rise of the calcium transient is also slowed and dimin-
ished in HF. This is related to changes in the L-type calcium 
channel and the RyR2 channels in the SR [4–6, 19, 22]. The 
fall in the calcium transient is also slowed in the failing heart. 
This change is related to reduced calcium removal primarily 
back into the SR through changes in phospholamban and 
SERCA2a [6, 62, 70]. Restoring the calcium transient toward 
its normal functioning may provide several useful targets for 
the development of novel therapy in the treatment of heart 
failure.

Conclusions

Ca2+ cycling defects in HF are characterized by reduced cal-
cium entry, impaired sarcoplasmic Ca2+ release and an asso-
ciated Ca2+ leak, reduced SR Ca2+ reuptake, and reduced Ca2+ 
transients. Molecular targeting approaches to correct these 
abnormalities hold promise as a new therapeutic modality in 

the advanced end-stage heart failure patient. These patients 
have reduced calcium transients and impaired cardiac con-
tractility. Further progress in understanding of Ca2+ cycling 
defects with relevant application in the clinical setting would 
be useful [72].

Despite remarkable pharmacological advances in the 
treatment of patients with HF, the rate of development of 
new therapies, particularly for patients with moderate to 
severe HF, appears to have slowed. A number of very prom-
ising targets have been suggested involving the Ca2+ cycling 
pathway, for selective manipulation using gene transfer 
approaches. This may provide new treatment approaches for 
patients with HF.

Summary

Calcium enters cardiac myocytes primarily through L-type •	
calcium channels.
Calcium entry is reduced in heart failure.•	
Calcium entry triggers activation of ryanodine receptors •	
to release calcium from the sarcoplasmic reticulum.
Ryanodine receptors release less calcium, more slowly •	
and become leaky during heart failure. Changes in IP

3
 

receptors may also play a role in heart failure.
Calcium binds to calcium sensitive proteins, primarily •	
troponin C, to cause myofilament activation.
Calcium sensitivity is depressed in heart failure.•	
A large amount of calcium is stored in the sarcoplasmic •	
reticulum and this storage is reduced in heart failure.
The Na•	 +/Ca2+ exchanger is the major mechanism to remove 
calcium from the cytoplasm to the outside of the cell. 
It requires an active Na+/K+ ATPase for its functioning. 
There is also a plasma membrane Ca2+ ATPase.
The Na•	 +/Ca2+ exchanger may become more prominent in 
heart failure.
Calcium is pumped back into the sarcoplasmic reticulum •	
by a Ca2+ ATPase (SERCA2a). This ATPase is primarily 
controlled by phospholamban.
SERCA2a activity is reduced in heart failure.•	
In heart failure, the diastolic cytoplasmic level is higher •	
and the calcium transients are reduced and slowed.
Improvements in calcium cycling or sensitivity may prove •	
useful targets for the treatment of heart failure.
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Overview

In spite of continuing intensive basic and clinical research 
and new diagnostic modalities and treatment of cardiovascular 
diseases available, heart failure (HF) remains a severe health 
problem of dramatic proportions. Nevertheless, in the current 
era of post-genomics medicine, the development of novel 
molecular and cellular technologies have awaken a sense of 
optimism that we will finally be able to unravel the mecha-
nisms of a number of multigenic diseases, in particular, the 
complex spider-web like HF. These exciting technologies are 
paving the way to simultaneously assess the expression of tens 
of thousands of gene transcripts in a single experiment, pro-
viding a resolution and precision of phenotypic characteriza-
tion not previously possible. Within the heart, many examples 
of genetic and protein changes correlated with functional 
alterations have been noted both during normal development 
and during the development of HF from a variety of causes.

While the expectations with genomics (i.e., the association 
of molecular and cell biology with genetics and computational 
science) remain high, the progress achieved so far in the 
clinical diagnosis, prognosis and treatment of HF has been 
rather limited. True, new diagnostic markers (e.g., BNP) are 
becoming available, but it seems that progress will be only 
realized overtime with increasing use of animal models to 
identify critical genetic loci involved in HF, which may provide 
important data concerning both gene targeting and therapeutic 
modulation of HF.

Further investigative efforts in preclinical studies using 
global and specific gene profiling will be informative regarding 
the identification of specific genes, which may allow the 
development of new biomarkers able to assess progression of 
HF. With the integrated use of genetic technologies (gene 
profiling, pharmacogenomics, etc.) and clinical medicine it 
is expected to find effective, individually-tailored, approaches 
for the treatment of HF. So far, genetic and biochemical 
studies have shown that epigenetic changes play an important 
role in the pathophysiology of cardiac hypertrophy and HF, 

with dysregulation in histone acetylation directly linked to 
impaired cardiomyocytes contractility.

In this chapter, the molecular basis of HF, with focus on 
gene function and expression, epigenetics, and metabolic 
and calcium cycling will be discussed.

Introduction

An endemic problem associated with increasing morbidity and 
mortality, the HF syndromes include a dynamic and progres-
sive deterioration of myocardial function resulting in inade-
quate cardiac output to meet the metabolic needs of the body. 
HF usually involves the loss of viable myocytes by apoptosis, a 
marked alteration in myocardial bioenergetics, and reprogram-
ming of gene expression. Myocardial remodeling, mediated by 
both hypertrophy and apoptosis of cardiomyocytes, and stimu-
lated by a number of mechanical and chemical stimuli and sig-
naling factors, cytokines, oxidative stress, NO, endothelin and 
peptide growth factors (e.g., TNF-a), continues to increase as a 
result of progressive myocardial dysfunction. These stimuli 
activate a series of biomechanical stress-dependent signaling 
cascades involving cardiomyocyte sensors, leading to altered 
signal transduction pathways and resulting in the activation of 
transcriptional factors, co-activators, and co-repressors which 
will orchestrate myocardial gene expression.

Genomics of HF is a rather complex field still under devel-
opment. Cardiac gene expression is transcriptionally regulated 
and its activation is dependent on a number of transcription 
factors together with their DNA regulatory enhancer/promoter 
sequences. This complexity of gene expression is underlined 
by the fact that each cardiac gene is under the direction of a 
number of enhancers, which regulate the spectrum of cardiac 
gene expression patterns. Undoubtedly, increasing research 
efforts in this field are desirable because, in spite of consider-
able clinical advances, the morbidity and mortality of HF 
remain high; thus, new paradigms and novel diagnostic and 
therapeutic targets for HF need to be developed.

Chapter 3
Gene Profiling of the Failing Heart: Epigenetics

J. Marín-García, Heart Failure, Contemporary Cardiology, 
DOI 10.1007/978-1-60761-147-9_3, © Springer Science+Business Media, LLC 2010



24 3 Gene Profiling of the Failing Heart: Epigenetics

The Profiling of Gene Expression in HF

Many molecular pathways are responsible for the transduc-
tion of hemodynamic and neurohormonal stimuli into 
changes in gene regulation and expression in HF [1]. The 
emergence of microarray technology in the early 1990s has 
paved the way to simultaneously assess the expression of 
tens of thousands of gene transcripts in a single experiment, 
providing a resolution and precision of phenotypic charac-
terization not previously possible [2, 3]. Gene expression 
fingerprints could be good indicators of the etiology of HF. 
The diverse etiologies and multiple consequences of HF 
make it attractive to analyze gene array technology espe-
cially where HF is idiopathic in nature. For example, in 2002 
of 6,606 genes on the GeneChip, Tan et al. [4] using oligo-
nucleotide microarrays reported that 103 genes in ten func-
tional groups were differentially expressed between failing 
and non-failing hearts with end-stage dilated cardiomyopa-
thy (DCM). Furthermore, using a dendrogram (used in com-
putational biology to illustrate the clustering of genes, it is a 
tree diagram often used to show the arrangement of the clus-
ters produced by a clustering algorithm) the authors identi-
fied a gene expression fingerprint of failing and non-failing 
hearts, which allowed them to distinguish two failing hearts 
with different etiologies (familial and alcoholic cardiomyo-
pathy, respectively) with different expression patterns. The K 
means clustering also showed two potentially novel path-
ways associated with upregulation of atrial natriuretic pep-
tide (ANP) and brain natriuretic peptide (BNP), and with 
increased expression of extracellular matrix proteins. 
Preliminary data have suggested that establishing a molecular 
gene-profiling portrait may help in clinical decision as it 
relates to the urgency of intervention. Furthermore, expres-
sion profiling using a cDNA microarray containing cardiac-
relevant genes has been recently conducted in 15 failing and 
two non-failing hearts [5]. Patients were classified according 
to expression profile based on differentially expressed genes. 
Three patient subgroups were identified (“1,” “2,” and “3” in 
the patient classification tree), each with a specific molecular 
portrait. These patient sub-groups did not coincide with a 
clinical classification based on etiology. However, when the 
patients were annotated according to their United Network 
for Organ Sharing Status [6], there appeared to be an asso-
ciation with the molecular patient classification. All patients 
with Status 1A (i.e., the highest medical urgency status) clus-
tered together in sub-group 2. This sub-group was character-
ized by a relatively low expression level of sarcomeric genes 
(e.g., titin) and metabolic genes (e.g., NADH dehydroge-
nase) and a relatively high expression level of natriuretic 
peptides. While the clinical relevance of this study remains 
to be established, it opens up the intriguing possibility that 
the etiology of human HF can be pinpointed by their molecu-
lar portrait.

At present, microarray studies are mainly used in gene 
discovery and molecular signature analysis. The first appli-
cation identifies differentially expressed genes characteris-
tics of different disease states through which novel pathways 
and therapeutic targets can be identified. Using this applica-
tion, many microarray evaluations in HF have made com-
parisons between failing and non-failing hearts [5, 7], 
between DCM and HCM [8] as well as before and after the 
placement of left ventricle-assisted devices (LVAD) [9]. This 
approach of gene discovery has also provided new insights 
into more rare diseases such as giant cell myocarditis [10]. 
Taken together, these studies have the potential of providing 
insights into novel genetic pathways and therapeutic targets 
for common and uncommon conditions associated with HF.

The second application originated from the fact that the 
state of the transcriptome in a given disease tissue may contain 
a highly accurate representation of key biologic phenomena. 
Transcriptome (i.e., a set of all messenger RNA molecules or 
“transcripts”), is the term used to characterize the total set of 
transcripts, or a specific subset of transcripts present in the cell. 
In contrast to the genome, which is approximately fixed in a 
given cell line (without mutations), the transcriptome can vary 
with the environmental conditions. Since it contains all mRNA 
transcripts in the cell, the transcriptome represents every gene 
being actively expressed at any point in time, except for mRNA 
degradation events such as transcriptional attenuation. Trans-
criptomics (also called Expression Profiling) examine the 
expression level of mRNAs in a cell, employing high-through-
put techniques based on DNA microarray technology.

Patterns of gene expression or molecular signatures have 
the potential to also identify biomarkers useful for diagnostic, 
prognostic, and therapeutic purposes. With this approach, the 
goal is to use molecular signature analysis to identify a pattern 
of gene expression that is associated with a clinical parameter 
such as etiology, prognosis, or response to treatment, provid-
ing a diagnostic or prognostic precision otherwise not possible 
with standard clinical information. The basic principle of 
molecular signature analysis is as follow. First, samples are 
divided into groups based on a clinically relevant parameter 
such as disease etiology, prognosis, or response to therapy. 
Then, a molecular signature is created by choosing genes 
whose expression is associated with the parameter in question, 
by weighting the genes based on their individual predictive 
strengths [11, 12]. For example, using prediction analysis of 
microarrays, Kittleson et al. [13] have identified a gene expres-
sion profile that differentiates the two major forms of cardio-
myopathy, ischemic and nonischemic, a classification com- 
monly employed in clinical practice and clinical trials.

The potential of transcriptomic biomarkers to predict 
prognosis in patients with new-onset HF has been recently 
evaluated by Heidecker et al. [14]. Among a total of 350 
endomyocardial biopsy samples, 180 were identified as cases 
of idiopathic DCM. Patients with phenotypic extremes in 
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survival were selected: good prognosis (event-free survival 
for at least 5 years; n = 25) and poor prognosis (events (death, 
requirement for LVAD, or cardiac transplant) within the first 
2 years of presentation with HF symptoms; n = 18). They dis-
sected the data with significance analysis of microarrays and 
prediction analysis of microarrays. Good versus poor prog-
nosis was identified in 46 overexpressed genes, of which 45 
genes were selected by prediction analysis of microarrays for 
prediction of prognosis in a train set (n = 29), with subse-
quent validation in test sets (n = 14 each). The biomarker per-
formed with 74% sensitivity (95% CI 69–79%) and 90% 
specificity (95% CI 87–93%) after 50 random partitions. 
Taken together, these findings showed that a transcriptomic 
signature, generated from a single endomyocardial biopsy, 
could serve as a novel prognostic biomarker in HF. In addi-
tion, these findings may have the potential to identify novel 
therapeutic targets for HF and cardiomyopathy.

The proteome, represent the entire complement of proteins 
expressed by a genome, cell, tissue, or organism. It is gener-
ally accepted that post-translational and translational processes 
play key role in determining the cellular proteome [15, 16]. 
Techniques commonly used in proteomic-based analysis 
include a combination of 2-D gel electrophoresis (2-DE), mass 
spectrometry, and autoradiography map changes in myocar-
dial protein expression. An example of the application of these 
techniques was illustrated by a recent report of an analysis of 
27 proteins in the right ventricle (RV) and 21 proteins in the 
LV in load-induced, and catecholamine-induced RV and LV 
hypertrophy, respectively [17]. This study represents a poten-
tially novel pathway (BRAP2/BRCA1) that is involved in 
myocardial hypertrophy. Increased afterload-induced hyper-
trophy leads to striking changes in energy metabolism with 
down-regulation of pyruvate dehydrogenase (subunit bE1), 
isocitrate dehydrogenase, succinyl coenzyme A ligase, NADH 
dehydrogenase, ubiquinol–cytochrome c reductase, and 
propionyl coenzyme A carboxylase. These changes go in 
parallel with alterations of the thin filament proteome 
(troponin T, tropomyosin), probably associated with Ca2+ 
sensitization of the myofilaments. By contrast, neurohumoral 
stimulation of the LV increases the abundance of proteins 
relevant for energy metabolism. Therefore, these techniques 
allow for an in-depth analysis of global proteome alterations 
in a controlled animal model of pressure overload-induced 
myocardial hypertrophy.

Global and Specific Analysis of Gene 
Expression

During normal cardiac development and during the develop-
ment of numerous cardiac pathologies, frequent examples of 
genetic and protein changes correlated with functional altera-

tions have been noted [18]. The association with pathology or 
cardiac hypertrophy of a-myosin heavy chain (MHC) expres-
sion in the ventricles of small rodents, whose normal MHC 
complement consists largely of a-MHC, has been thoroughly 
investigated [19]. Similarly, different congenital heart dis-
eases (CHD) are associated with certain shifts in the motor 
proteins [20]. Expression levels of 6,000–15,000 genes have 
been compared in the failing and non-failing hearts. In gen-
eral, up- or down-regulation of different effectors/modulators 
has been documented in several experimental models, some-
times with conflicting results [21–23]. Remodeling at the 
transcriptional and translational level is represented by the 
up-regulation of elongation factors and ribosomal proteins. 
Most studies also showed increased expression of genes 
encoding stress protein. For example, in the spontaneously 
hypertensive rats (SHR), during the transition from LV hyper-
trophy to frank HF, cardiac a-MHC mRNA was reduced, 
whereas b-MHC, a-cardiac actin, and myosin light chain-2 
mRNAs were not significantly altered. ANP and B-type 
(brain) natriuretic peptide (BNP) mRNA were significantly 
increased [23]. Potentials and limitations of the above studies, 
nevertheless important observations, include occasional high 
and variable level of ANP and BNP gene expression in the 
“non-failing hearts” utilized as controls [24], as well as a lack 
of proof that the new or mutated protein(s) expressed were 
responsible for the phenotype.

Susceptibility/Modifier Genes/RNAi in HF

An important element in the outcome of a multifactorial disease 
such as HF is the presence of susceptibility and modifier 
genes. While susceptibility genes are genes involved in the 
pathogenesis of the disease, modifier genes are genes that 
may modulate the severity of HF once it has developed. The 
modifier genes are not the primary cause of HF, although 
they can influence the severity of the phenotype following 
the initiation of the syndrome.

The identification of modifier genes, which will markedly 
improve the elucidation of genetic risk factors, has been 
assisted by large-scale genome-wide approaches to identify 
polymorphic variants correlated with disease severity. Single 
nucleotide polymorphism-association studies have identified 
several candidate modifier genes for various cardiac disor-
ders. A number of specific genetic polymorphisms have been 
found in association with myocardial infarction, coronary 
artery disease (CAD), and DCM as shown in Table 3.1.

With the increased cataloging of single nucleotide poly-
morphisms either alone or within a larger chromosomal 
region (haplotypes) in available shared databases, these 
modifier loci can be evaluated for their effects in predispos-
ing to specific cardiac defects and severity of HF, and may 
impact on the choice of diagnostic and treatment options.
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By utilizing a genome-wide analysis of cardiovascular 
disorders, a larger net can be cast for detecting associated 
disease-related mutations. Recent methodological advances 
have made it possible to simultaneously assess the entire 
profile of expressed genes in affected myocardium requiring 
only very limited amount of biopsied tissue. Foremost among 
these methods is gene expression profiling using DNA 
microarrays. Microarrays are artificially-constructed DNA 
grids in which each element of the grid acts as a probe for a 
specific RNA. Gene expression by microarray analysis has 
proved to be a useful tool in establishing pathophysiological 
features of a disease by comprehensive evaluation of which 
genes are increased and which are decreased in expression, 
and can be applied in both diagnosis and in the evaluation of 
patients’ response to therapy.

The association of defective genes with cardiac disorders 
uncovered by genomic analysis needs to be followed by pro-
teomic analysis (for further discussion on proteomics see 
Chap. 19) to establish the function and pathophysiological 
role played by the mutant protein and to reveal interacting 
modulators. Once the implicated genes and their gene-products 
have been fully identified, sequence and subsequent bio-
informatic analysis can be employed to identify common 
structural and functional motifs and homologies with known 
proteins. The potentially significant functional interaction of 
proteins (which can be an important determinant of the car-
diac phenotype) can be further determined by yeast two-
hybrid analysis.

Based on genetic association studies (i.e., searching the 
genome for single nucleotide polymorphisms or SNPs in a 
population or in a family to find genetic variations associated 
with a trait or disease) between the severity of the phenotype 
and sequence variations of selected genes, several polymor-
phisms in the b1 and b2 adrenergic receptors and angiotensin 
converting enzyme (ACE) gene have been correlated with 
HF prognosis in several individuals. Komajda and Charron 

[25] have noted that because of the small size of the popula-
tions, available studies cannot be considered as definitive 
because of their lack of replication and ethnic stratification. 
In addition, their statistical power is rather limited since 
parameters other than genetic background largely contribute 
to the phenotypic variability (etiology, treatment, and envi-
ronment). This low statistical power prevents the analysis of 
gene–gene and gene–environment interactions, which are 
likely to play a major role in this multifactorial syndrome 
that is HF. Moreover, the selection of candidate genes is lim-
ited by our incomplete knowledge of the pathophysiology of 
HF, and consequently, new approaches are needed to improve 
the identification of modifier and susceptibility genes 
involved in HF. These new approaches may include the use 
of genomic-wide screening and the use of transgenic animal 
models; however, the application of genomic-wide screening 
to multifactorial diseases in human populations with com-
plex inheritance is difficult. On the other hand, transgenic 
animal models of HF overexpressing the gene(s) of interest 
seem a better alternative to study since their phenotype may 
not be affected by environmental factors, thus variability in 
the phenotype may be due to differences in the genetic back-
ground. In this regard, Le Corvoisier et al. [26] have reported 
the use of genomic mapping to screen for modifier genes in 
HF, and found that the prognosis in transgenic mice with HF 
induced by overexpressing calsequestrin (CSQ), was linked 
to 2 Quantitative Trait Loci (QTL) localized on chromosome 
2 and 3. However, genome mapping in an experimental 
mouse model of HF has important limitations [25]. For 
example, the modifier loci identified may not be specific to 
the animal specific HF induced by CSQ overexpression, 
implying that studies in other models of HF are warranted. 
Furthermore, the modifier loci may also be specific to the 
particular mouse strain, and more importantly, even after the 
identification of the responsible genes in the mouse, model 
translation of these discoveries to the multifactorial human 

Table 3.1 Genes with polymorphic variants contributing to cardiovascular disease

Gene affected (loci) Normal function Associated cardiac phenotype Drug effected

ATP-cassette binding protein (ABC or MDR) Lipid transport Coronary artery disease Digoxin
Angiotensin converting enzyme (ACE) Renin–angiotensin regulator Coronary artery disease Angiotensin converting 

enzyme inhibitors
b-adrenergic receptor (ADR b-2) Neurohormone receptor Congestive heart failure b-2 adrenergic agonists
Apolipoprotein E (APOE) Lipid transport Coronary artery disease Statin
Cholesterol ester transport protein (CETP) Lipid transport Coronary artery disease Statin
minK related protein (KCNE2/MiRP1) Potassium channel Antibiotic-induced cardiac 

dysrhythmia
Clarithromycin

Plasminogen-activator inhibitor type 1 (PAI-1) Intravascular fibrinolysis Myocardial infarction Nd
Stromelysin-1 (MMP-3) Matrix metalloproteinase Myocardial infarction, Angina Nd
Thrombospondin (TSP-1) Angiogenesis inhibitor Premature coronary artery disease Nd
Nuclear transcription factor (NFATC4) Transcription factor Cardiac hypertrophy Nd
Interleukin-6 (IL-6) Inflammatory mediator Myocardial infarction Nd
Endothelin receptor A (ETA) Vaso-regulator Idiopathic DCM Nd

Nd not determined
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HF syndrome may be not justified since the pathophysiology 
and the pathways affected may be different between mouse 
and man.

RNA interference (RNAi) is a molecule that inhibits gene 
expression at the stage of translation or by hindering the tran-
scription of specific genes. Previously known as post tran-
scriptional gene silencing and transgene silencing, these 
methods also described the RNAi phenomenon. Recently, 
using a gene knock-out approach Gupta et al. [27] have 
shown that inhibition of the nuclear factor (NF-kB), using 
direct gene delivery of sh-p65 RNA, results in regression of 
cardiac hypertrophy. Since activation of the NF-kB signaling 
pathway may be associated with the development of cardiac 
hypertrophy progressing to HF, these investigators have 
employed the transgenic Myo-Tg mouse, which develops 
hypertrophy and HF as a result of overexpression of myotro-
phin in the heart, associated with an elevated level of NF-kB 
activity. Furthermore, using this mouse model and a NF-kB-
targeted gene array, the components of NF-kB signaling cas-
cade and the NF-kB-linked genes that are expressed during 
the progression to cardiac hypertrophy and HF were deter-
mined. In addition, the effects of inhibition of NF-kB signal-
ing events, using a gene knockdown approach such as RNAi 
through delivery of a short hairpin RNA against NF-kB p65 
using a lentiviral vector (L-sh-p65), were explored. Following 
the direct delivery of a short hairpin RNA into the hearts of 
10-week-old Myo-Tg mice, a significant regression of car-
diac hypertrophy, associated with a significant reduction in 
NF-kB activation and atrial natriuretic factor expression 
occurred. These novel findings suggest that inhibition of 
NF-kB using direct gene delivery of sh-p65 RNA results in 
regression of cardiac hypertrophy and this could be used as a 
therapeutic target in the prevention of HF. Parenthetically, it 
has been demonstrated that the human failing heart, explanted 
at the time of heart transplantation, exhibits marked nuclear 
translocation of NF-kB in cardiac myocytes when compared 
to control hearts [28]. NF-kB as well as AP-1 have been 
found to be significantly activated in chronic HF due to isch-
emic or DCM. This suggests that NF-kB and AP-1 have sig-
nificant involvement in the cardiac remodeling process.

MicroRNAs and HF

MicroRNAs (miRNAs) are fundamental post-transcriptionally 
regulators of gene expression in eukaryotic cells and they 
represent a new paradigm for cardiac gene regulation. 
Targeting a high number of a variety of mRNA, these 
small, non-coding RNAs have the potential to modulate 
genes that are participant in metabolic and/or signaling 
pathways. Interestingly, they can also act in reverse, turn-
ing on and off mRNA translation. Recently, these novel 

genes have been found to be required for normal heart 
development and function, and also they are expressed in 
heart disease. A number of specific miRNAs have shown 
distinct roles in the development of the heart, during car-
diac remodeling, in the modulation of cardiac hypertrophy 
and cardiac conduction system.

It is important to understand that whereas both miRNA 
and small interfering RNA (siRNA) are used for gene inacti-
vation, endogenous miRNA-induced silencing complexes 
(miRISC) inhibit translation by binding imperfectly matched 
sequences in the 3¢ UTR of target mRNA. On the other hand, 
siRNA-programmed RISC (siRISC) is a synthetic or exoge-
nous dsRNA that silences gene expression by cleaving a per-
fectly complementary target mRNA (see section “Epigenetics 
and HF”). Thus, miRNAs function as guide molecules in 
diverse gene silencing pathways modulating gene function 
and are characterized functionally as part of ribonucleopro-
tein (RNP) complexes, also referred as miRNPs or miRNA-
induced silencing complexes (miRISCs). Although analysis 
of in vivo and cell-free extracts has shed some light on the 
miRNA-mediated repression, the mechanistic details are not 
still fully understood [29].

Even though initially miRNAs were reported to be tran-
scribed by RNA polymerase II (Pol II), and that the primary 
miRNA transcripts (pri-miRNAs) contain cap structures as well 
as poly(A) tails, which are the unique properties of class II gene 
transcripts [30], the view of miRNA origins and the transcrip-
tional machinery driving their expression has been modified. 
After genomic analysis of miRNAs in the human chromosome 
19 miRNA cluster (C19MC), Borchert et al. [31] have found 
that these molecules are interspersed among Alu repeats. Since 
Alu transcription occurs through RNA Pol III recruitment, and 
the Alu elements upstream of C19MC miRNAs retain sequences 
important for Pol III activity, the authors tested the promoter 
requirements of C19MC miRNAs. Using chromatin immuno-
precipitation and cell-free transcription assays they concluded 
that Pol III, but not Pol II, is associated with miRNA genomic 
sequence and sufficient for transcription. Thus, originally tran-
scribed as long RNA precursors denominated primary RNA, the 
formation of premature miRNA requires to be trimmed by the 
nuclear encoded RNA polymerase III Drosha. Later on, to 
become a mature miRNA, this molecule is further trimmed by 
Dicer in the cytoplasm, an endonuclease that cleaves double-
stranded RNA and that is required for miRNA biogenesis [32]. 
According to Viswanathan et al. [33], mature miRNAs to be 
produced from primary miRNA requires sequential cleavages 
by the Microprocessor (Fig. 3.1), which is comprised by a dou-
ble-stranded RNA binding protein DGCR8 besides Drosha and 
the Dicer enzyme complexes.

Interestingly, post-translational control of miRNA expres-
sion occurs in a tissue-specific manner [34, 35], and is devel-
opmentally regulated [36–38]. Some miRNAs are highly 
expressed in human [39] and mouse embryonic cells, mouse 
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Fig. 3.1 Pathway for miRNA biogenesis. MicroRNAs (miRNA) are 
single-stranded RNA molecules of about 21–23 nucleotides in length, 
which regulate gene expression. The genes that encode miRNAs are tran-
scribed from DNA but not translated into protein (non-coding RNA). 
They are processed from primary transcripts known as pri-miRNA to 
short stem-loop structures called pre-miRNA and finally to functional 
miRNA. Mature miRNA molecules are partially complementary to one 
or more messenger RNA (mRNA) molecules, and their main function is 
to downregulate gene expression. Analysis of miRNAs in the human 
chromosome 19 miRNA cluster (C19MC), by Borchert et al. showed  
that Pol III, but not Pol II, is associated with miRNA genomic sequence 
and sufficient for transcription (see text) [31]. The initial transcript is 
called primary microRNA (pri-miRNA) whose 5¢ and 3¢ ends are cleaved 
by the Drosha nuclease, which needs a dedicated double-stranded RNA 
binding protein to convert the long nuclear primary microRNA transcripts 
into shorter pre-microRNA stem-loops, the cytoplasmic precursors from 

which mature microRNAs are ultimately excised. Drosha nuclease is 
complexed with the RNA-binding protein DGCR8 forming the 
Microprocessor complex (MC). The cleavage product is called the pre-
microRNA (pre-miRNA), a product of about 60–70 nt. The resulting pre-
miRNA, bound by Exportin-5, is translocated across the nuclear pore into 
the cytoplasm. In the cytoplasm, the pre-miRNA is bound and cleaved by 
the Dicer ribonuclease in complex with the RNA-binding protein (TAR 
binding-protein (TRBP)). The product becomes an imperfectly double-
stranded miRNA of about 21–23 nucleotides. At this stage, the miRNA 
has two strands: the passenger strand, which will be removed and 
degraded, and the guide strand, which will be retained and guides the 
RISC to target mRNAs. The Argonaute protein is already bound to the 
Dicer:miRNA complex or subsequently binds the complex. The resulting 
single-stranded miRNA (the guide strand) remains in a complex contain-
ing Argonaute, Dicer, TRBP, and other proteins termed as the RNA-
induced Silencing Complex (RISC)

embryonic carcinoma as well as in human primary tumors 
although their mature types were not detectable [37].

The discovery of miRNAs has completely changed the 
understanding of selective silencing of a gene product in vivo. 
It is estimated that approximately 1% of predicted genes in 

animals encode these small regulatory molecules, which consist 
of about 20–25 noncoding nucleotides that regulate gene 
expression post-transcriptionally, by hybridization to messenger 
RNAs (mRNAs) with subsequent mRNA degradation or 
translational inhibition of the targeted transcripts [40].
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Thomas et al. reported that as miRNAs regulate the 
translation of target mRNAs, the up- or downregulation of a 
particular miRNA from its “normal” state can cause the miRNA 
to act as either a tumor suppressor or an activator [41]. The 
upregulation of a particular miRNA is likely to lead to a 
decrease in its targeted protein levels, while downregulation 
should lead to an increase. Since multiple miRNAs can regulate 
one transcript, the correlation of levels of a particular miRNA 
with its protein targets is rather complicated.

A significant fraction of human genes are regulated by 
microRNAs, which play essential roles in critical processes 
such as cellular proliferation, development, differentiation, 
and apoptosis [40, 42–45]; therefore, a search for the role of 
microRNAs in cardiovascular diseases, and in particular in 
HF is actively being pursued.

As our understanding of the role of the molecular 
elements lying in miRNA regulation advances, many RNA-
based targets will probably begin to show from these powerful 
translational regulators. Expectations are that this new 
research field will significantly contribute to decipher gene 
expression regulation in cardiovascular diseases, and in 
particular in myocardial hypertrophy regulation and HF. 
Interestingly, Thum et al., using microarray and miRNA 
stem loop RT-PCR techniques, have evaluated miRNA 
profiles and the cardiac mRNA transcriptome in the LV from 
end-stage HF individuals, and compared to healthy subjects 
and fetal human heart [46]. Marked changes were found in 
the miRNAs expression in HF patients, and these changes 
appear to closely mimic the miRNAs expression pattern 
observed in fetal cardiac tissue. Employing bioinformatic 
analysis a strong agreement was noted between regulated 
mRNA expression in HF and the presence of miRNA binding 
sites in the respective 3¢ untranslated regions. Messenger RNAs 
upregulated in the failing heart contained preferentially 
binding sites for downregulated miRNAs and vice versa. 
Furthermore, transfection of cardiomyocytes with a set of 
fetal miRNAs induced cellular hypertrophy as well as 
changes in gene expression comparable to the failing heart. 
Hopefully, local or systemic application of precursor or 
inhibitory miRNA molecules effecting heart miRNAs may 
be beneficial by modulating heart gene networks; and 
targeting miRNAs may become a new therapeutic form for 
the prevention and treatment of HF.

Cardiac miRNAs may play a major role in the regulation 
of genes expression during heart development, cardiac func-
tion, and electrical conductance. Furthermore, vasculoprolif-
erative conditions such as angiogenesis and neointimal lesion 
formation have been found associated to miRNAs.

The roles of Dicer and miRNAs in mammalian skeletal 
muscle development have been studied by O’Rourke et al. 
[47]. They found that during embryogenesis Dicer activity 
was essential for normal muscle development since Dicer 
muscle mutants have reduced muscle miRNAs, and die 

perinatally while displaying decreased skeletal muscle mass 
accompanied by abnormal myofiber morphology. Also, Dicer 
mutant muscles showed increased apoptosis and Cre-mediated 
loss of Dicer in Myod-converted myoblasts, resulting in 
increased cell death. Thus, Dicer RNase III endonuclease 
has an essential role in skeletal muscle development and 
implies that miRNAs are vital components for embryonic 
myogenesis.

The importance of miRNAs in development and cardiac 
homeostasis is also supported by the recent findings of Chen 
et al. [48] that cardiac-specific knockout of Dicer, leads to 
rapidly progressive DCM, HF, and postnatal lethality. Dicer 
mutant mice exhibit abnormal expression of cardiac contrac-
tile proteins and marked sarcomere disarray. In addition, 
these mutant mice showed decreased heart rates and frac-
tional shortening. Consistent with the role of Dicer in animal 
hearts, Dicer expression was also decreased in end-stage 
human DCM and in failing hearts. On the other hand, signifi-
cant increase of Dicer expression was observed in the failing 
hearts after insertion of LVADs. Taken together, these find-
ings support the notion that the Dicer gene has a role of para-
mount significance in cardiac contractility and not only 
miRNAs play a critical role in normal cardiac function but 
also in the development of cardiac pathology. Myogenic 
miRNAs, encoded by bicistronic transcripts or nestled within 
intron of myosin genes, have been shown to modulate mus-
cle function in a number of cardiovascular conditions such as 
hypertrophy, CHD, HF, cardiac dysrhythmias, and muscle 
dystrophy. This plurality of roles makes miRNAs very 
desirable targets to develop new therapeutic strategies.

To determine whether miRNAs have a role in cardiac 
development and/or homeostasis, Wang et al. searched for 
miRNAs that were expressed in the mouse cardiovascular 
system, and were conserved across species ranging from flies 
to humans. On the basis of their in silico data and informa-
tion from previous observations, a particular miRNA sub-
group, the miR-1 subfamily appears to be cardiac-enriched 
[49, 50]. This subfamily consists of two closely related  
miRNAs encoded by distinct genes that share near 
complete identity and are designated miR-1-1 and miR-1-2 
(see Table 3.1). Northern blot analysis of both miR-1 genes 
demonstrated that they are 21 base pairs (bp) in length and 
were expressed specifically in the heart and skeletal muscle 
of adult mice. Of special interest is that miR-1-1 and miR-1-2 
are specifically expressed in cardiac and skeletal muscle 
precursor cells, and miR-1 genes seem to be direct transcrip-
tional targets of muscle differentiation regulators, including 
serum response factor, MyoD, and Mef2. It is worth noting 
that excess of miR-1 in the developing heart leads to a 
decreased pool of proliferating ventricular cardiomyocytes. 
Using a new algorithm for microRNA target identification 
that incorporates features of RNA structure and target acces-
sibility, these investigators [49, 50] showed that Hand2, 
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a transcription factor that promotes ventricular cardiomyo-
cyte expansion, is a target of miR-1 and that miR-1 genes 
titrate the effects of critical cardiac regulatory proteins to 
control the balance between differentiation and proliferation 
during cardiogenesis. A pair of muscle-specific miRNAs 
miR 206/133b (Table 3.1) has been reported by Chen et al. 
[51]. miRNA-1 (miR-1) and miRNA-133 (miR-133), clustered 
on the same chromosomal loci, were transcribed together in 
a tissue-specific manner during development, and miR-1 
promotes myogenesis by targeting histone deacetylase 4 
(HDAC4), a transcriptional repressor of muscle gene expres-
sion. On the other hand, miR-133 enhances myoblast prolif-
eration by repressing serum response factor (SRF). These 
findings suggest that two mature miRNAs, derived from the 
same miRNA polycistron and transcribed together, can carry 
out distinct biological functions and that miRNAs participate 
in transcriptional circuits that control skeletal muscle gene 
expression and embryonic development. Liu et al. [52] have 
shown how MEF2 transcription factor directly activates tran-
scription of a bicistronic primary transcript encoding miR-1-2 
and 133a-1, via an intragenic muscle-specific enhancer located 
between the miR-1-2 and 133a-1 coding regions. This MEF2-
dependent enhancer is activated in the linear heart tube 
during mouse embryogenesis and thereafter controls tran-
scription throughout the atrial and ventricular chambers of 
the heart. MEF2 together with MyoD also regulates the 
miR-1-2/-133a-1 intragenic enhancer in the somite myo-
tomes and in all skeletal muscle fibers during embryogenesis 
and adulthood. A similar muscle-specific intragenic enhancer 
controls transcription of the miR-1-1/-133a-2 locus. Taken 
together, these findings reveal a commonality of regulatory 
elements associated with the miR-1/-133 genes and under-
score the central role of MEF2 as a regulator of the transcrip-
tional and posttranscriptional pathways that control cardiac 
and skeletal muscle development.

MiRNAs, by modulating the balance between the antago-
nistic processes of myoblast growth and differentiation, 
become essential components of the regulation of muscle 
development [53], and to find out whether disease-associated 
miRNAs are contributory to the disease process and if so, 
whether therapeutic modulation might affect the severity 
and/or progression of the disease may be of great signifi-
cance. Assigning a specific miRNA to a specific target repre-
sent a great challenge; although, finding the potential targets 
of miRNA may provide not only new insights into the mech-
anism of disease but may also allow the discovery of novel 
therapies.

That miRNAs miR-1 and miR-133 are preferentially 
expressed in the heart and skeletal muscle, and have opposing 
effects in cardiomyocytes apoptosis have been reported by 
Xu et al. [54]. Single target sites for miR-1 in the 3¢-untrans-
lated regions of the HSP60 and HSP70 genes, and multiple 
putative target sites for miR-133 throughout the sequence of 

the caspase-9 gene were detected. miR-1 reduced the levels 
of HSP60 and HSP70 proteins without changing their tran-
script levels, whereas miR-133 did not affect HSP60 and 
HSP70 expression at all. On the other hand, miR-133 
repressed caspase-9 expression at both the protein and 
mRNA levels. Thus, increased miR-1 and/or decreased 
miR-133 levels favor apoptosis and decreased miR-1 and/or 
miR-133 levels favor survival. These investigators have also 
noted that overexpression of miR-1 occur in patients with 
CAD, and when miR-1 was overexpressed either in normal or 
infarcted rat hearts it intensified dysrhythmogenesis [55]. 
In contrast, elimination of miR-1 by an antisense inhibitor in 
infarcted rat hearts ameliorated the dysrhythmias. miR-1 
overexpression slowed conduction and depolarized the cyto-
plasmic membrane by post-transcriptionally repressing 
KCNJ2 (encodes the K+ channel subunit Kir2.1) and GJA1 
(encodes connexin 43), and likely this accounts, at least in 
part, for its dysrhythmogenic potential. Therefore, miR-1 
may have an important pathophysiological role in the heart, 
and is a potential target for dysrhythmias.

Notwithstanding the current explosion of information 
regarding miRNAs, its use in diagnosis and therapeutic mod-
ulation of individual miRNAs or miRNA clusters in cardio-
vascular diseases need further investigation, since it is likely 
that therapies that specifically regulate cardiovascular  
miRNAs, either mimicking or antagonizing miRNAs actions 
[56], might normalize dysfunctional gene networks and may 
constitute a new paradigm in the prevention/treatment of car-
diovascular diseases, including HF.

MiRNA expression-profiling studies demonstrate that 
expression levels of specific miRNAs change in diseased 
human hearts, pointing to their involvement in cardiomyopa-
thies and HF [46]. Identification of the targets of specific 
miRNAs is necessary to understand the correct molecular 
mechanisms underlying their function.

As observed by Callis and Wang [57], most animal  
miRNAs are partially complementary to their target sites, 
which thwart simple homology searches to identify target 
sequences. In response, several bioinformatic-prediction 
algorithms that weigh various criteria, including sequence 
conservation and thermal stability have been developed and 
they have shown to be an indispensable guide for advancing 
miRNA research [58–60]. On the other hand, these in silico 
predictions require experimental testing and, to date, only a 
handful of miRNA targets with roles in the heart have been 
validated in biological systems (see Table 3.1).

Previous profiling studies in human samples show that 
changes in miRNA expression also occur in the failing 
human hearts, including the up-regulation of miRNAs that 
are normally expressed in the developing heart [46, 51]. 
According to van Rooij et al. [61] continued miR-195 over-
production led to DCM and HF in young mice, although the 
mechanisms underlying miR-195 function have not been 
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clearly defined since no target genes have been yet identified. 
MiR-214 is also up-regulated during hypertrophy, although 
transgenic mice over-expressing miR-214 did not cause an 
abnormal heart phenotype. Unlike miR-195 and miR-214, 
miR-1 and miR-133 are down-regulated during hypertrophy 
[61–64], and miR-208 is expressed specifically in the heart 
and has been deleted from the mouse genome [65]. 
Interestingly, miR-208 null animals were viable and appeared 
normal without evidence of gross developmental defects. On 
the other hand, the miR-208 null animals showed at 2 months 
of age mild reduction in contractility and progressive cardiac 
dysfunction.

It is apparent that the genetic pathways controlling 
cardiac hypertrophy share a common component that is 
regulated by miR-208. The thyroid hormone receptor-asso-
ciated protein 1 (Thrap1), a co-factor of the thyroid hor-
mone nuclear receptor that can influence transcription 
positively and negatively has been considered such a com-
ponent [57]. While the exact nature of miR-21 function 
remains unclear, inhibition of miR-21 using antisense oli-
gonucleotides suppresses agonist-induced hypertrophic 
growth in primary cardiomyocytes [66]. In contrast, inhibi-
tion of miR-21 using locked nucleic acid-modified miR-21 
antisense oligonucleotides stimulated hypertrophic growth 
in vitro. Moreover, introduction of functional miR-21 or 

miR-18b into cardiomyocytes represses myocyte hypertro-
phy [67]. These findings suggests that miRNAs, and in par-
ticular miR-1, miR-21, miR-133, miR-195 and miR-208, 
are novel players in animal models of cardiac hypertrophy 
(Table 3.2).

Identification of specific targets for miRNAs involved in 
the hypertrophic response might provide insights on the 
molecular mechanisms underlying cardiac hypertrophy/
remodeling. Notably, since changes in miRNA expression 
occur in cardiac diseases, the molecules could be used not 
only as biomarkers for clinical diagnosis but also, because of 
their small size, their in vivo delivery becomes a feasible 
therapy. On the other hand, recent observations suggested 
that miR-1 and miR-133a expression are decreased during 
skeletal muscle hypertrophy. McCarthy and Esser have 
studied the expression level of the muscle-specific  
miRNAs in the soleus and plantaris muscles, and also 
whether their expression in the plantaris was altered in 
response to functional overload [68]. From a group of miRNAs 
examined only miR-206 was differentially expressed 
between soleus and plantaris muscles. This was confirmed 
by a sevenfold higher expression in the soleus for both the 
primary miRNA (pri-miR) and mature miR. After func-
tional overload, transcript levels for both pri-miR-1-2 
and pri-miR-133a-2 increased by approximately twofold, 

Table 3.2 Validated Heart/Muscle-Specific MicroRNAs

microRNA Expression pattern Functions Target sites Refs

miR-1 Heart, skeletal muscle Inhibition of hypertrophy, cell proliferation
Control of cardiac conductance
Myogenesis
Cardiogenesis
Pro-apoptotic
Dysrhythmias when overexpressed in CAD

RasGAP, Cdk9
Hand2
Irx5, KCND2
HDAC4
Notch ligand, Delta
3¢ untranslated regions of HSP60 and HSP70
KCNJ2 (Kir2.1), GJA1(connexin 43)

[63]
[69]
[70]
[51]
[71]
[54]
[57]

miR-133 Heart, skeletal muscle Inhibition of cardiac hypertrophy
Promotion of proliferation
Control of cardiac conductance
Anti-apoptotic

RhoA, Cdc-42
WHSC2
SRF
HERG
Caspase-9

[62]
[51]
[72]
[54]

miR-206 Skeletal muscle Myogenesis Cx43, Fst11, Utrn
PolA1

[73]
[74]
[75]

miR-208 Heart b-MHC expression
Stress-dependent cardiac remodeling

THRAP1 [65]

miR-21 Heart (also in spleen, 
small intestine, colon)

Inhibition of cardiac hypertrophy
Tumor suppressor genes

Fas & TGF-b receptor (?)
PTEN, TPM1

[65]
[66]
[76]
[77]

RasGAP Ras GTPase activating protein; Cdk9 cyclin-dependent kinase 9; Hand2 heart and neural crest derivatives expressed transcript 2; Irx5 
Iroquois homeobox protein 5; KCND2 potassium voltage-gated channel; HDAC4 histone deacetylase 4; HSP60 heat shock protein 60; KCNJ2 
potassium inwardly-rectifying channel, subfamily J, member 2; GJA1 gap junction protein a1; RhoA Ras homolog gene family, member A; 
Cdc-42 cell division cycle 42; WHSC2 Wolf–Hirschhorn syndrome candidate gene 2; SRF serum response factor; HERG human ether-a-go-go 
related gene; Cx43 Connexin 43; Fst11 Follistatin-like 1; Utrn utrophin (Homo sapiens); PolA1 polymerase (DNA directed) a1; TGF tumor 
necrosis factor; PTEN phosphatase and tensin homolog gene; TPM1 tropomyosin 1 (Homo sapiens)
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whereas pri-miR-206 levels were elevated 18.3-fold. 
In contrast, the expression of miR-1 and miR-133a were 
downregulated by approximately 50% following overload. 
This difference between pri-miR and miR expression 
following overload could not be explained by a change in the 
expression of components of the miRNA biogenesis path-
way, since Drosha and Exportin-5 transcript levels were sig-
nificantly increased (by 50%) in response to functional 
overload, whereas Dicer expression was unchanged. These 
findings suggest that miRNAs may have a role in the adapta-
tion to functional overload in skeletal muscle, but if this also 
occurs in the heart is not known.

Finally, since single miRNAs appear to have multiple 
mRNA targets, with some of those miRNA regulatory targets 
seemingly working in concert to control a common pathway 
and/or biological function, miRNAs potentially may become 
efficient tools for targeting a particular disease pathway or 
process [57]. That miRNAs involvement occurs in cardiac 
diseases has been confirmed by the dysregulated expression 
of miRNAs and Dicer, a miRNA pathway component in HF; 
however, further research is needed in order to understand 
how the integration of miRNAs into the genetic networks 
occurs in cardiac pathology, and importantly in order to 
develop miRNAs as potential novel therapeutic targets.

Epigenetics and HF

Gene expression is significantly affected in the failing 
heart and knowing which genes are affected may be very 
helpful in the understanding of the pathophysiology of HF. 
An important part in the regulation of gene expression is 
play by epigenetics, thru histone modification. Epigenetics 
is thought of as changes in gene expression that are stable 
between cell divisions, and sometimes between generations, 
through modification of chromosomal components, but do 
not involve changes in the underlying DNA sequence of the 
organism. Central to eukaryotic biology, epigenetics is bet-
ter demonstrated in the process of cellular differentiation, 
which allows cells to stably maintain different characteris-
tics despite containing the same genomic material. Such 
epigenetic modifications include methylation of genomic 
DNA as well as acetylation, phosphorylation, ubiquitina-
tion, and SUMOylation of core histone proteins.

Genetic and biochemical studies have shown that epigenetic 
changes play an important role in the pathophysiology of 
cardiac hypertrophy and HF, with dysregulation in histone 
acetylation shown to be directly linked to impaired cardio-
myocytes contractility. In this section we will describe some 
general concepts and the available information on the role of 
epigenetic modifications with a survey of the current status 
and prospects for epigenetic (also on gene therapy in a later 
chapter) in human with cardiac pathology/HF.

Histone/Chromatin Modifications;  
Epigenetic Control of Gene Expression

The amino termini of histones contain a diversity of post-
translational modifications. The most prominent are acetyla-
tion and methylation of lysine residues in the highly 
conserved N termini of histones H3 and H4. Increased acety-
lation invariably correlates with up-regulation of transcrip-
tional activity whereas decreased acetylation correlates with 
transcriptional repressed states (the heterochromatic state is 
associated with hypoacetylation of histones). Interestingly, 
the inactivation of genes in heterochromatin contrasts with 
euchromatin that is characterized by genes with robust gene 
expression and activation (Fig. 3.2a).

The regulation of heterochromatin assembly is also medi-
ated by modifying enzymes that act directly on histones or 
by factors that bind them [78], as depicted in Fig. 3.2b. The 
status of histone acetylation, at a given promoter, is deter-
mined by the balanced action of histone acetyltransferases 
(HATs) and histone deacetylases (HDACs). This includes 
the NAD-dependent HDAC (SIR2), a key mediator of het-
erochromatin assembly and gene silencing. Also, there is 
ample evidence for the role of repetitive DNA elements and 
noncoding RNAs in the regional targeting (and propagation) 
of heterochromatin complexes. For instance, siRNAs are 
involved in post-transcriptional gene silencing and in initiat-
ing heterochromatin complexes at repetitive DNA. Moreover, 
centromeric repeat sequences produce small double-stranded 
RNAs (dsRNA) that are sufficient to recruit heterochromatin 
[79]. Small RNAs are involved in dosage compensation and 
genomic imprinting [80] and dsRNAs complementary to 
promoter regions can cause gene silencing mediated via 
DNA methylation [81].

It is worth noting that although the process is mediated 
by naturally-occurring double-stranded RNA molecules, it 
can also be induced by adding chemically-synthesized siR-
NAs that will silence specific cardiomyocytes genes by 
altering the RNA sequence to match the corresponding gene 
sequence. This approach may have therapeutic potential in 
HF patients (see Chap. 21) since it provides a new way of 
targeting known disease-causing genes, including those for 
which small-molecule drugs have not been found.

Histone Acetylation/Chromatin Remodeling 
Plays a Critical Role in the Triggering/
Progression of Cardiac Hypertrophy

Among the best-characterized control points for gene regula-
tion in hypertrophic myocardium is histone acetylation [82]. 
Together with other histone modifications, the change in 
chromatin structure and remodeling is a prerequisite for 
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access of transcription factors to their target DNA. The 
essential role of a HAT protein in cardiac muscle was first 
proven by deletion of the coactivator p300, which perturbed 
heart development and cell proliferation [83]. Class II 
HDACs can act as signal-responsive repressors of cardiac 
hypertrophy, inhibiting gene expression that is dependent on 
myocyte enhancer factor-2 [84]. Furthermore, overexpres-
sion of the transcriptional corepressor homeodomain-only 
protein (HOP) causes cardiac hypertrophy by the recruitment 
of a class I HDAC. In addition, the activity of different HDACs 
can act, in some contexts, as repressors of cardiac hypertrophy 
by inhibiting the gene expression of pro-hypertrophic genes 
(Fig. 3.2c) and in other contexts (e.g., recruitment by HOP) 

by inhibiting the expression of a novel growth-suppressing 
anti-hypertrophic transcriptional pathway (Fig. 3.2d) 
HDAC activity effectively contributes to cardiac hypertrophy 
[85, 86].

Other Regulators of Chromatin Remodeling 
Have Been Recently Identified Which May  
Be Operative in the Heart

In a genome-wide search for cardiogenic genes, the simjang 
gene, which encodes a protein component of the chromatin 
remodeling complex recruited by methyl-CpG-DNA binding 
proteins was found, suggesting that epigenetic information 
may be crucially involved in early cardiac development [87].

Can these data be used for therapeutic purposes? At first 
glance, the large scale and global nature of the transcriptional 
suppression engendered by this type of chromatin modifica-
tion/remodeling might be difficult to apply to modulating 
specific pathways without compromising the gene expres-
sion, that is essential for cardiac function; however, the pos-
sibility that this modification could be finely targeted by the 
appropriate administration of specific small RNAs and/or 
repeated elements, opens the door for the directed use of 
global transcriptional inactivation reagents in the treatment 
of cardiovascular diseases in general, and specifically in HF.

DNA Modification-Methylation

DNA methylation is a key epigenetic mechanism implicated 
in genomic imprinting, gene regulation, chromatin structure, 
genome stability and disease, and is the focus of a human 
epigenome project [88].

It is well established that a major mechanism for down-
regulation of gene expression involves the methylation of a 
cytosine and guanosine rich area in the promoter region of 
genes termed the CpG island (see Fig. 3.3). This promoter 
associated CpG methylation has been associated with the 
permanent inactivation of gene transcription [89]. This pro-
cess has also been shown to be involved in the inactivation of 
the X chromosome in which promoter methylation is critical 
in maintaining the silenced state, and where demethylation 
results in renewed gene expression [90]. Promoter methyla-
tion is also involved in genomic imprinting in which the 
silenced state of the affected allele is determined by methyla-
tion of the promoter regions for numerous imprinted genes, 
and demethylation results in bi-allelic gene expression [91].

Until now, there has been limited systematic study 
addressing the relationship of DNA methylation to the exp-
ression of cardiac genes either during myocardial development, 
normal physiological transition or during cardiac disease. 

Fig. 3.2 Epigenetic chromatin histone modifications and gene expression. 
(a) Representation of transcriptionally active (euchromatin) and silenced 
chromatin (heterochromatin) with acetylated (Ac) and methylated (ME) 
histone N-termini. HP1 is a transcription-inhibiting protein recruited by 
methylated histone residues. BE is a boundary element, which separates 
areas of active and inactive chromatin. (b) Model of the formation of 
heterochromatic gene silencing. (c) Chromatin modification can block 
cardiac hypertrophy. A pro-hypertrophic transcriptional program mediated 
by the binding of myocyte enhancing factor-2 (MEF-2) is repressed with 
the recruitment and functional modification of chromatin by specific 
histone deacetylases (class II HDAC). (d) Other settings of chromatin 
can promote cardiac hypertrophy. An anti-hypertrophic transcriptional 
program mediated by the binding of SRF (serum response factor) is 
repressed by the binding of the HOP protein and the recruitment of class 
I HDAC, promoting hypertrophic growth response
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Several observations have shown that the stability and expres-
sion of the cardiac troponin gene associated with normal car-
diac function and cardiac pathology is affected by cytosine 
methylation [92]. Also, it has been demonstrated that the 
expression of genes known to be essential in maintaining 
homeostatic cardiac physiology can be modulated by tar-
geted DNA methylation, e.g., the KVLQT1 gene involved in 
cardiac membrane transport is subject to regulation by DNA 
methylation which alters its expression [93, 94]. Interestingly, 
defects in this gene are associated with long QT syndrome, 
cardiac dysrhythmias and sudden cardiac death. Moreover, 
the mtTFA gene associated with mitochondrial biogenesis, is 
also regulated by DNA methylation [95].

The promoter of human mtTFA contains 67 CpG 
dinucleotides particularly evident at its NRF1 binding site. 
In vitro methylation of NRF-1 site by HhaI methylase 
abolished the mtTFA promoter activity up to 90%, implying 
that the CpG methylation of NRF-1 site inactivate mtTFA 
promoter-driven transcriptional activity. The significance of 
a normal functioning mtTFA has been recently demonstrated 
in transgenic mice which developed DCM by harboring a 
deleted mtTFA allele. Moreover, it has been reported that 
methylation of the estrogen receptor gene was prevalent, 
with a non-uniform distribution, in human cardiovascular 

tissues including right atrium, saphenous veins and proximal 
aorta [96]. Furthermore, elevated levels of DNA methylation 
have been found to be age and not gender-dependent, and 
were more prevalent in patients with CAD as compared to 
normal tissues. Interestingly, high levels of homocysteine 
correlated with decreased levels of DNA methylation (or 
increased hypomethylation).

Hyperhomocysteinemia has been implicated in several 
cardiovascular pathologies including its participation in the 
pathogenesis of occlusive CAD [97]. The mechanism of the 
relationship between DNA methylation and homocysteine 
levels has already been defined [98]. Chronic elevation in 
homocysteine levels results in parallel increases in intracellular 
S-adenosylhomocysteine (SAH) with the consequent inhibition 
of DNA methyl-transferases [99]. Hence, elevated levels of 
DNA hypomethylation is associated with increased levels of 
homocysteine. Increased SAH-mediated DNA hypomethy-
lation and associated alterations in gene expression and chro-
matin structure may prove informative in understanding the 
pathogenesis of diseases related to homocysteinemia includ-
ing cardiac pathologies.

A linkage of SAH-mediated DNA hypomethylation with 
increased oxidative damage to DNA has been proposed [98]. 
This suggests that DNA hypomethylation increases DNA’s 

Fig. 3.3 Model of the epigenetic 
role of DNA methylation in 
mediating gene expression, DNA 
damage, and stability
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vulnerability and sensitivity to free radical damage. 
Parenthetically, it has been well documented that DNA 
hypomethylation is associated with elevated levels of hyper-
acetylated and decondensed chromatin, due to decreased 
binding of methyl-sensitive proteins such as methyl CpG 
binding protein and histone deacetylase. This is supported by 
the promotion of chromatin decondensation by hypomethy-
lating agents such as SAH and 5-azacytidine. A more open 
DNA conformation associated with hypomethylated chro-
matin would constitute an easier target for endonuclease 
digestion and increased DNA strand breaks.

In summary, genomic methylation appears to function as 
a final step in the modulation of gene transcription but its 
role in the profiling of gene expression in HF remains 
unknown. Therefore, the potential therapeutic application of 
these findings in HF is unclear at this time. While DNA 
methylation-mediated regulation is generally “broad-brush” 
or global (similar to that described above with altered chro-
matin in relation to heterochromatic gene expression), site-
specificity might be directed by the introduction of CpG 
islands into non-coding regions of introduced genetic con-
structs in the cardiovascular system.

Transcriptional Coactivator p300  
and Cardiac Hypertrophy

The transcriptional coactivator p300 is a ubiquitous nuclear 
phosphoprotein and transcriptional cofactor with intrinsic 
acetyltransferase activity. It controls the expression of 
numerous genes in cell-type and signal-specific manner, and 
plays a pivotal role in cellular proliferation, apoptosis, and 
embryogenesis [100]. By catalyzing acetylation of histones 
and transcription factors, p300 plays a significant role in epi-
genetic regulation. Abnormal p300 function is associated 
with deregulated target gene expression, and is implicated in 
cardiac hypertrophy, inflammation, cancer, and genetic dis-
orders. Recently, Wei et al. [101] have assessed in vivo the 
quantitative control of adaptive cardiac hypertrophy by 
acetyltransferase p300 and its effect in the development of 
HF. In this study, pressure overload induced by transverse 
aortic coarctation, postnatal physiological growth, and 
human HF were associated with large increases in p300. 
With minimal transgenic overexpression of p300 (1.5- to 
3.5-fold) striking myocyte and cardiac hypertrophy were 
detected, and both mortality and cardiac mass were directly 
related to p300 protein dosage. Heterozygous loss of a single 
p300 allele reduced pressure overload-induced hypertrophy 
by approximately 50% and rescued the hypertrophic pheno-
type of p300 overexpressers. Furthermore, increased expres-
sion of p300 did not have effect on total histone deacetylase 
activity but was associated with proportional increases in 

p300 acetyltransferase activity and acetylation of the p300 
substrates histone 3 and GATA-4. The doubling of p300 lev-
els was associated with the de novo acetylation of myocyte 
enhancer factor-2 (MEF2). Consistent with this, genes spe-
cifically upregulated in p300 transgenic hearts were highly 
enriched for MEF2 binding sites. Taken together, these find-
ings suggest that small increments in p300 are necessary and 
sufficient to drive myocardial hypertrophy, possibly through 
acetylation of MEF2 and upstream of signals promoting 
phosphorylation or nuclear export of histone deacetylases. 
Induction of myocardial p300 content appears to be a pri-
mary rate-limiting event in the response to hemodynamic 
loading in vivo and p300 availability drives and constrains 
adaptive myocardial growth. Thus, specific reduction of 
p300 content or activity may diminish stress-induced hyper-
trophy and prevent the development of HF.

Energy Metabolism Profiling

There is increasing evidence that metabolic abnormalities 
may contribute to the development and progression of myo-
cardial disease. Data obtained from animal models have sug-
gested a “metabolic switch” from fatty acid to glucose 
oxidation during evolving HF; however, whether the same 
pathologic process is operative in human HF [5, 102] awaits 
further confirmation.

Gathered observations have shown up-regulation of genes 
involved in OXPHOS that might reflect a decrease in activity 
of mitochondrial respiratory pathways during developing HF 
[8, 24, 103]; although genes involved in FAO did not show 
consistent up- or down-regulation, highlighting the difficulty 
of reproducing findings from animal models to humans. 
When assessing only end-stage HF there appears to be a 
trend towards down-regulation of glycolysis, in apparent 
contradiction with the hypothesis that a switch from fatty 
acid to glucose oxidation occurs in the failing heart, but 
rather favoring a decreased use of glucose as an energy sub-
strate [104, 105]. None of the transcriptional regulators of 
cardiac mitochondrial biogenesis and respiratory function 
have been found to be deregulated. This may be related to the 
fact that most studies lacked an experimental design that 
would allow the detection of relatively small expression 
changes [105].

The peroxisome proliferator-activated receptor (PPAR) 
family of nuclear receptor transcription factors can regulate 
cardiac metabolism at the gene expression level. According 
to Madrazo and Kelly [106], the three PPAR family members 
(a, b/d and g) are unique to serve as transducers of develop-
mental, physiological, and dietary cues that influence cardiac 
fatty acid and glucose metabolism. Murine PPAR loss- and 
gain-of-function models have provided insights on the roles 
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of these receptors in regulating myocardial metabolic path-
ways and have defined key links to disease states, including 
the hypertensive and diabetic heart. Nevertheless, further 
research is needed before we can translate these findings to 
human HF.

Further proof that changes in energy metabolism contrib-
ute to HF comes from observations in patients and experi-
mental models of cardiomyopathy/HF, in which cardiac 
dysfunction is associated with alterations in a number of key 
pathways including energy metabolism, cell survival, 
cytokine signaling, calcium handling, adrenergic receptor 
signaling, cytoskeletal and contractile proteins, extracellular 
matrix, and endothelial and microvascular functions. Some 
of these alterations appear to be reversible and regulated by 
left ventricular assisted devices (LVAD) treatment. LVAD by 
lowering cardiac pressure and volume overload in the myo-
cardium, followed by decreased ventricular wall tension, 
reduced cardiomyocyte hypertrophy, improved coronary 
perfusion, and decreased chronic ischemia. Improvement in 
coronary blood flow and myocardial perfusion as well as 
decreased ventricular wall tension may affect the molecular 
pathways involved in the development of chronic HF [107]. 
While traditionally considered as a bridge to transplantation, 
LVAD is now considered by themselves a definitive form of 
therapy, since it may reverse at least some of the changes in 
the above signaling pathways with the potential for myocar-
dial recovery through reverse remodeling, a potential that is 
further enhanced by combination with pharmacologic ther-
apy. Furthermore, thru LVAD we are beginning to distinguish 
changes associated with recovery from those of mechanical 
unloading alone, opening the door to potential predictors and 
novel therapeutic targets capable of repairing the myocardial 
damage [108]. Nevertheless, further research to confirm 
these findings is warranted.

Intracellular Calcium Cycling Profiling

Observations on the molecular basis of HF have emphasized 
the existence of a variety of potentially important new thera-
peutic targets, and among them important components of the 
cardiomyocyte calcium-handling pathway exhibit distinctive 
alterations in HF. Studies from Kaye et al. [109] on the effect 
of restoration these changes in experimental models of HF, 
whether in genetically engineered mouse models or by myo-
cardial gene transfer, support the concept that calcium-handling 
pathway is a potential target for clinical intervention.

HF is characterized by abnormal sarcoplasmic reticulum 
(SR) function, with markedly decreased myocyte contractil-
ity and development of dysrhythmias. Evidence has shown 
that intracellular Ca2+ cycling is a key regulator of contrac-
tion in the human heart. During membrane depolarization 

Ca2+ enters the cardiomyocyte through the L-type Ca2+ chan-
nel (as discussed in Chap. 2). In this section, it suffices to say 
that the influx of Ca2+ into the cell triggers Ca2+ release from 
the SR through the ryanodine receptor. This then triggers 
muscle contraction through the actin–myosin complex. 
Subsequently, relaxation is initiated by Ca2+ reuptake in the 
SR by Ca2+ATPase-2 (SERCA2). Although not all studies 
have yielded consistent results, altered functional properties 
of the L-type Ca2+ channel, the ryanodine receptor, ATPase-2 
and related regulatory proteins have been linked to human 
HF [110]; changes in calcium cycling factors are thought to 
contribute to the reduced velocity of contraction present in 
the failing heart [111]. On the other hand, it has recently 
been pointed out that although there is evidence for the exis-
tence of an abnormal ryanodine receptor (RyR2)-mediated 
Ca2+ leak in HF, it is not known if this is the cause or rather it 
is the consequence of the disease [112]. Thus, the SR Ca2+ 
leak may be an important contributor in the development of 
dysrhythmias in HF but it may not be the direct cause of the 
abnormal myocyte contractility, rather the secondary effect 
of abnormal metabolism and energy utilization.

Gene profiling studies in human have consistently revealed 
a pattern of down-regulation of SERCA2 expression in the 
failing heart [24, 113, 114]. This is concordant with the 
results at both the mRNA and protein levels [114]. This 
down-regulation could be related to decreased SR Ca2+ con-
tent, found in cardiomyocytes from failing hearts. In most 
gene profiling studies in human failing hearts, the negative 
regulator of Ca2+ATPase-2 – phospholamban – was not dif-
ferentially expressed between failing and non-failing states. 
The only exception was the study by Grzeskowiak et al. 
[115] who found that phospholamban was up-regulated in the 
failing heart. These data corroborate the proposed mechanism 
that HF is associated with a decreased Ca2+ATPase-2/
phospholamban ratio and therefore decreased Ca2+ATPase-2. 
Phospholamban will only inhibit Ca2+ATPase-2 activity 
when it is hypophosphorylated. The dephosphorylation of 
phospholamban is accomplished by type 1 phosphatase, 
which is inhibited by the protein phosphatase inhibitor 
PPP1R1A. In one transcriptomal study, this inhibitor was 
down-regulated in the failing hearts [4], suggesting activa-
tion of phospholamban. Moreover, down-regulation of 
PPP1R1A may also increase the dephosphorylation of other 
Ca2+ cycling proteins, such as the L-type Ca2+ channel and 
the ryanodine receptor [116].

In general, protein dephosphorylation is associated with 
impaired cardiac function, and increased type 1 phosphatase 
levels and activity have been found in human HF [117]. 
Furthermore, ablation of PPP1R1A in murine hearts is asso-
ciated with impaired b-adrenergic contractile responses 
[118]. Other protein phosphatase inhibitors such as 
PPP1R14C [119], PPP1R12A, [117] and PPP1R15A were 
found up-regulated in failing hearts [119]. Nevertheless, it 
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remains unclear whether the encoded proteins play a role in 
the regulation of intracellular Ca2+ cycling proteins. The fact 
that in the transcriptomal studies of HF relatively few pro-
teins involved in intracellular Ca2+ cycling were differentially 
expressed indicated that either disturbed Ca2+ cycling is 
mostly regulated at the protein level, or that it is regulated by 
expression changes so small that were below the detection 
threshold.

The Genetics of Human HF

Although the genesis of most forms of adult HF does not 
appear to be primarily genetic, HF, like other forms of adult 
heart disease, can be precipitated by an underlying genetic 
condition that results in the expression of a causative pro-
tein from birth, with inherited DCM and adult HCMs being 
particularly salient examples [120]. There exists substantial 
cross-talk between genetic and acquired processes in both 
adult and CHD. Environmental factors can profoundly 
disturb normal cardiac development, and it is increasingly 
apparent that common genetic variations can act as impor-
tant modifiers of acquired adult heart disease, influencing 
susceptibility or progression, and determining the response 
to therapy. The development of cardiac hypertrophy and 
subsequent HF are accompanied by the reprogramming of 
cardiac gene expression and the activation of “fetal” car-
diac genes that encode proteins involved in contraction, 
calcium handling, and metabolism (Fig. 3.4). Molecular 
pathways that participate in the control of cardiac hypertro-

phy program include: natriuretic peptides, the adrenergic 
system, adhesion and cytoskeletal proteins, IL-6 cytokine 
family, MEK-ERK1/2 signaling, histone acetylation, cal-
cium-mediated modulation, and the recent discovery that 
microRNAs play a role in controlling cardiac hypertrophy 
[121]. This transcriptional reprogramming is related to a loss of 
cardiac function, while improvement in cardiac function fol-
lowing LVAD is frequently accompanied by normalization 
of cardiac gene expression [122, 123].

From the perspective of the etiology of HF, the greatest 
insight has been gained from the discovery that HCM and 
DCM can result from mutations in genes encoding an aston-
ishingly broad range of cardiac proteins. The vast spectrum 
of causative mutations and new insights into their mecha-
nisms of action has been extensively reviewed [120]. To date, 
hundreds of mutations that cause HCM have been discov-
ered, with varying phenotypes resulting from missense muta-
tions in a given protein. An intriguing handful of mutations 
can promote aggressive clinical courses. Determining the 
way in which human myosin heavy chain mutations alter 
force-generation in single-molecule motility studies is a 
triumph of the reductionist approach. In contrast, it is unclear 
how hyperdynamic properties at this level of organization 
“trickle up” to myofiber disarray, sporadic cell death, and 
reactive fibrosis; this illustrates a gap in the present under-
standing of pathogenesis, as opposed to etiology. From one 
point of view, many hereditary cardiomyopathies may differ 
little from acquired cardiac disorders; the instigating signal 
is known in both cases, whether it is a mutation, long-standing 
hypertension, or past ischemic injury, yet the mechanisms of 

Fig. 3.4 Flow-chart showing the 
role of fetal gene activation in 
cardiac remodeling, pathologic 
hypertrophy, and progression to HF
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disease progression are still cryptic. Because genetic defects 
alter cells in highly precise and defined ways, it is reasonable 
to hope that dissecting their effector pathways might prove 
simpler than dissecting those of other forms of heart disease. 
Human mutations are an experiment of nature through which 
extraordinary details of cardiac proteins’ structure and func-
tion have come to be unmasked – not only for the sarcomeric 
and cytoskeletal proteins that are most familiar in hereditary 
heart disease, but also for genetic defects in energy-generating 
mechanisms, calcium-cycling mechanisms, and transcrip-
tional control, some of which were discussed earlier.

Recent progress in genomic applications has led to a better 
understanding of the relationship between genetic background 
and HF. A considerable component of the variability in HF 
outcome is due to modifier genes, i.e., genes that are not 
involved in the genesis of a disease but which modify the 
severity of the phenotypic expression once the disease has 
developed [124]. The strategy most commonly used to iden-
tify modifier genes, the candidate strategy, is based on associa-
tion studies correlating the severity of the phenotype of the 
disease (morbidity and/or mortality) and the sequence 
variation(s) of selected candidate gene(s). Single nucleotide 
polymorphisms (SNPs) are the most common among these 
genetic variations, and are widely used in association studies. 
This strategy has showed that, for example, several polymor-
phisms of the b-1 and b-2 adrenergic receptors genes and the 
angiotensin-converting enzyme gene are correlated to progno-
sis in HF patients. For example, a polymorphism at the nucle-
otide position 145 leads to a missense mutation of amino-acid 
residue 49 of the b-1 adrenergic receptor (b1-AR) and replace-
ment of a serine (Ser-49) by a glycine (Gly-49). The conse-
quence of this Ser49Gly polymorphism on the risk to develop 
HF and the time course of the disease has been examined in a 
study of 184 patients and 77 healthy controls [124]. The allele 
frequency of the Gly49 variant was 0.13 in controls and 0.18 
in patients. At the time of the 5-year follow-up, 62% of the 
patients with the wild type gene and 39% of the patients with 
the Ser49Gly variant had died or had experienced hospitaliza-
tion. Patients without the mutation had significantly poorer 
survival compared to those with the mutation.

Genome mapping has been employed for the identification 
of HF modifier genes [125], and also has been used with 
success to identify genes involved in the development of 
both monogenic and multifactorial diseases. Furthermore, it 
has been shown that the prognosis of mice with HF, induced 
through overexpressing calsequestrin, is linked to two 
Quantitative Trait Loci (QTL) localized on chromosome 2 
and 3 [126]. Using the two strategies in combination, candi-
date gene and genome mapping, it may be possible in the 
near future identification of an increasing number of modi-
fier genes, which may provide a more rational approach to 
detect patients at risk for disease, as well as their response to 
therapy.

Conclusion

HF, the final common pathway of a plurality of cardiovascular 
disorders, results from impairment of myocardial systolic 
and/or diastolic function. Since the publication of the human 
genome, there have been many changes in the field of genetic 
research, and has provided investigators with a vast new 
array of potential therapeutic genes to test in animal models 
in vivo. The emergence of microarray technology has paved 
the way to simultaneously assess the expression of tens of 
thousands of gene transcripts in a single experiment, providing 
a resolution and precision of phenotypic characterization not 
previously possible. Within the heart, many examples of 
genetic and protein changes correlated with functional alter-
ations have been noted both during normal development and 
during the development of HF from diverse etiologies. 
Detailed profiling has been performed on structural changes, 
as well as functional alterations including energy metabolism 
and intracellular calcium handling as mentioned earlier.

With the discovery of miRNAs, there is now a need to 
further re-evaluate the mechanisms and pathophysiology of 
cardiovascular diseases. These small molecules appear to be 
tissue specific and have been found in the heart. Interestingly, 
many miRNAs have been found to be dysregulated in human 
HF and they are actively involved in cardiac growth and 
development, electrical conduction, and cardiac pumping 
function [127].

Although established genetic tools are sufficient for 
uncovering the underlying causes for monogenic diseases, 
the genetic basis underlying the pathogenesis of complex, 
polygenic diseases such as HF remain mostly unknown.  
At present, it is likely that the combined use of novel genetic 
research with emerging epigenetic tools will be the method 
of choice to explore the molecular causes that underlie the 
pathophysiology of HF. Moreover, understanding how small 
molecules (nutrients and chemicals) interact with the epigenome 
may allow us to design a new generation of epigenetic drugs 
for complex diseases such as cancer and Metabolic Syndrome 
[64]. Similarly, besides advances in the understanding of 
genetic mechanisms, understanding the effect of epigenetic 
in cardiac disease-related gene deregulation is also providing 
new insights. Knowledge about the genetic and molecular 
changes occurring in the human failing heart has begun to 
have clinical applications as diagnostic and prognostic markers, 
as well as in the development of new therapies for those con-
ditions associated with HF.

The potential for HDAC inhibitors in HF therapy has been 
outlined by McKinney and Olson [128]. HDAC inhibitors 
thru curbing cardiac hypertrophy and normalization of gene 
expression may modify the current therapy of HF. We agree 
that improvement in our understanding of the fundamental 
processes that control stress-response pathways and cardiac 
gene expression, together with novel high throughput 
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screening of molecular modifiers of cellular function, novel 
transcriptional therapies will be developed to further the 
treatment of HF.

Finally, increasing research in genomics with data com-
ing from multiple fields, ranging from cancer research, neu-
robiology, and chemical sciences, will facilitate progress in 
understanding the pathophysiology and clinical management 
of HF. Novel insights into the genetic background of HF and 
the cardiovascular consequences of abnormal gene function 
and expression may ultimately impact on the development of 
targeted therapeutic strategies and disease management 
replacing less effective treatment modalities directed solely 
at rectifying structural cardiac defects and temporal improve-
ment of function in the failing heart.

Summary

HF is the final common pathway of cardiovascular disor-•	
ders resulting from impairment of myocardial systolic 
and/or diastolic function.
Global and specific gene profiling in preclinical studies •	
has proved informative about the involvement of specific 
genes and the development of useful biomarkers in the 
progression of HF.
Gene profiling studies have shown distinctive profiles of •	
gene expression in association with different types of cardio-
myopathy leading to HF (e.g., ischemic, DCM, or HCM).
Early clinical studies suggest that the integrated use of •	
genetic technologies (gene profiling, pharmacogenomics) 
with clinical medicine may enable a highly effective indi-
vidually-tailored approach to treating Cardiomyopathy/HF.
Modifier •	 loci and SNPs have been identified to impact HF 
progression.
The combined use of novel genetic research with emerging •	
epigenetic tools will be the method of choice to explore 
the molecular causes that underlie the pathophysiology 
of HF.
With the discovery of miRNAs, there is a need to further •	
re-evaluate the mechanisms and pathophysiology of 
cardiovascular diseases.
HDAC inhibitors thru curbing cardiac hypertrophy and •	
normalization of gene expression may modify the current 
therapy of HF.
Gene therapies and cell transplantation studies have just •	
begun to be employed in clinical studies of HF with modest 
but encouraging preliminary results.
Research in genomics with novel findings arriving from •	
multiple fields, ranging from cancer research to neurobi-
ology and chemical sciences, may facilitate progress in 
understanding the pathophysiology and clinical manage-
ment of HF.
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Overview

In the failing heart, there are changes in energy substrate 
metabolism whose etiology and effects are poorly under-
stood. These changes may contribute to deterioration in car-
diac contractility as well as to increasing left ventricular 
remodeling that are the landmarks of the failing heart. Early 
in HF, the myocardial substrate selection is relatively nor-
mal; however, with further HF progression, there is a down-
regulation of fatty acid oxidation (FAO), increased glycolysis 
and glucose oxidation, decreased mitochondrial respiratory 
chain activity, and abnormal mitochondrial OXPHOS.

Since the literature is abundant on the subject of acquired 
and inherited lipid disorders in the development of coronary 
artery disease and stroke (e.g., cholesterol, the apolipopro-
teins and HDL/LDL), we have decided to omit these sub-
jects. In this chapter, we deal with the metabolic changes that 
occur in progressive HF, particularly on the mechanisms that 
regulate metabolic genes expression and metabolic signaling 
pathways, the effects of these metabolic changes on cardiac 
performance; the effect of abnormal myocardial substrate 
metabolism on HF progression, and finally on the effect of 
therapeutic use of cardiac substrate metabolism in HF.

Introduction

Dysregulation of energy generating pathways occurs in a 
number of cardiac diseases, including HF. In HF following 
cardiac hypertrophy, there is a major switch in myocardial 
bioenergetic substrate used–from fatty acid to glucose. A 
key component and marker of the switch is the coordinated 
down-regulation of FAO enzymes and mRNA levels (>40%) 
in the human left ventricle with a concomitant increase in 
glucose uptake and oxidation [1]. This switch is thought to 
represent a reversal to a fetal energy substrate preference 
pattern of glucose oxidation in the heart. During the devel-
opment of cardiac hypertrophy, a fetal metabolic gene pro-
gram is initiated via the complicity of transcription factors 
that bind to regulatory elements, reducing gene expression 

of FAO enzymes (e.g., MCAD and CPT-I b) and is often 
accompanied by increased expression of ANF, BNP, and 
b-MHC. Although the molecular mechanisms mediating 
this down-regulation are not entirely understood, the partici-
pation of several nuclear receptors, intermediate metabo-
lites, and transcription factors (e.g., SP1 and PPAR) has 
been implicated in the programmatic change in myocardial 
gene expression [2].

The regulation of FAO, the main and critical source of 
ATP in the healthy heart, occurs at multiple levels, including 
a strong gene transcriptional component, with members of 
the peroxisome proliferator-activated receptor (PPAR) fam-
ily of transcription factors functioning as primary regulators 
of the FAO enzymes gene expression. Since PPARs are 
ligand-activated by endogenous lipids and synthetic small 
molecules, they become attractive targets for pharmaceutical 
intervention [3]. Furthermore, abnormalities in glucose and 
fatty acid metabolism associated with diabetes and Metabolic 
syndrome (MetSyn), chronic diseases increasingly prevalent 
in the urbanized world, also have an associated spectrum of 
cardiovascular abnormalities ranging from hypertension to 
cardiomyopathy and HF. In this chapter, a discussion on the 
molecular, genetic and cellular basis of abnormal cardiac 
metabolism, including fatty acid, lipid, and glucose meta-
bolic defects, that can lead to HF is presented.

Bioenergetics of Fatty Acid  
and Glucose Oxidation

The mitochondrial fatty acid b oxidation pathway contains 
four reaction steps including acyl-CoA dehydrogenases 
(short-chain, SCAD, medium-chain, MCAD, long-chain, LCAD 
and very long chain, VLCAD), short-chain enoyl-CoA 
hydratase, b-hydroxyacyl CoA dehydrogenase, and b-ketoa-
cyl CoA thiolase as shown in Fig. 4.1. Using long-chain fatty 
acids as substrates, the latter three steps are performed by 
a highly organized single enzymatic complex known as the 
mitochondrial trifunctional protein (MTP) associated with 
the mitochondrial inner membrane.
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Several studies have demonstrated that an entirely differ-
ent set of enzymes responsible for the b-oxidation of medium 
and short-chain fatty acids is present in the mitochondrial 
matrix [4, 5].

The process of FAO is termed b-oxidation since it occurs 
through the sequential removal of 2-carbon units by oxida-
tion at the b-carbon position of the fatty acyl-CoA molecule. 
Each round of b-oxidation produces NADH, FADH

2,
 and 

acetyl-CoA. The acetyl-CoA, the end product of each round 
of b-oxidation, enters the TCA cycle, where it is further oxi-
dized to CO

2
 with the concomitant generation of NADH, 

FADH
2,
 and ATP. The NADH and FADH

2
 generated during 

the fat oxidation and acetyl-CoA oxidation in the TCA cycle 
will subsequently enter the respiratory pathway for the pro-
duction of ATP. Consequently, the oxidation of fatty acids 
yields more energy per carbon atom than does the oxidation 
of carbohydrates. However, while fatty acids produce more 
ATP during complete aerobic oxidation than glucose, this 
occurs at the expense of a higher rate of oxygen consump-
tion; thus, the supply of oxygen should be an important 
determinant of myocardial fuel utilization. As we will see 
later, a normal balance in the myocardial utilization of these 
substrates is critical since disruption of this balance can com-
prise a primary defect resulting in cardiac disease.

Fig. 4.1 The intersection of mitochondrial bioenergetic pathways: 
Fatty acid b-oxidation, OXPHOS, and TCA cycle. ETF electron transfer 
flavoprotein; cytc cytochrome c; MTP mitochondrial trifunctional 
protein; MCAD medium-chain acyl-CoA dehydrogenase; LCAD 

long-chain acyl-CoA dehydrogenase; LCHAD long-chain 3-hydroxylacyl-
CoA dehydrogenase; OAA oxaloacetate; M malate; C citrate;  
F fumarate; IC isocitrate; KG ketoglutarate; S succinate; S-CoA succinyl 
CoA
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Carbohydrate substrates for myocardial glycolytic oxidation 
are provided by exogenous glucose (obtained by transport) 
and internal glycogen stores. Upon entry into the cytosol, 
glucose is rapidly phosphorylated by hexokinase to glucose 
6 phosphate and either catabolized by subsequent cytosolic 
glycolysis or converted into glycogen. The glycolytic path-
way produces ATP (two molecules/every glucose molecule 
oxidized), NADH, and pyruvate, which can either be con-
verted into NAD and cytosolic lactate (often secreted) or 
transported into the mitochondria for further oxidation by 
the TCA cycle and oxidative phosphorylation (OXPHOS). 
The myocardium only generates significant lactate levels as 
a net producer under conditions of accelerated glycolysis and 
impaired pyruvate oxidation, which occurs in ischemia and 
often in diabetes [6]. The oxidative metabolism of pyruvate, 
once transported to the mitochondria (via a monocarboxylate 
carrier [7]) generates acetyl-CoA for fueling the TCA cycle 
and is often termed glucose oxidation.

The regulation of cardiac glycolysis occurs at several 
steps. Glucose phosphorylation by hexokinase comprises the 
first regulatory step that commits glucose to further metabo-
lism. Two different isozymes of hexokinase are present in 
the heart, hexokinases I and II (HKI and HKII), with HKI 
predominant in the fetal and newborn heart, and the insulin-
regulated HKII prevalent in the adult heart [8].

The first regulatory site that commits glucose to the 
glycolytic pathway occurs at the level of phosphofruc-
tokinase (PFK1), catalyzing the phosphorylation of fructose 
6-phosphate to fructose 1,6-bisphosphate. The PFK1-mediated 
conversion of fructose 6-phosphate into fructose 1,6-bispho-
sphate is a rate-limiting step of glycolysis. Negative allos-
teric effectors include ATP, citrate, and protons [9], whereas 
positive effectors consist of AMP and fructose 2,6-bisphos-
phate, the main activator of PFK-1 in normoxic heart that 
stimulates glycolysis [10, 11]. Levels of this later effector 
increases when the glycolytic flux is stimulated and decreases 
when the heart oxidizes competing substrates [11]. Fructose 
1,6-bisphosphate generated by PFK-1 also stimulates pyru-
vate kinase, which catalyzes the transformation of phospho-
enolpyruvate into pyruvate, indicating a further role of PFK-1 
in synchronizing several glycolytic reactions, allowing an 
acceleration of the glycolytic pathway without glycolytic 
intermediate accumulation [12].

The pyruvate dehydrogenase complex (PDC), an allosteric 
enzyme that transforms pyruvate into acetyl-CoA by a pro-
cess called oxidative decarboxylation, is a key determinant in 
the rate of glucose oxidation. This large multiprotein complex 
located in the mitochondrial matrix includes 132 subunits (30 
E1 dimers, 60 E2 monomers, and 6 E3 dimers) with a variety 
of coenzymes including thiamine pyrophosphate, lipoamide, 
CoA, FAD, and NAD and also contains three catalytic sub-
units responsible for different enzymatic reactions. The PDC 
complex is highly regulated by its substrates and products and 

by the activation/inactivation of its catalytic components (i.e., 
E1, E2, and E3) by their dephosphorylation/phosphorylation. 
Phosphorylation of PDC by the associated enzyme pyruvate 
dehydrogenase kinase (PDK) inactivates the PDC whereas 
pyruvate dehydrogenase phosphatase (stimulated primarily 
by Ca2+) dephosphorylates and reactivates the enzyme. Both 
the PDC-activating phosphatase and PDC-deactivating kinase 
have several cardiac-specific isoforms subject to regulation 
by diverse developmental, dietary, and hormonal stimuli 
[13, 14]. The PDK-1 isoform is up-regulated in the adult 
when compared to the neonatal heart, and is primarily 
involved in regulating glucose oxidation through the inhibi-
tory phosphorylation of PDC. Expression of the cardiac PDH 
kinase 4 isoform is responsive to changes in myocardial lipid 
supply; its up-regulation in the postnatal heart contributes to 
the perinatal developmental switch to fatty acids as the pri-
mary myocardial energy source. This myocardial kinase iso-
form is also up-regulated in response to thyroid hormone and 
high-fat diet. Starvation and diabetes decrease myocardial 
PDC levels by both activating PDK gene expression and by 
the inactivation of myocardial PDH phosphatase (PDHP) 
activity, affected largely by promoting a reduced expression 
of the PDHP2 gene [15].

In addition to its regulation by reversible phosphorylation, 
PDC is regulated through negative feedback by acetyl-CoA 
and NADH, end-products of both the PDC reaction and 
mitochondrial FAO. Acetyl-CoA and NADH accumulation 
(produced primarily by FAO) also activate PDK, which 
phosphorylates and inhibits PDC, thereby decreasing glu-
cose oxidation. In addition, increased pyruvate supply can 
inhibit PDK, thereby stimulating PDC, a process that may 
occur in isolated hearts perfused with insulin.

When circulating glucose and insulin levels are high, as 
occurs in the postprandial state, glucose is a primary con-
tributor to cardiac energy metabolism [16], and during the 
fasting state free fatty acids become the dominant fuel. 
With increased FAO and the mitochondrial production of 
acetyl-CoA, NADH and citrate, cytosolic glycolysis and 
glucose oxidation are inhibited through inactivation of the 
PDC and phosphofructokinase activities. During oxygen 
deprivation and anoxia, the inhibition of glucose utilization 
is removed, and glycolysis is accelerated. A significant 
increase in carbohydrate oxidation also occurs in the adult 
heart in response to an acute increase in cardiac work. Since 
increase in glucose uptake is delayed in this cardiac 
response, the increase in glucose oxidation is initiated by 
rapid glycogen breakdown [17].

Glycogen turnover has been proposed as a control site for 
myocardial glucose metabolism. The myocardial glycogen 
pool in the adult heart is relatively small occupying only 
about 2% of the cell volume and is more abundant in the fetal 
and newborn cardiomyocyte comprising 30% of the cell 
volume and has a relatively rapid turnover [18]. Unlike liver 
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and skeletal muscle, heart muscle increases its glycogen 
content with fasting, consistent with the premise that fatty 
acids, the predominant fuel for the heart during fasting, 
inhibit glycolysis more than glucose uptake, thereby rerouting 
glucose toward glycogen synthesis [19]. Myocardial glycogen 
levels are also increased by insulin, from the concerted stim-
ulation of both glucose transport and glycogen synthase 
activity [20]. At the other end of the spectrum, glycogen is 
rapidly broken down when glycogen phosphorylase, the 
main regulator of glycogenolysis, is stimulated by adrenergic 
agonist (e.g., epinephrine) or glucagons [21]. It is activated by 
phosphorylation, either by cAMP-dependent protein kinase or 
by Ca2+-activated phosphorylase kinase [22]. Glycogen 
breakdown is also rapidly stimulated during sudden increases 
of heart work, decreased tissue content of ATP, and increased 
levels of inorganic phosphate accompanying ischemia or 
intense physical activities [23, 24].

The role of AMP Kinase (AMPK), a key sensor and 
mediator in cellular energy metabolism, in glycogen turn-
over was identified upon the discovery that mutations in the 
g-2 regulatory subunit (PRKAg-2) of the AMPK enzyme, 
eliciting a constitutively active AMPK, resulted in increased 
myocardial glycogen, hypertrophic cardiomyopathy (HCM), 
and preexcitation syndrome (Wolff–Parkinson–White) [25]. 
However, the relationship between glycogen storage dis-
eases and the development of cardiomyopathy and preexcita-
tion syndrome remains unclear. In contrast, acute AMPK 
activation leads to increased glycogenolysis. Isolated 
working hearts perfused with 5-aminoimidazole-4-carbox-
amide 1-b-d-ribofuranoside (AICAR), an adenosine analog 
and cell-permeable activator of AMPK, caused an allosteric 
activation of glycogen phosphorylase responsible for gly-
cogenolysis [26]. Moreover, AMPK contains a putative 
glycogen-binding site in its b subunit and has been found to 
be associated with specific subcellular structures containing 
both glycogen and glycogen phosphorylase [27].

Fatty Acid and Glucose Metabolism in the 
Normal Cardiomyocyte

Fatty acids play an integral role in determining the structural 
and functional nature of the cardiomyocyte plasma and mito-
chondrial membranes. Their role on the fluidity and stability of 
membrane structure markedly impacts on membrane functions 
such as the transport of ions and substrates, and on the electro-
physiology that is intrinsic to cardiac function and cardiac 
excitability. Besides the structural and functional roles played 
within the cardiac membranes, fatty acids and associated lipids 
are also regulatory molecules that participate in cell signaling, 
as second messengers in transduction, as effectors in apoptosis 
and in response to oxidative and ischemic damage.

Glucose metabolism, which provides the bulk of ATP 
during prenatal growth, contributes significantly to the  
ATP production in the adult heart (up to 30% of myocardial 
ATP can be generated by glucose oxidation). In myocardial 
ischemia and hypertrophy, profound changes in both glucose 
and fatty acid metabolism occur, with glucose metabolism 
taking on increasing importance.

Fatty Acids Transport into the Cardiomyocyte

The entry of fatty acids into the myocardial cell, while not 
fully understood, is thought to be mediated by several pro-
teins including fatty acid binding proteins (FABP) and a 
myocardial-specific integral membrane transporter (fatty 
acid translocase or FAT). The nonenzymatic FABP also 
serves as a facilitator of intracellular transport of relatively 
insoluble long-chain fatty acids to sites of metabolic utiliza-
tion (e.g., mitochondria). In mammals, the FABP content in 
skeletal and cardiac muscle is related to the FAO capacity of 
the tissue [28]. Interestingly, human FABP has been reported 
to be a sensitive early marker for acute myocardial infarc-
tion, being more sensitive than troponin I [29, 30].

Prior to transport into the mitochondria, fatty acids must 
be activated in the cytoplasm. The net result of this activation 
process is the consumption of ATP, and requires CoA-SH. 
Activation is catalyzed by fatty acyl-CoA synthetases (at 
least three different acyl-CoA synthetase enzymes have been 
described whose specificities depend on fatty acid chain 
length) associated with either the endoplasmic reticulum or 
the mitochondrial outer membrane.

For the b-oxidation pathway to function, the fatty acyl-
CoA has to be transported across the inner mitochondrial 
membrane. Long-chain fatty acyl-CoA molecules cannot 
pass directly across the inner mitochondrial membrane and 
need to be transported as carnitine esters, whereas short-
chain and medium-chain fatty acids can be easily transported 
without the assistance of carnitine.

The transport of long-chain fatty acyl-CoA into the 
mitochondria, depicted in Fig. 4.2, is accomplished via an 
acyl-carnitine intermediate, which itself is generated by the 
action of carnitine palmitoyltransferase I (CPT-I), an 
enzyme residing in the inner face of the outer mitochon-
drial membrane. The resulting acyl-carnitine molecule is 
subsequently transported into the mitochondria by the car-
nitine translocase, a transmembrane protein residing in the 
inner membrane, which delivers acyl-carnitine in exchange 
for free carnitine from the mitochondrial matrix. Carnitine 
palmitoyltransferase II (CPT-II) located within the inner 
mitochondrial membrane catalyzes the regeneration of the 
fatty acyl-CoA molecule, with the acyl group transferred 
back to CoA from carnitine. Once inside the mitochon-
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drion, the fatty acid-CoA is a substrate for the b-oxidation 
machinery.

A critical regulatory event in the uptake of fatty acids into 
myocardial mitochondria involves changes in the levels of 
the metabolite malonyl-CoA that functions as a potent allos-
teric inhibitor of CPT-I. Malonyl-CoA is synthesized by the 
enzyme acetyl-CoA carboxylase (ACC) from cytoplasmic 
acetyl-CoA. Levels of malonyl-CoA are altered by changed 
levels of the acetyl-CoA or by modulation of the ACC activ-
ity. Levels of the cytoplasmic acetyl-CoA increase either as a 
function of decreased TCA cycle activity reflecting lowered 
metabolic demand or as a result of increased pyruvate dehy-
drogenase activity. Therefore, malonyl-CoA production 
linked to modified metabolic demand or utilization of carbo-
hydrate resources can in turn impact on either the down or 

up-regulation of fatty acid import into mitochondria and 
myocardial FAO. ACC activity is allosterically regulated by 
citrate and by kinase-mediated phosphorylation.

Glucose Transport into the Cardiomyocyte

As in all other cells, the entry of glucose into cardiac myocytes 
is dependent on the transmembrane glucose gradient and is 
facilitated by members of the glucose transport (GLUT) 
family of facilitative glucose transporters [31]. The GLUT-1 
transporter, which is localized in the plasma membrane under 
basal conditions, is considered to be the primary mediator of 
basal glucose uptake in the heart [32]. Its myocardial expres-

Fig. 4.2 Mitochondrial fatty acid import and oxidation. Fatty acid and 
carnitine after entry into the cardiomyocyte are transported into the 
mitochondria for oxidation. FABP fatty acid binding protein; FAT 
fatty acid translocase; CPT-I carnitine palmitoyltransferase I; CPT-II 

carnitine palmitoyltransferase II; MCAD medium-chain acyl-CoA 
dehydrogenase; SCAD short-chain acyl-CoA dehydrogenase; LCAD 
long-chain acyl-CoA dehydrogenase



50 4 Bioenergetics and Metabolic Changes in the Failing Heart

sion is steadily increased within hours of ischemia or the 
induction of hypertrophy. The most abundant glucose trans-
porter in the heart is the insulin-responsive GLUT-4 trans-
porter. Insulin mediates the translocation of GLUT-4 to the 
plasma membrane from a pool of intracellular vesicles and 
represents a critical control point, by which the net flux of 
glucose is regulated. A number of physiological stimuli 
including hypoxia, ischemia, and cardiac overload can induce 
this translocation, thereby increasing glucose uptake and 
glycolytic metabolism [34]. Other stimuli including cate-
cholamines, calcium, and exercise induce stimulation of 
GLUT-4 translocation and enhance glucose uptake by car-
diac tissues and myocytes that are insulin-independent 
[34–36].

Studies with mice containing muscle-specific deletions in 
the insulin receptor gene revealed that normal expression of 
muscle insulin receptors is not needed for the exercise-
mediated increase in glucose uptake and glycogen synthase 
activity in vivo [37]. Furthermore, GLUT-4 translocation to 
the plasma membrane can also be stimulated by activation of 
AMPK activity, which occurs during exercise [33]. Studies 
with transgenic mice containing an inactive form of AMPK 
have shown normal GLUT-4 levels and glucose uptake, but 
no increase in glucose uptake, glycolysis or FAO during 
ischemia [33]. Taken together, these findings have led to the 
conclusion that AMPK is involved in mediating glucose 
uptake and glycolysis during ischemia presumably as a 
protective adaptation. Gathered observations have also 
demonstrated that changes in myocardial AMPK activity in 
exercise-trained rats (which increased in proportion to 
exercise intensity) were associated with physiological AMPK 
effects (e.g., GLUT-4 translocation to the myocardial sarco-
lemma) and are consistent with AMPK as a key mediator in 
the cardiac response to exercise, as previously demonstrated 
with skeletal muscle [38].

Defects in the ability of insulin to regulate GLUT-4 
translocation may be contributory (as one of many effects of 
insulin) to the development of insulin resistance and nonin-
sulin-dependent type 2 diabetes. Mice heterozygous for a 
null GLUT-4 allele display reduced muscle glucose uptake, 
insulin-resistance, and diabetes [39]. On the other hand, mice 
homozygous for a null GLUT-4 were growth-retarded and 
exhibited decreased longevity associated with cardiac hyper-
trophy, although displayed little effect on muscle glucose 
uptake in either fasted or fed state, but GLUT-4 deleted 
animals had postprandial hyperinsulinemia suggesting 
possible insulin resistance. Targeting muscle-specific GLUT-4 
revealed a profound reduction in basal glucose transport 
and near-absence of stimulation by insulin or contraction 
demonstrating severe insulin resistance and glucose intolerance 
from an early age [40].

In a model of type 2 diabetes utilizing the Goto-Kakizaki 
(GK) rat, insulin-stimulated glucose uptake was 50% lower 

in GK rat hearts when compared with their Wistar controls 
with marked GLUT-4 protein depletion [41]. Moreover, 
these animals exhibited significant decreases in levels of 
the myocardial insulin receptor substrate-1 (IRS-1), as well 
as reduced IRS-1 association with PI3K, all key upstream 
events in the insulin signaling pathway. While this study 
also revealed decreased levels of the myocardial insulin 
receptor in GK rats, other studies have found conflicting 
findings about its role in muscle insulin resistance [42]. 
Interestingly, while most transgenic studies addressing the 
complicity of insulin signaling pathway on the develop-
ment of insulin resistance have utilized targeting of muscle-
specific components such as GLUT-4 and the insulin 
receptor, data on the myocardial-specific inactivation of 
these critical genes are limited. In transgenic mice contain-
ing a Cre/LoxP generated construct of GLUT-4 directed to 
the heart, reduction of the GLUT-4 to a level as low as 15% 
of the wild type levels was sufficient to allow normal levels 
of insulin-stimulated glucose uptake, which was markedly 
reduced with further reduction of GLUT-4 levels. If GLUT-4 
levels were reduced to 5% of the wild type, cardiac hyper-
trophy resulted [43].

Marked down-regulation of myocardial GLUT transporters, 
limiting both glucose uptake and oxidation and contributing 
to the heart’s inability to generate much needed ATP, has 
been reported in HF patients [44]. Also, GLUT-4 transcripts 
have been found to be markedly down-regulated in the human 
failing heart [45]. Furthermore, in diabetic cardiomyopathy, 
reduced glucose utilization resulted in an almost exclusive uti-
lization of fatty acids as the myocardial energy source [46, 47]. 
It is worth noting that data on increased myocardial insulin 
resistance, accompanying advanced DCM, limiting both glu-
cose uptake and oxidation, may provide critical targets for 
therapeutic intervention [48, 49]. This myocardial insulin 
resistance may further impair myocardial glucose uptake and 
lead to a state of energy depletion.

Experimental and preliminary clinical observations sug-
gest that in patients with chronic HF metabolic modulators 
that enhance myocardial glucose oxidation may improve 
cardiac function. Significantly, acute free fatty acid (FFA) 
deprivation can be harmful [50]. Thus, optimization of 
myocardial energy metabolism might be an important 
approach in the treatment of HF. Furthermore, insulin sen-
sitivity and insulin secretion were found to be impaired in 
chronic HF patients in whom biomarkers of HF and athero-
sclerotic disease (e.g., NT-proBNP, MR-proADM, CT-pro- 
ET-1, and MR-proANP) correlated with glucose meta- 
bolism [51].

Insulin resistance, characterized by lower myocardial 
insulin-sensitive glucose uptake and a reduced GLUT-4 
protein level, was found in patients with severe cardiac 
hypertrophy in the absence of hypertension, diabetes, and 
CAD [52, 53]. Interestingly, myocardial insulin independent 
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glucose uptake (and basal glucose uptake) as well as glyco-
lytic metabolism are enhanced in patients with hypertension 
and in experimental animals with cardiac hypertrophy, the 
latter in striking contrast to insulin-stimulated glucose 
uptake that is depressed in these animals, and suggests that 
hearts subjected to pressure-overload appear to be resis-
tant to the metabolic effects of insulin [54, 55]. This may 
have important therapeutic consequences in the setting of 
individuals with hypertension/hypertrophy, in whom treat-
ment with glucose–potassium–insulin aimed at altering myo-
cardial glucose utilization may be less effective [56]. The 
expression of myocardial GLUT-4, although at low levels, is 
present throughout embryonic development, while GLUT-1 
is highly expressed in the prenatal heart [57].

At birth, the expression of genes that control myocardial 
glucose transport and oxidation is down-regulated. In the 
adult heart, GLUT-4 becomes the main glucose transporter, 
although GLUT-1 is expressed at a considerable level. 
Regulation of myocardial glucose transporter levels is pri-
marily exerted transcriptionally [58]. Data collected from 
several studies suggest that in the failing heart a fetal meta-
bolic gene profile is established largely by down-regulation 
of adult gene transcripts of metabolic proteins (e.g., GLUT-4) 
rather than by up-regulation of fetal genes (e.g., GLUT-1) 
[59]. Similar findings of reactivation of a fetal metabolic 
program involving the down-regulation of adult but not fetal 
isoforms as well as a reexpression of growth factors and 
proto-oncogenes, has been reported in both the hypertrophied 
heart and after mechanical unloading of the heart [60–62]. 
Reactivation of these fetal genes includes a pivotal metabolic 
switch from fat to glucose oxidation, which though initially 
adaptive, ultimately results in a loss of insulin sensitivity and 
hence, a loss of metabolic flexibility. This loss of flexibility 
then becomes an early feature of metabolic dysregulation in 
the failing heart, which also exhibits all the features of insulin 
resistance [59].

Cellular Location of FAO and Glucose 
Oxidation

Both peroxisomes and mitochondria have multiple enzymes 
involved in fatty acid b-oxidation. The peroxisomal enzymes 
include palmitoyl-CoA oxidase, L-functional protein and 
3-ketoacyl oxidase that are all inducible enzymes acting on 
straight chain substrates; in addition, peroxisomes contain 
branched chain acyl-CoA oxidase, D-functional protein and 
sterol-carrier protein X, which are noninducible and primar-
ily use branched chain substrates. The inducible enzymes 
increase in response to the peroxisomal proliferating activat-
ing receptor (PPAR) resulting in increased peroxisomal 
biogenesis (see below).

It is important to note that while specific deficiencies in 
the mitochondrial-located enzymes involved in fatty acid 
b-oxidation may result in cardiomyopathy and HF; defects in 
the peroxisomal fatty acid b-oxidation enzymes primarily 
result in neurological defects including seizures, hypotonia 
and psychomotor retardation. Interestingly, cardiac abnor-
malities have been rarely described in peroxisomal deficien-
cies. This is also true of diseases involving general 
peroxisomal biogenesis abnormalities such as Zellweger 
syndrome and neonatal adrenoleukodystrophy, where there 
is little or no cardiac involvement. There is evidence (dis-
cussed below) showing a pivotal role of the PPAR regulation 
in both mitochondrial FAO and mitochondrial biogenesis, 
not only in normal cardiac growth and development but also 
in HF. This suggests an important inter-relationship between 
the two cellular compartments and further underscores the 
mitochondrial compartment as a critical effector of cardiac 
homeostasis. The commonality of biogenesis and potential 
feedback between these two cellular organelles needs further 
elucidation in both normal growth and development and in 
cardiac disease (both fatty acid and mitochondrial OXPHOS 
disorders).

After entering the plasma membrane, glucose is oxidized 
by the glycolytic enzymes located primarily in the cytosol but 
often in association with specific organelles. Glyceraldehyde 
3-phosphate dehydrogenase and pyruvate kinase bind to 
sarcolemmal and sarcoplasmic reticulum membranes. In silico 
(i.e., performed on computer or via computer simulation) 
studies that simulate the glycolytic burst associated with the 
onset of ischemia in vivo have suggested the presence of 
compartmentation of glycolytic function to a defined cytosolic 
subdomain [63]. Similarly, several observations support the 
organization of the TCA enzymes within the mitochondrial 
matrix as constituting a supercomplex or metabolon, providing 
a kinetic advantage in concentrating intermediates and chan-
neling substrates within the supercomplex [64]. In addition, 
an association of glycolytic enzymes with mitochondria has 
been detected [65]. Both the first enzyme in the glycolytic 
pathway (i.e., hexokinase) and the primary enzyme in glucose 
oxidation (i.e., PDC) are associated with the mitochondria. 
Hexokinase binds at the outer membrane to peripheral protein 
complexes such as the PT pore, while PDC (which determines 
the fate of the glycolytic product pyruvate) is entirely located 
within the mitochondrial matrix.

As previously noted, in HF, there is a major switch in 
myocardial bioenergetic substrate used, from fatty acid to 
glucose; however, the time course and the role that this 
metabolic switch plays in the progression of the HF syn-
drome have not been clearly determined. A key component 
and marker of the switch is the co-ordinate down-regulation 
of fatty acid b-oxidation enzymes and mRNA levels 
(>40%) in the human left ventricle [1]. This switch is 
thought to represent a reversal to a fetal energy substrate 
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preference pattern in the heart. During the development 
of cardiac hypertrophy, a fetal metabolic gene program 
is initiated via the complicity of transcription factors 
which bind to regulatory elements reducing FAO gene 
expression (e.g., MCAD and CPT-I b). Although the 
molecular mechanism(s) mediating this down-regulation 
is not fully understood, the participation of several nuclear 
receptors, intermediate metabolites, and transcription 
factors (e.g., SP1 (human transcription factor involved in 
gene expression in the early development of an organism) 
and PPAR) have been implicated in this programmatic 
change in gene expression (see further discussion in the 
molecular section below) [2].

According to Lehman and Kelly [66], the transcriptional 
control mechanisms governing FAO enzyme gene expres-
sion in the cardiac myocyte have defined a central role for the 
fatty acid-activated nuclear receptor PPAR-a. Cardiac FAO 
enzyme gene expression was shown to be coordinately 
downregulated in murine models of ventricular pressure 
overload, consistent with the energy substrate switch away 
from fatty acid utilization in the hypertrophied heart. Nuclear 
protein levels of PPAR-a decline in the ventricle in response 
to pressure overload, while several Sp and nuclear receptor 
transcription factors are induced to fetal levels, consistent 
with their binding to DNA as transcriptional repressors of 
rate-limiting FAO enzyme genes with hypertrophy.

Secondary Effects on Mitochondrial  
Fatty Acid b-Oxidation: Relationship  
to Mitochondrial Respiration and OXPHOS

As pointed out in Chap. 6, utilization of fatty acids as an 
energy source requires the functional operation of the 
mitochondrial electron transport chain (ETC) and OXPHOS; 

the NADH and FADH
2
 feed into the ETC at complex I and 

electrons are transferred from acyl-CoA dehydrogenases, via 
the electron-transfer flavoprotein (ETF), and ETF dehydro-
genase and ubiquinone (or coenzyme Q) to complex III as 
shown in Fig. 4.1. Individuals with deficiencies in the ETF 
pathway display impaired FAO and abnormal intra-
mitochondrial accumulation of fatty acids and glutaric acid 
and may develop a fatal cardiomyopathy. Similarly, patients 
with defects in respiratory complexes (e.g., complex I and 
IV) will frequently develop cardiomyopathy and HF, largely 
as a result of impaired energy production [67]. However, the 
extent of the effects on the cardiac fatty acid b-oxidation and 
on lipid accumulation in patients with defined respiratory 
activity defects and with defective coenzyme Q levels has 
not yet been fully established.

Fatty Acid Metabolism Defects Associated  
with Cardiomyopathy/Heart Failure

With the exception of defects in the MTP that affect long-
chain L-3 hydroxylacyl-CoA activity and are associated with 
DCM [68], most of the disturbances in fatty acid metabolism 
are found in patients with hypertrophic cardiomyopathy 
(HCM), and many of the reported mutations in fatty acid 
b-oxidation pathway result in HCM rather than dilated DCM 
[69, 70]. Inherited disorders of fatty acid metabolism that 
can result in cardiomyopathy and/or HF with their character-
ized genetic loci are presented in Table 4.1.

Barth syndrome, an X-linked disorder characterized 
by a triad of DCM, neutropenia and increased levels of 
3-methylglucaconic aciduria with onset often occurring in 
infancy frequently present with dysrhythmias and HF. 
The protein tafazzin (encoded by the G4.5 gene) is mutated 
and responsible for Barth syndrome with associated car-

Table 4.1 Inherited fatty acid metabolism defects

Specific fatty acid defect Affected Loci Human chromosome location References

CPT-II CPT2 1p32 [71]
Barth syndrome G4.5/TAZ Xq28 [72]
SCADD SCADD (ACADS) 12q22-qter [73]
MTP (also called TFP) (includes LCHAD ) MTP-a (HADHA) 2p24.1–23.3 [74]

MTP-b (HADHB) 2p23 [75]
VLCAD ACADVL 17p13 [76, 77]
CPT-I CPT1 22qter [78]
Carnitine transport OCTN2 (SLC22A4) 5q31 [79]
Carnitine translocase CACT (SLC25A20) 3p21.31 [80, 81, 83]
MCAD MCAD 1p31 [82]
ETFA ETFa subunit 15q25–q26 [83]
FAT/CD36 CD36 7q11.2. [84]
PGC-1a variant PGC-1 4p15.1 [85]
PPAR-a variant PPAR-a 22q12.2–13.1 [86]

SCADD short-chain acyl-CoA dehydrogenase deficiency; ETFA electron transfer flavoprotein a
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diomyopathy [72, 87]. While the biochemical function of 
the tafazzin protein has not yet been determined, structural 
analysis suggests that tafazzin belongs to a family of 
acyltransferases involved in phospholipid synthesis [88]. 
Levels of cardiolipin have been found markedly reduced in 
cultured fibroblasts from patients with the G4.5 mutation, 
likely making this the first report of a human disorder with 
a defect in cardiolipin metabolism [89], and it may prove 
to be useful to assess the cardiac levels of cardiolipin in 
patients with Barth syndrome.

Defects in mitochondrial acyl-CoA dehydrogenase are 
also inborn errors associated with cardiomyopathy and HF 
[90]. Generally, defects in the oxidation of long-chain fatty 
acids are more likely to cause cardiomyopathy than defects 
in medium-chain or short-chain fatty acids. Specific defects 
in enzymes involved in long-chain and very long fatty acid 
chains have been identified [91–93], and the genetic defects 
will be further analyzed in the molecular section below. 
While severe cardiomyopathy is unusual in patients with 
MCAD deficiency, sudden death in children is a common 
outcome although its pathogenetic mechanism is presently 
unknown. Furthermore, cardiomyopathy can be part of the 
clinical phenotype of SCAD deficiency [94].

Carnitine deficiency has been frequently associated with 
severe cardiomyopathy/HF. Mutations in proteins that par-
ticipate in carnitine transport and metabolism may cause 
DCM as a recessive trait [71, 95]. One of the loci affected in 
carnitine-associated cardiac involvement includes the 
plasma-membrane localized carrier, which transports carni-
tine into the cell, and its deficiency has been described as 
primary carnitine deficiency [96]. This transport deficiency 
is due to specific defects in the gene (OCTN2) encoding the 
plasma membrane localized organic cation/carnitine trans-
porter [79]. Defects in a second locus, the mitochondrial 
membrane localized carnitine translocase also lead to carni-
tine deficiency resulting in cardiomyopathy and HF [97].

Although not found associated with cardiomyopathy/HF, 
evidence suggests that CPT-I deficiency might result in car-
diac involvement [98]. In contrast, there is a general consen-
sus that deficiency in CPT-II, (specifically infantile CPT-II 
deficiency), an autosomal recessive disorder, is associated 
with cardiac damage and sudden death [99].

Fatty Acids and Glucose Metabolism Defects  
in Cardiac Remodeling and Apoptosis

Since it will be further discussed in later chapters, here suffice 
to say that apoptosis (programmed cell death) plays a promi-
nent role in the myocyte loss that occurs in human HF [100, 
101]. In addition, it plays a major role in the extensive car-
diac remodeling that encompasses the transition from  cardiac 

hypertrophy to HF (in models such as the spontaneously 
hypertensive rat) [102].

Mitochondrial membrane permeabilization is a critical 
early step of apoptosis preceding the caspase cascade. This 
permeabilization is accompanied by an early dissipation of 
the mitochondrial transmembrane potential [103]. Opening the 
mitochondrial permeability transition (PT) pore is accompa-
nied by the depolarization of the mitochondrial membrane. 
A component of the inner membrane that is associated with 
the mitochondrial pore as well as with cytochrome c is the 
phospholipid cardiolipin. Cardiolipin also mediates the tar-
geting of the pro-apoptotic protein tBid to mitochondria 
implicating cardiolipin in the pathway for cytochrome c 
release [104]. Also, carnitine plays a role in membrane per-
meability and proton conductance, as well as in the function-
ing of cytochrome c oxidase.

During ischemia, oxidation of the saturated fatty acid 
palmitate is associated with diminished myocyte function 
[105]. Saturated long-chain fatty acid substrates such as 
palmitate (but not mono-unsaturated fatty acids) readily 
induce apoptosis in rat neonatal cardiomyocytes [106, 107].

As an early feature of palmitate-induced cardiomyocyte 
apoptosis, palmitate diminishes the content of the mito-
chondrial cardiolipin by causing a marked reduction of car-
diolipin synthesis. Decreased levels of cardiolipin synthesis 
and cytochrome c release have been reported to be, although 
temporally, directly correlated. This suggests that cardio-
lipin modulates the association of cytochrome c with  
the mitochondrial inner membrane [108]. Palmitate also 
decreases the oxidative metabolism of fatty acids and 
causes increase in the intracellular second messenger cer-
amide [105], paralleling a decrease in complex III activity. 
The decrease in fatty acid metabolism (e.g., CPT-I activity 
declines) and complex III activities and ceramide accumu-
lation have been shown to be downstream events occurring 
well after cytochrome c release (and changes in the PT 
pore) [107–109].

Glucose and glucose uptake can play an important role 
in modulating myocardial apoptosis. Glucose uptake in 
cardiomyocytes reduces hypoxia-induced apoptosis [110]. 
Overexpression of GLUT-1, to promote increased glucose 
uptake, also blocked the progression of apoptosis in hypoxia-
treated cardiomyocytes [111]. The protective antiapoptotic 
role of glucose is further supported by studies in which glu-
cose deprivation promoted myocardial apoptosis. Insulin 
administration attenuates cardiac I/R-induced apoptosis via 
activation of the Akt-mediated cell-survival signaling [112, 113]. 
In contrast to normal myocardial glucose uptake and signaling, 
which promote cell survival pathways, there is evidence that 
defective glucose uptake and hyperglycemia, as found in 
diabetic cardiomyopathy, can lead to increased myocardial 
apoptosis. Hyperglycemia induces myocyte apoptosis, cyto-
chrome c release, and high levels of ROS in cardiomyocytes 
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in culture as well as in a mouse model of diabetes produced 
by streptozocin treatment [114].

Molecular Players and Events  
in Fatty Acid-Related Cardiomyopathy/HF

Genes and Modulation of Gene Expression

MCAD

MCAD deficiency is autosomally recessive and associated 
with sudden death. Over 90% of cases of MCAD deficiency 
are associated with a homozygous mutation at bp 985 
(A985G). This mutation directs a glutamate replacement of 
lysine at residue 304 in the mature MCAD subunit causing 
impairment of tetramer assembly and increased protein 
instability [115]. MCAD deficiency is the most frequent 
inborn metabolic disorder in populations of NW European 
origin [116].

At the gene level, three of the seven reported non A985G 
mutations found in MCAD deficiency localize to exon 11. At 
the protein level, the mutant residues cluster in helix H of the 
MCAD protein and are proposed to have their primary effect 
on the correct folding and assembly of the tetrameric MCAD 
enzyme structure. The amino acid residues affected are: 
M301T, S311R, and K304E [117].

VLCAD

Pediatric cardiomyopathy is the most common clinical 
phenotype of VLCAD deficiency. A severe form of infantile 
cardiomyopathy is found in over 67% of cases, often resulting 
in sudden death [118]. VLCAD deficiency is characterized 
by a marked reduction of VLCAD mRNA and decreased 
levels and/or absence of VLCAD enzyme activity. Mutation 
analysis of the VLCAD gene revealed a large number of 
different mutant loci (21 in 19 patients) with few repeated 
mutations [119]. Distinguishing between truly pathogenic 
mutations and polymorphic variations remains to be done.

CPT-II

The infantile form of CPT-II deficiency has frequent cardiac 
involvement and is associated with specific CPT-II mutations. 
This is in contrast to the adult form of CPT-II deficiency 
which does not present with cardiac involvement.

The infantile CPT-II deficiency has been associated with 
several mutations including a homozygous mutation at 

A2399C causing a Tyr → Ser substitution at residue 628. 
This mutation produces a marked decrease in CPT-II activity 
in patient fibroblasts [120]. Another mutation has been 
reported at C1992T predicting an Arg → Cys substitution at 
residue 631 which is associated with drastic reduction of 
CPT-II catalytic  activity [121].

MTP

MTP, an enzyme of b-oxidation of long-chain fatty acids, is 
a multienzyme complex composed of four molecules of the 
a-subunit (encoded by HADHA) which contains both the 
enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydroge-
nase domains, and four molecules of the b-subunit (encoded 
by HADHB) containing the 3-ketoacyl-CoA thiolase domain. 
MTP deficiency is classified into two different biochemical 
phenotypes: (1) both a and b subunits are present and only 
the 3-hydroxyacyl-CoA dehydrogenase (LCHAD) activity is 
affected; (2) the absence of both subunits, and the complete 
lack of all three enzymatic activities of MTP. Although there 
is some overlap between the clinical features found in each 
molecular/biochemical phenotype, patients with neonatal 
cardiomyopathy have the second biochemical phenotype 
only. The most common mutation associated with MTP defi-
ciency (G1528C) is associated with the first phenotype and 
not with the second. Mutations have been localized to the 
5¢ donor splicing site of the a subunit gene which can result 
in the entire loss of an exon in the mRNA (exon 3) [68], and 
are associated with the second phenotype. Both DNA and 
enzymatic testing can be performed in fetal screening of this 
often devastating disease [122].

PPAR

Although a discussion on PPAR is outlined in Chap.5, here it 
suffices to say that PPAR activity is dependent on the pres-
ence of a variety of activating ligands (e.g., prostaglandins, 
eicosanoids, long- chain unsaturated fatty acids, etc.) and 
interacting proteins (i.e., coactivators and corepressors). 
Activated PPAR-ligand complex binds to a DNA response 
element in the promoter region of specific genes activating 
transcription [123]. Cardiac metabolic gene expression is 
activated by PPAR-a regulation during postnatal develop-
ment, during short-term starvation, and in response to exer-
cise training. One marker of PPAR activation is up-regulated 
MCAD expression. Conversely, pressure-overload hypertro-
phy results in the deactivation of PPAR-a with lower fatty 
acid oxidation expression, abnormal cardiac lipid homoeosta-
sis and reduced energy production [124]. The negative regu-
lation of PPAR-a is mediated at several levels with PPAR 
gene expression being reduced in mice during ventricular 
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overload. In addition, PPAR activity is altered at the posttran-
scriptional level via the extracellular signal-regulated MAP 
kinase pathway. Ventricular overload therefore results in 
hypertrophied myocytes with intracellular fat accumulation 
(in response to oleate loading). Notwithstanding, the PPAR 
role in the activation of fetal gene program occurring during 
hypertrophy and HF has not yet been fully delineated.

There is also evidence that the PPAR interacting coactiva-
tors affect gene regulation by modulation of the chromatin 
structure surrounding the DNA (by changing the extent of 
acetylation of histone residues). PPAR plays also a pivotal 
role in mediating the effect of hypoxia on mitochondrial 
FAO in cardiac myocytes resulting in diminished CPT-I b 
mRNA levels. This is accomplished via PPAR transcriptional 
regulation (due to reduced binding of PPAR-a) and its 
obligate partner, retinoid X receptor a (RXR-a) to a DNA 
response element residing within the CPT-I b promoter 
[125]. Immunoblot analysis has shown that during hypoxia, 
nuclear and cytoplasmic levels of RXR-a are reduced, 
whereas there is no change in PPAR levels.

PGC-1

A detailed discussion on mitochondria and peroxisome prolif-
erator-activated receptor gamma coactivator-1 (PGC-1) has 
been presented in Chap. 6. Here, we will only note that expres-
sion of PGC-1 in cardiac myocytes induces nuclear and mito-
chondrial gene expression involved in multiple mitochondrial 
energy-transduction production pathways, increased mito-
chondrial number, and increased respiration. Cardiac-specific 
overexpression of PGC-1 in transgenic mice resulted in uncon-
trolled mitochondrial proliferation in cardiac myocytes lead-
ing to loss of sarcomeric structure, DCM and HF. These results 
identify PGC-1 as a critical regulatory molecule in controlling 
mitochondrial number and function in response to energy 
demands [126]. Moreover, it has also been implicated in both 
the increased expression of mitochondrial transcription factor 
A (mTFA), which is involved in the control of both mitochon-
drial DNA transcription and replication, and levels of the 
NRF-1 and NFR-2 transcription factors (Fig. 4.3) that mediate 
the expression of a number of nuclear genes involved in mito-
chondrial OXPHOS including, subunits of cytochrome c oxi-
dase and ATP synthase [127].

Effects of Abnormal Fatty Acid and Glucose 
Metabolism on Cardiac Structure/Function

Undoubtedly, the main sources for energy production in the 
heart are glucose and long-chain fatty acid (LCFA), but the 
mechanism for LCFA uptake is not completely understood. 

Recently, the regulation of sarcolemmal glucose and fatty 
acid transporters in cardiac disease were addressed by 
Schwenk et al. [128]. It was pointed out that proteins with 
high-affinity binding sites to LCFA, referred to as LCFA 
transporters, are responsible for the majority of LCFA uptake 
and, similar to the and GLUT-1 and GLUT-4, the LCFA 
transporters CD36 and fatty acid-binding protein (FABP (pm 
or plasma membrane fraction)) can be recruited from an 
intracellular storage compartment to the sarcolemma to 
increase the rate of substrate uptake. Furthermore, permanent 
relocation of LCFA transporters, from intracellular stores to 
the sarcolemma is accompanied by accumulation of lipids 
and lipid metabolites in the heart. Thus, impaired insulin 
signaling and glucose utilization may lead to decreased 
cardiac contractility. These observations underline the 
particular role and interplay of substrate carriers for glucose 
and LCFA in modulating cardiac metabolism, and the 
development of HF.

In a progressive way, the hypertrophied and failing heart 
becomes increasingly dependent on glucose as energy sub-
strate. However, it is unlikely that increased anaerobic glyco-
lysis can compensate in ATP production for the decline in 
FAO that occurs in the failing heart, together with dimin-
ished levels of high-energy phosphates, characterized by a 
decreased phosphocreatine (PCr): ATP ratio (resulting from 
declining PCr content), diminished creatine kinase activity, 
and mitochondrial OXPHOS dysfunction. Moreover, despite 
the rise in glycolysis, the rate of mitochondrial-localized 
pyruvate oxidation does not keep up with the increased 
pyruvate levels [129]. This has led to the conclusion that the 
failing heart is energetically severely compromised [130].

Use of Cellular and Animal Models  
to Study Metabolic Defects

Studies using the isolated cardiomyocyte have been particu-
larly useful in the study of rapid and transient signal trans-
duction events occurring in the metabolic signaling pathways 
in response to specific defined stimuli. An important limita-
tion with such studies is that most metabolic stressors and 
insults endured by the heart are less well defined and often 
feature a broad range of effects including neuroendocrine, 
intercellular signaling involving several cell types and circu-
latory/hemodynamic effects extending well beyond oxygen 
availability. Therefore, hypoxic simulations of ischemia or 
electrical stimulation studies with isolated cardiomyocytes 
can be useful in delineating a subset of the signaling path-
ways and molecules involved in the in vivo response.

Research in animal models of HF, and in particular the use 
of transgenic mouse models, has been extremely helpful in our 
understanding of the initiation, severity, and progression of 
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metabolic abnormalities to cardiac phenotypes. Using isotopic 
tracers, Lei et al. directly measured the progression of substrate 
oxidation/metabolic changes in different HF stages [131].

These alterations were within normal range in early and 
middle stages of HF, but changed from FAO to glucose oxi-
dation in the more severe, late stages. When compared to 
normal control animals, in the canine model of mild pacing-
induced HF, no differences in myocardial glucose, lactate or 
fatty acid metabolism were detected, probably because 
down-regulation of FAO occurs only in advanced, severe HF 
[132]. On the other hand, observations from the rat infarct/
HF model have suggested that down-regulation of the mRNA 
for FAO enzymes may occur as early as at 8 weeks [133, 
134], and after perfusion, the isolated hearts showed marked 
increase in glucose oxidation without changes in palmitate 

oxidation [133]. Therefore, it is apparent that in the early 
stages of HF, there are increases in glucose metabolism but 
not decreases in exogenous fatty acid metabolism. While the 
mechanisms responsible for the down-regulation of FAO 
pathway in severe, late HF are not completely understood, 
several investigators have pointed out that the decreased 
expression of PPAR-a and/or RXR-a may play a critical role 
in the myocardial substrate changes observed under these 
conditions [135–137] .

While decreased PPAR-a protein levels have been found 
in the failing human heart [136], in dogs with severe pacing-
induced HF myocardial protein levels of RXR-a (but not 
PPAR-a) were decreased [137]. Nevertheless, the fact that 
differences in HF etiology and animal species can explain 
the observed differences in myocardial PPAR-a and RXR-a 

Fig. 4.3 PGC-1 and its metabolic pathway. PGC-1 transduces cell 
signals associated with physiologic stimuli to regulate cardiac 
metabolic genes. Numerous signaling pathways downstream of 
physiologic stimuli, like fasting and exercise, activate the PGC-1 
cascade either by increasing PGC-1 expression or activity. PGC-1, in 

turn, coactivates transcriptional partners, including nuclear respiratory 
factor-1 and 2 (NRF-1 and 2), estrogen-related receptor (ERR) and 
PPAR-a, resulting in downstream activation of mitochondrial 
biogenesis and FAO pathways, respectively
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protein expression, if the down-regulation of PPAR-a and/or 
RXR-a and FAO enzymes happened early or in late HF can-
not be definitely established.

The recent availability of transgenic mouse models to 
assess cardiac metabolism has been also extremely helpful in 
furthering our understanding of the correlation of diverse 
cardiac phenotypes to specific abnormalities, in both fatty 
acid and glucose metabolism [138]. While some of these 
studies have employed global knock-out of specific genes of 
interest, the use of cardiac-specific gene disruption generally 
achieved by the Cre/loxP technology has proved to be useful 
in preventing embryonic or fetal lethality that may result 
from global gene ablation, as well as in allowing the distinc-
tion of primarily cardiac-specific events from systemic events 
occurring secondary to altered gene expression in other 
tissues. Moreover, the addition of inducible elements to the 
gene of interest allows the manipulation of gene expression 
within specific developmental or environmental conditions.

In addition to selected mouse models of metabolic genes 
described in Chap. 7, other affecting metabolic pathways and 
cardiac phenotypes are presented in Table 4.2. Both global 

and cardiac-specific disruption of GLUT-4 in transgenic 
mice result in marked cardiac hypertrophy [39, 139]. Insulin-
mediated glucose uptake is abolished in mice with the 
cardiac-specific GLUT-4 disruption, and display a compen-
satory-like increase in GLUT-1 and basal glucose uptake; 
moreover, decreased FAO suggests a switch from fatty acid 
to glucose metabolism. Eventually, both models show marked 
cardiac dysfunction.

Interestingly, male heterozygous GLUT-4+/− knock-out 
mice become diabetic and hypertensive with features of dia-
betic cardiomyopathy [140]. These mice exhibit decreased 
GLUT-4 expression in adipose tissue and skeletal muscle 
leading to increased serum glucose and insulin, reduced 
muscle glucose uptake, hypertension, and diabetic histopa-
thology in the heart and liver, similar to humans with nonin-
sulin-dependent diabetes.

Mice lacking PPAR-a have a cardiac phenotype of 
increased myocyte lipid accumulation [155], and mice lack-
ing MTP-a and -b subunits alleles show necrosis and acute 
degradation of the cardiac myocytes. These mice also accu-
mulate long-chain fatty acid metabolites, have low birth 

Table 4.2 Cardiac phenotype resulting from altered metabolic genes in transgenic mice

Protein (gene) Alteration Myocardial phenotype References

Fatty acid transport protein 1 (FATP1) Cardiac-specific 
overexpression

Lipotoxic CM [141]

Insulin-sensitive glucose transporter 
(Glut-4)

Null Cardiac hypertrophy; ↓ FAO [142]

Long-chain acyl-CoA synthetase (ACS) Cardiac-specific 
overexpression

Lipotoxic CM, hypertrophy, TG accumulation [141]

Peroxisome proliferator-activated 
receptor-a (PPAR-a)

Cardiac-specific 
overexpression

↑ FAO; ↓ glucose uptake and oxidation [143]

Peroxisome proliferator-activated receptor-d 
(PPAR-d)

Cardiac-specific deletion Lipotoxic CM with ↓ FAO [144]

Leptin (Lep) Null ↑ FAO, FA uptake, TG + lipid accumulation;  
↑ diastolic dysfunction

[145]

Very-long-chain acyl-coenzyme A 
dehydrogenase (VLCAD)

Null Lipid accumulation, CM, mitochondrial proliferation, 
facilitated PVT induction

[146]

Mitochondrial transcription factor A (Tfam) Cardiac-specific deletion ↓ MtDNA, ETC and ATP; ↓ FAO + ↑ glycolytic 
expression

[147]

Lipoprotein lipase (LpL) Cardiac-specific deletion ↑ TG; ↓ FAO and ↑ Glut expression + glucose uptake [148]
Fatty acid translocase (FAT/CD36) Null ↓ Cardiac FA uptake +TG; DCM [149]
Fatty acid translocase (FAT/CD36) Overexpression ↑ FAO; ↓ plasma TG + FA; no cardiac pathology; 

↑ glucose
[150]

Insulin receptor (Insr) Cardiac-specific deletion ↓ FAO; ↓ GLUT-1 + basal glucose uptake; ↑ GLUT-4, 
insulin-glucose uptake + oxidation; smaller heart

[151]

Heart-type fatty acid binding protein 
(H-FABP)

Null ↓ Free LCFA uptake; ↑ Glucose usage;  
hypertrophy

[152]

Mitochondrial trifunctional protein (Mtpa) Null Accumulate LCFA metabolites; growth retardation, 
neonatal hypoglycemia + SD

[153]

Peroxisome proliferator-activated receptor g 
coactivator-1 (PGC- a)

Null ↓ ETC + ATP; lower work output in response to 
chemical or electrical stimulation

[154]

Peroxisome proliferator-activated receptor g 
coactivator-1 (PGC-a)

Cardiac-specific 
overexpression

Mitochondrial proliferation, loss of sarcomeric 
structure and DCM in adults

[126]

Lipotoxic CM cardiac hypertrophy; cardiac dysfunction, progressive myocardial lipid accumulation, and congestive HF with reduced survival; 
PVT polymorphic ventricular tachycardia; FA fatty acid: SD sudden death; DCM dilated cardiomyopathy; ETC electron transport chain;  
TG triglyceride
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weight, and develop neonatal hypoglycemia with sudden 
death between 6 and 36 h after birth [153]. In Table 4.3, 
known PPAR-a regulated genes in cardiac metabolism are 
presented.

In mice knockouts of PPAR-a, there is reduced myocar-
dial expression of genes involved in fatty acid uptake (CD36/
FAT, FATP, FACS-1), mitochondrial transport (CPT I, CPT 
II), b-oxidation (MCAD, VLCAD, SCAD, SCHAD, MTP) 
as well as myocardial LCFA uptake and oxidation rates 
[171, 172]. While unstressed hearts are relatively normal in 
these knockout strains, a fasting stress, which in wild-type 
mice induces cardiac FAO enzyme gene expression, pro-
motes hypoglycemia and hepatic and cardiac triglyceride 
accumulation. In contrast, transgenic mice containing 
cardiac-specific PPAR-a overexpression, display activated 
myocardial gene expression for fatty acid utilization includ-
ing fatty acid uptake and FAO, whereas glucose utilization is 
reciprocally decreased [161, 173].

Reduced glucose utilization is due to the aforementioned 
inhibitory effects of acetyl-CoA and NADH (increased dur-
ing high rates of FAO) on PDC activity as well as on direct 
gene down-regulation of the glucose transporter, GLUT-4, 
and the glycolytic enzyme phosphofructokinase, and up-
regulation of PDK4 (which decreases glucose oxidation 
through PDH inhibition) in hearts with increased PPAR 
levels. These results suggest that PPAR-a provides a critical 
link in circuits involved in myocardial fatty acid and glucose 
utilization.

Recently, abnormalities in carbohydrate metabolism and 
its regulation have been studied in PPAR-a null mouse hearts 
by Gélinas et al. [174]. When compared with control 
C57BL/6 mice, isolated working hearts from PPAR-a null 
mice exhibited abnormal capacity to withstand a rise in 
preload. At the metabolic level, besides the shift from FA 
(fivefold down) to CHO at both preloads, PPAR-a null hearts 
also showed a greater contribution from exogenous lactate 
and glucose and/or glycogen (twofold up) to endogenous 

pyruvate formation, whereas that of exogenous pyruvate 
remained unchanged and with only marginal alterations in 
citric acid cycle-related parameters. Lactate production 
rate was the only measured parameter that was affected 
differently by preloads in control and PPAR-a null mouse 
hearts, suggesting a restricted reserve for the latter hearts to 
enhance glycolysis when the energy demand is increased. 
Abnormalities in the expression of some glycolysis-related 
genes suggested the potential mechanisms involved in this 
defective CHO metabolism. These highlight the importance 
of metabolic defects in CHO metabolism associated with FA 
oxidation defects, which may result in HF under stress con-
ditions even in the fed state.

Transgenic mice null for the MTP-a allele lack both 
MTP-a and -b subunits and display necrosis and acute deg-
radation of the cardiac myocytes. They also accumulate 
LCFA metabolites, have low birth weight, and develop neo-
natal hypoglycemia, with sudden death occurring between 6 
and 36 h after birth [153].

PGC-1a overexpression in the myocardium can display 
strikingly developmental-specific differences. While constitu-
tive cardiac-specific overexpression of PGC-1a proved to be 
lethal resulting in the early development of DCM, marked 
fibrosis and the accumulation of high numbers of large mito-
chondria [126], inducible cardiac-specific PGC-1a over 
expression (driven by a tetracycline-responsive promoter) was 
useful in examining developmental stage-specific responses 
[175]. For instance, in the neonatal myocardium, PGC-1a 
overexpression leads to increased cardiac mitochondrial size 
and number, concurrent with the increased gene expression 
associated with mitochondrial biogenesis and with no overt 
effect on neonatal cardiac function. However, in the adult 
mouse, PGC-1a overexpression resulted in a moderate 
increase in mitochondrial number, many organelles containing 
striking abnormalities in structure (e.g., vacuoles, inclusions), 
and within 2 weeks, development of cardiomyopathy featur-
ing increased ventricular mass, wall thinning, and chamber 
dilation. Cessation of PGC-1a expression reverses the cardiac 
phenotype over time.

To further test the hypothesis that a disturbance in 
myocardial fatty acid uptake and utilization leads to the 
accumulation of cardiotoxic lipid species and to establish a 
mouse model of metabolic cardiomyopathy, transgenic 
mouse lines that overexpress long-chain acyl-CoA synthetase 
in the heart have been generated. These mice showed 
cardiac-restricted expression of the transgene and marked 
cardiac myocyte triglyceride accumulation, similar to that 
found in mice with disrupted PPAR-a. Lipid accumulation 
was associated with initial cardiac hypertrophy, followed 
by the development of left-ventricular dysfunction and 
premature death [141].

Lipotoxic cardiomyopathy (LCM) is a significant entity 
associated with alterations in cellular lipid metabolism. It 

Table 4.3 PPAR-a regulated genes in cardiac metabolism

Function Gene product References

Fatty acid uptake/
esterification

LPL [156]
CD36/FAT, FABP [157]
FATP1, FACS-1 [158]

Glucose oxidation PDK4 [159, 160]
GLUT-4 [161]

Mitochondrial  
and peroxisomal 
b-oxidation

MCAD [123]
LCAD, VLCAD [157]
M-CPT I (CPT-Ib) [162, 163]
Bifunctional enzyme [164, 165]
ACO [166, 167]
MCD [168]

Uncoupling proteins UCP3 [169, 170]
UCP2 [161, 170]
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can occur as a result of lipid accumulation stemming from 
defective fat oxidation with leptin deficiency [176], increased 
oxidation and increased expression of fatty acid transporters 
due to PPAR overexpression [161], and accumulation of 
more fatty acids due to expression of long-chain fatty acyl-
CoA synthase [141]. In addition, mouse hearts with targeted 
overexpression of anchored lipoprotein lipase (LpL), the pri-
mary enzyme responsible for conversion of lipoprotein trig-
lyceride (TG) into free fatty acids, also develop LCM because 
of increased myocardial lipid uptake and accumulation [177, 
178]. Increased lipid uptake in LpL-overexpressed strains is 
also associated with the increased expression of genes medi-
ating FAO (e.g., ACO, CPT-I), “heart failure” markers such 
as atrial natriuretic factor (ANF), brain natriuretic factor 
(BNP), myosin, apoptosis markers (e.g., caspase-3, 
 cytcochrome c release), a decrease in glucose transporters 
(GLUT-1, GLUT-4), and AMPK expression [178].

Lipotoxicity and lipid accumulation may also be, at least 
partly, responsible for the development of myocardial dys-
function in strains with type 2 diabetes and diabetic cardio-
myopathy, as well as with FAO defects. The myocardial lipid 
accumulation that occurs with high fat diets in the PPAR-a 
null strains has been temporally correlated with cardiac con-
tractile dysfunction and both can be reversed by diet change. 
Notably, among patients with nonischemic HF, a significant 
subset (approximately 30%) exhibited intramyocardial lipid 
accumulation associated with an up-regulation of PPAR-a-
regulated genes, as well as MHC-b, and TNF-a. Similarly, 
intramyocardial lipid and triglyceride overload in the hearts of 
Zucker diabetic fatty (ZDF) rats was found to be associated 
with contractile dysfunction and similar changes in gene 
expression as found in failing human hearts with lipid over-
load [179]. An extract derived from Salacia oblonga root 
(SOE), an antidiabetic and antiobesity medicine, improves 
hyperlipidemia in ZDF rats and possesses PPAR-a activating 
properties. Chronic oral SOE administration in ZDF rats 
reduces myocardial triglyceride and fatty acid content and 
suppressed cardiac overexpression of fatty acid transporter 
protein-1 mRNA and protein, suggesting inhibition of 
increased cardiac fatty acid uptake as the basis for decreased 
cardiac fatty acid levels [180]. SOE treatment also inhibited 
the overexpression in ZDF rat heart of PPAR-a mRNA and 
protein and CPT-1, acyl-CoA oxidase, and AMPK mRNAs 
thereby down-regulating myocardial FAO. This suggests that 
SOE ameliorates excess of cardiac lipid accumulation and 
increased cardiac FAO in diabetes and obesity primarily by 
reducing cardiac fatty acid uptake, and thereby modulating 
cardiac PPAR-a-mediated FAO gene transcription.

In most cases, both the precise cellular mechanism of car-
diac remodeling and the molecular identity of the lipotoxic 
stimulus remain to be determined, although lipotoxicity has 
frequently been postulated to result from excess lipid oxida-
tion [181], or from the accumulation of a toxic lipid interme-

diate [182]. Cellular studies have shown that palmitate, but 
not oleate, leads to apoptosis [183], but it remains to be 
determined whether this saturated fatty acid, its metabolic 
product, or cellular processes affected by palmitate lead to 
cellular dysfunction or death.

The role of RXR-a in HF has been examined in the trans-
genic mouse as well. RXR-a null mutant mice display ocular 
and cardiac malformations and liver developmental delay 
and die from HF in early embryo life. A large percentage 
(over 50%) of the downstream target genes, identified by 
subtractive hybridization, encode proteins involved in fatty 
acid metabolism and electron transport, suggesting energy 
deficiency in the null RXR-a embryos. ATP content and 
MCAD mRNA were significantly lower in RXR-a mutant 
hearts when compared to wild-type mice. These findings 
suggest that defects in intermediary metabolism may be a 
causative factor in the RXR-a−/− phenotype, an embryonic 
form of DCM [184].

Our understanding of the role that mitochondrial gene 
expression and function play in defining cardiac metabolism 
has also been greatly enhanced by transgenic studies. The pre-
viously discussed studies with PGC-1 overexpression suggest 
that increased mitochondrial function and biogenesis may be 
fine in the neonatal heart but may result in cardiomyopathy in 
the adult. Disturbing mitochondrial bioenergetic function 
by creating null mutations in ANT1 can also lead to mito-
chondrial proliferation with dysfunctional mitochondria and 
cardiomyopathy [185]. Similarly, null mutations in mtTFA in 
the mouse cause progressive cardiac dysfunction with 
depleted mtDNA and an associated decline in OXPHOS ATP 
production [186]. An early feature in the progression of this 
cardiac mitochondrial dysfunction is the activation of a fetal 
metabolic gene-expression program characterized by the 
decreased expression of FAO genes and increased expression 
of glycolytic genes [147]. The switch in the programming of 
cardiac metabolism was followed by increased myocardial 
mitochondrial biogenesis, which could not compensate in 
ATP production but rather contributes to the progression of 
HF, probably in a way similar to the PCG-1a overexpression 
in the adult heart.

Are the Metabolic Changes Occurring  
in Heart Failure Tissue-Specific?

A number of changes occur in skeletal muscle during HF, 
including histological and electromyographic evidence of 
generalized myopathy and exercise intolerance. Evaluation 
of skeletal muscle metabolism by the noninvasive metho-
dology of phosphorus nuclear magnetic resonance spectros-
copy in patients with HF revealed abnormal levels of 
 phosphocreatine and inorganic phosphate following moder-
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ate physical activities [187, 188]. Furthermore, patients with 
desmin and b-MHC mutations known to cause HCM and HF 
have defined changes in skeletal muscle fibers. Patients with 
specific b-MHC mutations may develop abnormal mitochon-
drial number and function in skeletal muscle as well as type 
I fiber abnormalities and atrophy [189] .

Congestive HF is often accompanied by skeletal myopathy 
with a shift from slow aerobic fatigue-resistant fibers to fast 
anaerobic ones. Many of the cardiac cellular changes as well as 
the mitochondrial abnormalities often detected in HF appear to 
be present in skeletal muscle. Alterations in energy metabolism 
including decreased mitochondrial ATP production as well as 
defective transfer of energy through the phosphotransfer 
kinases occur in both cardiac and skeletal muscles and suggest 
a generalized metabolic myopathy in HF [190]. While more 
evidence confirming these findings is needed, at least evalua-
tion of skeletal muscle mitochondrial function can be informa-
tive in the overall diagnostic and prognostic evaluation of 
patients with HF. Determining what other parts of the HF sig-
naling pathway are truly cardiac specific and which might be 
also operative in skeletal muscle awaits further studies. Such 
studies might shed light about the relationship between signal-
ing pathways and mitochondrial bioenergetics in HF patients.

Diagnostics and Metabolic Therapies

Diagnostic Advances

Before treatment is undertaken, it is critical that the informa-
tion concerning the site of defect within the fatty acid/carni-
tine metabolic pathway be evaluated. At the biochemical 
level, the diagnostic evaluation of fatty acid and glucose met-
abolic defects and determination of carnitine levels are easily 
performed. Rapid and correct diagnosis (including newborn 
screening using a noninvasive, highly sensitive methodology 
profiling specific metabolic intermediates e.g., acylcarniti-
nes, and carnitines via tandem mass spectrometry, on blood 
spot collected on a Guthrie card) is particularly critical since 
dramatic recovery from or prevention of dysrhythmias and 
HF have been demonstrated in a number of these disorders 
(e.g., VLCAD deficiency) [191, 192]. In the last few years, 
the development of noninvasive techniques to evaluate inter-
mediates has greatly progressed, including the use of nuclear 
magnetic resonance (NMR) spectroscopy to assess glucose 
transport, glycogen levels, and cellular levels of triglyceride 
content (in skeletal muscle) [193–195]. These methods may 
allow noninvasive evaluation of specific lipid levels, of accu-
mulated “toxic” metabolites and of insulin resistance. 
Although the use of genetic analysis is also available, the 
presence of nonrepeating mutations makes this analysis 
rather problematic.

Therapies

Avoidance of fasting is an important step in the treatment of 
disorders of mitochondrial long-chain FAO, as well as the 
use of low fat diet with restriction of LCFA intake, frequent 
carbohydrate rich feeding, and the replacement of normal 
dietary fat by medium-chain triglyceride. The activation of 
PPAR-a using lipid-lowering fibrates may also be an effec-
tive supplement in some cases of FAO deficiency [196]. 
PPAR-a and PPAR-b/d are transcriptional regulators that 
play an important role in myocardial energy and lipid homeo-
stasis, and both PPAR subtypes, likely with overlapping 
functions, are necessary in order to maintain the myocardial 
lipid and energy homeostasis [197], thus defining the roles of 
each PPAR subtype might provide new targets to treat heart 
diseases, including HF.

Knowledge of the precise site of the biochemical or 
molecular defect is extremely important in regard to the 
choice of therapeutic modality to be applied. For instance, 
deficiencies in CPT-II, carnitine acylcarnitine translocase, or 
MTP can be treated with drugs targeted to enhance glucose 
use and pyruvate oxidation energy, at the expense of FAO, to 
prevent the accumulation of long-chain acylcarnitines that 
can result in cardiac conduction defects and dysrhythmias 
[198]. In contrast, acute cardiomyopathy associated with 
VLCAD deficiency, which can be diagnosed by acylcarni-
tine analysis, can be effectively treated with the aforemen-
tioned dietary therapy, including medium-chain triglycerides 
[199]. The accumulation of LCFA and their side effects can 
also be effectively reversed by inhibition of CPT-I activity 
with perhexiline and amiodarone [200]. Perhexiline has also 
been used to reduce ventricular ectopic beats associated with 
chronic ischemic injury and chronic HF [201, 202]. As pre-
viously discussed, the use of carnitine supplementation in 
patients with carnitine deficiency may be helpful in the pre-
vention and in the treatment of potentially lethal disorders. In 
addition, gene and cell-based therapies for some of the fatty 
acid disturbances of cardiac function and structure, to 
decrease LCFA intermediates and redirect metabolic pro-
grams hold great promise, albeit the collected experience at 
this time is mainly limited to animals [203]. In a rat model of 
MetSyn caused by leptin insufficiency and abnormal fat 
accumulation, it was found that a single central administra-
tion of recombinant adeno-associated virus vector contain-
ing the gene encoding leptin severely depletes fat and 
ameliorates the major symptoms of MetSyn for an extended 
period of time [204].

Metabolic therapies utilizing modulation of myocardial 
glucose and fatty acid metabolism is recognized as a poten-
tial approach in the treatment of the failing and ischemic 
heart. Treatment of congestive HF patients with carvedilol, a 
b-adrenoreceptor blocker, results in marked improvement in 
myocardial energy efficiency and a reduction in myocardial 
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oxygen consumption by shifting myocardial oxidative sub-
strates from fatty acid to glucose [205]. Earlier studies with 
b-blocker treatment indicated that along with some improve-
ment in both HF and hypertension, some components of the 
MetSyn (including glycemic control) may be worsened, 
mainly due to its negative effects on carbohydrate metabo-
lism; therefore, their use in diabetics was restricted [206]. On 
the other hand, nonselective b-blockers vasodilators, such as 
carvedilol, do not exhibit the same negative metabolic conse-
quences with glucose utilization seen with the use of earlier 
generation b-blocker and may be used in patients with CVD 
and diabetes.

Free fatty acids are a primary source of energy during 
myocardial ischemia and can also serve to uncouple 
OXPHOS and increase myocardial O

2
 consumption. 

However, inhibitors of FAO can increase glucose oxidation 
and may serve to improve cardiac efficiency. It is notewor-
thy that inhibitors of b-FAO can help prevent the hypergly-
cemia that occurs in noninsulin-dependent diabetes. Since 
the inhibition of FAO is effective in controlling some of the 
abnormalities in diabetes, FAO inhibitors targeting enzymes 
such as CPT-I may also be useful in the treatment of dia-
betic cardiomyopathy. FAO inhibition can be achieved 
using a number of enzymatic inhibitors such as etomoxir, 
oxfenicine, perhexiline, aminocarnitine, trimetazidine, 
ranolazine, and dichloroacteic acid (DCA) [207, 208]. In 
animal models, etoxomir, an inhibitor of CPT-I, reversed 
changes in myocardial fetal gene expression, preserved car-
diac function, and prevented ventricular dilatation [209]. 
Studies using pacing-induced HF, have shown that CPT-I 
inhibition mediated by oxfenicine treatment not only atten-
uates ventricular dilatation but also significantly slows left 
ventricular remodeling and delays the time to end-stage 
failure [210]. Clinical studies in HF patients treated with 
etoxomir revealed improved systolic ventricular function, 
increased ejection fraction, and decreased pulmonary capil-
lary pressure [211]. Partial inhibition of FAO has also 
proved to ameliorate many of the hemodynamic abnormali-
ties associated with myocardial ischemia and HF [212]. 
Treatment with ranolazine mediates a partial inhibition of 
FAO (it is termed a pFOX inhibitor) as it reduces cellular 
acetyl-CoA content and activates PDH activity. In dogs in 
which chronic HF was induced by intracoronary microem-
bolizations, intravenous administration of ranolazine sig-
nificantly increased LV ejection fraction and systolic 
function [213]. Clinically, ranolazine has been used to treat 
both ischemia and angina [214]. This metabolic switch 
from FAO to glucose oxidation increases ATP production, 
reduces the rise in lactic acidosis, and improves myocardial 
function under conditions of reduced myocardial oxygen 
delivery leading to reduced gluconeogenesis and improved 
economy of cardiac work. Furthermore, trimetazidine treat-
ment provides cardioprotective affects against myocardial 

ischemia, diabetic cardiomyopathy, and exercise-induced 
angina in numerous clinical and experimental  investigations 
[208, 215]. Particularly significant is the amelioration of 
cardiac function and exercise performance in diabetic 
patients with ischemic heart disease [216]. While initially 
trimetazidine has been considered to be an inhibitor of the 
activity of the long-chain isoform of the last enzyme 
involved in mitochondrial fatty acid b-oxidation, 3- ketoacyl 
coenzyme A thiolase [217], gathered observations have 
cast doubt on FAO inhibition as being the primary 
 mechanism by which trimetazidine mediates cardiac 
 recovery [218]. Other related cardioprotective effects of 
trimetazidine, which may contribute to its antiischemic 
action, are its acceleration of phospholipid synthesis and 
turnover with significant consequences for a-adrenergic 
signaling [219], and its inhibition of mitochondrial PT pore 
opening resulting in the prevention of lethal ischemia-rep-
erfusion injury [220].

Polyunsaturated fatty acids (e.g., N-3 PUFA) or fish oil 
supplementation appears to reduce mortality and the inci-
dence of sudden death, as well as dysrhythmias, associated 
with HF [221]. Its effect on mortality and morbidity have 
been gauged in the GISSI HF project, a large-scale, random-
ized, double-blind study, and shown to significantly reduce 
sudden death incidence, particularly in patients with left ven-
tricular systolic dysfunction [222, 223]. A smaller study has 
also confirmed that N-3 PUFA treatment markedly reduces 
the incidence of both atrial and ventricular dysrhythmias 
[224]. Among a large assortment of PUFA-mediated effects 
on cardiomyocyte membrane lipid organization and func-
tion, the incorporation of N-3 PUFA (normally associated 
with reduced arachidonic acid) induces a reduction of mito-
chondrial b-FAO and oxygen consumption in the heart. 
These effects on mitochondrial metabolism are manifested 
primarily during postischemic reperfusion as improved met-
abolic and ventricular function. Both aging and ischemia 
markedly decrease levels of N-3 PUFA and cardiolipin in 
myocardial membranes, effects that have been correlated to 
increased mitochondrial Ca2+ levels and the effects of Ca2+ 
on mitochondrial enzymatic activities [225].

Conclusion

A major switch in myocardial bioenergetic substrate used 
from fatty acid to glucose occurs in HF following cardiac 
hypertrophy. Key component and marker of the switch is the 
coordinated down-regulation of FAO enzymes and mRNA 
levels in the human left ventricle, with a concomitant increase 
in glucose uptake and oxidation. This switch is thought to 
represent a reversal to a fetal energy substrate preference 
 pattern of glucose oxidation in the heart.
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The regulation of FAO, the main and critical source of 
ATP in the healthy heart, occurs at multiple levels, including 
a strong gene transcriptional component, with members of 
the peroxisome proliferator-activated receptor (PPAR) family 
of transcription factors functioning as primary regulators of 
the FAO gene expression. Changes in glucose and fatty acid 
metabolism associated with diabetes and MetSyn also have 
an associated spectrum of cardiovascular abnormalities rang-
ing from hypertension to cardiomyopathy and HF. Deficits in 
insulin signaling lead to diminished myocardial glucose 
uptake and utilization resulting in an increased reliance of the 
heart on FAO for energy generation. This contributes to an 
increased accumulation of lipid intermediates, elevated cel-
lular acidosis, decreased cardiac efficiency, and contractile 
dysfunction [226]. Interestingly, increasing evidence derived 
from human and animal studies suggests that excess of sub-
strate may lead to HF, and this could be prevented or slowed 
by maintaining low body fat and high insulin sensitivity and 
by consuming a diet of low glycemic load that is high in 
mono- and polyunsaturated fatty acids [227]. Spontaneous 
hypertensive aging rats in HF receiving standard high-carbo-
hydrate diet or high-fat diet supplemented with high-linoleate 
safflower oil or lard until death have been studied by Chicco 
et al. [228], to assess their effects on disease progression and 
mortality. Both high-fat diets ameliorated cardiac hypertrophy, 
left ventricular dilatation, and systolic function often seen in 
rats consuming high-carbohydrate diet. The prosurvival effect 
of linoleate diet was found to be associated with a greater 
myocardial content and linoleate-enrichment of cardiolipin, 
which as noted earlier in this chapter, is deficient in the failing 
heart. Thus, a high-fat diet may accelerate or attenuate the 
mortality in severe hypertensive heart disease depending on 
its fatty acid composition. Even though the mechanism 
responsible for the divergent effects of the lard and linoleate-
enriched diets is not completely clear, it may involve diet-
induced changes in the content and/or composition of 
cardiolipin in the heart.

Hyperglycemia and diabetes affect cardiac mitochondria 
function directly since mitochondria from a variety of dia-
betic animal models show diminished respiratory control, as 
well as increased OS [229, 230]. These changes are reversed 
with insulin administration. Conversely, the activity of the 
PPAR-a gene regulatory pathway is increased in the diabetic 
heart, which relies primarily on FAO for energy production, 
providing further stimulus for the excessive fatty acid import 
and oxidation underlying the cardiac remodeling of the dia-
betic heart. It appears that shifts in metabolic programming 
(from fatty acid to glucose utilization), using specific meta-
bolic inhibitors and cardioprotective agents may be benefi-
cial in the treatment of both specific metabolic defects and 
more global defects due to myocardial ischemia, HF, and 
diabetes.

Summary

Fatty acid utilization is a critical source of bioenergy for •	
the adult heart. Fatty acid transport into the cardiomyo-
cytes and within the cell is a highly regulated process 
involving specific transport proteins located in the plasma 
membrane, fatty acid binding proteins and transporters 
within the mitochondrial membranes.
Defects in transport proteins function may result in a number •	
of cardiac defects resulting in deficiencies of FAO, or an 
accumulation of fatty acid metabolic intermediates, which 
can promote a lipotoxic cardiomyopathy.
The use of animal models, particularly transgenic mice, •	
has been highly informative.
FAO, to provide energy for the downstream TCA and oxi-•	
dative phosphorylation cycles, is largely localized to the 
mitochondrial organelle and is also present in the peroxi-
some. This process is governed by substrate levels, a vari-
ety of physiological stimuli and regulators including AMP 
kinase, several members of the nuclear receptor transcrip-
tion factor family including the PPARs, and associated 
coactivators such as PGC-1.
Regulatory factors are modulated by many physiological •	
stimuli as well as by pathophysiological conditions such 
as myocardial ischemia, HF, and diabetes.
Several mutations in genes encoding FAO proteins can •	
lead to cardiomyopathy and cardiac dysrhythmias.
Glucose transport in the heart is facilitated by the function •	
of specific membrane transporters (GLUT-1 and GLUT-4), 
regulated by a complex signaling pathway, which includes 
insulin and its receptor, a variety of kinase transducers, by 
the fatty acid oxidation process, and by other physiological 
stimuli. Subsequent glycolytic metabolism and glucose 
oxidation (mainly in the mitochondria) is also highly regu-
lated by many of the same signals and transducers.
Alterations in CHO metabolism associated with FA oxi-•	
dation defects may result in HF under stress conditions, 
even in the fed state.
Present therapeutic approaches for these metabolic defects •	
include dietary modification, elimination of stresses (e.g., 
fasting), and supplementation with carnitine.
Shifts in metabolic programming (from fatty acid to glu-•	
cose utilization) using specific metabolic inhibitors and 
cardioprotective agents have proven beneficial in treating 
both specific metabolic defects and more global defects 
due to myocardial ischemia, HF, and diabetes.
Metabolic therapy utilizing fibrates and agonists of PPAR •	
have also shown promise in redirecting bioenergetic path-
ways with beneficial cardiovascular effect. Gene and cell-
mediated therapy holds promise in treating fatty acid and 
metabolic storage disorders as well as diabetes and insu-
lin resistance.
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It has been proposed that the excess of substrate may lead •	
to HF, and this could be prevented or slowed by keeping 
low body fat and high insulin sensitivity, and by following 
a diet with low glycemic load that is high in mono-and 
polyunsaturated fatty acids.
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Overview

Mitochondria are at the center of the pathophysiology of the 
failing heart and, as shown by both clinical studies and animal 
models, mitochondrial-based oxidative stress together with 
myocardial apoptosis and cardiac bioenergetic dysfunction 
are profoundly implicated in the progression of heart failure 
(HF). In this chapter, we will review the body of evidence that 
multiple defects in mitochondria are central and primary to 
HF development. In addition, novel approaches to therapeutic 
targeting of mitochondrial bioenergetic, biogenic, and signal-
ing abnormalities that can impact will be discussed.

Introduction

The failing heart encompasses a complex phenotype that 
includes reduced myocardial contractility, diminished capac-
ity to respond to specific hypoxic and oxidative stresses 
resulting from myocardial ischemia and diverse neurohor-
monal stimuli, changes in ion channels and electrophysio-
logical function, increased myocardial fibrosis, cellular 
and subcellular remodeling with increased myocyte loss, and 
marked changes in myocardial bioenergetic reserves and 
substrate utilization. These alterations generally are present 
both at the tissue and cellular level.

The heart in great part depends for its function on the 
energy generated by mitochondria, primarily by the b-oxidation 
of fatty acids, ETC, and OXPHOS but also by maintaining 
normal signaling pathways and crosstalking between 
mitochondria and other cellular organelles. Evidence from 
transgenic animal models supports the concept that defects 
in mitochondrial energy generation at specific loci or path-
ways may result in HF and numerous molecular and cellular 
changes leading to HF are being continuously identified.

Besides the organelle contribution to bioenergetic func-
tion, mitochondria are intimately involved in the regulation 
of intracellular Ca2+ flux, cardiomyocyte cell death, remodeling 
events, ROS generation and antioxidant response, and in  

furnishing cardioprotective actions in response to physiological 
and pathological insults. Interestingly, the organelle with its 
manifold roles in energy production, sensor and transport, 
ROS generation and signaling, cell death, Ca2+ levels and 
contractility, has often been overlooked (Table 5.1).

A discussion about which mitochondrial changes occur in 
HF will be presented in this chapter, with emphasis on the 
organelle role on bioenergetics and biogenesis, ROS and oxida-
tive stress (OS), downstream effects on myocyte function 
(i.e., contractility and stimuli response), and cell death (i.e., 
apoptosis and necrosis). Such a discussion requires a larger 
view of the mitochondria function within the cellular context in 
the pathogenesis of HF including interaction and cross talk 
with other organelles. Moreover, we will review current inves-
tigative work from experimental animal models, the use of 
transgenic models, gene profiling analysis, in vitro studies with 
isolated cardiomyocytes (to identify pathway components in 
HF), and potential targets for new therapeutic interventions.

Centrality of Mitochondria  
in Cardiac Bioenergetics

The overall centrality of the mitochondrial organelle in HF 
with its manifold roles is shown in Fig. 5.1. The role of fuel 
supply and in particular ATP levels are critical for myocardial 
contractility and electrophysiology [1–5]. The primary 
ATP-utilizing reactions in the myocyte involve actomyosin 
ATPase in the myofibril, the Ca2+-ATPase in the sarcoplasmic 
reticulum (SERCA), and the Na+/K+-ATPase in the sarco-
lemma. ATP produced by mitochondrial oxidative phospho-
rylation (OXPHOS) is used preferentially to support myocyte 
contractile activity [6]. Indeed, mitochondria appear to be 
clustered at sites of high ATP demand and are organized into 
highly ordered elongated bundles, regularly spaced between 
rows of myofilaments and in contact with the sarcoplasmic 
reticulum (SR). Moreover, structural contacts between the SR 
and mitochondria have been revealed by electron microscopy, 
and there is compelling evidence of a coordination between 
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these organelles at the level of Ca2+ homeostasis and regula-
tion of ATP production [7].

Fatty acids are the primary energy substrate for heart muscle 
ATP generation by mitochondrial OXPHOS and the respiratory 
chain, the most important energetic pathway providing over 
90% of cardiac energy. The supply of ATP from other sources 
such as cytosolic glycolytic metabolism is limited in normal 

cardiac tissue. In addition, mitochondrial-localized fatty acid b-
oxidation (FAO) and the oxidation of carbohydrates, through 
the matrix-localized TCA cycle, generate the majority of 
intramitochondrial NADH and FADH, which are the direct 
source of electrons for the electron transport chain (ETC) and 
also produce a portion of the ATP supply (Fig. 5.2).

Furthermore, the heart maintains stored pools of high-
energy phosphates including ATP and phosphocreatine (PCr). 
The enzyme creatine kinase (CK), which has both mitochon-
drial and cytosolic isoforms, transfers the phosphoryl group 
between ATP and PCr at a rate estimated to be ten times 
greater than the rate of ATP synthesis by OXPHOS [8]. Under 
conditions that increase ATP demand in excess of ATP supply 
such as in acute pump failure in ischemia, utilization of PCr 
via the CK reaction is an important mechanism that maintains 
steady myocardial ATP levels. Another relevant enzyme-
mediated transfer system dedicated to maintaining ATP levels 
involves adenylate kinase (AK) transferring phosphoryl groups 
among adenine nucleotides. In addition, the adenine nucle-
otide translocators (ANT) are a family of inner membrane 
proteins that exchange mitochondrial ATP for cytosolic ADP, 

Table 5.1 Mitochondria changes in heart failure

Defects in the electron transport chain (ETC) and in oxidative 
phosphorylation (OXPHOS)

Decreased levels of tricarboxylic acid cycle (TCA)
Decreased levels of fatty acid oxidation (FAO)
Increased production of reactive oxygen species (ROS) and oxidative 

stress (OS)
Increased ROS-mediated damage to DNA, proteins, and lipids
Abnormal membrane potential
Changes in mitochondrial biogenesis and turnover
Abnormal mitochondrial permeability transition
Abnormal mitochondrial energy transfer via the adenine nucleotide 

translocator (ANT) and mitochondrial creatine kinase

Fig. 5.1 Centrality and interactions of mitochondrial energy metabolism with molecular triggers and cellular pathways leading to heart failure
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providing new ADP to the mitochondria while delivering 
ATP to the cytoplasm for cellular work.

The concept of an energy-starved or deficient myocardial 
phenotype has been buttressed by the use of powerful ana-
lytical technologies such as nuclear magnetic resonance 
(NMR) spectroscopy and positron emission tomography 
(PET) [1–5]. Moreover, this concept has significant clinical 
implications in the management of patients with HF since 
pharmacological interventions that reduce metabolic demand, 
such as ACE inhibitors, angiotensin blockers, and b-blockers 
improve clinical outcomes, and conversely agents that 
increase metabolic demand, such as positive inotropic drugs, 
are less effective in improving outcomes and often increase 
mortality [2, 3].

Observations from patients in HF have shown reduced 
activity levels of mitochondrial bioenergetic enzymes including 
selected respiratory enzymes and mt-CK [9–12]. Moreover, 
the failing human heart has a 25–30% decline in ATP levels 
as gauged from observations with human biopsy specimens 
[13], and by 31P NMR spectroscopy [14]. Data from animal 

models of HF have also shown that the loss of ATP associ-
ated with a loss in the total adenine nucleotide pool in the 
failing myocardium is slow and progressive suggesting that a 
decline in ATP content might only be detectable in severe  
HF [15].

In animal models of HF, the total pool of cardiac creatine, 
phosphorylated by CK to form PCr, is reduced by as much as 
60% [16, 17] and the magnitude of creatine depletion corre-
lated with the severity of HF in patients [18]. Similarly, PCr 
levels as measured by 31P NMR and PCr/ATP ratios were sig-
nificantly lower in subjects with dilated cardiomyopathy 
(DCM) and HF [19]. Even at moderate workloads, a decrease 
in PCr/ATP ratio has been consistently reported in the failing 
human heart and in experimental HF. This is a strong predictor 
of cardiovascular mortality in patients with DCM (even better 
than LV ejection fraction) [20]. While PCr levels or PCr/ATP 
ratios are not specific markers of HF (since they also decline 
in compensated left ventricular hypertrophy), they are markers 
of mismatch between ATP supply and ATP demand for 
utilization. Potential mechanisms responsible for the decline 

Fig. 5.2 Mitochondrial bioenergetic pathways and their interplay with critical cellular sites of myocardial ATP utilization
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in PCr include reduced number or activity of the creatine 
transporter [21], and altered CK expression/function [22].

In transgenic mice, targeting of genes associated with mito-
chondrial bioenergetic function can also lead to cardiomyopa-
thy and HF. For instance, mutational inactivation of the heart/
muscle isoform of Ant1 gene in transgenic mice will result in 
the development of skeletal myopathy and cardiomyopathy 
leading to HF [23]. The Ant1 gene deficient mice exhibit mito-
chondrial abnormalities including a partial deficit in ADP-
stimulated respiration, consistent with impaired translocation 
of ADP into mitochondria in both skeletal muscle and heart. 
Ant1−/− mice also exhibit a progressive cardiac hypertrophic 
phenotype coincident with the proliferation of mitochondria 
[24]. This mitochondrial biogenic response may be a compen-
satory mechanism to correct the energy deficit, but could also 
be contributory to cardiac remodeling. Interestingly, null 
mutations in either the mitochondrial or cytosolic creatine 
kinase gene in mice also lead to increased LV dilation and 
hypertrophy [25, 26]. Palmieri et al. have reported the 

presence of a recessive mutation in the heart/muscle specific-
isoform of ANT1 in a patient with HCM and mild myopathy 
with exercise intolerance and lactic acidosis [27]. This muta-
tion resulted in complete loss of adenine nucleotide transport 
function and was also associated with increased levels of 
muscle mitochondrial DNA (mtDNA) deletions.

Clinical evidence indicating that mitochondrial bioener-
getic metabolism may be critical and primary in the develop-
ment of HF has come from the identification in individuals 
with a variety of cardiomyopathies of specific nuclear gene 
defects in mitochondrial/metabolic proteins including ANT, 
respiratory complex enzyme subunits, molecules involved in 
complex IV assembly, and FAO enzymes (Table 5.2). Specific 
mtDNA gene defects associated with clinical CM/HF 
(Table 5.3), often with associated neuropathy, have also been 
identified in tRNA genes [28], although mutations in struc-
tural genes such as ATP6/ATP8 and cytb (mitochondrial 
genes encoding subunits of complex V and III respectively) 
can also lead to CM/HF [29–31].

Table 5.2 Specific nuclear gene defects in mitochondrial metabolism leading to cardiomyopathy and HF

Gene loci Protein function Cardiac phenotype

Nuclear genes
PRKAG2 AMP-activated protein kinase (regulatory subunit); energy sensor HCM
SCO2 Cytochrome c oxidase (COX) assembly HCM
NDUFV2 Respiratory complex I subunit HCM
NDUFS2 Respiratory complex I subunit HCM
ANT Adenine nucleotide transporter/mtDNA maintenance HCM
ACADVL VLCAD activity (FAO) HCM/DCM
FRDA Mitochondrial iron import HCM/FA
COX10 Cytochrome c oxidase (COX) assembly HCM
SLC22A4 Carnitine transporter (OCTN2) HCM/DCM
COX15 Cytochrome c oxidase (COX) assembly HCM
TAZ (G4.5) Tafazzin (FAO) DCM/Barth syndrome
MTP/HADHA Mitochondrial trifunctional protein (FAO) DCM

FAO fatty acid oxidation; FA Friedreich ataxia; HCM hypertrophic cardiomyopathy; DCM dilated cardiomyopathy

Table 5.3 Specific mitochondrial gene defects leading to clinical cardiomyopathy and HF

Gene loci Protein function Cardiac phenotype

MtDNA
Leu3243 (A → G) Mitochondrial tRNA Biogenesis DCM
Leu3303 (C → T) Mitochondrial tRNA Biogenesis Fatal CM
Ile 4300 (A → G) Mitochondrial tRNA Biogenesis HCM – adult onset, HF
Ile 4320 (C → T) Mitochondrial tRNA Biogenesis Fatal CM
Ile 4269 (A → G) Mitochondrial tRNA Biogenesis CM, HF
Lys 8334 (A → G) Mitochondrial tRNA Biogenesis HCM, MERRF
Lys 8363 (G → A) Mitochondrial tRNA Biogenesis HCM, deafness, LS
Lys 8296 (A → G) Mitochondrial tRNA Biogenesis Fatal HCM
Gly 9997 (T → C) Mitochondrial tRNA Biogenesis Dysrhythmia, HCM
16S rRNA 3093 (C → G) Mitochondrial tRNA Biogenesis MELAS, CM
12S rRNA 1555 (A → G) Mitochondrial tRNA Biogenesis CM, HF
Cytb 15498 (G → A) Gly → Asp Cytochrome b, ETC HiCM
ATPase6 8993 (T → G) Leu → Arg Mitochondrial ATP synthase, OXPHOS LS, HCM

HiCM histiocytoid cardiomyopathy; LS Leigh syndrome; HCM hypertrophic cardiomyopathy; DCM dilated cardiomyopathy; 
MELAS mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke
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Hence, mitochondrial bioenergetic pathways including 
ETC, OXPHOS, the TCA cycle, and FAO are crucial for the 
myocardial intracellular ATP-requiring pumps that control 
sarcomeric contractile functioning, calcium cycling, and 
membrane ion transport. While there is evidence that sug-
gests that multiple deficits in these pathways likely contrib-
ute to the bioenergetic decline in observed human HF, 
indicative of a programmatic shift in bioenergetic production 
and utilization, it is unclear when and how this occurs.

Mitochondrial ROS Generation  
and Antioxidant Response

One attractive hypothesis for mitochondrial contribution  
to HF relates to its role in ROS production. The generation 
of a majority of intracellular ROS including superoxide  

and hydroxyl radicals, and hydrogen peroxide (H
2
O

2
) is a 

by-product of normal mitochondrial metabolism and bioen-
ergetic activities (Fig. 5.3). Side reactions of mitochondrial 
respiratory enzymes (primarily complex I and III) with oxygen 
directly generate the superoxide anion radical; either exces-
sive or diminished electron flux at these sites can stimulate 
the auto-oxidation of flavins and quinones (including coen-
zyme Q) producing superoxide radicals. The superoxide 
radicals can react with NO to form peroxynitrite, which is a 
highly reactive and deleterious free radical species or can be 
converted by superoxide dismutase (SOD) to H

2
O

2
 that can 

further react to form highly reactive hydroxyl radicals. The 
high reactivity of the hydroxyl radical and its extremely 
short physiological half-life of 10−9 s restrict its damage to a 
small radius from its origin since it is too short-lived to dif-
fuse a considerable distance. Mitochondrial-generated ROS 
can lead to extensive oxidative damage to macromolecules 
such as proteins, DNA, and lipids particularly targeting 

Fig. 5.3 Molecular and subcellular events leading to ROS and oxida-
tive stress. Damage to proteins, lipids, and mtDNA caused by mito-
chondrial-generated ROS including H

2
O

2
, superoxide (O

2
•−), and 

hydroxyl radicals (OH−), leads to PT pore opening and apoptotic cell 
death, mitochondrial enzyme dysfunction, and nuclear DNA damage as 

well as modulated DNA repair and gene expression in the nucleus. Also 
shown are antioxidant factors in peroxisomes (catalase), mitochondria 
(GPx, GSH, and MnSOD), and in the cytosol (CuSOD) that function to 
scavenge ROS and reduce their impact
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proximal mitochondrial components including mitochon-
drial respiratory enzymes, matrix enzymes (e.g., aconitase), 
and membrane phospholipids such as cardiolipin. There is 
also indication that mitochondrial ROS damage affects a 
wide spectrum of cardiomyocyte functions including con-
tractility, ion transport, and calcium cycling. Mitochondrial 
ROS also play a role in cell signaling (e.g., in triggering 
cardioprotective pathways) and in the transcriptional activa-
tion of select nuclear genes eliciting a novel transcriptional 
programming.

The limited data available from animal models of HF 
have shown an increase in hydroxyl and superoxide radicals. 
In murine HF created by ligation of the left anterior descend-
ing coronary artery for 4 weeks, Ide et al. [32] found that LV 
dilatation and decreased contractility were accompanied by 
significant increases in levels of hydroxyl radicals and lipid 
peroxides. In addition, the infarcted LV from mice exhibited 
diminished activity of respiratory complexes I, III, and IV 
(enzymes each containing subunits encoded by mtDNA) 
while the mitochondrial enzymes encoded only by nuclear 
DNA (e.g., citrate synthase and complex II) were unaffected. 
Ide et al. [33, 34] using electron spin resonance (ESR) spec-
troscopy to directly assess ROS levels in the canine model of 
pacing-induced HF, found a significant increase in superox-
ide anion and hydroxyl radical levels in myocardial submito-
chondrial fractions. These observations suggested that the 
elevated myocardial ROS production was secondary to the 
functional block of electron transport, resulting from a 
marked decrease in mitochondrial respiratory complex activ-
ities (primarily complex I) and also showed a significant 
positive correlation between myocardial ROS levels and 
abnormal LV contractility.

Nevertheless, direct measurement of short-lived ROS is 
extremely difficult and several laboratories have reported 
increased levels of ROS-mediated damage (e.g., lipid peroxi-
dation, DNA, and protein oxidation) as an indirect index of 
ROS/OS in several animal models, including pacing-induced 
HF [35–37]. The left ventricle from paced animals exhibited 
increased aldehyde levels and marked reductions in the activity 
of respiratory complex III and V together with increased  
levels of large-scale mtDNA deletions [37].

While elevated ROS activation in the failing heart has 
been shown to arise from both mitochondrial and extrami-
tochondrial sources, the role of endogenous antioxidants 
in ameliorating myocardial OS and the dynamic balance 
between these counteracting forces should be considered. 
It is well known that both cytosolic antioxidant enzymes 
(e.g., catalase, SOD1/CuSOD) and mitochondrial-localized 
antioxidants including SOD2/MnSOD, thioredoxin, and 
glutathione peroxidase can reduce ROS levels. Also, thiore-
doxin and thioredoxin reductase form an enzymatic 
antioxidant and redox regulatory system implicated in the 
regeneration of many antioxidant molecules, including 

ubiquinone, selenium-containing substances, lipoic acid, 
and ascorbic acid [38].

Among the most compelling evidence supporting a pri-
mary role for mitochondrial ROS and OS in cardiomyopathy 
and HF are findings with antioxidant genes in transgenic 
mice. Strains harboring null mutations in either MnSOD or 
TrxR2 encoding mitochondrial thioredoxin reductase exhibit 
DCM and HF [39–42]. Li et al. [42] found that mice homozy-
gous for MnSOD deficiency resulted in early neonatal death 
from severe DCM, and metabolic acidosis. Moreover, these 
strains displayed severe reduction in myocardial succinate 
dehydrogenase (complex II) and aconitase (a TCA cycle 
enzyme) suggesting that MnSOD is required for maintaining 
the integrity of mitochondrial enzymes susceptible to direct 
inactivation by superoxide.

Mice in which MnSOD-deficiency was targeted to skeletal 
muscle and heart (i.e., H/M-Sod2−/− strains) displayed pro-
gressive HF with depressed cardiac contractility by 8 weeks, 
cardiac enlargement by 16 weeks, and death from HF by 22 
weeks [42]. Cardiac pathology was associated with specific 
defects in mitochondrial respiration (i.e., severely reduced 
respiratory complex II and moderately reduced complex 
I and III activities) and in myocardial mitochondrial ultra-
structure. Immunoblot analyses showed significant expres-
sion of the SDHA and SDHB subunits from myocardial 
complex II H/M-Sod2−/− mice, with moderate suppression of 
complex Ia 9, Rieske iron–sulfur protein and Core I subunit 
of complex III, and a and b subunits of complex V. 
Mitochondrial superoxide production was also significantly 
higher in these mice as was mitochondrial (but not cytosolic) 
lipid peroxidation suggesting that oxidative damage was spe-
cifically localized in mitochondria. In addition, myocardial 
ATP production and content were significantly diminished, 
which may account for the absence of energy-dependent 
apoptosis in H/M-Sod2−/− mice. This study also offered fur-
ther evidence that ROS and OS are intimately linked to the 
progression of cardiomyopathy/HF, since the administration 
at 8 weeks of age of the antioxidant MnSOD mimetic 
(MnTBAP) significantly improved cardiac contractility and 
ameliorated the overall phenotype.

Overexpression of the antioxidant glutathione peroxidase 
in transgenic mice inhibited the development of LV remodel-
ing and failure after myocardial infarct (MI), and was associ-
ated with the attenuation of myocyte hypertrophy, apoptosis, 
and interstitial fibrosis [43]. Moreover, Schriner et al. have 
demonstrated that overexpression of catalase (primarily a 
peroxisomal-localized enzyme) targeted to the mitochondria 
increased overall mouse longevity, diminished OS and 
ROS-mediated mitochondrial protein and mtDNA damage, 
and delayed the onset of aging-mediated cardiac pathology 
including subendocardial interstitial fibrosis, vacuoliza-
tion of cytoplasm, variable myofiber size, hypercellularity,  
collapse of sarcomeres, mineralization, and arteriosclerosis, 
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changes commonly observed in elderly human hearts, and 
often found in association with congestive HF [44]. Another 
important finding was that it mattered in which subcellular 
compartment the over-expressed catalase was localized with 
little evidence of benefits from nuclear or peroxisomal-localized 
as compared to striking benefits of mitochondrial-localized 
catalase activity.

In clinical cases, a clear link between OS/ROS and chronic 
ventricular dysfunction has only been established in anthra-
cycline-mediated and alcoholic cardiomyopathies. In con-
trast, it remains unclear whether ROS or OS have a 
pathophysiologic role in the vast majority of patients with 
congestive HF or cardiomyopathy due to ischemic, hyper-
tensive, valvular, or idiopathic causes [45]. Superoxide 
anions as assessed by EPR with an O

2
•− spin trap were 

reported to increase more than twofold in the failing ven-
tricular myocardium from patients with end-stage HF under-
going transplant [46]. Moreover, despite increased MnSOD 
mRNA levels, a marked decline in mitochondrial-localized 
MnSOD protein and activity was detected. Both increased 
ROS levels and decreased antioxidant response would be 
expected to lead to enhanced OS in the failing heart, which 
in turn may result in increased transcription of antioxidant 
enzymes. That excessive ROS/OS in HF may serve as a 
potent trigger for changes in specific nuclear gene expres-
sion, may also underlie the programmatic shift in mitochon-
drial bioenergetic function previously discussed, as well as 
acting as a catalyst in myocyte remodeling.

Mitochondrial Role in HF Apoptosis  
and Necrosis

The overall role that apoptosis play in HF has not been defin-
itively established. Presently, there is only limited morpho-
logical evidence that significant cardiomyocyte apoptosis 
occurs in MI or at any stage of HF. Apoptotic rates are higher 
after human MI (ranging from 2 to 12%) than in end-stage 
(NYHA class III–IV) human HF (range 0.1–0.7%) [47, 48]. 
While the rate of apoptosis is quite low when viewed in abso-
lute terms, when the relatively low rates are viewed in the 
context of months or years, the actual chronic cell loss attrib-
utable to apoptosis (particularly among non-dividing myo-
cytes) could be substantial. Moreover, apoptotic measurements 
represent only the number of cells undergoing apoptosis at a 
single point of time and the accurate assessment of true rates 
and their consequences remain to be established.

The mitochondrial-mediated intrinsic apoptotic pathway 
features an extensive dialog between the mitochondria, the 
nucleus, the endoplasmic reticulum (ER), and other subcel-
lular organelles as depicted in Fig. 5.4. The release of several 
mitochondrial-specific proteins from the intermembrane 

space including cytochrome c, endonuclease G (EndoG), 
apoptosis inducing factor (AIF), and Smac are central to the 
early triggering events in the apoptotic pathway including 
downstream caspase activation, nuclear DNA fragmentation, 
and cell death [49]. The release of EndoG and AIF, and their 
translocation to the nucleus, specifically promote nuclear 
DNA degradation, even in the absence of caspase activation 
[50, 51]. The release of both Smac and cytochrome c, which 
required modification in the mitochondrial organelle to 
become apoptotically active, are involved in cytosolic cas-
pase activation, i.e., Smac binds and inhibits endogenous 
cytosolic signaling complexes (e.g., IAPs) that modulate 
apoptosis, thereby promoting caspase activity. Interestingly, 
Smac is highly expressed in the heart. In the cytosol, cyto-
chrome c binds Apaf-1 along with dATP and promotes pro-
caspase-9 recruitment into the apoptosome, a multiprotein 
complex, resulting in caspase activation [52].

The release of these mitochondrial peptides involves 
the permeabilization of the outer membrane mediated by 
proapoptotic cytosolic factors Bax, Bak, and tBID. In 
response to both external pro-death signals largely provided 
by the extrinsic apoptosis pathway (e.g., ischemia/hypoxia, 
TNF-a, and Fas ligand) and nuclear signals (e.g., p53), these 
factors translocate to mitochondria where they bind outer 
membrane proteins (e.g., VDAC) and can initiate outer mem-
brane channel formation [49].

Protein release from the intermembrane space and cris-
tae, where the majority of cytochrome c is localized, is also 
associated with opening of the voltage-sensitive PT pore 
located at the contact sites between inner and outer mem-
branes. Opening of this non-specific pore is responsive to 
mitochondrial membrane potential (DyM), mitochondrial 
ROS and Ca2+ overload, pro-oxidant accumulation, and NO 
[53]. The peptide composition of the PT pore while still 
controversial is thought to involve several key players in 
mitochondrial bioenergetic metabolism, including ANT, 
mt-CK, the outer membrane porin (VDAC), and inner membrane 
cyclophilin-D. Opening of the PT pore promotes significant 
changes in mitochondrial structure and metabolism, includ-
ing increased mitochondrial matrix volume leading to  
mitochondrial swelling, release of matrix Ca2+, altered cris-
tae, and cessation of ATP production secondary to the 
uncoupling of ETC and dissipation of DyM [54]. Therefore, 
cytochrome c efflux appears to be coordinated with activa-
tion of a mitochondrial remodeling pathway characterized 
by changes in inner membrane morphology and organiza-
tion, ensuring complete release of cytochrome c and the 
onset of mitochondrial dysfunction, which might further 
contribute to the HF phenotype [55].

Opposing the progression of this apoptotic pathway, 
antiapoptotic proteins (e.g., Bcl-2), localized to the outer 
mitochondrial membrane, either directly compete with or 
impede proapoptotic factor activity, stabilizing mitochondrial 
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membranes and their channels thereby preventing mito-
chondrial disruption and inhibiting PT pore opening. The 
endoplasmic reticulum (ER) has been recognized as an 
important organelle in the intrinsic pathway. Similar to 
their roles in transducing upstream signals to the mitochon-
dria, proapoptotic proteins appear to relay upstream death 
signals to the ER triggering Ca2+ release which in turn can 
rapidly accumulate in mitochondria promoting PT pore 

opening [49]. In addition to its role in mediating cellular 
responses to traditional ER stresses, such as misfolded 
proteins, this organelle appears to be critical in mediating 
cell death elicited by a subset of stimuli originating outside 
of the ER, such as OS [56]. Moreover, similar to their roles 
in transducing upstream signals to the mitochondria, BH3-
only proteins appear to relay upstream death signals to the 
ER [57].

Fig. 5.4 The intrinsic pathway of apoptosis. An array of extracellular 
and intracellular signals triggers the intrinsic apoptotic pathway, which 
is regulated by proapoptotic proteins (e.g., Bax, Bid, and Bak) binding 
to the outer mitochondrial membrane leading to outer-membrane per-
meabilization and PT pore opening. Elevated levels of mitochondrial 
Ca2+ as well as ETC-generated ROS also promote PT pore opening. 
This is followed by the release of cytochrome c (Cyt c), Smac, EndoG, 
and AIF from the mitochondria intermembrane space to the cytosol and 
apoptosome formation (with Cyt c) leading to caspase 9 activation, 
DNA fragmentation (with nuclear translocation of AIF and EndoG), 

and inhibition of IAP (by Smac), further stimulating activation of cas-
pases 9 and 3. Bax and Bid-mediated mitochondrial membrane permea-
bilization and apoptogen release are prevented by antiapoptogenic 
proteins (e.g., Bcl-2). Also shown are the major proteins comprising the 
PT pore, including adenine nucleotide translocator (ANT), creatine 
kinase (CK), cyclophilin D (CyP-D), and porin (VDAC). Intracellular 
stimuli trigger ER release of Ca2+ through both Bax and BH3-protein 
interactions. Endogenous myocardial factors including apoptosis 
repressor with caspase recruitment domain (ARC) can target discrete 
loci impacting mitochondrial-based apoptotic progression
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As shown in Fig. 5.4 endogenous myocardial factors 
including ARC, a master regulator of cardiac death signaling, 
whose regulation during HF is of great interest, can target 
discrete loci impacting mitochondrial-based apoptotic pro-
gression and preserving mitochondrial function [58]. In 
addition, prosurvival factors from growth factor signaling 
pathways (e.g., IGF-1) can inhibit the progression of the 
apoptotic pathway as well as hypoxia-mediated cardiomyo-
cyte mitochondrial dysfunction albeit their precise mecha-
nism of action is unknown [59].

Recently, it has been suggested that myocardial apoptosis 
is not a feature of end-stage disease. Akyurek et al. have 
reported the presence of higher Bax levels in mild HF com-
pared with moderate or severe HF suggesting that cardio-
myocytes are more prone to apoptosis in earlier stages of the 
disease [60]. This susceptibility to apoptosis showed a close 
correlation with echocardiographic and hemodynamic data 
indicative that apoptosis may have a role in the transition 
from mild to end-stage HF.

While myocardial apoptotic induction is frequently asso-
ciated with abnormal mitochondrial respiratory function, the 
basis of this relationship remains unclear. Targeting apop-
totic factors has been shown to reverse the cardiomyopathy/
HF phenotype and associated mitochondrial dysfunction 
underscoring the interconnected roles of apoptosis and mito-
chondrial dysfunction in HF. Bcl-2 proteins attenuate p53-
mediated apoptosis in cardiomyocytes [61], increase the Ca2+ 
threshold for PT pore opening, decrease mitochondrial Ca2+ 
efflux due to Na+-dependent Ca2+ exchanger in mouse heart 
mitochondria [62], and inhibit hypoxia-induced apoptosis in 
isolated adult cardiomyocytes [63]. In desmin-null trans-
genic mice, which develop cardiomyopathy and HF as well 
as defective mitochondrial function, there is extensive car-
diomyocyte loss in focal areas, and decreased cytochrome c 
levels in heart mitochondria [64, 65].

Bcl-2 overexpression in these desmin deficient mice 
dramatically ameliorated the cardiomyopathic phenotype, 
restored ETC function, and changed the mitochondrial 
sensitivity to Ca2+ exposure [66]. Furthermore, Bcl-2 fam-
ily proteins are potential regulators of mitochondrial ener-
getics [67]. During ischemia, when mitochondrial ETC 
and ATP generation are inhibited because of lack of oxy-
gen, the mitochondrial F1F0-ATPase (complex V) runs in 
reverse and pumps protons out of the matrix while glyco-
lytic ATP is consumed in an attempt to restore DyM. Bcl-2 
has been demonstrated to reduce the rate of ATP consump-
tion during ischemia by inhibiting the F1F0-ATPase. 
Imahashi et al. have reported that transgenic mice overex-
pressing Bcl-2 in the heart displayed a decreased rate of 
ATP decline during ischemia as well as reduced acidifica-
tion, suggesting that Bcl-2 may provide myocardial pro-
tection by inhibiting consumption of glycolysis-generated 
ATP by the F1F0-ATPase [67].

Another link between apoptosis and mitochondrial respi-
ratory function was established with the demonstration that 
mice containing a cardiac-specific deletion of AIF developed 
severe DCM, HF and decreased ETC activities, particularly 
of complex I [68, 69]. In addition, isolated hearts of AIF-
deficient animals developed poor contractile performance  
in response to ETC-dependent energy substrates, but not in 
response to glucose consistent with the concept that impaired 
heart function in AIF-deficient mice results from abnormal 
ETC function. These results also suggest that AIF similar to 
cytochrome c serves an essential (albeit largely uncharacter-
ized) role in OXPHOS. With apoptosis, mitochondrial loss 
of both AIF and cytochrome c impacts ETC and promotes 
AIF nuclear translocation and DNA degradation, demon-
strating another side of nuclear–mitochondrial cross-talk.

Other types of cell death including necrosis are evident in 
the failing heart at similar (and in some cases greater) num-
bers [70–72]. In contrast to apoptosis, necrotic cell death is 
not energy requiring and exhibits characteristic features that 
include swelling of the cell and its organelles, extensive 
mitochondrial disruption, blebbing and ultimately irrevers-
ible disintegration of the plasma membrane. Necrotic dis-
ruption of the plasma membrane leads to release of cellular 
content into the extracellular space (e.g., release of CK from 
necrotic myocardial cells), which promotes further inflam-
matory reaction and subsequent damage or death of neigh-
boring cells. Many of the morphological differences between 
apoptotic and necrotic processes appear to result from cas-
pase action that is unique to apoptosis, although there is a 
rather fine line between apoptosis and necrosis that compli-
cates their differentiation. Honda et al. have shown that in 
the absence of phagocytic cells (to remove damaged apop-
totic cells), plasma membrane disruption of apoptotic cells 
can occur leading to secondary necrosis [73]. Furthermore, 
shared signaling pathway elements between these different 
modes of cell death include mitochondrial-based events. For 
instance, a common event leading to both apoptosis and 
necrosis is mitochondrial permeabilization and dysfunction 
(i.e., both involve mitochondrial PT pore opening), although 
the mechanistic basis of mitochondrial injury appears to 
vary in different settings [74]. ATP level is a critical factor 
determining which type of cell death will proceed [75–77]. 
If ATP levels fall profoundly, plasma membrane permeabi-
lization and cell rupture ensue leading to necrosis. If ATP 
levels are partially maintained, apoptosis (which requires 
ATP for its progression) follows PT pore opening. In trans-
genic mice with enhanced sarcolemmal, L-type Ca2+ channel 
activity with progressive myocyte necrosis that led to pump 
failure and premature death, necrosis in association with 
dysregulated Ca2+ handling and b-adrenergic receptor 
signaling and subsequent HF could be prevented by the tar-
geted loss of cyclophilin-D, a regulator of the mitochondrial 
PT pore [78].
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A third type of cell death associated with autophagy has 
recently been described in HF [72, 79]. In contrast with 
necrosis, autophagic cell death similar to apoptosis is char-
acterized by the absence of tissue inflammatory response. 
However, in contrast to apoptosis, which features early col-
lapse of cytoskeletal elements with preservation of organ-
elles until late in the process, autophagic cell death exhibits 
early degradation of organelles and preservation of cytoskel-
etal elements until later stages. Also, unlike apoptosis, cas-
pase activation and DNA fragmentation occur very late (if 
at all) in autophagic cell death [80]. Although the informa-
tion currently available concerning its signaling pathway 
and interaction with mitochondria is rather limited, 
autophagy appears to be triggered by mitochondrial ROS 
and the role(s) of defective mitochondria in autophagasome 
biogenesis and in selective cell removal in aging are being 
actively explored [81].

Mitochondria in Experimental Animal 
Models of HF

Enzyme Dysfunction

Mitochondrial OXPHOS dysfunction and ROS production 
have been investigated at least in two experimental animal 
models of HF, the pacing-induced canine HF, and in rat 
infarct. A canine model in which rapid ventricular pacing 
leads to an increase in chamber dimension, wall thinning, 
elevation in ventricular wall stress, and congestive HF reca-
pitulates many features of human DCM and HF [82], and 
using proteomic analysis, many of the cardiac proteins altered 
in the canine model of pacing-induced HF are involved in 
energy metabolism [83]. That cardiac metabolism plays a role 
in HF was confirmed by O’Brien et al. observations of signifi-
cant decrease in ATP-utilizing enzymes including SERCA 
and myofibrillar Ca2+ ATPase activities in dogs that were 
paced to advanced HF (4 weeks of pacing), whereas in dogs 
with early HF (1 weeks of pacing), there was a significant 
decline in activities of the SR Ca2+ release channel, mitochon-
drial ATP synthesis, and creatine kinase [84, 85].

Data obtained from biochemical analysis in paced dogs 
documented a significant decrease in cardiac respiratory 
complex III and V activities [37]. Included in this study was 
a limited temporal course analysis that showed significant 
reduction in specific ETC enzymes activities in early HF 
(between 1 and 2 weeks of pacing) [86]. Moreover, this early 
ETC dysfunction correlated with the appearance of markers 
of myocyte apoptosis and OS, whose presence has been 
previously described in paced failing hearts [36, 87]. 
Using electron spin resonance (ESR) spectroscopy to directly 

assess ROS levels in paced dog hearts, Ide et al. demonstrated 
a significant increase in superoxide anion levels in myocar-
dial submitochondrial fractions; the elevated ROS production 
was attributed to the functional block of electron transport, 
resulting from a marked decrease in mitochondrial respira-
tory complex activities [33]. Furthermore, later studies by Ide 
et al. [34] using the paced dog HF model and modified ESR 
analysis showed a significant increase in hydroxyl radical 
levels, and a significant positive correlation between myo-
cardial ROS levels and increases in LV contractile 
dysfunction.

While initial studies in paced canine hearts, carried out in 
our laboratory, revealed mtDNA damage (i.e., large-scale 
mtDNA deletions detected by PCR), the levels of deletion 
relative to wild-type mtDNA were very low (less than 1%) and 
their significance is unclear [37]. Furthermore, using quantita-
tive PCR analysis, no significant changes were noted in the 
overall mtDNA levels nor was there any significant changes in 
either mtDNA-encoded complex IV or nuclear DNA-encoded 
complex II and citrate synthase activities, making a claim for 
a generalized loss or increase of mitochondrial number, mito-
chondrial gene expression, or mtDNA in this HF model 
unlikely. A potential explanation and a testable hypothesis for 
these findings is that post-transcriptional changes (potentially 
ROS-induced) of specific enzyme subunits underlie the pacing-
induced mitochondrial enzymatic dysfunction, a hypothesis 
that is being currently investigated. Furthermore, analysis of 
isolated mitochondria from paced and control animals showed 
that the respiratory ETC defects (including complex I as well 
as complex III and V activities) were present in both interfi-
brillar and subsarcolemmal mitochondrial sub-populations. 
These findings do not support previous observations of differ-
ences in ETC-related mitochondrial fractions.

Similar respiratory dysfunction (relative to enzymes 
affected) was present in both skeletal muscle and cardiac tissues 
supporting the view that pacing induced HF involves a 
 generalized metabolic myopathy. The effect that experimen-
tal HF has on skeletal muscle metabolic function is consistent 
with observations of early muscular fatigue and exercise 
intolerance in patients with HF [88]. Besides myocardial 
changes, analysis of biopsied skeletal muscle in HF patients 
showed a 20% reduction in mitochondrial volume (irrespec-
tive of age), which correlates with the reduced aerobic capacity 
observed in these patients [89]. Moreover, these patients dis-
played decreased oxidative capacity with significantly reduced 
activities of complex IV [89], succinate dehydrogenase (com-
plex II), and 3-hydroxyacyl CoA dehydrogenase, a mitochon-
drial enzyme involved in FAO [90]. A role for ROS and 
increased OS in skeletal muscle metabolic dysfunction in HF 
has been suggested from observations in several animal 
 models. For instance, increased ROS levels have been found 
in limb  skeletal muscles of HF mice in association with  
both increased ROS-mediated lipid peroxidation and reduced 
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levels of respiratory complex I and III activities [91], suggesting 
that ROS-induced damage may in part underlie the skeletal 
muscle mitochondrial dysfunction. Moreover, endothelial 
dysfunction occurring secondary to ROS and OS has been 
suggested to play a contributory role in skeletal muscle dys-
function [92], albeit limited data is thus far available in human 
HF. We also found that paced dogs have markedly elevated 
myocardial aldehyde levels, indicative of increased peroxida-
tion (another OS-marker) as shown in Table 5.4.

Myocardial ROS/OS and apoptosis (as gauged by either 
enzyme immunoassay (ELISA) of cytoplasmic histone-asso-
ciated DNA fragments or by in situ TUNEL analysis) were 
further assessed in early HF (1 week pacing) and late HF 
(3–4 week pacing), and found increasing levels of both over 
the pacing period (Fig. 5.5). These findings were extended to 

include a limited temporal course showing that substantial 
levels of myocardial dysfunction in specific ETC enzymes 
were present in early HF at 1–2 weeks of pacing (Fig. 5.6).

Interestingly, the decline in complex III activity continued 
over the full 4-week time-course of pacing while complex V 
dysfunction was most pronounced in early pacing and 
showed no significant further decline by 4 weeks of pacing. 
This suggests that the biochemical mechanisms involved in 
the inactivation of these two enzymes during pacing may be 
different.

Western immunoblot analysis of LV homogenate proteins 
further corroborated that specific mitochondrial bioenergetic 
proteins are quantitatively affected in the paced myocardium. 
On the other hand, no significant differences were detected 
in paced animals for overall levels of cytochrome c, the 
COX4 subunit of complex IV and the gamma subunit of 
complex V or for either of the PT pore components, VDAC/
porin or ANT (see Table 5.5). However, significant reduc-
tions were found in cytochrome b levels (the mtDNA-
encoded subunit of complex III) and in a protein reacting 
with a mitochondrial ATP synthase monoclonal antibody of 
the approximate size (52 kDa) of the ATP synthase b sub-
unit. Likely, these peptide deficiencies contribute to the com-
plex III and V activity defects noted in the paced animals. In 
addition, we found in the paced animals a definitive decline 
in the mt-CK isoform.

Table 5.4 Levels of oxidative stress as gauged by lipid peroxidation

Control Paced

Total aldehyde content 7,047.85 ± 447.9 11,760.63 ± 1,409.6*
Malondialdehydes 1,265.96 ± 121.9 5,804.36 ± 1,306.2*
2 Nonenal 92.76 ± 4.3 145.7 ± 13.6*
4 Hydroxyhexenal 1,332.1 ± 97.2 2,019.51 ± 30.1*

Dura shown correspond to the calculated mean values ± SEM
*p < 0.05 vs. control

Fig. 5.5 Levels of myocardial apoptosis and oxidative stress in control 
animals, early and late pacing-induced heart failure. Levels of myocyte 
apoptosis as determined by in situ TUNEL assay or by enzyme immu-
noassay (ELISA) for cytoplasmic histone-associated DNA fragments, 
and myocardial oxidative stress as determined by levels of myocardial 
aldehydes and the pro-inflammatory cytokine TNF-a were assessed in 
untreated control, in early HF (1 week paced) and in late (3–4 week 
paced) animals. *p = 0.05 compared to control; **p < 0.05 compared to 
either control or to early paced values

Fig. 5.6 Selected mitochondrial enzyme activities in the course of 
pacing-induced HF. Activity levels of mitochondrial respiratory com-
plex III and V and citrate synthase (CS) in left ventricle of untreated 
control, in early HF (1 week paced) and in late HF (3–4 week paced) 
animals. Data shown in both panels represent mean and SEM values for 
six animals in each group (unpaced control, early and later pacing) with 
level of significance (p < 0.05) indicated by *
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Previously, markedly reduced transcript levels of ATP 
synthase b and of mt-CK have been noted in the LV (among 
the manifold transcript changes) in a profiling analysis of 
pacing-induced HF in dogs. The findings suggested that 
orchestrated changes in both nuclear-encoded and mitochon-
dria-encoded enzyme subunit expression are likely an impor-
tant component of pacing-induced HF [93].

Western immunoblot analysis was carried out to deter-
mine levels of antioxidant proteins (as a potential gauge of 
OS) and of apoptotic markers as well (see Table 5.6). The 
mitochondrial-located MnSOD showed a modest increase in 
paced dogs LV (not significant) while catalase levels were 
unchanged. Among several markers of apoptosis evaluated, 
the activated form of caspase 3 (17 kDa) showed a substan-
tial 2.2-fold increase in the paced compared to control LV. 
Levels of p53 (a DNA-damage induced nuclear factor) and 
of a p53-target (p21/WAF1) were both significantly increased 
in the paced LV compared to controls of 6.9- and 25.4-fold, 
respectively.

Transcription of p21/WAF, a potent inhibitor of cyclin-
dependent kinase activity required for the progression of cell 
division from the G1 phase to S phase of mitosis, is known to 
be induced following DNA damage (oxidative damage), and 
often has been linked with the accumulation of p53, a tumor 

suppressor gene. In addition, expression of p21 selectively 
inhibits a set of genes involved in mitosis, DNA replication 
and repair, and can trigger growth-arrest in many cell types. 
This transcription factor has been shown to upregulate genes 
implicated in age-related diseases including atherosclerosis, 
Alzheimer’s disease, amyloidosis, and arthritis. A number of 
markers of cell aging are expressed after the transcription of 
p21. The finding of upregulation in the paced heart further 
underlines the relationship between HF and the aging pro-
cess. Moreover, in the LV of paced animals, levels of the 
mitochondrial-apoptogen AIF was elevated (1.3-fold) and 
the cleaved 57 kDa form of AIF was significantly increased 
(6.5-fold). These observations are of interest because they 
indicate that several apoptotic pathways are active in the failing 
paced heart.

Data from several laboratories have shown that two major 
sub-populations of mitochondria are present in skeletal and 
cardiac muscle. One of these organelle sub-populations is 
associated with the sarcolemma (i.e., the subsarcolemmal or 
SSM) and the second population, the interfibrillar mito-
chondria or IFM, is proximal to the myofilaments. A prefer-
ential decline in IFM oxidative function in aged rats has 
been reported, with concomitant reduction of complex III 
and complex IV activities [94–96]. Presently, there is limited 

Table 5.5 Peptide levels of specific mitochondrial bioenergetic proteins

Peptide Function Control Paced Paced/Control Significance

COX4 ETC/complex IV subunit 135 119 0.88 ns
Cytb (cytochrome b) ETC/complex III subunit  39  28 0.72 *
V-ATP synthase – g subunit OXPHOS/complex V subunit 112 112 1.0 ns
V-ATP synthase – 52 kDaa OXPHOS/complex V subunit  54  41 0.76 *
VDAC/porin Mitochondrial outer membrane permeability/PT pore protein 115 108 0.94 ns
ANT Adenine nucleotide transporter/PT pore protein 130 124 0.95 ns
Cytc (cytochrome c) ETC/apoptogen 125 120 0.96 ns
Mt-CK Mitochondrial creatine kinase 111  65 0.59 *
PGC-1 Peroxisome proliferator-activated receptor g coactivator-1a  62  46 0.76 *
ns not significant
aLikely ATP synthase b subunit
*p < 0.05

Table 5.6 Peptide levels of selected apoptotic and OS proteins

Peptide Function Control Paced Paced/Control Significance

Antioxidant
MnSOD Mitochondrial-located ROS scavenger 152 174  1.14 ns
Catalase Peroxisomal-located ROS scavenger 142 147  1.03 ns
Apoptosis
AIF-65 kDa Mitochondrial-located uncleaved precursor; apoptogen 65.5  83.2  1.27 *
AIF-57 kDa Cleaved product; apoptogen  8.8  57.3  6.5 *
Caspase-32 kDa Protease precursor 90.5  48.5  0.54 *
Caspase-17 kDa Activated protease cleavage product  5.8  12.5  2.2 *
p21/WAF Anti-cyclin  3.7  94 25.4 *
p53 Nuclear factor  7.4  50.9  6.9 *

ns not significant
*p < 0.05
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data concerning the different susceptibility of these 
mitochondrial sub-populations and its contribution to the 
overall mitochondrial dysfunction observed in HF, and 
therefore we undertook their analysis in the pacing dog 
model left ventricle, left atrial, and in skeletal muscle. 
Analysis of LV mitochondria revealed that both IFM and 
SSM showed a pacing-associated decline in complex I, III, 
and V activities albeit IFM showed a more definitive decline 
for all three enzymes (Fig. 5.7).

Analysis of LA mitochondria revealed a significant 
decline in both IFM and SSM of only complex V (somewhat 
more extensive in IFM). Surprisingly, both subtypes of LA 
mitochondria had significant increase in complex IV activity 
in the paced animals. Atrial SSM mitochondria also showed 
a trend for increased CS and complex I activities, which 
together with the increases in complex IV may indicate 
increased mitochondrial proliferation in the atrial compart-
ment (Fig. 5.8).

Interestingly, in our analysis of skeletal muscle, we found 
a pacing-associated decline in complex I and III activities but 
limited to SSM mitochondria. On the other hand, a signifi-
cant decline in complex V activity was detected in both IFM 

and SSM (with a higher decline in the IFM fraction) as shown 
in Fig. 5.9. Taken together, these findings reveal that both 
discrete defects in bioenergetics and the onset of increased 
apoptosis are present in pacing-induced CM/HF and opera-
tive in the early stages of pacing.

The specificity and reproducibility of these changes suggest 
that these are not stochastic defects. Both changes were in 
parallel with elevated ROS/OS levels. The abnormal activity 
of several mitochondrial enzymes and the increased apopto-
genic pathway appear to be underlied, at least in part, by an 
orchestrated shift in expression (both nuclear and mtDNA) 
of several respiratory chain subunits (e.g., cyt b, ATP-b), 
mitochondrial bioenergetic enzymes (e.g., mt-CK), global 
transcription factor (e.g., PGC-1) and apoptotic proteins 
(e.g., p53, p21).

Furthermore, these data also suggest that differences in 
specific mitochondrial subpopulations associated with distinct 
cardiac compartments may contribute to the observed  
enzymatic dysfunction observed in HF. Further studies 
appear to be necessary to unravel the genesis of the orches-
tration of the inter-communication involved, and identify 
potential targets for new therapies (Fig. 5.10).

Fig. 5.7 Selected enzymes in different mitochondrial subpopulations 
in the left ventricle of mongrel dogs with pacing-induced HF. Activity 
levels of respiratory complex I, II, III, IV, and V and the Krebs cycle 
enzyme citrate synthase (CS) were assessed in subsarcolemmal (SSM) 
and interfibrillar (IFM) mitochondria isolated from left ventricle of 
control (n = 4) and 3–4-week (n = 5) paced animals. Results shown as 
expressed as % control value with level of significance (p < 0.05)

Fig. 5.8 Selected enzymes in different mitochondrial subpopulations 
in the left atrium of mongrel dogs with pacing-induced HF. Activity 
levels of respiratory complex I, II, III, IV, and V and the Krebs cycle 
enzyme citrate synthase (CS) were assessed in subsarcolemmal (SSM) 
and interfibrillar (IFM) mitochondria isolated from left atrium of 
control (n = 4) and 3–4-week (n = 5) paced animals. Results shown as 
expressed as % control value with level of significance (p < 0.05) 
indicated by *
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Fig. 5.9 Selected enzymes in 
different mitochondrial 
subpopulations in skeletal muscle 
of mongrel dogs with pacing-
induced HF. Activity levels of 
respiratory complex I, II, III, IV, 
and V and the Krebs cycle 
enzyme citrate synthase (CS) 
were assessed in subsarcolemmal 
(SSM) and interfibrillar (IFM) 
mitochondria isolated from 
skeletal muscle of control (n = 4) 
and 3–4-week (n = 5) paced 
animals. Results shown as 
expressed as % control value 
with level of significance 
(p < 0.05) indicated by *

Fig. 5.10 Targeted therapies in HF. This diagram shows the effects of 
targeting specific organelles/events associated with heart failure (shaded 
boxes) including sarcomeric/calcium cycling, cytosolic signaling pathways, 

mitochondria, lysosomes, and nuclei. Phenotypic consequences of these 
therapies including attenuated cell death, increased growth, and increased 
contractility are shown in the bottom tier
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In another model of HF, the murine model of myocardial 
infarct (MI) created by ligation of the left anterior descend-
ing coronary artery for 4 weeks, Ide et al. found that LV dila-
tion and contractility dysfunction were accompanied by 
significant increases in levels of mitochondrial ROS (i.e., 
hydroxyl radicals) and lipid peroxides [32, 97]. Moreover, 
infarcted LV from MI mice exhibited diminished enzymatic 
activity of respiratory complexes I, III, and IV (enzymes 
each containing subunits encoded by mtDNA) while the 
mitochondrial enzymes encoded only by nuclear DNA (e.g., 
citrate synthase and complex II) were unaffected. These 
investigators also reported a parallel decrease in steady-state 
levels of several mtDNA-encoded transcripts, including sub-
units of complexes I, III, and IV as well as 12S and 16S 
rRNAs and a significant decline in mtDNA copy number. 
These data are consistent with the concept that membrane 
lipids, mtDNA, and mitochondrial respiratory enzymes are 
well-established targets of ROS oxidative damage (see 
Fig. 5.3), albeit the absence of effect on complex II, a par-
ticular common ROS target was unexpected.

Another marker of enhanced OS in the mouse failing 
heart was increased level of mitochondrial 8-oxo-dGTPase, a 
DNA repair enzyme which prevents the incorporation of 
8-oxo-dGTP into DNA, a significant type of ROS-induced 
DNA damage which can lead to defects in DNA replication. 
This HF model illustrates both the development of mitochon-
drial ROS, a number of its downstream deleterious effects 
(e.g., enzyme dysfunction, mtDNA damage) as well as an 
adaptive response (i.e., increased DNA repair activity) to 
remove that damage.

It is also important to note that while a number of animal 
studies have shown ROS activation in the failing heart, 
both arising from mitochondrial and extramitochondrial 
sources, some observations have suggested that endogenous 
antioxidants and ROS defense pathways can ameliorate 
ROS-mediated cardiac abnormalities and the dynamic 
balance between these counteracting forces should be 
considered. Both cytosolic antioxidant enzymes (e.g., cata-
lase, SOD1, thioredoxin) and mitochondrial-localized 
antioxidants including SOD2, thioredoxin, and glutathione 
peroxidase can reduce ROS levels. Moreover, thioredoxin 
and thioredoxin reductase form an enzymatic antioxidant 
and redox regulatory system implicated in the regeneration 
of many antioxidant molecules, including ubiquinone (Q10), 
selenium-containing substances, lipoic acid, and ascorbic 
acid [38]. As we will see later, the relationship of antioxi-
dants with HF has been underlined by several transgenic 
mouse studies.

While the mechanism by which the antioxidant response 
signaled in the presence of ROS remains unknown, recent 
observations suggest that mitochondria can act as an OS 
sensor and signal to the nucleus to upregulate antioxidant 
production. Storz et al. have shown that mitochondrial ROS 

release can activate a signal relay pathway in which the serine/
threonine protein kinase D (PKD), acting as a mitochondrial 
sensor of OS, activates the NF-kB transcription factor lead-
ing to induction of SOD2 [98, 99]. PKD has been localized 
to the mitochondria in cells exposed to both exogenous and 
mitochondrial ROS, where it is phosphorylated and acti-
vated. Upon subsequent dissociation from mitochondria, 
activated PKD phosphorylates substrates participate in 
NF-kB activation, although how this is accomplished is not 
yet known. Experiments in which RNAi-mediated silencing 
of PKD blunted SOD2 induction confirm that SOD2 pro-
moter activation is dependent on PKD. While the role of 
PKD in HF has not yet been established, the critical involve-
ment of mitochondrial ROS in the signaling and generation 
of an antioxidant response suggests potential limitations with 
the use of antioxidants, which target mitochondrial ROS.

Although studies with animal models suggested that ROS 
and defective ETC play an integral role in the genesis and 
progression of HF, these findings were correlative, and did 
not however, establish a direct link between ROS, defective 
ETC, and either skeletal muscle or cardiac dysfunction. 
Notwithstanding, these observations did foreshadow recent 
findings using heart/muscle-specific MnSOD-deficient mice, 
a transgenic mice in which OS, which selectively impaired 
mitochondrial respiration, can directly cause HF [39]. 
Furthermore, ROS may trigger a multiplicity of mechanisms 
that can lead to HF. For instance, complex IV (affected at 
both the transcriptional and activity levels in Ide’s studies) 
was not significantly decreased in the MnSOD-deficient 
mouse. On the other hand, this model exhibited a moderate 
decline in both complex I and III and particularly, a marked 
decline in the nuclear DNA-encoded complex II activity 
(shown to be mediated at the post-transcriptional level). 
Taken together, this latter study and the aforementioned pacing 
dog studies do not support the view of ROS-mediated decline 
in mtDNA copy number and in mitochondrial transcription 
as the definitive mechanism leading to reduced respiration 
and cardiac bioenergetic metabolism in HF.

Nuclear–Mitochondrial Communication

Since the majority of the components of mitochondrial  
bioenergetic, biogenesis, and signaling pathways are encoded 
by nuclear DNA, regulation of the mitochondrial pro-
grammed changes detected in HF largely arise in the nucleus. 
Even direct damage to mitochondrial-specific molecules 
such as mtDNA mutations and large-scale mtDNA deletions 
may arise from defective nuclear gene functions (e.g., DNA 
polymerase g, ANT1), leading to cardiomyopathy and/or HF 
[23, 24, 100]. On the other hand, mitochondria can influence 
nuclear transcriptional events by virtue of ROS generation 
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and signaling, and numerous observations suggest the pres-
ence of significant nuclear–mitochondrial cross talk, which 
likely will contribute to the failing heart phenotype.

Over the last decade, many nuclear factors have been 
identified that regulate the biosynthesis of both nuclear-encoded 
and cytoplasmic-translated mitochondrial proteins (recently 

estimated to be over 1,500 types), as well as mitochondrial 
DNA-encoded (and translated) proteins (n = 13) as represented 
in Fig. 5.11. The latter include seven subunits of complex I, one 
subunit of complex III, three subunits of complex IV, and two 
for complex V. The nuclear factors include the nuclear 
respiratory factors-1 and -2 (NRF-1 and -2), the mitochondrial 

Fig. 5.11 Heart mitochondrial biogenesis and bioenergetic pathways 
are signal driven. Shown are the major mitochondrial bioenergetic 
pathways (fatty acid oxidation (FAO)), TCA cycle, and the respiratory 
complexes (I–V) involved in ETC and OXPHOS; the subunits comprising 
the majority of mitochondrial proteins including the enzymes of the 
FAO and TCA cycles, proteins involved in ATP production/distribution, 
and electron transport coupling (e.g., ANT and UCP). All but 13 proteins 
involved in respiratory complexes I, III, IV, and V are encoded by nuclear 
genes translated on cytoplasmic ribosomes and incorporated in the 
mitochondria by a dedicated mitochondrial import apparatus comprised 
of inner and outer membrane proteins and molecular chaperones. These 

genes are under the regulation of specific nuclear transcription factors 
and co-activators including NRF-1, PGC-1, and PPAR-a that can be 
modulated by physiological stimuli including thyroid hormone (TH), 
nitric oxide (NO), electrical stimulation, and exercise. Expression of the 
mtDNA genes generates 2 rRNA, 22 tRNA, and the 13 proteins encoding 
respiratory complex subunits (translated on mitochondrial ribosomes) 
dependent on nuclear-encoded proteins regulating both the transcription 
and replication of mtDNA (e.g., mitochondrial DNA polymerase (pol 
g)), the helicase Twinkle, mtRNA polymerase and TFAM, the latter 
which is modulated by the nuclear transcription factors (e.g., PGC-1, 
NRF-1) in response to physiological stimuli
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transcription factor A (mtTFA or TFAM), a pivotal factor 
involved in mtDNA transcription, replication and maintenance, 
and the nuclear receptor proteins including the peroxisome 
proliferator-activated receptors (PPAR) [101–103].

Upstream of these factors, is the transcriptional co-activator 
of peroxisome proliferator activated receptor g (PPARg), 
known as PGC-1, a key regulator of mitochondrial function 
and mitochondrial biogenesis, which participates in the 
transduction of physiological stimuli to myocardial energy 
production. In response to a variety of stimuli, PGC-1 can 
activate NRF expression and activity which in turn upregu-
lates the expression of nuclear-encoded mitochondrial pro-
teins and of the nuclear-encoded TFAM [104, 105].

In addition to TFAM, other nuclear-encoded proteins play 
important roles in mtDNA replication, repair, and gene 
expression. These include the mitochondrial DNA poly-
merase g (pol g), the helicase TWINKLE, the SSB protein, 
and an additional transcription factor (TFB). As we will dis-
cuss later, defects in TWINKLE and pol g as well as in 
nuclear regulatory factors can result in HF, implying that 
some defects in nuclear–mitochondrial cross talk can lead to 
cardiomyopathy and HF.

Mitochondrial Transcription in HF

The issue and extent of mitochondrial transcriptional changes 
in different animal models of HF remains largely unsettled. 
Using a rat model of HF-induced by aortic banding, Garnier 
et al. reported decreased levels of myocardial oxidative 
capacity and reduced mitochondrial enzyme activities (i.e., 
citrate synthase and complex IV), together with a parallel 
decrease in mRNA levels of complex IV subunits COX I and 
IV, but no change in overall mtDNA content [105]. 
Furthermore, in this animal model, marked downregulated 
expression of nuclear-encoded regulatory factors, including 
TFAM, NRF2, and PGC1 was detected. Similarly, using a 
model of rat heart subjected to either 12 or 18 weeks of coro-
nary artery ligation (CAL), Javadov et al., have shown sig-
nificant downregulation of mitochondrial gene expression 
and mitochondrial transcription factors induced by postin-
farction remodeling [106]. In addition, mRNA level of 
PGC-1 and its downstream factors, including nuclear respi-
ratory factor 1 and 2, TFAM, and the COX I and COX IV 
transcripts were also significantly reduced in both 12 and 18 
weeks in CAL groups compared with sham-operated hearts.

Transgenic Mice and Mitochondria

Although a comprehensive discussion on transgenic animal 
models and HF will be presented in Chap. 6, here it suffices 
to mention that the use of transgenic mice with abnormal 

expression of genes involved in bioenergetic metabolism has 
provided unique insights into the dynamic balance of the 
mouse heart to maintain energy status and cardiac function, 
as well as to explore the cause–effect relationships between 
mitochondrial function and HF. These include either loss-of 
function mutations (i.e., generation of null alleles or gene 
“knock-outs”) or gain-of-function (e.g., overexpression). 
A list of transgenic models with heart metabolic changes 
associated with cardiomyopathy and HF phenotype is shown 
in Table 5.7.

Loss-of-function model systems using knockouts of a 
relatively wide spectrum of genes encoding mitochondrial 
proteins results in severe cardiac dysfunction. These include 
genes for proteins directly involved in ATP transport 
including ANT and creatine kinase, antioxidants including 
MnSOD, TXD, and frataxin (the protein responsible for 
Friedreich Ataxia), factors involved in cytosolic and 
mitochondrial fatty acid metabolism such as PPAR, MTP 
subunits, ACS, OCTN2, VLCAD, FATP1 and LCAD, the 
energy sensor AMP kinase (PRKAG2), mitochondrial bio-
genesis factors including TFAM mitochondrial DNA pol g, 
and PGC-1. Currently, there is limited information about the 
impact on the myocardium of knocking-out genes involved 
directly in OXPHOS, with either nuclear OXPHOS genes or 
mtDNA structural genes. The generation of the latter repre-
sents a formidable technical challenge, which likely will 
require a novel approach for the creation of a mitochondrial 
transgenic animal, albeit progress is being made in that 
direction. In the next section, we will examine selected 
metabolic components implicated by transgenic studies 
including ANT1, mitochondrial biogenesis factors, regula-
tory transcription factors and antioxidants, and their role in 
the development of HF.

Mitochondrial DNA Integrity and HF  
in Transgenic Mice

ANT-1, TFAM, and DNA polymerase g are among the many 
metabolic related genes for which either deletion or overex-
pression can promote the development of cardiomyopathy 
and HF in transgenic mice (shown in Table 5.7). While 
TFAM and DNA polymerase g play well-established roles in 
the maintenance, replication, and expression of mitochon-
drial DNA (mtDNA), ANT which is pivotally involved in 
mitochondrial ATP/ADP exchange and transport, as well as 
a component of the mitochondrial permeability transition 
(PT) pore, has been reported to have a role in mtDNA main-
tenance, possibly arising from its participation in the regula-
tion of deoxynucleotide levels [120].

The adenine nucleotide translocators (ANT) are a family 
of proteins that exchange mitochondrial ATP for cytosolic 
ADP, providing new ADP substrate to the mitochondria 
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while delivering ATP to the cytoplasm for cellular work. 
Mutational inactivation of the mouse Ant1 gene encoding 
the heart/muscle isoform of the mitochondrial ANT results 
in mitochondrial abnormalities including a partial deficit in 
ADP-stimulated respiration, consistent with impaired trans-
location of ADP into mitochondria in both skeletal muscle 
and heart. In addition, Ant1 gene deficient mice exhibit 
multiple myocardial mtDNA deletions associated with ele-
vated production of ROS (e.g., H

2
O

2
) and the development 

of skeletal myopathy and cardiomyopathy leading to HF 
[23]. Moreover, Ant1-deficient mice displayed an increase 
in tissue-specific antioxidant defenses (e.g., MnSOD) in 
skeletal muscle mitochondria but not in heart mitochondria. 
Ant1−/− mice exhibit a progressive cardiac hypertrophic 
phenotype coincident with the proliferation of mitochon-
dria [24]. It has been suggested that this mitochondrial  
biogenic response is a compensatory mechanism to correct 

the energy deficit, although could also be contributory to cardiac 
remodeling.

Transgenic mice heterozygous for a null allele of TFAM 
showed decreased myocardial mtDNA copy number and 
ETC defects, whereas homozygous TFAM knockout strains 
exhibited severe mtDNA depletion with decreased OXPHOS 
function and died in embryonic development [121]. Wang 
et al. reported that mouse strains containing conditional 
cardiac and muscle-specific null TFAM alleles developed a 
mosaic pattern of progressive and severe ETC defects in the 
postnatal heart, resulting in DCM, atrioventricular conduc-
tion block, early HF and death between 2 and 4 weeks [110]. 
Reduced activities of complex I and IV together with a sig-
nificant decline in cardiac and skeletal muscle mtDNA levels 
and gene expression were reported.

Along with the development of severe cardiomyopathy, 
tissue-specific TFAM knockout mice exhibited increased 

Table 5.7 Selected transgenic mouse models of metabolic genes involved in CM and HF

Gene (protein) Genetic alteration Function Phenotype Refs

MTP Null FAO; Mitochondrial trifunctional 
protein

CM, sudden death [107]

LCAD Global ablation FAO; long chain acyl-CoA 
dehydrogenase

CM, ↑ myocardial lipid and 
fibrosis

[108]

Frataxin Cardiac-specific knock-out Iron metabolism; FRDA CM, hypertrophy [109]
TFAM/mtTFA Cardiac-specific knock-out Mitochondrial transcription  

factor A
DCM, AV heart conduction block, 

HF
[110]

LpL Cardiac-specific overexpression of 
GPI-anchored LPL

Lipoprotein lipase DCM, ↓ FAO [111]

PRKAG2 Cardiac-specific overexpression of 
N488I mutation

AMP kinase regulatory subunit LV hypertrophy, ventricular 
preexcitation and sinus node 
dysfunction

[112]

DNA polymerase g Cardiac-specific knock-in mutation Mitochondrial DNA polymerase g DCM [100]
Mito-CK Null Mitochondrial creatine kinase ↑ LV dilation and hypertrophy [25]
Cyto-CK Null Cytosolic creatine kinase ↑ LV dilation and hypertrophy [26]
AIF Cardiac-specific null Apoptosis inducing factor DCM [69]
TrxR2 Cardiac-specific null Mitochondrial thioredoxin 

reductase
Fatal DCM [41]

MnSOD/SOD2 Null Mn superoxide dismutase DCM [40]
PGC-1a Cardiac-specific overexpression Peroxisome proliferator-activated 

receptor gamma coactivator-1a
Cardiomyopathy and 

mitochondrial defects only  
in adult not neonate

[113]

5-HT2B receptor Cardiac-specific overexpression Serotonin receptor HCM with mitochondrial 
proliferation

[114]

OCTN2 Heterozygous carriers of mutation Carnitine transporter Age-associated CM with lipid 
deposition, hypertrophy

[115]

ANT1 Null Adenine nucleotide translocator CM, cardiac hypertrophy with ↑ 
mitochondrial number

[24]

FATP1 Cardiac-specific overexpression Fatty acid transport protein 1 Lipotoxic cardiomyopathy [116]
PPAR-a Cardiac-specific overexpression Peroxisome proliferator-activated 

receptor-a
Diabetic CM with ↑ FAO, ↓ 

glucose uptake and use, cardiac 
hypertrophy

[117]

PPAR-d Cardiac-specific null Peroxisome proliferator-activated 
receptor-d

HF. Lipotoxic CM with ↑ 
myocardial lipid, hypertrophy

[118]

ACS Cardiac-specific overexpression Long chain acyl-CoA synthetase Cardiac lipid accumulation and 
hypertrophy, LV dysfunction 
and HF

[119]
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apoptosis in the in vivo heart consistent with the finding of 
massive apoptosis in Tfam knockout embryos and suggest-
ing that defects in ETC may predispose cells to apoptosis 
[122]. Global gene profiling analyses in tissue-specific Tfam 
knockout mice revealed a metabolic switch in the early pro-
gression of cardiac mitochondrial dysfunction akin to the 
activation of a fetal gene expression program in which a 
number of genes, encoding critical enzymes in FAO, showed 
decreased expression, while several genes encoding glyco-
lytic enzymes showed increased expression [123]. In more 
advanced disease, the metabolic switch was followed by an 
increase in mitochondrial biomass or biogenesis, which did 
not result in increase of overall myocardial mitochondrial 
ATP production rate. On the basis of these findings, it was 
inferred that the observed switch in metabolism appeared 
unlikely to benefit energy homeostasis in the respiratory 
chain-deficient hearts and may actually promote further 
cardiac dysfunction.

TFAM overexpression in transgenic mice can ameliorate 
the mitochondrial dysfunction and HF resulting from myo-
cardial infarction [124]. TFAM overexpression attenuated 
the decline in mtDNA level and respiratory activities in post-
MI hearts, and significantly reduced the LV dilatation and 
dysfunction accompanied by a decrease in LV remodeling 
(i.e., decreased myocyte hypertrophy and interstitial fibrosis). 
The survival of the infarcted animals was affected but not the 
infarct size.

Cumulative damage to mtDNA, which can result in point 
mutations, large-scale deletions, or changes in mtDNA 
copy number has been implicated in the progression of HF. 
Mice that express a proofreading-deficient mitochondrial 
DNA polymerase g targeted to the heart generated cardiac 
mtDNA mutations (average 2 per mitochondrial genome) 
and eventually (over several weeks) developed DCM and 
interstitial fibrosis, often leading to HF [100]. Surprisingly, 
the mechanism of the pathogenesis in these strains does not 
appear to involve increased OS levels [125]. Measurements 
of enzyme function or oxidative defense systems in the 
transgenic heart fail to detect increased levels of oxidative 
adducts in DNA or protein, nor signs of increased OS. 
Furthermore, mitochondrial respiratory function, mito-
chondrial ultrastructure and number remained normal in 
these strains although the detection of cytochrome c release 
from mitochondria, a landmark of apoptosis, suggested that 
the elevated frequency of mtDNA mutations might trigger 
the initiation of apoptotic cell death. Interestingly, further 
studies have noted that the activation of myocardial pro-
grammed cell death pathway precedes (and may itself trigger) 
a vigorous prosurvival response including the upregulation 
of antiapoptotic proteins Bcl-2, Bcl-xl, Bfl1, heat shock 
protein 27, and X-linked inhibitor of apoptosis protein 
(XIAP) [126].

PGC-1

The heart appears to function best when it simultaneously oxi-
dizes both carbohydrates and fatty acids as bioenergetic sub-
strates [127]. Under pathologic conditions, the heart relies 
more on glucose, as seen in cardiac hypertrophy, or may rely 
almost solely on fatty acids, as observed in cardiac tissue of 
animal models of diabetes [128]. Furthermore, the failing 
heart exhibits a decline in overall mitochondrial oxidative 
catabolism (including FAO), which is most evident in advanced 
HF while reliance on anaerobic glycolytic pathways tends to 
be increased [129–131]. Recent observations in an animal 
model of HF have downplayed the role of myocardial FAO 
downregulation in early, compensated HF [132]. Thus, ini-
tially this switch in metabolic substrate use provides adequate 
energy to maintain normal cardiac function, and may have an 
adaptive function by diminishing oxygen consumption. 
However, over time substrate switch in concert with declining 
OXPHOS, becomes maladaptive, leading to a state of myo-
cyte energy insufficiency (related to reduced capacity for 
myocardial mitochondrial ATP production, and depletion in 
high-energy phosphates), resulting in diastolic HF. As previ-
ously noted, alterations in high-energy phosphates (PCr and 
ATP) have been identified by magnetic resonance spectros-
copy both in animal models and human hearts with LV hyper-
trophy or HF [131, 133], and may be contributory to the 
pathological remodeling that occurs in end-stage HF.

The programmatic decline in expression of genes involved 
in mitochondrial oxidative metabolism in the hypertrophied 
and failing heart has been confirmed by Gene profiling 
analysis [105, 134–136]. Global nuclear regulators, includ-
ing the ligand-activated transcription factors such as (PPARs) 
and the cofactor PGC-1, are important regulatory factors in 
cardiac mitochondrial metabolism (including FAO) and bio-
genesis and therefore have been intensively studied in regards 
to the metabolic switch.

PGC-1 transduces cell signals associated with physiologic 
stimuli to regulate cardiac metabolic genes (Fig. 5.12). Initially, 
PGC-1a was identified as a PPAR g coactivator involved in the 
regulation of energy metabolic pathways in tissues specialized 
for thermogenesis (e.g., brown adipose tissue and skeletal 
muscle) [137]. PGC-1 is selectively expressed in highly oxida-
tive tissues such as heart, skeletal muscle, brown adipose, and 
liver. Its tissue expression and inducibility in response to a 
variety of physiological stimuli that increase ATP demand and 
stimulate mitochondrial oxidation (e.g., exercise, cold expo-
sure and fasting) are intricately linked to its role as a regulator 
of energy metabolism including myocardial mitochondrial 
biogenesis and oxidation, hepatic gluconeogenesis, and skel-
etal muscle glucose uptake [138–140]. PGC-1a gene expres-
sion is developmentally regulated, with induction in the mouse 
heart after birth coincident with the perinatal shift from 
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glucose metabolism to FAO; it can also be subsequently 
induced in response to short-term fasting, conditions known to 
increase cardiac mitochondrial energy production. Expression 
of PGC-1a in cardiac myocytes has been found to induce both 
nuclear and mitochondrial gene expression involved in multi-
ple mitochondrial bioenergetic pathways, with increased mito-
chondrial biogenesis, respiration, and FAO. Gain-of-function 
studies utilizing constitutive cardiac-specific overexpression 
of PGC-1a (MHC-PGC-1) in transgenic mice resulted in 
uncontrolled mitochondrial proliferation, severe DCM and HF 
[140]. Regulated overexpression of a tetracycline-inducible 
PGC-1 construct during the neonatal stages of mouse develop-
ment led to a dramatic increase in cardiac mitochondrial num-
ber and size coincidently with upregulation of genes associated 
with mitochondrial biogenesis. In contrast, PGC-1a overex-
pression in the heart of adult mice resulted in a modest increase 
in mitochondrial number, derangements of mitochondrial 
ultrastructure, and development of a reversible cardiomyopa-
thy characterized by loss of sarcomeric structure and increased 
ventricular mass and chamber dilatation [113].

Two independent mouse models of PGC-1a loss-of-
function with constitutive inactivation have been developed. 
In the first, PGC-1 knock-out mice develop cardiac dysfunc-
tion with progressive age; gene profiling analysis of these 
strains revealed markedly diminished expression of myocar-
dial OXPHOS and FAO genes, associated with reduced 
mitochondrial enzymatic activities and cardiac myocyte state 
3 mitochondrial respiration rates, decreased levels of ATP, 
and a diminished ability to increase myocardial work output 
in response to chemical or electrical stimulation [139].

The second PGC-1a−/− mice did not directly display car-
diac dysfunction at baseline [140]. However, extensive phe-
notyping revealed multi-system abnormalities indicative of 
an abnormal energy metabolic phenotype including blunted 
postnatal heart growth and slow-twitch skeletal muscle, 
organs with high mitochondrial energy demands. These 
PGC-1a−/− mice exhibited decreased mitochondrial number 
and respiratory capacity in slow-twitch skeletal muscle leading 
to reduced muscle performance and exercise capacity, and 
displayed a modest diminution in cardiac function largely 
related to abnormal control of heart rate. This rate defect was 
accentuated in response to exercise and b-adrenergic 
stimulation.

PPAR

Over the last decade, PPARs have been identified as playing 
a central role in the transcriptional regulation of genes 
involved in intracellular lipid and energy metabolism includ-
ing FAO enzymes [128, 136]. Three isoforms of the PPAR 

subfamily (a, b, and g) are enriched in tissues that are dependent 
on lipid utilization for energy metabolism (e.g., heart, liver, 
brown adipose tissue as well as in all critical vascular cells) 
and have been implicated in the rapid mobilization of bioen-
ergetic stores in response to physiological stresses. Each 
PPAR factor acts in concert with the nuclear retinoid X 
receptor (RXR) as a heterodimer binding to a consensus 
DNA response element with the sequence AGGTCA-
NAGGTCA (direct repeat with a single nucleotide spacing), 
contained within the regulatory regions of target genes (see 
Fig. 5.12).

This is followed by the transcriptional activation and 
increased gene expression of these target genes, including a 
constellation of genes encoding enzymes involved in both 
peroxisome and mitochondrial FAO (e.g., mitochondrial 
MCAD, CPT-I, and peroxisomal acyl-CoA oxidase). The 
functional specificity of the PPARs is determined by isoform-
specific tissue distribution, specific interaction with activat-
ing ligands (e.g., prostaglandins, eicosanoids, leukotriene 
B4, and long-chain unsaturated fatty acids), and cofactor 
interactions (i.e., coactivators and corepressors) [130]. While 
several lines of evidence suggest that all three isoforms mod-
ulate cardiac energy metabolism, PPAR-a has been charac-
terized as the central regulator of myocardial mitochondrial 
fatty acid catabolism, whereas PPAR-g is thought to be 
involved in myocardial lipid storage regulation.

While PPAR-a is activated by a number of lipid-derived 
molecules, the endogenous ligand for PPAR has not yet been 
precisely determined [141, 142]. Synthetic PPAR ligands 
including the fibrate class of anti-hyperlipidemic drugs such 
as ciprofibrate, bezafibrate, fenofibrate, and gemfibrozil are 
widely used clinically. Interestingly, while some of the syn-
thetic agonists are highly specific for PPAR-a activation, 
others exhibit dual specificity activating both PPAR-a and 
PPAR-g (e.g., glitazars) and some activate all PPARs (e.g., 
bezafibrate) equally [143].

As with PGC-1, cardiac metabolic gene expression is 
activated by PPAR-a regulation during post-natal develop-
ment, during short-term starvation and in response to exercise 
training [144]. Conversely, pressure-overload hypertrophy 
results in PPAR-a deactivation leading to lower FAO enzyme 
expression, abnormal cardiac lipid homeostasis, and reduced 
energy production [136]. This suggests that PPAR-a may 
play a contributory role in the energy substrate switch away 
from fatty acid utilization in the hypertrophied failing heart. 
Lower nuclear levels of the PPAR-a protein in these tissues 
have been largely explained to occur as a function of the 
negative regulation of PPAR-a mediated at the transcrip-
tional level during ventricular overload in mice. In addition, 
PPAR activity is altered at the post-transcriptional level, by 
phosphorylation by protein kinases including PKA, PKC, 
MAPKs, and AMPK [145–148].
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The cardiac PPAR-a/PGC-1a system is activated in 
diabetes and has been suggested to contribute to the promo-
tion of diabetic cardiomyopathy. This metabolic shift 
associated with high level of fatty acid import and oxidation 
may eventually lead to abnormal mitochondrial and cardiac 
remodeling. Transgenic mice with cardiac restricted overex-
pression of PPAR-a (i.e., MHC-PPAR-a mice) exhibit 
increased expression of genes encoding enzymes involved 
in multiple steps of mitochondrial FAO with strong recipro-
cal downregulation of glucose transporter (GLUT-4) 
and glycolytic enzyme gene expression [149]. Myocardial 
fatty acid uptake and mitochondrial FAO are markedly 
increased in MHC-PPAR-a hearts, whereas glucose uptake 

and oxidation are profoundly diminished in MHC-PPAR-a 
mice. Echocardiographic assessment identified LV hyper-
trophy and dysfunction in the MHC-PPAR-a mice in a 
transgene expression-dependent manner [117, 150, 151].

Defects in Cytosolic Proteins Can Cause HF 
with Mitochondrial Dysfunction

Even mouse strains containing null genes encoding cytosolic 
proteins, such as desmin and calcineurin, develop HF associ-
ated with significant mitochondrial dysfunction [64, 152–154]. 

Fig. 5.12 PGC-1 and its metabolic pathway. PGC-1 transduces cell sig-
nals associated with physiologic stimuli to regulate cardiac metabolic 
genes. Numerous signaling pathways downstream of physiologic stimuli, 
like fasting and exercise, activate the PGC-1 cascade either by increasing 

PGC-1 expression or activity. PGC-1, in turn, coactivates transcriptional 
partners, including nuclear respiratory factor-1 and 2 (NRF-1/2), estrogen-
related receptor (ERR) and PPAR-a, resulting in downstream activation 
of mitochondrial biogenesis and FAO pathways, respectively
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Analysis of desmin-deficient strains revealed a role for 
desmin-associated cytoskeletal intermediate filaments in 
myocardial mitochondrial function [155]. Mice lacking 
desmin exhibited disruption of muscle architecture with 
numerous mitochondrial abnormalities, including significant 
organelle clumping, extensive mitochondrial proliferation 
and number, loss of normal positioning, swelling and degen-
eration of the mitochondrial matrix as well as compromised 
respiratory function. These mitochondrial abnormalities occur 
early and are followed by myocardial degeneration with 
extensive fibrosis and dystrophic calcification. While the 
precise mechanism by which desmin affects mitochondrial 
function is not yet known; proteomic analysis of desmin-null 
mice found significant changes in protein levels of several 
respiratory enzymes (see Table 5.8) suggesting altered activity 
of regulatory factors, underscoring and probably expanding 
the role of nuclear–cytosol–mitochondrial cross-talk in HF 
[155]. In calcineurin-null mice, loss of this signaling molecule 
also results in decreased mitochondrial respiratory subunit 
protein levels leading to impaired ETC. Furthermore, this 
was associated with high levels of superoxide production 
that might contribute to HF development [154].

Clinical Studies

Clinical observations have shown marked cardiac mitochon-
drial respiratory enzyme dysfunction in HF, albeit there is no 
consensus on the extent of this dysfunction and the specific 
enzymes affected. Increased incidence of complex III defi-
ciency in DCM has been reported by some investigators [10, 
11], while others have reported increased complex IV defi-
ciency [9]. Scheubel et al. in a study of a series of 43 explanted 
failing hearts found significantly decreased myocardial com-
plex I activity (30%), while complex III and IV activities 
were unchanged. Furthermore, no changes were found in 
heart mtDNA (either integrity or levels) or TFAM levels, nor 
in mtDNA-encoded transcripts excluding a generalized 
defect in mitochondrial gene expression or mtDNA damage 

as a reason for the cardiac enzyme deficiency noted [156]. 
This suggests that complex I deficiency likely arose from a 
post-transcriptional modification of complex I subunits, 
presumably the result of oxidative injury.

A clear link between OS and chronic ventricular dysfunc-
tion has been established only in cases of anthracycline-
mediated and alcoholic cardiomyopathies. On the other hand, 
it is unclear whether ROS or OS have a pathophysiologic 
role in congestive HF or cardiomyopathy due to ischemic, 
hypertensive, valvular, or idiopathic etiologies [45]. Since 
levels of short-lived ROS (i.e., superoxide and hydroxyl radi-
cals) are difficult to directly gauge, increased ROS levels in 
patients with HF has been difficult to confirm. Recently, 
superoxide anions as assessed by EPR with an O

2
-spin trap 

have been reported to increase more than twofold in the 
myocardium of patients with end-stage HF undergoing trans-
plant [157]. Interestingly, despite increased MnSOD mRNA 
levels, a marked decline in mitochondrial-localized MnSOD 
protein and activity was detected. Both increased ROS levels 
and decreased antioxidant response would be expected to 
lead an enhanced OS in the failing heart, which in turn may 
result in increased transcription of antioxidant enzymes.

An important caveat raised by these data should be noted. 
The finding of bioenergetic defects in tissues from patients is 
essentially correlative evidence and can be interpreted as a 
consequence of the pathological state.

Mitochondrial Gene Profiling

Observations from animal models have suggested a “meta-
bolic switch” from fatty acid to glucose oxidation during 
evolving HF. However, there is no consensus that the same 
pathologic processes are operative in human HF [158, 159]. 
Upregulation of genes involved in OXPHOS, which might 
reflect a decrease in activity of mitochondrial respiratory 
pathways during progressive HF has been reported [160–
162]. Whether this reflects a compensatory adaptation to 
mitochondrial dysfunction or damage similar to that found in 
studies of mitochondrial cytopathies remains to be seen. No 
consistent pattern of up- or downregulation of genes involved 
in FAO has emerged highlighting the difficulty of reproduc-
ing findings from animal models to humans. When only  
considering end-stage HF, there appears to be a trend toward 
the downregulation of glycolysis contradicting the hypothesis 
that the failing heart switches from fatty acid to glucose oxi-
dation, but rather favoring a decreased use of glucose as an 
energy substrate [163]. None of the transcriptional regulators 
of cardiac mitochondrial biogenesis and respiratory function 
were found to be deregulated. This may be related to the fact 
that most studies lacked an experimental design that would 
allow the detection of relatively small expression changes.

Table 5.8 Mitochondrial proteins effected in Desmin-related HF

Downregulated genes
ATP synthase a chain (complex V)
Creatine kinase, sarcomeric mitochondrial (S-MtCK)
Cytochrome c1, heme protein
Core protein 2 of Ubiquinol–cytochrome c reductase  

(complex III subunit II)
Upregulated genes
Long-chain acyl-CoA synthetase (ACS1)
b-keto-thiolase
Annexin
VDAC/porin
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Implication of Metabolic Genes in HF

The significance of adequate bioenergetic function to the heart 
has been underscored by the discovery of several inherited dis-
orders in which defective components of the metabolic path-
ways lead to cardiac pathologies, including cardiomyopathy, 
hypertrophic remodeling, and HF. This provides further evi-
dence that deranged mitochondrial metabolism leads to cardiac 
dysfunction, rather than being its consequence. Specific meta-
bolic gene mutations have been localized in both nuclear and/
or mitochondrial-encoded genes (see Table 5.2).

Mutations in mtDNA resulting in global impairment of 
mitochondrial respiratory function cause HCM or DCM and 
cardiac conduction defects (see Table 5.3). Point mutations 
in mitochondrial tRNA genes have been most often found 
(such as leucine, lysine, and isoleucine) although mutations 
in mitochondrial rRNA and structural genes have also been 
reported to lead to cardiomyopathy and HF. The presentation 
of these pathogenic mutations is most often heteroplasmic 
(i.e., mixture of wild-type and mutant alleles), although 
rarely homoplasmic mutations have also been described. 
Most of the pathogenic mtDNA mutations have been located 
in highly conserved nucleotides, and were accompanied by 
decreased levels of respiratory enzyme activity(s). The cardiac 
phenotype arising from these mutations may be isolated  
cardiomyopathy or may be a part of a constellation of pri-
marily neurological findings associated with mitochondrial 
defects (such as MELAS, MERRF, and Leigh syndrome).

In addition to inherited mtDNA mutations (entirely of 
maternal origin), acquired and/or sporadic mtDNA muta-
tions have been reported. For instance, sporadic large-scale 
mtDNA deletions (usually of a discrete single size) have 
been associated with Kearns–Sayre syndrome (KSS) in 
which patients may display cardiomyopathy, mitral valve 
prolapse, and/or cardiac conduction abnormalities [164]. An 
increase in the abundance of somatic mtDNA deletions in the 
heart has been documented with increased aging and has also 
been reported to be increased in patients with cardiomyopa-
thy, presumably arising from increased OS [165–167]. 
However, the overall levels of deleted genomes (relative to 
wild type genomes) in these patients is extremely low (often 
less than 1%) and their significance relative to cardiac phe-
notype or respiratory deficiency is not evident.

Other mtDNA deletion-associated phenotypes can arise as a 
result of defects in autosomal nuclear DNA loci (showing either 
dominant or recessive inheritance patterns) [168, 169]. For 
instance, progressive external ophthalmoplegia (PEO) with 
autosomal recessive inheritance results in multiple mtDNA 
deletions phenotype commonly presenting as a severe cardio-
myopathy in infancy [169]. Mutations in several nuclear 
encoded mitochondrial proteins including ANT1, DNA poly-
merase g, and the helicase Twinkle have been reported to lead 
to PEO with increased tissue-specific mtDNA deletions [170].

Palmieri et al. have reported the presence of a recessive 
mutation in the heart/muscle specific-isoform of ANT1 in a 
patient with HCM, mild myopathy with exercise intolerance 
and lactic acidosis but no ophthalmoplegia. This mutation 
resulted in a complete loss of adenine nucleotide transport 
function and was associated with increased multiple dele-
tions of muscle mtDNA [27].

Sporadic cases of cardiomyopathy (primarily infantile) 
with a severe mtDNA depletion and associated reduction in 
cardiac and/or skeletal muscle mitochondrial respiratory 
activities have also been reported, albeit the primary site of 
defect was not identified in these studies [171, 172]. However, 
in patients with Alpers syndrome, a developmental mito-
chondrial DNA syndrome depletion characterized by reduced 
mitochondrial respiration, including complex IV deficiency 
and extensive mtDNA depletion may display HCM with 
skeletal muscle ragged-red fibers [173]. This disorder is pri-
marily attributed to a pronounced mtDNA polymerase g defi-
ciency [174] with specific lesions in the Pol g gene and 
reported to account for over 90% of cases [175]. Therefore, 
these disorders illustrate the cardiomyopathic phenotype 
resulting from mutations in nuclear genes compromising the 
stability of the mitochondrial genome, a significant disrup-
tion of the nuclear–mitochondrial communication whose 
hallmark is the accumulation of mtDNA large-scale dele-
tions and mtDNA depletion in post-mitotic tissues.

Mutations in nuclear genes encoding mitochondrial FAO 
enzymes may also manifest as cardiomyopathy. Interestingly, 
cardiomyopathies resulting from inborn errors in mitochondrial 
FAO enzymes are often provoked by physiological or pathophys-
iological conditions that increase dependence on FAO for myo-
cardial ATP production, such as prolonged exercise or fasting 
associated with infectious illness. Inherited FAO disorders 
caused by mutations in nuclear genes, encoding enzymes in the 
mitochondrial FAO pathways, may lead to impaired mitochon-
drial catabolism of fatty acids and may manifest as a cardio-
myopathic phenotype leading to HF. Cardiomyopathy in these 
patients usually appears during childhood and often presents 
sudden onset HF or ventricular dysrhythmias induced by stress. 
Mitochondrial dysfunction involving FAO has also been 
reported in acquired cardiomyopathies. Furthermore, in end-
stage HF and in pressure overload hypertrophy, FAO and 
OXPHOS pathways are impaired [1–3, 26].

Potential Mechanisms and Downstream 
Effects of Metabolic Damage in HF

Contractile dysfunction and cardiac remodeling in HF can be 
seen as downstream events occurring as a function of metabolic 
dysfunction/deficits. Viewed at the cellular level, mitochondria 
which is at the epicenter of the generation of ATP via OXPHOS, 
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TCA and FAO cycles and of OS/ROS production also impact 
the overall Ca2+ levels to the proximally located ER/SR and play 
a pivotal role in the events of cell-death, including the triggering 
of apoptosis and signaling of necrosis. In this section, we will 
discuss evidence concerning the involvement of mitochondria 
in both cardiac contractile dysfunction and in myocyte cell death 
and assess their significance in HF progression.

Calcium Handing, Homeostasis,  
and Contractility

Altered Ca2+ homeostasis is recognized as a key pathophys-
iological mechanism in HF, leading to altered contractile 
function, activation of signaling pathways, and transcriptional 

activity. As shown in Fig. 5.13, Ca2+ homeostasis depends on 
efficient energy-driven ion pumps, while Ca2+ concentration 
in turn influences energy expenditure through its activation of 
cellular ATPases and mitochondrial dehydrogenases.

Disturbances in these finely controlled cellular processes 
make the myocyte enter a vicious cycle of energy mismatch 
and Ca2+ dysregulation that may turn out to be highly 
detrimental, especially in periods of increased workload. 
The impairment of contractile function during progressive 
HF reflects significant cellular changes that include altered 
expression of membrane and contractile proteins, altered energy 
metabolism, and impaired excitation–contraction coupling. 
Interestingly, altered energetics has been proposed to underlie 
myocardial dysfunction even in HCM, in which sarcomeric/
contractile proteins are either deficient in function or 
expression [176].

Fig. 5.13 Mitochondrial channels impact calcium and potassium flux 
in the failing heart. The opening of mitochondrial K+ channel (mito K

ATP
) 

in the inner membrane is normally triggered by ROS, ATP levels, ligands 
binding to an assortment of membrane receptors, and the involvement of 
protein kinases (PKC, PI3K). In addition to K+ influx, matrix volume 
and the level of ROS are affected by the opening of these channels. 
Mitochondrial K+ influx is also mediated by the K

Ca
 channel which is 

activated by Ca2+. Ca2+ enters the mitochondria via an aging-regulated 
uniporter (with VDAC involvement), and by RaM transporter. Increased 
mitochondrial Ca2+ can activate enzymes of the TCA cycle, ETC, and 
complex V as well as modulate the opening of the PT pore. Ca2+ efflux 
is primarily managed by the Na+/Ca2+ exchanger (NCE). Ca2+ can also 
enter the mitochondria as can a large number of small metabolites via 
the PT pore opening
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Another important factor by which mitochondria impact 
contractility is via ROS production. ROS accumulation sig-
nificantly alters myocardial ion channel flux and membrane 
ion pump function in part by generalized membrane damage 
arising from ROS-mediated lipid peroxidation. More specific 
effects of ROS include targeting the L-type calcium channels 
on the myocyte sarcolemma and suppressing the Ca2+ current 
[177] and targeting the activity of the sarcoplasmic reticulum 
Ca2+ATPase(SERCA2), a membrane Ca2+ pump involved in 
cardiac Ca2+ handling and a determinant of myocardial con-
tractility [178]. ROS generation can also affect the function 
of cardiac sodium channels, potassium channels, and ion 
exchangers, such as the Na+/Ca2+ exchanger [179]. In addi-
tion, ROS can decrease the Ca2+ sensitivity of the myofila-
ments via ROS-mediated phosphorylation of contractile 
proteins such as troponin T [180], which could lead to abnor-
malities in excitation–contraction coupling. Whether this 
pathway actually contributes to human HF remains 
unknown.

It is noteworthy that while contractile dysfunction clearly 
contributes to HF, there is no direct evidence that depressed 
contractility has a causative role in its initiation and progres-
sion nor in the profound structural remodeling that occurs in 
the failing heart since substantial cardiac remodeling can 
occur in HF in the absence of depressed myocyte contractil-
ity [181, 182].

Magnitude of Cellular and Molecular 
Changes Associated with Mitochondria in HF

A number of the aforementioned cellular/molecular changes 
observed during HF involve mitochondria and bioenergetic 
production. However, this relationship requires further explo-
ration. It could be argued that mitochondrial dysfunction 
plays an integral part in the mechanism of cardiac dysfunc-
tion, even when other factors are more evident or it may rep-
resent a common downstream event in the pathways leading 
to HF. In most cases of HF, it remains to be established 
whether the mitochondrial abnormalities associated with 
other myocardial changes are truly primary or secondary to 
other abnormalities in myocardium (e.g., hypertrophy, 
remodeling, etc.) as compared to the less speculative nature 
of the mitochondrial defects in the cases discussed of pri-
mary mitochondrial dysfunction. Cardiac hypertrophic 
changes have been associated with increased mitochondrial 
number and size as well as increased mtDNA synthesis [183, 
184]. Early studies of rat cardiac hypertrophy found a co-
ordination between complex IV activity, nuclear-encoded 
mRNA, and mitochondrial rRNA synthesis. Within 24 h 
after growth stimulus, a specific decrease was found only in 
mitochondrial mRNA synthesis [176]. Furthermore, thyroid 
hormone can affect mitochondrial structure and function. 

For instance, thyroid hormone treatment causes cardiac 
hypertrophy similar to aortic stenosis in rats [185]. Both 
models of cardiac hypertrophy show increases in total tissue 
RNA accompanying increases in ventricular weight as well 
as in both cytosolic and mitochondrial ribosomes. Thyroxin 
can also modulate increases in mitochondrial enzyme activi-
ties [186]. It has been suggested that regulation is exerted at 
the level of transcriptional regulation of nuclear genes encod-
ing mitochondrial proteins (including components of the 
respiratory pathway). This regulatory effect may occur as a 
result of many of the nuclear-encoded mitochondrial genes 
having thyroxin-sensitive promoter elements.

What Events Occurring in HF  
Are Truly Tissue Specific

The finding of shared events in skeletal muscle and heart 
during HF has considerable prognostic implication for the 
clinician. Yet to date, despite (and possibly because) of the 
immense research effort in this area, the relationship between 
cardiac and skeletal muscle events in HF at the cellular and 
molecular levels has not been comprehensively examined.  
A number of changes occur in skeletal muscle during HF, 
such as histological and electromyographic evidence of gen-
eralized myopathy and exercise intolerance. Evaluation of 
skeletal muscle metabolism by the non-invasive methodol-
ogy of phosphorus nuclear magnetic resonance spectroscopy 
demonstrated altered levels of phosphocreatine and inorganic 
phosphate in HF patients following moderate exercise [187, 
188]. Patients with desmin and b-MHC mutations known to 
cause HCM and HF have defined changes in skeletal muscle 
fibers; patients with specific b-MHC mutations may develop 
abnormal mitochondrial number and function in skeletal 
muscle, as well as type I fiber abnormalities and atrophy 
[189–191]. HF is often accompanied by skeletal myopathy 
with a shift from slow aerobic fatigue-resistant fibers to fast 
anaerobic ones. Is the fiber atrophy mediated by apoptosis? 
Evidence of apoptosis as gauged by TUNEL, as well as sig-
nificantly reduced expression of Bcl-2 has been demonstrated 
in both skeletal muscle tissues of patients with chronic HF 
[192], and from rats with experimentally-induced HF [193]. 
Interestingly, evidence of increased iNOS was also noted in 
the HF patients.

Structural and functional changes in skeletal muscle mito-
chondria have also been found in cardiomyopathy/HF [194, 
195]. In addition, pathogenic mtDNA mutations (e.g., 3243, 
3260, 4269, 8344, 8363, 9997) present in cardiomyopathy 
with a broad spectrum of myopathies and accompanying 
respiratory enzyme defects, are present at relatively high levels 
in skeletal muscle. Furthermore, the use of skeletal muscle 
biopsies (instead of endomyocardial biopsy) for analysis of 
respiratory enzyme dysfunction has been recommended in 
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the diagnostic evaluation of mitochondrial-mediated cardiac 
abnormalities [196]. Furthermore, reduction in specific 
enzyme activities has been found in both skeletal and cardiac 
muscle in a group of children with cardiomyopathy [196]. 
Similarly, pronounced complex IV defects have been found 
in both cardiac and skeletal muscle of patients with KSS and 
cardiomyopathy [197]. In some patients, the mitochondrial 
dysfunction is treatable by supplementation with vitamins, 
coenzyme Q, and/or carnitine.

While an increasing incidence of cardiac mtDNA dele-
tions in patients with DCM has been reported [166, 198, 
199], scarce data are available regarding the tissue-specificity 
or correlation of the extent of cardiac mtDNA deletions with 
skeletal muscle deletions in the same patient. In isolated 
cases of KSS with cardiomyopathy, both skeletal muscle and 
heart harbored high amount of mtDNA deletion [200]. Also, 
multiple mtDNA deletions have been detected in skeletal 
muscle of patients with cardiomyopathy. However, it 
remained unknown whether deletions were present in car-
diac tissue since cardiac biopsies were not available [169]. 
Similarly, patients with decreased levels of cardiac mtDNA 
have not been studied with regards to the levels of skeletal 
muscle mtDNA. Patients with both cardiomyopathy and 
myopathy have been reported to contain skeletal muscle 
mtDNA depletion (not investigated in heart) [201]. The path-
ological effects of AZT on mtDNA levels, respiratory complex 
activities and on phenotype have been demonstrated in both 
heart and skeletal muscle from human and animal  models 
[202].

Taken together, many of the cellular cardiac changes as 
well as mitochondrial abnormalities often found in HF appear 
to be present in skeletal muscle. While more evidence 
confirming these findings is warranted, evaluation of skeletal 
muscle mitochondrial function could be helpful in the over-
all diagnostic and prognostic evaluation of HF. To determine 
what other parts of the HF signaling-pathway are truly car-
diac specific and which might be also operative in skeletal 
muscle awaits further studies. Such studies might shed light 
about the relationship between the signaling pathway(s) and 
mitochondrial energetics.

Conclusion: The Road Ahead

The critical involvement of mitochondria and mitochondrial 
pathways in myocardial bioenergetic regulation, in the balance of 
oxidants and antioxidants, and in the progression of cell-death 
are critical contributory factors to the cardiac dysfunction and 
remodeling found in the failing heart. The identification of 
nuclear and mitochondrial components of these pathways and 
delineation of their cross-talk has suggested a number of 
potential targets for the clinical treatment of HF.

Among the novel intervention strategies being developed 
include the targeting of apoptosis which appears to be revers-
ible, at least in part. Such an approach will have to be finely 
targeted since apoptotic inhibition or prosurvival pathway 
stimulation could result in unwanted proliferative growth. 
A second approach involves the targeting of metabolic 
remodeling. As pointed out by Neubauer [2], the multiple 
metabolic loci that can cause HF and cardiac dysfunction if 
ablated is a testimonial to the fully integrated metabolic 
machinery that is necessary for normal cardiac function, 
supporting the concept that chronic HF is multifactorial and 
begs the question whether perturbation of any metabolic 
components can lead to HF.

Several observations suggest that increasing the capacity 
for glucose utilization may delay HF progression; however, 
it remains unclear whether upregulating FAO will be helpful. 
Findings from rodent models that this metabolic modulation 
can be effected by targeting global nuclear receptors/tran-
scriptional regulators (i.e., PPARs and PGC-1) with exoge-
nous agonists or by nutritional interventions (e.g., caloric 
restriction) may eventually be clinically applied in treating 
HF. This approach of targeting transcriptional regulation 
addresses the programmatic shift in mitochondrial bioener-
getic function indicated by the broad array of bioenergetic 
loci affected in HF and by transcriptional profiling studies in 
both human and animal models [93, 162, 203].

Although the use of transgenic mice with defined muta-
tions to study their impact and relationship to HF has also 
been very informative, there still remains a gap in informa-
tion about the physiological, biochemical, and molecular 
events happening in the normal mouse heart. What is needed 
is a rigorous standardization of quantitative measurements 
relevant to mitochondrial bioenergetics, structure, and func-
tion in both cardiac and skeletal muscle tissues. This should 
include an evaluation of the levels of mitochondrial enzyme 
activities, mtDNA, ATP, ADP and NADH, as well as a com-
prehensive investigation of mitochondrial changes (includ-
ing mtDNA deletions) as a function of age. Particular focus 
should be directed to the activity levels and content of mito-
chondrial ATP synthase and ANT, given the degree to which 
they appear affected in HF. Such information should provide 
the requisite database, to investigate and compare the direct 
effects of introducing mutant genes in animal model (e.g., 
mouse) to test for pathogenic mutations that effect both mito-
chondria and cardiac function. Further refinement will also 
be needed to overcome the technical hurdle that presently 
exists in introducing and testing specific mtDNA mutations 
and their pathogenic effects in a whole animal model, as well 
as more precise monitoring of cellular and molecular events 
in the myocardium in a less invasive manner than endomyo-
cardial biopsy.

Furthermore, novel approaches to increase ATP or PCr 
levels and ATP synthesis in the failing heart are critically 
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needed; while new pharmacological approaches are likely in 
the more immediate future, down the road, both genetic and 
cell-mediated therapies (e.g., stem-cells), which have shown 
promise in preclinical models may be utilized for clinical 
treatment. Along these lines, strategies aimed at activating 
mitochondrial responses against OS and targeting the signal-
ing pathways identified in pharmacological and ischemic 
conditioning (which feature mitochondrial elements) may 
also offer the potential to provide clinical cardioprotection in 
the treatment of human HF.

In addition, gene therapy for treatment of mitochondrial 
cytopathies is under development and promise to be useful in 
targeting mitochondrial-based disorders. Hopefully, future 
studies will also allow an understanding of the temporal 
order of changes in mitochondrial structure and function, 
as well as their contribution to the pathophysiological 
events in HF.

Summary

The failing heart encompasses a complex phenotype that •	
includes reduced myocardial contractility, diminished 
capacity to respond to specific hypoxic and oxidative 
stresses resulting from myocardial ischemia and diverse 
neurohormonal stimuli, changes in ion channels and elec-
trophysiological function, increased myocardial fibrosis, 
cellular and subcellular remodeling with increased myo-
cyte loss, and marked alterations in myocardial bioener-
getic reserves and substrate utilization.
Mitochondrial bioenergetic metabolism may be critical •	
and primary in the development of HF.
Mitochondrial defects may underlie several aspects of the •	
HF phenotypes.
The role of fuel supply, and in particular, ATP levels are •	
critical for myocardial contractility and electrophysiology.
Fatty acids are the primary energy substrate for heart •	
muscle ATP generation by mitochondrial OXPHOS and 
the respiratory chain, the most important energetic path-
way providing over 90% of cardiac energy.
Under conditions which increase ATP demand in excess •	
of ATP supply such as in acute pump failure in ischemia, 
utilization of PCr via the CK reaction is an important 
mechanism that maintains steady myocardial ATP levels.
Observations from patients in HF have shown reduced •	
activity levels of mitochondrial bioenergetic enzymes 
including selected respiratory enzymes and mt-CK.
Data from animal models of HF have also shown that the •	
loss of ATP associated mitochondrial ROS damage affects 
a wide spectrum of cardiomyocyte functions including 
contractility, ion transport, and calcium cycling.

Loss in the total adenine nucleotide pool in the failing •	
myocardium is slow and progressive suggesting that a 
decline in ATP content might only be detectable in severe 
HF.
Even at moderate workloads, a decrease in PCr/ATP ratio •	
has been consistently reported in the failing human heart 
and in experimental HF. This is a strong predictor of car-
diovascular mortality in patients with DCM (even better 
than LV ejection fraction).
Mitochondrial contribution to HF may relate to its role in •	
ROS production.
Mitochondrial-generated ROS can lead to extensive oxi-•	
dative damage to macromolecules such as proteins, DNA, 
and lipids particularly targeting proximal mitochondrial 
components including mitochondrial respiratory enzymes, 
matrix enzymes (e.g., aconitase), and membrane phos-
pholipids such as cardiolipin.
Mitochondrial ROS damage affects a wide spectrum •	
of cardiomyocyte functions including contractility, ion 
transport, and calcium cycling.
Among the most compelling evidence supporting a •	
primary role for mitochondrial ROS and OS in cardio-
myopathy and HF are findings with antioxidant genes in 
transgenic mice.
While elevated ROS activation in the failing heart has •	
been shown to arise from both mitochondrial and extrami-
tochondrial sources, the role of endogenous antioxidants 
in ameliorating myocardial OS and the dynamic  
balance between these counteracting forces should be 
considered.
Overexpression of the antioxidant glutathione peroxidase •	
in transgenic mice inhibited the development of LV 
remodeling and failure after myocardial infarct (MI), and 
was associated with the attenuation of myocyte hypertro-
phy, apoptosis, and interstitial fibrosis.
The mitochondrial-mediated intrinsic apoptotic pathway •	
features an extensive dialog between the mitochondria, 
the nucleus, and other subcellular organelles.
The release of several mitochondrial-specific proteins •	
from the intermembrane space including cytochrome c, 
endonuclease G (EndoG), apoptosis inducing factor (AIF), 
and Smac are central to the early triggering events in the 
apoptotic pathway including downstream caspase activa-
tion, nuclear DNA fragmentation, and cell death.
Protein release from the intermembrane space and cristae, •	
where the majority of cytochrome c is localized, also is 
associated with opening of the voltage-sensitive PT pore 
located at the contact sites between inner and outer 
membranes.
While myocardial apoptotic induction is frequently asso-•	
ciated with abnormal mitochondrial respiratory function, 
the basis of this relationship remains unclear.
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Targeting apoptotic factors has been shown to reverse the •	
cardiomyopathy/HF phenotype and associated mitochon-
drial dysfunction underscoring the interconnected roles of 
apoptosis and mitochondrial dysfunction in HF.
In contrast to apoptosis, necrotic cell death is not energy-•	
requiring and exhibits characteristic features that include 
swelling of the cell and its organelles, extensive mito-
chondrial disruption, blebbing and ultimately irreversible 
disintegration of the plasma membrane.
In contrast with necrosis, autophagic cell death similar to •	
apoptosis is characterized by the absence of tissue inflam-
matory response.
A canine model in which rapid ventricular pacing leads to •	
an increase in chamber dimension, wall thinning, eleva-
tion in ventricular wall stress, and congestive HF recapit-
ulates many features of human DCM and HF.
By proteomic analysis, many of the cardiac proteins •	
altered in the canine model of pacing-induced HF are 
involved in energy metabolism.
Data obtained from biochemical analysis in paced dogs •	
documented a significant decrease in cardiac respiratory 
complex III and V activities.
Similar respiratory dysfunction (relative to enzymes •	
affected) was present in both skeletal muscle and cardiac 
tissues supporting the view that pacing inducing HF 
involves a generalized metabolic myopathy.
Differences in specific mitochondrial subpopulations asso-•	
ciated with distinct cardiac compartments may contribute 
to the observed enzymatic dysfunction observed in HF.
While initial studies in paced canine hearts revealed •	
mtDNA damage (i.e., large-scale mtDNA deletions 
detected by PCR), the levels of deletion relative to wild-
type mtDNA were very low (less than 1%) and their sig-
nificance is unclear.
In another model of HF, the murine model of myocardial •	
infarct (MI) was found that LV dilation and contractility 
dysfunction were accompanied by significant increases in 
levels of mitochondrial ROS (i.e., hydroxyl radicals) and 
lipid peroxides.
The issue and extent of mitochondrial transcriptional changes •	
in different animal models of HF remains largely unsettled.
Transgenic mice with abnormal expression of genes •	
involved in bioenergetic metabolism have provided unique 
insights into the cause–effect relationships between mito-
chondrial function and HF.
Since the majority of the components of mitochondrial •	
bioenergetic, biogenesis, and signaling pathways are 
encoded by nuclear DNA, regulation of the mitochondrial 
programmed changes detected in HF largely arise in the 
nucleus.
Expression of PGC-1•	 a in cardiac myocytes has been 
found to induce both nuclear and mitochondrial gene 
expression involved in multiple mitochondrial bioenergetic 

pathways, with increased mitochondrial biogenesis, res-
piration, and FAO.
PGC-1•	 a overexpression in the heart of adult mice resulted 
in a modest increase in mitochondrial number, derange-
ments of mitochondrial ultrastructure, and development 
of a reversible cardiomyopathy characterized by loss of 
sarcomeric structure and increased ventricular mass and 
chamber dilatation.
PPAR-•	 a may play a contributory role in the energy sub-
strate switch away from fatty acid utilization in the hyper-
trophied failing heart.
Mouse strains containing null genes encoding cytosolic •	
proteins, such as desmin and calcineurin, develop HF 
associated with significant mitochondrial dysfunction.
Altered Ca•	 2+ homeostasis is recognized as a key pathophys-
iological mechanism in HF, leading to altered contractile 
function, activation of signaling pathways and transcrip-
tional activity.
Ca•	 2+ homeostasis depends on efficient energy-driven ion 
pumps, while Ca2+ concentration in turn influences energy 
expenditure through its activation of cellular ATPases and 
mitochondrial dehydrogenases.
Many of the cellular cardiac changes as well as mitochon-•	
drial abnormalities often found in HF appear to be present 
in skeletal muscle.
Sporadic cases of cardiomyopathy with a severe mtDNA •	
depletion and associated reduction in cardiac and/or skel-
etal muscle mitochondrial respiratory activities have also 
been reported.
The identification of nuclear and mitochondrial compo-•	
nents of these pathways and delineation of their cross-talk 
has suggested a number of potential targets for the clinical 
treatment of HF.
Some technical hurdles need to be overcome in the testing •	
of specific mtDNA mutations and their pathogenic effects 
in whole animal model.
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Overview

The great achievements made in our understanding of the 
pathophy siology and treatment of heart failure (HF) would 
not have been possible without the use of animal models of 
HF. Experimental models are often needed to address spe-
cific questions not easily answered in patients, but in the case 
of HF, no single model can reproduce exactly any of the clin-
ical phenotypes of these patients. The species and interven-
tions used to create HF depend not only on the scientific 
question but also on factors such as ethical and economical 
consi derations, accessibility, and reproducibility of the 
model. The syndrome of HF may be induced experimen-
tally by pressure loading, volume loading, myocardial 
infarction, rapid pacing, or by the creation of other disease 
states within the myocardium. Pressure loading may be espe-
cially useful in the study of ventricular hypertrophy, cellular 
derangements, and vascular changes. Volume loading may 
be useful when examining the pathogenesis of hormonal and 
electrolyte disturbances. Models of myocardial infarction or 
destruction are likely to be most suitable for assessing novel 
therapy provided that peripheral reflexes are maintained. 
Experimental cardiomyopathy such as those induced by 
rapid pacing can provide an important means of identifying 
pathological subcellular mechanisms. They may also be of 
use in the evaluation of therapy. Any one model may be use-
ful if it permits study of a single variable in isolation or at a 
time when information is not obtainable from patients. 
In this chapter, animal models of HF are discussed with 
particular focus on similarities between the animal model 
and the failing human heart regarding myocardial function as 
well as molecular and subcellular mechanisms.

Introduction

The search for experimental models that would simulate the 
human clinical syndrome of HF has captured the imagina-
tion of several generations of investigators. The heteroge-
neous etiology and the uncertainty in defining its time of 

onset conspire to make HF a particularly difficult condition 
to inves tigate. A list of animal models that induce a clinical 
phenotype of HF is shown on Table 6.1; only models that 
have been used extensively and that address broader issues 
and concepts in HF are listed. In general, rat models are rela-
tively inexpensive and because of short gestation periods, a 
large sample size can be produced in a relatively short period. 
Therefore, rat models have been extensively used to study 
long-term pharmacological interventions including long-
term survival studies [1]. However, there are limitations to 
the use of rat models related to the differences in myocardial 
function when compared to the human heart. First, rat myo-
cardium exhibits a very short action potential, which nor-
mally lacks a plateau phase. Second, calcium removal from 
the cytosol is predominated by the activity of the sarcoplas-
mic reticulum calcium pump whereas Na+/Ca2+-exchanger 
activity is less relevant [2]. Third, in normal rat myocardium, 
myosin heavy-chain isoform predominates and a shift toward 
the b-myosin isoform occurs with hemodynamic load or hor-
monal changes [3].

Dog and other large animal models of HF may allow the 
study of left (LV) function and volumes more accurately 
than in the rodent models. In particular, they better allow for 
chronic instrumentation. Furthermore, in dog, like in the 
human myocardium, the b-myosin heavy-chain isoform 
predominates and excitation–contraction coupling processes 
seem to be similar to the human myocardium [4]. The force–
frequency relation, as evaluated by E

max
, the slope of the end-

systolic pressure–volume relation, was shown to be positive 
in autonomically intact awake dogs as well as during auto-
nomic blockade [5]. On the other hand, dog models are 
costly and require substantial resources with respect to the 
housing and care.

Pressure and Volume Overload

Volume overload, pressure overload, and the combination 
of both models have been used to induce HF particularly 
in the rabbits. Chronic severe aortic regurgitation in rabbits, 
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created by aortic valve perforation with a catheter, produces 
left ventricular hypertrophy, followed by systolic dysfunction 
and HF after a period of months [6]. Occurrence of HF is 
more rapidly achieved when aortic regurgitation is combined 
with aortic constriction. In the model developed by Ezzaher 
et al., aortic insufficiency was produced by destroying the 
aortic valve with a catheter introduced through the carotid 
artery. After 14 days, aortic constriction was performed just 
below the diaphragm. HF occurs about 4 weeks after the 
initial procedure [7, 8].

HF is associated with alterations in the b-adrenoceptors 
system similar to those in humans [8]. Furthermore, in this 

model, there is an inversion of the force–frequency relation 
and alteration of post-rest potentiation that closely resem-
bles the situation in the human heart [9]. Protein and mRNA 
levels of Na+/Ca2+-exchanger were significantly increased 
in failing compared to nonfailing hearts whereas sarcoplas-
mic reticulum Ca2+-ATPase was not significantly altered. 
This may indicate that increased trans-sarcolemmal cal-
cium loss by increased Na+/Ca2+-exchanger activity may 
decrease calcium availability to contractile proteins and 
decrease myocardial function even without direct alteration 
of sarcoplasmic reticulum function. Because this model 
closely mimics alterations of myocardial function observed 

Table 6.1 Animal models of heart failure

Species and model Functional features

Rat
Coronary ligation Clinical characteristics similar to human heart failure; survival studies
Aortic banding Studies of transition from hypertrophy to failure; survival studies
Salt-sensitive hypertension Studies of transition from hypertrophy to failure
Spontaneous hypertension Extracellular matrix changes; apoptosis; studies of transition from hypertrophy to failure
SH-HF/Mcc-facp Altered NOS expression; altered calcium triggered calcium release
Aorto-caval fistula Left ventricular hypertrophy; moderate LV dysfunction
Toxic cardiomyopathy Decreased myocardial performance; myocyte loss with chronic ethanol application. Cardiomyopathy 

following catecholamine infusion or associated with Diabetes mellitus
Dog
Tachycardia Studies of remodeling and neurohumoral activation; studies on molecular mechanism of subcellular dysfunction; 

no hypertrophy
Coronary artery ligation Studies on progression of heart failure; high mortality and dysrhythmias
Direct-current shock Studies of neurohumoral mechanisms and therapeutic interventions
Volume overload Aorto-caval fistula

Mitral regurgitation
Vena caval constriction Low cardiac output failure
Toxic cardiomyopathy Left ventricular dysfunction
Genetic Spontaneous cardiomyopathy in Doberman Pinscher dogs
Pig
Tachycardia Comparable with dog model for most aspects
Coronary artery ligation Congestive heart failure; altered myocardial energetics
Rabbit
Volume and pressure overload Myocardial alterations similar to failing human myocardium
Pacing tachycardia Myocardial alteration similar to failing human myocardium
Toxic cardiomyopathy Studies of functional consequences of altered ryanodine receptors
Guinea pig
Aortic banding Myocardial function and alteration of calcium handling similar to human heart failure
Syrian hamster
Genetic Hypertrophy and failure; alterations critically dependent on strain and age
Cat
Pulmonary artery constriction Transition from compensated right ventricular hypertrophy to failure
Turkey
Toxic cardiomyopathy Alteration of calcium handling and myocardial energetics
Bovine
Genetic Similar to human heart failure regarding changes in b-adrenergic system
Sheep
Pacing tachycardia Similar to dog and swine model of pacing tachycardia
Aortic constriction Transition from compensated hypertrophy to left ventricular dysfunction
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in the end-stage failing human myocardium, this model 
may be well suited to study alterations in excitation–con-
traction coupling processes occurring during the transition 
from compensated hypertrophy to failure.

In dogs, volume overload has also been produced by crea-
tion of an arteriovenous fistula or by destruction of the mitral 
valve [10, 11]. Chronic mitral regurgitation produced in 
closed-chest dogs by disruption of mitral chordae or leaflets 
using an arterially placed grasping forceps results in LV hyper-
trophy and dilatation within 3 months and development of 
overt HF occurs in this model [10]. Neurohumoral activation 
including local activation of the renin–angiotensin–aldoster-
one system (RAAS) was observed, which is associated with 
depressed myocardial function [12, 13]. The model has been 
utilized to study the influence of chronic b-adrenoceptor 
blockade on myocyte and left ventricular function, both of 
which significantly improved with this treatment [13].

Suprarenal aortic coarctation results in a very short-term 
reactive hyperreninemia of less than 4 days. Thereafter, the 
circulating RAAS is no longer activated, but the ventricular 
angiotensin-converting enzyme (ACE) activity begins to rise. 
After a period of several weeks, ventricular ACE activity may 
decrease again to normal values, which may be related to nor-
malization of wall stress with increasing hypertrophy [14]. 
Numerous studies have been performed using aortic banding 
in rats to evaluate different aspects of left ventricular hypertro-
phy. Furthermore, after several months, a subset of animals 
goes into clinical HF. Chronic experimental aortic constriction 
imposed by banding of the ascending aorta in weanlings 
resulted in compensated left ventricular hypertrophy of the 
adult rats for several weeks. After 20 weeks of aortic banding, 
two distinct groups could be identified: rats without change in 
LV systolic pressure development and those with a significant 
reduction in LV systolic pressure [15]. The latter group exhib-
ited increased LV volumes, reduced ejection fraction, and 
clinical signs of overt HF [16]. Left ventricular hypertrophy 
and failure was associated with increased b-myosin heavy 
chain mRNA and atrial natriuretic factor mRNA. Interestingly, 
a decrease in SR-Ca2+-ATPase mRNA levels by the poly-
merase chain reaction (PCR) occurred in left ventricular myo-
cardium from failing animals after 20 weeks of banding but 
not in nonfailing hypertrophied hearts. From this data, it was 
suggested that the decrease in SR-Ca2+-ATPase mRNA levels 
may be a marker of the transition from compensatory hyper-
trophy to failure in these animals [15]. During compensated 
hypertrophy, while catecholamine levels are normal, there is 
activation of the local myocardial renin–angiotensin system, 
which may be important for the development of myocardial 
failure. With the development of HF, plasma catecholamine 
levels can increase [17]. This model therefore appears to be 
well suited for studying the transition from hypertrophy to 
failure at the level of the myocardium. Nevertheless, one 

should keep in mind that considerable differences in the func-
tion of sub cellular systems may exist between rat and human 
myocardium.

Models of Transition of Compensated 
Cardiac Hypertrophy to Heart Failure

Dahl Salt-Sensitive Rats

An animal model that appears to be well suited for studying 
the transition from compensated hypertrophy to failure is the 
Dahl salt-sensitive rat [18, 19]. This strain of rats develops 
systemic hypertension after receiving a high-salt diet. This 
results in the development of concentric LV hypertrophy at 8 
weeks, followed by marked LV dilatation, and overt clinical 
HF at 15–20 weeks. Rats with HF die within a short period. 
This type of HF is associated with reduced myocardial perfor-
mance as shown in isolated muscle strip preparations [19].

Spontaneous Hypertensive Rats

The spontaneous hypertensive rat (SHR) is a well-established 
model of genetic hypertension in which cardiac pump function 
is initially preserved [20]. At 18–24 months, HF develops 
which includes reduced myocardial performance and 
increased fibrosis. In this model, although altered calcium 
cycling has been observed, no decrease in mRNA of the 
sarcoplasmic reticulum calcium pump was found during the 
transition from compensated hypertrophy to failure [21, 22]. 
It was suggested that the transition to failure is associated 
with significant alterations in the expression of genes enco-
ding extracellular matrix [21]. Furthermore, an increased 
number of apoptotic myocytes was observed, suggesting 
that apoptosis might be a mechanism involved in the reduc-
tion of myocyte mass that accompanies the transition from 
stable compensation to HF in the model. Interestingly, the 
angiotensin-converting enzyme inhibitor captopril was 
associated with reduction in the exaggerated apoptosis that 
accompanied the HF syndrome [23].

Spontaneously hypertensive rats which develop failure 
before 18 months of age have been selectively bred (SH-HF). 
Development of HF occurs earlier in SH-HF rats, which 
carry the facp (corpulent) gene that encodes a defective 
leptin receptor (SH-HF/Mcc-facp) [24]. In these animals, 
renin-plasma activity, ANP, and aldosterone levels progres-
sively increase with age, and renin-plasma activity is 
independently correlated to cardiac hypertrophy [25]. 
Interestingly, hearts from the SH-HF rat exhibit a more 
negative force–frequency relationship than control rats [26]. 
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Gómez et al. have reported that calcium current density, 
density and function of ryanodine receptors, and sarco-
plasmic reticulum calcium uptake are normal. However, they 
showed that the relationship between calcium current density 
and the probability of evoking a spark was reduced indicating 
that calcium influx is less effective at inducing SR calcium 
release. It was speculated that these changes may be related 
to spacial remodeling between L-type calcium channels 
and ryanodine receptors [27]. Of note, Ca2+-dependent NOS 
activity and expression of endothelial NOS appear to be 
increased in hypertensive SH-HF rats [28].

Cardiomyopathic Hamster

Cardiomyopathic strains of the Syrian hamster have been 
widely used as a model for cardiac hypertrophy and 
transition to HF [29]. This model displays an autosomal 
recessive mode of inheritance [29, 30]. Cardiac disease pro-
ceeds progressively in several histologic and clinical phases 
during the life of the animal and overt HF develops after 
7–10 months. Histologically, necrotic, calcified myocardial 
lesions are observed initially in the development of the disease. 
Microvascular spasms and disturbed calcium handling have 
been suggested to be relevant for the pathophysiology in this 
model and beneficial effects of verapamil have been observed 
[31, 32]. The density of L-type calcium channels seems to be 
increased in younger animals before morphological evidence 
for the myopathy is present. However, when there is a fully 
developed myopathy, there seems to be no appreciable 
diffe rence between control and myopathic hamsters [33, 34]. 
Kuo et al. have showed decreased gene expression of 
sarcoplasmic reticulum calcium pump in Syrian hamsters. 
Interestingly, this alteration in gene expression preceded any 
noticeable myocyte damage [35]. On the other hand, Whitmer 
et al. have observed that sarcoplasmic reticulum calcium 
uptake is decreased in 9-month-old animals exhibiting HF 
but not in hypertrophic hearts without signs of HF [32].

Enhanced activity of the Na+/Ca2+-exchanger in failing 
animals was recently suggested from electrophysiological 
measurements [36]. Furthermore, time-dependent changes 
in myosin isoform expression have also been observed [36, 
37]. A genetic linkage map localized the cardiomyopathy 
locus on hamster chromosome 9qa2.1-b1 [38]. Furthermore, 
it was shown that the cardiomyopathy results from a muta-
tion in the d-sarcoglycan gene [39]. The advantages of this 
model are: absence of surgical manipulations, low costs, and 
the ease with which large numbers of animals can be studied. 
It is important to state that there are differences among the 
strains, and in the time course of the pathologic changes, 
and therefore, the time point at which measurements are 
performed is critically important in this model.

Coronary Artery Ligation  
and Microembolization Models

Due to its apparent clinical relevance and the relatively 
easy technique involved, myocardial infarction in the rat is a 
widely used small-animal model of HF. Myocardial infarc-
tion following coronary artery ligation in Sprague-Dawley 
rats is a widely used rat model of HF. If the left coronary 
artery is not completely ligated, HF may still occur as a 
consequence of chronic myocardial ischemia [40]. Complete 
occlusion of the left coronary artery results in myocardial 
infarction of variable sizes with occurrence of overt HF after 
3–6 weeks in animals with large infarcts. The impairment of 
LV function is related to the loss of myocardium. Heart 
failure is associated with LV dilatation, reduced systolic 
function, and increased filling pressures [1]. The progression 
of LV dysfunction and myocardial failure is associated 
with neurohumoral activation similar to that seen in 
patients with HF [41, 42]. In particular, it was shown that 
ACE activity in the LV correlated inversely with LV function 
and that ACE activity in the kidney was only increased late 
after the induction of HF [43]. Depressed myocardial 
function is associated with altered calcium transients [44]. 
The density of L-type calcium channels, as evaluated by 
antagonist binding was shown to be decreased in moderate 
to severe stages of congestive HF [45]. Furthermore, it was 
shown that after 4, 8, and 16 weeks following coronary artery 
ligation, SR-Ca2+-ATPase mRNA and protein levels decrease 
continuously with increasing severity of HF. Interestingly, 
SR-Ca2+-ATPase activity was found to be more depressed 
than expected from the reduction in protein levels [46]. 
Although alterations in neurohumoral systems as well as in 
baroreflex control have been well studied in HF, little is 
known about changes in the central nervous system itself.  
A recent study assessed hexokinase activity in various brain 
regions in rats with myocardial infarction and HF [47]. 
Hexokinase activity appears to be a reliable indicator 
of metabolic changes in discrete regions of the brain. 
The animals had increased hexokinase activity in the parvi-
cellular and magnicellular divisions of the paraventricular 
nucleus of the hypothalamus as well as in the locus 
caeruleus. These regions contain vasopressin-producing 
neurons or sympathoexcitatory sites, respectively. Therefore, 
for the first time in an animal model of chronic HF, this study 
demonstrated changes in specific brain regions involved in 
central modulation of volume homeostasis and cardiovascular 
control, which may contribute to the observed peripheral 
alterations in HF.

Although a high initial mortality and induction of mild 
HF in most cases may be a real disadvantage of this model, 
it seems to be very useful for long-term studies of pharma-
cological interventions on neurohumoral activation. In rats, 
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if the left coronary artery is not completely ligated but is 
chronically narrowed by an incompletely tied suture, a non-
occlusive stenosis leading to chronic myocardial ischemia 
and LV dysfunction with decreased contractility and ele-
vated filling pressures is produced [48]. Reductions in 
blood pressure, cardiac output, and stroke volume suggest 
forward failure. The hearts of these animals are character-
ized by LV dilatation and hypertrophy. Myocyte loss, 
hypertrophy, and hyperplasia all contribute to the changes 
associated with LV remodeling [40]. Being primarily a 
model of myocardial ischemia rather than of HF, this prep-
aration appears to be of some relevance to chronic ischemic 
LV dysfunction.

Coronary artery ligation and microembolization have also 
been used to produce myocardial infarction and HF in dogs. 
In closed-chest dogs, approximately up to seven emboli-
zation procedures are performed 1–3 weeks apart. Three 
months after the final microembolization, there are clinical 
signs of HF, LV dilatation, decreased ejection fraction, and 
neurohumoral activation similar to that observed in humans 
[49]. A decreased number of b-adrenoceptors and L-type 
calcium channels have been observed 3 months after the 
final embolization procedure [50]. Furthermore, sarcoplasmic 
reticulum Ca2+-ATPase activity and protein levels were 
reduced in LV myocardium in the HF animals [51]. With this 
model, the progression from LV dysfunction to HF and the 
influence of pharmacological interventions can be studied 
[52]. The model does have several disadvantages. Because 
of extensive collateral circulation, there are important diffe-
rences in the pattern of infarction between the human and 
the dog. The model is therefore time consuming, technically 
demanding and expensive, and is associated with high 
mortality and with a high incidence of dysrhythmias.

Pacing Induced Cardiomyopathy

In 1962, Whipple et al. first reported that atrial pacing at over 
330 beats/min can induce physical signs of HF [53]. Although 
these investigators initially devised the model to reproduce 
the human condition of tachycardia-induced cardiomyopathy, 
over the past two decades, the model has increasingly been 
used to evaluate broader questions related to HF [54–56]. 
There are several features that make this model particularly 
suitable for the study of HF. First, the model, at least when 
used in most laboratories, avoids major surgical trauma, such 
as thoracotomy and pericardectomy, which may confound the 
interpretation of physiological data. Second, HF evolves over 
a period of several weeks, which permits sequential observa-
tions [54, 57, 58]. Third, the magnitude of the provoking 
stimulus can be calibrated by employing a programmable 
pacemaker. Fourth, rapid pacing produces a well defined 

clinical syndrome of biventricular failure with cardiomegaly, 
hypoperfusion, pulmonary congestion, cachexia and ascites, 
all of which mimic the human state. Finally, HF induced in 
this fashion is reversible after cessation of pacing [59, 60]. 
A comprehensive description of the general aspects of this 
model, including the various methods of pacing, has been 
discussed in several reviews [54, 56, 61, 62]. In brief, the 
most commonly used method is right ventricular pacing in 
the dog using transvenous endocardial leads. In our institu-
tion, we have employed programmable pulse generators 
and the pacing rate is programmed at 250 beats/min. With 
this protocol, we have consistently induced severe HF in 
3–4 weeks. With daily physical examination and weekly 
radiographic and echocardiographic assessments, premature 
mortality was seldom encountered. Other investigators 
have induced HF in the pig by chronic supraventricular 
tachycardia using atrial electrodes implanted after thoraco-
tomy [56, 63, 64]. The hemodynamic and neurohormonal 
changes induced in the pig model are quite similar to those of 
the canine model that uses endocardial right ventricular 
pacing. The pacing model has also been modified for use in 
the sheep and, more recently, in rabbits using epicardial 
electrodes. It is quite likely that other animal species and 
pacing protocols will be employed in future. Specific aspects 
of HF and the contemporary experimental data derived 
from this model as well as on how these data provide further 
insights into our understanding of the mechanisms of 
progression of heart failure are discussed in this section.

Cardiac Remodeling and Dysfunction

In almost all species studied, chronic atrial or ventricular 
rapid pacing both produce marked dilatation of all cardiac 
chambers [54, 56, 59, 65]. This profound cardiac chamber 
dilatation is surprisingly accompanied by little or no cardiac 
hypertrophy at the whole organ level. Indeed, in both dogs 
and pigs subjected to pacing, ventricular wall thinning in the 
absence of increased heart weight appears to be the rule 
[59, 66, 67]. Interestingly, at 4 weeks following pacing 
cessation, whereas all hemodynamic and neurohormonal 
parameters returned to the baseline values, both systolic and 
diastolic chamber volume remained increased from baseline 
while heart weight actually increased from the time of HF. 
It was initially believed that these findings reflected a relative 
metabolic deficiency induced by rapid pacing. Thus, chronic 
rapid pacing resulted in severe depletion of myocardial 
high-energy phosphate [68], potentially impairing the 
deve lopment of hypertrophy. The dramatic recovery of 
hemo dynamic and clinical parameters as well as the devel-
opment of hypertrophy after cessation of pacing appeared to 
support this hypothesis. To test this hypothesis, we devised a 
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7-week protocol of intermittent pacing, consisting of 48 h of 
rapid pacing alternating with 24 h of resumption of sinus 
rhythm, reasoning that there would have been intermittent 
recovery of energy substrate to permit the development of 
hypertrophy [69]. However, both the continuously paced 
and intermittently paced dogs failed to develop cardiac 
hypertrophy. Although the reasons why cardiac hypertrophy 
at a whole-organ level does not develop in this model remain 
unclear, these unique features of this model suggest that 
the insult is sufficiently intense such that these paced 
animals never enter a stage of compensated LV hypertrophy. 
Furthermore, the persistent chamber dilatation in spite of 
hemodynamic recovery at 4 weeks would suggest that 
structural remodeling is ongoing in spite of cessation of 
pacing. In contrast to the left ventricle, we first observed a 
significant increase in left atrial dimension in conjunction 
with an increase in left and right atrial appendage weights, 
indicating the development of significant biatrial hypertrophy 
[70, 71]. The basis for the dissociation between atrial and left 
ventricular hypertrophy is unclear, given a similar systemic 
hemodynamic and neurohumoral environment. It could, 
however, relate in part to the different atrial and ventricular 
rates and, therefore, high atrial wall stress and the different 
oxygen requirements of these chambers under the stress of 
rapid ventricular pacing. The differential wall stress of the 
left atrium and left ventricle appears to be accompanied by 
higher increased collagen content in the left atrium but not in 
the left ventricle of the paced dogs [71].

Our group and others have recently demonstrated that 
significant atrial remodeling occurs in addition to LV remod-
eling in the setting of HF [72, 73]. We first characte rized the 
structural basis for atrial remodeling in our canine model 
of HF induced by right ventricular (RV) pacing [73]. HF 
is accompanied by atrial interstitial fibrosis with increased 
heterogeneity in local conduction, a substrate for the devel-
opment of atrial fibrillation [74]. Atrial myocytes are hyper-
trophied. In addition, collagen synthesis is increased with a 
concurrent increase in proteolytic enzyme activity and col-
lagen breakdown suggesting dynamic turnover [73, 74]. To 
specifically study atrial remodeling and atrial fibrillation in 
the setting of HF, we have recently validated a canine simul-
taneous atrioventricular pacing (SAVP) model [75, 76]. The 
pacemakers were programmed to capture both chambers 
simultaneously (AV delay 0-ms) at 220 beats/min with 1.0-ms 
pulses at three times threshold current. The SAVP dogs 
display clinical signs and echocardiographic changes of HF. 
Compared to controls and RV pacing, SAVP induced more 
profound atrial chamber dilatation and dysfunction with 
slightly less LV dysfunction (Table 6.2). Importantly, SAVP 
exacerbated the vulnerability to induced atrial fibrillation when 
compared to normal controls and RV pacing (Table 6.3). 
These abnormalities were accompanied by structural changes 
including denser fibrosis and more intense activation of matrix 

metalloproteinase-9 (MMP-9) compared to RV pacing [76]. 
The profound electrophysiological and structural changes 
enabled us to explore the effects of intervention using MMP 
inhibition [77] as well as the effects of Omega-3 polyunsatu-
rated fatty acids (PUFA) [78]. SAVP dogs treated with the 
MMP inhibitor had less atrial fibrillation inducibility than 
SAVP dogs treated with the vehicle. The treated dogs also 
had significantly smaller increases in atrial myocyte cross 
sectional area, collagen area fraction, and MMP-9 activity 
relative to the controls than in the vehicle treated dogs. There 
were no significant differences in the changes in chamber 
dimension and function in the left atrium. PUFA-treated 
paced dogs had less atrial fibrillation inducibility than 
untreated dogs. Histochemical analyses using picrosirius red 
staining of atrial appendages revealed smaller collagen area 
fraction in the treated dogs.

Table 6.2 Comparison of echocardiographic parameters of LA and 
LV remodeling and dysfunction, expressed as percent change from 
baseline induced by chronic rapid right ventricular pacing (RVP) versus 
those by simultaneous atrioventricular pacing (SAVP) [76]

RVP (n = 8) SAVP (n = 14)

LA diastolic area 77 ± 41% 62 ± 35%
LA systolic area 64 ± 38% 88 ± 48%
LAFAS −26 ± 30% −61 ± 17%*
LV diastolic area 156 ± 53% 43 ± 17%
LV systolic area 58 ± 27% 92 ± 50%
LVFAS −55 ± 10% −36± 18%*
Data are mean ± SD. LA left atrium; LV left ventricle; FAS area 
fractional shortening
*P < 0.05 versus RVP

Table 6.3 Comparison of the vulnerability to atrial fibrillation in heart 
failure induced by RVP and SAVP [76]

CTRL  
(n = 5)

RVP  
(n = 5)

SAVP  
(n = 14)

AF inducibility
AERP  

induced-AF (%)
0 0 50

Percent of burst 
attempts leading 
to AF > 1 min

1.0 ± 1.7 8.2 ± 4.1 20 ± 14*,†

AF maintenance
AF duration, median 

and interquartile 
range (s)

0 710  
(160–1,180)

1,600  
(1,195–2,400)†

Percent of dogs with 
AF duration 
>10 min

0 40 83*,†

CTRL control dogs without pacing; AERP atrial effective refractory 
period
*P < 0.05 versus normal dogs
†P < 0.05 versus RVP dogs
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Fluid Retention and Edema

Pulmonary congestion and edema formation are two hall-
marks of the syndrome of HF. The mechanisms for fluid 
retention in HF are multiple and include the development in 
the kidney of Starling forces, such as increased venous 
capillary pressure and decreased oncotic pressure, as well as 
the effects of local and systemic neurohormonal activation 
[79]. In our experience, chronic RV pacing in dogs at 250 
beats/min for more than 3 weeks invariably produces severe 
radiographic pulmonary congestion [57, 60]. Peripheral edema 
occurs and is often manifested as ascites [57]. Significant 
increases in body weight may or may not occur, which 
probably reflect the net balance between accumulation of 
edema fluid and loss of lean body mass. In an earlier study, 
we made detailed comparisons of the sequential changes of 
plasma neurohormonal parameters during evolving pacing-
induced HF to gain insights into the role of neurohormonal 
activation on fluid retention. Atrial natriuretic peptide (ANP) 
was activated early during the course of evolving HF, 
suggesting that this vasodilator, natriuretic neurohormone 
played an important role in early HF [79, 80]. It acts to prevent 
fluid retention at this early stage when the other neurohor-
mones, such as norepinephrine, renin, and aldosterone, 
were not significantly increased. At the time of severe HF, 
hyponatremia developed, possibly related in part to the intense 
activation of the renin–angiotensin system, which is apparent 
at this advanced stage. Others have reported that the 
glomerular filtration rate, renal blood flow, and urinary Na 
excretion all decreased significantly. Increased natriuretic 
peptides likely play a homeostatic role. Intrarenal adminis-
tration of the inhibitor of the natriuretic peptide receptor 
antagonist HS-142-1 to dogs with acute HF induced by rapid 
pacing resulted in reduced urinary cGMP and Na excretion 
accompanied by a reduced glomerular filtration rate [81]. 
We have demonstrated that in spite of increased circulating 
levels of ANP and BNP, the release of these peptides to an 
acute, further increase of atrial pressures, and the natriuretic 
responses to exogenous administration of ANP and BNP are 
both attenuated at HF [82, 83]. These probably constitute 
additional mechanisms contributing to the fluid retention.

In order to evaluate whether the response to hypertonic 
saline challenge can predict the propensity for fluid retention 
in HF, we classified normal dogs according to whether they 
drank more or less water than required to dilute the saline 
challenge to isotonicity [84]. These dogs were then paced for 
1 or 3 weeks. At HF, the fluid retention score was higher in 
dogs that drank more after the saline challenge at baseline. 
There was a direct correlation between water intake following 
saline challenge at baseline and subsequent fluid retention. 
There was also an inverse correlation between the ability to 
concentrate urine at baseline and the degree of fluid retention 

at HF. These data suggest that the ability to regulate a salt 
load may be a useful predictor of the propensity for fluid 
retention in HF.

Neurohormonal and Cytokine Activation

Modulation of the neurohormonal system represents the 
most important treatment modality that has been developed 
in the management of patients with HF. The original neuro-
hormone hypothesis states that prolonged neurohormone 
activation not only explains the clinical, hemodynamic, and 
metabolic perturbations but also contributes to disease 
progression in HF [85]. The model of pacing-induced cardi-
omyopathy was ideal for the studies of the pathophysiologic 
role of neurohormonal activation in HF because of its ability 
to produce intense stimulation of almost every neurohor-
monal system and cytokines including the endothelin system 
[79, 83, 86].

The pronounced alterations in the sympathetic nervous 
system, the RAAS, and the natriuretic peptides in this model 
have been comprehensively described in previous reviews 
[17, 54, 56, 61]. Among these parameters, endothelin-1 
(ET-1) is one of the most potent vasoconstrictor peptides 
with diverse biological properties, which have recently 
been implicated in the pathogenesis of HF [54, 87, 88]. 
In dogs with pacing-induced HF, plasma ET-1 levels are 
consistently elevated [86, 89]. To elucidate some of the 
mecha nisms for the increased circulating ET-1 level, 
we studied pulmonary clearance of ET-1 in dogs with 
pacing-induced HF [86]. Compared to baseline, the capacity 
of the lung to clear ET-1, as measured by the permeability-
surface product, was markedly reduced at HF. This was 
accompanied by a reduced binding affinity of the type B 
endothelin receptors in the lungs. Our findings suggest that 
reduced pulmonary clearance of ET-1 likely contributes to 
the increased circulating ET-1 levels observed in this model. 
Using a ribonuclease protection assay, we have also demon-
strated markedly increased mRNA expression of preproET-1 
in the LV and the lungs of paced dogs [90]. The increased 
cardiac expression of ET-1 raises the possibility that ET-1 
may play an important paracrine role in HF. Furthermore, 
the increased pulmonary expression strongly supports the 
hypothesis that increased ET-1 mediates the pulmonary 
hypertension in HF. The availability of specific antagonists 
of the endothelin receptors has allowed the examination of 
the functional role of the activation of the endothelin system 
in HF with the potential of establishing a novel therapy. 
We examined the effects of a 3-week oral administration of 
the specific type A endothelin receptor (ET

A
) antagonist LU 

135252 on hemodynamic and neurohormonal parameters in 
dogs with pacing-induced HF [91]. Administration of LU 
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135252 was associated with attenuation of the markedly 
increased LV end diastolic and pulmonary artery pressures 
observed in the placebo-treated dogs, and the rise in systemic 
and pulmonary vascular resistance observed in the placebo-
treated dogs was prevented. The beneficial hemodynamic 
effects were obtained with no adverse effects on neurohor-
monal parameters such as norepinephrine and ANP. In a 
rabbit model of pacing-induced HF, administration of another 
ET

A
 antagonist was accompanied by restoration of function 

of the isolated myocytes [92]. Therefore, data derived from 
the canine and rabbit pacing-induced HF models suggest that 
an activated endothelin system may mediate the pulmonary 
and systemic vasoconstriction and impairment of myocyte 
function observed in HF.

There is now evidence in support of a pathological role of 
the proinflammatory cytokines such as tumor necrosis 
factor-a (TNF-a) in the pathogenesis of HF [93]. Several 
studies have reported in patients with advanced HF ele-
vated circulating levels of TNF-a and its soluble receptors 
(sTNF-R1 and sTNF-R2) [94, 95]. In the canine pacing-
induced HF model, we have reported serial changes of 
plasma TNF-a levels during evolving HF [54]. As early 
as 1 week after the onset of pacing, there was a trend of the 
plasma TNF-a levels increasing from baseline. At 3 weeks 
of pacing, the plasma TNF-a level was markedly elevated. 
Immunohistochemical studies of the LV tissue demonstrated 
intense staining of TNF-a, which was not observed in the 
control normal dogs. Furthermore, there were very few 
inflammatory cells in the paced dogs. The spleen stained 
only mildly positive. Our findings therefore suggest 
that, in the canine model of pacing-induced HF, there is a 
marked activation of the proinflammatory cytokine TNF-a. 
Furthermore, the heart is one source of production of 
cytokines in HF and this activation may occur in the absence 
of any major concurrent immune activation.

We recently tested the hypothesis that administration of a 
TNF-a blocking protein would prevent the induction of 
MMPs and alter the course of myocardial remodeling in 
developing LV failure. Adult dogs were randomly assigned 
to the following groups: (1) chronic pacing, (2) chronic pacing 
with concomitant administration of a TNF-a blocking 
protein using a soluble p75 TNF receptor fusion protein 
(TNFR:Fc); administered at 0.5 mg/kg twice a week subcu-
taneously, and (3) normal controls [96]. LV end-diastolic 
volume increased in control with chronic pacing and was 
reduced with TNF-a blockade. MMP zymographic levels 
(92 kDa, pixels) increased in control with chronic pacing and 
was normalized by TNF block (Fig. 6.1). Myocardial MMP-9 
and MMP-13 levels assessed by immunoblot increased with 
pacing relative to controls and was normalized by TNF-a 
blockade. These results suggest that TNF-a contributes to 
the myocardial remodeling process in evolving HF through 
the local induction of specific MMPs.

Another mechanism by which the cytokines exert an 
adverse effect on the failing heart may be through an 
increased expression of inducible nitric oxide synthase 
(iNOS) [97]. In vitro studies in myocytes [98] and in vivo 
studies in animals [99] have demonstrated that NO decreases 
myocardial contractility and attenuates the contractile 
response to b-adrenergic stimulation. We have demonstrated 
that, in the canine model of pacing-induced HF, the inotropic 
response to b-adrenergic stimulus is attenuated [100]. It is 
therefore conceivable that enhanced myocardial NO may 
mediate in part the b-adrenergic hyporesponsiveness in HF 
in this model. To test the hypothesis, one study examined the 
effects of NOS inhibitor on contractile function in myocytes 
isolated from dogs with pacing-induced cardiomyopathy 
[101]. Total myocardial NOS activity, as measured by the 
conversion of arginine to citrulline, was significantly increased 
in dogs with HF compared to the normal controls. Contractile 
function of the myocyte was assessed by sarcomere shortening 
velocity. The addition of N-nitro-L-arginine methyl ester 
(l-NAME), an inhibitor of NOS, alone had no effects on 
basal sarcomere shortening velocity in the normal or HF dogs. 
However, l-NAME augmented the inotropic response to iso-
proterenol in HF dogs but not in the controls. These findings 
were interpreted to indicate that increased myocardial NOS 
activity contributes to an autocrine alteration in myocardial 
function in HF. We recently examined NOS activities as 
well as the protein expression of Ca2+-dependent NOS, e.g., 

Fig. 6.1 Effect of cytokine blockade on matrix metalloproteinase 
abundance in heart failure. Immunoblotting for matrix metalloproteinase 
(MMP)-9 revealed an increase in the chronic pacing group that returned 
to normal in the TNF-blocking protein group. The emergence of a 
higher molecular weight band for MMP-9 in the chronic pacing-only 
group likely reflects increased abundance of a proform of MMP-9 
(Reprinted from Bradham et al. [96]. With kind permission from the 
American Physiological Society)
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endothelial NOS (eNOS), and inducible Ca2+-inde pendent 
NOS in the LA and LV of the paced dogs [102]. Ca2+-
dependent NOS activity was increased in the left atrium 
but not in the left ventricle of the paced dogs. Likewise, 
protein expression of eNOS was increased only in the left 
atrium. On the other hand, inducible Ca2+-independent 
NOS activity was not detectable in either the left atrium or 
left ventricle. These data suggest that there is differential 
regulation of NOS activities between the left atrium and left 
ventricle. One wonders whether the increased expression of 
eNOS in the left atrium may serve as a compensatory mecha-
nism to counteract the atrial hypertrophy. In another study 
that also used the canine model [103], vascular rings from 
the coronary arteries of the paced dogs had a greater endothe-
lium-dependent relaxation to BHT920, an a2-adrenergic 
agonist compared to controls. However, the relaxation 
caused by BHT920 in the paced dogs was attenuated by 
NG monomethyl-l-arginine (l-NMMA), indicating that 
increased NOS in the coronary arteries enhances endothelium-
dependent relaxation in the coronary arteries in the paced 
dogs. Notwithstanding differences in observations between 
different studies, the data obtained from the pacing model, on 
balance, suggest that increased NO may play a “protective 
role” by down-regulating the inotropic response of the heart to 
b-adrenergic stimulation, thereby counteracting hypertrophy 
while preserving coronary blood flow.

Transgenic Models

The recent development of techniques to alter specifically 
the expression of genes greatly improved our understanding 
of the pathophysiology of HF. Moreover, several genetic 
models of HF by addition or deletion of genes in mice have 
been developed. Several of these models have also provided 
interesting data about the genes involved in HF, as well as 
providing significant information regarding their phenotypic 
expression in the elderly.

Mutations in Sarcomeric and Intermediate 
Filament Proteins

The effects of specific mutations on sarcomere and cytoske-
letal structure and function, as well as on overall cardiac 
structure and function in vivo have been examined in geneti-
cally engineered mouse models. A large number of transgenic 
studies have provided a wealth of information in the identifi-
cation of new genetic targets, the confirmation of pathogenic 
mutations described in clinical studies, and in some cases 
elucidation of the role of these specific pathogenic mutations, 

and resultant proteins in the progression of cardiac hypertrophy, 
fibrosis and onset of cardiomyopathy, either hypertrophic or 
dilated. Several specific alterations in genes involved in 
cytoskeletal and sarcomeric function, which generate cardio-
myopathy and frequently induces HF in transgenic mice, are 
presented in Table 6.4.

The age-specific phenotypic expression of specific 
sarcomeric protein mutations was compared between hete-
ro zygous mice bearing a cardiac MHC missense mutation 
(aMHC403/+) and mice bearing a cardiac MyBP-C mutation 
(MyBP-Ct/+) [104]. While both mutant strains exhibited pro-
gressive LV hypertrophy, by 30 weeks of age aMHC403/+ 
mice showed considerably more LV hypertrophy than 
MyBP-Ct/+ mice. Moreover, increased expression of mole-
cular markers of cardiac hypertrophy was observed in hearts 
from 50 week-old aMHC403/+ mice while MyBP-Ct/+ mice 
did not show expression of these markers until the mice were 
>125 weeks old. Electrophysiological assessment also 
indicated that MyBP-Ct/+ mice were not as likely to have 
inducible ventricular tachycardia as aMHC403/+ mice, and 
significant cardiac dysfunction was noted in aMHC403/+ mice 
before the development of LV hypertrophy whereas the 
cardiac function of MyBP-Ct/+ mice was not impaired 
even after the development of cardiac hypertrophy. Although 
it is not yet clear as to the extent to which these murine 
models mimic their human counterparts of familial HCM, 
both the use of electrophysiological and cardiac function 
studies may enable better risk stratification in older patients. 
Other studies with the R403Q mutation in cardiac aMHC 
murine model of familial HCM showed gender-specific 
differences with age [105]. Interestingly, cardiac hypertrophy 
was significantly increased with age in female animals while 
male hearts exhibited severe dilation by 8 months of age, in 
the absence of increased mass.

In addition to mutations in the sarcomere and cytoskeleton 
which mediate cardiomyopathy, we have previously noted 
that mutations in the intermediate filament lamin proteins of 
the nuclear lamina (lamin A/C) underlying the inner nuclear 
membrane are associated with clinical DCM with conduction 
defects. A mouse line that might recapitulate this clinical 
phenotype was constructed using homologous recombination 
and expressed the LMNA-N195K lamin A variant analogous 
to the asparagine-to-lysine substitution at amino acid 195, 
which causes DCM in humans [106]. Several phenotypes 
observed in the LMNA-N195K/N195K mice were consistent 
with DCM including heart chamber dilation, increased heart 
weight, interstitial fibrosis, upregulation of a fetal gene 
expression profile, and progressive conduction defects albeit 
neither apoptosis in the ventricular myocardium nor ventri-
cular myocyte hypertrophy was detected. Also, similar to the 
human disorder, an age-dependent phenotypic progression 
was observed in the transgenic mouse. Despite a minor 
growth defect, LMNA-N195K/N195K mice appeared healthy, 
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with no diminished activity levels or behavioral defects, and 
were difficult to distinguish from littermates until just before 
their demise, which generally followed an acute period of 
deterioration. This tended to occur between 11 and 14 weeks 
of age, with most mutant homozygous animals dying in that 
period (average, 12 weeks), none surviving past 16 weeks. 
Similarly, although impulse propagation initially appeared 
normal, the conduction system showed a deficit with 
increasing age. Interestingly, the LMNA-N195K/N195K 
mice live twice as longer as LMNA null mice and show earlier 
mortality (3 months) compared to another LMNA mutant 
model (H222P) (4–9 months) despite the fact that all three 
LMNA-deficient murine strains have similar cardiovascular 
phenotypes (i.e., conduction defects, lack of hypertrophy, 
dilation of heart chambers, and nuclear shape defects) and 
the LMNA-N195K/N195K strain does not exhibit the 
multiple tissue pathologies of the LMNA null mice nor 
the muscular dystrophy seen with the LMNA mutant model 
(H222P) [107, 108].

Mutations and Signal Transduction Pathways

It is well-known that diverse neurohormonal signals acting 
through a series of interwoven signal transduction pathways 
contribute to pathological cardiac hypertrophy and HF. Many 
such agonists act on the myocardium through cell surface 
receptors coupled with G-proteins to mobilize intracellular 
Ca2+, with consequent activation of downstream kinases and 

the Ca2+- and calmodulin-dependent phosphatase calcineu-
rin. In addition, MAPK signaling pathways are intercon-
nected at multiple levels with intracellular Ca2+, with 
consequent activation of downstream kinases and the Ca2+-
dependent kinases and calcineurin [109]. b-adrenergic ago-
nists also influence cardiac growth and function through the 
generation of cAMP, which activates protein kinase A (PKA) 
and other downstream effectors [110]. These signaling path-
ways target a variety of substrates in the cardiomyocyte, 
including components of the contractile apparatus, intracel-
lular Ca2+, with consequent activation of downstream kinases, 
the Ca2+ channels, and their regulatory proteins.

Mutations in proteins involved in a number of signal 
transduction pathways in the heart have also been found to 
lead to cardiomyopathy and HF in transgenic mice. A list of 
several identified gene mutations in cardiac signaling 
proteins, which can lead to cardiomyopathy and their 
phenotypic effects, is presented in Table 6.5. The functions 
of genes involved cover an extremely wide spectrum rang-
ing from kinases e.g., p38 MAPK, DMPK, PKA, the recep-
tor tyrosine kinase ErbB2, integrin-linked kinase, ILK, 
growth factors e.g., FGF-2, receptors e.g., angiotensin II 
type 2 receptor (AT2R), bradykinin B

2
 receptor, a-adrenergic 

receptor 1B (a-AR 1B), b
1
-adrenergic receptors e.g., b

2
-AR, 

b
1
-AR; transcription factors e.g., CREB, CHF1/HEY2, 

G-proteins (Gsa), caveolins e.g., CAV1, CAV3, calcium 
regulatory factors e.g., calcineurin, and splicing factors 
e.g., CELF, SC35.

Interestingly, transgenic mice with cardiac-specific 
overexpression of the stimulatory GTP-binding protein Gsa 

Table 6.4 Selected mouse models of cardiomyopathy and heart failure – sarcomeric and structural genes

Gene (protein) Genetic alteration Function Phenotype

a-MHC S532P + F764LR 403 Q Myosin heavy chain DCM
HCM

cMyBP-C Cardiac-specific KO; truncated  
C-terminus

Cardiac myosin binding protein C HCM

cTnT R92 Q, I79N Cardiac troponin T HCM
MLP Null Muscle LIM protein DCM
SGCD Null Delta-sarcoglycan DCM, necrosis
Lamin A/C (LMNA) Null; L85R + N195K Nuclear membrane protein DCM
TIMP-3 Null Matrix metalloproteinases (MMP) 

inhibitor
DCM, hypertrophy

ABCA5 Null Lysosomal ABC transporter DCM
Desmin Null Cytoskeletal protein DCM, fibrosis
Plakoglobin Plakoglobin +/− Desmosomal protein ARVCM
SERCA2a Gene-replacement with SERCA2b  

(>Ca2+ affinity)
SR Ca2+ transport ATPase,  

calcium cycling
HCM

N-cadherin (Cdh2) Cardiac-specific null or  
overexpression

Cell adhesion molecule in intercalated 
disc

DCM

Tmod Cardiac-specific overexpression Tropomodulin DCM
Calsarcin Null Sarcomeric Z-disc protein Accelerated CM in response to 

pathological biomechanical stress
RLC Cardiac-specific expression  

of E22K-RLC mutation
Myosin regulatory light-chain Inter-ventricular septal hypertrophy 

and enlarged papillary muscles 
with no filament disarray
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subunit exhibit increased cardiac contractility in response 
to b-adrenergic receptor stimulation. However, with aging, 
these mice develop a cardiomyopathy, which involves induc-
tion of apoptosis of cardiac myocytes [111].

Overexpression of the G-protein Gaq or constitutively 
active components of its signaling pathway have been shown 
in transgenic studies to lead to increased cardiac mass, 
cardiomyocyte hypertrophy, contractile dysfunction, and 
ventricular remodeling. These studies also demonstrated that 
massive cardiomegaly and extensive ventricular dilation 
were limited to animals with much elevated levels of Gaq 
and that a relatively modest overexpression of Gaq produced 
features of compensated LV hypertrophy with more extensive 
LV dilation, and HF only arising as a consequence of hemo-
dynamic overload or neurohormonal stress (e.g., occurs with 
pregnancy) [112]. Mende et al., in transgenic mouse line 
containing a constitutively active Gaq allele (Gaq52), found 
that a cardiomyopathic phenotype including increased 
ventricular mass and dilation was present by 10 weeks of 
age [113]. Moreover, undetectable levels of the constitutively 
activated transgene product were found at 10 weeks sugges-
ting that persistent expression of the transgene was not 
required for the progression of the cardiomyopathic 
phenotype. Another transgenic mouse line containing an 

epitope-tagged Gaq 44 allele expressed a lower level of 
trans gene product, and ultimately displayed the same DCM 
phenotype with severely impaired left ventricular systolic 
function (assessed by M-mode and 2D echocardiography), 
but with a much delayed disease onset [114]. At 12–14 
months, over 60% of mice with Gaq 44 still had normal 
cardiac function and ventricular weight/body weight ratio 
but manifested increased phospholipase C (PLC) levels 
compared to either wild-type mice or mice with the Gaq52 
allele. This suggests that different Gaq alleles (in the same 
genetic background) can exert markedly different age-
dependent phenotypes including disease onset; that PLC 
activation is not correlated with Gaq-determined phenotype, 
and that environmental modifiers may be involved in the 
age-dependent phenotypic expression.

Cytokine signaling and inflammation are well recognized 
for their involvement in the pathogenesis of HF. Several 
important components of these signaling pathways are the 
IL-6 family of cytokines, the extracellular gp130 receptor, 
and the signal transducer and activator of transcription 3 
(STAT3) activated through gp130 – all of which have integral 
roles in cardiac myocyte survival and hypertrophy. Mice 
containing a cardiomyocyte-restricted deletion of STAT3 are 
significantly more susceptible to cardiac injury after 

Table 6.5 Selected mouse models of cardiomyopathy and heart failure – signaling genes

Gene (protein) Genetic alteration Function Phenotype

CAV-1 Homozygous null Caveolin signaling proteins HCM, DCM
CAV-3 Null, P 104 L Caveolin signaling proteins HCM
DMPK Overexpression Protein kinase HCM, fibrosis
p38 MAPK Cardiac-specific dominant-negative Mitogen-activated protein kinase HCM
AGT Null Angiotensinogen-deficient DCM
FGF-2 Null Fibroblast growth factor DCM
BK B2 receptor Null Bradykinin B2 signaling DCM
AT2R Cardiac-targeted overexpression Angiotensin II type 2 receptor DCM
CHF1 (Hey2) Null HLH transcription factor DCM
Ena-VASP Cardiac-specific dominant-negative Vasodilator-stimulated phosphoprotein DCM, hypertrophy
CELF Cardiac-specific dominant-negative RNA binding proteins involved in 

alternative splicing
DCM, hypertrophy

ABCA5 Null Lysosomal ABC transporter DCM
a-AR 1B Cardiac-specific overexpressiom Alpha-adrenergic receptor 1B DCM
b2-AR Overexpression Beta2-adrenergic receptor DCM, HF
b1-AR Overexpression Beta1-adrenergic receptor DCM, HF
PKA Cardiac-specific constitutive 

expression-catalytic subunit
Protein kinase A DCM

SC35 Cardiac-specific null Trans-acting splicing factor DCM
ErbB2 (Her2) Cardiac-specific conditional mutant 

allele
Receptor tyrosine kinase DCM

Calcineurin Cardiac-specific expression of 
constitutively active gene

Calcium signaling regulator HCM/HF

CREB Cardiac-specific dominant negative Transcription factor DCM
ILK Cardiac-specific KO Integrin-linked kinase DCM, HF
iNOS Cardiac-specific overexpression Inducible nitric oxide synthase Cardiac fibrosis, hypertrophy, dilatation 

and sudden death
Gs a Cardiac-specific overexpression Stimulatory G-protein Hypertrophy, fibrosis; DCM in older mice
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 doxorubicin treatment than age-matched controls [115]. 
Moreover, suggestive of a potential role of STAT3 in protect-
ing against inflammation-induced heart damage, STAT3-
deficient mice treated with lipopolysaccharide (LPS) 
displayed significantly more apoptosis than their wild-type 
counterparts. Also cardiomyocytes with STAT3 deleted 
secreted significantly more tumor necrosis factor (TNF) in 
response to LPS, and cardiomyocyte-restricted STAT3-
deficient mice exhibited a dramatic increase in cardiac fibro-
sis in aged mice. While no overt signs of HF were present in 
young STAT3-deficient mice, heart dysfunction develops with 
advancing age. Therefore, these studies reveal a crucial role 
for STAT3 in mediating cardiomyocyte resistance to inflam-
mation and other acute injury and in the pathogenesis of age-
related HF.

Metabolic Defects

It is well-recognized that the adult heart is strongly reliant on 
fatty acids as its key fuel supply and a number of studies have 
shown that a variety of pathological conditions (e.g., cardiac 
hypertrophy) can shift the utilization of metabolic substrates 
[116, 117]. It has been proposed that initially this switch in 
metabolic substrate provides adequate energy to maintain 
normal cardiac function, however, over time diastolic 
dysfunction and HF may occur in association with depletion 
in high-energy phosphates. Importantly, the functioning of 
mitochondrial bioenergetic pathways (e.g., TCA cycle, FAO 
pathway, and the ETC/OXPHOS) provides most of the 
cellular ATP necessary for contractile and electrophysiolo-
gical function. Results from both animal and human studies 
have confirmed that a variety of cardiomyopathic disorders 
and HF can be an important consequence of compromised 
mitochondrial bioenergetic function [116–119].

The creation of transgenic mice with altered expression of 
genes involved in carbohydrate, lipid, and mitochondrial 
metabolism has provided unique insights into the fine balance 
within the mouse heart to maintain energy status and cardiac 
function as well as to explore the cause–effect relationships 
between mitochondrial function and myocardial disease. 
A list of transgenic models of metabolic modification in the 
heart that are associated with cardiac dysfunction and/or HF 
phenotype is shown in Table 6.6.

Loss-of-function model studies, which disrupt mitochon-
drial metabolism, can exhibit specific cardiac phenotypes. 
Mouse models demonstrating a causal relationship between a 
mitochondrial energetic defect and cardiomyopathy include 
the Ant1 null and the TFAM null mice [120, 121]. The affected 
proteins are critically involved in mitochondrial bioenergetics, 
the adenine-nucleotide-translocator (ANT) protein, involved 
in mitochondrial nucleotide transport, and the mitochondrial 

transcription factor (TFAM/mtTFA) that plays a variety of 
roles in mtDNA function (e.g., gene transcription, mtDNA 
replication, and maintenance) as well as in mitochondrial 
biogenesis. In addition, null mutation of mitochondrial creatine 
kinase can lead to LV dilation and hypertrophy [122].

Transgenic models of specific defects in the mitochon-
drial fatty acid oxidation (FAO) pathways have also been 
established. Two distinct mouse models with genetic dele-
tion of the second step in the mitochondrial FAO pathway, a 
fatty acid chain-length-specific dehydrogenase enzyme 
(VLCAD and LCAD), display a cardiomyopathic phenotype 
[123, 124]. Furthermore, mice null for the PPAR-d gene also 
exhibit diminished myocardial fat catabolic capacity and mild 
cardiomyopathic phenotype that accompanies aging [125]. 
A null mutation in the mitochondrial trifunctional protein 
(MTP) encoding a multifunctional enzyme in the b oxidation 
of fatty acids also results in cardiomyopathy and can lead to 
increased incidence of sudden death [126].

Several studies have shown that loss-of-function of critical 
mitochondrial antioxidant proteins can lead to cardiac 
dysfunction and cardiomyopathy. Strains harboring null muta-
tions in either the Mn superoxide dismutase (MnSOD) or in 
TrxR2 encoding the mitochondrial thioredoxin reductase 
exhibit DCM [127, 128]. Mouse strains with a null mutation in 
frataxin (FRDA), a mitochondrial protein thought to be involved 
in regulating iron accumulation and flux and a regulator of 
oxidative stress (OS), also develop cardiac hypertrophy and 
cardiomyopathy [128, 129]. These strains appear to reliably 
recapitulate Friedreich ataxia, a human disorder with both 
neuropathic (e.g., ataxia) and cardiac involvement (e.g., HCM) 
caused by alterations in the gene for frataxin (most often 
trinucleotide repeats).

In addition to transgenic models with loss-of-function, 
studies utilizing “gain of function”/overexpression of a 
transgene have provided insights into the relation between 
mitochondrial dysfunction and cardiac dysfunction, particu-
larly in cardiomyopathy associated with diabetes. Transgenic 
mice with cardiac-restricted overexpression of PPAR-a (the 
MHC-PPAR-a mice) exhibit increased expression of genes 
encoding enzymes involved in multiple steps of mitochon-
drial FAO with strong reciprocal down-regulation of glucose 
transporter (GLUT4) and glycolytic enzyme gene expression 
[130]. This activation of FAO via the elevation of the cardiac 
PPAR-a/PGC-1a mimics events occurring in the diabetic 
heart in which this metabolic shift is associated with high 
level of fatty acid import and oxidation can eventually lead to 
pathological mitochondrial and cardiac remodeling typical of 
diabetic cardiomyopathy. Echocardiographic assessment iden-
tified LV hypertrophy and dysfunction in the MHC-PPAR-a 
mice, in a transgene expression-dependent manner.

In these mouse models, overexpression of several genes with 
roles in metabolic regulation can also lead to cardiomyopathy 
and HF. These include overexpression of genes involved in 
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fatty acid transport and utilization (e.g., ACS, FATP1) [130, 
131] and of genes acting as global transcription regulators of 
metabolic regulation (PGC1) [132]. The latter gene is of 
particular relevance with respect to aging since it appears to 
show little overall affect on the heart when overexpressed in 
neonates, while overexpression in adult mice leads to exten-
sive mitochondrial defects and cardiomyopathy.

Antioxidants and Reactive Oxygen Species

The age-mediated accumulation of ROS and their potent 
damaging effects on cellular macromolecules (particularly 
mitochondrial) and their function is particularly evident in 
aging cardiomyocytes and appears also to be involved in aging 
of the vasculature. Accumulative data have shown that mito-
chondrial defects resulting in the accumulation of OS can lead 
to cardiomyopathy and HF [133]. Associated with the cardi-
omyopathy resulting from murine knock-out of MnSOD, 
thioredoxin and TFAM genes are increased levels of mtDNA 
damage and OS. While in some cases global overexpression 
of antioxidants have not proven to be able to reverse the OS 
and aging-mediated dysfunction in the heart, recent studies 
have demonstrated that cardiac targeted-overexpression 

of the antioxidant catalase can successfully ameliorate 
aging-mediated cardiac dysfunction. Schriner et al. have noted 
that overexpression of catalase targeted to the mitochon-
dria increased overall mouse longevity, diminished OS, 
reduced mitochondrial protein and mtDNA damage, and 
delayed the onset of aging-mediated cardiac pathology 
[134]. Similarly, diminished levels of protein carbonyls, 
advanced glycation end-products (AGE) and of age-induced 
mechanical defects in myocyte contractility, and increased 
lifespan have been observed by Ren et al. in mice with 
cardiac-specific catalase overexpression [135]. Furthermore, 
catalase overexpression exerted attenuation of aging-induced 
contractile defect and cardiomyocyte rela xation dysfunc-
tion in part by improving intracellular Ca2+ cycling, and 
mainly by restoring the expression levels of the Na+/Ca2+ 
exchanger (NCX) and the Kv1.2 K+ channel [136].

Other Genetic Animal Models

In addition to the wealth of molecular information concerning 
age-mediated cardiomyopathy and HF which has emerged 
from mouse transgenic models, studies with genetic models 
highlighting the involvement of specific genes in cardiomyo-

Table 6.6 Selected mouse models of metabolic genes involved in cardiomyopathy and heart failure

Gene (protein) Genetic alteration Function Phenotype

MTP Null FAO; Mitochondrial trifunctional 
protein

CM; sudden death

LCAD Global ablation FAO; long chain acyl-CoA 
dehydrogenase

CM, ↑ myocardial lipid + fibrosis

Frataxin Cardiac-specific KO Iron metabolism; FRDA CM, hypertrophy
TFAM/MtTFA Cardiac-specific KO Mitochondrial transcription factor A DCM, AV heart conduction block
LpL Cardiac-specific LPL with  

a GPI anchor
Lipoprotein lipase DCM; ↓ FAO

PRKAG2 Cardiac-specific overexpression 
of N488I mutation

AMP kinase regulatory subunit LV hypertrophy, ventricular preexcitation + sinus 
node dysfunction

Polymerase g Cardiac-specific knock-in 
mutation

Mitochondrial DNA polymerase DCM

Mito-CK Null Mitochondrial creatine kinase Increased LV dilation and hypertrophy
AIF Cardiac-specific null Apoptosis inducing factor DCM
TrxR2 Cardiac-specific null Mitochondrial thioredoxin reductase Fatal DCM
MnSOD/SOD2 Null Mn superoxide dismutase DCM
PGC-1a Cardiac-specific inducible 

overexpression
Peroxisome proliferator-activated 

receptor gamma coactivator-1a
Cardiomyopathy and mitochondrial defects 

only in adult not neonate
5-HT2B receptor Cardiac-specific overexpression Serotonin receptor HCM with mitochondrial proliferation
OCTN2 Heterozygous carriers of 

mutation
Carnitine transporter Age-associated CM with lipid deposition, 

hypertrophy
ANT1 Null Adenine nucleotide translocator CM, cardiac hypertrophy with ↑ mitochondria
FATP1 Cardiac-specific overexpression Fatty acid transport protein 1 Lipotoxic cardiomyopathy
PPAR-a Cardiac-specific overexpression Peroxisome proliferator-activated 

receptor-a
Diabetic CM with ↑ FAO, ↓ glucose 

uptake + use, cardiac hypertrophy
PPAR-d Cardiac-specific null Peroxisome proliferator-activated 

receptor-d
Lipotoxic CM with ↑ myocardial lipid, 

dysfunction, hypertrophy, HF
ACS Cardiac-specific overexpression Long chain acyl-CoA synthetase Cardiac lipid accumulation + hypertrophy, LV 

dysfunction and HF
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pathic and HF pathways have also been provided by other 
animal models including rat, rabbit, hamster, and even the 
fly Drosophila [137]. Studies with aging spontaneously 
hypersensitive rat (SHR) strains and with a rat strain prone 
to heart failure (SHHF), have contributed greatly to our 
understanding of signaling pathways involved in HF includ-
ing generalized activation of the RAA, endothelin, and ANP 
systems [138, 139]. For instance, left ventricular homo-
genates from SHHF rats showed marked increases in 
Ca2+-dependent NOS activity with age, accompanied by 
enhanced expression of endothelial NOS (eNOS), a change 
not seen in SHR or wild type rats [28]. In addition, the SHR 
strains are a useful model to study the transition from stable, 
compensated hypertrophy to decompensated HF in the 
context of aging, and have allowed the identification of 
programmatic changes in myocardial gene expression 
including increased expression of genes encoding elements 
of the ECM associated with this transition [140]. Moreover, 
pharmacological treatments that prevent matrix gene 
expression in the SHR heart have been shown to improve 
myocardial function and survival, albeit with limited success 
in reversing myocardial dysfunction [138].

Similarly, studies in cardiomyopathic-prone strains of 
hamsters have shown to mimic many of the changes occurring 
in otherwise healthy aged mammalian hearts [141]. These 
strains also exhibit age-associated changes in the ECM. 
Several hamster strains including CHF147 present a  
progressive DCM due to a large deletion of the d-sarcoglycan 
gene leading to HF [39, 142]. These strains have been useful 
in both elucidating the changes leading to cardiomyopathy 
and HF and in testing strategies for reversing the cardiac 
dysfunction. In addition to its hereditary origin, in these 
strains HF can be aggravated by treatment with catecholamines 
and ameliorated by the administration of b-antagonists, 
both in genetic cardiomyopathic hamsters and in humans. 
Furthermore, in the CHF147 hamster, short-term treatment 
with recombinant human IGF-1 (without significant increases 
in IGF-1 serum levels) slowed down the progression of 
DCM, and significantly increased survival [143]. In addition, 
d-sarcoglycan (d-SG)-null cardiomyopathic hamsters fed from 
weaning to death with an a-lipoic acid (ALA)-enriched diet 
had a significant increase in viability with marked preservation 
of myocardium structure and function, and attenuation of 
myocardial fibrosis. At the cellular level, ALA treatment 
resulted in increased eicosapentaenoic/arachidonic acid ratio 
with preserved plasmalemma and mitochondrial membrane 
integrity, maintenance of proper cell/extracellular matrix 
contacts and signaling, normal gene expression profile (in 
terms of MHC isoforms, ANP, and TGF-b1) and limited 
development of fibrotic areas within the ALA-fed cardio-
myopathic hearts [144]. In the TO-2 strain of hamsters with 
DCM, gene therapy by intramural delivery into the cardiac 
apex and left ventricle of a d-SG gene, in a recombinant AAV 

vector, resulted in amelioration of the morphological and 
physiological cardiac abnormalities [145].

New Genetic Models

As research progresses in this field, new animal models of 
cardiomyopathy and genes mutations are being reported. 
Recently, Leatherbury et al. [146] have developed a mouse 
model of X-linked cardiac hypertrophy. This model exhib-
ited neonatal lethality associated with severe fetal cardiac 
hypertrophy, with a number of adult mice dying suddenly 
with HCM. Histopathology analysis showed increased ven-
tricular wall thickness, increased cardiomyocyte size, and 
mild myofiber disarray. Ultrastructural analysis by electron 
microscopy revealed mitochondria hyperproliferation and 
dilated sarcoplasmic reticulum. While genome scanning 
using microsatellite DNA markers mapped the mutation to 
the X chromosome, DNA sequencing showed no mutation in 
the coding regions of several candidate genes on the X chro-
mosome, including several known to be associated with 
HCM. Likely, this mouse line may harbor a mutation in a 
novel gene causing X-linked cardiomyopathy. Also, 
Tsoutsman et al. have recently reported a double-mutant 
murine model of familial HCM (FHCM) [147]. This model 
has a TnI-203/MHC-403 double-mutant mice that develop 
into a severe cardiac phenotype characterized by HF and 
early death. By age 16–18 days, TnI-203/MHC-403 mice 
rapidly developed severe DCM and HF, with inducibility of 
ventricular dysrhythmias that led to death by 21 days. 
Downregulation of mRNA levels of key regulators of Ca2+ 
homeostasis in TnI-203/MHC-403 mice was observed. In 
addition, the TnI-203/MHC-403 mice showed increased lev-
els of phosphorylated STAT3, which corresponded with the 
onset of disease suggesting a possible cardioprotective 
response. Thus, the presence of two disease-causing muta-
tions may predispose individuals to a greater risk of develop-
ing severe HF than that caused by a single gene mutation. 
Furthermore, supporting the concept that a common mecha-
nism may be involved in LV hypertrophy and LV dilatation, 
Kaneda et al. [148] have found that a novel b-myosin heavy 
chain gene mutation, p.Met531Arg, identified in isolated LV 
non-compaction in humans, resulted in the progression from 
LV hypertrophy to LV dilation in a mouse model.

Conclusions

The progress made in our understanding of the pathophysi-
ology and treatment of HF would not have been possible 
without a number of animal models of HF and hypertrophy, 
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each one having unique advantages as well as disadvantages. 
The common advantage is the availability of adequate healthy 
controls and the absence of confounding factors such as 
marked differences in age, concomitant pathologies, and 
pharmacological treatments. When starting a research project, 
investigators should always choose the model most suitable 
to address their specific aims, since significant differences 
always exist between human and experimentally-induced 
pathology. In this chapter, we have highlighted the critical 
importance that experimental animal models of HF assume 
for the difficult process of translation of basic scientific 
knowledge from bench to bedside.

Summary

There are many animal models of heart failure and •	
hypertrophy, each one having unique advantages as well 
as disadvantages.
The species and interventions used to create heart failure •	
depend on the scientific question as well as on factors such 
as ethical and economical considerations, accessibility, 
and reproducibility of the model.
Besides basic ethical and philosophical questions, the use •	
of animal models of heart failure and hypertrophy needs 
careful consideration because of at least two reasons: the 
disease may be associated with discomfort and pain to the 
animal and results from animal studies are not readily 
transferable to the situation in patients with heart failure.
Rat models are relative inexpensive to utilize and because •	
of short gestation periods, a large sample size can be 
produced in a short period of time. Rats are very robust 
animals: in an anesthetized rat, it is possible to exteriorize 
the heart via a small thoracic incision, occlude a coronary 
artery, reposition the heart in the thoracic cavity, repair 
the incision in a few minutes, and obtain a rapid recovery 
within hours. Therefore, rat models are extensively used to 
study long-term pharmacological interventions including 
long-term survival studies. However, there are limitations 
to the use of rat models regarding differences in myocar-
dial function when compared to the human heart.
Dog and other large animal models of heart failure may •	
allow the study of left ventricular function and volumes 
more accurately than rodent models. They better allow 
for chronic instrumentation. Furthermore, in dog, many 
changes, such as the b-myosin heavy-chain isoform pre-
dominates and excitation–contraction coupling processes 
seem to be similar to the human myocardium. On the 
other hand, dog models are costly and require substantial 
resources with respect to housing and care.
Rabbit models are less expensive than dog models.  •	
In addition, non-failing rabbit myocardium exhibits 

interesting similarities to the human heart. This model 
may be particularly suited to study functional consequences 
of altered ryanodine receptor expression.
Cardiomyopathic strains of the Syrian hamster have been •	
widely used as a model for cardiac hypertrophy and heart 
failure. The advantages of this model are (1) absence of 
surgical manipulations, (2) low costs, and (3) the ease 
with which large numbers of animals can be studied.
At present, transgenic animal models of hypertrophy and •	
heart failure are critically important for understanding the 
molecular alterations underlying the development of the 
disease. Addition or deletion of genes in transgenic mice 
together with miniaturized physiological techniques to 
evaluate the resulting cardiac phenotypes may allow the 
identification of genes that are causative for heart failure 
and evaluation of the molecular mechanisms responsible 
for the development and progression of the disease.
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Overview

Over the last decade, signal transduction pathways have been 
identified in normal cardiovascular growth processes, meta-
bolic homeostasis, and during the development of the myo-
cardium and vasculature. Alterations in discrete components 
of these signaling pathways are contributory factors in the 
pathogenesis and progression of a broad spectrum of cardio-
vascular disorders, dysrhythmias, atherosclerosis, hyperten-
sion, diabetes, and metabolic syndrome, and in the 
cardiovascular dysfunction associated with aging, as well as 
heart failure (HF).

Introduction

Cardiovascular signaling has come to light as a by-product 
of intensive research on the mechanisms of cardiac hyper-
trophy, cell death, and myocardial remodeling. The target-
ing and localization of signaling factors and enzymes to 
discrete subcellular compartments or substrates are impor-
tant regulatory mechanisms that ensure specific signaling 
events in response to local stimuli. These systems should 
be examined both, from a sub-cellular/organellar and 
 functional standpoint under physiological and pathophysi-
ological conditions. It is worth noting that cardiovascular 
signaling encompasses built-in specificity, reversibility, and 
a redundancy of its components, which while making their 
analysis a very complex undertaking, provides the cardiac 
cells with a great plasticity to respond to insult, as well as 
to growth stimuli.

In this and next two chapters, we will discuss cell sig-
naling in HF with an emphasis on myocardial signaling as 
well as signaling pathways that are involved in vascular 
cells.

Signaling in Physiological  
Cardiovascular Growth

It is well established that cardiac myocytes rapidly proliferate 
in the embryo but exit the cell cycle irreversibly shortly after 
birth, with the predominant form of growth shifting from 
hyperplastic to hypertrophic. Extensive research has focused 
on identifying the mitogenic stimuli and signaling pathways 
that mediate these distinct growth processes in isolated cells, 
and in vivo hearts. The molecular mechanisms underlying 
the proliferative growth of embryonic myocardium and adult 
cardiac myocyte hypertrophy in vivo remain largely undeter-
mined, although considerable progress has recently been 
made using postgenomic analysis. This includes studies 
involving  the manipulation of the murine genome in concert 
with mutational analysis of these signaling and growth control 
pathways in vivo, and in cardiomyocytes grown in vitro 
including the use of gene transfer/knock-out. For instance, 
cell cycle control can be mediated by p38 MAP kinase activ-
ity, which regulates the expression of genes required for 
mitosis in cardiomyocytes including cyclin A and cyclin B. 
Cardiac-specific p38MAPK knock-out mice show a 92% 
increase in neonatal cardiomyocyte mitosis. Furthermore, 
inhibition of p38 MAPK promotes cytokinesis in adult 
cardiomyocytes [1].

Evidence has been gathered that cyclin D1, a cell-cycle regu-
lator involved in promoting the G

1
-to-S phase progression via 

phosphorylation of the retinoblastoma (Rb) protein, is localized 
in the nucleus of fetal cardiomyocytes but is primarily cytoplas-
mic in neonatal and adult cardiomyocytes (concomitant with Rb 
underphosphorylation). Ectopic expression of a variant of cyclin 
D1 equipped with nuclear localization signals dramatically  
promote neonatal cardiomyocyte proliferation and Rb 
phosphorylation [2]. Growth factors such as FGF-2 signifi-
cantly promote neonatal cardiac myocyte proliferation [3], and 
overexpression of the FGF-2 receptor (FGF-R1) in neonatal rat 
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cardiomyocytes results in marked proliferation [4]. Cardiotro-
phin (CT-1) an interleukin 6-related cytokine, has been shown 
to promote both the survival and proliferation of cultured neo-
natal cardiac myocytes [5]. This likely is mediated by the PI3K/
Akt pathway since CT-1 phosphorylates and activates Akt [6]. 
These diverse approaches have confirmed the importance of 
suspected pathways, and implicated unexpected pathways 
leading to new paradigms for the control of cardiac growth as 
well. Furthermore, in the regulation of cardiomyocyte growth 
and/or proliferation, there are several signal transductions acting 
as redundant mechanisms converging on one or several 
serine/threonine kinases. Several G-protein-coupled receptors 
(GPCRs) such as a-AR, b-AR, angiotensin II, and endothelin-1 
are able to activate these signaling cascades, and induce changes 
in cell growth and proliferation. A general scheme involves the 
following: Signals received at the plasma membrane receptors 
are transmitted via GPCR/G-proteins second messengers to a 
wide-spectrum of protein kinases, and phosphatases, which are 
in turn activated. These activated protein modifiers may lead to 
the activation and/or deactivation of specific transcription fac-
tors, which modulate specific gene expression affecting a broad 
spectrum of cellular events, or they can directly target proteins 
involved in metabolic pathways, ion transport, Ca2+ regulation, 
and handling influencing contractility and excitability, as well as 
the pathways of cardiomyocyte apoptosis and/or survival. Also, 
transcriptional networks implicated in mitochondrial biogen-
esis and function [7], include PPARg coactivator-1 (PGC-1), 
the ensemble of downstream nuclear receptor partners (e.g., 
PPARs and estrogen-related receptors (see Chap. 5), converging 
molecular signals such as Ca2+ (see below in this chapter), NO, 
MAPKs, b-adrenergic mechanisms, cAMP (see Chap. 8), and 
signal transduction pathways (e.g., ERKs).

Prosurvival Pathways

Protein kinase B or Akt and PI3K

The PI3K/Akt pathway is a key regulator of four intersecting 
biological processes: cell growth and survival, cell-cycle 
progression, and metabolism. In the heart, Akt contributes 
to both pathological and physiological cardiac growth, 
myocyte survival, and contractile function [8].

Akt

Akt or protein kinase B (PKB) represents a family of serine 
and threonine kinases, which include Akt1, Akt2, and Akt3 
encoded by three distinct genetic loci with extensive homology 
(approximately 80%) [9]. There are considerable differences 
in both the expression and function of the Akt isoforms with 

only Akt1 and Akt2 being highly expressed in the heart. All 
three Akt isoforms contain a kinase domain (with structural 
homology to PKA and PKC), which contains the primary 
site (Thr308) of phosphorylation by PDK-1. Although Thr308 
phosphorylation partially activates Akt, subsequent phos-
phorylation of Akt at a C-terminal site, Ser473 is required for 
its full activation; under some conditions, this phosphoryla-
tion may be produced by PDK-1, another kinase (PDK-2) or 
by autophosphorylation.

Akt1 knock-out mice weigh approximately 20% less than 
wild-type littermates, and have a proportional reduction in 
the size of all somatic tissues including the heart. In contrast, 
Akt2 knock-out mice have only a modest reduction in organ 
size. Thus, data from the available Akt knock-out models 
support a critical role specifically for Akt1 in the normal 
growth of the heart. On the other hand, Akt1/Akt2 double-
knock-out mice suffer marked growth deficiency, and strik-
ing defect in cell proliferation. Interestingly, activation of 
Akt in these transgenic models induced cardiac hypertrophy 
primarily by increasing the size of cardiomyocytes [10]. 
Furthermore, Akt expression confers protection from 
ischemia-induced cell death and cardiac dysfunction.

Akt in Pacing-induced HF

In the canine model of pacing-induced chronic HF, Rhada 
et al. have studied the potential role of the Akt pathway in 
signaling the metabolic transitions central to progression to 
HF [11]. Myocardial Akt levels were found elevated in early 
HF (after 1–2 weeks of pacing) accompanied by increased 
severity of oxidative stress (OS), the cytokine tumor necrosis 
factor-a (TNF-a) and free fatty acid accumulation, reduced 
activity levels of mitochondrial respiratory complex III and 
complex V, and apoptosis initiation. In severe HF (3–4 weeks 
of pacing), there was significant increase in myocardial 
apoptosis, with pronounced decline in myocardial Akt kinase 
activity. At this later stage, there were no further changes in 
free fatty acid accumulation, complex V activity or in OS 
indicating that these changes primarily occurred in the ear-
lier stage of evolving HF. In contrast, during severe HF, both 
the reduction in complex III activity and increase in TNF-a 
level became more pronounced.

A major and novel finding of this study was the identifica-
tion of both myocardial Akt kinase activation and the role of 
specific Akt phosphorylation as significant signaling events 
occurring in early HF. While its upstream regulators are not 
yet known, both OS and TNF-a levels, which also increased 
in early HF, could play a contributory role in the activation of 
Akt [12]. One potential downstream target of the Akt pathway 
is the shift in myocardial substrate utilization, including FAO.  
The role of ventricular pacing in down-regulating FAO has 
been previously documented [13, 14]. In the canine model of 
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pacing-induced HF, there is reduced gene expression of 
mitochondrial FAO enzymes (e.g., MCAD, CPT1), and 
marked reduction in FFA consumption that preceded increas-
ing glucose utilization [13]. By 2 weeks of pacing, when Akt 
kinase activity is at its peak (and concurrent with high levels 
of Akt phosphorylation at residue Ser473), higher levels of 
FFA accumulate in the heart, and are not utilized for energy 
by b-oxidation. These findings support the view that the fail-
ing heart reverts to a fetal mode of glucose oxidation, charac-
terized by reduced FFA consumption and increased utilization 
of glucose [15]; this is potentially advantageous for the fail-
ing heart, which needs less oxygen to produce ATP from glu-
cose, when compared to FFA. Down-regulation of RXR-a, a 
global transcription regulator of genes encoding mitochon-
drial FAO enzymes also occurs in pacing-induced severe HF 
[14]. Similarly, activation of myocardial Akt kinase pro-
motes down-regulation of specific transcriptional regula-
tors involved in FAO gene expression [16]. Notwithstanding, 
the precise mechanisms by which Akt kinase exerts its regu-
latory effects on myocardial FAO metabolism, including the 
delineation of both upstream and downstream events within 
the Akt signaling pathway remain to be elucidated. While 
Akt kinase has not been previously implicated in modulating 
specific mitochondrial OXPHOS/ETC enzyme activities, 
such a role would also be consistent with the overall down-
regulation of myocardial FAO and could contribute to the 
overall myocardial shift to glycolytic metabolism. Of related 
interest, is the finding that Akt activation can directly down-
regulate the activity of cardiac AMPK, an energy sensor that 
acts as a modulator of glucose uptake and FAO [17].

Another novel finding in this study [11] was the 
demonstration that enzymatic dysfunction in mitochondrial 
complex III and V is an early event in pacing, occurring well 
before significant clinical signs of HF are evident (usually by 
3–4 weeks of pacing). The onset of mitochondrial enzymatic 
dysfunction was accompanied by both increased levels of 
OS and TNF-a levels in the early paced group. Whether the 
observed OS is in fact generated from the mitochondrial 
enzyme defects (particularly in complex III, see Chap. 10) 
remains to be determined, although this is an attractive 
hypothesis that requires further testing. Indeed, further 
studies directed at elucidating these events at days 1–7 of 
pacing may shed light on the precise role and generation of 
OS in this model.

Akt, Oxidative Stress and Apoptosis

The increased in OS noted in early HF, in association with 
both stimulated Akt kinase activation and apoptotic initia-
tion, is also consistent with the concept that OS promotes 
both of these pathways [18]. Dogs with severe HF exhibit 
both increased in TNF-a level and a more severe complex III 

deficiency; this correlation may be significant since TNF-a 
has been found to promote complex III deficiency in isolated 
cardiomyocytes, presumably acting through the ceramide 
signaling pathway [19]. It is noteworthy that with increasing 
pacing time, myocardial Akt kinase activity is significantly 
reduced. This coincides with both the development of clinical 
signs of HF as well as with further increase in myocardial 
apoptosis, as measured by TUNEL or cell death ELISA.

It has long been recognized that Akt acts as an antiapop-
totic factor important in cardiomyocyte survival, and one 
way it can modulate apoptotic progression is by phosphory-
lation of pro-apoptotic peptide factors (e.g., BAD) [20]. 
Conversely, apoptosis can trigger or stimulate factors capa-
ble of de-phosphorylating signaling stimulators such as Akt 
[21, 22]. Also, caspase induction stimulates specific phos-
phatase activities which can target Akt [21]. Changes in  
calcium flux (also a pivotal feature of myocardial apoptosis) 
can also induce specific phosphatase activities thereby down-
regulating Akt activity and signaling, and further promoting 
apoptosis [22]. Moreover, end-stage HF can stimulate the 
increase in expression and activities of multiple myocardial 
phosphatases [23]. The reduction of myocardial Akt activity 
observed by Rhada et al. with increased duration of pacing 
[11] was consistent with other reports showing a decline in 
phosphorylated Akt in dogs with severe DCM, paced for 
4.5–5 weeks [24]. This study also demonstrated a marked 
decline in myocardial ATP levels in late HF in the paced 
dogs, likely a consequence of the documented severe com-
plex III and V dysfunction and further underscores the value 
of characterizing early events in HF.

Akt kinase is activated by phosphorylation at Thr308 and 
within its C-terminus at Ser473. Akt activation promotes cell 
survival by inhibiting apoptosis [25], has a crucial role in 
stimulating glucose uptake by regulating glycogen synthase 
kinase, modulates gene expression of FAO enzymes, and 
intracellular calcium regulating proteins [26]. In addition to 
stimulation by OS and TNF-a, myocardial Akt activity can 
also be modulated by long chain fatty acids such as palmitate 
and by calcium-induced phosphatases [27, 28]. Thus, Akt 
may play a crucial role in the dynamics and signaling of sub-
strate regulation during pacing-induced HF. Taken together, 
these findings provide the first demonstration that the Akt 
signaling pathway is a contributory element in the early sig-
naling events leading to the progression of pacing-induced 
HF, accompanying a shift in substrate utilization from fatty 
acid to glucose utilization. In early HF, increased Akt activ-
ity and Akt phosphorylation correlated with elevated levels 
of OS and TNF-a, FFA accumulation, the initial onset of 
myocardial apoptosis and reduced activity levels of specific 
mitochondrial respiratory enzymes (i.e., complex III and 
complex V) as noted above. During severe HF, there is a sig-
nificant increase in myocardial apoptosis, with a pronounced 
decline in myocardial Akt kinase activity and no further 
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change in the levels of FFA, complex V activity, or in OS, 
indicating that these changes occurred primarily during 
early pacing-induced HF. In contrast, both reduced complex 
III activity and elevated myocardial TNF-a level become 
more pronounced during late HF.

Akt and Mammalian Target of Rapamycin

Akt is positioned at a signaling cascade branch point [29]. 
One branch leads to mammalian target of rapamycin (mTOR) 
and the activation of the protein synthetic machinery, which 
is essential for all forms of hypertrophy (Fig. 7.1).

It has been reported that insulin rapidly activates the 
70-kDa ribosomal S6 kinase (p70S6k), and this effect is 
inhibited both by rapamycin and by inhibitors of PI3K [32]. 
Peptide growth factors (e.g., GH, IGF) are primary activators 

of mTOR in mammalian cells, and activate mTOR primarily 
via Akt. Interestingly, downstream activation of p70S6k is 
mediated by a signaling pathway involving mTOR, a mole-
cule that responds to the nutritional status and amino acid 
availability, and is centrally involved in cell growth and 
proliferation. Moreover, one downstream target of mTOR 
signaling is the 4E binding protein (4E-BP), a translational 
repressor that directly regulates the activity of the eIF4 
translational initiation factor. In addition, activated mTOR is 
able to phosphorylate p70S6k, which can inactivate eEF2 
kinase (regulating translational elongation), as well as phos-
phorylate the 40S ribosomal protein S6. In several cell types, 
activation of the TSC1–TSC2 complex (Tuberous sclerosis 
gene) negatively regulates p70S6k; it also inhibits mTOR 
signaling, reducing cell growth (and insulin signaling), and 
is inhibited by Akt-dependent phosphorylation [33, 34]. 
The TSC complex mediates its effect on mTOR signaling by 

Fig. 7.1 Akt signaling. Akt is positioned at a signaling cascade 
branch point. One branch leads to mammalian target of rapamycin 
(mTOR) and the activation of the protein synthetic machinery, which 
is essential for all forms of hypertrophy. Downstream effects of Akt 
kinase activity include changes in myocardial bioenergetic substrates, 
effected by increasing glucose uptake, and by down-regulating FAO 
metabolism via direct effect on transcription regulators (e.g., PPAR-a 
and RXR-a). It may also impact mitochondrial OXPHOS activities, 
which decline in parallel with increased Akt activity. Both mTOR 
and Akt modulate cytoplasmic protein synthesis by activation of 

translation initiation factor (IF), and of ribosomal proteins. Also 
shown are peptide growth factors (GH, IGF) and other downstream 
targets of mTOR. FOXO sustained activation in cardiomyocytes 
leads to increased Akt phosphorylation and kinase activity. As 
depicted, upstream of FOXO, the activity of Akt itself is governed by 
several protein kinases and phosphatases including phosphorylation 
at Thr308 within its catalytic domain by 3-phosphoinositide-dependent 
protein kinase-1 (PDK1) and by phosphorylation at Ser473 within a 
C-terminal hydrophobic motif by mammalian target of rapamycin 
(mTOR) [30, 31]
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targeting Rheb, which is a small Ras-homologous GTPase 
implicated with mTOR in the activation of p70S6k [35, 36]. 
However, the identification and the contribution of the TSC 
complex and Rheb to the signaling events occurring in 
cardiomyocyte growth, and cardiac hypertrophy remain to be 
determined.

Akt and Glycogen Synthase Kinase

A second branch of the signaling cascade leads to glycogen 
synthase kinase-3 (GSK-3), which also regulates the general 
protein translational machinery, as well as specific transcrip-
tion factors implicated in both normal and pathologic cardiac 
growth. GSK-3b, which was among the first negative regula-
tors of cardiac hypertrophy to be identified, blocks cardio-
myocyte hypertrophy in response to endothelin (ET-1), 
isoproteronol, and Fas signaling [37–39]. In addition, GSK-
3b has been found to be a negative regulator of both  
normal and pathologic stress-induced growth (e.g., pressure 
overload) [39]. GSK-3b plays a key inhibitory role in both 
insulin signaling, and in the Wnt signaling pathway, which 
has been implicated in early cardiomyocyte differentiation as 
well as in myocardial hypertrophic growth responses. In 
unstimulated cells, GSK-3b phosphorylates the N-terminal 
domain of b-catenin, thereby targeting it for ubiquitylation 
(protein modification by the covalent attachment of one or 
more ubiquitin monomers, is implicated in a number of met-
abolic pathways and nonproteolytic cellular functions) and 
proteasomal degradation. GSK-3b is constitutively active 
unlike most kinases; it is turned “off” by cell stimulation by 
growth factors and hypertrophic agonists. GSK-3b negatively 
regulates most of its substrates, including the protein transla-
tion initiation factor eIF2B [40], as well as transcription 
factors implicated in cardiac growth, including c-Myc, 
GATA-4, and b-catenin [40, 41]. In addition, GSK-3b is a 
counter-regulator of calcineurin/NFAT signaling phosphory-
lating NFAT N-terminal residues, which are dephosphory-
lated by calcineurin, preventing nuclear translocation of the 
NFATs [38]. Moreover, Akt phosphorylates GSK-3b at 
serine-9 inhibiting its activity.

Inhibition of GSK-3b releases a number of transcription 
factors from tonic inhibition and also releases eIF2B allowing 
translational activation. Transgenic mice overexpressing 
GSK-3b in the heart exhibit significantly defective postnatal 
cardiomyocyte growth, as well as markedly abnormal cardiac 
contractile function related to down-regulation of SERCA 
expression (resulting in abnormal calcium handling), and 
severe diastolic dysfunction with progressive HF [42]. In 
addition, it has been suggested that a family of dimeric 
phophoserine-binding molecules, the 14-3-3 proteins (which 
are implicated in cell-cycle control and the stress response), 
participate in the regulation of GSK-3b phosphorylation [43].

It is noteworthy that the activation of protein translation 
affected by both of these signaling branches can also be 
regulated by stress-activated mechanisms, which are inde-
pendent of Akt. For instance, AMP-activated protein kinase 
(AMPK), a key regulator of cellular energy homeostasis, 
is involved in modulating the activity of mTOR, and can 
affect the translational response in cardiac hypertrophy [44]. 
Moreover, hypoxia can rapidly and reversibly trigger mTOR 
hypo-phosphorylation, and mediate changes in its effectors 
such as 4E-BP1 and p70S6K, independent of Akt or AMPK 
signaling [45]. Also, the TSC complex can be phosphorylated 
and inactivated by stress-mediated stimuli, and the ERK 
pathway independent of Akt signaling. The Akt-independent 
mechanism of activation of mTOR may be particularly rele-
vant to pathological stress-induced growth.

Inactivation of GSK-3b by S9 phosphorylation may also 
occur independent of the PI3K/Akt pathway, and this 
includes involvement of growth factors such as EGF and 
PDGF which stimulate the GSK-3b-inactivating kinase p90 
RSK through MAP kinases, activators of cAMP-activated 
PKA, and PKC activators. Moreover, exposure of cells to 
Wnt protein ligands leads to inactivation of GSK-3b by an 
undefined mechanism [46].

Cardiac Akt Activation

The stimuli that result in Akt activation in the heart are shown 
in Table 7.1. Upon activation, myocardial Akt can phospho-
rylate a number of downstream targets, including cardio-
protective factors involved in glucose and mitochondrial 
metabolism, apoptosis and regulators of protein synthesis, as 
discussed below. The regulation of Akt is also achieved by 
its dephosphorylation effected by the protein phosphatase 
PP2A. Inhibitors of PP2A activity, including okadaic acid, 
increase Akt activity, while ceramide, which is involved in 
enhanced apoptotic signaling, stimulates PP2A. In the heart, 
Akt signaling has a pronounced antiapoptotic effect, sig-
nificantly increases cardiomyocyte growth, and enhance 

Table 7.1 Stimuli activating myocardial Akt

Stimuli References

Insulin [47, 48]
IGF-1 [49, 50]
Cardiotrophin-1 [51]
LIF [52]
b-AR agonists [10]
Angiotensin-II [53]
Endothelin-1 [54]
Acetylcholine [55]
Adrenomedullin [56]
Pressure overload [57]
Ischemia (hypoxia) [58]
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function. Apoptotic progression of hypoxic cardiomyocytes 
is abrogated with IGF-1 treatment, which activates PI3K 
and Akt [49]. Overexpression of constitutively active trans-
genes, either PI3K or Akt, in cultured hypoxic cardiomyo-
cytes reduces apoptosis. Moreover, after transient ischemia 
in vivo, gene transfer of constitutively active Akt to the heart 
resulted in reduced apoptosis and infarct size [50]. Several 
mechanisms and/or effectors by which the PI3K/Akt path-
way stems apoptosis have been identified, and it appears 
likely that these effectors might be enhanced when applied in 
combination. These include the phosphorylation and inacti-
vation of the proapoptotic protein Bad, NF-kB activation, 
enhanced NO release and eNOS activation, changes in the 
mitochondrial membrane pores and membrane potential 
suppressing apoptotic progression, as well as cytochrome c 
release induced by several proapoptotic proteins. Gathered 
observations have also shown that Akt’s effect on apoptosis 
and cell survival is mediated by its phosphorylation of the 
forkhead transcription factor FOXO3 that in turn reduces the 
transcription of specific proapoptotic molecules [51].

PI3K

Both PI3K and Akt can modulate cardiomyocyte growth 
with significant effects on both cell and organ size. Transgenic 
mice with cardiac-specific overexpression of either the 
constitutively active or dominant-negative alleles of PI3K 
exhibited an increase or decrease in cardiomyocyte size, 
respectively [51]. The constitutive activation of PI3K led to 
an adaptive hypertrophy, and did not change into a maladap-
tive hypertrophy, consistent with a critical role for the PI3K/
PDK-1/Akt pathway in regulating normal cardiac growth. 
Interestingly, none of the transgenic models in which PI3K 
or Akt activation were associated with cardiac enlargement 
demonstrated increased cardiomyocyte proliferation in con-
trast to findings in transgenic mice with cardiac specific 
expression of IGF-1. This suggests that PI3K activation is 
not sufficient to induce cardiomyocyte proliferation, which 
likely involves the coordination of other signaling pathways 
downstream of IGF-1, and upstream of PI3K.

The PI3K/Akt pathway promotes cell survival in several 
ways. By intervening in the mitochondrial apoptosis cascade 
at events before cytochrome c release and caspase activation, 
Akt activation inhibits changes in the inner mitochondrial 
membrane potential that occur in apoptosis (suppressing 
apoptotic progression and cytochrome c release induced by 
several proapoptotic proteins). While Akt also contributes to 
the phosphorylation and inactivation of the proapoptotic 
protein Bad, it remains unclear whether Bad phosphoryla-
tion is the mechanism by which Akt ensures cell survival and 
mitochondrial integrity since other mitochondrial targets of 
Akt remain to be identified. PI3K/Akt signaling promotes 

glucose uptake, growth, and survival of cardiomyocytes and 
has been implicated in heart growth [59]. Growth factors are 
known to effect cardiomyocyte growth (e.g., IGF-1) signal 
through the PI3K/Akt pathway [60]. Microarray analysis 
of cardiomyocytes have demonstrated that treatment with 
IGF-1 results in the differential expression of genes involved 
in cellular signaling and mitochondrial function, and con-
firmed that this IGF-1-mediated gene regulation required the 
activation of ERK and PI3K [16].

Transgenic mice with cardiac specific expression of 
activated Akt exhibit up-regulation of IGF-binding protein 
(consistent with its growth signaling/antiapoptotic role) and 
down-regulation of both PGC-1 and PPARa (activators of 
mitochondrial FAO and mitochondrial biogenesis), presum-
ably shifting cardiomyocytes towards glycolytic metabolism. 
Deprivation of nutrients (e.g., specific amino acids), glucose and 
serum growth factors, which can lead to cardiomyocyte 
apoptosis [61] has been found to signal via the mitochondrial 
associated mTOR protein [62]. Moreover, both the Akt path-
way and the downstream mTOR proteins impact cardiomyo-
cyte survival and cell size largely through promoting 
cytoplasmic protein synthesis mediated by the activation of 
translational initiation factors and ribosomal proteins. Also, 
Akt can provide cardioprotection against ischemic injury 
induced by exposure of cardiomyocytes to diverse treatments 
including cardiotrophin-1, acetylcholine, adenosine, and 
bradykinin mediated preconditioning. The precise target of 
Akt action in cardioprotection remains undetermined since 
Akt has not been associated directly with mitoK

ATP
 channels. 

Several studies have suggested that cardioprotective signal-
ing is mediated in part by blocking PT pore opening (func-
tioning as an end-effector) regulated by modulation of 
GSK-3b activity arising from either of several convergent 
signaling pathways including ROS-activated PKC or by 
receptor tyrosine kinases (RTKs) triggering Akt and mTOR/
p70s6k pathways (shown in Fig. 7.1) [63].

Insulin-Like Growth Factor-1: Activator of Akt 
Signaling

Insulin-like growth factor-1 (IGF-1), a 70 amino acid poly-
peptide, is one of the most potent natural activators of the 
Akt signaling pathway, a stimulator of cell growth and 
multiplication and a potent inhibitor of programmed cell death. 
Because of its ability to improve flow-metabolism coupling, 
IGF-1 could indeed represent a new cardiovascular disease 
treatment option for many cardiac disorders such as ischemic 
heart disease and heart failure [64].

IGF-1 binds to at least two cell surface receptors: the 
IGF-1 receptor (IGFR) (see Fig. 7.1), and the insulin receptor. 
The IGF-1 receptor binds IGF-1 at significantly higher affinity 
than IGF-1 is bound to the insulin receptor; as the insulin 
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receptor, the IGFR is a tyrosine kinase, an enzyme that  
mediates signaling by transferring a phosphate group from 
ATP to a tyrosine residue in a protein. IGF-1 activates the 
insulin receptor at approximately 0.1× the potency of insulin. 
Part of this signaling may be via IGFR/insulin receptor 
heterodimers.

Several lines of evidence indicate that IGF-1 has a protec-
tive effect on ischemia/reperfusion (I/R) injury in a variety 
of tissues including the heart. IGF-1 has been shown to ame-
liorate I/R-induced acute renal failure [65], recover neurons 
from severe cerebral hypoxic–ischemic injury [66], improve 
cardiac function and reduce structural damage during I/R [50, 
67–72], and prevent apoptosis and promote survival of 
cardiomyocytes [50, 71–74]. Davani et al. observed that the 
histological and functional cardiac improvements generated 
by IGF-1 treatment in an ex vivo model of myocardial I/R 
injury were accompanied by the maintenance of the ratio of 
mitochondrial to nuclear DNA in the mouse heart after I/R 
[68]. Using cultured neonatal rat cardiomyocytes, Lai et al. 
found that IGF-1 can prevent the loss of the mitochondrial 
electrochemical gradient and membrane depolarization 
resulting from doxorubicin-induction and demonstrated that 
IGF-1 signaling to the organelle involved the PI3 kinase-Akt 
pathway [75].

Observations in animal models of myocardial I/R revealed 
that the administration of IGF-1 can provide substantial car-
dioprotective effect. IGF-1 signaling can trigger multiple 
signal cascade pathways in cardiomyocytes [50, 71–76], and 
the activation of the PI3K-Akt pathway and/or ERK 1/2 
kinase cascade by IGF-1 can initiate efficient anti-cell death 
mechanisms, and show evidence of mitochondrial involve-
ment. For instance, systemic IGF-1 treatment in rat up-regu-
lates Bcl-Xl expression but down-regulates pro-apoptotic 
Bax protein in heart mitochondria, as well as significantly 
reduces PTP opening and cytochrome c release in response 
to I/R injury [71]. In addition, overexpression of Bcl-Xl 
affects mitochondrial membrane potential, matrix swelling, 
and prevents cell death induced by OXPHOS inhibitors [77]. 
These findings suggest that IGF-1 may regulate mitochon-
drial function and in turn protect myocytes against a lethal 
stimulus like hypoxia/reoxygenation (HR).

IGF-1 has been reported to decrease Ca2+-stimulated 
mitochondrial cytochrome c release and inhibit Ca2+-sensitive 
mitochondrial swelling [71], suggesting that IGF-1 signaling 
can modulate PTP in the heart. Juhaszova et al. found that 
GSK-3, a potential downstream target of the IGF-signaling 
pathway can regulate the opening of mitochondrial PTP in 
cardiomyocytes [78].

Also, IGF-1 can prevent mitochondrial DNA damage 
following postischemic reperfusion injury [68], and promote 
increased mitochondrial ATP synthesis in rat heart myocytes 
[71]. These salutary actions of IGF-1 would enable mitochondria 
to be more resistant to insult stress and protect cardiac muscle 

against OS. The highly-targeted application of IGF-1 by somatic 
gene transfer may provide cardioprotection against transient 
ischemia and ischemic HF, offering potential strategic advantages 
over the systemic delivery of the IGF-I peptide [79]. Nonetheless, 
the mechanisms by which IGF-1 prevents myocardial ischemia-
reperfusion injury are not fully understood.

Pi et al. [80] have addressed whether mitochondrial bioen-
ergetic pathways are involved in the cardioprotective effects of 
IGF-1. Using single cardiomyocytes from adult rats incubated 
in the absence or presence of IGF-1 for 60 min and subjected to 
60 min hypoxia followed by 30 min reoxygenation at 37°C 
(HR), mitochondrial function was evaluated by assessment of 
enzyme activities of oxidative phosphorylation and Krebs 
cycle pathways. HR caused significant inhibition of mitochon-
drial respiratory complex IV and V activities and of the Krebs 
cycle enzyme citrate synthase, whereas pretreatment with 
IGF-1 maintained enzyme activities in myocytes at or near 
control levels. Mitochondrial membrane potential, evaluated 
with JC-1 staining, was significantly higher in IGF-1 + HR-treated 
myocytes than in HR alone, with levels similar to those found 
in normal control cardiomyocytes.

As shown in Figs. 7.2 and 7.3, red fluorescence intensity, 
in particular, the ratio of red to green fluorescence was 
significantly decreased in HR-treated cardiomyocytes when 
compared to control, suggesting that HR caused the loss of 
mitochondrial electrochemical gradient in cultured adult 
cardiomyocytes. On the other hand, in cardiomyocytes pre-
treated with IGF-1, the ratio of red to green fluorescence 
after HR was significantly higher when compared to HR 
alone indicating that IGF-1 prevented the collapse of the 
mitochondrial electrochemical gradient. These data suggest 
that rapid IGF-1 signaling is able to effectively maintain or to 
promote full recovery of DY

m
 in cardiomyocytes undergoing 

HR stress. In addition, IGF-1 reduced both HR-induced 
lactate dehydrogenase (LDH) release and malondialdehyde 
production (an indicator of lipid peroxidation) in cardiomyo-
cytes. These results indicate that IGF-1 protects cardiomyocytes 
from HR injury via stabilizing mitochondria and reducing 
reactive oxidative (ROS) damage.

Welch et al. [81] have tested the hypothesis that IGF-1, 
can positively affect HF progression in a tropomodulin 
(Tmod)-overexpressing transgenic mouse model of DCM. In 
an attempt to counteract the remodeling and dysfunction 
leading to DCM, the Tmod-overexpressing transgenic (TOT) 
mice line was crossbred with homozygous transgenic mice 
overexpressing IGF-1 in cardiac myocytes to create Tmod-
IGF-1-overexpressing mice. The beneficial effects of IGF-1 
were apparent by multiple indices of cardiac structure and 
function, including normalization of heart mass, anatomy, 
hemodynamics, and apoptosis. IGF-1 expression also acted 
as a proliferative stimulus as evidenced by calculated increases 
in myocyte number as well as expression of Ki67, a nuclear 
marker of cellular replication. Cellular analyses showed that 
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IGF-1 inhibited characteristic cardiomyocyte elongation in 
dilated hearts and restored calcium dynamics, comparable 
to that observed in normal cells. This study provided signifi-
cant information about (1) the ability of IGF-1 to inhibit pro-
gression of cardiomyopathic disease in a defined model 

system and suggest that HF may benefit from early interven-
tional IGF-1 treatment; (2) the cellular mechanisms that 
lead to heart remodeling, thus contributing to the existing 
controversy regarding the roles of cardiomyocyte apoptosis 
and regeneration in the pathogenesis of HF.

Other Growth and Pro-survival Pathways

SIR/Sirtuins

Using the genetically tractable model organism baker’s yeast, 
Saccharomyces cerevisiae, primary genetic determinants of 
replicative life span in yeast were initially identified from 
genetic screens of starvation-resistant strains for long-lived 
mutants. Among these mutants, there were members of 
the SIR (silent information regulator) gene family [82]. 
Subsequent studies revealed that loss-of-function of SIR2 
(whose homolog in mammals is known as SIRT1, SIR2L1 
or Sir2a) significantly shortened yeast life span, whereas 
increased SIR2 gene dosage extended it [83]. An SIR2 
orthologue subsequently detected in C. elegans was similarly 
shown to extend life span with increased dosage [84].

Interestingly, SIR2 had been previously identified as a 
mediator of gene silencing of the mating type loci in 
yeast [85]. In yeast, transcriptional silencing occurs at a 
number of chromosomal loci including telomeres, the 
two mating-type loci (HML and HMR), and rDNA locus RDN1. 

Fig. 7.3 IGF-I rescued Dy
m
 in myocytes subjected to HR. Mitochon-

drial membrane depolarization was characterized by the reduction of 
red/green ratio. Data derived from four independent experiments 
are shown. n number of cells determined; *p < 0.0001 vs. control. 
#p < 0.0001 vs. HR (Adapted from Pi et al. [80]. With kind permission 
from Springer)

Fig. 7.2 Representative fluorescence microscopic images of JC-1 
staining in myocytes. IGF-1 (100 nM) was added to the culture medium 
1 h prior and during HR. a–f show the changes in mitochondrial 

fluorescence intensity in myocytes with or without HR stress. a–c show 
cells with red filter; d–f with green filter (Reprinted from Pi et al. [80]. 
With kind permission from Springer)
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The establishment of inactive heterochromatin at telomeres, 
mating-type loci, and at the rDNA requires a complex 
including SIR2. Overexpression of SIR2 increases the 
extent of silencing at both telomeres and rDNA, suggest-
ing that SIR2 is a limiting component of the silencing 
apparatus. Evidence strongly suggests that SIR2 medi-
ates its effect on yeast aging primarily through its genera-
tion of heterochromatin at the rDNA, and suppression of 
both the recombination between rDNA repeats, and the 
formation of extra-chromosomal circulars forms of rDNA 
(ERCs) [86].

SIR2’s action as an NAD+-dependent histone deacetylase 
(HDAC) mediates chromatin remodeling effect, and has 
rendered it the founding member of a large family of NAD-
dependent histone deacetylases termed the sirtuins. The 
sirtuin proteins are conserved from prokaryotes to eukary-
otes, and include seven human sirtuin isoforms. The NAD+ 
dependence of SIR2 may permit the regulation of its activity 
through changes in the availability of this cosubstrate, allow-
ing the enzyme to sense the bioenergetic and redox states of 
the cell and set the life span accordingly. Moreover, SIR2 
activity can be increased by genetic and physiological inter-
ventions that decrease the levels of NADH, a competitive 
inhibitor of SIR2 [87].

In Fig. 7.4, a number of targets of SIRT1/SIRT2 are 
shown. Overexpression of Sir2a protects cardiac myocytes 
from apoptosis in response to serum starvation and signifi-
cantly increase the size of cardiac myocytes. Moreover, 
endogenous Sir2a plays an essential role in mediating cell 

survival, whereas Sir2a overexpression protects myocytes 
from apoptosis and causes modest hypertrophy.

Sir2a expression has been found increased in hearts from 
dogs with HF induced by rapid pacing superimposed on 
stable, severe hypertrophy. An increase in Sir2a expression 
during HF suggests that Sir2a may play a cardioprotective 
role in pathologic hearts in vivo [88]. In HF, reduced Sir2a 
deacetylase activity and NAD+ depletion mediate poly(ADP-
ribose) polymerase-1 (PARP)-dependent cardiac myocyte 
cell death. Pillai et al. [89] reported that in both failing hearts 
and cultured cardiac myocytes, the increased activity of 
PARP was associated with depletion of cellular NAD+ levels 
and reduced Sir2a deacetylase activity. Myocyte cell death 
induced by PARP activation was prevented by repletion of 
cellular NAD+ levels either by adding NAD+ directly to the 
culture medium or by overexpressing NAD+ biosynthetic 
enzymes. The beneficial effect of NAD+ repletion was seen, 
however, only when Sir2a was intact. Knocking down Sir2a 
levels by small interfering RNA eliminated this benefit, indi-
cating that Sir2a is a downstream target of NAD+ replenish-
ment leading to cell protection. NAD+ repletion also 
prevented loss of the transcriptional regulatory activity of the 
Sir2a catalytic core domain resulting from PARP activa-
tion. Furthermore, PARP activation and the concomitant 
reduction of Sir2a activity in failing hearts regulate the post-
translational acetylation of p53. Thus, in stressed cardiac 
myocytes, depletion of cellular NAD+ levels forms a link 
between PARP activation and reduced Sir2a deacetylase activ-
ity, contributing to myocyte cell death during HF.

Fig. 7.4 Targets of SIRT1/SIR2
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A critical target of the SIR2 deacetylase activity is the 
FOXO forkhead transcription factors (Fig. 7.5), shifting 
FOXO dependent responses away from cell death and toward 
cell survival contributing to enhanced longevity. In addition 
to the demonstration by genetic analysis in C. elegans that 
SIR2 acts upstream of DAF-16 in the insulin-like signaling 
pathway [84], several studies have shown that SIRT1, the 
mammalian homologue of SIR2, deacetylates FOXO factors 
(e.g., FOXO 1,3 and/or 4) and modulates their transactiva-
tion function [90–92]. The effect on FOXO function leads 
to the attenuation of FOXO-induced apoptosis and potentia-
tion of FOXO3’s ability to induce resistance to OS. Other 
recently identified SIRT1-regulated transcription factors of 
considerable significance in cardiovascular signaling path-
ways include PPAR-g, PGC-1a, NF-kB, p53, p300, and the 
cell-cycle and apoptosis regulator E2F1 [93–96].

Caloric restriction (CR) appears to extend the life span in 
a number of animal models, and it had shown to improve 
cardiac remodeling and diastolic dysfunction in the Dahl 

salt-sensitive rat model of decompensated pressure-overload 
hypertrophy [97]. Although the mechanisms underlying CR 
in HF and extension of life span remain unclear, a direct con-
nection between SIR2 activation and CR has been found in 
studies with Drosophila [98]. Increase in Drosophila Sir2 
(dSir2) extends the fly life span, whereas a decrease in dSir2 
blocks the life span-extending effect of CR. Studies have 
suggested that the mammalian Sir2 orthologue, SIRT1, is 
required for the induction of at least a phenotypic component 
of the complex physiological and behavior patterns associ-
ated with CR in mice [99]. Moreover, SIRT1 activates a criti-
cal tissue-specific component of CR in mammals; i.e., fat 
mobilization in white adipocytes [100]. Upon food with-
drawal, SIRT1 protein binds to and represses PPAR-g tran-
scriptional activation downregulating genes mediating fat 
storage. In SIRT1+/− mice, mobilization of fatty acids from 
white adipocytes upon fasting is compromised. In 3T3-L1 
adipocytes, overexpression of SIRT1 attenuates adipogenesis, 
and RNAi-mediated silencing of SIRT1 expression enhances it.  

Fig. 7.5 Interacting signaling pathways, including IGF-1, mTOR and 
SIR2. Shown is the IGF-1 ligand binding to its cell surface receptor 
associated with insulin receptor substrate-1 (IRS-1). Downstream of the 
receptor, the signal is transmitted to the kinases (P13K and subsequently 
Akt). The activated Akt inhibits the translocation of the proapoptotic 
BAD to the mitochondria, stemming mitochondrial PT pore (mPTP) and 
inhibiting apoptosis; similarly, it attenuates glycogen synthase kinase-3b 

(GSK-3b) activity-reducing mPTP. Akt also activates mTOR signaling 
part of the mitochondrial retrograde pathway. Akt phosphorylates FOXO, 
inactivating it, increasing its translocation from the nucleus to the 
cytosol, reducing its DNA binding and stemming its positive effect on 
longevity. In contrast, the sirtuin (SIR2) activates FOXO transcriptional 
activity by reversing its acetylation. Similarly, SIR2 inactivates p53 by 
deacetylation and attenuates its apoptotic program
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In addition, upregulation of SIRT1 in differentiated fat cells 
triggers lipolysis and loss of fat. The involvement of SIRT1 
in fat reduction is likely a contributory factor in extending 
life span. Furthermore, assessment of long-term CR effects 
in mice using microarray gene expression techniques showed 
changes in expression consistent with decreased cardiac 
remodeling and improvement in contractility and energy 
production via FAO [101].

TOR

Target of rapamycin (TOR) is an integrator of nutrient and 
growth factor signals and also a coordinator of cell growth 
and cell cycle progression. The mammalian TOR (mTOR) is 
a component of the insulin–phosphoinositide 3-kinase path-
way, which is known to play a critical role in the determina-
tion of cell, organ, and body size. Several components (mTOR 
and raptor) (Fig. 7.5) of another nutrient sensing pathway 
have been implicated in both life span extension in several 
model organisms, and as part of the CR pathway in yeast 
[102]. TOR gene encodes a protein kinase that mediates a 
highly conserved signaling pathway that couples amino acid 
availability to ribosomal S6 protein kinase activation, transla-
tion initiation, and cell growth. In addition, TOR responds to 
changes in growth factors, amino acids, oxygen tension, and 
energy status. Also, overexpression of upstream regulators 
such as tuberous sclerosis complex genes 1 and 2 (dTsc1, 
dTsc2), which inhibit TOR expression, or dominant-negative 
forms of dTOR or dS6K all cause life span extension, depen-
dent on the nutritional status [103].

Similar to findings with the insulin/IGF-1 pathway, modu-
lation of TOR signaling expression in fat tissues is sufficient 
for life span extension, and disruption in TOR signaling, as a 
result of either mutation or targeted pharmacological interven-
tion (e.g., rapamycin treatment), resulted in enhanced chrono-
logical life span in yeast (i.e., the time cells in a stationary 
phase culture remain viable), a potential model for aging of 
postmitotic tissues in mammals [104]. Decreased TOR activ-
ity also resulted in increased accumulation of storage carbohy-
drates and enhanced stress resistance. Furthermore, removal 
of either asparagine or glutamate from the media significantly 
increased stationary phase survival suggesting that TOR plays 
a role in starvation-induced stress and CR modulation of life 
span. In addition, TOR modulates replicative life span in yeast 
in response to nutrients and modulates CR, but CR failed to 
increase life span in TOR mutants [102].

Another critical aspect of TOR action is its effect on stress 
response and signaling of mitochondrial dysfunction. The 
mTOR is mainly localized in the mitochondrial outer 
membrane (see Fig. 7.5), although a cytosolic form has 
also been reported [105]. mTOR along with accessory pro-
teins such as raptor form a stress-sensing module consisting 

of mitochondria and mitochondrial outer membrane-
associated mTOR, integrate diverse stress signals, including 
nutrients, cAMP levels, and osmotic stress with cellular 
responses such as transcription, translation, and autophagy. 
Mitochondrial bioenergetic function and membrane poten-
tial serve as a regulatory intermediate on TOR activity [106, 
107]. Moreover, raptor (regulatory associated protein of 
mTOR) binds to p70S6k and 4E-BP1 and is essential for 
TOR signaling in vivo, and it appears to serve as an mTOR 
scaffold protein; binding to mTOR substrates is required for 
effective mTOR-catalyzed phosphorylation in vivo [108].

Interestingly, mTOR pathway plays a significant role in 
determining both resting oxygen consumption and oxidative 
capacity [109]. This conclusion was mainly inferred from the 
correlation of mTOR/raptor complex formation with overall 
mitochondrial activity. Following treatment with the mTOR 
inhibitor rapamycin, disruption of this complex lowered 
membrane potential, oxygen consumption, and ATP synthetic 
capacity. Furthermore, this inhibition resulted in marked 
alteration in the mitochondrial phospho-proteome and sug-
gests that TOR dependent phosphorylation of intramitochon-
drial proteins is part of the mechanism of TOR action.

Modulation of the mitochondrial permeability transition 
(PT) pore (also located at the junction of the mitochondrial 
inner and outer membranes) is regulated by the activity of 
GSK-3b, which is under convergent regulation by the protein 
kinase B/Akt and mTOR/p70s6k pathways [63]. This path-
way has been described in cardiomyocytes and implicated in 
the cardioprotective pathway in response to hypoxic insult. 
In isolated mouse heart, inhibition of TOR signaling with 
rapamycin confers preconditioning-like protection against 
ischemia–reperfusion injury [110]. mTOR or its target(s) has 
been reported to play an important role in load-induced car-
diac hypertrophy. Since systemic administration of rapamy-
cin has been successfully used in the treatment of transplant 
rejection, it may be a useful therapeutic modality to suppress 
cardiac hypertrophy in human [111]. Also, inhibition of 
mTOR signaling with rapamycin regresses decompensated 
cardiac hypertrophy induced by pressure overload in mice, 
improving left ventricular end-systolic dimensions, fractional 
shortening, and ejection fraction [112].

Signaling at the Plasma Membrane

Sarcolemmal K
ATP

 Channel

ATP-sensitive potassium (K
ATP

) channels link membrane 
excitability to metabolism [113]. They are regulated by intra- 
cellular nucleotides and by other factors including, mem-
brane phospholipids, protein kinases, and phosphoprotein 
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phosphatases. K
ATP

 channels comprise octamers of four Kir6 
pore-forming subunits associated with four sulphonylurea 
receptor (SUR) subunits. K

ATP
 channels are targets for antidi-

abetic sulphonylurea blockers, and for channel opening drugs 
that are used as antianginals and antihypertensives. In vascu-
lar smooth muscle, K

ATP
 channels are regulated by diverse 

signaling pathways, and cause vasodilation contributing both 
to resting blood flow and vasodilator-induced increases in 
flow. In cardiac muscle, sarcolemmal K

ATP
 channels open to 

protect cells under stress conditions, such as ischemia and 
exercise, and appear central to the protection induced by 
ischemic preconditioning (IPC).

Signaling in the Mitochondria: Key Players

Nuclear Gene Activation

Nuclear transcriptional modulators that govern the expression 
of a wide array of mitochondrial proteins in response to diverse 
cellular stimuli and signals, have been identified. For instance, 
nuclear transcription factors such as NRF-1 and NRF-2 are 
implicated in activation of mitochondrial biogenesis [114–116]. 
These factors exert a direct effect on the synthesis of specific 
nuclear-encoded subunits of the mitochondrial respiratory 
enzymes as well as indirectly by up-regulating levels of mito-
chondrial transcription factor A (mtTFA), involved in both 
mitochondrial DNA replication and transcription (Fig. 7.6). In 
addition, a “master” transcription co-activator (PGC-1) acti-
vates expression of transcription factors NRF-1 and NRF-2 
[117]. The nucleus also contains global regulatory transcrip-
tion factors such as peroxisome proliferator-activated recep-
tors and their transcriptional co-activators (i.e., PPARa, 
RXRa), which also play a pivotal regulatory role in the expres-
sion of mitochondrial FAO pathways, integral to bioenergetic 
metabolism [118, 119]. Transcriptional control by these acti-
vators is affected by hypoxia, ischemia, and HF [120, 121].

PGC-1 expression and mitochondrial biogenesis are mod-
ulated by the activation of a calcium/calmodulin-dependent 
protein kinase (CaMK), indicating that the calcium-regulated 
signaling pathway plays a significant role in transcriptional 
activation of genes governing mitochondrial biogenesis 
[122]. Moreover, these nuclear activators are modulated dur-
ing cardiac development [123, 124]; activation of the NFAT 
gene has been shown to be crucial in early cardiac develop-
ment and is required to maintain myocardial mitochondrial 
oxidative function. Targeted cardiac disruption of NFAT 
genes results in cardiomyocyte mitochondria ETC dysfunc-
tion, reduced ventricular size, and aberrant cardiomyocyte 
structure in mice embryo [124].

These nuclear transcriptional factors modulate the cardiac 
phenotype in transgenic animals bearing either mutations in 

specific transcriptional factors or over-expressed genes. 
Also, it has been found that specific nuclear transcription 
factors are essential for normal cardiac phenotype and mito-
chondrial function. For instance, cardiac-specific PGC-1 
over-expression in transgenic mice results in uncontrolled 
mitochondrial proliferation and extensive loss of sarcomeric 
structure leading to DCM [117]. Myocardial over-expression 
of PPAR-a may lead to severe cardiomyopathy with both 
increased myocardial fatty acid uptake and mitochondrial 
FAO [125]. Similarly, mutations targeting mtTFA produce 
inactivation of myocardial mitochondrial gene expression 
and ETC dysfunction resulting in DCM and atrio-ventricular 
conduction defects [126].

Mitochondrial Receptors

Few, well-characterized heart mitochondrial receptors have 
been detected despite the large number of receptors that 
have been identified in other tissues/cell types. The thyroid 
hormone (TH) receptor Erb-Aa, which was identified as an 
“orphan” receptor [127, 128] interacting with mtDNA dur-
ing targeted hormonal stimulation (Fig. 7.6), has not yet been 
documented in mitochondria from cardiac tissue, despite the 
known marked effect of TH in heart mitochondria. Moreover, 
a large number of nuclear transcription factors described and 
characterized in many other tissues/cell types as translocat-
ing to mitochondria, including P53, NF-kB, PPAR-a, RXR, 
and TR3, have also not yet been documented in heart mito-
chondria. No specific mitochondrial receptors have yet been 
found that bind TNF-a or various cytokines known to effect 
cardiac mitochondrial function, despite several recent stud-
ies demonstrating that TNF-a impacts cardiomyocyte mito-
chondria. Moreover, and in contrast to other tissues, there 
has been no characterization in heart mitochondria of anchor-
ing proteins, which bind and concentrate protein kinases.

A common theme concerning signaling and activation 
includes the stimuli-generated translocation of specific 
cytosolic proteins into the mitochondria; the growing list of 
such translocated entities includes many of the pro-apoptotic 
proteins (e.g., BAX, BID) as well as protein kinases. Many of 
these appear to target specific proteins on the outer mitochon-
dria membrane; others are imported as preproteins by recog-
nizing a small set of specific receptors (translocases) on the 
mitochondrial outer membrane (TOM). The import of proteins 
into mitochondria is often mediated by heat shock proteins 
(e.g., HSP60, HSP70), which specifically interact with a 
complex mitochondrial protein import apparatus (including 
matrix proteases). Interestingly, a number of physiological 
stimuli and stresses, including temperature changes and 
hormone treatment (including TH), can result in regulation of 
the heart mitochondrial import apparatus [129].
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Reactive Oxidative Species

We have dealt with the generation of ROS and the effect of OS in 
HF in Chaps. 5 and 10 respectively. Here, we limit our discussion 
to some of the negative effects of ROS and signaling.

Negative Effects of ROS

Increased ROS generation resulting from myocardial isch-
emia/reperfusion (I/R), inflammation, impaired antioxidant 
defenses, and aging may cause profound effects on cells 

including elevated lipid peroxidation targeting membrane 
phospholipids and proteins. Protein modifications, such as 
carbonylation, nitration, and the formation of lipid peroxida-
tion adducts e.g., 4-hydroxynonenal (HNE), are products of 
oxidative damage secondary to ROS [130]. ROS-mediated 
nitration, carbonylation, and HNE adduct formation reduces 
the enzymatic activity of myocardial respiratory complexes I 
to V as shown with in vitro studies [131]. Superoxide is also 
particularly damaging to the Fe–S centers of enzymes such 
as complex I, aconitase, and succinic dehydrogenase (SDH) 
causing inhibition of mitochondrial bioenergetic function. 
Moreover, the inactivation of mitochondrial aconitase by 

Fig. 7.6 Mitochondria receiving diverse signals from various cellular 
locations. A number of representative signaling pathways are shown that 
have impact on mitochondria including thyroid hormone (TH) and 
glucocorticoid hormone (GC) which targets both nuclear processes, 
influencing nuclear transcription of a large assortment of genes some of 
which will affect mitochondrial function, such as uncoupling proteins (UC) 
and mitochondrial transcription factor A (mtTFA), and more directly 
affecting mitochondria transcription of mtDNA via its orphan receptor 
(ErbA-a). Other signaling pathways shown include the nuclear transcription 

of PPAR-a which modulates mitochondrial fatty acid b oxidation (FAO), 
the ceramide pathway transducing cytokine signals impacting on complex 
III of electron transport chain (ETC), mitochondrial calcium import from 
ER and SR, and the outer membrane (OM) associated mitochondrial 
protein import apparatus via Translocator Outer Membrane (TOM) and 
heat shock proteins (HSPs). The cardioprotection pathway is also depicted 
involving the mitochondrial K

ATP
 channels in the inner membrane 

mediated by ROS, ligands binding to an assortment of membrane 
receptors (G-coupled), and the involvement of protein kinases
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superoxide, which generates Fe (II) and H
2
O

2
, also increases 

hydroxyl radical formation through the Fenton reaction [132], 
thereby amplifying the deleterious effects of ROS produc-
tion. Lipids and in particular the mitochondrial-specific 
phospholipid cardiolipin serve as a focal target for ROS 
damage. A large accumulation of superoxide radicals pro-
duced in vitro with submitochondrial particles from heart 
resulted in extensive cardiolipin peroxidation with a parallel 
loss of cytochrome c oxidase activity [133, 134]. Oxidative 
damage also targets nucleic acids, and in particular mtDNA 
by inducing single- and double-strand breaks base damage 

and modification (including 8-oxoguanosine formation), 
resulting in the generation of point mutations and deletions 
in mtDNA. Inhibition of mitochondrial respiration by NO can 
result in further increases in mitochondrial ROS production; 
interaction with NO enhances the potency of superoxide 
(Fig. 7.7) as an inhibitor of respiration [135]. In addition, the 
highly reactive peroxynitrite irreversibly impairs mitochon-
drial respiration [136], since it inhibits complex I activity, 
largely by tyrosine nitration of several targeted subunits 
[137, 138], modifies cytochrome c structure and function 
[139], affects cytochrome c oxidase (COX) activity, inhibits 

Fig. 7.7 Mitochondrial channels are pivotal signal transducers in 
myocardium. The cardioprotection pathway involving the mitochondrial 
K+ channels (mitoK

ATP
) is located in the inner membrane and is mediated 

by ROS, ligands binding to an assortment of G-coupled membrane 
receptors and protein kinases (PKC/PI3K). Calcium enters the 
mitochondria in response to a variety of stimuli via a complex of 
membrane proteins including, the outer-membrane (OM) voltage-
dependent anion carrier (VDAC), the inner membrane (IM) proteins, 
RAM and the Ca2+ uniporter; high Ca2+ levels can be supplied from 
ryanodine release (RyR) and IP3 receptors (IP3R) located in the 

sarcoplasmic (SR) and endoplasmic (ER) reticuli respectively, and is 
coupled to the entry of calcium into the cardiomyocyte through the 
voltage-dependent Ca2+ channel (VDCC). Entry of high calcium levels 
into the mitochondria can increase activities of several enzymes of TCA 
cycle, electron transport chain (ETC) and complex V. Calcium also 
modulates the opening of the permeability transition (PT) pore shown 
with its accessory components including VDAC, adenine nucleotide 
translocator (ANT), hexokinase (HK), creatine kinase (CK), cyclophilin 
D (CpD) and cardiolipin (CL). Calcium efflux is primarily managed by 
the Na+/Ca2+ exchanger
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mitochondrial aconitase [140], and causes induction of the 
PT pore [141]. A number of peroxynitrite effects on its mito-
chondrial targets (e.g., the PT pore) are potentiated by increased 
calcium levels [142], and can be clearly distinguished from the 
effects of NO, which are often reversible [136].

Not surprisingly, mitochondria (a major site of intracel-
lular ROS generation) are also a primary locus of its damag-
ing effects. ROS-induced damage to mtDNA results in 
abnormalities of the mtDNA-encoded polypeptides of the 
respiratory complexes located in the inner membrane, with 
consequent decrease of electron transfer and further produc-
tion of ROS, thus establishing a vicious cycle of OS, mito-
chondrial function, and bioenergetic decline.

It is worth noting that ROS produced by cellular sources, 
besides mitochondria, can have substantial effects on cardio-
vascular function. Superoxide radicals are generated from 
reactions of oxygen with microsomal cytochrome p450, 
which has an endogenous NAD(P)H oxidase activity, usually 
in the presence of metal ions. Phagocytic cells (present at 
sites of active inflammation), vascular endothelial cells, and 
SMCs have an NAD (P)H oxidase activity that can be induced 
by certain stimuli such as angiotensin II [143], TNF-a [144], 
and thrombin [145] to generate ROS. NAD(P)H oxidase also 
produces ROS in response to endothelin-1 in vascular SMCs 
and cardiac muscle cells. As a result, NAD(P)H oxidases may 
be a key source of ROS that participate in vascular oxidant-
related signaling mechanisms under physiological and 
pathophysiological conditions. In addition, xanthine oxidase 
(XO), a primarily cytosolic enzyme involved in purine metab-
olism, is also a source of the superoxide radical. Notably, XO 
activity and its superoxide generation are markedly increased 
in the heart after I/R damage. Its location within the human 
myocardium is primarily in the endothelial cells of capillaries 
and smaller vessels [146]. Ischemia and hypoxia promote the 
accumulation of XO substrates, hypoxanthine, and xanthine. 
Numerous studies have shown that the XO inhibitor 
allopurinol can provide protection against the cardiac damage 
resulting from anoxia. A provocative link has been proposed 
between XO activity and abnormal cardiac energy metabo-
lism in patients with idiopathic DCM, since inhibition of XO 
with allopurinol significantly improves myocardial function 
[147]. These toxic metabolic by-products, which are potent 
cell-damaging oxidants, are normally neutralized by anti-
oxidant enzymes, some of which are mitochondrially located 
(e.g., Mn-SOD and glutathione peroxidase), while others are 
cytosolic (e.g., Cu-SOD and catalase).

Role of ROS in Cell Signaling

In addition to their cell-damaging effects, ROS generation 
and OS play a critical role in cell regulation and signaling. 
Oxidative species such as H

2
O

2
 and the superoxide anion can 

be deployed as potent signals sent from mitochondria to 
other cellular sites rapidly and reversibly triggering an array 
of intracellular cascades leading to diverse physiological 
end-points for the cardiomyocyte, some negative (e.g., apop-
tosis and necrosis) and others positive (e.g., cardioprotection 
and cell proliferation). Mitochondrial-produced H

2
O

2
 

exported to the cytosol (Fig. 7.8) is involved in several signal 
transduction pathways, including the activation of JNK1 and 
MAPK activities [148–150], and can impact the regulation 
of redox-sensitive K+ channels affecting arteriole constric-
tion [151]. The release of H

2
O

2
 from mitochondria and its 

subsequent cellular effects are increased in cardiomyocytes 
treated with antimycin and high Ca2+, and further enhanced 
by treatment with CoQ. CoQ plays a dual role in the mito-
chondrial generation of intracellular redox signaling, by act-
ing both as a prooxidant involved in ROS generation, and as 
an antioxidant [152]. Increased mitochondrial H

2
O

2
 genera-

tion and signaling also occur with NO modulation of the 
ETC [153], as well as with the induction of myocardial mito-
chondrial NO production, resulting from treatment with 
enalapril [154]. Furthermore, ROS plays a fundamental role 
in the cardioprotective signaling pathways of IPC, in oxygen 
sensing, and in the induction of stress responses that promote 
cell survival.

Mitochondrial K
ATP

 Channel

ATP-sensitive potassium channels of the inner mitochondrial 
membrane (mitoK

ATP
) are blocked by ATP and have been 

implicated as potential mediators of cardioprotective mecha-
nisms such as IPC [155]. This cardioprotective effect is par-
tially mediated by attenuating Ca2+ overloading in the 
mitochondrial matrix, and by increased ROS generation dur-
ing preconditioning, further leading to protein kinase activation 
and decreased ROS levels generated during reperfusion [156]. 
The mitoK

ATP
 is also regulated by a variety of ligands (e.g., 

adenosine, opioids, bradykinin, acetylcholine), which bind 
sarcolemmal G-protein coupled receptors as shown in Fig. 7.6, 
with subsequent activation of calcium flux, tyrosine protein 
kinases, and the PI3K/Akt pathway [157, 158]. In addition, 
marked changes in mitochondrial matrix volume associated 
with mitoK

ATP
 channel opening, may play a contributory role 

in the cytoprotection process [159], although this has been 
recently challenged [160]. Drugs such as diazoxide and nic-
orandil specifically activate the mitoK

ATP
 opening, and can 

also inhibit H
2
O

2
-induced apoptotic progression in cardio-

myocytes, suggesting that mitoK
ATP

 channels may also play a 
significant role in mediating OS signals in the mitochondrial 
apoptotic pathway [161, 162]. Another ion channel (i.e., 
the calcium-activated K+ channel) has recently been identified 
on the mitochondrial inner membrane, and has been shown 
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to have a cardioprotective function [163]. Nevertheless, the 
precise temporal order of events in the mitochondrial cardio-
protection cascade, and the exact molecular nature of the 
mitoK

ATP
 channel remain to be defined [164].

PT Pore

The opening of another mitochondrial membrane mega-
channel, the permeability transition (PT) pore, located at 
contact sites between the inner and outer membranes, has 
been suggested to cause a number of important changes in 
mitochondrial structure and metabolism, including increased 

mitochondrial matrix volume (leading to mitochondrial 
swelling), release of matrix Ca2+, altered cristae, cessation of 
ATP production, primarily due to uncoupling of the ETC, 
and dissipation of the mitochondrial membrane potential. At 
the onset of reperfusion following an episode of myocardial 
ischemia, opening of this nonspecific pore is a critical deter-
minant of myocyte death. Besides its role in the mitochon-
drial pathway of apoptosis, the opening of the PT pore, if 
unrestrained, leads to the loss of ionic homeostasis, and ulti-
mately to necrotic cell death [165]. The PT pore appears to 
be composed of several mitochondrial membrane (see 
Figs. 5.2 and 5.4) proteins including the voltage-dependent 
anion channel (VDAC/porin), peripheral benzodiazepine 
receptor (PBR), the adenine nucleotide translocator (ANT), 

Fig. 7.8 ROS generation and signaling. Mitochondrial bioenergetic 
activity generates reactive oxygen species (ROS) including superoxide, 
hydroxyl radicals and hydrogen peroxide (H

2
O

2
). Sites of mitochondrial 

superoxide O
2
•− radical (via respiratory complexes I, II, and III) and 

cytosolic O
2
•− generation (by NAD(P)H oxidase or xanthine oxidase) are 

depicted. MnSOD (in mitochondria) and CuSOD (in cytosol) to form 
H

2
O

2
 are displayed. The H

2
O

2
 is then either further neutralized in the 

mitochondria by glutathione peroxidase (GPX) and glutathione, in the 
peroxisome by catalase, or in the presence of Fe2+ via the Fenton reaction, 
which forms the highly reactive OH• radical, which can cause severe lipid 
peroxidation and extensive oxidative damage to proteins and mtDNA. 
Superoxide radicals produced in mitochondria can be delivered to the 
cytosol through anion channels (e.g., VDAC), and may impact sites far 
from its generation, including activation of transcription factor NF-kB
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cytosolic proteins (e.g., hexokinase II, glycerol kinase), matrix 
proteins (e.g., cyclophilin D (CypD)), and from proteins of 
the intermembrane space such as creatine kinase. Fatty acids, 
high matrix Ca2+ levels, pro-oxidants, metabolic uncouplers, 
NO, and excessive mitochondrial ROS production (primarily 
from respiratory complex I and III) promote the opening of 
the PT pore. The PT pore may also be an important target of 
cardioprotection. New observations have showed that sup-
pressing PT pore opening at the onset of reoxygenation can 
protect human myocardium against lethal hypoxia–reoxy-
genation injury [166]. The inhibition of PT pore opening can 
be mediated either directly by Cyclosporin A (CsA) and 
Sanglifehrin A (SfA), or indirectly by decreasing calcium 
loading and ROS levels.

Mitochondrial Kinases

Evidence has been gathered that mitochondria contain multiple 
protein substrates for protein kinases, and also that a number 
of protein kinases are translocated into heart mitochondria. 
This suggests that protein phosphorylation within the mito-
chondria is a critical component of the mitochondrial signal-
ing pathways [167]. Protein kinases identified in heart 
mitochondria include pyruvate dehydrogenase kinase, PKA, 
PKC d, and e isoforms and JNK kinase (Table 7.2). 
Characterization of these proteins has provided new insights 
into the fundamental mechanisms regulating the mitochondrial 
response to diverse physiological stimuli and cardiovascular 
stresses.

In cardiomyocytes, isoforms of PKC (PKCs d and e) trans-
locate from the cytoplasm to mitochondria for subsequent 
signal transduction [171]. PKC-e, after translocation forms a 
“signaling module” by complexing with specific MAP kinases 
(e.g., ERK, p38 and JNK) resulting in phosphorylation of the 

proapoptotic protein Bad. Also, PKC-e forms physical 
interaction with components of the cardiac mitochondrial PT 
pore, in particular VDAC and ANT [176]. This interaction 
may inhibit pathological opening of the pore, including Ca2+-
induced opening, and subsequent mitochondrial swelling 
contributing to PKC-e-induced cardioprotection. Activation 
of PKC in CP likely precedes mitoK

ATP
 channel opening; 

nevertheless, a direct interaction of these kinases with the 
mitoK

ATP
 channels has not yet been proved. Following 

diazoxide treatment, PKC-d is translocated to cardiac mito-
chondria which triggers mitoK

ATP
 channel opening leading 

to CP [170]. On the other hand, it has been shown that 
PKC-d does not play a contributory role in the CP provided 
by IPC, although the role of PKC-e translocation has been 
confirmed.

A mitochondrial cAMP-dependent protein kinase A 
(mtPKA), as well as its protein substrates have been local-
ized to the matrix side of the inner mitochondrial membrane 
[169]. In cardiomyocytes, mtPKA phosphorylates the 18 kDa 
subunit of complex I (NDUFS4), and increased levels of 
cAMP promote NDUFS4 phosphorylation enhancing both 
complex I activity, and NAD-linked mitochondrial respi-
ration/dephosphorylation mediated by a mitochondrial-
localized phosphatase. In addition, PKA phosphorylation of 
several subunits of cytochrome c oxidase (COXI, III and Vb) 
at serine residues, modulates the activity of this important 
respiratory enzyme [177], and is considered to be a critical 
element of respiratory control. This cAMP-dependent phos-
phorylation occurs with high ATP/ADP ratios, resulting in 
the allosteric inhibition of COX activity. In the resting state, 
this regulatory control results in reduced membrane poten-
tial, and more efficient energy transduction. Conversely, 
increases in mitochondrial phosphatase (Ca2+-induced) 
reverse the allosteric COX inhibition/respiratory control, 
resulting in increased membrane potential and ROS forma-
tion. Similarly, various stress stimuli leading to increased 
Ca2+ flux (activating the phosphatase) result in increased 
membrane potential and ROS formation.

New techniques of proteomic analysis have led to the 
identification of mitochondrial protein targets for these 
kinases. Interestingly, a group of proteins constituting a 
mitochondrial phosphoprotein proteome has been identified 
using a proteomic approach in bovine heart, and character-
ized as protein targets of kinase-mediated phosphorylation 
[178]. The majority of the identified phosphoproteins were 
involved in mitochondrial bioenergetic pathways, including 
the TCA cycle (e.g., aconitase, isocitrate and pyruvate 
dehydrogenases), and mitochondrial respiratory complexes, 
including NDUFA 10 (complex I), the flavoprotein subunit 
of SDH (Complex II), core I and III subunits (complex III), 
a and b subunits (complex V), while others are essential ele-
ments for the homeostasis of mitochondrial bioenergetics 
(e.g., creatine kinase and ANT).

Table 7.2 Protein kinases identified in heart mitochondria

Protein kinase References

PDH kinase [168]
PKA [169]
PKC d [170]
PKC e [171]
PKG [172]
JNK [173, 174]
p38 MAPK [171]
Stress-activated protein 

kinase-3
[175]

ERK ½ [171]
MAP kinase kinase [174]

PDH pyruvate dehydrogenase; PKA protein kinase A; JNK Jun 
N-terminal kinase; MAPK mitogen-activated protein kinase; ERK extra-
cellular signal-regulated kinase
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Mitochondrial Translocation

An important subject concerning cell signaling and activa-
tion includes the stimuli-dependent translocation to, and 
incorporation of specific cytosolic proteins into the cardio-
myocyte mitochondria. A growing list of such translocated 
molecules include several of the proapoptotic proteins (e.g., 
Bax, Bid), as well as some of the aforementioned protein 
kinases. Many of these proteins target or interact with spe-
cific proteins on the outer mitochondria membrane, and oth-
ers are imported as preproteins by virtue of recognizing a 
small set of specific receptors (translocases) on the mito-
chondrial TOM (Fig. 7.6). Mitochondrial protein import is 
often mediated by heat shock proteins (e.g., HSP60, HSP70), 
which specifically interact with a complex mitochondrial 
protein import apparatus, including matrix proteases. As pre-
viously noted, physiological stimuli and stresses, including 
temperature changes and hormone treatment (e.g., thyroid 
hormone) impact the regulation of the heart mitochondrial 
import apparatus [179, 180].

Mitochondrial Retrograde Signaling

Mitochondrial retrograde signaling is a pathway of commu-
nication from mitochondria to the nucleus that influences 
many cellular activities under both normal and pathophysio-
logical conditions. In both yeast and animal cells, retrograde 
signaling is linked to mTOR signaling, but the precise con-
nections in cardiomyocytes have not yet been determined. 
In mammalian cells, mitochondrial dysfunction sets off 
signaling cascades through altered Ca2+ dynamics including 
calcineurin activation, which activates several protein 
kinase pathways (e.g., PKC and MAPK) and transcription 
factors such as NF-kB, calcineurin-dependent NFAT, CREB 
and ATF leading to stress protein expression (e.g., chaperone 
proteins) and activities [180]. These can result in altera-
tions in both cell morphology and phenotype including 
proliferative growth, apoptotic signaling, and glucose 
metabolism.

Mitochondrial Calcium Signaling

Although calcium signaling will be further discussed in 
Chap. 9, at this time, it suffices to say that mitochondria also 
exert a significant regulatory role as a sensor of intracellular 
free Ca2+. Several mechanisms of enhanced function of 
OXPHOS by Ca2+ have been reported, including stimulation 
of several dehydrogenases in the TCA cycle due to increases 

in mitochondrial matrix Ca2+ [181, 182], and activation by 
Ca2+ of mitochondrial ATP synthase activity [183, 184]. 
Acute HF generated by manipulating calcium concentrations 
in perfused canine hearts was accompanied by a striking 
decrease in mitochondrial respiratory function [185].

The import of Ca2+ from cytosol into cardiac mitochon-
dria is an important regulatory event in cell signaling. 
Mitochondrial calcium flux, particularly in cultured cardio-
myocytes, has become detectable using advanced cell imag-
ing techniques with fluorescent dyes, confocal microscopy, 
and recombinantly-derived Ca2+ sensitive photo-probes [186, 
187]. Mitochondrial calcium influx is primarily provided by 
a Ca2+ pump uniporter located in the inner membrane, driven 
by the mitochondrial membrane potential, as well as by low 
matrix Ca2+ levels and can be blocked by ruthenium red 
[188]. Mitochondrial Ca2+ uptake is significantly and rapidly 
increased in cardiomyocytes during physiological Ca2+ sig-
naling and is often accompanied by a highly localized tran-
sient mitochondrial depolarization [187]. Efflux of Ca2+ from 
cardiomyocyte mitochondria is mediated by a Na+/Ca2+ 
exchanger linked to ETC proton pumping, although calcium 
efflux also occurs with PT pore opening. Activation of the 
PT pore and mitochondrial Ca2+ flux also occur in apoptosis 
and I/R and are involved in the generation of a calcium wave 
delivering system between adjacent mitochondria [189].

An important consequence of increased mitochondrial 
Ca2+ uptake is the up-regulation of energy metabolism and 
stimulation of mitochondrial oxidative phosphorylation. 
Elevated mitochondrial Ca2+ levels allosterically stimulate 
the activity of three TCA cycle enzymes including pyruvate, 
isocitrate and 2-oxoglutarate dehydrogenase [182, 190]. 
Activation of these enzymes by Ca2+ results in increased 
NADH/NAD+ ratios, and ultimately leads to increased mito-
chondrial ATP synthesis. A thermokinetic model of cardiac 
bioenergetics described calcium-activation of the dehydro-
genases as the rate-limiting determinant of respiratory flux 
regulating myocardial oxygen consumption, proton efflux, 
NADH and ATP synthesis [191]. In cardiomyocytes, mito-
chondrial ATP synthase activity can be directly modulated 
by increased mitochondrial Ca2+ levels [192, 193].

Intra-compartment Ca2+ signaling is recognized as a key 
mode of signal transduction and amplification in mitochon-
dria [186, 187]. Using inositol phospholipids, such as IP3 as 
second messengers, a variety of cell-surface hormones and 
neurotransmitters signal the release of Ca2+ from ER and 
Golgi apparatus into the cytosol (Fig. 7.7).

The proximity of mitochondria to ER membranes appears 
to be a significant factor for ER Ca2+ release and mito-
chondrial Ca2+ uptake [184]. This dramatic increase in 
mitochondrial Ca2+ is rapidly mobilized from the ER-IP3 
receptor channels, when in close contact to mitochondria, 
albeit the precise molecular mechanism of this transfer has not 
been fully established. Similarly, the sarcoplasmic reticulum 



149P53 Pathways

ryanodine receptors are located near the cardiomyocytes 
mitochondria undergoing calcium release [194]. Proposed 
mechanisms for the rapid calcium mitochondrial import 
include, the involvement of diffusable cytosolic factors that 
stimulate the Ca2+ uniporter, activation of an entirely differ-
ent channel in the heart mitochondrial membrane (RaM), 
and enhanced uptake by mitochondrial analogues of ryano-
dine receptors residing in the inner membrane [195–198]. 
Recently, VDAC has also been identified (see Fig. 7.7) as a 
component in Ca2+ transport from ER through the outer mito-
chondrial membrane [199].

Signals of Survival and Stress Impact Heart 
Mitochondria

The list of extracellular and intracellularly-generated signals 
which impact the mitochondrial organelle is increasing as 
reflected in Table 7.3. In addition to hormonal and cytokines 
stimuli (e.g., TH, TNF-a, interleukins), there are nutrient, 
serum, growth, and mitotic factors, as well as stress and met-
abolic stimuli. There are also pro/anti-apoptotic modulators 
that are discussed in detail in Chap. 5 (instrinsic pathway of 
apoptosis) and in Chap. 11 (extrinsic pathway of apoptosis).

Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a multifunctional signaling 
organelle that contributes to the regulation of cellular 
processes such as the entry and release of Ca2+ (Fig. 7.7), 
sterol biosynthesis, apoptosis, and the release of arachidonic 
acid [209]. One of its primary functions is as a source of the 
Ca2+ signals that are released through either IP3 or ryanodine 

receptors (RyRs) which are themselves Ca2+-sensitive. The 
capability of ER in spreading signals throughout the cell 
mediated by a process of Ca2+-induced Ca2+ release is par-
ticularly important in the control of cardiomyocyte function. 
The role of ER as an internal reservoir of Ca2+ is coordinated 
with its role in protein synthesis since a constant luminal 
level of Ca2+ is essential for protein folding. In order to 
achieve this regulation, the ER also contains several stress 
signaling pathways that can activate transcriptional cascades 
to regulate the luminal content of the Ca2+ dependent chaper-
ones responsible for the folding and packaging of secretory 
proteins. Another significant function of the cardiomyocyte 
ER is to regulate apoptosis by operating in tandem with 
mitochondria. Antiapoptotic regulators of apoptosis such as 
Bcl-2 may act by reducing the ebb and flow of Ca2+ through 
ER/mitochondrial cross-talk.

P53 Pathways

The product of the p53 gene is a multifunctional protein that 
is involved in many cellular processes, the most important of 
which are cell cycle control and apoptosis in response to 
stress [210, 211]. p53 contains 393 amino acids and has 
functional domains such as transactivation and DNA binding 
domains, and several cellular protein binding sites such as 
MDM2 and viral protein binding sites [212]. Cellular levels 
of p53 are normally low in part due to its direct interaction 
with MDM2, a cellular proto-oncogene product that binds to 
p53 and inhibits its transactivating ability [213]. Increasing 
evidence showed that p53 is an important regulator of apop-
totic cell death [214, 215], and specifically implicated p53 in 
cardiomyocyte apoptosis [216–218]. p53-mediated apoptotic 
cell death involves both its nuclear translocation and its 

Table 7.3 Stimuli signaling heart mitochondria

Stimuli Signaling pathway Mitochondrial effect References

IL-1 NO production Decreased respiration [180, 200]
TNF-a Ceramide pathway Decreased activities of PDH, complex I and II [200]
Heat stress Increased HSP 32,60,72 

levels
Increased complex I–V activities [201]

Low glucose Myocardial apoptosis Cytochrome c release [202]
Low serum Myocardial apoptosis Cytochrome c release [202]
Palmitate Myocardial apoptosis 

ceramide increase
Decreased complex III and membrane potential, 

cytochrome c release, mitochondria swelling, 
UCP expression increased

[203]

Ceramide Ceramide pathway Complex III decrease [204]
Electrical stimulation Transcription factor 

activation (e.g., NRF-1)
Mitochondrial proliferation [116]

Nitric oxide peroxynitrite formation Complex I and IV decrease, cytochrome c release [205, 206]
Thyroid hormone Receptor-mediated nuclear 

and mtDNA gene 
activation

Mitochondrial proliferation. Increased UCP and 
uncoupled OXPHOS

[207, 208]
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well-characterized transcriptional activation of downstream 
pro-apoptotic proteins such as Bax, Noxa, and PUMA (p53 
upregulated modulator of apoptosis) [219], as well as its 
capacity to directly activate Bax in permeabilizing mitochon-
dria and triggering apoptosis in a transcription-independent 
manner [220]. Nonetheless, the sequence and mechanism of 
intracellular signaling events underlying the p53-activated 
cardiomyocyte apoptotic pathway in response to OS remain 
largely undefined.

Posttranscriptional modifications including phosphorylation 
are likely involved in activating p53 during cellular stress 
[221, 222]. In different cell types, p53 can be phosphorylated 
on multiple serine/threonine residues located at both the N- 
and the C-terminus by a variety of protein kinases in 
response to specific stressors. These include p38 MAP 
kinases [223], protein kinase C [224], casein kinase II [225], 
DNA-dependent protein kinase (DNA-PK) [226], Ataxia 
Telangiectasia mutated (ATM) kinase [227, 228], and the 
Ataxia Telangiectasia and rad-3-related (ATR) kinase [229]. 
Phosphorylation of serine-15 of the N-terminal region has 
been shown to enhance specific DNA binding and transcrip-
tional activity of p53 through decreased binding of p53 to its 
negative regulator MDM2 [230], and increased binding to 
coactivator protein p300 [231]. Moreover, H

2
O

2
-mediated 

OS results in phosphorylation of serine-15, p53 activation 
and apoptosis in rat neural cells [232]. Gathered observations 
have shown that OS is a potent inducer of cardiomyocyte 
apoptosis and a mediator of HF [233, 234], and that multiple 
signaling pathways exist to regulate the OS-induced cardio-
myocyte death. One of the signaling pathways may be con-
trolled by p53, which plays a crucial role in cell cycle control 
and apoptosis [233]. Studies with isolated cardiomyocytes 
have shown that hypoxia or increased OS leads to an up-
regulation of p53 [233, 235], a finding that has been con-
firmed at both the transcript and protein level [234].

Activation of the protein p53 by site-specific phosphory-
lation at its serine residues in response to stress appears 
to be important for the regulation of p53 function [236, 
237]; for example, phosphorylation of p53 at a functional 
site, serine-15, is critical for stabilization and functional 
activation of p53 during cellular stress [238]. Long et al. 
[234] have reported that H

2
O

2
-induced cardiomyocyte apop-

tosis is accompanied in cultured cardiomyocytes by enhanced 
phosphorylation of p53 at the serine-15; this represents a 
novel demonstration that OS enhances p53 phosphorylation 
at this functional site with evidence of its downstream acti-
vation of target genes. Using nonphospho-specific and 
phospho-specific p53 antibodies these investigators [234] 
have examined the levels of nonphospho-p53 and phospho-
p53, respectively. H

2
O

2
 caused a rapid increase in the level 

of the phosphorylated p53 at the serine-15 in cardiomyo-
cytes, but only a slight change in the level of nonphospho-
rylated p53 suggesting that the site-specific phosphorylation 

of p53 is an important event in the process of cardiomyocyte 
apoptosis. Furthermore, phosphorylation of the serine-15 
site results in activation of p53 function through decreased 
binding of p53 to its negative regulator MDM2 [230] and 
increased binding to the p300 coactivator protein [231]. 
Mutation at this site impairs the apoptotic activity of p53 
[239]. These findings indicate that phosphorylation of the 
serine-15 is important for p53 activation and again in induc-
tion of apoptosis. In addition to H

2
O

2
, other DNA-damaging 

agents such as ultraviolet and ionizing radiation also 
increase phosphorylation of p53 at serine-15 [227, 228, 
240]. Besides this critical phosphorylation site, it is impor-
tant to note that other sites on p53 may be phosphorylated as 
well. However, observations in human umbilical vein 
endothelial cells have shown that H

2
O

2
 produces rapid phos-

phorylation of p53 specifically at serine-15, but not ser-
ine-9, 20, or 392 [241].

Protein phosphorylation is an important mechanism of 
signal transduction that plays a crucial role in many aspects 
of cellular function [242, 243]. In addition, the phosphoryla-
tion status of proteins is closely associated with activation of 
protein kinases, and the possible involvement of specific pro-
tein kinases in the phosphorylation of serine-15 on p53, 
using protein kinase inhibitors with different specificity has 
been studied [234]. The mitogen-activated protein kinase 
cascade (MAPK) is one of the major signaling pathways that 
are activated during OS [244], and in mammalian cells three 
distinct subgroups of MAPKs have been found: the extracel-
lular-signal-regulated kinases (ERKs), the stress-activated 
c-Jun N-terminal kinase (JNK), and p38 kinase [245].

ERKs are primarily associated with cell growth and 
proliferation, while JNKs and p38 kinase mainly mediate 
cellular stress signals [246]. Serine-15 of p53 is phosphorylated 
in JB6 mouse epidermal cells in response to UV radiation 
[238], and ERKs and p38 kinase have been found to participate 
in the phosphorylation of this serine site [240]. In addition, 
p38 kinase can phosphorylate p53 at serine-33, serine-46, and 
serine-389 [223, 247]; however, it is not known whether 
MAPKs phosphorylate this serine-15 in cardiomyocytes in 
response to H

2
O

2
, leading to functional activation of p53. The 

effect of PD98059 (inhibitor of MEK), SB202190 (inhibitor 
of p38 kinase), and SP600125 (inhibitor of JNK) on 
phosphorylation of serine-15 has been assessed. H

2
O

2
-induced 

phosphorylation of p53 at serine-15 is unaffected by inhibition 
of the MAPK signaling pathway [234]. Although in some 
studies MAPKs was not found to be involved in the site-
specific phosphorylation of p53, others observations have 
shown that this p53 serine residue can be a target for DNA-PK, 
ATM, and ATR [226–228], which are members of the 
phosphoinositide-3-kinase (PI3K)-related kinase superfamily. 
DNA-PK acts primarily during DNA repair [248], whereas 
ATM and ATR participate in the activation of cell cycle 
checkpoints induced by DNA damage [249].
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In vitro studies have shown that DNA-PK directly 
phosphorylates p53 at serine-15 [239], and ATM and ATR 
have been reported to mediate phosphorylation of serine-15 in 
response to ionizing or UV radiation [228, 229]. Furthermore, 
defects in phosphorylation of serine-15 are observed in cells 
lacking DNA-PK or ATM after UV radiation [228, 229], 
and wortmannin or caffeine blocks the H

2
O

2
-induced 

phosphorylation of p53 at serine-15 in human umbilical vein 
endothelial cells [241]. No inhibition of H

2
O

2
-induced phos-

phorylation of serine-15 has been observed in cardiomyo-
cytes treated with either wortmannin or caffeine suggesting 
that DNA-PK, ATM, and ATR may be less likely to mediate 
phosphorylation of p53 at serine-15 in cardiomyocytes 
during the H

2
O

2
 treatment [234]. Moreover, inhibition of 

protein kinase C by staurosporine or chelerythrine fails to 
attenuate the phosphorylation of this serine site of p53. 
Future studies should be aimed at examining the possible 
role of other kinase signaling pathways including the nonre-
ceptor protein tyrosine kinases in the activation of p53 
through site-specific phosphorylation in cardiomyocytes in 
response to H

2
O

2
. Furthermore, delineation of the specific 

intracellular sites at which serine-15 phosphorylated p53 is 
localized as well as which genes and/or proteins it may pref-
erentially bind (using chromatin immunoprecipitation) 
should provide further information elucidating the role of 
p53 activation in the OS pathway.

Phosphorylation of serine-15 of p53 appears to be an 
important signaling event in H

2
O

2
-treated cardiomyocytes as 

reported in other cell-types [232]. Phosphorylation of ser-
ine-15 leads to stabilization of p53 by reducing its interac-
tion with MDM2, a negative regulator of p53 function [213], 
and increases the ability of p53 to recruit the coactivator pro-
teins CBP and p300 [231]. CBP/p300 acts as a coactivator of 
p53 through interaction with the N-terminus of p53 and 
increases the sequence-specific DNA binding of p53, thus 
providing a positive mechanism for increasing transcrip-
tional activity of p53 [231]. Of interest, marked changes in 
the level of the upstream modifier MDM2 and p300 occur 
in cardiomyocytes exposed to H

2
O

2
 [234] with H

2
O

2
 up-

regulating the expression of p300 but down-regulating the 
expression of MDM2 in cardiomyocytes, thus contributing 
to enhanced p53 function. In addition, gadd [250], one of the 
well-characterized downstream genes of p53 that are associ-
ated with cell growth arrest and induction of apoptosis in 
several cell types [239, 251], was markedly increased in car-
diomyocytes during OS as was PUMA [234], a BH3-only 
member of the Bcl-2 protein family that have been identified 
as a player in myocardial cell death [252]. In addition, fol-
lowing cardiomyocytes H

2
O

2
 treatment, the level of p21, an 

inhibitor of cyclin-dependent kinases and downstream effec-
tor of p53, was increased [253].

Thus, both up-regulation and phosphorylation of p53 at 
serine-15 are important events in cardiomyocytes response 

to OS. ROS, such as H
2
O

2
, cause oxidative damage to DNA, 

leading to activation of protein kinases. Phosphorylation of 
p53 at serine-15 by protein kinases enhances the sequence-
specific DNA binding and transcriptional activity of p53 by 
increasing binding of the coactivator protein p300 and by 
reducing binding of MDM2. After being activated, the tran-
scriptional factor p53 transactivates downstream effector 
genes, whose protein products may mediate cell growth 
arrest and apoptotic cell death, and may become an impor-
tant contributor toward the development of HF. Therefore, 
targeting p53 could be a novel therapy option (Fig. 7.9). 
Besides its crucial role in cell cycle control and apoptosis, 
p53, through its negative effect on cardiac angiogenesis may 
also be a causative factor in the development of HF second-
ary to chronic pressure overload. Under sustained pressure 
overload, accumulation of p53 inhibits the activity of hypoxia 
inducible factor-1 (factor or family of factors), which affects 
genes that regulate important cellular processes such as cell 
metabolism, angiogenesis, and cell survival [254], and wors-
ens cardiac angiogenesis and systolic function. In contrast, 
by increasing cardiac angiogenesis using angiogenic factors 
or through the inhibition of p53, hypertrophy secondary to 
chronic pressure overload develops further, but cardiac func-
tion is normalized [255]. Thus, the antiangiogenic property 
of p53 appears to play a significant role in the transition from 
cardiac hypertrophy to HF, and inhibition of p53 activity 
may be a new tool for the treatment of HF secondary to 
chronic pressure overload.

Fig. 7.9 p53 signaling pathway that mediates cell growth arrest and 
apoptosis. ROS cause oxidative damage to DNA, leading to activation 
of a variety of protein kinases that phosphorylate the p53 protein. Then, 
p53 transactivates several downstream effector genes whose protein 
products may result in cell growth arrest and apoptotic cell death
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Conclusion

Post-genomic approaches currently available have implicated 
an increasing number of genes and their products as critical 
factors to cardiomyocyte signaling in both physiological and 
pathological conditions, including HF. While considerable 
progress has been made in the identification of the down-
stream targets of these genes and the pathways they consti-
tute, the majority of targets and the complex interrelationships 
between the signaling pathways involved still remain largely 
undetermined. In particular, a large number of signaling inter-
actions between cellular organelles remain to be identified.

Importantly, the cross-talk between mitochondria, plasma 
membrane receptors, exocytotic events, and excitable chan-
nels, with ER, Golgi bodies, peroxisomes, and with the 
nucleus in effecting nuclear import/export, regulatory gene 
expression, signaling cell cycle progression as well as the 
determination of cardiac-specific and developmentally-
specific factors involved in myocardial signaling will require 
intensive research effort.

A driving force on the assessment of cardiovascular sig-
naling is that it can enhance our understanding of the widen-
ing spectra of cardiac abnormalities, HF in particular, that 
may result from signaling dysfunction, as well as potentially 
contributing to the development of novel treatment modali-
ties. The recognition that cytoprotective signaling plays an 
essential role in cardioprotection has generated great interest 
in the pharmacological manipulation of metabolism and sig-
naling. However, several important caveats pertain to the 
application of targeting specific signaling molecules within 
the clinical setting. Many signaling molecules participate in 
multiple pathways. For instance, inhibiting ROS production 
might prove helpful in reducing the negative consequences 
of myocardial I/R, but could prove counterproductive in car-
dioprotection and in oxygen sensing. Secondly, the existence 
of redundant signaling pathways that trigger HF also poses 
challenges for therapeutic intervention.

Clearly, improved understanding of the precise order of 
intracellular events, their downstream consequences, the 
overall inter-relatedness, and regulation of these pathways 
will be critical to the discovery of new treatments for HF. 
Also, the development and characterization of reagents with 
high specificity to heart signaling pathways and technologies 
that may allow inhibition of stress signaling (e.g., specific 
kinase inhibitors) in cardiac and vascular cells may represent 
a breakthrough in the management of HF.

Summary

Multiple signaling pathways regulate cardiomyocyte •	
survival, growth, and proliferation. These are redundant 
mechanisms that typically involve serine/threonine kinases, 

which stimulate a series of sequential molecular and 
cellular events (cascades).
The targeting and localization of signaling factors and •	
enzymes to discrete subcellular compartments or sub-
strates are important regulatory mechanisms that ensure 
specific signaling events in response to local stimuli.
The molecular mechanisms underlying the proliferative •	
growth of embryonic myocardium in vivo and adult car-
diac myocyte hypertrophy in vivo remain largely undeter-
mined, although considerable progress has been made 
using post-genomic analysis.
In the regulation of cardiomyocyte growth and/or pro-•	
liferation, there are several signals transduction acting 
as redundant mechanisms converging on one or several 
serine/threonine kinases. Several G-protein-coupled 
receptors (GPCRs) such as a-AR, b-AR, angiotensin 
II, and endothelin-1 are able to activate these signaling 
cascades, and induce changes in cell growth and 
proliferation.
The PI3K/Akt pathway is a key regulator of four inter-•	
secting biological processes: cell growth and survival, 
cell cycle progression, and metabolism.
Akt contributes to both pathological and physiological  •	
cardiac growth, myocyte survival, and contractile function.
Akt expression confers protection from ischemia-induced •	
cell death and cardiac dysfunction.
Myocardial Akt levels have been found elevated in early •	
heart failure (after 1–2 weeks of pacing) accompanied 
by increased levels of OS, TNF-a and free fatty acid 
accumulation, reduced activity levels of mitochondrial 
respiratory complex III and complex V, and apoptosis 
initiation.
One potential downstream target of the Akt pathway is •	
the shift in myocardial substrate utilization, including 
FAO.
Akt activation can directly down-regulate the activity of •	
cardiac AMPK, an energy sensor that acts to modulate 
glucose uptake and FAO.
Akt acts as an antiapoptotic factor important in cardio-•	
myocyte survival; one way it can modulate apoptotic pro-
gression is by phosphorylation of pro-apoptotic peptide 
factors (e.g., BAD).
Several mechanisms and/or effectors by which the PI3K/•	
Akt pathway stems apoptosis have been identified, and it 
appears likely that these effectors might be enhanced 
when applied in combination.
The constitutive activation of PI3K led to an adaptive •	
hypertrophy, and did not change into a maladaptive hyper-
trophy, consistent with a critical role for the PI3K/PDK-1/
Akt pathway in regulating normal cardiac growth.
Because its ability to improve flow-metabolism coupling, •	
IGF-1 could indeed represent a new cardiovascular 
disease treatment option for many cardiac disorders such 
as ischemic heart disease and heart failure.
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Observations in animal models of myocardial ischemia–•	
reperfusion revealed that the administration of IGF-1 can 
provide substantial cardioprotective effect.
Cellular analyses revealed that IGF-1 inhibited characteristic •	
cardiomyocyte elongation in dilated hearts and restored cal-
cium dynamics comparable to that observed in normal cells.
Overexpression of Sir2•	 a protected cardiac myocytes from 
apoptosis in response to serum starvation and significantly 
increased the size of cardiac myocytes.
Sir2•	 a expression has been found increased in hearts from 
dogs with heart failure induced by rapid pacing superim-
posed on stable, severe hypertrophy.
In HF, reduced Sir2•	 a deacetylase activity and NAD+ 
depletion mediate poly(ADP-ribose) polymerase-1 (PARP)-
dependent cardiac myocyte cell death.
A critical target of the SIR2 deacetylase activity is the •	
FOXO forkhead transcription factors, shifting FOXO 
dependent responses away from cell death and toward cell 
survival contributing to enhanced longevity.
Inhibition of mTOR signaling with rapamycin regresses •	
decompensated cardiac hypertrophy induced by pressure 
overload in mice.
In vascular smooth muscle, K•	

ATP
 channels are regulated 

by diverse signaling pathways, and cause vasodilation 
contributing both to resting blood flow and vasodilator-
induced increases in flow.
The nucleus contains global regulatory transcription fac-•	
tors such as peroxisome proliferator-activated receptors 
and their transcriptional co-activators (i.e., PPAR-a, 
RXR-a), which also play a pivotal regulatory role in the 
expression of mitochondrial FAO pathways, integral to 
bioenergetic metabolism.
Lipids and in particular the mitochondrial-specific phospho-•	
lipid cardiolipin serve as a focal target for ROS damage.
It is worth noting that ROS produced from other cellular •	
sources, besides mitochondria, can have substantial 
effects on cardiovascular function.
A provocative link has been proposed between XO activ-•	
ity and abnormal cardiac energy metabolism in patients 
with idiopathic DCM, since inhibition of XO with 
allopurinol significantly improved myocardial function.
Increased mitochondrial H•	

2
O

2
 generation and signaling 

occur with NO modulation of the ETC, as well as with the 
induction of myocardial mitochondrial NO production, 
resulting from treatment with enalapril.
Mitochondrial retrograde signaling is a pathway of com-•	
munication from mitochondria to the nucleus that influ-
ences many cellular activities under both normal and 
pathophysiological conditions.
Acute HF generated by manipulating calcium concentra-•	
tions in perfused canine hearts was accompanied by a 
striking decrease in mitochondrial respiratory function.
Mitochondrial Ca•	 2+ uptake is significantly and rapidly 
elevated in cardiomyocytes during physiological Ca2+ 

signaling and is often accompanied by a highly localized 
transient mitochondrial depolarization.
Using inositol phospholipids, such as IP3 as second mes-•	
sengers, a variety of cell-surface hormones and neu-
rotransmitters signal the release of Ca2+ from ER and 
Golgi apparatus into the cytosol.
The capability of ER in spreading signals throughout the •	
cell mediated by a process of Ca2+-induced Ca2+ release is 
particularly important in the control of cardiomyocyte 
function.
OS is a potent inducer of cardiomyocyte apoptosis and a •	
mediator of HF. Multiple signaling pathways exist for 
regulating OS-induced cardiomyocyte death. One of the 
signaling pathways may be controlled by p53, which 
plays a crucial role in cell cycle control and apoptosis
Activation of the protein p53 by site-specific phosphory-•	
lation at its serine residues in response to stress appears to 
be important for the regulation of p53 function.
Transcriptional factor p53 transactivates downstream •	
effector genes whose protein products may mediate cell 
growth arrest and apoptotic cell death, and may become 
an important contributor toward the development of HF.
Antiangiogenic property of p53 appears to play a signifi-•	
cant role in the transition from cardiac hypertrophy to HF, 
and inhibition of p53 activity may be a new tool for the 
treatment of HF secondary to chronic pressure overload.
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Overview

Nerves (sympathetic and parasympathetic) and neurohu-
moral agents can provide beat-to-beat control of myocardial 
function. They operate through the generation of second 
messengers in cardiac myocytes. Nitric oxide and natriuretic 
peptides increase production of the second messenger cyclic 
GMP through activation of guanylyl cyclases. Cyclic GMP 
reduces myocardial contractility and these effects are medi-
ated through changes in protein phosphorylation; cyclic 
GMP affects cyclic AMP phosphodiesterases, ion channels, 
and cytosolic calcium levels. Moreover, cyclic GMP is 
degraded by phosphodiesterases. As the heart begins to fail, 
cyclic GMP levels increase partly in response to increased 
sympathetic activity. However, downstream signaling from 
this signal transduction system is reduced.

Sympathetic activation stimulates both myocardial a 
adrenergic and b adrenergic receptors although b adrenergic 
receptors are more important in cardiac myocytes. Activation 
of b adrenergic receptors leads to the stimulation of adenylyl 
cyclase (AC) through a G-protein to produce the second 
messenger cyclic AMP. Cyclic AMP is degraded by several 
phosphodiesterases. This second messenger produces 
positive inotropic effects in the heart primarily through 
activation of a cyclic AMP-dependent protein kinase. In 
heart failure (HF), there are changes in receptor subtypes, 
coupling, and downstream signaling.

In this chapter, we will discuss second messenger systems 
that increase and decrease myocyte contractility, their cellular 
mechanisms of action, and how these signal transduction sys-
tems are altered as the heart begins to fail. In addition, sugges-
tions are made as to the ways in which these second messengers 
systems may be improved to increase their effectiveness in HF.

Introduction

The main function of the heart is to pump blood, and this 
ability is controlled by both internal and external forces. 
Internally, cardiac function is controlled by the contractile 

machinery and excitation–contractile coupling. External 
signals from nerves, etc. also affect myocardial function (rate 
and contractility), with these external signals acting through 
second messenger systems in cardiac myocytes to control 
function. Changes in the level of these second messengers 
can rapidly increase or decrease myocardial function. During 
the progression of the heart into failure, both internal and 
external control systems become less effective in the regula-
tion of myocardial function. In this chapter, we will examine 
the effects of second messengers on the control of cardiac 
function and how these control systems change, in terms of 
activity and function, during the progression toward HF.

Second Messengers and Contractile Function

Second messengers have both positive and negative effects 
on contractile function. Parasympathetic activity, nitric oxide 
(NO), natriuretic peptides, and the second messenger cyclic 
GMP reduce contractile force, heart rate, and myocardial 
oxygen consumption. Sympathetic activity and the second 
messenger cyclic AMP increase these factors. In addition, 
there are minor effects of the protein kinase C-inositol 
1,4,5-trisphosphate second messenger system. Significant 
interactions exist between these second messenger systems 
in normal hearts, and both positive and negative effects of 
these messengers are reduced in HF. Since positive factors, 
such as cyclic AMP signaling have been extensively reviewed 
previously [1–3] we will focus in this chapter on the negative 
factors. Later, how these second messenger systems are 
affected by HF, the occurrence of changes in their levels, and 
how they loose their ability to affect cardiac function as the 
heart fails will be discussed.

Cyclic GMP

NO, natriuretic peptides and parasympathetic activity reduce 
cardiac function in the normal heart [4, 5]. This effect is 
mainly related to the production of the second messenger 
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cyclic GMP. The actions of cyclic GMP are mediated 
through changes in protein phosphorylation, cyclic GMP 
affected cyclic AMP phosphodiesterases, ion channels, and 
cytosolic calcium levels [5–9]. Furthermore, cyclic GMP 
can reduce the rise of intracellular calcium in cardiac myo-
cytes [10] and can also reduce myocardial contractility and 
metabolism [5, 11].

There is direct evidence that increases in cyclic GMP 
reduce the responses of myofilaments to calcium in intact 
cardiac myocytes [7]. Some of these effects may be by 
direct or indirect inhibition of L-type calcium channels 
through the action of the cyclic GMP protein kinase [12, 
13]. The interaction between nitric oxide, natriuretic pep-
tides, and the actions of cyclic GMP is shown in Fig. 8.1. 
Cyclic GMP also antagonizes the positive inotropic effects 
of catecholamines in the heart [13, 14]. This may be related 
to its effects on the cyclic GMP-dependent cyclic AMP 
phosphodiesterases [2, 8]. Moreover, some of the effects of 
cyclic GMP are related to its influence on cyclic AMP [2, 
15, 16].

Cyclic GMP Production:  
Activation of Guanylyl Cyclase

Cyclic GMP is produced by activation of a particulate or 
soluble guanylyl cyclase. There are three important members 
of the natriuretic peptide family in the heart: atrial natriuretic 
peptide (ANP), brain natriuretic peptide (BNP), and C-type 
natriuretic peptide (CNP). The particulate forms of guanylyl 
cyclases are also part of the receptors for these natriuretic 
peptides. ANP and BNP are produced mainly in the atrium 
and ventricle and are ligands for natriuretic peptide receptor 
A (NPR1). CNP is predominantly located in the central ner-
vous system, anterior pituitary, kidney, and vascular endothe-
lial cells and binds the type B receptor (NPR2). Binding of 
these natriuretic peptides to their receptors activates particu-
late guanylyl cyclase, leading to an elevation in intracellular 
cyclic GMP [17, 18]. These increases in cyclic GMP lead to 
decreases in myocardial function.

NO is produced by three isoforms of nitric oxide synthase: 
neuronal nitric oxide synthase (NOS1, nNOS), inducible 

Fig. 8.1 Effects of nitric oxide (NO) and natriuretic peptides on the 
heart. Natriuretic peptides activate receptors (NPRA and NPRB), which 
contain a particulate guanylyl cyclase (pGC). Nitric oxide activates a 
soluble guanylyl cyclase (sGC). Guanylyl cyclase converts GTP to 
cyclic GMP, which is broken down by a phosphodiesterase (PDE5). 

Cyclic GMP acts on cyclic GMP affected cyclic AMP phosphodiesterases 
to control the level of cyclic AMP. The major effect of cyclic GMP in 
reducing cardiac myocyte function is through a cyclic GMP protein 
kinase (PKG). This kinase phosphorylates several proteins that help 
reduce cardiac function
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nitric oxide synthase (NOS2, iNOS), and endothelial nitric 
oxide synthase (NOS3, eNOS) and activates the soluble form 
of guanylyl cyclase. In the normal heart, NOS3 plays a more 
important role than NOS1, and differential effects of activa-
tion of NOS1 and NOS3 on cardiac myocyte function may 
be present [19, 20]. This may be related to their distinct sub-
cellular localization [21].

Cyclic GMP Degradation

Cyclic GMP is degraded by Cyclic GMP-phosphodiesterases. 
In the heart, this is primarily by PDE5 although there is 
some controversy on this subject [22]. Importantly, the balance 
between the activity of guanylyl cyclases and cyclic GMP-
phosphodiesterases controls the level of cyclic GMP in the 
heart.

Cyclic GMP Effectors: Cyclic GMP Protein 
Kinase and Cyclic GMP Affected Cyclic AMP 
Phosphodiesterases

The cyclic GMP-dependent protein kinase has major effects 
on the heart [8, 12]. This kinase phosphorylates a variety of 
distinct myocardial proteins and controls the regulation of 
L-type calcium channels and calcium sensitivity [6, 9, 12, 
13]. This protein kinase may also affect gap junctions, cal-
cium release channels, Ca2+-ATPase, and potassium channels 
[8, 23]. Both the b-adrenergic and nitric oxide–natriuretic 
peptide system phosphorylate phospholamban to activate the 
sarcoplasmic reticulum Ca2+-ATPase [23, 24]. This speeds 
the reuptake of calcium into the sarcoplasmic reticulum.

There are also interactions between cyclic GMP- and 
cyclic AMP-dependent protein kinases [13]. Protein phos-
phorylation caused by the cyclic GMP-dependent protein 
kinase may be the major mechanism through which the sec-
ond messenger cyclic GMP causes its negative functional 
effects on the heart. Probably, changes in the degree and 
specificity of protein phosphorylation caused by the cyclic 
GMP-dependent protein kinase will prove to be an important 
mechanism for the loss of the functional effects of NO and 
natriuretic peptides in cardiac hypertrophy and failure.

Cyclic GMP Also Affects the Levels  
of Cyclic AMP

When b-adrenoceptors are stimulated, a series of post receptor 
events occur which lead to the increased production of cyclic 

AMP [25]. Once the signal from these surface receptors is 
transduced into the cell, conformational changes in membrane 
bound GTP-binding proteins (major effects through Gs and 
Gi) occur [26]. These G proteins affect AC activity [27].

The level of cyclic AMP is also controlled by cyclic AMP 
phosphodiesterase that catalyzes its degradation; agents that 
alter phosphodiesterase activity greatly affect myocardial 
function [28, 29]. Some of cyclic AMP phosphodiesterases 
are significantly affected by the level of cyclic GMP [2, 30]. 
The activity of two forms of these cyclic AMP phosphodi-
esterases, cyclic GMP-stimulated cyclic AMP phosphodi-
esterase (PDE2), and cyclic GMP-inhibited cyclic AMP 
phosphodiesterase (PDE3) are regulated by the intracellular 
level of cyclic GMP and are important in the control of cardiac 
function [16, 31, 32]. In the myocardium, a small increase in 
cyclic GMP levels predominantly inhibits PDE3 [4], and this 
could lead to increases in cyclic AMP and may limit the neg-
ative functional effects of cyclic GMP. Moreover, interaction 
between these two second messenger systems can increase 
or decrease the functional effects of cyclic GMP.

Myocardial Hypertrophy and Failure

Cardiac hypertrophy develops as a basic response of the heart 
to chronic increases in cardiac work and elevated oxygen 
consumption. If this increased workload continues, the heart 
hypertrophies and when the work load is reduced, the hyper-
trophy regresses [33, 34]. As long as the degree of hypertro-
phy does not exceed a certain critical size, this represents a 
useful adaptive mechanism. In cardiac hypertrophy, myocar-
dial O

2
 balance is essentially normal [35]. However, during 

increased work, this balance can be more adversely affected 
than in normal hearts [36]. One of the key responses to 
increased cardiac needs is an enhanced sympathetic activity 
and increases in myocardial cyclic AMP. However, with most 
forms of pressure-overload cardiac hypertrophy, there is 
usually a loss of b-adrenoceptors and a reduction in muscar-
inic receptor levels [37, 38]. There are also increases in cyclic 
GMP [39, 40]. These increases in cyclic GMP may be a pro-
tective response to increases in cyclic AMP. The interaction 
between cyclic AMP and cyclic GMP appear to be altered in 
pressure-overload hypertrophy [41]. The ability of the heart 
to respond to stress is reduced under these circumstances.

Alterations in Cyclic GMP and Natriuretic 
Peptide Levels

The importance and actions of natriuretic peptides and cyclic 
GMP in cardiac hypertrophy and failure have been of much 
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recent interest. It is known that circulating levels of cyclic 
GMP and natriuretic peptide can be used as an index of the 
degree of HF in man [39, 40, 42]. Elevated levels of cyclic 
GMP have also been reported in experimental models of HF 
and hypertrophy [43–45]. These changes may be a protective 
response to the increased levels of cyclic AMP and sympa-
thetic activity observed in HF. In addition, there are changes 
in the ability of cyclic GMP to affect myocardial function 
after cardiac hypertrophy [46].

Cyclic GMP Has Been Implicated in Both  
the Process of Hypertrophy and HF

Understanding the effect of cyclic GMP will be important in 
the treatment of HF [47–50]. In some experimental models of 
cardiac hypertrophy, increases in the level of NO or natriuretic 
peptides may prove to be beneficial [48, 51–53]. While block-
ade of cyclic GMP production can cause cardiac hypertrophy 
[54], increasing the level of ANP or cyclic GMP has been 
reported to lead to regression of pressure overload cardiac 
hypertrophy in mice [55, 56]. There appears to be significant 
changes in the ability of NO and natriuretic peptides to affect 
function in the failing cardiac myocytes; it is possible that 
manipulation of the NO–natriuretic peptide-cyclic GMP 
signal transduction system may prove to be of significant 
therapeutic benefit in HF.

Effects of Nitric Oxide

Changes in NO and its myocardial effects are linked to HF [57, 
58], in which significant endothelial dysfunction and reduced 
nitric oxide levels may be present [59]. Both NO and natri-
uretic peptides (NPs) increase myocardial cyclic GMP levels.

A recombinant form of human BNP has been approved 
for the treatment of HF in the United States [57, 60]; however, 
BNP may worsen renal function in patients with HF [61]. 
Nonetheless, it has been suggested that direct cardiac admin-
istration may be of significant benefit [62]. NPs are released 
from the failing heart and their level correlates with its 
severity [40, 42, 63, 64]. They are also released during isch-
emia and reperfusion, and exogenous peptide may prove 
beneficial in protecting the ischemic myocardium [17, 65, 
66]. These NPs act almost exclusively through the genera-
tion of cyclic GMP. Interestingly, NPs and NO may exert 
some of their beneficial effects by counteracting the enhanced 
sympathetic activity occurring during HF [14], with increases 
in NO, NPs, and the second messenger cyclic GMP likely 
happening in response to the loss of downstream signaling 
effects of this system in the failing heart.

Changes in Downstream Cyclic GMP Signaling

During cardiac hypertrophy and failure, there is a loss of 
ability of the cyclic GMP-dependent protein kinase to affect 
myocardial function and phosphorylate proteins in the heart 
[8, 67]. Thus, despite high levels of NPs and cyclic GMP, this 
signal transduction system’s effects are significantly 
depressed in hypertrophy and HF [67, 68]. This would affect 
the system’s ability to increase phosphorylation of L-type 
calcium channels, ryanodine receptors, and phospholamban, 
and may cause significant loss of the downstream signaling 
and function of the system. Furthermore, the actions of the 
cyclic GMP-dependent cyclic AMP phosphodiesterases are 
of reduced significance in myocardial hypertrophy and fail-
ure [69]. This would restrict the role of cyclic GMP in the 
control of the level of cyclic AMP. These losses of down-
stream effects of this signal transduction system may partly 
explain the higher levels of this second messenger in HF. 
Understanding the role that cyclic GMP signal transduction 
system plays in the development of HF will be of great sig-
nificance to develop new therapies. Potential therapeutic 
approaches to improve cardiac myocyte function in the fail-
ing heart may include changes in the guanylyl cyclase, cyclic 
GMP-dependent protein kinase, or the cyclic GMP-dependent 
cyclic AMP phosphodiesterases.

Cyclic AMP and b-Adrenergic Receptors

The normal human heart expresses both b1- and b2-adren-
ergic receptors and both subtypes increase heart rate and 
contractility, although there are more b1-receptors in the 
healthy heart [37, 70]. A diagram depicting the mechanism 
of action of b-adrenergic signaling through cyclic AMP in 
cardiac myocytes is shown in Fig. 8.2. Interestingly, myo-
cardial b3-receptors have also been described, but their 
role remains uncertain. All three subtypes are found in car-
diac myocytes, but they seem to possess distinct intracel-
lular signaling and functional properties [71, 72]; and this 
may be related to distinct receptor and downstream signal-
ing domains [73]. Activity of these receptors is partially 
controlled by phosphorylation through specific receptor 
kinases [74].
b1-adrenergic receptors are coupled to the G-protein Gs 

to activate AC, which leads to the production of the second 
messenger cyclic AMP. b2-adrenergic receptors are coupled 
to Gs as well as to the inhibitory Gi [75]; and they also 
increase cyclic AMP levels. On the other hand, parasympa-
thetic activity and muscarinic receptor activation coupled to 
Gi inhibits AC, leading to a lower cyclic AMP level. Cyclic 
AMP production by AC leads to increased cardiac 
function.
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Cyclic AMP Effectors

Cyclic AMP activates three effectors in cardiac cells: cyclic 
AMP-dependent protein kinase (PKA), HCN channels (hyper-
polarization-activated cyclic nucleotide-gated channels), and 
Epac (exchange protein directly activated by cyclic AMP). The 
cyclic AMP-dependent protein kinase phosphorylates a myriad 
of proteins including ones that increase cardiac myocyte func-
tion [76]. This protein kinase is the major mechanism of cyclic 
AMP’s functional effects on myocytes and leads to significant 
increases in cardiac function. Cyclic AMP-dependent protein 
kinase anchoring proteins (AKAPs) contribute to the specific-
ity of cyclic AMP signaling by limiting the distribution of 
cyclic AMP effects within the cardiac cell [77]. In addition, 
b-adrenergic receptor distribution may be limited by their pres-
ence in cell membrane invaginations called caveolae [3]. These 
various scaffolding and signaling pathways lend complexity to 
the effects of cyclic AMP. In addition, the cyclic AMP signal-
ing system may also affect the role of the cyclic GMP signaling 
system. However, this cyclic AMP signaling pathway is the 
major external drive to increase heart rate and myocardial 
contractility.

Changes in Cyclic AMP Signaling in Myocardial 
Hypertrophy and Failure

The b-adrenergic receptor system plays a major role in HF. 
This signaling system is activated by many stresses, such as 
pressure load, that eventually lead to HF. Activation of 
this signaling system can lead to cardiac hypertrophy, as 
can genetic alterations in the receptors [78, 79]. This signal-
ing system is usually activated in patients with HF [80].  
In addition, while cardiac b1-adrenergic receptors are 
downregulated in human HF [37, 70], cardiac b2-adrenergic 
receptors are upregulated. It is noteworthy that some poly-
morphic forms of these receptors are more likely to lead to 
HF [78], and shifts in the subcellular distribution of these 
receptors may occur within the failing heart [3]. Many of 
these changes may also be related to abnormalities in the 
activity of the b-adrenergic receptor kinases [74].

A large number of the remaining b-adrenergic receptors 
are uncoupled from Gs, presumably via increased activity of 
receptor kinases [81]. Furthermore, an increase in Gi in the 
failing heart can antagonize the degree of b-adrenergic  
signaling [82].

Fig. 8.2 Effects of norepinephrine on the heart. The main effect of 
norepinephrine is to activate b adrenergic receptors (AR) in the heart. 
The receptors act to produce cyclic AMP from ATP. Cyclic AMP 
activates hyperpolarization-activated cyclic G protein to primarily 
activate (Gs) or secondarily inhibit (Gi) adenylyl cyclase to nucleotide 
gated channels (HCN), and exchange proteins directly activated by 

cyclic AMP (epac). However, the primary mechanism is that cyclic 
AMP activates a cyclic AMP protein kinase (PKA). This protein kinase 
phosphorylates several proteins that lead to an increase in cardiac 
function. The intracellular location of PKA is controlled by cyclic AMP 
protein kinase anchoring proteins (AKAP)
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The use of b-adrenergic receptor antagonists in HF is now 
part of the standard treatment [70, 83]. This helps to reduce 
excess myocardial adrenergic activity and the work load 
of the failing heart. Moreover, alterations in b-adrenergic 
signaling during the progression toward HF may provide 
several targets for gene therapy [84].

a-Adrenergic Receptor Signaling

Cardiac myocytes express a
1
-adrenergic receptors, but not 

a
2
-adrenergic receptors. Although a

1
-adrenergic receptors 

are not generally considered major regulators of cardiac 
function under physiological conditions, they have been 
thought to exert more influence under some pathological cir-
cumstances [85]. Activation of these receptors generally lead 
to increased myocardial contractile responses [86]. The heart 
of most species studied express both a

1A
- and a

1B
-adrenergic 

receptors at the protein level [75]. The a
1B

-adrenergic receptor 
subtype predominates in rodents, whereas the a

1A
-adrenergic 

receptor is the major subtype in the human heart [85, 87]. 
Both of these subtypes couple via the heterotrimeric G-protein 
G

q
 to the phospholipase C b isoform and should cause acti-

vation of protein kinase C. This would significantly affect 
Ca2+ signaling via generation of both diacylglycerol and 
inositol 1,4,5-trisphosphate (IP

3
) [86]. Major differences in 

downstream signaling have not been reported between these 
subtypes, and a

1A
- and a

1B
-adrenergic receptors would be 

expected to induce similar functional effects in the myocar-
dium. However, major functional differences have been 
observed when the two receptor subtypes were overex-
pressed in different transgenic mouse models [88]. Hearts 
overexpressing a

1B
 demonstrated a depressed contractile 

function compared to wild type mice [89]. In marked contrast, 
hearts overexpressing a

1A
-adrenergic receptors have substan-

tially heightened contractile responses [85, 90]. The signaling 
pathways responsible for these differences in functional 
effects of these two receptor subtypes remain to be determined. 
Some of these effects may be related to specific AKAPs 
or their distribution [91]. Similar to chronic b-adrenergic 
stimulation, chronic activation of a-adrenergic receptors also 
leads to cardiac hypertrophy [92].

Changes in a-Adrenergic Receptor Signaling  
in Myocardial Hypertrophy and Failure

There have been several attempts to treat the failing heart 
with a-adrenergic blocking agents [86, 93]. This could 
reduce the work load in the failing human heart. However, 
little benefit has been found for these agents in several clinical 

trials. In fact, some negative effects have been observed [93]. 
The combination of a and b adrenergic blockade has proven 
to be more useful.

It has been reported that a-adrenergic receptors are little 
changed in HF [37, 94]. On the other hand, it has been sug-
gested that the function of specific a-adrenergic receptor 
subtypes may be markedly altered in the failing heart [88]. 
Although this signaling system appears to be of minor impor-
tance in the normal human heart, there may be changes in the 
transition to failure. Clearly, further work is necessary to 
understand the importance of the a-adrenergic signaling sys-
tem in HF.

Conclusions

In this chapter, we have discussed the signaling systems that 
affect cardiac myocyte function. For example, the 
NO–natriuretic peptide-cyclic GMP signaling system nor-
mally acts as a brake on cardiac function; on the other hand, 
the b-adrenergic-cyclic AMP and the a-adrenergic-IP

3
 sig-

naling systems generally increase cardiac function. These 
pathways interact in the normal heart, in a not completely 
understood manner, and clearly further research will be nec-
essary to fully understand their interaction.

As the heart undergoes the transition from hypertrophy to 
failure, these signaling systems change dramatically. In general, 
their ability to affect function (either up or down) decreases. 
There is evidence for a decreased ability of the cyclic GMP-
dependent protein kinase and cyclic GMP-regulated cyclic 
AMP phosphodiesterases to act on cellular contractility. 
Cyclic GMP and natriuretic peptide levels increase in HF; 
perhaps as a partial compensatory mechanism. In addition, 
the b-adrenergic system loses its ability to increase function, 
and there are changes in receptor subtype, receptor kinases, 
and G proteins. To help these systems operate better in the 
failing heart, generalized drugs have been used. Hopefully, as 
our understanding of the true defects in these systems increase, 
it is possible that newer, more specific treatments can be 
devised. Furthermore, by understanding these systems better, 
it is possible that specific gene therapies can be devised. This 
would help to restore control of myocardial function to the 
failing heart.

Summary

There are both negative (nitric oxide, natriuretic peptides, •	
and parasympathetic nerves) and positive (sympathetic 
nerves) external signals that affect cardiac myocyte func-
tion. The effectiveness of these signaling systems is 
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reduced in heart failure. They operate through the genera-
tion of several second messengers.
Cyclic GMP, produced by particulate and soluble guanylyl •	
cyclase, leads to negative functional and metabolic effects 
on myocytes. This reduces heart work and metabolic costs.
Cyclic GMP is degraded by cyclic GMP phosphodiesterases.•	
Cyclic GMP-dependent protein kinase is the major effec-•	
tor for the second messenger cyclic GMP. It phosphory-
lates several proteins involved in the control of cyto- 
plasmic calcium levels. This leads to a reduction in 
cytoplasmic calcium.
Cyclic GMP also interacts with cyclic GMP-dependent •	
cyclic AMP phosphodiesterases to change the level of 
cyclic AMP in cardiac myocytes. This could increase or 
decrease metabolic and functional effects depending on 
whether they lead to increases or decreases in cyclic AMP 
level.
During the transition to heart failure, the levels of cyclic •	
GMP and natriuretic peptides increase dramatically. 
However, the effects of nitric oxide and natriuretic 
peptides are reduced.
Downstream signaling of the cyclic GMP system is sig-•	
nificantly reduced in failure. The effects and protein lev-
els of the cyclic GMP-dependent protein kinase are 
reduced. There is also a shift in the actions of the cyclic 
GMP-regulated cyclic AMP phosphodiesterases. These 
changes lead to a reduced negative metabolic and func-
tional effect of this signaling system in heart failure.
Activation of the sympathetic nervous system and the •	
increased production of norepinephrine lead to activation 
of both a and b adrenergic receptors in cardiac myocytes.
Activation of •	 b adrenergic receptors leads to increased 
production of cyclic AMP. This increase in cyclic AMP 
occurs by activation of adenylyl cyclase through the 
actions of a G protein.
Cyclic AMP is degraded by several cyclic AMP •	
phosphodiesterases.
Cyclic AMP-dependent protein kinase is the major effec-•	
tor for the second messenger cyclic AMP. This protein 
kinase phosphorylates several proteins involved in the 
control of cytoplasmic calcium levels.
Cyclic AMP also affects HCN channels (hyperpolarization-•	
activated cyclic nucleotide-gated channels), and Epac 
(exchange protein directly activated by cyclic AMP). These 
effects may be compartmentalized within the cell. All of 
these actions of the second messenger cyclic AMP lead to 
increases in cardiac function and metabolic costs.
During the transition to heart failure, the level of sympa-•	
thetic activity increases as do the levels of circulating 
catecholamines.
There are shifts in the distribution of •	 b adrenergic receptor 
subtypes in failure. These receptors may also become 
uncoupled from their G proteins. The subcellular distribu-

tion of these receptors may also change. These changes 
ultimately reduce the degree of positive functional and 
metabolic effects caused by these receptors.
Activation of •	 a adrenergic receptors leads to increases in 
myocyte function via generation of both diacylglycerol 
and inositol 1,4,5-trisphosphate (IP

3
). This system plays a 

minor role in the normal heart.
Agents that affect •	 a adrenergic signaling system have not 
proven effective in the treatment of heart failure. There 
may be some shifts in receptor function and signaling, but 
further work is necessary to determine whether the impor-
tance of a adrenergic receptors increases in heart failure.
The changes in signaling for both the cyclic AMP and •	
cyclic GMP signaling systems in heart failure may provide 
important new targets for potential treatments. For the 
cyclic GMP system, the losses of downstream signaling 
provide new targets. For the cyclic AMP system, there are 
shifts in receptor subtypes, connections, and distribution. 
These may also provide new targets. Replacement of 
missing or damaged elements of these signaling systems 
may help the damaged heart.
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Overview

HF could be described, among many definitions, as a disor-
der of cell signaling, with determination of the way in which 
signals are coupled to their effectors/receptors – at the center 
of the most innovative work on HF pathophysiology and 
pathogenesis.

Previously in Chap. 8, the role of cyclic nucleotides, second 
messengers signaling in the control of myocardial function 
and their effects on HF has been discussed. In this chapter, 
we continue the discussion on other second messengers 
such as calcium-mediated signaling, followed by an appraisal 
of some receptor/effector factors and other relevant signaling 
cascades as they relate to the pathogenesis and pathophysiol-
ogy of HF.

Introduction

The heart is a dynamic transmitter and receiver of a variety 
of intracellular and extracellular stimuli, and an integrator of 
numerous interacting transducers. Protein modifiers that lead 
to downstream activation or deactivation of specific tran-
scription factors, modulate specific gene expression affecting 
a broad spectrum of cellular events. The modulation of 
gene expression can be fostered as well by effectors that 
modulate chromatin structure, and histone proteins (e.g., 
acetylases and deacetylases). These effectors can also 
directly target proteins involved in metabolic pathways, ion 
transport, Ca2+ regulation and handling, which affect con-
tractility and excitability, as well as cardiomyocyte apoptosis 
and cell survival.

Protein kinases and effectors, the G-proteins, and small 
G-protein activators are critically influenced by their position 
within the cell. Several G-protein-coupled receptors 
(GPCRs), including the a- and b-adrenergic receptors (pre-
viously discussed in Chap. 8), angiotensin II, and endothelin-1 
are able to activate a series of sequential molecular and 
cellular events (cascades). Other receptors, pivotal in cardiac 

and cardiovascular signaling include protease-activated, toll-
like receptors, receptor tyrosine kinases (RTK). Regulatory 
control of the receptors is exerted by phosphorylation (by 
either protein kinase A (PKA) or other kinases), which can 
lead to receptor internalization and desensitization to the 
agonist.

In this chapter, a group of specific cell signaling cascades 
of great significance in HF including, calcium, effector/
receptors, stress, metabolic, and extracellular/matrix signals 
are discussed.

Ca2+-Mediated Signaling

Since Ca2+ functions as a second messenger activating multiple 
signaling cascades, it has been suggested that in addition to 
the effects of altered Ca2+ handling on cardiac contractile 
parameters, Ca2+ may directly affect gene expression in the 
heart [1]. Key components of the cardiomyocyte calcium-
handling pathway show characteristic changes in HF. 
Changes in Ca2+ transport and metabolism are known to 
occur in HF. At the molecular level, marked reductions in the 
levels of phospholamban mRNA and both sarcoplasmic 
reticulum Ca2+-ATPase (SERCA) mRNA and enzyme activity 
(see Chap. 5), as well as increased levels of sarcolemmal 
Na+–Ca2+ exchanger have been reported [2–5]. In the 
myocardium, the principal SERCA protein is the SERCA2a 
isoform the activity of which is regulated by a closely associ-
ated protein, phospholamban (PLB) (Fig. 9.1), in a manner 
that is dependent on its phosphorylation status [6, 7]. When 
phosphorylated, PLB enhances Ca2+ uptake into the sarco-
plasmic reticulum, generally leading to increased Ca2+ release 
and contractile force. In the dephosphorylated state, PLB 
exerts an inhibitory action on SERCA2a, slowing its enzy-
matic rate. When PLB is phosphorylated, this inhibitory 
action is lost, and SERCA activity increases. This occurs in 
the context of adrenergic activation with a resultant hasten-
ing of relaxation due to heightened SERCA activity. Also, at 
the physiological level, there is prolonged action potential 
and Ca2+ transient, decreased Ca2+ uptake and reduced Ca2+ 
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release by the sarcoplasmic reticulum, and increased dia-
stolic Ca2+ concentration [5]. Notwithstanding, it is not clear 
whether these are primary or secondary changes to other 
events happening in HF.

Ca2+/Sarcolemmal/Stress-Dependent 
Signaling Pathways

Ca2+ is a major intracellular messenger involved in the acti-
vation of Ca2+-dependent signaling pathways where it regulates 
cardiac growth and function by activation of kinases and 
phosphatases as well as playing a pivotal role in excitation–
contraction coupling (ECC) discussed in Chap. 2. The Ca2+ 
signal inducing contraction in cardiac muscle originates from 
two sources. In response to depolarization of the sarcolemma, 
Ca2+ enters the cell through voltage dependent L-type Ca2+ 
channels (VDCC). This Ca2+ binds to and activates Ca2+ release 

channels (ryanodine receptors) of the sarcoplasmic reticulum 
(SR) through a Ca2+ induced Ca2+ release (CICR) process 
increasing intracellular Ca2+ concentration by more than ten-
fold to induce contraction. Entry of Ca2+ with each contraction 
requires an equal amount of Ca2+ extrusion within a single 
heartbeat to maintain Ca2+ homeostasis and to ensure relaxation. 
Removal of Ca2+ from the cytosol is mainly affected by the 
sarcolemmal Na+/Ca2+ exchanger and by the SR ATP depen-
dent Ca2+ pump (Ca2+ ATPase) or SERCA. These transport sys-
tems are important determinants of the intracellular Ca2+ level 
and cardiac contractility. Altered intracellular Ca2+ handling is 
one factor contributing to impaired contractility in HF.

In response to disease-causing stimuli (many of them 
remain to be identified), neuroendocrine secreted growth 
factors and/or cytokines induce ventricular remodeling, 
hypertrophic enlargement of cardiomyocytes, and alterations 
in the viability of cardiomyocytes. Many of these neuroendo-
crine factors (e.g., angiotensin II and endothelin-1) signal 
cardiomyocytes through G-protein-coupled receptors (GPCRs) 

Fig. 9.1 Ca2+-mediated kinase signaling. Depiction of the major car-
diac Ca2+/CaM dependent enzymes includes Ca2+/CaM dependent pro-
tein kinase (CaMK), myosin light chain kinase (MLCK), and the 
phosphatase calcineurin. These signaling pathways, including Ca2+/CaM 

regulated kinase, phosphatase pathways, and PKC isozymes are directly 
activated by Ca2+ and they are sufficient to promote the development of 
cardiac hypertrophy. SERCA, in particular SERCA2a isoform, activity 
is regulated by a closely associated protein, phospholamban (PLB)
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to induce phospholipase C (PLC) activation, which in turn 
generates inositol 1,4,5-trisphosphate (InsP3) and diacylg-
lycerol (DAG). InsP3 generation in turn leads to the release 
of Ca2+ from the endoplasmic and sarcoplasmic reticulum 
through the InsP3R channels and ryanodine receptor  
(RyR)/intracellular Ca2+ release channels.

Neuroendocrine factors and cytokines have been impli-
cated in the development of hypertrophy and HF, in part by 
promoting the activation of a number of intracellular signal-
ing pathways in cardiac myocytes, including MAPK, protein 
kinase C (PKC), the Ca2+ regulated phosphatase calcineurin, 
calcium/calmodulin-dependent protein kinase (CaMK), and 
IGF-1 pathway constituents. Interestingly, three of these sig-
naling factors, calcineurin, CaMK, and PKC, require increases 
in Ca2+ to become activated, and both calcineurin and CaMK 
are potent inducers of the myocardial hypertrophic response. 
Chronic hyperactivity of the b-adrenergic signaling path-
way results in PKA-hyperphosphorylation of the cardiac 
(RyR)/intracellular Ca2+ release channels.

There is a growing interest in the intersection of these 
two aspects of Ca2+: increase in Ca2+ that drives the larger 
contractions may be responsible for switching on a second 
process of signalosome remodeling to down-regulate the 
Ca2+ signaling pathway, and Ca2+ transient transmits 
information responsible for remodeling of the cardiac gene 
transcription program that leads first to hypertrophy and then 
to HF [8].

Ca2+ associated stress response pathways also control 
cardiac gene expression by modulating the activities of chro-
matin-remodeling enzymes, which have been shown to act as 
global regulators of the cardiac genome during pathological 
remodeling of the heart. Deacetylation of nucleosomal histones 
in chromatin by histone deacetylases (HDACs) results in 
transcriptional repression due to chromatin condensation. 
Several lines of evidence from transgenic mice have strongly 
implicated class II HDACs in preventing myocyte hypertro-
phy in response to diverse agonists. Moreover, in stressed 
animals, class II HDACs are shuttled out of the nucleus, 
dependent on phosphorylation by GPCR-activated kinases, 
including CaMK and the kinase PKD. In addition to kinase 
regulation of cardiac gene expression controlling hypertrophy 
through negative effects on HDACs, phosphoprotein phos-
phatases also play an equally important role in the regulation 
of chromatin structure and gene expression during cardiac 
remodeling. For example, the calcium and calmodulin-
dependent phosphoprotein phosphatase calcineurin is acti-
vated in response to cardiac stress signaling, and its activation 
has been shown to be sufficient for pathological cardiac 
hypertrophy. Calcineurin dephosphorylates members of the 
NFAT family of transcription factors, which enable them to 
translocate into the nucleus, where they activate transcription 
in cooperation with other transcription factors, including 
MEF2 and GATA4. NFAT factors activate myocardial gene 

expression, in part, by recruiting histone acetyltransferases 
(HATs) to gene regulatory elements containing NFAT and 
MEF2 binding sites.

Calcineurin/Calmodulin

Many of the actions of Ca2+ are mediated via its interaction 
with calmodulin (CaM), which is an intracellular Ca2+ sensor 
and selectively activates downstream signaling pathways in 
response to local changes in Ca2+ (see Fig. 9.1) [9].

Major signaling pathways that are both, directly activated 
by Ca2+ and are sufficient to contribute to the development of 
cardiac hypertrophy, include Ca2+/CaM regulated kinase and 
phosphatase pathways, and PKC isozymes [10]. Major 
cardiac Ca2+/CaM dependent enzymes include Ca2+/CaM 
dependent protein kinase (CaMK), myosin light chain kinase 
(MLCK), and the phosphoprotein phosphatase calcineurin 
[10]. In the heart, the main CaMKII isoform is CaMKIId local-
ized in the nucleus, whereas other isoforms are localized in the 
SR [11]. Increased intracellular [Ca2+] results in autophospho-
rylation of CaMKII, which switches it to a Ca2+-independent 
state and prolongs its activation. CaMKI, which is ubiqui-
tously expressed, and CaMKIV, mainly expressed in testis and 
brain, are activated by upstream Ca2+/CaM dependent protein 
kinases [10]. CaMKII isoforms associated with SR are capable 
of phosphorylating Ca2+-cycling proteins, and hence altering 
Ca2+ re-uptake and release. In cultured cardiac myocytes, 
pharmacological inhibitors of CaMKII have been found to 
attenuate both, ET-1 induced hypertrophy [12] and mechani-
cally stretch activated BNP gene transcription [13]. Moreover, 
overexpression of CaMKIId in the heart of transgenic mice is 
sufficient to promote hypertrophic growth [14], as well as 
cardiac-specific overexpression of either CaMKI or CaMKIV 
[15]. Furthermore, MLCK is activated by Ca2+/CaM leading to 
subsequent phosphorylation of its single main substrate, ven-
tricular specific isoform of myosin light chain-2 (MLC-2).

Besides cardiac kinases, Ca2+/CaM activates phospho-
protein phosphatases, including calcineurin [16]. Activated 
calcineurin dephosphorylates NFAT3 transcription factors, 
inducing their nuclear translocation and interaction with the 
cardiac-restricted transcription factor GATA4, resulting in the 
synergistic activation of embryonic cardiac genes and a 
hypertrophic response. Transgenic mice expressing constitu-
tively activated calcineurin develop LVH that can be pre-
vented by administration of the calcineurin inhibitors 
cyclosporin and FK506. These findings promoted interest in 
the role of elevated Ca2+ and the calcineurin-signaling path-
way in the pathogenesis of LVH.

Activation of calcineurin by the Ca2+/CaM complex 
results in dephosphorylation of its substrates, including 
nuclear factor of activated T-cells (NFAT) or Ets-like gene-1 
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(Elk-1). Importantly, in the failing human heart there is 
interaction of Ca2+/CaM and calcineurin, and in experimen-
tal animal models of cardiac hypertrophy increased levels 
of cardiac calcineurin activity have been reported [17]. 
Furthermore, calcineurin is sufficient to produce cardiac 
hypertrophy when overexpressed in the heart of transgenic 
mice [16]. The human hypertrophied heart in comparison 
to normal controls, exhibits higher calcineurin activity [18], 
and patients maintained with partially inhibited calcineurin 
activity still can develop cardiac hypertrophy. This is prob-
ably related to the presence of additional pathways making 
calcineurin signaling not indispensable for hypertrophy 
[19, 20].

Other Kinases and Phosphatases

Protein Kinase A

PKA, also known as cAMP-dependent protein kinase, is a 
regulatory holoenzyme the activity of which in cardiomyo-
cytes rises sharply in response to exercise and various 
stresses. PKA is structurally organized as a heterotetramer 
composed of 2 regulatory (R) subunits that upon binding 
the 2 catalytic (C) subunits maintain the overall complex in 
a dormant state. The binding of two cyclic AMP molecules 
to tandem sites on each R subunit results in the release of 
the C subunits and the activation of their enzymatic activ-
ity. The dissociated C subunits phosphorylate serine or 
threonine residues on target proteins in the nucleus and 
cytoplasm leading to changes in cardiomyocyte metabo-
lism, ion channel function, growth and gene expression. 
The catalytic subunits are encoded by three different genes 
(Ca, Cb, and Cg), while the regulatory subunits are encoded 
by four genes (RIa, RIb, RIIa, and RIIb). The regulatory 
subunit contains an N-terminal dimerization domain, an 
autophosphorylation site that also comprises the primary 
site for catalytic subunit binding, and two tandem cAMP 
binding sites.

Compartmentalization of these enzymes can be achieved 
through association with anchoring or adaptor proteins that 
target them to subcellular organelles or tether them directly 
to target substrates via protein–protein interactions. Specific 
PKA anchoring proteins (AKAPs) serve as important regula-
tors of PKA function and signaling by directing the subcel-
lular localization of PKA, by binding to its regulatory (R) 
subunits, in effect concentrating PKA at specific intracellular 
locations. Using a variety of experimental approaches, 
including yeast two hybrid screening, proteomic analysis 
and interaction cloning, two major anchoring proteins for 
PKA, MAP2, and AKAP75, and over 13 different AKAPs 

have been found in the heart [21]. Targeting of AKAPs to 
specific sites within the cell is governed by sequences in the 
AKAP. Interestingly, despite their diverse structure, the 
AKAPs all contain an amphipathic helical region of 14–18 
amino acids that binds to the N-terminus of the RII subunit, 
underlying their interaction with PKA. Besides PKA, AKAPs 
also interact with other signaling components, including 
phosphodiesterase inhibitors, phosphatases, and PKA sub-
strates [22]. Myocyte AKAPs have been identified in asso-
ciation with specific plasma membrane ion channels (e.g., 
delayed rectifier K+ channel (KCNQ1), dihydropyridine 
receptor (L-type Ca2+ channel)), the b-AR complex, and the 
sodium–calcium exchanger (NCX1), in association with 
ryanodine-sensitive Ca2+ release channel (RyR) at both the 
sarcoplasmic reticulum (SR) and T-tubule junction. In addi-
tion, AKAPs have been found on the nuclear membrane, and 
in association with the mitochondrial outer membrane. The 
precise functional role of a number of the identified AKAPs 
in the cardiac myocyte has not yet been established.

Also a novel role for leucine zipper motifs in targeting 
kinases and phosphatases via anchoring proteins has been 
identified. Several cardiac ion channels contain a domain to 
anchor phosphoprotein phosphorylation modulatory pro-
teins to the channel, essentially allowing the formation of a 
scaffolding structure for regulatory proteins. Ion channels 
such as the RyR, L-type Ca2+ channel, KCNQ1, all contain 
a modified leucine zipper termed a LIZ (leucine/isoleucine 
zipper), which promotes protein–protein interaction, and 
protein oligomerization [23].

Protein Kinase C

The serine/threonine protein kinase C (PKC) has been impli-
cated as the intracellular mediator of a variety of factors act-
ing through multiple signal transduction pathways. The PKC 
family of isozymes is increasingly recognized as playing a 
pivotal role in the cardiac phenotype expressed during post-
natal growth and development and in response to pathologic 
stimuli and in the development of cardiac hypertrophy and 
HF. The expression of multiple PKC isoforms contributes to 
both a broad spectrum of adaptive and maladaptive cardiac 
responses with significantly different responses provided by 
each isoform [24]. While over 12 isoforms of PKC have been 
reported, in the heart the four most functionally significant 
members of the PKC family are PKC a and b (both calcium- 
and DAG-activated), and PKC d and e (DAG-activated 
with no requirement for calcium). These PKC isoforms are 
activated by membrane receptors coupled to PLC via G

q
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heterotrimeric G-proteins. Activation of PKC-dependent 
phosphorylation is conditioned upon translocation from the 
cytosol to the site of action (e.g., to the plasma membrane 
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and to the mitochondria). PKC has an N-terminal regulatory 
region and a C-terminal catalytic region; protein–lipid inter-
actions are implicated in PKC targeting with the N-terminus, 
which is required for PKC interaction with the second mes-
senger DAG and Ca2+.

Anchoring proteins recruit PKC to specific sites, and 
receptors for activated C-kinase (RACKs) have been found 
to be operative in the translocation of PKCe in cardiomyo-
cyte growth signaling [25].

Protein Kinase G

cGMP-dependent protein kinase (PKG) modulates several 
targets involved in muscular contraction. In contrast to the 
multisubunit nature of other protein kinases, PKG is com-
posed of a single polypeptide sequence containing both regu-
latory and catalytic domains. In comparison to protein 
kinases A, B, and C, the role of cGMP/PKG-mediated sig-
naling in cardiac tissue has been less documented.

Natriuretic peptide binding to type I receptors (NPRA and 
NPRB) on target cells activates their intrinsic guanylyl 
cyclase (GC) activity, resulting in a rapid increase in cGMP. 
Diffusible cGMP acts as a second messenger primarily by 
stimulating PKG, the primary mediator of cGMP-induced 
smooth muscle relaxation [26]. Downstream effects that 
have been directly linked to activated PKG include modula-
tion of the L-type calcium channel, and cross-talk with het-
erologous receptors, such as GPCRs. PKG substrates are 
membrane-bound, cytosolic, and intranuclear. Evidence 
indicates that the membrane-bound GC, but not the soluble 
guanylyl cyclases that are activated by NO, has potent effects 
on plasma membrane control of the calcium ATPase pump, 
suggesting that NO- and natriuretic peptide-mediated effects 
are compartmentalized in cells. Moreover, using a cytosolic 
yeast two-hybrid system employing PKG as bait, PKG was 
found to directly interact with NPRA [27].

NO donors increase heart rate through a GC-dependent 
stimulation of the pacemaker current I

f
, without affecting 

basal I
Ca-L

. NO signaling via cGMP and cGMP-dependent 
protein kinase type I (PKG I), has been recognized as a nega-
tive regulator of cardiac myocyte hypertrophy. Calcineurin, 
promotes hypertrophy partly by activating NFAT transcrip-
tion factors that promote the expression of hypertrophic 
genes, including BNP. Activation of PKG I by NO/cGMP 
suppressed NFAT transcriptional activity, BNP induction, 
and cell enlargement. PKG I inhibits cardiomyocyte hyper-
trophy by targeting the calcineurin-NFAT signaling pathway, 
and provides a framework for understanding how NO inhib-
its cardiomyocyte hypertrophy [28]. The NO/PKG I signal 
transduction pathway also plays an important role in vascu-
lar biology, regulating smooth muscle tone by decreasing 

Ca2+ release from intracellular stores, and by reducing cal-
cium sensitivity of the contractile apparatus together with 
SMC proliferation and differentiation. PKG I also regulates 
endothelial cell permeability, motility, and platelet aggrega-
tion. Also, insulin-induced relaxation of vascular SMCs is 
mediated via NO/cGMP/PKG inhibition of RhoA [29]. PKG  
regulates gene expression both at the transcriptional and 
post-transcriptional level, increasing the expression of sev-
eral genes, including c-fos, heme oxygenase, and MAP 
kinase phosphatase 1, and decreasing the expression of oth-
ers, such as thrombospondin, gonadotropin-releasing hor-
mone, and soluble GC [30–33].

NO can directly influence cardiac contractile function. In 
the absence of stimulation by extrinsic agonists, both 
endothelium-derived NO and exogenous NO donors acceler-
ate myocardial relaxation, and/or reduce diastolic pressure. 
NO can also modulate the myocardial inotropic state; how-
ever, whether it is positively or negatively modulated may 
depend on several factors, including the concentration of 
NO, the rate of NO release, and/or the presence of b-adrener-
gic stimulation.

Elevation of intracellular cGMP in cardiac myocytes can 
potentially influence several different pathways, including 
PKG activation, and inhibition or stimulation of cAMP phos-
phodiesterase activity and consequent changes in cAMP lev-
els. It is also feasible that high levels of cGMP could induce 
changes in contractility via cross-activation of PKA. Rat 
ventricular myocytes are known to express low levels of 
PKG (approximately tenfold lower than in smooth muscle) 
[34]. In spite of these low levels, evidence suggests that myo-
cardial PKG mediates the cGMP-induced reduction in the 
L-type Ca2+ current following cAMP stimulation.

The intracellular signaling mechanisms responsible for 
the contractile effects of NO in cardiac myocytes are not 
known. It is possible that phosphorylation of troponin I by 
PKG may have comparable effects to PKA-induced phos-
phorylation. Furthermore, PKG can phosphorylate troponin I 
in vitro, and the contractile effects of NO may be related to 
troponin I phosphorylation [35]. Earlier, in vitro observations 
suggested that PKG phosphorylates cardiac troponin I at the 
same sites (Ser23/24) as those phosphorylated by PKA. 
Moreover, reduction in myofilament Ca2+ responsiveness 
produced by NO is also mediated by PKG-dependent 
phosphorylation of troponin I at the same site(s) as those 
phosphorylated by PKA.

Whereas the signal transduction pathways promoting car-
diomyocyte hypertrophy have been increasingly well charac-
terized, information concerning signaling pathways that 
oppose cardiomyocyte hypertrophy is more limited. NO, 
through activation of soluble GC and cGMP formation, atten-
uates the hypertrophic response to growth factor stimulation 
in cardiomyocytes. In addition to its antihypertrophic effect, 
NO promotes apoptosis in cardiomyocytes in a dose-depen-
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dent manner. On the other hand, the role of cGMP in the 
proapoptotic effects of NO is rather controversial since cGMP 
analogs may or may not induce cardiomyocyte apoptosis.

In general, cGMP effectors include cGMP-regulated 
phosphodiesterases, cGMP-regulated ion channels, and 
PKGs [36]. Two PKG genes have been identified in mam-
malian cells, encoding PKG type I (including a- and 
b-splice variants), and PKG type II. In cardiomyocytes, 
PKG I has been suggested to mediate negative inotropic 
effects of NO/cGMP, possibly through regulation of the 
L-type Ca2+ channel and troponin I, thereby reducing Ca2+ 
influx and myofilament Ca2+ sensitivity. However, a role for 
PKG I in controlling cardiomyocyte hypertrophy and/or 
apoptosis has not been reported.

Potential targets for PKG I in cardiomyocytes include 
Ca2+ dependent signaling pathways, RhoA, and VASP 
[37, 38]. Localization of VASP at intercalated disks in 
cardiomyocytes suggests that VASP may be involved in 
PKG I regulation of electrical coupling.

Ca2+ dependent signaling pathways, such as calcineurin 
and Ca2+/calmodulin-dependent kinases, are crucial regula-
tors of the hypertrophic response in cardiomyocytes. PKG I 
regulates intracellular Ca2+ at multiple levels, including the 
L-type Ca2+ channel and the InsP3 receptor. PKG I-dependent 
inhibition of the L-type Ca2+ current may mediate negative 
inotropic effects of NO/cGMP in cardiomyocytes. 
Importantly, Ca2+ influx through the L-type Ca2+ channel has 
also been implicated in the regulation of cardiomyocyte 
hypertrophy. Therefore, antihypertrophic effects of PKG I 
may be mediated in part through inhibition of Ca2+ depen-
dent signaling pathways in cardiomyocytes. The low-molec-
ular-weight GTPase RhoA, which is required for a1-AR 
signaling in cardiomyocytes, may represent an additional 
PKG I target. PKG I has recently been shown to phosphory-
late RhoA, and inhibits its biological activity in vascular 
SMCs, suggesting that inhibition of RhoA may also contrib-
ute to the antihypertrophic effects of PKG I. Notwithstanding 
the above observations, further research is needed to identify 
which of its many molecular targets PKG I uses to inhibit 
cardiomyocyte hypertrophy.

G-Protein Regulated Kinases

The regulation of myocardial adrenergic receptors, like that 
of most GPCRs, involves a desensitization mechanism char-
acterized by a rapid loss of receptor responsiveness despite 
the continued presence of agonist. The desensitization pro-
cess has been particularly well characterized using the 
b2-AR system promoted by a phosphorylation event target-
ing only the agonist-occupied receptors by a serine/threo-
nine kinase known as b-ARK. b-ARK1 and a highly 

homologous isozyme b-ARK2 are two of the most studied 
members of the G-protein regulated kinase (GRK) family, 
which currently consists of six members. Desensitization of 
GPCRs requires not only GRK-mediated phosphorylation, 
but also the binding of a second class of inhibitory proteins, 
the b-arrestins (b-arrestin-1 and b-arrestin-2), which bind to 
phosphorylated receptors and sterically restrict the further 
activation of G-proteins, in part by their displacement from 
the receptors resulting in receptor-G-protein uncoupling 
[39]. The GRKs shown to be expressed in the heart are 
b-ARK1 (the most abundant), b-ARK2, GRK5, and GRK6. 
Since b1-AR is the most critical receptor mediating acute 
changes in myocardial rate and contractility, it is important 
to realize that three of these GRKs (b-ARK1, b-ARK2, and 
GRK5) have been shown to phosphorylate and desensitize 
b1-ARs in vitro [40].

Like most GRKs, b-ARK1 is a cytosolic enzyme that has 
to be translocated to the plasma membrane in order to phos-
phorylate the activated receptor substrate. The mechanism 
for translocation of b-ARK1 and b-ARK2 involve the phys-
ical interaction between the kinase and the membrane-bound 
b subunits of G-proteins (Gb). Gb, anchored to the mem-
brane through a lipid modification on the C-terminus of the 
subunit (termed prenylation), is available to interact with 
b-ARK after G-protein activation and dissociation. The 
region of b-ARK responsible for binding Gb has been 
mapped to a 125-amino acid domain located within the 
C-terminus of the enzyme. Recently, peptides derived from 
the Gb-binding domain of b-ARK have been shown to act as 
in vitro b-ARK inhibitors by competing for Gb and prevent-
ing  b-ARK translocation [41].

A pathophysiological role for GRKs can be inferred from 
recent studies on HF as well as from the observation that 
chronic treatment with various agonists or antagonists for 
G-protein-coupled receptors results in alterations of GRK 
expression [42, 43]. Furthermore, b-adrenergic receptor 
desensitization and uncoupling are further induced by 
HF-induced increases in the level of GRKs [44]. Increased 
myocardial levels of the most abundant GRK, b-ARK-1 pre-
cede HF development in several animal models and are pres-
ent in HF patients and may be a key factor in the transition 
from compensatory cardiac hypertrophy to overt HF [45].

MAP Kinases

The MAPK cascade consists of a series of successively act-
ing protein kinases that include three well-characterized 
branches, the extracellular signal-regulated kinases (ERKs), 
the c-Jun N-terminal kinases (JNKs), and the p38 MAPKs. 
Signaling through each of these MAPK branches is initiated 
by diverse stress and mitogenic stimuli localized to the cell 
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membrane or within the cytoplasm. Activation of ERKs, 
JNKs, and p38 MAPKs facilitates the phosphorylation of 
multiple transcriptional regulators such as myocyte enhancer 
factor-2 (MEF2), activating transcription factor-2 (ATF-2), 
p53, NFAT, c-Jun, and c-Myc. MAPK-mediated phosphory-
lation of these and other transcriptional regulators profoundly 
influences adaptive and inducible gene expression in many 
cell types. Members of the MAPK signaling cascade are also 
important regulators of cardiomyocyte hypertrophy, although 
the downstream transcriptional mechanisms that alter car-
diac gene expression have not been characterized.

Signaling the Receptors

Adrenergic Receptors

ARs, members of the G-protein-coupled receptor superfamily, 
interface between the sympathetic nervous system and the 
cardiovascular system, and have integral roles in the rapid 
regulation of myocardial function. In HF, chronic cate-
cholamine stimulation of adrenoceptors has been linked to 
pathological cardiac remodeling, including cardiomyocyte 
apoptosis and hypertrophy; PKC activation of ERK has been 
implicated in the a1-adrenoceptor stimulation of cardiomyo-
cyte hypertrophy, and the human myocardium contains a 
relatively small number of a1-ARs with a b/a-AR ratio of 
10:1. In the failing heart, with diminished b-AR levels, there 
is an increase in the a1-AR-to b-AR ratio, suggesting that 
a1-AR may assume a greater functional role by providing a 
secondary inotropic system in the failing heart.

It has been demonstrated that a2-adrenoceptors (a2-ARs) 
are receptors for endogenous catecholamine agonists (e.g., nor-
epinephrine and epinephrine), which mediate a number of 
physiological and pharmacological responses including 
changes in blood pressure and heart rate. Three distinct sub-
types of a2-ARs, denoted a2A-, a2B-, and a2C-AR, have 
been characterized and cloned [46], and screening of human 
populations from various ethnic backgrounds has shown that 
a2-AR genes are polymorphic. Functional changes in G-protein 
coupling, in agonist-promoted receptor phosphorylation and 
desensitization, have been found in heterologous systems such 
as CHO and COS-7 cells, which express these genetic poly-
morphisms in comparison to wild-type receptors [47].

Muscarinic Receptors

Muscarinic acetylcholine receptors (mAChR) mediate a vari-
ety of cellular responses, including inhibition of adenylyl 
cyclase (AC), modulation of K+ channels, and increased phos-
phoinositide breakdown [48]. These diverse effects of mAChR 

activation elicit both negative and positive inotropic and chro-
notropic effects in the heart. In human ventricular myocar-
dium, however, the negative inotropic effect can be only 
achieved when basal force of contraction has been prestimu-
lated by cyclic AMP-elevating agents such as b-adrenoceptor 
agonists, forskolin or phosphodiesterase inhibitors (indirect 
effect); this has been shown in various in vitro and in vivo 
studies. Accumulative evidence has shown that vagal activity 
in chronic HF is decreased. On the other hand, cardiac musca-
rinic M2 receptor density and functional responsiveness (inhi-
bition of AC activity and negative inotropic effects) in the 
failing heart are not significantly changed when compared 
with nonfailing hearts, but cardiac Gi-activity is increased 
[49]. Positive inotropic effects of cholinergic agonists are pres-
ent only at high agonist concentration (>10 µmol/L), and tend 
to be pertussis toxin (PTX)-insensitive in contrast to the nega-
tive inotropic effects observed at lower agonist concentrations, 
which are sensitive to inactivation by PTX. These dual effects 
of mAChR activation in heart may be a result of the presence 
of multiple subtypes of mAChRs [50]. Thus far, five mAChR 
subtypes (M1–M5) have been identified, and each subtype is 
encoded by a different gene. The mAChR proteins contain 
seven transmembrane spanning domains, and are coupled to 
G-proteins of the G

i
 and G

q
 families to inhibit AC and activate 

PLC respectively. While M2 receptors have been considered 
to be the only functional mAChRs in the myocardium, several 
observations revealed that M3 receptors are also present in the 
hearts of various species [51].

Stimulation of muscarinic acetylcholine receptors results 
in the activation of an inward rectifier K+ current termed I

KACh
 

in cardiac myocytes, primarily mediated by the M2 subtype 
of mAChR. However, a novel delayed rectifier-like K+ 
current designated I

KM3
, which is distinct from I

KACh
 and other 

known K+ currents, and which is mediated by the activation 
of the cardiac M3 receptors, has been identified [52]. While 
I

KACh
 is known to be a G

i
 -protein-gated K+ channel, I

KM3
 rep-

resents the first G
q
-protein-coupled K+ channel described in 

cardiomyocytes. Interestingly, the regulation of these chan-
nels is fundamentally different during atrial fibrillation; the 
atrial levels of I

KM3
 are increased in both animal models and 

human hearts, whereas the atrial M2 receptor density 
decreased, indicating down-regulation [53].

Neurohumoral Signaling

A cascade of intracellular events have been identified in car-
diomyocytes, which appear to be important in mediating the 
progression of HF. Hormones such as angiotensin II, endothe-
lin 1, and norepinephrine, which bind and activate cardio-
myocyte membrane receptors, coupled to the G

q
-proteins 

have been implicated in the development of cardiac hyper-
trophy and ultimate decompensation [54].
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Endothelin

Endothelin-1 is known to be an agonist involved in the stimu-
lation of phosphoinositide-generated second messengers and 
protein kinases in cardiac signal transduction leading to myo-
cyte remodeling and hypertrophy [55, 56]. Effects on kinase-
phosphorylation, which could activate or deactivate specific 
enzyme subunits/active sites or specific allosteric regulators, 
may be involved. Such regulatory modifications could be rap-
idly generated in response to a variety of stimuli, and direct 
reversible modifications in the enzymes responsible for gen-
erating the bulk of mitochondrial ATP. Questions have been 
posited regarding if endothelin directly interacts with mito-
chondria, either the mitochondrial inner or the outer mem-
brane. To the best of our knowledge there is no definitive 
evidence for a direct interaction of endothelin or endothelin 
receptors with the mitochondrial organelle. Three endothelin 
(ET) signaling peptides, ET-1, ET-2, and ET-3 with well-
established effects on the cardiomyocyte, including modula-
tion of contractile function and growth stimulation, have been 
identified [57]. ET-1, a vasoconstrictor peptide produced by 
vascular endothelial cells, binds to the ET(A) receptor on the 
cell surface, coupled to the G

q
 class of GTP binding proteins, 

and stimulates hydrolysis of phosphatidylinositol 4¢, 5¢-bis-
phosphate to DAG and InsP3. DAG remains in the plane of 
the membrane causing translocation and activation of PKC 
d- and e-isoforms. This is followed by activation of the small 
G-protein Ras and by an ERK cascade. Over a longer time 
course, two protein kinase cascades related to the ERK1/2 
cascade, the JNK and p38 MAP kinase cascades also become 
activated. Downstream activation of nuclear transcription fac-
tors (e.g., GATA-4, c-Jun), protein kinases (e.g., 90-kDa ribo-
somal protein S6 kinase, MAPK-activated protein kinase 2), 
and ion exchangers/channels (e.g., the Na+/H+ exchanger 1) 
follows. These changes are responsible for the overall bio-
logical effects of ET isopeptides on the cardiomyocyte [58].

Drimal et al. [59] have questioned whether ET-1 is pri-
marily responsible for increased myocardial ET-1 expression 
and release with resultant inotropic effects, or for the induc-
tion of myocardial hypertrophy and HF. To find the answer to 
these questions these investigators evaluated in the isolate rat 
heart, the subtype-selective mechanisms underlying the ino-
tropic response to ET-1 and to its ET(B) receptor-selective 
fragment (8-21)ET-1. They found that both peptides, ET-1 
and its (8-21)ET-1 fragment, significantly reduced coronary 
blood flow in nmolar and higher concentrations. The con-
comitant negative inotropic and chronotropic effects were 
significant after ET-1, while the infusion of the (8-21)ET-1 
fragment produced a slight but significant positive inotropic 
effect. Among the four endothelin antagonists tested in con-
tinuous infusion only the nonselective PD145065 and ET(B1/
B2) selective BQ788 (in nmolar concentrations) slightly 
reduced the early contractile dysfunction of the heart induced 

by ischemia, whereas ET(A)-selective antagonist PD155080 
partially protected the rat heart on reperfusion.

Besides myocardial cells, ET-1 can be produced by vascu-
lar and endocardial endothelium. Activation of endothelin 
receptors modulates a wide variety of biological processes, 
including vascular tone, growth, and myocardial contractile 
function. Since increased levels of cardiac and circulating 
ET-1 have been linked to the development of cardiac dysfunc-
tion and severity of HF, renew interest has sprung toward the 
development of endothelin antagonists (ET receptor and con-
verting enzyme inhibitors) because of the potential  benefits 
that might derive from their use in clinical  cardiology [60].

The role of the norepinephrine pathway has a well-char-
acterized association with increased myocyte apoptosis [61, 
62]; the extensive left ventricular remodeling, and resulting 
deterioration of cardiac function that accompanies apoptosis 
can be stemmed in response to treatment with the ET(A) 
receptor blockade using LU 135252 inhibitor [63]. When 
compared to paced untreated animals, treatment with LU 
135252 resulted in significantly lowered levels of plasma 
norepinephrine [64]. Furthermore, endothelin activation may 
be involved in the myocardial dysfunction and specific mito-
chondrial enzyme deficiencies found in pacing-induced HF. 
Thus, elucidating the precise role of endothelin in myocar-
dial dysfunction will be critical in the development of ET(A) 
antagonists as novel therapeutic agents to stop the progres-
sion of HF [65].

Angiotensin

Angiotensin converting enzyme (ACE), a central element of 
the renin–angiotensin system, converts the decapeptide angio-
tensin I to the potent pressor octapeptide angiotensin II (Ang 
II), mediating peripheral vascular tone, as well as glomerular 
filtration in the kidney. In addition to its direct effect on blood 
flow, Ang II directly causes changes in cell phenotype, cell 
growth, and apoptosis, and regulates gene expression of a 
broad range of bioactive molecules (e.g., vasoactive hor-
mones, growth factors, extracellular matrix components, and 
cytokines). In addition, Ang II activates multiple intracellular 
signaling cascades, involving numerous transduction compo-
nents such as MAP kinases, tyrosine kinases and various tran-
scription factors in cardiomyocytes, fibroblasts, vascular 
endothelial, smooth muscle cells (SMCs), and renal cells 
[66]. Ang II also promotes cardiomyocyte enlargement and 
protein synthesis, as well as hypertrophy-associated altera-
tions in the cardiac gene expression program through specific 
cellular receptor subtypes AT1 and AT2. AT1 is more abun-
dant in the adult heart, and has been linked to both hypertro-
phy and apoptosis control in the cardiomyocyte.

In a model of renal dysfunction-associated HF, Li et al. 
[67] have recently studied in AT1 knockout (AT1KO) and 
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wild-type mice (WT) the mechanism underlying the benefi-
cial effects of AT1 blockade on cardiac function. Twelve 
weeks after nephrectomy, WT showed significant LV dilata-
tion and dysfunction accompanied by cardiomyocyte hyper-
trophy, fibrosis, and reduced capillary density. These changes 
were less significant in AT1KO. Nephrectomy led to upregu-
lation of myocardial expression of AT1, transforming growth 
factor-b1 (TGF-b1), matrix metalloproteinase (MMP)-2, 
MMP-9, tissue inhibitor of metalloproteinase-1 (TIMP-1), 
and phosphorylated Akt (p-Akt), and also led to increased 
oxidative damage in cardiomyocytes. In AT1KO, TGF-b1, 
TIMP-1, oxidative damage levels were lower, whereas 
MMPs and p-Akt levels were higher. Furthermore, nephrec-
tomized WT mice treated with valsartan (an AT1 blocker), 
but not hydralazine, AT1 expression was down-regulated 
with improved cardiac function and altered molecular signal-
ing in a manner similar to that seen in AT1KO mice.

Through the G
q
 proteins, the AT1 receptor is coupled to a 

variety of intracellular signals, including the generation of 
oxygen free radicals, the activation of Ras, and the ERK/
MAPK protein kinase family [68]. Ang II activates NF-kB-
dependent transcription in other cell types, likely through its 
effects on the cellular redox state [69]. These actions contrib-
ute to the pathophysiology of cardiac hypertrophy and 
remodeling, HF, vascular thickening, and atherosclerosis 
[70]. Furthermore, regarding their role on the modulation of 
diastolic function, neurohumoral mediators like angiotensin-
II and endothelin-1 have been found to have only severe side 
effects (e.g., cardiac hypertrophy and fibrosis). In contrast, 
newly published data suggest that several peptides may have 
a novel role on the acute modulation of cardiac diastolic 
function because in the acute setting, these mediators poten-
tially induce an adaptive cardiac response [71].

Several studies have demonstrated that the AT2 receptor 
acts in opposition to AT1, although the myocardial AT2 recep-
tor is less well understood. Using gain-of-function gene trans-
fer, Nakajima et al. [72] found that the angiotensin II type 2 
(AT2) receptor antagonizes the growth effects of the AT1 
receptor. In rats the AT2 receptor can modulate the growth of 
vascular smooth muscle cells by transfecting an AT2 receptor 
expression vector into the balloon-injured carotid artery, and 
overexpression of the AT2 receptor attenuated neointimal for-
mation. In cultured smooth muscle cells, AT2 receptor trans-
fection reduced proliferation and inhibited mitogen-activated 
protein kinase activity. Furthermore, the AT2 receptor medi-
ated the developmentally regulated decrease in aortic DNA 
synthesis at the latter stages of gestation. Taken together, these 
findings suggest that the AT2 receptor exerts an antiprolifera-
tive effect, counteracting the growth action of AT1 receptor.

To ameliorate cardiac function in myocardial infarct (MI)-
induced Wistar rats, direct AT2 receptor stimulation has been 
tried using a novel nonpeptide AT2 receptor agonist com-
pound 21 (C21). C21 significantly improved systolic and 

diastolic ventricular function and decreased scar size in the 
C21-treated rats. At the molecular level, C21 reduced 
MI-induced Fas-ligand and caspase-3 expression in the peri-
infarct zone, indicating an antiapoptotic effect. Phospho-
rylation of the ERKs and p38 MAPK, both involved in the 
regulation of cell survival, was strongly reduced after MI but 
nearly rescued by C21 treatment. Furthermore, C21 decreased 
inflammation as suggested by decreased MI-induced serum 
monocyte chemoattractant protein-1 and myeloperoxidase as 
well as cardiac interleukin-6, interleukin-1b, and interleu-
kin-2 expression [73]. Also, overexpression of AT2 receptors 
along with inhibition of ERKs have been associated with the 
cardioprotective effects of rosiglitazone (i.e., an agonist of 
PPARs, primarily g receptors), in the cell nucleus, that 
besides its effect on insulin resistance, it appears to have an 
anti-inflammatory effect (NFkB levels decrease and inhibi-
tor (IkB) levels increase) against myocardial ischemia–rep-
erfusion injury [74–76].

Growth Transcription Factors

Coordinated regulation of progrowth and antigrowth mech-
anisms is required for cardiomyocyte hypertrophy. The 
extracellular signal-regulated kinases 1/2 (ERK1/2) are acti-
vated in cardiomyocytes by G

q
-protein-coupled receptors, 

and are associated with the induction of hypertrophy. 
Recently, the requirement of ERK1/2 signaling in mediating 
the cardiac hypertrophic growth response in Erk1(−/−) and 
Erk2(+/−) mice, as well as in transgenic mice with inducible 
expression of an ERK1/2-inactivating dual-specifity phos-
phatase 6 in the heart, have been studied by Purcell et al. 
[77]. Although inducible expression of dual-specificity 
phosphatase 6 in the heart eliminated ERK1/2 phosphoryla-
tion at baseline, and after stimulation, without affecting any 
other MAPK, it did not diminish the hypertrophic response 
to pressure overload stimulation, neuroendocrine agonist 
infusion, or exercise. Similarly, Erk1(−/−) and Erk2(+/−) 
mice showed no reduction in pathologic or physiologic 
stimulus-induced cardiac growth in vivo. However, block-
ade or deletion of cardiac ERK1/2 did predispose to HF 
after long-term pressure overload in conjunction with an 
increase in myocyte TUNEL. Taken together, ERK1/2 sig-
naling is not required for mediating physiologic or patho-
logic cardiac hypertrophy in vivo, although it does play a 
protective role in response to pathologic stimuli. On the 
other hand, in primary cardiomyocyte cultures, platelet-
derived growth factor (PDGF), epidermal growth factor 
(EGF), and fibroblast growth factor (FGF) promoted recep-
tor-coupled Erk1 activation and significantly increased car-
diomyocyte size. This contrasts to insulin, IGF-1 and nerve 
growth factor (NGF), which had little effect.
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Peptide growth factors activate phospholipase Cg1 
(PLCg1), and PKC. In cardiomyocytes, only PDGF stimu-
lated tyrosine phosphorylation of PLCg1 and PKC. 
Furthermore, activation of ERK1/2 by PDGF, but not EGF, 
required PKC activity. In contrast, EGF substantially 
increased Ras-GTP with rapid activation of c-Raf, whereas 
stimulation of Ras-GTP loading by PDGF was minimal, 
and activation of c-Raf was delayed suggesting differential 
coupling of PDGF and EGF receptors to the ERK1/2 
cascade [78].

FOXO (Forkhead O) transcription factors Foxo1 (also 
known as FKHR), Foxo3a (also known as FKHRL1), and 
Foxo4 (also known as AFX) play key roles in transmitting 
insulin signaling downstream of Akt [79], which contribute 
to cardiomyocyte remodeling and through inhibition of cal-
cineurin signaling these factors blunt cardiac hypertrophy. 
Ni et al. [80] have shown that expression of either Foxo1 or 
Foxo3 in cardiomyocytes attenuates calcineurin phosphatase 
activity and inhibits agonist-induced hypertrophic growth. 
FOXO proteins decrease calcineurin phosphatase activity and 
repress both basal and hypertrophic agonist-induced expres-
sion of MCIP1.4, a direct downstream target of the calcineu-
rin/NFAT pathway, and hearts from Foxo3-null mice exhibit 
increased MCIP1.4 abundance and a hypertrophic phenotype 
with normal systolic function at baseline. These findings 
suggest that FOXO proteins repress cardiac growth at least in 
part through inhibition of the calcineurin/NFAT pathway. 
Furthermore, multiple hypertrophic agonists triggered 
inactivation of FOXO proteins in cardiomyocytes through 
a mechanism requiring the PI3K/Akt pathway (see 
Fig. 7.1), and both Foxo1 and Foxo3 are phosphorylated 
and consequently inactivated in hearts undergoing hyper-
trophic growth induced by hemodynamic stress. This study 
suggests that inhibition of the calcineurin/NFAT signaling 
cascade by FOXO and the release of this repressive action 
by the PI3K/Akt pathway are important mechanisms for 
FOXO factors to regulate cardiomyocyte growth. 
Furthermore, besides playing a significant role in the cell 
survival pathway (see Chap. 7) FOXO proteins, in particu-
lar Foxo1 and Foxo3, have been found in the developing 
myocardium from embryonic to neonatal stages together 
with increased cyclin kinase inhibitor expression. 
Embryonic cardiomyocytes were found to be responsive to 
IGF-1 stimulation, which results in the induction of the 
PI3K/AKT pathway, cytoplasmic localization of FOXO 
proteins, and increased myocyte proliferation [81].

Toll-Like Receptors

There is evidence that Toll-like receptors (TLR) activation 
contributes to the development and progression of athero-

sclerosis, cardiac dysfunction in sepsis, and congestive 
HF [82]. However, the role that individual members of the 
TLR family play in the pathophysiology of cardiovascular 
diseases remains unknown.

Increased expression of innate immune response proteins, 
including IL-1b, TNF-a, and the cytokine-inducible isoform 
of nitric oxide synthase (iNOS) has been detected in the fail-
ing heart of human and experimental animals, regardless of 
etiology (see Chap. 12). Transmembrane signaling proteins 
of the TLR constitute key signaling elements in both mac-
rophages and in atherosclerotic lesions. The Toll-like receptor 
4 (TLR4) is highly expressed in the heart, and this expression 
is strongly up-regulated in mice with cardiac ischemia (rela-
tive to controls), in patients with DCM and in the myocar-
dium of patients with advanced HF [83, 84], and is consistent 
with the activation of signaling pathways leading to the 
expression of proinflammatory cytokines, which have been 
implicated in the etiology of DCM. Furthermore, myocardial 
TLR4 levels were positively correlated with the levels of 
enteroviral replication in DCM [85]. In normal murine and 
human myocardium, TLR4 expression is diffused but pre-
dominantly confined to cardiac myocytes; in myocardium 
from patients with advanced HF, however, there are focal 
areas of intense TLR4 staining. Notwithstanding, the cause 
and mechanism of this change in TLR4 expression in the fail-
ing myocardium remain unknown; interestingly, IRAK1 as 
well as NFkB (key components of TLR signaling) are activated 
by cardiac ischemia, as seen in experimental models and in 
human HF secondary to myocardial infarction [86, 87].

That TLR4 serves a proinflammatory role in ischemia-
reperfusion (I/R) injury, has been provided by observations 
that TLR4-deficient mice sustain smaller infarctions, and 
exhibit less inflammation after myocardial I/R injury [88]. 
Systemic administration of lipopolysaccharide (LPS), a TLR4 
agonist, confers a cardioprotective effect against ischemic 
injury and myocardial infarction (MI) [89]. On the other 
hand, data from chimeric mice have implicated TLR4 effect 
on leukocytes (not on cardiac myocytes), as an important 
factor for cardiac myocyte impairment during endotoxemia 
[90]. Furthermore, the Toll-like receptor 2 (TLR2) is directly 
involved in mediating the response of cardiomyocytes to OS 
(e.g., H

2
O

2
) [91], and OS-induced cytotoxicity and apoptosis 

are enhanced by blocking TLR2.
In addition, the TLR signaling cascade appears to play an 

important role in hypertrophy as suggested by the Tlr4 
knockout mice, which compared to wild type, present less 
severe cardiac hypertrophy after pressure overload second-
ary to aortic banding [92]; also critical in the hypertrophic 
growth are the phosphoinositide 3-kinase (PI3K), protein 
kinase B (Akt), and mammalian target of rapamycin (mTOR) 
since inhibition of mTOR results in further decrease in the 
degree of cardiac hypertrophy in Tlr4 knockout mice. This 
indicates that TLR-mediated and mTOR-mediated hypertro-
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phy follow separate pathways [93]. Also, mice with cardio-
myocyte-restricted expression of a NFkB superrepressor had 
impaired angiotensin-II-induced cardiac hypertrophy and 
isoproterenol-induced hypertrophy without increasing the 
susceptibility to apoptosis [94] confirming that the TLR 
pathway has an important role in hypertrophic growth in 
addition to mTOR signaling.

Protease Activated Receptors

A number of signaling events are critical factors in the 
cardiac remodeling process with the development of hyper-
trophy first and HF later. A novel class of protease-activated 
receptors (PAR-1, PAR-2, PAR-3, and PAR-4), containing 
seven transmembrane G-protein-coupled domains, has been 
identified as an important participant in distinct cardiac sig-
naling pathways. These receptors are activated by cleavage 
with serine proteases such as thrombin and trypsin [95]. 
Extracellular proteolytic activation of protease activated 
receptors results in: (1) cleavage of specific sites in the extra-
cellular domain; (2) formation of a new N-terminus (often 
containing the sequence SFLLRN), which functions as a 
tethered ligand, and binds to an exposed site in the second 
transmembrane loop triggering G-protein binding; (3) intra-
cellular signaling.

PAR-1, a high-affinity receptor for thrombin, is expressed 
by a variety of cell types in the heart, including cardiomyo-
cytes and cardiac fibroblasts. Chronic/persistent PAR-1 acti-
vation leads to cardiomyocyte hypertrophy and cardiac 
fibroblast proliferation [96], with PAR-1-dependent growth 
responses in these two types of cells happening through dis-
tinct signaling mechanisms. In cardiomyocytes expressing 
PAR-1, agonist binding and activation of PAR leads to InsP3 
accumulation, stimulation of extracellular signal-regulated 
(ERK) protein kinase, and modulated contractile function. 
Coexpression in cardiomyocytes of PAR-2, activated by 
trypsin/tryptase but not thrombin, with PAR-1 leads to a 
more extensive signaling response including InsP3 accumu-
lation, stimulation of MAP kinases (both ERK and p38 MAP 
kinase), elevated Ca2+ levels and contractile function as well 
as the activation of JNK and Akt, associated with growth 
and/or survival pathways and induction of both cardiomyo-
cyte hypertrophy and elongation [97]. While PAR-1 evokes 
a significant increase in ERK, p38 MAPK, and Akt, and 
increases DNA synthesis through an epidermal growth factor 
receptor (EGFR) transactivation pathway in cardiac fibro-
blasts, PAR-1 in cardiomyocytes activates ERK (and induces 
only a minor increase in Akt) by a mechanism that does not 
require EGFR kinase activity [98].

Interestingly, PAR-1, PAR-2, and PAR-4 have been impli-
cated in vascular development, as well as in a variety of other 

biological processes, including apoptosis and remodeling 
[97]. In mice with chronic HF the expression of PAR-1 can 
be normalized following the administration of cardiospecific 
tissue inhibitor of metalloproteinase-4 (TIMP-4/CIMP); 
also, amelioration was noted in oxidative-proteolytic stress 
and endothelial-myocyte uncoupling [99]. Furthermore, in 
PAR-1+/− mice bred to generate PAR-1+/+ and PAR-1−/− litter-
mate mice [100] deficiency of PAR-1 decreased dilatation of 
the left ventricle and ameliorated left ventricular (LV) func-
tion after I/R injury. Activation of ERK1/2 was also increased 
in injured PAR-1−/− mice compared with wild-type mice; 
however, PAR-1 deficiency did not affect infarct size. While 
cardiomyocyte-specific overexpression of PAR-1 in mice 
induced eccentric hypertrophy and DCM, deletion of the 
tissue factor gene reduced the eccentric hypertrophy [101]. 
On the other hand, it has been shown that a competitive 
inhibitor of PAR-1 (SCH 79797) protects the rat’s heart 
against acute I/R injury [102], and the possibility that another 
PAR, such as PAR-4 is compensating for the PAR-1 defi-
ciency has been suggested [103].

Receptor Tyrosine Kinases

Over 20 Receptor tyrosine kinase (RTK) classes have been 
identified in this large family of receptors, all of which share 
a similar structure that includes a ligand binding extracellu-
lar domain, a single transmembrane domain, and an intrac-
ellular tyrosine kinase domain. This large protein family 
includes the receptors for many growth factors and for insu-
lin. Most of the RTK subfamilies are defined by the extra-
cellular region containing the ligand binding domains, 
which exhibit variable length and subdomain composition 
with highly conserved structural motifs, including domains 
that are immunoglobulin-binding, cysteine-rich, ephrin-
binding, and fibronectin repeats [104].

Except in the case of the insulin receptor, which exists as 
a dimer in the absence of ligand, ligand binding to the extra-
cellular portion of these receptors results in receptor dimeriza-
tion, which facilitates the trans-autophosphorylation of 
specific tyrosine residues in the highly conserved cytoplas-
mic portion (Fig. 9.2). The phosphotyrosine residues enhance 
the receptor catalytic activity, and can provide docking sites 
for downstream signaling proteins. The creation of docking 
sites allows the recruitment to the receptor kinase complex of 
a variety of proteins containing specific binding domains, 
such as Src homology 2 and 3 or phosphotyrosine binding 
domains, which can broaden the signaling capacity of the 
RTKs. For instance, GPCRs which lack an intrinsic kinase 
activity possessed by RTKs, such as PDGFR or EGFR have 
been shown to activate RTKs in response to stimulation by 
cytokines, cell adhesion, and stress stimuli. In this way, 
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RTKs can function in integrating a large array of stimuli 
from diverse environmental and intracellular inputs.

Phosphorylation, although necessary, may not be suffi-
cient to fully activate many RTKs. Oligomerization-induced 
conformational changes may be necessary to modulate the 
kinetic properties of RTKs, and render them fully functional. 
Because of the critical roles played by RTKs in cellular 
signaling processes, their catalytic activity is normally 
under tight control by a variety of intrinsic regulatory 
mechanisms as well as by protein phosphotyrosine phos-
phatases (PTPs).

Although cardiomyocyte signaling pathways may activate 
tyrosine kinases, the role of specific PTPs in these pathways 
is unknown. Recently, Kontaridis et al. [105] reported that 
deletion of Ptpn11 (Shp2) in cardiomyocyte causes DCM via 
effects on the extracellular signal-regulated kinase/mitogen-
activated protein kinase and RhoA signaling pathways. 
Interestingly, mice with muscle-specific deletion of Ptpn11, 
rapidly develop a phenotype of compensated DCM without 
an intervening hypertrophic phase, with cardiac dysfunction 
appearing by the second postnatal month. Shp2-deficient pri-
mary cardiomyocytes are defective in extracellular signal-
regulated kinase/mitogen-activated protein kinase (Erk/MAPK) 
activation in response to a variety of soluble agonists and 

pressure overload, but show hyperactivation of the RhoA 
signaling pathway. The response to treatment of primary 
cardiomyocytes with ERK1/2- and RhoA pathway-specific 
inhibitors suggested that both abnormal Erk/MAPK and 
RhoA activities contribute to the dilated cardiomyopathy 
phenotype of Shp2-deficient hearts.

A number of RTKs have been shown to play essential 
roles in early cardiac development as well as in the growth, 
repair, and survival of adult cardiomyocytes as part of a sig-
naling network. For example, the erbB2 RTK is known to 
have a critical role in cardiac development. In addition, 
erbB2 participates in an important pathway that involves 
neuregulins, cell–cell signaling proteins that are ligands for 
RTKs of the ErbB family, and the neuregulin receptor erbB4. 
Two of the neuregulins (NRG-1 and NRG-2) and their recep-
tors (erbB2 and erbB4) are essential for normal cardiac 
development, and can mediate hypertrophic growth and 
enhance the survival of embryonic, postnatal, and adult ven-
tricular cardiomyocytes. Targeting the neuregulin receptors 
to caveolae microdomains, within cardiac myocytes, has 
been shown to be a viable approach to regulate neuregulin 
signaling in the heart [106, 107]. New evidence for the 
involvement of neuregulin-1/ErbB signals in HF is emerg-
ing. Recently, changes in NRG-1 expression, ErbB receptor 

Fig. 9.2 Receptor tyrosine kinases. Ligand binding to the extracel-
lular portion of these receptors results in receptor dimerization, 
which facilitates the trans-autophosphorylation of specific tyrosine 

residues in the highly conserved cytoplasmic portion. RTKs are 
phosphorylated in response to stimulation by cytokines, cell adhe-
sion and stress stimuli
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phosphorylation and downstream activation of intracellular 
ErbB targets during rapid pacing and progressive ventricular 
dysfunction in the dog have been reported by Doggen et al. 
[108]. mRNA expression was measured in ventricular biop-
sies using quantitative PCR, and activation of NRG-1/ErbB 
signaling and of downstream targets were investigated using 
immunoprecipitation and/or Western blotting. Over the 
course of 7 weeks of pacing, ventricular levels of NRG-1, but 
not of other ErbB4 ligands, and of ADAM19, a protease pro-
moting NRG-1 release, progressively increased. Also, levels 
of activated ErbB2 and ErbB4, phosphorylated at tyrosine 
residues 877/1248 and 1284, respectively, became progres-
sively higher, and levels of total and phosphorylated PI3 
kinase increased. In contrast with activation of downstream 
targets of ErbB receptors in normal hearts, Akt and ERK1/2, 
remained inactivated. Taken together these findings suggest 
that ventricular ErbB2 and ErbB4 receptors become acti-
vated during the development of pacing-induced HF, but that 
the downstream signaling is, at least partly, abrogated; none-
theless, the underlying mechanisms for these findings remain 
to be established. Interestingly, new data from animal studies 
as well as preliminary data from human seem to reinforce the 
concept that NRG-1 has a remarkable effect on the recovery 
of the pumping function of the failing heart, and has prompted 
the investigation on the possible use of NRG-1 as a novel 
treatment of HF. So far, the available animal data and pre-
liminary human findings seem to hold the promise that 
human recombinant NRG may have a positive effect in the 
management of HF [109].

RTKs also play a pivotal role in the growth responses of 
vascular cells. RTKs include the VEGF receptors, Eph recep-
tors, Tie1, and Tie2, all of which are expressed on vascular 
endothelial cells, as well as the PDGF receptors, which are 
expressed on vascular SMCs [110, 111]. While all of these 
RTKs activate many similar effector molecules, some of the 
signals initiated appear to be distinct. This could explain, at 
least in part, how different RTKs expressed in the developing 
vasculature can direct unique biological functions.

Using PTP inhibitors, improvement of peripheral endothe-
lial dysfunction in HF has been reported by Vercauteren et al. 
[112]. In mice with chronic HF, the PTP1B inhibitors AS279, 
AS098, and AS713 restored blood flow to levels similar to 
those of control normal mice. This flow restoration was 
reduced by inhibitors of eNOS and PI3K. Polymerase chain 
reaction and Western blotting showed that arteries express 
PTP1B, and this expression was not affected by HF. 
Immunolocalization revealed the presence of PTP1B in the 
endothelium and the adventitia. PTP1B inhibition stimulated 
early eNOS phosphorylation and increased phosphorylation 
of Akt. Taken together these findings demonstrated that 
PTP1B inhibitors may be a potent treatment to restore 
endothelial function in HF.

G-Proteins

Chapter 8 dealt with G-protein coupled receptors in the con-
text that b1-adrenergic receptors are coupled to the G-protein 
G

s
 to activate AC, and produce second messenger, cyclic 

AMP. Also, b2-adrenergic receptors are coupled to G
s
 as 

well as the inhibitory G
i
, and they also increase cyclic AMP 

levels. Furthermore, parasympathetic activity and muscar-
inic receptor activation of coupled to G

i
 inhibits AC, leading 

to a lower cyclic AMP level. Cyclic AMP production by 
adenylyl cyclase leads to increased cardiac function.

A number of hormones and neurotransmitters exert their 
physiological effects through activation of G-protein-coupled 
receptors (GPCRs). Approximately, 1,000 GPCR genes are 
present in the human genome and these represent a primary 
target for drug development. Because GPCRs play a central 
role in cardiac regulation, the identification of new G-proteins 
with physiologic and pathophysiologic significance is a work 
in progress, mainly on the potential discovery of drugs that 
can act upon these GPCRs. Our overall hypothesis is that 
there are novel GPCRs that can be targeted in HF, represent-
ing new directions in both translational research and experi-
mental therapeutics. Several laboratories are investing 
significant resources in developing new animal models and 
in vitro systems where novel GPCR, targeted to HF can be 
found. Alternatively, these novel GPCRs could be used as bio-
markers in the diagnosis and prognostication of human HF. 
Furthermore, to accelerate the discovery of drugs targeting 
GPCRs across diverse therapeutic areas, including HF, broad-
based technological platform are currently being employed.

Interestingly, upon activation with the appropriate ligands, 
GPCRs, also known as seven transmembrane domain recep-
tors, are converted into the active conformation, and are able 
to complex with and activate heterotrimeric G-proteins [113]. 
The heterotrimeric G-proteins are composed of three sub-
units: the a subunit, which carries the guanine–nucleotide 
binding site, and the b and g subunits, which form a tightly 
bound dimer. Inactive G-proteins are heterotrimers com-
posed of a GDP-bound a subunit associated with the Gbg 
dimer, which serves to anchor the heterotrimeric G-protein 
to the membrane. The activated GPCRs function as GDP/
GTP exchange factors, and promote the release of GDP and 
the binding of GTP to the a subunits leading to dissociation 
of the a subunit and the Gbg dimer. As noted previously, 
GTP-Ga and Gbg can interact with a variety of effectors, such 
as AC and PLC, in order to modulate cellular signaling path-
ways. The deactivation of GPCR signaling occurs at several 
levels. Importantly, the Ga subunit has an innate GTPase 
activity, which hydrolyses GTP to GDP, and promotes reas-
sociation with Gbg to form the inactive heterotrimer. In addi-
tion, ligand dissociation from the GPCRs converts the 
receptors back to their inactive state.
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Heterotrimeric G-proteins are classified into subclasses 
according to the a subunit, with each subfamily designated 
by its corresponding downstream signaling effect. The Gas

 
or more simply G

S
-proteins are stimulatory regulators of 

AC, linking receptor stimulation (e.g., b-AR) to the accu-
mulation of the second messenger, cyclic AMP (cAMP). 
The G

S
 subunit is a target of covalent modification by chol-

era toxin (CTX), which slows GTP hydrolysis, locking G
S
 

in an active GTP-bound form that constitutively stimulates 
AC. In contrast, the Gai/o

 or G
i/o

 proteins inhibit AC activity. 
These proteins are targets for ADP-ribosylation by the 
pertussis toxin (PTX), which prevents their interaction 
with receptors, and inhibits their downstream signaling. 
The other two subfamilies, G

q
 and G

12/13
 proteins are insen-

sitive to PTX and CTX. The GTP-bound Gaq
-protein  

activates phosphoinositide phospholipase C-b (PLC-b), 
leading to generation of InsP3 and DAG, accompanied by 
the mobilization of calcium and the activation of PKC, 
respectively. Dissociated Gbg can activate small GTP bind-
ing protein Ras and initiate a tyrosine kinase cascade lead-
ing to the activation of MAPK. Furthermore, G

q
 may 

activate MAPK independently of Gbg via a mechanism that 
is PKC dependent [62].

Hormones such as angiotensin II, endothelin 1, and 
norepinephrine, which bind and activate cardiomyocyte 
membrane receptors coupled to the G

q
-proteins, have been 

implicated in the development and ultimate decompensation 
of cardiac hypertrophy [54].

Regulators of G-protein signaling (RGS) proteins are a 
family of proteins that accelerate intrinsic GTP hydrolysis on 
a subunits of heterotrimeric G-proteins [114]. They play 
crucial roles in the physiological regulation of G-protein-
mediated cell signaling. In addition, the small G-proteins are 
a superfamily of guanine nucleotide-binding proteins with a 
size ranging from 20 to 25 kDa, including several subfami-
lies such as Ras, Rho, Rab, Ran, and ADP ribosylation 
factor(s). These small G-proteins act as molecular switches 
to regulate numerous cellular responses, including cardiac 
myocyte hypertrophy and cell survival associated with cell 
growth and division, multiple changes in the cytoskeleton, 
vesicular transport, and myofibrillar apparatus. They share 
some features with the heterotrimeric G-proteins, including 
activation by the exchange of GDP to GTP, and inactivation 
by their return to a GDP-bound state, which is enhanced by 
GTPase activating proteins. Not surprisingly, there are 
regions of homology shared between these proteins and the 
Ga subunit. Modification of these proteins by isoprenylation 
promotes their attachment to the membrane. However, the 
activation of the small G-proteins differs from that of the het-
erotrimeric G-proteins in one critical respect. With the het-
erotrimeric G-proteins, ligand binding to a GPCR is the 
primary stimulus that promotes GDP release from GDP 
binding to the a subunit, whereas an association with ago-

nist-occupied receptors is not found with small G-proteins 
(e.g., Ras and Rho). Instead, activation by the release of GDP 
from the small G-proteins is primarily mediated by the acti-
vation of guanine nucleotide exchange factors (GEFs). Hearts 
from transgenic mice expressing activated Ras develop fea-
tures consistent with myocardial hypertrophy, whereas mice 
overexpressing RhoA develop lethal HF. In isolated neonatal 
rat cardiac myocytes, transfection or infection with activated 
Ras, RhoA, or Rac1 induces features of hypertrophy. 
Interestingly, overexpression of the G-protein Gaq

 or consti-
tutively active components of its signaling pathway have 
been shown in transgenic studies to lead to increased cardiac 
mass, cardiomyocyte hypertrophy, contractile dysfunction 
and ventricular remodeling (a list of several identified gene 
mutations in cardiac signaling proteins is shown in Chap. 
7).

G-proteins and second messenger pathways function dif-
ferently in cardiac fibroblasts from those in cardiac myo-
cytes. Cardiac fibroblasts are important cellular components 
of the myocardial responses to injury, and to hypertrophic 
stimuli. In cardiac fibroblasts, agonists such as bradykinin 
stimulate inositol phosphate production, and increased intra-
cellular Ca2+ levels, while endothelin-1 and norepinephrine 
do not, in contrast to their action in cardiac myocytes. Cardiac 
fibroblasts express functional G-protein-linked receptors that 
couple to G

q
 and G

s
, with little or no coupling to G

i
. The 

expression of receptors and their coupling to G
q
 but not to G

i
-

linked responses distinguishes the signaling in cardiac fibro-
blasts from that in myocytes. Furthermore, agonists that 
activate G

q
 in fibroblasts also potentiate the stimulation of G

s
, 

an example of signaling cross talk not previously observed 
in adult cardiomyocytes [115]. Representing new directions in 
both translational research and experimental therapeutics, it is 
plausible that the discovery of novel GPCRs can be targeted in 
HF.

Nuclear Receptor Transcription Factors

Nuclear receptor transcription factors are important regula-
tory players governing the cardiac metabolic gene program 
[116]. This superfamily of receptors has been previously 
described as ligand-dependent transcription factors, which is 
in fact the case for nearly 50% of those characterized [117]. 
Such ligand-activated receptors include the classical endo-
crine receptors that respond to steroid or thyroid hormones. 
Interestingly, a number of receptors have been identified 
(without prior insight to their ligands), that respond to 
dietary-derived lipid intermediates, including long-chain 
fatty acids (LCFAs) and bile acids. These receptors generally 
participate in the regulation of pathways involved in the 
metabolism of the activating ligands. On the other hand, a 
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group of “orphan” nuclear receptors have no identifiable 
ligands (although modulating ligands may be soon identified 
for some of these receptors).

Of particular interest are the peroxisome proliferator-
activated receptors (PPARs), fatty acid-activated nuclear 
receptors, increasingly recognized as key regulators of cardiac 
fatty acid metabolism. The PPAR-a isoform has been char-
acterized as the central regulator of mitochondrial fatty acid 
catabolism, including fatty acid oxidation (FAO), whereas 
PPAR-g primarily regulates lipid storage [116]. Moreover, 
orphan nuclear receptors that serve new roles in the regula-
tion of cardiac energy metabolism have been identified.

The nuclear receptors bind to regulatory DNA elements in 
target genes as homodimers, heterodimers, or in some cases 
as monomers. Unlike the classic steroid receptors that func-
tion as homodimers, a number of the nuclear receptors 
involved in nutrient sensing and metabolic regulation (e.g., 
PPARs, TR, RAR) heterodimerize with the retinoid X recep-
tor (RXR). The interaction of these receptors with regulatory 
DNA elements is within the 5¢ regulatory region of their 
target genes that are composed of variably spaced hexameric 
half-sites (AGGTCA) arranged as direct, indirect, or everted 
repeats. Once bound to their specific response element, the 
receptors recruit coactivator proteins often in concert with 
the displacement of corepressor proteins. One such adaptor/
coactivator, the PPAR gamma coactivator-1 (PGC-1), serves 
as a key link between physiological cues and metabolic 
regulation in heart.

Effectors Signaling

Adenylyl Cyclase

Since the role that adenylyl cyclase (AC) plays on cardiac 
b-adrenergic signaling had been addressed in Chap. 8; here, 
it is suffice to say that increased AC, independent of b-AR 
number and G-protein content, provides a means to regulate car-
diac responsiveness to b-AR stimulation [118]. Overexpressing 
an effector such as AC does not alter transmembrane signal-
ing except when receptors are activated, in contrast to receptor/
G-protein overexpression, which promotes continuous activation 
with detrimental consequences [119, 120]. This suggests that 
AC overexpression may be a novel target for safely increas-
ing cardiac responsiveness to b-AR stimulation [118].

Expression of type V AC isoform is restricted to the heart 
and brain, and generates the major AC isoform found in the 
adult heart. Type V AC is potently activated through PKC-
mediated phosphorylation, and the degree of this activation 
is greater than that achieved by forskolin, the most potent AC 
agonist. Furthermore, the two PKC isoenzymes are additive 

in their capacity to activate AC. In contrast, PKA-mediated 
phosphorylation inhibits type V AC. Thus, type V AC is sub-
ject to dual regulation by phosphorylation: activation by 
PKC and inhibition by PKA, mediated via phosphorylation 
at unique residues within the type V molecule [121].

PKA-mediated inactivation of AC creates a feedback sys-
tem within the cAMP-signaling pathway, analogous to PKC-
mediated inhibition of the phospholipase C pathway. 
Catecholamine stimulation in the heart activates both the 
phospholipase C/PKC pathway via a-adrenoreceptors, and 
the AC/PKA pathway via b-adrenergic receptors. Regulation 
of AC by PKC and PKA may play a key role in the integra-
tion of these two principal signal transduction pathways, 
modulating neuronal and hormonal input to the heart.

Phospholipase C

Diverse and distinct hormonal stimuli engage specific sur-
face receptors of the cardiomyocyte to initiate the hydrolysis 
of inositol phospholipids, mediated by the effector phospho-
lipase C (PLC), while changes in intracellular levels of 
InsP3 and inositol 1,3,4,5-tetrakisphosphate, DAG and Ca2+ 
result in the specific phosphorylation of cellular proteins 
by various protein kinases such as the PKC family, Ca2+-
calmodulin-dependent kinase, and MAPK. Four classes of 
PLC isozymes are considered to underlie these signaling 
responses [122].

A myriad of seven transmembrane-spanning receptors 
activate isozymes of the PLC-b class through the release of 
a-subunits of the G

q
 family of heterotrimeric G-proteins. A 

subset of PLC-b isozymes can also be activated by Gbg. PLC-g 
isozymes are activated by protein phosphorylation following 
the activation of RTKs. Another class of PLC isozymes 
(PLC-e) has been found to be involved in signaling [123], and 
exhibits a novel pattern of regulation mediated by the Ras 
oncoprotein and Ga12

-subunits of heterotrimeric G-proteins.
Phospholipase D2 (PLD2) is the major PLD isozyme 

associated with the cardiac sarcolemmal (SL) membrane. It 
hydrolyses phosphatidylcholine to produce phosphatidic 
acid, an important phospholipid signaling molecule known 
to influence cardiac function [124].

Expression of PLD isozyme mRNA, protein contents and 
activities have been measured in rat congestive HF secondary 
to myocardial infarction. In the failing heart SL PLD1 and 
PLD2 protein contents, were elevated in the viable LV tissue, 
but SL PLD1 activity was significantly decreased and SL 
PLD2 activity was significantly increased. In the scar tissue 
PLD2 protein and activity were detected, but not PLD1 pro-
tein. Thus, differential changes in PLD isozymes may con-
tribute to the pathophysiology of CHF and may be involved in 
the processes of scar remodeling [125].
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Caveolae/Caveolins

It has been established that mechanical unloading amelio-
rates cardiac adrenergic responsiveness and lipid metabo-
lism, and these processes seem to be regulated by caveolar 
function. Uray et al. [126] have tested the hypothesis that 
mechanical unloading in patients receiving left ventricle 
assisting devices (LVADs), as a bridge to cardiac transplanta-
tion, alters the expression of caveolins and these changes are 
linked to altered the expression of markers of reverse remod-
eling. Paired myocardial samples were obtained and tran-
script levels were measured using real-time Q-RT-PCR in 
prepared RNA. Caveolin-1 and -3 protein levels were deter-
mined by Western blots and caveolin-3 localization was 
determined by immunohistochemistry. Caveolin-1 protein 
levels were upregulated in all LVAD-patients after mechani-
cal unloading, and caveolin-1 mRNA was increased in 76% 
of the patients. Interestingly, the higher induction of caveo-
lin-1 was associated with greater suppression of ANF. 
Caveolin-3 transcript levels increased in 82% of the cohort, 
along with a 2.5-fold induction of caveolin-2. Sarcolemmal 
caveolin-3 staining was increased after LVAD-support, 
although no change in total caveolin-3 protein was detected. 
The mRNA levels of the caveolin-associated CD36 (throm-
bospondin receptor) also increased with unloading. Patients 
with ischemic cardiomyopathy showed greater induction of 
CD36 than nonischemic cases, as well as highly correlated 
changes in the expression of caveolin isoforms. Thus, 
mechanical unloading in HF patients induces the expression 
of caveolins and CD36; the enhanced caveolin expression 
may be related to reverse remodeling of lipid metabolism, 
NO production and adrenergic signaling.

Caveolae are small organelles (50–100 nm), invagination-
like plasma membranes, present in many cell types, and par-
ticularly abundant in cells of the cardiovascular system, 
including endothelial cells, SMCs, macrophages, cardiac 
myocytes, and fibroblasts. In these cell types, caveolae func-
tion both in protein trafficking and signal transduction. In 
vertebrates, the caveolin family of proteins is integrated by 
three members of similar structure: caveolin-1, caveolin-2, 
and caveolin-3. These proteins (primarily caveolin-2, and 
caveolin-3 in cardiomyocytes) are both necessary, and suffi-
cient for the formation of caveolae membrane domains. 
Caveolin forms oligomers and associates with cholesterol 
and sphingolipids in certain areas of the cell membrane, 
leading to the formation of caveolae. In a number of ways, 
caveolins serve both to compartmentalize and to concentrate 
key signaling proteins, thereby regulating cardiomyocyte 
signaling. Furthermore, caveolin-1 has also been shown to 
play a role in the integrins (i.e., cell surface receptors that 
interact with the extracellular matrix and mediate various 
intracellular signals from it) signaling. Multiple components 

of signaling cascades including b-ARs, G-proteins, AC, the 
Rho family of small GTPases, PKCa, PKCe, and ERK have 
been localized to caveolae [127, 128]. Colocalization of 
G-protein pathway signaling molecules may be a contribu-
tory factor in both the spatial and temporal regulation of car-
diomyocyte signal transduction.

Studies on caveolin-deficient mouse models demonstrated 
that caveolae and caveolins can promote a number of patho-
logical phenotypes, including atherosclerosis, cardiac hyper-
trophy and cardiomyopathy, pulmonary hypertension, and 
neointimal hyperplasia (smooth muscle cell proliferation) 
[129].

Regulatory Players: Transcription Factors

NF-k B

NF-kB is a pleiotropic family of transcription factor impli-
cated in the regulation of diverse biological phenomena, 
including apoptosis, cell survival, growth, division and 
differentiation, innate immunity, and the responses to 
stress, hypoxia, stretch and ischemia. In the heart, NF-kB is 
activated in atherosclerosis, myocarditis, during transplant 
rejection, after myocardial I/R, in congestive HF, DCM, 
after ischemic and pharmacological preconditioning, heat 
shock, and in hypertrophy of isolated cardiomyocytes. In 
addition to being activated by cytokine-mediated pathways, 
NF-kB is modulated by many of the signal transduction 
cascades associated with the development of cardiac hyper-
trophy, and response to oxidative stress. Many of these sig-
naling cascades activate NF-kB by activating the IkB kinase 
(IKK) complex. These signaling interactions primarily 
involve the MAP kinase/ERK kinases (MEKKs) that are 
components of MAPK signaling pathways. In addition, 
other signaling factors directly activate NF-kB via IkB or 
via direct phosphorylation of NF-kB subunits. Combinatorial 
interactions have been reported at the level of the promoter 
between NF-kB, its coactivators, and other transcription 
factors, several of which are activated by MAPK and 
cytokine signaling pathways. In addition to being a major 
mediator of cytokine effects in the heart, NF-kB represents 
a signaling integrator, functioning as a key regulator of car-
diac gene expression programs, downstream of multiple 
signal transduction cascades in a variety of physiological, 
and pathophysiological states. Genetic blockade of NF-kB 
can reduce the size of infarcts resulting from I/R in the 
murine heart, consistent with its role as a major determi-
nant of cell death after I/R, and suggests that NF-kB 
may constitute an important therapeutic target in specific 
cardiovascular diseases [130].
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PPAR-a and Cofactors (RXR and PGC)

For further discussion on these nuclear transcription fac-
tors, critical regulatory players controlling the heart meta-
bolic gene program, the reader is addressed to the above 
section “Nuclear Receptor Transcription Factors” and 
Chap. 5.

Stress and Metabolic Signaling

The list of extracellular influences and intracellular-gener-
ated signals, which impact the cardiomyocyte, continues to 
grow. In addition to hormonal and cytokines stimuli, such as 
TH, TNF-a and interleukins, there are also pro/antiapoptotic 
modulators, nutrient, serum, growth, and mitotic factors, as 
well as stress and metabolic stimuli which we will describe 
in more detail in this section.

Stress Signals

Stresses in cardiac hypertrophy (e.g., mechanical) and isch-
emia/hypoxia (e.g., oxidative) elicit a variety of adaptive 
responses at the tissue, cellular, and molecular levels. A cur-
rent model displaying the cardiac physiological response to 
hypoxia suggests the existence of a mitochondrial O

2
 sensor 

coupled to a signal transduction system, which in turn acti-
vates a functional response [131]. As pointed out in Chap. 5, 
myocardial mitochondria may function as O

2
 sensors by 

increasing their generation of ROS during hypoxia and with 
their abundant heme proteins (e.g., cytochrome c oxidase), 
which reversibly bind oxygen. Similarly, mitochondria in 
cultured cells from pulmonary artery function as O

2
 sensors 

which underlie hypoxic pulmonary vasoconstriction [132]. 
Respiratory inhibitors such as rotenone abolish the hypoxic 
vasoconstriction; ROS plays a significant role in the mito-
chondrial signaling in the hypoxic response. Oxidant signals 
such as ROS act as second messengers initiating signaling 
cascades and are prominent features in both adaptive 
responses to hypoxia and mechanically-stressed heart. 
Down-regulation of cytochrome c oxidase (COX) activity 
contributes to the increased ROS generation and signaling 
observed in cardiomyocytes during hypoxia [133]. Also, 
hypoxia stimulates NO synthesis in cardiomyocytes [134], 
and NO down-regulates COX activity with subsequent mito-
chondrial H

2
O

2
 production. This event has been proposed to 

provide a mitochondrial-generated signal for further regulat-
ing redox-sensitive signaling pathways, including apoptosis 
and can proceed even in the absence of marked changes in 
ATP levels [134]. Interestingly, although NOS has been iden-

tified in heart mitochondria its role in regulating OXPHOS is 
not clear [135]; also mitochondrial ROS has been shown to 
activate p38 MAPK in hypoxic cardiomyocytes [136]. 
Longer term responses to hypoxia have been shown to 
include increased gene expression of hypoxia-induced fac-
tors (HIF) and the activation of transcription factors such as 
NF-kB which have also been implicated in the complex reg-
ulation of cardiac hypertrophy and inflammatory cytokines 
(e.g., TNF-a, IL-1) (see Chap. 13). Although increased ROS 
has been shown to be an important element in NF-kB gene 
activation, there is evidence that cardiomyocyte HIF gene 
activation can also occur in the absence of ROS [137].

It is worth noting, that human HF may be associated with 
alterations in multiple components of the IL-6-glycoprotein 
(gp) 130 receptor system, which suggests that they play an 
important role in cardiac pathophysiology. Experimental 
studies have shown that the common receptor subunit of 
IL-6 cytokines is phosphorylated in response to pressure 
overload and myocardial infarction and activates at least 
three different downstream signaling pathways: The signal 
transducers and activators of transcription 1 and 3 (STAT1/3), 
the Src-homology tyrosine phosphatase 2 (SHP2)-Ras-ERK, 
and the PI3K-Akt system [138]. Gp130 receptor-mediated 
signaling promotes cardiomyocyte survival, induces hyper-
trophy, and modulates cardiac extracellular matrix and car-
diac function. Thus, the gp130 receptor system and its main 
downstream mediator STAT3 play a key role in survival and 
cardioprotection.

Metabolic Signals

The cardiomyocyte responds to changes in cellular levels of 
key metabolites such as adenosine, ATP, ADP, oxygen, 
NADH, as well as numerous substrates and coenzymes. 
After birth, cardiac FAO becomes critical as a bioenergetic 
substrate and source of electrons/NADH for the TCA cycle 
and respiratory chain function [139]. Fatty acids also physi-
cally interact with mitochondrial membranes affecting mem-
brane structure and function, such as transport and excitability. 
Increased accumulation of intermediary metabolites of fatty 
acids, which occur with defective mitochondrial FAO and 
transport, is considered responsible for cardiac dysrhythmias 
and also contribute to HF and sudden death [140]. Long-
chain fatty acids (LCFAs), for example palmitate, can modu-
late the proton conductance of the inner mitochondrial 
membrane (increased uncoupling) and affect the opening of 
the PT pore, determining the release of apoptogenic proteins 
into the cytosol [141]. Major myocardial targets of hormone 
signaling (thyroid hormone) as well as of LCFAs such as 
palmitate include the uncoupling proteins (UCP1–UCP5), 
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carrier proteins located within the inner mitochondrial mem-
brane, which functions to dissipate the proton gradient across 
the membrane. These proteins are upregulated transcriptionally 
in the presence of palmitate and T3 [142, 143]. Interestingly, 
cardiac expression of one of the uncoupling protein genes 
(UCP3) has been reported to be PPAR-a-dependent [144]. In 
addition, increased expression of uncoupling proteins in car-
diac muscle results in increased uncoupling of OXPHOS 
from respiration, decreased myocardial efficiency and mito-
chondrial membrane potential [143]. Recently, Murray et al. 
[145] have studied whether increased mitochondrial UCP 
levels contribute to decreased energetics in HF, by measuring 
UCPs and respiration in mitochondria isolated from the via-
ble myocardium of chronically infarcted rat hearts, and also 
by measuring efficiency (hydraulic work/O

2
 consumption) in 

the isolated, working rat’s heart. After 10 weeks postinfarc-
tion, UCP3 levels were increased by 53% in the infarcted, 
failing hearts (ejection fractions below 45%), and cardiac 
UCP3 levels correlated positively with nonfasting plasma 
FFAs. Mitochondria coupling (measuring ADP/O ratio) in 
HF animals was below that in control hearts. Furthermore, 
the decreased ADP/O ratio was reflected in lower efficiency 
in the failing hearts when perfused with 1 mM palmitate, 
compared to controls. Taken together these findings showed 
that the failing heart has increased UCP3 levels associated 
with high circulating FFA concentrations, mitochondrial uncou-
pling, and decreased cardiac efficiency, suggesting that respi-
ratory uncoupling may underlie the abnormal energetics and 
decreased efficiency found in the failing heart; although, 
whether these alterations are maladaptive or adaptive could 
not be determined. A discussion on role of UCPs in cardiac 
remodeling is presented in Chap. 11.

Extracellular Signals and Matrix

Besides providing structural and mechanical support, the 
heart extracellular matrix (ECM) plays a critical role in cellular 
signaling [146]. This signaling becomes most apparent during 
myocardial remodeling, which may develop as either a phys-
iological or pathological response as it occurs in cardiac 
hypertrophy and in the progression to HF.

An important link exists between the ECM and the car-
diomyocyte cytoskeleton, since during the progression to 
HF, changes in ECM and cardiomyocytes will lead to a 
change in the interaction between these two; this interaction 
is essential for mechanotransduction. One class of cell-surface 
receptor molecules that constitute part of that link are the 
transmembrane integrins, which act as signaling molecules 
and transducers of mechanical force [147]. Interestingly, 
integrins are expressed in all cellular components of the car-
diovascular system, including the vasculature, blood, cardiac 

myocytes and nonmuscle cardiac cells. In response to spe-
cific changes in their micro-environment, these receptors 
become activated and form focal adhesions, areas of attachment 
of the cells to ECM proteins involving the colocalization of 
cytoskeletal proteins, intracellular signaling molecules, and 
growth factor receptors. Growth factor-mediated integrin 
activation can stimulate cell growth, gene expression and 
adhesion in cardiac fibroblasts [148]. In addition, a large 
number of bioactive signaling molecules and growth factors, 
proteases, and structural proteins have been identified that 
influence cell–matrix interactions. ECM proteins can be 
degraded by matrix metalloproteinases (MMPs), the activa-
tion of which is associated with ventricular remodeling. The 
dynamic balance of degradative enzymes, the MMPs, their 
regulation by multifunctional endogenous inhibitors, the 
TIMPs, and their highly regulated synthesis largely deter-
mines ECM remodeling.

In response to biochemical and physical stimuli, myocar-
dial fibroblasts, the most abundant cell type in the heart and 
a critical component in the structure of myocardial ECM, 
can rapidly proliferate and their gene expression program 
significantly contributes to the remodeling process occurring 
with cardiac pathologies such as MI. For instance, myocardial 
ECM collagen is markedly increased with pressure overload 
hypertrophy due to a combination of increased synthesis and 
deposition by fibroblasts, and decreased collagen degradation. 
Fibrosis is stimulated by pro-fibrotic factors such as norepi-
nephrine, angiotensin II, and endothelin-1 by modulating 
collagen synthesis and MMP/TIMP activity. In contrast, 
other bioactive molecules including natriuretic peptides (e.g., 
BNP) and NO, show anti-fibrotic action by inhibiting collagen 
synthesis and by stimulating MMP activity. These molecules 
signal primarily via the second messenger cGMP/PKG 
pathway. The resultant formation and activation of specific 
MMPs targeted to the cell membrane as well as released into 
the local interstitial space, has an amplification effect on 
MMP activity; the targeting of MMPs to the membrane can 
stimulate the release of extracellular signaling molecules 
such as TNF-a. A variety of signaling systems can be inte-
grated to effect ECM turnover and ventricular remodeling. 
These findings support the use of pharmacological interven-
tion to adjust the level of bioactive molecules as a therapeutic 
strategy to attenuate the adverse ventricular remodeling asso-
ciated with HF (for further discussion on remodeling see 
Chap. 11).

Conclusion

There is increasing awareness that critical information about 
the nature of the signaling processes can be ascertained from 
the study of the multi-protein complexes involved in signal-
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ing. Postgenomic analysis has increasingly focused on these 
macromolecular aggregates and the delineation of protein–
protein interactions, and subproteomic analysis has resulted 
in identification of the protein components within tyrosine 
kinase modules, G-protein complexes, ion, and PT pore 
channels. Identification of kinases, ligands, and second mes-
sengers, and the panoply of docking proteins, scaffolding 
proteins that organize the aggregate structure, and the 
numerous modulators, which affect the signaling processes 
will eventually allow a three-dimensional architecture of 
cardiomyocyte signaling. Manipulation of these components 
within the hearts of transgenic animals, and in cardiomyo-
cytes grown in vitro is already possible using advanced 
techniques of gene transfer and RNAi to target specific gene 
expression. Nonetheless, the development of techniques to 
reconstitute functional complexes within artificial membranes 
has shown less success in signaling studies, underlining the 
view that the context of molecular interactions that consti-
tute the cardiomyocyte signaling environment can be lost in 
such reductionist schemes.

Clearly, a better understanding of the precise order of the 
intracellular events, downstream consequences, and overall 
inter-relatedness and regulation of these pathways will be 
necessary to advance the development and characterization 
of reagents with high specificity to heart signaling pathways, 
and new technologies that could allow specific inhibition of 
stress signaling (e.g., specific kinase inhibitors) in cardiac 
and vascular cells.

Summary

The heart is a dynamic transmitter and receiver of many •	
intracellular and extracellular stimuli, and an integrator of 
numerous interacting transducers.
Ca•	 2+ is a major intracellular messenger involved in the 
activation of Ca2+-dependent signaling pathways where it 
regulates cardiac growth and function by activation of 
kinases and phosphatases as well as playing a pivotal role 
in excitation–contraction coupling.
Removal of Ca•	 2+ from the cytosol is mainly affected by 
the sarcolemmal Na+-Ca2+ exchanger and by the SR ATP 
dependent Ca2+ pump (Ca2+ ATPase or SERCA).
In the heart, the principal SERCA protein is the SERCA2a •	
isoform the activity of which is regulated by a closely 
associated protein, phospholamban (PLB), in a manner 
that is dependent on its phosphorylation status.
Increase in Ca•	 2+ that drives the larger contractions may be 
responsible for switching on a second process of signalosome 
remodeling to down-regulate the Ca2+ signaling pathway.
Ca•	 2+ associated stress response pathways also control car-
diac gene expression by modulating the activities of chro-

matin-remodeling enzymes, which have been shown to 
act as global regulators of the cardiac genome during 
pathological remodeling of the heart.
Major signaling pathways that are both, directly activated •	
by Ca2+ and sufficient to promote the development of car-
diac hypertrophy, include Ca2+/CaM regulated kinase and 
phosphatase pathways, and PKC isozymes.
Interaction of Ca•	 2+/CaM and calcineurin has been found 
to increase in the failing human heart, and increased lev-
els of cardiac calcineurin activity have been reported in 
experimental animal models of cardiac hypertrophy.
Multiple signaling pathways regulate cardiomyocyte •	
growth and proliferation. These redundant mechanisms 
typically involve serine/threonine kinases, which stimu-
late a series of sequential molecular and cellular events 
(cascades).
These cascades usually are initiated by signals received at •	
the plasma membrane receptors and transmit via coupled 
G-proteins and bound second messengers to a wide-spec-
trum of protein kinases and phosphatases. These include 
protein kinase A, B, C, and G, the latter which operates in 
conjunction with cyclic GMP.
Several G-protein-coupled receptors (GPCRs), including •	
the a- and b-adrenergic receptors, angiotensin II, and 
endothelin-1 are able to activate these signaling cascades. 
Other receptors pivotal in cardiac and cardiovascular sig-
naling include protease-activated, Toll-like receptors, and 
receptor tyrosine kinases (RTKs).
These activated protein modifiers can lead to downstream •	
activation or deactivation of specific transcription factors 
(e.g., NF-kB), which modulate specific gene expression 
affecting a broad spectrum of cellular events.
The modulation of gene expression can be fostered as •	
well by effectors that modulate chromatin structure and 
histone proteins (e.g., acetylases and deacetylases).
Effectors also can target directly proteins involved in met-•	
abolic pathways, ion transport, Ca2+ regulation and han-
dling, which affect contractility and excitability, as well 
as cardiomyocyte apoptosis and cell survival.
Adrenoceptors (ARs) are members of the GPCR super-•	
family, interfacing between the sympathetic nervous sys-
tem and the cardiovascular system, with integral roles in 
the rapid regulation of myocardial function.
Stimulation of •	 b1-adrenergic receptors (the predominant 
subtype found in both neonatal and adult ventricular myo-
cytes) results in the activation of stimulatory G-protein 
and adenylyl cyclase (AC) with increased intracellular 
cAMP, and induction of protein kinase A (PKA). This 
leads to the downstream phosphorylation of key target 
proteins, including L-type calcium channels, phospho-
lamban, troponin I, and ryanodine receptors resulting in 
the modulation of cardiac contractility in both neonatal 
and adult ventricular myocytes.
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Regulatory control of receptors is exerted by phosphory-•	
lation (by either PKA or other kinases), which can lead to 
receptor internalization and desensitization to the agonist. 
Chronic b-AR stimulation causes down-regulation of the 
receptors.
Upon stimulation with agonists such as noradrenaline and •	
adrenaline, a1-ARs activate G

q
-proteins and subsequently 

activate phospholipase Cb resulting in increased levels of 
second messengers InsP3 and DAG which promote an 
increase in intracellular Ca2+ levels, and protein PKC acti-
vation. They are involved in both modulating cardiac con-
tractility and cardiomyocyte hypertrophy.
A variety of G-proteins plays an essential role in mediat-•	
ing signal transduction from receptor to effector, and can 
either be stimulatory or inhibitory.
Small GTP binding proteins as well as effectors of GTP •	
hydrolysis can modulate the activity of heterotrimeric 
G-proteins.
Specific proteins can organize the signaling complexes •	
within microdomains at the plasma membrane, caveolae. 
Other proteins serve to enhance and orchestrate the sig-
naling complexes, including anchoring adaptor and scaf-
folding proteins interacting with diverse stimuli.
Stress, metabolic, and mitotic stimuli can act through sig-•	
naling pathways and share a variety of signaling compo-
nents. Survival pathways involving Akt and PI3K, PKA, 
and PKC can be utilized by these different stimuli.
Stresses in cardiac hypertrophy (e.g., mechanical) and •	
ischemia/hypoxia (e.g., oxidative) elicit a variety of adap-
tive responses at the tissue, cellular, and molecular 
levels.
Long term responses to hypoxia have been shown to •	
include increased gene expression of hypoxia-induced 
factors (HIF) and the activation of transcription factors, 
such as NF-kB, which have also been implicated in the 
complex regulation of cardiac hypertrophy and inflamma-
tory cytokines.
The failing heart has increased UCP3 levels associated •	
with high levels of circulating FFA, mitochondrial uncou-
pling, and decreased cardiac efficiency, suggesting that 
respiratory uncoupling may underlie the abnormal ener-
getics and decreased efficiency found in the failing 
heart.
Besides providing structural and mechanical support, the •	
heart extracellular matrix (ECM) plays a critical role in 
cellular signaling.
An important link exists between the ECM and the car-•	
diomyocyte cytoskeleton, since during the progression of 
HF, changes in ECM and cardiomyocytes will lead to a 
change in interaction between these two. This interaction 
is essential for mechanotransduction. Parts of the link are 
the transmembrane integrins, which act as signaling mol-
ecules and transducers of mechanical force.
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Overview

Heart failure (HF) is a complex clinical syndrome whose 
pathogenesis includes an interplay of neurohormonal and 
inflammatory processes at the cellular and molecular levels. 
Oxidative stress (OS) may represent the common pathway 
for cell death/apoptosis, cardiac remodeling, and dysfunc-
tion. There is increasing evidence to indicate that reactive 
oxygen species (ROS) play an important role in the develop-
ment and progression of HF. However, while levels of ROS 
are elevated in HF, the relative contribution of the different 
intracellular sources of ROS and the precise mechanisms of 
this increase remains unclear. Further delineation of the 
downstream signaling pathways involved in ROS accumula-
tion is important, in order to improve our understanding of 
these processes and also for the development of new thera-
pies. Indeed, despite previously disappointing results from 
using antioxidants in human studies, it is likely that modula-
tion of endogenous antioxidants in human HF will continue 
to have the potential for both, treatment and pre vention. In 
this chapter, we will look at how changes in the cellular 
redox state of cardiovascular tissue affect the development 
and progression of HF. In addition, the potential sources of 
ROS involved in the HF syndrome will be discussed.

Introduction

Independent of its etiology, ROS play an important role in the 
development and progression of HF. Oxygen is the critical 
terminal electron acceptor in the mitochondrial electron trans-
port chain (ETC); in its absence, the ETC shuts down and the 
cardiac demands for ATP are not met. Molecular oxygen is 
also central in both the formation of nitric oxide (NO), a pri-
mary determinant of both vascular tone and cardiac contrac-
tility, and in the generation of ROS and sub sequent induction 
of OS as a significant by-product of energy metabolism dur-
ing its sequential acceptance of electrons in the mitochondrial 
ETC. These short-lived intermediates can act either as impor-
tant signaling molecules or induce irreversible oxidative 

damage to proteins, lipids and nucleic acids, thus, ROS and 
oxygen exert both beneficial and deleterious effects. ROS 
have been implicated in the development of agonist-induced 
cardiac hypertrophy, cardiomyocyte apoptosis, and in the 
remodeling processes of the failing heart. Changes in HF phe-
notype are driven by redox sensitive gene expression, and in 
this way ROS may act as potent intracellular second messen-
gers. It is important to remember that ROS can be generated 
in the heart and endothelial tissues by non-mitochondrial 
reactions as well, including the involvement of xanthine oxi-
dase (XO), NAD(P)H oxidases, and cytochrome P450 [1]. 
Furthermore, after myocardial infarction (MI), ROS-induced 
mitochondrial DNA (mtDNA) damage may result in mito-
chondrial dysfunction, which will contribute to progressive 
left ventricular (LV) remodeling and HF.

ROS Production

The major ROS are the superoxide radical O
2

•−, hydrogen 
peroxide (H

2
O

2
), and the hydroxyl radical OH•. The superox-

ide anion (O
2

•−) is formed when oxygen accepts an electron. 
Superoxide is in equilibrium with its more reactive proto-
nated form, •HO

2
, which is favored in acidosis (such as occurs 

with ischemia). The rates of mitochondrial O
2

•− generation 
are known to be inversely correlated with the maximum life-
span potential of different mammalian species [2]. The produc-
tion of the OH• (which is the most reactive form of ROS) is 
primarily responsible for the damage to cellular macromol-
ecules such as proteins, DNA, and lipids. Formation of the 
highly reactive OH• comes from reactions involving the other 
ROS species (e.g., the Fenton reaction) in which ubiquitous 
metal ions, such as Fe (II) or Cu (I), react with H

2
O

2
. The high 

reactivity of the hydroxyl radical and its extremely short phys-
iological half-life of 10−9 s restrict its damage to a small 
radius from where it is generated, since it is too short-lived to 
diffuse far from its origin [3]. The location of free metal ions 
can determine the initiation of free radical damage. In contrast, 
the less reactive superoxide radicals produced in mitochondria 
can be delivered to the cytosol through anion channels (e.g., 
VDAC) and thereby may impact sites far from their generation, 
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including activation of transcription factors such as NF-kB 
among other effects [4]. Similarly, the freely diffusible H

2
O

2
 

generated in mitochondria can be delivered to the cytosol, 
where it contributes to increased levels of cellular ROS. An 
accurate quantification of mitochondrial ROS flux inside living 
cells is very difficult since the turnover of several ROS species 
(particularly the OH• radical) is extremely rapid. Indirect 
strategies, including the use of gene knockout and overex-
pression studies [5], have been used to demonstrate the 
presence and involvement of mitochondrial ROS.

Under normal physiological conditions, the primary source 
of ROS is the mitochondrial ETC, where oxygen can be acti-
vated to superoxide radical by a nonenzymatic process. This 
production of ROS is a by-product of normal metabolism and 
occurs from electrons produced (or leaked) from the ETC at 
complexes I, II, and III. There is evidence that semiquinones 
generated within complexes I and III are the most likely donors 
of electrons to molecular oxygen, providing a constant source of 
superoxide [6, 7]; also, a supportive role for complex II in ROS 
production has been suggested [8]. Mitochondrial ROS genera-
tion can be amplified in cells with abnormal respiratory chain 
function as well as, under physiological and pathological condi-
tions such as HF, where oxygen consumption is increased.

Besides mitochondria, other cellular sources for generat-
ing superoxide radicals include the reactions of oxygen with 
microsomal cytochrome p450 and with reduced flavins 
(e.g., NAD(P)H), usually in the presence of metal ions. In 
addition, xanthine oxidase (XO), a primarily cytosolic 
enzyme involved in purine metabolism, is also a source of 
the superoxide radical. Notably, XO activity and its super-
oxide generation are markedly increased in the heart post-
ischemia/reperfusion damage. Its location within the human 
myocardium is primarily in the endothelial cells of capillar-
ies and smaller vessels [9, 10]. A number of studies have 
shown that the XO inhibitor allopurinol protects against the 
cardiac damage resulting from anoxia. Recently, Cappola 
et al. demonstrated a provocative link between XO activity 
and abnormal cardiac energy metabolism in patients with 
idiopathic DCM, since inhibition of XO with allopurinol sig-
nificantly improved myocardial function [11].

In the presence of the enzyme superoxide dismutase 
(SOD), superoxide radicals can be converted to H

2
O

2
 that 

can further react via the Fenton reaction to form the hydroxyl 
radical. Superoxide can also react with NO to form peroxyni-
trite, which is also a highly reactive and deleterious free radi-
cal species (Fig. 10.1).

Abnormal ROS Effects

ROS cause deleterious effects on cells including extensive 
peroxidative damage to membrane phospholipids and pro-
teins. Protein modifications, such as carbonylation, nitration, 

and the formation of lipid peroxidation adducts (e.g., 
4-hydroxynonenal (HNE)), which are products of oxidative 
damage secondary to ROS [12]. Significantly, changes in the 
myocardial respiratory complexes I to V by ROS-mediated 
nitration, carbonylation, and HNE adduct, with associated 
decline in their enzymatic activity, have been reported in both 
in vitro and in vivo studies [13]. Superoxide is also especially 
damaging to the Fe–S centers of enzymes (e.g., complex I, 
aconitase, and succinate dehydrogenase). Moreover, the inac-
tivation of mitochondrial aconitase by superoxide, which gen-
erates Fe (II) and H

2
O

2
, also increases hydroxyl radical 

formation through the Fenton reaction [14].
Lipids and in particular the mitochondrial-specific cardio-

lipin serve as a focal target for free radical damage. A large 
accumulation of superoxide radicals produced in vitro, with 
sub-mitochondrial particles from heart results in extensive 
cardiolipin peroxidation, with a parallel loss of cytochrome c 
oxidase activity [15, 16]. Oxidative damage also affects 
nucleic acids and in particular mtDNA by the induction of 
single- and double-strand breaks, base damage, and modifi-
cation (including 8-oxoguanosine formation), resulting in 
the generation of point mutations and deletions [17–19].

In addition, the highly reactive peroxynitrite irreversibly 
impairs mitochondrial respiration [20] since it inhibits 
complex I activity, largely by tyrosine nitration of several 
targeted subunits [21–23], modifies cytochrome c structure 
and function [22], affects cytochrome c oxidase activity, 
inhibits mitochondrial aconitase [24], and causes induction 
of the PT pore [25]. Some of the effects of peroxynitrite on 
mitochondrial targets (e.g., the PT pore) are potentiated by 
increased calcium levels [26]. Notably, the effects of 
 peroxynitrite on mitochondria can be clearly distinguished 
from the effects of NO, which often are reversible [20]. 
Taken together, mitochondria, the primary site of intracellu-
lar ROS generation, are also a primary locus of its damaging 
effects. Specifically, damage to mtDNA induces abnormali-
ties in the mtDNA-encoded polypeptides of the respiratory 
complexes located in the inner membrane, with consequent 
decrease of electron transfer and further production of ROS, 
thus establishing a vicious cycle of OS, mitochondrial dys-
function, and bioenergetic decline.

ROS and Cell Signaling

In addition to the cell-damaging effects of ROS, mitochondrial 
ROS generation and the OS they engender play a major role 
in cell regulation and signaling. Oxidative species such as 
H

2
O

2
 and the superoxide anion can be used as potent signals 

sent from mitochondria to other cellular sites rapidly and 
reversibly, triggering an array of intracellular cascades lead-
ing to diverse physiological end-points for the cardiomyo-
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cyte, some negative (e.g., apoptosis and necrosis) and others 
positive (e.g., cardioprotection and cell proliferation). H

2
O

2
 

produced by mitochondria and sent to the cytosol is involved 
in several signal transduction pathways, including the activa-
tion of c-Jun N-terminal kinase (JNK1) and mitogen-acti-
vated protein kinases (MAPK) [27–29], and can impact the 
regulation of redox-sensitive K+ channels affecting arteriole 
constriction [30]. The release of H

2
O

2
 from mitochondria 

and its subsequent cellular effects are increased in cardio-
myocytes treated with antimycin and high Ca2+ and further 
enhanced by treatment with CoQ. CoQ plays a dual role in 
the mitochondrial generation of intracellular redox signal-
ing, by acting both as a prooxidant involved in ROS genera-
tion and as an antioxidant by inhibiting the PT pore, 
cytochrome c release, and also by increasing ATP synthesis 
[31]. Increased mitochondrial H

2
O

2
 generation and signaling 

occur with NO modulation of the respiratory chain [28, 32], 

as well as with the induction of myocardial mitochondrial 
NO production, resulting from treatment with enalapril [33]. 
ROS play a fundamental role in the cardioprotective signal-
ing pathways of ischemic preconditioning, in critical oxygen 
sensing, and in the induction of stress responses that promote 
cell survival. These phenomena are further examined in 
Chaps. 5 and 11.

ROS and Cardiac Pathology

Generation of ROS together with impaired antioxidant 
defenses is observed in the failing heart as well as in myocar-
dial ischemia and reperfusion (I/R). During the first moments 
of reperfusion and myocardial injury, a burst of ROS occurs 
that is associated with changes in mitochondria (e.g., PT 

Fig. 10.1 Cellular ROS generation and metabolism. Sites of mito-
chondrial superoxide O

2
•− radical (via respiratory complexes I, II, and 

III) and cytosolic O
2
•− generation (by NAD(P)H oxidase or xanthine 

oxidase) are depicted. Also shown are reactions of the O
2
•− radical with 

NO to form the highly reactive peroxynitrite, which can target PT pore 
opening and the inactivation of mitochondrial aconitase by O

2
•−. 

MnSOD (in mitochondria) and CuSOD (in cytosol) to form H
2
O

2
 are also 

displayed. The H
2
O

2
 is then either further neutralized in the mitochondria 

by glutathione peroxidase (GPx) and glutathione, in the peroxisome by 
catalase, or in the presence of Fe2+ via the Fenton reaction, which forms 
the highly reactive OH• radical that can cause severe lipid peroxidation 
and extensive oxidative damage to proteins and mtDNA
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pore opening) [34]. The source of ROS generation during 
early reperfusion has not been clearly determined; it may be 
of either mitochondrial or cytoplasmic origin. On the other 
hand, during ischemia (and likely in the early/acute pathway 
of ischemic preconditioning) the source of ROS generated 
clearly involves the mitochondrial ETC, and this may be dif-
ferent from the source of ROS generated in early reperfusion 
[35, 36]. As it turns out, mitochondria are central in the myo-
cardial failing process since ROS generation by mitochon-
dria impacts the expression of genes encoding key elements 
of the apoptotic pathway (Fig. 10.2), including mitochon-
drial PT pore components (i.e., ANT and porin) and the  
associated mitochondrial creatine kinase in response to HF 
(J. Marín-García unpublished data).

A number of studies have shown that in the failing heart, 
cardioprotective interventions may prevent or slowdown 
ROS production via antioxidants like MnSOD and target 
apoptosis. Furthermore, when exposed to an insult, cardio-
myocytes are able to mount a cardioprotective response. 
Also chemical, metabolic, and even physical stressors have 
been shown to generate cardioprotective responses that share 

elements of the ischemic preconditioning (IPC) model and in 
these responses mitochondria are the key factors. Besides 
regulating the cellular bioenergetic supply in the form of 
adenosine triphosphate (ATP), the organelle has many roles 
(see Chap. 5). A participant in the trigger and mediation of 
cardioprotective responses, mitochondria house and regulate 
pivotal early events in the apoptotic pathway. This plasticity 
enables the organelle to function both as a target and as a 
player in myocardial signal transduction events and in the 
generation of ROS in response to a variety of cellular insults 
providing an appropriate antioxidant response (Table 10.1).

The time course of MnSOD induction, a mitochondrial-
specific protective response to ROS-mediated damage, cor-
relates well with the appearance of ischemic tolerance. 
However, the activities of other cellular anti-oxidants, i.e., 
catalase and CuSOD are not similarly affected.

In the canine model of pacing-induced HF, there is a 
marked increase of aldehyde in left ventricle tissue that 
suggests elevated free radical-induced damage [37, 38]. 
The increased levels of OS correlated with the onset of 
reduced cardiac complex III and V activities. This has been 

Fig. 10.2 ROS generation by mitochondria produces mtDNA damage and impacts the expression of genes encoding key elements of the apoptotic 
pathway
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 corroborated by  measurements of ROS levels compared in 
paced and unpaced dogs, revealing that both O

2
•− and OH• 

radicals generated from mitochondrial-produced H
2
O

2
 are 

increased in the failing heart and correlated with the sever-
ity of left ventricular dysfunction [39, 40]. OS also appears 
to be involved in the generation of large-scale myocardial 
mtDNA deletions that have been shown in pacing-induced 
HF [37], as well as in studies of ameroid constriction-medi-
ated myocardial ischemia in the dog [41]. Furthermore, 
neonatal cardiac myocytes treated with TNF-a displayed a 
significant increase in ROS levels, accompanied by an 
overall decline in mtDNA copy number and decreased 
complex III activity [42]. The TNF-a mediated decline in 
mtDNA copy number might result from an increase in 
mtDNA deletions. ROS-induced mtDNA damage, resulting 
in respiratory complex enzyme dysfunction, contributes to 
the progression of left ventricular (LV) remodeling and 
failure after myocardial infarction (MI). In a murine model 
of MI and remodeling created by ligation of the left anterior 
descending coronary artery, increased ROS production 
(e.g., OH• level) was found in association with decreased 
levels of mtDNA and ETC activities, suggesting impair-
ment of mitochondrial function [43]. In addition, chronic 
release of ROS has been linked to the development of left 
ventricular hypertrophy, ECM remodeling, and HF. Thus, 
blocking/reducing ROS production may be an important 
target in the treatment of HF. Indeed, recent observations 
have suggested that overexpression of the genes for perox-
iredoxin-3 (Prx-3), a mitochondrial antioxidant, or mito-
chondrial transcription factor A (TFAM), might prevent the 
decline in mtDNA copy number (likely secondary to 
mtDNA damage (i.e., increased deletions)) and also the 
mitochondrial dysfunction observed in HF [44]. Thus, pre-
venting OS and mtDNA damage may be a significant 
approach in HF treatment.

Besides chronic ROS generation from the mitochon-
drial organelle, ROS can also derive from nonmitochon-
drial NAD(P)H oxidase, which in endothelial cells is 
activated by cytokines, neurohormones, and growth fac-
tors (e.g., angiotensin II, norepinephrine, and TNF-a) [45, 
46]. Furthermore, long-term alterations in cardiac pheno-
type can be driven by redox-sensitive gene expression, and 

in this way, ROS may act as potent intracellular second 
messengers. In cardiac myocytes, NAD(P)H oxidase plays 
a prominent role in the hypertrophic pathway [47–49]. 
In addition, NAD(P)H oxidase activity is significantly 
increased in the failing versus nonfailing myocardium 
[50]. It has been reported that statins (i.e., 3-hydroxyl- 
3-methylglutaryl coenzyme A (HMG-CoA) reductase 
inhibitors), by modulating the ROS-generating activity of 
NAD(P)H oxidase, can inhibit cardiac hypertrophy by 
cholesterol-independent mechanisms [51, 52]. Statins 
block the isoprenylation and activation of members of the 
Rho guanosine triphosphatase (GTPase) family such as 
Rac1, an essential component of NAD(P)H oxidase. Taken 
together, it appears that blocking ROS production with 
statins may be beneficial to patients with myocardial 
hypertrophy and chronic HF.

Oxidative Stress, Myocardial Ischemia,  
and HF

Myocardial ischemia, an important cause of HF in human 
can produce changes in the endogenous defense mecha-
nisms against oxygen free radicals, mainly through a reduc-
tion in the activity of mitochondrial superoxide dismutase 
(SOD) and a decline in tissue content of reduced glutathione 
[53]. Increased ROS production in both mitochondria and 
white blood cells (WBC) and toxic oxygen metabolite pro-
duction are exacerbated by re-admission of oxygen during 
post-ischemic reperfusion. Furthermore, OS resulting from 
both increased ROS generation and diminished antioxidant 
reserve promotes the oxidation of thiol groups in proteins 
and lipid peroxidation leading first to reversible damage, 
and eventually to necrosis.

Mitochondria of circulating WBC and platelets sense OS 
during capillary passage and react by producing ROS. While 
a number of observations have shown that severe HF is asso-
ciated with OS, the mediator role of WBC and platelets OS 
in HF has only been recently investigated. Ijsselmuiden et al. 
have studied a group of HF patients and healthy volunteers 
(control group) [54]. WBCs and platelets of both arterial and 
venous blood samples were quantitatively analyzed with 
respect to the development of cytoplasmic and mitochondrial 
OS using fluorescent dyes. The increased number and per-
centage of cells with both cytosolic and mitochondrial fluo-
rescence indicated the extensive presence of OS and was 
significantly greater than that found in control samples. 
Moreover, myocardial OS production (gauged by coronary 
sinus sampling) exceeded systemic production (gauged by 
peripheral venous sampling). Furthermore, partial pulmo-
nary clearance of OS containing cells was identified in con-
trols by the reduction in arterial compared to venous samples; 

Table 10.1 Mitochondrial functional plasticity allows modulation of:

Cell respiration
Ion (K+, Ca2+) transport
ATP production
Cytochrome c release
Redox state
ROS generation
Antioxidant response (e.g., MnSOD)
Cardiac protection with K

ATP
 channel openers (e.g., diazoxide and 

nicorandil)
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in contrast, no significant difference (between arterial and 
venous samples) was found in OS-containing cells in severe 
HF patients suggesting defective pulmonary clearance in 
these cases. Thus, in severe HF, the proportion of WBC and 
platelets that are ROS-positive is raised, possibly because 
cytosolic ROS-positive WBC and platelets are normally 
cleared in the lungs and this function appears to be deficient 
in severe HF while mitochondrial ROS production is 
increased. The raised numbers of circulating ROS-positive 
WBC and platelets amplify OS in HF. Ideally, a more rigor-
ous approach could have been employed by first carry out the 
study in an animal model that might eliminate the concerns 
raised by the numerous drug treatments, and the potential 
heterogeneity of HF etiology, which may impact on these 
findings.

Since coronary artery disease (CAD), with consequent 
myocardial ischemia and necrosis, is a well-recognized lead-
ing cause of HF worldwide, it is relevant to note here that 
ROS play an integral role in the genesis and progression of 
CAD and HF. In the vessel wall ROS contribute to the forma-
tion of oxidized LDL, a major player in the pathogenesis of 
atherosclerosis and ROS-mediated activation of matrix 
metalloproteinases (MMPs) may play a contributory role in 
vessel plaque rupture, initiating coronary thrombosis, and 
occlusion [55–57].

Observations in vitro and animal studies have shown that 
in the failing heart, ROS influence several components of the 
cardiac phenotype and its remodeling, including contractile 
function, interstitial fibrosis, endothelial dysfunction, and 
myocyte hypertrophy. ROS contribute to the remodeling pro-
cesses in a number of ways, including activating MMPs that 
participate in the reconfiguration of the extracellular matrix 
(ECM); acting as signaling molecules in the development of 
compensatory hypertrophy; and contributing to myocyte loss 
via apoptosis signaling.

Excessive production of NO has also been implicated in 
the pathogenesis of chronic HF [58, 59]. Uncoupling of con-
stitutive nitric oxide synthase (NOS) leads to the overpro-
duction of superoxide (O

2
•−) and peroxynitrite (ONOO−), two 

extremely potent oxidants. Peroxynitrite produced from the 
reaction of highly reactive NO with the superoxide anion 
impairs cardiovascular function through multiple mecha-
nisms, including activation of MMPs and nuclear enzyme 
poly (ADP-ribose) polymerase (PARP). Increased OS result-
ing from the overproduction of superoxide also mediates the 
dysregulation of S-nitrosylation of proteins at specific 
cysteine residues by reactive nitrogen species (RNS), a more 
selective modification of proteins than found with protein 
oxidation. This redox mechanism has been demonstrated to 
lead to altered myocardial excitation–contractility and vas-
cular reactivity [60, 61].

ROS in the Aging Failing Heart

In the failing aging heart, increased OS is mainly related to 
augmentation of electron leak thru impaired complex I, II, 
and III (Fig. 10.3), although both normal aging human and 
animal hearts have increased levels of ROS and nitrogen spe-
cies (RNS). The balance between ROS/RNS generating 
enzymes and scavenger enzyme systems can be disrupted in 
a number of pathologic conditions, including degenerative 
diseases [62], diabetes mellitus [63], endothelial dysfunc-
tion, atherosclerosis, and hypertension [64].

While antioxidant mechanisms may be enhanced in the 
myocardium with aging, these compensatory mechanisms 
appears not to be completely effective in stemming ROS 
accumulation. Protein oxidation, lipid oxidation, and mito-
chondrial DNA damage increase with aging whereas chronic 
ROS stress acts as a trigger of matrix fibrosis. With aging and 
in the failing heart the increased oxidative damage of 
proteins by ROS or RNS is characterized by protein carbox-
ylation and nitration.

Mitochondria are not only considered as the major source 
of ROS but they are also the targets of ROS during the aging 
process, and increased mitochondrial ROS formation would 
be expected to cause mitochondrial protein oxidative dam-
age in the senescent animals [65–67].

ANT has been found to be one of the mitochondrial proteins 
most susceptible to ROS during aging [68], and this ANT 
oxidative damage is mostly displayed as carbonylation. 
Increased ANT carbonyl modification has also been found in 
aged houseflies [68] as well as in aging mammalian animals 
[69–71]. ANT contains three redox-sensitive cysteine resi-
dues on loops projecting into the matrix compartment. These 
residues are particularly susceptible to oxidation by sulfenic 
acid moieties and mixed disulfides if the normally high 
intramitochondrial glutathione (GSH)/glutathione disulfide 
(GSSG) ratio is not maintained during periods of OS [72]. 
Indeed, GSH/GSSG ratio is significantly reduced during 
aging [73–77].

ANT carbonyl modification is associated with a reduced 
capability to exchange ADP/ATP across the inner mem-
brane, which may cause the inhibition or uncoupling of 
OXPHOS and the collapse of DYm, turning mitochondrial 
ATP synthesis into hydrolysis (see Fig. 10.3). ANT oxida-
tion may also shift from its native state as a gated pore 
(mediating ADP/ATP exchange) into a non-selective pore, 
allowing free permeation of small ions and metabolites 
across the mitochondria inner membrane. Furthermore, ANT 
conformation conversion is affected by cyclophilin-D (CyP-
D) in the mitochondrial matrix. CyP-D contains a relatively 
high proportion of polyunsaturated fatty acids that could be 
oxidized by ROS to generate highly reactive lipid fragments 
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such as 4-hydroxy-2-nonenal (HNE) and 4-hydroxyhexenal 
(HHE). These lipid peroxidation byproducts may interact 
with or modify specific thiol groups on ANT leading to 
adduct formation, thereby inhibiting ANT activity [78], and 
also increasing CyP-D binding to ANT [79, 80], thereby 
destabilizing ANT and sensitizing mitoPTP to calcium [81].

With aging, VDAC is also particularly vulnerable to 
oxidative damage because the tyrosine residue of VDAC is 
subject to conversion into 3-nitrotyrosine (3-NT) by reac-
tive nitrogen species (RNS) including NO and peroxynitrite 
(ONOO−), which are normally produced under physiologic 
conditions and increased with aging. This nitration of 

tyrosine can compromise the functional and/or structural 
integrity of the target protein [82]. Interestingly, proteomic 
analysis using 2-D gel electrophoresis combined with nano-
electrospray ionization-tandem mass spectrometry (NSI-MS/
MS) technique showed that there is an age-dependent nitra-
tion of VDAC in mitochondria [83]. Increased VDAC nitra-
tion is very likely related to excessive OS in mitochondria 
since similar changes have been found in diabetic hearts 
which exhibit increased OS [84]. Although it has not yet 
been established whether oxidative modification of tyrosine 
residues directly alters the property of VDAC or sensitize 
VDAC to its regulators, it has been found that superoxide 

Fig. 10.3 Flow-chart of remodeling resulting from aging/HF-modulation 
of mitochondrial ion function. Mitochondrial ETC defects result in elec-
tron leak, ROS overproduction followed by formation of reactive nitrogen 
species (RNS), and lipid peroxidation (e.g., HNE). Increased oxidative 
stress, in turn, damages mitochondrial ion channel function. Sensitized 
mitoPTP causes loss of mitochondrial Ca2+, decreased Ca2+ uptake, and 
reduced DYm, which in turn reduces OXPHOS and ATP synthesis. 
Increased mitoPTP also promotes increased mitochondrial vulnerability to 
Ca2+ loading and release of apoptogenic factors (e.g., AIF, cyt c) from 
mitochondria which sets into motion the apoptotic pathway including cas-
pase activation, leading to cell death. Mitochondrial K

ATP
 is also targeted 

in aging and HF, resulting in reduced cardiac tolerance to stress and loss of 

preconditioning cytoprotection; moreover, decreased K+ influx and 
electrochemical gradient results in diminished OXPHOS. Reduced Ca2+ 
uniporter activity not only decreases mitochondrial Ca2+ uptake, dampening 
Ca2+ stimulatory effects on bioenergetic metabolism, but also exaggerates 
intracellular Ca2+ disturbance, leading to elevated cytosolic Ca2+ levels. 
MitoK

ATP
 and mitoPTP channel modulation can trigger ROS production, 

which can further target ETC activities, as does increased HNE (indicated 
by double-headed arrows). ETC Electron transport chain, HNE 
4-hydroxyl-2-nonal, mitoPTP mitochondrial permeability transition pore, 
cyt c cytochrome c, AIF apoptosis-inducing factor, DYm mitochondrial 
membrane potential. Solid vertical arrows indicate reduced or increased 
levels, whereas unfilled arrows denote relationship within a pathway
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anion (O
2

•−) could induce VDAC-dependent rapid and mas-
sive cytochrome c release and enhance mitoPTP to Ca2+ in 
permeabilized HepG2 cells [85].

Ca2+ is the key trigger for PT pore formation, possibly by 
binding to the negatively charged cardiolipin head groups on 
the inner face of the inner membrane, thereby disrupting the 
stabilizing interactions between cardiolipin and ANT [86]. 
Since mitochondrial Ca2+ content tends to decrease with 
aging, the impaired mitochondrial Ca2+ handling and reduced 
threshold of mitoPTP to Ca2+ may be more critical than Ca2+ 
itself in mediating mitoPTP in the aging failing heart. For 
instance, in response to stress such as ischemia/reperfusion, 
heart mitochondrial Ca2+ significantly increased (about two-
fold greater with senescence). Taking these findings together 
with the evidence of increased lipid peroxidation (HNE for-
mation) in senescent hearts on reperfusion, it seems that the 
aging hearts are increasingly vulnerable to reperfusion dam-
age brought about by increased mitochondrial Ca2+ [87], 
increased creatine kinase nitration [88, 89], age-dependent 
decreased hexokinase [87], and decreased nucleotide pool 
[69], which may also facilitate the formation of ANT-VDAC 
complex, sensitize PTP, or cause the permeability transition 
in the aging failing heart.

Oxidative Stress and Apoptosis

Both the generation of ROS and the onset of apoptotic cell death 
are important and often related events in cell homeostasis. 
Increased OS and ROS accumulation can lead to myocyte 
hypertrophy, interstitial fibrosis (through matrix metalloprotei-
nases activation), and apoptosis. Apoptosis can be blocked or 
delayed by treatment with antioxidants and thiol reductants 
[90]. Moreover, overexpression of antioxidant proteins 
(e.g., MnSOD, glutathione peroxidase, and metallothionein) 
can block apoptotic progression [91–93]. Attenuation of 
apoptosis by overexpression of the antiapoptotic protein 
Bcl-2 was associated with protection against ROS and OS 
[94]. Cells from transgenic mice containing ablated genes 
encoding antioxidant proteins (e.g., glutathione peroxidase) 
have both increased OS levels and increased apoptosis [95, 
96].

Agents that induce apoptosis (e.g., TNF-a) also promote 
high levels of mitochondrial-generated ROS [97]. In addi-
tion, ROS production can target an array of signal transduc-
ers (e.g., JNK, TNF-a and MAPK), which interface with the 
apoptotic machinery. This includes both activation of the 
proapoptotic Bcl-2 family and mediators (e.g., TNF-a), as 
well as the modulation of their gene expression by activation 
of specific transcription factors (e.g., NF-kB).

It is worth noting that an important model system has 
emerged to study the induction of OS and apoptosis using 

H
2
O

2
 treated cultured cardiomyocytes [98]. This approach 

allowed molecular and biochemical appraisal of cellular and 
mitochondrial events presaging, accompanying and follow-
ing the induction of cardiomyocyte apoptosis. In addition, it 
allowed the study of short-lived signaling intermediates, as 
well as the use of various treatments (e.g., antioxidants) to 
stem the development of cardiomyocyte OS and apoptotic 
progression [99, 100]. Not all cardiomyocyte apoptosis is 
triggered by OS and ROS generation. Gathered observations 
have shown no evidence of ROS (or NO) involvement in the 
palmitate-mediated induction of apoptosis in neonatal rat 
cardiomyocytes [101], illustrating the complex, multiforked, 
and parallel nature of signals in the apoptotic pathway.

Nitric Oxide and HF

Oxygen serves as the critical terminal electron acceptor in 
the ETC; in its absence the ETC shuts down and cardiac 
demands for ATP are not met. Molecular oxygen is also cen-
tral in both the formation of nitric oxide (NO), a primary 
determinant of both vascular tone and cardiac contractility 
and in the generation of ROS (and subsequent OS) as a sig-
nificant by-product of energy metabolism during its sequen-
tial acceptance of electrons in the mitochondrial ETC. The 
end results of NO/redox disequilibrium have implications for 
cardiac and vascular homeostasis and may result in the devel-
opment of atherosclerosis, myocardial tissue remodeling, 
and hypertrophy. ROS/RNS generation is also attributed to 
the transit from hypertrophic to apoptotic phenotypes, a pos-
sible mechanism of myocardial failure [102].

Endothelial dysfunction in advanced HF patients (see 
Chap. 12) is a critical component in the systemic vasocon-
striction and reduced peripheral perfusion that characterizes 
these patients [103]. Endothelial regulation of vascular tone 
is mediated mainly by NO. Increased OS in patients with HF 
may be related to decreased bioavailability of NO secondary 
to reduced expression of endothelial NOs and increased  
generation of ROS. These react with NO in the setting of 
decreased antioxidant defenses that would normally clear these 
radicals, culminating in attenuated endothelium-dependent 
vasodilation in patients with advanced HF. Moreover,  
abnormal production and/or distribution of ROS and reactive 
nitrosative species in blood creates oxidative and/or nitrosative 
stresses in the failing myocardium and endothelium. As pre-
viously noted, the uncoupling of constitutive NOS leads to 
increased generation of superoxide (O

2
•−) and peroxynitrite 

(ONOO−). Peroxynitrite affects cardiovascular function and 
contributes to the pathogenesis of cardiac and endothelial 
dysfunction associated with myocardial infarction, chronic 
HF, diabetes, atherosclerosis, hypertension, aging, and vari-
ous forms of shock. Moreover, pharmacological inhibition of 
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xanthine oxidase-derived superoxide formation, as well as 
neutralization of peroxynitrite, or inhibition of PARP, pro-
vide significant benefit in various forms of cardiovascular 
injury [104]. Increased OS resulting from the overproduction 
of superoxide mediates the dysregulation of S-nitrosylation 
of proteins at specific cysteine residues by RNS, a more 
selective modification of proteins than found with protein 
oxidation. This redox mechanism has been found to lead to 
altered myocardial excitation–contractility and vascular 
reactivity [60, 61].

Antioxidant Defense

It is important to notice that ROS and cellular redox states 
regulate an extensive number of vital pathways in the myo-
cardium, including energy metabolism, survival and stress 
responses, apoptosis, inflammatory response, and oxygen 
sensing. Gathered observations have shown that ROS role in 
ischemia and reperfusion injury, as well as the role that anti-
oxidants therapy may play, varies significantly whether one 
use whole organ and animal models or isolated cell models; 
findings are often contradictory in providing insights into 
why clinical trials of antioxidants frequently have shown 
mixed results.

The powerful cell-damaging ROS oxidants can be neu-
tralized by an array of protective antioxidant scavenger 
enzymes, as well as by various lipid and water-soluble com-
pounds including ascorbic acid, glutathione, thioredoxin, 
and a-tocopherol. The antioxidant enzymes are located in a 
variety of cellular compartments including the mitochondria 
(e.g., MnSOD, glutathione peroxidase, thioredoxin reductase), 
peroxisomes (e.g., catalase), microsomes (e.g., cytochrome 
P450), and in the cytosol (e.g., CuSOD and cytosolic thiore-
doxin reductase). In general, there are significantly lower 
levels of antioxidants in myocardial mitochondria than in 
liver mitochondria, but the consensus opinion is that the anti-
oxidant capacity of the heart is generally sufficient to handle 
the normal levels of ROS production, although insufficient to 
meet the greater ROS accumulation that occurs in myocar-
dial ischemia [105].

A mitochondrial isoform of catalase with low specific 
activity has been found in rats [106, 107]. This mitochon-
drial catalase activity was detected in the heart but not in 
liver or skeletal muscle and it appears to increase during 
caloric-restricted (CR) diets and in the diabetic heart 
[108–110]. The role that this enzyme plays has not been 
fully determined although there is evidence of its participa-
tion in the prevention of excess lipid peroxidation in myocar-
dial ischemia [111]. On the other hand, a mitochondria-specific 
catalase has not been found in the heart of transgenic mice 
even after overexpression of the catalase gene [112].

While superoxide dismutases catalyze the removal of 
superoxide radicals by the formation of H

2
O

2
, glutathione 

peroxidase (GPx) catalyzes the breakdown of H
2
O

2
 to water 

and oxidized glutathione (GSSG) by using reduced glutathi-
one (GSH) as depicted in Fig. 10.1. Since GPx is located in 
both the mitochondria and cytosol, H

2
O

2
 can be removed 

from either compartment depending on the availability of 
glutathione. A small fraction of the total cellular pool of 
GSH is sequestered in mitochondria by the action of a carrier 
that transports GSH from cytosol to the mitochondrial matrix 
[113]. Upon exposure to increased exogenous ROS, isolated, 
perfused rat hearts are rapidly depleted of their antioxidant 
reserves, including those of SOD and GSH, rendering them 
more vulnerable to the action of oxidative injury [114].

Another important mechanism in the antioxidant reac-
tions is the sequestering of iron and copper ions to keep  
them from reacting with superoxide or H

2
O

2
. The anti oxidant 

dexrazoxane prevents site-specific iron-based oxygen radical 
damage by chelating free and loosely bound iron. In addi-
tion, it has been used as a cardioprotective drug against  
doxorubicin-induced oxidative damage to myocardial mito-
chondria in both humans and animals [115, 116]. The anti-
oxidant metal-binding protein metallothionein (MT) also 
provides cardioprotection by directly reacting with ROS pro-
duced by ischemia/reperfusion and doxorubicin treatment, 
as found in studies with a cardiac-specific MT-overexpressing 
transgenic mouse model [117]. MT expression is also induc-
ible within the heart (and other tissues) by TNF-a, IL-6, 
doxorubicin, and metals such as cadmium and Zn [117–119], 
although its cardioprotective role has not been determined.

The uncoupling of mitochondrial respiration from 
OXPHOS ATP production, by either artificial uncouplers 
such as 2,4-dinitrophenol (e.g., DNP) or natural uncouplers 
(e.g., laurate), fatty acids, and mitochondrial uncoupling 
(UCP) proteins – strongly inhibits O

2
•− and H

2
O

2
 formation 

in mitochondria [120–122]. ROS production is favored when 
the mitochondrial membrane potential is above a specific 
threshold. Under conditions where the mitochondrial mem-
brane potential is at its peak (e.g., state 4 respiration), ROS 
production is increased. It is noteworthy that increased mito-
chondrial membrane potential slows electron transport 
through the respiratory chain, resulting in increased half-life 
of the ubiquinone free radical and the likelihood that elec-
trons will interact with oxygen to form ROS [123]. Uncouplers 
prevent the transmembrane electrochemical H+ potential dif-
ference (∆ m

H
) from being above a threshold critical for ROS 

formation by respiratory complexes I and III. This has been 
corroborated in transgenic mice in which UCP3 protein is 
lacking, resulting in enhanced ROS production and increased 
OS in heart and skeletal muscle [124], in transgenic mice 
with UCP1 overexpression [125], and in cardiomyocytes 
with UCP2 overexpression, in which ROS is markedly atten-
uated [126].
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Pharmacological inhibition of xanthine oxidase-derived 
superoxide formation and neutralization of peroxynitrite or 
inhibition of poly(ADP-ribose) polymerase (PARP) have 
been reported to provide significant benefit in various forms 
of cardiovascular injury [104]. Using rat and mouse models 
of HF, the beneficial effects of a novel ultrapotent PARP 
inhibitor was studied by Pacher et al. [127]. The effect of 
INO-1001 on the development of HF induced by permanent 
ligation of the left anterior descending coronary artery was 
assessed, as well as in HF induced by doxorubicin, and acute 
myocardial dysfunction induced by bacterial endotoxin. In 
the coronary ligation model, significantly depressed left ven-
tricular performance and impaired vascular relaxation of aor-
tic rings were found; PARP inhibition significantly improved 
both cardiac function and vascular relaxation. In the doxoru-
bicin model, a single injection of doxorubicin induced high 
mortality and a significant decrease in left ventricular sys-
tolic pressure, +dP/dt, −dP/dt, stroke volume, stroke work, 
ejection fraction, and cardiac output. Treatment with the 
PARP inhibitor reduced doxorubicin-induced mortality and 
markedly improved cardiac function; on the other hand, 
PARP inhibition did not interfere with doxorubicin’s antitu-
mor effect. In the endotoxin model of cardiac dysfunction, 
PARP inhibition attenuated the reduction in myocardial con-
tractility elicited by endotoxin. Taken together, these data 
support the view that PARP inhibition may be an effective 
approach in the experimental treatment of various forms of 
acute and chronic HF.

Antioxidants Therapy

Mitochondrial ROS and OS are implicated in the pathogen-
esis of the cardiac damage elicited by ischemia/reperfusion 
and the cardiomyopathies associated with FRDA and 
doxorubicin-induction [128, 129]. Several oxygen radical 
scavengers, including CoQ

10
, vitamin E, dexrazoxane, and 

idebenone, have been used in their treatment [130–132]. In 
doxorubicin-induced cardiomyopathy, the free-radical scav-
enger dexrazoxane has been shown to protect the heart from 
doxorubicin-associated oxidative damage, and has been rec-
ommended for clinical use to attenuate the myocardial dam-
age that may occur in children with acute lymphoblastic 
leukemia treated with doxorubicin chemotherapy [116]. 
Both CoQ

10
 and idebenone have been found to markedly 

improve cardiac function and reduce cardiac hypertrophy in 
patients with FRDA [133–135]. Interestingly, ataxia and 
other CNS symptoms occurring in FRDA are less affected by 
the administration of these antioxidants than is the cardiac 
phenotype. In addition, Idebenone seems to improve the car-
diac dysfunction observed in mitochondrial cardiomyopathy 
[136]. CoQ

10
, besides its role as an antioxidant, also serves 

multiple cellular functions, including participation as an 
electron carrier in the respiratory chain and as an activating 
cofactor for mitochondrial uncoupling proteins. In addition, 
CoQ

10
 appears to have a beneficial effect in several neuro-

logical disorders with cardiac involvement, including 
MELAS and KSS syndromes [137]. Moreover, a significant 
reduction in the incidence of cardiac conduction abnormali-
ties seen in patients with KSS or CPEO syndromes has been 
reported using CoQ

10
 at relatively high doses ranging (60–

150 mg/day) [138]. Also, clinical improvement was observed 
in patients with advanced HF after CoQ

10
 supplementation to 

standard therapy [139]. Nonetheless, because the sample size 
and the design used in these studies raised concerns as to the 
validity of systematic clinical use of CoQ

10
 in treating HF, 

presently a large double-blind multisite clinical trial is under-
way to test its efficacy [140, 141].

Since increased plasma catecholamines and sympathetic 
stimulation may lead in HF patients to increased production 
of ROS, and possibly to endothelial damage/dysfunction  
and atheroma formation, treatment with b-blockers and  
ACE inhibitors have been recommended. The beneficial 
anti-oxidative effects of carvedilol, a vasodilating 
b-blocker with antioxidant activity, in HF remains con-
troversial. Whereas some groups found a reduction of 
OS in HF patients treated with carvedilol [142] others 
did not [143]. Using immunohistochemistry, Nakamura 
et al. [144] evaluated the expression of 4-hydroxy-2-
nonenal (HNE)-modified protein (a major lipid peroxi-
dation product) in endomyocardial biopsy tissues from 
23 patients with DCM and 13 control subjects with  
normal cardiac function; whether levels of lipid peroxides 
were elevated in the myocardium of patients with DCM,  
and whether carvedilol reduces lipid peroxidation level. 
Expression of HNE-modified protein was found in all myo-
cardial tissue samples from patients with DCM. Expression 
was distinctive in cardiomyocytes cytosol. Myocardial 
HNE-modified protein levels in patients with DCM were 
significantly increased compared with the levels in control 
subjects. In addition, biopsy samples from 11 patients with 
DCM were examined before and after treatment with carve-
dilol (5–30 mg/day; mean dosage, 22 ± 8 mg/day). Following 
treatment, myocardial HNE-modified protein levels 
decreased by 40% with improvement in HF. Taken together, 
this study confirmed that OS is elevated in HF and the 
administration of carvedilol resulted in reduction of OS and 
improvement in cardiac function. These investigators have 
also studied whether levels of 8-hydroxy-2-deoxyguanosine 
(8-OHdG), a marker of oxidative DNA damage, were ele-
vated in the serum and myocardium of patients with DCM, 
and whether carvedilol could decrease 8-OHdG [145]. 
Serum 8-OHdG was measured by enzyme immunoassay in 
56 patients with DCM and in 20 control subjects. DCM 
patients had significantly increased levels of 8-OHdG 
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 compared to control subjects. Interestingly, immunohis-
tochemically positive 8-OHdG staining was detected in the 
nuclei of cardiomyocytes from DCM endomyocardial tissue 
patients, but not in controls. After treatment with carvedilol, 
the serum levels of 8-OHdG in DCM patients decreased by 
19%, together with improvement in HF. Thus, levels of 
8-OHdG are elevated in serum and myocardium of HF 
patients and carvedilol seems to be an effective way to 
reduce oxidative DNA damage.

The anti-oxidative properties of carvedilol and ACE 
inhibitors in severe HF have been studied by Chin et al. 
[146]. From a group of 66 outpatients with HF, 46 patients 
that were on an established treatment with ACE inhibitor 
were started on b-blocker, and 20 patients not previously on 
ACE-inhibitors were treated with lisinopril. Baseline param-
eters were compared to 22 healthy control subjects. Serum 
lipid hydroperoxides (LHP) and total antioxidant capacity 
(TAC) were determined as indices of oxidative damage and 
antioxidant defense, and plasma von Willebrand factor (vWf) 
as an index of endothelial damage/dysfunction. The baseline 
indices for the measures of oxidative damage and endothelial 
function in the 66 CHF patients were significantly higher 
than healthy control subjects. After 3 months of maintenance 
therapy with b-blockers, a significant reduction in LHP lev-
els occurred, but not TAC or vWf. ACE inhibitor therapy 
also significantly reduced vWf levels, but failed to have any 
statistically significant effects on LHP or TAC. This pilot 
study suggests that OS in advanced, severe HF may be due to 
increased free radical production or inefficient free radical 
clearance by scavengers and that b-blockers, but not ACE 
inhibitors, reduced lipid peroxidation (although no relation 
was found between a reduction in oxidative damage and 
endothelial damage/dysfunction).

Treatment with ACE inhibitors, angiotensin, aldosterone, 
and endothelin–antagonists has been shown to beneficially 
modulate endothelial dysfunction in severe HF. As pointed 
out by Bauersachs and Widder [147], these therapies increase 
NO bioactivity by either modulation of ROS generation, 
thereby preventing the interaction of superoxide anions with 
NO, and/or increasing endothelial NO synthase (eNOS) 
expression/activity. Experiments in rats after large myocar-
dial infarction treatment with AVE9488, a novel eNOS tran-
scription enhancer, attenuates cardiac remodeling and 
endothelial dysfunction. Furthermore, antioxidants, l-argin-
ine, cofactors of endothelial NO-synthase, and exercise train-
ing positively modulate endothelial function [148].

Conclusion

Molecular oxygen is central in both the formation of nitric 
oxide (NO), a primary determinant of both vascular tone and 

cardiac contractility, and in the generation of ROS (and sub-
sequent OS), as a significant by-product of energy metabo-
lism during its sequential acceptance of electrons in the 
mitochondrial ETC. Since these short-lived intermediates 
can act either as an important signaling molecule or induce 
irreversible oxidative damage to proteins, lipids and nucleic 
acids, both ROS and oxygen exert both beneficial and delete-
rious effects.

ROS play an integral role not only in the genesis of CAD 
but also in its progression. Several in vitro and animal stud-
ies have demonstrated that in the failing heart, ROS influ-
ence several components of the cardiac phenotype and 
cardiac remodeling, including contractile function, intersti-
tial fibrosis, endothelial dysfunction, and myocyte hyper-
trophy. Furthermore, ROS contribute to the remodeling 
processes in a number of ways including activation of 
MMPs that participate in reconfiguration of the ECM, act-
ing as signaling molecules in the development of compen-
satory hypertrophy and contributing to myocyte loss via 
apoptosis signaling.

It is important to keep in mind that ROS can be generated 
in the heart and endothelial tissues by non-mitochondrial 
reactions, including the involvement of xanthine oxidase 
(XO), NAD(P)H oxidases, and cytochrome P450. Further-
more, increased ROS and toxic oxygen metabolite produc-
tion in both the myocardial mitochondrial organelle and 
leukocytes are exacerbated by re-admission of oxygen 
during post-ischemic reperfusion. OS, resulting from both 
increased ROS generation and diminished antioxidant 
protection promotes the oxidation of thiol groups in proteins 
and lipid peroxidation leading initially to reversible damage, 
and finally to necrosis.

Significantly, reduced bioavailability of NO and 
increased generation of ROS within the vascular wall are 
key determinants in endothelial dysfunction, and this 
imbalance between NO and ROS mainly results from neu-
rohumoral activation associated with HF. Furthermore, 
the excessive activation of the renin–angiotensin aldoster-
one and endothelin systems plays a central role. While the 
use of scavengers to treat OS has been considered for 
quite sometime, the success of this approach has been 
questionable to the least. Nonetheless, there is increasing 
evidence that HF-related generation of ROS/RNS may be 
ameliorated by targeting ROS/RNS-generating enzymes 
and upstream mediators. b-blockers, but not ACE inhibi-
tors, appears to reduce lipid peroxidation although so far 
no relation has been demonstrated between a reduction in 
oxidative damage and endothelial damage/dysfunction. 
Nevertheless, therapies that ameliorate endothelial 
 function in HF patients have been shown to improve 
 exercise tolerance and outcomes making endothelial 
 dysfunction an important target to develop novel  therapies 
(Table 10.2).
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Summary

ROS play an important role in the development and pro-• 
gression of HF, namely by direct damage and as intracel-
lular second messengers.
The major ROS are the superoxide radical O• 

2
•−, hydrogen 

peroxide (H
2
O

2
), and the hydroxyl radical OH•.

The production of the hydroxyl radical (which is the most • 
reactive form of ROS) is primarily responsible for the 
damage to cellular macromolecules such as proteins, 
DNA, and lipids.
Under normal conditions, the primary source of ROS is • 
the mitochondrial ETC, where oxygen can be activated to 
superoxide radical by a nonenzymatic process. This pro-
duction of ROS is a by-product of normal metabolism and 
occurs from electrons leaked from the ETC, at complexes 
I, II, and III.
Lipids and in particular the mitochondrial-specific cardio-• 
lipin serve as a focal target for free radical damage.
Highly reactive peroxynitrite irreversibly impairs mito-• 
chondrial respiration since it inhibits complex I activity 
and mitochondrial aconitase, and causes induction of the 
PT pore.
Mitochondrial ROS generation can be amplified in cells • 
with abnormal respiratory chain function as well as, under 
physiological and pathological conditions such as HF, 
where oxygen consumption is increased.
Besides mitochondria, other cellular sources for generat-• 
ing superoxide radicals include the reactions of oxygen 
with microsomal cytochrome p450 and with reduced fla-
vins (e.g., NAD(P)H), usually in the presence of metal 
ions. In addition, xanthine oxidase (XO), a primarily 
cytosolic enzyme involved in purine metabolism, is also a 
source of the superoxide radical.

In addition to the cell-damaging effects of ROS, mito-• 
chondrial ROS generation and the OS they engender play 
a major role in cell regulation and signaling.
Increased mitochondrial H• 

2
O

2
 generation and signaling 

occur with NO modulation of the respiratory chain as 
well as with the induction of myocardial mitochondrial 
NO production, resulting from treatment with enalapril.
ROS play a fundamental role in the cardioprotective sig-• 
naling pathways of ischemic preconditioning, in critical 
oxygen sensing, and in the induction of stress responses 
that promote cell survival.
Generation of ROS together with impaired antioxidant • 
defenses increase in the failing heart as well as in myocar-
dial ischemia and reperfusion.
In the failing heart, cardioprotective interventions may • 
prevent or slowdown ROS production via antioxidants 
like MnSOD and target apoptosis.
The time course of MnSOD induction, a mitochondrial-• 
specific protective response to ROS mediated damage, 
correlates well with the appearance of ischemic tolerance. 
However, the activities of other cellular anti-oxidants i.e., 
catalase and CuSOD are not similarly affected.
Mitochondria of circulating WBC and platelets sense OS • 
during capillary passage and react by producing ROS. 
The raised numbers of circulating ROS-positive WBC 
and platelets amplify OS in HF.
Uncoupling of constitutive nitric oxide synthase (NOS) • 
leads to overproduction of superoxide (O

2
−) and peroxyni-

trite (ONOO−), two extremely potent oxidants.
Peroxynitrite produced from the reaction of highly reac-• 
tive NO with the superoxide anion impairs cardiovascular 
function through multiple mechanisms, including activa-
tion of MMPs and nuclear enzyme poly (ADP-ribose) 
polymerase (PARP).

Table 10.2 Metabolic and antioxidant treatments for mitochondrial-based cardiac disorders

Treatment Primary mechanism Disorder

Coenzyme Q Antioxidant/ETC carrier HF, FRDA, MELAS, KSS
Dichloroacetate Increased PDH activity; decreased FAO KSS, MELAS, lactic acidosis, diabetic cardiomyopathy
Idebenone Antioxidant FRDA, mitochondrial cardiomyopathy
Carnitine Increased fatty acid transport Cardiomyopathy and HF
Etomoxir FAO inhibitor FAO disorders
Trimetazidine FAO inhibitor; increased phospholipid turnover FAO disorders, myocardial ischemia/angina, diabetic 

cardiomyopathy
Ranolazine Partial FAO inhibitor FAO disorders, myocardial ischemia/angina
Perhexilene FAO inhibitor Dysrhythmia
N-3 PUFA Reduced FAO Dysrhythmia
Copper supplement Assist in COX subunit assembly HCM due to SCO

2
 mutation

Dexrazoxane Antioxidant Doxorubicin-induced cardiomyopathy
Carvedilol b-adrenergic blocker; FAO shift to glucose CHF
Diltiazem Inhibits release of mitochondrial Ca2+ Dysrhythmia

Myocardial ischemia

FRDA Friedreich ataxia; HF heart failure; CHF congestive HF; HCM hypertrophic cardiomyopathy; KSS Kearns–Sayre syndrome; MELAS mito-
chondrial encephalomyopathy, lactic acidosis and stroke-like episodes
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Both the generation of ROS and the onset of apoptotic • 
cell death are important and often related events in cell 
homeostasis. Increased OS and ROS accumulation can 
lead to myocyte hypertrophy, interstitial fibrosis (through 
matrix metalloproteinases activation), and apoptosis.
Increased OS in patients with HF may be related to • 
decreased bioavailability of NO secondary to reduced 
expression of endothelial NOS and increased generation 
of ROS.
The powerful cell-damaging ROS oxidants can be neu-• 
tralized by an array of protective antioxidant scavenger 
enzymes, as well as by various lipid and water-soluble 
compounds including ascorbic acid, glutathione, thiore-
doxin, and a-tocopherol.
Pharmacological inhibition of xanthine oxidase derived • 
superoxide formation, neutralization of peroxynitrite, or 
inhibition of poly(ADP-ribose) polymerase (PARP) have 
been reported to provide significant benefit in various 
forms of cardiovascular injury.
In doxorubicin-induced cardiomyopathy, the free-radical • 
scavenger dexrazoxane has been shown to protect the 
heart from doxorubicin-associated oxidative damage and 
has been recommended for clinical use.
Since in HF patients increased plasma catecholamines • 
and sympathetic stimulation may lead to increased pro-
duction of ROS, and possibly to endothelial damage/dys-
function and atheroma formation, treatment with 
b-blockers and ACE inhibitors have been recommended.
The beneficial anti-oxidative effects of carvedilol, a vaso-• 
dilating b-blocker with antioxidant activity in HF remains 
controversial.
There is increasing evidence that HF-related generation • 
of ROS/RNS may be ameliorated by targeting ROS/RNS-
generating enzymes and upstream mediators.

• b-blockers, but not ACE inhibitors, appear to reduce lipid 
peroxidation although no relation has been found between 
reduction in oxidative damage and endothelial damage/
dysfunction.
Therapies that ameliorate endothelial function in HF • 
patients have been shown to improve exercise tolerance 
and outcomes making endothelial dysfunction an impor-
tant target to develop novel therapies.
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Overview

Remodeling may be defined as changes in the morphology, 
structure, and function of the heart related to alterations in 
loading conditions and/or cardiac injury. This process is crit-
ical to the progression of HF, and understanding its mecha-
nism may allow us to better understand the pathophysiology 
of HF. In this chapter, we will discuss the potential mecha-
nisms conducive to remodeling in the failing heart, available 
animal models, therapies currently used, and emerging ther-
apies to stop and/or reverse the remodeling process.

Introduction

A crucial step in the progression of left ventricular (LV) dys-
function and HF is cardiac remodeling [1, 2]. Remodeling 
involves alterations in both the myocytes and the cardiac 
extracellular matrix (ECM), the latter includes the activation 
of proteolytic enzymes leading to the degradation and re-
organization of collagens [3–6]. The morphological patterns 
that often accompany cardiac remodeling include hypertro-
phy and subsequent chamber dilatation with associated pro-
gressive impairment in function [2]. On the other hand, the 
heart might respond to environmental stimuli not only by 
growth with increasing myocardial mass, but also by shrink-
age (atrophy) with a dynamic range that has been estimated 
to be of at least 100% [7]. Indeed, progressive cardiac remod-
eling results in the onset of LV dilatation with relatively pro-
portional increases in LV mass, a process sometimes named 
eccentric hypertrophy [8]. These events are more character-
istic in patients with initially compensated LV dysfunction 
but later with development of clinically overt HF mainly 
triggered by the marked ventricular dilatation that occurs 
once the resources from the myocardial hypertrophic 
response are exhausted [9]. With end-stage disease and clini-
cally overt HF, profound LV dilatation occurs without compa-
rable levels of hypertrophy, resulting in relative wall thinning 
from the disproportional increases in LV chamber size. In 

addition, excessive LV dilatation alters the overall shape of 
the LV from a normal ellipsoid configuration to a more 
spherical shape.

While hypertrophy is considered by some investigators as 
an adaptive response to increased workload and is accompa-
nied by alterations in metabolism [10], for others, whether 
left-ventricular hypertrophy is adaptive or maladaptive is 
rather a controversial concept, as suggested by the patterns 
of signaling pathways, transgenic models, and clinical find-
ings in aortic stenosis [11].

At least some of the cytoplasmic signaling pathways 
thought to be responsible for pathological hypertrophy are 
mediated through increased levels of growth factors signal-
ing through G-protein coupled cell-surface receptors 
(GPCR) [12]. In addition, atrial natriuretic peptide (ANP), 
through its guanylyl cyclase-A (GC-A) receptor, locally 
moderates cardiomyocyte growth. To characterize the anti-
hypertrophic effects of ANP, the possible contribution of 
Na+/H+ exchanger (NHE-1) to cardiac remodeling was 
recently examined in a model of GC-A-deficient (GC-A−/−) 
mice [13]. Fluorometric measurements in the cardiomyo-
cytes demonstrated that cardiac hypertrophy in GC-A−/− 
mice was associated with enhanced NHE-1 activity, 
alkalinization of intracellular pH, and increased Ca2+ levels. 
Chronic treatment of GC-A−/− mice with the NHE-1 inhibi-
tor cariporide, normalized cardiomyocyte pH and Ca2+ lev-
els and regressed cardiac hypertrophy and fibrosis. Activity 
of four prohypertrophic signaling pathways – the mitogen-
activated protein kinases (MAPK), the serine–threonine 
kinase Akt, calcineurin/NFAT, and Ca2+/calmodulin-depen-
dent kinase II (CaMKII), were activated in GC-A−/− mice, 
but only CaMKII and Akt activity regressed upon reversal 
of the hypertrophic phenotype following cariporide. By 
contrast, the MAPK and calcineurin/NFAT signaling path-
ways remained activated during regression of hypertrophy. 
These observations suggest that the ANP/GC-A system 
modulates the cardiac growth response to pressure overload 
during remodeling by preventing excessive activation of 
NHE-1 and subsequent increases in cardiomyocyte intracel-
lular pH, Ca2+ and CaMKII as well as Akt activity.
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Progression of Cardiac Remodeling  
and Transition to Overt HF

The mechanisms of cardiac remodeling, particularly those 
underlying the transition from stable hypertrophy to car-
diac dilatation and ultimately to overt HF remain unclear. 
Many factors including neurohormonal and cytokine acti-
vation and impaired Ca2+ handling are thought to play a 
contributory role, particularly following MI (Fig. 11.1) 
[14, 15]. In addition, with increased work load the adult 
heart develops pathological growth and activation of the 
fetal program of gene expression followed by LV dilatation, 
thinning of the wall, and pump failure. In a transgenic 
mouse model, it has been demonstrated that activation of 
the fetal gene program and pathological remodeling of the 
heart can be achieved with overexpression of myocyte 
enhancer factor-2 (MEF2D), a transcription factor that 
serve as targets of the signaling pathway that drive patho-
logical remodeling [16]. Also, it has been demonstrated 
that class II histone deacetylases (HDACs) suppress stress-
dependent remodeling of the heart through their association 
with MEF2 transcription factor, and that protein kinase D 
(PKD), a stress-responsive kinase that phosphorylates class 
II HDACs, dissociate MEF2 resulting in activation of MEF2 

target genes. A mouse model with a conditional PKD1-null 
allele has been recently developed by Fielitz et al. [17]. 
Mice with cardiac specific deletion of PKD1 exhibited 
improved cardiac function and diminished hypertrophy in 
response to pressure overload and angiotensin II signaling, 
confirming that PKAD1 is a key transducer of stress stimuli 
involved in the abnormal remodeling of the heart. Previously, 
Harrison et al. [18] have observed that activation of PKD1 
in cardiomyocytes occurs through PKC-dependent and 
-independent mechanisms, and in vivo cardiac PKD1 is 
activated in rodent models of pathological cardiac remodel-
ing. Moreover, PKD1 activation correlates with phosphory-
lation-dependent nuclear export of HDAC5, and reduction 
of endogenous PKD1 expression with siRNA suppresses 
HDAC5 shuttling and associated cardiomyocyte growth. In 
contrast, ectopic overexpression of constitutively active 
PKD1 in mouse heart leads to DCM. Thus, PKD1 has a 
significant role in the control of pathological remodeling of 
the heart by its ability to phosphorylate and neutralize 
HDAC5.

Diacylglycerol, a lipid second messenger accumulates in 
cardiomyocytes when stimulated by Gqa, protein-coupled 
receptor (GPCR) agonists such as angiotensin II and phe-
nylephrine. GPCR signaling pathway, which includes dia-

Fig. 11.1 Flow-chart model showing neurohormonal/cytokine activation in HF. RAAS, renin-angiotensin-aldosterone system; SNS, sympathetic 
nervous system; ET-1, endothelin-1; AVP, arginine vasopressin; TNF-a, tumor necrosis factor-alpha; IL-1B, interleukin-1b; IL-6, interleukin-6.
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cylglycerol (DAG) and protein kinase C (PKC), plays a 
critical role in the development of cardiac hypertrophy and 
HF. DAG kinase (DGK) phosphorylates DAG and controls 
cellular DAG levels, thus acting as a regulator of GPCR sig-
naling. Furthermore, DGK inhibits GPCR agonist-induced 
activation of the DAG-PKC signaling and subsequent car-
diomyocyte hypertrophy. To determine whether DGK modi-
fies the development of cardiac hypertrophy induced by 
pressure overload, Harada et al. [19] assessed the effect of 
thoracic aortic stenosis on the heart of transgenic mice with 
cardiac-specific overexpression of DGKzeta (DGKzeta-TG) 
and in wild-type (WT) mice. While the WT mice showed 
increases in interventricular septal thickness, LV dilatation, 
decreases in LV systolic function, cardiac fibrosis and up-
regulation of profibrotic genes, such as transforming growth 
factor-b1, collagen type I, and collagen type III at 4 weeks 
post-surgery, the DGKzeta-TG mice heart weight appeared 
to decrease. Furthermore, cardiac fibrosis and gene induc-
tion of type I and type III collagens, but not transforming 
growth factor-b1, were blocked in the DGKzeta-TG mice. 
Taken together, these data confirm that DGKzeta suppresses 
cardiac hypertrophy and fibrosis and prevents LV systolic 
dysfunction caused by pressure overload. Interestingly, in 
neonatal rat, cardiomyocytes DGKzeta inhibits PKC activa-
tion and subsequent hypertrophic programs in response to 
endothelin-1 (ET-1). DGKzeta blocks cardiac hypertrophy 
induced by G protein-coupled receptor agonists and 
pressure overload in vivo. Moreover, DGKzeta attenuates 
ventricular remodeling and improves survival after myocar-
dial infarction [20].

Pressure and volume overload have been known to be 
accompanied by increased glucose uptake and glycolysis 
and decreased FAO [21]. Alterations in energy status 
and metabolism have been proposed to play a role in 
the transition from stable cardiac hypertrophy to overt 
HF, at least based on observations from animal studies 
[10, 22, 23].

Based on a number of observations, the general concept 
that emerged is that myocardial substrate selection is rela-
tively normal during the early stages of HF but later on there 
is a downregulation in FAO, increased glycolysis and glu-
cose oxidation, reduced respiratory chain activity, and 
impaired reserve for mitochondrial oxidative flux. In a recent 
review article on metabolic remodeling of the failing heart, 
van Bilsen et al. [24] wondered if metabolic remodeling is 
beneficial or detrimental to the heart. From a therapeutic 
point of view, for the failing heart, it is considered preferable 
to further stimulate glucose oxidation rather than to normalize 
substrate metabolism by stimulating FA utilization; how-
ever, if this also applies to the earlier stages of HF is not 
known. The therapeutic potential of acute and long-term 
manipulation of cardiac substrate metabolism in HF remains 
to be determined.

In HF, changes in myocardial energy metabolism corre-
lates inversely with plasma free-fatty-acid concentrations, 
and mitochondrial uncoupling proteins (UCPs) may play a 
significant role in its regulation. Murray et al. [25] investi-
gated the link between energetic and metabolic abnormali-
ties in 39 patients undergoing coronary artery bypass graft 
surgery. When plasma free-fatty-acid concentrations were 
raised, cardiac mitochondrial UCPs increased (isoforms 
UCP2 and UCP3) and those of glucose transporter (GLUT4) 
protein decreased (in cardiac and skeletal muscle). These 
findings suggest that energy deficiency in HF might result 
from increased mitochondrial UCPs (i.e., less efficient ATP 
synthesis) and depleted GLUT4 (i.e., reduced glucose 
uptake). Therefore, simultaneous lowering of plasma free 
fatty acids and finding an alternative energy source may be 
warranted.

Mitochondrial UCP-2 gene expression has been corre-
lated with changes in cardiac performance and ATP bio-
synthesis in a rat model of aortic valve regurgitation (AR) 
progressing to HF. Noma et al. [26] have reported that 
while in the early stages of HF development following AR, 
LV ANP mRNA expression was increased in proportion to 
chamber enlargement, UCP-2 mRNA expression was sup-
pressed (no difference in comparison to sham rats), and 
TNF-a mRNA expression showed no changes during the 
early post-operative stage. However, at 30–100 days post-
AR surgery while the LV ANP mRNA displayed further 
increases, also the levels of UCP-2 mRNA and TNF-a pro-
gressively increased. On the other hand, no differences 
were observed between AR and sham rats for UCP-2 mRNA 
in skeletal muscle, nor in cardiac ATP levels; however, car-
diac CRP was significantly reduced in the very late stages 
(at 100 days) after AR operation. Taken together, these 
findings suggest that mitochondrial UCP-2 gene expression 
experienced serial changes in rats volume overload HF, and 
suppression of its expression may be reflected by the cel-
lular energy state. Furthermore, a decrease in UCP-2 may 
lead to suppression or reduction of mitochondrial proton 
leakage, and cardiac oxygen utilization may shift from heat 
production to ATP biosynthesis. Interestingly, in the late 
stage of AR, there was a significant increase in TNF-a 
expression not observed in the early stage, suggesting that 
up-regulation of TNF-a may be a potential explanation for 
the induction of UCP-2 in the advanced stage of AR. Based 
upon the aforementioned data, cardiac UCP expression in 
chronic HF provides a likely explanation for the reversible 
LV dysfunction/remodeling observed in patients with AR. 
Also, the in vivo role of UCP2 in the heart has been studied 
in the Dahl salt-sensitive rat HF model. UCP2 mRNA level 
was significantly upregulated together with proapoptotic 
protein Bcl-2 and 19-kDa interacting protein 3 (BNIP3). It 
appeared that UCP2 increases sensitivity of adult rat car-
diac myocytes to hypoxia–reoxygenation by way of ATP 
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depletion and acidosis, which in turn causes accumulation 
of prodeath protein BNIP3 [27].

Myocardial Metabolism and Neurohormonal 
Signaling in Cardiac Remodeling

Insights from Transgenic Models

Some of the recent research conducted on the relationship 
between myocardial metabolism and cardiac remodeling 
using transgenic models have been discussed elsewhere in 
this volume (see Chaps. 4 and 6). In this section, it suffices 
to mention that the creation of transgenic mice with altered 
expression of genes involved in carbohydrate and lipid 
metabolism has provided unique insights into the fine bal-
ance within the heart, to maintain energy status and function, 
as well as to evaluate the cause–effect relationships between 
mitochondrial function and myocardial disease [28]. A list of 
transgenic models of metabolic modification in the heart that 
associated with cardiac dysfunction and/or HF phenotype is 
shown in Table 11.1.

Loss-of-function model systems, which disrupt mito-
chondrial metabolism, exhibit different cardiac phenotypes. 
One genetically engineered mouse model having a causal 
relationship between a mitochondrial energetic defect and 

cardiomyopathy is the Ant1 null mouse. The adenine nucle-
otide translocators (ANT) are a family of proteins that 
exchange mitochondrial ATP for cytosolic ADP, providing 
new ADP substrate to the mitochondria while delivering 
ATP to the cytoplasm for cellular work. Mice express two 
isoforms of this enzyme; with tissue-specific expression 
patterns [29]. Ant1 is expressed in skeletal muscle, heart, 
and the brain, while Ant2 is expressed in all tissues except 
skeletal muscle. The Ant1 gene deficient mice exhibit mito-
chondrial abnormalities including a partial deficit in 
ADP-stimulated respiration, consistent with impairment in 
the translocation of ADP into mitochondria in both skeletal 
muscle and heart. The skeletal muscle respiratory defect 
was profound, presumably because Ant2 can partially com-
pensate for the loss of Ant1 in heart, but not in skeletal 
muscle. Ant1−/− mice exhibit a progressive cardiac hyper-
trophic phenotype coincident with the proliferation of 
mitochondria [30]. The mitochondrial biogenic response 
has therefore been hypothesized to be a compensatory 
mechanism to correct the energy deficit, but could also 
contribute to cardiac remodeling. Transgenic models of 
specific defects in the mitochondrial FAO pathways have 
also been developed (Table 11.2). Two distinct mouse 
models with genetic deletion of the second step in the 
mitochondrial FAO pathway, a fatty acid chain-length-
specific dehydrogenase enzyme (VLCAD and LCAD), 
display a cardiomyopathic phenotype [31, 32]. Furthermore, 
mice null for the PPAR-a gene also exhibit diminished 

Table 11.1 Transgenic models of metabolopathies associated with cardiac remodeling and HF

Gene Manipulation Cardiac phenotype

GLUT4 Global KO Hypertrophy, ↑ expression of MCAD and LCAD, ↑ glycogen synthesis, interstitial 
fibrosis

Heterozygous KO Diabetic cardiomyopathy
Cardiac specific KO Hypertrophy, ↑ BNP, glucose uptake

IR Cardiac specific KO ↓ myocyte size, ↓ basal glucose uptake, impaired cardiac function
IGF-R Cardiac overexpression Cardiac hypertrophy
IGF-1 Overexpression Cardiac hypertrophy, attenuation of cardiac dysfunction following myocardial infarct
PI3Ka Constitutively active Cardiac hypertrophy with no alterations in cardiac function or fibrosis

Smaller hearts with normal cardiac functionDominant negative
PTEN Cardiac specific KO Cardiac hypertrophy and impaired contractility
PTEN Constitutively active Cardiac hypertrophy, concentric LV hypertrophy, ↓ infarct size following I/R, altered 

contractility
PDK1 Cre/LoxP KO Sudden death due to HF
AMPKa2 Inactive kinase ↓  heart weight and in vivo LV dP/dt, impaired glucose uptake, glycolysis and FAO,  

↑ apoptosis and impaired LV recovery in response to ischemia
MEF2 Overexpression Pathological cardiac remodeling
PFK2 Cardiac specific kinase deficient Multiple cardiac pathologies, fibrosis, ↓ contractility, impaired glycolysis
G6PDH Global KO Myocardial dysfunction

KO knock-out; IR insulin receptor; IGF insulin like growth factor; MCAD medium chain acyl-CoA dehydrogenase; PDK pyruvate dehydrogenase 
kinase; I/R ischemia/reperfusion; LCAD long chain acyl-CoA dehydrogenase; MEF2 myocite enhancer factor-2; PFK2 phosphofructokinase 2; 
G6PDH glucose 6 phosphate dehydrogenase; AMPK adenosine monophosphate kinase; PTEN phosphatase and tensin homologue deleted on 
chromosome 10; GLUT glucose transporter; BNP B-type or brain natriuretic peptide; PI3K phosphatidylinositol-3-kinase; FAO fatty acid 
oxidation
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myocardial fat catabolic capacity and mild cardiomyo-
pathic phenotype that accompanies aging [33].

Besides “loss of function” models, “gain of function” 
overexpression strategies have also shed light on the relation 
between mitochondrial dysfunction and cardiac dysfunc-
tion, particularly in a poorly characterized entity of cardio-
myopathy associated with diabetes. The healthy heart 
generates ATP using both carbohydrate utilization and mito-
chondrial FAO pathways as shown in transgenic mice (see 
Table 11.2), the diabetic heart derives a preponderance of 
ATP from FAO [34].

The cardiac PPAR-a/PGC-1a system is activated in dia-
betes mellitus [35]. This metabolic shift associated with 
high level of fatty acid import and oxidation may eventually 
lead to pathological mitochondrial and cardiac remodeling. 
Transgenic mice with cardiac restricted overexpression of 
PPAR-a (the MHC-PPAR-a mice) exhibit increased expres-
sion of genes encoding enzymes involved in multiple steps 
of mitochondrial FAO with strong reciprocal down-regulation 
of glucose transporter (GLUT4) and glycolytic enzyme 
gene expression. Myocardial fatty acid uptake and mito-
chondrial fatty acid b-oxidation are markedly increased in 
MHC-PPAR-a hearts, whereas glucose uptake and oxida-
tion are profoundly diminished in MHC-PPAR-a mice [36]. 
Echocardiographic assessment identified LV hypertrophy 
and dysfunction in the MHC-PPAR-a mice in a transgene 
expression-dependent manner, and sequential studies showed 
that both high fat diet and insulinopenia induced further 
remodeling accompanied by signs of HF. The HF phenotype 
caused by the HF chow was completely reversed by resumption 
of standard chow.

To test the hypothesis that mismatch between myocardial 
fatty acid uptake and utilization leads to the accumulation 
of cardiotoxic lipid species, transgenic mouse lines that 
overexpress long-chain acyl-CoA synthetase in the heart 
(MHC-ACS) have been developed by Chiu et al. [37]. The 
MHC-ACS plays an important role in vectorial fatty acid 
transport across the plasma membrane, and this model 
displays cardiac-restricted expression of the transgene and 
marked cardiac myocyte triglyceride and phospholipids 
accumulation. These increases were observed in the 
presence of normal serum glucose and lipid levels and in 
the absence of underlying defects in myocardial fatty acid 
b-oxidation. Lipid accumulation was associated with cardiac 
hypertrophy initially followed by LV dysfunction and 
premature death. This novel mouse model may provide 
significant information on the role that alterations in 
myocardial lipid metabolism play in the pathogenesis of 
inherited and acquired HF.

Neurohormonal Changes and Cytokines

Besides abnormal lipid metabolism, diverse neurohormonal 
signals acting through interwoven signal transduction path-
ways can lead to pathological cardiac hypertrophy and HF 
(see Fig. 11.1). Many such agonists act through cell surface 
receptors coupled with G-proteins to mobilize intracellular 
calcium, with consequent activation of downstream kinases 
and the calcium-and calmodulin-dependent phosphatase cal-
cineurin. MAPK signaling pathways are also interconnected 

Table 11.2 Transgenic models of fatty acid defects and HF

PPAR-a Global KO ↑  myocardial fibrosis; ↓ LV fractional shortening;↓ cardiac contractile performance under basal 
and under stimulation of b1 adrenergic receptors; ↓ cardioprotection to I/R

Cardiac specific 
overexpression

Diabetic cardiomyopathy; ↑ FAO, ↓ glucose uptake and oxidation

FAT/CD36 Global KO DCM; ↓ cardiac fatty acid uptake and triglyceride
FAT/CD36 Overexpression ↑ FAO; ↓ plasma triglyceride + fatty acid; no cardiac pathology; ↑ glucose
H-FABP Global KO Hypertrophy, ↑ANF expression, ↓ LCFA utilization
FATP-1 Cardiac-specific 

overexpression
Lipotoxic CM

ACS1 Cardiac-specific 
overexpression

Cardiomyopathy, hypertrophy, LV dysfunction, HF, intramyocellular triglyceride accumulation

LpL Cardiac-specific KO DCM; ↑ triglyceride; ↓ FAO; ↑ Glut expression and glucose uptake
LCAD Global ablation Cardiomyopathy, lipid accumulation, myocardial fibrosis
Leptin (ob) Null ↑ FAO , fatty acid uptake, triglyceride + lipid accumulation; ↑ diastolic dysfunction
DGK zeta-TG Overexpression ↓  Hypertrophy and fibrosis; blocks cardiac dysfunction and gene induction of type I and type III 

collagens, but not transforming growth factor-b1

FATP fatty acid transport protein; ACS long-chain acyl-CoA synthetase; Lp lipoprotein lipase; LCAD long-chain acyl-coenzyme A dehydrogenase; 
FAT/CD36 fatty acid translocase; H-FABP heart-type fatty acid binding protein; LCFA long chain fatty acids; FAO fatty acid oxidation; 
Glut glucose transporter; I/R ischemia/reperfusion; ANF atrial natriuretic factor; PPAR peroxisome proliferator-activated receptor; DGK zeta-TG 
diacylglycerol kinase transgenic
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at multiple levels with calcium-dependent kinases and cal-
cineurin [38]. b-adrenergic agonists influence cardiac growth 
and function through the generation of cAMP, which acti-
vates protein kinase A (PKA) and other downstream effec-
tors [39]. These signaling pathways target a variety of 
substrates in the cardiomyocyte, including components of 
the contractile apparatus, calcium channels, and their regula-
tory proteins.

Contractile Elements

Although HF that is secondary to altered loading conditions 
may not be associated with reduced intrinsic contractile 
function until the late stages, in general an important hall-
mark of HF is reduced myocardial contractility, with defec-
tive intracellular Ca2+ handling playing a crucial role in the 
pathogenesis of these contractile abnormalities. Individual 
cardiomyocytes intrinsic contractile ability is impaired dur-
ing the evolving HF process and reflects important cellular 
changes that include altered expression of membrane and 
contractile proteins, altered energy metabolism, and impaired 
excitation–contraction coupling [40]. Cell isolation and 
function studies have demonstrated that the reduction in con-
tractile performance in these failing cells is not simply a con-
sequence of associated wall stresses, ischemia, or myocardial 
perfusion defects [41, 42]. However, there is no direct evi-
dence to support that depressed contractility has a causative 
role in the initiation and progression of human HF, nor that 
remodeling in HF may occur in the absence of depressed 
myocyte contractility [41, 43]. Although alterations in car-
diomyocyte contractility contribute to cardiac dysfunction, 
it cannot adequately account for the profound structural 
changes occurring in both, the cells and the surrounding 
ECM that characterize cardiac remodeling. The progressive 
cytoskeletal stiffness, the contractile dysfunction, and fibrosis 
typical of the failing heart may be partly explained by the 
up-regulation of many genes encoding cytoskeletal proteins, 
sarcomeric, and ECM proteins. In their review on the role 
that the cytoskeleton plays in HF, Hein et al. [44] found that 
in chronic HF secondary to DCM there is a morphological 
basis of reduced contractile function: the cytoskeletal and 
membrane-associated proteins are disorganized and increased 
in amount confirming experimental reports. On the other 
hand, the contractile myofilaments and the proteins of 
the sarcomeric skeleton including titin, alpha-actinin, and 
myomesin are significantly decreased. The investigators 
presented a hypothesis assuming that changes occurred 
in stages: (1) The early and reversible stage characterized 
by accumulation of cytoskeletal proteins to counteract an 
increased strain without loss of contractile material, and 
(2) increased accumulation of microtubules and desmin to 

compensate for the increasing loss of myofilaments and 
titin. This last stage represents the late clinical and irre-
versible state. Based on structural basis for HF, they 
suggest an integrative view which closes the gap between 
changes within cardiac myocytes and the involvement  
of the extracellular matrix (ECM), including the develop-
ment of fibrosis. Further discussion on the interaction 
between the cystoskeleton and ECM are presented in a 
later section.

Cellular Hypertrophy

The hypertrophy of cardiomyocytes is a well-recognized 
remodeling response to increased hemodynamic load [45]. 
Myocyte hypertrophy is likely an adaptive mechanism 
designed to improve pump function by expanding the 
number of contractile units while simultaneously reducing 
wall stress by increasing wall thickness. When excessive or pro-
longed, myocyte hypertrophy is maladaptive. Hypertrophy 
can directly result in HF, as evidenced by patients with HCM 
[46]. In the failing heart, excessive LV hypertrophy is associ-
ated with reduced chamber compliance, myocardial fibrosis, 
and lethal dysrhythmias [47, 48]. However, the time frame of 
transition from adaptive to maladaptive hypertrophy is 
not known. Experimental evidence indicates that targeted 
increases in wall thickness in the absence of concomitant 
increases in LV volume can have beneficial effects on 
cardiac performance and the progression of HF [49].

The first stimulus to induce myocyte hypertrophy is usu-
ally mechanical, such as hemodynamic overload, although 
neurohormones and cytokines also play an important role in 
its maintenance [50, 51]. Transduction of mechanical stress 
and other environmental signals is believed to occur through 
integrin proteins, transmembrane receptors that couple extra-
cellular matrix components directly to the intracellular 
cytoskeleton and nucleus [52, 53]. In general, the signal for 
hypertrophy is mediated by a complex cascade of signaling 
systems within the cardiomyocyte, resulting in gene repro-
gramming [54]. These signaling mechanisms have been dis-
cussed in other chapters; in brief, diverse neurohumoral 
signals acting through many interrelated signal transduction 
pathways lead to pathological cardiac hypertrophy and HF 
[54]. Moreover, activated hypertrophy-related genes induce 
the synthesis of new contractile proteins that are organized 
into new sarcomeres. Thus, extensive remodeling of the 
complete intracellular contractile apparatus is characteristic 
of the failing heart.

Recent experimental observations have shown that the 
introduction of functional miRNA (e.g., miRNA-21 or 
miRNA-18b) into cardiomyocytes (see Chap. 3) represses 
myocyte hypertrophy. The role miRNAs play in cardiac 
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remodeling and HF, has been recently reviewed by Divakaran 
and Mann [55]. Alterations in the expression or activity, 
or both, of myofilament regulatory proteins are potential 
mechanisms for the decrease in cardiac contractile function 
in HF, including changes in myosin light chains and the 
troponin–tropomyosin complex. While some studies have 
implicated a role for miRNA-21 in the regulation of  
cardiomyocytes hypertrophic growth, others did not. This 
discrepancy between studies could be explained on findings 
that the modulation of hypertrophic growth by miRNA-21 in 
myocytes is achieved through an indirect mechanism, rather 
than a direct targeting effect of miR-21 on hypertrophy-
related genes. So far, miRNA-21 has no confirmed gene tar-
gets that are related to cardiomyocyte hypertrophy. Therefore, 
its role in cardiomyocyte hypertrophy remains unknown, 
since exogenously administered premiRNA-21 (i.e., primary 
transcripts to short stem-loop structures that become a 
messenger RNA after processing) fails to be processed in 
myocytes, resulting in a lack of capacity to overexpress 
mature miRNA-21 in these cells. Finally, based on current 
knowledge, we agree that the role that miRNAs play in HF is 
rather limited, and is based largely on studies that have 
examined the miRNA expression profiles on explanted hearts 
from HF patients or from studies that have examined miRNA 
microarrays in experimental animal models that develop 
remodeling or from stimulated cardiomyocytes cell culture.

Cell Death and Renewal

Environmental stress and injury produce cell death by apop-
tosis, necrosis, and perhaps autophagy. Little is known about 
the role of necrosis and autophagy in HF (see Chap. 5). On 
the other hand, a conceptual framework has been developed 
for apoptosis, a highly regulated cell suicide process that is 
hard-wired into all metazoan cells. Chronic cardiac remodel-
ing response and transition to overt HF have been associated 
with modestly increased apoptosis [56–58], although the 
actual burden of chronic cell loss attributable to apoptosis is 
not clear. Measures of actual rates are highly variable and 
depend on the species, type of injury, timing, location, and 
method of assessment. When viewed in absolute terms, the 
rate of apoptosis is quite low [59], however, when the rela-
tively low rates are viewed in the context of months or years, 
it is entirely plausible that the apoptotic burden could be sub-
stantial. Unfortunately, the timing of the apoptotic process is 
not well defined and the assessment of the true rates and their 
consequences is still quite limited.

Apoptosis is a complex process and its regulation is not 
completely defined. An important signaling pathway for 
myocardial apoptosis during the transition to HF is mediated 
by the balance of the proapoptotic protein Bax relative to the 

antiapoptotic protein Bcl-2 [60]. These proteins can stimu-
late or suppress the action of the caspases, which carry out 
the characteristic biochemical and morphological changes of 
apoptosis. Other key pathways include the expression of the 
death receptor Fas, which is up-regulated in failing cardio-
myocytes and activates downstream caspases, resulting in 
apoptosis [61, 62]. In short, apoptosis is mediated by two 
evolutionarily conserved central death pathways: the extrin-
sic pathway, which utilizes cell surface death receptors; and 
the intrinsic pathway (see Chap. 5), involving mitochondria 
and the ER (Fig. 11.2) [63]. In the extrinsic pathway, death 
ligands (e.g., FasL) initiate apoptosis by binding their 
cognate receptors [64]. This stimulates the recruitment of the 
adaptor protein Fas-associated via death domain (FADD), 
which then recruits procaspase-8 into the death-inducing 
signaling complex (DISC) [65]. Procaspase-8 is activated 
by dimerization within this complex and subsequently 
cleaves and activates procaspase-3 and other downstream 
procaspases [66].

As discussed in Chap. 5, the intrinsic pathway trans-
duces a wide variety of extracellular and intracellular 
signaling stimuli including loss of survival/trophic factors, 
toxins, radiation, hypoxia, OS, myocardial ischemia/ 
reperfusion (I/R) injury, and DNA damage. Although a number 
of peripheral pathways connect these signals with the 
central death machinery, each ultimately feeds into a variety 
of proapoptotic Bcl-2 related proteins that possess only 
Bcl-2 homology domain 3 (BH3-only proteins, including 
Bid, Bad, Noxa, Puma, Bim and Bmf, all have only the short 
BH3 motif) and the proapoptotic multidomain Bcl-2 proteins 
Bax and Bak [67]. These proteins undergo activation through 
diverse mechanisms to trigger the release of mitochondrial 
apoptogens, such as cytochrome c, Smac, EndoG, and AIF 
into the cytoplasm [68–71]. Once in the cytoplasm, cyto-
chrome c binds Apaf-1 along with dATP. This stimulates 
Apaf-1 to homo-oligomerize and recruits procaspase-9 into 
the multiprotein complex called the apoptosome [72–75]. 
Within the apoptosome, procaspase-9 is activated by 
dimerization, after which it cleaves and activates down-
stream procaspases. Bid unites the extrinsic and intrinsic 
pathways; following cleavage by caspase-8, Bid’s C-terminal 
portion translocates to the mitochondria and triggers further 
apoptogen release [76, 77].

The extrinsic and intrinsic pathways are regulated by a 
variety of endogenous inhibitors of apoptosis (see Fig. 11.2). 
FLICE-like (Fas-associated death domain protein-like-
interleukin-1-converting enzyme-like) inhibitory protein 
(FLIP), whose expression is highly enriched in striated 
muscle, binds to and inhibits procaspase-8 in the DISC [78]. 
Antiapoptotic Bcl-2 proteins, such as Bcl-2 and Bcl-xL, 
inhibit mitochondrial apoptogen release through biochemical 
mechanisms that are still incompletely understood. Ku-70 and 
humanin bind Bax and block its conformational activation 
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and translocation to the mitochondria [79]. X-linked 
inhibitor of apoptosis (XIAP) and related proteins, which 
contain baculovirus inhibitor of apoptosis repeats, bind to 
and inhibit already activated caspases-9, -3, and -7, as well as 
interfering with procaspase-9 dimerization and activation 
[80, 81]. Each of these inhibitors acts on circumscribed 
portions of either the extrinsic or intrinsic pathway. By 
contrast, the apoptosis repressor with caspase recruitment 
domain (ARC), which is expressed preferentially in striated 
muscle and some neurons, antagonizes both the intrinsic and 
extrinsic apoptosis pathways [82]. The extrinsic pathway is 
inhibited by ARC’s direct interactions with Fas, FADD, 
and procaspase-8, which prevent DISC assembly, while 
the intrinsic pathway is inhibited by ARC’s direct binding 
and inhibition of Bax’s interaction with the mitochondrial 
membrane [83, 84].

In the failing human heart, the expression of protoonco-
genes that regulate programmed cell death is increased and 
is associated with increased cardiomyocyte apoptosis [85]. 

To assess the role of apoptosis in human HF, patients with 
acute myocardial infarction (MI) were assessed for the rate 
of cardiomyocyte apoptosis relative to indices of structural 
LV remodeling. Within the infarct area and in areas remote 
from the site of injury, the rate of myocardial apoptosis 
was increased and was strongly associated with maladap-
tive LV remodeling in addition to adverse clinical out-
comes [86]. The most common form of HF that has been 
associated with significant levels of apoptosis is associated 
with DCM [87]. Apoptosis is also correlated with the clini-
cal severity of DCM and the subsequent need for cardiac 
transplantation [88]. Despite the demonstration that apop-
tosis occurs in cardiac remodeling and HF, it is not clear 
whether apoptosis is a cause or consequence of transition 
to HF. Experimental models of progressive LV dysfunc-
tion and HF provide an opportunity to regulate apoptosis 
and examine the resultant influence on LV structure and 
function. In rabbits with coronary artery ligation, the 
administration of a viral antiapoptotic Bcl-2 gene to the 

Fig. 11.2 The extrinsic and survival pathways of apoptosis. The 
extrinsic pathway is initiated by ligand binding to death receptors 
leading to recruitment of FADD and DISC which stimulates the 
activation of caspase 8 resulting in caspase 3 activation and Bid 
cleavage (a C-terminal fragment of Bid targets mitochondria). FLIP, 
ARC, and Ku70 can stem this pathway’s progression at specific points. 

Intracellular stimuli trigger ER release of Ca2+ through both Bax and 
BH3-protein interactions. Also depicted is the survival pathway 
triggered by survival stimuli, mediated by growth factor receptors, 
transcription factor activation (e.g., NF-kB), and enhanced expression 
of IAPs and Bcl-2. Also shown is the intrinsic pathway (previously 
discussed in Chap. 5)
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heart limited apoptosis and simultaneously attenuated LV 
dilatation and dysfunction [89]. In addition, bioactive 
peptides such as insulin-like growth factor-1 (IGF-1) can 
protect cardiomyocytes from apoptosis [90]. The overex-
pression of IGF-1 in a mouse coronary artery ligation 
model limited cell death and correspondingly attenuated 
maladaptive remodeling and the transition to HF [91]. In a 
canine model of HF, exogenously administered IGF-1 
attenuated wall thinning and improved function in associa-
tion with reduced apoptosis [92]. These observations in 
animal models lend support to the concept that apoptosis 
may play a contributory role in cardiac remodeling and the 
transition to HF.

A new concept of cardiomyocyte regeneration has been 
proposed. This concept is based on the premise that myocyte 
death and regeneration are homeostatic mechanisms intrinsic 
to both the normal and diseased heart [93, 94]. Estimates of 
the rates of cell death would suggest that an innate system of 
cardiomyocyte replacement might be present to account for 
the maintenance of cardiac muscle mass over a lifetime [95]. 
Although some investigators believe that significant regen-
eration are not observed in conditions where myocytes are 
extensively lost, myocardial tumors are rare, and the current 
evidence supporting cell renewal in the heart is preliminary 
and controversial [96]. Findings of cyclin and cyclin-depen-
dent kinase up-regulation in both normal and pathological 
myocardium, as well as increased telomerase activity in car-
diomyocytes, have been proposed to be evidence of myocyte 
renewal. Opposing viewpoints dismiss these observations as 
nonspecific biochemical events of hypertrophy and not as 
evidence of cardiomyocyte hyperplasia [96]. Direct evidence 
for the concept of myocyte regeneration was obtained by 
Anversa et al. examining normal and post-MI left ventricular 
myocardium for the presence of cytological and biochemical 
markers of cell replication in cardiomyocytes. Measurements 
of Ki67 and the mitotic index indicated that cardiomyo-
cyte replication occurred in normal myocardium and was 
increased in diseased myocardium, particularly in the border 
zone between infarcted and viable myocardium [92, 97, 98]. 
These investigators hypo thesize that the majority of adult 
cardiomyocytes are indeed terminally differentiated and only 
a small proportion of cardiomyocytes retains the ability to 
reenter the cell cycle, becoming particularly prolific when 
the myocardium is injured and cell losses were incurred. 
Based on the magnitude and rate at which these events are 
hypothesized to occur, the proponents of the cell renewal 
theory estimate that the entire LV could be regenerated in a 
period of 6 months, and as such, the generation of new myo-
cytes likely contributes to remodeling the failing heart [99]. 
Unfortunately, these mechanisms of cell renewal do not 
appear capable of regenerating the burden of cells lost within 
an area of infarction and are limited to the restoration of cells 
lost in the remaining viable myocardium.

While evidence does exist in support of a limited popula-
tion of cardiomyocyte stem cells in the myocardium, the pos-
sibility exists that a population of extracardiac stem cells, 
perhaps from the bone marrow, is capable of regenerating 
cardiomyocytes lost to injury [100–103]. In transplanted 
human hearts, chimerism has been observed, supporting the 
possibility that extracardiac progenitor cells exist and serve 
to regenerate cardiomyocytes in the heart [104, 105]. 
Moreover, chimerism has also been demonstrated in the heart 
after bone-marrow transplantation [106].

The Extracellular Matrix

A fundamental process in cardiac remodeling is the myo-
cardial extracellular matrix (ECM) dynamic interaction 
with the various cellular and acellular components of the 
heart, including cardiomyocytes, collagen, soluble factors, 
and mechanical cues that provide both positive and negative 
signals generated by various physiologic conditions.

Also, critical to this cardiac remodeling dynamic process 
are several classes of transmembrane receptors that provide 
both inside-out and outside-in signaling [107]. ECM trans-
lates the force generated by individual myocytes into orga-
nized ventricular contraction and prevents myocyte slippage. 
ECM surrounds and interconnects cardiac myocytes, myofi-
brils, muscle fibers, and the coronary circulation [52, 108], 
and because of the high tensile strength of fibrillar collagen 
and its close association with the functioning components 
of the myocardium, alterations in the ECM can signifi-
cantly influence the size, shape, and function of the cardiac 
chamber.

As previously noted, there is an important link between 
the ECM and the cardiomyocyte cytoskeleton; one class of 
cell-surface receptor molecules that constitute part of that 
link are the transmembrane integrins which act as signaling 
molecules and transducers of mechanical force [109]. 
Interestingly, integrins are expressed in all cellular compo-
nents of the cardiovascular system, including the vasculature, 
blood, cardiac myocytes, and nonmuscle cardiac cells. In 
response to specific changes in their micro-environment, 
these receptors become activated and form focal adhesions, 
areas of attachment of the cells to ECM proteins involving 
the colocalization of cytoskeletal proteins, intracellular sig-
naling molecules, and growth factor receptors. Growth fac-
tor-mediated integrin activation can stimulate cell growth, 
gene expression, and adhesion in cardiac fibroblasts [110]. In 
addition, a large number of bioactive signaling molecules 
and growth factors, proteases, and structural proteins have 
been identified that influence cell–matrix interactions. 
For example, small G proteins act as molecular switches 
to regulate numerous cellular responses including cardiac 
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myocyte hypertrophy and cell survival associated with cell 
growth and division, multiple changes in the cytoskeleton, 
vesicular transport, and myofibrillar apparatus. Extensive 
cardiac remodeling may occur prior to the development of 
symptomatic HF. For example, pressure overloading during 
the compensated phase leads to concentric hypertrophy that 
is characterized by an increase in myocyte cross-sectional 
area (CSA). On the other hand, volume overloading during 
the compensated phase of HF leads to an increase in 
chamber diameter/wall thickness, which is characterized 
by increased myocyte length and CSA. Excessive myocyte 
lengthening without changes in CSA appears to be the pri-
mary cellular alteration leading to chamber dilatation in the 
progression to HF [106].

The classical perspective that the ECM is an inert bioma-
terial and passive structural support mechanism has been 
replaced by the new concept that the ECM is a dynamic 
entity that is in equilibrium with the cellular components of 
the heart, and that it alters its composition and organization 
in response to environmental cues and tissue injury [111]. 
Furthermore, myocardial ECM has considerable plasticity 
such that the components of the ECM are actively degraded 
and replaced [108, 112, 113].

Metalloproteinases

Physiologic degradation of matrix elements is primarily the 
result of the coordinated activity of the proteolytic enzymes. 
A family of zinc-dependent enzymes capable of degrading 
the ECM of biological tissues, which play a fundamental 
role in ECM remodeling in normal and disease states, are the 
matrix metalloproteinases (MMPs) [114, 115]. Among the 
20 species reported, MMPs can be divided into two principal 
types: those that are secreted into the extracellular space and 
those that are membrane bound. The secreted MMPs com-
prise the majority of known MMP species and are released 
into the extracellular space in a latent or proenzyme state 
(proMMP). Activation of these latent MMPs is required for 
proteolytic activity, achieved through enzymatic cleavage of 
the propeptide domain. Serine proteases such as plasmin as 
well as other MMP species can convert proMMPs to active 
enzyme. Rapid amplification of MMP activity therefore 
occurs after an initial enzymatic step. The secreted MMPs 
bind to specific ECM proteins based on the sequence of the 
C-terminus of the enzyme and therefore they are in very 
close juxtaposition to the future proteolytic substrate, pro-
viding a means for rapid induction of proteolytic activity. 
The activated MMPs subsequently undergo autocatalysis, 
resulting in lower molecular weight forms and ultimately 
inactive protein fragments. The classification of MMPs was 
originally determined by substrate specificity, but as the 

characterization of this enzyme system proceeded, a great 
deal of substrate crossover between MMP classes and spe-
cies has been identified. Nevertheless, a general classifica-
tion has been developed for the MMPs and discussed in 
several reviews [116, 117]. In brief, the interstitial collage-
nases such as MMP-1, MMP-13, the stromelysins, MMP-3, 
and the gelatinases, MMP-2 and MMP-9 have been observed 
within the myocardium [3, 118, 119]. A second and novel 
class of MMPs is the membrane-type MMPs (MT-MMPs), 
which are membrane bound and therefore provide a focal 
substrate for ECM proteolytic degradation [120]. During 
trafficking to cell membrane, MT-MMPs undergo intracel-
lular activation through a proprotein convertase pathway. 
Thus, unlike other classes of MMPs, MT-MMPs are pro-
teolytically active once inserted into the cell membrane. 
Finally, MT-MMPs contain substrate recognition site for 
other MMP species and therefore constitute an important 
pathway for activation of other MMPs [117, 121]. Type 1 
MT-MMP (MT1-MMP) proteolytically processes the pro-
forms of the gelatinase MMP-2 and the interstitial collage-
nase MMP-13. MT-MMPs do not appear to be under the 
influence of local inhibitory control because the tissue inhib-
itors of the MMPs (TIMPs), including TIMP-1, fail to effec-
tively bind to MT-MMPs [121, 122]. Six different MT-MMPs 
have been cloned and appear to be expressed in both normal 
and diseased heart. A number of cell types within the myo-
cardium express MT-MMPs, including fibroblasts, vascular 
smooth muscle, and cardiac myocytes. The best character-
ized MT-MMP is MT1-MMP and it has been the focus of 
several studies [120]. It has been shown that MT1-MMP 
degrades fibrillar collagens and a wide range of ECM glyco-
proteins and proteoglycans. MT-MMPs therefore likely play 
a key role in ECM degradation localized to basement mem-
brane and cell–cell contact points.

An important control point of MMP activity is through 
the presence of an endogenous class of low molecular weight 
TIMPs [122]. To date, four different TIMP species have been 
identified and are known to bind to activated MMPs in a 1:1 
stoichiometric ratio. The four TIMP species all bind and 
inactivate the various MMPs, including MMP-2 and MMP-9, 
but with different affinities. TIMP-3 is a more potent 
inhibitor of MMP-9 than the other TIMPs [123]. Certain 
MMPs bind to proMMPs and thereby form MMP–TIMP 
complexes. The functional significance of these proMMP–
TIMP complexes is not completely understood but may actu-
ally facilitate MMP activation. One of the better-characterized 
TIMPs is TIMP-1, which binds with great affinity to 
activated MMPs, and as discussed earlier does not effec-
tively bind and inhibit MT-MMPs. TIMP-4 appears to have 
a predominant distribution within the myocardium [124]. 
However, the significance of the myocardial expression 
of TIMP-4 remains to be determined. Besides to binding 
to MMPs, TIMPs appear also to influence cell growth and 
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metabolism in vitro [122]. Thus, TIMPs may have multiple 
biological effects with respect to MMP activity within 
the myocardium that would be relevant to the cardiac remode-
ling process. An important emerging concept in the 
biology of MMPs is that MMP can alter the bioactive 
properties and signaling capacity of the ECM through the 
activation and release of growth factors, and other biologi-
cally active matrix elements including the collagen degrada-
tion products [116].

The ADAMs (a disintegrin and metalloproteinase) are a 
unique and novel class of enzymes from the metalloprotei-
nase family that degrade ECM components and simultaneously 
activate key biopeptides in the interstitial microenvironment 
[125]. ADAMs are believed to be able to modify cell–cell 
and cell–matrix interactions via integrin receptors and 
may therefore influence issue architecture and remodeling 
by reorganizing cells within their matrix. ADAMs may also 
activate biologically active peptides, cytokines, and growth 
factor resulting in biological effects [125]. Although ADAMs 
have been implicated in cardiac disease and remodeling 
[50, 126–128], their specific profile and their role in HF 
remain to be evaluated.

There is ample evidence to incriminate a pathophysiologic 
role for MMPs in LV remodeling and HF; and the topic has 
been the subject of several recent reviews [129, 130]. In 
brief, increased MMP expression has been found in patients 
with end-stage HF and in animal models of HF due to LV 
dysfunction [118, 124, 131–134], and a cause and effect rela-
tionship between MMPs and LV remodeling have been 
established through the use of transgenic models and the use 
of pharmacologic MMP inhibitors [5, 133, 135–138]. For 
example, a loss of MMP inhibitory control through TIMP-1 
gene deletion has been shown to produce LV chamber dila-
tion in mice [138]. Cardiac restricted overexpression of the 
MMP-1 (interstitial collagenase) resulted in a loss of colla-
gen abundance with transition to LV dysfunction [136]. 
Moreover, deletion of the MMP-9 gene in mice reduces the 
rate of cardiac rupture and alters the course of LV remodel-
ing following MI [133].

Changes in collagen phenotypes, MMPs, TIMPs, lysyl 
oxidase (LOX), and the role of TGF-b in the induction of 
type III collagen in cardiac fibroblast have been recently the 
subject of appraisal by Sivakumar et al. [139] , both in DCM 
and in non-failing human heart. In DCM, the heart collagen 
concentration was markedly elevated compared to that of the 
non-failing hearts associated with an increase in Type I 
(18%) and Type III (33%) collagen. In comparison with 
non-failing hearts the content of MMP-2 and MMP-9 
was significantly increased in DCM. Transcriptional level 
of LOX, TIMP 1, and 2 were markedly upregulated in DCM. 
Furthermore, a significant increase in the transcript levels of 
cytokines, notably IFN, IL-6, TNF-a, and TGF-b superfamily 
was observed in all DCM hearts. The addition of TGF-b 

to cardiac fibroblasts caused a dose dependent increase in 
type III collagen. Taken together, these data support the 
concept that defects in collagen, MMPs, various cytokines, 
and LOX are contributory to the cardiac remodeling process 
leading to HF.

Electrical Remodeling Secondary  
to Ventricular Dysrhythmias

Although a detailed analysis on the incidence and types of 
dysrhythmias occurring as a consequence of or concomitant 
with HF is addressed in Chap. 13, in this section, we will 
briefly comment only on LV remodeling associated with 
ventricular dysrhythmias.

Defective electrical activation of the heart secondary 
to pacing or HF may induce marked ventricular electrical 
remodeling. According to Marrus and Nerbonne, cardiac 
myocytes, in response to these electrical or mechanical 
perturbations, exhibit remarkable changes in the expression 
and/or the function of sarcolemmal ion channels, a process 
that is broadly described as electrical remodeling [140]. 
This remodeling has beneficial, as well as adverse, effects 
on myocardial function, including increased risk of fatal 
dysrhythmias. One specific example of cardiac electrical 
remodeling is cardiac memory, a phenomenon induced in 
the heart after abnormal myocardial activation patterns pro-
duced by artificial pacemakers. Based on recent observations, 
Jeyaraj et al. [141] have presented the intriguing similarities 
between cardiac memory and HF. In both situations, abnor-
mal mechanical stretch of the myocardium results in direct 
alterations in ion channel properties, as well as in the activa-
tion of angiotensin-dependent signa ling cascades. With 
time, altered gene transcription and protein synthesis lead 
to persistent changes in ion channel levels and activities, 
changes that can significantly impact normal cardiac func-
tion and increase dysrhythmias susceptibility.

Defective electrical activation of the heart secondary 
to pacing or HF may induce marked ventricular electrical 
remodeling, which may be manifested electrocardiogra-
phically as T-wave memory, and ultimately as deleterious 
mechanical remodeling from heterogeneous strain [141]. 
Although T-wave memory is associated with altered expres-
sion of sarcolemmal ion channels, the biophysical mecha-
nisms responsible for triggering remodeling of cardiac ion 
channels have not been established.

The study by St. John Sutton et al. [142] has addressed the 
relationship of ventricular dysrhythmias (premature ventric-
ular contractions > 10/h) and ventricular tachycardia (VT) 
to measures of LV remodeling, following acute myocar-
dial infarction (AMI). They found that both premature 
ventricular contractions (PVCs) and ventricular tachycardia 
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(VT) are related to LV mass area at the mid papillary muscle 
level (LVMA) and cavity area change (LVD) at baseline, 1, 
and 2 years. A change in LV size and function from baseline 
to 2 years was predictive of both PVCs and VT. In addition, 
there was an increased likelihood of PVCs and VT with each 
quintile of LV size and function at baseline, at 1 and 2 years. 
Thus, adverse LV remodeling, defined as higher LVMA 
and greater LV volume, and decreased systolic function, 
is associated with higher grade of ventricular dysrhythmias 
including VT. The likely mechanism is that LV remodeling 
is associated with greater areas of myocardial fibrosis 
that results in the substrate for ventricular dysrhythmias; 
however, this study has significant limitations since it did not 
provide conclusive information regarding the potential 
success of treatment, and also it was limited to ventricular 
dysrhythmias.

Reversing Cardiac Remodeling

Insights from Patients with Left Ventricular 
Assist Device

In the last few years, new knowledge has emerged on the 
basic mechanisms of ventricular remodeling from studies of 
HF patients supported by mechanical left-ventricular assist 
devices (LVADs). LVADs, used as a “bridge to transplant” 
for some HF patients, can induce profound cardiac unload-
ing and have been shown to be associated with reverse car-
diac remodeling on a structural and functional level [143]. 
These devices offer a unique setting to study the molecular 
mechanisms underlying cardiac remodeling. To analyze this 
reverse remodeling at a transcriptional level, a series of stud-
ies have been performed using cardiac tissue from patients 
before and after placement of an LVAD [144, 145]. One 
study analyzed six HF patients with different etiologies 
using oligonucleotide microarrays [141]. Paired test analysis 
revealed numerous genes that were regulated, including a 
down-regulation of several previously studied genes. Further 
analysis revealed that the overall gene expression profiles 
could significantly distinguish pre- and post-LVAD status. 
Importantly, the data also identified two distinct groups 
among the pre-LVAD failing hearts, in which there was blind 
segregation of patients based on HF etiology. In addition to 
the substantial divergence in genomic profiles for these two 
HF groups, there were significant differences in their corre-
sponding LVAD-mediated regulation of gene expression, with 
an association between the process of reverse remodeling 
and changes in cellular metabolic pathways [144]. Another 
study analyzed seven patients with DCM. On average, 1,374 
(±155) genes were reported as “increased” and 1,629 (±45) 

as “decreased” after LVAD support. Up-regulated genes 
included a large proportion of transcription factors, genes 
related to cell growth/apoptosis/DNA repair, cell structural 
proteins, metabolism, and cell signaling/communication. 
LVAD support resulted in down-regulation of genes for a 
group of cytokines [146]. In another study, analysis of a gene 
expression library of 19 paired human failing heart samples 
from different etiologies harvested at the time of LVAD 
implant, and again at explant revealed a high percentage 
of genes involved in the regulation of vascular networks 
including neuropilin-1 (a VEGF receptor), FGF9, Sprouty1, 
stromal-derived factor 1, and Endomucin, suggesting that 
mechanical unloading alters the regulation of vascular orga-
nization and migration in the heart. In addition to vascular 
signaling networks, GATA4 binding protein, a critical mediator 
of myocyte hypertrophy, was significantly down-regulated 
following mechanical unloading. In summary, these findings 
may have important implications for defining the role of 
mechanical stretch and load on autocrine/paracrine signals 
directing vascular organization in the failing human heart 
and the role of GATA4 in orchestrating reverse myocardial 
remodeling [145].

The impact of LVADs support on reversing the remodel-
ing process has been recently reviewed by Klotz et al. [147]. 
It appears that the clinical outcome following the use of 
LVADs have not always been favorable, since some patients 
treated with LVADs often progressed rapidly back to HF. 
Nonetheless, important information have emerged from 
studies of LVAD implantation (with the intention of a “bridge 
to transplant” for some HF patients) that provides insights 
into the basic mechanisms of ventricular remodeling, and 
also in establishing the possible limits of ventricular recovery. 
These studies generated the concept of reverse remodeling, 
now recognized as an important goal of many HF treatment 
modalities. As pointed out by these investigators, there 
are important structural and functional elements that do not 
necessarily regress toward normal during treatment with 
LVADs, including abnormal extracellular matrix metabolism, 
increased tissue angiotensin levels, myocardial stiffening, and 
partial recovery of gene expression involved with meta-
bolism. Notwithstanding these findings, LVADs studies have 
led to understand that an unprecedented degree of myocar-
dial recovery is possible, when given sufficient mecha nical 
unloading and restoration of more normal neurohormonal 
milieu. Also, Sopa et al. have reviewed LVADs- induced 
molecular changes in the failing myocardium [148]. In both 
patients and experimental models, improved myocardial 
function was associated with alterations in several key 
pathways including cell survival, cytokine signaling, calcium 
handling, adrenergic receptor signaling, cytoskeletal and 
contractile proteins, energy metabolism, extracellular matrix, 
and endothelial and microvascular functions. The unique 
research opportunities offered by LVADs analysis are 
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beginning to distinguish changes associated with recovery 
from those of mechanical unloading alone, allowing the 
establishment of potential predictors and novel therapeutic 
targets capable of improving myocardial repair.

Remodeling and CRT

Although more detailed information about the use of cardiac 
resynchronization therapy (CRT) in HF patients is presented 
in Chap. 20, here it will suffice to comment only on the 
positive and negative side of using this methodology in 
relation to New York Heart Association NYHA functional 
class, and its effect in remodeling. Acquired information from 
extensive databases and hand searches directed to evaluate 
the efficacy, effectiveness, and safety of CRT in patients with 
LV systolic dysfunction showed that CRT reduces morbi-
dity and mortality in patients with LV systolic dysfunction, 
prolonged QRS duration, and NYHA class 3 or 4 symptoms, 
when combined with optimal pharmacotherapy. However, 
the incremental benefits of combined CRT plus implantable 
cardioverter-defibrillator devices vs. CRT-alone devices in 
patients with LV systolic dysfunction remain uncertain [149]. 
On the other hand, based on the concept that CRT improves 
LV structure and function and clinical outcomes in NYHA 
functional class III and IV HF with prolonged QRS, the 
European REVERSE study group have carried out a random-
ized trial of cardiac resynchronization in mildly symptom-
atic HF, and in asymptomatic patients with LV dysfunction 
and previous HF symptoms [150]. This study consisted of a 
cohort of 610 patients with NYHA functional class I or II HF 
with a QRS ³ 120 ms and a LV ejection fraction £40% that 
received a CRT device (±defibrillator), and were randomly 
assigned to active CRT (CRT-ON; n = 419) or control (CRT-
OFF; n = 191) for 12 months. The HF clinical composite 
response end point showed that 16% worsened in CRT-ON 
compared with 21% in CRT-OFF. CRT-ON patients experi-
enced a greater improvement in LV end-systolic volume 
index and other measures of LV remodeling. Time-to-first 
HF hospitalization was significantly delayed in CRT-ON. 
Taken together, the REVERSE trial demonstrates that CRT, 
in combination with optimal medical therapy (±defibrilla-
tor), reduces the risk for hospitalization in HF patients and 
improves ventricular remodeling in NYHA functional class 
II as well as in NYHA functional class I patients with previ-
ous HF symptoms. What makes this study particularly inter-
esting is that the REVERSE is the first randomized study 
designed to evaluate the results of using CRT in patients with 
NYHA class I–II HF symptoms and abnormal LV function. 
Notwithstanding, the benefits of CRT in patients with mild 
HF may require a longer period of time to become apparent. 
Furthermore, caution is needed before definitive conclusions 

can be reached concerning the use of CRT in mild HF, 
keeping in mind not only the cost of CRT devices but also 
their potential side effects (e.g., ventricular dysrhythmias) 
and other complications.

Other Approaches to Remodeling Therapy

Critical to the current treatment of HF is the ability to favor-
ably reverse the chronic processes by which the failing heart 
remodels. Reverse remodeling can be induced by pharmaco-
logical and non-pharmacological therapy. The CARMEN 
(Carvedilol ACE Inhibitor Remodeling Mild CHF) study 
have explored the need for combined treatment for remodeling 
and order of introduction by comparing angiotensin-converting 
enzyme (ACE) against carvedilol, a b-adrenergic antagonist 
with vasodilatory properties (a1-antagonism), and their 
combination. These studies demonstrated that carvedilol 
could be safely administered before starting ACE inhibitor 
treatment, but that patients presenting with mild HF should 
receive a combination of carvedilol and an ACE inhibitor at 
the initiation of therapy to help slow disease progression 
[151]. More recently, it has been argued that carvedilol alone 
not only attenuate LV remodeling and improve clinical out-
comes in patients with LV dysfunction and/or HF following 
acute myocardial infarction, but that in comparative studies 
with metoprolol, carvedilol may be associated with greater 
survival benefit in HF patients [152].

In 1999 the RESOLVD pilot study [153], a prospective, 
multinational study of 768 randomized patients with New 
York Heart Association class II to IV heart failure (ischemic 
heart disease was present in 71% of them), distributed these 
patients to receive an angiotensin II receptor antagonist (can-
desartan), ACE inhibitor (enalapril), or candesartan plus 
enalapril for 43 weeks. It was found that ACE inhibitors can 
substantially reduce morbidity and mortality in HF patients, 
that angiotensin II (AII) levels raised despite treatment, and 
also that the event rates remained high. Furthermore, the study 
also demonstrated that combining an ACE inhibitor with an 
AII-receptor blocker may be more effective in reducing 
LV remodeling than either agent alone. However, while end-
diastolic and end-systolic volumes showed lesser increases 
with combination therapy than with candesartan or enalapril 
alone, the higher mortality rate associated with the combi-
nation therapy finally forced cancellation of the study, 6 
weeks prior to completion. More recently, a follow up study 
in RESOLVD [154] has addressed the applicability of tem-
poral changes in neurohormones as markers of ventricular 
remodeling and also its use for prognostication in patients 
with LV systolic dysfunction and HF, who were treated 
with either candesartan, enalapril, or both. Temporal changes 
in plasma renin, angiotensin-II, aldosterone, epinephrine, 
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norepinephrine, B-type natriuretic peptide (BNP), and 
N-terminal atrial natriuretic peptide (NT-ANP) were mea-
sured at baseline and at 17 and 43 weeks after randomiza-
tion. These measurements were examined regarding their 
relations with concurrent changes in LV ejection fraction 
(LVEF), cardiac volumes, and risk for subsequent adverse 
clinical outcomes. Increasing BNP and NT-ANP over time 
were associated with concurrent decreasing in LVEF, 
increasing end-diastolic volume (EDV), and increasing end-
systolic volume. In multivariable analysis, changes in BNP 
and NT-ANP were independent predictors of the changes in 
ESV and EDV, whereas the change in BNP also predicted 
the change in EF. Patients who died or experienced HF 
hospitalization had higher increases in NT-ANP and lesser 
decreases in norepinephrine. Increasing NT-ANP and 
norepinephrine over time independently predicted increased 
risk for subsequent death or HF hospitalization. Taken 
together, this study showed that in treated patients with 
HF, increasing NT-ANP and BNP over time predict a 
decreasing EF and LV dilatation, while increasing NT-ANP 
and norepinephrine independently predict greater mortality 
and morbidity. Thus, serial measurements of these neuro-
hormones may serve as useful substitute markers of 
ventricular remodeling and prognosticators for clinical risk 
stratification.

Besides pharmacotherapy, LVADs, containment devices 
and new methods to restore synchronous contraction have 
been added to the treatment of chronic HF, and in some cases 
significant improvement in both symptoms and mortality 
have been achieved. LVADs in advanced HF cases might 
allow significant unloading to the failing ventricle; but when 
weaning from LVADs should be carried out, if persistent 
functional improvement continues in HF patients, is ques-
tionable. Nonetheless, as previously mentioned, besides 
its role as a therapeutic modality, LVADs have provided 
remarkable insights into the molecular and cellular basis of 
cardiac remodeling (since the procedure allows access to 
collection of heart tissue). In the future, genetic and cellular 
approaches, as well as new small molecule targets, may pro-
vide alternative avenues to reverse the remodeling process, 
improving symptoms and disease outcome [155].

Conclusions and Future Directions

LV remodeling is a critical process in the progression of HF, 
and understanding its mechanism(s) may allow understand-
ing of the pathophysiology of HF. Recently, the assessment 
of this process have significantly evolved to include not only 
changes in heart size and shape, but also intriguing new 
information on cellular and molecular remodeling, mainly as 

the heart undergoes evolutionary changes toward failure. 
There is an ongoing debate whether reverse remodeling in 
HF can be used as a surrogate endpoint; however, the infor-
mation available in this regard and at this point is rather 
conflictive.

While LV dilatation and dysfunction are major negative 
prognostic markers in patients with HF, changes in LV 
dimensions rather than in ejection fraction are considered the 
major markers to monitor remodeling. LVEF can be influ-
enced by transient loading conditions and by agents that 
stimulate contractility at the expense of increased oxygen 
demand, whereas dimensional changes bring about specific 
structural modifications in the myocardium [156]. Of impor-
tance, neurohormonal antagonists that reduce mortality and 
morbidity in HF, are also able to inhibit or reverse remode-
ling; reversing remodeling, b-blockers appear to be superior 
to the other classes of drugs, exhibiting a stronger correlation 
between dose and effect. Nonetheless, b-blockers have been 
used mainly in addition to background therapy, including 
ACE inhibitors. As mentioned earlier, nonpharmacological 
methodologies such as LVEDs and CRT are also capable to 
achieve functional improvement and reverse remodeling in 
mildly symptomatic HF patients, asymptomatic patients with 
LV dysfunction and previous HF symptoms, as well as in 
patients with advanced HF.

In HF subcellular remodeling or remodeling of cellular 
organelles that include the ECM, sarcoplasmic reticulum, 
myofibrils, mitochondria, and nucleus undergo varying 
degrees of changes in their biochemical composition and 
molecular structure, which might induce cardiac dysfunction 
[157]. We have addressed most of these changes in earlier 
chapters, and in general we concur with the concept that sub-
cellular remodeling may be related to alterations in cardiac 
gene expression as well as to activation of different proteases 
and phospholipases in the failing heart. Opie et al. have 
addressed some of the controversies on remodeling [11]. 
They pointed out that the transition from apparently compen-
sated hypertrophy to HF suggests a changing balance between 
metalloproteinases and their inhibitors, effects of ROS, and 
death-promoting and profibrotic neurohumoral responses. 
Although these alterations are rather evasive therapeutic 
targets, a number of potential novel therapies for these disor-
ders are being developed, including sildenafil, an unexpected 
option for anti-transition therapy; surgery for increased 
sphericity caused by chronic volume overload of mitral 
regurgitation; an antifibrotic peptide to inhibit the fibrogenic 
effects of transforming growth factor b, mechanical interven-
tion in advanced HF cases, and gene and stem-cell therapy. 
These approaches together with novel small molecule targets 
are some of the methodologies that may become available 
to reverse the remodeling process, improving symptoms and 
disease outcome.
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Summary

A crucial change in the progression of LV dysfunction •	
and HF is cardiac remodeling.
Remodeling involves alterations in both the myocytes and •	
the cardiac extracellular matrix (ECM), the latter includes 
the activation of proteolytic enzymes leading to the degra-
dation and re-organization of collagens.
The development of overt HF is mainly triggered by the •	
marked ventricular dilatation that occurs once the resources 
from myocardial hypertrophic response are exhausted.
Many factors including neurohormonal and cytokine acti-•	
vation and impaired Ca2+ handling are thought to play a 
contributory role in remodeling.
With increased work load the adult heart develops patho-•	
logical growth and activation of the fetal program of gene 
expression followed by LV dilatation, thinning of the 
wall, and pump failure.
Mice with cardiac specific deletion of PKD1 exhibited •	
improve cardiac function and diminish hypertrophy in 
response to pressure overload and angiotensing II sig-
naling, confirming that PKAD1 is a key transducer of 
stress stimuli involved in the abnormal remodeling of the 
heart.
Alterations in energy status and metabolism are proposed •	
to play a role in the transition from stable cardiac hyper-
trophy to overt HF.
In HF changes in myocardial energy metabolism corre-•	
lates inversely with plasma free-fatty-acid concentrations, 
and mitochondrial uncoupling proteins (UCPs) may play 
a significant role in its regulation.
The creation of transgenic mice with altered expression of •	
genes involved in carbohydrate and lipid metabolism has 
provided unique insights into the fine balance within the 
heart to maintain energy status and function, as well as to 
evaluate the cause–effect relationships between mito-
chondrial function and myocardial disease.
Besides abnormal lipid metabolism, diverse neurohor-•	
monal signals acting through interwoven signal transduc-
tion pathways can lead to pathological cardiac hypertrophy 
and HF.
An important hallmark of HF is reduced myocardial con-•	
tractility, with defective intracellular Ca2+ handling play-
ing a crucial role in the pathogenesis of these contractile 
abnormalities.
The progressive cytoskeletal stiffness, the contractile dys-•	
function, and fibrosis typical of the failing heart may be 
partly explained by the up-regulation of many genes 
encoding cytoskeletal proteins, sarcomeric proteins, and 
extracellular matrix (ECM) proteins.
Myocyte hypertrophy is likely an adaptive mechanism •	
designed to improve pump function by expanding the 

number of contractile units while simultaneously reducing 
wall stress by increasing wall thickness.
In the failing heart, excessive LV hypertrophy is associ-•	
ated with reduced myocardial compliance, myocardial 
fibrosis, and lethal dysrhythmias. However, the time frame 
of transition from adaptive to maladaptive hypertrophy is 
not known.
Recent experimental observations have shown that the •	
introduction of functional miRNA (e.g., miRNA-21 or 
miRNA-18b) into cardiomyocytes represses myocyte 
hypertrophy.
Chronic cardiac remodeling response and transition to •	
overt HF have been associated with modestly increased 
apoptosis, although the actual burden of chronic cell loss 
attributable to apoptosis is not clear.
It is not clear whether apoptosis is a cause or consequence •	
of transition to HF.
A fundamental process in cardiac remodeling is the myo-•	
cardial ECM dynamic interaction with the various cellu-
lar and acellular components of the heart, including 
cardiomiocytes, collagen, soluble factors, and mechanical 
cues that provide both positive and negative signals gen-
erated by various physiologic conditions.
The classical perspective that the ECM is an inert bioma-•	
terial and passive structural support mechanism has been 
replaced by the new concept that the ECM is a dynamic 
entity that is in equilibrium with the cellular components of 
the heart, and that it alters its composition and organiza-
tion in response to environmental cues and tissue injury.
A family of zinc-dependent enzymes capable of degrad-•	
ing the ECM of biological tissues and that play a funda-
mental role in ECM remodeling in normal and disease 
states are the matrix metalloproteinases (MMPs).
A cause and effect relationship between MMPs and LV •	
remodeling appear to have been established through the 
use of transgenic models and through the use of pharma-
cologic MMP inhibitors.
Defective electrical activation of the heart secondary to •	
pacing or HF may induce marked ventricular electrical 
remodeling.
Left-ventricular assist devices, used as a “bridge to trans-•	
plant” for some HF patients, can induce profound cardiac 
unloading and have been shown to be associated with 
reverse cardiac remodeling on a structural and functional 
level.
CRT reduces morbidity and mortality in patients with LV •	
systolic dysfunction, prolonged QRS duration, and NYHA 
class 3 or 4 symptoms, when combined with optimal 
pharmacotherapy.
Caution is needed before definitive conclusions can be •	
reached concerning the use of CRT in mild HF, keeping in 
mind not only the cost of CRT devices but also their 
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potential side effects (e.g., ventricular dysrhythmias) and 
complications.
Besides pharmacotherapy, LVADs, containment devices, •	
and new methods to restore synchronous contraction have 
been added to the chronic HF treatment, and in some 
cases, significant improvement in both symptoms and 
mortality have occurred.
Potential novel therapies to slow or reverse the process of •	
LV remodeling are in the developmental stage, including: 
surgery for increased sphericity caused by chronic vol-
ume overload of mitral regurgitation, an antifibrotic pep-
tide to inhibit the fibrogenic effects of transforming 
growth factor b, mechanical intervention in advanced HF 
cases, and gene and stem-cell therapy.
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Overview

The clinical syndrome of chronic heart failure (HF) has tra-
ditionally been linked to malfunction of the heart as a pump, 
usually caused by insults to the myocardium. In recent years, 
there is mounting evidence to support the concept that the 
complex pathophysiology of heart failure begins with an 
abnormality of the heart, but then involves dysfunction of 
most body organs, including the cardiac, peripheral vascular, 
renal, neurohormonal, immune, as well as the inflammatory 
systems [1, 2]. The magnitude of these abnormalities has 
been related to disease progression and subsequent mortality. 
Less clear, however, is the origin of these derangements and 
the sequence of triggering mechanisms in the course of the 
natural history of HF [3]. One of the known abnormalities 
associated with the complex clinical syndrome of HF is the 
profound disturbance in the regulation of the autonomic ner-
vous system [4]. The link between peripheral systems acti-
vated in HF and the central nervous system as a source of 
neurohumoral drive has therefore received increasing atten-
tion. The key abnormality in HF is the kidneys’ perception of 
an inadequate circulating volume by various sensors located 
on critical sites within the circulation. As a result, the normal 
relationship between intravascular volume and holding 
capacity, as perceived by these sensing mechanisms, is per-
turbed. This leads to the activation of various effector mech-
anisms whose aim is to increase intravascular volume and 
maintain blood pressure. The kidney is therefore the central 
site of action for these effectors that increase intravascular 
volume, and therefore plays a major pathogenetic role in the 
sodium and water retention in HF. Renal insufficiency is 
common in patients with HF and is an adverse prognostic 
factor [5, 6].

Over the last several decades, substantial evidence has 
been accumulated to support the concept that peripheral 
afferent systems innervating the heart and vascular tree are 
altered in HF. Furthermore, recently, a vascular component 
has been recognized to contribute to HF. Increased periph-
eral vasoconstriction in response to exercise and impaired 
vasodilatation after stimulation with agonists are the hall-
marks of endothelial dysfunction in the setting of HF. Among 

the most studied vascular mechanisms that might contribute 
to the development of HF has been the reduced production of 
nitric oxide (NO) or the reduced bioactivity of NO associ-
ated with both basic models of HF and disease in patients 
[7]. According to Linke et al. [8] the evolving concept that 
HF is a cytokine-activated state has focused attention on the 
possibility that cytokine driven isoform of NO synthase 
(NOS), iNOS, may produce enough amount of NO to sup-
press cardiac myocyte function, thus contributing to the 
reduced inotropic state in the failing heart.

Introduction

Despite recent therapeutic advances, the prognosis for 
patients with HF remains poor. The importance of neuro-
hormonal activation in the causation and progression of HF 
is now recognized. Unopposed neurohormonal excitation is 
believed to be a critical element in the progressive clinical 
deterioration associated with the HF syndrome[9], and its 
peripheral manifestations have become the principal targets 
for intervention. Maladaptive changes in the periphery 
largely account for the symptomatology of patients with 
HF. A decline in the systolic function of the left ventricle 
precipitates activation of neural and humoral systems to 
provide circulatory support. These include sympathetic 
release of norepinephrine, increases in angiotensin II, ele-
vated levels of circulating arginine vasopressin, and impair-
ment of the counterregulatory function of the natriuretic 
peptides. The resultant circulatory changes are ultimately 
responsible for the declining function of the peripheral vas-
culature and skeletal muscles of patients with HF. In the 
peripheral vasculature, impaired vasodilatory capacity 
results from excess vessel wall stiffness, endothelial dys-
function, and structural abnormalities. The skeletal muscles 
develop poor aerobic capacity as a result of a change in 
predominant fiber type and excess reliance on metabolic 
pathways. Physical deconditioning induced by symptoms 
tends to further promote these peripheral changes. Therapeutic 
interventions with symptomatic and prognostic benefits have 
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still been targeted mostly at the periphery. Angiotensin 
converting enzyme inhibitors may act by normalizing elec-
trolyte and water balance, improving vascular endothelial 
function, and reversing structural changes in peripheral 
vessels. Exercise training appears to exert its benefit at 
the level of the vascular endothelium. Recent advances in the 
therapy of HF have therefore depended in part on the under-
standing of changes at the periphery, which are the topics 
of discussion in this chapter.

Central and Autonomic Nervous System 
Perturbations

One of the known abnormalities associated with the complex 
clinical syndrome of HF is the profound disturbance in the 
regulation of the autonomic nervous system [4]. Over the last 
several decades, substantial evidence has been accumulated 
to support the concept that peripheral afferent systems 
innervating the heart and vascular tree are altered in HF. 
Dysfunction has been described in all components of the 
reflexes mediated by these cardiovascular afferent systems – 
the afferent fibers themselves, the central processing of the 
afferent signals, the efferent innervation of the end organs, 
and the end organs themselves. In general, the influence of 
low- and high-pressure baroreceptors [10] that normally 
restrain sympathetic drive and vasopressin release is dimin-
ished, whereas the excitatory influences of arterial chemore-
ceptors [11] and cardiac sympathetic afferent fibers [12] are 
enhanced.

Autonomic imbalance, favoring increased sympathetic 
tone, which is accompanied by depleted vagal drive, occurs 
at an early stage in the natural history of HF, and precedes 
other key derangements, including immune and hormonal 
pathologies. In the experimental canine model of tachy-
cardia-induced HF, parasympathetic tone, expressed as 
high-frequency component of spectral analysis of heart 
rate variability, decreased on the third day after induction 
of cardiac dysfunction [13], and preceded sympathetic 
activation [14]. In patients with asymptomatic left ventricular 
dysfunction, neurohormonal activation, as evidenced by 
increased levels of norepinephrine, precedes the develop-
ment of symptoms and is related to poor survival [15, 16]. 
On the other hand, increased sympathetic tone and depleted 
parasympathetic drive are present at the early stage of 
symptomatic HF, when left ventricular function is only 
mildly impaired [17]. Changes in autonomic balance are 
seen irrespectively of HF etiology [18, 19]. Moreover, in 
healthy subjects, the heart rate profile during exercise and 
recovery, reflecting depleted parasympathetic tone (i.e., an 
increased resting heart rate, an insufficient heart rate 
response to exercise, an insufficient reduction of heart rate 

after cessation of exercise), is strongly related to increased 
mortality due to sudden death, which itself is frequently 
the first manifestation. The clinical and prognostic signifi-
cance of the overactivation of the sympathetic nervous 
system has been clearly established [20]. b-adrenergic 
blockade is now a standard therapy in patients with HF and 
systolic dysfunction [21]. In contrast, the reduction in 
parasympathetic tone in HF, although demonstrated over 
three decades ago [22], has received less attention. 
Reduced parasympathetic tone, i.e., blunted baroreflex 
gain, impaired indices of heart rate variability, predict 
poor outcome in patients with HF and in subjects after 
myocardial infarction [23]. In a canine experimental 
model, pharmacological blockade of the vagal reflexes 
with atropine, results in a worsening of existing ventric-
ular dysrhythmias leading to sudden cardiac death [24], 
whereas vagal activation due to direct electrical stimulation 
of efferent vagal fibers prevents ventricular fibrillation 
and sudden cardiac death during induction of acute myo-
cardial ischemia [25].

Humoral Heart–Brain Signaling

Central nervous system (CNS) neurons affecting cardiovas-
cular regulation respond to humoral as well neural signals. It 
is now recognized that blood–borne neuroactive peptides, 
too large to readily cross the blood–brain barrier, may influ-
ence the brain by activating sensory neurons at specific sites 
in hindbrain and forebrain that lack a blood–brain barrier 
[26] or by inducing the release of mediators that do penetrate 
the barrier [27]. Importantly, the cardiovascular regions of 
forebrain that sense and respond to circulating peptides [28] 
also process the signals originating in cardiovascular afferent 
nerves [29] and are capable of modulating cardiovascular 
reflexes [30].

The constellation of centrally driven autonomic abnor-
malities in HF, augmented sympathetic drive in the face of 
vasoconstriction, salt, and water retention in the presence of 
volume overload, suggests dysfunction of the forebrain neu-
rons that regulate these systems. In a pioneering study, Patel 
et al. demonstrated that metabolic activity was increased in 
the parvicellular and magnocellular regions of the paraven-
tricular nucleus PVN in rats with HF induced by coronary 
artery ligation [31]. More recently, Vahid-Ansari and Leenen 
demonstrated that Fra-like immunoreactivity, an indicator of 
long-term neuronal activation, was increased in these same 
regions in rats with large myocardial infarctions [32]. Other 
investigators also demonstrated that manipulations within 
the forebrain region affect the regulation of sympathetic 
drive in the rat coronary artery ligation model [33, 34]. 
Particularly pertinent to the HF syndrome are those neurons 
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of the PVN of the hypothalamus that produce and release 
arginine vasopression and corticotrophin-releasing factor 
[35], and those that project to the principal centers of sympa-
thetic drive, the rostral ventrolateral medulla (RVLM) and 
the intermediolateral cell column (IML) of the spinal cord 
[36]. PVN neurons receive and integrate signals from the 
hindbrain regions related to pressure and volume within the 
cardiovascular system [29] and signals from forebrain 
regions including the circumventricular organs of the lamina 
terminalis, which lack a blood–brain barrier and thus sense 
the presence of blood–borne neuroactive peptides [37]. In 
normal rats, the PVN and related forebrain nuclei play a 
prominent role in thirst, sodium appetite, and humoral 
release. The role of the PVN in driving the sympathetic 
nervous system is less clear. In the anesthetized rat, for 
example, electrical stimulation of the PVN elicits only a 
small pressor response [38]. Similarly, the cardiovascular 
response of normal rats to activation of the forebrain region 
with angiotensin II is small [39] and is restrained by the 
baroreceptor input. Under normal conditions, the PVN is 
under the potent inhibitory influence of GABA and NO, as 
demonstrated by the increase in sympathetic drive that can 
be elicited by local injection of bicuculline or inhibitors of 

nitric oxide synthase (NOS) [40]. In certain disease condi-
tions, including HF, heightened sympathetic drive emanating 
from the PVN may become an important pathophysiological 
determinant.

In rats with HF induced by coronary artery ligation moni-
tored continuously by telemetry over 6-week period, heart 
rates were higher and blood pressures lower than sham-
operated controls. Sympathetic nerve activity in conscious 
HF rats is increased, with a characteristic pattern of unsup-
pressed yet still pulse-related bursting, suggesting some 
degree of continued baroreceptor modulation. As shown in 
Fig. 12.1, the pulse-triggered average of sympathetic dis-
charge is higher in the HF rats. Baroreflex regulation of renal 
sympathetic nerve activity (RSNA) is blunted [41].

To evaluate the importance of the forebrain as an active 
participant in the pathophysiology of HF, as opposed to a 
passive sensor of adverse peripheral events, MI was induced 
in rats 6 weeks after they have fully recovered from a lesion 
in the anteroventral third ventricle (AV3V) region, which 
included the organum vasculosum as well as the pathways 
connecting the circumventricular organs of the lamina termi-
nalis to PVN [42]. There were several important findings. 
First, the characteristic features of HF that were present in 

Fig. 12.1 RSNA is increased in congestive heart failure (CHF) induced 
by coronary artery ligation. Tracings of integrated RSNA (mV) and AP 
(mmHg) taken from conscious rats 6 weeks after coronary ligation or sham 
operation. Top insets show raw tracings of RSNA. TRIG, trigger generated 
by the peak of the AP tracing, used to obtain a triggered average of the 
integrated RSNA voltage over a 2-min interval. Bottom insets show the 
triggered average of RSNA voltage for these two rats. The pulse-locked 

quality of the integrated RSNA signal in both conditions, indicating that 
some degree of baroreceptor modulation persists in heart failure but the 
loss of a more general modulatory influence that may be respiratory 
related (respiration was not monitored in these experiments). Triggered 
average shows that RSNA is increased in the CHF rat on a beat-by-beat 
basis, unrelated to differences in HR (Reprinted from Francis et al. [41]. 
With permission from the American Physiological Society)
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MI rats with sham AV3V lesion, increased sodium appetite, 
the decreased sodium and water excretion, and augmented 
sympathetic drive with blunted baroreflex, were dramatically 
attenuated in animals with an AV3V lesion. Second, the 
expected increase in plasma renin activity (PRA) did not 
occur in the AV3V-lesioned MI rats. These findings suggest 
that the forebrain may be an active participant in the progres-
sion of HF and further suggest that the renin response to 
renal underperfusion after MI may be largely dependent on 
sympathetic efferent regulation emanating from the fore-
brain. There appears to be some precedent for that sugges-
tion in the previous work demonstrating that electrical 
stimulation of PVN can increase renin release from the kid-
ney [43] and facilitate the renin response to other usual stim-
uli [44]. The most important was a third finding, the survival 
of the AV3V-lesioned MI rats was compromised to the extent 
that most had died 3 weeks after MI, in contrast to MI rats 
with sham-AV3V lesion and AV3V-lesioned rats with sham 
MI (Fig. 12.2). Thus, the AV3V lesion identified the fore-
brain as important not only to the centrally mediated (e.g., 
thirst and sodium appetite) mechanisms in HF but also to 
remote peripheral manifestations (e.g., renal sodium and 
water handling and renin release). Furthermore, forebrain 
mechanisms appear to confer a survival benefit in HF that 
cannot be ascribed simply to the ability to mount a stress 
response.

Does enhanced activity of the renin–angiotensin–aldos-
terone system (RAAS) drive forebrain mechanisms in HF? 
Angiotensin II (ANG II) and aldosterone, active products of 
the RAAS, can both act on receptors in the forebrain to 
induce changes in volume regulation [45] and sympathetic 
drive [46]. Both peptides can also be produced within the 

blood–brain barrier [47, 48]. Furthermore, aldosterone 
increases the binding of ANG II to AT

1
 receptors in the sub-

fornical organ and the PVN [49] and also increases mRNA 
for vasopressin in PVN and vasopressin release. Aldosterone 
has been shown to promote the activity of angiotensin con-
verting enzyme (ACE) [50]. ACE is present in the forebrain 
and is particularly abundant in the circumventricular organs 
of the forebrain [51]. Thus, it is conceivable that aldosterone 
may amplify the influences of circulating as well as intrinsi-
cally produced ANG II. Whereas most of these potential 
interactions have yet to be tested in the brain in HF, there is 
evidence for increased AT

1
 receptors in the forebrain of rats 

with high-output HF [52]. The influences of the RAAS on 
forebrain neurons in rats with chronic HF have also been 
studied [53]. Single-unit recordings were made from PVN 
neurons in anesthetized rats 4–6 weeks after MI. HF was 
documented by echocardiography. Drugs were administered 
by the intracarotid route, directed centrally, an approach that 
has been shown to preferentially influence the ipsilateral 
forebrain while sparing the hindbrain [54]. The activity of 
PVN neurons was on average increased in rats with HF, 
although the discharge rate of some neurons remained within 
the range of normal. Neurons with high discharge frequen-
cies were tested for the effects of selectively blocking several 
components of the RAAS. The effects of the AT

1
 receptor 

blocker losartan, the ACE inhibitor captopril, and the miner-
alocorticoid (MC) receptor blocker spironolactone were 
tested. Both losartan and captopril transiently reduced the 
discharge rate of PVN neurons and arterial pressure. 
Spironolactone also reduced the discharge rate of PVN neu-
rons but with a longer latency and without affecting arterial 
pressure. Thus, despite a chronic high discharge rate in HF, 
PVN neurons remain responsive to acute manipulations of 
the RAAS. This latter point may have important implications 
for the clinical management of HF – acute interventions can 
have substantial impact on central neural mechanisms in the 
presence of chronic HF.

Mineralcorticoid receptors have well-known effects in the 
brain to increase sodium appetite [55], ANG II binding in 
subfornical organ and PVN [49], AVP production and its 
release into the circulation [56], and sympathetic drive [57]. 
The effect of chronic central administration of spironolac-
tone on volume regulation and sympathetic drive was tested 
in rats with HF induced by coronary artery ligation [58]. 
Central MC receptor blockade produced the behavioral effect 
of reduced salt intake in the HF rats. Within the first week of 
treatment, urinary sodium and water excretion had normal-
ized in the MI rats treated with intracerebroventricular 
spironolactone, whereas these variables remained abnormally 
low in the MI rats treated with intraperitoneal spironolactone. 
However, 2 weeks into the protocol, rats receiving intraperi-
toneal spironolactone also experienced normalization of 
sodium appetite and renal handling of sodium and water. 

Fig. 12.2 Survival after myocardial infarction is compromised in rats 
with a forebrain lesion. Data indicate numbers of rats surviving a lesion 
of the anteroventral 3rd ventricle (AV3V-x) or sham lesion (AV3V-s), a 
MI induced by coronary ligation or a sham MI (MI-s) performed 6 weeks 
later, and the subsequent 3 weeks (Wk3) of the study protocol. Rats with 
AV3V lesion had a decidedly poorer survival after MI, compared with all 
other groups,  AV3V-s/MI;  AV3V-x/MI;  AV3V-x/MI-s;  
AV3V-s/MI-s. (Adapted with permission from Francis et al. [42])
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After 4 weeks of treatment by either route, the spironolac-
tone-treated MI rats had a reduction in sympathetic dis-
charge and some, although not complete, improvement in 
baroreflex function. These results indicate that spironolac-
tone acts centrally on MC receptors to reduce sympathetic 
drive in HF. This mechanism may account at least in part 
for the beneficial effect of spironolactone observed in the 
clinical setting.

The Cytokine-CNS Connection

Increased level of proinflammatory cytokines in the circula-
tion has numerous potential deleterious peripheral effects 
[59], including depression of myocardial function [60], acti-
vation of ROS [61], and stimulation of the renin–angiotensin 
system by impairing feedback regulation by circulating ANG 
II [62]. With relevance to the current discussion, the cytok-
ines also act on the CNS [27, 63]. Although the cytokines may 
be too large to readily cross the blood–brain barrier, they 
nevertheless activate the hypothalamic–pituitary–adrenal 
(HPA) axis [27] to augment sympathetic drive [64] and 
increase the release of vasopressin and ACTH [63, 65], all 
components of a feedback inhibitory mechanism that 
restrains the peripheral inflammatory response. In a series of 
functional anatomical studies, Ericsson et al. [66, 67] pro-
vided evidence that interleukin 1b (IL-1b) elicits these 
responses indirectly by activating its receptors on endothelial 
cells in cerebral circulation that in turn release PGE2. PGE2 
diffuses across the blood–brain barrier and appears to prefer-
entially activate receptors on neurons in the ventrolateral 
medulla [66]. These investigators further demonstrated that 
an ascending pathway from the ventrolateral medulla is a 
critical element of the PVN response to systemically admin-
istered IL-1b [66] and that stimulation of C1 catecholamin-
ergic neurons in RVLM with PGE2 provides excitatory input 
to PVN, simulating the response to intravenous cytokine 
administration [67].

This model of immune activation of the forebrain is inter-
esting when considered in the context of HF. In HF, cytokine 
production persists [68] despite this combined HPA and 
sympathetic feedback pathway, and the pro-inflammatory 
cytokines act on the same general classes of neurons, CRF, 
AVP, and presympathetic, that mediate the central effects of 
the RAAS. Moreover, PGE2 production is increased gener-
ally in HF, in which its vasodilator properties counterbalance 
the vasoconstrictor effects of such peptides as ANG II, vaso-
pressin, and endothelin. Such convergence of immune sys-
tem mediators and RAAS mediators, seemingly affecting the 
same general populations of neurons in the forebrain, led to 
further studies of several elements of the proposed mecha-
nism of cytokine-induced HPA axis activation, but in the 

context of cardiovascular regulation [69]. Ipsilateral carotid 
artery (ICA) TNF-a increases RSNA, mean arterial pressure 
(MAP), heart rate, and the discharge rate of anesthetized 
RVLM neurons in the PVN rats. The cardiovascular and 
sympathetic responses to TNF-a were not different in rats 
that had undergone bilateral cervical vagotomy 1 h before 
testing, confirming that the acute cardiovascular responses to 
blood–borne TNF-a are not dependent upon vagal afferent 
activation. The effects of intravenous TNF-a on RSNA, 
MAP, and heart rate in intact rats and rats that had undergone 
a mid-collicular decerebration 1 h before study were com-
pared. The decerebrate rats had no response to TNF-a, sug-
gesting an involvement of higher centers; however, a 
significant increase in the baseline values also rendered these 
data inconclusive at the time [69].

The effects of the putative diffusible cytokine mediator 
PGE2 on sympathetic nerve discharge, arterial pressure, and 
HR, and simultaneously recorded PVN or RVLM neuronal 
activity have been assessed. PGE2 administered intracere-
broventricularly increased the activity of PVN neurons as 
well as all three measures of sympathetic drive; PGE2 micro-
injected into PVN increased the activity of RVLM neurons 
and the indexes of sympathetic drive [69]. These results sug-
gest that if PGE2 is produced in the forebrain region during 
cytokine stimulation, it may directly activate the sympatho-
excitatory PVN neurons. Finally, the cyclooxygenase inhibi-
tor ketorolac, administered intracerebroventricularly, blocked 
the increases in PVN neuronal discharge and RSNA and the 
pressor response to ICA TNF-a. These results strongly sup-
port the general hypothesis that PGE2 is a critical mediator 
of the central influences of TNF-a on sympathetic drive, but 
also suggest that the cardiovascular and autonomic responses 
to TNF-a may ultimately be dependent on prostaglandin 
production by cyclooxygenase within the CNS rather than in 
perivascular cells of the bloodbrain barrier [27, 67]. A simi-
lar mechanism has also been proposed for activation of 
splenic nerve activity by peripheral endotoxin [70], a stimu-
lus to cytokine production. Extrapolating these concepts and 
findings to the HF setting, one might speculate that cytokine 
signaling of the HPA, which under normal circumstances 
serves to regulate the immune system, targets a population of 
PVN neurons that are already strongly driven in HF by exces-
sive activity of the RAAS.

Renal Adaptation and Alterations

From the standpoint of extracellular (ECF) volume homeo-
stasis, the key abnormality in HF is the kidneys’ perception 
of an inadequate circulating volume by various sensors 
located on critical sites within the circulation. As a result, the 
normal relationship between intravascular volume and hold-
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ing capacity as perceived by these sensing mechanisms is 
perturbed. This leads to the activation of various effector 
mechanisms whose aim is to increase intravascular volume 
and maintain blood pressure. The kidney is therefore the cen-
tral site of action for these effectors that increase intravascu-
lar volume, and therefore plays a major pathogenetic role in 
the sodium and water retention in HF.

Abnormalities in Sensing Mechanisms

Alterations in the signals emanating from sensing mecha-
nisms involved in the afferent limb for volume homeostasis 
represent the primary disturbance in ECF volume homeosta-
sis in HF consequent to the perturbed relationship between 
intravascular volume and holding capacity of the circulation. 
Considerable evidence has accrued in human and animal 
studies that the renal responses to both high output and low-
output cardiac failure are quite similar. Therefore, the distur-
bances in the afferent signaling must be necessary and 
sufficient to initiate a state of sodium retention in both hemo-
dynamic situations.

Indeed, a common denominator for all forms of HF with 
renal sodium retention is a diminution in blood flow at sev-
eral critical sites of the arterial circuit with pressure- and 
flow-sensing capabilities. This occurs as a result of either an 
absolute decrease in cardiac output (low-output HF) or diver-
sion of blood flow through anatomic or physiologic arterio-
venous shunts (high-output HF). The presence of afferent 
signals for sodium retention emanating from these sites has 
been demonstrated in several experimental HF models. 
Priebe et al. studied the relationship of diminished cardiac 
output to the development of sodium retention induced by 
thoracic vena cava obstruction [71]. In this study, the positive 
sodium balance was mitigated when cardiac output was 
restored to normal by means of autologous blood transfu-
sion, in spite of the fact that systemic venous pressure was 
still elevated. Based on these observations, it was concluded 
that reduction of cardiac output, rather than venous conges-
tion, was the principal hemodynamic disturbance leading to 
salt retention. Similarly, Witte et al. have studied the impact 
of venous congestion on sodium retention in patients with 
HF [72]. In these patients, the cervical thoracic ducts were 
cannulated. Upon venting of the lymph, clinical signs of 
right-sided HF abated, but urinary sodium excretion did not 
increase. Therefore, the authors concluded that cardiac out-
put was a more important determinant of urinary sodium 
excretion than the systemic venous pressure. Epstein et al., in 
a classical study [73], demonstrated that diversion of blood 
flow from the arterial to the venous circuit resulted in 
decreased urinary sodium excretion. Based on these 

 observations, it appears that diminished blood flow in the 
arterial circuit can induce sufficient perturbations in the 
afferent limb of volume homeostasis to initiate renal sodium 
retention in HF. The volume sensors in the arterial circuit 
serve the function of avoiding under filling of the circulation. 
On the other hand, a second set of volume sensors in the 
venous circuit serve the function of detecting overfilling of 
the circulation. Indeed, in addition to absolute or relative 
diminution in cardiac output, systemic or pulmonary venous 
congestion represents the other major disturbance in circula-
tory function in HF. Under normal circumstances, overfilling 
of the venous circuit initiates afferent signals emanating from 
various venous volume-sensing sites (e.g., the cardiac atria, 
the hepatic sinusoids), aiming ultimately to induce natriure-
sis and thereby relieve circulatory congestion. Therefore, the 
blunted natriuresis associated with HF in the face of venous 
congestion and elevated cardiac filling pressures reflects a 
disturbance in afferent signaling mechanisms emanating 
from these venous volume-sensing sites. Evidence from 
several experimental and clinical studies of HF has suggested 
that a disturbance in the normal relationship between volume 
and holding capacity at these sites in HF results in a pertur-
bation in the afferent signaling mechanisms. In dogs with a 
surgically created shunt between the left atrium and the left 
subclavian artery, systemic venous pressure remained nor-
mal despite elevated left ventricular end-diastolic pressure 
[74]. As long as systemic venous pressure remained normal, 
sodium retention did not occur even after saline challenge. 
These results were interpreted as reflecting a causal relation-
ship between increased systemic venous pressure and sodium 
retention in HF. A similar conclusion was reached in a study 
of patients with severe valvular heart disease [75]. In this 
study, it was found that patients with edema had an impaired 
ability to excrete a sodium load when compared with that of 
patients without edema. Furthermore, when several hemody-
namic variables were compared, the only parameter that 
clearly distinguished the two groups was right ventricular 
end-diastolic pressure, which was significantly higher in 
patients with edema.

The mechanisms by which altered pressure–volume 
relationships in the cardiac atria and intrathoracic vessels 
contribute to the pathogenesis of sodium retention in HF 
have been evaluated. Greenberg et al. [76] studied the firing 
of atrial stretch receptors in dogs with chronic HF induced 
by pulmonic valve stenosis and tricuspid regurgitation. When 
compared with this mechanism in normal dogs, the tiring of 
atrial receptors in response to saline infusion was markedly 
attenuated in dogs with chronic HF. In an aortocaval fistula 
canine model of HF, Zucker et al. [77] demonstrated reduced 
firing of type B left atrial receptors in response to dextran 
volume expansion in dogs with HF when compared with that 
in the control dogs. In addition, sonomicrometry of the left 
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atrial appendage demonstrated reduced atrial compliance, 
and microscopy indicated loss of end arborization. These 
data suggest that reduced atrial compliance and structural 
alterations of the atria in chronic HF may account for the 
decreased sensitivity. The disturbances in the sensing mech-
anisms that initiate and maintain renal sodium retention in 
HF are summarized in Fig. 12.3.

A decrease in cardiac output or a diversion of systemic 
blood flow (anatomic or physiologic) diminishes the blood 
flow to the critical sites of the arterial circuit with pressure- 
and flow-sensing capabilities. The perception of diminished 
blood flow culminates in renal sodium retention, mediated 
by effector mechanisms, to be described. An increase in sys-
temic venous pressure promotes the transudation of fluid 
from the intravascular to the interstitial compartments by 
increasing the peripheral transcapillary hydraulic pressure 
gradient. The transudation is further enhanced by the trans-
mission of elevated venous pressures to the thoracic duct 
ostium, resulting in reduced lymphatic drainage [78]. 
Furthermore, increments in systemic venous pressure are 
associated with a resetting of precapillary and postcapillary 
resistance, eventuating in an overall decrement in peripheral 
resistance [79]. These processes augment the perceived loss 
of volume and flow in the arterial circuit. In addition, distor-
tion of the pressure volume relationships due to chronic dila-
tation in the cardiac atria attenuates the normal natriuretic 
response to central venous congestion. This attenuation is 
predominantly manifested as diminished neural response 
to atrial stretch, with a possible altered plasma natriuretic 
peptide-atrial stretch relationship.

Abnormalities in Effector Mechanisms

Abnormalities in effector mechanisms of volume homeosta-
sis acting to promote sodium retention at the level of the kid-
ney are themselves a consequence of the primary disturbance 
in afferent-sensing mechanisms, outlined in the previous 
section. For the most part, these effector mechanisms for salt 
and water retention are not distinguishable from those that 
govern renal function in states of true sodium depletion. 
These include adjustments in glomerular hemodynamics and 
tubule transport, which in turn are brought about by altera-
tions in neural and humoral effector input.

Glomerular Hemodynamics

The global renal hemodynamic changes consistently 
observed in HF include a decrease in renal plasma flow 
(RPF) and a proportionately smaller decrease in glomerular 
filtration rate (GFR). These changes result in an increase in 
the filtration fraction [80, 81]. These changes were also 
observed at the single nephron level in the rat model of HF 
induced by coronary artery ligation [82]. When compared 
with normal rats, in rats with HF, single nephron filtration 
rate (SNGFR) was lower, but single nephron plasma flow 
was disproportionately reduced such that single nephron fil-
tration fraction was markedly elevated. In the HF rats, both 
afferent and efferent arteriolar resistances were elevated, 
thus accounting for the diminished single nephron glomerular 

Fig. 12.3 Sensing mechanisms that initiate and maintain sodium retention in heart failure
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plasma flow, and the ultrafiltration coefficient was diminished. 
However, the disproportionate increase in efferent arteriolar 
resistance accounted for the rise in single nephron filtration 
fraction. In Fig. 12.4, a comparison of the glomerular capil-
lary hemodynamic profile in the normal (left panel) versus 
HF state (right panel) is illustrated on the left graph of each 
panel. First, the transmural hydraulic pressure gradient (DP) 
declines along the distance of the glomerular capillary in 
both the normal and the HF states, but when compared with 
the normal state, DP in the HF state is much higher as a result 
of the increased efferent arteriolar resistance. Second, the 
transmural plasma colloid oncotic pressure gradient (DP) 
increases over the length of the glomerular capillary in both 
states, as fluid is filtered in Bowman’s space, but increases to 
a greater extent in HF because of the increased filtration frac-
tion. It is therefore evident that a major component of the 
glomerular hemodynamic alterations in HF originates from 
the disproportionate increase in efferent as compared with 
afferent arteriolar resistance. This alteration is mediated 
principally by the action of angiotensin II (Ang II).

The aim of the adjustment in glomerular hemodynamics is 
to preserve normalcy of GFR in the face of reduced RPF. A 
study by Cody et al. [83] emphasized the importance of this 
mechanism in the regulation of glomerular filtration in patients 
with chronic HF. In these patients, the failure to maintain GFR 
was correlated with a diminished RPF as well as an impaired 
ability to maintain an adequately high filtration fraction in the 
face of diminished RPF. Thus, individuals with the greatest 
impairment of GFR had the greatest increase in overall renal 
vascular resistance and the lowest filtration fraction.

Physical Factors

A direct consequence of the glomerular hemodynamic alter-
ations previously outlined is an increase in the fractional 
reabsorption of filtered sodium at the level of the proximal 
tubule. In Fig. 12.4, a comparison of the peritubular capillary 
hemodynamic profile between the normal state (left panel) 
and the HF state (right panel) is shown on the right graph of 
each panel. When compared with the normal state, the aver-
age value of DP along the peritubular capillary is increased 
in HF, whereas that of DP is decreased. This favors fluid 
movement into the capillary and may also reduce backleak 
of fluid into the tubule via paracellular pathways, promoting 
overall net reabsorption. The contribution of enhanced 
fractional proximal sodium reabsorption in HF and its depen-
dence on abnormal glomerular hemodynamics has been 
demonstrated in a number of experimental and clinical 
studies. Using clearance techniques, it was shown that the 
infusion of mannitol led to a greater increase in free water 
excretion in patients with HF than in normal subjects [84]. 
Since the site of action of mannitol is largely proximal to the 
diluting segment of the nephron, it was inferred that proxi-
mal tubule sodium reabsorption is raised above normal levels 
in patients with HF and that distal delivery is restored after 
the administration of mannitol. Bennett et al. [85] showed 
that proximal fractional sodium reabsorption (as measured 
during pharmacologic blockade of distal nephron sodium 
transport) was increased in patients with HF, when compared 
with that in normal subjects at any given level of extracellu-
lar fluid volume. Johnston et al. [86] administered desoxy-
corticosterone acetate to normal dogs and dogs with 
arteriovenous fistulas. The sodium and potassium balance 
in the dogs with fistulas did not escape from the sodium-
retaining effects of the mineralocorticoid hormone, and the 
animals did not become hypokalemic; when compared with 
proximal tubule sodium reabsorption and a consequent 
decrease in delivery of sodium to more distal sodium/potas-
sium, exchange sites accounted for the lack of increased 
urinary potassium excretion in the experimental group. The 
most direct evidence for the dependence of enhanced proxi-
mal fractional sodium reabsorption on altered glomerular 
hemodynamics in HF was obtained by Ichikawa et al. [82] in 
the coronary ligation model of myocardial infarction in rats. 
When the increased single nephron filtration fraction was 
restored toward normal with the use of an ACE inhibitor, 
there was a pari passu normalization of proximal peritubular 
capillary Starling forces and sodium reabsorption.

Distal nephron sites also participate in the enhanced 
tubule sodium reabsorption in experimental models of HF. 
Micropuncture studies performed in dogs with arteriovenous 
fistulas [87], pericardial constriction [88], or chronic partial 
thoracic vena caval obstructions [89] have documented an 

Fig. 12.4 The glomerular and peritubular microcirculations in heart 
failure
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enhanced distal nephron sodium reabsorption. Levy has 
shown that the inability of dogs with chronic vena caval 
obstruction to excrete a sodium load is a consequence of 
enhanced reabsorption of sodium at the loop of Henle [90]. 
Furthermore, the mechanism leading to the augmented reab-
sorption of sodium by the loop of Henle in dogs with con-
striction of the vena cava seems to involve physical factors 
determined by renal hemodynamics, much as in the case of 
the proximal tubule [91]. Specifically, the combined effects 
of renal vasodilatation and elevation of renal perfusion pres-
sure in dogs with caval constriction served to prevent the 
enhanced reabsorption of filtrate by the loop of Henle, 
thereby permitting a normal natriuretic response to saline 
loading. One other consistent observation in clinical and 
experimental HF is an attenuated natriuretic response to 
atrial natriuretic peptide (ANP). Since the natriuretic action 
of ANP is not entirely dependent on its actions on glomeru-
lar function [92], it is therefore possible that resistance to the 
actions of ANP at the level of the collecting tubule can con-
tribute to sodium retention in HF.

Another perspective of the altered distal nephron function 
in HF has been reported in dogs with thoracic caval constric-
tion [93]. In this model, it was shown that activation of tubu-
loglomerular feedback by intrarenal infusion of hypertonic 
saline was significantly blunted when compared with the 
response seen in normal dogs. The extent of reduction in 
tubuloglomerular feedback paralleled the degree of impair-
ment of baseline renal function. In this respect, the caval-
constricted dogs behaved in a manner analogous to that 
observed in the states of volume depletion. Indeed, all the 
abnormalities in distal nephron function described in HF 
appear to be similar to those reported in states of severe vol-
ume depletion. The precise relative contribution of proximal 
versus distal nephron sites to avid sodium reabsorption in HF 
probably depends on the magnitude of the perceived decline 
in arterial blood flow and the extent of impairment in renal 
hemodynamics. This applies in states of both true volume 
depletion as well as “perceived” volume depletion in the case 
of HF.

Humoral Mechanisms

Despite a marked impairment of renal blood flow, GFR is 
usually preserved in patients with HF until the terminal stage. 
The preservation of filtering function of the kidney is medi-
ated in part by the release of vasoactive hormones within the 
kidney, namely Ang II, prostaglandins, and natriuretic pep-
tides, in response to decreased renal perfusion, and/or 
increased renal sympathetic nerve activity, or both [94]. The 
vasoactive and vasodilator hormonal systems have opposite 
intrarenal hemodynamic effects: the appropriate balance of 

their effects serves to maintain GFR. The natriuretic pep-
tides, particularly ANP also plays a counterregulatory role to 
Ang II and other vasoconstrictors in maintaining intrarenal 
hemodynamic homeostasis [95].

Sympathetic Nervous System

The observation that cardiac catecholamine stores are mark-
edly reduced in HF [96] has long suggested that the sympa-
thetic nervous system is involved in HF. Indeed, increased 
plasma norepinephrine levels are frequently observed and 
have been thought to be a prognostic marker in patients with 
HF [4]. Direct intraneural recordings in patients with HF 
have also documented increased neural traffic that correlated 
with the increased plasma norepinephrine level [96]. The 
kidney is richly innervated by postganglionic neurons of the 
sympathetic nervous system [97]. Indeed, catecholamines 
produce changes in glomerular hemodynamics quite similar 
to those observed in HF and with the administration of AII 
[98]. Studies on isolated perfused proximal tubules and 
cortical collecting ducts have demonstrated that cate-
cholamines can increase sodium reabsorption that may be 
blocked by propranolol [99]. Besides their renal hemody-
namic and tubule effects, the catecholamines also stimulate 
the secretion of renin and may antagonize the counter-
regulatory actions of the vasodilator neurohormone: both 
may contribute to unopposed influence of Ang II and 
increased fluid retention [100]. In dogs with low cardiac 
output induced by caval constriction, administration of a 
ganglionic blocker resulted in a marked increase in sodium 
excretion [101]. In rats with HF induced by coronary 
artery ligation, renal denervation resulted in an increase in 
RPF and SNGFR, and a decrease in afferent and efferent 
arteriolar resistance [102]. Similar changes were observed 
in water-deprived rats but not euvolemic rats. In patients 
with HF, switching from the low- to the high-sodium diet 
resulted in a suppression of the elevated catecholamine 
level [103]. These experimental and clinical data therefore 
indicate that the sympathetic nervous system plays an 
important role in the regulation of glomerular hemodynamics 
in situations, in which there is volume depletion or reduced 
cardiac output.

Renin–Angiotensin–Aldosterone System

The renin–angiotensin–aldosterone system (RAAS) may not 
play a major part in volume homeostasis when renal perfu-
sion is normal. However, in sodium-depleted states, intrare-
nal angiotensin is activated and exerts a renal vasoconstrictor 
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effect predominantly on the efferent arteriole [98, 104], such 
that glomerular capillary hydraulic pressure and filtration 
fraction are increased [98]. The resulting changes in peritu-
bular hydraulic and oncotic pressure gradients lead to 
enhanced tubule sodium and fluid reabsorption [105]. The 
glomerular microcirculatory changes act to preserve GFR in 
the presence of reduced renal perfusion pressure. Accordingly, 
renal function may deteriorate in sodium-depleted states if 
the actions of Ang II are abolished either experimentally [90] 
or clinically [106]. The observation that the microcirculatory 
changes described in HF are almost identical to those seen in 
sodium-depleted states and during infusions of Ang II, sug-
gests that Ang II plays a crucial role in mediating the altera-
tions in renal function in HF. This is supported by evidence 
derived from a study using the rat coronary artery ligation 
model [82]. In this study, the abnormalities in single nephron 
glomerular hemodynamics and corresponding adjustments 
in proximal tubule function could be entirely abrogated by 
the administration of teprotide, an angiotensin-converting 
enzyme (ACE) inhibitor.

Whereas several studies have related renal sodium retention 
in HF to elevated levels of renin, Ang II, or aldosterone 
[107, 108], in other studies, no consistent relationship could 
be established [109]. In this regard, data from several experi-
mental and clinical studies that explored the relationship 
between the renin–angiotensin–aldosterone axis and sodium 
balance at different stages of HF are worthy of discussion. In 
dogs with pulmonary artery or thoracic inferior vena cava con-
striction, the RAAS was activated to a striking degree during 
the early phase of constriction and was necessary for the 
support of systemic blood pressure; administration of the 
converting enzyme inhibitor captopril resulted in systemic 
hypotension. Over subsequent days, sodium retention and 
ECF volume expansion were pronounced, and inhibition of 
ACE was no longer accompanied by significant hypotension. 
However, animals with severe impairment in cardiac output 
remained sensitive to the hypotensive effects of ACE inhibi-
tion. Similarly, among patients with HF, plasma renin activity 
and levels of vasoconstrictor hormones were most elevated 
in those with acute, severe, and poorly compensated HF 
[110]. However, levels of these hormones were not elevated in 
patients with chronic stable HF. Furthermore, the levels 
declined when the patients with acute, decompensated HF 
became stable in the chronic stage. In a recent study with 
careful measurement of sodium balance, Cody et al. [103] 
examined the relationship of the RAAS to shifts in salt intake 
in patients with chronic HF. Sodium intake was 10–100 mmol/
day. The maneuver was accompanied by weight gain and 
increased sodium excretion but not by an increase in blood 
volume. Plasma renin activity was greater with the 10 mmol/
day diet and was suppressed with the 100 mmol/day diet. 
During both diets, plasma renin activity (PRA) was correlated 
with urinary sodium excretion. Of interest, systemic vascular 

resistance remained elevated on the 100 mmol/day diet and 
could not be lowered by captopril. However, systemic vascular 
resistance could be lowered by captopril while the patient was 
receiving the 10 mmol/day diet. There was heterogeneity 
among the patients in their ability to achieve salt balance. One 
group was capable of achieving neutral salt balance while 
receiving the 100 mmol/day diet, whereas the second group 
displayed continued avid sodium retention. The avid sodium 
retention in the latter group could not be attributed to mea-
surable differences in blood volume or other hemodynamic 
parameters. However, there was greater activation of the 
RAAS in the avid sodium retainers. Therefore, the foregoing 
experimental and clinical data indicate that the importance of 
the RAAS in maintaining circulatory homeostasis depends on 
the stage of HF and status of the ECF volume. Its influence is 
most pronounced in acute and decompensated HF and least in 
chronic stable HF and during states of sodium excess. Overall, 
the net effect of Ang II receptor blockade or converting enzyme 
inhibition on renal function in HF depends on a multiplicity of 
interacting factors. On the one hand, renal blood flow may 
improve as a result of lower efferent arteriolar resistance. 
Systemic vasodilatation may be associated with a rise in 
cardiac output. Under such circumstances, reversal of hemo-
dynamically mediated effects of Ang II on sodium reabsorp-
tion would promote natriuresis. On the other hand, the aim of 
AII-induced elevation of single nephron filtration fraction is to 
preserve GFR in the face of diminished RPF. In those patients 
with precarious renal hemodynamics, a fall in systemic arterial 
pressure below the autoregulatory range combined with 
removal of the Ang II effect on glomerular hemodynamics 
may cause severe deterioration in renal function. The net result 
depends on the integrated sum of these physiologic effects, 
which in turn is dependent on the severity and stage of the 
heart disease. In addition to its hemodynamically mediated 
effects on renal sodium handling, there are other effects of 
Ang II that may be operative in promoting sodium retention in 
HF. Angiotensin II has a dose-dependent direct epithelial 
effect on the proximal tubule that favors active sodium reaborp-
tion [111]. The predominant effect of the RAAS on distal 
nephron function is mediated by the action of aldosterone on 
cortical and medullary portions of the collecting duct to 
enhance sodium reabsorption. Here, aldosterone increases net 
sodium reabsorption and diminishes sodium back leak. The 
effect of a given circulating level of aldosterone on overall 
sodium excretion also depends on the volume of filtrate 
reaching the collecting duct and the composition of luminal 
and intraceuular fluids. This delivery of filtrate is influenced 
by other effector mechanisms (i.e., Ang II, sympathetic nerve 
activity, and peritubular physical forces) acting at more proxi-
mal nephron sites. Numerous studies have reported elevated 
plasma aldosterone concentration or urinary aldosterone secre-
tion or the effects of pharmacologic aldosterone antagonists in 
animal models and human subjects with HF [107, 108]. 
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Variability in the relative importance of mineralocorticoid 
action in the sodium retention of HF that emerged from these 
reports should be interpreted in light of the very same consid-
erations regarding stage and severity of disease that were noted 
with respect to the hemodynamic actions of angiotensin II.

Prostaglandins

When renal blood flow is impaired, hypoperfusion of the 
kidney, the activation of the RAAS, or both, stimulate the 
release of prostaglandins (PG) [112, 113]. Under these cir-
cumstances, prostaglandins exert a vasodilator effect that 
counteracts renal vasoconstriction locally. This vasodila-
tory effect may occur predominantly at the level of the 
afferent arteriole [114, 115]. The effects of the efferent 
arteriole are complex and are confounded by concomitant 
prostaglandin-mediated renin release and consequent Ang 
II production. As a result, the net effect is to counteract the 
decrease in RPF, with variable effects on filtration. Besides 
the hemodynamic effects, prostaglandins may also produce 
sodium and water retention through other mechanisms; 
they can directly inhibit sodium transport in the collecting 
tubule [116]; they may antagonize the dipsogenic action of 
Ang II [117]; they may oppose the effects of AVP on the 
collecting tubule [116]; and they may inhibit active sodium 
transport by the medullary thick ascending limb of Henle 
[116, 118]. Gathered observations in both experimental and 
human HF [119, 120] have demonstrated a direct linear 
relationship between the plasma renin activity and Ang II 
concentrations and levels of circulating and urinary prosta-
glandin E, and I, metabolites. This correlation probably 
reflects both a stimulation of prostaglandins synthesis by 
Ang II and an increased release of renin induced by prosta-
glandins. A similar counterregulatory role of prostaglan-
dins with respect to the other major vasoconstrictors 
(catecholamines, AVP) may also be inferred. An inverse 
correlation between serum sodium concentrations and 
plasma levels of PGE, metabolites has been demonstrated 
[120]. In two experimental models of HF, inhibition of 
prostaglandin synthesis has been associated with adverse 
renal hemodynamic consequence [82, 119]. In one of these 
studies using a rat myocardial infarction model, adminis-
tration of indomethacin to rats with HF was associated with 
a further rise in the already elevated efferent arteriolar 
resistance and a fall in glomerular plasma flow and SNGFR. 
Based on these observations, it is not surprising to find that 
patients with hyponatremia accompanied by the most strik-
ing activation of the sympathetic and the renin–angiotensin 
systems were most susceptible to adverse glomerular hemo-
dynamic consequences following the administration of 
indomethacin [120].

Natriuretic Peptides

The natriuretic peptides such as ANP oppose the systemic 
vasoconstricting effect of Ang II [121], inhibits Ang 
II-stimulated proximal tubule sodium reabsorption, and 
opposes the dipsogenic of Ang II as well as the ability of the 
latter to stimulate thirst and secretion of aldosteronone [121]. 
Based on these observations, one may conceive that the high 
plasma level of ANP in HF should result in natriuresis. 
However, studies administering synthetic ANP to experi-
mental models [122, 123] and patients with HF [103, 124] 
have consistently demonstrated attenuated renal response 
when compared with that in normal control subjects. The 
mechanisms for the attenuated renal effects of ANP in HF 
are unclear, although several possibilities are worthy of con-
sideration [125]. First, the ability of ANP to antagonize the 
renal effects of Ang II may be limited in the presence of 
markedly impaired renal blood flow [126]. Second, it is 
possible that the activation of the sympathetic nervous sys-
tem, Ang II and AVP in HF may have antagonized the renal 
effects of ANP [100]. Third, enhanced activity of neutral 
endopeptidase (NEP) in HF may reduce the availability of 
natriuretic peptides in the kidney [125].

In summary, the perturbations in the efferent limb of vol-
ume homeostasis in HF are a result of a complex interplay of 
the sympathetic nervous system and several other neurohor-
monal mechanisms on the glomeruli and the renal tubules. 
These interactions are summarized in Fig. 12.5.

Renal insufficiency is common in patients with HF and is 
an adverse prognostic factor [5, 6]. Mechanisms that mediate 
increased risk when HF and renal disease coexist include a 
higher burden of comorbidities, increased toxicities from 
diagnostic procedures or therapies, accelerated atherosclero-
sis, or less use of proven efficacious therapies in patients 
with both conditions [127]. Renal insufficiency as a comorbid 
condition in HF is discussed in Chap. 13. A large number of 
patients admitted to hospital have various degrees of heart 
and kidney dysfunction. Primary disorders of one of these 
two organs often result in secondary dysfunction or injury to 
the other [128]. Such interactions represent the pathophys-
iological basis for a clinical entity called cardiorenal 
syndrome [129].

Cardiorenal Syndrome

The term cardiorenal syndrome (CRS) has been increasingly 
utilized in clinical practice but often without a consistent or 
well-accepted definition [130]. Ronco et al. recently pre-
sented a classification of the cardiorenal syndrome of five 
subtypes that reflect the pathophysiology, the time-frame, 
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and the nature of concomitant cardiac and renal dysfunction 
[129]. CRS is defined as a pathophysiologic disorder of the 
heart and kidneys whereby acute or chronic dysfunction of 
one organ induces acute or chronic dysfunction of the other. 
Type 1 CRS reflects an abrupt worsening of cardiac function 
(e.g., acute cardiogenic shock or decompensated HF) leading 
to acute kidney injury. Type 2 CRS comprises chronic abnor-
malities in cardiac function leading to progressive chronic 
kidney disease. Type 3 CRS consists of an abrupt worsening 
of renal function (e.g., acute kidney ischemia or glomerulo-
nephritis) causing acute cardiac dysfunction (e.g., dysrhyth-
mia, ischemia). Type 4 CRS describes a state of chronic 
kidney disease (e.g., chronic glomerular disease) contribut-
ing to decreased cardiac function, cardiac hypertrophy, and/
or increased risk of adverse cardiovascular events. Type 5 
CRS reflects a systemic condition (e.g., sepsis) causing both 
cardiac and renal dysfunction. As the mechanisms mediating 
the subtypes of CRS may be different, the management strat-
egies may not be the same either. For example, type 1 CRS is 

characterized by a rapid worsening of cardiac function, lead-
ing to acute kidney injury (AKI) (Fig. 12.6).

As more than 1 million patients in the United States are 
admitted to a hospital every year with either de novo acute 
HF or acutely decompensated chronic HF [130], type 1 CRS 
must be very common. Among these patients, premorbid 
chronic renal dysfunction is a common occurrence and pre-
disposes them to acute kidney injury. In acute HF, kidney 
injury is more severe in patients with impaired LV systolic 
function compared with those with preserved LV function 
[131]. Furthermore, impaired renal function is consistently 
found as an independent risk factor for 1-year mortality in 
acute HF, including patients with ST-segment elevation myo-
cardial infarction [132]. A plausible reason for this indepen-
dent effect might be that an acute decline in renal function 
does not simply act as a marker of illness severity but also 
carries an associated acceleration in cardiovascular 
pathophysiology through activation of inflammatory path-
ways discussed elsewhere in this chapter [133].

Fig. 12.5 Efferent limb of volume homeostasis in heart failure. Effector 
mechanisms that initiate and maintain renal sodium retention. ANP 
atrial natriuretic peptide; PG prostaglandins; NE norepinephrine; AII 

angiotensin II; ALDOST aldosterone; AVP arginine vasopressin;  
Raff afferent arteriolar resistance; Reff efferent arteriolar resistance; 
minus sign inhibitory effects
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On the other hand, type 3 CRS is characterized by an 
abrupt and primary worsening of kidney function (e.g., acute 
kidney injury and ischemia, or glomerulonephritis), leading 
to acute cardiac dysfunction (e.g., HF, dysrhythmia and 
ischemia). Type 3 CRS may be less common than type 1 CRS, 
but this may only be due to the fact that, unlike type 1 CRS, it 
has not been studied as well. Acute kidney injury is a 
common disorder in hospital and ICU patients. When the 
RIFLE (risk, injury, and failure; loss; and end-stage kidney 
disease) consensus definition is used, acute kidney injury has 
been identified in close to 9% of hospital patients [134]. 
Acute kidney injury can affect the heart through several 
pathways (Fig. 12.7), whose hierarchy is not yet established. 
Fluid overload can contribute to the development of pulmo-
nary edema. Hyperkalemia can contribute to dysrhythmias 
and may cause cardiac arrest. Untreated uremia affects cardiac 
contractility through the accumulation of myocardial depres-
sant factors and pericarditis [135]. Acidemia produces 
pulmonary vasoconstriction, which can significantly contribute 
to right-sided HF. Acidemia appears to have a negative inotro-

pic effect and might, together with electrolyte imbalances, 
contribute to an increased risk of dysrhythmias [136].

Endothelial Dysfunction

Increased peripheral vasoconstriction in response to exercise 
and impaired vasodilatation after stimulation with agonists 
are the hallmarks of endothelial dysfunction in the setting of 
HF. The disruption of endothelial cell function has been 
attributed to the activation of the sympathetic nervous sys-
tem, the renin–angiotensin system, as well as the vasopressin 
system [7]. Experimental and some clinical studies indicate 
that impaired endothelium-dependent relaxation is related, at 
least to a great extent, to impaired availability of NO [137].

Recent data demonstrated that expression of endothelial 
NO synthase (eNOS) is reduced in an experimental model of 
HF. On the other hand, a 10-day training program resulted in 
an increase in the expression of eNOS [138]. The expression 

Fig. 12.6 Pathophysiological interactions between heart and kidney in type 
1 cardiorenal syndrome. ACE angiotensin-converting enzyme; ANP atrial 
natriuretic peptide; BNP B-type natriuretic peptide; CO cardiac output; 

GFR glomerular filtration rate; KIM kidney injury molecule; N-GAL neu-
trophil gelatinase-associated lipocalin; RAA renin–angiotensin–aldoster-
one (Reproduced from Ronco et al. [129], with permission from Elsevier)
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of eNOs is increased by shear stress in isolated endothelial 
cells [139]. Therefore, impaired endothelium-dependent 
relaxation in HF may be related in part to reduced peripheral 
blood flow, which in turn may be restored by repetitive 
increases in blood flow by physical training, resulting in 
intermittent enhanced shear stress and, consequently, 
increased expression and activity of eNOS. In this regard, it 
has been shown that a training protocol confined to one 
extremity in patients with HF results in enhanced flow-
dependent, endothelium-mediated dilation, whereas endothe-
lial function of the untrained extremity remains unchanged 
[140]. These observations suggest that local mechanical 
forces play an important role in the beneficial effect of train-
ing. In addition to the regulation of eNOS, other shear-
dependent mechanisms may be involved as well; i.e., shear 
stress upregulated the expression of Cu/Zn superoxide 
dismutase, a radical scavenging enzyme [141], but sup-
pressed the expression of ACE [142]. There is evidence that 
HF is associated with increased oxidative stress [143]. Thus, 
increased expression and activity of endothelial superoxide 
dismutase may be protective via the scavenging of radicals, 
thereby reducing the inactivation of NO. The local activity of 
radical scavenging enzymes and radical-producing enzymes 

in the periphery has not been assessed in patients with HF. 
There is evidence that endothelial dysfunction in patients 
with HF can be improved and normalized by the antioxidant 
vitamin C, which supports the notion that chronic HF is 
associated with increased radical formation that in turn 
affects endothelium-mediated vasomotor tone [144]. Shear-
stress-mediated suppression of ACE may have an impact on 
endothelium-dependent relaxation by affecting local concen-
trations of bradykinin, because ACE is identical to kininase II, 
which degrades bradykinin into inactive products. Bradykinin 
is a strong stimulus for the release of NO from the endothe-
lium. Experimental and clinical data suggest that bradykinin 
or the B2 receptor is involved in flow-dependent, endothelium-
mediated dilation [145]. Moreover, ACE inhibition improves 
endothelium-dependent relaxation by bradykinin/bradykinin 
B

2
 receptor-mediated mechanisms [138]. Taken together, 

impaired endothelium-dependent relaxation in HF may be 
a secondary event in response to alterations in peripheral 
hemodynamics. Alterations in shear stress related to impaired 
blood flow may play an important role in the development of 
endothelial dysfunction in this setting, although other factors 
such as increased levels of cytokines likely play a contributory 
role as well.

Fig. 12.7 Pathophysiologic interactions between heart and kidney in type 3 CRS or abrupt worsening of renal function. MPO myeloperoxidase; 
other abbreviations as in Fig. 12.6 (Reprinted from Ronco et al. [129]. With kind permission from Elsevier Limited)
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Immune and Cytokine Activation

A feature of HF is immune activation [146], with proinflam-
matory cytokines (e.g., TNF-a, IL-1, IL-6) overexpressed 
both in the systemic circulation [147] as well as locally in the 
failing myocardium [148]. Sustained overexpression of inflam-
matory mediators contributes to the development of central 
and peripheral manifestations of the syndrome of HF [146, 
147, 149]. The cytokine hypothesis of HF [150] proposes 
that HF progresses because the cytokine cascade activated 
after myocardial injury exerts deleterious effects on the heart 
and circulation. This hypothesis implies that the overex-
pression of cytokines contributes to the progression of HF 
once LV dysfunction is present, but it does not mean that 
cytokines per se initiate heart HF. After an initial myocardial 
injury by myocardial infarction, hemodynamic overload, or 
inflammation, various secondary mediators such as cytokines 
and neurohormones act on the myocardium and stimulate 
myocardial remodeling through myocyte hypertrophy, 
apoptosis, and altered gene expression in cardiac myocytes.

There have been several hypotheses that address the 
source of proinflammatory cytokines in HF. One hypothesis 
is that activation of the immune system is responsible for 
cytokine elaboration, which happens in response to some 
forms of tissue injury (as described above) or possibly some 
unknown stimulus to the immune system. A second hypoth-
esis is that the failing heart itself may be the source of TNF-a 
production in HF and that elevated levels of TNF-a represent 
spillover of cytokines that were produced locally within the 
myocardium, leading to secondary activation of the immune 
system [151]. This then is capable of amplifying the cytokine 
signal in the periphery. The third hypothesis is that decreased 
cardiac output in HF leads to the elaboration of TNF-a by 
underperfusion of systemic tissues. An extension of this 
hypothesis is that gut wall edema allows translocation of 
endotoxin, which activates cytokine production [152].

The effect of cytokines on the heart is initiated by specific 
receptors on the myocyte. In the case of TNF-a, ligand-
receptor signaling is initiated by binding of TNF-a to a 
lower-affinity, 55-kD receptor (TNFR1) or a higher affinity, 
75-kD receptor (TNFR2). TNF receptors in HF are capable 
of receptor shedding; that is, they are cleaved from the cell 
membrane and subsequently exist in the circulation as circu-
lating soluble receptors, referred to as sTNFR1 and sTNFR2. 
In cell cultures, these soluble receptors have been shown to 
retain their ability to bind to TNF-a and inhibit its cytotoxic 
activity. It is believed that the role of circulating soluble 
binding proteins (such as TNF-binding proteins) in vivo is to 
serve as biologic buffers capable of neutralizing the highly 
cytotoxic activities of cytokines [151].

Several aspects of HF have been linked to the biological 
effects of cytokines. Some of the proposed mechanisms by 
which cytokines damage the heart are based on the hypoth-

esis that TNF-a is a mediator of sepsis-induced alterations in 
the diastolic mechanical properties of the myocardium. 
Administration of TNF-a suppresses myocyte contractility, 
increases apoptosis, and decreases interstitial matrix [153]. 
This promotes LV dysfunction [154], pulmonary edema, and 
cardiomyopathy in humans and LV remodeling in dogs 
[153]. Although the most consistently increased cytokines in 
HF have been IL-6 and TNF-a, other cytokines, such as 
IL-1b and IL-2, have also been associated with the pathogen-
esis of HF [155].

High blood levels of TNF-a have been found to corre-
spond to the severity of HF symptoms. Investigators for the 
Studies of Left Ventricular Dysfunction (SOLVD) in patients 
with HF reported a trend toward increasing mortality with 
increasing levels of TNF-a [156]. In vitro studies have shown 
that TNF-a produces negative inotropic effects in isolated 
contracting cardiac myocytes by altering calcium homeosta-
sis. Soluble TNF receptors (sTNFR1 and sTNFR2) that bind 
to TNF-a can both prevent and reverse the negative inotropic 
effects of TNF-a in isolated contracting cardiac myocytes. 
However, elevated levels of sTNFR2 have also been shown 
to correlate with adverse short-term clinical outcomes in 
hospitalized HF patients [157]. The significance of this find-
ing is unclear because soluble TNF receptors may also be 
considered protective of the heart because they bind to 
TNF-a and inactivate it. In a study on the prognostic impor-
tance of proinflammatory cytokines, investigators found 
that increased levels of TNF-a, sTNFR1, sTNFR2, and IL-6 
predicted 24-month mortality in 152 patients with HF. 
sTNFR1 was found to be the strongest and most accurate 
prognosticator, independent of established markers of HF 
severity [158]. The Vesnarinone Multicenter Trial (VEST), 
which involved 1,200 patients, revealed that cytokines (TNF 
and IL-6) and their cognate soluble receptors (sTNFR1 and 
sTNFR2) were independent predictors of increased mortality 
in patients with advanced HF and that levels of cytokines 
were modified by age, sex, and cause of HF. The investiga-
tors also reported that cytokines were consistently higher in 
patients with ischemic cardiomyopathy than in patients with 
dilated cardiomyopathy [68].

Because it has been shown that cytokine production and 
activity can be antagonized e.g., high amounts of soluble 
TNF receptors function as specific inhibitors of TNF activity, 
one natural question that arises is whether cytokine bioactiv-
ity can be modulated as a treatment modality in patients with 
HF. Treatment with two TNF blockers, etanercept (soluble 
TNF-a) and infliximab (chimeric antibody), has been shown 
to have strikingly beneficial effects in patients with rheuma-
toid arthritis [159, 160]. In an experimental study, investiga-
tors found that a soluble p75 TNF receptor fusion protein 
(etanercept) that binds to TNF and functionally inactivates 
TNF can reverse some of the cardiotoxic effects of TNF 
in vitro and in vivo [60]. In a canine model of pacing-induced 
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HF, concomitant with etanercept reduced LV end-diastolic 
volume and LV tissue metalloproteinase (MMP) [161]. These 
finding were implemented in a phase I, double-blind clinical 
trial of patients with NYHA class III HF, and it was shown 
that TNF-a bioactivity was significantly decreased 2 weeks 
after treatment with a single intravenous infusion of etaner-
cept (Enbrel). Improvements were particularly seen in 
increased ejection fraction, physical function as measured by 
a 6-min walk test, and an overall improvement in quality-
of-life scores. Etanercept was found to be safe and well 
tolerated in this small group of HF patients [162]. However, 
the two subsequent large multicenter phase II and III clinical 
trials, RENAISSANCE (Randomized Etanercept North 
American Strategy to Study Antagonism of Cytokines) in 
the United States and RECOVER (Research into Enbrel: 
Cytokine Antagonism in Ventricular Dysfunction) in Europe, 
were stopped because of a lack of evidence of clinical benefit 
from etanercept [163]. Furthermore, in the anti-TNF Therapy 
Against Congestive Heart Failure (ATTACH) trial short-term 
TNF-a antagonism with a chimeric monoclonal antibody 
infliximab did not improve, and at high doses, adversely 
affected the clinical condition of patients with moderate-to-
severe chronic HF [164].

Conclusions

The clinical syndrome of chronic HF has evolved from tradi-
tionally being primarily a malfunction of the heart as a pump 
to that of the periphery including peripheral vascular, renal, 
neurohormonal, as well as the inflammatory system. 
However, the mechanisms underlying the myriad of changes 
in the periphery in chronic HF, such as those discussed in this 
chapter, are complex and remain inadequately addressed by 
existing therapies. Particularly unclear is the origin of these 
derangements and the sequence of triggering mechanisms in 
the course of the natural history of HF. Still, recent advances 
in the therapy of HF have depended to a large extent on the 
understanding of changes at the periphery.

Summary

The link between peripheral systems activated in HF and •	
the central nervous system as a source of neurohumoral 
drive has therefore received increasing attention.
The forebrain and particularly the paraventricular nucleus •	
of the hypothalamus have emerged as sites that sense 
humoral signals generated peripherally in response to the 
stresses of HF and contribute to the altered volume regu-

lation and augmented sympathetic drive that characterize 
the HF syndrome.
Recent experimental studies have confirmed a critical role •	
for the forebrain in the pathogenesis of HF. Peripheral 
systems adapting to myocardial injury and reduced car-
diac output release humoral factors that enlist the fore-
brain to help restore volume and pressure within the 
cardiovascular system.
Unrestrained by the usual negative feedback mechanisms, •	
peripheral and central compensatory systems persist in a 
futile effort to restore homeostasis.
The clinical approach to the HF syndrome is complicated •	
by the fact that these compensatory mechanisms are 
initially supportive but are ultimately detrimental.
The challenge is to develop therapeutic strategies that •	
recognize the wisdom of adaptive mechanisms but 
prevent the excesses that promote clinical deterioration.
A rational approach will modulate but will not eliminate •	
these mechanisms. The forebrain may be a prime target 
for such interventions.
From the standpoint of extracellular fluid volume homeo-•	
stasis, the key abnormality in HF is the perception of an 
inadequate circulating volume by various sensors located 
on critical sites within the circulation. As a result, the nor-
mal relationship between intravascular volume and hold-
ing capacity as perceived by these sensing mechanisms is 
perturbed. This leads to the activation of various effector 
mechanisms, whose aim is to increase intravascular vol-
ume and maintain blood pressure.
Abnormalities in effector mechanisms of volume homeo-•	
stasis acting to promote sodium retention at the level of 
the kidney are themselves a consequence of the primary 
disturbance in afferent-sensing mechanisms.
The perturbations in the efferent limb of volume homeo-•	
stasis in HF are a result of a complex interplay of the sym-
pathetic nervous system and several other neurohormonal 
mechanisms on the glomeruli and the renal tubules.
Renal insufficiency is common in patients with HF and is •	
a poor prognostic factor. Mechanisms that mediate 
increased risk when HF and renal disease coexist include 
a higher burden of comorbidities, increased toxicities 
from diagnostic procedures or therapies, and accelerated 
atherosclerosis.
A large number of patients admitted to hospital have vari-•	
ous degrees of heart and kidney dysfunction. Primary dis-
orders of one of the two organs often result in secondary 
dysfunction or injury to the other. Such interactions repre-
sent the pathophysiological basis for a clinical entity 
called cardiorenal syndrome.
A vascular component has been recognized to contribute •	
to HF.
The most studied vascular mechanisms that might con-•	
tribute to the development of HF is the reduced produc-
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tion of nitric oxide (NO) or the reduced bioactivity of NO 
seen in basic models of HF and disease in patients.
The concept that HF is a cytokine activated state has, in •	
addition, focused attention on the possibility that the 
cytokine driven isoform of NO synthase (NOS), iNOS, 
may produce sufficient quantities of NO to suppress 
cardiac myocyte function contributing to the reduced 
inotropic state in the already failing heart.
The view of the role of NO in the development of HF has •	
evolved from simply a reduction in production of NO in 
blood vessels, to altered substrate availability (i.e. l-argi-
nine), to increased scavenging of NO by superoxide anion, 
to increased production of NO from iNOS. As these 
concepts develop, the approach to the therapeutics of HF 
has also progressed with the recognition of the need to 
develop treatments directed towards addressing one or 
more of these etiologies.
Proinflammatory cytokines (interleukin-1, interleukin-2, •	
interleukin-6, interleukin-10, and tumor necrosis factor) 
are involved in cardiac depression and in the complex 
syndrome of HF.
Proinflammatory cytokines exert deleterious effects on the •	
heart. Overproduction of cytokines contributes to the pro-
gression of HF, and it may be a marker of more severe or 
more active disease. However, the use of monoclonal anti-
bodies directed against specific cytokines has not been found 
to be useful to reverse the downhill progression of HF.
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Overview

Comorbidity complicates the care of patients with heart failure 
(HF) and is prevalent in one form or another for the majority of 
elderly patients with HF. A wide range of comorbidities, 
which includes respiratory comorbidities, diabetes, obesity, 
renal dysfunction, anemia, arthritis, cognitive dysfunction, and 
depression, contributes to the progression of the disease and 
may alter the response to treatment. Polypharmacy is inevitable 
in these patients. In addition, dysrhythmias, particularly atrial 
fibrillation (AF) is particularly common in patients with HF. 
The aim of this chapter is to discuss the recognition and 
management of several comorbid conditions that are commonly 
encountered in patients with chronic HF.

Introduction

Comorbidity is frequently defined as a chronic condition that 
coexists in an individual with another condition that is being 
described. HF is an increasingly common condition in North 
America, with a lifetime risk of approximately 20% for those 
40 years of age and older [1]. Because HF incidence and 
prevalence increase with advancing age, HF is also more 
likely to occur in the setting of other illnesses. Indeed, the 
average patient with HF suffers from five or six concomitant 
medical conditions [2]. Physicians and other healthcare 
workers caring for patients with chronic HF need to be vigi-
lant to comorbid conditions that may complicate the care of 
these patients. However, patients with increased comorbid 
disease burden, especially in the elderly and those hospital-
ized, are less likely to be enrolled in randomized clinical 
trials, and as such, have not been specifically addressed in 
published HF practice guidelines. As the global population 
ages, there is an accompanying increase in the prevalence of 
both atrial fibrillation (AF) and HF alone, as well as 
 combined. The development of AF in patients with existing 
HF, and vice versa, is associated with clinical deterioration 

and worsening prognosis. Although one condition usually 
 predates the other, one in five participants in the Framingham 
Heart Study who developed both HF and AF were diagnosed 
with both conditions on the same day. There are multiple 
pathophysiological mechanisms to explain how either condi-
tion contributes to the de novo development of the other. 
A better understanding of these links results in targeted treat-
ments aimed at interrupting the development and progres-
sion of AF in HF and vice versa.

Prevalence of Comorbidities in Heart Failure

Data on the presence and effect of comorbidities on HF were 
derived from clinical trials and geographically limited 
studies of relatively small numbers of patients such as the 
Framingham cohort [3]. However, data from these trials may 
not always be reflective of the real-world experience as they 
are largely derived from younger patients with few or no 
comorbidities. More recently, studies have utilized databases 
to examine the impact of comorbidity in larger groups of 
elderly patients with chronic HF.

In the United States (US), National Heart Failure project 
from the Centers for Medicare and Medicaid Services found 
that comorbidity was common among 34,587 Medicare 
elderly patients aged >65 years, hospitalized with a principal 
diagnosis of HF [4]. About a third had chronic obstructive 
pulmonary disease (COPD), 18% had a history of stroke and 
9.2% had dementia. More recently, Braunstein et al. reported 
the findings of a cross sectional analysis of 122,630 individu-
als aged >65 years with HF identified through a 5% random 
sample of all US Medicare beneficiaries [5]. Nearly 40% of 
patients with HF had >5 noncardiac comorbidities and this 
group accounted for 81% of the total inpatient hospital days 
experienced by patients with HF. The top ten most common 
non-cardiac conditions were COPD/bronchiectasis (26%), 
osteoarthritis (16%), chronic respiratory failure, or other 
lower respiratory disease excluding COPD/bronchiectasis 
(14%), thyroid disease (14%), Alzheimer’s disease/dementia 
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(9%), depression (8%), chronic renal failure (7%), asthma 
(5%), osteoporosis (5%) and anxiety (3%). The risk of 
 hospitalization and potentially preventable hospitalizations 
strongly increased with the number of chronic conditions 
(Fig. 13.1).

After controlling for demographic factors and other 
diagnoses, comorbidities that were associated consistently 
with higher risks for HF hospitalizations and mortality 
included COPD/bronchiectasis, renal failure, diabetes, 
depression, and lower respiratory diseases. Several factors 
may explain why older patients with HF with greater 
comorbidity may experience more adverse events that lead 
to preventable hospitalizations. These include underutiliza-
tion of effective HF treatments in the presence of other con-
ditions because of safety concerns e.g., use of b-blockers in 
asthma or ACE inhibitors in renal insufficiency, patient 
non-adherence to or inability to recall complex medication 
regimens, inadequate postdischarge care, failed social sup-
port and failure to promptly seek medical attention during 
symptom recurrence. Psychological stress from chronically 
poor health may also predispose to bad outcomes. Finally, 
elderly patients with multiple comorbidities and polyphar-
macy are also susceptible to poor coordination of care and 
are also at an increased risk for experiencing adverse drug 

reactions from drug–drug interactions. The association 
between comorbidity and healthcare costs has also been 
examined in a Medicare healthcare expenditure study. 
Patients with HF having expensive comorbidities included 
those with chronic pulmonary disease (33% of patients, 
mean total annual expenditure $23,104 per patient), renal 
disease (8% of patients, mean total annual expenditure 
$33,014 per patient), rheumatological disease (5% of 
patients, mean total annual expenditure, $20,527 per 
patient), and dementia (15% of patients, mean total annual 
expenditure, $26,263 per patient). Using data from 27,477 
Scottish morbidity records listing HF, Brown et al. [6] 
reported that 12% of HF admissions were associated with 
chronic airways obstruction, 8% with chronic or acute renal 
failure, and 5% with cerebrovascular accident.

Diabetes Mellitus

Diabetes mellitus is a well-established risk factor for coro-
nary artery disease. Diabetes prevalence is increasing world 
wide with prevalence of diabetes among patients with HF 
increasing at an even faster pace [7, 8]. Diabetes is present in 

Fig. 13.1 Impact of non-cardiac comorbidity burden on the annual 
probability of a Medicare beneficiary with chronic heart failure (CHF) 
experiencing a hospitalization due to any cause. P < 0.001 for linear 

trend for all outcomes. ACSC ambulatory care sensitive conditions 
(Reprinted from Braunstein et al. [5], copyright 2003. With permission 
from The American College of Cardiology Foundation)
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more than 40% of patients with HF [9]. Despite advances in 
therapy for HF, mortality remains 40–80% higher for diabet-
ics with HF than non-diabetics [7,10]. Diabetes has a partic-
ularly pernicious impact among women for the development 
of HF [11]. While multiple mechanisms are likely to be 
responsible for development of HF in diabetics, ischemic 
heart disease and comorbidities such as obesity and hyper-
tension likely play a major role as well [7].

It is now recognized that diabetes mellitus may also pro-
duce HF independent of coronary artery disease by causing a 
diabetic cardiomyopathy [12,13]. At the molecular level, 
hyperglycemia-induced activation of protein kinase C has 
been implicated in some of the maladaptive changes seen at 
the cellular level in diabetes mellitus. Protein kinase C acti-
vation leads to changes in contractile protein function, stim-
ulation of angiotensin converting enzymes (ACE) genes, and 
inducible nitric oxide synthase activity. Increased ACE activ-
ity in diabetes leads to many of the maladaptive changes seen 
in the diabetic patients with heart and vascular complica-
tions. These include apoptosis and necrosis of cardiomyo-
cytes and endothelial cells and increased interstitial fibrosis. 
Animal and human studies show that chronic hyperglycemia 
leading to glycation of collagen and raised serum levels of 
advanced glycation end products result in increased myocar-
dial stiffness. Further, at the cellular level, impairment of 
calcium homoeostasis is frequently seen in diabetic cardio-
myocytes. These changes have been extensively studied in 
animal models. Derangements in calcium homoeostasis lead 
to decreased rates of release and reuptake of calcium into the 
sarcoplasmic reticulum. Changes at the receptor level are 
seen as decreased expression of sarcolemmal sodium–calcium 
exchanger. Preferential use of free fatty acids by the diabetic 
heart over time may lead to lipid accumulation in the myo-
cardium, resulting in cell damage and destruction. There is 
evidence for the development of a distinct cardiomyopathy 
in diabetes independent of coexisting conditions such as cor-
onary disease and hypertension and explains why diabetic 
subjects develop HF even in the absence of epicardial coro-
nary artery disease [14].

Data from the National Health Examination Survey I [15] 
as well as the Framingham study [16] have shown the inci-
dence of HF in patients with diabetes mellitus to be two- and 
fourfold higher, respectively, than in patients without diabe-
tes. While an increase in glycosylated hemoglobin (HbA1C) 
among patients with diabetes is a recognized risk factor for 
the development of HF [17–20], no study to date has demon-
strated that improved glycemic control significantly reduces 
the incidence of HF [21]. In this regard, the Canadian 
Diabetes Association 2003 Clinical Practice Guidelines for 
the Prevention and Management of Diabetes in Canada [22] 
does recommend that most patients with type 1 or type 2 
diabetes be targeted to achieve an HbA1C level of 7.0% or 
lower.

Management of Patients  
with Heart Failure and Diabetes

Although prospective studies specifically dealing with heart 
HF in diabetes may be lacking, extrapolation of data from 
recent large trials has shed light on the management of HF in 
diabetes [7]. The Canadian Cardiovascular Society Consensus 
Conference Recommendations on Heart Failure Update 2007 
[23] recommends that elevated blood glucose in patients 
with HF should be treated according to current Canadian 
Diabetes Association guideline recommendations – aim for a 
target HbA1C level of 7.0% or fasting/preprandial blood glu-
cose of 4.4–7.0 mmol/L (class I, level A).

Treatment choices in patients with HF and diabetes 
involve dietary therapy, metformin, thiazoladinediones, 
biguanides, sulphonylureas, and insulin, all of which have 
their advantages and disadvantages. Metformin is an effec-
tive oral antidiabetic agent. Due to the presumed effects on 
pyruvate metabolism, metformin is approved for use under 
the “black box” warning in the setting of “hypoxic” condi-
tions, such as renal insufficiency, HF, liver disease, and 
COPD. This warning is based on isolated case reports and a 
biochemical rationale that these conditions predispose 
patients to lactic acidosis (a condition associated with 
decreased serum bicarbonate levels), anion gap acidosis and 
systemic lactate level >5 mmol/L, with a mortality of 
40–60%. In addition, two large meta-analyses and a smaller 
case series have evaluated the outcomes and occurrence of 
lactic acidosis associated with use of metformin compared 
with placebo (nonrandomized) or other antidiabetic agents, 
such as sulphonylureas and insulin [24–26]. The combined 
number of patients in these analyses was in excess of 40,000 
and included those with HF, COPD, and renal disease. There 
was no increase in the occurrence of lactic acidosis and in 
addition cardiovascular outcomes of patients with HF taking 
metformin were better than those taking other antidiabetic 
therapies. While a precise renal function cut-off point for use 
of metformin was not apparent from these data, in general, 
only those with a serum creatinine level up to 150 mmol/L 
were included in the meta-analyses and those with serum 
creatinine levels up to 200 mmol/L were included in a smaller, 
single-centre study. Current evidence suggests that patients 
with HF and/or mild to moderate renal dysfunction (esti-
mated glomerular filtration rate (eGFR) > 30 mL/min which 
correlates reasonably with a serum creatinine greater than 
150 mmol/L in women and greater than 180 mmol/L in men 
unless at extremes of age or body weight) fare at least as 
well, if not better, with metformin than with other antidia-
betic agents and metformin should still be considered as 
first-line therapy in HF patients with mild to moderate renal 
dysfunction [24–26]. Thiazolidinediones have been known 
to cause fluid retention, although this is generally mild. 
Recent studies suggest this is not a direct toxic effect on the 
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myocardium. The recently reported Prospective Pioglitazone 
Clinical Trial in Macrovascular Events (PROACTIVE) study 
[27], in which pioglitazone was administered to diabetic 
patients at risk for cardiac ischemic events, showed that 
thizoladinedione was associated with fewer cardiac ischemic 
events, but with an increase in HF hospitalizations (2% abso-
lute excess over 2.8 years, or less than 1% per year). The 
recently completed Diabetes Reduction Assessment with 
Ramipril and Rosiglitazone Medication (DREAM) study 
(2 × 2 factorial design) tested whether development of diabe-
tes could be prevented by rosiglitazone and/or ramipril. In 
more than 5,000 patients, a significant reduction of new glu-
cose intolerance and CV events (absolute 0.8% reduction) 
was seen with rosiglitazone, but a small excess of new-onset 
HF was also observed (absolute 0.4%) [28], which was simi-
lar to the PROACTIVE study. A recently completed random-
ized trial that compared the efficacy of rosiglitazone, 
metformin, or glyburide monotherapy in type 2 diabetics 
reported a significantly greater failure rate of monotherapy 
with glyburide or metformin than with rosiglitazone, but 
showed an increase in reported HF with rosiglitazone. When 
only adjudicated events were considered, there was no sig-
nificant difference in cardiovascular or HF-related mortality 
in any arm [29]. Recent reports suggest that the fluid reten-
tion with this drug class may be safely managed with careful 
observation, taking care not to increase diuretic therapy in 
the absence of either symptoms or signs of central volume 
overload (rather than just peripheral edema) [25,26]. As 
such, this medication remains a viable choice for glycemic 
control in stable HF patients without fluid retention, but such 
patients should be followed more closely for signs of fluid 
retention and pulmonary congestion.

Pulmonary Disorders

The interaction between HF and concomitant pulmonary dis-
ease is common and important. Indeed, patients with HF are 
often misdiagnosed as having air flow obstruction on the 
basis of overlapping symptoms (and vice versa). In patients 
with established chronic obstructive airway disease, HF has 
been recognized in up to 30% of these patients [30]. In 
patients presenting to the emergency department with dysp-
nea, both B-type natriuretic peptide (BNP) and N-terminal 
prohormone BNP (NT-proBNP) have been shown to be use-
ful in improving the diagnostic accuracy of HF [31]. Recently, 
in a controlled study of the use of both BNP and NT-proBNP 
in 306 patients with suspected HF referred to rapid access 
HF clinics [32], both tests proved useful, in particular when 
the results were normal. When both HF and respiratory dis-
orders coexist, it may be important to quantify the relative 
contribution of cardiac and pulmonary components to the 

disability. Exercise testing with simultaneous gas exchange 
or blood gas measurements may be helpful in this regard. 
Optimum assessment and management of these patients 
therefore necessitate careful consideration of the possibility 
that cardiac and respiratory disease may coexist in the indi-
vidual patient.

Obstructive Airway Disease

Chronic obstructive airway disease (COPD) is a frequent 
concomitant disease in patients with HF and it is an indepen-
dent short-term prognostic indicator of mortality and cardio-
vascular comorbidity in patients who have been admitted to 
hospital for HF [33]. In a recently published observational 
study based on longitudinal information from administrative 
registers, 1,020 patients who were chronically treated for and 
hospitalized with HF were identified and followed-up for 
major events up to 1 year. Half of the patients were female 
and 241 patients (23.6%) had concomitant COPD. There 
were no differences in the prevalence of cardiovascular and 
non-cardiovascular comorbidities between HF patients with 
or without COPD. However, COPD patients were more often 
male (60.6% vs. 46.3%), more frequently treated with diuret-
ics (95.9% vs. 91.5%) but less often exposed to b-blockers 
(16.2% vs. 22.0%). Significantly higher adjusted in-hospital 
(hazard ratio 1.50 (95% confidence interval 1.00–2.26)) and 
out-of-hospital (1.42 (1.09–1.86)) mortality rates were found 
in HF patients with concomitant COPD. A higher occurrence 
of non-fatal myocardial infarction/stroke/rehospitalization 
for HF (1.26 (1.01–1.58)) as well as hospitalization for HF 
(1.35 (1.00–1.82)) was associated with COPD.

Diagnosing COPD in the presence of HF may be chal-
lenging. Some of the abnormalities observed on spirometry, 
such as reduced pulmonary diffusing capacity for carbon 
monoxide (DLCO), may be common to both COPD and 
HF [34]. To assess whether DLCO and its subdivisions, 
alveolar–capillary membrane conductance (DM) and 
pulmonary capillary blood volume (Vc) were sensitive to 
changes in intravascular volume, the effects of volume load-
ing on airflow rates were examined [35]. In patients with left 
ventricular dysfunction (LVD), infusion of 10 mL/kg body 
weight of 0.9% saline acutely reduced DM (12.0 ± 3.3 vs. 
10.4 ± 3.5 mmol/min/kPa, P < 0.005), FEV1 (2.3 ± 0.4 vs. 
2.1 ± 0.4 L, P < 0.0005), and PEFR (446 ± 55 vs. 414 ± 56  
L/min, P < 0.005). All pulmonary function tests returned to 
baseline values 24 h later. In normal subjects, saline infusion 
had no measurable effect on lung function. Acute intravascu-
lar volume expansion therefore impairs alveolar–capillary 
membrane function and increases airflow obstruction in 
patients with LVD but not in normal subjects. Thus, the 
abnormalities of pulmonary diffusion in HF, which were 
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believed to be fixed previously, may also have a variable 
component that could be amenable to therapeutic 
intervention.
b-blockers are deemed to be contraindicated in patients 

with HF and air flow obstruction; in practice, because of the 
overwhelming benefits of these agents in HF due to systolic 
dysfunction, many patients with fixed or limited airways 
reversibility are given them, and they tolerate them surpris-
ingly well. Whether b-1 selective agents offer advantages 
over non-selective agents such as carvedilol remains unclear 
[36, 37]. In a direct comparison of carvedilol and bisoprolol 
on lung function on 57 patients with HF [38], FEV1 and FVC 
were similar; after salbutamol FEV1 was higher with biso-
prolol (P = 0.04). Absolute values for DLCO, DLCO subcom-
ponents, and alveolar volume are shown in Fig. 13.2.

The higher DLCO value with bisoprolol was due to an 
improvement in DM. Twenty-two subjects had a DLCO 
value, 80% of which are predicted with either carvedilol 
(20 cases) or bisoprolol (17 cases). In these subjects, DLCO 
was 15.9 ± 3.4 mL/min/mmHg (63 ± 14%) and 17.7 ± 3.1 
(72 ± 12%) (P = 0.02 for both absolute values and %) with 
carvedilol and bisoprolol, respectively. Thus, in terms of 
DLCO only, response to salbutamol challenge and exercise 
capacity, this study shows a superior effect of bisoprolol over 
carvedilol in HF patients. Over all, cardioselective b-block-
ers given in mild to moderate reversible airway disease do 
not produce adverse respiratory effects in the short term and 
the effects of b-2 agonists do not appear to be attenuated by 
selective b-1 blockade. Given their demonstrated benefit in 
HF, b-blockers should not be withheld from such patients, 
but long-term safety (especially, their impact during an acute 
exacerbation) still needs to be established.

Heart Failure and Renal Dysfunction

The close relationship between cardiovascular and renal 
function in normal physiology is also apparent in the dis-
eases involved in these organs. The mechanism for renal dys-
function in the context of HF was discussed in Chap. 12. The 
importance of renal dysfunction in the setting of HF is 
increasingly being recognized [39]. Several studies have 
shown renal function to be one of the strongest predictors of 
adverse outcomes in HF patients [40]. A recent study from 
Canada has shown that renal dysfunction is particularly 
highly prevalent in patients with HF than previously reported 
and is an independent prognostic factor in diastolic and sys-
tolic dysfunction (see Fig. 13.2) [41]. Indeed, given the rela-
tionship between renal function and cardiac output, renal 
dysfunction is an adverse prognostic marker, and also a 
strong predictor of poor outcome in HF than functional class 
[42]. In general, adverse vascular events increase once GFR 
falls below 60 mL/min. [39] As a consequence of accelerated 
atherosclerotic coronary artery disease, concomitant hyper-
tension and fluid retention, patients with primary renal dis-
ease are at high risk of HF. Conversely, many patients with 
HF have evidence of renal dysfunction in the absence of 
intrinsic renal disease. About 40% of patients with HF have 
chronic kidney disease, defined as a serum creatinine level of 
>133 mmol/L or a creatinine clearance rate of <60 mL/min. 
[42] The observed low glomerular filtration rate in HF is a 
consequence of diminished cardiac output, with decreased 
renal perfusion and intrarenal vasoconstriction accompanied 
by sodium and water retention, medications (NSAIDs and 
others) as well as diabetes and intrinsic renal disorders. 
Multiple theories have been offered to explain the excess 

Fig. 13.2 Baseline creatinine clearance and survival in acute heart failure (Adapted from McAlister et al. [41]. With permission from Wolters 
Kluwer)
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risks in patients with HF with renal dysfunction including 
more advanced coronary atherosclerosis. However, recent 
data from 6,427 patients with HF with documented coronary 
angiography showed that the adverse prognostic influence of 
renal dysfunction was independent of atherosclerotic burden 
and left ventricular systolic function [42].

Management of Patients with Heart Failure 
and Renal Dysfunction

The effects of HF drugs on patients with HF with concomi-
tant renal dysfunction have not been well studied. Patients 
with renal hypoperfusion or intrinsic renal disease show an 
impaired response to diuretics and ACE inhibitors [43] and 
are at an increased risk of adverse effects during treatment 
with digitalis. Most HF trials have studied patients with nor-
mal renal function with only a few reporting subgroup analy-
ses of patients with renal dysfunction. In a post hoc analysis 
of the Cardiac Insufficiency Bisoprolol Study, those with 
moderate to severe renal failure showed a similar benefit on 
mortality and hospitalization from bisoprolol treatment to 
those with normal renal function [44]. The most impressive 
effect of a b-blocker in HF and end-stage renal failure was 
recently reported by Cice et al. [45]. A total of 114 dialysis 
patients with dilated cardiomyopathy were randomized to 
receive either carvedilol or a placebo in addition to standard 
therapy. At 2 years, the carvedilol group had smaller cavity 
diameters in both systole and diastole and had higher ejec-
tion fractions. By 2 years, 51.7% of the patients in the carve-
dilol group had died, whereas 73.2% in the placebo group 
had died. There were significantly fewer cardiovascular 
deaths and fewer hospital admissions among the patients 
receiving carvedilol. All these data strongly support the use 
of such drugs in patients with HF with chronic kidney dis-
ease. In view of the extremely high cardiovascular morbidity 
and mortality in chronic kidney disease and end-stage renal 
disease, there is a need for routine use of such cardioprotec-
tive agents in these patients. Unfortunately, in the “real 
world” population, prescription rates for such HF drugs are 
inversely related to renal function [42]. Recent guidelines 
recommended that HF patients with stable renal function 
(serum creatinine levels <200 mmol/L) should receive stan-
dard therapy with an ACE inhibitor, angiotensin receptor 
blocker, or spironolactone, but monitoring of serum potas-
sium and creatinine levels should be more frequent, espe-
cially if combination therapy is used or in the case of an 
acute concomitant illness that causes dehydration (class I, 
level B) [23].

As the renal vasoconstriction that develops in the setting 
of reduced cardiac output depends on angiotensin II, treat-
ment with an ACE inhibitor or angiotensin-receptor blocker 

may lead to an (generally, clinically unimportant) increase in 
the serum creatinine concentration. Generally, these slight 
rises in serum creatinine levels are reversible and are only 
infrequently the cause of drug discontinuation. Most patients 
with HF tolerate mild to moderate degrees of functional renal 
impairment without difficulty. However, if the serum creati-
nine increases >220 mmol/L, the presence of renal dysfunction 
can severely limit the efficacy and enhance the toxicity of 
established treatments. An arbitrary creatinine cut-off value to 
define renal insufficiency (serum creatinine >220 mmol/L) for 
spironolactone has been suggested in published guidelines 
[46]. However, this may not be appropriate in the elderly  
because of the competing age-related decline in creatinine 
as a result of decline in muscle mass and rise in creatinine 
as a result of decline in glomerular filtration rate. Indeed, 
in a prescription linked study, Juurlink et al. [47] found 
that immediately after the publication of the Randomized 
Aldactone Evaluation Study, the prescription rate in Canada 
rose sharply and that this was associated with an increase in 
the rate of admission for hyperkalemia, from 2.4 per 1,000 
patients in 1994 to 11 per 1,000 patients in 2001 (P = 0.001), 
and the associated mortality rose from 0.3 per 1,000 to 2 per 
1,000 patients (P = 0.001). However, it should be noted 
that there were several differences in this real-patient popu-
lation study from the cohort in the Randomized Aldactone 
Evaluation Study (RALES) trial. These older patients 
received a higher dose of spironolactone without close 
attention to serum creatinine and follow-up. In the study of 
Medicare beneficiaries aged >65 years discharged after hos-
pitalization for HF, spironolactone was prescribed to 22.8% 
of patients with serum potassium >5 mmol/L, to 14.1% with 
a serum creatinine value >220 mmol/L and to 17.3% with 
severe renal dysfunction (glomerular filtration rate <30 mL/
min/1.73 m2) [48]. In multivariate analysis, factors associ-
ated with such prescribing patterns included advanced age 
and non-cardiovascular morbidities. There is a need for 
greater vigilance and care to be given to frequent monitoring 
of electrolytes and renal parameters in patients with HF with 
renal dysfunction.

It is important to recognize worsening renal function early 
because there is a critical time period during which correc-
tion of reversible causes may re-establish stability. Several 
reversible factors have been known to frequently contribute 
to worsening renal function. The most important are sys-
temic hypotension and volume depletion. In addition, 
concomitant drugs may contribute if they have a risk for 
adverse renal effects such as renin–angiotensin–aldosterone 
system inhibitors, ARBs and spironolactone, hypotensive 
agents (especially vasodilators), NSAIDs, and cyclooxyge-
nase 2 inhibitors [49]. Systemic factors such as sepsis and 
urinary obstruction are also important. Mild fluctuations in 
renal function are common in HF patients, but these usually 
do not exceed 30% of the baseline creatinine level and should 
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simply be observed. However, oliguria or larger increases in 
serum creatinine levels should prompt action and increased 
surveillance. In a subset of patients with increased creatinine 
levels and severe volume overload, diuresis may actually 
result in improved renal function, presumably due to a left 
shift from the extreme right of the Starling curve, which 
allows stroke volume to increase.

Anemia and Heart Failure

Anemia is common in patients with HF with a prevalence 
ranging from 4 to 55% [26]. Reasons for this wide variation 
include differences in the population with HF studied, in 
study methods, and in the definition of anemia used. 
Although the most commonly accepted definition of anemia 
is that of the World Health Organization (hemoglobin <13 g/
dL in men and <12 g/dL in women), studies have varied 
considerably in the criteria used to classify patients as anemic. 
In general, the prevalence of anemia is greater in less 
selected populations (such as insurance claims data) and 
lower in highly selected populations such as patients enrolled 
in clinical trials. Anemia appears to be more common in 
patients with more severe disease, with a reported preva-
lence in patients with New York Heart Association (NYHA) 
functional class IV populations as high as 79%. Multiple 
potential mechanisms of interaction exist between anemia 
and the clinical syndrome of HF. HF is a disease of the 
elderly, a population where the prevalence of anemia is high 
irrespective of cardiac status. Multiple comorbid conditions 
are common in patients with HF, in particular, renal insuffi-
ciency, which is closely associated with the development of 
anemia. Other potential contributing factors include hemodi-
lution, proinflammatory cytokines, malnutrition due to 
right-sided HF, and decreased perfusion to the bone marrow. 
With respect to hemodilution, expansion of plasma volume 
is a characteristic of the HF syndrome, and, therefore, some 
anemia may be dilutional rather than due to a true decrease 
in red blood cell mass. In a study of thirty seven patients 
with HF, it has been shown that true anemia i.e., a decrease 
in red blood cell mass was present in 54%, and hemodilution 
was present in 46%. Notably, in this study, both hemodilu-
tion and true anemia were associated with adverse survival, 
with the worst survival seen in patients with hemodilution 
[50]. Another study on 100 consecutive patients with 
chronic HF also explored the determinants of anemia (iron 
parameters, erythropoietin, hepcidin and kidney function) 
including red cell volume (RCV) as well as related markers 
and plasma volume [51]. Plasma volumes were significantly 
higher in anemic HF patients and was the best predictor of 
hemoglobin concentrations in the regression model. In practice, 
it is likely that several of these mechanisms are active 

simultaneously, and that anemia in HF is the result of a 
complex interaction between cardiac performance, neuro-
hormonal and inflammatory activation, renal function and 
bone marrow responsiveness. A prospective ongoing study 
including both specialty and community sites, the Study of 
Anemia in a Heart Failure Population registry, is evaluating 
the prevalence, etiologies and mechanisms of anemia in a 
broad population of patients with HF. While the optimal 
hemoglobin level is not known, increased adverse events are 
seen when the plasma hemoglobin level is lower than 
110 g/L or hematocrit lower than 35%. The increased event 
rate seems to be inversely related to hemoglobin below these 
levels [52, 53].

The association of anemia with adverse clinical outcomes 
in HF has led to substantial interest in anemia as a potential 
therapeutic target. Preliminary data involving small groups 
of patients with HF suggest that attempts to correct of ane-
mia may result in a significant symptomatic improvement in 
HF [50, 54]. A previous study evaluated the effect of 3 months 
of erythropoietin treatment on exercise capacity in single-
blind placebo controlled study of twenty six patients with 
anemia and NYHA functional class III–IV HF [54]. This 
study demonstrated significant improvements in mean±SD 
peak oxygen consumption with erythropoietin treatment 
(from 11 ± 0.8 to 12.7 ± 2.8 in the recombinant human 
erythropoietin (rHuEPO)-treated patients (P > 0.05) vs. no 
significant change in the control patients). A significant cor-
relation was observed between increases in hemoglobin with 
rHuEPO treatment and increased peak oxygen consumption. 
Notably, the improvement in exercise performance with 
rHuEPO treatment was observed whether the anemia was 
found to be from decreased red blood cell mass or from 
hemodilution. These studies used rHuEPO in a regimen sim-
ilar to the one used in patients with end-stage renal disease. 
Newer erythropoietin analogs have been developed (such as 
darbepoetin) that have a longer half-life and require less fre-
quent administration, potentially making them more attrac-
tive for HF treatment. It should also be noted that aggressive 
treatment of anemia may also be associated with an increased 
risk of hypertension or thrombosis. Multiple ongoing studies 
will provide definitive data on the balance of risks and ben-
efits of anemia treatment in chronic HF. Results from the 
recently published Study of Anemia in Heart Failure-Heart 
Failure Trial (STAMINA-HeFT) [55] suggest an improve-
ment in symptoms and treadmill exercise time, but an uncer-
tain effect on death and hospitalization. Similar strategies for 
patients with chronic kidney disease but without HF have 
also not shown benefit [56]. It has been suggested that 
increasing hemoglobin aggressively may be associated with 
thrombotic events. The ongoing, multicentre, randomized 
study, Reduction of Events with Darbepoetin a in Heart 
Failure (RED-HF), will address these issues and is powered 
for morbidity and mortality.
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Cognitive Dysfunction and Heart Failure  
in the Elderly

An abnormal prevalence of cognitive dysfunction ranging 
from 35 to 50% has been reported in patients with HF [57]. 
Reduced cardiac output as a result of HF may further com-
promise cerebral blood flow in a patient with borderline per-
fusion of the brain. Furthermore, HF is largely driven by 
vascular disease and cerebrovascular disease is an important 
contributor to multi-infarct dementia. Among elderly patients 
with HF, cognitive dysfunction has been associated with a 
fivefold increase in the risk of mortality and a sixfold increase 
in the probability of dependence for the activities of daily 
living [58].

Reducing the burden of cognitive dysfunction potentially 
allows for substantial gains in terms of survival rates, quality 
of life, and resource consumption. However, no interventions 
are yet known to improve cognitive performance largely 
because of the incomplete knowledge about the pathophysi-
ology of cognitive dysfunction in these patients. It should be 
noted that measures of cognitive function have rarely been 
used in HF trials, unlike hypertension trials such as Systolic 
Hypertension in Europe and Study on Cognition and 
Prognosis in the Elderly. Given the consistent reporting of 
impaired cognitive function in cross sectional studies of 
patients with HF, this parameter should be considered as an 
endpoint for future trials of HF pharmacotherapy.

Depression is a common and often overlooked comorbid-
ity in patients with chronic HF. Depending on the methodol-
ogy used to diagnose depression, between 17 and 37% of 
patients with HF have been found to be clinically signifi-
cantly depressed [59]. Depression increases in prevalence 
with HF severity, as assessed by New York Heart Functional 
class and other measures [60]. The comorbid presence of 
depression portends an even poorer prognosis than the 
already high mortality associated with chronic HF per se 
[61]. A recent meta-analysis suggested a risk ratio of 2.1 for 
death and secondary events in comparison with HF alone 
[60]. This was associated with an increased burden on the 
healthcare system because of high rates of hospitalization 
and emergency department visits. The presence of concomi-
tant depression may also influence the course of HF disease 
progression. Mechanistic studies have demonstrated increases 
in proinflammatory cytokine activity as well as evidence of 
alteration in platelet function, hypothalamic–pituitary–adrenal 
axis activation, and autonomic stimulation in depressed 
patients [62]. All these pathophysiologic changes may con-
tribute adversely to the ventricular remodeling process that 
accompanies HF. In this setting, the influence of drug therapy 
for treatment of both HF and depression on pathophysiologic 
mechanisms and clinical outcomes is important. What is 
remarkable, however, is how little research has been done in 
this area. For example, it is not known whether treating the 

HF and improving a patient’s functional status has a major 
impact on concomitant depression. Furthermore, little is 
known when the question is asked the other way around, that 
is, will treating depression favorably affect the course of a 
patient’s HF?

The Canadian Cardiovascular Society heart failure guide-
lines recommend that elderly or frail HF patients who present 
with acute illness should be assessed for evidence of delirium 
and, before discharge, cognitive impairment (class IIa, level 
C) [23]. A relatively simple score can be used to characterize 
frail elderly patients who are clinically stable (Fig. 13.3) [63]. 
It may be useful to identify high risk patients who require 
more careful and detailed development of a multidisciplinary 
care plan. When frail elderly patients present with either an 
exacerbation of HF itself or another medical condition, they 
often appear confused. This may be due to acute delirium, 
chronic dementia, or a combination of both. The relative con-
tributions of each may be difficult to determine during acute 
illness, and may become apparent only when the aggravating 
illness is controlled. Delirium should be suspected in the 
setting of an acute illness accompanied by an altered and 
fluctuating level of consciousness and/or cognition, and can 
be screened for using available tools [64, 65]. In many cases, 
discussion and development of complex treatment plans are 
delayed or made increasingly difficult when evidence of patient 

Fig. 13.3 A simple score that can be used to characterize clinically 
stable frail elderly patients (Reprinted from Rockwood et al. [63]. With 
permission from the Canadian Medical Association)
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cognitive impairment becomes apparent. In addition, cognitive 
impairment may persist well beyond the resolution of the acute 
precipitating illness.

To screen for persistent cognitive impairment in clinically 
stable patients, several instruments have been developed that 
require varying degrees of time, effort, and expertise to 
administer. The Mini Mental Status Examination requires 
approximately 20 min for administration. It has been vali-
dated and is moderately sensitive and specific, although 
some aspects of executive function are not well identified 
[66]. The Montreal Cognitive Assessment test [67] has been 
developed to specifically identify mild cognitive impair-
ment, especially if related to vascular disease, and is endorsed 
by the Canadian Stroke Network. It requires little training to 
administer and the short form may be performed in about 
5 min. This short form includes the Montreal Cognitive 
Assessment subtests (five word memory task tests – registra-
tion, recall, recognition – six item orientation tests and one 
letter phonemic fluency test) and can be downloaded free for 
noncommercial purposes [67]. Because these instruments 
have been validated in medically stable patients, they may be 
best used once the HF patient is stabilized to choose appro-
priate care plans and discharge planning. Other instruments, 
according to the clinical need (i.e., screening, documenta-
tion of mental status, complete neuropsychiatric evaluation), 
may be found in the National Institute of Neurological 
Disorders publication [66].

Dysrhythmias in Heart Failure

Patients with HF are at increased risk for the development of 
both atrial and ventricular tachydysrhythmias. Ventricular 
tachydysrhythmias predispose to sudden cardiac death and 
are associated with the extent and severity of myocardial 
dysfunction [68]. As such, ventricular arrhythmias should be 
regarded more as a complication of HF rather than a comor-
bid condition and the topic will therefore be discussed in 
other chapters. On the other hand, atrial tachyarrhythmias, 
particularly atrial fibrillation and HF are two disease pro-
cesses that propagate the development and the progression of 
the other. Atrial fibrillation is therefore considered in detail 
in this chapter.

Atrial Fibrillation in Heart Failure

Atrial fibrillation (AF) is the most frequent sustained dys-
rhythmia encountered in clinical practice [69, 70]. The pres-
ence of AF increases the morbidity and mortality in the 
general population even after adjusting for preexisting con-

ditions [71]. AF is particularly prevalent in patients with HF 
[72, 73]. Indeed, AF and HF are two global epidemics of 
cardiovascular disease that often interact, resulting in sig-
nificant morbidity and mortality and with a reciprocal causal 
relationship existing between them [74]. Chronic HF affects 
more than 50% of patients with AF [75]. The prevalence of 
AF increases in proportion to the severity of chronic HF 
[76]. Recent data have shown that the total proportion of HF 
with AF develop HF at any time was 41% while 42% with 
AF at some point during their lifetime [3]. These conditions 
also affect the elderly disproportionately with the incidence 
of each conditions doubling for every successive decade of 
age [77].

Animal studies have demonstrated that atrial dilation 
through various mechanisms results in a shortened atrial 
refractory period and a prolonged atrial conduction time 
[78–81]. Programmed electrical stimulation subsequently 
resulted in an increased vulnerability to atrial tachydysrhythmias 
when compared to control groups. This inducibility of AF 
with premature stimuli is directly related to atrial pressure. 
Thus atrial stretch has been shown to change atrial electrical 
properties in these animal models, resulting in increased 
frequency of atrial adysrhythmias. Indeed, a substantial number 
of antecedent risk factors including hypertension, diabetes, 
coronary heart disease, and valvular disease are common 
for both AF and HF. Each condition is associated with neuro-
hormonal activation, myocardial cellular and extracellular 
alterations and electrophysiologic alterations that form the 
substrate that predisposes a person to the development and 
maintenance of both AF and HF (Table 13.1) [73].

The development of AF is in turn associated with increased 
mortality in patients with HF including those with impaired 
or preserved systolic function [3, 82, 83]. Data from the 
Studies of Left Ventricular Dysfunction (SOLVD) database 
has shown that the presence of AF in patients with asymp-
tomatic and symptomatic left ventricular systolic dysfunc-
tion is associated with an increased risk for all-cause 
mortality, largely explained by an increased risk for pump-
failure death. This analysis suggests that AF is associated 
with progression of left ventricular systolic dysfunction. An 
increase in sudden cardiac death was not observed [83]. In an 
analysis of the Framingham Heart Study data, the subsequent 
development of HF in patients with AF was found to be asso-
ciated with a hazard ratio for mortality of 2.7 in men and 3.1 
in women. The development of subsequent AF in patients 
with HF was associated with a hazard ratio for mortality of 
1.6 in men and 2.7 in women. The authors conclude that the 
development of the second condition has a deleterious impact 
on survival [3]. In a recent post hoc analysis of the Candesartan 
in Heart failure-Assessment of Reduction in Mortality and 
morbidity (CHARM) study [82], a total of 670 (17%) patients 
in the low ejection fraction group and 478 (19%) in the pre-
served ejection fraction group had AF at baseline. Atrial 
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fibrillation predicted a high risk of cardiovascular morbidity 
and mortality regardless of baseline ejection fraction. Patients 
with AF and low ejection fraction had the highest absolute 
risk for adverse cardiovascular outcomes. However, AF was 
associated with greater relative increased risk of the major 
outcomes in patients with preserved ejection fraction than in 
patients with low ejection fraction. The same held true for 
the risk of all-cause mortality (Table 13.2).

The loss of atrial transport and an irregular ventricular 
rhythm may both make important contributions to the wors-
ening of cardiac output and other hemodynamic parameters. 
The subsequent hemodynamic changes may then explain the 
clinical alterations that are observed in this population. Such 
observations argue for the maintenance of sinus rhythm in 
patients with HF. The clinical and hemodynamic conse-
quences of developing AF was investigated in HF patients in 
sinus rhythm undergoing evaluation for cardiac transplanta-
tion [84]. Subjects underwent right heart catheterization, 
cardiopulmonary exercise testing, and two-dimensional 
echocardiography. There was no difference in any clinical or 
hemodynamic variables between patients who developed AF 
and those who remained in sinus rhythm.

In clinical practice, rate control versus rhythm control 
for AF in HF represents a dynamic interplay between the 
neutral results of population trials on clinical outcomes 
and the symptomatic deterioration sometimes attributed to 
recurrent AF in selected individuals. Data from the earlier 
Atrial Fibrillation Follow-up Investigation of Rhythm 
Management (AFFIRM) investigators suggests that a rate-
control strategy should be considered a superior approach to 
patients with AF when compared with rhythm-control [85]. 
However, only about 26% of all patients in this study had an 
ejection fraction of less than 50%, and only 23% had a history 
of HF. The AFFIRM study was therefore not adequately 
designed to examine treatment approaches in the subset of 
patients with HF.

The recently-published Atrial Fibrillation in Congestive 
Heart Failure (AF-CHF) study is a prospective randomized 
controlled trial designed to determine whether restoring and 
maintaining sinus rhythm reduces cardiovascular mortality 
compared with a rate control strategy in patients with AF and 
HF [86]. 1367 patients were randomized from 130 centers in 
Canada, United States, South America, Europe, and Israel. 
Patients had NYHA class II to IV symptoms and left ven-
tricular ejection fraction <35% (NYHA class I patients with 
prior hospitalization for HF or ejection fraction <25% are 
also eligible) and a documented clinically significant episode 
of AF within the past 6 months to one of two treatment 
strategies:

 1. Rhythm control with the use of electrical cardioversion 
combined with antidysrhythmic drugs (amiodarone or 
other class III agents), and additional nonpharmacologi-
cal therapy in resistant patients.

 2. Rate control with the use of b-blockers, digoxin or pace-
maker, and AV node ablation if necessary.

The primary endpoint was cardiovascular mortality. At the 
end, 682 patients were randomized to rhythm control and 
694 to rate control. At baseline, 31% of patients had NYHA 
class III or IV symptoms. Mean ejection fraction was 27%. 
Atrial fibrillation was paroxysmal in 31% of patients and 
persistent in 69%. By trial design, rhythm control was pre-
dominantly achieved with amiodarone (82%) with less use 
of sotalol (1.8%) and dofetilide (0.4%) in the rhythm control 
cohort. In the rate control group, b-blockers were used in 
88% of patients and digoxin in 75%. Crossover from rhythm 

Table 13.1 Common risk factors for atrial fibrillation and heart failure

Risk factors Atrial fibrillation Heart failure

Hypertension Irregular ventricular rhythm Atrial stretch
Diabetes mellitus Absence of atrial transport Atrial fibrosis
Coronary heart disease Diminished cardiac output Altered atrial refractory periods and conduction velocities
Valvular heart disease Structural changes of cardiac myocytes, leading  

to tachycardia-induced cardiomyopathy
Neurohormonal activation

Table 13.2 Risk of baseline atrial fibrillation (AF) for cardiovascular 
(CV) events based on ejection fraction (EF) in patients with congestive 
heart failure (CHF) in the CHARM study [82]

AF No AF

CV-death or hospitalization due to CHF
Preserved EF
Low EF

161/478 (34%)
299/670 (45%)

538/2,545 (21%)
1,462/3,906 (37%)

CV-death
Preserved EF
Low EF

83/478 (17%)
204/670 (30%)

257/2,545 (10%)
916/3,906 (23%)

Hospitalization due to CHF
Preserved EF
Low EF

115/478 (24%)
199/670 (30%)

402/2,545 (16%)
959/3,906 (25%)

All-cause mortality
Preserved EF
Low EF

117/478 (24%)
248/670 (37%)

364/2,545 (14%)
1,102/3,906 (28%)

Fatal or non-fatal stroke
Preserved EF
Low EF

25/478 (5%)
39/670 (6%)

96/2,545 (4%)
127/3,906 (3%)

CV-death or hospitalization due to CHF or non-fatal stroke
Preserved EF
Low EF

169/478 (35%)
313/670 (47%)

589/2,545 (23%)
1,504/3,906 (39%)



267Summary

to rate control occurred in 21% of the rhythm group and 
from rate to rhythm control in 10% of the rate group. There 
was no difference in the primary endpoint of between the groups 
(26.7% of the rhythm control group vs. 25.2% of the rate 
control group, hazard ratio (HR) 1.06, 95% CI 0.86–1.30, 
P = 0.59). There was also no difference in total mortality 
(31.8% vs. 32.9%, P = 0.73), stroke (2.6% vs. 3.6%, P = 0.32), 
worsening HF (27.6% vs. 30.8%, P = 0.17) or the composite 
of CV death, stroke, or worsening HF (42.7% vs. 45.8%, 
P = 0.20) for rhythm control vs. rate control, respectively. 
In the rhythm control group, 39% had cardioversion compared 
with 8% of the rate control group (P = 0.0001). Bradydys-
rhythmias were more common in the rhythm control group 
(8.5% vs. 4.9%, P = 0.007). Among patients with HF and AF, 
the use of rhythm control was not associated with differences 
in cardiovascular mortality compared with rate control through 
a mean follow-up of 3 years. The results of this landmark 
trigger the following new recommendation in the 2009 
Canadian Cardiovascular Society Consensus Conference 
guidelines in HF [87]:

In patients with stable HF and asymptomatic AF, rate •	
control is an acceptable management strategy and routine 
rhythm control is not required (class I, level II).

Data from large clinical trials to date therefore suggest that 
routine rhythm control does not confer a benefit in clinical 
outcomes in patients with AF and HF. However, in patients 
whom the physicians are reasonably certain the patients are 
symptomatic from AF, attempt for rhythm control should 
still be pursued.

Conclusions

Non-cardiac comorbidity frequently complicates the care of 
patients with HF especially in the elderly patients. These 
comorbid conditions include diabetes chronic lung disease, 
renal dysfunction, anemia, and dysrythmias including AF. The 
presence of these comorbid conditions also increases the mor-
tality of these patients. They are also the same patients that 
are most likely encountered in real world clinical practice. 
Exclusion of patients with comorbidities in large HF clinical 
trials makes generalization of trial findings to these patients 
somewhat difficult. Clinical research must therefore adapt to 
ensure its relevance, and trials need to include not just young 
patients with systolic dysfunction and little comorbidity. 
Ongoing studies enrolling the often ignored group of elderly 
patients and those with preserved systolic function are an 
encouraging trend but only represent the beginning of a nec-
essary trend. Future trials must also focus on optimal strategies 
for the comprehensive management of the patient with HF with 
multiple comorbidities rather than the isolated effects of single 
drugs in younger patients with few or no comorbidities.

Summary

Over 40% of patients with HF also have diabetes. While •	
the prevalence of diabetes is increasing world wide, the 
prevalence of diabetes among patients with HF is increas-
ing at a faster pace.
It is now recognized that diabetes mellitus may also •	
produce HF independent of coronary artery disease by 
causing a diabetic cardiomyopathy.
The Canadian Cardiovascular Society Consensus Confe r-•	
ence Recommendations on Heart Failure Update 2007 [23] 
recommends that elevated blood glucose in patients with 
HF should be treated according to current Canadian Diabetes 
Association guideline recommendations – aim for a target 
HbA1C level of 7.0% or fasting/preprandial blood glu-
cose of 4.4–7.0 mmol/L (class I, level A).
Treatment choices in patients with HF and diabetes •	
involve dietary therapy, metformin, thiazoladinediones, 
biguanides, sulphonylureas, and insulin, all of which have 
their advantages and disadvantages.
Chronic obstructive airway disease (COPD) is a frequent •	
concomitant disease in patients with HF and it is an inde-
pendent short-term prognostic indicator of mortality and 
cardiovascular comorbidity in patients who have been 
admitted to hospital for HF.
When both HF and respiratory disorders coexist, it may •	
be important to quantify the relative contribution of car-
diac and pulmonary components to the disability.
Exercise testing with simultaneous gas exchange or blood •	
gas measurements may be helpful in this regard.
B-type natriuretic peptide (BNP) and N-terminal prohor-•	
mone BNP (NT-proBNP) have been shown to be useful in 
improving the diagnostic accuracy of HF.
Optimum assessment and management of these patients •	
therefore necessitate careful consideration of the possibil-
ity that cardiac and respiratory disease may coexist in the 
individual patient.
Given their demonstrated benefit in HF, •	 b-blockers should 
not be withheld from patients with HF and COPD, but 
long-term safety (especially, their impact during an acute 
exacerbation) still needs to be established.
The importance of renal dysfunction in the setting of HF •	
is increasingly being recognized and many studies have 
shown renal function to be one of the strongest predictors 
of adverse outcomes in HF failure patients.
Renal dysfunction is typically multifactorial, and is  •	
frequently related to poor renal perfusion, vascular 
disease and effects of chronic hypertension and medica-
tions e.g., NSAIDs as well as diabetes and intrinsic renal 
disorders.
It is important to recognize worsening renal function •	
early because there is a critical time period during which 
correction of reversible causes may re-establish stability.
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Several reversible factors frequently contribute to wors-•	
ening renal function. The most important ones are sys-
temic hypotension and volume depletion. In addition, 
concomitant drugs may contribute if they have a risk for 
adverse renal effects. In general, slight rises in serum cre-
atinine levels are reversible and are only infrequently the 
cause of drug discontinuation.
Most patients with HF tolerate mild to moderate degrees •	
of functional renal impairment without difficulty. However, 
if the serum creatinine increases >220 mmol/L, the presence 
of renal insufficiency can severely limit the efficacy and 
enhance the toxicity of established treatments.
Anemia is frequently observed in patients with chronic •	
HF. Prevalence of anemia depends both on the severity of 
HF and diagnostic criteria used to define it, but may be as 
high as 50% in selected patient cohorts.
Anemia is not only prevalent in the HF population, but •	
several studies in different patient populations found an 
association with anemia, impaired cardiac function, 
healthcare utilization, and morbidity. In addition, numer-
ous studies have assessed associations between anemia 
and mortality in HF.
Early clinical trials have been performed with bone marrow-•	
stimulating agents, such as erythropoietin and darbepoetin, 
in patients with HF. To date, studies suggest an improve-
ment in symptoms and treadmill exercise time, but an 
uncertain effect on death and hospitalization. Similar 
strategies for patients with chronic kidney disease but 
without heart failure have also not shown benefit.
It has been suggested that increasing hemoglobin aggres-•	
sively may be associated with thrombotic events. The 
ongoing, multicentre, randomized study, Reduction of 
Events with Darbepoetin alfa in Heart Failure (RED-HF), 
will address these issues and is powered for morbidity and 
mortality.
A relatively high prevalence of cognitive dysfunction •	
ranging from 35 to 50% has been reported in patients with 
HF. Among elderly patients with HF, cognitive dysfunc-
tion has been associated with a fivefold increase in the 
risk of mortality.
Reducing the burden of cognitive dysfunction potentially •	
allows for substantial gains in terms of survival rates, 
quality of life, and resource consumption. However, no 
interventions are yet known to improve cognitive perfor-
mance largely because of the incomplete knowledge about 
the pathophysiology of cognitive dysfunction in these 
patients.
Given the consistent reporting of impaired cognitive func-•	
tion in cross sectional studies of patients with HF, this 
parameter should be considered as an endpoint for future 
trials of HF pharmacotherapy.
Atrial fibrillation (AF) and HF are two disease processes •	
that propagate the development and the progression of the 

other. For this reason, they often coexist in the same 
patient. Indeed, chronic HF affects more than 50% of 
patients with atrial fibrillation.
The presence of AF worsens the prognosis of patients •	
with heart failure. The emergence of agents such as 
dofetilide and amiodarone has led to the suggestion that a 
rhythm-control strategy may be reasonably safe and effec-
tive in this subset of patients.
The optimal management of these patients remains con-•	
troversial although the results of a recent landmark trial 
have not suggested that a strategy of rhythm-control does 
not seem to offer benefit in clinical outcome over a rate-
control strategy.
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Overview

Compared to heart failure (HF) in the adult, a paucity of both 
basic science and clinical research exists for pediatric-related 
HF. The etiology of HF in this population differs, and pre-
sentation and management are affected by developmental 
changes in physiology and biochemistry. This chapter on 
Heart Failure in Children will provide focus on specific areas 
of interest in the field, which differ from HF in adults. Issues 
in development mechanisms are highlighted, as well as dif-
ferent treatment modalities.

Introduction

Since the 1960s rheumatic heart disease has declined in the 
United States and developed countries. Rheumatic valve disease 
has almost disappeared as a cause of HF in these populations, 
although it maintains high prevalence in certain developing 
countries. Although they occur in children, ischemic and primary 
cardiomyopathies are also relatively rare causes of congestive 
HF. Instead, congenital heart defects (CHD) cause the majority 
of HF cases in the pediatric age group. The mechanisms of HF 
then differ substantially from the adult population. Ventricular 
volume and pressure overload are major contributors and alter 
responses to stress and to medications in children. In 2002, the 
U.S. Congress passed the Best Pharmaceuticals for Children Act. 
Although, the intent of this legislation was to spur a significant 
increase in the number of pediatric studies of pharmaceuticals, 
the majority of cardiovascular drugs are used off-label in children, 
and research lags behind pharmaceuticals for adults. Nevertheless, 
important progress has been made, particularly in the areas of 
mechanical circulatory support and cardiac transplant.

Etiology of Heart Failure in Children

There are numerous and diverse etiologies for congestive 
heart failure in children, which differ substantially from 
the primary causes in adults. CHD is the principal cause in the 

pediatric population. CHD represents a fairly heterogeneous 
group of defects with variable presentations. Large left to 
right shunts caused by ventricular septal defects (VSD), 
either isolated or in combination with other heart anomalies, 
predominate. Isolated VSDs are surgically correctable and 
HF is often reversible after intervention. Left- or right-sided 
obstructive lesions can also cause HF in this age group. 
Subsets of these lesions are not totally correctable, and may 
be treated with palliative staged surgeries. Chronic HF can 
ensue, sometimes years after surgical correction. Primary 
cardiomyopathies are the etiology for HF in a relatively 
small subset of children. This is a heterogeneous group and 
will be reviewed later. Collagen vascular disease, drug-
induced cardiomyopathy (anthracycline), and infection-
induced (HIV) syndrome all occur in children. These will 
not be discussed in this chapter except when they relate to 
specific management issues in children. HF from ischemic 
cardiomyopathy occurs only rarely in children, and results 
mainly from Kawasaki disease, an inflammatory coronary 
vasculitis, or rarely from anomalous origin of the left coro-
nary artery.

The principles of treatment for congestive HF (CHF) in 
infants, children, and even adolescents differ substantially 
from those operative in adults. These differences relate to 
altered mechanisms of HF and extend to the goals of therapy. 
Treatment in adults is directed toward reducing the risk 
of mortality and improving the quality of life. However, 
childhood is a period of growth and development, and ther-
apy is also directed at maintaining these at normal rates. 
Quality of life is an issue, but in some cases it is poorly 
defined. Clinical HF scoring schemes have limited utility in 
children. Neither the New York Heart Association classifica-
tion nor The American Heart Association and the American 
College of Cardiology Classification of Heart Failure are 
generally applicable to infants and children. Furthermore, 
quality of life is often judged from the parent’s perspective 
as opposed to the patient’s.

Validation of quality-of-life measures need to be age-
specific and developmentally specific. The heterogeneity of 
the population and the etiology of HF in children make vali-
dation difficult. Most children with HF also undergo surgery 
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for CHD. Therefore, it is difficult to separate out surgical 
factors causing CHF. Classification in pediatric patients is 
also difficult to establish because the range of age encom-
passes different developmental ages with widely diverse 
exercise capabilities and cardiovascular physiology. In 1992, 
Ross and associates suggested a scoring system for infants 
incorporating feeding patterns and physical examination 
findings [1]. The Ross classification (Tables 14.1–14.3) 
evolved into a more sophisticated classification, which paral-
leled the New York Heart Association classification scheme. 
This classification corresponds to incremental increases in 
plasma norepinephrine level, which decreased on resolution 
by surgical or medical therapy. Reithman et al. developed 
another HF score for a wider range of age groups, which 
included clinical values and showed significantly decreased 
post-receptor adenylate cyclase activity in children with 
scores greater than 6 [2]. The Reithman and Ross methods 
have been merged and used in clinical research investiga-
tions, though not in any clinical trials. Attempts have been 
made to correlate levels of N-terminal pro-brain peptide with 
these scores [3]. Recent data show that changes in these 
scores do correlate with serial changes in echocardiographic 
indices and brain natriuretic peptide (BNP), although the 
absolute numbers show great variability [4, 5]. Growth and Nutrition

In contrast to clinical grading systems, growth is an objec-
tive benchmark of HF in childhood. Growth retardation in 
infancy has been defined as underweight <10 percentile for 
age. In some cases, a dramatic drop off in the weight for age 
curve indicates growth retardation. Treatment of CHF, par-
ticularly in infancy and childhood is directed at maintaining 
somatic growth and development at normal or near normal 
rates. The prevalence of malnutrition and growth retardation 
in infants and children with heart disease is fairly high. 
In infancy growth failure occurs commonly with large left to 
right shunts. Growth retardation has been studied in specific 
subgroups of children and infants with CHD and CHF [6]. 
Relatively little study has occurred in children with cardio-
myopathy. The etiology of growth failure, even in nonsyn-
dromic children with CHF, is multifactorial. Poor calorie 
intake may be responsible [7]. However, total daily energy 
expenditure is increased in infants with CHF between  
2 and 8 months of age [8]. Furthermore, these infants lose a 
substantial calorie content through vomiting, approximately 
12% of calories measured in one study. The increase in 
children with CHD and CHF in total daily energy expendi-
ture can vary and may depend on superimposing factors 
such as hypoxia and anemia, which reduce oxygen-carrying 
capacity. For instance, Leitch et al. found mean total daily 
energy expenditure to be increased by 29%.

Multiple mechanisms are responsible for this increase in 
total daily energy expenditure in infants and children with 
CHF, although some require further clarification. Infants with 

Table 14.1 Ross scoring system of heart failure in infants

0 points 1 point 2 points

Volume per feed (oz) >3.5 2.5–3.5 <2.5
Time per feed (min) <40 min >40 min
Respiratory rate <50/min 50–60/min >60/min
Respiratory pattern Normal Abnormal
Peripheral perfusion Normal Decreased
S

3
 or diastolic rumble Absent Present

Liver edge form  
costal margin

<2 cm 2–3 cm >3 cm

Totals
No CHF 0–2 points
Mild CHF 3–6 points
Moderate CHF 7–9 points
Severe CHF 10–12 points
CHF congestive heart failure

Table 14.3 Pediatric clinical heart failure score

Score (points)

0 1 2

History
Diaphoresis Head  

only
Head and body  

during exercise
Head and  

body  
at rest

Tachypnea Rare Several times Frequent
Physical examination
Breathing Normal Retractions Dyspnea
Respiratory rate/min

0–1 year <50 50–60 >60
1–6 years <35 35–45 >45
7–10 years <25 25–35 >35
11–14 years <18 18–28 >28

Heart
0–1 year <160 160–170 >170
1–6 years <105 105–115 >115
7–10 years <90 90–100 >100
11–14 years <80 80–90 >90

Liver edge from  
costal margin

<2 cm 2–3 cm >3 cm

Table 14.2 Ross classification of heart failure in infants

Class I No limitations or symptoms
Class II Mild tachypnea or diaphoresis with feeding in infants

Dyspnea on exertion in older children
Class III No growth failure

Marked tachypnea or diaphoresis with feeds or exertion
Prolonged feeding times
Growth failure from CHF

Class IV Symptoms at rest with tachypnea, retractions, grunting, 
or diaphoresis

CHF congestive heart failure
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CHF exhibit higher fat-free mass, which has greater energy 
expenditure per gram than fat mass. However, this dispropor-
tionate mass can be explained somewhat by higher total body 
water in infants with CHF. Alternatively, disturbances in 
metabolism may contribute to growth retardation. Lundell 
et al. found increased insulin secretion in combination with 
low plasma insulin after glucose loading in infants with VSD 
[9]. Those results imply that enhanced insulin extraction or 
peripheral binding occur in these patients [9]. Children with 
CHF, which was caused by a VSD, showed disturbances in 
fatty acid metabolism or clearance after intravenous lipid 
loading. In particular, linoleic acid remained fairly high after 
loading, illustrating a defect in fatty acid transport into tissue 
[10]. However, the cellular and endocrine mechanisms con-
tributing to growth failure in children with CHF caused by 
congenital heart defects still require elucidation.

Growth retardation plays a major role in determining 
management strategy for patients with CHD with CHF. Early 
surgical correction is indicated for some defects. The eleva-
tions in total daily energy expenditure and growth retardation 
can be reversed by successful surgical repair [6]. However, for 
those who are not early surgical repair candidates, increased 
energy intake above that for normal children is required to 
accommodate for elevated energy expenditure and calorie 
loss through vomiting. For many infants and children these 
requirements cannot be met orally and nasogastric feeding 
is required.

As noted, cardiomyopathy is relatively rare in children. 
Epidemiological data collection is ongoing by the Pediatric 
Cardiomyopathy Registry (PCMR) funded by the National 
Institutes of Health [11]. Currently, data from more than 
3,000 children with cardiomyopathy have been entered in the 
PCMR database with annual follow-up continuing until 
death, heart transplant, or loss-to-follow up. Using PCMR 
data, the incidence of cardiomyopathy in two large regions 
of the United States was estimated to be 1.13 cases per 
100,000 children at the last published report [11]. Only 1/3 
of children had a known etiology at the time of cardio-
myopathy diagnosis. The published reports do not define 
the clinical status of the patients. However, freedom from 
death and mortality for dilated cardiomyopathy (DCM) is 
shown in Figs. 14.1–14.3.

Five-year freedom from death and transplant was lowest 
for patients from the idiopathic subgroup. Children aged 
6 years or older were more likely to die or receive heart 
transplant compared with younger children (p < 0.001). 
Using multivariate Cox regression modeling, after exclusion 
of patients with neuromuscular disease and inborn metabolic 
errors, DCM patients with an idiopathic diagnosis (compared 
to known diagnosis), the presence of CHF at diagnosis, and 
decreased left ventricular shortening fraction z-score were 
significant predictors of the composite endpoint of death or 
receive heart transplantation.

The investigators concluded that outcomes for children 
with DCM depend on cause, age at diagnosis, and HF at pre-
sentation. Unfortunately most children do not have a defined 
cause for DCM, which limits the application of disease- 
specific therapy.

Clinical outcomes (death or heart transplantation) were 
reported based on an analysis of 849 patients with hypertro-
phic cardiomyopathy (HCM). The causal subgroups were 
idiopathic (75%), malformation syndromes (9%), inborn 
errors of metabolism (9%), and neuromuscular disorders 
(8%). For HCM, survival was significantly lower for patients 
less than 1 year of age at diagnosis in the inborn errors of 
metabolism and idiopathic groups (Fig. 14.3) compared with 

Fig. 14.1 Estimated freedom from death or transplant for patients with 
pure dilated cardiomyopathy. (p = 0.710) by cohort (retrospective: diag-
nosed 1990 to 1995, 491 patients; prospective: diagnosed 1996 to 2002, 
935 patients) (From Wilkinson et al. [11]. Reprinted with kind permis-
sion from Elsevier)

Fig. 14.2 Freedom from death or transplantation for patients with pure 
dilated cardiomyopathy by diagnosis (From Wilkinson et al. [11]. 
Reprinted with kind permission from Elsevier)
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those aged 1 year or older. For the total cohort of HCM cases, 
there was a large peak in mortality between 0 and 2 years of 
age with a smaller peak for patients aged 12–16 years. In con-
clusion, children diagnosed at less than 1 year of age have the 
poorest outcomes and the widest spectrum of etiologies. For 
children who survive beyond 1 year of age, the annual mor-
tality rate (1%) is lower than has been previously reported in 
children and is similar to results from adult studies.

Although the etiology of growth failure in CHD has 
been examined, a paucity of work exists for pediatric car-
diomyopathy. This relates to issues noted above concerning 
disease specific research. Nevertheless, growth failure is 
recognized as a significant clinical problem for children 
with cardiomyopathy. Miller et al. stated that one-third of 
children with this disorder manifest some degree of growth 
failure during the course of their illness [12]. In a recent 
international study, Azevedo determined that progressive 
weight z-score was positively and independently correlated 
with survival in a chart review of 165 children with DCM 
between 1979 and 2003. Other than that study little infor-
mation regarding nutritional state and clinical outcome 
exists for cardiomyopathy.

In adults chronic HF is associated with marked insulin 
resistance, characterized by both fasting and stimulated hyper-
insulinemia. Insulin resistance increases in advanced HF, but 
this is not directly mediated through ventricular dysfunction or 
increased catecholamine levels. A decrease in skeletal muscle 
glucose-transporter-4 may be partially responsible for this 
HF-induced peripheral insulin resistance, noted in nondiabetic 
patients.

The underlying cause of growth failure is usually due to 
persistent CHF as a result of an overall poor response to med-
ical treatment. Significant cardiac dysfunction in these chil-
dren can result in increased metabolic demands, decreased 

food intake, and malabsorption of important nutrients. Growth 
failure or malnutrition in children can lead to problems in vir-
tually every organ system, with many of the effects only par-
tially reversible [12]. Thus cardiomyopathy may lead to 
growth problems, but growth problems can lead to further 
complications that may directly or indirectly impact on heart 
function, leading to a vicious downward cycle (Fig. 14.4).

These clinical manifestations indicate that growth patterns 
may be an important predictor of the outcomes among cardio-
myopathy patients or an important indicator of the severity of 
their cardiomyopathy. If this is so, then it becomes apparent 
that clinicians should be vigilant regarding treatment issues 
surrounding growth. The relationship between growth pat-
terns and echocardiographic findings is unknown.

Clinical Signs and Symptoms

The clinical signs and symptoms of HF vary according to age. 
These signs become similar to those apparent in the adult as 
adolescence approaches, and these are discussed in other 
chapters. Here, we focus on the particular specific clinical pre-
sentation of CHF in the younger age groups. The age of HF 
presentation varies according to the specific etiology. Volume 
overload from extracardiac and intracardiac left to right lesions 
or pressure overload from obstructive lesions predominates as 
the cause for CHF in the first year of life. However, other pri-
mary etiologies include intrinsic cardiac muscle abnormali-
ties, rhythm disturbances such as supraventricular tachycardia 
or atrioventricular conduction block. Systemic abnormalities 
which cause abnormalities in metabolic demand such as ane-
mia, hypoxia, or sepsis can also cause HF in children.

Fetal Heart Failure

Decreased fetal movement can be noted when the fetus is in 
HF, and represents one of the few apparent clinical signs, 
which can be detected by the mother. Hydrops fetalis, excess 

Fig. 14.4 The vicious cycle (Reprinted from Miller et al. [12]. With 
kind permission from Elsevier)

Fig. 14.3 Survival rates by age at diagnosis from the diagnosis of idio-
pathic hypertrophic cardiomyopathy (From Wilkinson et al. [11]. 
Reprinted with kind permission from Elsevier)
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fetal water associated with pleural and pericardial effusions 
with or without ascites, and identified by ultrasound indi-
cates end-stage HF. However, clinical recognition of HF in 
the fetus depends primarily on accurate assessment by 
Doppler and echocardiography. The primary etiologies for 
CHF in the fetus are noted in Table 14.4 [13].

Fetal circulation differs from postnatal as the ventricles 
pump in parallel with the left ventricle supplying the aorta 
and upper body and the right ventricle pumping to the ductus 
arteriosus and the lower body and placenta (Fig. 14.5).

The pulmonary vascular bed has high resistance in utero 
and the placenta supplies oxygenated blood through the duc-
tus venous. Distribution of combined cardiac ventricular out-
put in utero is noted in Fig. 14.6.

The parallel vascular circuits intersect at the aortic isth-
mus. In the case of obstruction from either side, the other 
side usually accommodates by increasing work. In the past 
except in rare cases, such as severe regurgitation associated 
with Ebstein’s anomaly of the tricuspid valve, hearts with 
congenital malformations were thought to accommodate in 
utero. However, in recent years, ultrasound studies of human 
fetuses and experimental studies of fetal lambs with simu-
lated lesions have demonstrated that congenital cardiac 
anomalies may drastically affect the fetal circulation and 
fetal development and even survival [14]. In some cases, 
fetal intervention has been attempted such as atrial septec-
tomy for severely restrictive atrial septum in hypoplastic left 
heart syndrome [15].

Studies in animal models indicate that the fetal heart reacts 
differently in response to preload and afterload changes. The 
fetal myocardium exhibits reduced compliance and operates 

Table 14.4 Etiology of fetal heart failure

Proportion of all cases (%)

Cause of hydrops unclear 26.3
Isoimmunization 4.5

Rh isoimmunization 4.2
Other

Nonimmune 69.2
Congenital heart disease 13.7

Cardiomyopathy 3.8
Ebstein anomaly 2.3
Complex congenital heart disease 

(specific abnormality not 
reported)

1.3

Coarctation of aorta 1.2
Hypoplastic left heart 0.8
Hypoplastic right heart 0.8
Other heart defects

Dysrhythmias 10.4
Supraventricular tachycardia 7.2
Fetal dysrhythmias 1.3
Wolff–Parkinson–White 

syndrome
1

Other heart rate anomalies
Twin-to-twin transfusion 9
Congenital anomalies 8.7

Syndrome not defined 3.5
Cystic hygroma 1.7
Other anomalies

Chromosomal abnormality 7.5
Trisomy 21g 5
Other chromosomal anomalies

Anemia 5
Unknown cause for anemia 

(nonimmune)
3

Fetal-maternal transfusion 1.2
Thalassemia 0.8

Congenital chylothorax 3.2
Other 5

Fetal demise of twin or triplet 0.8
Inborn error of metabolism 0.8
Other

Viral 6.7
Viral infection reported but 

organism not reported
2.8

Parvovirus 1.5
Cytomegalovirus 1.3
Other viral 1.4

Congenital cardiomegaly, n = 4; aortic valve stenosis, n = 3; atrioven-
tricular canal, n = 3; pulmonary valve atresia, n = 2; pulmonary valve 
stenosis, n = 2; truncus arteriosus, n = 2; double-outlet right ventricle, 
n = 1; right ventricular hypertrophy, n = 1; single ventricle, n = 1; total 
anomalous pulmonary venous return, n = 1

Fig. 14.5 Course of fetal circulation. DA ductus arteriosus; Ao aorta; 
PA pulmonary artery; RV right ventricle; LA left atrium; RA right atrium; 
DV ductus venosus (Reprinted from Rudolph AM (1977) Pediatrics. 
Appleton Century-Crofts, New York, p 1351. With kind permission of 
McGraw-Hill)



278 14 Mechanisms and Clinical Recognition and Management of Heart Failure in Infants and Children

near the peak of the Frank–Starling curve [16]. The fetal heart 
is also extremely sensitive to changes in afterload. The right 
ventricular afterload is determined mainly by the vascular 
bed of the placenta. Animal studies also show that the fetal 
myocardium develops less active tension than adult at similar 
fiber lengths. This reduction in fetal animals is attributed to 
structural differences such as fewer t-tubules and less orga-
nized myofibrils, as well as alterations in calcium handling. 
In human fetus, shifts in myosin heavy chain (MHC) profile 
from adult may explain some of these differences in contrac-
tility and active tension. The fetal heart shows predominance 
of MHC-b, which also achieves more prominence in the fail-
ing adult heart [17]. Accordingly, the fetal heart demonstrates 
reduced ability to increase ventricular stroke volume in 
response to stress. This leaves heart rate variation as the major 
mechanism for adjusting cardiac output. The fetal heart rate 
ranges between 50 and 200 beats/min.

As the right ventricle contributes the major work output 
in the fetus, the earliest signs of altered function relate to 

right heart hemodynamics. The right ventricle shows vary-
ing responses to heart rate change, which depend on mode 
of stimulation. While pacing the right or left atrium actually 
decreases end-diastolic and stroke volume, spontaneous 
elevations in heart rate increase both these parameters, 
thereby increasing cardiac output [18]. The fetal heart 
does demonstrate adrenoreceptor responsiveness although 
autonomic innervation develops throughout gestation. Thus 
the physiological response to stress may differ according to 
gestational age.

The factors noted above affect the development and pre-
sentation of fetal heart failure. Reduced contractility, com-
pliance, adrenergic responsiveness, and greater dependence 
on heart rate to increase cardiac output all contribute to 
enhanced susceptibility of the fetus for development of HF. 
As noted, fetal hydrops is the major sign for end-staged HF 
in the fetus. However, data show that 13.7% of hydrops is 
caused by CHD or cardiomyopathy with another 10.4% 
caused by a rhythm disorder (see Table 14.4).

Several features contribute to fluid accumulation in fetal 
tissue and lead to elevation in ventricular end-diastolic 
pressure, atrial pressure, and central venous pressure. 
Umbilical venous pressure elevation correlates with cardio-
thoracic ratio. Therefore, any modest increase in this pres-
sure moderates cardiac function. As the foramen ovale 
provides a large communication between the left atrium 
and systemic veins, the volume loading causes systemic 
venous hypertension regardless of whether there is insuffi-
ciency of a mitral, a tricuspid, or a common atrioventricular 
valve [19]. The systemic venous pressure hypertension 
coupled with low colloid osmotic pressure promotes edema 
and hydrops in the fetus. The physiologic low fetal serum 
albumin level may be further lowered by decreased 
hepatic albumin formation in the presence of retrograde 
inferior vena caval flow and loss of albumin into the extravas-
cular space. The finding of umbilical venous pulsations by 
echocardiography is the most useful predictor of impending 
perinatal death in fetal hydrops.

While assessing the fetus, it is usually not adequate to 
evaluate for the signs and severity of HF, even though the 
final common pathway leading to fetal demise may be 
cardiac dysfunction. Hofstaetter et al. have recommended 
combining the cardiovascular profile score (CVPS) [20] 
with selected parameters of the biophysical profile [21, 22]. 
The CVPS is composed of 2 points in each of five categories 
used in serial studies to provide a method of uniform physi-
ological assessment. A score of ten indicates no abnormality, 
and points are deducted to a maximum of two for each of 
five categories. Abnormalities in the cardiovascular profile 
may occur before hydrops fetalis is recognized. The five 
categories are: (1) hydrops, (2) umbilical venous Doppler, 
(3) heart size, (4) abnormal myocardial function, (5) arterial 
Doppler.

Fig. 14.6 Percentage of combined ventricular output ejected by the 
left ventricle (LV) and right ventricle (RV) and passing through major 
vascular channels are shown (numbers in squares) (Modified from 
Rudolph AM (1977) Pediatrics. Appleton Century-Crofts, New York, 
p 1351. With kind permission of McGraw-Hill)
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Hydrops

Hydrops may manifest with ascites, pleural effusion, peri-
cardial effusion, or a combination of these. Advanced 
hydrops is accompanied by skin edema seen over the scalp 
and abdominal wall.

Umbilical Venous Doppler

Alterations in central venous flow blood velocity patterns 
reflect abnormalities in cardiac hemodynamics. Increased 
velocity of blood flow reversal away from the heart during 
atrial contraction occurs in the fetus with CHF and may indi-
cate increased ventricular end-diastolic pressure. Pulsed 
Doppler sampling should be obtained in inferior vena cava 
(IVC), ductus venosus, the umbilical vein in the abdomen 
and the umbilical cord vein. The CVPS allows deductions 
for abnormal venous Doppler flow with 1 point deducted 
for ductus venosus atrial reversal and 2 points for umbilical 
venous pulsations.

Heart Size

Cardiomegaly occurs in the fetus as a consistent sign of CHF, 
although the mechanism for cardiac enlargement is not 
totally understood. The right atrium is the common chamber 
noted to dilate as the final pathway for blood flow returning 
to the heart, and can be enlarged in several clinical scenarios 
including foramen obstruction, volume overload, and tricus-
pid regurgitation. Right atrial dilation may occur secondary 
to increased right ventricular end-diastolic pressure. Small 

heart size can occur with external compression and is also a 
poor prognostic sign. Cardiomegaly by two-dimensional 
echocardiography is heart chest area ratio greater than 0.35 
at any time in gestation (−1 point), and severe cardiomegaly 
defined as >0.5 (−2 points).

The CVPS incorporates a scoring component for myocar-
dial function, although this assessment remains somewhat 
qualitative (a fetal CPVS profile is presented in Figure 14.7). 
Huhta et al. [22] have suggested subtraction based on points 
relating to valvular regurgitation and shortening fraction of 
both right and left ventricles. Nevertheless, shortening frac-
tion depends on ventricular geometry, which does not fit adult 
configuration in utero. Myocardial performance index (MPI), 
known as the Tei index, provides assessment of right or left 
ventricular performance. This Doppler derived index encom-
passes both systolic and diastolic performance, is not subject 
to changes in ventricular dimension, and is afterload indepen-
dent. The Tei index is the isovolemic time divided by the ejec-
tion time. The isovolemic time is determined by subtracting 
the ejection time of either the left or right ventricle (aortic or 
pulmonary outflow) by atrioventricular valve inflow time 
(time of AV valve closure to opening). The MPI has been vali-
dated for both systemic and pulmonary vascular circuits, and 
can be used for assessment of fetal right heart function. Less 
quantitative analyses include Doppler indication of tricuspid 
regurgitation. Trivial regurgitation in utero shows no prog-
nostic significance, while holosystolic regurgitation implies 
severe but potentially reversible CHF in some clinical sce-
narios such as anemia or supraventricular tachycardia. 
Holosystolic mitral regurgitation implies severe left ventricu-
lar dysfunction in utero, and can be noted with cardiomyopa-
thy or rhythm disturbance. Importantly, color Doppler 
indication of valve dysfunction requires substantiation by 
careful pulse Doppler interrogation. Right or left ventricular 

Fig. 14.7 Fetal Cardiovascular profile adapted from Hofstaetter et al [20]
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diastolic function similar to postnatal heart can be assessed by 
comparing the A and E filling patterns. The A Doppler wave 
is normally higher than the E wave, and reversal implies 
abnormality in diastolic filling with a monophasic filling 
wave indicating severe diastolic dysfunction, these compo-
nents are all considered in the CVPS under the cardiac func-
tion component, but still remain subjective and require 
considerable validation.

Arterial Doppler remains the final component for the CVPS. 
Elevations in umbilical arterial resistance will reduce diastolic 
inflow. Substantial increases in this resistance with brain spar-
ing defined by absent diastolic flow with elevated diastolic 
velocity in the middle cerebral artery are signs of impending 
HF and together score −1 point on the CVPS. Reversed end-
diastolic flow in the umbilical artery scores −2 points.

Treatment of Fetal Heart Failure

Medical management of fetal HF obviously depends on the 
etiology. Systemic etiologies of HF include anemia second-
ary to isoimmunization or twin to twin transfusion. In the 
latter the twin receiving transfusion also displays a high out-
put state leading to failure due to increased blood volume, 
polycythemia, and elevated umbilical arterial impedance. 
Fetal interventional procedures such as laser treatment are 
currently being performed, as is umbilical venous transfu-
sion for the anemic twin. Medical management does include 
maternal treatment with digoxin with variable response in 
high output HF states including fetal to fetal transfusion and 
arteriovenous fistula. Huhta et al. [22] recommends 0.2 mg 
orally two to four times a day based on maternal drug levels 
and suggest a trough level 1–2 ng/dl. These recommenda-
tions are based on anecdotal experience rather than evidence 
through clinical trials. Some benefits may exist for failure with 
ventricular volume overloading generated by severe semilunar 
or atrioventricular valve regurgitation.

As noted previously, catheter induced interventions have 
been used with variable success in the fetus for some CHD. 
Technical problems have not been totally solved and indica-
tions are yet unclear and need to be more fully developed.

Neonatal Heart Failure

Multiple physiological and bioenergetic mechanisms operate 
together in determining timing and impact of increased stress 
on the newborn and infant heart. Timing of HF in infants, par-
ticularly for CHD, depends substantially on decline in pulmo-
nary vascular resistance (PVR) and other postnatal physio- 
logical changes. The first postnatal breath reduces pulmonary 

compliance and initiates the normal drop in pulmonary vascu-
lar resistance which decreases 50% by day 1 with progressive 
decline to adult levels at 2–6 weeks. Though drop in PVR is 
initiated mechanically by filling lungs with the first breath, 
which reduces compression of the pulmonary vasculature, it is 
also modulated by changing concentrations of vasoactive sub-
stances such as bradykinin, endothelin, prostaglandins and 
nitric oxide, as well as increased concentration of oxygen in 
blood. The alterations in circulation led to an increase in pul-
monary venous return and left atrial pressure. Systemic vascu-
lar resistance concomitantly increases as the ductus arteriosus 
closes generally within the first 12–18 h after birth. Some of 
these circulatory changes are delayed in CHD associated with 
high pressure transmission to the pulmonary bed, most nota-
bly large VSD. Delay in the postnatal drop in PVR also occurs 
with cyanotic lesions due to decreased oxygen concentration. 
Thus, transposition of the great arteries or tricuspid atresia 
with large VSD or truncus arteriosus all show marked persis-
tence of high pulmonary vascular resistance.

The eventual drop in PVR increases flow to the pulmonary 
bed and left atrium. These changes elevate alveolar capillary 
bed hydrostatic pressure and promote fluid movement across 
the interstitium and into the alveolar space. Additionally, 
engorged pulmonary arterial vessels can compress small air-
ways in infants leading to actelectasis. These changes result in 
tachypnea and systemic desaturation, which are the hallmark 
symptoms of CHF in the neonate.

Echocardiography is the principal mode of diagnosis, and 
identifies structural and functional abnormalities in the neo-
nate and older children. It should be noted that echocardio-
graphic measures of systolic and diastolic function change 
with age and body surface area. The period of most rapid 
change occurs during the first 4 years of life. In normal 
healthy children, age and heart rate have been shown to 
account for variations in the mitral E/A velocity ratio, peak 
A velocity, and atrial filling contribution. These developmen-
tal changes should be considered in any evaluation for HF in 
infants or children and standardization data for age and body 
surface area are available in the literature [23–25].

A number of changes occur in myocardial structure and 
function during fetal and neonatal life, which modify the 
ability of the heart to deal with stress including volume and 
pressure overload. However, data documenting these changes 
are somewhat inconsistent, due to variability in species and 
experimental conditions. Data in lambs show that the ability 
of the heart to increase output in response to volume loading 
increases with age. This implies reduced ventricular compli-
ance in the newborn lamb [26] and a reduced capability to 
compensate to volume or pressure stress. The neonatal heart 
also shortens more slowly against the same afterload as the 
adult. This may be due to differences within single fibers, as 
sarcomere shortening velocities are greater in the adult myo-
cyte than in the neonatal [27].
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Ventricular interdependence differs markedly in the newborn 
considering the dominance and size of the right ventricle. 
Ventricular interdependence relates to the change in performance 
of one ventricle caused by changes in the other ventricle 
via displacement of the septum. Developmental changes in 
ventricular interdependence are particularly important during 
pressure or volume loading caused by CHD. There are several 
operative mechanisms for ventricular interdependence. The 
heart is enclosed in the minimally compliant pericardial sac 
with little free space to accommodate ventricular dilation. As 
a result dilation of either ventricle limits filling of the other to 
the point that diastolic indices are modified. In a rabbit model 
under anesthesia and open pericardial exposure elevation in 
right ventricular (RV) diastolic volume decreased left ven-
tricular (LV) diastolic volume secondary to decreased dia-
stolic compliance, but with no change in systolic performance 
[28]. These relationships have been worked out in patients 
with right ventricular volume overloading, though no specific 
study in left ventricular volume loading associated with left 
to right shunts has been published to date. Diastolic filling 
abnormalities occur with right ventricular volume overload-
ing occurring through atrial septal defects. The relaxation 
constant tau for the left ventricle is prolonged in patients with 
large shunts providing chronic right ventricular volume over-
load [29]. However, Walker et al. evaluated the acute altera-
tions in interdependence caused by transcatheter closure of 
atrial septal defects [30]. This model provided was ideal for 
studying acute reductions in RV volume overload without the 
confounding factors of surgery including anesthesia and with 
intact pericardium. LV systolic function also improves acutely 
after removing the RV volume load. The study indicated that 
the mechanisms for decreased LV performance associated 
with RV volume overload include the mechanical disadvan-
tage of a noncircular short-axis configuration and changes in 
chamber and myocardial preload. Septal occlusion increased 
LV end-diastolic volume and circumference, the latter a 
surrogate of myocardial preload. Septal occlusion eliminated 
inefficiency in energy expenditure caused by geometric 
reconfiguration during systole. Thus, the developing heart 
with limited systolic and diastolic functional reserve is also 
stressed by geometric changes induced by abnormal ventricu-
lar interdependence.

Developmental Changes in Cardiac  
Energy Metabolism

Reduced efficiency in energy utilization caused by relatively 
poor ventricular compliance and geometric changes associ-
ated with ventricular interdependence in the newborn are 
further complicated by changes in cardiac energy metabo-
lism, which occur during transition after birth. These transi-

tions in regulation of myocardial ATP production and 
substrate utilization can modify the ability of the newborn 
heart to adapt to stress.

The lamb heart has been the primary model for studying 
myocardial energy metabolism in vivo during development. 
Myocardial oxidative phosphorylation and mitochondrial 
membrane transport systems efficiently supply ATP for use 
by energy-consuming processes in the cardiomyocyte. 
ATP production rate generally matches the overall rate of ATP 
hydrolysis in the mature heart in vivo if carbon substrate and 
oxygen supplies are ample [31, 32]. At near maximal work-
loads in the mature heart, the phosphorylation potential 
[ATP/(ADP + Pi)] diminishes, indicating that a transition in 
respiratory control occurs [31, 32]. The reduction in phos-
phorylation potential presumably represents a shift to ADP 
dependent respiratory regulation through the adenine nucleotide 
translocator (ANT), the site of ATP/ADP exchange[33], and 
is not caused by limited oxygen supply [34–36]. The standard 
free energy of ATP hydrolysis (DG0¢) is directly related to 
phosphorylation potential by:

 DG0¢=–2.303 RT Log [ATP] / ([ADP] [Pi]) 

Therefore, at near maximal work state in the mature heart, 
a somewhat lower amount of free energy is made available 
during the release of a phosphate from ATP at various ATPase 
sites within the myocyte: ATP → ADP + Pi. [ADP] increases 
and phosphorylation potential declines with only moderate 
myocardial oxygen consumption (MVO

2
) elevation in the 

developing heart [33] and the relationship between MVO
2
 

and ADP emulates a respiratory control pattern consistent 
with first order Michaelis–Menton kinetics. Transition to the 
mature and less ADP-dependent type respiratory control 
occurs in the first month of development and parallels accu-
mulation of ANT in the mitochondrial membrane, suggest-
ing that alterations in ADP/ATP exchange kinetics are 
responsible for this pattern in newborns.

The phosphorylation potential and DG0¢ therefore depend 
in part on ANT function. The ADP/ATP exchange rate must 
increase in concert with an increase in ATP hydrolysis at 
ATPase sites. Any diminution in ANT capacity would result in 
elevated cytosolic ADP concentration with phosphorylation 
potential and DG0¢ reduction. Qualitative or quantitative defi-
ciencies in ANT and shifts to ADP-dependent respiration 
occur not only in the developing heart, but also during CHF in 
a porcine model in vivo [33]. The ATP hydrolysis efficiency is 
markedly diminished at very high work states in the mature 
heart and at more moderate work states in the developing heart 
due to the logarithmic nature of the relationship between DG0¢ 
and phosphorylation potential. The decrease in efficiency may 
not be problematic under conditions where the heart can main-
tain high levels of ATP synthesis. However, under stress or 
conditions that reduce efficiency of energy utilization, such 
as volume or pressure overload, the decreased efficiency of 



282 14 Mechanisms and Clinical Recognition and Management of Heart Failure in Infants and Children

ATP hydrolysis can limit energy supply to cellular processes 
including the contractile apparatus.

Even a transient decrease in oxygen supply to the develop-
ing heart substantially reduces phosphorylation potential, 
efficiency of mitochondrial ATP synthesis, and efficiency 
of oxidative phosphorylation–mechanical function coupling 
in vivo [37]. In sheep studies, graded hypoxia stimulated a 
stress response including a catecholamine surge and stimula-
tion of contractile function. Though cardiac power and work 
were maintained through hypoxia, phosphocreatine rapidly 
declined, ATP dropped, ADP increased, and overall phosphory-
lation potential dropped once hemoglobin saturation dipped 
below a threshold value. Reoxygenation reestablished PCr lev-
els at a rate much slower than predicted implying a reduction in 
efficiency of ATP synthesis (ADP phosphorylated per oxygen 
molecule) and/or ATP hydrolysis. In the recovery period, 
despite maintenance of PCr and ATP levels, efficiency of cou-
pling between cardiac oxygen consumption and mechanical 
work was markedly reduced. Thus, even a transient limitation 
in oxygen supply initiating a stress response contributes to 
mitochondrial dysfunction in a model in vivo. Interestingly, 
although metabolically mature sheep maintain significantly 
higher myocardial ATP utilization rates during hypoxic stress 
than exhibited by immature lambs, the degree of mitochondrial 
dysfunction during reoxygenation was similar between the two 
groups. Accordingly, one can surmise that immature sheep, and 
possibly human infants, are more sensitive to energy stresses 
than their mature counterpart. These issues are compounded by 
exposure to hypoxia, such as occurs with cyanotic heart 
diseases.

The lamb heart in vivo exhibits a marked decrease in carbo-
hydrate oxidation within 3 days after birth in conjunction with 
a substantial increase in oxidation of free fatty acids [38–40]. 
The increase in fatty acid oxidation (FAO) relates partially 
from changes in circulating levels of fatty acids after birth, as 
even the fetal heart can increase FAO in response to fat loading. 
Nevertheless, the lamb heart increases the ability to oxidize 
fatty acids within a week regardless of substrate supply [38–40]. 
Ketone bodies provide approximately 7% of acetyl-CoA in 
newborn lambs, although this proportion is highly dependent 
on supply, which increases during periods of stress. In the aero-
bic isovolemic perfused rabbit heart, glycolysis is the primary 
substrate source immediately after birth with a rapid shift 
occuring toward lactate and fatty acid utilization by 7 days of 
age. Isovolemic isolated newborn pig hearts show similar pat-
terns of transition in substrate use [38–41]. Carnitine palmitoyl 
transferase I (CPTI) is considered a key regulator of fatty acid 
oxidation. However, stimulation of this neonatal metabolic 
transition appears to involve a decrease in malonyl-CoA pro-
duction by acetyl-CoA carboxylase (ACC) rather than decreased 
sensitivity of carnitine palmitoyl transferase I to malonyl-CoA 
inhibition. The inhibition of ACC occurs in association with 
increased adenomonophosphate activated protein kinase 

(AMPK) shortly after birth. This response has been linked to a 
nadir in insulin after birth, which should increase AMPK activ-
ity and initiate a cascade decreasing ACC activation, thereby 
diminishing malonyl-CoA and disinhibiting CPTI. There does 
appear to be some species variability in function of this cascade 
or perhaps differences relate to isovolemic heart versus physi-
ology in situ. For instance, Bartelds et al. detected in sheep 
postnatal increases in CPTI activity, which were much lower 
than the increase in the rate of long chain fatty acid (LCFA) 
oxidation in vivo in the same animals. Furthermore, they found 
relatively high rates of CPTI activity in fetal lambs [40]. 
Therefore, alterations in CPTI activity do not totally explain 
the large postnatal increases in FAO in all species or in vivo. 
Modulation in activity for malonyl-CoA decarboxylase, 
responsible for regulating malonyl-CoA levels, might explain 
this discrepancy [42, 43]. Although capacity for FAO increases 
during the neonatal transition period, some data exist suggest-
ing that carbohydrate oxidative capacity does not similarly 
expand [44]. Glucose oxidation produces more ATP molecules 
per carbon and is considered more energy efficient than fat. 
Many models of compensated cardiac hypertrophy show 
increased relative carbohydrate to FAO. In a neonatal pig 
model with persistent patent ductus arteriosus [45], volume 
overload hypertrophy delayed the maturational increase in 
acetyl-CoA carboxylase activity, which generally prompts 
the increase in FAO [45]. The concomitant inability to 
increase glucose oxidation in response to stress, may in fact 
further contribute to cardiac energy failure and CHF in the 
newborn (Fig. 14.8).

Right Ventricular Dysfunction  
in Congenital Heart Disease

Etiologies of right ventricular failure (RVF) differ substan-
tially in children from those noted in adults. RVF in children 
occurs from various types of CHD, and through different 
pressure or volume loading stresses. RVF in the clinical sce-
narios of elevated pulmonary vascular resistance, acute 
respiratory distress syndrome, and sepsis will not be dis-
cussed in this chapter.

Though the left ventricle has a well defined shape, right 
ventricular geometry is more difficult to characterize through 
geometric models. The right ventricle has in the past been 
considered a passive conduit for systemic venous return 
based on preliminary studies showing that abolition of con-
tractile function of the RV free wall did not seem to influence 
cardiac output. However, newer data dispute this theory. 
Afterload has a major influence on short and long term right 
ventricular function. In the short term, the right ventricle 
responds to acute changes in afterload, such as an increase 
in pulmonary artery pressure, generated by constriction or 
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embolism, with a decrease in stroke volume and cardiac out-
put [46], creating a setting for acute RVF.

The right ventricle is normally highly compliant, but mor-
phology changes rapidly according to chronic loading and 
interaction with the left ventricle (discussed in other sections). 
The normally thin-walled right ventricle poorly compensates 
for increased pulmonary artery pressure and undergoes 
progressive dilation. Chronic increases in preload also lead 
to dilation. The right ventricle preload is highly dependent 
on respiratory variation. Inspiration decreases intrathoracic 
pressure leading to increased venous return and preload, 
which in turn provides an elevation in stroke volume with a 
prolonged ejection time. Respiratory variation is more pro-
nounced in diseased states. This includes patients with 
Fontan operation who have passive systemic venous return 
to the pulmonary artery circuit. Exaggerated respiratory vari-
ation can also be seen in patients with restrictive physiology, 
where diastolic function is impaired, such as some postop-
erative Tetralogy of Fallot patients [47].

In children with CHD, it is often difficult to separate vol-
ume overload lesions from pressure overload and restrictive 
lesions. The classic abnormality is repaired Tetralogy of 

Fallot with pulmonary regurgitation, which exhibits all 
those components. These patients often have no effective 
pulmonary valve. The degree of right ventricular dilation 
and failure exhibited by these patients appears to be highly 
variable and difficult to predict. However, Kilner et al. have 
recently shown that elevated pulmonary artery compliance 
noted with expansive pulmonary arteries promotes an increase 
in regurgitant fraction [48]. This is illustrated by a magnetic 
resonance imaging and function example in two patients 
with no functional pulmonary valve (Fig. 14.9) but very 
different pulmonary regurgitant volume and pulmonary artery 
capacity.

These same patients may also have residual obstruction or 
pulmonary artery narrowing, which can contribute to pres-
sure overload. Children now rarely if ever undergo the atrial 
switch operation for transposition of the great arteries. 
Therefore, problems with chronic pressure loading of the 
right ventricle often seen with the Senning or Mustard opera-
tion, no longer occur in the pediatric population. However, 
patients with congenitally corrected transposition of the great 
arteries (atrioventricular and ventriculoarterial discordance) 
do show issues with prolonged afterload and eventual right 

Fig. 14.8 Changes in energy balance and fatty acid oxidation in the 
newborn heart. Dominant pathways are indicated by darker typeface, 
and bold arrows; those indicated in gray are diminished. The inner 
mitochondrial membrane has been omitted for clarity. ACC acetyl CoA 
carboxylase; AMP adenosine monophosphate; AMPK 5¢-AMP-activated 
protein kinase; ATP adenosine triphosphate; CAT carnitine acyl trans-
ferase; CoA coenzyme A; CoASH uncombined CoA; CPT 1 carnitine 
palmitoyl transferase-1; Pi inorganic phosphate; TCA tricarboxylic 
acid. After birth, a fall in plasma insulin (which is an inhibitor of AMPK 
expression) levels, together with a decrease in available glucose and 
lactate substrate lead to a rise in AMPK activity. 5¢-Adenosine mono-

phosphate-activated protein kinase phosphorylates and inactivates 
ACC, resulting in a decrease in malonyl CoA production. Malonyl CoA 
in turn has a key role in inhibiting the activity of CPT 1, the rate limiting 
translocating protein which allows acylated long chain fatty acids to 
enter the mitochondrion. Thus the heart is prepared to utilize fatty acids 
in the postnatal period, as the level of malonyl CoA, the inhibitor effect 
of CPT 1, is greatly reduced. With the onset of suckling, a pronounced 
rise in plasma fatty acid levels, together with these low levels of malo-
nyl CoA, facilitate the influx of fatty acyl-CoA into the mitochondrion, 
and an increase in b-oxidation occurs (Reprinted from Kantor et al. 
[45]. With kind permission from Elsevier)



Fig. 14.9 Cardiovascular magnetic resonance studies in two patients, 
neither with an effective pulmonary valve, but with different amounts of 
pulmonary regurgitation. Patient A (left panels) born with tetralogy of 
Fallot, palliated with a right Blalock–Taussig shunt and subsequently 
repaired at 8 years with a homograft right ventricle to pulmonary artery 
conduit and graft augmentation of the proximal left pulmonary artery. 
Patient B (right panels) born with pulmonary and sub-pulmonary 
stenosis and a ventricular septal defect, who had patch reconstruction of 
the right ventricular outflow tract aged 2 years. Cine imaging (upper 
row) showed marked differences of size and expansion of the proximal 
pulmonary arteries, replaced by a conduit and graft in patient A, but 
dilated and expansile in patient B, as indicated by the end diastolic > peak 
systolic diameter measurements shown. In-plane, vertically encoded 

velocity maps aligned with the right ventricular outflow tract (second 
row) show no effective valve action in diastole. Flow curves (third row) 
were plotted from retrospectively gated acquisitions of velocities through 
planes transecting the proximal MPA or conduit, giving the regurgitant 
volumes and fractions shown. The peak systolic velocity was 3 m/s in 
the conduit of patient A and 1 m/s in the MPA of patient B. Patient A had 
a higher heart rate and a less dilated right ventricle as shown by the four-
chamber cines and right ventricular volume measurements (bottom row). 
M male; BSA body surface area; MPA main pulmonary artery; RPA 
right pulmonary artery; LPA left pulmonary artery; RV right ventricle; 
PR pulmonary regurgitation; EDV end diastolic volume, ESV end 
systolic volume; SV stroke volume, EF ejection fraction (Reprinted from 
Kilner et al. [48]. With kind permission from Elsevier)
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ventricular dysfunction. Right ventricular end systolic vol-
ume and diastolic volume slowly increase with chronic 
volume overload, such as occurs with atrial septal defect, 
pulmonary regurgitation, and tricuspid regurgitation. These 
changes preserve cardiac output and cardiac function [49]. 
The right ventricle also responds to chronic increases in after-
load with preservation of function. However, over time the 
right ventricle undergoes dilation and hypertrophy, which can 
lead to myocardial fibrosis and failure. The time of progression 
or transition to failure is often unpredictable and represents a 
particular management problem for pediatric cardiologists. 
Recent data show that regional abnormalities in the right 
ventricular outflow tract in postoperative Tetralogy of Fallot 
patients contribute substantially to global dysfunction and 
may have important implications for patient management, 
including right ventricular outflow tract reconstruction [50].

Medical management for RVF associated with congenital 
heart lesions is limited. Some inotropic agents show improve-
ment in right ventricular contractility in animal models [46]. 
Volume expansion may increase preload and maximize 
stretch and contractile function, but these measures are not 
supported by evidence-based studies. Surgical or catheter 
based management of these abnormalities is the hallmark of 
treatment. Percutaneous placement of pulmonary valves is 
currently under study and offers substantial promise for 
patients with pulmonary regurgitation or obstruction.

Single Ventricle and Heart Failure

Assessment and management of heart failure in children with 
single ventricle (SV) physiology represents a tremendous 
challenge. These patients represent a heterogenous group ana-
tomically and functionally, and most are subjected to pallia-
tive surgery or transplant. The nature of the SV involves 
volume overloading, though pressure overloading is also not 
uncommon. Initial surgical intervention depends on the type 
of SV and associated abnormalities. For specifics regarding 
early surgical intervention the reader is referred to the major 
texts in Pediatric Cardiovascular Surgery. The Fontan type 
reconstruction or bidirectional cavopulmonary anastomosis 
was originally described by Fontan and Baudet [51] as a novel 
surgical repair for tricuspid atresia. The procedure has under-
gone a substantial number of modifications over the years and 
is now generally performed as a two stage-operation. The first 
stage is the bidirectional cavopulmonary anastomosis. This is 
a superior vena cava to pulmonary anastomosis with exclusion 
of blood flow to the atrium. The ventricle does not have access 
to the pulmonary artery and is partially volume unloaded. 
Patients remain cyanotic as only part of the systemic venous 
return enters the lungs. This intermediate procedure was 
proposed as hemodynamic deterioration occurred postopera-
tively when some studies showed that increased stress to the 

ventricular wall occurs if the Fontan procedure was performed 
without this step [52]. Diastolic ventricular compliance issues 
were thought to play an important role. The ventricular thick-
ness to chamber dimension ratio also acutely increased when 
the Fontan was performed without the intermediate step.

Before performance of the Fontan procedure, chronic ven-
tricular loading is a major factor. The SV, especially the mor-
phological right ventricle does not appear to tolerate the volume 
overload over the long term. Additional stressors include sys-
temic arterial desaturation, ventricular hypertrophy, and altered 
afterload. Hypertrophy occurs to compensate in part for 
increased wall stretch due to volume overload, which can be 
exacerbated by atrioventricular or semilunar valve dysfunction 
and regurgitation. Neurohumoral abnormalities occur due to 
the excess volume loading. Patients before bidirectional 
cavopulmonary anastomosis demonstrate higher brain and 
atrial natriuretic peptide levels than occur in controls or patients 
after bidirectional cavopulmonary anastomosis. The noncom-
pensated hypertrophy and possible irreversible effects of 
chronic volume overloading were instrumental in surgical 
decisions to complete Fontan procedures by 2 years of age. 
Kirklin et al. noted ventricular hypertrophy to be a significant 
risk factor for death after Fontan [53]. However, atrial dys-
rhythmias secondary to extensive atrial surgery also adversely 
affected outcome with Fontan modification. Accordingly, there 
is a recent impetus to exclude atrial tissue from Fontan comple-
tion. This latest modification is known as the extracardiac 
conduit type, which includes interposition of a polytetra  - 
fluoroethylene graft conduit between the inferior vena cava 
and the underside of the pulmonary artery (Fig. 14.9).

As noted, prior to staging with the bidirectional cavopul-
monary anastomosis the acute change in volume unloading 
associated with the Fontan was thought to adversely influ-
ence outcome. Although, the bidirectional cavopulmonary 
anastomosis seems to improve clinical outcome, it did not 
change the mass/volume postoperatively. An echocardiographic 
study showed an increase up to 111% in wall thickness to 
ventricular volume after bidirectional cavopulmonary anas-
tomosis [54]. However, this phenomenon is not permanent 
as an MRI study showed no difference in mass/volume 
between patients before and 6–9 months after bidirectional 
cavopulmonary anastomosis [52].

The Fontan reconstruction elicits major changes on hemo-
dynamics and placing the circulations in series rather than in 
parallel. Firstly, systemic saturation is improved, ventricular 
volume loading is reduced, and peripheral perfusion 
presumably improved by eliminating shunting to the low 
resistance pulmonary vascular bed. However, central venous 
pressure is uniformly elevated in Fontan patients, and this 
may promote symptoms of venous congestion in part by 
increasing capillary hydrostatic pressure [55]. Additionally, 
systemic vascular resistance is elevated relative to the 
previous stage by placing the circulation in series. Accordingly, 
patients with SV after Fontan have low cardiac output and 
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reduced exercise capacity [52, 56]. Senzaki et al. evaluated 
ventricular–vascular coupling in SV and Fontan patients and 
SV after systemic to pulmonary artery shunt [57]. The Fontan 
patients were found at rest and with dobuta mine stress to 
have elevation in the pulsatile component of ventricular 
afterload and in vascular resistance. These elevations in load 
were closely associated with decreased cardiac index. Szabo 
and Bahrle have also described that small but complex 
changes in of preload, afterload, and myocardial contrac-
tility in Fontan patients have profound effects on ventriculo-
arterial mechanoenergetics. This manifests in terms of 
mismatch between contractility and afterload, and reduces 
mechanical efficiency, and reduces the potential of the SV to 
adapt to exercise [49].

Clinical studies are ongoing to determine factors, which 
are detrimental to the Fontan patients. Many of these patients 
progress to failure, which often manifests as pleural effusions 
and ascites. Protein-losing enteropathy (PLE) is an uncom-
mon (3.7%) complication of the Fontan operation occurring 
usually 2 or more years after surgery and has recently been a 
subject of review [58–60]. PLE is thought to result from 
bowel edema secondary to low cardiac output and elevated 
systemic venous and lymphatic pressures. Mesenteric vascu-
lar resistance which is generally elevated in patients with 
Fontan circulation is elevated more in patients with PLE. This 
may be due, in part, to the increased impedance to emptying 
of the portal venous system in patients after the Fontan opera-
tion [61, 62]. Perioperative risk factors for the development 
of PLE include longer cardiopulmonary bypass time and sin-
gle right ventricle anatomy. Patients with PLE frequently 
develop peripheral edema and refractory ascites and pleural 
effusions. The serum albumin is low and fecal a1-antitrypsin 
concentration is elevated. Therapeutic options include symp-
tomatic relief via drainage of pleural and ascitic fluid, afterload 
reduction, diuresis, intravenous albumin infusion, and a high 
protein/low fat diet. Various case reports have reported 

efficacy of oral steroids in the treatment of PLE [63, 64]. 
Other medical interventions purported in various case reports 
to decrease PLE via incompletely understood mechanisms 
include heparin, spironolactone, calcium infusion, and 
sildenafil [65–70]. Atrial pacing has been reported to improve 
PLE, likely as a result of augmented cardiac output in patients 
with sinus node dysfunction [71]. Surgical fenestration of the 
atrial septum allows some right-to-left shunting and decreases 
systemic venous pressure, thus reducing the risk of PLE or 
unremitting pleural effusions, at the expense of arterial 
oxygen saturation [72]. Heart transplantation is recommended 
for patients who have failed medical or surgical therapy 
due to the high mortality rate of PLE (~50%). Gamba et al. 
reported resolution of PLE over 18 months in six patients 
who underwent successful transplantation [73]. In a recent 
series of Fontan patients who underwent orthotopic cardiac 
transplantation 15 patients had PLE. Six (40%) of these 
patients died early after transplant (hemorrhage, RVF, 
multisystem organ failure, sepsis, brain death). In the nine 
surviving patients, signs of PLE resolved and serum albumin 
levels normalized within 6 weeks [74].

Pharmacology

Although drug regimen for treatment of HF in infants and 
children resembles that used in adults, a paucity of evidence 
exists regarding pharmacokinetics and treatment response. 
As of 2005, approximately 80% of medications given for 
hospitalized children with heart disease were provided off-
label [75]. The most common medications are furosemide, 
epinephrine, dopamine, lidocaine, and milrinone. For the 
most part dosing and indications are extrapolated from adult 
studies, and do not necessarily accommodate developmental 
differences.

Fig. 14.10 Artist’s rendering of the various modifications of the 
Fontan operation. (a) Initial total cavopulmonary connection per-
formed by Fontan and Baudet in 1971. Valved homograft to proximal 
right pulmonary artery. Valve at inferior vena cava to right atrial (RA) 

junction. Unidirectional Glenn. (b) Lateral tunnel Fontan as described 
by De Leval et al. (c) Extracardiac Fontan (Courtesy of JA AboulHosn 
MD, Ahmanson-UCLA Adult Congenital Heart Disease Center,  
Los Angeles, CA)
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Developmental Issues with Diuretics

Diuretics have been used as a mainstay for treatment of edema 
and HF in infants and children. Scattered reports appeared in the 
1960s and 1970, which suggested safety and efficacy for furo-
semide in infants and children [76]. However, these studies were 
retrospective reviews, and were not controlled randomized tri-
als. Renal blood flow and glomerular filtration rate (GFR) 
increase substantially after 36 weeks age gestation, reaching 
maximal levels at 1–2 years of age. The GFR is approximately 
2–4 ml/min/1.73 m2 in term neonates, but it may be as low as 
0.6–0.8 ml/min/1.73 m2 in preterm neonates. The GFR increases 
rapidly during the first 2 weeks of life and then rises steadily 
until adult values are reached at 8–12 months of age [77]. 
Similarly, tubular secretion is immature at birth and reaches 
adult capacity during the first year of life. Immaturity of these 
processes partially explains the inability of neonates to excrete 
acid. They also exhibit higher fractional excretion of sodium. 
Thus, preterm infants and neonates are vulnerable to diuretic 
agents, agents that require mature systems for acid excretion, 
such as carbonic anhydrase inhibitors. Additionally, the lower 
GFR raises the half-life of particular drugs including diuretics. 
Plasma half-life of diuretics is several-fold longer in premature 
infants and neonates than in adults and older children. Volume 
of distribution is also higher in children, and albumin is lower 
leading to prolonged drug half-lives and increased bioavail-
ability. These developmental differences suggest that doses 
should be lower, particularly in young infants. These issues 
are important as the premature infant in particular is vulnerable 
to furosemide induced ototoxicity [78].

Furosemide has been the mainstay diuretic use for 
pediatric HF, and is used aggressively after cardiac surgery. 
Pharmacodynamic studies indicate that a maximally effective 
dose for each patient exists, even in neonates. Therefore, a 
theoretical advantage exists supporting a continuous infusion 
strategy that avoids troughs of diuretic concentrations. 
However, the published studies on pediatric patients com-
paring intermittent with continuous infusion of furosemide 
have reported discrepant results regarding efficacy [79]. 
The most recent study reported positive results if a higher 
loading dose of furosemide was used prior to initiation of 
continuous infusion [80]. Spironolactone blocks action of 
excess aldosterone and provides potassium sparing during 
the use of loop diuretics. Considering these actions, it may 
be beneficial in the management of HF, particularly in infants 
on furosemide. There are no studies to support use of aldos-
terone antagonists in children with HF.

Obviously, there is a great need for controlled clinical tri-
als to establish efficacy and safety of new diuretics in chil-
dren. A recent study did evaluate torasemide, a newer loop 
diuretic which shows a longer elimination half-life, longer 
duration of action, and higher bioavailability in adults. 

Torasemide did lower HF score in children. As this was not a 
randomized trial to compare efficacy, there is no evidence for 
superiority over furosemide [81].

Inotropic Agents in Pediatric Heart Failure

The therapeutic effect of inotropic agents in HF depends in 
part on balance between the parasympathetic and sympa-
thetic systems. Inhibitory parasympathetic innervation is 
more dominant in premature infants than in term infants as 
exhibited by diminished heart rate variability [82]. However, 
the parasympathetic system matures rapidly and control 
function of the term neonate is similar to that in the adult. 
In contrast the sympathetic system matures much more slowly. 
Relatively low concentrations of norepinephrine occur in 
preterminal nerve trunks in mature animals, with higher levels 
in the myocardium itself. In contrast, most norepinephrine is 
found in nerve trunks in neonates due to the paucity of nerve 
terminals in the maturing myocardium [83]. Therefore, 
neonates rely on circulating catecholamines for circulatory 
support more than older children and adults. Neonates and 
older children also have higher levels circulating cate-
cholamines than adults [84]. Some older studies indicate that 
myocardial function and cardiac output in the neonate do not 
respond as well to catecholamines as in the adult [85].

Use of inotropic agents for HF in adults has been reviewed 
in other chapters. There are a limited number of clinical stud-
ies establishing evidence for use of inotropes in pediatric HF 
patients. The few clinical studies that were performed col-
lected mainly in infants and children immediately after car-
diac surgery and cardiopulmonary bypass. Inotropes are used 
frequently in children to prevent low cardiac output syndrome 
after such surgery. Most of what we know regarding inotropic 
support evolves from animal studies. Some evidence exists 
supporting poor contractile response to epinephrine or nor-
epinephrine in newborn lambs [85]. Newer studies indicate 
that lack of response can be overcome by increasing epineph-
rine dosage [33]. Maximal rates of MVO

2
 achieved by a rela-

tively brief course of epinephrine are similar in newborn and 
mature lambs, although the mitochondrial respiratory rate is 
driven through different mechanisms. In young sheep exposed 
to hypoxic stress such as frequently occurs in the newborn, 
endogenous circulating epinephrine and norepinephrine levels 
rise dramatically [37]. This dramatic response might affect 
cardiac function as prolonged administration of epinephrine 
at high dose (1.5–2 mg/kg/min over 2 h) eventually yields 
decreased contractility and compliance in neonatal pigs. 
These data provide minimal guidance for use of epinephrine 
in human infants. Despite lack of human data, some centers 
use low dose epinephrine (0.05 mg/kg/min) as a first- or sec-
ond-line inotropic agent [86].
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Dopamine is an endogenous precursor of norepinephrine 
and is used frequently in neonatal and pediatric intensive 
care units for circulatory support. There have been no ran-
domized clinical trials performed to establish efficacy and 
safety for dopamine. Driscoll et al. showed that animals less 
than 7 days old displayed diminished hemodynamic responses 
to dopamine compared to older animals, although high doses 
increased systemic arterial pressure. Dopamine was noted to 
increase renal artery blood flow [87]. Driscoll performed ret-
rospective reviews on the use of dopamine in children treated 
with a wide dosage range (0.3–25 mg kg/min) for CHD and 
sepsis [88]. Only 13 of 24 patients responded with increases 
in mean arterial pressure and urine output. Subsequently, 
several investigators evaluated dopamine to prevent or ame-
liorate low cardiac output syndrome after repair of CHD. 
Dopamine at doses of 5–10 mg/kg/min increased cardiac out-
put with no change in systemic vascular resistance. It should 
be noted that dopamine poses significant risk for postopera-
tive dysrhythmias in this population, and termination has 
been recommended if they occur. Although, the beneficial 
effect of dopamine for HF is not well established in children, 
this agent is commonly used to improve renal function after 
cardiopulmonary bypass or circulatory shock. The renal dose 
is considered as between 0.5 and 3 mg/kg/min in adults. 
However, studies by Girardin et al. indicate that children 
require somewhat higher doses (5.0 mg/kg/min) to raise 
glomerular filtration rate and renal plasma flow [89].

A considerable number of clinical studies have been pub-
lished evaluating efficacy of dobutamine for low cardiac 
output syndrome in adults with severe cardiomyopathy. 
However, these studies show short term improvements in 
hemodynamics without increased long term survival. In fact 
there is some concern, that chronic infusion of any inotrope 
increases mortality. Similarly, dobutamine increases stroke 
volume, diastolic filling, and contractility in normal children 
in doses 5–20 mg/kg/min [90]. Driscoll noted increases in 
blood pressure and cardiac index in children with CHD 
undergoing catheterization [87]. Substantial evidence is lacking 
for supporting hemodynamic and clinical improvement by 
dobutamine in infants and children after cardiopulmonary 
bypass. A very early study by Bohn et al. showed dependent 
increases in cardiac output in 11 children within an extremely 
broad age range, 0.2–8 years [91]. Subsequently, Berner 
et al. published a series of papers indicating that dobutamine 
did not improve cardiac function in children after repair of 
Tetralogy of Fallot [92, 93]. Booker et al. showed that 
dobutamine did not elicit pulmonary vasoconstrictive effects, 
seen by dopamine infusion [94]. Surprisingly, literature review 
did not reveal a single study evaluating hemodynamic effects 
of dobutamine in neonates or infants, although this drug is 
routinely used after cardiac surgery in these groups.

Digoxin is a cardiac glycoside commonly used to treat 
acute and chronic CHF in infants and children. There is limited 

scientific basis for using digoxin in this aged group, other 
than combined years of experience. Berman et al. studied the 
effect of this drug on infants with failure secondary to unre-
paired VSD [95]. Digoxin improved echocardiographic 
defined hemodynamic parameters in six of 11 infants. Again, 
no efficacy data are available.

Thyroid hormone (TH) has been considered as therapeu-
tic and inotropic agent for treatment of low cardiac output in 
children after cardiopulmonary bypass. Cardiac surgery 
involving cardiopulmonary bypass (CPB) induces a signifi-
cant and persistent reduction in circulating TH levels in 
the critical postoperative recovery period in all age groups 
[96–99]. Depressed TH levels increase post-cardiac surgery 
morbidity in adults [97]. Controlled, randomized studies 
in adults demonstrate that parenteral triiodothyronine (T

3
) 

repletion after coronary artery bypass surgery improves post-
operative ventricular function, reduces the need for inotro-
pic support and mechanical devices, and reduces myocardial 
ischemia [97, 100, 101]. Postoperative depression of T

3
 may 

contribute to hemodynamic alterations in this immature 
patient population [102, 103]. Triiodothyronine elicits direct 
“termed nongenomic”-mediated effects as well as actions 
through transcriptional mechanisms [104], which promote 
systemic vasodilation and positive inotropic effect. Several 
small placebo-controlled and double-blinded randomized 
studies have shown some positive effects on cardiac func-
tion and outcome variables in patients of children after car-
diopulmonary bypass. Considering the paucity of data 
supporting use of other inotropic agents, these studies are 
quite valuable and deserve mention. Bettendorf et al. 
performed a randomized placebo-controlled study that 
examined T

3
 supplementation in 40 pediatric patients after 

cardiac surgery [98]. Patients receiving T
3
 exhibited greater 

increases in cardiac index during the early postoperative 
period and received fewer cumulative doses of the inotropic 
medications epinephrine and dobutamine. The subject num-
bers were inadequate to assess clinically important end-
points including length of intensive care unit stay and 
mechanical ventilation duration.

Chowdhury et al. randomized 28 patients to receive either 
continuous T

3
 infusion at 0.05–0.15 mg/kg body weight per 

hour to maintain serum levels within normal levels (80–
100 ng/dl) or placebo [105]. Patients with serum T

3
 levels less 

than 40 ng/dl (or <60 ng/dl in infants) on postoperative days 
0, 1, or 2 were randomized. No differences were found 
between groups for the degree of postoperative care, use of 
inotropic medications, and length of hospital stay and dura-
tion of mechanical ventilation. But this study population also 
had large variations in patient age and presumably diagnoses. 
Mackie et al. undertook a focused evaluation of T

3
 supple-

mentation on the early postoperative course of neonates 
undergoing aortic arch reconstruction during either the 
Norwood procedure (for SV anatomy) or a two-ventricle 
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repair of interrupted aortic arch/VSD [106]. The study enrolled 
42 patients in a randomized, double-blinded placebo-con-
trolled study with patients receiving a continuous infusion of 
T

3
 (0.05 mcg/kg/h) or placebo. Primary endpoints were a 

composite clinical outcome score and cardiac index at 48 h. 
Even though the median clinical outcome scores were the 
same between groups, the T

3
 treated group had a statistically 

significantly better outcome score due to differences in the 
distribution of values. The T

3
 group had a slightly earlier time 

to negative fluid balance (2.0 days in T
3
 group vs. 2.5 days in 

the placebo group). The authors concluded that T
3
 treatment 

in neonatal heart surgery was safe and resulted in a favorable 
improvement of clinical outcome scores. Portman et al. also 
undertook a randomized, placebo-controlled trial in children 
less 1-year-old undergoing surgery for repair of VSD or 
Tetralogy of Fallot [99]. 14 patients (seven per group) were 
randomized to receive either a bolus of T

3
 (0.4 mg/kg) prior to 

CPB and after release of aortic cross-clamp or placebo. Heart 
rate and peak systolic pressure rate (systolic blood pressure 
times heart rate) were increased in T

3
 treated patients at 6 h 

after termination of CPB. Elevation of the peak systolic pres-
sure-rate product implies that T

3
 repletion improves myocar-

dial consumption. The Triiodothyronine for Infants and 
Children Undergoing Cardiopulmonary Bypass (TRICC) 
study was designed to overcome many of shortcomings noted 
in the previous studies including low patient numbers and 
large variation in age and diagnosis [107]. The study is a mul-
ticenter, randomized, clinical trial designed to determine the 
safety and efficacy of T

3
 supplementation in children <2 years 

of age undergoing surgical procedures for CHD. The six-cen-
ter study enrolled 195 patients with 99 randomized to multiple 
T

3
 boluses over 12 h during and after surgery and 96 to pla-

cebo. Patient enrollment used a stratified design with central 
randomization to nine diagnostic categories in high or low 
risk categories based upon the commonly accepted Aristotle 
Score. The primary endpoint was time to extubation. 
Enrollment for the TRICC study was recently completed and 
a full evaluation of the results has yet to be published. 
Preliminary analyses show that T

3
 treatment improved cardiac 

function assessed by shortening and ejection fractions, car-
diac index, and/or myocardial performance index (LV Tei) at 
24 h in the low and high risk patients. The primary end point, 
time to extubation, was not changed by T

3
 treatment. However, 

absolute T
3
 levels were associated with changes in the chance 

of extubation in placebo and experimental groups.

Phosphodiesterase Inhibitors

The clinical evidence supporting use of phosphodiesterase 
inhibitors for HF in children is sparse, yet far superior in 
quality to data available for diuretics or inotropic agents. 
Early study in a neonatal pig model showed a concentration 

dependent negative inotropic effect of amrinone. However, 
milrinone, a more selective and potent phosphodiesterase 
inhibitor showed positive inotropic effect [108], as well as 
high energy phosphate preservation in the ischemic pig myo-
cardium [109]. Several nonrandomized studies have been 
performed using small series of neonates or children with 
low cardiac output syndrome after surgical repair of CHD 
[110–112]. These have shown improved cardiac index, 
reduced mean arterial pressure, and decreased systemic and 
pulmonary vascular resistance.

The Prophylatic Intravenous Use of Milrinone After 
Cardiac Operation in Pediatrics (PRIMACORP) study was a 
large double-blinded placebo-controlled trial with three par-
allel groups. More than 200 patients were randomized into 
low dose for 35 h, high dose for 35 h, or placebo. The clinical 
endpoint was a composite end point of death or development 
of low cardiac output state at 36 h. The high dose regimen, 
75 mg/kg bolus followed by 0.75 mg/kg/min showed signifi-
cantly lower risk of low cardiac output state compared to 
placebo. Accordingly, milrinone has become an essential 
pharmacological agent in the management of children with 
low cardiac output syndromes. However, no studies have 
substantiated the use of milrinone for chronic therapy, 
although some centers have reported home use as bridge to 
transplant [113, 114].

Vasodilator Therapy

Nitroprusside is a short acting vasodilator, sometimes used 
in adults with acute cardiac decompensation. Use of nitrop-
russide has been largely replaced by milrinone. Nitroprusside 
improves hemodynamic profile in patients with low cardiac 
output from sepsis respiratory distress. Beekman et al. noted 
that nitroprusside decreased right atrial and pulmonary artery 
wedge pressures in patients with VSD [115]. However, it 
also decreased systemic blood flow and increased pulmonary 
to systemic shunting. Another study showed that this phe-
nomenon varied according to left ventricular loading. Artman 
et al. showed that the arterial vasodilator hydralazine very 
modestly decreased left to right shunting in six of eight 
patients with atrioventricular canal defects. Hydralazine 
failed to decrease the shunt in two patients with fairly high 
pulmonary vascular resistance [116]. Accordingly, nitrop-
russide or hydralazine should be used with great caution in 
patients with any shunt lesion.

ACE inhibitors are an essential pharmacological agent 
used for treatment of HF in adults. Similar to other drugs 
used for HF in children control randomized studies of ACE 
inhibitors are lacking. Clinical response in infants and 
children may relate to the etiology of HF. Captopril has 
been considered for use in HF caused by left to right shunts. 
Initially, Boucek and Chang showed that captopril increased 
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pulmonary vascular resistance and thereby decreased left to 
right shunting in lambs with VSD [117]. Scammel et al. 
retrospectively reviewed use of captopril in 18 infants treated 
for severe HF. Daily weight gain was improved but patients 
were also on digoxin and furosemide. There was no control 
group for comparison [118]. Shaw et al. also retrospectively 
reported an increase in weight gain in infants treated with 
captopril for CHF [119]. However, these infants were 
concomitantly admitted to the hospital for intervention by 
skilled and persistent nursing personnel. Two studies evalu-
ated the acute hemodynamic effects of captopril in infants 
with large left-to-right shunts. Captopril elicited varying 
hemodynamic responses, primarily dependent on baseline 
systemic and pulmonary vascular resistance. Although 
captopril decreased systemic vascular resistance (SVR) and 
Qp:Qs in most patients with elevated SVR, patients with 
normal SVR or with elevated PVR showed a significant 
decrease in PVR with an increase in left-to-right shunting 
[120, 121]. Paradoxical response with increase left to right 
shunt has also been noted after treatment with enalapril 
in children with left to right shunts [122]. Several patients in 
these studies demonstrated transient renal failure.

HF of alternative etiology in children may be responsive 
to ACE inhibitor therapy. ACE inhibitor therapy was consid-
ered beneficial for patients with Fontan type circulation due 
to the high SVR, ventricular hypertrophy, and associated dia-
stolic function. One of the few randomized controlled trials 
showed no change in SVR, cardiac index, ventricular dia-
stolic filling, or exercise capacity after 10 weeks of therapy. 
Failure of this trial to show effect may be due to the small 
study population and short term of therapy [123]. Bengur 
et al. showed some acute hemodynamic improvements in 
patients with primary dilated cardiomyopathy within an hour 
after oral administration of captopril (0.5 mg/kg). In 11 of 12 
children with congestive cardiomyopathy, cardiac index and 
stroke volume increased and SVR increased. In contrast four 
children with restrictive cardiomyopathy had no change in 
cardiac output and showed a trend to significant hypotension 
[124]. The authors concluded that captopril may benefit chil-
dren with congestive cardiomyopathy, but should not be used 
for restrictive disease. Data related to long term use with 
ACE inhibitors for cardiomyopathy are lacking. Chabot et al. 
retrospectively reviewed 27 patients treated with ACE inhib-
itors and compared them to 54 patients receiving conven-
tional therapy. The authors observed better survival in the 
group receiving ACE inhibitors, but the study importance is 
limited due to the retrospective and non-randomized nature 
[125]. Another retrospective study showed that ten of 23 
(43%) patients (age 10–20 years) treated with enalapril for 
cardiomyopathy secondary to Duchenne’s muscular dystro-
phy responded with normalization of shortening fraction. 
Follow up time was variable [126]. Silber et al. performed 
the only true randomized double-blinded controlled clinical 

trial comparing placebo to ACE inhibitor in a population 
which included children [127]. They evaluated enalapril in 
long-term survivors of pediatric cancer with at least one 
cardiac abnormality identified after anthracycline exposure. 
However, the ages at study enrollment ranged from 8.3 to 
31.5 years and the pediatric age group was not separately 
evaluated. Enalapril reduced left ventricular end-systolic 
wall stress over the term of the study period (5 years), but did 
not improve exercise performance [127].

In summary, the use of ACE inhibitors for HF caused by a 
left to right shunt is not well supported, though is commonly 
used by some pediatric cardiologists. ACE inhibitors can cause 
increased left to right shunt and hypotension in some patients. 
Evidence exists that captopril acutely improves hemodynam-
ics in children with congestive cardiomyopathy. Enalapril 
improved left ventricular end-systolic wall stress in a mixed 
population of children and adults with anthracycline cardio-
myopathy, but did not improve exercise capacity. With regard 
to chronic use in Fontan patients and cardiomyopathy, only 
weak evidence stemming from a single retrospective review 
supports the use of chronic ACE inhibitors in children.

b-Blockers

Multiple studies in adults have demonstrated beneficial 
effects of b-blockers on left ventricular function, survival 
and symptoms. Small, nonrandomized studies suggested a 
possible beneficial effect of b-blockers in children with HF, 
but typical of most pediatric HF studies [128–131], these 
were limited by sample size and lack of contemporaneous 
control populations. Some data have indicated that although 
several b-blockers have been shown to be efficacious in adult 
HF, carvedilol may be superior [132]. Carvedilol exerts dual 
mechanisms of action: nonselective b-blockade and vaso-
dilation due primarily to a1-blockade [15]. Shaddy and the 
Pediatric Carvedilol study group prospectively evaluated 
the effects of carvedilol in children and adolescents with 
symptomatic systemic ventricular systolic dysfunction [133]. 
This included patients with SV and Fontan physiology 
with either a morphological right or left ventricle serving 
as the systemic ventricle. The study represents to date the 
only large multi-center placebo-controlled randomized trial 
performed exclusively and completed in a population of 
children with HF. Patients included in the study were 
younger than 18 years with chronic symptomatic HF due to 
systemic ventricular systolic dysfunction. On echocardiog-
raphy, patients with systemic left ventricular dysfunction 
were required to have an ejection fraction of less than 40%, 
while qualitative evidence of ventricular dilation with at 
least moderate systemic ventricular systolic dysfunction 
was required for enrollment in patients with a systemic right 
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ventricle or SV. Patients were randomized to twice-daily 
dosing with placebo, low-dose carvedilol (target dose of 
0.2 mg/kg per dose if weight <62.5 kg or 12.5 mg per dose 
if weight 62.5 kg) or high-dose carvedilol (target dose of 
0.4 mg/kg per dose if weight <62.5 kg or 25 mg per dose if 
weight 62.5 kg). The study did not detect a treatment effect 
of carvedilol on the primary composite end point of clinical 
HF outcomes [133]. Furthermore, the study noted a high rate 
of improvement in both the treated and placebo populations, 
which has not been noted in adult populations. This was 
not known at the time of study design. Therefore, with the 
composite end-point as a primary efficacy parameter, the 
study was underpowered. Additionally, all patients were 
required to have received standard HF therapy for at least 1 
month at the time of randomization, including angiotensin-
converting enzyme inhibitors unless contraindicated or if 
patients could not tolerate it. As noted previously, the thera-
peutic value for these therapies remain unproven. There was 
a significant interaction between study drug and ventricular 
morphology suggesting a possible differential effect of 
treatment between patients with a systemic left ventricle 
(beneficial trend) and those whose systemic ventricle was not 
a left ventricle (nonbeneficial trend). The study did show that 
high dose carvedilol increased shortening fraction in patients 
with a systemic left ventricle more than low dose or placebo.

Conclusions

Congenital heart defects and associated surgery are the major 
causes of HF in children. Important advances have been made 
in surgical approaches to CHD. Similar progress in medical 
management, particularly related to pharmacological inter-
vention, has been limited. Randomized placebo-controlled 
clinical trials have been rarely performed in this young popu-
lation with the PRIMACORP trial and the Pediatric Carvedilol 
trial as the exceptions. Some clinical trials are currently being 
performed and are near completion, but more high quality evi-
dence for drug management is necessary.

Summary

Etiology of heart failure differs in children from adults. •	
Congenital heart disease is a major cause of heart failure 
in children. Primary cardiomyopathy is a cause of heart 
failure, although rare.
Quality of life measures and heart failure classifications in •	
adults are not applicable to children. Various classifications 
have been developed for different age groups, though 
these are note validated.

Heart failure can cause growth retardation in infants and •	
children. Maintenance of normal growth is an important 
management goal for children with heart failure.
Heart failure occurs in the fetus as a result of many different •	
etiologies. Diagnosis depends on the presence of hydrops, 
and supported by echocardiography and Doppler studies.
Fetal circulation occurs in parallel circuits, which inter-•	
sect at the aortic isthmus. The right ventricle performs the 
most work in the fetus.
Neonatal heart failure from left to right shunts occurs as •	
pulmonary vascular resistance drops.
A number of changes occur in myocardial structure and •	
function during fetal and neonatal life, which modify the 
ability of the heart to deal with stress including volume 
and pressure overload.
The neonatal heart undergoes transitions in ATP produc-•	
tion and utilization, which may cause increased cardio-
myocyte vulnerability to stress.
The right ventricle fails in children, often as a result of •	
congenital defects or surgery. Volume overloading occurs 
in patient with repaired Tetralogy of Fallot and pulmo-
nary regurgitation.
Single ventricle patients are subject to long-term volume •	
overload. The Fontan operation relieves volume overload-
ing but patients exhibit abnormal systolic and diastolic 
performance. In particular, ventricular vascular coupling 
is abnormal and my limit exercise performance. Protein 
losing enteropathy occurs in a small number of Fontan 
patients, but shows a poor prognosis.
A paucity of evidence exists regarding pharmacokinetics •	
and treatment response for heart failure in infants and 
children.
Developmental changes in renal blood flow and tubular •	
function should be considered when using diuretics.
Although inotropic agents are frequently used in children •	
with heart failure, limited scientific evidence exists sup-
porting their use. Some evidence does exist supporting 
thyroid hormone supplementation after cardiopulmonary 
bypass to prevent low cardiac output syndrome.
Use of milrinone is supported by results of the •	
PRIMACORP study. It has become an essential pharma-
cological agent in the management of children with low 
cardiac output syndromes after heart surgery.
The use of ACE inhibitors for heart failure caused by a •	
left to right shunt is not well supported, though is com-
monly used by some pediatric cardiologists. ACE inhibi-
tors can cause increased left to right shunt and hypotension 
in some patients. Evidence exists that captopril acutely 
improves hemodynamics in children with congestive 
cardiomyopathy. 
No strong evidence exists supporting the use of •	 b-blockers 
in children with heart failure. Response to carvedilol may 
be dependent on ventricular morphology.
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Overview

Indications for mechanical circulatory support in children 
differ somewhat from those in adults. Extracorporeal 
membrane oxygenation (ECMO) provides relatively 
short-term life support, but newer ventricular assist 
devices (VAD) are now available. The primary goal of 
therapy is “bridge to recovery.” However, transplant is 
now an option for patients who do not recover. Donor 
availability has improved through several mechanisms 
and decreased waiting time for recipients. The pediatric 
issues in mechanical circulatory support and transplant 
are reviewed in this chapter.

Introduction

Mechanical circulatory support is emerging as an invalu-
able tool in the care of children with severe refractory 
heart failure (HF). However, children with failing hearts 
often have complex issues, such as right ventricular fail-
ure, pulmonary hypertension, and anatomic variations, 
that challenge cannulation and support strategies. ECMO 
and VAD are currently available for application in neo-
nates, infants, and smaller children. Each technique has 
unique advantages and disadvantages for each age group. 
The intraaortic balloon pump has been successfully used 
in bigger children, adolescents, and adults but has limited 
applicability in smaller children [1]. The indications for 
use of mechanical circulatory support have recently 
expanded, and outcomes have improved. As previously 
noted in Chap. 14, the Carvedilol trial showed that many 
children with HF recover. Accordingly, mechanical sup-
port in children with potentially reversible myocardial 
dysfunction should involve a clinical strategy to create a 
bridge to recovery.

Extracorporeal Membrane Oxygenation

Experience shows that in the majority of cases in children 
ECMO is utilized [1] for mechanical circulatory support. 
The summary provided as of July 2008 by the Extracorporeal 
Life Support (ECLS) Organization reported 3,416 cases of 
HF in neonates and 4,181 children [2]. The majority of runs 
are performed in infants and children with respiratory fail-
ure, although the cardiac cases represent a growing propor-
tion over the past several years. For such HF in neonates and 
children, almost three-fifths survive to separation from extra-
corporeal membrane oxygenation and just over two-fifths 
survive to be discharged. Survival rate is highly dependent 
on age: 0–30 days (40%); 31 days to 1 year (49%); and 1–16 
years (59%). There are multiple complications related to the 
use of ECLS, such as severe neurologic disorders including 
brain death. Myocardial stun occurs in approximately 5% of 
neonates on ECMO, but it can extend the run, leading to 
other complications. Stun has been attributed to various fac-
tors including atrophy induced by mechanical unloading of 
the heart.

Mechanical circulatory support is occasionally required 
in neonates who present with profound cyanosis and/or car-
diogenic shock. Neonates with pulmonary hypertension or 
congenital heart defects (CHD), such as severe Ebstein’s 
anomaly, which are refractory to conventional therapy, may 
require extracorporeal life support while the pulmonary 
vascular resistance declines. Mechanical circulatory sup-
port may be required in the postoperative period, either due 
to the inability to separate from cardiopulmonary bypass, 
or because of a progressive “late” low cardiac output 
syndrome. The combined experience of multiple centers 
demonstrates that extracorporeal membrane oxygenation 
can allow survival of many children with congenitally mal-
formed hearts and refractory cardiopulmonary dysfunction. 
Walters et al. [3] reviewed 73 children with CHD placed 
on ECMO and showed superior survival for patients placed 
on support after weaning from cardiopulmonary bypass. 
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Survival to discharge was only 23% in patients who could 
not be weaned from cardiopulmonary bypass compared to 
69% in patients who were cannulated postoperatively after 
an initial period of clinical stability. These results indicate 
the theory that ECMO is probably most effective if initiated 
after a period of stability versus immediately after cardio-
pulmonary bypass. Morris et al. reported on the use of 
ECMO in 137 children seen from January 1995 to June 
2001, with an overall survival to discharge of 39% [4]. Risk 
factors for mortality were age below 1 month, male gender, 
longer duration of mechanical ventilation before support, 
and development of renal or hepatic dysfunction while on 
support. Despite early concern for the value of ECMO in 
patients with hypoplastic left heart syndrome (HLHS), 
functionally univentricular physiology and failure to sepa-
rate from cardiopulmonary bypass were not associated with 
an increased risk of mortality. Cardiac physiology and the 
indications for support were not associated with the inci-
dence of death.

Rapid resuscitation with ECMO after cardiopulmonary 
arrest was initially described by del Nido et al. [5]. This 
resuscitation requires rapid deployment and an organized 
effort. Extended time of cardiopulmonary resuscitation 
limits the effectiveness of rescue. However, prolonged 
effective cardiopulmonary resuscitation does not preclude 
survival and favorable neurologic outcomes. Some centers 
maintain preprimed circuits for allotted periods of time in 
an attempt to overcome the problem of prolonged setup. 
Use of these preprimed circuits accepts the added risk of 
infection should the circuit become contaminated, and the 
expense of not using the circuit during the allotted time 
span. Some centers have developed novel systems for car-
diopulmonary support. Duncan et al. described a fully por-
table circuit that is maintained vacuum- and carbon 
dioxide-primed at all times [6].

Children with acute fulminant myocarditis can acutely 
decompensate and die despite conventional medical support. 
Therefore, mechanical circulatory support is indicated in 
children with acute myocarditis and persistent low cardiac 
output syndrome despite escalating inotropic support. The 
Extracorporeal Life Support Organization reports that sur-
vival with myocarditis is highest for any diagnostic group, 
with almost three-fifths being successfully weaned from 
extracorporeal membrane oxygenation [2]. ECMO is the 
mechanical support of choice in these patients because of the 
speed with which it can be instituted and its easy reversibility; 
in this subgroup of patients, it may be used successfully as a 
bridge to recovery or transplantation. Duncan et al. reviewed 
their experience with ECMO (n = 12) or Ventricular assist 
devices (VAD) (n = 3) in children with clinical, laboratory, or 
endomyocardial biopsy-proven myocarditis and clinical dete-
rioration accompanied by imminently lethal cardiogenic shock 
or cardiac arrest [7]. Nine (60%) of the 15 patients were weaned 

from support, with seven (78%) survivors; the remaining six 
patients were successfully bridged to transplantation, with 
five (83%) survivors. Deaths in this cohort of patients were 
secondary to post-support nosocomial infections.

Limited data exist regarding neurodevelopmental outcomes 
after ECMO for HF. Ibrahim et al. reported moderate to severe 
neurological impairment in 13 of 21 children (59%) after 
ECMO [8]. More recently Wagner et al. assessed 22 children 
who underwent ECMO for cardiac indications [9]. Moderate 
or severe impairment in at least two clinical assessments were 
found in 16 (72.7%) children. Five (22.7%) children had 
cerebral palsy and 15 (68.2%) had moderate or severe cogni-
tive impairment. Eight (36%) children had pathological 
radiologic findings. Pathological electroencephalograms were 
found in 11 (50%) patients including four (18.2%) with epi-
leptic activity. Children with radiologic findings had a slightly 
worse cognitive outcome. There was no association between 
the neurophysiologic findings and the neuropsychologic 
performance or the radiologic findings. Based on parental 
assessment, only four children had pathological scores. The 
authors stated that it was uncertain to which extent the impaired 
clinical and psychosocial functioning is caused by the primary 
disease or to the ECMO treatment.

ECMO use is limited to those patients who require only 
short-term cardiopulmonary support. Several types of 
mechanical support devices are available and have become 
standard therapy for adults with HF refractory to maximal 
medical management. The hemodynamic and mechanical 
principals and standard management of patients with these 
devices will not be reviewed here. There are fewer options 
available to children than to adults, although over the last 
few years, progress has been made in pediatric mechanical 
support. VAD are being used with increasing frequency in 
children with HF refractory to medical therapy for primary 
treatment as a long-term bridge to recovery or transplanta-
tion [1, 10, 11]. Mechanical circulatory support should be 
anticipated, and every attempt must be made to initiate 
support “urgently” rather than “emergently” before the 
presence of dysfunction of end organs or circulatory collapse. 
In an emergency, these patients can be resuscitated with 
ECMO and subsequently transitioned to a long-term VAD 
after a period of stability. Destination therapy, defined as 
intracorporeal insertion of a VAD with the goal of “perma-
nent support,” is currently not an option in children.

Experience in children with long-term pulsatile devices is 
growing [1]. These devices offer univentricular or biventricular 
support. Children do not require mechanical ventilation and 
are able to be mobilized out of the intensive care unit on 
relatively low levels of anticoagulation. The Berlin Heart, or 
EXCOR (Fig. 15.1), is a paracorporeal pneumatically driven 
pulsatile ventricular assist device.

The blood pumps, available in a variety of sizes, have 
a transparent polyurethane housing which divides an air 



299Heart Transplantation in Pediatrics

chamber and blood chamber by a triple layer membrane. 
The EXCOR is offered in five different sizes providing pump 
capacities from 10 to 60 ml. In the United States, the Berlin 
Heart is not currently approved by the federal Food and Drug 
Administration but is available for use under a compassion-
ate protocol as a bridge to transplantation. As of 2007, review 
of data from the worldwide experience using the Berlin Heart 
in children shows that in Europe, the United States of 
America, Canada, Argentina, and China, 282 children have 
been supported on this device [1]. Of these, about one third 
was supported in North America. The mean age in this popu-
lation is 4.1 years. Rockett et al. have reported the largest 
series of patients treated with the EXCOR in the United 
States [11]. The Arkansas Children’s Hospital placed the 
EXCOR in 17 children, 13 of whom received a left-sided 
pump and four of whom required biventricular support. 
Before EXCOR placement, six patients were on ECMO 
and one was on a centrifugal VAD. Eleven children were 
bridged to transplantation, one was bridged to recovery and 
one remains on support at the time of publication. Three 
children died during support and one died after explantation. 
There was one late death nearly 2 years after transplant. 
Complications included stroke in seven patients, two of 
which were ultimately fatal. Five patients required reopera-
tions for bleeding or evacuation of hematoma. Despite a dis-
appointing rate of neurologic morbidity, the authors found 
the results encouraging.

The MEDOS-HIA VAD, another paracorporeal, pneu-
matically driven blood pump, is available in Europe in 
three sizes for the left ventricle, providing stroke volumes 
of 10, 25, and 60 ml, and three sizes for the right ventricle, 
giving volumes of 9, 22.5, and 54 ml. This system has also 

been successfully used for long-term support and bridge to 
transplantation. The Thoratec Ventricular Assist System, 
Abiomed’s AB5000 Circulatory Support System, and 
HeartMate are pulsatile assist devices that can be used in 
larger children and adolescents. These systems are not 
practical for use in children with a body surface area smaller 
than 0.8 m2 due to size limitations. Sharma et al. [12] 
reviewed their experience with pulsatile VAD as a bridge 
to heart transplantation in 18 patients over a period of 
15 years. Diagnoses included dilated cardiomyopathy, 
myocarditis, and ventricular failure after cardiac surgery. 
Biventricular devices were used in just over half, with only 
left VAD used in the remainder. Three-quarters of the patients 
underwent successful transplantation. Complications included 
bleeding requiring reoperation, stroke, and device-related 
infection.

The experience with these axial flow VAD is limited in 
children, but they have been used successfully in those aged 
from 5 to 16 years with a body surface area of greater than 
or equal to 0.7 m2. Advantages of axial pumps include their 
small size, the relatively ease of implantation and explanta-
tion, low rates of infection, and continuous flow that minimize 
formation of thrombus. Disadvantages include nonpulsatile 
flow, the limitation of size for children, and larger-sized 
ventricular apical cannulation. The MicroMed DeBakey 
VAD® is a miniaturized heart pump, which provides flow of 
up to 10 L of blood per minute. The implantable pump weighs 
less than four ounces and contains only one moving part, the 
impeller. The device has been used successfully to bridge 
several children to cardiac transplantation [61]. The Jarvik 
2000 is a similar intravascular assist device. The impeller 
rotates at 8,000–12,000 revolutions per minute, generating a 
flow of 3–6 l per minute. Preliminary data in juvenile ani-
mal models in vivo experience with the pediatric Jarvik-2000 
heart show that this small axial flow pump can provide 
partial to nearly complete circulatory support with minimal 
adverse effects on blood components [13].

Heart Transplantation in Pediatrics1

Heart transplantation is now a treatment option with good 
outcomes for infants and children with end-stage heart 
failure (HF) or inoperable CHD [14]. Over the past 15 
years, approximately 400 pediatric (up to age 18 years) 
heart transplant procedures were performed annually [15]. 

Fig. 15.1 The Berlin Heart EXCOR (Reprinted from Fuchs A, Netz H 
(2002) Ventricular assist devices in pediatrics. Images Paediatr Cardiol 
9:24–54. With permission from © Images in Paediatric Cardiology 
(1999–2002))

1This section was authored by Robert J. Boucek Jr. M.D./M.S. Department 
of Pediatrics, University of Washington. Seattle, WA, USA.
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Many of the advances in the science of heart transplantation 
in adults have formed the basis for the management of 
pediatric recipients. In this chapter, the substantive diffe-
rences between heart transplantation in pediatrics, particu-
larly recipients under the age of one, and adult recipients will 
be identified. The differences included herein are: (1) trans-
plant indications (CHD); (2) unique opportunities for the 
expansion of the donor pool (ABO independent, donation after 
cardiac death (DCD)); (3) rejection and rejection surveillance; 
(4) unique long-term outcome considerations.

Recipient Age 

The age of recipients at the time of transplantation is both 
an obvious yet profound difference between pediatric and 
adult cardiac transplantation. Though outcomes of heart 
transplantation have improved in children less than 1 year 
of age, defined herein as infants, the high early phase of the 
survival analyses demonstrate the higher early risk of the 
procedure in the infant recipient group compared to older 
children (Fig. 15.2) [15, 16] and adults [17]. Somewhat 
surprisingly, recipient age alone was not identified as an 
independent risk factor for early stage mortality [15]. 
Infant heart transplant recipient survival has significantly 
improved in the most recent era (1982–1990 vs. 2000–
6/2006: p<0.0001), with the most dramatic gains in survival 

achieved in the first year post-transplant (Fig. 15.3) [16]. 
The strong era effect offers hope that the projected half-life 
for infant recipients in the current era will continue to 
increase and decades-long survival could be a reality. In 
contrast, the late phase of the survival curve demonstrates a 
lower rate of mortality in the infant recipients (Fig. 15.3) 
[16]. In the interpretation of these survival results calcu-
lated using the Kaplan–Meier method, is that it incorpo-
rates information from all transplants for whom any 
follow-up has been provided. Since many patients are still 
alive and some patients have been lost to follow-up, the sur-
vival rates are estimates rather than exact rates because the 
time of death is not known for all patients.

Recipient age affects the indications for pediatric heart 
transplantation. Between 1996 and 2007, CHD was the most 
common (63%) indication for orthotopic transplantation 
in children less than 1 year of age, defined herein as infants, 
and overall was the most common diagnosis leading to 
heart transplantation in children [15]. Cardiomyopathy, 
on the other hand, is the most common indication in older 
pediatric recipients, between ages 1 and 10 years (~52%) 
and between ages 11 and 17 years (~61%) [15], and adult 
recipients (~44%) [17]. Congenital heart disease is identi-
fied as a significant risk for transplant-related deaths [15]. 
The most common cause of death was acute graft failure 
as reported in a multiinstitutional study [18]. Likely 
explanations for how recipient anatomy poses risks for 
transplantation will be discussed.

Fig. 15.2 Patient survival to 20 years stratified by age at time of transplant. 
Survival was calculated using the Kaplan–Meier method, which incor-
porates information from all transplants for whom any follow-up has 
been provided. Since many patients are still alive and some patients have 

been lost to follow-up, the survival rates are estimates rather than exact 
rates because the time of death is not known for all patients. The half-life 
is the estimated time point at which 50% of all of the recipients have died 
(Reprinted from Kirk et al. [16]. With kind permission from Elsevier)
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Transplant Indications: Complex Anatomy

With CHD, primary transplantation of infants with complex 
cardiac anatomy poses unique operative challenges compared 
with transplantation for cardiomyopathies. Additional surgical 
procedures include repositioning of transposed great arteries, 
reconstruction of the aortic pathway, reconstruction of the 
pulmonary pathway, correction of situs inversus [19] and/or 
visceral heterotaxy [20], and correction of anomalous pulmo-
nary [21] or systemic venous drainage using donor and/or recip-
ient tissue. Generally, these pose added risks but do not constitute 
absolute contraindications [22]. Hypoplastic pulmonary arteries 
or veins can constitute absolute contraindications to successful 
transplantation. Transplantation after palliative surgeries creates 
several added risk factors for transplantation [18, 22–24].

Transplant Indications: Hypoplastic Left 
Heart Syndrome

Primary transplantation for HLHS was pioneered by Bailey at 
Loma Linda and provided the first real hope for survival of 
infants born with congenital abnormality [25–27]. For many 
centers, infants with HLHS are palliated with staged surgical 
procedures prior to transplantation [28]. In infants where surgi-
cal palliation is not the optimal management [29], transplanta-
tion can be an excellent option [30]. In the early experience, 
infants with HLHS can be successfully palliated with prosta-
glandin E-1 while awaiting a suitable donor [26]. More recently, 
the PDA can be stented and the branch pulmonary arteries surgi-
cally banded (external banding) or interventionally banded [31, 
32]. Transplant outcomes are good with survival ≥85% post-
transplant [25, 33]. Current survival rates for initial palliative 
procedures such as interventional catheterization or Stage 1 

 surgical reconstruction, so called “Norwood,” are approximately 
85%. Thus, after an initial palliation, families and their physi-
cians can elect either transplantation or three-staged surgical 
treatment or Norwood. Comparisons of the postoperative sur-
vival of transplantation versus Norwood favor transplantation at 
all ages up to 7 years [34] and differences in morbidity seem to 
favor transplantation. However, current limitations of donor 
identification and availability would not allow transplantation  
to be the primary option for all children born with HLHS.

Despite the demanding surgical techniques and postoper-
ative management in very young and very sick children, 1- and 
5-year actuarial survival rates are high, approximately 75 
and 65%, respectively, with overall patient survival half-life 
greater than 10 years [15]. A number of institutional reports 
as well as the most recent International Society for Heart and 
Lung Transplantation (ISHLT) Registry data indicate 1-year 
survival in excess of 80% [35].

Unique Expansion of Donor Pool

As in adult heart transplantation, donor organ availability 
limits the number of children receiving heart transplantation 
and contributes to waiting time mortality. In fact, neonatal 
waiting time mortality and morbidity remains unacceptably 
high and is the highest of any solid organ, up to 30% after 
90 days [33, 36, 37].

The long waiting times has been attributed to a shortage of 
donors. However, a past analysis of the UNOS (United 
Network for Organ Sharing)–ISHLT Registry database indi-
cated that only about one-third of solid organ donors were 
heart donors [38] providing evidence for opportunities to 
improve donation rates and donor organ utilization. Distance/
ischemic time has not emerged as a risk factor for pediatric 

Fig. 15.3 Survival by era for recipients under 1 year of age (Reprinted from Kirk et al. [16]. With kind permission from Elsevier)
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transplant outcomes in the registries [15, 39], but current 
practice to limit ischemic time to less than 300 min may be a 
selection bias. More evidence is emerging to prove that 
expanding distance/ischemic time criteria for pediatric donor 
acceptance is not a risk factor for acute graft failure [40–43].

One of the most exciting opportunities to expand donor–
recipient marching in pediatrics is to be able to safely trans-
plant across ABO barriers. Infants who have not yet developed 
significant anti-ABO antibody have been reported to safely 
undergo transplantation across what had been previously 
thought of as ABO barriers. This was first applied in Canada 
[44, 45], and now the UK experience has been reported [46]. 
In January 1999, changes were made in the UNOS algorithm 
for allocation of donor hearts to permit listing across ABO 
barriers for infants less than a year old. DCD leading to 
successful heart transplantation has recently been reported 
for infants [47]. In the future, emphasis should be placed 
on optimizing donor identification, expanding the donor 
criteria, and better donor distribution. In addition, better 
identification of waiting time risks for recipients has been 
modeled to improve donor allocations in pediatric heart 
transplantation [48].

Surveillance for Rejection

Definitions

Acute rejection, as defined by the Pediatric Heart Transplant 
Study Group [49] and ISHLT registries [15] as well as clini-
cal practice, is an operational definition, namely the intent to 
treat. Based on this definition, treated acute rejection would 
be more precise while in this and most discussions acute 
rejection is used. In clinical practice, patient symptoms and/
or echocardiographic abnormalities [50, 51] alert care pro-
viders of emerging acute rejection. Severe acute rejection is 
often diagnosed in adult [52] and pediatric [53] recipients 
using clinical and echocardiographic findings while a high 
percentage have no, or low grades of, biopsy evidence of cel-
lular infiltration. The diagnosis of acute cellular rejection 
can only be confirmed by histopathologic evidence for lym-
phocytic infiltrations and myocyte injury [54, 55]. For the 
most part, these definitions do not differ between adult and 
pediatric heart transplant communities.

Acute Rejection

Using earlier immunosuppressive regimens, pediatric heart 
transplant recipients experience between 1.5 and 2 acute 
rejection episodes/patient up to 9 years posttransplantation 
[49, 56]. Most acute rejection episodes in pediatric heart 

recipients occur in the first 3 months posttransplant [56]. 
Approximately, 1/3 of pediatric recipients are acute rejec-
tion-free in the first year post-transplant [56]. More recently, 
the ISHLT Registries report £20% of neonatal recipients 
[15] whereas between 30 and 50% of adult recipients [17] 
have treated acute rejection in the first year post transplant.

Acute cellular rejection is fatal in less than 10% of epi-
sodes in pediatric recipients [53]. Late acute rejection that 
occurs more than 1 year posttransplantation, on the other 
hand, has a more ominous prognosis and has been linked to 
poor compliance with the immunosuppressive regimen [57]. 
Nonischemic ventricular dysfunction that improves with 
augmented immunosuppression represents an additional type 
of rejection without biopsy evidence for cellular infiltration 
[58].

Echocardiographic Rejection Surveillance  
in Infant Recipients

As in the early days of adult heart transplantation, an objec-
tive assessment of rejection status was needed in the early 
days of infant heart transplantation. At the time, several 
investigators had identified several echocardiographic 
parameters relating to myocardial performance that met sta-
tistical significance but because of overlaping ranges failed 
to have high negative predictive value. Systematically deter-
mined quantitative 2D-guided M-mode echocardiographic 
parameters were found to be effective in terms of infant 
recipient outcomes [59]. These investigators also observed 
that no single echocardiographic parameter had sufficient 
predictive power hence the algorithm incorporated multiple 
echocardiographic parameters. Subsequently, an empiri-
cally derived algorithm was developed and was shown to 
have high predictive value for grade 3(2R) cellular rejection 
in prospective studies [51, 60, 61]. In this algorithm, mea-
sured patient values are compared to age-matched trans-
planted recipients without rejection or “normals” [51]. Most 
importantly, intensified immunosuppression is usually asso-
ciated with a rapid improvement in the ECHO-A parameters 
and the derived score [51]. The positive predictive value of 
the algorithm was further improved when change from the 
patient’s prerejection baseline formed the basis for scoring 
[61]. Of note, when this same multi-parametric algorithm 
was compared retrospectively in adult recipients, it retained 
a high level of negative predictive value for grade 3(2R) cel-
lular rejection [60]. A similar multiparametric approach was 
also validated in adults as predictive of biopsy-based cellu-
lar rejection [62].

Other important observations were made in the echocar-
diographic assessment of infants following heart transplanta-
tion. The echocardiographic patterns of acute rejection in 
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these younger pediatric recipients were noted to vary between 
patients and at different times posttransplant in the same 
patient. Some general trends noted were: that changes in LV 
posterior wall diastolic parameters often preceded changes 
in LV posterior wall systolic parameters; global diastolic 
parameters usually preceded global systolic parameters, a 
common finding in older children and adults [60]; new onset 
and significant AV valve regurgitation and/or pericardial 
effusion [62] were predictors independent of the function 
parameters; and echocardiographic changes from baseline 
were more predictive of acute rejection than changes from 
“normal” [61]. To date, single echocardiographic parameters 
have had limited abilities predicting cellular rejection by 
endomyocardial biopsy (EMB) [63–66]. Given these differ-
ent patterns of rejection, it is not surprising that any single 
echocardiographic parameter analyzed independently [63, 67] 
will have sufficient predictive power.

Cardiac allograft rejection is accompanied by cellular 
infiltration and tissue edema resulting in myocardial relax-
ation abnormalities [68]. Tissue Doppler determination of 
posterior wall thinning has been reported to be decreased 
with rejection [69–72] and is independent of preloading [73], 
though dependent on afterload [74]. Wall thinning deter-
mined by pulse wave tissue Doppler had limited predictive 
value in our hands because of an apparent heart rate effect in 
pediatric recipients resulting in a paradoxical increase in 
relaxation velocities with cellular rejection [75]. Deter-
mination of LV filling characteristics using tissue Doppler 
assessment of mitral annulus proved to be predictive when 
E¢/a¢ decreased to less than 1 [74], an abnormal LV. The 
mitral valve annular decent E/a ratio has been added to the 
current mutiparametric analysis algorithm. The tissue 
Doppler-derived systolic velocity, isovolumic acceleration, 
has the advantage of not being age-dependent or affected by 
regional wall motion abnormalities, common early after 
transplant. Compared with conventional tissue Doppler indi-
ces, isovolumic acceleration decreased with acute cellular 
rejection [76] and could be considered in the future as a com-
ponent of a multiparametric approach to surveillance.

Despite the demonstrated predictive value of the quanti-
tative multiparametric echocardiographic analysis algo-
rithm ECHO-A [50], it has not been widely adopted. There 
are multiple reasons for this. In studies focusing on indices 
of systolic performance, low sensitivity has been a common 
finding [64], in part because systolic dysfunction is a late 
finding. In studies focusing on diastolic dysfunction, high 
sensitivity but low specificity has been a common finding, 
in part because diastolic parameters are load-dependent and 
abnormal in a significant number of recipients in the 
absence of rejection. The off-line use of digitized endocar-
dial determination of the maximal velocity of posterior wall 
thinning, a tissue index of myocardial relaxation with high 
predictive value [51], has likely been a barrier. The lack of 

echocardiographic standardization and institutional varia-
tions has contributed to the inability of echocardiography 
to compete with  EMB for rejection surveillance in this 
country. Still, the need for noninvasive techniques has per-
sisted in pediatrics, particularly in infants, and has been 
met only in certain geographical areas by standardized 
quantitative echocardiography. Thus, only in some centers 
who transplant large numbers of infants, multiparametric 
analysis (ECHO-A) of transthoracic echocardiograms has 
been used in surveillance for rejection with very high nega-
tive predictive value.

EMB-Based  Surveillance Strategies

The value of routine surveillance with EMB beyond the early 
posttransplant period is controversial in adult recipients 
largely because of the very low rate of positive biopsy after 
1 year posttransplant [77, 78]. In one review, the importance 
of even a positive biopsy is questioned in the absence of 
symptoms concluding that “it remains unproven whether 
non-treatment of moderate or greater rejection (³3A) 
increases the likelihood of recurrent rejection, which if 
present, may increase the risk of allograft coronary disease 
and/or reduced long-term survival” [79]. Other limitations of 
the scheduled EMB in rejection surveillance are sampling 
error, observer variability of interpretation, quality of speci-
mens, and limited number of opportunities for surveillance 
that could lead to the under recognition of late rejection.

Debate about appropriate methods for surveillance of 
pediatric recipients has also centered on the role of EMB. 
At one extreme is the position that rejection can only be 
detected in pediatric recipients by EMB, a statement made 
by respected traditional program in 2004 [55], despite the 
high number of negative scheduled biopsies in the absence 
of symptoms [80, 81]. Biopsy-based surveillance for rejec-
tion, particularly after 1 year following transplantation, is 
problematic in children because of risk, limited access, need 
for anesthesia, and costs to families. Infant heart transplanta-
tion introduced yet an additional need for less invasive 
surveillance for rejection than EMB as noted above. Though 
EMB can be performed with low risk in most pediatric 
recipients [82], the EMB procedure is more difficult and 
dangerous when performed from sites other than the inter-
nal jugular vein as in younger infants [82].

A more general question is when to perform surveillance. 
Should surveillance be regularly scheduled or based on some 
other indication such as symptoms [79]? The younger the 
recipient and/or the more limited the access will impose 
limitations on the frequency of scheduled biopsy-based 
surveillance. In infants, symptoms referable to left ventricu-
lar systolic and diastolic dysfunction were observed to corre-
late with histopathologically verified cellular rejection [83]. 
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In older children and adults, histopathology can precede 
clinical symptoms of HF in the majority of patients [52]. Our 
center relies on clinical and echocardiographic changes to 
guide the decision about EMB [50]. Other centers have 
recommended that routine scheduled biopsy surveillance be 
reserved for patients at high risk of rejection [84], since sig-
nificant late rejection is rare. European centers have reported 
that transtelephonic surveillance of ventricular-evoked 
responses can be used to time surveillance biopsies with high 
predictive value [85, 86], a strategy that would be very attrac-
tive to families of pediatric recipients.

The most compelling argument favoring continued refine-
ment of our assessment of ventricular function and morpho-
logical changes with rejection is the observation that a 
significant number of children with symptomatic rejection 
have a biopsy score of 0 [53]. This group of patients is also 
at the greatest risk for death with a rejection episode. It is 
unclear why patients who demonstrate severe rejection clini-
cally and by echocardiogram do not have recognized changes 
on EMB. While cytotoxic lymphocytes are thought to medi-
ate myocardial damage with rejection, cytokines, such as 
interleukin-II or tumor necrosis factor which are released 
with immune activation, have been shown to have a direct 
myocardial depressant effect in vitro. These cytokines could 
cause depressed cardiac function during acute rejection, even 
in the absence of lymphocytes on the EMB. We speculate 
that the sensitivity and specificity of any one echocardio-
graphic parameter may relate to inherent variabilities in 
release of these cytokine mediators with rejection.

Noninvasive Surveillance  of Acute Rejection

Gene expression profiling in rejection surveillance is under 
review currently for pediatric heart transplant recipients [87]. 
The Invasive Monitoring Attenuation Through Gene Expres-
sion (IMAGE) study is a prospective, multicenter, nonblinded, 
randomized clinical trial designed to test the hypothesis that 
a primarily noninvasive rejection  surveillance strategy utili-
zing GEP testing is not inferior to an invasive EMB-based 
strategy with respect to cardiac allograft  dysfunction, rejec-
tion with hemodynamic compromise (HDC), and all-cause 
mortality in adult heart transplant recipients [88].

Late Outcomes Following Pediatric  
Heart Transplantation

In considering survival in pediatric heart transplantation, 
the current emphasis has shifted from early to late out-
comes. Because the decline in survival is greatest during 

the first year following transplantation, the conditional 
survival analysis shown in Fig. 15.4 provides a more real-
istic expectation of survival time for recipients who sur-
vive the early posttransplant period. Younger children had 
a significantly improved survival over time (Fig. 15.4) 
[15]. In contrast to older children, the strong era effect on 
early mortality (see Fig. 15.3) coupled with the significant 
improvement in the late phase survival, particularly for 
neonatal recipients (see Fig. 15.4), offers hope that the 
projected half-life for pediatric recipients in the current 
era will continue to increase and decades-long survival 
will be a reality.

Analysis of conditional survival curves in the ISHLT reg-
istry (Figs. 15.4 and 15.5) describes the late phase survival 
following successful heart transplantation with a continued 
but low risk of mortality with time [15]. The cardiac causes 
of death or retransplant are the development of coronary 
artery disease (CAD; Fig. 15.5) [15, 89] and, to a lesser 
extent, rejection (Fig. 15.6) [16, 57]. The rate of late graft 
loss due to CAD appears to be 2–3% per year, although this 
rate seems to decrease over time [90].

Other risk factors for adverse late outcomes unique to 
pediatric heart transplantation identified in registry data 
include the pretransplant diagnosis of CHD (Table 15.1) and 
rejection posttransplant (Fig. 15.5) [15].

Late Rejection and Graft Atherosclerosis

Long-term cardiac allograft and patient survival in pediat-
ric recipients, as in adult recipients, decreases at a low but 
constant rate over time [16]. The most common cause for 
adverse late outcomes in pediatric heart recipients, as in 
adult heart recipients, is reported to be accelerated CAD, or 
graft atherosclerosis [16]. There is a clear age at transplant 
dependency both on late survival and CAD (Fig. 15.7) [16]. 
The incidence of graft atherosclerosis varies somewhat 
depending on the technique used for diagnosis. Standard 
coronary angiography is relatively insensitive until signifi-
cant coronary abnormalities are present. Using coronary 
angiography, the incidence of graft atherosclerosis in 
pediatric patients appears to be around 10–15% at 5 years. 
Using more sensitive techniques, such as intravascular 
ultrasound, the percentage increases to 15–20%. Regardless 
of the technique used, the incidence appears to be lower 
in pediatric than in adult heart transplant recipients [91]. 
It is not known, however, whether the difference between 
pediatric and adult recipients is related to diagnostic 
techniques, since the most sensitive measures are not 
applicable to the youngest recipients, and/or to immuno-
logic immaturity of the recipients and/or perhaps even 
donor-specific issues.
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Fig. 15.4 Conditional survival by recipient age. Survival was calcu-
lated using the Kaplan–Meier method, which incorporates information 
from all transplants for whom any follow-up has been provided. Since 
many patients are still alive and some patients have been lost to follow-
up, the survival rates are estimates rather than exact rates because the 
time of death is not known for all patients. Conditional survival is 
shown in this figure; this is the survival following 1 year for all patients 

who survived to 1 year. The conditional half-life is the estimated time 
point at which 50% of the recipients who survive to at least 1 year have 
died. Because the decline in survival is greatest during the first year 
following transplantation, the conditional survival provides a more 
realistic expectation of survival time for recipients who survive the 
early post-transplant period (Reproduced from Boucek et al. [15]. With 
kind permission from Elsevier)

Fig. 15.5 Impact of early rejection on late outcomes in pediatric heart 
transplantation. Survival was calculated using the Kaplan–Meier method, 
which incorporates information from all transplants for whom any follow-
up has been provided. Since many patients are alive and some patients 
have been lost to follow-up, the survival rates are estimates rather than 

exact rates because the time of death is not known for all patients and may 
never occur for some patients. Conditional survival is shown in this figure; 
this is the survival rate following 1 year for all patients who survived to 1 
year. Survival rates were compared using the log-rank test statistic 
(Reprinted from Kirk et al. [16]. With kind permission from Elsevier)
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Late Outcomes: Quality of Life Following 
Pediatric Heart Transplantation

The quality of life in surviving children is excellent in the 
majority of recipients but will be affected by pretransplant 
morbidity. Most recipients do not have activity limitation 
and do not require frequent hospitalizations (see Fig. 15.6) 
[15, 92]. Somatic growth has been reported to be generally 
within the low normal range in infant heart transplant 
 recipients [93]. Eighty-five percent of infant recipients who 
were at least 6 years old were in an appropriate grade level. 
However, neurodevelopmental deficits are prevalent among 
school-aged children with HLHS following conventional 
management and primary orthotopic cardiac transplant [94].

Linear growth arrest, however, has been demonstrated in 
the adolescent-age recipient, despite continued weight gain. 
Immunosuppressive medications, particularly corticoster-
oids and possibly calcineurin inhibitors, may affect linear 
growth as in adult heart transplant recipients [95].

Unique Pediatric Donor and Recipient 
Immunologic Variables

The ultimate goal of transplantation is donor-specific toler-
ance. Pediatric heart transplantation may represent a unique 
immunologic opportunity for organ transplantation because 
the development of the immune system extends not only into 

Fig. 15.6 Rehospitalization of pediatric heart recipients (Reproduced from Boucek et al. [15]. With kind permission from Elsevier)

Table 15.1 Risk factors for 5 year mortality

Variable N Relative risk P value 95% confidence interval

Congenital diagnosis, age > 0, on ECMO 56 4.80 <0.0001 2.94–7.83
Congenital diagnosis, age = 0, on ECMO 63 4.74 <0.0001 2.99–7.53
Congenital diagnosis, age > 0, no EMCO 735 2.32 <0.0001 1.76–3.06
Retransplant 201 2.26 0.0001 1.52–3.36
Congenital diagnosis, age = 0, on PGE 209 1.93 0.0021 1.27–2.93
Congenital diagnosis, age = 0, no PGE or ECMO 352 1.7 0.0039 1.19–2.45
Year of transplant: 1995–1996 vs. 1999–2000 505 1.54 0.0057 1.13–2.08
On ventilator 636 1.51 0.0008 1.19–1.92
Female recipient 1,488 1.23 0.0321 1.02–1.48
Not ABO identical 759 0.77 0.0231 0.061–0.96
Reference diagnosis = Cardiomyopathy (1/1995–6/2006)
N =3,395
Multivariable analysis was performed using a proportional hazards model censoring all patients at 1 year. Continuous factors were fit using a 
restricted cubic spline. Analyses were limited to transplants having essentially complete information regarding risk factors (Reprinted from Kirk 
et al. [16]. With kind permission from Elsevier)
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infancy but continues throughout childhood and adolescence. 
Careful review of ISHLT Registry data demonstrate higher 
early mortality in infants with significant improvement with 
current era [15]. Survival is higher in many centers for recip-
ients less than 1 year of age, predominantly due to lower 
early graft failure [18]. These age-related differences in early 
mortality for infant heart transplantation are likely due to 
improving skills in the management of the infant recipient. 
In support of a favorable immunologic opportunity for heart 
transplantation in childhood is the lower late phase mortality 
noted (see Fig. 15.4) [15]. Younger age at time of transplan-
tation was also reported to have better early survival follow-
ing polyclonal antithymocyte antibody induction [96, 97] 
and a lower frequency of rejection [97] compared with older 
children. However, in ISHLT Registry data, there was no 
age-related survival benefit reported with polyclonal antibody 
induction immunotherapy in infant heart recipients [15].

Recall that recipients less than 1 year old at transplant 
also have lower rates of late phase mortality and morbidity. 
They have a lower rate of late death/graft loss as compared to 
adolescents with a flattening of the late phase of the condi-
tional survival curve (see Fig. 15.5) [15, 16]. They have 
higher freedom from CAD compared to adolescents (see 
Fig. 15.7) [16]. Though many of the late acute rejection epi-
sodes that are life threatening have been related to poor 
patient compliance, particularly in adolescent recipients 
[57], the possibility of significant age-related immunological 
differences should be considered further.

Favorable immune donor-specific immune responses in 
infant heart recipients had been anticipated since the cellular, 

endocrine, and humoral components of the immune system 
mature postnatally in humans. As noted in a prior review of 
this topic, cytokine production and the cytokine profile 
mature postnatally [98]. The absolute number of mature T-cells 
and killer T-cells is lower in the infant [99, 100], naive 
T-cells are greater than in the adult, and the lymphocyte 
surface receptor repertoire is age-dependent [101]. T-cell 
responses and phenotype are naïve, compared to adults, with 
decreased expression of integrins and adhesion molecules. 
Infants and children undergoing orthotopic cardiac trans-
plantation typically undergo thymectomy at the time of sur-
gery. Although absence of the thymus does not result in a 
detectable change in immune function in this population 
[102], the ability to acquire central tolerance in the absence 
of a thymus may be compromised and, therefore, could affect 
long-term graft survival [103]. Infants lack significant anti-ABO 
antibody and can safely undergo transplantation across 
ABO barriers [44]. This observation also provides compel-
ling evidence that graft-specific tolerance, at least to B cell-
mediated antibody production to blood group antigens, can 
be achieved in infant recipients [104].

Immunosuppression in Pediatric  
Heart Transplant Recipients

Maintenance immunosuppressive regimens utilized in pediat-
ric heart transplant recipients tend to be both individual 
and institution-specific. The strategies take advantage of the 

Fig. 15.7 Freedom from coronary artery disease by recipient age. 
Freedom from coronary artery vasculopathy (CAV) was computed 
using the Kaplan–Meier method. The development of CAV is reported 
on annual follow-ups; a date of diagnosis is not provided. For this figure 
the midpoint between the date of previous follow-up (when event had 
not occurred) and the date of follow-up when the event was reported 
was used as the date of occurrence. Patients were included in the analysis 

until an unknown response for the outcome of interest was reported. 
Therefore, the rates seen here may differ from those reported in the 
cumulative prevalence slide which is based on only those patients with 
known responses for each of the outcomes at all follow-up time 
points. Freedom from CAV rates were compared using the log-rank 
test statistic (Reprinted from Kirk et al. [16]. With kind permission 
from Elsevier)
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selectivity of immunosuppressive agents for critical pathways 
in graft rejection. Virtually all pediatric recipients are treated 
with a T-cell activation inhibitor – either a calcineurin inhibi-
tor such as cyclosporine, or tacrolimus [15]. In selected patients 
with significant calcineurin inhibitor-mediated toxicity, the 
mTOR inhibitors sirolimus or everolimus are being introduced 
for recipients >6 months after transplantation [105, 106]. Most 
patients also receive an antiproliferative agent, either myco-
phenolate mofetil (MMF) or azathioprine.

An early trend in infant transplantation pioneered by the 
Loma Linda program was to successfully wean recipients off 
steroids early posttransplant [107]. Similar success with 
steroid-free maintenance has been reported in older pediatric 
recipients as well [84]. Despite this lead, only 40% of pedi-
atric recipients are not on maintenance steroids at 1 year 
posttransplant (08 registry), similar to that reported in the 
adult Registry [108]. However, about 60% of pediatric recip-
ients report freedom from maintenance corticosteroids by 
5 years [15].

Long-term corticosteroid usage in pediatric heart trans-
plantation has been linked to several undesirable risks. 
For example, higher risks of opportunistic infections, diabe-
tes, bone demineralization, and graft coronary artery 
disease have been linked to immunosuppressive regimens 
containing steroids or to their “steroid burden.” Furthermore, 
patients who are maintained on prolonged corticosteroid 
therapy posttransplantation appear to be at risk for rejection 
when corticosteroids are later withdrawn [109]. In light  
of current data, many programs try to minimize the dose 
and duration of corticosteroid therapy after pediatric heart 
transplantation.

Infection/Malignancies in Pediatric  
Heart Transplant Recipients

Infection, due to multiple factors including immunosuppres-
sion, surgery, invasive devices, and predisposing factors, is a 
significant cause of morbidity and mortality after pediatric 
heart transplantation [110] as in adult heart transplantation. 
Bacteria and fungi are the major causes of infections occur-
ring in the first month after transplantation [110]. The most 
common bacterial and fungal infections in heart recipients 
are respiratory tract or sternal wound infections [110].

Viruses play a major role in infections occurring after 
transplantation, particularly members of the Herpes family 
such as cytomegalovirus (CMV) and EBV infections. The 
higher the levels of immunosuppression, the greater the risk 
of viral infections appears to be. Therefore, prophylactic 
therapy against CMV infections is given in the immediate 
posttransplant period or with intensification of immunosup-
pression with rejection.

Since most infant heart recipients are serologic-negative 
for CMV and EBV, they will have primary infections with 
EBV and CMV, an important difference between adult 
recipients. EBV infection is related to the risk for posttrans-
plant lymphoproliferative disorder (PTLD) in pediatric heart 
transplantation [111]. The proportion of malignancies that 
are lymphoid malignancies, due largely to PTLD, is signifi-
cantly higher in pediatric [16] compared with adult recipi-
ents [17].

Minimizing the level of immunosuppression therapy 
following primary EBV infection should be considered to 
reduce the risk of PTLD. By extrapolation from other solid 
organ transplantation, Sirolimus could be useful to withdraw 
or reduce dose of the calcineurin inhibitors for toxicity or 
EBV-mediated PTLD [105]. The careful balance between 
risks of PTLD and rejection is essential but the method for 
assessing the level of immunosuppression is, for the most 
part, the drug levels. The availability of an assay to assess the 
responsiveness of lymphocytes could prove useful to indi-
vidualize immunosuppression in primary EBV infections in 
pediatric heart transplant recipients [112].

The complexities and outcomes of pediatric heart trans-
plantation are significantly different from adult heart trans-
plantation. We have cited evidence that the youngest infant 
recipients have significantly lower cumulative late phase 
risks. We have cited evidence to suggest that infants could 
have significant differences in their immune responses, 
which may allow for reduced levels of immunosuppression. 
We have extensively reviewed how the need for less inva-
sive rejection surveillance in the infant heart recipient has 
led to the development of an echo-based noninvasive sur-
veillance strategy. The lessons learned that can be extrapo-
lated to other age groups are that serial and multiparametric 
analyses allows for early detection of changes that relate to 
the onset of cellular rejection. Further refinements are still 
needed to survey for other forms of rejection and the devel-
opment of CAD.

Survival, particularly for infants, has improved dramati-
cally in the last decade. The most recent ISHLT Registry 
shows that recipients less than 1 year old at transplant and 
who survive the first year have greater than a 95% survival 
up to 4 years (see Fig. 15.3) [16]. As late outcomes continue 
to improve, the need for donor organs likely will increase as 
transplantation would provide a better quality and duration 
of life for children with complex CHD otherwise facing a 
future of multiple palliative operations, chronic congestive 
heart failure due to late cardiomyopathic progression. Efforts 
to increase potential donors and donor utilization can be sup-
ported by innovative schemes such as ABO incompatible 
heart transplants. Additional efforts are made more urgent 
when the current data indicate excellent outcomes with a 
large number of children in whom transplantation is deferred 
due to lack of donor hearts.
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Conclusions

Mechanical circulatory support offers promise for patients as 
a bridge to recovery or transplant. However, use of these 
devices is associated with very serious complications and 
mortality. In particular, neurological abnormalities occur 
often as a result of thrombosis or hemorrhage. Cardiac stun 
still occurs in a significant number of patients, and ventricu-
lar unloading itself causes myocardial atrophy. Clinical strat-
egies are still needed to reduce these complications. Heart 
transplantation is a relatively new treatment option with good 
outcomes for infants and children. Crossing ABO barriers 
has broadened the donor pool for individual recipients in the 
youngest age group. Newer techniques for noninvasively and 
accurately detect cellular rejection are described that prom-
ise to reduce the risks, costs and improve the outcomes of 
pediatric transplantation. This is particularly important in the 
young infants and children with long expected life spans and 
limited vascular access for performance of biopsy.

Summary

Mechanical circulatory support is emerging as an invalu-•	
able tool in the care of children with severe refractory 
cardiac failure. Extracorporeal membrane oxygenation 
(ECMO) serves as a bridge to recovery or transplant, 
though many complications occur during runs.
ECMO also provides a method of “rescue” for patients •	
who arrest or show imminent devastating cardiac fail-
ure. This method requires organization skills.
New ventricular assist devices are being used for infants •	
and children including the Berlin Heart, paracorporeal 
pneumatically driven pulsatile ventricular assist device.
Neurological complications occur in a large number of •	
patients who have undergone ECMO, although the sever-
ity of these abnormalities requires further definition.
Heart transplantation is now a treatment option with good •	
outcomes for infants and children with end-stage heart 
failure or inoperable congenital cardiac defects. Recipient 
age affects the indications for pediatric heart transplan-
tation. Despite the demanding surgical techniques and 
postoperative management in very young and very sick 
children, 1- and 5-year actuarial survival rates are high.
Neonatal waiting time mortality and morbidity remains •	
unacceptably high and is the highest of any solid organ. 
Several opportunities are available to expand the donor 
pool including transplant across ABO barriers and dona-
tion after cardiac death.
Most acute rejection episodes in pediatric heart recipients •	
occur in the first 3 months posttransplant. Single echocar-
diographic parameters have had limited abilities predicting 

cellular rejection. Algorithms using multiple para-meters 
have been developed, which show superior predictive 
power.
Infection, due to multiple factors including immunosup-•	
pression, surgery, invasive devices, and predisposing fac-
tors, is a significant cause of morbidity and mortality after 
pediatric heart transplantation. The most common cause 
for adverse late outcomes in pediatric heart recipients is 
reported to be accelerated coronary artery disease  or graft 
atherosclerosis.
The quality of life in surviving children is excellent in the •	
majority of recipients but will be affected by pretransplant 
morbidity. Most recipients do not have activity limitation 
and do not require frequent hospitalizations. Linear growth 
retardation does occur in children and adolescents.
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Overview

Biological aging represents the major risk factor for the 
development of heart failure (HF), malignancies, and neuro-
degenerative diseases. While risk factors such as lifestyle 
patterns, genetic traits, blood lipid levels, and diabetes can 
contribute to its development, advancing age remains the 
most determinant predictor of cardiac disease. Several 
parameters of left ventricular function may be affected with 
aging, including increased duration of systole, decreased 
sympathetic stimulation, and increased left ventricle ejection 
time, while compliance decreases. In addition, changes in 
cardiac phenotype with diastolic dysfunction, reduced con-
tractility, left ventricular hypertrophy, and HF, all increase in 
incidence with age. Given the limited capacity that the heart 
has for regeneration, reversing or slowing the progression of 
these abnormalities poses a major challenge. In this chapter, 
we present a discussion on the molecular and cellular mecha-
nisms involved in the pathogenesis of cardiomyopathies and 
HF in aging and the potential involvement of specific genes 
identified as primary mediators of these diseases.

Introduction

Although our current knowledge of age-associated cardiac 
pathologies has outpaced our understanding of the basic 
mechanisms underlying these processes, with the availability 
of the Human Genome Project (HGP) and an increasing num-
ber of animal models, as well as new and exciting molecular 
technologies, the unraveling of the underlying basic mecha-
nisms of the failing aging heart has already begun.

Changes occurring in the aging heart include decreased 
b-adrenergic sympathetic responsiveness [1, 2], slowed and 
delayed early diastolic filling [3, 4], increased vascular stiff-
ness [5, 6], and endothelial dysfunction [7, 8]. Of signifi-
cance is the fact that the cellular changes of aging are most 
pronounced in postmitotic organs (e.g., brain and heart) and 
defects in the structure and function of cardiomyocytes may 

be the determinant factors in the overall cardiac aging pro-
cess, particularly in HF.

With aging, myocytes undergo hypertrophy, and this may 
be accompanied by intracellular changes, including mito-
chondrial-derived oxidative stress (OS) that will contribute 
to the overall cellular aging as well as to ischemia-induced 
myocardial damage. Following an episode of ischemia and 
reperfusion (I/R), the aging heart suffers greater damage than 
the adult heart; however, the occurrence and degree of aging-
related defects remain uncertain. Basic mechanisms that 
have been proposed for cardiac aging are discussed in this 
chapter including cell senescent, accumulation of reactive 
oxygen species (ROS), inflammatory changes, decreased a 
and b-adrenoreceptors (AR) mediated contractility, increased 
levels of G-proteins-coupled receptors, impaired intracellular 
Ca2+ homeostasis, decreased IGF-1 levels, cellular damage/
cell loss, telomerase inactivation, abnormal autophagy, and 
altered membrane structure and permeability, all of which 
may lead to abnormal cardiac contractile function and con-
tribute to the development of HF [9, 10].

Accumulation of Reactive Oxygen Species

The “free radical theory of aging” has drawn great attention 
in the assessment of cardiac aging. This theory presupposes 
that in biological systems, reactive oxidatives species (ROS) 
attack molecules and cause a decline in the function of organ 
systems, eventually leading to failure and death. All cell 
types including cardiomyocytes are capable of generating 
ROS, and the major sources of their production include 
mitochondria, xanthine oxidases and the NADPH oxidases. 
Under pathophysiological conditions, ROS levels can 
increase and cause cellular damage and dysfunction target-
ing primarily the mitochondria.

Interestingly, in addition to its damaging effect, ROS play 
an important role in a number of signal transduction path-
ways in the cardiomyocyte. Whether the effects of this 
signaling role are beneficial or harmful may depend upon 
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the site, source and amount of ROS produced, as well as the 
overall redox status of the cell. ROS have been implicated 
in the development of cardiac hypertrophy, cardiomyocyte 
death by apoptosis, and remodeling of the heart, largely by 
upregulating proapoptotic proteins and the mitochondrial-
dependent pathways. Cardiomyocyte apoptosis has been 
reported in a variety of cardiovascular diseases, including 
myocardial infarction, ischemia/reperfusion and HF.

ROS mediates oxidative damage to lipids and proteins in 
the aging heart, and both myocardial mtDNA and nuclear 
DNA damage will result in further accumulation of oxidative 
species and, in particular, mitochondrial DNA damage will 
accumulate because of its inefficient repair machinery and its 
close proximity to the sources of ROS (Fig. 16.1). Thus, in 
the aging failing heart, neutralization of ROS by mitochondrial 
antioxidants such as superoxide dismutase (SOD), catalase 

(CA), glutathione peroxidase (GPx), and glutathione becomes 
critically important. During aging, mitochondrial dysfunc-
tion and ROS generation may also trigger increased apopto-
sis, with resultant cell loss. This loss in cardiomyocytes may 
be secondary to mitochondrial dysfunction caused by chronic 
exposure to ROS, damage to mtDNA (mutations and dele-
tions) and to mitochondrial membranes. While mtDNA dam-
age occurs with aging, mtDNA levels, although decreased in 
liver and skeletal muscle, are for the most part preserved in 
the aging heart.

Data from in vitro studies indicate that mitochondrial OS 
and declining mitochondrial energy production can lead to 
the activation of apoptotic pathways, but whether this also 
occurs in the in vivo aging heart is not clear. While the role 
and extent of apoptosis in normal myocardial aging is pres-
ently unknown, ample evidence of cardiomyocyte apoptosis 

Fig. 16.1 ROS generation and antioxidant enzymes in the aging heart. 
Cytosolic pathways of ROS generation involving NADPH oxidase and 
xanthine oxidase (XO), the cytosolic antioxidant enzymes copper SOD 
(CuSOD) and catalase are shown, as well as the mitochondrial pathway of 

ROS generation (primarily through complex I and III) and mitochondrial 
antioxidant response featuring MnSOD, GPx and glutathione peroxidase 
(GPx). Primary mitochondrial targets of ROS including the PT pore, mito-
chondrial apoptotic pathway and mtDNA are also represented
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is supported by studies in the aging rat heart showing the 
release of cytochrome c from mitochondria and decreased 
levels of Bcl-2 (an antiapoptotic protein), while Bax, a 
proapoptotic protein, remained unchanged [11, 12].

The occurrence and degree of aging-related defects in 
mitochondrial OXPHOS remain questionable. Interestingly, 
aging-related defects have been found in the interfibrillar 
mitochondria (IFM), in which complex III and IV activity 
and rate of OXPHOS were decreased, while the subsarcolem-
mal mitochondrial (SSM) electron transport chain (ETC) 
activity remained normal [13–15]. The selective alteration of 
IFM during aging suggests that the consequences of aging-
induced mitochondrial dysfunction may be enhanced in spe-
cific subcellular regions of the senescent cardiomyocyte. 
Recent observations suggested that mitochondrial ROS cause 
OS and impaired mitochondrial function in IFM to a greater 
degree than in SSM with age, and because of their proximity 
to myofibrils, IFM are probably the primary source of ATP 
for myosin ATPases, and therefore OS in IFM may be the 
culprit for the myocardial dysfunction occurring with aging 
[16]. It is important to keep in mind that the subfractionation 
of mitochondria may provide a mixture of organelles of SSM 
and IFM that may complicate the assessment of the age-
related changes in mitochondrial oxidant production and OS. 
Therefore, further studies in this area are needed.

In early myocardial reperfusion, a burst of ROS occurs in 
association with changes in mitochondria (e.g., PT pore open-
ing) and myocardial injury. The source of this ROS genera-
tion may be of either mitochondrial or cytoplasmic origin. On 
the other hand, the source of ROS generated during ischemia 
(and likely in the early/acute pathway of ischemic precondi-
tioning) involves more distinctively the mitochondrial ETC 
and may be different than the source of ROS generated in 
early reperfusion [17, 18]. OS also appears to participate in 
the generation of large-scale myocardial mtDNA deletions as 
demonstrated in pacing-induced cardiac failure [19], as well 
as in studies of ameroid constriction-mediated myocardial 
ischemia in the dog [20]. Moreover, neonatal cardiac myo-
cytes treated with tumor necrosis factor-a (TNF-a) showed a 
significant increase in ROS levels, and this is accompanied by 
an overall decline in mtDNA copy number and decreased 
complex III activity [21]. These findings suggest that the 
TNF-a-mediated decline in mtDNA copy number might 
result from an increase in mtDNA deletions. Thus, in aging 
and in the aging failing heart, accumulation of ROS initiates 
a vicious circle following somatic mtDNA damage as shown 
in Fig. 16.2. During aging and after myocardial infarction, 
ROS-induced mtDNA damage, resulting in respiratory com-
plex enzyme dysfunction, contributes to the progression of left 
ventricular (LV) remodeling. In a murine model of MI and 
remodeling created by ligation of the left anterior descending 
coronary artery, increased ROS production (e.g., OH• level) 
was shown in association with decreased levels of mtDNA and 

ETC activities, suggesting mitochondrial dysfunction [22]. 
Significantly, the chronic release of ROS has been linked to 
the development of left ventricular hypertrophy and advanced 
HF. As noted in previous chapters, chronic ROS generation 
can derive both from mitochondria and from nonmitochon-
drial NADPH oxidase that in endothelial cells is activated by 
cytokines, neurohormones, and growth factors (e.g., angio-
tensin II, norepinephrine, TNF-a) [23, 24]. Furthermore, 
changes in the cardiac phenotype can be driven by redox-sen-
sitive gene expression, in this way ROS may act as potent 
intracellular second messengers.

NADPH oxidase plays a prominent role in the hypertrophic 
signaling pathway [25–27] in cardiac myocytes, and NADPH 
oxidase activity is significantly increased in the failing 
myocardium [28]. Interestingly, statins (i.e., 3-hydroxyl-3-
methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors) 
by modulating the ROS-generating activity of NADPH  oxidase 
can inhibit cardiac hypertrophy by cholesterol-independent 
mechanisms [29, 30]. Also, statins block the isoprenylation 
and activation of members of the Rho guanosine triphos-
phatase (GTPase) family such as Rac1, an essential compo-
nent of NADPH oxidase. Thus, blocking the ROS production 
with statins may be beneficial to the aging patients with 
myocardial hypertrophy and chronic HF.

Cardiac overexpression of heavy metal-scavenging anti-
oxidant metallothionein prolongs life span, alleviates 
aging-associated cardiac contractile dysfunction, insulin 
insensitivity, and mitochondrial damage [31]. A recent study 
tested the hypothesis that catalase, an enzyme which detoxifies 
H

2
O

2
, might interfere with cardiac aging [32]. Contractile and 

intracellular Ca2 properties were evaluated in cardiomyocytes 
from young and old FVB (inbred strains of mice that carry the 
Fv1b allele for sensitivity to the B strain of Friend leukaemia 
virus) and transgenic mice with cardiac overexpression of 
catalase. Contractile indices analyzed included peak shortening 
(PS), time-to-90% PS (TPS90), time-to-90% relengthening 
(TR90), half-width duration (HWD), maximal velocity of 
shortening/relengthening (±dL/dt), and intracellular Ca2+ levels 
or decay rate. Levels of advanced glycation endproduct (AGE), 
Na+/Ca2+ exchanger (NCX), sarco(endo)plasmic reticulum 
Ca2+-ATPase (SERCA2a), phospholamban (PLB), myosin 

Fig. 16.2 Increased accumulation of ROS initiates a vicious circle  
following somatic mtDNA damage
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heavy chain (MHC), membrane Ca2+ and K+ channels were 
measured by Western blotting Catalase transgene prolonged 
survival while did not alter myocyte function by itself. 
Aging depressed ±dL/dt, prolonged HWD, TR90 and intracel-
lular Ca2+ decay without affecting other indices in FVB myo-
cytes. Aged FVB myocytes exhibited a stepper decline in PS 
in response to elevated stimulus or a dampened rise in PS in 
response to elevated extracellular Ca2+ levels. Aging-induced 
defects were attenuated by catalase. AGE level was elevated in 
aged FVB compared with young FVB mice, which was reduced 
by catalase. Expression of SERCA2a, NCX and Kv1.2 K+ chan-
nel was significantly reduced although levels of PLB, L-type 
Ca2+ channel dihydropyridine receptor and b-MHC isozyme 
remained unchanged in aged FVB hearts. Catalase restored 
NCX and Kv1.2 K+ channel but not SERCA2a level in the 
aged mice. These data suggest that catalase protects the 
cardiomyocytes from aging-induced contractile dysfunction 
possibly via improved intracellular Ca2+ handling. By catalyzing 
conversion of H

2
O

2
 to oxygen and water, catalase would shift 

redox balance toward antioxidant end, leading to increased 
myocardial antioxidant capacity, which may offset the detri-
mental effect of H

2
O

2
 (a model illustrating the triggering stim-

uli and cellular pathways involved in the onset and progression 
of HF is shown in Chap. 5) (see Fig. 5.1).

NO also plays a significant role in myocardial OS as 
demonstrated by Li and associates. Upon examining the role 
of inducible nitric oxide synthase (iNOS) in aging-related 
myocardial ischemic injury, as well as its relation to b-AR 
stimulation, they found that iNOS is upregulated in the aging 
rat heart [33]. Isolated perfused hearts from young (3–5 
months) and aging (24–25 months) rats subjected to 30 min 
of myocardial ischemia resulted in cardiac dysfunction. 
Infusion of isoproterenol for 30 min caused a partial recov-
ery of cardiac function in hearts from young rats, receiving 
either vehicle or 1,400 W (a nonselective iNOS inhibitor). 
In striking contrast, isoproterenol infusion to hearts from 
aging animals receiving vehicle failed to improve ischemia-
induced cardiodepression and worsened cardiac function, with 
a significant increase in myocardial NO production, peroxyni-
trite formation, caspase-3 activation, and creatine kinase 
release. Therefore, b-AR stimulation interacts with ischemia 
and triggers a significant increase in myocardial NO production, 
creates a nitrosative stress, generates toxic peroxynitrite, 
activates apoptosis, and eventually causes cardiac dysfunction 
and myocardial injury in the aging heart. Moreover, myocar-
dial NO production, peroxynitrite formation, and caspase-3 
activation were attenuated and LV function significantly 
improved in aging heart treated with the iNOS inhibitor, 
1,400 W. Compared to young rat hearts, significant increases 
in iNOS protein expression, activity, and immunoreactivity 
were found in the aging heart, confirming that aging induces 
a phenotypic upregulation of myocardial iNOS and that there 
is a critical link between iNOS-generated NO production 
and aging-associated myocardial ischemia.

Inflammatory Mechanisms/Signaling

Besides ROS, NO and iNOS other molecules and signaling 
pathways such as inflammatory signaling are actively 
involved in the aging process. Gathered observations have 
shown the fundamental role that immunity has in mediating 
artherosclerosis from initiation through progression and, 
ultimately, the thrombotic complications of atherosclerosis 
[34–36]. Increase in markers of inflammation may predict 
outcomes of patients with acute coronary syndromes, inde-
pendently of myocardial damage.

Inflammatory markers have been identified as significant 
independent risk indicators for cardiovascular events including 
HF. Kritchevsky et al. [37] have examined the role that inflam-
matory markers play in predicting the incidence of CVD, 
specifically in older adults. Interestingly, IL-6, TNF-a, and 
IL-10 levels appear to predict cardiovascular outcomes in adults 
<65 years. Data on C-reactive protein (CRP) levels were rather 
inconsistent and appeared to be less reliable in old age than in 
middle age. In addition, fibrinogen levels have some value 
in predicting mortality but in a nonspecific manner. The authors 
indicated that in the elderly, inflammatory markers are nonspe-
cific measures of health and may predict both disability and 
mortality, even in the absence of clinical CVD.

Interventions designed to prevent CVD through the 
modulation of inflammation may be helpful in reducing 
disability and mortality. The role of increased inflammatory 
markers such as IL-6 and IL-1b as a risk factor in aging, and 
in the development of MI has also been reported [38]. Analysis 
of polymorphisms in IL-6 gene promoter (−174 G > C) revealed 
that elderly patients with acute coronary syndrome (ACS) car-
rying IL-6 −174 GG genotypes exhibited a marked increase in 
1 year follow-up mortality rate, suggesting that IL-6 −174 G → 
C polymorphisms can be added to the other clinical markers 
such as CRP serum levels and a history of CAD, useful in 
identifying elderly male patients at higher risk of death after 
ACS [39]. In addition, data from the InCHIANTI study sug-
gest that increased levels of serum IL-1b are associated with 
high risk of congestive HF and angina pectoris [40].

Adrenergic Receptors in the Aging Heart

The decline in cardiac performance that occurs with aging is 
in part due to a decrease in a- and b-AR-mediated contractil-
ity. While impairment in b-AR signaling is known to occur 
in the aging heart, the components of the a1-AR signaling 
cascade that are responsible for the aging-associated deficit 
in a1-AR contractile function have just begun to be identi-
fied. To determine that the aged heart has an impaired 
response to a1-adrenergic stimulation, Montagne et al. [41] 
measured both cardiomyocyte Ca2+-transient and cardiac 
protein kinase C (PKC) activity in young (3 months) and old 
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Wistar rats (24 months). Ca2+ transients were obtained under 
1 Hz pacing by microfluorimetry of cardiomyocyte loaded 
with indo-1 and compared during control conditions and 
after a1-adrenergic stimulation (phenylephrine or cirazoline, 
an a1-specific agonist). In addition, the activity of PKC and 
PKC translocation index were assayed before and after a1-
adrenergic stimulation. In the young animals, cirazoline 
induced a significant increase in Ca2+ transient for up to 
10−9 M concentration which returned to control values for 
larger concentrations. In contrast, in the old animals, there 
was a constant negative effect of cirazoline on the Ca2+ tran-
sient with a significant decrease at 10−6 M compared with 
both baseline and Kreb’s solution. In a dose–response curve 
to phenylephrine, prior experiments showed that the response 
of Ca2+ transient was maximal at 10−7 M. This concentration 
induced a significant increase in Ca2+ transient in the young 
and a significant decrease in old rats. The same concentra-
tion was chosen to perform PKC activity measurements 
under a1-adrenergic stimulation. In the basal state, PKC 
activity was higher in the older than in the younger animals 
but was not different in cytosolic fractions; thus, the translo-
cation index was higher in the old group. Following the 
administration of phenylephrine, translocation of PKC 
toward the particulate fraction was observed in the young but 
not in old rats. Taken together, the data showed that cardiac 
a1-adrenoceptor response was impaired in aged hearts and 
that the negative effect of a1-adrenergic stimulation on Ca2+ 
transient in cardiomyocytes in the old rats can be related to 
an absence of a1-adrenergic-induced PKC translocation.

Korzick et al. [42] have also measured a1-adrenergic stim-
ulation in the senescent rat heart. Cardiac contractility (dP/dt) 
was analyzed using the Langendorff-perfused hearts isolated 
from 5 month adult and 24 month old aging Wistar rats, fol-
lowing maximal a1-AR stimulation with phenylephrine. Upon 
assessing the subcellular distribution of PKCa and PKCe, and 
their respective anchoring proteins RACK1 and RACK2 by 
Western blotting, they found that the subcellular translocation 
of PKCa and PKCe, in response to a1-AR stimulation, is dis-
rupted in the aging myocardium. Age-related reductions in 
RACK1 and RACK2 levels were also observed, suggesting 
that alterations in PKC-anchoring proteins may contribute to 
impaired PKC translocation and defective a1-AR contraction 
in the aged rat heart. Interestingly, the investigators also sought 
to determine whether age-related defects in a1-AR contrac-
tion could be reversed by chronic exercise training (treadmill) 
in adult and aged rat [43]. The data revealed that age-related 
decrease in a1-AR contractility in the rat heart can be partially 
reversed by exercise suggesting that alterations in PKC levels 
underlie, at least in part, exercise training-induced improve-
ments in a1-AR contraction.

Reperfusion of an isolated mammalian heart with a calcium-
containing solution after a brief calcium-free perfusion results 
in irreversible cell damage (the calcium paradox). Activation of 
the a1-AR pathway confers protection against the lethal injury 

of the Ca2+ paradox via PKC-mediated signaling pathways, and 
this protection is shared by stimuli common with calcium pre-
conditioning [44]. Notwithstanding these findings, the effect of 
aging on the human sympathetic nervous system remains a 
controversial issue. At present, interest in this subject has 
 significantly increased, mainly because diverse cardiac patho-
logies, including essential hypertension, CAD, HF, and 
dysrhythmias increase with age, and the sympathetic nervous 
system may be an important pathophysiological component 
[45]. However, aging does not have an additive effect in the 
activation of the sympathetic nervous system that occurs in HF; 
suggesting that other factors such as CAD and MI may impact 
the increased incidence of HF with aging [46].

Cardiac G-Protein-Coupled Receptors

Cardiac G-protein-coupled receptors (GPCRs) that function 
through stimulatory G-protein Ga

s
, such as b1- and b2-ARs, 

play a key role in cardiac contractility (see Chap. 8). Several 
Ga

s
-coupled receptors in the heart also activate Ga

i
, including 

b2-ARs (but not b1-ARs); PKA-dependent phosphorylation 
of b2-AR can shift its coupling preference from Ga

s
 to Ga

i
 

[47]. Coupling of cardiac b2-ARs to Ga
i
 inhibits adenylyl 

cyclase (AC) and opposes b1-AR-mediated apoptosis [48]. 
Studies on advanced HF have shown that Ga

i2
 levels increase 

with age in both human atria [49], and in ventricles of old 
(24 months) Fischer 344 rats resulting in diminished AC 
activity [48]. These levels may subsequently increase the 
receptor-mediated activation of G

i
 through multiple GPCRs. 

Furthermore, increased G
i
 activity is likely to have an 

adverse effect on heart function since G
i
-coupled signaling 

pathways in the heart reduce both the rate and force of 
contraction [50].

Investigation of the effects of age on GPCR signaling in 
human atrial tissue showed that the density of atrial muscar-
inic acetylcholine receptor (mAChR) increases with age but 
reaches statistical significance only in patients with diabetes 
[51]. Interestingly, in elderly subjects of similar ages, those 
with diabetes have 1.7-fold higher levels of Ga

i2
 and twofold 

higher levels of Gb
1
. On the other hand, it has been reported 

that right atrial mAChR density significantly decreased in 
advanced age [52]. The disparity between these findings could 
be explained by differences in age between patient groups; one 
study examined only adults with an age range from 41 to 85 
years [51], while the other study group’s age ranged from 5 
days to 76 years [52]. Analysis of G-protein-coupled receptor 
kinase (GRK) activity (by in vitro rhodopsin phosphorylation) 
in the right atria from 16 children (mean age 9 ± 2 years) and 
17 elderly patients (mean age 67 ± 2 years) without apparent 
HF and the RA from four patients with end-stage HF showed 
that in contrast to the failing human heart, in the aging human 
heart, GRK activity was not increased [54]. These  observations 
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suggest that GRK activity may not have an important role in 
b-AR desensitization in the aging human heart, but why 
GRK’s regulation is different in the human aging heart than in 
the failing human heart is not yet completely understood. 
Leineweber et al. [53] have found that with aging increase in 
sympathetic activity develops slowly and moderately, since 
plasma noradrenaline levels (often taken as an indirect index 
of sympathetic activity) [54] increase continuously at a 
10–15% rate per decade due to enhanced spillover of nora-
drenaline into the circulation [55, 56]. In contrast, in HF, 
increases in sympathetic activity occur much more rapidly and 
are more pronounced than in the aging heart [57]. Thus, the 
time course and intensity of increases in sympathetic activity 
in the aging and the failing human heart are dissimilar, and this 
may explain differences in regulation of GRKs in the aging 
compared to the failing human heart.

To determine whether changes in GRK activity are an early 
or late occurrence in human HF, and whether b-adrenoceptor 
blocker treatment is able to influence myocardial GRK 
activity, Leineweber et al. [58] have measured b-AR density 
(by (−)-[(118)I]-iodocyanopindolol binding) and GRK 
activity (by an in vitro rhodopsin phosphorylation assay) 
in the right atria from patients at different stages of HF 
treated with and without b-adrenoceptor blockers, as well as 
in the four chambers of explanted hearts from patients with 
end-stage HF. Increase in GRK activity was an early and 
transient event in the course of HF that may be prevented by 
b-adrenoceptor blocker treatment. It has been reported that in 
humans, after 50 years of age, atrial mAChR density exhibits 
an upward trend with age [51] which differs from most animal 
studies data, which have been less conclusive by either 
showing unchanged muscarinic receptor levels [59–62], or by 
indicating decreased mAChR density with age [63].

SERCA and Thyroid Hormone  
in the Aging Heart

Myocardial contraction and relaxation are regulated by the 
concentration of Ca2+ around the contractile elements in car-
diomyocytes. After contraction, relaxation is brought about 
by lowering Ca2+ levels. A major contribution to this process 
is made by the sarcoplasmic reticulum Ca2+ ATPase (SERCA), 
a 110-kD transmembrane protein, which pumps cytoplasmic 
Ca2+ into the sarcoplasmic reticulum (SR) [64]. Three SERCA 
genes have been identified so far as SERCA1, SERCA2, and 
SERCA3 encoding six distinct proteins isoforms by alterna-
tive explicing [65, 66] with the SERCA2a being the predomi-
nant isoform expressed in the heart. Since SERCA2a plays an 
important role in intracellular Ca2+ hemostasis and cardiac 
contractility, the abnormal expression of SERCA2a in the 
senescent heart is likely to have major biochemical and 

pathophysiological effects. As a matter of fact, senescent is 
characterized by reduced myocardial contractility velocity 
and prolonged relaxation time. These changes might be 
related to decreased expression and activity of SERCA, which 
controls the rate of SR calcium uptake during relaxation. The 
cardiac SERCA pumps Ca2+ from the cytosol back to the SR 
and is considered an important determinant of intracellular 
Ca2+ signaling and cardiac contractility. At least in part, the 
increased susceptibility to HF of the aging heart may be medi-
ated by abnormal Ca2+ handling and decreased expression of 
the SERCA gene [67]. The molecular mechanisms that regu-
late cardiac SERCA expression in aging are still unclear; how-
ever, new studies implicated a decreased thyroid hormone 
(TH) responsiveness in the aging rat heart; in large part, this 
decrease involves binding of the TH receptor (TR) and retinoid 
X receptor (RXR) heterodimer to TH-responsive elements 
(TREs) located in the SERCA and cardiac myosin heavy chain 
(MHC) gene promoters. Age-associated changes in the TR 
and RXR could explain the age-associated changes in SERCA 
and MHC expression. Long et al. found no significant myocar-
dial changes in RXRa or RXRb mRNA levels in the aging rat 
heart, although both a1 and a2 TR mRNA levels decreased 
significantly between 2 and 6 months of age [68]. During this 
time period, the mRNA levels for a-MHC declined by more 
than half, whereas b-MHC mRNA levels remained unchang-
ingly low. In contrast, between 6 and 24 months, when mRNA 
levels for b-MHC increased and a-MHC continued to 
decrease, there was a significant decline in TRb1 and RXRg 
mRNA levels accompanied by a reduction in the TRb1 and 
RXRg protein levels. Taken together, these findings suggest 
that decline in a-MHC gene expression may be biphasic and 
in part due to a decline in a1 (and possibly a2) TR levels 
between 2 and 6 months of age, and a decline in TRb1 and 
RXRg levels at later age.

Aging-mediated down-regulation of MHC and SERCA 
mediated by myocardial TH/TR signaling-mediated tran-
scriptional control can be reversed with exercise [69]. While 
the expression of myocardial TRa1 and TRb1 proteins is 
significantly lower in sedentary aged rats than in sedentary 
young rats, their expression is significantly higher in exer-
cise-trained than in sedentary aged rats. Furthermore, the 
activity of TR DNA binding to the TRE transcriptional reg-
ulatory region in the a-MHC and SERCA genes and the 
myocardial expression of a-MHC and SERCA (both mRNA 
and protein) were upregulated with exercise training in the 
aging heart, in association with changes in the myocardial 
TR protein levels. In addition, plasma 3,3¢-triiodothyronine 
(T3) and TH levels, which decrease with aging [70, 71], are 
increased after exercise training. The reversal of aging-
induced down-regulation of myocardial TR signaling-mediated 
transcription of MHC and SERCA genes by exercise training 
appears to be related to the cardiac functional improvement 
observed in trained aged hearts.
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Identification of the specific mechanisms contributing to 
decreased TH signaling in the aging heart may provide novel 
insights into potential therapies, keeping in mind that in the 
aging heart decreased TH activity may be a physiological 
adaptation. In the aging heart, therapies that increase SERCA 
activity might improve cardiac performance, and Ca2+ cycling 
proteins can be targeted to improve cardiac function [72]. 
Decline in myocardial SERCA content with age may also con-
tribute to the development of impaired function after I/R. 
Moreover, the ratio of SERCA to either phospholamban or 
calsequestrin decreased in the senescent human myocardium 
[73]. Decreased rates of Ca2+ transport mediated by the SERCA 
isoform are responsible for the slower sequestration of cytoso-
lic Ca2+ and consequently prolonged muscle relaxation times 
in the aging heart. Knyushko et al. [74] found that senescent 
Fischer 344 rat heart had a 60% decrease in SERCA activity in 
comparison to that of young adult hearts, and this functional 
reduction in activity could be attributed in part to both lower 
abundance of SERCA protein and increased 3-nitrotyrosine 
modifications of multiple tyrosines within the cardiac SERCA 
protein. Nitration in the senescent heart was found to increase 
by more than two nitrotyrosines per Ca2+-ATPase, coinciding 
with the appearance of partially nitrated Tyr(294), Tyr(295), 
and Tyr(753) residues. In contrast, skeletal muscle SERCA 
exhibited a homogeneous pattern of nitration, with full site 
nitration of Tyr(753) in the young, with additional nitration of 
Tyr(294) and Tyr(295) in the senescent muscle. The nitration 
of these latter sites correlates with diminished transport func-
tion in both types of muscle, suggesting that these sites have a 
potential role in the down-regulation of ATP utilization by the 
Ca2+-ATPase under conditions of nitrosative stress.

Growth Hormone and IGF-I

IGF-1/GH/IGF-1 receptor system not only plays an important 
role in determining organism development and lifespan but is 
in itself affected by age. IGF-1 decreased linearly with age in 
both sexes, with significantly higher levels in men than 
women [75]. The decrease in GH-induced IGF-1 secretion in 
the elderly suggests that resistance to the action of GH may 
be a secondary contributing factor in the low plasma IGF-1 
concentrations [76]. Decreased IGF-1 levels with age may 
contribute to the increase in cardiac disease found in the 
elderly, including HF [77]. Findings from the Framingham 
Heart Study in a prospective, community-based investigation 
indicated that serum IGF-1 level was inversely related to the 
risk for HF in the elderly without a previous MI, suggesting 
that the maintenance of an optimal IGF-1 levels in aged indi-
viduals may reduce the risk for HF [78]. In addition, this 
study revealed that greater levels or production of the cata-
bolic cytokines TNF-a and interleukin 6 were associated with 

increased mortality in community-dwelling elderly adults, 
whereas IGF-1 levels had the opposite effect [79]. In aged 
animals and humans, the secretion of GH and the response of 
GH to the administration of GH-releasing hormone (GHRH) 
are lower than in young adults [80]. In rodents, a twofold 
increase in GH receptors has been observed with age but this 
increase fails to compensate for the reduction in GH secretion 
[81, 82]. Further studies revealed that the apparent size of the 
GH receptor was not altered with age, whereas the capacity of 
GH to induce IGF-1 gene expression and secretion was 
40–50% less in old than in young animal [77].

There is considerable literature indicating that GH admin-
istration to old animals and humans raises plasma IGF-1 lev-
els and results in increases in skeletal muscle and lean body 
mass, a decrease in adiposity, increased immune function, 
improvements in learning and memory, and increases in car-
diovascular function. Interestingly, GH can induce improvement 
in hemodynamic and clinical status in some patients with 
chronic HF, largely resulting from the ability of GH to 
increase cardiac mass [83]. However, disappointing results 
have been reported in patients with DCM undergoing infu-
sion of GH [84]; this could be related to the choice of an 
incorrect agent (GH instead of IGF-1) and/or failure to selec-
tively target patients with low IGF-1 levels [85]. Recently, in 
a meta-analysis of clinical studies, Tritos and Danias [86] 
evaluated the efficacy and safety of recombinant human 
growth hormone (rhGH) therapy in severe HF. Therapy with 
rhGH appears to have beneficial clinical effects in HF includ-
ing improved exercise duration, maximum oxygen consump-
tion, and New York Heart Association class. Also, there was 
hemodynamic improvement, including increased cardiac 
output, decreased systemic vascular resistance and improved 
left ventricular (LV) ejection fraction, with no adverse effects 
on diastolic function. Most of the beneficial effects were 
driven by either uncontrolled or longer duration studies. 
Interestingly, rhGH therapy slightly increased the risk for 
ventricular dysrhythmias; although this finding was driven 
by a single small study. This meta-analysis suggests that 
rhGH therapy may have beneficial effects in cases of HF sec-
ondary to LV systolic dysfunction and that the possibility of 
prodysrhythmia associated with rhGH therapy merits further 
assessment. Furthermore, larger randomized trials with longer 
treatment duration are needed to fully elucidate the efficacy 
and safety of rhGH therapy in human HF.

Pharmacological administration of GH to adults may pose 
some risks; mice transgenic for GH and acromegalic patients 
secreting high amounts of GH have premature death [87]. 
Thus, caution must be used in the use of IGF-1 for treatment of 
cardiac diseases. Given its potent antiapoptotic role in prolif-
eration, several studies reported the association of high dosage 
IGF-1 with human cancers [88, 89], in contrast another study 
found that overexpression of IGF-1 in animals or the adminis-
tration of rhIGF-1 does not have a carcinogenic effect [90].



322 16 Basic Mechanisms Mediating Cardiomyopathy and Heart Failure in Aging

Interestingly, the Klotho protein which functions as a 
circulating hormone binds to a cell-surface receptor and 
represses intracellular signals of insulin and IGF-1, stops 
aging in mice (a subject that will be further discussed later in 
this chapter). Amelioration of the aging-like phenotypes in 
Klotho-deficient mice has been observed by disturbing insu-
lin and IGF-1 signaling, suggesting that Klotho-mediated 
inhibition of insulin and IGF-1 signaling contributes to its 
antiaging properties [91].

Cellular Damage/Cell Loss

Since cell damage occurs at random in any organ or tissue, 
including the heart, a population of damaged cells will 
always coexist with normal cells at any time in the process 
of aging; an important unknown relates to the number of 
damaged cells required to impair organ/tissue function. 
Kirkwood [92] pointed out that there is a significant difference 
in assessing cell damage in vitro versus in vivo, with cells in 
culture reaching a limit in their potential for cell division/
differentiation, which may not occur in vivo. Therefore, cau-
tion is called for regarding the interpretation of data using 
different methodologies. During aging, there is a significant 
loss of postmitotic cells, such as cardiac myocytes, potentially 
triggered by the onset of mitochondrial dysfunction and ROS 
generation. For instance, in vitro studies of H

2
O

2
-treated car-

diomyocytes showed that increased mitochondrial OS and 
declining mitochondrial energy production lead to the acti-
vation of apoptotic pathways [93, 94], but whether this also 
occurs in the aging heart in vivo is not known. While the role 
and extent of apoptosis in normal myocardial aging is under 
considerable debate, evidence of cardiomyocyte apoptosis 
has been confirmed by data showing that the aging rat heart 
had significantly elevated levels of cytochrome c release 
from mitochondria, as well as decreased levels of the anti-
apoptotic protein Bcl-2, whereas levels of the proapoptotic 
protein Bax were unchanged [12]. Furthermore, myocytes 
derived from hearts of old mice displayed increased levels of 
markers of cell death and senescence, compared to myocytes 
from younger animals [95]. It is possible that apoptosis, at 
least to a certain degree in cardiac aging, may be a protective 
mechanism to get rid of damaged, potentially dangerous 
cells in a mechanistic effort to tilt the balance toward healthy 
cells, although, we do not know where this balance is.

According to Uhrborn et al. [96], glioma cells stained for 
senescence-associated b-galactosidase activity, apparently 
specific for senescent cells, showed that enlarged cells gave a 
distinctive positive staining reaction. This senescence pheno-
type appears to be dependent on the continuous expression of 
p16INK4A. Thus, induced expression of p16INK4A in these 
cells reverted their immortal phenotype and caused immedi-

ate cellular senescence. Increased expression of p16INK4A 
also occurred in aging cardiomyocytes [95]. Proteins impli-
cated in growth arrest and senescence, such as p27Kip1, p53, 
p16INK4a, and p19ARF, were also present in myocytes of 
young mice, and their expression increased with age. In addi-
tion, DNA damage and myocyte death were found to exceed 
cell formation in older mice, leading to a decline in the num-
ber of myocytes and to HF. This effect did not occur in trans-
genic mice, in which cardiac stem cells-mediated myocyte 
regeneration compensated for the extent of cell death and 
prevented ventricular dysfunction.

Telomeres and Telomere-Related Proteins

In human, there is a remarkable variability in the age of onset 
and the severity of the manifestations of cardiovascular dis-
eases. Although this cannot be explained by established risk 
factors, it may be explained by variation in biological age. 
During aging, telomeres length is progressively reduced in 
most somatic cells, and after a number of cell cycles, telom-
ere length reaches a critical size, cellular replication stops 
and the cell becomes senescent (Fig. 16.3). Age-dependent 
telomere shortening in most somatic cells, including vascu-
lar endothelial cells, SMCs, and cardiomyocytes, appears to 
impair cellular function and the viability of the aged organ-
ism. While the association of telomere length and CVD 
appears likely, whether telomere shortening is a direct cause 
of the vascular pathology of aging or a consequence is not 
known [97]. Recently, telomere length has been reported 
to be shorter in circulating leukocytes of patients with HF 
compared with age-balanced and gender-balanced control 
patients, and appears to be related to the severity of disease. 
Furthermore, telomere length has been found to be incre-
mentally shorter in relation to the presence and extent of ath-
erosclerotic disease manifestations [98]. Notwithstanding, 
telomere dysfunction and reduction in telomere length has 
been observed with age in SMCs, endothelial, and white 
blood cells, and they may be the primary factor in predisposing 
vascular tissues to atherosclerosis, and also to a decreasing 
capacity for neovascularization [97]. This attrition of telomere 
length is most prominent under conditions of high OS, but 
particularly prevalent in hypertensives, diabetics, and 
individuals with CAD.

In endothelial cells, glutathione-dependent redox homeo-
stasis plays a central role in the preservation of telomere 
function [99]. Under conditions of mild chronic OS, the 
loss of telomere integrity is a major trigger for the onset 
of premature senescence. Interestingly, antioxidants and 
statins can delay the replicative senescence of endothelial 
cells by inhibition of the nuclear export of telomerase 
reverse transcriptase into the cytosol [100]. Further studies 
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have shown that telomere biology plays a significant role in 
the functional augmentation of endothelial progenitor cells 
(EPCs) by statins [101]. These studies found that the ex vivo 
culturing of EPCs leads to premature replicative senescence 
associated with the “uncapping” and dysfunction of telom-
eres, and loss of telomere repeat-binding factor (TRF2). 
In addition, cotreatment of the cultured EPCs with statins 
delayed their premature senescence, in part by enhancing 
TRF2 expression at the posttranslational level.

While the ability of EPCs to sustain ischemic tissue and 
repair may be limited in the aging/senescence heart, estro-
gens have been shown to accelerate the recovery of the 
endothelium after vascular injury, significantly increasing 
telomerase activity [102]. RT-PCR analysis showed that 
17b-estradiol administered in a dose-dependent fashion 
increased levels of the telomerase catalytic subunit (TERT), 
an effect that was significantly inhibited by pharmacological 
PI3K blockers (either wortmannin or LY294002). In addi-
tion, EPCs treated with 17b-estradiol had significantly 
enhanced mitogenic potential and release of VEGF protein; 

also, EPCs treated with both 17b-estradiol and VEGF were 
more likely to integrate into the network formation than 
those treated with VEGF alone. Telomerase inactivation dur-
ing aging may also be related to the oxidized low-density 
lipoprotein-accelerated onset of EPC senescence, which 
leads to the impairment of proliferative capacity and network 
formation [103].

Estrogen also stimulates NO production in vascular 
endothelial cells [104], which in turn induces telomerase in 
these cells [105]. The cardioprotective effects of estrogens 
via indirect actions on lipoprotein metabolism, and through 
direct effects on vascular endothelial cells and SMCs are 
likely to contribute to the lower incidence of CVD observed 
in premenopausal women compared with men; significantly, 
women have a decelerated rate of age-dependent telomere 
attrition over men [106].

In a paper on the relation of telomere biology and cardio-
vascular disease, Fuster and Andrés [107] reviewed experi-
mental and human studies that linked telomeres and associated 
proteins to several factors that influence cardiovascular risk 

Fig. 16.3 Telomeres, telomerase and cell proliferation. (a) Telomeres 
present at the ends of the chromosomes (one end at the Q arm is shown 
here) are composed of a tandem repeated sequence in telomeric DNA, 
a telomerase ribonucleoprotein complex including a catalytic telom-
erase reverse transcriptase holoenzyme (TERT), an RNA component 
and additional telomeric proteins (listed on top). (b) Telomere length 
decreases in aging in somatic cells but not in germ cells. As telomerase 

activity is low or absent in most somatic cells, progressive telomere 
erosion occurs with each mitotic division during normal aging. In germ 
cells (and tumor cells) containing high telomerase activity, no change in 
telomere length is seen with aging or progressive divisions. Accelerated 
telomere attrition is associated with human premature aging. Some of 
the phenotypic changes associated with telomere length are shown on 
the bottom right
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(e.g., estrogens, OS, hypertension, diabetes, and psychologi-
cal stress), as well as to neovascularization and the patho-
genesis of atherosclerosis and heart disease. They identify 
two still unanswered critical questions: (1) Whether telom-
ere shortening is cause or consequence of cardiovascular dis-
ease, and (2) if therapies targeting the telomere may be 
applicable in treating these disorders (e.g., cell “telomeriza-
tion” to engineer blood vessels of clinical value for bypass 
surgery, and to facilitate cell-based myocardial regeneration 
strategies). Since current research has been mainly focused 
on the role of telomerase, a suggestion is made that it is of up 
most importance to investigate whether defects in additional 
telomere-associated proteins may contribute to the patho-
genesis of cardiovascular disease.

Most human somatic cells can undergo only limited 
replication in vitro, and senescence can be triggered when 
telomeres cannot carry out their normal protective functions. 
Moreover, senescent human fibroblasts display molecular 
markers characteristic of cells bearing DNA double-strand 
breaks and inactivation of DNA damage checkpoint kinases in 
senescent cells may restore the cell-cycle progression into 
S phase [108]. This telomere-initiated senescence may reflect 
a DNA damage checkpoint response that is activated with a 
direct contribution from dysfunctional telomeres. A high rate 
of age-dependent telomere attrition has been noted in the 
human distal abdominal aorta, probably reflecting enhanced 
cellular turnover rate due to local factors, such as increase in 
shear wall stress in this vascular segment [109]. These data 
appear to contradict findings in mice that short telomeres pro-
vide a protective effect from diet-induced atherosclerosis 
[110]. These apparently conflicting findings might be recon-
ciled if cellular damage accumulation imposed by prolonged 
exposure to cardiovascular risk factors ultimately prevails over 
protective mechanisms, including telomere shortening [106].

Several observations support the concept that the average 
telomere length is better maintained in conditions of low OS 
[111], and selective targeting of antioxidants, directly into 
the mitochondria, can counteract telomere shortening and 
increase lifespan in fibroblasts under mild OS [112]. 
Mitochondrial dysfunction can lead to a loss of cellular pro-
liferative capacity through telomere shortening (Fig. 16.4), 
and the generation of ROS may signal the nucleus to limit 
cell proliferation through telomere shortening and telomeres 
as sensors to damaged mitochondria [113].

There is increasing evidence that telomere dysfunction is 
emerging as an important factor in the pathogenesis of human 
CVDs associated with aging, including hypertension, athero-
sclerosis, and HF (Fig. 16.5). In the future, further research 
should also be oriented toward finding the potential role that 
additional telomere-associated proteins, other than telom-
erase, play in aging and in HF, and to use these discoveries to 
develop novel and more effective cardiovascular therapies.

Autophagy and Cardiac Aging

The process where cells faced with a short supply of nutrients 
in their extracellular fluid begin to engulf specific, often defec-
tive, organelles (e.g., mitochondria) to reuse their components 
is called autophagy. This process is well conserved in nature 
from lower eukaryotes to mammals and has been attributed to 
disparate physiological events including cell death, which 
mechanism is different from apoptosis. A number of steps are 
involved in autophagy: (1) formation of a double membrane 
within the cell; (2) confinement of the material to be degraded 
into an autophagosome; (3) fusion of the autophagosome with 
a lysosome, and (4) the enzymatic degradation of the materials. 
Activated class I phosphatidylinositol 3-kinase and mamma-
lian target of rapamycin (mTOR) inhibit autophagy, while 
class III phosphatidylinositol 3-kinase acts as a facilitator 
[114]. Autophagy decreases during the development of 
myocardial hypertrophy and is enhanced during the regression 
of hypertrophy. It occurs in many types of cells during devel-
opment including cardiomyocytes, and in pressure-overloaded 
animal models cardiomyocyte loss due to autophagy which 
occurs during the progression from compensated hypertrophy 
to HF. Moreover, in cardiac diseases associated with aging 
such as ischemic heart disease and cardiomyopathy, intralyso-
somal degradation of cells plays an essential role in the renewal 
of cardiac myocytes; being the interaction of mitochondria 
and lysosomes in cellular homeostasis of great significance, 
since both organelles suffer significant age-related alterations 
in postmitotic cells [115]. Many mitochondria undergo 
enlargement and structural disorganization, and since lyso-
somes responsible for mitochondrial turnover experience a 
loss of function, the rate of total mitochondrial protein turn-
over declines with age [116]. Coupled mitochondrial and lyso-
somal defects contribute to irreversible functional impairment 
and cell death, and similarly mitochondrial interaction with 
other functional compartments of the cardiac cell (e.g., the ER 
for Ca2+ metabolism, peroxisomes for the interchange of 
antioxidant enzymes essential in the production and decom-
position of H

2
O

2
) must be kept in check since defects in 

communication between these organelles may accelerate the 
aging process.

Several mechanisms may potentially contribute to the 
age-related accumulation of damaged mitochondria fol-
lowing initial oxidative injury, including clonal expansion 
of defective mitochondria, reduction in the number of 
mitochondria targeted for autophagocytosis (secondary 
to mitochondrionmegaly or decreased membrane damage 
associated with decrease mitochondrial respiration), sup-
pressed autophagy because of heavy lipofuscin loading of 
lysosomes, and decreased efficiency of Lon protease [117].

Abnormal autophagic degradation of damaged macromol-
ecules and organelles, known as biological “garbage,” is also 
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considered an important contributor to aging and the death of 
postmitotic cells, including cardiomyocytes. Stroikin et al. 
compared the survival of density-dependent growth-arrested 
and proliferating human fibroblasts and astrocytes following 
inhibition of autophagic sequestration with 3-methyladenine 
(3MA) [118]. Exposure of confluent fibroblast cultures to 
3MA for 2 weeks resulted in an increased number of dying 
cells compared to both untreated confluent cultures and divid-
ing cells with 3MA-inhibited autophagy. Similarly, autophagic 
degradation was suppressed by the protease inhibitor leupeptin. 
These findings suggest that lysosomal “garbage” accumulation 
plays an important role in the aging and death of postmitotic 
cells, and also support the antiaging role of cell division. 
Thus, autophagy can be considered an important participant 

in the regulation of cellular metabolism, organelle homeostasis 
and redox equilibrium playing a paramount role in maintaining 
a normal myocardium.

Myocardial Remodeling and Aging

To determine the effects of aging on the human myocardium, 
hearts from individuals (aged 17–90 years) who died from 
causes other than cardiovascular disease have been studied 
[119]. The aging process was characterized by a loss of 38 
million and 14 million nuclei/year in the left and right ventri-
cles, respectively. This loss in muscle mass was accompanied 

Fig. 16.4 Mitochondrial ROS production contributes to telomere-
dependent replicative senscence. Production of ROS by aberrant mito-
chondrial respiratory complexes thought to occur in aging leads to 
mtDNA and protein damage and lipid peroxidation, PT pore and apop-
totic progression (via cytochrome c release, membrane permeabiliza-
tion, apoptosome formation and nuclear DNA fragmentation). ROS 

also affects the nucleus by reducing telomerase activity and increasing 
its export from the nucleus, causing direct DNA damage and activating 
specific gene expression – all of which contribute to the signaling of 
replicative senescence. Also shown is the involvement of antioxidant 
response both in the mitochondria (e.g., MnSOD and GpX) and in the 
cytosol which can remove ROS by scavenging free radicals
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by a progressive increase in myocyte cell volume per nucleus, 
resulting in the preservation of ventricular wall thickness. 
However, the cellular hypertrophic response was unable to 
maintain normal cardiac mass. Left and right ventricular 
weights decreased by 0.70 and 0.21 g/year, respectively. 
Therefore, it was proposed that about one third of the  
cardiomyocytes are lost from the human heart between the 
ages of 17 and 90 years [119]. Several studies, however, have 
challenged the widely held, but unproven paradigm that 
describes the heart as a postmitotic organ [120]. Recent 
developments in the field of stem cell biology have led to the 
recognition that the possibility exists for extrinsic and 
intrinsic regeneration of myocytes and coronary vessels, 
leading to the reevaluation of cardiac homeostasis and myo-
cardial aging [121]. A newer paradigm views the adult mam-
malian heart as composed of nondividing myocytes (primarily 
terminally differentiated), and a small and continuously renewed 
subpopulation of cycling myocytes produced by the differen-
tiation of cardiac stem cells. A dynamic balance between myo-
cyte death and the formation of new myocytes by cardiac stem 

cells is an important regulator of myocardial maintenance of 
function and mass from birth to adulthood and very critical in 
old age. Increasing evidence suggests that numerous patho-
logical or physiological stimuli can activate stem cells to enter 
the cell cycle and differentiate into new myocytes, and in some 
cases vasculature which significantly contribute to changes in 
cardiac output and myocardial mass [122].

Telomere length is a useful marker of these processes. 
Studies in fetal, neonatal, and senescent (27 month-old) 
Fischer 344 rats found that while the loss of telomeric DNA 
was minimal in fetal and neonatal myocytes, telomeric short-
ening increased with age in a subgroup of myocytes that con-
stituted nearly 20% of the myocyte population, suggesting 
that this population reflects the most actively dividing myo-
cyte class in the organ. Early studies found in the remaining 
nondividing rat myocytes, the progressive accumulation of 
another marker of cellular senescence, senescent associated 
nuclear protein, p16(INK4) [123].

When cardiomyocytes from aging individuals with age-
related HF were compared to myocytes from individuals 

Fig. 16.5 Telomeres and telomerase in both human and animal CVD. 
Telomere and telomerase phenotype in different tissues of patients with 
indicated CVD disorders, and of selected animal models of CVD 

including both wild-type and genetically modified mice (e.g., cardiac-
specific hTERT and Terc-null strains) and in spontaneously hyperten-
sive rats
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with idiopathic DCM, several differences in heart and myo-
cyte phenotype were observed [124]. While aged diseased 
hearts exhibited moderate hypertrophy and dilation, they 
also displayed an accumulation of p16INK4a positive primi-
tive stem cells and myocytes. A marked increase in cell death 
was primarily limited to cells expressing p16INK4a with sig-
nificant telomeric shortening. Importantly, this finding sug-
gested that stem cells could also be targeted by senescence. 
While cell multiplication, mitotic index, and telomerase 
increased in the aging heart, new evidence suggested that 
regenerative events could not compensate for cell death or 
prevent telomeric shortening. This study [124] also demon-
strated that hearts from subjects with idiopathic DCM had 
more severe hypertrophy and dilation, more extensive car-
diac interstitial fibrosis and tissue inflammatory injury, 
increased necrosis, and a reduced level of myocytes with 
p16INK4a labeling. This is consistent with the involvement 
of p16INK4a with death signals linked to apoptosis in 
senescent myocardium in contrast to idiopathic DCM, in 
which myocyte necrosis predominates and myocyte death is 
largely independent from the expression of the kinase inhibitor 
p16INK4a. Nonetheless, some important commonalities 
were also found: while idiopathic DCM had increased necro-
sis compared to aging tissues, aged diseased hearts and idio-
pathic DCM subjects had similar levels of myocyte apoptosis. 
In addition, extensive stem cell death was found in both cases 
and not in healthy controls, suggesting that mechanisms 
(e.g., OS) that target stem cells may contribute to the pheno-
type of cardiac dysfunction in both the aging and cardiomyo-
pathic heart. Torella et al. have identified a population of 
cardiac stem cells in young and senescent mice that with 
aging display increased evidence of senescence, i.e., p16ink4a 
expression, telomere shortening (indicative of reduced 
telomerase activity), and apoptosis [95]. Interestingly, the 
effect of murine aging on cardiac stem cells (including the 
expression of gene products implicated in growth arrest and 
senescence, such as p27Kip1, p53, p16INK4a, and p19ARF), 
and on the resulting cardiac dysfunction was remarkably 
attenuated in aged transgenic mice containing overexpressed 
IGF-1. It remains to be seen whether similar effects of IGF-1 
on preserving stem cell regenerative function would be found 
in strains with idiopathic DCM.

Recently, Gonzalez et al. [125] reported that chronologi-
cal age leads to telomeric shortening in cardiac progenitor 
cell (CPCs), which generate a differentiated progeny that 
rapidly acquires the senescent phenotype, conditioning organ 
aging. Attenuation of the IGF-1/IGF-1 receptor and hepatocyte 
growth factor/c-Met systems mediate the CPC aging, which 
does not counteract any longer the CPC renin–angiotensin 
system, resulting in cellular senescence, growth arrest, and 
apoptosis. However, the senescent heart contains function-
ally competent CPCs with the properties of stem cells as 
demonstrated by pulse-chase 5-bromodeoxyuridine-labeling 

assay. This subset of telomerase-competent CPCs have long 
telomeres and, following activation, migrate to the regions of 
damage, where they generate a population of young cardio-
myocytes reversing partly the aging myopathy. Thus, a 
senescent heart phenotype and HF may be corrected, and this 
may lead to prolongation of maximum lifespan.

p66(Shc) longevity gene regulates both steady-state and 
environmental stress-dependent ROS generation and its 
deletion in mice protects against experimental diabetic 
glomerulopathy by preventing diabetes-induced OS [126]. 
The increasing oxygen toxicity that occurs in diabetes mel-
litus may affect CPCs function resulting in abnormal CPC 
growth and myocyte formation, which may favor premature 
myocardial aging and HF. Using a model of insulin-dependent 
diabetes mellitus, Rota et al. [127] reported that generation 
ROS leads to telomeric shortening, expression of the 
senescent associated proteins p53 and p16INK4a, and apop-
tosis of CPCs, impairing the growth reserve of the heart. 
Ablation of the p66shc gene prevents these CPCs negative 
adaptations, interfering with the acquisition of the heart 
senescent phenotype and the development of HF with dia-
betes. Low ROS levels activate cell growth, intermediate 
ROS levels trigger cell apoptosis, and high levels initiate 
cell necrosis. CPCs replication predominates in diabetic 
p66shc−/−, whereas CPC apoptosis, and myocyte apoptosis 
and necrosis prevail in diabetic wild type. Expansion of 
CPCs and developing myocytes preserves cardiac function 
in diabetic p66shc−/−, suggesting that intact CPCs can 
effectively counteract the impact of uncontrolled diabetes 
on the heart. The recognition that p66shc conditions the 
destiny of CPCs raises the possibility that diabetic cardio-
myopathy is a stem cell disease, in which abnormalities in 
CPCs define the life and death of the heart. These data suggest 
a genetic link between diabetes and ROS and between CPC 
survival and growth.

Since aging and a number of potential risk factors for 
coronary artery disease affect the functional activity of the 
endogenous stem/CPCs, their therapeutic potential applica-
tion seems rather limited. Furthermore, the aging failing 
heart may not offer an adequate tissue environment in which 
cells are infused or injected. To ameliorate this Dimmeler 
and Leri suggested that pretreatment of cells or the target tis-
sue by small molecules, polymers, growth factors, or a com-
bination thereof may enhance the effect of cell therapy for 
cardiovascular diseases [128]. However, further research in 
animal models is necessary before clinical application to 
aging individual in HF can be carried out.

Besides stem cells and myocytes, another critical compo-
nent of the aging heart milieu is the cardiac fibroblasts, the 
predominant cell type in the heart. Fibroblasts activated by 
various autocrine and paracrine factors, such as angiotensin 
II (ANGII), aldosterone, endothelins, cytokines, and growth 
factors likely play a key role in the formation and  maintenance 
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of fibrous tissue by the production of various extracellular-
matrix (ECM) proteins, such as collagen, fibronectin, and 
integrin [129]. Cardiac fibrosis is characterized by excessive 
accumulation of fibrillar collagen in the extracellular space, 
in part arising as a loss of cardiomyocytes (replacement fibro-
sis) and as an interstitial response to various chronic cardio-
vascular diseases such as hypertension, myocarditis, and 
severe HF (reactive fibrosis), and is generally considered to be 
elevated in the aging human heart [1, 130]. Collagen concen-
tration (primarily collagen type 1) and the intermolecular 
cross-linking of collagen increase with age [131]; however, 
being a rather complex process, the mechanisms of fibroblast 
involvement in aging-associated myocardial fibrosis remain 
undetermined. Surprisingly, both ANGII stimulation of col-
lagen synthesis and fibroblast proliferation are diminished in 
aging compared to young cardiac fibroblasts [132]. Also, 
enzymes involved in the degradation of ECM components 
including the matrix metalloproteinases (MMPs) such as 
MMP-3, MMP-8, MMP-9, MMP-12, and MMP-14 increased 
in concert with decreased insoluble collagen in aging mice, 
suggesting that the accumulated collagen and fibronectin are 
not attributable to aging-mediated decline in degradation 
[133, 134]. This suggests that the increased fibrosis and stiff-
ness found in the aging heart must have another mechanism. 
For example, age-mediated changes in glycation and integrin 
kinase signaling may contribute to the accumulation of col-
lagen cross-interactions and fiber bundling, which can lead 
to fibrosis [135, 136]. Increased fibrosis with age leads to 
increased diastolic stiffness and contractile dysfunction in 
the heart and its larger vessels, and can reduce the electrical 
coupling between cardiac myocytes resulting in nonuniform 
depolarization, conduction delays, and dysrhythmias. It is 
evident that excessive collagen deposition or pathological 
fibrosis is an important contributor to LV dysfunction and 
poor outcome in patients with hypertension, myocardial 
infarction, and HF.

As previously discussed, HF with preserved LV ejection 
fraction frequently occurs in the elderly, and this type of HF is 
known as diastolic heart failure (DHF). Observations on the 
structural changes of DHF have shown that DHF patients had 
stiffer cardiomyocytes, as suggested by a higher resting ten-
sion (F(passive)) at the same sarcomere length. Collagen vol-
ume fraction and F(passive) determined in vivo diastolic LV 
dysfunction. Correction of this high F(passive) by protein 
kinase A (PKA) suggests that reduced phosphorylation of sar-
comeric proteins is involved in DHF [137]. Cardiomyocytes 
of DHF patients had higher F(passive), but their total force is 
comparable to systolic heart failure (SHF). Cardiomyocyte 
diameter has been found to be higher in DHF [138], but col-
lagen volume fraction was equally elevated in both types of 
HF, with myofibrillar density lower in SHF. Cardiomyocytes 
in DHF patients had higher F(passive), but their total force 
was comparable to SHF. After administration of PKA to  

cardiomyocytes, the drop in F(passive) was larger in DHF 
than in SHF [138]. The data suggest that LV myocardial struc-
ture and function differ in SHF and DHF because of distinct 
cardiomyocyte abnormalities, and underline the separation of 
HF into two different phenotypes of SHF and DHF.

Hypertrophic Cardiomyopathy

A number of hypertrophic cardiomyopathy (HCM)-
associated alleles have been primarily described in very 
young individuals showing what is termed early-onset pre-
sentation; these phenotypes are often associated with sudden 
cardiac death and are of significant concern mainly in neo-
nates and young athletes (including specific mutations in 
b-MHC and cardiac troponin T). Several mutations in fatty 
acid metabolism (e.g., ACADVL, carnitine transport), and in 
bioenergetic metabolism (e.g., NDUFV2, COX 15) and a 
number of mtDNA mutations have also been primarily 
identified in neonates and children. Interestingly, while the 
relationship between genotype and phenotype with HCM 
mutations is often not clear-cut, the distribution of specific muta-
tions in elderly onset disease is often markedly different 
from specific mutations found in familial early onset HCM 
[139]. For instance, mutations in MYBPC3 encoding cardiac 
myosin binding protein-C, show delayed onset of HCM and 
induce the disease predominantly in the fifth or sixth decade 
of life and along with specific troponin I, and a-myosin 
heavy chain alleles are more prevalent in elderly onset HCM 
[140, 141]. Mutations which alter the charge of the encoded 
amino acid tend to affect patient survival more significantly 
than those that produce a conservative amino acid change 
[142]. The milder cardiac phenotype in many of the patients 
with elderly onset HCM genes is also consistent with the 
observation that HCM is frequently well tolerated and com-
patible with normal life expectancy, and it may remain clini-
cally dormant for long periods of time with symptoms and 
initial diagnosis deferred until late in life [143].

Mutations in the X-linked GLA gene encoding the lyso-
somal enzyme a-galactosidase A, causing a-galactosidase A 
deficiency, is a genetic defect with significant association to 
late-onset HCM, and leads to an inborn lysosomal storage 
disorder characterized by pathological intracellular gly-
cosphingolipids deposition. Cardiac involvement consisting 
of progressive left ventricular hypertrophy is very common 
and constitutes the most frequent cause of death. Mutations 
in this gene have been found in up to 6% of men with late-
onset HCM, and in 12% of women with late-onset HCM 
[144, 145].

Of the HCM-causing genes thus far identified (Table 16.1), 
a large proportion encode protein components of the cardiac 
sarcomere, which were the first class of HCM genes to be 
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identified, and still remain the most prevalent [146]. Mutations 
have been found in genes that encode components of the thick 
filament proteins (i.e., b-MHC, essential MLC, regulatory 
MLC, and cMyBP-C), genes that encode thin filament pro-
teins (i.e., cardiac actin, cardiac troponin T, cardiac troponin I, 
cardiac troponin C, and a-tropomyosin). HCM mutations have 
also been found in genes involved in the cytoskeleton includ-
ing titin, telethonin, myozenin, and cardiac muscle LIM pro-
tein. In addition, mutations resulting in HCM have also been 
reported in genes encoding nonsarcomeric/noncytoskeletal 
proteins including the g2-regulatory subunit of an AMP-
activated protein kinase (AMPK) [147], LAMP-2, a lysosome-
associated membrane glycoprotein, and caveolin-3, a 
contributor to the caveolae micro-domains involved in cellular 
signaling [148]. Another significant subgroup of mutant genes 
identified in patients with HCM are comprised of genes 
encoding proteins involved in mitochondrial bioenergetic 
metabolism. These include subunits of the mitochondrial 
respiratory chain (NDUFV2, NDUFS2), SCO2 encoding a 
copper metallochaperone, COX10, and COX15 involved in 
the assembly of the multisubunit mitochondrial respiratory 
complex IV enzyme also known as cytochrome c oxidase; 

genes involved in fatty acid transport and oxidation (SLC22A4, 
ACADVL) and iron import (FRDA/frataxin); mutations in 
ANT encoding the adenine nucleotide translocator which also 
has been recently found to play a role in mtDNA maintenance. 
Moreover, numerous mutations in mtDNA have also been 
reported associated with the development of HCM often in 
conjunction with multisystemic disorders including hypotonia, 
myopathies, muscle-weakness, lactic acidosis, deafness, 
ophthalmic disease, and diabetes.

Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a heterogeneous disease 
that often overlaps with inflammatory heart disease. Although 
in the majority of cases the etiology of DCM is unknown, 
microarray techniques, performed using endomyocardial 
biopsy specimens, may allow novel insights into the unique 
disease-specific gene expression that exists in end-stage car-
diomyopathy of different etiologies presenting with HF. 
Importantly, expression profile analysis of DCM may facili-
tate its early detection and prognostic assessment. Recently, 
Ruppert et al. [149] characterized different types of DCM 
employing gene expression profiling of biopsied cardiac tis-
sue with microarrays performed by hybridization of synthe-
sized complementary DNA against a Lab-Arraytor60-combi 
microarray. One pattern of gene expression was consistent 
with DCM and inflammatory cardiomyopathy, and another 
with inflammatory heart disease. Additionally, the microar-
ray data were confirmed by showing that DCM is associated 
with a reduced myocardial toll-like receptor 9 expression 
resulting from progressive loss of functional cardiomyo-
cytes. Collectively, these findings demonstrated the utility 
and validity of microarrays from endomyocardial biopsy 
specimens to detect subclasses of DCM that do not differ 
histopathologically, but transcriptionally, from each other. 
Furthermore, the gene expression profile observed in these 
patients with DCM suggested ongoing immune activation. 
Haeidecker et al. have assessed individual risk of new-onset 
HF by analysis of transcriptome biomarkers using microar-
rays techniques [150]. From a total of 350 endomyocardial 
biopsy samples, they were able to identify 180 with idio-
pathic DCM. Patients with phenotypic extremes in survival 
were selected: 25 considered to have good prognosis (event-
free survival for at least 5 years) and 18 with poor prognosis 
(events (death, requirement for LVAD, or cardiac transplant) 
and showing within the first 2 years of presentation clinical 
HF). Forty-six overexpressed genes were identified in 
patients with good versus poor prognosis, of which 45 genes 
were selected by prediction analysis of microarrays for prog-
nosis in a train set (n = 29) with subsequent validation in test 
sets (n = 14 each). Interestingly, the biomarker performed 

Table 16.1 Genes implicated in clinical HCM

Gene Protein Function

TNNT2 Cardiac troponin T Sarcomeric
TTN Titin Z disc
MYL3 Essential myosin light chain Sarcomeric
TNNC1 Cardiac troponin C Sarcomeric
MYBPC3 Cardiac myosin binding protein C Sarcomeric
CSRP3 Cardiac muscle LIM protein Cytoskeletal/Z disc
MYL2 Regulatory myosin light chain Sarcomeric
MYH7 b-Myosin heavy chain Sarcomeric
ACTC Cardiac actin Sarcomeric
TPM1 a-Tropomyosin Sarcomeric
TNNI3 Cardiac troponin I Sarcomeric
CAV3 Caveolin-3 Signaling
LAMP2 Lysosome associated membrane 

protein 2
Lysosome

TCAP T-Cap (telethonin) Cytoskeletal/Z disc
MYOZ2 Myozenin 2 Cytoskeletal/Z disc
PRKAG2 AMP-activated protein kinase 

(regulatory subunit)
Energy sensor

SCO2 COX assembly Energy metabolism
NDUFV2 Respiratory complex I subunit Energy metabolism
NDUFS2 Respiratory complex I subunit Energy metabolism
ANT Adenine nucleotide transporter/

mtDNA maintenance
Energy metabolism

ACADVL VLCAD activity (Fatty acid 
oxidation)

Energy metabolism

FRDA Mitochondrial iron import Energy metabolism
COX10 COX assembly Energy metabolism
SLC22A4 Carnitine transporter (OCTN2) Energy metabolism
COX15 COX assembly Energy metabolism
GLA a-Galactosidase Lysosomal storage
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with 74% sensitivity and 90% specificity after 50 random 
partitions. These findings suggest that transcriptomic bio-
markers may predict prognosis in patients with new-onset 
HF from a single endomyocardial biopsy sample. Moreover, 
and based on these findings, novel therapeutic targets for HF 
and cardiomyopathy might become possible.

Kittleson et al. [151], also using gene expression analysis 
of microarrays, have tested the hypothesis that nonischemic 
(NICM) and ischemic cardiomyopathy (ICM) would have 
both shared and have distinct differentially expressed genes 
relative to normal hearts. Comparison of gene expression of 
21 NICM and 10 ICM samples with that of six nonfailing 
(NF) hearts was carried out using Affymetrix U133A Gene 
Chips and significance analysis of microarrays. Compared 
with NF, 257 genes were differentially expressed in NICM 
and 72 genes in ICM. Only 41 genes were shared between the 
two comparisons, mainly involved in cell growth and signal 
transduction. Those uniquely expressed in NICM were frequently 
involved in metabolism, and those in ICM more often had 
catalytic activity. Novel genes, which were upregulated in 
NICM but not ICM included angiotensin-converting enzyme-2 
(ACE2) suggesting that ACE2 may offer differential therapeu-
tic efficacy in NICM and ICM. In addition, a tumor necrosis 
factor receptor was downregulated in both NICM and ICM, 
demonstrating the different signaling pathways involved in the 
pathophysiology of HF. Thus, transcriptome analysis offers 
novel insights into the pathogenesis-based therapies in HF 
management and complements studies using expression-based 
profiling to diagnose HF of different etiologies. In contrast, 
Kuner et al. [152] have reported poor separation of ischemic 
and nonischemic cardiomyopathies by genomic analysis. They 
analyzed one cDNA and two publicly available high-density 
oligonucleotide microarray studies comprising a total of 279 
end-stage human HF samples. When classifiers identified in a 
single study were applied to the remaining studies, misclassi-
fication rates >25% for ICM and NICM specimens were noted, 
indicating poor separation of both etiologies. However, data 
mining of 458 classifier genes that were concordantly identi-
fied in at least two of the three data sets points to different 
biological processes in ICM vs. NICM. Consistent with the 
underlying ischemia, cytokine signaling pathways and imme-
diate-early response genes were overrepresented in ICM sam-
ples, whereas NICM samples displayed a deregulation of 
cytoskeletal transcripts, genes encoding for the major histo-
compatibility complex, and antigen processing and presentation 
pathways, potentially pointing to immunologic processes in 
NICM. These data suggest that ICM and NICM exhibit sub-
stantial heterogeneity at the transcriptomic level. However, 
prospective studies will be necessary to test whether etiology-
specific gene expression patterns are present at earlier disease 
stages or in subsets of both etiologies.

Other than immune-inflammatory and ischemic etiologies, 
most often than not, the cause of DCM is unknown and fre-

quently appears to be secondary to mutations in a large num-
ber of genes with diverse functions, with a familial inheritance 
[146]. These mutations may be present at a wide variety of 
genetic loci that confirm its genetic heterogeneity (Table 16.2). 
A compounding factor in the development of DCM is age. 
With aging the incidence of idiopathic DCM increases, males 
are afflicted at a higher rate than females and elderly patients 
have a worse prognosis than their younger counterparts with 
this disease. Moreover, age-related penetrance, i.e., absence of 
disease manifestations in genotype-positive individuals until 
after a particular age, and nonpenetrance, has contributed to 
the underestimation of the prevalence of familial type of this 
disease [153, 154].

The first gene identified by candidate gene analysis in 
DCM was cardiac actin. Mutations in five other genes encod-
ing sarcomere proteins have been implicated in DCM (all of 
which can also cause HCM) including b-MHC, cMyBP-C, 
cardiac troponin T, a-tropomyosin, and titin. While a subset 
of HCM patients develop a dilated phenotype, DCM resulting 
from sarcomeric gene mutations often arises without previ-
ous HCM. Mutations were subsequently described in genes 
encoding cytoskeletal proteins including desmin, d-sarcoglycan, 
muscle LIM protein, a-actinin-2, Cypher/Zasp, Tcap/tele-
thonin and metavinculin, which stabilize the myofibrillar 
apparatus and link the cytoskeleton to the contractile appara-
tus. Dystrophin is another critical gene involved in the intra-
cellular cytoskeleton (linking it to the ECM and contributing 
to intracellular organization, force transduction, and mem-
brane stability), whose mutation can lead to DCM either in 
association with Duchenne muscular dystrophy or result in 
an adult-onset X-linked DCM without skeletal myopathy. 
Furthermore, mutations in gene-products serving critical 
electrophysiological function in the heart have been associ-
ated with DCM in a limited number of cases, including the 
ABCC9 gene encoding SUR2A, the regulatory subunit of 
the cardiac K

ATP
 channel, and the SCN5A gene encoding the 

cardiac sodium channel, involved in the generation of the 
action potential. Mutations in the phospholamban (PLN) 
gene encoding a transmembrane phosphoprotein which by 
inhibiting the cardiac sarcoplasmic reticular Ca2+-adenosine 
triphosphatase (SERCA2a) pump is a critical regulator of 
calcium cycling, have also been found in individuals with 
DCM [155–157]. A T116G point mutation, substituting a 
termination codon for Leu-39 (L39stop), and resulting in 
loss-of-function mutation (PLN null allele) was identified 
in two families with hereditary HF; subjects homozygous 
for L39stop developed DCM and HF, requiring cardiac 
transplantation [156].

DCM-causing mutations have also been found in proteins 
which appear to be involved in the maintenance of nuclear 
integrity as well as playing roles in other nuclear processes 
including gene transcription, cell cycle regulation, and chro-
matin remodeling. For example, mutations in the LMNA 
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gene encoding lamin A and the STA gene encoding emerin, 
both multifunctional nuclear membrane proteins, have been 
found to lead to DCM, the latter most commonly in associa-
tion with Emery–Dreifuss muscular dystrophy. A mutation 
disrupting an extremely highly conserved tryptophan residue 
in the forkhead domain of FOXD4, a nuclear transcription 
factor of the forkhead/winged helix box (FOX) gene family 
has been identified in a pedigree presenting with a complex 
phenotype including DCM [158].

DCM may be also associated to mutations in proteins 
involved in energy metabolism, and to specific pathogenic 
mutations in mtDNA (often in conjunction with multisys-
temic disorders). Clearly, the wide spectrum of defective 
intracellular functions that can lead to DCM suggests that 
multiple pathophysiological mechanisms are likely involved 
in triggering this disorder, consistent with its frequently het-
erogeneous presentation. A number of the aforementioned 
genetic defects are associated with late-onset DCM with 
higher incidence of presentation in the elderly. In a large-
scale mutation analysis of European patients with DCM, car-
riers of mutations in the b myosin heavy chain (MYH7) gene 
were significantly older (mean age at diagnosis was 48 years) 
compared to carriers of mutations in the cardiac T troponin 
(TNNT2) gene (mean age at diagnosis was 23 years) [159]. 
Also, several specific DCM-associated mutations are associ-
ated with a milder presentation and increased disease presen-

tation with age. While mutations in the MyBP-C have been 
previously described in association with a favorable clinical 
course and with late onset HCM, late-onset DCM has been 
reported in association with an Arg820Gln mutation in the 
MyBP-C gene [160]. Similarly, carriers of the Arg71Thr 
mutation in the SGCD gene encoding the cytoskeletal 
d-sarcoglycan had a relatively mild phenotype and a late 
onset of DCM [161].

Mutations in the DMD gene have been reported in both 
familial and sporadic cases of Duchenne (DMD) and Becker 
(BMD) muscular dystrophies [162, 163]. DMD usually 
presents in early childhood with progressive skeletal muscle 
weakness, mainly of the large proximal muscle groups, and 
loss of ambulation generally by early adolescence; DCM 
and conduction defects present late in the disease and the 
majority of patients die in their twenties, most commonly as 
a result of respiratory failure. Individuals with DMD usually 
have frameshift or nonsense DMD mutations that result in 
premature termination of translation, and a reduction or 
absence of dystrophin; typically, patients with DMD lack 
any detectable dystrophin expression in their skeletal mus-
cles. In contrast, BMD is a milder, allelic form of DMD with 
affected males presenting later in life, exhibiting a milder 
course and displaying a high incidence of cardiac involve-
ment, despite their milder skeletal muscle disease; the most 
common cause of death in BMD is HF. While clinical 

Table 16.2 Genes implicated in familial human dilated cardiomyopathy (DCM)

Gene Protein Function Chromosomal locus Inher.

ABCC9 SUR2A, regulatory subunit of cardiac 
K

ATP
 channel

Membrane channel 12p12.1 AD

ACTC Cardiac a-actin Sarcomeric 15q14 AD
ACTN2 a-actinin-2 Cytoskeletal 1q43 AD
DES Desmin Cytoskeletal 2q35 AD
DMD Dystrophin Cytoskeletal Xp21 X-R
FOXD4 Forkhead Box D4 Transcription factor 9p11–q11 Nd
TAZ (G4.5) Tafazzin Metabolic Xq28 X-R
LMNA Lamins A and C Nuclear membrane 1p1–q21 AD
CSRP3 muscle LIM protein Cytoskeletal 11p15 AD
MYBPC3 Cardiac myosin binding protein C Sarcomeric 11p11 AD
MYH6 a-myosin heavy chain Sarcomeric 14q12 AD
MYH7 b-myosin heavy chain Sarcomeric 14q12 AD
PLN Phospholamban Calcium cycling 6q22.1 AD
SCN5A Cardiac sodium channel Membrane channel 3p22–25 AD
SGCD d-sarcoglycan Cytoskeletal 5q33 AD
STA Emerin Nuclear membrane Xq28 X-R
TCAP Tcap/telethonin Cytoskeletal 17q12 AD
TNNC1 Cardiac troponin C Sarcomeric 3p21.3–3p14.3 AD
TNNI3 Cardiac troponin I Sarcomeric 19q13.4 AR
TNNT2 Cardiac troponin T Sarcomeric 1q32 AD
TPM1 a-Tropomyosin Sarcomeric 15q22 AD
TTN Titin Cytoskeletal 2q31 AD
VCL Metavinculin Cytoskeletal 10q22–q23 AD
ZASP Cypher/Zasp Cytoskeletal 10q22.3–q23.2 AD
AD autosomal dominant; AR autosomal recessive; X-R X-linked recessive; Nd not determined
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expression occurs primarily in the young adult, expression 
including severe DCM has also been reported in the older 
adult (>50 years old) [164, 165]. Subjects with BMD usu-
ally have DMD deletions that result in truncation or reduced 
levels of expression of dystrophin. Skeletal muscle from 
patients with BMD contains dystrophin of altered size and/
or reduced abundance. Interestingly, female carriers of 
DMD and BMD experience a high incidence of cardiac 
involvement that  progresses with age and manifests primarily 
as cardiomyopathy.

A D626N mutation in the Cypher/ZASP encoding the 
Z-disc associated protein was found in all affected individuals 
in a family and was associated with late-onset DCM [166]. 
This mutation also proved interesting in that it alters the 
binding function of the Cypher/ZASP LIM domain and 
increased its interaction with protein kinase C (PKC), sug-
gesting an association between DCM and the inherited 
abnormality involved in signal transduction.

Mutations in other signal transduction proteins appear to 
play a role in late-onset DCM. For instance, in a family with 
deletion of arginine 14 in the PLN gene, members did not 
present with DCM until their seventh decade with mildly 
symptomatic HF [155]. While this finding suggests that PLN 
mutations should be considered a contributory factor in the 
development of late onset cardiomyopathy, the finding that 
other heterozygous individuals with the identical PLN Arg 
14 mutation have been reported to exhibit more severe dis-
ease at an earlier age (i.e., left ventricular dilation, contrac-
tile dysfunction, and episodic ventricular dysrhythmias, with 
overt HF by middle-age) suggests that other modulatory 
factors are likely involved in the expression of the DCM 
phenotype [167].

Another connection between genes involved in DCM and 
aging phenotypes has emerged with the characterization of 
LMNA mutations affecting lamin A/C. In addition to a variety 
of laminopathies including DCM along with neuropathy, lip-
odystrophy, limb girdle muscular dystrophy (LGMD), and 
autosomal dominant Emery–Dreifuss muscular dystrophy 
(EDMD), mutations in LMNA can result in premature aging 
syndromes or progeria. LMNA mutations have been reported 
in segmental progerias: Hutchinson–Gilford Progeria Syndrome 
(HGPS) [168], and Atypical Werner Syndrome [169]. In these 
aging diseases, the age of onset is quite different. In sharp con-
trast to Werner Syndrome, which becomes apparent at or 
shortly after puberty and early adulthood, HGPS manifests 
early in childhood. Growth retardation can be observed by 3–6 
months of age, with degenerative changes in cutaneous, mus-
culoskeletal, and cardiovascular systems showing shortly 
thereafter; baldness occurs by age 2 and median age of death is 
13.5 years with mortality primarily attributable to myocardial 
infarction or severe HF. While many of the diseases secondary 
to LMNA mutations arise from dominant missense mutations 
(e.g., DCM type 1A, LGMD) some are autosomal recessive 

(e.g., Charcot–Marie–Tooth disease) and others sporadic (e.g., 
HGPS, EDMD). It is clear, although largely unexplained, that 
different mutations in the same gene can lead to diverse dys-
functions and limited phenotypic overlap, with specific tissues 
targeted in each pathology [170]. An important unanswered 
question is why defects in nuclear envelope proteins that are 
found in most adult cell types should give rise to pathologies 
associated predominantly with skeletal and cardiac muscle and 
adipocytes. Among three different LMNA-mediated myopa-
thies (i.e., EDMD, DCM and LGMD), cardiomyopathy occurs 
with the underlying potential of sudden death because of car-
diac dysrhythmia. Moreover, the cardiac disease of mutated 
LMNA is often defined by conduction system and rhythm dis-
turbances occurring early in the course of the disease, followed 
by DCM and HF. Affected individuals of a family comprised of 
members heterozygous for the same single nucleotide deletion 
in exon 6 of the LMNA gene showed different presentations, 
one with LGMD, one with EDMD, and another with DCM. 
The intrafamilial variability and mutational pleiotrophy observed 
in this and other studies suggests that other modifying factors 
(genetic, environmental or epigenetic) likely influence pheno-
typic expression [171].

While over 20 LMNA mutations (primarily missense 
defects localized in exons 1 and 3) have been reported to lead 
to autosomal dominant DCM (type 1A), evidence has been 
presented that different LMNA mutations can have significant 
different age-expression. Molecular analysis of two 4-generation 
white families with autosomal dominant familial DCM and 
conduction system disease revealed novel mutations in the rod 
segment of LMNA [172]. A missense mutation (nucleotide 
G607A, amino acid E203K) was identified in 14 adult subjects 
of family A with a cardiac phenotype primarily manifested as 
progressive conduction disease, occurring in the fourth and 
fifth decades with ensuing death due to HF. In contrast, a non-
sense mutation (nucleotide C673T, amino acid R225X) was 
identified in ten adult subjects of family B with progressive 
conduction disease occurring with an earlier onset (third and 
fourth decades), accompanied by ventricular dysrhythmias, 
left ventricular enlargement, and systolic dysfunction and 
death caused by HF or sudden cardiac death.

Given the multiplicity of lamin A/C intracellular functions, 
a clear picture of the pathogenic mechanism by which LMNA 
mutations causes DCM (and conduction defects) is not yet 
evident [170–173]. One attractive hypothesis suggests that 
defective lamin A/C undermines the structural integrity of the 
nuclear envelope, promoting a mechanical nuclear fragility, 
and by its interactions with the cytoskeletal desmin results in a 
whole cell-mechanical vulnerability particularly notable under 
conditions of constant mechanical stress typical of cardiac and 
skeletal muscle cells, with resultant impairment of force trans-
mission and contractile function. Other potential pathogenic 
mechanisms include loss or rearrangement of other LMNA-
associated protein (e.g., emerin) and nuclear pore modifica-
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tion, changes in heterochromatin relative to the nuclear lamina, 
and altered gene expression due to disrupted interaction with 
RNA polymerases and transcription factors (this is further 
discussed in Chap. 6).

Restrictive Cardiomyopathy

Restrictive cardiomyopathy (RCM), the rarest form of car-
diomyopathy, involves impaired ventricular filling and 
reduced diastolic volume in the presence of normal systolic 
function, and normal or near normal myocardial thickness. 
RCM is most frequently caused by pathological conditions 
that stiffen the myocardium by promoting infiltration or 
fibrosis, including endomyocardial disease, amyloidosis, 
sarcoidosis, scleroderma, storage diseases (e.g., hemochro-
matosis, Gaucher’s disease, Fabry disease, glycogen storage 
disease), metastatic malignancy, anthracycline toxicity, or 
radiation damage. Several of the infiltrative diseases resulting 
in RCM can be inherited, including familial amyloidosis, 
hemochromatosis, Gaucher’s disease, and glycogen storage 
disease. Most of the congestive HF in the elderly is due to 
diastolic dysfunction with preserved systolic function sug-
gesting that RCM is an important entity [174]. Amyloidosis 
is the most prevalent underlying cause of RCM [175], and 
results from replacement of normal myocardial contractile 
elements by infiltration and interstitial deposits of amyloid, 
leading to alterations in cellular metabolism, Ca2+ transport, 
receptor regulation, and cellular edema. Amyloid myocar-
dium becomes firm, rubbery, and noncompliant, and can also 
involve the cardiac conduction system presenting with dif-
ferent types of conduction defects and dysrhythmias.

Familial amyloidosis, or hereditary amyloidosis, while 
overall less common than immunoglobin amyloidosis (AL), is 
more frequently associated with RCM, and is most often 
caused by an autosomal-dominant mutation in the serum pro-
tein transthyretin encoded by the TTR gene. This gene encodes 
a protein containing 127-amino acid residues of four identical, 
noncovalently linked subunits that dimerize in the plasma pro-
tein complex. Over 60 distinct amino acid substitutions dis-
tributed throughout the TTR sequence have been correlated 
with increased amyloidogenicity of TTR [175]. The pattern of 
myocardial involvement varies according to the specific muta-
tion and has distinct age-expression. A large number of these 
mutations have been associated with late-onset amyloid car-
diomyopathy, as well as with polyneuropathy.

Patients with the Met 30 transthyretin variant, the most 
prevalent TTR mutation, primarily display conduction defects 
and often require pacemaker implantation [176]. In early-
onset cases (i.e., patients younger than 50 years old), cardiac 
amyloid deposition was most prominent in the atrium and 
subendocardium but became evident throughout the myocar-

dium in late-onset cases. The Tyr77 mutation, the second 
most prevalent TTR mutation was studied in a large family 
with 12 affected individuals over four generations; the clini-
cal phenotype is characterized by (sometimes prolonged) 
carpal tunnel syndrome, beginning between the sixth and 
seventh decade, with subsequent RCM [177]. Moreover, dif-
ferent ethnic groups have been shown to have varying degrees 
of susceptibility to cardiac amyloid deposition, while other 
groups do not have cardiac involvement. Substitution of iso-
leucine for valine at position 122 of the TTR gene has been 
reported to be more prevalent in African-Americans (esti-
mated to be present in approximately 4% of the black popu-
lation) [178], and is also associated with the occurrence of 
late-onset RCM [179]. Molecular analysis revealed that the 
substitution of isoleucine for valine shifts the equilibrium 
toward monomer (indicating lower tetramer stability), and 
favors tetramer dissociation required for amyloid fibril for-
mation and resulting in accelerated amyloidosis [180].

RCM can also be associated with an iron-overload cardio-
myopathy that manifests systolic or diastolic dysfunction pri-
marily attributable to increased cardiac of iron deposition, and 
occurs with common genetic disorders such as hemochroma-
tosis [181]. While the precise mechanism of iron-induced HF 
is not clear, the toxicity of iron in biological systems has 
largely been attributed to its ability to catalyze ROS genera-
tion. Hereditary hemochromatosis is a common autosomal 
recessive disorder among Caucasians with the genotype at risk 
accounting for 1:200–400 individuals of Northern European 
ancestry. Clinical complications appear late in life and often 
include cardiomyopathy (primarily but not necessarily restric-
tive) with subsequent development of congestive HF limited 
to homozygotes. As with many cardiomyopathies, phenotypic 
expression of the disease shows intrafamilial variability, likely 
as a result of the effects of modifier genes or to environmental 
factors. Hereditary hemochromatosis has been linked to patho-
genic mutations in the gene coding for HFE, an atypical HLA 
class I molecule on chromosome 6 (6p21.3), hemojuvelin 
(HJV or HFE2) on chromosome 1 (most often associated with 
the juvenile form of hemochromatosis) and more rarely the 
gene coding for hepcidin (HAMP) on chromosome 19, and 
the gene encoding serum transferrin receptor 2 [181–183]. 
Two missense mutations in HFE have been found to be respon-
sible for the majority of cases, C282Y and H63D; the C282Y 
mutation has a higher penetrance than the H63D mutation, and 
appears to result in a greater loss of HFE protein function 
[181]. Iron-overload in the heart resulting from HFE knockout 
in mice can also lead to increased susceptibility to myocardial 
ischemia/reperfusion injury as indicated by increased pos-
tischemic ventricular dysfunction, increased myocardial 
infarct size and myocyte apoptosis, with the degree of injury 
significantly elevated by high-iron diet [184]. While HFE 
mutations have been reported to be involved in several age-
related chronic diseases such as Alzheimer’s disease and CAD, 
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one study suggested that in some populations the same HFE 
mutations associated with cardiomyopathy and CVDs para-
doxically have also shown an increased prevalence (in the 
heterozygous state) in centenarians (primarily women), sug-
gesting a beneficial role with respect to longevity [185]. This 
may be because individuals heterozygous for the C282Y 
mutation tend to have slightly but significantly higher values 
for serum iron and transferrin saturation and are therefore less 
likely to exhibit anemia secondary to iron deficiency; however, 
other studies have failed to replicate this relationship in differ-
ent ethnic groups [186, 187].

Conclusion

The increased use of gene profiling in hearts from subjects 
with age-associated diseases such as cardiomyopathy and HF 
has begun to define a molecular signature of cardiac dysfunc-
tion whose component elements can be informatively com-
pared between diseases, various populations (e.g., ethnic/
racial, gender), a variety of treatment regimens (e.g., LV assist 
devices, pharmacological treatments) and of course, age. 
Efforts are also being undertaken to define a proteomic profile 
of age-associated cardiac disease, albeit as we have previously 
noted, for numerous pragmatic reasons most studies have cho-
sen to target and define limited proteomes (e.g., mitochondrial/
organelle-specific, specific classes of protein-modification).

While a number of polymorphic gene variants of candidate-
genes in association with age-mediated cardiac diseases have 
been identified, in general these findings have been extraordi-
narily difficult to replicate and there are indications that modi-
fying genes and/or environmental and epigenetic factors 
markedly influence the effects of these genes on the expres-
sion of cardiac disease and cardiac phenotype. Newer tech-
niques of gene mapping, including very powerful haplotype 
mapping, may be applied in defining the genes involved in 
susceptibility and progression of these diseases in the elderly. 
Similarly, new techniques are urgently needed and will 
undoubtedly be developed to elucidate gene–environmental 
interactions.

In the dawning era of genomic- and post-genomic medi-
cine, although there has not been widespread practical use of 
genomic information in everyday practice, there are many 
examples of how this information is beginning to transform 
the way we look at disease states in terms of diagnosis, prog-
nosis and treatment. The gathered experience with molecular 
analysis of other non-cardiac diseases will be helpful in 
developing information to be applied to the management of 
HF including diagnosis, prognosis, and treatment response. 
We concur with others [188] that this information may not 
only be clinically useful but also helpful in advancing 
research and discovery of new drugs and translational medi-
cine. Therefore, new genomic technologies and information 

should enhance our understanding of HF and cardiomyo-
pathies, and in particular the cardiomyopathy of aging.

Although many pharmacodynamic studies have focused 
primarily on healthy older people, the pathophysiology of 
CVDs, including HF in the elderly is different than in younger 
individuals, and this may change the pharmacodynamic response 
and therapeutic outcome. In spite of the fact that most of the 
clinical trials on HF have recruited younger men (younger 
than 65 years old) with systolic dysfunction secondary to 
ischemic heart disease, in clinical practice, HF is often a syn-
drome of older women with diastolic dysfunction, perhaps 
secondary to systemic hypertension. This difference in the 
pathophysiology of the disease in aging may explain why 
the survival benefits seen with angiotensin-converting enzyme 
inhibitors and b-blockers in younger adult are reduced in older 
people, particularly older women [189, 190]. Finally, the pri-
mary goal of the pharmacogenomics of HF, should be to 
increasingly effectuate a personalized medicine defining the 
most effective treatment plan (e.g., drug regimens and dosage) 
to treat disease in patients of specific genetic backgrounds, and 
ages. Lately, great progress is being made in that direction.

Summary

During aging, a significant loss of cardiac myocytes •	
occurs, probably related to programmed cell death (apop-
tosis). The cumulative effect of this loss may result in 
significant physiological decline.
Loss in cardiomyocytes may be secondary to mitochon-•	
drial dysfunction, likely caused by chronic exposure to 
oxidative free radicals, damage to mtDNA (mutations and 
deletions) and mitochondrial membranes.
Besides cells loss, other mechanisms involved in cardiac •	
aging are: ROS and oxidative stress, inflammatory mech-
anisms/signaling, adrenergic, muscarinics, and other car-
diac G-protein-coupled receptors, SERCA, thyroid 
hormone, growth hormone and IGF-1, telomeres and 
telomere-related proteins, autophagy and cardiac aging, 
gender, genetic make-up, susceptibiliy genes, and epige-
netic/environmental factors.
Numerous genes mutations have been identified as a com-•	
mon etiological factor in the more prevalent varieties of 
cardiomyopathy, HCM and DCM, and also in the more 
rarely found phenotypes such as RCM.
Numerous genetic defects have also been implicated in •	
the pathogenesis of metabolic cardiomyopathies (often 
associated with extra-cardiac presentations) including 
mitochondrial cardiomyopathies and the cardiomyopathy 
associated with diabetes.
Defects in genes encoding sarcomeric and cytoskeletal •	
proteins have been linked to the progression of HCM, a 
number of which display age-mediated expression.
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Defects in non-sarcomeric/non-cytoskeletal genes have •	
also been associated with familial and sporadic HCM 
includes defects in metabolic regulatory genes (PRAKG2), 
signaling proteins (caveolin) and nuclear membrane 
 proteins (Lamin A/C).
Defects in genes encompassing a wide range of functions •	
have been identified in association with dilated cardio-
myopathy (DCM); a number of the associated defects 
show increased expression in the elderly.
Research in transgenic animals (primarily mice) models •	
as well as rat and hamster have resulted in informative 
models of cardiomyopathy and HF which recapitulate 
clinical phenotypes. Both loss-of-function and gain-of-
function models have been used to examine the role of 
defective metabolic, intracellular signaling and cardio-
myocyte contractile and structural components and path-
ways that can lead to cardiac dysfunction, several with 
specific aging-related phenotypic expression.
In addition to providing information concerning patho-•	
genesis, these animal models have often proved useful for 
testing new treatments of HF.
Although, most of the clinical trials of HF have recruited •	
younger men (younger than 65 years) with systolic dys-
function secondary to ischemic heart disease, in clinical 
practice HF is often a syndrome of older women with dia-
stolic dysfunction, perhaps secondary to systemic 
hypertension.
The increased use of gene profiling in hearts from sub-•	
jects with age-associated diseases such as cardiomyopa-
thy and HF has begun to define a molecular signature of 
cardiac dysfunction whose component elements can be 
informatively compared between diseases, various popu-
lations and of course, age.
Better understanding of the causes of aging-related dis-•	
eases including HF, is essential before we can even think 
if the abolition of human senescence is possible.
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Overview

Although the physiological decline occurring during aging is 
much more subtle than that observed in young people and 
adults with cardiac disease, heart failure (HF) is a disease of 
the elderly. This may be related to a significant loss of car-
diac myocytes occurring through apoptosis; this loss may be 
secondary to mitochondrial dysfunction, probably caused by 
chronic exposure to ROS, which will result in damaged 
mtDNA (mutations and deletions) and mitochondrial mem-
branes. In this chapter, we will discuss clinical aspects of HF 
in the elderly and define their etiology, pathophysiology, 
clinical presentation, diagnosis and common approaches to 
therapeutic interventions, including pharmacotherapy, and 
device and replacement therapies.

Introduction

HF is predominantly a disease of the elderly, with preva-
lence increasing from <1% in the population aged <50 to 
10% in persons over the age of 80 [1], and 80% of hospital-
izations for HF occurs in patients over 65 years [2]. In the 
aging heart, significant alterations in cardiac structure and 
function occur, and some of these changes may predispose 
an individual to the development of HF [2]. The functional 
reserve of the heart decreases with aging, and the loss of 
myocytes contributes to the attenuation of the response of 
the aging heart to sudden changes in ventricular loading [3]. 
Diastolic HF is more common in the elderly: at the age of 70 
years, almost half of all patients with HF have diastolic HF. 
Indeed, HF with preserved systolic function accounts for 
less than 10% of all HF cases in persons under the age of 65 
but more than 50% of cases over the age of 75 [4, 5]. 
Common underlying disorders in patients with diastolic HF 
are hypertension and obesity. A distinctive feature distin-
guishing HF that occurs in the elderly from the younger 
individuals is the much higher frequency of HF occurring in 
the absence of systolic dysfunction, i.e., diastolic HF or HF 
with preserved systolic function.

Pathophysiologic Considerations

The association of age and decreasing heart function has 
been amply documented. Aging is associated with significant 
alterations in cardiac structure and function, and some of 
these changes may predispose an individual to the develop-
ment of HF [3]. The changes at a whole-organ level include 
reduced vascular compliance, which increases the imped-
ance to left ventricular ejection and impairs ventricular dia-
stolic performance [6]; about one third of the cardiomyocytes 
are lost from the human heart between the ages of 17 and 90 
years [7]. Attenuated b-adrenergic responsiveness to inotro-
pic stimulation and degenerative changes in the sinoatrial 
node limit the functional reserve and, in particular, its 
response to stress. The latter impairment is exacerbated by 
mitochondrial dysfunction with reduced capacity to generate 
high-energy phosphates [6, 8]. Nevertheless, mitochondrial 
enzymatic dysfunction is unlikely to result from an aging-
induced decline in mitochondrial transcription, mtDNA 
depletion, or defective mitochondrial biogenesis. The search 
for the mechanism of mitochondrial enzyme dysfunction 
may focus on the posttranslational modification of the pro-
teins, mainly in mtDNA-encoded enzyme-subunits. It is 
worth noting that examination of all of the components 
involved in each aging-affected respiratory enzyme using 
blue native polyacrylamide gel electrophoresis (BN-PAGE) 
analysis (in which catalytic activities can be maintained) 
may distinguish amongst the possible mechanisms of enzy-
matic dysfunction [9].

In addition, mitochondrial stress response with increased 
expression of heat shock protein 60 (HSP60) and glutathione 
peroxidase (GPx), probably related to elevated ROS produc-
tion, occurs in the senescent heart and may be mediated by the 
increased transcription of NF-kB. The roles of both aging-
dependent mtDNA damage and the increased sensitivity of the 
PT pore need to be further delineated, both as indicators of 
oxidative damage and as potential stimuli or signaling events 
of downstream cellular transcriptional and apoptotic events in 
myocardial aging. Importantly, the larger context of myocar-
dial nuclear gene expression governing mitochondrial function 

Chapter 17
Heart Failure of Aging: Clinical Considerations

J. Marín-García, Heart Failure, Contemporary Cardiology, 
DOI 10.1007/978-1-60761-147-9_17, © Springer Science+Business Media, LLC 2010



342 17 Heart Failure of Aging: Clinical Considerations

needs to be considered and fully examined, given the relative 
scarcity of aging-regulation data presently available. A com-
prehensive analysis of mitochondrial events may be extremely 
useful in assessing both the individual pathway responses and 
the overall cardiac phenotype in the aging process in general 
and in HF in particular.

The cellular changes of aging are most pronounced in 
postmitotic organs (e.g., brain and heart), and abnormalities 
in the structure and function of cardiac myocytes may be the 
definitive factors in the overall cardiac aging process. As the 
heart ages, myocytes undergo hypertrophy that may be 
accompanied by intracellular changes, including mitochon-
drial-derived oxidative injury that will contribute to the over-
all cellular aging as well as to ischemia-induced tissue 
damage. Increasingly, the interaction of the cellular organ-
elles, i.e., mitochondria, endoplasmic reticulum (ER), peroxi-
somes, and lysosomes, in cellular homeostasis is considered 
to be of significance, lysosomes and mitochondria being the 
organelles that suffer the most remarkable age-related altera-
tions in postmitotic cells [10]. Linked mitochondrial and lyso-
somal defects contribute to irreversible myocyte functional 
impairment and cell death. Therefore, interactions among the 
different components of the cardiac cells must be regulated 
(e.g., mitochondria–nucleus for adequate expression of a 
number of genes, the ER–mitochondria for Ca2+ metabolism 
and peroxisomes–mitochondria for the interchange of anti-
oxidant enzymes essential in the production and decompo-
sition of H

2
O

2
), since defects in communication between 

these organelles will accelerate the aging process.

Clinical Considerations

Etiologies and Precipitating Factors

Systemic hypertension and coronary heart disease (CHD) 
account for 70–80% of HF cases at older age in the USA 
[11]. Hypertension is the most common etiology in older 
women, particularly in those subjects with preserved systolic 
function. In older men, HF can often be attributable to CHD. 
Other causes include valvular heart disease and cardiomyo-
pathy. The most common etiologies are summarized in 
Table 17.1. Furthermore, worsening of HF may be precipi-
tated by factors such as dysrhythmias, renal failure, anemia 
(see Chap. 12), infection, drugs side-effect, and by lack of 
compliance with medication and/or diet. Most importantly, 
HF in the elderly is frequently multifactorial in etiologies, 
and this fact needs to be recognized in the management of 
these patients. In addition to determining the etiologies, it is 
important to identify factors that commonly precipitate or 
contribute to HF exacerbation (Table 17.2). As discussed 
below, noncompliance with medications and diet is the most 

common cause of HF exacerbation [12]. Other contributory 
factors include myocardial ischemia, volume overload owing 
to excess fluid intake, dysrhythmias (especially atrial fibrilla-
tion), intercurrent infections, anemia, and various toxins 
including alcohol.

Clinical Presentation and Diagnostic 
Challenges

An accurate diagnosis of the HF syndrome at older age is 
complicated by the atypical symptoms and signs frequently 
displayed by older subjects. Exertional dyspnea, orthopnea, 
lower extremity edema, and impaired exercise tolerance are 
the cardinal symptoms of HF. However, with increasing age, 
often accompanied by reduced physical activity, exertional 
symptoms become less prominent [13]. Although most clini-
cal trials of therapy have studied patients with an average age 
in the mid-sixties, HF is more prevalent in the elderly, who 
bear a greater burden of co-morbidity and polypharmacy 
[14] as well as psychogeriatric comorbidities (further discus-
sion is presented in Chap. 13), health service utilization, 
functional decline, and frailty [15]. Frailty characterizes 
elderly persons in whom the ability to independently per-
form activities of daily living, such as bathing, toileting, 
dressing, grooming, and feeding, is progressively eroded, 

Table 17.1 Etiologies of heart failure in the aged population

1. Hypertensive heart disease
2. Coronary heart disease: (a) acute myocardial infarction, (b) chronic 

ischemic cardiomyopathy
3. Age-related diastolic dysfunction
4. Valvular heart disease: (a) aortic stenosis or insufficiency, (b) mitral 

valve regurgitation, (c) prosthetic valve malfunction
5. Cardiomyopathy: (a) HCM, (b) DCM/ischemic, (c) nonischemic 

(dilated), (d) restrictive

Table 17.2 Precipitants of heart failure exacerbations in the aged 
population

1. Myocardial ischemia or infarction
2. Uncontrolled hypertension
3. Dietary sodium excess
4. Noncompliance with medications/inappropriate reductions of HF 

drugs
5. Dysrhythmias: atrial fibrillation, ventricular tachy/

bradydysrhythmias
6. Pulmonary embolism
7. Intercurrent illness: fever, pneumonia/respiratory process, anemia, 

worsening renal function
8. Drugs and toxins: alcohol, antidysrhythmic agents/digitalis 

intoxication, calcium channel blockers, nonsteroidal antiinflammatory 
agents
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and these associations have ramifications on the diagnosis 
and prognosis of HF [13, 16].

Elderly patients with HF often have a clinical presenta-
tion, which is not commonly encountered in younger 
patients, and that may confound the diagnosis [16]. HF 
and cognitive impairment is becoming more prevalent in 
the aging individual and is associated with defects in the 
domains of attention, short-term memory, and executive 
function (insight, judgment, problem solving, and decision-
making), and these attributes have been closely related with 
nonadherence to treatment, accelerated functional decline, 
and even mortality [17]. Acute and fluctuating cognitive 
impairment, or delirium, can be precipitated by decompen-
sated HF. Generally underrecognized by health care pro-
viders, delirium is usually reversible, though it may persist 
well beyond hospital discharge [18]. Cognitive impairment 
can occur in patients with stable HF, and this is called 
dementia if it impinges upon independent function such as 
adherence to prescribed therapy. Also, symptoms of depres-
sion are common in HF patients [19]. Depression reduces 
quality of life, increases the risk of functional impairment, 
rehospitalization, and mortality, and may reduce adherence 
to prescribed therapy. Depression and HF share common 
clinical features in elderly patients, including weight 
gain, sleep disturbances, fatigue, poor energy, and cogni-
tive disturbances [20]. Pooled analysis has shown dimin-
ished neuropsychological performance in HF patients 
in comparison to controls. In a pooled sample of 2,937 HF 
patients and 14,848 control subjects, the odds ratio for 
cognitive impairment was 1.62 (95% confidence interval: 
1.48–1.79, p < 0.0001) among subjects with HF. These 
findings underline the need for additional systematic 
neuropsychological data and adequate neuroimaging from 
representative populations of HF patients [21].

Vogels et al. have evaluated magnetic resonance imaging 
(MRI) and cognitive performance in nondemented outpa-
tients with HF and found that medial temporal lobe atrophy 
was related to cognitive dysfunction, involving memory 
impairment and executive dysfunction, whereas white matter 
hyperintensities were related to depression and anxiety. In 
addition, disease severity and ApoE genotype were considered 
important determinants for cognitive impairment in patients 
with chronic HF [22, 23].

Biomarkers in the Diagnosis of Heart  
Failure in the Elderly

Because of the atypical presentations, the use of biomarkers 
such as B-type natriuretic peptide (BNP) in the diagnosis of 
HF in the elderly may be particularly useful. In a prospective 
study, Cournot et al. [24] evaluated 61 HF patients older than 

70 years (mean age, 82.7 years). Patients’ workup on admission 
and at discharge included clinical, radiologic, biologic, and 
echocardiographic evaluation. The median BNP level at 
admission was 1,136 pg/mL and the mean change during the 
hospitalization was −32%. Cardiac death or readmissions 
were best predicted by the change in BNP levels, with the 
poorest prognosis in patients who did not achieve a decrease 
of at least 40%. As hospitalization of elderly patients with 
decompensated HF is a common event, it appears that mea-
surements of BNP on admission and discharge provide reli-
able information on the long-term prognosis on these patients. 
Cournot et al. [25] have also evaluated whether accurate risk 
stratification can be obtained using BNP level after stabiliza-
tion on treatment, the change in BNP under optimal treat-
ment, or a combination of both. They studied 157 consecutive 
patients aged ³70 (mean 83 years) hospitalized for decom-
pensated HF. As in previous studies, these investigators 
collected clinical, radiologic, biologic, and ultrasonography 
data on admission and at discharge. The median BNP level 
on admission was 1,057 pg/mL, and the mean change during 
hospitalization was −42%. Cardiac death or readmissions 
were independently predicted by both predischarge BNP and 
the change in BNP levels. The highest event rate was observed 
in patients with both a predischarge BNP ³ 360 pg/mL and a 
decrease <50% during hospitalization compared with patients 
with a predischarge BNP < 360 pg/mL and a decrease ³50. 
The remaining patients constituted an intermediate risk group. 
Taken together, these findings suggest that predischarge BNP 
and inhospital BNP change should not be interpreted inde-
pendently from each other. The highest risk group includes 
patients with a high predischarge BNP level corresponding 
to more than half of the BNP on admission. Evidently, these 
patients may benefit from close monitoring for potential 
signs of cardiac decompensation.

Interleukin-6 (IL-6) is another prognostic marker that 
may be useful in the assessment of HF in the elderly. 
Previously, increased proinflammatory cytokines have mainly 
been studied in younger patients with HF. Haugen et al. [26] 
have evaluated if inflammation was equally important in the 
progression of HF in the elderly, as it has been previously 
reported in younger patients, and also if cytokine level can 
predict mortality in elderly HF patients. Cytokine profile in 
an elderly patient group with severe HF (n = 54, age of 
80.1 ± 5.0 years, New York Heart Association (NYHA) class 
III or IV) was compared with that of age-matched healthy 
individuals (n = 70). Of the 54 study patients, 46% were 
hypertensive, 54% had CAD, 43% had atrial fibrillation (AF), 
and 24% had a previous stroke. One-year mortality was 24%. 
Their results revealed increased levels of IL-6, tumor 
necrosis factor-a (TNF-a) and epidermal growth factor in 
the HF patients compared with those in the control group. 
IL-6, TNF-a and vascular endothelial growth factor were 
significantly increased in those who died within 1 year. 
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Further logistic regression analyses showed that IL-6 was 
the only significant predictor of 1-year mortality. While in a 
subgroup of HF patients with AF, there were also significant 
cytokine activations; in patients with associated ischemia or 
diabetes, cytokines were less activated. This study revealed 
that in octogenarian HF patients there were significant increases 
of inflammatory cytokines that were associated with mortality, 
and IL-6 was the only cytokine able to predict 1-year mortality. 
In addition, cytokine activation was more pronounced in the 
subgroup of patients with HF and associated AF.

Pharmacological Therapy

In contrast to HF with a low ejection fraction, there is no defin-
itive evidence-based treatment for HF with preserved ejection 
fraction. The overall survival of patients with HF and reduced 
ejection fraction (EF) seems to significantly improve over 
time; in contrast, no such improvement has been seen among 
patients with HF-preserved ejection fraction (PEF). Das et al. 
[27] recently evaluated two large randomized clinical trials 
completed in HF-PEF patients that did not achieve a statistical 
significance in benefit of renin–angiotensin system blockade 
on their primary combined endpoints of morbidity and mortal-
ity. Both trials, however, suggested a benefit of the angiotensin 
receptor and angiotensin-converting enzyme (ACE) blockade 
on HF hospitalization. Furthermore, no clear benefit of 
b-blockers was demonstrated specifically in patients with 
HF-PEF. Thus, current therapeutic recommendations for 
HF-PEF are mostly aimed at symptomatic management and 
treatment of concomitant comorbidities. On the other hand, in 
their evaluation of a nationwide sample of 13,533 eligible 
Medicare beneficiaries aged ³65 years who were hospitalized 
with a primary discharge diagnosis of HF and had chart docu-
mentation of preserved left ventricular ejection fraction 
between April 1998 and March 1999 or between July 2000 
and June 2001, Shah et al. [28] found that irrespective of total 
cholesterol level or CAD status, diabetes, hypertension, and 
age, statin therapy was associated with significant differences 
in mortality rates. Similarly, angiotensin-converting enzyme 
inhibitors were associated with better survival at 1 year and 3 
years, and b-blocker therapy was associated with a nonsignifi-
cant trend at 1 year and significant survival benefits at 3 years. 
Altogether, their data demonstrated that statins, angiotensin-
converting enzyme inhibitors, and b-blockers are associated 
with better short- and long-term survival in patients ³65 years 
with HF-PEF. To ascertain if above therapies are beneficial to 
aging patients in HF-PEF, we are looking for the results of 
ongoing, and new, clinical trials assessing the inhibition of the 
angiotensin and the aldosterone receptors (Table 17.3).

Besides the ongoing general clinical trials on inhibition of 
the angiotensin and the aldosterone receptors in HF-PEF 

mentioned earlier, a small number of randomized trials of 
therapies have been conducted specifically in the elderly 
populations. This, together with a multitude of data from 
observational data sets, suggests that most recommenda-
tions on HF therapies are applicable to elderly patients. 
Observational data suggest that ACE inhibitor use in elderly 
HF patients may preserve cognition, slow functional decline, 
and reduce hospitalizations and perhaps mortality, even in 
patients with relative contraindications such as mild to mod-
erate renal impairment [33]. The b-blocker nebivolol has 
been studied in over 2,000 patients ³70 years with clinical 
evidence of HF, regardless of ejection fraction (EF) [34]. 
After follow-up of less than 2 years, a significant benefit for 
nebivolol was seen with reduction of the combined primary 
endpoint of mortality and cardiovascular hospitalization. 
The Japanese Diastolic Heart Failure Study assessed the 
effects of the b-blocker carvedilol in 800 elderly Japanese 
patients with HF and documented EF > 40% [35].

Therapies at correcting mitochondrial defects, including 
ROS and FAO metabolism present in the aging and in the 
failing heart, have also been suggested. For example, supple-
ments of acetyl-l-carnitine (ALCAR) and (R)-alpha-lipoic 
acid may improve myocardial bioenergetics and decrease the 
oxidative stress (OS) associated with aging [36]. Old rats fed 
with ALCAR have shown a reversal of the age-related decline 
in carnitine levels and improved mitochondrial fatty acid 
b-oxidation in a number of tissues studied. However, ALCAR 
supplementation does not appear to reverse the age-related 
decline in the cardiac antioxidant status and may not improve 
the indices of OS. Lipoic acid, a potent thiol antioxidant and 
mitochondrial metabolite, appears to increase low molecular 
weight antioxidants, decreasing the age-associated oxidative 
insult. Seemingly, ALCAR along with lipoic acid may be 
effective supplemental regimens to maintain myocardial 
function in aging. Moreover, the lipophilic antioxidant and 
mitochondrial redox coupler coenzyme Q

10
 may have the 

potential to improve energy production in the aging and 

Table 17.3 Outcome trials in patients with heart failure and preserved 
systolic function

Name Agent Outcome

PEP-CHF [29] Perindopril Neutral
CHARM-preserved [30] Candesartan Neutral
I-PRESERVE [31] Irbesartan Neutral
SENIORS [32] Nebivolol Positive
TOPCAT Spironolactone Ongoing
PEP-CHF the perindopril in elderly people with chronic heart failure; 
CHARM-Preserved candesartan in heart failure assessment of reduc-
tion in mortality and morbidity-preserved systolic function arm; 
I-PRESERVE irbesartan in patients with heart failure and preserved 
ejection fraction; SENIORS study of the effects of nebivolol interven-
tion on outcomes and rehospitalization in seniors with heart failure; 
TOPCAT treatment of preserved cardiac function heart failure with an 
aldosterone antagonist
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failing heart mitochondria by bypassing defective compo-
nents in the respiratory chain, as well as by reducing the 
effects of OS. Studies in rats and human have suggested that 
coenzyme Q

10
 protects the aging heart against stress [37].

Elderly patients are vulnerable to adverse drug events 
(ADE), due to the growing complexity of medication regi-
mens, age-related physiologic changes, and a higher burden of 
co-morbid illnesses. Cardiovascular medications are fre-
quently associated with ADE in the elderly [38]. Digitalis tox-
icity can occur at therapeutic serum levels [39]. Falls constitute 
common clinical presentations of ADE in the elderly, often 
from postural hypotension (Table 17.4). In randomized trials 
of drug treatment for HF, titration to target doses is less fre-
quently successful in older patients due to higher side-effect 
rates. As such, care must be taken with titration of medications 
to target doses in order to avoid ADE. In particular, orthostatic 
hypotension is a frequent side-effect in elderly patients, but if 
recognized, and managed, can be controlled in order to allow 
for use of evidence-based therapies. Cardiovascular medica-
tions in general, and HF medications specifically, are under-
prescribed in the elderly patients, despite the observation that 
because of higher event rate, the absolute benefit of evidence-
based therapies may be greatest in the elderly [40].

Disease Management Programs  
for Heart Failure in the Elderly

Several systematic reviews support the role of HF manage-
ment programs in elderly HF patient populations [41]. While 
active involvement of caregivers in patient monitoring and 
medication adjustment is common to studies showing benefit, 
the optimal way of providing HF management remains 
controversial. The precise design of such care delivery sys-
tems depends in part upon local resources and infrastructure. 
Comprehensive geriatric assessment, shown to improve 
function, prevent hospitalization and institutionalization, 
reduce the risk of adverse drug reactions, and improve sub-
optimal prescribing, may have a role to play in the manage-
ment of frail elderly patients with HF.

The occurrence of diabetes mellitus and renal insuffi-
ciency in older HF patients portends a significantly worse 

prognosis and a greater likelihood of adverse drug events. 
There exists a potential for contradictory recommendations 
when these comorbidities are managed in separate settings. 
Conflicting advice from multiple care providers can result in 
patient confusion, nonadherence, and adverse outcomes. For 
example, recommendations to limit diuretic use in order to 
maintain renal function, or dietary advice for controlling 
blood glucose that results in increased sodium intake, may 
lead to worsening HF symptoms. An integrative approach to 
care is required, based on shared therapeutic goals and 
involving all care providers, and including the primary care 
physician and the patient.

Recently, it had been noted that the process of assessing 
health-related quality of life (HRQoL) in elderly patients 
with HF and quality-adjusted life year (QALY) weights is 
complicated and time-consuming. Alehagen et al. have [42] 
evaluated NYHA functional status of 323 elderly HF patients 
independently, both by the patients themselves and by the 
examining cardiologist. HRQoL was assessed using the 
Short Form (SF)-36 questionnaire and a time trade-off (TTO) 
scenario. The TTO technique generates direct QALY weights. 
Both the TTO technique and SF-36 values demonstrated a 
statistically significant correlation with NYHA functional 
status. The TTO values also correlated with all SF-36 dimen-
sions. Increasing deterioration was associated with statisti-
cally significant drops in both SF-36 values and TTO-based 
QALY weights. From NYHA class I–IV symptom the QALY 
weights were 0.77, 0.68, 0.61, and 0.50, respectively. In sum, 
in elderly patients, symptoms of HF have a significant impact 
on perceived quality of life.

Device and Cardiac Replacement  
Therapy in the Elderly

Cardiac resynchronization therapy (CRT) with or without 
concurrent use of implantable cardioverter defibrillator (ICD) 
is now a widely used treatment modality both for primary 
and secondary prevention in HF patients. There are still lim-
ited data on the impact of this type of device therapy in the 
elderly as most large-scale efficacy trials either excluded the 
very elderly patients, or the number of elderly patients studied 
was small. Bleeker et al. have studied the effects of CRT in 
elderly patients [43]. This study included 170 consecutive 
patients whose clinical and echocardiographic changes were 
evaluated after 6 months of follow-up. Survival was evalu-
ated up to 2 years. The effects of CRT in elderly patients 
(age >70 years) were compared with those in younger 
patients (age <70 years). After 6 months of follow-up, CRT 
was beneficial in both groups, as reflected by improvements 
in clinical and echocardiographic parameters. Moreover, the 
magnitude of improvement was comparable between the two 

Table 17.4 Atypical clinical features of heart failure in the frail elderly

Symptoms Signs

Delirium Ankle edema: may reflect venous insufficiency, 
drug effects and malnutrition

Falls Sacral edema
Sudden functional  

decline
Rales/crackles are nonspecific

Sleep disturbances
Nocturia
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groups in clinical (NYHA class, quality-of-life score, and 
6-min walking distance) and echocardiographic parameters 
(improvement in LV ejection fraction and extent of LV 
reverse remodeling). In addition, the number of nonre-
sponders was comparable between the patients aged <70 
years (25%) and those aged ³70 years (22%), and survival 
was not different between the two groups.

More recently, in a prospective observational study, 
Delnoy at al. [44] evaluated the clinical and echocardio-
graphic response to CRT in a group of 107 elderly (age >75 
years) patients. Echocardiographic and clinical parameters 
were assessed at baseline and at 3, 12, and 24 months. Data 
were compared with a group of patients £75 years of age 
(mean 67 years). Clinical baseline characteristics between 
the two groups were comparable. At follow-up, similar and 
sustained improvement were observed in both groups based 
on NYHA class, quality of life score, and left ventricular 
(LV) ejection fraction. Clinical response, defined as survival 
with improvement (³1 score) of NYHA class without hospi-
tal admission for HF, was seen in 67% and 69% (group aged 
£75 years) versus 65 and 60% (group aged >75 years) after 
3 months and 1 year, respectively. Reverse LV remodeling 
was observed in 79 and 87% (group aged £75 years) versus 
71 and 79% (group aged >75 years) after 3 months and 1 year, 
respectively. Hospitalization for HF decreased significantly 
in both groups in the year after CRT. Significant improve-
ment in NYHA class and LV ejection fraction was also 
observed in a subgroup of 39 octogenarians (>80 years) 
with similar LV reverse remodeling (75 and 84%) after  
3 months and 1 year, respectively. Thus, this study showed 
that clinical and echocardiographic improvement of CRT 
occurred in patients aged >75 years and even in octogenarians. 
Moreover, as ventricular assist device technology improves, 
it may be used to complement heart transplantation to avoid 
immunosuppression and its side-effect of malignancy in 
older patients with advanced HF.

To address the use of CRT outside clinical trials, Piccini 
et al. (“Get With The Guidelines-Heart Failure” program) 
[45] evaluated the use of CRT in patients admitted to a hos-
pital with HF. From a group of 33,898 patients admitted to 
one of the 228 participant hospital between January 2005 
and September 2007, 4201 patients (12.4%) were discharged 
alive with CRT, including 811 new implants. Patients discharged 
with CRT were older (median age, 75 versus 72 years), 
sicker, had lower median LVEF, had more frequent isch-
emic cardiomyopathy, dysrhythmias, and higher use of 
b-blocker and aldosterone antagonist than those without 
CRT. The conclusion was that although CRT is a class I rec-
ommendation for patients with LV dysfunction, QRS prolon-
gation, and class III to IV HF, significant variations exist for 
CRT therapy by hospital and region of the country and appear 
to be influenced by patient age and race. Interestingly, 10% 
of patients with a new CRT had a LVEF >35% before implan-

tation (6% had a LVEF of 40%) suggesting a potential over-
use of CRT in some patient groups since this therapy is 
currently recommended only for patients with LVEF £ 35%, 
as a result of a lack of randomized trial data in patients with 
preserved systolic function. As pointed out by McAllister in 
his recent editorial [46], although it is possible that some 
CRT implants in cases with less severe systolic dysfunction 
were done prophylactically (to prevent worsening systolic 
function in patients who required a right ventricular pace-
maker for bradydysrhythmias), the 10% proportion raised 
the suspicion of CRT overuse. Clearly, to understand the rea-
sons for the variations in CRT use at the patient, physician, 
and hospital levels and being able to implement programs to 
improve the awareness and promotion of evidence-based use 
of medical devices in HF further research is warranted.

Since heart transplantation has become a highly success-
ful therapeutic option for patients with end-stage HF, the cri-
teria for patient selection, including recipients’ upper age 
limits have been expanded, with an increasing number of 
people older than 60 years of age now undergoing transplan-
tation. Several studies have now reported similar long-term 
survival rate in patients transplanted at age >60 versus 
patients transplanted at younger age [47–49]. Older trans-
plant recipients have equal or less rejection episodes [50] but 
may have equal or higher rate of infection and transplant 
CAD [51].

The long-term outcomes of heart transplantation in older 
recipients have been recently evaluated by Marelli et al. [52] 
in a cohort of 182 patients aged 62–75 years (mean ± SD: 
66.3 ± 11.4 years) operated at a single institution. They were 
compared with a control group of 348 adult recipients aged 
18–62 years (mean ± SD: 48.2 ± 11.4 years). All recipients in 
this consecutive cohort had a follow-up of at least 5 years. 
End-points studied were Kaplan–Meier survival, freedom 
from dialysis, and freedom from malignancy at 100 months. 
Follow-up was 100% at 100 months. At 100 months, survival 
for the elderly was 55% (46 remaining at risk) and 63% (102 
remaining at risk) for controls (p = 0.051, log-rank test). 
Retransplant and dialysis, but not recipient age or malig-
nancy, were predictive of survival by regression analysis. 
Freedom from malignancy at 100 months was 68% for the 
elderly and 95% for controls. Age predicted malignancy by 
regression analysis. At 100 months, freedom from dialysis 
was 81% for the elderly and 87% for controls with preopera-
tive creatinine, but not age, predicting the need for dialysis. 
Taken together, these data showed that the long-term survival 
of older heart transplant recipients although acceptable is 
significantly lower than in young recipients. Furthermore, 
the increased risk of renal failure and malignancy among 
elderly patients likely influences the difference in survival 
observed between the two groups.

Recently, the United Network for Organ Sharing (UNOS) 
database has been retrospectively reviewed by Weiss et al. 
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[53]. They identified 14,401 first-time orthotopic heart trans-
plantation (OHT) recipients between the years 1999 and 2006. 
Stratification was carried out by age into those ³60 years 
(30%) and younger patients aged 18–59 years. The primary 
end-point was all-cause mortality during the study period. 
Secondary outcomes included length of hospital stay (LOS), 
postoperative stroke, postoperative infections, acute renal fail-
ure and rejection within 1 year of transplant. The elderly group 
had higher serum creatinine levels, longer wait list time, and 
were more likely to have hypertension (HTN) or diabetes mel-
litus (DM). Survival at 30 days, 1 year, and 5 years was 94, 87, 
and 75%, respectively, for the young group, and 93, 84, and 
69%, respectively, for the older group. Multivariate analysis 
revealed age ³60 years, donor age, ischemic time, creatinine, 
HTN, and DM to be independent predictors of mortality. Older 
patients had more infections and longer LOS but had lower 
rates of rejection as compared to younger recipients. As 
observed by these investigators, the UNOS database has pro-
vided a large multiinstitutional sample examining OHT in the 
elderly and while the survival in patients ³60 years of age is 
lower than in younger one, the cumulative 5-year survival in 
the older group close to 70% is acceptable. Thus, OHT should 
not be restricted on the basis of age.

Conclusions and Future Directions

The increased use of gene profiling in hearts from subjects 
with age-associated diseases such as cardiomyopathy and 
HF has begun to define a molecular signature of cardiac dys-
function whose component elements can be informatively 
compared between diseases, various populations (e.g., ethnic/
racial, gender), a variety of treatment regimens (e.g., LV 
assist devices, pharmacological treatments), and of course 
age. Efforts are also being undertaken to define a proteomic 
profile of age-associated cardiac disease; albeit for numerous 
pragmatic reasons, most studies have chosen to target and 
define limited proteomes (e.g., mitochondrial/organelle-
specific, specific classes of protein modification).

Many pharmacodynamic studies have focused primarily on 
healthy older people; however, the pathophysiology of CVDs, 
including HF in the elderly, is different than in younger people, 
and this may change the pharmacodynamic response and 
therapeutic outcome. Although, most of the clinical trials of 
HF have recruited younger men (younger than 65 years old) 
with systolic dysfunction secondary to ischemic heart disease, 
in clinical practice, HF is often a syndrome of older women 
with diastolic dysfunction, perhaps secondary to systemic 
hypertension. This difference in the pathophysiology of the 
disease in aging may explain why the survival benefits seen 
with angiotensin-converting enzyme inhibitors and b-blockers 
in younger adults are reduced in older people, particularly 

older women [54, 55]. Importantly, the primary goal of phar-
macogenomics of HF should be to develop a personalized 
medicine that could define the most effective treatment plan 
(e.g., drug regimens and dosage) to treat disease in patients of 
specific genetic backgrounds and age.

Looking forward, it is noteworthy that studies with trans-
genic animals (primarily mice) and genetic models in the rat 
and hamster have provided invaluable models of cardiomyo-
pathy and HF, which recapitulate the clinical phenotypes. 
Both loss-of-function and gain-of-function models have been 
used to examine the role of defective metabolic, intracellular 
signaling and cardiomyocyte contractile, and structural com-
ponents and pathways that can lead to cardiac dysfunction, a 
number with specific aging-related phenotypic expression. 
Furthermore, besides providing information concerning the 
pathogenesis, these animal models have often proved useful 
as substrates for testing new therapies of HF. Finally, increas-
ing experience with molecular analysis of other noncardiac 
diseases will be helpful in developing information to be 
applied to the management of HF, including diagnosis, prog-
nosis, and treatment response. This information may not 
only be clinically useful but also helpful in advancing the 
research and discovery of new drugs and translational 
medicine [56]. Therefore, new genomic technologies and 
information should enhance our understanding of HF and 
cardiomyopathies, particularly the cardiomyopathy and HF 
occurring with aging.

Summary

Heart failure (HF) is predominantly a clinical syndrome •	
of aging, with prevalence increasing from nearly 1% in 
the population age <50 to over 10% in persons over the 
age of 80, with 80% of hospitalizations for HF found in 
patients over age 65.
HF in the elderly is frequently multifactorial in etiologies •	
with common etiologies including hypertensive heart dis-
ease, coronary artery disease (CAD), age-related diastolic 
dysfunction, valvular heart disease, and cardiomyopathy.
Factors that commonly precipitate or contribute to exac-•	
erbation of HF in the elderly include myocardial ischemia, 
dietary sodium excess, noncompliance with medications, 
volume overload owing to excess fluid intake, arrhyth-
mias (especially atrial fibrillation), intercurrent infections 
and fever, anemia and various drugs, and toxins including 
alcohol and antiarrhythmic agents.
While exertional dyspnea, orthopnea, lower extremity •	
edema, and impaired exercise tolerance are cardinal 
symptoms of HF, with reduced physical activity often 
found in increasing age, exertional symptoms become 
less prominent.
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A prominent feature that distinguishes HF in the elderly •	
from the younger individuals is a much higher frequency 
of HF occurring in the absence of systolic dysfunction, 
i.e., diastolic HF or HF with preserved systolic function.
Elderly patients with HF often have atypical clinical pre-•	
sentation, not found in younger patients, with cognitive 
impairment, defective short-term memory, and executive 
dysfunction, and these features have been associated with 
nonadherence to treatment, accelerated functional decline, 
and mortality.
Approaches to HF treatment in the elderly include phar-•	
macotherapy, cardiac resynchronization therapy (CRT) 
with or without concurrent use of implantable cardio-
verter defibrillator (ICD), and heart transplantation for 
end-stage disease.
Some CRT implants in cases with less severe systolic dys-•	
function may have been done prophylactically.
Besides providing information concerning the pathogen-•	
esis, animal models have often proved useful as substrates 
for testing new therapies of HF.
New genomic technologies and information should •	
enhance our understanding of HF and cardiomyopathies, 
particularly the cardiomyopathy and HF occurring with 
aging.
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Overview

The evaluation of symptomatic patients with suspected 
heart failure (HF) is directed at confirming the diagnosis, 
determining the cause, identifying concomitant illnesses, 
establishing the severity of HF, and guiding therapy. 
However, HF is a clinical diagnosis, and no single test can 
establish its presence or absence. The diagnosis of HF is 
therefore made when symptoms and signs of impaired  
cardiac output and/or volume overload are documented in 
the setting of abnormal systolic and/or diastolic cardiac 
function. The cardinal triad of edema, fatigue, and dyspnea 
are neither sensitive nor specific manifestations of HF, and 
atypical presentations of HF should always be recognized, 
particularly when evaluating women, obese patients, and 
the elderly. A focused clinical history and physical exami-
nation should be performed in all patients and initial inves-
tigations should be targeted to confirm or exclude HF as the 
diagnosis and to identify systemic disorders (e.g., thyroid 
dysfunction) that may impact on its development or pro-
gression. Measurement of plasma biomarkers including 
natriuretic peptides, such as B-type natriuretic peptide 
(BNP), is likely to become more widely available and is 
helpful as low levels are useful in excluding HF and high 
levels can confirm HF in patients presenting with dyspnea, 
when the clinical diagnosis remains uncertain. Two-
dimensional and Doppler echocardiography are the initial 
imaging modalities of choice in patients suspected to have 
HF as they assess systolic and diastolic ventricular func-
tion, wall thickness, chamber sizes, valvular function, and 
pericardial disease. Radionuclide angiography is useful in 
patients whose echocardiographic images may be poor 
(e.g., obese patients, patients with emphysema).

Cardiac catheterization with hemodynamic measurements 
and contrast ventriculography, or magnetic resonance imag-
ing when available, may be used in specific cases where ini-
tial non-invasive tests are inconclusive. When coronary artery 
disease (CAD) is suspected, non-invasive testing, such as 
radionuclide perfusion imaging or stress echocardiography, 
is useful to ascertain the presence or extent of myocardial 

infarction, ischemia, or viability that may warrant further 
evaluation. Coronary angiography should also be considered, 
especially in those who have angina or positive non-invasive 
tests and are candidates for revascularization. Endomyocardial 
biopsy is not recommended in the routine evaluation of HF; 
it has limited diagnostic value except in suspected rare disorders 
such as infiltrative or inflammatory myocardial diseases. 
Patients with CAD, hypertension, diabetes mellitus, exposures 
to cardiotoxic drugs, alcohol abuse, or family history of cardio-
myopathy are at high risk for HF and may benefit from primary 
screening.

Introduction

HF can be defined as an inability of the myocardium to 
deliver sufficient oxygenated blood to meet the needs of tis-
sues and organs during exercise or at rest. Because diagnos-
tic criteria for this clinical syndrome remain ill defined, the 
actual prevalence is difficult to determine. The spectrum of 
patients who may be suspected of having HF ranges from 
those who are asymptomatic but at high risk for HF (i.e., 
patients who have CAD, hypertension, diabetes mellitus, 
obesity, exposure to cardiotoxic drugs, or familial history of 
cardiomyopathy) to those with overt signs and symptoms of 
HF. The American College of Cardiology and the American 
Heart Association identify four stages in the progression of 
HF [1]. Patients in stage A have no structural abnormalities 
but are at high risk for HF. In stage B, patients are asymp-
tomatic but have structural heart disease. Patients in stage C 
have structural abnormalities and past or present HF. In stage 
D, patients have end-stage HF and require mechanical circu-
latory support, infusion of inotropic agents, cardiac trans-
plantation, or hospice care. The fact that patients can progress 
from asymptomatic left ventricular dysfunction, i.e., stage B, 
to progressive HF, i.e., stages C and D; the high morbidity 
and mortality rates associated with the condition; and the 
fact that early treatment can delay the onset of overt HF 
have raised questions about the need to screen patients for 
HF [2]. General screening of the general population cannot 
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be recommended at present [3]. However, screening echocar-
diography may be appropriate in selected patients who are at 
high risk for developing systolic dysfunction, such as patients 
with a strong family history of cardiomyopathy and patients 
with exposure to cardiotoxic drugs, although the prevalence 
of these patients is unclear at this point [1]. This chapter will 
focus on the diagnosis of HF from an evidence-based 
perspective.

General Considerations Relevant  
to the Diagnosis of Heart Failure

Confirming the diagnosis of HF may also involve determining 
the cause, identifying concomitant illnesses, establishing the 
severity of disease, and guiding subsequent therapy, which 
requires an understanding of the etiologies and forms of HF. 
The pathophysiology of HF has been discussed in other chap-
ters. In brief, normal myocardial function requires sufficient 
nutrient-rich, toxin-free blood at rest and during exercise; 
sequential depolarization of the myocardium; normal myocardial 
contractility during systole and relaxation during diastole; nor-
mal intracardiac volume before contraction (preload); and 
limited impedance to the flow of blood out of the heart (after-
load). The capacity of the heart to adapt to short-term changes 
in preload or afterload is substantial, but sudden or sustained 
changes in preload (e.g., acute valvular regurgitation, exces-
sive intravenous hydration), afterload (e.g., aortic stenosis, 
severe uncontrolled hypertension), or demand (e.g., severe 
anemia or hyperthyroidism) may lead to progressive failure of 
myocardial function. Asymptomatic cardiac dysfunction can 
progress steadily to overt HF.

The list of etiologies of HF that are commonly encoun-
tered in clinical practice is shown in Table 18.1. CAD 
accounts for nearly 75% of all cases of HF [4], followed by 
diabetes mellitus and valvular heart disease. HF can also be 
multifactorial, i.e., the syndrome can result from acute myo-
cardial infarction (loss of myocardial contractility) with pap-
illary muscle dysfunction (increased preload) and acute 
pulmonary edema (hypoxemia). HF phenotypes may be clas-
sified based on the role of diastolic or systolic dysfunction 
and based on the anatomic area of involvement (Table 18.2). 
The types of HF resulting from systolic dysfunction include 
high output HF, low cardiac output syndrome, right HF, left 
HF, and biventricular failure. High output HF occurs when 
the demand for blood exceeds the capacity of an otherwise 
normal heart to meet the demand. This type of HF may 
occur in patients with severe anemia, arteriovenous malfor-
mations with shunting of blood, or hyperthyroidism. Patients 
with low cardiac output syndrome have fatigue and loss of 
lean muscle mass as their most prominent symptoms, but they 
also may have dyspnea, impaired renal function, or altered 

mental status. Right heart failure (RHF) is characterized by 
peripheral edema, whereas left heart failure is characterized 
by pulmonary congestion; both systemic and pulmonary 
congestion are present in patients with biventricular HF. 
RHF is a more specific form of HF as it relates to diagnosis 
and management and is therefore considered in more detail 
in this chapter.

Table 18.1 Etiologies of heart failure

Common
Coronary heart disease
Hypertension
Idiopathic
Diabetes mellitus
Valvular disease
Less common
Anemia
Connective tissue disease
Viral myocarditis
Hemochromatosis
Human immunodeficiency virus infection
Hyperthyroidism, hypothyroidism
Hypertrophic cardiomyopathy
Infiltrative disease (including amyloidosis and sarcoidosis)
Mediastinal radiation
Peripartum cardiomyopathy
Restrictive pericardial disease
Tachyarrhythmia
Toxins (including drugs and alcohol)
Trypanosomiasis (Chagas’ disease)

Table 18.2 Classification of heart failure phenotypes

Diastolic dysfunction/
preserved systolic 
function

Normal myocardial contractility, left 
ventricular volume and ejection fraction; 
impaired relaxation; diminished early 
diastolic filling

Systolic dysfunction Absolute or relative impairment of 
myocardial contractility, low ejection 
fraction

High output heart 
failure

Bounding pulses, wide pulse pressure, 
accentuated heart sounds, peripheral 
vasodilatation, increased cardiac output 
and ejection fraction, moderate 
four-chamber enlargement

Low output syndrome Fatigue, loss of lean body mass, prerenal 
azotemia, peripheral vasoconstriction, 
reduced left or right contractility

Right heart failure Dependent edema, jugular venous  
distention, right atrial and ventricular 
dilatation, reduced right-sided 
contractility

Left heart failure Dyspnea, pulmonary vascular congestion 
reduced left-sided contractility

Biventricular failure Dyspnea, dependent edema, jugular venous 
distention, pulmonary vascular 
congestion, bilateral reduced 
contractility
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RHF is a clinical syndrome that occurs when the right 
ventricle (RV), due to systolic and/or diastolic dysfunction, 
is unable to produce adequate cardiac output for the needs 
of the individual, or is unable to do so with normal filling 
pressures. RHF may occur as pure right-sided failure 
(uncommon), or in association with left-sided failure (less 
common). Recent reviews and working groups have described 
in detail normal and abnormal function and disease states of 
the right ventricle [5]. In order for diagnosis of RHF to be 
made, at least two features should be present:

 1. Signs and symptoms consistent with RHF
 2. Objective evidence of abnormal right-sided cardiac struc-

ture or function or elevated filling pressure

The etiology of RHF is shown in Table 18.3. The clinical 
presentation of RHF is variable but typically involves 
exercise limitation, fatigue, and evidence of systemic venous 
congestion. This falls into three general categories:

 1. Fluid retention (ascites, peripheral edema)
 2. Exercise intolerance and fatigue (low cardiac output, 

diastolic and systolic dysfunction)
 3. Hypotension (especially with atrial and ventricular 

 dysrhythmias, low cardiac output).

In addition, gastrointestinal symptoms, including anorexia, 
bloating, nausea, and constipation, may be present and are 
common in the advanced stages. There are also several 
conditions, which may give rise to suspicion of RHF, including 
liver cirrhosis, nephrotic syndrome, and renal failure with 
significant volume overload. These conditions should be 
excluded before ascribing the clinical presentation as primarily 
due to RHF.

The underlying pathophysiology in RHF may include 
venous congestion, RV enlargement, increased pulmonary 
artery pressures, and tricuspid or pulmonary valvular dys-
function. These are in turn suggested by several physical 
examination findings. Most often an abnormal jugular 
venous pressure is seen, which may represent reduced RV 
compliance and/or venous hypertension. In more severe 
cases, pitting sacral or peripheral edema will be present, as 
may liver enlargement, tenderness and ascites. RV enlarge-
ment is manifested through a palpable impulse (lift or 
heave) present along the left sternal border while a palpable 

pulmonary artery pulsation at the left upper sternal border 
may be present in the setting of significant pulmonary 
artery dilatation. With pulmonary arterial hypertension, 
the pulmonary valvular closure sound may be delayed, 
resulting in increase splitting of the second heart sound, or 
increased in intensity or even palpable. If pulmonary regur-
gitation is present with normal pulmonary pressure, a low-
pitched and variable length pulmonary decrescendo 
murmur may be present at the left sternal border. In the 
setting of pulmonary hypertension a high-pitched Graham-
Steele murmur is heard. Tricuspid regurgitation, when 
audible, is usually heard as a regurgitant type murmur 
heard at the left lower sternal border. A right-sided S3 may 
be present and increases with inspiration, as do nearly all 
right-sided heart sounds, extracardiac sounds, and murmurs. 
Table 18.4 includes several clinical and diagnostic abnor-
malities associated with RHF with or without pulmonary 
hypertension.

Clinical Evaluation of Patients  
with Heart Failure

HF is a clinical syndrome, no single test can establish its 
presence or absence, and clinical evaluation remains the 
most important initial step in the diagnosis of HF. In patients 
with this condition, the most frequent clinical findings are 
related to decreased exercise tolerance or fluid retention 
[6, 7]. Decreased exercise tolerance typically presents as 
dyspnea or, much less commonly, fatigue on exertion. Fluid 
retention results in orthopnea, rales, elevated jugular venous 
pressure, dependent edema, and the typical radiographic 
findings of cardiomegaly, pulmonary edema, and pleural 
effusion. There currently are no validated clinical decision 
rules to estimate the contribution of each of these findings to 
HF. Nearly all patients with HF present with dyspnea. Thus, 
the absence of dyspnea makes HF highly unlikely (sensitivity 
> 95%), and alternative explanations for the patient’s symp-
toms should be sought first. It is important to note that HF is 
present in only about 30% of patients who present with dys-
pnea in the primary care setting. Other common causes of 
dyspnea in adult primary care patients include asthma (33%), 
chronic obstructive pulmonary disease (9%), dysrhythmia 
(7%), infection (5%), interstitial lung disease (4%), anemia 
(2%), and pulmonary embolism (<2%) [8]. Accordingly, 
30% is a reasonable pretest estimate of the probability of HF 
with or without systolic dysfunction in patients presenting 
with dyspnea in the primary care setting. In patients with 
dyspnea, a focused history and physical examination, com-
bined with selected diagnostic testing, can identify HF [1, 6, 
7, 9]. This diagnostic approach, which avoids unnecessary 

Table 18.3 Causes of Right Heart Failure

1. As a consequence of increased afterload, including left HF and 
pulmonary arterial hypertension

2. RV myopathic process, RV infarction and restrictive heart disease
3. Right-sided valvular heart disease
4. Congenital heart disease and surgical residua
5. Pericardial diseasea

RV right ventricle; RHF right heart failure
aMimic of RHF
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testing and expense, is guided by the sensitivity and specificity 
of various clinical findings (see Table 18.5) [6, 7, 9, 10]. 
Thus, a history of myocardial infarction (MI) is of limited 
value in advancing the diagnosis of HF where a positive his-
tory only slightly increases the probability of HF and a nega-
tive history is associated with only a small decrease in 
probability. Likewise, dependent edema provides minimal 
help in diagnosing HF. If present, hepatojugular reflux 
increases the likelihood of HF moderately; absence of this 
finding does little to reduce the likelihood of HF [7, 10]. HF 
can be ruled in if jugular venous distention, displacement of 
cardiac apical pulsation, or a gallop rhythm is present (speci-
ficity ³95%); however, absence of these findings is of limited 
help in ruling out HF. It is important to note that the ability to 
detect physical findings of HF depends on proper technique 
and the skill of the examiner [10]. Chest roentgenogram 
(CR) and electrocardiogram (EKG) should be obtained in 
patients with dyspnea and suspected HF. A normal CR mar-
ginally decreases the probability of HF and helps identify 
pulmonary causes of dyspnea. A normal EKG makes HF 

unlikely (sensitivity 94%). If both the EKG and CR are 
normal, HF is highly unlikely (sensitivity 90%), and other 
etiologies should be entertained [6, 9]. With regard to the 
EKG, the probability of HF is increased by anterior Q waves 
or left bundle branch block on the EKG. Therefore, patients 
with dyspnea and suggestive abnormalities on the EKG or 
CR should undergo natriuretic peptide testing, if available 
and/or two-dimensional echocardiography with Doppler 
flow studies. The echocardiogram is the diagnostic standard 
for identifying both systolic and diastolic dysfunction. 
Radionuclide angiography or contrast cineangiography may 
be helpful if the echocardiogram is equivocal or technically 
inadequate but will not give detailed information on cardiac 
structures and flow [11].

Standard laboratory testing may reveal the presence of dis-
orders or conditions that can lead to or exacerbate HF. The 
initial evaluation of patients with HF should include a com-
plete blood count, urinalysis, serum electrolytes (including 
calcium and magnesium), glycohemoglobin, and blood lip-
ids, as well as tests of both renal and hepatic function, a CR, 

Table 18.4 Diagnosis of Right Heart Failure

Common  
features Right heart failure without pulmonary hypertension Cor pulmonale

Symptoms Fatigue Fatigue
Hepatic congestion Hemoptysis
Right upper quadrant discomfort Hoarseness
Anorexia/early satiety Hepatic congestion
Peripheral edema Right upper quadrant discomfort
Cough Anorexia/early satiety
Dyspnea/orthopneaa Peripheral edema

Cough
Shortness of breath/orthopneaa

Physical  
signs

Elevated jugular venous pulsation, positive  
hepatojugular reflux or Kussmaul sign

Elevated jugular venous pulsation, positive hepatojugular  
reflux or Kussmaul sign

Peripheral or sacral edema Peripheral or sacral edema
Ascites Ascites
Hepatomegaly or liver tenderness Hepatomegaly or liver tenderness
Right-sided third heart sound Right-sided third heart sound, increased pulmonary closure 

sound, pulmonary ejection click
Murmur of tricuspid regurgitation Murmur of tricuspid regurgitation
Signs of right ventricular enlargement Signs of right ventricular enlargement

Evidence of co-existent underlying pulmonary cause  
of cor pulmonale

Diagnostic  
testing

EKG: Right axis deviation, right ventricular hypertrophy,  
p pulmonale pattern low-voltage QRS, incomplete  
or complete right bundle branch block

EKG: Right axis deviation, right ventricular hypertrophy,  
p pulmonale pattern low-voltage QRS, incomplete  
or complete right bundle branch block

Chest X-ray: right sided cardiac enlargement, enlargement  
of pulmonary arteries (uncommon), oligemic peripheral 
lung fields (rare), right sided pleural effusiona

Chest X-ray: right sided cardiac enlargement, enlargement  
of pulmonary arteries, oligemic peripheral lung fields,  
right sided pleural effusiona

Echocardiogram: evidence of abnormal right ventricular 
structure and/or function. No evidence of increased 
pulmonary pressure. Septal flattening during diastole  
but not systole

Echocardiogram: evidence of abnormal right ventricular  
structure and/or function. Evidence of increased pulmonary 
pressure. Septal flattening during systole

aLess commonly found but may occur; COPD chronic obstructive pulmonary disease; ILD interstitial lung disease. Items appearing in italics occur 
in the setting of Cor pulmonale but are uncommon in its absence
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and a 12-lead EKG. Thyroid function tests (especially) should 
be measured, because both hyperthyroidism and hypothyroid-
ism can be a primary or contributory cause of HF. A fasting 
transferrin saturation is useful to screen for hemochromatosis; 
several mutated alleles for this disorder are common in indi-
viduals of Northern European descent, and affected patients 
may show improvement in LV function after treatment with 
phlebotomy and chelating agents. Screening for human 
immunodeficiency virus (HIV) is reasonable and should be 
considered for all high-risk patients. However, other clinical 
signs of HIV infection typically precede any HF symptoms in 
those patients who develop HIV cardiomyopathy. Serum 
titers of antibodies developed in response to infectious organ-
isms are occasionally measured in patients with a recent onset 
of HF (especially in those with a recent viral syndrome), but 
the yield of such testing is low, and the therapeutic implica-
tions of a positive result are uncertain.

Assays for connective tissue diseases and for pheochro-
mocytoma should be performed if these diagnoses are 
suspected, and serum titers of Chagas disease antibodies 
should be checked in patients with nonischemic cardiomyo-
pathy who have traveled in or emigrated from an endemic 
region.

Role of Echocardiography in the Diagnosis  
of Heart Failure

Two-dimensional echocardiography can detect structural 
abnormality, systolic dysfunction, diastolic dysfunction, or a 
combination of these abnormalities that need to be docu-
mented in patients who present with resting and/or exertional 
symptoms suggestive of HF to establish the diagnosis. Indeed, 
both the ACC/AHA guidelines as well as the European 

Society of Cardiology (ESC) guidelines strongly recommend 
the use of echocardiography in the diagnosis of HF [12, 13].

Heart Failure with Systolic Dysfunction

HF due to systolic dysfunction is relatively easy to diagnose 
by echocardiography. This demonstrates a dilated left ven-
tricle with a reduced ejection fraction. In systolic HF, how-
ever, echocardiography has other roles beyond the recognition 
of systolic HF since dilatation of the LV results in alteration 
of intracardiac geometry and hemodynamics and these 
abnormalities are associated with increased morbidity and 
mortality [14]. LV dimensions, volumes, and wall thick-
nesses are echocardiographic measurements widely used in 
both clinical practice and research. If acceptable parasternal 
views can be obtained, it is useful to record LV chamber 
dimensions routinely and to measure wall thickness. In 
patients with CAD, where segmental wall motion abnormali-
ties may be present, it is not satisfactory to use M mode esti-
mations of ejection fraction. Major wall motion abnormalities 
should be noted. Provided good visualization of endocar-
dium from apical views is recommended, and it is useful to 
calculate ejection fraction (EF) using any of the well estab-
lished methods [15]. If there are major wall motion abnor-
malities, measurements of EF should be made in both 
four-chamber and two-chamber views. There is disagree-
ment as to whether measurements of EF should be made, or 
whether rough “eyeball” estimates of LV global systolic 
function should be reported instead. Clinicians want this 
information on which to base treatment decisions but need to 
realize the limitations of EF measurement, by whatever 
method, and not base treatment decisions purely on num-
bers. Echocardiographers need to be aware of clinician’s 
needs for information, and to be as accurate as possible.

Table 18.5 Sensitivity of clinical findings in the diagnosis of heart failure

Clinical findings [6, 7, 9, 10] Reference standard Sensitivity (%) Specificity (%)

History
Dyspnea on exertion LV dysfunction on echocardiogram 100 17
Paroxysmal nocturnal dyspnea LV dysfunction on echocardiogram 39 80
Previous myocardial infarction LV dysfunction on echocardiogram 59 86
Physical examination
Displaced cardiac apex LV dysfunction on echocardiogram 66 95
Dependent edema LV dysfunction on echocardiogram 20 86
Gallop rhythm LV dysfunction on echocardiogram 24 99
Hepatojugular reflux Clinicoradiographic score 33 94
Jugular venous distention LV dysfunction on echocardiogram 17 98
Pulmonary rales LV dysfunction on echocardiogram 29 77
Tests
Chest roentgenogram: cardiomegaly, pulmonary edema, or both LV dysfunction on echocardiogram 71 92
EKG: anterior Q waves or LBBB LV dysfunction on echocardiogram 94 61
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Valvular Regurgitation

Cardiac valvular regurgitation, particularly mitral valve 
regurgitation (MVR), is a common finding in patients with 
HF. In patients with dilated LV and ischemic cardiomyopa-
thy, the MVR is typically functional and reflects geometric 
distortions of LV chamber, which displaces the normal valve 
and subvalvar closing mechanisms [16]. This functional 
mitral regurgitation is a consequence of adverse LV remodel-
ing and increased sphericity of the chamber. Functional 
MVR is typically dynamic, occurs with a structurally normal 
valve, and is a marker of adverse prognosis [17]. MVR 
increases the propensity for progression of HF. In fact, LV 
dilatation begets MVR and MVR begets further LV dilatation, 
progressive remodeling, and contractile dysfunction [18]. 
The presence and degree of MVR complicating HF are unre-
lated to the severity of systolic dysfunction. Local LV remod-
eling (apical and posterior displacement of papillary muscles) 
leads to excess valvular tenting independent of global LV 
remodeling. In turn, excess tenting and loss of systolic annu-
lar contraction are associated with larger MVR. Tenting is 
characterized by insufficient systolic leaflet body displace-
ment toward the annulus, with coaptation limited to leaflet 
tips. Valvular tenting area was measured by the area enclosed 
between the annular plane and mitral leaflets from the 
parasternal long-axis view at early and late systole. The dis-
tance between leaflet coaptation and the mitral annulus plane 
at early and end systole measured displacement of mitral 
coaptation toward the LV apex [16, 18].

Heart Failure with Preserved Systolic Function

As discussed in previous chapters, a large number of patients 
who suffer from the HF syndrome have preserved systolic 
function, although there is no universal agreement as to the 
frequency of this finding [19]. It is assumed that some of 
these patients have HF because of diastolic dysfunction. The 
diagnosis of diastolic dysfunction may be problematic. 
Diagnostic criteria for this type of HF are poorly defined, 
diastolic dysfunction often is present in patients who also 
have left ventricular systolic dysfunction, and most patients 
with diastolic dysfunction have other conditions that could 
explain their symptoms [20].

Diastolic dysfunction refers to the presence of abnormali-
ties in filling of the ventricle. LV filling consists of a series of 
hemodynamic events that are affected by multiple intrinsic 
and extrinsic factors. The initial diastolic event is myocardial 
relaxation, an active energy-dependent process that causes a 
decrease rapidly in the pressure of left ventricle after the end 
of contraction and during early diastole. Doppler echocardio-

graphy is an extremely sensitive tool for the detection and 
measurement of pressure gradient (driving force) from the left 
atrium to the LV during diastole. Mitral flow velocities are 
obtained by pulsed-wave Doppler echocardiography with the 
sample volume located between the tips of mitral leaflets dur-
ing diastole. Initial classification of diastolic filling is made 
from peak velocity of early rapid filling wave (E), peak veloc-
ity of late filling wave caused by atrial contraction (A), and 
E/A ratio. Diastolic filling pattern is characterized further by 
measuring deceleration time, which is the interval from the 
peak of E velocity to its extrapolation to the baseline [21]. In 
the early stages of diastolic dysfunction, impaired (delayed) 
relaxation of the left ventricle predominates, and this decreases 
early diastolic filling. An abnormal relaxation pattern is seen 
on the mitral flow velocity curve and consists of a low E velocity, 
prolongation of the deceleration time, and increased filling at 
atrial contraction. The deceleration time is characteristically 
prolonged because it takes longer for left atrial and LV pres-
sures to be equilibrated with a slower and continued fall in LV 
pressure until mid to late diastole and a reduced rate of filling 
during early diastole (E). At this stage, there is little if any 
increase in rest left ventricular diastolic filling pressure [22]. 
With disease progression, left atrial pressure increases, thus 
increasing the driving pressure across the mitral valve. There 
is a gradual increase in the E velocity on the mitral flow veloc-
ity curve. As effective operative compliance decreases, the 
deceleration time shortens, and a pseudonormal pattern 
appears. In more advanced disease, the left atrial pressure is 
higher and ventricular compliance is poor, producing a restric-
tion to filling pattern. Using Doppler technique, pulmonary 
artery pressure can also often be estimated, if patients 
have enough tricuspid regurgitation to provide a complete 
flow/velocity “envelope” [23].

Tissue Doppler imaging (TDI) is an echocardiographic 
technique with the capacity to quantify systolic and diastolic 
functions both globally and regionally [24]. TDI is useful for 
the detection of left ventricular systolic and diastolic dys-
function, because it integrates detailed information of 
regional function to estimate global cardiac function. Systolic 
function is one of the most important determinants of dia-
stolic function: in fact systolic and diastolic functions are 
closely coupled in the cardiac cycle and both are energy-
dependent processes. Yu et al. demonstrated that, in patients 
with diastolic heart failure, there is objective evidence of 
impaired left ventricular systolic function as demonstrated 
by TDI [25]. In these patients, the regional function, assessed 
by mitral annulus peak systolic velocity, was decreased. The 
mitral annulus peak systolic velocity appears to be a more 
sensitive index of early systolic dysfunction than ejection 
fraction and, hence, in a proportion of these patients the sys-
tolic function was labeled as “normal” by conventional meth-
ods. This indicates the coexistence of systolic and diastolic 
dysfunction in a spectrum of different severity in the 
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pathophysiological process of HF. The velocity of annular 
motion reflects shortening and lengthening of the myocardial 
fibers along a longitudinal plane. The mitral annulus early 
diastolic velocity (Ea) is an index of LV relaxation that may 
not be influenced by left atrial pressure. Ea is lower at the 
septal annulus (normal >10 cm/s) compared to the lateral 
annulus (normal >15 cm/s). Using early diastolic velocity of 
mitral annulus, Nagueh et al. identified patients with relax-
ation abnormalities independent of the filling pressures and, 
consequently, differentiated the pseudonormal from the nor-
mal LV filling pattern [26]. Furthermore, the ratio of the 
transmitral E velocity of mitral flow and early diastolic veloc-
ity of mitral annulus is related significantly with pulmonary 
capillary wedge pressure, suggesting that this measurement 
can be used as an index of filling pressures.

Other Diagnostic Tests

Other tests may be used to provide information regarding the 
nature and severity of the cardiac abnormality. Radionuclide 
ventriculography (RVG) can provide highly accurate mea-
surements of LV function and RVEF, but it is unable to 
directly assess valvular abnormalities or cardiac hypertrophy 
as in echocardiography. Magnetic resonance imaging (MRI) 
or computed tomography (CT) may be useful in evaluating 
chamber size and ventricular mass, detecting RV dysplasia, 
or recognizing the presence of pericardial disease, as well as 
in assessing cardiac function and wall motion [27]. Magnetic 
resonance imaging is also used to identify myocarditis, myo-
cardial viability and scar tissue [28].

Biomarkers in the Diagnosis of Heart Failure

The diagnosis of HF is usually based on history, physical 
examination, CR and if available, LV function assessment. 
However, diagnosing HF based on conventional measures 
may be exceedingly difficult. LV function assessment may not 
be available and patients with preserved systolic LV function 
may have unremarkable echocardiographic findings [20, 29]. 
Indeed, many studies have demonstrated that making a diag-
nosis of HF based on clinical assessment and standard testing 
may be inadequate [30–33]. Therefore, there has been great 
effort to develop biomarkers that would offer incremental 
value to conventional tools to establish rapid and accurate 
diagnosis and risk stratification of patients with HF.

The term “biomarker” was first introduced in the late 
1980s as a subject heading term: “measurable and quantifi-
able biological parameters … which serve as indices for 
health- and physiology-related assessments” [34]. In 2001, a 
National Institute of Health working group standardized the 

definition as “a characteristic that is objectively measured 
and evaluated as an indicator of normal biological processes, 
pathogenic processes, or pharmacologic responses to a thera-
peutic intervention” [35]. Indeed, one application of bio-
markers is in the management of HF. To date, the only 
biomarkers that have been developed for clinical use in HF 
are the natriuretic peptides (NP). The NP family consists of 
the atrial natriuretic peptide (ANP), B-type or brain natri-
uretic peptide (BNP), and three other structurally similar 
peptides: C-type natriuretic peptide mostly of central ner-
vous system and endothelial origin, urodilatin from the 
kidney and dendroaspis NP which is of unknown signifi-
cance [36–38]. BNP and the amino-terminal fragment of the 
prohormone, NT-proBNP, have evolved to be useful bio-
markers of cardiac function as well as prognosis in HF and 
other cardiovascular (CV) disorders. Studies have estab-
lished a close association between the blood level of BNP 
and NT-proBNP, and the diagnosis of HF [32, 39–42] as well 
as an independent prediction of mortality and subsequent HF 
events [43–47]. Use of BNP/NT-proBNP as an adjunct to 
clinical evaluation in diagnosis of HF particularly in the 
acute setting has been recommended in the HF management 
guidelines of several countries [48–53]. Cumulative evidence 
to date attesting to the utility of BNP and NT-proBNP as a 
diagnostic and prognostic marker in acute HF have been 
summarized in recent reviews and consensus recommenda-
tions[38, 53–55]. In practice, measurements of BNP and 
NT-proBNP essentially offer the same performance with 
optimal values typically providing 98% or better negative 
predictive value, sensitivities of 90%, specificity and positive 
predictive values of about 80%, and areas under receiver-
operator curves (ROC) of >0.85 [41, 56–59]. A recent study 
that took combined measurements of BNP and NT-proBNP 
levels in the renal arteries and veins of hypertensive subjects 
undergoing renal arteriography has suggested that both BNP 
and NT-proBNP are equally dependent on renal function and 
clearance [60].

Accompanying the observational data is increasing evi-
dence from randomized controlled trial (RCT) supporting a 
concept that the provision of knowledge of plasma BNP/
NT-proBNP levels may be translated to improved overall man-
agement of patients with acute HF. The Acute Shortness of 
Breath Evaluation (BASEL) study was a single centre pro-
spective, RCT of 452 patients presenting to an emergency 
department (ED) in Basel, Switzerland, with acute dyspnea 
[61, 62]. Two hundred twenty-five patients were randomized 
to a strategy with measurement of BNP levels and 227 were 
assessed in a standard manner. The use of BNP levels reduced 
the need for hospitalization. The median time to discharge was 
8.0 days in the BNP group and 11.0 days in the control group. 
The mean total cost was US$5,410 in the BNP group versus 
$7,264 in the control group. Up until recently, studies, particu-
larly those that studied NT-proBNP had either involved small 
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number of patients [63, 64], were conducted in single centers 
[39, 64, 65], or were not randomized in design [41]. The larger 
scale studies of BNP and NT-proBNP were conducted mostly 
in the US [39, 41] where per capita health care spending is 
higher than other countries [64]. These data, while important, 
were not necessarily applicable to countries with publicly 
funded universal healthcare coverage systems [65]. These 
concerns prompted the design of the multicenter Improved 
Management of Patient with Congestive Heart Failure 
(IMPROVE-CHF) study. This prospective RCT was designed 
to test the hypothesis that a strategy that included knowledge 
of NT-proBNP results would improve the management of 
patients with suspected acute HF [42]. The specific aims were 
to evaluate: (1) whether NT-proBNP added incremental value 
to clinical judgment in diagnosing acute HF; and (2) whether 
a management strategy that incorporated knowledge of 
NT-proBNP results would lead to cost-savings without com-
promising clinical outcomes. Five hundred patients presenting 
with dyspnea to seven emergency departments were studied. 
For the diagnosis of acute HF, adding NT-proBNP to clinical 
judgment enhanced accuracy, the area under the ROC curve 
increased from 0.83 to 0.90 (P < 0.00001) (Fig. 18.1). 
Knowledge of NT-proBNP values reduced the duration of ED 
visit by 21% (6.3–5.6 h, P = 0.031), number of patients read-
mitted over 60 days by 35% (51 to 33, P = 0.046) and direct 
medical cost of ED visits, hospitalizations, and outpatient ser-
vices (US$6,129 to $5,180 per patient, P = 0.023). The recom-
mended cut points for ruling in and ruling out a diagnosis of 

HF in patients presenting with dyspnea and based on the 
results of some of the above studies are shown in Fig. 18.2.

Conclusions

Heart failure is a complex clinical syndrome that can result 
from any structural or functional cardiac disorder that impairs 
the ability of the ventricle to fill with or eject blood. The 
cardinal manifestations of HF are dyspnea and fatigue, which 
may limit exercise tolerance, and fluid retention, which may 
lead to pulmonary congestion and peripheral edema. Both 
abnormalities can impair the functional capacity and quality 
of life of affected individuals, but they do not necessarily 
dominate the clinical picture at the same time. Although HF 
is a clinical diagnosis, there may be widespread inaccuracies 
in diagnosis when clinical methods alone are used. Many 
patients in whom the diagnosis is made, particularly in the 
primary care setting, may turn out not to have the condition 
upon further investigation. More advanced and newer diag-
nostic modalities such as echocardiography and natriuretic 
peptides testing may be extremely useful and complimentary 
to clinical evaluation. These tests yield the best results when 
used in the appropriate patient groups. Radionuclide angiog-
raphy or contrast cineangiography may be necessary when 
clinical suspicion for heart failure is high and the echocar-
diogram is equivocal.

Fig. 18.1 Natriuretic peptide testing enhances the diagnostic performance 
of clinical evaluation. Receiver-operating characteristics (ROC) curves 
comparing the sensitivity and specificity of clinical judgment alone, 
NT-proBNP testing and the two combined are shown in this slide. Clinical 
judgment alone using different level of certainty generated an AUC of 0.834, 
95% CI 0.80–0.84, P < 0.001 (Clinician assessment of acute HF could also 
be expressed as a binary outcome. The sensitivity in this case was 78% 

whereas the specificity was 81%). Adding NT-proBNP results to those of 
clinical judgment alone significantly improved the performance, increasing 
the AUC to 0.904, 95% CI 0.90–0.93, P < 0.0001 (P = 0.00001 versus 
clinical judgment). Although not a pre-specified analysis, when compared 
to clinical judgment alone, NT-proBNP results (AUC 0.855, 95% CI 
0.84–0.89, P < 0.001) was numerically superior to ED physician estimated 
likelihood of acute HF, the difference was not statistically significant
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Summary

Heart failure is defined by an inability of the myocardium •	
to deliver sufficient oxygenated blood to meet the needs 
of tissues and organs during exercise or at rest.
Evaluation of patients with suspected HF is directed at •	
confirming the diagnosis, determining the cause, identifying 
concomitant illnesses, establishing the severity of HF, and 
ultimately guiding therapy. Heart failure is a clinical diag-
nosis, and no single test can establish its presence or 
absence.
Coronary heart disease accounts for most cases of HF, •	
followed by diabetes mellitus and valvular heart disease.
Heart failure also can be multifactorial i.e., the syndrome •	
can result from MI (loss of myocardial contractility) with 
papillary muscle dysfunction (increased preload) and 
acute pulmonary edema (hypoxemia).
Heart failure may also be classified into several types •	
based on the role of diastolic or systolic dysfunction and 
based on the anatomic area of involvement.
In patients with HF, the most frequent clinical findings are •	
related to decreased exercise tolerance or fluid retention. 
Fluid retention results in orthopnea, rales, elevated jugu-
lar venous pressure, dependent edema, and the typical 
radiographic findings of cardiomegaly, pulmonary edema, 
and pleural effusion. There currently are no validated 
clinical decision rules to estimate the contribution of each 
of these findings to HF.
Nearly all patients with HF present with dyspnea. Thus, •	
the absence of dyspnea makes HF highly unlikely.  
A focused history and physical examination, combined 
with selected diagnostic testing, therefore can identify HF 
in most instances.
Two dimensional echocardiography can detect structural •	
abnormality, systolic dysfunction, diastolic dysfunction, 
regurgitant flow, or a combination of these abnormalities 
that need to be documented in patients who present with 
resting and/or exertional symptoms suggestive of HF to 
establish the diagnosis.

Tissue Doppler imaging has the capacity to quantify sys-•	
tolic and diastolic functions both globally and regionally. 
It is particularly useful for the detection of left ventricular 
systolic and diastolic dysfunction, because it integrates 
detailed information of regional function to estimate 
global cardiac function.
In spite of the rapid development of new techniques, due •	
to high cost and the need for skilled technicians, in the 
absence of some other clinical indication, such as a prior 
myocardial infarction, abnormality of electrocardiogram, 
family history of cardiomyopathy, or HF symptoms, rou-
tine comprehensive echocardiography cannot be recom-
mended at present.
Diagnosing HF based on conventional measures may at •	
times be quite difficult. LV function assessment may not 
be available and patients with preserved systolic LV func-
tion may have unremarkable echocardiographic findings.
There has been great effort to develop biomarkers that •	
would offer incremental value to conventional tools to 
establish rapid and accurate diagnosis and risk stratifica-
tion of patients with HF. To date, the only biomarkers that 
have been developed for clinical use in HF are the natriuretic 
peptides (NP).
BNP and the amino-terminal fragment of the prohormone, •	
NT-proBNP, have evolved to be useful biomarkers of car-
diac function as well as prognosis in HF and other cardio-
vascular disorders. Studies have established a close 
association between the blood level of BNP and NT-proBNP, 
and the diagnosis of HF as well as an independent predic-
tion of mortality and subsequent HF events.
Use of BNP/NT-proBNP as an adjunct to clinical evalua-•	
tion in diagnosis of HF particularly in the acute setting has 
been recommended in the HF management guidelines.
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Overview

Using conventional tools such as history, physical examina-
tion, and radiographic and echocardiographic evaluations, a 
diagnosis of the HF syndrome is usually not difficult [Chap. 
18]. However, because of low specificity, the value of these 
conventional tools to identify etiologies and prognosis, is in 
general relatively limited. Thus, there is a need for new meth-
ods that together with establishing the genetic makeup of the 
individual can also provide information about potential 
changes in protein and transcript expression related to the 
interaction of genes and their environment. The term “-omics” 
is employed to describe a field of study in biology such 
as genomics or proteomics. The related neologism “ome” 
addresses the objects of study of such fields, such as the 
genome, transcriptome, or proteome, or other molecular 
components of cells, tissues, or organisms. In this chapter, 
we discuss the use of these technologies and others that are 
either presently at our disposal or in the developmental phase.

Introduction

The diagnosis of HF may be rather difficult using only con-
ventional tools (i.e., history, physical examination, chest 
radiogram, and echocardiogram). As previously discussed in 
Chap. 18, the availability of cardiac biomarkers, most nota-
bly B-type or brain natriuretic peptide (BNP), had proved to 
be extremely helpful in HF diagnosis. Indeed, the cardiac 
natriuretic peptides, particularly BNP, are useful biomark-
ers not only in the assessment of cardiac function but also in 
the prognostication of HF as well as in other cardiovascular 
diseases (CVDs). Several observations have shown the close 
relationship between plasma BNP and the N-terminal frag-
ment of the BNP prohormone (NT-proBNP) with the diagno-
sis of HF, and as an independent prediction of short-term 
mortality and HF events [1–5]. Preliminary data from ran-
domized controlled trials suggest that the knowledge of BNP 
and/or NT-proBNP level can improve the management of 
patients with HF, and large-scale randomized controlled tri-

als that evaluate BNP/NT-proBNP-guided therapy are cur-
rently underway.

In HF, there is activation of neurohormones and proinflam-
matory cytokines, which likely mediate its progression (i.e., 
the neurohormone and cytokine hypotheses) [6, 7]. The num-
ber of circulating biomarkers of neurohormone and cytokine 
activation is increasing and some of these biomarkers are 
known to be prognostic in patients with HF [6, 8], but none of 
these biomarkers, except for BNP and NT-proBNP, have been 
used extensively in clinical practice, particularly as they relate 
to clinical decision-making. Notwithstanding, besides BNP 
and TNF-a, more specific genetic markers are required, not 
only for the diagnosis of specific cardiomyopathy (as opposed 
to HF in general) or specific etiologies of HF but also to 
establish a more accurate prognosis since traditional risk 
assessments tools are rather limited. Previously, in Chap. 3, we 
have examined the current use of microarrays for gene/
transcriptome profiling and protein biomarkers in HF. In this 
chapter, we have further discussed these and other emergent 
technologies, which can be complementary to techniques such 
as genomics and proteomics and aimed at improving the iden-
tification of the etiology, diagnosis, and prognosis of HF.

Use of Gene Profiling and Proteomics in HF

At the outset, it suffices to say that while not as easy or con-
venient to perform as the screening of circulating biomark-
ers, the use of gene/transcriptome profiling in HF patients 
with or without dysrhythmias may provide important infor-
mation that is unavailable with other approaches and may 
augment the growing list of important (and novel) biomark-
ers. For example, using micoarray technology for transcrip-
tional profiling of genes modulated in patients with atrial 
fibrillation (AF), a group of 33 AF-specific genes that were 
significantly activated were identified in comparison to 
patients in sinus rhythm used as controls [9]. These genes 
encode proteins with multiple functions such as ion channel, 
antioxidant, inflammatory, cell growth/cell cycle, transcrip-
tion factors (e.g., NF-kB), and cell signaling. On the other 
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hand, 63 sinus rhythm-specific genes were identified, includ-
ing several genes with cell signaling function (such as 
SERCA 2), cellular respiration, energy production, and anti-
proliferative or negative regulator of cell growth. This gene 
profiling will allow further inroads in understanding the role 
that modulated the expression of these genes plays in the ini-
tiation or perpetuation of AF either isolated or in association 
to HF. In addition, gene profiling may allow the assessment 
of the gene-specific contribution to the pathophysiological 
mechanism of atrial remodeling as well as furnishing poten-
tial biomarkers that could be useful in the prediction of AF.

As previously mentioned, a large number of inflammatory 
mediators including circulating inflammatory cytokines 
(e.g., IL-6 and TNF-a) or the hepatic product C-reactive pro-
tein are useful biomarkers of long-term cardiovascular risk 
in apparently healthy populations and in those with already 
established CVD. Previously, it has been shown that T cells 
from HF patients exhibit enhanced gene expression of 
chemokines, ligands for the tumor necrosis factor superfam-
ily, as well as inflammatory cytokines, interferon-g and inter-
leukin-18, with a pattern that appears similar in ischemic and 
DCM of unknown etiology. On the other hand, no differ-
ences in cytokine gene expression were found in monocytes 
from HF patients compared to controls [10]. Interestingly, 
T-cells from HF patients had enhanced surface expression of 
the activation markers CD69 and CD25, while there was no 
upregulation of the monocyte activation marker CD32. These 
observations suggest that T cells may be part of the inflam-
matory response during HF but they are independent of its 
etiology. Thus, chemokines gene expression can be useful to 
establish the etiology of HF, and the blocking of the activa-
tion of unwanted T cells might also be a new target for the 
treatment of HF.

Experimentally, it has been demonstrated that cardiac 
cytokine gene expression profiling by microarray technology 
can be very helpful in the evaluation and diagnosis of HF 
pathogenesis. Using microarray technology, Husberg et al. 
have recently reported alterations in gene expression during 
HF progression in noninfarcted left ventricular (LV) murine 
tissue at various time points after myocardial infarction (MI) 
[11]. The highest number of regulated genes was found  
5 days after MI. They identified 14 regulated genes encoding 
cytokines with no previous association to HF. The strongest 
upregulation was found for the chemokine fractalkine 
(CX3CL1). Screening human failing hearts, they detected a 
threefold increase in CX3CL1 protein production, and both 
cardiomyocytes and fibrous tissue showed immunoreactivity 
for CX3CL1 and its specific receptor CX3CR1. The circulat-
ing level of CX3CL1 was also increased in patients with HF 
and was related to its severity (1.6-fold in New York Heart 
Association (NYHA) II, 2.2-fold in NYHA III and 2.9-fold in 
NYHA IV). CX3CL1 production could be induced in in vitro 
experiments by inflammatory cytokines known to be highly 

expressed in HF. CX3CL1 itself induced the expression of 
markers of cardiac hypertrophy and protein phosphatases in 
neonatal cardiomyocytes. Taken together, the findings of 
increased CX3CL1 production in both experimental animal 
model and in patients with HF, plus its direct effects on car-
diomyocytes suggest that CX3CL1 and its receptor CX3CR1 
have a role in the pathogenesis of HF and may potentially 
serve as biomarkers.

While circulating biomarkers are generally produced from 
blood–borne cells (e.g., macrophages and T cells), retained in 
the intima layer and activated resident cells of vascular origin 
(e.g., endothelial cells), inflammatory mediators originating 
outside the coronary artery are capable of inducing composi-
tional changes in the intima layer. Such inflammatory media-
tors originating from remote extravascular sources can provide 
an explanation for the increased cardiovascular risk in certain 
patient populations, including not only patients with chronic 
infections or chronic inflammation (e.g., rheumatoid arthritis) 
but also insulin-resistant individuals who exhibit increased 
release of cytokines from adipose tissue. In fact, gene profiling 
has demonstrated increased expression of a panel of inflam-
matory genes (e.g., MCP-1, IL-6, IL-1b and TNF-a) in epicar-
dial adipose tissue in patients with established coronary artery 
disease (CAD). Importantly, these inflammatory signals pres-
ent in epicardial adipose tissue were neither strongly corre-
lated with plasma inflammatory biomarkers nor attenuated by 
chronic treatment with conventional cardiovascular therapies, 
including statins or ACE inhibitors/angiotensin II receptor 
blockers [12]. While these findings are suggestive that the 
presence of inflammatory mediators, and bioactive molecules, 
in the localized tissues surrounding epicardial coronary arter-
ies may profoundly alter arterial homeostasis (e.g., leading to 
amplification of vascular inflammation or plaque instability) 
in a manner not revealed by plasma biomarkers and refractory 
to some treatment options, they also suggest a fundamental 
limitation with biomarkers as presently configured. Studies 
with epicardial fat biopsies from patients undergoing coronary 
artery bypass grafting (CABG) have extended the genes pro-
filed to include other inflammatory markers such as resistin  
(a recently identified adipocytokine), CRP, adiponectin, leptin, 
and the macrophage marker CD45, compared to both plasma 
levels and other fat depots [12]. These findings revealed 
increased macrophage infiltration (e.g., increased CD45) into 
epicardial fat in CABG patients, and they are indicative of 
significant local inflammation and evidence of a pathogenic 
gene profile in these tissues, including markedly decreased 
levels of adiponectin. Adiponectin exhibits both insulin sensi-
tivity and anti-inflammatory and antiatherogenic properties, 
and its serum levels have been reported to be reduced in both 
type 2 diabetes mellitus and CAD [13]. Interestingly, the serum 
profile of CABG patients showed significantly higher levels 
of both CRP and resistin and significantly lower levels of 
adiponectin when compared to matched controls.
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Delineation of both plasma and genetic biomarkers should 
prove informative in the clinical setting of stent therapy for the 
treatment of atherosclerotic CAD, in particular to risk-stratify 
patients prior to therapy [14]. Prospective risk stratification 
may allow the rational selection of specialized treatments 
against the development of in-stent restenosis (ISR), as 
might be promoted in some individuals by drug-eluting 
stents. A large scale trial study is presently underway to both 
understand the molecular mechanisms of restenosis and to 
identify genetic biomarkers predictive of restenosis. A com-
bined proteomic analysis of plasma and microarray profiling 
are being used to identify candidate genes that show differen-
tial expression. Moreover, the screening of candidate genes to 
identify variants (e.g., in promoter regions, SNPs, etc.) by 
genotype analysis can be carried out as well as a genome-wide 
scan to identify genetic loci that are associated with ISR.

Proteome Analysis in HF

In proteome research, two major approaches have been 
employed, the complete proteomic approach, in which the 
entire proteome-(all proteins) are characterized, and a more 
limited proteomic analysis, which is either targeted to spe-
cific candidate proteins or limited to specific classes of pro-
teins or subproteomes [15]. A complete proteomic analysis 
of plasma proteins while extremely desirable in the long-run is 
likely unattainable with the presently available proteomic 
technology. This is largely due to the high sensitivity required 
to evaluate in depth the plasma proteome, reflecting both the 
dynamic range of its constituent specific protein levels, such 
as regulatory factors and cytokines simply undetectable by 
present proteomic technology, as well as the astonishing level 
of posttranslational modifications that most proteins undergo. 
In strong advocacy of a targeted approach, particularly in 
regard to cardiovascular biomarkers, Anderson has presented 
a list of 177 candidate proteins, many of which can be simul-
taneously analyzed using available mass spectrometry (MS) 
technology (specifically SPE-LC-MS/MS) [16]. This is a 
widely used methodology for the precise quantitative determi-
nation of small molecules such as drugs, drug metabolites, and 
hormones. It might also be achieved by using multiplex assess-
ment with immunoblot microarrays; however, at present, the 
use of antibody arrays, which could provide the high sensitiv-
ity and specificity required, are limited by the availability 
(and expense) of suitable antibodies. Analysis by MS/MS 
techniques focused on examining multiple small peptides 
generated (by proteolytic digestion) from the larger plasma 
proteins, would have a high sensitivity, and also it would be 
extremely rapid and quantitative (compared to other proteomic 
techniques such as electrophoresis which tend to show 
great variability in quantitative assessment). Furthermore, the  

preselection or prefractionation of a group of candidate 
proteins may allow the use of assay technologies with higher 
sensitivity and a greater dynamic range than what is available 
with current proteomics. The simultaneous profiling analysis 
of multiple independent disease-related circulating marker 
proteins and their peptides, considered in the aggregate, would 
also be less prone to the influence of heterogenous genetic 
factors and disease processes, as well as environmental “noise” 
that might impact on the level of a single marker protein, 
giving a better fingerprint for a disease state.

It has been noted that multiple biomarkers, considered as a 
composite, may provide better prediction of disease state than 
single markers (e.g., in the assessment of inflammation with a 
panel of weak acute phase reactants compared to a single 
marker such as CRP or serum amyloid A) [17]. Similarly, the 
relative risk of CAD is better predicted by CRP and LDL-
cholesterol together than by either marker alone [18].

Interestingly, a novel cardiac multimarker approach has 
been used based on protein biochip array technology simul-
taneously assessing cTnI, CK-MB, myoglobin, carbonic 
anhydrase III (CAIII), and fatty acid-binding protein (FABP) 
in a single chip [19]. This methodology has been applied to 
the clinical diagnosis of acute coronary syndrome (ACS), 
and the data obtained have showed that FABP had a better 
diagnostic profile than myoglobin in the detection of acute 
myocardial infarct (MI) during the first hours after the onset 
of the chest pain. Furthermore, myoglobin/CAIII ratio, pre-
viously noted to be a sensitive and specific marker for peri-
operative MI [20], significantly improved the myoglobin 
specificity.

The HUPO Plasma Proteome Project pilot phase has been 
initiated to accelerate the identification and development of 
novel cardiovascular biomarkers provided by proteomic profiling 
of accessible body fluids, such as plasma. Launched from mul-
tiple laboratories worldwide, this project incorporates data 
derived from the analyses of human plasma using a myriad of 
distinct proteomic approaches. A subset of the 3,020 proteins 
thus far identified (by MS/MS spectra) are related to cardiovas-
cular function and have been organized into eight groups: 
markers of inflammation and/or CVD, vascular and coagula-
tion, signaling, growth and differentiation, cytoskeletal, tran-
scription factors, channels/receptors and HF, and remodeling 
[21]. The functional annotation of these proteins and structural 
analyses are available as a shared database and constitute a sig-
nificant resource for further development of molecular biosig-
natures for diseases such as myocardial ischemia and 
atherosclerosis [22]. This type of analysis has emerged in sev-
eral areas of cardiovascular medicine/biology. For example, 
Serum Proteomic Pattern Diagnostics is a new type of pro-
teomic platform in which patterns of proteomic signatures from 
MS data are used as a diagnostic classifier [23]. This approach 
has shown promise in early detection of cancers and recently 
has also been applied in the detection of anthracycline-induced 
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cardiotoxicity using analysis of serum proteins from rats. This 
new technology emphasized the clinical utility of diagnostic 
proteomic patterns in which low molecular weight peptides 
and protein fragments may have higher accuracy than tradi-
tional biomarkers of cardiotoxicity such as troponin.

The use of proteome analysis has been expanded to include 
the assessment of HF prognosis. For example, to predict clini-
cal deterioration of HF patients, Sugiura et al. measured circu-
lating levels of myocardium-specific proteins [24]. Seventy-eight 
patients with advanced HF from DCM in stable conditions 
were enrolled, and blood levels of myosin light chain-I (MLC-
I), troponin T (TnT), heart fatty acid-binding protein (H-FABP), 
and creatine kinase isoenzyme MB (CK-MB) were measured. 
Patients were followed up for 951 ± 68 days, with the endpoint 
being acute deterioration. Univariate analysis revealed that 
MLC-I, TnT, H-FABP, and CK-MB were significant predictors 
for acute deterioration of HF. Application of the Kaplan–Meier 
method using cutoff values determined by analysis of receiver 
operating characteristics curves demonstrated that the inci-
dence of acute deterioration was significantly higher in patients 
with higher values of MLC-I (61.9%), TnT (52.4%), H-FABP 
(50.0%), or CK-MB (38.6%) than in those with lower values of 
these markers (15.8, 20.4, 13.6, and 16.1%, respectively). 
These data suggest that increased circulating levels of the spe-
cific myocardial proteins are related to a higher probability of 
future acute deterioration in HF patients in a stable condition 
associated with DCM.

It has been proposed that cytosolic marker H-FABP is 
more sensitive than TnT in the detection of ongoing myocar-
dial damage (OMD) in HF patients. Niizeki et al. have mea-
sured serum H-FABP and TnT levels in 126 consecutive HF 
patients at admission and were followed-up with a mean 
period of 474 ± 328 days [25]. Cutoff values for H-FABP 
(4.3 ng/mL) and TnT (0.01 ng/mL) were determined from 
previous studies. Positive rate of H-FABP was higher than 
that of TnT in all HF patients (46% (58/126) versus 26% 
(33/126), P < 0.0001), and in severe HF (New York Heart 
Association III/IV) patients (69% (34/49) versus 47% 
(23/49), P = 0.0121). There were 27 cardiac events during the 
follow-up period. In patients with cardiac events, H-FABP 
was more frequently detected than TnT (88% (24/27) versus 
44% (12/27), P = 0.0103). There were 33 patients with posi-
tive H-FABP among 93 patients with negative TnT. These 
patients had greater NYHA functional class, higher levels of 
BNP, and higher rates of cardiac events (36% versus 5%, 
P < 0.0001) compared with those in whom both H-FABP and 
TnT were negative. Kaplan–Meier analysis demonstrated 
that in patients with negative TnT, positive H-FABP group 
had higher risk for cardiac events than negative H-FABP 
group. A multivariate analysis with Cox proportional hazard 
model showed that H-FABP was the only independent pre-
dictor of cardiac events. The area under the receiver operat-
ing characteristic curve was greater for H-FABP than for 

TnT (0.779 versus 0.581; P = 0.009), suggesting that H-FABP 
had greater predictive capacity for cardiac events than TnT. 
These findings showed that H-FABP appears to be more sen-
sitive to detect OMD and could identify patients at high risk 
more effectively than TnT. On the other hand, to predict 
potential adverse outcomes in patients with HF (death or 
rehospitalization), levels of both cardiomyocyte membrane 
and myofibril damage markers T and H-FABP were recently 
measured by Setsuta et al. [26]. TnT and H-FABP were mea-
sured in 103 HF patients and in 31 controls. Patients were 
classified into four groups based on detectable (³0.01 ng/
mL) or undetectable TnT (TnT+ or TnT−) and H-FABP ³ or 
<4.5 ng/mL (high-H-FABP or low-H-FABP). Kaplan-Meier 
analysis showed that the CE-free rate (n = 43) was signifi-
cantly lower in patients with TnT+ and high-H-FABP than in 
patients in the other three groups (patients with TnT+ and 
low-H-FABP, TnT− and high-H-FABP, and TnT− and low-
H-FABP). In stepwise multivariate Cox proportional hazard 
analysis, TnT+ and high-H-FABP were independent predic-
tors of future CE. Thus, elevated levels of both TnT and 
H-FABP predict adverse outcomes in HF patients.

Endomyocardial biopsy, although the most reliable 
method to detect rejection following cardiac transplantation 
in HF patients, is nonetheless an invasive procedure. To 
detect rejection noninvasively, other methods are desirable 
but they are not currently available; it is possible that pro-
teomics may be the needed method to identify novel blood 
markers of rejection. Sequential cardiac biopsies have been 
analyzed by 2-D gel electrophoresis and classified according 
to whether they showed rejection (n = 16) or no rejection 
(n = 17) [27]. In this analysis, over 100 proteins were found 
to be upregulated by between 2- and 50-fold during rejection; 
13 of these were identified and found to be cardiac specific or 
HSPs. Levels of two of these proteins (i.e., alphab-crystallin, 
tropomyosin) were measured by ELISA in the sera of  
17 patients and followed for 3 months after their transplants. 
These proteins were significantly higher in the sera of patients 
whose cardiac biopsies showed rejection compared to those 
with no rejection. These findings suggest that proteomic 
analysis can be used in the identification of novel serum 
markers of human cardiac allograft rejection. Thus, current 
advances in translational protein-based diagnostics are making 
biomarkers testing readily available from the bench to both 
the clinic and at the bedside.

Metabolome in HF

Metabolomics represents the global analysis of metabolites 
(i.e., small molecules products of metabolism), and the metab-
olome represents the collection of all metabolites in a biologi-
cal organism that are the end products of its gene expression. 



369Metabolic Imaging

While mRNA gene expression data and proteomic analyses do 
not tell the whole story of what might be happening at the level 
of cardiomyocytes, metabolic profiling can give an instanta-
neous snapshot of the physiology of that cell. First described 
by Oliver et al., the metabolome [28] refers to the complete set 
of small molecules such as metabolic intermediates, hormones 
and other signaling molecules, and secondary metabolites to 
be found within a biological sample, such as a single organ-
ism. The word metabolomics was coined in analogy with tran-
scriptomics and proteomics; like the transcriptome and the 
proteome, the metabolome is dynamic, changing from second 
to second. Notwithstanding, while the metabolome can be 
defined readily enough, it is not currently possible to analyze 
the entire range of metabolites by a single analytical method. 
In January 2007, scientists at the University of Alberta and the 
University of Calgary in Canada completed the first draft of 
the human metabolome. They catalogued approximately 2,500 
metabolites, 1,200 drugs, and 3,500 food components that can 
be found in the human body [29–31].

While metabolimics are relatively new to organ transplan-
tation, the appraisal of metabolites as a quick, noninvasive 
method of organ function is not that new [32]. Measurements 
of serum creatinine have been previously used to assess pre- 
and postoperative organ function, and during the last decade, 
a number of lesser-known, organ-specific metabolites have 
also been shown to be good diagnostic indicators of both 
organ function and viability. While expression of a number 
of transcripts, protein abundance and/or tissue changes may 
take days or weeks to occur, metabolic changes happened 
rapidly after an “event” (i.e., HF/ischemia). Therefore, 
metabolomic measurements may offer a particularly useful 
and inexpensive diagnostic tool to monitor HF as well as 
heart viability before or after transplantation. Nonetheless, 
more experience is necessary since this is a new method for 
rapid metabolite identification, and metabolites are only one 
part of a very complex picture as HF is. Besides creatinine, 
serum metabolomics have shown many novel metabolic 
markers of HF, including pseudouridine and 2-oxoglutarate. 
Dunn et al. have evaluated 52 patients with systolic HF 
(EF < 40% plus signs and symptoms of failure) and 57 con-
trols [33]. Serum samples were analyzed by gas chromatog-
raphy-time of flight – mass spectrometry and the raw data 
reduced to 272 statistically robust metabolite peaks. 38 peaks 
showed a significant difference between case and control 
(P < 5 × 10−5). Pseudouridine, a modified nucleotide present 
in t- and rRNA and a marker of cell turnover, as well as the 
tricarboxylic acid cycle intermediate 2-oxoglutarate were 
two of such metabolites. In addition, three new compounds 
were also excellent discriminators between patients and con-
trols: 2-hydroxy, 2-methylpropanoic acid, erythritol, and 
2,4,6-trihydroxypyrimidine. Although renal disease may be 
associated with HF, and metabolites associated with renal 
disease and other markers were also elevated (e.g., urea, cre-

atinine and uric acid), no correlation was found within the 
patients group between these metabolites and their HF bio-
markers, indicating that these were indeed biomarkers of HF 
and not renal disease per se. Taken together, these findings 
demonstrated the power of data-driven metabolomics 
approaches to identify such markers of disease.

Metabolic Imaging

The heart is a high energy-demand organ that consumes 
more energy per gram of weight than any other organ, and 
its principal enzyme responsible for energy reserve is cre-
atine kinase (CK). However, direct measures of CK flux in 
the beating human heart has not been possible so far. Weiss 
et al. using an image-guided molecular assessment of 
endogenous ATP turnover have measured ATP flux through 
CK in normal, stressed, and failing human hearts [34]. 
They found that cardiac CK flux in healthy humans is 
faster than that estimated through OXPHOS, and CK flux 
does not increase during a doubling of the heart rate–blood 
pressure product by dobutamine. Also, the cardiac ATP 
flux through CK is reduced by 50% in mild-to-moderate 
human HF. Thus, magnetic resonance strategies can now 
directly assess human myocardial CK energy flux, and the 
deficit in ATP supplied by CK in HF appears to be cardiac-
specific and potentially of sufficient magnitude, even in 
the absence of a significant reduction in ATP stores, to 
contribute to the pathophysiology of human HF. These 
observations support the search for new therapies to reduce 
energy demand and/or augment energy transfer in HF and 
suggest that treatment effectiveness can be assessed by 
cardiac magnetic resonance.

To test the hypothesis that ATP flux through CK is 
impaired in the hypertrophied failing human heart, Smith 
et al. have measured myocardial CK metabolite concentra-
tions and ATP synthesis through CK [35]. Myocardial ATP 
levels were normal, but creatine phosphate levels were 35% 
lower in left ventricular hypertrophy (LVH) patients than in 
normal subjects. LV mass and CK metabolite levels in LVH 
were not different from those in patients with LVH and HF; 
while myocardial CK pseudo first-order rate constant was 
normal in LVH, it was one half in LVH + HF. The net ATP 
flux through CK was significantly reduced by 30% in LVH 
and by a dramatic 65% in LVH + HF. Based on these obser-
vations in human LVH, it is evident that it is not the relative 
or absolute CK metabolite pool sizes but rather the kinetics 
of ATP turnover through CK that discern failing from non-
failing hypertrophic hearts. Interestingly, the deficit in ATP 
kinetics was similar in systolic and nonsystolic HF and was 
not related to the severity of hypertrophy but to the pres-
ence of HF. Because CK temporally buffers ATP, these 



370 19 “Omics” Application in Heart Failure

findings support the concept that decreased myofibrillar 
energy delivery contributes to HF pathophysiology in 
human LVH.

It has been established that magnetic resonance spec-
troscopy (MRS) allows for the noninvasive detection of a 
wide variety of metabolites in the heart. Ten Hove et al. 
[36] have studied the metabolic changes that occur in HF 
using 31P and 1H-MRS in both patients and experimental 
animal studies. (31)P-MRS allows for the detection of 
phosphocreatine (PCr), ATP, inorganic phosphate (Pi), 
and intracellular pH, while 1H-MRS allows for the detec-
tion of total creatine. Using cardiac MRS, the PCr/CK 
system was found to be impaired in the failing heart. In 
both patients and experimental models, PCr levels as well 
as total creatine levels are reduced, and in severe HF, ATP 
is also reduced. PCr/ATP ratios correlate with the clinical 
severity of HF and are a prognostic indicator of mortality. 
Furthermore, chemical flux through the CK reaction, 
measured with 31P saturation transfer MRS, is reduced 
more than the steady-state levels of high-energy phos-
phates in failing myocardium in both experimental mod-
els and in patients. Experimental studies suggest that 
these changes can result in increased free ADP levels 
when the failing heart is stressed. Increased free ADP 
levels, in turn, result in a reduction in the available free 
energy of ATP hydrolysis, which may directly contribute 
to contractile dysfunction. Furthermore, observations 
from transgenic mouse models also suggest that an intact 
creatine/CK system is critical in situations of cardiac 
stress and also underlie the vital role that energy metabo-
lism plays in HF.

Assessment of Genetic Influences on Drug 
Targets and Drug Metabolism in HF

Evaluation of genes influence on drugs response and metab-
olism is an important goal in the care of HF patients. A num-
ber of drug-metabolizing enzymes have inactivating 
mutations, leading to absent or nonfunctional proteins. For 
drugs with a high dependence on a particular enzyme for 
their elimination, these polymorphisms may have clinical 
consequences. In the case of drugs used in the treatment of 
HF, there are a few substrates for enzymes that exhibit 
genetic variability, but most do not have important clinical 
significance. For example, about 70% of the metabolism of 
the b-blocker metoprolol, a drug used widely in the treat-
ment of HF associated with systolic dysfunction, is con-
trolled by the polymorphic cytochrome P450 2D6 (CYP2D6) 
enzyme, and patients with inactivating mutations on both 
alleles have no functional protein. The “poor metabolizers” 
have up to five times higher drug concentrations and yet nei-

ther drug plasma concentration nor CYP2D6 genotype are 
determinants of tolerability or adverse effects in patients 
with HF [37, 38].

Genetic variability in the proteins involved in drug phar-
macodynamics is likely to be more informative than in drug 
metabolism for pharmacogenomics studies. At present, 
there are data supporting genetic associations between drug 
targets and response for b-blockers, ACE inhibitors, and 
angiotensin receptor blockers [39, 40]. Of most relevance 
to the treatment of HF is the emerging data on the genetic 
determinants of response to b-blockers. Several studies 
have now reported that Arg389Arg genotype of the b1-
adrenergic receptor is associated with the greatest response, 
both in terms of LV systolic function as well as improve-
ment in survival [38, 41, 42]. On the other hand, there are 
now genetic markers that can potentially predict cardiac 
toxicity of drugs. A recent study of genotyped patients with 
non-Hodgkin  lymphoma treated with doxorubicin was 
undertaken and followed for the development of HF [43]. 
Single-nucleotide polymorphisms were selected from 82 
genes with conceivable relevance to anthracycline-induced 
cardiotoxicity. Of 1697 patients, 55 developed acute and 54 
developed chronic toxicity. Five significant associations 
with polymorphisms of the NAD(P)H oxidase and doxoru-
bicin efflux transporters were detected. Chronic toxicity 
was associated with a variant of the NAD(P)H oxidase sub-
unit NCF4 (-212AG). Acute toxicity was associated with 
the His72Tyr polymorphism in the p22phox subunit and 
with the variant 7508TA of the RAC2 subunit of the same 
enzyme. Mice deficient in NAD(P)H oxidase activity, 
unlike wild-type mice, were resistant to chronic doxorubi-
cin treatment. In addition, acute toxicity was associated 
with the Gly671Val variant of the doxorubicin efflux trans-
porter multidrug resistance protein 1 (MRP1) and with the 
Val1188Glu and Cys1515Tyr haplotype of the functionally 
similar MRP2, a drug transporter gene. Polymorphisms in 
adrenergic receptors, previously found to be predictive of 
HF, were not associated with anthracycline cardiac toxicity. 
Thus, genetic variants in doxorubicin transport and free 
radical metabolism may modulate the individual risk to 
develop doxorubicin-induced cardiotoxicity.

Pharmacogenetics/Pharmacogenomics

To improve the efficacy and safety and to understand the 
disposition and clinical consequences of drugs in HF, 
two rapidly developing fields – pharmacogenetics (focus-
ing on single genes) and pharmacogenomics (focusing 
on many genes) – could be used for the genetic personal-
ization of drug response. This is so because many drug 
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responses appear to be genetically determined, and the 
relationship between genotype and drug response may 
have an important diagnostic value. Identification and 
characterization of a large number of genetic polymor-
phisms (biomarkers) in drug metabolizing enzymes and 
drug transporters in an ethnically diverse group of indi-
viduals in HF may provide substantial knowledge about 
the mechanisms of interindividual differences in drug 
response.

Recent clinical trials have clearly demonstrated that the 
administration of b-blockers decreases mortality in patients 
with HF; however, significant heterogeneity exists in the 
effectiveness of b-blockers among individual cases. Recently, 
39 polymorphisms in 16 genes related to the adrenergic sys-
tem, and their association with the response to b-blockers, 
have been assessed in 80 patients with HF secondary to DCM 
[44]. Polymorphisms of NET T 182C (P = 0.019), ADRA1D 
T1848A (P = 0.023), and ADRA1D A1905G (P = 0.029) 
were associated with improvement on left ventricular frac-
tional shortening (LVFS) by b-blockers, and a combined 
genotype analysis of NET T 182C and ADRA1D T1848A 
among genotype groups demonstrated a significant differ-
ence in LVFS improvement. In addition, it seems that NET 
(T 182C) and ADRA1D (T1848A and A1905G) polymor-
phisms may be predictive markers of the response to b-blockers, 
and the genotyping of these polymorphisms in HF patients 
may provide clinical insights into individual differences in 
the response to b-blockers.

Increasing understanding of the human genome and the 
development of a wide assortment of pharmacologic and 
mechanical therapies in HF, a potentially realizable goal, 
will integrate pharmacogenetics, pharmacogenomics, and 
therapy so that more tailored treatment can be delivered [39]. 
A list of specific drugs widely used in the treatment of HF is 
shown in Table 19.1.

Use of Cardiac Expression Modules/
Integrative Bioinformatics in HF

Cardiac expression modules/Module Map algorithm is being 
used to uncover groups of genes that have a similar pattern of 
expression under various conditions of stress, including HF. 
These groups of genes are called modules and may serve as 
computational predictions of biological pathways for the 
various clinical situations. The Module Map algorithm 
allows a large-scale analysis of genes expressed. Akavia 
et al. [45] have applied this algorithm to 700 different mouse 
experiments downloaded from the Gene Expression Omnibus 
(GEO) database, which identified 884 modules. They have 
shown a role for genes related to the immune system in con-
ditions of heart remodeling and failure, and changes in the 
expression of genes involved in energy metabolism and expres-
sion of cardiac contractile proteins following MI. Whereas 
focusing on another module they noted a novel correlation 
between genes related to osteogenesis and HF, including 
Runx2 and Ahsg, whose role in HF was unknown. Despite a 
lack of prior biological knowledge, the Module Map algo-
rithm reconstructed known pathways, confirming the strength 
of this new method for analyzing gene profiles related to 
clinical phenomenon, and therefore uncovering the correla-
tion of clinical conditions to the molecular level.

Recently, Camargo and Azuaje have reported on linking 
gene expression and functional network data (i.e., integrative 
bioinformatics) in human HF [46]. Global protein–protein 
interaction (PPI) network in HF, which by itself represents a 
useful compendium of the current status of human HF-relevant 
interactions, was assembled. This provided the basis for 
analysis of interaction connectivity patterns in relation to a 
HF gene expression data set. They established the relation-
ships between significance of the differentiation of gene 
expression and connectivity degrees in the PPI network, and 
analyzed the relationships between gene coexpression and 
PPI network connectivity. Genes that are not significantly 
differentially expressed may encode proteins that exhibit 
diverse network connectivity patterns. Furthermore, genes 
that were not defined as significantly differentially expressed 
may encode proteins with many interacting partners; also, 
genes encoding network hubs may exhibit weak coexpres-
sion with the genes encoding their interacting protein part-
ners. These investigators also found that hubs and superhubs 
display a significant diversity of coexpression patterns in 
comparison to peripheral nodes. Evaluation of Gene Ontology 
(GO) demonstrated that highly connected proteins are likely 
to be engaged in higher level GO biological process terms, 
while low-connectivity proteins tend to be engaged in more 
specific disease-related processes. Taken together, these data 
support the hypothesis that integrative analysis of differential 
gene expression and PPI network analysis may be useful in 

Table 19.1 Examples of pharmacological agents used in the treatment 
of HF with evidence of association between genetic, and efficacy or 
adverse effects

Drug class Genes associated with efficacy or toxicity

b-agonists b 
2
-adrenergic receptors

b-blockers b 
1
-adrenergic receptors

ACE
G

s
 protein a subunit

CYP2D6
ACE inhibitors ACE

Angiotensinogen
AT

1
 receptor subtype

Bradykinin B
2

AT
1
 receptor blockers AT

1
 receptor subtype

Digoxin P-glycoprotein drug transporter MDR1
Anti-hypertensives Adducin (ADD 1-3),
 Diuretics G protein b

3
-subunit (GNb 3)

 Hydralazine N-acetyltransferase (NAT2)
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determining the functional roles and identification of poten-
tial drug targets in human HF.

Systems Biology: An Integrated  
Approach to HF

Systems Biology represents a combination of concepts from 
different scientific disciplines in the search for an integral 
understanding of complex biological systems, based on their 
components and interactions. Moving away from the reduc-
tionistic approaches, there is increasing interest in integrating 
transcriptome, proteome, and physiome data, as well as from 
mutant gene to dysfunctional cell, organ, phenotype, and dis-
ease. A major challenge facing cardiovascular medicine in 
general, and HF in particular is how to translate the wealth of 
data on molecules, cells, and tissues into a clear understanding 
of how these systems function and how they are perturbed 
in the disease processes. The huge and ever-growing data-
bases containing genomic, proteomic, biochemical, anatomi-
cal, and physiological information that can be searched and 
retrieved via the Internet may help further to understand the 
functioning of the healthy heart in general, and the complexity 
of the HF syndrome in particular. Eventually, databases may 
lead to a model of cardiac function at the genetic, molecular, 
and physiological levels that can predict which interventions 
are to be made. Furthermore, such simulated modeling might 
highlight the existing gaps in our knowledge and elicit new 
perspectives in how to fill them [47].

Early work on this type of integrative biology approach 
(prior to the acquisition of much of the proteomic/genomic/
molecular data) has employed data on ion concentration and 
metabolite levels during cardiac ischemia to construct a 
simulated computer model that integrates cardiac energetics 
with electrophysiological changes, which proved informa-
tive in predicting the effects of specific therapeutic interven-
tions [48]. Besides the identification of the electrophysio- 
logical effects of therapeutic interventions such as Na+–H+ 
exchange block, this model suggested an effective strategy to 
control cardiac dysrhythmias during calcium overload by 
regulating sodium–calcium exchange. In addition to myocar-
dial ischemia, other types of cardiovascular disorders that 
have been “modeled” using this approach include cardiac 
dysrhythmias and contractile disorders [49–51].

A clear understanding of the HF syndrome’s overall mech-
anisms and the role that genes play in fostering its complex 
phenotypes will require integrating the large comprehensive 
and ever-growing information concerning genomic, pro-
teomic, biochemical, anatomical, and physiological data from 
HF patients. Since HF tends to progress in a system-wide fash-
ion, increased emphasis should be placed on the overall cel-
lular networks involved in gene regulation, metabolic and 

growth pathways, and protein–protein interaction rather than 
focusing on single genes and proteins (i.e., microscopic/reduc-
tionist approach). An attractive feature of systems biology is 
its model-building integrating data, incorporating unconnected 
observations and theories to test via simulation, and allowing 
the generation and refinement of hypothesis concerning HF. 
Interestingly, much of this information is already broadly 
available both in the published literature and in online data-
bases that can be searched and retrieved. Eventually, this 
approach could lead to simulated modeling of cardiac function 
(or dysfunction) at the genetic, molecular, and physiological 
levels and could allow predictions about potential interven-
tions to be made. The construction of these models, in addition 
to the array of data discussed above, requires extensive and 
sophisticated mathematical and computer algorithmic treat-
ment [52], and, obviously, a multidisciplinary approach involv-
ing mathematics, computer knowledge, molecular and cell 
biology, genetics, physiology, and anatomy. Parenthetically, 
system-modeling approaches can be divided into bottom-up 
and top-down. In top-down mode, the system as a whole is 
deconstructed into its component parts (i.e., functional groups 
such as a tissues and cells) and links. The bottom-up approach 
tends to be more reductionist, focusing on the gene and pro-
teins and the pathways they define. As pointed out by Kriete 
et al. [53], presently, there are limited quantitative data regard-
ing higher levels of biological organization depicting cells, 
their arrangements in tissues and supply networks to optimize 
nutrient distribution and thereby regulate metabolism, in con-
trast to the expanding wealth of information relating to bottom-
up modeling (i.e., derived from molecular studies). However, 
defining and integrating both approaches appears to be of sig-
nificance for successful modeling since models built from 
bottom-up data alone appear to have limited capacity for 
examining the effect of perturbations on cells as a whole, and 
even more so, on modeling multicellular entities or organisms. 
Moreover, a top-down model of HF can predict turnover rates 
in mitochondrial respiratory enzymes, which in turn can lead 
to ROS and OS generation linked to HF, as well as to aging. 
The bottom-up model in aging has tended to concentrate on 
the identification of gene regulation, chromatin functional 
remodeling (e.g., telomere function), intracellular signaling, 
protein and DNA repair networks. These models applied to 
HF as well as to aging will recognize and address the dual-
sided features of ROS, both as a participant in the stochastic 
mechanisms involved in the cell (and DNA) and as a critical 
signaling molecule in executing programmed transcriptional 
responses dealing with cardiomyocyte survival and 
cytoprotection.

From a physiome perspective, it is apparent that HF could 
affect all levels of the system network in an interconnected 
and multidirectional fashion as well as several feedback 
loops between the genomic, organelle, cellular and organ 
level (Fig. 19.1). Importantly, the models discussed above 
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underscore the fact that much critical postgenomic data 
remain to be obtained including the identification of gene–
environmental factor and protein–protein interactions, which 
appear to underlie many phenotypic changes in HF and sig-
naling events in the cardiomyocyte.

Biomolecular interactions revealed by proteomic information 
will be important for unraveling metabolic and signaling 
pathways operating in the cell, and, in particular, in response 
to heart disease and injury. The identification of functional 
interactions between signaling pathways and genetic net-
works can be of great significance in providing a window 
into regulation of the coordinate expression of functional 
groups of genes, with a few key pathways switching between 
alternative cell fates. Underlying these models is the impor-
tant recognition that the heart and vascular system are 
dynamic and more than just electrical circuitry or mechani-
cal pumps, and they have the ability to grow and remodel in 
response to changing environments partly determined by 
genes and partly by their physical environment [54].

Conclusions and Future Directions

Novel diagnostics techniques that actually are being used, and 
techniques that have the promise of being potentially helpful 

for evaluation of the etiology, diagnostics, and prognostication 
of HF have been discussed in this chapter. Studies involving 
transcriptome analysis of endomyocardial biopsies from HF 
patients have begun to provide an overall picture of which 
genes are upregulated and which are downregulated. This can 
provide a “snapshot” or molecular signature of HF that depicts 
some general programming changes in overall gene expres-
sion, dependent on sampling time and tissue. This type of 
analysis has begun to facilitate the identification of biomarkers 
that are not only reflective of phenotypic changes but are also 
responsive to treatment interventions. These observations have 
also unveiled a classical pattern of heterogeneity in genotypic 
expression that seems to characterize postmitotic tissues such 
as the heart. This heterogeneity arising from the multiple cell 
types that comprise these tissues is even more evident in cell-
to-cell studies of single cardiomyocytes.

So far, the use of proteomic analysis in HF studies has been 
rather limited. The most informative proteomic studies of HF 
have targeted either specific groups of proteins, either organ-
elle-specific (e.g., mitochondrial), functional (e.g., metabolic), 
or modified (e.g., nitrated proteins) rather than using global 
snapshots of the whole proteome. On the other hand, and in 
reference to the genetic analysis of HF, despite the problems 
posed by the pronounced heterogeneity in genotypes, difficult-
to-control environmental factors, practical problems in con-
ducting longitudinal studies, and frequent methodological 

Fig. 19.1 Systems biology. 
Top-down and bottom-up analysis 
of the phenome
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inconsistencies in sampling and assessing phenotypes, a num-
ber of genes and gene variants that contribute to human HF 
have been and continue to be successfully identified. 
Furthermore, the molecular analysis has not only revealed 
genes involved in the onset of these HF phenotypes and identi-
fied commonalities of gene expression profiles shared with the 
normal heart but also has begun to unveil the epigenetic mech-
anisms that can be disrupted in progressive HF, including 
chromatin remodeling and DNA modifications.

Notwithstanding all evidence obtained from randomized 
trials, definitive proof is necessary before the introduction of 
new drugs in clinical practice in general and in the treatment 
of HF in particular. Similarly, randomization is the best 
method for comparing interventions that evaluate  
the potential effects of a new diagnostic test since method-
ologic shortcomings can overestimate the accuracy of the 
test. We agree with Gluud and Gluud that so far only limited 
randomized trials have dealt with diagnostic tests [55]. As 
noted when looking at the four phases in the architecture of 
diagnostic research, the demand for diagnostic phase III and 
phase IV studies is and will be increasing with the continu-
ous development of new diagnostic methods as discussed 
above. During the development of new diagnostic methods, 
the so called four temporal phases (Table 19.2) of research 
provide a logical, stepwise procedure for their development. 
However, these phases do not apply to all diagnostic tests or 
provide an adequate basis for all types of diagnostic studies. 
Nevertheless, the phase concept as a guide may be adjusted 
according to individual circumstances.

Finally, the use of systems biology, which blends stochas-
tic and deterministic features might have a relevant impact 
on current cardiovascular biology. As the methodology pro-
gresses, complex, multifactorial diseases including HF, dia-
betes, arthritis, and cancer might be understood in terms of 
failure of molecular components to cooperate properly. 
Consequently, these diseases may be studied and treated in a 
rational and successful way. Example of this concept is the 
model of the human heart that blends at the molecular, cel-
lular, and organ levels in a quantitative and predictable man-
ner [49]. Thus, the ultimate goal of systems biology is to 
tailor drugs and therapies to the needs of individual patients, 
improving the safety and efficacy of HF treatment.

Reductionism has been so far the prevalent approach in 
clinical medicine and employed in clinical diagnostics and 
treatment of complex diseases, including HF; however, this 
approach has serious limitations, and an alternative approach, 
such as systems biology, maybe at least complement it. As 
pointed out by Ahn et al. [56] in their review on the clinical 
application of the systems approach, rather than dividing a 
complex problem (i.e., HF) into its component parts, the sys-
tems perspective can appreciate the holistic and composite 
characteristics of the disease with the perspective that in the 
evaluation of the problem computational and mathematical 
tools may be required. Nevertheless, there is still significant 
skepticism in the literature about how systems biology will 
complement classic reductionist approaches. In order to 
answer this question, further research is needed.

Summary

Global gene profiling analysis has proven informative in •	
diverse cardiac pathologies including cardiac hypertro-
phy, myocardial ischemia, dilated cardiomyopathy, coro-
nary artery disease, atrial fibrillation, and heart failure.
In tissues and cells of both animal models and human •	
subjects of HF, gene profiling has shown genes involved 
(or altered) in HF, apoptotic progression, and proinflam-
matory events in vascular cells.
Proteomic analysis allows the assessment of gene expression •	
at the protein level as well as the identification of novel 
vascular and cardiac-specific biomarkers of HF.
Most informative proteomic studies have eschewed a •	
complete proteomic approach in which the entire pro-
teome is characterized and rather have utilized a more 
focused proteomic analysis targeted to specific candidate 
proteins by function, or limited to specific classes of pro-
teins, or subproteomes of specific organelles (e.g., mito-
chondria or lysosomes) or containing specific protein 
modifications (e.g., nitration).
Genome-wide screening in some defined populations (e.g., •	
centenarians and their families) and SNP polymorphic vari-
ant analysis in case–association studies have allowed the 
identification of several genes associated with human aging.
Genes involved in lipoprotein metabolisms (APOE), sig-•	
naling, inflammation, and immune-regulation have been 
clearly associated with differences in cardiac diseases in 
general and HF in particular, as well as in the susceptibil-
ity to aging-associated diseases.
Molecular genetic analysis has begun to reveal the mech-•	
anism of significant epigenetic contributions to the expres-
sion of HF phenotype, including DNA methylation and 
chromatin remodeling, primarily through modifications 
of chromatin proteins including histones.

Table 19.2 Four phases in architecture of diagnostic research [55]

Phase I – determining the normal range of values for a diagnostic test 
through observational studies in healthy people

Phase II – determining the diagnostic accuracy through case–control 
studies, including healthy people and (a) people with known 
disease assessed by diagnostic standard and (b) people with 
suspected disease

Phase III – determining the clinical consequences of introducing a 
diagnostic test through randomized trials

Phase IV – determining the effects of introducing a new diagnostic test 
into clinical practice by surveillance in large cohort studies
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The ultimate goal of systems biology is to tailor drugs and •	
therapies to the needs of individual patients improving the 
safety and efficacy of HF treatment.
There is still significant skepticism about how systems •	
biology will complement classic reductionist approaches. 
To answer this question, further research is needed.
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Overview

Over the past two decades, enormous progress has been 
made in the pharmacotherapy of heart failure (HF). Large 
randomized controlled trials involving the inhibition of the 
renin–angiotensin–aldosterone system and sympathetic 
nervous system have led to substantial improvements in 
both morbidity and mortality [1–3]. Indeed, with optimal 
pharmacologic therapy, the annual mortality rate for those 
with New York Heart Association (NYHA) Class II symp-
toms of HF has declined to less than 10% per annum [4]. 
Furthermore, advances in device therapy including cardiac 
resynchronization therapy (CRT) with or without implant-
able defibrillators (CRT-D), in addition to medical treatment, 
for more severe HF have brought down the annual mortality 
rate for those with NYHA Class III HF to about 11% at 1 
year [5, 6]. Cardiac transplantation is now a valuable option 
for selected patients with end-stage HF despite optimal med-
ical therapy, with a 1-year survival approaching 90%, a 
5-year survival rate of approximately 70%, and a median 
survival in excess of 10 years [7]. In this chapter, all aspects 
of available therapy of HF will be reviewed followed by a 
brief glimpse into the future.

Introduction

The aim of treating HF is not different from any other medical 
condition, namely to bring about a reduction of mortality and 
morbidity. Since the mortality of HF is so high, particular 
emphasis has been put on this end-point in clinical trials. 
However, for many patients, and notably the elderly, the abil-
ity to lead an independent life, freedom from excessively 
unpleasant symptoms, and reduction of admission to hospital, 
constitutes treatment goals, which, on occasions, may be as 
important as the prolongation of life. Prevention of heart dis-
ease or its progression remains an essential part of management. 
Many of the randomized clinical trials in HF have evaluated 
patients with systolic dysfunction based on an ejection frac-

tion of 35–40%. This is admittedly a relatively arbitrary cutoff 
level, and there is limited trial evidence in the large population 
with symptomatic HF and an EF between 40 and 50%.

Because treatment of HF has improved over the past 
decade, the older prognostic models need to be revalidated 
[8], and newer prognostic models may have to be developed. 
Outcomes have been improved for most high-risk patients, 
which has resulted in a shift in the selection process for 
patients referred for heart transplantation [8]. Routine use of 
ambulatory electrocardiographic monitoring, T-wave altern-
ans analysis, heart rate variability measurement, and signal-
averaged electrocardiography have not been shown to 
provide incremental value in assessing overall prognosis, 
although ambulatory electrocardiographic monitoring can be 
useful in decision making regarding placement of implant-
able cardioverter-defibrillators (ICDs) [9]. Likewise, although 
the natriuretic peptides are strong predictors of prognosis in 
patients HF, a natriuretic peptide-targeted treatment approach 
has not been proven convincingly to be of value in following 
patients with chronic HF [10, 11].

General Measures

Nonpharmacologic strategies represent an important contribu-
tion to HF therapy, and they can significantly impact patient 
stability, functional capacity, mortality, and quality of life. 
Dietary instruction regarding sodium intake is recommended 
for all patients with HF. Patients with HF and diabetes, dys-
lipidemia, or obesity should be given specific instructions 
regarding carbohydrate or caloric constraints as per disease-
specific guidelines. Dietary sodium restriction (2–3 g every-
day) is recommended for patients with the clinical syndrome 
of HF. Further restriction (<2 g daily) may be considered in 
moderate to severe HF. Restriction of daily fluid intake to <2 l 
is recommended in patients with severe hyponatremia (serum 
sodium <130 mEq/l) and should be considered for all patients 
with signs of fluid retention that are difficult to control despite 
high doses of diuretic and sodium restriction. The identification 
of concurrent treatable conditions as discussed in Chap. 12, 
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such as sleep-disordered breathing, urologic abnormalities, 
restless leg syndrome, and depression should be considered in 
patients with HF and chronic insomnia. Pharmacologic aids to 
sleep induction may be necessary. Agents that do not risk 
physical dependence are preferred.

HF is a syndrome with an enormous impact on the quality 
of life of patients and families. HF can affect employment, 
relationships, leisure activities, eating, sleeping, and sexual 
activity. Physicians have a significant opportunity to improve 
their patients’ quality of life by initiating discussion regard-
ing these issues and providing education, feedback, and sup-
port. Patients with HF should be advised to stop smoking and 
to limit alcohol consumption to <2 standard drinks per day in 
men, or <1 standard drink per day in women. Patients sus-
pected of a diagnosis of alcohol-induced cardiomyopathy 
should be advised to abstain from alcohol consumption. 
Patients suspected of using illicit drugs should be counseled 
to discontinue such use. Pneumococcal and annual influenza 
vaccines are recommended in all patients with HF in the 
absence of contraindications. Nonsteroidal antiinflammatory 
drugs, including cyclooxygenase-2 inhibitors, are not recom-
mended in patients with chronic HF. The risk of renal failure 
and fluid retention is markedly increased in the setting of 
reduced renal function or angiotensin-converting enzyme 
(ACE) inhibitor therapy.

Exercise intolerance is recognized as a hallmark of HF. 
Until the late 1980s, HF patients were advised to avoid 
physical activity in the hope that it might minimize symptoms 
and protect the already damaged heart. It is now understood 
that exercise intolerance in HF has a multifactorial etiology 
and that parameters such as intracardiac filling pressures and 
left ventricular ejection fraction may not be reliable predic-
tors of exercise capacity. Changes in the periphery and left 
ventricular function are both important determinants of exer-
cise capacity. Exercise training programs in selected patients 
have been shown to be not only safe but also can reverse 
many of these peripheral abnormalities felt to play a role in 
exercise intolerance and improve overall exercise capacity 
[12]. As a result, there has been a gradual move from reluc-
tance to consider exercise programs for patients with HF and 
left ventricular dysfunction toward referral of selected 
patients.

Numerous clinical and mechanistic studies and some ran-
domized studies have shown that regular exercise performed 
by either interval training (e.g., biking and treadmill) or 
steady-state exercise can safely increase physical capacity by 
15–25% and improve symptoms and quality of life in patients 
with NYHA II–III HF [12, 13]. However, these studies have 
been small and have used mainly physiological end points. 
The ExTraMATCH Collaborative Trial [13] addressed the 
question as to whether exercise training reduces morbidity 
and mortality in HF patients by using individual patient data 
from nine relatively small studies published since 1990 

involving 801 patients. The ExTraMATCH review provided 
further support for the safety of exercise training in stabi-
lized NYHA I–III HF patients and reported relative risk 
reductions of 32% for death and 23% for the combined end-
point of death and hospital admission, respectively, for exer-
cise training versus usual care. Several detailed discussions 
have been provided on exercise and HF [14, 15].

Results of the National Institute of Health-sponsored 
A Controlled Trial Investigating Outcomes of Exercise 
Training (HF-ACTION) trial have been published recently 
[16]. In this multicenter trial, 2,331 stable outpatients with 
HF and reduced ejection fraction were assigned to usual care 
plus aerobic exercise training, consisting of 36 supervised 
sessions followed by home-based training or usual care 
alone. Median LV ejection fraction was 25%. Exercise adher-
ence decreased from a median of 95 min per week during 
months 4–6 of follow-up to 74 min per week during months 
10–12. A total of 759 patients (65%) in the exercise training 
group died or were hospitalized compared with 796 patients 
(68%) in the usual care group (hazard ratio (HR), 0.93 (95% 
confidence interval (CI), 0.84–1.02); P = 0.13). There were 
nonsignificant reductions in the exercise training group for 
mortality (189 patients (16%) in the exercise training group 
vs. 198 patients (17%) in the usual care group; HR, 0.96 
(95% CI, 0.79–1.17); P = 0.70), cardiovascular (CV) mortality 
or CV hospitalization (632 (55%) in the exercise training 
group vs. 677 (58%) in the usual care group; HR, 0.92 (95% 
CI, 0.83–1.03); P = 0.14), and CV mortality or HF hospital-
ization (344 (30%) in the exercise training group vs. 393 (34%) 
in the usual care group; HR, 0.87 (95% CI, 0.75–1.00); 
P = 0.06). In prespecified supplementary analyses adjusting 
for highly prognostic baseline characteristics, the HR were 
0.89 (95% CI, 0.81–0.99; P = 0.03) for all-cause mortality or 
hospitalization, 0.91 (95% CI, 0.82–1.01; P = 0.09) for car-
diovascular mortality or CV hospitalization, and 0.85 (95% 
CI, 0.74–0.99; P = 0.03) for cardiovascular mortality or HF 
hospitalization. Therefore, in the protocol-specified primary 
analysis, exercise training resulted in nonsignificant reduc-
tions in the primary end-point of all-cause mortality or hos-
pitalization and in key secondary clinical end-points. After 
adjustment for prognostic predictors of the primary end-
point, exercise training was associated with modest signifi-
cant reductions for both all-cause mortality or hospitalization 
and cardiovascular mortality or HF hospitalization.

Based on available data to date, one can recommend regu-
lar physical activity for all patients with stable HF symptoms 
and impaired LV systolic function. Exercise training three to 
five times a week for 30–45 min per session (to include warm 
up and cool down) should be considered. Prior to starting an 
exercise program, all patients should have a graded exercise 
stress test to assess functional capacity, identify angina or 
ischemia, and determine an optimal target heart rate for train-
ing. Training for both aerobic activity and resistance training 
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should be at a moderate intensity. Individualized exercise 
training may initially be performed in a supervised setting 
with trained personnel and external defibrillators when 
resources are available and accessible.

Pharmacologic Therapy

There have now been many landmark clinical trials on the 
use of ACE inhibitors [1, 17–21] and b-blockers (Fig. 20.1) 
[2, 22–24] as well as meta-analyses [25, 26] in HF such that 
these agents have become standard therapy and should be 
considered in all patients diagnosed with HF in the presence 
of systolic dysfunction. The timing of the introduction should 
be individualized to maximize tolerability and long-term 
persistence with therapy. In general, acute symptoms should 
be relieved first, such as with the use of diuretics, but an ACE 
inhibitor or a b-blocker should be introduced as early as the 

patient’s condition allows. Heart rate and blood pressure 
abnormalities may dictate which drug class should be used 
first or preferentially uptitrated. As most of the clinical trials 
administered ACE inhibitors first, most physicians would 
start with an ACE inhibitor and add a b-blocker but not nec-
essarily delay introduction until target ACE inhibitor dose 
was reached. A recent open-label trial of 1,010 patients with 
mild to moderate HF and LV ejection fraction £35%, CIBIS 
III [27], showed either strategy of ACE inhibitor or b-blocker 
for the first 6 months, followed by the combination for 6–24 
months, to be similar with some small nonsignificant differ-
ences in tolerability and outcomes. Heart rate, blood pres-
sure, and comorbidities may dictate which drug class should 
be used first or preferentially uptitrated. If an ACE inhibitor 
is not tolerated, there is now good evidence that an angio-
tensin receptor blocker (ARB) can be substituted [28, 29] 
and this may also apply if a b-blocker is not tolerated, 
although those data are not as robust. In patients who are 
already on combination ACE inhibitor plus b-blocker, but 

Fig. 20.1 Landmark trials of b-blockers in heart failure and systolic dysfunction
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continue to have HF symptoms or hospitalizations, an ARB 
should be added [30, 31]. Aldosterone antagonists are effec-
tive in patients with post-MI HF or in chronic HF, especially 
if recently hospitalized for HF [32, 33]. Symptoms, blood 
pressure sitting and standing, heart rate, renal function, and 
electrolytes should be followed closely when combinations 
of drugs affecting the renin-angiotensin–aldosterone system 
are used.

A previous study compared an ACE inhibitors to isosor-
bide dinitrate (ISDN) and hydralazine combination and 
found the ACE inhibitor enalapril to reduce mortality at 2 
years [22]. Therefore, in symptomatic patients with an LVEF 
£40%, the combination of hydralazine and ISDN may be 
used as an alternative if there is intolerance to both an ACE 
inhibitor and an ARB. The recent A-HeFT study [34] 
enrolled self-identified African American patients with sys-
tolic HF and demonstrated that adding a fixed dose combina-
tion of ISDN plus hydralazine to standard therapy reduced 
mortality as well as first hospitalization for HF and improved 
quality of life. Digoxin should not be used to treat patients 
with diastolic HF in sinus rhythm. By increasing contractil-
ity through increased intracellular calcium concentration, 
digoxin may increase LV stiffness in these patients, increas-
ing LV filling pressure, and aggravating HF associated with 
normal LV ejection fraction [35]. At 37-month follow-up of 
7,788 patients, mean age 64 years, with HF (6,800 with sys-
tolic HF and 988 with diastolic HF) in the Digitalis 
Investigator Group (DIG) study, the mortality was similar in 
patients treated with digoxin or placebo [36, 37]. HF hospi-
talization was significantly reduced (28%) in patients with 
systolic HF and insignificantly reduced (21%) in patients 
with diastolic HF [37]. All-cause hospitalization was signifi-
cantly reduced in patients with systolic HF and insignifi-
cantly increased in patients with diastolic HF [37]. 
Hospitalization for suspected digoxin toxicity in patients 
treated with digoxin was 0.67% in patients aged 50–59 years, 
1.91% in patients aged 60–69 years, 2.47% in patients aged 
70–79 years, and 4.42% in patients aged ³80 years [37]. A 
post-hoc subgroup analysis of data from women with sys-
tolic HF in the DIG study showed by multivariate analysis 
that digoxin significantly increased the risk of death among 
women (by 23%) [38]. A post-hoc subgroup analysis of data 
from men with systolic HF in the DIG study showed that 
digoxin significantly reduced mortality (by 6%) if the serum 
digoxin level was 0.5–0.8 ng/ml, insignificantly increased 
mortality (by 3%) if the serum digoxin level was 0.8–1.1 ng/
ml, and significantly increased mortality (by 12%) if the 
serum digoxin level was ³1.2 ng/ml [39]. Another post-hoc 
subgroup analysis of data from all 1,926 women with sys-
tolic or diastolic HF in the DIG study showed that digoxin 
significantly increased mortality (by 20%) in women [40]. 

This retrospective analysis also showed that higher NYHA 
classes were associated with poorer outcomes in patients 
with diastolic HF [41]. On the basis of these data, women 
with systolic or diastolic HF and men with diastolic HF 
should probably not be treated with digoxin. Men with per-
sistent symptoms due to systolic HF despite treatment with 
diuretics, ACE inhibitors and b- blockers may be treated 
with digoxin.

In practice, drugs that have been proven to be beneficial in 
large-scale clinical trials are recommended as the effective 
target doses are known (Table 20.1). The target drug dose 
should be either the dose used in large scale clinical trials or 
a lesser but maximum dose that is tolerated by the patient. If 
a drug with proven mortality or morbidity benefits does not 
appear to be tolerated by the patient (e.g., low blood pres-
sure, slow heart rate, or renal dysfunction), other concomitant 
drugs with less proven benefit should be carefully reevaluated 
to determine if their dose can be reduced or the drug discon-
tinued to allow better tolerance of the proven drug [42].

Cardiac Resynchronization Therapy

Up to one-third of patients with low EF and Class III to IV 
symptoms of HF have a QRS duration on their electrocardio-
grams that are greater than 0.12 s [43, 44]. This electrocar-
diographic manifestation of abnormal cardiac conduction 
has been used to identify subjects with dyssynchronous 
ventricular contraction. While not completely perfect, no 

Table 20.1 Evidence-based drugs and oral doses as demonstrated in 
large clinical trials

Drug Start dose Target dose

ACE inhibitor
Captopril 6.25–12.5 mg TID 25–50 mg TID
Enalapril 1.25–2.5 mg BID 10 mg BID
Ramipril 1.25–2.5 mg BID 5 mg BID
Lisinopril 2.5–5 mg OD 20–35 mg OD
b-blockers
Carvedilol 3.125 mg BID 25 mg BID
Bisoprolol 1.25 mg OD 10 mg OD
Metoprolol CR/XL 12.5–25 mg OD 200 mg OD
ARB
Candesartan 4 mg OD 32 mg OD
Valsartan 40 mg BID 160 mg BID
Aldosterone antagonist
Spironolactone 12.5 mg OD 50 mg OD
Eplerenone 25 mg OD 50 mg OD
Vasodilators
Isosorbide dinitrate 20 mg TID 40 mg TID
Hydralazine 37.5 mg TID 75 mg TID
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other consensus definition of cardiac dyssynchrony exists as 
yet, although several echocardiographic measures have been 
employed. The mechanical consequences of dyssynchrony 
include suboptimal ventricular filling, a reduction in LV dP/dt 
(rate of rise of ventricular contractile force or pressure), pro-
longed duration (and therefore greater severity) of mitral 
regurgitation, and paradoxical septal wall motion [45, 46]. 
Ventricular dyssynchrony has also been associated with 
increased mortality in HF patients [47]. Dyssynchronous 
contraction can be reversed by electrically activating the 
right and left ventricles in a synchronized manner with a 
biventricular pacemaker device. This approach to HF ther-
apy, commonly called cardiac resynchronization therapy 
(CRT), may enhance ventricular contraction and reduce the 
degree of secondary mitral regurgitation [48]. In addition, 
the short-term use of CRT has been associated with improve-
ments in cardiac function and hemodynamics but without an 
accompanying increase in oxygen use [49] as well as adap-
tive changes in the biochemistry of the failing heart [48].

To date, more than 4,000 HF patients with LV dyssyn-
chrony have been evaluated in randomized controlled trials 
comparing optimal medical therapy alone versus optimal 
medical therapy plus CRT, with or without an ICD. CRT, 

when added to optimal medical therapy in persistently symp-
tomatic patients, has resulted in significant improvements in 
quality of life, functional class, exercise capacity and exer-
cise distance during a 6-min walk test, and EF in patients 
randomized to CRT [50] or to combined CRT and ICD 
[51, 52]. In a meta-analysis of several CRT trials, HF hospi-
talizations were reduced by 32% and all-cause mortality by 
25% [51]. The effect on mortality in this meta-analysis 
became apparent after approximately 3 months of therapy. 
In one study [53], subjects were randomized to optimal 
pharmacological therapy alone, optimal medical therapy 
plus CRT alone, or optimal medical therapy plus the 
combination of CRT and an ICD (Fig. 20.2).

Compared with optimal medical therapy alone, both 
device-treated arms significantly decreased the combined 
risk of all-cause hospitalization and all-cause mortality by 
approximately 20%, whereas the combination of a CRT and 
an ICD decreased all-cause mortality significantly by 36% 
[53]. More recently, in a randomized controlled trial compar-
ing optimal medical therapy alone with optimal medical 
therapy plus CRT alone (without a defibrillator), CRT sig-
nificantly reduced the combined risk of death of any cause or 
unplanned hospital admission for a major cardiovascular 

Fig. 20.2 Clinical outcomes in COMPANION and CARE
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event (analyzed as time to first event) by 37% (see Fig. 20.2) 
[6]. In that trial, all-cause mortality was reduced by 36% and 
HF hospitalizations by 52% with the addition of CRT. Thus, 
there is strong evidence to support the use of CRT to improve 
symptoms, exercise capacity, quality of life, LVEF, and sur-
vival, and to decrease hospitalizations in patients with persis-
tently symptomatic HF undergoing optimal medical therapy 
who have cardiac dyssynchrony (as evidenced by a pro-
longed QRS duration). The use of an ICD in combination 
with CRT should be on the basis of the indications for ICD 
therapy. With few exceptions, resynchronization trials have 
enrolled patients in normal sinus rhythm. Although the entry 
criteria required QRS duration only longer than 0.12 s, the 
average QRS duration in the large trials was longer than 
0.15 s, with less information demonstrating benefit in 
patients with lesser prolongation of QRS. Two smaller 
studies, one randomized-controlled and the other observa-
tional [54, 55], have evaluated the potential benefit of CRT in 
HF patients with ventricular dyssynchrony in the presence of 
atrial fibrillation. Although both studies demonstrated the 
benefit of CRT in these patients, the total number of patients 
examined (<100) precludes a recommendation for CRT in 
otherwise eligible patients with atrial fibrillation. To date, 
only a small number of patients with “pure” right bundle-
branch block have been enrolled in CRT trials. Similarly, 
the prolonged QRS duration associated with right ven-
tricular pacing has also been associated with ventricular 
dyssynchrony that may be improved by CRT, but no pub-
lished studies have addressed this clinical scenario as yet. 
Recommendations regarding CRT for patients with LVEF of 
less than or equal to 35%, NYHA functional class III, and 
ambulatory class IV symptoms or dependence on ventricular 
pacing have recently been updated to be consistent with the 
ACC/AHA/HRS 2008 Guidelines for Device-Based Therapy 
of Cardiac Rhythm Abnormalities [56]. A prospective, non-
randomized multicenter study, the Predictors of Response to 
CRT (PROSPECT) trial [57] tested the performance of 12 
echocardiographic parameters of dyssynchrony, based on 
both conventional and tissue Doppler-based methods to 
predict CRT response at 6 months. They enrolled 498 
patients on a stable medical regimen with standard CRT 
indications (NYHA class III or IV symptoms, LV ejection 
fraction £35%, QRS ³ 130 ms). The sensitivity and speci-
ficity of these echocardiographic parameters to predict the 
clinical and remodeling composite outcomes varied widely, 
ranging from 6 to 74% for sensitivity and from 35 to 91% 
for specificity, with large variability in the analysis of the 
dyssynchrony parameters. Results of this study suggest that 
no single echocardiographic measurement of mechanical 
dyssynchrony may be recommended to improve patient 
selection for CRT beyond current guidelines. The benefit of 
CRT in patients with wide QRS is well established. 
However, some patients with narrow QRS complexes have 

echocardiographic evidence of LV mechanical dyssynchrony 
and may also benefit from CRT. The Cardiac Resynchroniza-
tion Therapy in Patients with Heart Failure and Narrow 
QRS (RethinQ) trial enrolled 172 patients who had a 
standard indication for an ICD, LVEF < 35%, moderate 
symptoms of HF (NYHA class III) caused by either ischemic 
or nonischemic cardiomyopathy, and a QRS interval <130 ms 
[58]. Patients received the CRT device and were randomly 
assigned to the CRT group or to a control group (no CRT) for 
6 months. There was no change in the primary endpoint 
(peak oxygen consumption during cardiopulmonary exer-
cise testing at 6 months), or change in quality-of-life scores, 
6-min walking test, or ejection fraction.

To date, ten studies have reported on CRT implant mor-
bidity and mortality. There were 13 deaths in 3,113 patients 
(0.4%). From a pooled assessment of 3,475 patients in 17 
studies, the success rate of implantation was 90% [51]. 
Device-related problems during the first 6 months after 
implantation reported in 13 studies included lead malfunc-
tion or dislodgement in 8.5%, pacemaker problems in 6.7%, 
and infection in 1.4% of cases. These morbidity and mor-
tality data are derived from trials that used expert centers. 
Results in individual clinical centers may vary consider-
ably and are subject to a significant learning curve effects 
for each center; however, as implantation techniques evolve 
and equipment improves, complication rates may also 
decline [51].

Questions that remain to be answered include: exactly 
who benefits from CRT therapy? Why do all severely symp-
tomatic patients with a wide QRS not benefit from this form 
of therapy? Does the QRS duration itself matter as much as 
the finding of cardiac dyssynchrony on echocardiography? 
What is the best way to evaluate cardiac dyssynchrony? 
What is the role of CRT in patients with chronic atrial fibril-
lation? Is there a better way to optimize CRT function by 
using certain echocardiographic parameters?. Should CRT 
be used in less symptomatic patients to prevent the progres-
sion of symptoms?. To address the last question, the recently 
published MADIT-CRT trial was designed to determine if 
CRT with biventricular pacing would reduce the risk of death 
or HF events in patients with mild cardiac symptoms, a 
reduced ejection fraction, and a wide QRS complex.[59] 
1820 patients with ischemic or nonischemic cardiomyopa-
thy, an ejection fraction ≤ 30%,  QRS duration ≥ 130 msec, 
and NYHA class I or II symptoms were randomly assigned 
to receive CRT plus an ICD (1089 patients) or an ICD alone 
(731 patients). The primary end point of death or non-fatal 
HF event occurred in 187 of 1089 patients in the CRT–ICD 
group (17%) and 185 of 731 patients in the ICD-only group 
(25%) (hazard ratio in the CRT–ICD group, 0.66; 95% con-
fidence interval [CI], 0.52 to 0.84; P = 0.001). Mortality, 
however, was not different. Another recent study, the 
REVERSE (REsynchronization reVErses Remodeling in 
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Systolic left vEntriculardysfunction) trial, [60] determined 
the effects of CRT in patients in NYHA I and II functional 
class with previous HF symptoms. Six hundred ten patients 
with NYHA functional class I or II HF with a QRS ≥ 120 ms 
and an ejection fraction 40% received a CRT device (±defi-
brillator) and were randomly assigned to active CRT 
(CRT-ON; n = 419) or control (CRT-OFF; n = 191) for 12 
months. The primary end point was the HF clinical compos-
ite response, which scores patients as improved, unchanged, 
or worsened. The HF clinical composite response end point, 
which compared only the percent worsened, indicated 16% 
worsened in CRT-ON compared with 21% in CRT-OFF  
(p = 0.10). Patients assigned to CRT-ON experienced a greater 
improvement in LV end-systolic volume index. The current 
treatment guideline has not yet addressed the use of CRT in 
patients with milder symptoms of HF although the use of 
CRT in conjunction with defibrillator will likely increase in 
these patients in the near future.

Internal Cardiovertor Defibrillator Therapy

Patients with LV dilation and reduced LV ejection fraction 
frequently manifest ventricular tachydysrhythmias, both 
nonsustained ventricular tachycardia (VT) and sustained VT. 
The mortality of patients with all types of ventricular tachy-
dysrhythmias is high. The high mortality results from pro-
gressive HF, as well as from sudden death. Sudden death is 
often equated with a primary dysrhythmic event, but multiple 
causes of sudden death have been documented and include 
ischemic events such as acute MI [61], electrolyte distur-
bances, pulmonary or systemic emboli, or other vascular 
events. Although ventricular tachydysrhythmias are the most 
common dysrhythmias associated with unexpected sudden 
death, bradycardia and other pulseless supraventricular 
rhythms are not uncommon in patients, particularly those 
with Stage D HF [62].

Patients with previous cardiac arrest or documented sus-
tained ventricular dysrhythmias have a high risk of recurrent 
events. Implantation of an Internal Cardioverter Defibrillator 
(ICD) has been shown to reduce mortality in cardiac arrest 
survivors. An ICD is indicated for secondary prevention of 
death from ventricular tachydysrhythmias in patients with 
otherwise good clinical function and prognosis, for whom 
prolongation of survival is a goal. Patients with chronic HF 
and a low EF who experience syncope of unclear origin have 
a high rate of subsequent sudden death and should also be 
considered for placement of an ICD [63]. However, when 
ventricular tachydysrhythmias occur in a patient with a pro-
gressive and irreversible clinical HF decompensation, place-
ment of an ICD is not indicated to prevent recurrence of 
sudden death, although an exception may exist for the minor-

ity of patients for whom definitive therapy such as cardiac 
transplantation is planned.

Patients with low EF but without prior history of cardiac 
arrest, spontaneous VT, or inducible VT have a risk of sudden 
death that is lower than for those who have experienced previ-
ous events, but the risk remains significant. Within this group, 
it has not yet been possible to identify those patients at highest 
risk, especially in the absence of prior MI. Approximately 
50–70% of patients with low EF and symptomatic HF have 
episodes of nonsustained VT on ambulatory electrocardio-
graphic monitoring; however, it is not clear whether the occur-
rence of complex ventricular dysrhythmias in these patients 
with HF contributes to the high frequency of sudden death 
or, alternatively, simply reflects the underlying disease pro-
cess [64]. Antidysrhythmic drugs to suppress premature ven-
tricular depolarizations and nonsustained ventricular 
dysrhythmias have not been shown improve survival [65], 
even though nonsustained VT may play a role in triggering 
ventricular tachydysrhythmias. Furthermore, most antidys-
rhythmic drugs have negative inotropic effects and can 
increase the risk of serious dysrhythmia; these adverse car-
diovascular effects are particularly pronounced in patients 
with low EF [66]. This risk is especially high with the use of 
class IA agents (quinidine and procainamide) and class IC 
agents (flecainide and propafenone) [65, 67], which have 
increased mortality in post myocardial infarction trials [66]. 
Amiodarone is a class III antidysrhythmic agent but differs 
from other drugs in this class in having a sympatholytic 
effect [68]. Amiodarone has been associated with generally 
neutral effects on mortality when administered to patients 
with low EF and HF [69, 70]. Amiodarone therapy may also 
act through mechanisms other than antidysrhythmic effects 
because amiodarone has been shown in some trials to increase 
LVEF and reduce worsening HF [70]. Side effects of amio-
darone have included thyroid abnormalities, pulmonary tox-
icity, hepatotoxicity, neuropathy, insomnia, and numerous 
other reactions. Therefore, amiodarone should not be consid-
ered as part of the routine treatment of patients with HF, with 
or without frequent premature ventricular beats or asymp-
tomatic nonsustained VT; however, it remains the agent most 
likely to be safe and effective when antidysrhythmic therapy 
is necessary to prevent recurrent atrial fibrillation or symp-
tomatic ventricular dysrhythmias. Indeed, other pharmaco-
logical antidysrhythmic therapies, apart from b-blockers, are 
rarely indicated in HF but may occasionally be used to sup-
press recurrent ICD shocks when amiodarone has been inef-
fective or discontinued owing to toxicity. The role of ICDs in 
the primary prevention of sudden death in patients without 
prior history of symptomatic dysrhythmias has been explored 
recently in a number of trials. If sustained ventricular tachy-
dysrhythmias can be induced in the electrophysiology labo-
ratory in patients with previous MI or chronic ischemic heart 
disease, the risk of sudden death in these patients is in the 
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range of 5–6% per year and can be improved by ICD implan-
tation [71]. The role of ICD for the primary prevention of 
sudden death in patients with HF and low EF and no history 
of spontaneous or inducible VT has been addressed by sev-
eral large trials that used readily available clinical data as 
entry criteria [5, 72, 73]. The first of these trials, the 
Multicenter Automatic Defibrillator Implantation II (MADIT II) 
trial, demonstrated that ICDs, compared with standard medical 
therapy, decreased the occurrence of total mortality for 
patients with EF of 30% or less after remote MI [72]. 
Mortality was decreased in the ICD arm by an absolute of 
5.6%, a relative decrease of 31% over 20 months. In a second 
trial, the Defibrillator in Acute Myocardial Infarction Trial 
(DYNAMIT), a survival benefit was not demonstrated with 
devices implanted within 6–40 days after an acute MI in 
patients who at that time had an EF less than 35% and abnor-
mal heart rate variability. Although sudden deaths were 
decreased, there was an increase in other events, and ICD 
implantation did not confer any survival benefit in this set-
ting [73]. A third trial, SCD-HeFT (Sudden Cardiac Death in 
Heart Failure Trial), examining the benefit of ICD implanta-
tion for patients with EF less than 35% and NYHA func-
tional class II to III symptoms of HF included both ischemic 
and nonischemic causes of HF; absolute mortality was 
decreased by 7.2% over a 5-year period in the arm that 
received a simple ICD with backup pacing at a rate of 40 
beats/min. This represented a relative mortality decrease of 
23%, which was a survival increase of 11% [5]. There was 
no improvement in survival during the first year, with a 1.8% 
absolute survival benefit per year averaged over the next  
4 years. The DEFINITE (Defibrillators in Non-Ischemic 
Cardiomyopathy Treatment Evaluation) trial compared med-
ical therapy alone with medical therapy plus ICD in patients 
with nonischemic cardiomyopathy, NYHA class I to III HF, 
and an LV ejection fraction <36% [74]. ICD treatment was 
associated with a reduction in all-cause mortality that did not 
reach statistical significance but was consistent in terms of 
magnitude of effect (30%) with the findings of the MADIT II 
[72] and SCD-HeFT [5]. Results from systematic reviews of 
observational and randomized ICD trials confirm the favor-
able risk benefit ratio of this therapy [75].

In addition to cardiac status, consideration of other comor-
bid conditions, patient desires, and goals of therapy are essen-
tial components in the assessment for prescription of ICD 
therapy. In addition, close collaboration between the referring 
or HF physician and dysrhythmia specialist is essential not 
only in the initial assessment of these patients but also in their 
follow up. The inclusion of invasive hemodynamic monitor-
ing as a component of the ICD implantation will mandate 
clear delineation of physician responsibilities in terms of 
responsibility and communication of monitoring results. A 
recent joint Heart Rhythm Society/ European society for 
Cardiology Task Force Statement has outlined important con-

siderations for these interactions [76]. There is an intrinsic 
variability in measurement of EF particularly shortly after 
recovery from an acute coronary syndrome event. Moreover, 
the pivotal primary prevention trials used a variable inclusion 
EF, ranging below 30 or 36%. Given the totality of the data 
demonstrating the efficacy of an ICD in reducing overall mor-
tality in a population with dilated cardiomyopathy of either 
ischemic or nonischemic origins, the current recommendation is 
to include all patients with an LV ejection fraction £35%. 
ICDs are highly effective in preventing death due to ven-
tricular tachydysrhythmias; however, frequent shocks from 
an ICD can lead to poor quality of life, whether triggered 
appropriately by life-threatening rhythms or inappropriately 
by sinus or other supraventricular tachycardia. For symp-
toms from recurrent discharges triggered by ventricular dys-
rhythmias or atrial fibrillation, antidysrhythmic therapy, most 
often amiodarone, may be added. For recurrent ICD dis-
charges from VT despite antidysrhythmic therapy, catheter 
ablation may be effective [77]. ICDs have the potential to 
aggravate HF and have been associated with an increase in 
HF hospitalizations [72, 78]. This may result from right ven-
tricular pacing that produces dyssynchronous cardiac con-
traction; however, the occurrence of excess events with ICDs 
placed early after MI suggests that other factors may also 
limit the overall benefit from ICDs. Careful attention to ICD 
implantation, programming, and pacing function is impor-
tant for all patients with low EF who are treated with an ICD. 
The ACC/AHA/HRS 2008 Guidelines for Device-Based 
Therapy of Cardiac Rhythm Abnormalities [56] provides 
further discussion of the potential problem of worsening HF 
and LV function in all patients with right ventricular pacing. 
The decision regarding the balance of potential risks and 
benefits of ICD implantation for an individual patient thus 
remains a complex one. A decrease in incidence of sudden 
death does not necessarily translate into decreased total mor-
tality, and decreased total mortality does not guarantee a pro-
longation of survival with meaningful quality of life. This 
concept is particularly important in patients with poor prog-
nosis as a result of advanced HF or other serious comorbidi-
ties, because there had been no survival benefit observed 
from ICD implantation until after the first year in two of the 
major trials [5, 72]. Furthermore, the average age of patients 
with HF and low ejection fraction in the community is over 
70 years, a population not well represented in any of the ICD 
trials. Comorbidities common in the elderly population, such 
as prior stroke, lung disease, and crippling arthritic condi-
tions, as well as nursing home residence, should be factored 
into discussions regarding ICD. Atrial fibrillation, a common 
trigger for inappropriate shocks, is more prevalent in the 
elderly population. The gap between community and trial 
populations is particularly important for a device therapy 
that may prolong survival but has no real favorable impact on 
quality of life. Some patients may suffer a diminished quality 
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of life because of device-site complications, such as bleed-
ing, hematoma, or infections, or after ICD discharges, par-
ticularly those that are inappropriate. Consideration of ICD 
implantation is therefore recommended in patients with EF 
less than or equal to 35% and mild to moderate symptoms of 
HF and in whom survival with good functional capacity is 
otherwise anticipated to extend beyond 1 year. Because 
medical therapy may substantially improve EF, consideration 
of ICD implants should follow documentation of sustained 
reduction of EF despite a course of b-blockers and ACE 
inhibitors; however, ICDs are not warranted in patients with 
refractory symptoms of HF (Stage D disease) or in patients 
with concomitant diseases that would significantly shorten 
their life expectancy independent of HF. Before implanta-
tion, patients should be fully informed of their prognosis, 
including the risk of both sudden and non sudden mortality; 
the efficacy, safety, and risks of an ICD; and the morbidity 
associated with an ICD shock. Patients and families should 
clearly understand that the ICD does not improve clinical 
function or delay HF progression. Most importantly, the pos-
sible reasons and process for potential future deactivation of 
defibrillator features should be discussed long before func-
tional capacity or outlook for survival is severely reduced.

Heart Transplantation

With a 1-year survival approaching 90%, a 5-year survival 
rate of approximately 70%, and a median survival in excess 
of 10 years, heart transplantation is now a valuable option for 
selected patients with end-stage HF despite optimal medical 
therapy [7]. The principal indications for heart transplanta-
tion remain to be advanced functional class, perception of 
poor 1-year survival, as exemplified by mixed VO

2
 < 15  

ml/kg/min, the absence of alternative or conventional surgical 
options, as well as the potential for cardiac rehabilitation. The 
absolute and relative contraindications include pulmonary 
hypertension after aggressive challenge with vasodilator or 
inotropic agents, primary systemic disease that may limit sur-
vival, persistent renal dysfunction despite adjustment of ther-
apy, technical issues, psychosocial issues, morbid obesity, 
significant peripheral and cerebral vascular disease, and dia-
betes with end-organ damage [79]. The face of heart trans-
plantation is constantly evolving. At the same time as older 
patients are being considered for heart transplantation, a 
greater proportion of younger patients being referred for eval-
uation have complex congenital heart disease (CHD) [7, 80]. 
There is also an increase in both the number of patients who 
require mechanical circulatory support (MCS) as a bridge to 
transplantation as well as the number of retransplant candi-
dates [7]. This changing patient population brings new chal-
lenges to the transplant physicians. Among them, the risk of 

having preformed antibodies directed against the donor heart 
(sensitized patients) is particularly challenging as it may 
increase the risk of rejection and allograft vasculopathy [7, 
81]. Once considered an absolute contraindication to trans-
plantation, older recipient age is now seen as a relative con-
traindication [82]. Older recipient age is usually considered a 
risk factor for reduced posttransplant survival, although many 
single-center studies report excellent survival in carefully 
selected older recipients [82]. The incidence of rejection is 
usually lower in older recipients while the incidence of infec-
tion and allograft vasculopathy is higher [7, 82].

An increasing number of patients with CHD are now sur-
viving into adulthood. Many patients with CHD develop HF 
later in life, despite repair or palliation or as a result of uncor-
rected lesions [83, 84]. The most common congenital lesions 
in patients referred for transplantation include transposition 
of great arteries with a failing right ventricle and failed Fontan 
procedures. According to the International Society for Heart 
and Lung Transplantation (ISHLT) database, CHD is identi-
fied as one of the strongest risk factors for 1-year mortality 
after heart transplantation in adults [7, 83]. In contrast, in 
those who survive 3 years, CHD has a 10-year survival advan-
tage independent of age. Similarly in the last decade, there 
has also been an increase in the number of patients requiring 
MCS as a bridge to transplantation [85]. The technology has 
allowed many severely ill adult and pediatric patients to sur-
vive until a suitable donor heart became available. Patients 
who require MCS are at increased risk for rejection, infec-
tion, stroke, and bleeding. The need for transfusions and pos-
sibly the mechanical devices themselves increase the risk of 
presensitization [7, 81]. Based on the International Society 
for Heart & Lung Transplantation (ISHLT) database, survival 
at 1 and 5 years is reduced in patients requiring MCS but still 
higher than 80 and 70%, respectively [7]. With the increasing 
number of patients transplanted at early ages, it is also 
expected that the need for retransplantation will become more 
common. For now, however, retransplantation comprises only 
a very small minority (<3%) of heart transplants [7]. Overall 
survival rates for transplant patients are significantly lower 
than for other transplant patients, possibly reflecting an 
increased risk of allosensitization as well as the consequence 
of years of immunosuppression [7, 86]. Risk factors for poor 
outcome include retransplantation early after primary trans-
plantation (<6 months), retransplantation for acute rejection, 
or early allograft failure and retransplantation in an earlier era 
[86]. When selection criteria for retransplantation excluded 
retransplantation for primary allograft failure and intractable 
acute rejection occurring less than 6 months after transplanta-
tion, 1-, 2-, and 4-year survival rates after retransplantation 
were comparable to those after primary transplantation [86].

The surgical techniques for heart transplantation include 
two basically different surgical approaches, i.e., orthotopic 
(the donor heart implanted in the normal place of the native 
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heart and heterotopic (donor heart implanted beside the 
native heart)) [87]. The biatrial technique for orthotopic heart 
transplantation, first introduced in a dog model by Lower and 
Shumway in 1960, has been the standard approach [88]. 
Preservation was provided by the use of topical hypothermia 
induced by immersion of the graft in iced saline [88]. In 
1991, Sievers et al. [89] described a variation of the orthoto-
pic procedure termed the bicaval technique where the donor 
right atrium is attached directly to the inferior and superior 
vena cava and the left atrial anastomosis is done as a cuff. 
Compared with the classical biatrial approach, the bicaval 
approach results in less disruption of the atrial geometry, bet-
ter right ventricular function, less tricuspid and mitral valve 
regurgitation, and less sinus node dysfunction [90]. Despite 
increasing use of the bicaval technique, tricuspid regurgita-
tion remains a difficult problem early and late after heart 
transplantation. Adding a tricuspid annuloplasty to the trans-
plant operation has been recently shown to decrease the inci-
dence of tricuspid regurgitation and may even improve 
survival [91]. Heterotopic heart transplantation was first per-
formed by Barnard in 1974 as a left ventricular bypass and 
involves placing a donor heart in the right lower thorax where 
it is anastomosed to work in parallel to the recipient heart, 
which is left intact. The concept of having the donor and 
native heart side by side was more appealing in the early 
times of heart transplantation when the incidence of early 

graft failure was high. Although rarely performed nowadays, 
there remain two potential indications for heterotopic heart 
transplantation: (1) patients with elevated pulmonary hyper-
tension in whom the donor right ventricle is unable to toler-
ate the increased afterload; and (2) significant size mismatch 
(donor/recipient weight ratio <75%), especially seen in pedi-
atric patients. Heart–lung transplantation may also represent 
an option for patients with irreversible elevation in pulmo-
nary hypertension. Recent advances in organ preservation 
may also lead to further improvement in outcomes. One of 
the most promising new technologies is normothermic organ 
preservation, which provides warm blood perfusion of the 
donor organ, potentially decreasing reperfusion injury and 
graft dysfunction. If proven effective, this technology may 
decrease early graft failure and allow increased utilization of 
available organs. Its potential to decrease ischemic time may 
also give greater opportunity for prospective cross-matching 
in heart transplantation [92].

Conclusions

As with all diseases, prevention is the most important strat-
egy. Once the diagnosis is established, the aim of treating 
HF is to relieve symptoms and to reduce mortality and mor-

Fig. 20.3 Treatment algorithm of patients with chronic heart failure
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bidity. General and nonpharmacologic measures are impor-
tant components in the management. Cardiovascular risk 
factors should be aggressively managed with appropriate 
drugs and life style modifications to targets identified in 
other disease-specific national guidelines. Patients with 
symptoms should restrict their dietary salt intake and in 
patients with more advanced HF, fluid retention may be 
advised. Regular physical activity is recommended for all 
patients with stable HF symptoms and impaired LV systolic 
function. Exercise training should be considered for those 
with stable symptoms. All patients with HF and LVEF < 40% 
should be treated with an ACE inhibitor in combination with 
a b-blocker unless specific contraindications are present. 
CRT uses biventricular pacing to attempt to synchronize the 
activation of the septum and LV free wall and improve the 
overall LV function. Patients with class NYHA II–IV symp-
toms, despite optimal medical therapy, and who are in nor-
mal sinus rhythm with a QRS duration ³120 ms and a LV 
ejection fraction £35%, should be considered for CRT. 
Consideration should be made for addition of ICD therapy 
to patients being referred for CRT who meet the require-
ments for ICD. Heart transplantation is now accepted ther-
apy for end-stage HF and refractory symptoms despite 
optimal medical and surgical therapy. Apart from the short-
age of donor hearts, the main challenge of heart transplanta-
tion is prevention of rejection of the allograft, which is 
responsible for a considerable percentage of deaths in the 
first postoperative year. Fortunately, refinement of donor 
and recipient selection methods, better donor heart manage-
ment, and advances in immunosuppression have signifi-
cantly improved survival. Future treatment options may 
include gene therapy or cell replacement therapy. An algo-
rithm for the treatment of chronic HF using currently avail-
able strategies is summarized in Fig. 20.3.

Summary

There have now been many landmark clinical trials and •	
meta-analyses supporting the use of ACE inhibitors  
and b-blockers such that these agents have become standard 
therapy and should be considered in all patients diagnosed 
with HF with systolic dysfunction.
Aldosterone receptor blockade should be considered in •	
patients with LVEF < 30% and severe symptomatic 
chronic HF despite optimization of other recommended 
treatments, or acute heart failure with LVEF < 30% fol-
lowing acute myocardial infarction, if serum creatinine is 
<200 mmol/l and potassium is <5.2 mmol/l.
The combination of isosorbide dinitrate and hydralazine •	
should be considered in addition to standard therapy for 
African–Americans with systolic dysfunction and may be 

considered for other heart failure patients unable to toler-
ate other recommended standard therapy such as ACE 
inhibitors.
Drugs that have been proven to be beneficial in large-scale •	
clinical trials are recommended as the effective target 
doses. The target drug dose should be either the dose used 
in large-scale clinical trials or a lesser but maximum dose 
which is tolerated by the patient.
Patients with symptomatic (NYHA III–IV) heart failure •	
despite optimal medical therapy, and who are in normal 
sinus rhythm with a QRS duration ³120 ms and a LV 
ejection fraction £35%, should be considered for cardiac 
resynchronization therapy (CRT).
Consideration should be made for addition of ICD •	
therapy to patients being referred for CRT who meet the 
requirements for ICD.
Unanswered questions remain about exactly who bene-•	
fits from CRT therapy. Based on available evidence, 
primary ICD therapy should be considered in patients 
with ischemic heart disease with or without mild to 
moderate HF symptoms and LV ejection fraction of less 
than or equal to 30%, measured at least 1 month post 
myocardial infarction and at least 3 months post coro-
nary revascularization procedure. For example, why do 
not all severely symptomatic patients with a wide QRS 
benefit? Does the QRS duration itself matter as much as 
the finding of cardiac dyssynchrony on echocardiogram? 
What is the role of CRT in patients with chronic atrial 
fibrillation? An ICD should also be considered in patients 
with nonischemic cardiomyopathy present for at least 
9 months, NYHA functional class II–III heart failure, 
and LVEF less than or equal to 30% or LV ejection fraction 
31–35%.
The decision to implant a device in a heart failure patient •	
should be made with assessment and discussion between 
the heart failure and dysrhythmia specialist. An ICD 
should not be implanted in NYHA class IV heart failure 
in patients who are not expected to improve with any 
further therapy and who are not candidates for cardiac 
transplantation.
Heart transplantation is the accepted therapy for selected •	
patients with end-stage HF despite optimal medical and 
surgical therapy.
As a result of advances in organ preservation, immuno-•	
suppressive therapy, improved surgical techniques, and 
optimal secondary prevention therapy, outcome continues 
to improve. In addition, a better understanding of the 
alloimmune response has led to improved monitoring of 
rejection and the development of better immunosuppressive 
regimens.
In the future, advances in immunosuppression proto-•	
cols, organ preservation, and the use of more specific 
immune monitoring tools are likely to lead to significant 
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improvements in outcomes. Until then, heart transplanta-
tion remains a treatment and not a cure.
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Overview

After a decade of preclinical and early phase clinical investi-
gations, gene therapy has emerged as a genuine therapeutic 
option with the potential to alter the way clinicians manage 
patients with coronary artery disease (CAD) and with HF. 
Initially conceived for the treatment of specific inherited 
monogenic disorders, gene therapy potential has been 
extended to also include acquired polygenic diseases, such 
as HF. True that some investigators believe that gene therapy 
may still be a long time away. Indeed, gene therapy had mul-
tiple “initial” successes followed by the realization that much 
of the enthusiasm for each success has been perhaps prema-
ture. Furthermore, much of the early excitement with regard 
to this approach has been dampened following the death of a 
young male in one clinical trial. However, as with all discov-
eries and new fields, problems will arise and they need to be 
and likely will be identified and overcome with time. In this 
chapter, we discuss the current state of gene therapy in 
cardiac disease, and particular HF, including vehicles for 
delivery and human clinical trials.

Introduction

Given the fact that patients with HF have an altered pattern 
of myocardial gene expression with a characteristic genetic 
fingerprint [1] using genes themselves as the vehicle for 
replacing or altering the expression of defective genes to 
treat patients at the molecular level is an attractive approach to 
therapy. In particular, muscular dystrophies constitute a good 
model to assess novel approaches of gene therapy in the setting 
of cardiomyopathy. These conditions are common and debili-
tating genetic diseases that frequently arise from single gene 
mutations. In humans and hamsters, mutations in the SGCD 
gene encoding d-sarcoglycan (d-SG) can cause limb girdle 
muscular dystrophy (LGMD) with accompanying DCM. 
A stable and safe gene delivery with minimal trauma is required 
for successful gene therapy. Recently, it has been reported that 
the therapeutic effect of systemic delivery of adeno-associated 

virus (AAV) vectors carrying human SGCD gene in TO-2 
hamsters, an HF and muscular dystrophy model with a d-SG 
mutation [2]. A single injection of a double-stranded AAV 
vector carrying SGCD gene, without the need of physical or 
pharmaceutical interventions achieved near complete gene 
transfer and expression in the heart and skeletal muscles. 
Furthermore, sustained restoration of the missing d-SG gene 
in the TO-2 hamsters corrected muscle cell membrane leaki-
ness throughout the body and normalized serum creatine 
kinase levels. Echocardiography documented significant 
increase in the percent fractional shortening and decreased 
LV end-diastolic and end-systolic dimensions. The main 
objective of gene therapy in HF will be to achieve a reversal of 
the myocardial remodeling process with definitive improvement 
in cardiac function.

Why Gene Therapy for Cardiovascular 
Disease?

Gene therapy allows therapeutic concentrations of a gene 
product to be accumulated and maintained at optimally high 
levels at a localized target site of action. By avoiding high 
plasma levels of the gene product, it is possible to significantly 
reduce potential side effects.

Vectors and Targets

Both vascular and cardiac tissues have served as targets for 
gene therapy [3]. For myocardial gene therapy, the methods of 
gene delivery include: (a) direct injection into the epicardium, 
(b) catheter-mediated injection into the endocardium or into 
coronary arteries, (c) retroperfusion of coronary veins, and (d) 
intrapericardial delivery via catheter [4, 5]. The mechanics of 
delivery are continuously being up-dated and are dependent 
on the vector used; for instance, viral rather than nonviral 
vectors can be effectively delivered via coronary circulation 
approaches ((b) and (c) above). In addition, through ultrasound 
exposure, the uptake and expression of plasmid DNA in both 
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arteries and myocardium can be enhanced [6, 7]. Both viral 
vectors and naked plasmid DNAs have been employed in 
preclinical and clinical cardiovascular gene transfer studies. 
Naked plasmid DNA has been shown to have good entry and 
expression in normal and ischemic muscle [8]. However, the 
use of plasmid vectors pose limitations with lower efficiency 
of transfection.

It is important to keep in mind that the duration of trans-
gene expression varies with the type of vector employed 
(Table 21.1), or the specific transgene. The requirements 
for sustained or long term gene expression will vary from 
case to case. For instance, certain cardiovascular disorders 
and/or clinical settings may require shorter-term gene 
expression, in which transgene expression is required only 
during a period of defined risk such as remodeling after 
myocardial infarct, or in preventing myocardial ischemia. 
In addition, short-term expression (e.g., 2–3 weeks) may be 
sufficient to promote neovascularization, or to inhibit rest-
enosis [9].

Nature of Targeted Gene

A large assortment of genes has thus far been used in cardio-
vascular gene transfer and myocardial therapy; a representa-
tive list is presented in Table 21.2. Which genes to use in 
cardio-vascular gene therapy is markedly dependent on the 
specific disorder to be treated, as well as which cell type is 
being targeted. These genes range from SERCA, plasma 
membrane channel proteins, cytokines, and transcription 
factors to signaling pathway components. Early studies 
found the transfer of genes encoding extracellular secreted 
proteins such as VEGF rather than intracellular proteins was 
advantageous since a limited number of injections/transfec-
tions were needed to produce a large enough quantity of pro-
tein. This was particularly evident with vascular treatments 
involving therapeutic angiogenesis (e.g., VEGF, FGF). 
Active secretion can either be mediated by a native or ligated 
signal sequence. Features of the viral vector predetermine 
both the range of host cells that can be transduced as well as 
the efficiency, level and duration of transgene expression. 

Adenoviral vectors, which are well manipulated and produced 
high titers [10] can transduce both dividing and nondividing 
cells and are particularly efficient in transfecting postmitotic 
cells including cardiomyocytes, and to a lesser extent vascular 
cells. A limitation of the adenoviral vectors is their provision 
of transient rather than prolonged transgene expression. 
Moreover, adenoviral vectors pose additional safety concerns; 
these vectors produce increased inflammation, and long term 
cell- and antibody-mediated immune responses have been 
reported [11, 12]. Nevertheless, to date no evidence of serious 
adverse effects have been reported in clinical trials of cardio-
vascular gene therapy using adenoviral vector involving over 
150 subjects [11]. Other viral vectors such as adeno-associ-
ated virus (AAV) are being considered more promising, 
mainly in the context of gene therapy for chronic diseases 
such as HF [13], because its longer transgene expression and 
reduced immunogenicity. AAV is taken up more slowly into 
myocardial cells and transgene expression levels are lower 
when compared to adenovirus, but transgene expression can 
be longer term, being sustained in the rodent myocardium 
for 9–12 months. In addition, AAV vectors have a lower 
potential to induce unwanted immunocytotoxicity or inflam-
mation [10, 14]. Liposomal carriers are also used, albeit less 
frequently.

Another alternative gene transfer approach uses oligo-
nucleotides (e.g., antisense oligonucleotides) that regulate 
transcription of targeted endogenous genes and inhibit their 
expression. Moreover, double stranded oligonucleotides 
homologous to the cis regulatory sequences of the promoter 
of the gene of interest can be similarly employed. These 
function as decoys to bind transcription factors, and there-
fore block expression of genes requiring those transcription 
factors [15]. Transcription factors are attractive targets for 
gene therapy since they mediate the expression of a large 
number of genes involved in a coordinated cellular pro-
gram. Competitively inhibiting the binding and activity of 
critical transcription factors such as NF-kB and E2f, 
involved in cell-cycle progression, cellular proliferation, 
and inflammatory responses, using the decoy approach has 
proved to be highly effective in treating myocarditis and 
intimal hyperplasia in preclinical studies, which will be 
discussed later. Which gene to use in gene therapy is highly 

Table 21.1 Comparison of vectors for gene transfer and expression

Vector
Chromosomal  
integration

In vivo transfer  
efficiency Target cells

Expression (level/ 
onset/duration) Disadvantage of gene therapy

Liposome No + Quiescent and dividing +/rapid/transient Low transduction efficiency and stability
Plasmid No + Quiescent and dividing +/moderate/transient Low transduction efficiency
Adenovirus No ++++ Quiescent and dividing ++++/rapid/transient Immunogenic; viral mutation
Lentivirus Yes +++ Quiescent and dividing +++/rapid/long term Insertional mutagenesis
Retrovirus Yes ++ Dividing +++/rapid/long term Oncogenic potential
AAV Yes +++ Quiescent and dividing +++/slow/long term Insertional mutagenesis
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dependent on the specific disorder to be treated as well as 
which cell-type is being targeted; a number of genes, thus 
far used (Fig. 21.1) will be discussed in the next section 
(Table 21.3).

Early experiments showed that the transfer of genes 
encoding extracellular (secreted proteins) rather than intrac-
ellular proteins (active secretion can either be mediated by a 
native or ligated signal sequence) was advantageous since a 
limited number of injections/transfections was needed to 
produce a large quantity of protein; this was particularly 
evident with vascular-treatments involving therapeutic 
angiogenesis (e.g., VEGF, FGF). Significantly, the regula-
tion of transgene expression can be modulated by the addi-
tion of the appropriate regulatory sequences within the 
genetic construct to be introduced. These generally use con-
stitutive promoters and enhancers. Promoter elements that 
are inducible in response to a variety of endogenous or 
exogenous molecular signals (e.g., steroid hormones, cytok-
ines, and growth factors) are also available. Moreover, by 
the addition of specific peptide presequences to the trans-
gene, targeting of the gene product to the appropriate cellu-
lar compartment can also be directed. In addition, prevention 
of unwanted transgene expression in nontarget cells can be 

achieved by incorporation of tissue-specific regulatory ele-
ments, such as myocyte-specific promoter sequences of 
ventricle-specific myosin light chain-2 (MLC-2v) and car-
diac troponin T (cTNT). Aiming gene therapies directly at 
the myocardium and at vascular tissues, transfection of cells 
with specific transgenes ex vivo followed by in vivo delivery 
of the transfected cells has broadened the possibilities asso-
ciated with gene therapy, and potentially sidestepped a num-
ber of the safety concerns. Gene transfer of VEGF has been 
shown to augment the proliferative activity of bone marrow-
derived endothelial progenitor cells, which increases neo-
vascularization when administered to animals with limb or 
myocardial ischemia [41, 42]. New approaches are employ-
ing gene therapy to enhance the homing and engrafting of 
bone marrow derived progenitor cells to the heart and into 
areas damaged by ischemia promoting neovascularization 
for tissue repair.

Specific Examples of Cardiovascular  
Gene Therapy-Preclinical Studies

Specific examples of cardiovascular diseases in which gene 
therapy was initially employed will be discussed in this 
section. However, we must keep in mind that although the 
etiology of HF is diverse, the accompanied myocardial dys-
function may be elicited by similar mechanisms. These 
mechanisms include: (1) a defect in sarcoplasmic reticulum 
function, which is responsible for abnormal intracellular 
calcium handling, (2) activation of proapoptotic pathways, 
(3) dysregulation of b-adrenergic signaling, and (4) electri-
cal remodeling [43, 44].

Coronary Artery Restenosis

One of the initial heart defect targeted for gene therapy was 
restenosis following coronary stenting and vein graft occlu-
sion [16, 18–20, 45]. Vasculoproliferation, characteristic of 
these disorders, has been effectively inhibited in a variety  
of preclinical studies by the transfer and overexpression of 
genes, including isoforms of nitric oxide synthase [46] as 
well as by targeting gene expression of cell cycle progression, 
including the use of decoy and antisense genetic constructs 
to knock-out vasculoproliferative gene expression in vascular 
smooth muscle [47]. While advances in nongenetic treat-
ments of these disorders, and concerns with their efficacy 
and safety have been raised, clinical trials for the use of gene 
therapy in restenosis are in place and will be discussed in a 
later section [14].

Table 21.2 Targeted gene expression in CVD

Function Targeted gene O or I

Antioxidant Heme oxygenase (HO-1) O
Superoxide dismutase (SOD) O
Catalase (CAT) O
Glutathione peroxidase (GPx) O

Pro-apoptotic  
proteins

p53 I
Bad I
Fas ligand I

Ca2+ regulation b-adrenergic receptor kinase (b-ARK) I
b-adrenergic receptor (b-AR) O
Phospholamban (PLN) I
Sarcoplasmic reticulum Ca2+ ATPase 

(SERCA)
O

Channel  
proteins

Cardiac sodium channel (SCN5A) O
Hyperpolarization-activated cyclic  

nucleotide-gated channel (HCN2)
I

Coronary  
vessel tone

Endothelial nitric oxide synthase (eNOS) O
Adenosine receptor O

Contractile  
proteins

Sarcomeric proteins O
Sarcoglycan (d-SG) O

Survival genes Protein kinase B (Akt) O
Bcl-2 O
Insulin-like growth factor (IGF-1) O

Pro-angiogenic  
factors

Vascular endothelial growth factor (VEGF) O
Fibroblast growth factor (FGF) O
Hypoxia-inducing factor (HIF)-1a) O

Inflammatory  
cytokines

ICAM I
TNF-a I
NF-kB I

O overexpression; I inhibition
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Therapeutic Angiogenesis (Increasing 
Proliferation of Blood Vessels) to Limit 
Ischemia

The pioneering studies of the Isner laboratory [20, 48, 49] 
demonstrated that delivery of angiogenic peptides by gene 
transfer could enhance blood flow in ischemic tissue. In a 
number of animal models, vascular endothelial growth factor 
(VEGF), a secreted endothelial mitogen, markedly induced 
angiogenesis. Interestingly, gene transfer of hypoxia-inducible 
factor-1a (HIF-1a), a transcription factor known to regulate 
the transcription of hypoxia-inducible genes also induces 

angiogenesis at ischemic sites [22]. Clinical trials using 
plasmid delivery of VEGF into ischemic limbs [50, 51] have 
initially proved to be promising and have been extended to 
include other angiogenic transgenes including other VEGF 
isoforms and fibroblast growth factor (FGF), which will be 
discussed later in this chapter.

Hypertension

Gene therapy has been effectively applied in preclinical stud-
ies with both systemic and pulmonary hypertension. Two 

Fig. 21.1 Specific cellular targets of gene therapy in the cardiomyo-
cyte and endothelial cell. A broad array of sub-cellular loci can be 
effective targets of cardiovascular gene therapy including (in cardio-
myocyte as depicted in Panel A): Nuclear transcription factors, plasma 
membrane associated signaling pathways (cytokines, b-adrenergic 
signaling pathway and K+ channel), mitochondria (the primary site of 
energy and ROS generation by the electron transport chain (ETC)), and 

the sarcoplasmic reticulum (SR) (involved in Ca2+ cycling). Targets 
shown in the endothelial cell (Panel B) include the nucleus and signal 
transduction pathways which regulate cell cycle progression and 
endothelial cell proliferation. For each cell type, specific genes (yellow 
boxes) that have been effectively used in cardiovascular therapies are 
shown, and they are described in more detail in the text and in 
Table 21.3
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major approaches to gene therapy for treatment of systemic 
hypertension include the overexpression of vasodilator genes 
and reduction of vasoconstriction genes expression (usually 
accomplished by antisense inhibition). Preclinical studies in 
rat have demonstrated that the transfer and expression of 
genes, including an O

2
-sensitive voltage-gated potassium 

channel (Kv1.5), endothelial nitric oxide synthase (eNOS), 
and prostaglandin I synthase, (PGIS) markedly improved 
pulmonary hypertension [40, 52].

Because antihypertensive treatments often are not aimed 
at a specific identifiable causes, traditional pharmacological 
therapy has focused on elements such as the renin–angiotensin 
system (RAS), which are known to be directly involved in 
the control of blood pressure [53]. The development of gene 
therapy directed at RAS represents a significant advance 
toward managing high blood pressure and reversing its asso-
ciated pathophysiology. Delivery of antisense constructs to 
the angiotensin II type 1 receptor (AT1R) successfully pre-
vented blood pressure elevation, alterations in calcium 
homeostasis, ion channel activity, and cardiovascular ultra-
structure changes (for up to 18 months) in spontaneously 
hypertensive rats (SHRs), when compared to control rats. 
These results in animal models demonstrate that antisense 
gene delivery may be useful in the long-term treatment of 
hypertension. In addition to the angiotensin receptor, another 
genetic component of RAS targeted in the therapeutic treat-
ment of hypertension by deploying antisense oligonucleotide 
therapies is angiotensinogen [24, 54, 55]. Antisense oligo-

nucleotides used in combination with an adeno-associated 
virus delivery system resulted in a significantly prolonged 
reduction of hypertension in adult rats and transgenic mice, 
with a single dose administration of AAV-antisense con-
structs [55]. Moreover, it has been shown that concomitant 
with the reduction of hypertension, the angiotensinogen and 
angiotensin receptor antisense therapies resulted in signifi-
cant attenuation of cardiac hypertrophy [24, 56].

The adrenergic signaling system is another viable target for 
gene therapy, designed to stem hypertension by utilizing anti-
sense technology. Transfer of antisense oligonucleotides 
against rat b1-adrenergic receptor (b1-AR) mRNA provided a 
significant and prolonged reduction in blood pressure in the 
SHR model [23].

Genes involved in the regulation of vasodilatation have 
also proved to be excellent targets for gene therapy of sys-
temic hypertension. Several studies in adult rats demon-
strated that systemic hypertension can be significantly 
reversed by transfer and overexpression of genes encoding 
atrial natriuretic peptide (ANP), kallikrein, adrenomedullin, 
and eNOS over a range of a 6–12 weeks [25–28]. Delivery of 
these genes employed either non-viral (naked DNA) or ade-
noviral vectors with several rat models of hypertension 
(including SHR and Dahl salt-sensitive rats). Interestingly, 
the decrease in blood pressure mediated by gene transfer and 
overexpression of kallikrein and adrenomedullin was also 
accompanied by an attenuation of both cardiac hypertrophy 
and myocardial apoptosis.

Table 21.3 Preclinical studies of gene therapy

Cardiovascular target Gene used Vector Animal model References

Restenosis NOS Adenovirus Pig [16]
as-E2F decoy Oligos Rabbit [17]

Therapeutic angiogenesis/ischemia VEGF Plasmid Rabbit [18–20]
FGF Plasmid Rabbit [21]
HIF-1a Plasmid Rabbit [22]

Hypertension as-b-AR Liposome SH rat [23]
as-AT1R AAV SH rat [24]
Kallikrein Adenovirus Rat [25]
ANP Adenovirus Dahl rat [26]
Adrenomedullin Adenovirus SH rat [27]
eNOS Plasmid SH rat [28]

Cardiac dysrhythmia ShK Adenovirus Dog myocyte [29]
KIR2.5/SERCA Adenovirus Guinea pig [30]
MiRP Plasmid Pig [31]
Ga

i2
Adenovirus Pig [32]

Myocarditis IL-10 Plasmid Rat (EAM) [33]
NFkB/cis decoy Oligos Rat (EAM) [34]

Myocardial protection HO-1 AAV Rat [35]
SOD Adenovirus Rat [36]
HSP 70 Liposome Rat [37]
BCl-2 Adenovirus Rabbit [38]

Pulmonary hypertension eNOS Adenovirus Mouse [39]
Kv1.5 Adenovirus Rat [40]
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Cardiac Dysrhythmias

The treatment of cardiac dysrhythmias using gene therapy 
may be a desirable goal since current treatment options are 
limited. Several well defined genetic loci have been charac-
terized, which can lead to ventricular dysrhythmias, includ-
ing gene defects in the membrane transporters associated 
with potassium channels. Adenoviral-mediated transfection 
of a potassium channel gene has been performed with cardi-
omyocytes derived from failing dog hearts [29]. Interestingly, 
a moderate level of transgene expression increased the  
potassium current mimicked the nondisease phenotype. 
However, a robust level of transgene expression adversely 
impacted cardiomyocyte excitation–contraction coupling.

A dual gene therapy strategy was implemented to reverse K+ 
channel deficiency or down-regulation without depressing con-
tractility [30]. An adenoviral vector was constructed that enabled 
the coexpression of two genes driven by a single promoter. The 
genes encoding the potassium channel (Kir2.1) and SERCA1, 
to boost contractility, were directly injected into the myocar-
dium. Both genes were amply expressed in myocytes from 
transfected hearts and exhibited significantly shorter action 
potentials and larger calcium transients, with unimpaired 
contractile function. In addition, plasmid-mediated gene transfer 
of specific mutant alleles of potassium channel genes has been 
used [31]. A mutant channel gene associated with the long QT 
syndrome (Q9E-hMiRP1) was introduced into human cell 
lines and implanted directly into the pig atria. Results from 
these in vitro and in vivo studies demonstrated significant 
levels of transgene expression and altered myocyte electro-
physiological phenotype supporting the feasibility of site-
specific gene transfer in the treatment of atrial dysrhythmias. 
Successful intracoronary adenoviral-mediated gene transfer of 
an inhibitory component (Ga

i2
) of the b-adrenergic pathway, 

directed to the atrioventricular (AV) node to suppress AV node 
conduction, has also been reported [32].

Myocarditis

It is well established that the inflammatory cytokines play a 
critical role in the pathogenesis of viral myocarditis. In the 
rat model of experimental autoimmune myocarditis (EAM), 
introduction of plasmid DNA containing the gene encoding 
murine interleukin IL-10 into striated muscle (tibialis ante-
rior) by electroporation significantly affected survival rates, 
attenuated myocardial damage, and improved hemodynamic 
parameters [33].

The transcription factor NFkB, by modulating the expres-
sion of TNF-a and inducible nitric oxide synthase (iNOS), as 
well as adhesion molecule (iCAM) genes, represents a 

potential target to control myocarditis using the same rat 
model of EAM. Decreasing the expression of NFkB, by intro-
ducing into the rat coronary artery a decoy sequence directed 
to the cis-regulatory sequence within the NFkB promoter, 
reduced the areas of myocarditis as well as myocardial gene 
expression of iNOS, iCAM, and TNF-a [34].

Myocardial Protection

Short-term protection of the heart from ischemia can be 
provided by gene transfer and overexpression of cardiopro-
tective genes such as superoxide dismutase (SOD) or heme 
oxygenase (HO-1). Administration of a myocardial protective 
gene such as HO-1, employing a recombinant AAV vector, 
significantly reduced infarct size in a rat model of ischemia 
and reperfusion when introduced into myocardium prior to 
coronary ligation [35]. The resulting cardioprotective effect 
was maintained over 5 days, as gauged by echocardiography. 
In addition, gene-mediated cardioprotection against myocar-
dial ischemia has been achieved by introducing and overex-
pressing genes for antioxidant enzyme SOD [36], the heat 
shock protein HSP70 [37], and the antiapoptotic protein 
BCl-2 [38]. It remains to be seen whether these vectors and 
genes can provide longer term cardioprotection against 
repeated, chronic forms of ischemic insult.

As a methodology for acute intervention in cardiac insults 
(e.g., myocardial ischemia), myocardial gene therapy may have 
limited efficacy. A period of time is clearly needed for trans-
gene introduction, transcription, translation, and processing of 
the transgene product. Gene therapy in advance of specific 
insults, which prepares the cardiomyocyte to mount a protec-
tive response to an adverse event, may be more rewarding. 
Interestingly, a prototype cardioprotective vector has been 
developed called the “vigilant vector,” designed to be expressed 
specifically in the heart and switch on therapeutic transgenes only 
during hypoxia [57]. It utilizes several elements including a 
cardiac-specific promoter (MLC-2v), a hypoxia response ele-
ment (HRE), a therapeutic transgene (AT1R), and a reporter 
gene (green fluorescence protein) incorporated into an AAV 
vector. High levels of cardiac-specific expression of AT1R have 
been achieved with this vector in vitro with transfected cardio-
myocytes (H9C2 cells), and in vivo with mice challenged with 
hypoxia.

Heart Failure

In preclinical studies of gene therapy in HF (Table 21.4), it 
has been shown that in both human and experimental animal 
models, sarcoplasmic reticulum Ca2+ ATPase (SERCA2) 
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activity is decreased, resulting in abnormal calcium handling 
thought to contribute to severe reduction in cardiac contrac-
tility [58–61]. Myocardial SERCA2 Ca2+ pumping activity is 
inhibited by phospholamban. Adenovirus-mediated over-
expression of SERCA2 by in vivo gene transfer in a pressure-
overload rat model of HF restored cardiac function, including 
improved Ca2+ cycling and contractility [59]. Moreover, ade-
noviral-mediated transfer and overexpression of an antisense 
phospholamban construct or a dominant-negative mutant 
allele of phospholamban enhanced both SERCA2 activity 
and contractility in myocytes derived from failing rat and 
human hearts [62, 63]. Ablation of the phospholamban allele 
in some mouse models of HF reversed cardiac dysfunction, 
whereas in other models no beneficial effect was found [64, 
65]. Furthermore, polymorphic null-alleles of phospholam-
ban have been recently identified in individuals with lethal 
dilated cardiomyopathy (DCM) [66]. Caution must be used 
in applying these findings to human clinical trials since ani-
mal models of HF are different [64].

Hirsch et al. reported that genetic modification of intracel-
lular calcium-handling proteins may reverse the diastolic dys-
function resulting from impaired ventricular relaxation, an 
important component of human HF [60]. They established a 
canine model of human-like diastolic dysfunction after 1 year 
of left ventricular (LV) pressure overload by coarctation of the 
descending thoracic aorta. Progressive increase in LV mass 
was documented by echocardiography, and diastolic dysfunc-
tion with preserved systolic function was evident at the whole 
organ and myocyte levels. Using gene transfer SERCA2a and 
parvalbumin (Parv), a fast-twitch skeletal muscle Ca2+ buffer, 
they were able to restore cardiac myocyte relaxation in a dose-
dependent manner under baseline conditions. At high Parv 
concentrations, sarcomere shortening was depressed. On the 
other hand, during b-adrenergic stimulation, the expected 
enhancement of myocyte contraction (inotropy) was abrogated 
by SERCA2a, but not by Parv. These divergent effects of 
SERCA2a and Parv in a large animal model, with cardiac 
physiology closer to human than rodent models, appear to be 
of significant interest and may have potential toward the devel-
opment of novel therapeutic strategies for human HF. Similarly, 
Kawase et al. [61] have recently evaluated the effects of 
SERCA2a gene transfer in a swine HF model. They found that 
long-term overexpression of SERCA2a by in vivo rAAV1-
mediated intracoronary gene transfer preserved systolic func-
tion, potentially prevented diastolic dysfunction, and improved 

ventricular remodeling. Interestingly, following on the above 
experiences with large animal models, designs for human 
clinical trials are in the making process. Haijar et al. [67] 
reported the design of a phase 1 clinical trial of intracoronary 
administration of AAV1/SERCA2a (MYDICAR) to subjects 
with HF divided into two stages: in Stage 1, subjects will be 
assigned open-label MYDICAR in one of up to four sequential 
dose escalation cohorts; in Stage 2, subjects will be randomized 
in parallel to two or three doses of MYDICAR or placebo in a 
double-blinded manner. Expectations are high to know the 
results of this trial.

It is well established that both experimental models  
and human HF exhibit marked abnormalities in b-adrener-
gic signaling, including the downregulation of b-adrenergic 
receptors (b-AR), their uncoupling with second messenger 
pathways, and modulation by upregulated b-AR kinase 
(b-ARK). Intracoronary transfer of an adenovirus encoding 
a peptide inhibitor of b-ARK, reversed cardiac dysfunction 
in both rabbit and mouse models of HF [58, 68]. Moreover, 
in vivo ventricular gene delivery to the failing heart of a 
b-adrenergic receptor kinase inhibitor reverses cardiac dys-
function [58]. However, with this approach, side-effects 
have been reported that may result in a sustained adrenergic 
stimulation, which can be both cardiotoxic and dysrhyth-
mogenic [5].

Clinical Studies of Cardiovascular  
Gene Therapy Thus Far

Several small phase 1 and 2 clinical studies have been 
conducted with adenovirus- and plasmid-based VEGF and 
FGF gene constructs to provide therapeutic angiogenesis in 
coronary artery disease (CAD) and peripheral vascular  
disease (PVD) as shown in Table 21.5.

While recent studies have reported that new vessels are 
formed and functional, the potential efficacy has not yet 
been ascertained. Similarly, data are not yet available from 
large-scale randomized trials of VEGF treatment in patients 
with CAD and PVD; parenthetically, symptomatic relief in 
some patients with severe CAD has been reported. Obviously, 
prior to routine clinical use, additional data to develop the 
optimal dosage and delivery protocol are necessary. 
Moreover, concerns about the potential for retinal complica-
tions and tumor growth enhancement, due to increased vas-
cularization will have to be further addressed reinforcing 
the need for critical subject selection and caution in VEGF 
use [78]. The Restenosis Gene Therapy (REGENT) trial, a 
phase 1 study, is still in progress and should provide infor-
mation about dosage and safety. Inhibition of vasculoprolif-
eration by targeting cell-cycle activation is also the rationale 
in clinical trials of antiproliferative gene therapy to prevent 

Table 21.4 Preclinical studies of gene therapy in heart failure

Gene used Vector Animal model References

b-ARK inhibitor Adenovirus Rabbit [58]
SERCA2a Adenovirus Rat [59]
SERCA2a, 

Parvalbumin
Adenovirus Canine [60]

SERCA2a rAAV1 Swine [61]
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bypass vein graft failure after coronary artery bypass sur-
gery [17]. Data from the Project in Ex-Vivo Vein Graft 
Engineering via Transfection (PREVENT I and II), random-
ized, placebo-controlled studies have shown the safety and 
feasibility of using a synthetic DNA decoy to sequester the 
E2F family of transcription factors and arrest cells at the gap 
period (G1) checkpoint in the cell cycle. This mechanism 
can prevent intimal hyperplasia, associated with atheroscle-
rosis and coronary graft failure; phase III trials are presently 
in progress [14].

In the Euroinject One phase II randomized double-blind 
trial, therapeutic angiogenesis of percutaneous intramyocar-
dial plasmid gene transfer of vascular endothelial growth 
factor (phVEGF-A(165)) on myocardial perfusion, left ven-
tricular function, and clinical symptoms has been assessed. 
Although the VEGF gene transfer did not significantly 
improve stress-induced myocardial perfusion abnormalities 
when compared with placebo, there was improved regional 
wall motion and confirmed that transient VEGF overexpres-
sion seems to be safe [76]. In the phase 2 of the REVASC 
study, cardiac gene transfer was optimized by direct intramyo-
cardial delivery of a replication-deficient adenovirus-con-
taining vascular endothelial growth factor (AdVEGF121), 
and the results showed objective improvement in exercise-
induced ischemia in patients with refractory ischemic heart 
disease [77]. Taken the above observations together, gene 
therapy has shown potential usefulness for treating diseases, 
such as hypertension, myocardial ischemia, and HF, in vari-
ous animal models. Some of these experimental therapies are 
now under evaluation in patients. However, further improve-
ments in vector platforms and delivery together with critical 
documentation of clinical feasibility, safety, and efficacy are 
necessary through large multicenter randomized trials.

Gene-Targeting Approaches

In addition to transgene overexpression and activation, gene 
transfer approaches can be used to negatively modulate gene 

expression involving the use of antisense strategies (e.g., 
either ribozymes, antisense oligonucleotides, or RNA inter-
ference) as shown in Fig. 21.2. These approaches regulate 
the transcription of targeted endogenous genes, and selec-
tively inhibit their expression, in both cultured cells and in 
specific animal and human tissues.

Ribozymes

Ribozymes are RNA molecules that catalyze the cleavage of 
RNA substrates, and the formation of covalent bonds in RNA 
strands at specific sites as shown in Fig. 21.3.

Ribozymes have been shown to be highly specific, effi-
cient, and stable. They can be delivered to cells as preformed 
ribozymes using primarily lipofection or electroporation, or as 
ribozyme genes. Ribozyme genes can be packaged into viral 
vectors (e.g., adenovirus or AAV vectors) to enhance  
transfer into cells, and to achieve longer expression when  
compared with naked oligonucleotides. The choice of promoter  
(i.e., pol II, pol III, viral, etc.) can be critical for their expression. 
The “hammerhead” motif, approximately 30-nucleotide long, 
is a small endonucleolytic ribozyme. Hammerhead ribozymes 
can be directed against RNA sequences of interest, to selec-
tively target their specific gene expression. Recently, a ham-
merhead ribozyme, directed against the mannose 6-phosphate/
IGF-2 receptor (M6P/IGF2R), was used to probe the receptor’s 
role in regulating cardiac myocyte growth and apoptosis. Down-
regulation of the expression of M6P/IGF2R in ribozyme-
treated neonatal rat cardiac myocytes resulted in a marked 
increase in cell proliferation, and a reduced cell susceptibility 
to hypoxia- and TNF-induced apoptosis [79].

Antisense Oligonucleotides

The antisense oligonucleotide approach most commonly 
employs either single-strand RNA or DNA oligonucleotides 

Table 21.5 Clinical studies of gene therapy

Cardiovascular target Gene used Vector Mode of Delivery References

Restenosis VEGF Plasmid DNA Balloon catheter [69]
E2F decoy Oligonucleotide Pressure-mediated transfection of vein grafts [17]

CAD VEGF-A Naked DNA Intramyocardial injection [70]
VEGF Liposome/adenovirus Infusion/perfusion [71]
VEGF Adenovirus Intramyocardial injection [72]
FGF-4 Adenovirus Intracoronary injection [73]
VEGF-C Naked DNA Intramyocardial injection [74]
VEGF Plasmid DNA Intramyocardial injection [49]
FGF-4 Adenovirus Intracoronary injection [75]
VEGF-A165 Plasmid DNA Intramyocardial injection [76]
VEGF121 Adenovirus Intramyocardial injection [77]



401Clinical Studies of Cardiovascular Gene Therapy Thus Far 

to target specific gene expression, and has been applied with 
success to modulating the progression of CVD in animal 
models [80–82]. These synthetic oligonucleotides are usu-
ally short ranging from 10 to 30 bp, and can be chemically 
modified to enhance stability; the substitution of sulfur for 
one of the oxygens in the phosphate backbone termed a 
phosphorothioate modification renders the oligonucleotide 
more stable to nuclease degradation.

Phosphorothiorate-modified antisense oligonucleotides 
have been shown to be more stable than natural oligomers to 
both serum and cellular nucleases. Another type of modified 
oligonucleotide is the phosphorodiamidate morpholino oli-
gomers that comprise a novel class of nonionic antisense 

agents that inhibit gene expression by binding to RNA and 
blocking its processing or translation (Fig. 21.4) [83, 84].

While morpholino oligonucleotides have shown improved 
sequence specificity, biostability, and low toxicity, compared to 
the phosphorothiorate-oligomers, making them effective anti-
sense modulators of gene function in embryonic and adult tis-
sues, their limited ability to cross cell membranes has restricted 
their use in cell culture. Morpholino oligonucleotides have 
proved to be a highly informative tool for “knocking-down” 
(inhibiting) specific transcripts in studies of early cardiac devel-
opment in zebrafish, and other model organisms [85–90].

Another relevant modification of antisense oligonucle-
otides involves the addition of a conjugated peptide to the 

Fig. 21.2 Approaches to gene overexpression and targeting by decoy, 
and siRNA. (a) Gene transfer of a transgene by a vector allowing 
expression of a therapeutic protein in the host. The goal is gain-of-func-
tion, or enhanced function overcoming a deficiency in the host cell. 
(b) Gene blockade of a pathogenic pathway utilizing a transcriptional 
decoy (a double-stranded oligonucleotide containing the cis sequence 
bound by a transcription factor normally involved in the activation of 
pathogenic gene expression). Transfection of this decoy in molar excess 

prevents the binding and trans-activation of the host pathogenic genes. 
In this case neither the target gene mRNA nor protein product are 
expressed. (c) Gene blockade strategy is depicted using either an 
antisense oligonucleotide or small interfering RNA (siRNA). A small 
single-stranded antisense oligonucleotide or siRNA (around 21 nucle-
otides), complementary to the target mRNA, is transfected into the host 
cell, binds the target mRNA and prevents it from being translated
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oligonucleotide of interest. Peptide-conjugated nucleic acids 
(PNAs) has been applied in both cells and tissues [91, 92], and 
this approach can be used to better direct the oligonucleotide 
to the organelle of interest; for example, PNA-containing oli-
gonucleotides fused with a mitochondrial targeting peptide 
can be specifically targeted to the mitochondrial organelle for 
mitochondrial gene repair.

RNA Interference

The RNA interference approach involves the use of a  
specific double-stranded RNA (dsRNA) construct to post-
transcriptionally silence specific gene expression (RNAi). A 
dsRNA homologous in sequence to the silenced gene is pro-
cessed into small interfering RNA (siRNA) by an RNAse III 
family member enzyme called Dicer, and the siRNAs are then 
incorporated into multicomponent RNA-induced silencing 

ribonucleoprotein complexes (RISC), which find and cleave 
the target mRNA (see Fig. 21.4). The siRNA mediating this 
mRNA cleavage is usually 21–23 nucleotides, and can be 
expressed either as two separate strands or as a single short 
hairpin RNA (for further discussion see Chap. 3).

Expression cassettes encoding engineered siRNA (directed 
to specific mRNAs) can be efficiently introduced into the 
host cell utilizing viral vector systems (e.g., retroviral, aden-
oviral and lentiviral vectors) resulting in long-term silencing 
of target gene expression, both in cultured cells and in animal 
models [93–95]. Expression vectors for the induction of 
siRNA in mammalian cells frequently utilize polymerase  
III-dependent promoters (e.g., U6 or H1). They transcribe 
short hairpin RNAs (shRNA) that, after being directly pro-
cessed into siRNAs, mediate target mRNA degradation. 
While preliminary data have shown that the use of siRNAs 
allows gene-specific knock-down without induction of the 
nonspecific interferon response in mammalian cells (which 
longer dsRNA species promote), new data have demonstrated 

Fig. 21.3 Trans-cleaving ribozyme modulates level of specific RNA. Ribozymes can bind specific pathogenic targeted transcripts, cleave the 
target mRNA, release the cleaved products and repeat the process with other target mRNAs
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an induction of interferon-activated gene expression in 
human cells transfected with siRNA. This interferon-medi-
ated response to siRNA can be diminished by reducing the 
size (below 21 nucleotides), and changing the initiating 
nucleotide sequence of the siRNA. Exogenous delivery of 
synthetic siRNA to target cells can also be used to induce 
specific gene expression knock-down; however, the resulting 
gene silencing is transient, and tends to be less effective than 
with vectors. Specific RNA knock down by siRNA of the 
sarcoplasmic reticulum Ca2+ ATPase (SERCA) gene has been 
achieved in primary myocyte cultures from embryonic chick-
ens, and neonatal rats [96].

While previous studies had displayed a low efficiency in 
the percentage of cells affected by cardiac myocyte siRNA 
transfection, the use of adenovirus vectors allowed effective 
introduction, and endogenous production of siRNA with 
marked reduction of SERCA2 gene expression. Interestingly, 
even with the pronounced reduction of SERCA2 protein and 
sarcoplasmic reticulum Ca2+ uptake and cycling, the cardio-
myocytes retained the ability to increase cytosolic Ca2+ flux 

in response to stimulation. The intracellular store deficiency 
caused by reduced SERCA could be compensated for by 
Ca2+ fluxes through the plasma membrane, and this has been 
largely achieved by increased transcriptional activation of 
other Ca2+ proteins, including the up-regulation of transient 
receptor potential (TRP) channel proteins (TRPC4 and 
TRPC5), Na+/Ca2+ exchanger, and related transcription fac-
tors such as stimulating protein 1 (Sp1), myocyte enhancer 
factor 2 (MEF-2) and nuclear factor of activated cells 4 
(NFATc4), suggesting significant remodeling of the Ca2+ sig-
naling pathway.

It is noteworthy, that RNA interference-mediated gene 
knock-down has shown a high level of specificity, and this 
approach seems particularly useful in assigning and differen-
tiating the physiological actions of highly similar G-protein-
coupled receptors (i.e., AT1a, AT1b and AT2) in response to 
angiotensin II. It was the development of specific siRNA to 
AT1a receptor (AT1aR) subtype, which had no significant 
effect on either AT1bR or AT2R subtypes that made it 
possible [97].

Fig. 21.4 Two post-transcriptional approaches to silence gene expres-
sion. After production of a specific mRNA, pathway A shows how a 
short single-strand antisense oligonucleotide, complementary to the 
mRNA can attenuate further specific protein translation. Pathway B, 
depicting the RNA interference (RNAi) approach, shows how a double-
strand RNA (dsRNA) with sequence complementary to the mRNA of 

interest can be cleaved by the Dicer RNAse III enzyme to short dsRNA 
fragments (termed siRNA), which upon interaction with the RISC com-
plex can present a short 20–21 bp single-strand RNA, homologous to 
and accessible for specific binding to the targeted mRNA, and enabling 
its endonucleolytic cleavage
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Conclusions and Future Directions

While the promise of effective gene therapy for a variety of 
cardiovascular disorders appears closer to be realized, with 
over 40 clinical trials in progress, more data concerning the 
safety, efficacy of delivery and long range consequences of 
cardiovascular gene therapy is critically needed. The utiliza-
tion of epigenetic mechanisms of gene regulation to revers-
ibly modulate the expression of cardiovascular transgenes in 
distinct fashion from endogenous gene expression, offers a 
potential added value for future therapeutic approaches.

Regarding the mode of delivery, it is worth noting the 
great expectations generated by adeno-associated vectors 
(AAV) as safe and effective vehicles for gene transfer 
because their small size allows to pass through vessel walls 
and to reach the myocardium. However, there are examples 
of dose-dependent generation of CD8+ T-cell responses to 
AAV capsid proteins in humans. In recent preclinical trial in 
a baboon model, McTiernan et al. [98] studied the compara-
tive effects of gene transfer of type 2 AAV (AAV2) encod-
ing TNFRII-Fc with empty AAV2 capsids in an effort to 
investigate the balance between induction of deleterious 
T-cell responses and operational immune tolerance to the 
AAV2, and payload gene proteins. Interestingly, these stud-
ies were carried out as preclinical safety studies of AAV2 
TNFRII-Fc gene therapy for HF. However, the baboon 
developed myocarditis following the injection into the heart 
of AAV2 encoding TNFRII-Fc but not AAV2 empty capsids, 
which could be related to an immune response potentially 
directed toward the AAV capsids, or to an immune response 
directed toward the transgene TNFRII-Fc, and biological 
response induced by TNFRII-Fc. This response obviously 
has significantly limited the enthusiasm for use in human 
HF. Also, it is worth noting that Hajjar and Zsebo [99] in 
their analysis of McTiernan work suggested the possibility 
of an alternative explanation; that combination of anti-TNF 
coding transgenes and AAV results in cellular immune 
responses against AAV capsid proteins, which would not 
occur otherwise. Then, inhibition of TNF signaling may 
have resulted in myocarditis. Nevertheless, rather than giv-
ing up, we agree that McTiernan’s findings may provide 
important information for further manipulation of the 
immune system with modalities that may enhance the poten-
tial success of AAV therapeutics.

A number of cardiovascular disorders have not yet been 
examined with regards to either preclinical or clinical studies 
of gene therapy. For example, there are cardiomyopathies 
with a mitochondrial-based cytopathy and bioenergetic dys-
function, a subset of which are due to defined mitochondrial 
DNA(mtDNA) or nuclear DNA mutations [100]. Potential 
gene therapy has been proposed for these mitochondrial car-
diomyopathies utilizing ex vivo transfection of stem cells 

with their subsequent introduction to the diseased heart 
[101]. This approach would employ the introduction of 
mtDNA-repaired stem cells into a patient harboring an 
mtDNA mutation, thereby potentially transforming a bioen-
ergetically dysfunctional heart into a healthy one. The 
mtDNA-repaired cell can be derived from the patient’s own 
cells or from embryonic stem cells grown in vitro, whose 
endogenous defective mtDNA genome has been entirely 
eliminated by treatment with ethidium bromide, and replaced 
by entirely wild-type mtDNA genes. Similarly, a patient’s 
nuclear DNA mutations might be replaced in ex vivo grown 
stem cells with wild-type alleles using site-specific homolo-
gous recombination or containing transplanted nuclei. While 
these scenarios have not yet been tested, they have become 
more feasible with the identification of cardiac-specific stem 
cells, which can be grown in vitro, and successfully trans-
planted into the heart [102].

To overcome acute and chronic rejection of cardiac allograft 
as well as ischemia/reperfusion injury associated with organ 
preservation, new approaches are being developed. Gene 
transfection of the donor organ during organ preservation is an 
attractive method, because the transfected genes would not 
affect recipients, and treatment could be delivered specifically 
to the site of inflammation. This method could be useful to 
prevent graft failure without systemic adverse effects [103].

While the pathophysiological relevance of small animal 
models (mouse, rat) to humans is in question, other alterna-
tives such as viral gene delivery to larger mammals to sort 
out gene function are being developed. Still, no gene therapy 
compounds have been yet approved for clinical use in car-
diovascular diseases in spite of the positive results obtained 
in therapeutic angiogenesis with vascular endothelial and 
fibroblasts growth factors. Nonetheless, the way is being 
cleared for clinical gene therapy trials using AAV8 and delta-
sarcoglycan gene in human limb girdle muscular dystrophy 
[104], a disease that affect both skeletal and the heart. All 
together, it is obvious that we need to further develop safe 
and targeted gene transfer before this therapeutic modality 
can be used in the complex HF syndrome.

Summary

Gene therapy has emerged as a genuine therapeutic option •	
with the potential to alter the way clinicians manage 
patients with HF.
Given the fact that patients with HF have an altered pat-•	
tern of myocardial gene expression with a characteristic 
genetic fingerprint, using genes themselves as the vehicle 
for replacing or altering the expression of defective genes 
to treat patients at the molecular level is an attractive 
approach to therapy.
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The therapeutic effect of systemic delivery of adeno-•	
associated virus (AAV) vectors carrying human SGCD 
gene in TO-2 hamsters, an HF and muscular dystrophy 
model with a d-SG mutation, has been reported.
Gene therapy allows therapeutic concentrations of a gene •	
product to be accumulated and maintained at optimally 
high levels at a localized target site of action. By avoiding 
high plasma levels of the gene product, it is possible to 
significantly reduce potential side effects.
Both viral vectors and naked plasmid DNAs have been •	
employed in preclinical and clinical cardiovascular gene 
transfer studies.
The duration of transgene expression varies with the type •	
of vector employed, or the specific transgene.
Which genes to use in cardio-vascular gene therapy is •	
markedly dependent on the specific disorder to be treated, 
as well as which cell type is being targeted. These genes 
range from SERCA, plasma membrane channel proteins, 
cytokines, transcription factors to signaling pathway 
components.
Adeno-associated virus (AAV) vectors are being consid-•	
ered more promising, mainly in the context of gene ther-
apy for chronic diseases such as HF.
AAV is taken up more slowly into myocardial cells and •	
transgene expression levels are lower when compared to 
adenovirus, but transgene expression can be longer term, 
being sustained in the rodent myocardium for 9–12 months; 
in addition, AAV vectors have a lower potential to induce 
unwanted immunocytotoxicity or inflammation.
Another alternative gene transfer approach uses oligonu-•	
cleotides (e.g., antisense oligonucleotides) that regulate 
transcription of targeted endogenous genes and inhibit 
their expression.
Aiming gene therapies directly at the myocardium and at •	
vascular tissues, transfection of cells with specific trans-
genes ex vivo followed by in vivo delivery of the  
transfected cells has broadened the possibilities associ-
ated with gene therapy, and potentially sidestepped a 
number of the safety concerns.
Gene transfer of hypoxia-inducible factor-1•	 a, a transcription 
factor known to regulate the transcription of hypoxia-
inducible genes also induces angiogenesis at ischemic sites.
Gene therapy has been effectively applied in preclinical •	
studies with both systemic and pulmonary hypertension.
Preclinical studies in rat demonstrated that the transfer •	
and expression of genes, including an O

2
-sensitive volt-

age-gated potassium channel (Kv1.5), endothelial nitric 
oxide synthase (eNOS) and prostaglandin I synthase, 
(PGIS) markedly improved pulmonary hypertension.
The development of gene therapy directed at renin–angio-•	
tensin system (RAS) represents a significant advance 
toward managing high blood pressure and reversing its 
associated pathophysiology.

The •	 b-adrenergic signaling system is another viable tar-
get for gene therapy, designed to stem hypertension by 
utilizing antisense technology.
Genes involved in vasodilation regulation have also •	
proved to be excellent targets for gene therapy of systemic 
hypertension.
Successful intracoronary adenoviral-mediated gene trans-•	
fer of an inhibitory component (Ga

i2
) of the b-adrenergic 

pathway, directed to the atrioventricular (AV) node to 
suppress AV node conduction, has been reported.
Decreasing the expression of NF•	 kB in rats, by introduc-
ing into the rat coronary artery a decoy sequence directed 
to the cis-regulatory sequence within the NFkB promoter, 
reduced the areas of myocarditis as well as myocardial 
gene expression of iNOS, iCAM, and TNF-a.
Short-term protection of the heart from ischemia can be •	
provided by gene transfer and overexpression of cardio-
protective genes such as superoxide dismutase (SOD) or 
heme oxygenase (HO-1).
In preclinical studies of gene therapy in HF, it has been •	
shown that in both human and experimental animal mod-
els, sarcoplasmic reticulum Ca2+ ATPase (SERCA2) 
activity is decreased, resulting in abnormal calcium 
handling thought to contribute to severe reduction in  
cardiac contractility.
Intracoronary transfer of an adenovirus encoding a pep-•	
tide inhibitor of b-ARK, reversed cardiac dysfunction in 
both rabbit and mouse models of HF.
Several small phase 1 and 2 clinical studies have been con-•	
ducted with adenovirus- and plasmid-based VEGF and 
FGF gene constructs to provide therapeutic angiogenesis in 
coronary artery disease and peripheral vascular disease.
In the Euroinject One phase II randomized double-blind •	
trial, therapeutic angiogenesis of percutaneous intramyo-
cardial plasmid gene transfer of vascular endothelial 
growth factor (phVEGF-A(165)) on myocardial perfu-
sion, left ventricular function, and clinical symptoms has 
been assessed.
Although the VEGF gene transfer did not significantly •	
improve stress-induced myocardial perfusion abnormali-
ties when compared with placebo, there was improved 
regional wall motion and confirmed that transient VEGF 
overexpression seems to be safe.
In the phase 2 of the REVASC study, cardiac gene transfer •	
was optimized by direct intramyocardial delivery of a 
replication-deficient adenovirus-containing vascular 
endothelial growth factor (AdVEGF121), and the results 
showed objective improvement in exercise-induced isch-
emia in patients with refractory ischemic heart disease.
Gene therapy has potential usefulness for treating dis-•	
eases, such as hypertension, myocardial ischemia, and 
HF, in various animal models. Some of these experimen-
tal therapies are now under evaluation in patients.
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In addition to transgene overexpression and activation, •	
gene transfer approaches can be used to negatively modu-
late gene expression involving the use of antisense 
strategies.
Ribozyme genes can be packaged into viral vectors (e.g., •	
adenovirus or AAV vectors) to enhance transfer into cells, 
and to achieve longer expression when compared with 
naked oligonucleotides.
The antisense oligonucleotide approach most commonly •	
employs either single-strand RNA or DNA oligonucle-
otides to target specific gene expression, and has been 
applied with success to modulating the progression of 
CVD in animal models.
RNA interference-mediated gene knock-down has shown •	
a high level of specificity, and this approach seems par-
ticularly useful in assigning and differentiating the physi-
ological actions of highly similar G-protein-coupled 
receptors (i.e., AT1a, AT1b and AT2) in response to 
angiotensin II.
While the promise of effective gene therapy for a variety •	
of cardiovascular disorders appears closer to being real-
ized, with over 40 clinical trials in progress, more data 
concerning the safety, efficacy of delivery and long range 
consequences of cardiovascular gene therapy is critically 
needed.
While the pathophysiological relevance of small animal •	
models (mouse, rat) to humans is in question, other alter-
natives such as viral gene delivery to larger mammals to 
sort out gene function are being developed.
We need to further develop safe and targeted gene transfer •	
to be used in the treatment of HF.
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Overview

Heart failure (HF) secondary to cardiomyopathy, myocar-
dial infarction, and ischemia is associated with the irrevers-
ible loss of cardiomyocytes and vasculature, either via 
apoptosis or necrosis. However, the native capacity for the 
renewal and repair of myocardial tissue is inadequate as 
have been current therapeutic measures to prevent left ven-
tricular remodeling. As an extraordinary example of transla-
tional medicine, cell transplantation has emerged as a 
potentially viable therapeutic approach to directly repopu-
late and repair the damaged myocardium. A detailed analy-
sis and a vision for future progress in stem cell applications, 
both in research and clinical cardiology, are presented in 
this chapter, highlighting the use of a wide spectrum of stem 
or progenitor cell types including embryonic or fetal stem 
cells, myoblasts, and adult bone marrow stem cells. The 
roles that myocardial cell fusion and transdifferentiation 
play in stem cell transplantation, the specific shortcomings 
of available technologies, and recommendations for practical 
ways that these concerns can be overcome are also discussed.

Introduction

Recent progress in the field of stem cell research has con-
firmed the potential to be used in tissue regeneration since 
the cardiomyocyte native capacity for renewal and repair is 
inadequate, as have been the available therapeutic measures 
to prevent left ventricular remodeling. Cell transplantation 
represents a viable therapeutic approach for repairing the 
damaged myocardium. However, and in spite of remarkable 
progress in this field, significant problems remain, especially 
ethical problems and the tumorigenic and dysrhythmogenic 
potential that these techniques present for differentiation into 
somatic cells. Moreover, uncertainty remains about whether 
the cells formed new tissue or whether they released com-
pounds that fortified existing cells. Because the limited 
potential of the myocardium for self-repair and renewal, a 

significant proportion of cardiac muscle loses its ability to 
perform work, and this loss may be the most important factor 
in the heart pump failure occurring in patients with coronary 
artery disease (CAD) and dilated cardiomyopathy (DCM).

Until recently, reperfusion of the ischemic myocardium 
was the only intervention available to restore the various cel-
lular functions affected by myocardial ischemia, including 
preventing cell death by necrosis or apoptosis. Unfortunately, 
reperfusion may result in extensive myocardial damage, 
including myocardial stunning, and the functional recovery 
of the heart may appear only after a period of cardiac con-
tractile dysfunction that may last for several hours or days. 
It is evident that the limited capacity of regeneration and pro-
liferation of human cardiomyocytes can prevent neither the 
scar formation that follows myocardial infarction nor the 
loss of heart function occurring in patients with cardiomyo-
pathy and HF. Replacement and regeneration of functional 
cardiac muscle is an important goal that could be achieved 
either by stimulation of autologous resident cardiomyocytes 
or by the transplantation of allogenic cells (e.g., embryonic 
stem cells, bone marrow mesenchymal cells, or skeletal 
myoblasts). However, a number of impediments to a success-
ful implantation of these cells remain, and those will be 
addressed in this chapter.

Stem Cell Therapy

The most primitive of all stem cells are the embryonic stem 
(ES) cells that develop as the inner cell mass in the human 
blastocyst at day 5 after fertilization. At this early stage, ES 
cells have vast developmental potential since they can give rise 
to cells of the three embryonic germ layers. When isolated and 
grown in the appropriate culture media, the pluripotent mouse 
and human ES cells can undergo cell proliferation and form 
embryo-like aggregates (termed embryoid bodies) in vitro, 
some of which can spontaneously contract (Fig. 22.1). The 
beating embryoid bodies contain a mixed population of newly 
differentiated cell types including cardiomyocytes, based on 
the expression of cardiac-specific genes such as cardiac-myosin 
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heavy chain, cardiac troponin I and T, atrial natriuretic factor, 
and cardiac transcription factors GATA-4, Nkx2.5, and MEF-
2, cellular ultrastructure, and extracellular electrical activity 
[1–3]. These cardiomyocytes can be of the pacemaker-atrium 
and ventricle-like type, and they are distinguishable by their 
specific patterns of action potential [4–6].

While the precise cellular and molecular events compris-
ing the pathway of ES cell cardiomyocyte-specific differen-
tiation remain largely undetermined, significant progress has 
been made in identifying the regulatory factors which can 
enhance or inhibit the process (Fig. 22.2). Differentiation 
into a particular cell type is dependent on these factors. For 
instance, inhibition of bone morphogenetic protein (BMP) 
signaling by its antagonist Noggin induces cardiomyocyte 
differentiation from mouse ES cells [7], while retinoic acid 
specifically induces the formation of ventricular-specific car-
diomyocytes [8].

Nitric oxide (NO) generated either by NO synthase activ-
ity or exogenous NO exposure has also been implicated in 
the promotion of cardiomyocyte-specific differentiation from 
mouse ES cells [9]. Cardiomyocyte differentiation of human 
ES cells could be enhanced by treatment with 5-aza-2¢-
deoxycytidine [10]. Also, IGF-1 promotes cardiomyocyte 
differentiation phenotype and the expression of the cardio-

myocyte phenotype in ES cells in vivo [11]. Interestingly, 
increased levels of oxidative stress appear to reduce the car-
diotypic development of embryoid bodies [12].

Early experiments with both fetal cardiomyocyte and dif-
ferentiating ES cell transplantation showed the successful 
formation of stable grafts and nascent intercalated discs 
between the grafted and the host myocardial cells [13, 14]. In 
addition, both fetal and embryonic stem cell-generated car-
diomyocytes maintain myocardial electromechanical prop-
erties. Human ES cell-derived cardiomyocytes are able to 
effectively form structural and electromechanical connec-
tions with cultured rat cardiomyocytes [3]. Similarly, the 
transplanted human ES cell-derived cardiomyocytes were 
able to integrate and pace in vivo the swine heart with com-
plete atrioventricular block, as demonstrated by detailed 
electrophysiological mapping and histopathological studies. 
The similarity in phenotype between the transplanted differ-
entiating-ES cells and harder-to come-by (particularly in 
humans) fetal cardiomyocytes suggested that ES cells could 
be a useful surrogate for fetal cardiomyocytes in human  
cardiac engraftment procedures [14].

When fetal rat cardiomyocytes were transplanted into 
ischemic damaged hearts, a large percentage of cardiomyo-
cytes died posttransplantation [15]. This, as well as the 

Fig. 22.1 Cell differentiation. Pluripotent embryonic stem cells sponta-
neously differentiate into endothelial progenitor cells (EPC), hemangio-
blasts, mesenchymal stem cells and embryoid bodies (embryo-like 
aggregates). Hemangioblasts further differentiate generating both 

hematopoietic stem cells (HSC) and EPC which give rise to both vascular 
blood and myocyte components. Under the appropriate conditions (most 
of which remain to be determined), cardiomyocytes can form from 
embryoid bodies as well as from EPC and mesenchymal stem cells
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finding that no increase in graft size occurred while using 
increasing number of injected cardiomyocytes, has prompted 
a re-consideration of the clinical use of cardiomyocyte trans-
plantation in the treatment of ischemic heart disease. It is 
apparent that more research is needed to develop a successful 
strategy that can maximize grafted cardiomyocyte cell 
survival and accelerate the differentiation process.

Advantages of ES Cell Transplantation

ES cells can be readily and reproducibly obtained from the 
inner layer of the blastocyst, and exhibit an excellent growth 
phenotype, both in vitro and in vivo. The development and 
application of ES-like cell lines (e.g., P19), which have been 
highly informative in the identification and characterization 
of regulatory factors, transcriptional activators and signal 
transduction events involved in cardiomyocyte differentia-
tion, may also be useful in cell transplant therapy [16–18].

Preliminary data suggest that ES cells may be of a par-
ticular value in targeting and modifying congenital heart 
defect (CHD) phenotypes [19, 20]. Once their safety is con-
firmed, further clinical studies should address the use of tar-
geted ES cell therapy in infants/children with severe cardiac 
diseases including cardiomyopathies, CHD and dysrhyth-
mias. ES cells may also be more amenable to ex vivo engi-
neering via DNA modifications (e.g., gene therapy, viral 
transfection, knockouts and over-expressed genes). In fact, 
the transformation of a normal cardiomyocyte into a pace-
maker cell has been successfully achieved in animal models 
by the injection of plasmid or viral vectors carrying genes 
encoding specific therapeutic proteins [21–23]. In this man-
ner, ES cells transfected with overexpressed b2-adrenergic 
receptors, or ion channel proteins could be transplanted to 
restore function in defective myocardial cells [23]. However, 
the safety and efficacy of these methodologies need to be 
absolutely proven prior to their use in humans with cardiac 
dysrhythmias.

Fig. 22.2 Signaling pathways potentially involved in cardiomyocyte 
differentiation. BMP bone morphogenetic protein; Wnt amalgam of 
wingless (Wg) and int (integration loci); FGF fibroblast growth factor; 

ETC electron transport chain; NO nitric oxide; permeability transition 
(PT) pore opening; ANP atrial natriuretic peptide
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Limitations and Concerns with ESC 
Transplantation

Considerable ethical and legal concerns about ES cells 
remain, and these concerns have significantly hampered fur-
ther research efforts, which could provide needed cell lines 
as well as answers to many of the questions regarding the 
efficacy, long-term stability, function and even the extent of 
the negative effects of ES cell transplantation in cardiovascu-
lar disease (as well as in other human diseases).

A concern often raised regarding the use of ES cells 
relates to their source (i.e., whether they originate from a 
cell line or directly from embryo), primarily heterologous 
versus autologous, posing the potential problem of generat-
ing an allogenic response or immunorejection upon trans-
plantation. In addition, pluripotent ES cells which have 
unlimited growth potential can have tumorigenic side-effects, 
making the screening for teratoma formation well-advised. 
In addition, there is evidence that differentiation of a hetero-
geneous ES cell population is rather inefficient, although 
several agents (e.g., retinoic acid) appear to be effective in 
activating a greater extent of ES cell-mediated cardiomyo-
cyte specific differentiation. The long-term stability of ES 
cell-differentiated phenotype has also received mixed reviews 
since several studies have shown a loss of ES cell derived 
cardiomyocytes over time.

Transplanted ES cell progeny may not always have a nor-
mal function since ES cells may promote dysrhythmias in 
the transplanted hearts. On the other hand, the application of 
ES cells in repairing the damaged aging heart may also be 
limited; however, while this limitation has been proposed, 
currently there are no solid data to support it. Nevertheless, 
cell transplants (either ES or adult stem cells) in hearts of 
older individuals have frequently proved to be less effective. 
The inability of the damaged myocardium to provide the 
appropriate molecular signals for stem cells engraftment 
seems to limit their capacity for recruitment and integration 
into the aging myocardium [24].

Recently, major advances showing that stem cell therapy 
has great potential in the treatment of postmyocardial infarc-
tion HF have been reported. One report showed how bone 
marrow stem cells can regenerate myocardium in the infarct 
area of a mouse heart [25], whereas a second report showed 
the use of a subgroup of bone marrow stem cells to stimulate 
neovascularization and prevent remodeling in the infarct area 
of a rat heart [26]. In both studies, improved cardiac function 
was demonstrated.

Cardiomyogenic differentiation of marrow stem cells 
(MSCs) can occur in vivo [27]. Isogenic cultured MSCs were 
labeled with 4¢, 6-diamidino-2-phenylindole (DAPI) and 
implanted into the LV wall of recipient rats. After 4 weeks, 
DAPI-labeled donor MSCs demonstrated myogenic differ-

entiation with the expression of sarcomeric myosin heavy 
chain in the cytoplasm. Orlic et al. have identified bone mar-
row stem cells that, when injected into MI mouse, migrate 
specifically into the infarct area, replenish it with cardiomyo-
cytes, endothelial cells, and smooth muscle cells, and par-
tially restore cardiac function [28]. In this study, the stem 
cells were isolated from donor mice and injected into recipi-
ents in viable myocardium bordering a 3–5 h old infarction. 
Nine days after injection, it was observed new myocardium 
complete with cardiomyocytes and vascular structures filling 
almost 70% of the infarcted region in 12 of the 30 mice. The 
treated mice showed significant improvement in LV function. 
At 9 days, the new myocardial cells were still proliferating 
and maturing.

An alternative approach to transplanting new myocardium 
to the infarcted heart is to help the heart in its own recovery 
by preventing remodeling. This approach was pursued by 
Kocher et al. [26] who identified a subpopulation of bone 
marrow stem cells with hemangioblast-like properties which, 
when injected into MI rats, migrate to the infarct zone, gen-
erate new blood vessels, and keep the hypertrophied cardio-
myocytes viable as LV function restores. Left ventricular 
end-diastolic pressure declined by 36% and LV −dP/dt 
increased by 41%. At 2-week follow-up, significant increases 
in microvascularity and in the number of capillaries and 
feeding vessels, both within the infarct zone and at its perim-
eter, were observed. The revascularization of the infarct 
tissue resulted in a sixfold reduction in myocyte apoptosis and 
scar, and a significant restoration of cardiac function. The ben-
efit was sustained up to 15 weeks, and LV ejection fraction 
increased by 34% [26, 29]. In the first human study, Strauer 
et al. transplanted the patient’s bone marrow cells into his 
myocardium after an MI and found a significant improvement 
of the patient’s heart function [30]. Ten weeks after stem cell 
implantation, there was a reduction of the infarct area and an 
increase of ejection fraction, cardiac index and stroke volume. 
The investigators assumed that the adult stem cells, which 
were transplanted into the necrotic areas of the myocardium, 
differentiated into cardiomyocytes, which regenerated the 
heart wall. Although at this point the hypothesis could not be 
proved, because tissue samples from the myocardium could 
not be extracted and analyzed, there is no other explanation for 
the improvement of the patient’s heart function. After the first 
successful implantation six more patients have been treated 
with autologous bone marrow cells.

Clinical studies on stem cell therapy have so far been less 
compelling. A randomized, double blind, placebo-controlled 
study of stem cells in MI patients has failed to show an 
improvement in LV function, although there was a sugges-
tion that such treatment could favorably affect infarct remod-
eling [31]. The randomized, open-label BOOST study has 
previously shown improvement of LV systolic function after 
transfer of stem cells, but this trial was not blinded. However, 
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as bone-marrow aspiration and intracoronary injection can 
both induce cytokine release and therefore affect subsequent 
infarct healing and functional recovery, the control group 
must undergo exactly the same procedures as the active treat-
ment group if the true benefit of cell transfer is to be fully 
appreciated. The investigators therefore followed up with a 
study of 67 patients, who all underwent bone-marrow aspira-
tion 1 day after successful percutaneous coronary interven-
tion for ST-elevation MI (STEMI). Patients were then 
assigned to intracoronary infusion of stem cells or placebo. 
The primary end point was the increase in LV ejection frac-
tion, and secondary end points were change in infarct size 
and regional LV function at 4-month follow-up, all assessed 
by magnetic resonance imaging (MRI). The data showed no 
difference in LV function improvements between the two 
groups, although stem-cell infusion was associated with a 
significant reduction in myocardial infarct size and a better 
recovery of regional systolic function; no complications were 
associated with the treatment.

The first double blind, randomized, placebo-controlled trial 
of granulocyte colony stimulating factor (G-CSF) in patients 
with acute MI has been published and failed to show any ben-
efit [32]. The Stem Cells in Myocardial Infarction (STEMI) 
clinical trial was assessed using G-CSF to mobilize stem cells 
in patients with STEMI after successful primary percutaneous 
coronary stent intervention. A total of 78 STEMI patients were 
evenly randomized to receive either a once-daily under-the-
skin injection of G-CSF (10 mg/kg of body weight) or placebo 
for 6 days. Patients underwent angioplasty and stenting less 
than 12 h after the onset of symptoms, and 85% of patients 
were treated within 48 h. Although G-CSF proved safe, at 
6-month follow-up there was no evidence of any significant 
benefit in the primary endpoint-change in systolic wall thick-
ening in the infarct area from baseline, determined by cardiac 
MRI, which improved 17% in the G-CSF group and 17% in 
the placebo group. Comparable results were found in the 
infarct border, and noninfarcted myocardium. LVEF improved 
similarly in the two groups, as measured by both MRI and 
echocardiography. These findings differ from those observed 
in previous open-label trials of G-CSF, and underscore the 
importance of blinding and placebo controls in evaluating 
new, potentially antiangiogenic, stem-cell therapies.

Recommendations

 1. The therapeutic use of ES cell transplantation in cardiac 
diseases primarily needs a rigorous demonstration that it 
can work in a stable fashion and with limited adverse 
effects.

 2. Despite the limitations on federally-funded research pres-
ently imposed, new sources of ES cells and cell lines for ES 

cell transplantation studies need to be developed and likely 
will be, given the strong world-wide, corporate and state-
funded interest in this technology and its purported benefits. 
Investigation into novel ways to isolate and culture autol-
ogous ES cells should also prove to be of significance.

 3. Our overall understanding of the factors that may elicit 
the homing of ES cells to the heart and stimulate or direct 
the differentiation of ES cells to functional cardiomyo-
cytes is presently rudimentary (a critique also applicable 
to adult stem cells). Identification of these factors as well 
as their mechanism of action will likely optimize both the 
homing and the differentiation processes, as well as con-
tribute to defining the best-case scenarios in which ES cell 
transplantation will be beneficial.

Adult Skeletal Myoblast Cells

Transplanted satellite stem cells (myoblasts) from skeletal 
muscle can successfully home and engraft within a damaged 
myocardium, preventing progressive ventricular dilatation and 
improving cardiac function [33–36]. These myoblasts can be 
delivered into the myocardium by either intramural implanta-
tion or arterial delivery [36, 37], and recently effective deploy-
ment of a less invasive catheter approach has been reported [38]. 
Skeletal muscle satellite cells can proliferate abundantly in  
culture, and can be easily grown from the patient themselves 
(self-derived or autologous) thereby avoiding potential immune 
response.

Myoblasts are relatively ischemia-resistant (compared to 
cardiomyocytes, which become injured within 20 min) since 
they can withstand several hours of severe ischemia without 
becoming irreversibly injured [39]. The functional benefits 
of intramyocardially transplanted skeletal myoblasts in 
improving the damaged myocardium secondary to ischemia 
have been well documented [40]. Initial clinical trials have 
shown the efficacy of autologous skeletal myoblast trans-
plantation in patients with left ventricular (LV) dysfunction 
[35]. The use of skeletal myoblasts, delivered by multiple 
intramyocardial injections, was effective in restoring left 
ventricular function in the genetically determined Syrian 
hamster model of DCM, demonstrating that the functional 
benefits of transplanted skeletal myoblast can be extended to 
non-ischemic cardiomyopathy [41].

Advantages to Myoblast Transplantation

Since myoblasts can be of autologous origin and can be 
robustly expanded in culture, a large number of cells can be 
obtained from only a small skeletal muscle biopsy sample 
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(such as obtained from a patient) in a relatively short period 
of time. Compared to transplanted cardiomyocytes, myoblasts 
appear to be more resistant to ongoing apoptotic damage, 
which tends to be prevalent at ischemic sites.

Limitations and Concerns with Myoblast 
Transplantation

While several reports have suggested that a subpopulation of 
transplanted skeletal myoblasts were capable of transdiffer-
entiation to a cardiomyocyte phenotype with increased 
expression of cardiac genes [42, 43], others have been unable 
to replicate the transdifferentiation of donor myoblasts to 
cardiomyocytes [44]. The present consensus of the majority 
of researchers in this field is that grafted myoblasts pri-
marily remain non-cardiomyocytes. On the other hand, there 
is evidence that when myoblasts are implanted in the heart, 
their developmental program is influenced in such a way by 
the cardiac environment that it enables them to improve car-
diac performance. Skeletal myoblasts engrafted to an injured 
myocardium differentiated to a fatigue-resistant, slow twitch 
phenotype adapted to cardiac workload [45]. Moreover, 
grafted myoblasts may display incompatible “wiring” or 
cell-to-cell connections with resident cardiomyocytes and 
do not respond in the same way to electrical signaling and 
stimuli [46].

While early preclinical studies did not detect the evidence 
of dysrhythmias, recent clinical studies have revealed that a 
subset of patients receiving skeletal myoblast transplant can 
experience severe and often life-threatening dysrhythmias 
[47]. The precise reason for these dysrhythmias remains 
unclear but may be related to the heterogeneous electrical 
properties and interactions between donor and recipient cells. 
On the other hand, the dysrhythmias may be promoted by the 
medium used to introduce the cells, rather than by the cells 
themselves [48]. Parenthetically, the functional benefits of 
myoblast transplantation may be related to the limitation of 
adverse post-infarction remodeling and/or the paracrine 
effects of transplanted myoblasts on recipient tissue, rather 
than to a grafted-myoblast contribution to enhance ventricu-
lar systolic function.

Further Recommendations

While preclinical studies with stem cell and myoblast trans-
plantation have shown similar levels of efficacy [49, 50], 
there is a need for a detailed evaluation on the relative bene-
fits, adverse effects and efficiency of skeletal myoblast and 
stem cell transplants in the clinical setting of HF vis a vis the 

restoration of myocardial function. New methods to better 
assess and optimize post-transplanted myoblast recruitment 
and survival, particularly in the long-term, need to be developed 
and the repertoire of effective, less invasive cell delivery 
technologies needs to be expanded.

Trials with Autologous Skeletal  
Myoblast Transfer

Adult autologous skeletal myoblasts can be harvested from 
small peripheral muscle biopsy and if successfully isolated 
from the donor tissue, they will grow rapidly in culture. In a 
rat model of coronary artery ligation, evidence has been 
gathered that skeletal muscle myoblasts improve post-
MI LV function to a similar degree as cardiomyocytes [51]. 
Ménasché first reported the transplantation of autologous 
skeletal myoblasts in a 72-year-old patient in HF secondary 
to multiple MIs [52]. About 800 million of skeletal myo-
blasts cultured from biopsies taken from the patient’s leg, 
were injected into the infarcted tissue on the posterior wall of 
the heart during double-bypass surgery. Echocardiography 
and positron-emission tomography scanning prior to the 
transplant had shown that the area was metabolically non-
viable. At 5 months follow-up, repeated studies reveal 
contraction in the area of the transplant, the magnitude of 
which increased when challenged with dobutamine. Later, 
further autologous skeletal myoblast transplantation was car-
ried out in more patients with severe ischemic HF, and the 
technique was considered feasible, generally safe, and with 
signs of efficacy. Most patients have had symptomatic 
improvement, and echocardiographic studies revealed new 
systolic thickening in the implanted areas of the previous 
infarct, indicating contractility in implanted segments. 
Recently, Menasché et al. reported phase II of the random-
ized trial, the Myoblast Autologous Grafting in Ischemic 
Cardiomyopathy (MAGIC). This trial was carried out with a 
multicenter approach; this was the first randomized placebo-
control study of myoblast transplantation in patients with LV 
dysfunction (ejection fraction £35%), myocardial infarction, 
and indication for coronary surgery [53]. Ninety-seven 
patients received myoblasts (400 or 800 million; n = 33 and 
n = 34, respectively) or placebo (n = 30). Interestingly, myo-
blast transfer did not improve regional or global LV function 
beyond what was seen in control patients. The absolute 
change in ejection fraction between 6 months and baseline 
was 4.4, 3.4, and 5.2% in the placebo, low-dose, and high-
dose groups. Nonetheless, when compared with the placebo 
group the high-dose cell group showed significant decrease 
in LV volume. Although the dysrhythmic events were higher 
in the myoblast-treated patients, the 6-month rates of major 
cardiac adverse events and of ventricular dysrhythmias did 
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not differ significantly between the treated and placebo 
groups. These data, revealed that myoblast injections in asso-
ciation with coronary surgery in patients with diminished LV 
function failed to improve heart function, as assessed by 
echocardiography. Moreover, there were increased early 
postoperative dysrhythmias after myoblast transplantation. 
However, an interesting finding was that the highest dose of 
myoblasts resulted in significant antiremodeling effect com-
pared to placebo, and this merits further study in the future

Adult Bone Marrow Derived Stem Cells

Interest in bone marrow derived stem cells (BMCs) has been 
mainly motivated by their neovascularization and angiogen-
esis properties and these effects are enhanced by the pres-
ence of specific growth factors and cytokines (e.g., GCSF). 
The beneficial effects of these cells to a damaged vascular 
system were confirmed and subsequently extended to studies 
on myocardial damage in mice [54] in whom implanted 
BMCs can differentiate into myocytes and coronary vessels 
and thereby ameliorate the function of the injured heart. 
Since implantation of BMCs initially required surgical inter-
vention and the procedure is often accompanied by a high 
mortality rate, with only a 40% rate of successful grafting, 
the development of noninvasive method became imperative. 
One such approach employed cytokine treatment, stem cell 
factor (SCF) and granulocyte-colony-stimulating factor 
(G-CSF), to mobilize endogenous BMCs and direct their 
integration or homing to the infarcted heart promoting repair. 
Mice injected with SCF (200 µg/kg/day) and G-CSF (50 µg/
kg/day) exhibited a substantial increase in the number of cir-
culating stem cells from 29 in nontreated controls to 7,200 in 
cytokine-treated mice. The endogenous BMCs were shown 
to give rise to new cardiac myocytes and coronary vascula-
ture, and the BMC-derived myocardial regeneration resulted 
in improved cardiac function and survival. Similar findings 
of cell-mediated repair of myocardial infarction in the mouse 
were obtained using transplanted BMCs, which promoted 
proliferating myocytes and vascular structure [55].

It is important to remember that bone marrow contains 
several stem cell populations with overlapping phenotypes 
including, hematopoietic stem cells (HSCs), endothelial stem/
precursor cells (EPCs), mesenchymal stem cells (MSCs), and 
multipotent adult progenitor cells (MAPCs). When EPCs, 
originating from a common hemangioblast precursor in bone 
marrow, are delivered to the myocardial target area they may 
implant, differentiate in situ and promote new vessel growth, 
an approach that has been applied to several animal models of 
myocardial ischemia [56]. These bone-marrow derived stem/
precursor cells also can prevent the progression of cardio-
myocyte apoptosis and stem cardiac remodeling [57].

Moreover, there is evidence showing that adult EPCs can 
transdifferentiate into active cardiomyocytes [58], although 
how extensively this occurs is presently not known. On the 
other hand, bone marrow-derived mesenchymal stem cells 
exhibit a high degree of plasticity allowing them to be 
employed as a self-renewing autologous source of progenitor 
cells (from adults), with the potential for differentiating into 
cardiomyocytes, and can be used in cellular cardiomyoplasty. 
Upon treatment with specific agents (e.g., 5-azacytidine), 
MSCs can differentiate into synchronously beating cardio-
myocytes [59]. The injection of MSCs after their expansion 
in culture can also be used in the rescue of an abnormal 
mouse cardiac phenotype [60] and may prove effective in 
repairing a broader array of cardiac pathologies, including 
myocardial infarct and HF. In addition, bone marrow-derived 
HSCs and a subpopulation of HSCs termed SP cells have 
been reported following transplantation to repair infarcted 
myocardium, promoting new growth of cardiomyocytes, 
endothelial and smooth muscle cells [61]. While this cell-
mediated myocardial repair was initially characterized as 
resulting from HSC’s ability to transdifferentiate to cardio-
myocytes, HSC plasticity has been difficult to reproduce and 
both its significance and basis remain undetermined.

Advantages of Adult BM Cells Transplantation

There is evidence that treatment with BMCs can ameliorate 
both myocardial and vascular damage with increasing angio-
genesis. The effect of transplanted BMCs (which can include 
endothelial precursor cells) on vascular growth may signifi-
cantly impact the recovery of the damaged heart, for exam-
ple, by improving oxygen availability, although this may 
depend on the myocardial setting, whether acute myocardial 
infarction or established HF [57]. Moreover, autologously 
derived cells for transplantation are an attractive alternative, 
since bone marrow mesenchymal cells can be readily iso-
lated in most cases. In addition, the expansion of BMC num-
ber by in vitro growth can be readily achieved by vigorous 
growth of mesenchymal cells in culture. It is significant that this 
method bypasses much of the ethical and legal maelstrom 
associated with the use of ESCs.

Limitations/Concerns with Adult BMC 
Transplant

The mechanism of BMC-mediated augmentation of cardio-
myocyte number and function remains controversial. Some 
studies have suggested that the effects of adult stem cell 
transplantation on the recipient heart are not a consequence 
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of transdifferentiation [62], but likely arise as a result of cell 
fusion with pre-existing cardiomyocytes or occur as a func-
tion of paracrine effects of transfected cells [63]; others 
maintain that there is evidence for a transdifferentiation event 
[56, 64–67].

Cell fusion has been demonstrated between cardio-
myocytes and non-cardiomyocytes in vivo and in vitro 
[68, 69] and the data in support of transdifferentiation 
(particularly with HSCs) have not always been replicable. 
Further research is needed to clarify these issues and rec-
oncile the contradictory claims, as well as to provide 
additional information about the extent of cell fusion and 
when it occurs. Similarly, a careful delineation of trans-
differentiation from a well-defined adult stem cell type is 
warranted. Unfortunately, a critical problem in the repli-
cation of these experiments and in determining the effects 
of BMCs lies in the considerable heterogeneity of the 
populations of BMCs used. A limitation of the majority of 
the clinical studies with adult non-cardiac stem cell trans-
plantation relates to the potential stability of the differen-
tiated phenotype, since these studies have primarily 
examined the short-term benefits. However, it is important 
to underline the absence of adverse events in over 100 
patients studied. This is in contrast with the dysrhythmia-
prone myoblast transplantation [47].

Because of the paucity of successful techniques to effec-
tively treat HF, there is mounting pressure (mainly from 
clinicians) to expedite the clinical application of cells transplant 
even before the mechanisms (as well as the long-term effects) 
are fully understood.

How Does the Preceding Information Translate  
to Human Clinical Studies?

Since most BMC research is presently performed in mice, a 
critical question is whether this model is truly applicable to 
humans. Preliminary studies in humans suggest that BMC 
transplantation and cytokines can home into areas of injury 
and promote neovascularization in those areas where they 
are needed. Whether enough BMCs can be transplanted 
to repair the damaged regions in the human heart, which tend to 
be larger in size than in the mouse heart, remains to be seen. 
Furthermore, it is questionable if adult human BM stem cell 
therapy works against any of the following: ischemic injury, 
cardiomyopathy/HF, the cardiomyopathy of aging, dysrhyth-
mias and cardiac defects in infant/children.

Preliminary results of human clinical trials have shown a 
modest improvement in the cardiac function of patients with 
acute myocardial ischemia and infarct [70–73]. When cell 
transplantation was applied to patients with chronic myocardial 
disease the results were less definitive.

Cardiac Stem Cells

Cardiac stem cells (CSCs) are cells that can be isolated from 
the myocardium with a regenerative capacity higher than 
adult neonatal or fetal cardiomyocytes [73]. These cells can 
be isolated from mouse, rat and dog as well as human myo-
cardium and are able to form all three major cardiovascular 
cell lineages: cardiomyocytes, endothelium and smooth 
muscle [74]. Interestingly, CSCs can be identified by differ-
ent stem cell markers such as Sca-1 and c-kit. However, it is 
estimated that their number is very limited: about 1 CSC per 
8,000–40,000 myocardial cells [75]; their potential for 
in vivo regeneration has been described in mouse, rat and 
dog studies after injected directly into the heart or via intrac-
oronary administration after MI. Cells transdifferentiated in 
multiple cardiac lineages, regenerating the myocardium, pre-
venting remodeling, and ameliorating left ventricular func-
tion [15]. However, despite their promising nature, especially 
the fact that they can be isolated from adult human hearts and 
thus form a source of autologous cells, many questions 
remain. The most important question is whether CSCs dif-
ferentiate into true cardiomyocytes in vivo or just share some 
phenotypical characteristics.

Torella et al. [76] have reported that the adult heart has sig-
nificant myocardial regenerative potential that stands against 
the accepted notion of terminal cardiomyocyte differentiation. 
The source of this regenerative potential is constituted by resi-
dent CSCs, and these CSCs through both cell transplantation 
and in situ activation have the capacity to regenerate signifi-
cant segmental and diffuse myocyte losts, restoring anatomi-
cal integrity and ventricular function. It was suggested that 
CSC identification has started a brand new discipline of 
cardiac biology that could profoundly change the outlook of 
cardiac physiology and the potential for treatment of HF, and 
the potential of this new era should not be set back by prema-
ture attempts at clinical application before gathering the 
required scientifically reproducible data.

Adult Cardiac Stem Cells from Human  
and Animal Models

The findings that the adult heart contains stem cell niches 
that can regenerate myocytes and coronary vessels have 
raised the extraordinary possibility to regenerate dead myo-
cardium after MI, to repopulate the failing heart with func-
tioning cardiomyocytes and vessels, and probably to reverse 
ventricular dilation and wall thinning. Current information 
on various stem cell populations in the adult heart has 
emerged from research in several laboratories. However, 
many questions remain concerning the origin, structure, pre-
cise location, function, and regulation of these cells.
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Beltrami et al. [77] reported the existence of Lin-c-kit+ 
cells in adult rat myocardium with the properties of stem 
cells. These cells are self-renewing and can be propagated 
for several months, expandable in culture, and multipotent, 
and can give rise to cardiomyocytes, smooth muscle, and 
endothelial cells. When injected into an ischemic heart, the 
Lin-c-kit+ cells contribute to the formation of endothelium 
and vascular smooth muscle and to the regeneration of myo-
cardium in the region of necrosis, improving its pump func-
tion and ventricular chamber geometry [78].

The isolation and characterization of a small population 
of adult heart-derived cardiac progenitor cells (from post-
natal mouse myocardium) expressing the surface marker 
stem cell antigen-1 (Sca-1+) and telomerase reverse tran-
scriptase activity, associated with self-renewal potential, 
have been also reported [63, 79]. These adult cardiac stem 
(ACS) cells can be selectively isolated by a magnetic cell 
sorting system and express neither cardiac structural genes 
nor Nkx2.5. These cells can differentiate in vitro forming 
beating cardiomyocytes in response to the DNA demethylat-
ing agent 5¢-azacytidine. Increased expression of other car-
diogenic transcription factors (GATA-4, MEF-2C) has been 
shown by microarray profiling of differentiating ACS cells; 
previously found in bone marrow stromal cells with cardio-
genic potential. Similarly, when treated with oxytocin, car-
diac Sca-1+ stem cells expressed genes of cardiac transcription 
factors and contractile proteins and exhibited sarcomeric 
structure and spontaneous beating [73]. After intravenous 
delivery, the Sca-1+ cardiac stem cells can home to the myo-
cardium injured by ischemia/reperfusion, and can function-
ally differentiate in situ.

Laugwitz et al. [82] have reported the presence of a popu-
lation of cardioblasts in both embryonic and postnatal heart 
(from mouse, rat and human) numbering just a few hundred 

per heart. They were identified on the basis of their expression 
of a LIM-homeodomain transcription factor, Isl1. This group 
of cardiac stem cells was primarily localized in the atria, 
right ventricle, and outflow tract regions (where Isl1 is most 
prevalently expressed during cardiac organogenesis). These 
myocardial derived stem cells can be isolated, transplanted, 
survive and replicate in the damaged heart with evidence of 
functional improvement [83].

Advantages of ACS Cells

While the implantation of skeletal myoblasts and adult BMC 
transplantation appears promising, ACS cell transplantation 
might be more effective, since cardiac stem cells may be bet-
ter programmed. The further identification, purification, and 
characterization of the ACS cells as well as a detailed knowl-
edge of their interactions with the cardiac milieu or niche are 
essential if we are to achieve the major goal of regenerating/
transplanting the tissue to treat myocardial damage.

Limitations of ACS Cells

Until recently, data on the presence of ACS cells have been 
scarce. This subset of stem cells appears to be extremely lim-
ited in number, difficult to identify and expand in culture 
thereby limiting their characterization and utilization, and 
likely contributing to difficulties in reproducing experiments 
concerning their isolation and transplantation. In addition, 
there is presently no consensus in the definition of selective 
markers specific for this cell type (see Table 22.1).

Table 22.1 Markers of stem cell-derived cardiomyocyte differentiation

Cell type Differentiation agent Markers of differentiated cardiomyocyte Refs

ESC
Embryonic stem cells IGF-1, TGF-b a-sarcomeric actin, connexin 43, major histocompatibility  

complex class I sarcomeric myosin, a-actin
[11, 84]

P19 embryonal  
carcinoma line

5¢-azacytidine Bone morphogenetic protein-2 (BMP-2), BMP-4, Bmpr 1a,  
Smad1, GATA-4, Nkx2.5, cardiac troponin I, desmin

[85]

BMC
Bone marrow (MSC) Insulin, ascorbic acid, 

dexamethasone
a-skeletal actin, b-myosin heavy chain (MHC), MLC-2v, CaV1.2, 

cardiac troponin I, sarcomeric tropomyosin, cardiac titin
[63, 86]

Cardiac stem cells
Lin-c-kit+ Nd c-kit+ [77]
isl1+ Nd Csx/Nkx2.5, GATA-4 [82]
Sca-1+c-kit+ 5¢-azacytidine oxytocin High telomerase activity, Sca-1+Csx/Nkx2.5, GATA-4,  

MEF-2C, a+ b-MHC, MLC-2, MLC-2v, Cardiac a-actin
[80–82, 87]

Cardiosphere CKit+ Cardiac troponin I, myosin heavy chain, atrial natriuretic peptide [83]
SP cells Nd ATP-binding cassette transporter (ABCG2) [88, 89]
Nd not determined
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Recommendations

Considerable work remains to fully delineate the relevant 
cardiac progenitor cell population and the optimization of 
conditions for their efficient transplantation, homing, differ-
entiation, and integration into the myocardium. Understanding 
the factors that are responsible for growth, homing, and  
differentiation may allow specific ways to improve their  
production and functional benefits upon transplantation. 
Moreover, this information may also shed light on the activa-
tion of endogenous cardiac stem cells contributing to cardiac 
repair. Also, to be defined are the kinds of cardiac defects as 
well as type of injuries that can be best treated with these 
cells, including a clear knowledge of the best place in the 
heart to deliver or direct these cells. For instance, implanting 
cells within an area of necrosis and/or low oxygen availabil-
ity may be unsuccessful, whereas implanting cells in regions 
of hibernating myocardium may be successful.

The long-term stability and functionality of transplanted 
ACS cells await definition. Whether ACS cells can be used 
as a platform for ex vivo gene modification, including the 
introduction of therapeutic genes, whether robust expression 
of specific genes can be directed in such cells, and if an 
increased proliferative response in the cardiac progenitor 
cells can be modulated by the introduction of cell-cycle pro-
gression genes remain to be seen.

Human Cardiac Stem Cells

The isolation and expansion in vitro of human cardiac stem 
cells (hCSCs) for autologous regeneration of dead myocar-
dium in HF patients of ischemic and non ischemic etiology 
have been recently reported by Bearzi et al. [90]. These cells 
were identified in vitro as a class of human c-kit positive car-
diac cells that possess the properties of stem cells: self-
renewing, clonogenic and multipotent. Moreover, these cells 
can in vivo create cardiomyocytes and coronary vessels pro-
viding evidence that they play a role in cardiac homeostasis 
and myocardial regeneration. Again, these findings seem to 
contradict the previous concept that the heart is a post-mitotic 
organ unable to regenerate its own cells. Previously, Eberhard 
and Jockusch studied the pattern of clonal myocyte distribu-
tion during mammalian heart development, and found the 
presence of common progenitor cardiomyocytes prenatal 
and postnatally [91]. Embryo aggregation chimeras were 
employed, using as cellular markers enhanced jellyfish green 
fluorescent protein (eGFP) transgene and a desmin-promoter-
driven, nuclear-localized b-galactosidase (nlacZ) knock-in. 
In neonatal, newly weaned mice, and adult chimeric atria 
and ventricles, irregularly formed patches of various sizes 
rather than highly dispersed cardiomyocytes were observed. 

Most of the smaller patches and single cardiomyocytes were 
found in spatial neighborhood of large patches. This indi-
cated a largely coordinated clonal growth during myocardial 
histogenesis combined with divergent displacement or active 
migration of myocytes. Interestingly, in the adult heart, large 
myocardial volumes devoid of eGFP-positive cardiomyo-
cytes were found indicating a lack of secondary immigration 
of blood–borne stem cells into the myocardium. It is possible 
that similar patterns hold true for the human heart and that 
cell-lineage related pathological phenotypes may occur in 
patch patterns similar to those found in the mouse model. 
Recently, Anversa and Bolli et al. have further extended their 
work in this field. They have found that cardiac progenitor 
cells (CPCs) when implanted in the proximity of healed 
infarcts or resident CPCs, and stimulated locally by hepato-
cyte growth factor and IGF-1, invade the scarred myocar-
dium and generate myocytes and coronary vessels improving 
the hemodynamics of the infarcted heart [92]. Injection of 
hCSCs regenerated the infarcted myocardium in the mouse 
heart 21 days after infarction, and human myocardium was 
present within the infarct area. Injection of CPCs led to the 
replacement of about 42% of the scar tissue with newly 
formed myocardium, decreased ventricular dilation and 
prevented the decline in function of the infarcted heart. 
Cardiac repair was probably mediated by the ability of CPCs 
to synthesize MMPs that degraded collagen proteins, form-
ing tunnels within the fibrotic tissue during their migration 
across the scarred myocardium. Since the newly formed 
cardiomyocytes had a 2n karyotype and possessed 2 sex 
chromosomes cell fusion was excluded. They concluded that: 
(1) CPCs appear to be an ideal candidate cell for cardiac 
repair in HF patients; (2) CPCs isolated from myocardial 
biopsies and, following their expansion in vitro, can be 
administered back to the same patients avoiding the adverse 
effects associated with the use of nonautologous cells; 
(3) growth factors can be chosen instead and delivered locally 
to stimulate resident CPCs and promote myocardial regenera-
tion, and (4) treatments could be repeated to reduce progres-
sive tissue scarring and increase the working myocardium.

Using genetically engineered mice, the concept of the 
c-kit+ cells participating in the response to myocardial injury 
has been recently validated by Fransioli et al. [93]. The trans-
genic mouse expressing green fluorescent (GFP) protein 
driven by the c-kit promoter allows for unambiguous identi-
fication of this cell population; GFP driven by the c-kit pro-
moter labeled a fraction of the c-kit+ cells recognized by 
antibody labeling for c-kit protein. Furthermore, the expres-
sion of GFP by the c-kit promoter and accumulation of GFP-
positive cells in the myocardium appear relatively high at 
birth compared with adult and declines between postnatal 
weeks 1 and 2, which tracks in parallel with expression of 
c-kit protein and c-kit-positive cells. It was noted that acute 
cardiomyopathic injury by infarction prompts increased 
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expression of both GFP protein and GFP-labeled cells in the 
region of infarction relative to remote myocardium, and that 
similar increases were observed for c-kit protein and cells 
with a slightly earlier onset and decline relative to the GFP 
signal. Cells coexpressing GFP, c-kit, and cardiogenic mark-
ers were apparent at 1–2 weeks postinfarction. Then, car-
diac-resident c-kit+ cell cultures derived from the transgenic 
line express GFP that is diminished in parallel with c-kit by 
induction of differentiation.

Finding Cell Identity

From the foregoing discussion, it should be evident that a 
critical element in the identification of the grafted cell in 
the heart and in a number of cases even prior to the trans-
plant, is the unequivocal assignment of cell type identity. In 
Table 22.1, we provided a list of endogenous molecular 
markers that have been used to establish a differentiated car-
diac phenotype resulting from transplanted different stem 
cell types, including BM cells, ES cells and CS cells. In addi-
tion to the endogenous markers available to establish cell 
identity, GFP has been extensively used as a reporter to 
define donor cells. Marking cells with the chromosome stain 
DAPI has been unsuccessful, since the DAPI stain from dead 
cells can be readily incorporated by non-marked cells [94]. 
Genotype marking is also a powerful tool in assessing cell 
identity. In several studies of cardiovascular self-repair in 
which female hearts were allografted into human male recip-
ients, the presence of the Y chromosome was identified in 
the coronary vasculature and in cardiomyocytes [95–98], 
because the Y chromosome can be easily viewed by 
cytochemical staining or by fluorescence in situ hybridiza-
tion. However, the assessment of the degree of cardiac chi-
merism reported in these studies reveals striking variation 
ranging from very low level of Y-chromosome containing 
cardiomyocytes (0.02–01%) [97, 98] to high levels (30%) 
[98], underscoring the critical need for establishing rigorous 
criteria by which chimerism is identified. The identification 
of a nucleus with a Y-chromosome is in itself not sufficient, 
but needs to be unequivocally associated with either myocar-
dial vessels or cardiomyocyte structure (i.e., by confocal 
microscopy). Otherwise, it is possible to attribute the Y chro-
mosome-positive nuclei to host cells involved in immune 
response and inflammatory infiltration, and not to cardiac 
regeneration. There is also some indication that the use of 
chromosomal analysis can result in the underestimation of 
the transfected cells due to the presence of nuclei that may 
not be counted in the histological section [58].

The detection of cell phenotype markers by real-time 
assays, confocal microscopy and non-invasive detection 
methodologies employing MRI has just begun to be applied 

in the assessment of cell transplant. Real-time visualization 
can provide identification of regions of myocardial infarction 
and precise MRI-guided delivery of therapeutic agents, with 
injection sites identified by contrast agents. Novel contrast 
agents permit MRI visualization of gene expression at a cel-
lular resolution, and can be used as well to detect apoptotic 
cells [99, 100]. The appropriate labeling and detection of 
stem cells by MRI should enable the tracing of their in vivo 
distribution, and allow a glimpse of their destiny over time 
[101, 102].

Which Stem Cell Type to Use for HF

A brief comparison of the advantages and limitations of the 
cell types presently used in cardiac transplantation is shown 
in Table 22.2. While no clear-cut choice has yet emerged as 
to which cell type is best to transplant in myocardial repair, 
there are reasons to believe that the development of a multi-
plicity of approaches in the application of cell engineering 
will be required to develop novel therapies for the different 
cardiac disorders. HF may require the transplantation of 
cell types (e.g., skeletal myoblasts) that are different than 
those used in the targeted treatment of cardiac dysrhythmias, 
conduction disorders and congenital defects. It is also possible 
that the long-term repair of a fully functioning myocardium 
may require more than a single cell type – for instance, cardio-
myocytes, fibroblasts, and endothelial cells – in the generation 
and integration of a stable and responsive cardiac graft.

Other Developing Technologies  
in Cell Engineering

The refinement of nuclear transfer, cybrid, and cell fusion 
techniques may allow further engineering of stem cells to 
provide cardioprotection, or stimulate antioxidant or antiapop-
totic responses in the myocardium. These cell-engineering 
techniques might also allow the specific targeting of mito-
chondrial-based cytopathies [103]. Cardiomyopathies with a 
pronounced mitochondrial-based cytopathy and bioenergetic 
dysfunction have been reported and a subset of these has a 
genetic basis due to either defects in mtDNA or nuclear DNA 
[66]. Interestingly, introduction of mtDNA-repaired ES cells 
has been proposed in a patient harboring a mtDNA mutation, 
potentially transforming a diseased myocardium into a healthy 
one [103]. The mtDNA-repaired cells can be derived from 
the patient’s own cells, whose endogenous defective mtDNA 
genome has been entirely eliminated by treatment with ethid-
ium bromide, and replaced by entirely wild-type mtDNA 
genes. In a similar vein, treatment of a patient’s nuclear DNA 
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defects would involve either specific genetic replacement of the 
nuclear gene defect (site-specific homologous recombination 
can be readily undertaken in ES cells) or if the precise site of 
the nuclear defect is not known, by replacement of the entire 
nucleus of the patient with a wild-type nucleus. In the near future, 
ES cells therapy may be used in the treatment of mitochondrial-
based cardiac diseases.

To identify aspects of the cardiac milieu that may contrib-
ute to the growth and development of transplanted myoblasts 
in vivo, three-dimensional matrices have been designed to 
serve as a novel in vitro system that mimic some aspects of 
the electrical and biochemical environment of the native 
myocardium. These structures may allow a finer resolution 
of electrical and biochemical signals that may be involved in 
myoblast proliferation and plasticity. Myoblasts have been 
grown on 3-D polyglycolic acid mesh scaffolds under con-
trol conditions in the presence of cardiac-like electrical cur-
rent fluxes, and in the presence of culture medium that had 
been conditioned by mature cardiomyocytes [104]. Such 
scaffolds containing either fetal or neonatal aggregates of 

contracting cardiac cells have been used to generate artificial 
cardiac grafts transplanted into injured myocardium with 
recuperation of ventricular function, and formation of func-
tional gap junctions between the grafted cells and the myo-
cardium [105, 106].

The combination of gene therapy and stem cell engineer-
ing is an attractive approach for treating cardiac disorders. 
Overexpression (and in some cases the inhibition of expres-
sion) of specific proteins can result in striking changes in 
cardiomyocyte and in cardiac phenotype. Specific cardio-
myocyte functions, including ion channels, cardiac conduc-
tion, contractility and myocyte proliferation have been shown 
to be affected by gene transfer and expression of specific 
proteins [107–109]. Cell-based therapies for injured or dys-
functional hearts can be enhanced by using ex vivo geneti-
cally modified stem cells to deliver genes and proteins. For 
instance, transplanted mesenchymal stem cells appear to be 
effective devices to deliver channel proteins involved in 
pacemaking activity (e.g., channel protein HCN2) resulting 
in the modification of cardiac rhythm in vivo [23]. In an animal 

Table 22.2 Myocardial transplants: advantages and limitations associated with cell-type

Cell-type Source Advantages Limitations

Cardiac  
stem cells

Allogenic fetal, neonatal  
or adult heart

1. Recognition of myocardial growth factors  
and recruitment to myocardium are likely  
faster and more efficient than other cell types

2. In vivo electrical coupling of transplanted  
cells to existing myocardium has been 
demonstrated

1. Poor cell growth in vitro
2. Transplanted cells are very sensitive 

to ischemic insult and apoptotic cell 
death

3. Availability from either fetal (F), 
neonatal (N) or adult sources is low at 
present; likely immune rejection; F 
and N cells pose ethical difficulties

Skeletal  
myoblasts

Autologous skeletal  
muscle biopsy

1. Cells proliferate in vitro (allowing for  
autologous transplant)

2. Ischemia-resistant
3. Transplanted myoblasts can differentiate into 

slow-twitch myocytes (similar to cardiomyo-
cytes) enabling cellular cardiomyoplasty

4. Reduces progressive ventricular dilatation  
and improves cardiac function

5. Can use adult cells

1. Likely do not develop new cardiomyo-
cytes in vivo

2. Electrical coupling to surrounding 
myocardial cells is unclear (may cause 
dysrhythmias)

3. Long-term stability of differentiated 
phenotype unknown

Adult bone  
marrow  
stem cells

Autologous bone marrow  
stromal cells  
(mesenchymal)

Bone marrow (endothelial  
progenitor cells)

1. Pluripotent stem cells can develop into 
cardiomyocytes

2. Stem cells are easy to isolate and grow  
well in culture

3. Neovascularization can occur at site  
of myocardial scar reducing ischemia

4. Transdifferentiation of cells into  
cardiomyocyte in vivo has been shown

5. Can be derived from autologous source;  
no immune-suppression treatment

6. Can improve myocardial contractile function

1. New program of cell differentiation is 
required

2. Efficiency of the differentiation into adult 
cardiomyocytes appears limited

3. Signaling, stability and regulation of 
differentiation unknown

Embryonic  
stem cells

Allogenic blastocyst  
(inner mass)

1. Easy propagation and well-defined  
cardiomyocyte differentiation process

2. In vivo electrical coupling of transplanted  
cells to existing myocardial cells

3. Pluripotent cells

1. Potential for tumor formation and 
immune rejection (allogenic)

2. Incomplete response to physiological 
stimuli

3. Legal and ethical issues
4. Donor availability
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model of ischemic cardiomyopathy, the introduction of the 
vascular endothelial growth factor (VEGF) and its effect on 
both angiogenesis and left ventricular function was markedly 
enhanced in hearts with VEGF-transfected skeletal myo-
blasts in comparison to hearts directly injected with the ade-
noviral-VEGF construct [110].

Conclusions and Future Directions

The discovery of cardiogenesis in adult animals and human 
represents one of the most significant advances in cardiology 
in the last 25 years. Previously, most cardiologists believed 
that the birth of new cardiomyocytes was only confined to 
the fetal and neonatal heart. This dogma recently collapsed 
when researchers discovered that the heart of adult rat, mice 
and human undergo significant cardiac changes as a function 
of age. New cardiomyocytes were born/homing-in into myo-
cardial areas relevant to cardiac pathways, and then could 
integrate structurally so that myocardial function could be 
restored and new tissue produced. These findings have set off 
a large number of parallel discoveries in rats, mice, and 
humans, with dramatic implications for how we think about 
cardiac plasticity and its potential role in rehabilitating indi-
viduals with acquired myocardial ischemia/infarct, HF and 
different types of cardiomyopathies, including the cardio-
myopathy of aging.

Rigorous criteria are needed to evaluate the efficacy of cell 
transplantation, effects on stability and function of the trans-
planted cells and in the unequivocal identification of 
transplanted cells. To evaluate the most effective sources 
of transplanted cells, the following are necessary:

 1. Collection of experimental data from large animals, 
whose anatomical and physiological characteristics are 
similar to human.

 2. A careful analysis of isoforms of contractile protein genes, 
such as of myosin and a-actin comparing their phenotype 
with that of fetal ventricular cardiomyocytes.

 3. Expression of cardiac transcription factors (e.g., Nkx2.5, 
eHAND, dHAND, GATA-4) and examination of both the 
timing and interaction of cardiac-specific transcription 
factors in the cascade pathway (see Fig. 22.2).

 4. Immunocytological and ultrastructural analyses to examine 
whether the selected cardiomyocyte cultures are highly dif-
ferentiated and evaluate the proportion of cells that are car-
diomyocyte and fibroblast, as well as gauging their origin 
(double-labeling experiments are very effective).

 5. Analysis of specific ion currents and action potentials 
characteristic of specific cardiomyocyte populations. Rege- 
nerated cardiomyocytes need to be capable of responding 
to appropriate adrenergic and muscarinic stimulation.

 6. Identification of genes which control the power to pro-
duce efficient daughters cells from CSCs.

Moreover, the expression of specific transcription factors 
and structural markers of cardiac differentiation does not 
represent definitive proof of functionality. Establishing the 
best cell type for transplantation may require refinement of 
available imaging technology, as well as further studies to 
document efficiency in the production of cardiomyocytes 
and their stability and functioning in the myocardium.

An extraordinary prototype of translation from the bench 
to bedside, repair of a damaged heart is a formidable under-
taken that soon will undergo clinical trials [111]. In their edi-
torial to a review series, Benjamin and Schneider [112] posed 
several interesting and challenging questions: How might 
cell mobilization, homing, and migration best be enhanced?; 
to what extent do grafted cells function as replacements for 
cardiac muscle, and to what extent do their benefits depend 
on different mechanisms altogether, such as angiogenesis or 
the production of secreted cell-survival factors [113, 114]. 
Furthermore, what is the evidence for and against transdif-
ferentiation? Parenthetically, in regard to the concept of 
transdifferentiation a note of caution is warranted since the 
use of this term, as proposed by David Tosh et al. [115] 
should be restricted to irreversible switches of one differentiated 
cell type to another.

The work of Anversa et al. has provided answer to ques-
tions on the presence of CPCs in the myocardium, and their 
properties and advantages over other types of cells. The dis-
covery of CSCs [76], have opened a new field on cardiac 
regenerative biology that has changed the future of develop-
mental and adult cardiac biology/physiology, as well as the 
potential treatment of HF. When transplanted into a damaged 
heart, CSCs have the capacity to generate significant new 
myocardial tissue and improve ventricular function. 
Furthermore, even more relevant for translational research 
and its application for future regeneration protocols, is that 
CSCs can also be activated by local injections of several 
growth factors or through the administration of systemic 
drugs, such as statins, to obtain beneficial results similar to 
those of CSC transplantation [116].

Finally, it would seem prudent to remember that the pri-
mary objective of the cell transplantation process in HF 
patients and in other cardiac diseases is to incorporate cells 
into myocardium that can perform cardiac work, respond 
appropriately to adjacent cardiomyocytes and be appropri-
ately responsive to physiological stimuli. It is apparent that 
further procedures to establish proof-of-concept and others 
that have the potential for widespread clinical application 
are necessary. Whether the results obtained in animal mod-
els of HF secondary to ischemia or cardiomyopathy will be 
reproducible in human remains to be seen. Hopefully, with 
our increasing capacity to understand the function of different 
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cardiomyocytes/cardiac differentiation pathways in detail, 
we will eventually be able to replace tissue, transplant 
others, and control imbalances in the molecular and  
biochemistry of the heart. However, without the required 
clinical trials, cell regeneration in the damaged human heart 
is a balancing act where in one side we have to place cur-
rent proofs of safety and efficacy, and in the other the 
uncertainty of all tests available to measure results. It is our 
hope that with the beginning and eventually rapid progress 
in cell engineering, we may see the end of cardiac abnor-
malities that weaken human life and bankrupt the health 
care system.

Summary

Cell transplantation represents a viable therapeutic •	
approach for repairing the damaged myocardium.
In spite of remarkable progress in this field, significant •	
problems remain, especially ethical problems and the 
tumorigenic and dysrhythmogenic potential that these 
techniques present for differentiation into somatic cells.
Because the limited potential of the myocardium for self-•	
repair and renewal, a significant proportion of cardiac 
muscle loses its ability to perform work and this loss may 
be the most important factor in the heart pump failure 
occurring in patients with coronary artery disease and 
dilated cardiomyopathy.
It is evident that the limited capacity of regeneration and •	
proliferation of human cardiomyocytes can prevent nei-
ther the scar formation that follows myocardial infarction 
nor the loss of heart function occurring in patients with 
cardiomyopathy and HF.
The most primitive of all stem cells are the embryonic •	
stem (ES) cells that develop as the inner cell mass in the 
human blastocyst at day 5 after fertilization.
While the precise cellular and molecular events comprising •	
the pathway of ES cell cardiomyocyte-specific differentia-
tion remain largely undetermined, significant progress has 
been made in identifying the regulatory factors which can 
enhance or inhibit the process.
Nitric oxide (NO) generated either by NO synthase activ-•	
ity or exogenous NO exposure has also been implicated in 
the promotion of cardiomyocyte-specific differentiation 
from mouse ES cells.
Also, IGF-1 promotes cardiomyocyte differentiation phe-•	
notype and the expression of the cardiomyocyte pheno-
type in ES cells in vivo.
Early experiments with both fetal cardiomyocyte and dif-•	
ferentiating ES cell transplantation showed successful 
formation of stable grafts and nascent intercalated discs 
between the grafted and the host myocardial cells.

Human ES cell-derived cardiomyocytes are able to effec-•	
tively form structural and electromechanical connections 
with cultured rat cardiomyocytes.
The transplanted human ES cell-derived cardiomyocytes •	
were able to integrate and pace in vivo the swine heart 
with complete atrioventricular block, as demonstrated by 
detailed electrophysiological mapping and histopatho-
logical studies.
When fetal rat cardiomyocytes were transplanted into •	
ischemic damaged hearts, a large percentage of cardio-
myocytes die post-transplantation.
ES cells can be readily and reproducibly obtained from •	
the inner layer of the blastocyst, and exhibit an excellent 
growth phenotype, both in vitro and in vivo.
The development and application of ES-like cell lines •	
(e.g., P19), which have been highly informative in the 
identification and characterization of regulatory factors, 
transcriptional activators and signal transduction events 
involved in cardiomyocyte differentiation, may also be 
useful in cell transplant therapy.
ES cells may also be more amenable to ex vivo engineering via •	
DNA modifications (e.g., gene therapy, viral transfection, 
knockouts and over-expressed genes).
ES cells transfected with overexpressed •	 b

2
-adrenergic 

receptors, or ion channel proteins could be transplanted to 
restore function in defective myocardial cells. However, 
the safety and efficacy of these methodologies need to 
be absolutely proven prior to their use in humans with 
cardiac dysrhythmias.
Pluripotent ES cells which have unlimited growth potential •	
can have tumorigenic side-effects, making the screening 
for teratoma formation well-advised.
The inability of the damaged myocardium to provide the •	
appropriate molecular signals for stem cells engraftment 
seems to limit their capacity for recruitment and integra-
tion into the aging myocardium.
Major advances showing that stem cell therapy have great •	
potentials in the treatment of post-myocardial infarction 
HF, have been reported.
An alternative approach to transplanting new myocardium •	
to the infarcted heart is to help the heart in its own recov-
ery by preventing remodeling.
The revascularization of the infarct tissue resulted in a •	
sixfold reduction in myocyte apoptosis and scar, and a 
significant restoration of cardiac function.
A randomized, double blind, placebo-controlled study of •	
stem cells in MI patients has failed to show an improve-
ment in LV function, although there was a suggestion that 
such treatment could favorably affect infarct remodeling.
The first double blind, randomized, placebo-controlled •	
trial of granulocyte colony stimulating factor (G-CSF) in 
patients with acute MI has been published and failed to 
show any benefit.
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Transplanted satellite stem cells (myoblasts) from skeletal •	
muscle can successfully home and engraft within a dam-
aged myocardium, preventing progressive ventricular 
dilatation and improving cardiac function.
Skeletal muscle satellite cells can proliferate abundantly •	
in culture, and can be easily grown from the patient them-
selves (self-derived or autologous) thereby avoiding 
potential immune response.
The use of skeletal myoblasts, delivered by multiple •	
intramyocardial injections, was effective in restoring left 
ventricular function in the genetically determined Syrian 
hamster model of dilated cardiomyopathy, demonstrating 
that the functional benefits of transplanted skeletal myo-
blast can be extended to non-ischemic cardiomyopathy.
The present consensus of the majority of researchers in •	
this field is that grafted myoblasts primarily remain non-
cardiomyocytes.
There is evidence that when myoblasts are implanted in the •	
heart, their developmental program is influenced in such a 
way by the cardiac environment that it enables them to 
improve cardiac performance.
In a rat model of coronary artery ligation, evidence has •	
been gathered that skeletal muscle myoblasts improve post-
MI LV function to a similar degree as cardiomyocytes.
Autologous skeletal myoblast transplantation has been •	
carried out in patients with severe ischemic HF, and the 
technique has been considered feasible, generally safe, 
and with signs of efficacy.
Myoblast injections in association with coronary surgery •	
in patients with diminished LV function failed to improve 
heart function, as assessed by echocardiography.
Interest in bone marrow derived stem cells has been •	
mainly motivated by their neovascularization and angio-
genesis properties and these effects are enhanced by 
the presence of specific growth factors and cytokines 
(e.g., GCSF).
Endogenous BMCs have been shown to give rise to new •	
cardiac myocytes and coronary vasculature, and the BMC-
derived myocardial regeneration resulted in improved 
cardiac function and survival.
When endothelial progenitor cells (EPCs), originating from •	
a common hemangioblast precursor in bone marrow, are 
delivered to the myocardial target area, they may implant, 
differentiate in situ and promote new vessel growth, an 
approach that has been applied to several animal models of 
myocardial ischemia.
The injection of MSCs after their expansion in culture can •	
also be used in the rescue of an abnormal mouse cardiac 
phenotype and may prove effective in repairing a broader 
array of cardiac pathologies, including myocardial infarct 
and HF.
The effect of transplanted BMCs (which can include •	
endothelial precursor cells) on vascular growth may sig-

nificantly impact the recovery of the damaged heart, for 
example by improving oxygen availability, although this 
may depend on the myocardial setting, whether acute 
myocardial infarction or established HF.
A limitation of the majority of the clinical studies with adult •	
non-cardiac stem cell transplantation relates to the potential 
stability of the differentiated phenotype, since these studies 
have primarily examined the short-term benefits.
Since most BMC research is presently performed in mice, •	
a critical question is whether this model is truly applicable 
to humans.
Preliminary studies in humans suggest that BMC trans-•	
plantation and cytokines can home into areas of injury 
and promote neovascularization in those areas where they 
are needed.
Whether enough BMCs can be transplanted to repair the •	
damaged regions in the human heart, which tend to be 
larger in size than in the mouse heart, remains to be seen.
Cardiac stem cells (CSCs) have been identified in vitro as •	
a class of human c-kit positive cardiac cells that possess 
the properties of stem cells: self-renewing, clonogenic and 
multipotent.
These cells can be isolated from mouse, rat and dog as •	
well as human myocardium and are able to form all three 
major cardiovascular cell lineages: cardiomyocytes, 
endothelium and smooth muscle.
The adult heart has significant myocardial regenerative •	
potential that stands against the accepted notion of termi-
nal cardiomyocyte differentiation.
The source of this regenerative potential is constituted by •	
resident CSCs, and these CSCs through both cell transplan-
tation and in situ activation have the capacity to regenerate 
significant segmental and diffuse myocyte loss, restoring 
anatomical integrity and ventricular function.
The findings that the adult heart contains stem cell niches •	
that can regenerate myocytes and coronary vessels has 
raised the extraordinary possibility to regenerate dead 
myocardium after myocardial infarction, to repopulate 
the failing heart with functioning cardiomyocytes and 
vessels, and probably to reverse ventricular dilation and 
wall thinning.
While the implantation of skeletal myoblasts and adult BMC •	
transplantation appears promising, ACS cell transplantation 
might be more effective than adult BMC transplantation, 
since cardiac stem cells may be better programmed.
Data on the presence of ACS cells have been scarce. This •	
subset of stem cells appears to be extremely limited in 
number, difficult to identify and expand in culture thereby 
limiting their characterization and utilization, and likely 
contributing to difficulties in reproducing experiments 
concerning their isolation and transplantation.
Considerable work remains to fully delineate the relevant •	
cardiac progenitor cell population and the optimization of 
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conditions for their efficient transplantation, homing, dif-
ferentiation and integration into the myocardium.
The isolation and expansion in vitro of hCSCs for autolo-•	
gous regeneration of dead myocardium in HF patients of 
ischemic and non ischemic etiology have been recently 
reported.
The detection of cell phenotype markers by real-time •	
assays, confocal microscopy and non-invasive detection 
methodologies employing magnetic resonance imaging 
(MRI) has just begun to be applied in the assessment of 
cell transplant.
While no clear-cut choice has yet emerged as to which •	
cell type is best to transplant in myocardial repair, there 
are reasons to believe that the development of a multiplic-
ity of approaches in the application of cell engineering 
will be required to develop novel therapies for the differ-
ent cardiac disorders. HF may require the transplantation 
of cell types (e.g., skeletal myoblasts) that are different 
than those used in the targeted treatment of cardiac dys-
rhythmias, conduction disorders and congenital defects.
The combination of gene therapy and stem cell engineering •	
is an attractive approach for treating cardiac disorders.
Rigorous criteria are needed to evaluate the efficacy of •	
cell transplantation, effects on stability and function of 
the transplanted cells and in the unequivocal identification 
of transplanted cells.
It is prudent to remember that the primary objective of the •	
cell transplantation process in HF patients and in other 
cardiac diseases is to incorporate cells into myocardium 
that can perform cardiac work, respond appropriately to 
adjacent cardiomyocytes and be appropriately responsive 
to physiological stimuli.
It is evident that further procedures to establish proof-of-•	
concept and others that have the potential for widespread 
clinical application are necessary.
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Overview

Heart failure (HF) is an pandemic health problem of great 
magnitude in the world. In spite of considerable clinical and 
research effort during the last decade and the development of 
new drugs and surgical modalities of therapy, the mortality and 
morbidity remain very high. Accordingly, breakthroughs in the 
treatment of HF are needed. Late-breaking molecular genetic 
technology has just begun to be applied in studies of HF with 
identification of a number of genes involved in its pathogenesis 
and may serve as prognosticators. Since the publication of the 
human genome, many changes in the field of genetic research 
have occurred providing investigators with a remarkable array 
of potential therapeutic genes to be tested in vivo in animal 
models. In this chapter, besides genetics we discuss current and 
future new technologies like proteomics, biomarkers, systems 
biology, bionics, and mitochondrial medicine. In addition, new 
approaches in developing methodologies that might advance 
HF diagnosis and therapy are analyzed.

Introduction

Current knowledge about the genetic and molecular changes 
that occur in HF has begun to find clinical applications in 
diagnosis, risk stratification and treatment. A number of car-
diovascular pathological conditions that may culminate in 
HF are associated with defects in energy metabolism. 
Genetic modifications of key steps in the uptake and metab-
olism of glucose and fatty acids, by using transgenic tech-
nology, have enhanced our understanding of how these 
pathways may influence the pathogenesis of HF. In addition, 
metabolic shifts that accompany HF may contribute to the 
development of cardiac dysfunction.

In this chapter, we discuss the genetic and molecular changes 
that occur in HF that has begun to find clinical applications in 
diagnosis and management in conditions associated with the 
development of HF. Furthermore, the use of an integrative 
approach (i.e., method of integrating several approaches) that 

looks beyond the limits of a single approach, advances in 
technology for higher-throughput gene association studies, 
and other methodologies in the developmental phase are 
addressed.

Present and Emerging Concepts  
in the Integrative Approach to HF

In the development of LV dysfunction and HF, cardiac 
remodeling is a critical step. Its structural changes include 
hypertrophy and subsequent chamber dilatation with progressive 
impairment in function. This remodeling encompasses 
changes in both the myocytes and the extracellular matrix 
(ECM), the latter includes the activation of proteolytic 
enzymes that lead to the degradation and reorganization of 
collagens. In addition, neurohumoral signals acting through 
many interrelated signal transduction pathways lead to 
pathological cardiac hypertrophy and subsequently pro-
gression to HF. Many of such agonists act through cell sur-
face receptors coupled with G-proteins to mobilize 
intracellular calcium, with consequent activation of down-
stream kinases and the calcium- and calmodulin-dependent 
phosphatase calcineurin; also, MAPK signaling pathways 
are interconnected at multiple levels with calcium-depen-
dent kinases and calcineurin [1, 2].

Microarray technology has facilitated the way to simulta-
neously assess the expression of tens of thousands of gene 
transcripts in a single experiment, providing a resolution 
and precision of phenotypic characterization not previously 
possible. Within the heart, many examples of genetic and 
protein changes correlated with dysfunction have been noted 
both during normal growth and development and during the 
development of HF from diverse etiologies [3]. Furthermore, 
detailed gene profiling has been performed on structural and 
functional changes including energy metabolism and intrac-
ellular calcium handling.

Myocyte loss plays a critical role in the pathogenesis and 
pathophysiology of HF, mainly in HF following myocardial 
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infarction [4]. In animal models of HF, molecular and genetic 
studies have shown that cardiomyocyte apoptosis is a critical 
process, and if this paradigm is confirmed in humans, apop-
tosis regulation will be a logical target for novel HF thera-
pies. On the other hand, it has been recently reported that 
although the failing human and monkey heart is character-
ized by significant myocyte apoptosis, in contrast to current 
concepts, the apoptosis in nonmyocyte cells was eight- to 
ninefold greater than in myocytes [5]. Notwithstanding, and 
despite successes in establishing the mechanistic link 
between apoptosis and HF, a clear understanding of the 
molecular mechanisms that regulate cell death, specifically 
in this complex HF syndrome remains incomplete. At pres-
ent, fundamental questions still remain unanswered regard-
ing the underlying molecular and biochemical mechanisms 
involved in HF, and how this information can be used to 
improve diagnosis and treatment. To address these questions, 
emerging technologies are being recruited, some tested so far 
in animal models and other are being investigated in clinical 
trials. These novel approaches include the integrated use of 
molecular genetics, microarrays, and proteomics under the 
so-called systems biology. This, together with an increasing 
number of novel cardiac biomarkers for cardiac diagnosis 
and the use of gene and cell transplantation therapies, repre-
sents some of the present and forthcoming advances in clinical 
cardiology.

Cardiac Biomarkers

Markers of HF and their effect on prognosis have been 
discussed to some extent in Chaps. 18 and 19. In this final 
chapter, we would like to emphasize that this is an area of 
research that needs continuous and intensive effort because 
of its importance in cardiovascular medicine. In this subsec-
tion, we comment on the identification and utilization of sev-
eral markers from diverse tissues (e.g., endomyocardial 
biopsies, blood, and urine) and also on the physiological and 
genetic variants that are useful tools for diagnosis, and risk 
stratification of cardiovascular diseases (CVDs) in general, 
and HF in particular.

Clearly, cardiac biomarkers are of significant importance 
during the early stages of myocardial infarction (MI), acute 
coronary syndrome (ACS), and acute HF. In acute HF, the 
clinical signs and symptoms may not be completely informa-
tive; however, with biomarkers, early diagnosis can be rapidly 
established and early treatment can be started to reduce the 
extent of cardiac damage, and then enhancing patient sur-
vival. Several cardiac biomarkers have been shown to be 
excellent predictors of future cardiovascular events, morbid-
ity and mortality, and they may be used not only in diagnosis, 
but also to develop strategies for prevention, treatment, and 

risk stratification. A list of biomarkers, their association with 
an array of pathological processes, their use in diagnosis, as 
well as in risk stratification is presented in Table 23.1. These 
biomarkers range from markers of ischemia and resultant 
myocardial damage such as myocyte necrosis (e.g., cardiac 
troponins, myoglobin, creatine kinase-MB), markers of 
hemodynamic stress (e.g., brain natriuretic peptide (BNP) 
and N-terminal proBNP (NT-proBNP)), markers of neuro-
hormonal imbalance secondary to genetic polymorphism of 
renin–angiotensin–aldosterone system and resultant conges-
tive HF (genetic defects in some signaling components of the 
b-AR pathway are potential markers [6]), markers of systemic 
inflammatory processes (e.g., C-reactive protein, myeloper-
oxidase, matrix metalloproteinases, and interleukins), mark-
ers of platelet function (e.g., the soluble CD40 ligand, 
P-selectin), and markers of hemostasis, including fibrinogen 
and soluble fibrin, vWF [7]. These markers are all present in 
the blood allowing relatively low cost and noninvasive screen-
ing. In addition, the assays of these biomarkers are all rela-
tively rapid, show high sensitivity and specificity, can be 
performed easily in a highly reproducible and accurate fash-
ion, and display a low coefficient of variation. H-FABP, a 
cardiac-specific marker, behaves similarly to myoglobin, 
increasing within 3 h post-MI, and therefore is a useful gauge 
of cardiac injury in ACS and early MI [8]; it also allows the 
detection of minor myocardial injury in patients with HF and 
unstable angina, and can be used as a reliable marker of severe 
HF [9, 10]. Furthermore, H-FABP levels in early ACS are 
prognosticators of recurrent cardiac events [11]. Niizeki et al. 
have shown that serum H-FABP levels could be effectively 
used for risk stratification and prediction of cardiac events in 
elderly patients with severe HF [12]. Often, HF patients and 
patients with early coronary artery disease (CAD) may pres-
ent a combination of genetic polymorphisms of the renin–
angiotensin–aldosterone system (RAAS) that may result in 
the development of pathogenic neurohormonal mechanisms, 
likely independent of an association with diabetes, hyperten-
sion, obesity, and low ejection fraction [13, 14]. In patients 
with suspected HF, measurement of BNP and NT-proBNP 
has become a routine practice since their determination can 
facilitate the diagnosis and risk stratification, and also they 
can be used to guide the response to therapy. BNP is a marker 
of myocardial ischemia, and experimental studies have shown 
that BNP gene expression is markedly upregulated in the 
infarcted tissue and in surrounding ischemic tissue, but not in 
viable myocardium [15].

New biomarkers for HF are being evaluated. For example, 
galectin-3, a protein produced by active macrophages, may 
predict adverse outcomes in HF patients when its plasma lev-
els are elevated. Van Kimmenade et al. have measured galec-
tin-3 plasma levels in 599 patients who presented with 
dyspnea in the ER, of which 209 had acute HF [16]. 
Determination of NT-proBNP levels was superior to either 
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apelin or galectin-3 in the diagnosis of acute HF; however, 
galectin-3 plasma levels were significantly higher in subjects 
with HF when compared with those without. Using a multi-
variate logistic regression analysis, an elevated level of 
galectin-3 was the best independent predictor of 60-day mor-
tality or the combination of death/recurrent HF within 60 
days. In addition, Kaplan–Meier analyses showed that the 
combination of an elevated galectin-3 and NT-proBNP was a 
better predictor of mortality than either one of the two mark-
ers alone. In contrast, measurement of apelin levels was not 
useful as a predictor of mortality or recurrence of HF.

Other markers being presently evaluated are osteoprote-
gerin, a member of the TNF receptor superfamily that has 
been implicated in the development of left ventricular dys-
function [17] and in predicting survival of HF patients after 
myocardial infarction [18]. Also, chromogranin A, a poly-
peptide hormone produced by the myocardium with potent 
negative inotropic properties, was found elevated in plasma of 
HF patients [19].

From the growing list of biomarkers, one can infer that 
there is no yet a perfect biomarker for all cardiac diseases/

events. For risk stratification and also to improve prognosti-
cation of HF patients, a combined, multimarkers analysis of 
biomarkers might help find the best, individualized strategy.

Proteomics in the Discovery of New Markers

Previously, in Chap. 19, we have extensively reviewed the use 
of proteomics in the development of new markers in cardiology 
diagnostics. In this chapter, it suffices to outline that two 
major approaches have been employed in proteomic research, 
the complete proteomic approach (large platforms) in which 
the entire proteome (all proteins) is characterized, and a more 
limited proteomic analysis which is either targeted to specific 
candidate proteins or limited to specific classes of proteins, or 
sub-proteomes [20]. A well-thought out argument has been 
presented regarding the limitation of current proteomic tech-
nology to carry out a complete proteomic analysis of plasma 
proteins [21]. This is mainly due to the high sensitivity 
required to evaluate in depth the plasma proteome, reflecting 

Table 23.1 Biomarkers function, and their use in diagnosis and risk stratification in myocardial ischemia/ACS/HF

Biomarker Pathological process Diagnostic indication Prognostic indication

Troponin I (cTnI) Ischemia/necrosis Late MI/ACS Death/MI
Troponin T (cTnT) Ischemia/necrosis Late MI/ACS Death/MI/RI
Ischemia-modified albumin (IMA) Early myocardial ischemia ACS a

Myoglobin Myocardial ischemia/damage Early-onset MI/RI a

Creatine kinase MB (CK-MB) Myocardial ischemia/damage Late MI Death
Myosin light chain Myocardial ischemia/damage Late MI a

Brain natriuretic peptide (BNP) Hemodynamic stress Acute HF Death/HF
N-terminal pro-brain natriuretic peptide 

(NT-proBNP)
Hemodynamic stress Death/HF

High sensitivity C-reactive protein (hsCRP) Inflammation Death/MI/RI
Myeloperoxidase (MPO) Inflammation ACS Death/MI
Interleukin-10 (IL-10) Inflammation a

Interleukin-6 (IL-6) Inflammation a

Monocyte chemoattractant protein (MCP-1) Inflammation Potential risk predictor in ACS
Matrix metalloproteinases (MMPs) Inflammation Death/MI
Soluble CD40 ligand (sCD40L) Platelet function Death/MI
P-selectin Platelet function a

von Willebrannd factor (vWF) Hemostasis Death
Fibrinogen Hemostasis ACS
Plasminogen activator inhibitor 1 (PAI-1) Hemostasis Death
Unbound free fatty acids (FFAU) Myocardial ischemia Early indicator of ischemia Death/ventricular dysrhythmias
Heart fatty acid binding protein (H-FABP) Myocardial ischemia/necrosis AMI/stroke Death/RI/HF
Fibrinopeptide A Hemostasis a

Soluble fiber Hemostasis Early marker of ischemia  
in unstable angina

a

Genetic polymorphism of renin– 
angiotensin–aldosterone system

Hemodynamic stress ECAD/HF Chronic HF

Chromogranin A Hemodynamic stress  
Negative inotropic effect

MI/HF Death/HF

Galectin-3 Inflammation Acute HF Death/HF
Osteoprotegerin Inflammation (TNF family) AMI/HF MI/Death/HF

ACS acute coronary syndrome; HF heart failure; AMI acute myocardial infarct; ECAD early coronary artery disease; RI recurrent infarct
aTests have not yet been in clinical use
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both the dynamic range of its constituent specific proteins, 
such as regulatory factors and cytokines, simply undetectable 
by present proteomic technology, as well as the surprisingly 
high levels of posttranslational modifications that most pro-
teins undergo. Proteomic analysis can be used in the identifi-
cation of novel markers of human cardiac allograft rejection. 
Besides cardiac allograft rejection, large platforms with hun-
dreds of proteins will also be necessary for early detection of 
HF, for determining its pathogenesis, and for the assessment 
of HF patient’s response to therapy.

Microarray and Genetic Biomarkers

Gene expression profiling may also be used to identify a pat-
tern of genes (a molecular signature) that serves as biomarker 
of relevant clinical parameters of HF (e.g., disease presence, 
progression, or response to therapy) [22]. While not as easy 
or convenient to perform as the screening of circulating 
biomarkers, the deployment of gene/transcriptome profiling 
targeted to specific tissues or cell populations can often pro-
vide important information unavailable with other approaches, 
as well as augmenting the growing list of significant (and 
novel) biomarkers. For further discussion on microarray and 
biomarkers, see Chap. 19.

Role of Mitochondria

Abnormalities in mitochondrial function and structure have 
been increasingly recognized as a common feature in cardio-
myopathy and HF, often presenting with heterogeneous 
patterns of changes in mitochondrial respiratory enzymatic 
function, as well as changes in organelle structure and 
mtDNA [23]. Animal studies have confirmed that changes in 
mitochondrial biogenesis because of targeted gene disruptions 
(e.g., mtTFA, ANT) can lead to DCM. Furthermore, mito-
chondria play a prominent role in the development of 
myocardial ischemia and in cardioprotection, partly through 
the generation of ROS and via its primary role in early apop-
totic events, and through changes in mitochondrial metabolic 
function both in the utilization of fatty acids as substrate as 
well as in the efficiency of oxidative phosphorylation [24]. 
It is worth noting that mutations of mtDNA and mitochondrial 
respiratory changes, presumably resulting from oxidative 
damage may play an important role in HF and in the aging 
process. While there are several strong indications of mito-
chondrial involvement in cardiac dysfunction, the precise 
location of mitochondria in the subcellular pathways involved 
has not been clearly determined. Questions related to 
whether mitochondrial defects represent a primary event, 

or are secondary to other myocardial changes contributing to 
the pathophysiology of cardiac dysfunction, have been 
largely unanswered [25]. Even in cases where mitochondrial-
based cardiac disease is a certainty, there are indications that 
mitochondrial genetic abnormalities are markedly influenced 
by other genetic factors (modifiers), as well as by environ-
mental factors leading to heterogeneity of phenotype. 
Whether situated upstream or downstream, the broad spec-
trum of mitochondrial defects evident in both clinical and 
experimental studies have spurred an increased interest in 
the potential application of mitochondrial medicine in both 
diagnosis and in the treatment of mitochondrial-associated 
cardiovascular pathologies.

Gene therapy to replace or repair defective mitochondrial 
genes could be an important adjunct in the treatment of mito-
chondrial-based CVD. However, mitochondria genes with 
their own genetic code as well as their multicopy status have 
proved to be rather refractory to genetic manipulation when 
compared to nuclear genes. Techniques of targeted mito-
chondrial gene transfection in animal studies have been 
rarely successful; electroporation and the use of the “gene 
gun” approach using biolistic transformation while success-
ful in yeast and plants have not been extensively applied to 
incorporating genes into animal and human mitochondria 
[26, 27]. An alternative delivery system for nucleic acids into 
mitochondria involves the use of peptide nucleic acids (PNA) 
[28]. Early experiments employed PNA as a selective anti-
sense inhibitor to target the replication of a pathogenic 
mtDNA allele in vitro, although this effect could not be dem-
onstrated in cultured cells [29]. The difficulties associated 
with mitochondrial uptake of nucleic acids in living mam-
malian cells have been more recently surmounted by the 
addition of a mitochondrial-targeting leader peptide to the 
PNA-oligonucleotide molecule, and the introduction of the 
PNA-oligonucleotide construct in cationic liposomes [30, 
31], and even more effectively, with cationic polyethylen-
imine [32]. The latter approach successfully allowed the 
import of PNA-oligonucleotides into the mitochondrial 
matrix of living cultured cells or isolated mitochondria, a 
critical step in potential mitochondrial gene-specific therapy. 
Similarly, a mitochondrial-specific delivery system has been 
recently developed using DQAsomes, liposome-like vesicles 
formed in aqueous medium from a dicationic amphiphile 
called dequalinium [33]. These DQAsomes can also bind 
and carry DNA (as well as drugs), are able to transfect cells 
with a high efficiency, and selectively accumulate in the 
mitochondrial organelle releasing their load [34]. Moreover, 
besides PNA-oligonucleotides, plasmid DNAs can be incor-
porated and condensed within the DQAsomes and exclu-
sively delivered to the mitochondrial compartment [34]. In 
addition to modifying mtDNA genes, the selective delivery 
of a variety of compounds (e.g., antiapoptotic drugs, antioxi-
dants, and proton uncouplers) to the mitochondria could be 
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used as a potential alternative strategy in the treatment of a 
number of mitochondrial-based disorders with cardiac 
involvement. The previously mentioned DQAsome can also 
deliver drugs that trigger apoptosis to mitochondria and inhibit 
carcinoma growth in mice [35]. A synthetic ubiquinone analog 
(termed mitoQ) has been selectively targeted to mitochon-
dria by the addition of a lipophilic triphenylphosphate cation 
[36]. These positively charged lipophilic molecules can rap-
idly permeate the lipid bilayers and accumulate at high levels 
within negatively charged energized mitochondria [37]. 
Significant doses of these bioactive compounds can be admin-
istered safely by mouth to mice over long periods of time and 
accumulate within most organs, including the heart and 
brain. The incorporation of mitoQ within mitochondria can 
prevent apoptotic cell death and caspase activation induced 
by H

2
O

2
 (in isolated Jurkat cells) and can function as a potent 

antioxidant, preventing lipid peroxidation and protecting 
the mitochondria from oxidative damage. Feeding mitoQ to 
rats significantly decreased heart dysfunction, cell death, and 
mitochondrial damage after ischemia–reperfusion [38].

Targeting bioactive molecules to mitochondria can be 
adapted to other neutral bioactive molecules, offering a 
potential vehicle for testing other mitochondrial-specific 
therapies. For instance, synthetic peptide antioxidants con-
taining dimethyltyrosine, which are cell-permeable and con-
centrate 1,000-fold in the mitochondria, can reduce 
intracellular levels of ROS and cell death in a cell model. In 
ischemic hearts, these peptides potently improved contractile 
force in an ex vivo heart model [39]. In addition, the success-
ful incorporation into the mitochondrial matrix of another 
modified antioxidant, a synthetic analog of vitamin E 
(MitoVitE), has been shown to significantly reduce mito-
chondrial lipid peroxidation and protein damage and can 
accumulate after oral administration at therapeutic concen-
trations within the cardiac tissue [37].

Besides direct modulation of mitochondria by introduction 
of “therapeutic” nucleic acids, proteins, and antioxidants, a 
variety of therapeutic agents have been used to indirectly affect 
the mitochondrial function either through bypassing specific 
steps leading to mitochondrial dysfunction (e.g., vitamins and 
metabolic cofactors such as riboflavin, thiamine, succinate, 
ascorbate) augmenting the “general” antioxidant balance in 
the cell (e.g., vitamin E, coenzyme Q

10
), supplementing 

metabolites that might be reduced because of either defective 
synthesis or transport in patients with mitochondrial-based 
disease (e.g., carnitine) or by redirecting the metabolic path-
ways (e.g., drugs targeted to enhance glucose use and pyruvate 
oxidation energy, at the expense of FAO). While there have 
been multiple reports and case studies citing benefits with 
many of these compounds in treating cardiomyopathies, there 
have been no large-scale controlled studies supporting their 
efficacy in patients with mitochondrial cardiomyopathy. In 
some cases, these pharmacological treatments are being used, 

in various combinations, as a therapeutic “cocktail.” Knowledge 
of the precise site of the biochemical or molecular defect can 
be of critical importance regarding the choice of the therapeutic 
modality used.

In addition to a widening array of therapeutic strategies, 
advances are also been made in the area of diagnostic evalua-
tion of mitochondrial defects, although many clinicians appear 
not to be aware either of the significance of mitochondrial 
defects in CVD or how to screen for them. While in some 
cases screening of different cell types (e.g., blood and biopsied 
skeletal muscle) can provide useful information about specific 
mtDNA mutations and bioenergetic defects (that often can 
exhibit a multisystemic phenotype), some defects (e.g., 
mtDNA deletions and some mtDNA point mutations) may not 
be present in active mitotic tissues such as blood. Unfortunately, 
direct examination of cardiac tissue although important can be 
limited by the invasive nature of a biopsy. Nevertheless, strong 
correlation between the mutation load (of a specific mtDNA 
mutation) present in postmitotic muscle and urinary epithe-
lium, suggests that urinary epithelial cells may be the tissue of 
choice in a noninvasive diagnosis [40].

It is of critical significance to develop noninvasive meth-
odologies that can evaluate both mtDNA and in vivo bioen-
ergetic dysfunction. In this regard, techniques involving 
nuclear magnetic resonance spectrometry have been 
employed diagnostically (albeit in a limited fashion) as an 
in vivo diagnostic platform in animal models, and in healthy 
and diseased patients to assess mitochondrial energy reserves, 
OXPHOS rates, metabolite levels, pH, and energy coupling 
[41–46] (e.g., insulin-resistant patients with type 2 diabetes) 
[44]. Notwithstanding, the great majority of these studies 
have only evaluated skeletal muscle bioenergetics, not the 
heart. Of interest, positron emission tomography (PET) has 
been used as a noninvasive diagnostic method to evaluate 
myocardial mitochondrial Krebs cycle activity and dysfunc-
tion in children with cardiomyopathy [47].

Finally, the need for new treatments for HF is obvious, 
and currently a number of drugs are under development. 
Further research may bring in the near future a full under-
standing of the temporal order of changes in mitochondrial 
structure and function, as well as the organelle contribution 
to the pathophysiological events occurring in HF. These 
advances will facilitate a rational use of mitochondrial-
targeted therapies.

Bionics Role in HF

Sophisticated CT, MRI, PET, and 3-D echo machines are 
representatives of the continual technological development 
in clinical cardiology, either for cardiovascular diagnoses 
and/or to be used as therapies. The latter are represented by 
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the daily use of cardiac defibrillators, pacemakers, and circu-
latory assist devices (see Chap. 20) controlled by micropro-
cessors that can deliver therapy, monitor disease, and rescue 
HF patients from sudden cardiac death. Clearly, a “bionics” 
era is developing, in which devices have the most significant 
impact in the treatment for HF. In 2005, Sunagawa [48] 
reported the development of a neurally regulated artificial 
pacemaker by unifying an artificial system with a native sys-
tem allowing for bidirectional communication. Using the 
convolution integral of the impulse response with the instan-
taneous sympathetic activity, he could predict the precise 
sinus rate in real time. The clinical impact of direct manipu-
lation of autonomic functions in CVDs may be of signifi-
cance, and the case of central baroreflex failure (failure of 
homeostatic mechanisms for maintaining blood pressure) is 
the prototype of such application. In treating these diseases, 
an artificial bionic baroreflex system can be implemented as 
a kind of biological proxy capable of emulating the native 
central baroreflex function of the failing vasomotor center. 
The system operates as an intelligent negative feedback reg-
ulator, and in rats showed to be effective in restoring normal 
baroreflex functioning. Sunagawa also developed an artifi-
cial brain stem that takes over the native cardiac regulation 
[48]. This bionic brain stem consisted of an implantable 
pressure sensor with a radiotransmitter, an extra-corporeal 
microprocessor, and implantable radiocontrolled nerve stim-
ulator, for the activation of vagal system. In a rat model of 
HF, the bionic brain stem performed better than the native 
brain stem, and the mortality rate at 140 days was reduced by 
80%. Thus, bionic treatment of HF opens up an entirely new 
therapeutic paradigm for chronic HF patients. It is evident 
that the combination of microprocessors with nanomachine 
technology and quantitative systems physiology, will further 
expand the application of bionic medicine in the future.

Besides the aforementioned techniques (e.g., implantable 
cardioverter defibrillator, biventricular re-synchronization, and 
LVAD), other approaches have been developed that can affect 
the function of heart without developing a contraction, such as 
nonexcitatory cardiac contractility modulation (CCM) [49]. 
Recently, Butter et al. [50] have studied whether CCM-
induced reverse molecular remodeling in myocardium of a 
group of HF patients. Endomyocardial biopsies were obtained 
at baseline and 3 and 6 months thereafter. The CCM signals 
were delivered in random order, on for 3 months and off for 
3 months. Messenger ribonucleic acid expression was analyzed 
by investigators blinded to the treatment sequence. Expression 
of Atrial (ANP)-and B-type natriuretic peptides (BNP) and 
a-myosin heavy chain (MHC), the sarcoplasmic reticulum 
genes SERCA-2a, phospholamban and ryanodine receptors, 
and the stretch response genes p38 mitogen activated protein 
kinase and p21 Ras were measured using reverse transcription-
polymerase chain reaction (RT-PCR) and bands quantified in 
densitometric units. The 3-month therapy off phase was asso-

ciated with an increased expression of natriuretic peptides, 
p38 mitogen activated protein kinase, and p21 Ras and 
decreased expression of a-MHC, SERCA-2a, phospholam-
ban, and ryanodine receptors. In contrast, the 3-month on 
therapy phase resulted in a decreased expression of ANP and 
BNP natriuretic peptides, p38 mitogen activated protein 
kinase, and p21 Ras and increased expression of a-MHC, 
SERCA-2a, phospholamban, and ryanodine receptors. Taken 
together, these findings showed that CCM signal treatment 
reverses the cardiac maladaptive fetal gene program and 
normalizes expression of key sarcoplasmic reticulum Ca2+ 
cycling and stretch response genes. These changes may 
contribute to the clinical effects of CCM.

It is safe to predict that further development of microengi-
neering and sensor technologies will continue because the 
threshold of implanting a microprocessor that senses abnormal 
heart function and delivers therapy has already been crossed; 
with electrons now, and likely with drugs in the near future [51].

Modeling Systems Approaches

A major challenge facing cardiovascular medicine is how to 
translate the wealth of reductionist detail about molecules, cells 
and tissues into a real understanding of how these systems 
function in health and are perturbed in the disease processes. 
There is an increasing interest in integrating the large compre-
hensive and ever-growing databases containing genomic, pro-
teomic, biochemical, anatomical, and physiological information 
that can be searched and retrieved via the Internet to further 
understand the functioning of the heart in health and disease. 
Eventually, a model of cardiac function at the genetic, molecu-
lar, and physiological levels will be available that may allow 
predictions about the potential interventions to be made. It is 
anticipated that such simulated modeling would also high-
light the gaps in our knowledge and elicit new perspectives in 
how to fill them [52].

On a limited scale, early work on this type of integrative 
approach (prior to the acquisition of much of the proteomic/
genomic/molecular data) has employed data on ion concen-
tration and metabolite levels during cardiac ischemia to con-
struct a simulated computer model that integrates cardiac 
energetics with electrophysiological changes (a novel 
approach to study myocardial ischemia). This model proved 
to be informative in predicting the effects of specific thera-
peutic interventions [53]. Furthermore, this model aided the 
identification of electrophysiological effects of therapeutic 
interventions such as Na+–H+ block, and suggested that it 
may be an effective strategy to control cardiac dysrhythmias 
during calcium overload, by regulating sodium–calcium 
exchange. In addition to myocardial ischemia, other types of 
cardiovascular disorders that so far have been “modeled” 
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using this type of approach include cardiac contractile disor-
ders [54–56].

The construction of these models, together with the array 
of data discussed earlier, requires an extensive and sophisti-
cated mathematical and computer algorithmic treatment 
[57]. Its undertaking is clearly a multidisciplinary approach 
involving mathematics, computer skills, molecular and cell 
biology, genetics, physiology, and anatomy. A central prem-
ise of this recapitulates the maxim of the molecular biolo-
gist Sydney Brenner that genes can only specify the 
properties of the proteins they code for, and any integrative 
properties of the system must be “computed” by their 
interactions.

It is important to keep in mind that these models under-
score that much more critical post-genomic data remain to 
be obtained, including the identification of gene–environ-
mental factors and protein–protein interactions, which 
appear to underlie many phenotypic changes and signaling 
events in the cardiomyocyte. Biomolecular interactions 
revealed by proteomic information will be important for 
unraveling metabolic and signaling pathways operating in 
the cell, and in particular in response to disease and injury. 
The identification of functional interactions between sig-
naling pathways and genetic networks will also be of key 
interest, as they will provide a window into regulation of 
the coordinate expression of functional groups of genes, 
with a few key pathways switching between alternative cell 
fates. Also, underlying these models is the important recog-
nition that the heart and vascular system are dynamic and 
more than just electrical circuitry or mechanical pumps, 
and they have the ability to grow and remodel in response 
to changing environments, partly determined by genes and 
partly by their physical environment [58]. In the near future, 
a system approach may need to be applied to metabolic 
events occurring in the mitochondria of the failing heart, as 
well as to events occurring in both the aging heart and in 
early development.

Translation of Findings from the Bench  
into Clinical Application

In this section, we briefly discuss current and future methods 
involving the translation of the increasing myriad of physio-
logical, genetic, molecular, biochemical, and cellular findings 
(mostly derived from preclinical studies), into an effective 
cardiovascular medicine for the twenty-first century.

Postgenomic biology has not only substantially increased 
our understanding of the mechanisms underlying CVD (as 
well as the events of aging), but has also provided an arma-
mentarium of new approaches, which are gradually being 
adapted to clinical medicine and over the next decade 

should provide both improved diagnostic tools as well as 
gene and cell-based therapies. The biological information 
derived from increasing human-based studies may eventu-
ally be used in the context of an enhanced pharmacoge-
netic/genomic medicine, allowing a more individually 
tailored gauging of genetic susceptibility, environmental 
stresses, toxic insults, and even dietary requirements that 
might be required or avoided, and in addition delineating 
what could be the most effective treatment regimens for 
specific CVDs.

A primary step in the realization of this vision of postge-
nomic cardiovascular medicine is further acquisition of 
genetic data from human studies. The continued develop-
ment of methodologies for increasingly powerful haplotype 
and SNP mapping throughout the human genome needs to be 
more widely examined throughout the general population. 
Data gathered from these genotyping techniques may be 
helpful in enhancing the identification of candidate genes 
(both known and novel loci), and in testing their association 
with HF and specific targeted CVD disorders. Pharmaco- 
genetic analysis has recently allowed the identification of 
genetic factors that increase susceptibility to dysrhythmias 
and MI [59, 60]. Moreover, the underlying responsiveness to 
specific drug therapies targeting CVDs have been revealed 
by pharmacogenomic studies of statin responsiveness [61]. 
Critical factors that should also be stressed include the 
involvement and interest of the physician and a better educated 
lay public for understanding the significant ramifications of 
gathering as well as applying this information.

Unfortunately, despite the clear inroads made with respect 
to both identification of specific genes involvement in CVDs 
and cardioprotective treatments (both employing pharmaco-
logical and non-pharmacological approaches), as reported in 
numerous animal studies, few of these studies have been 
translated into human clinical practice. Some of the difficul-
ties arise from the nature of the preclinical studies them-
selves; these are often conducted with models that do not 
approximate the human model (e.g., isolated cell/heart studies, 
variable levels of ischemia) and generally with young healthy 
animals and are primarily focused on illustrating/understanding 
the molecular and cellular mechanisms of injury and protection, 
rather than establishing the potential clinical efficacy of the 
interventions tested [62]. In addition, end-points in human 
studies are more difficult to precise measure and are often 
indirectly compared to animal studies, in which the duration 
of ischemia and size of infarct can be controlled, and appear 
to be subject to a myriad of confounding factors (e.g., con-
current use of medications, environmental stressors). For 
example, problems inherent in measuring patient infarct size 
may be alleviated by the use of novel imaging techniques 
including delayed contrast-enhanced MRI which provide 
higher resolution, highly quantitative, and noninvasive mea-
sures of infarct size in the clinical setting [63–65].
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Awareness that large clinical trials need to be more tar-
geted while inclusive of more perspectives in their design is 
increasing. A key suggestion that has been recently offered 
involves the increased use of patient subgroups. For instance, 
the rational selection of patient subgroups most likely to ben-
efit from such cardioprotective therapies should enable the 
design of adequately powered studies with relatively small 
number of patients. However, there is an uncertainty as to 
which subgroups of patients will have postoperative compli-
cations. This is an important problem that may hinder further 
studies of cardioprotection.

The selection of drugs for specific subgroups of patients 
has also been proposed in other areas of medicine. Over half 
of withdrawn drugs (ranging from antihistamines, anticancer 
compounds, antiemetics, antibiotics, to antimigraine drugs) 
mandated by the FDA since 1998 has been attributable to car-
diac side effects, most of them dysrhythmias [66]. This costly 
problem is largely attributable to the high degree of receptivity 
of one of the channel proteins, I

Kr
, on which cardiac repolar-

ization depends. A heart that is already prone to dysrhythmia, 
because of slowed conduction/and or failed repolarization, as 
a consequence of genetic or disease disturbance of sodium, or 
other channels and transporters, may therefore be tipped over 
into a fatal state by even a modest amount of I

Kr
 block. The 

advent of gene array technologies and proteomic analyses may 
be highly useful, not only in the identification of high-risk 
patients who are most likely to benefit by a specific treatment, 
but also in the identification of patients who are genetically 
prone to dysrhythmias. If these goals can be achieved, the ben-
efits should be very significant.

Another relevant sub-group type analysis that may arise 
from a concerted pharmacogenetic analysis also includes 
the potential role of ethnicity, race, and gender. Evidence 
of racial/ethnic differences in CVD has been widely recog-
nized for some time. For instance, the cause of HF is pre-
dominantly ischemic disease in nonblacks, but is related 
primarily to hypertension, which tends to be both more 
frequent and severe in blacks [67]; blacks appear to be 
stroke-prone, but relatively protected from coronary heart 
disease [68, 69]. In clinical trials, ethnic differences in the 
antihypertensive responses to b-blockers and ACE inhibi-
tors, as therapeutic agents, have been reported; blacks 
exhibit somewhat reduced blood pressure responses to 
monotherapy with b-blockers and ACE inhibitors when 
compared to diuretics [70]. Recently, retrospective analy-
ses of HF trials have suggested differences in the response 
to ACE inhibitors (e.g., enalapril) [68, 71]. Trials with the 
b-blocker carvedilol, when retrospectively reanalyzed by 
ethnicity, did not reveal differences in the benefit between 
blacks and whites [72]. However, in the BEST trial con-
ducted with a diverse group of patients with NYHA class 
III and IV HF, treatment with the b-blocker bucindolol 
provided a significant increase in survival benefit in non-

black patients [73]. On the other hand, clinical studies 
have demonstrated that treatment with the NO donor iso-
sorbide dinitrate, in combination with the antioxidant 
hydralazine when compared with placebo or prazosin con-
ferred a survival advantage for black but not for white sub-
jects [74]. The African-American Heart Failure Trial 
(A-HeFT), a randomized, placebo-controlled, double-blind 
trial involving 1,050 black patients with NYHA class III 
and IV HF confirmed the finding that a fixed dose of iso-
sorbide dinitrate plus hydralazine, in addition to standard 
therapy for HF including neurohormonal blockers was 
efficacious and increased the survival of black patients 
with advanced HF [75, 76].

It remains to be seen whether a discrete DNA difference 
might underlie these different phenotypic responses to treat-
ment. It also has been argued that the treatment of HF in 
blacks, which has a hypertensive component, might be more 
effective in targeting that pathology. Interestingly, the benefit 
of the combined isosorbide dinitrate and hydralazine in the 
treatment of HF has not been replicated by other antihyper-
tensive medications. While the interpretation of these find-
ings and their implications have been hotly debated, a 
majority of clinicians agree that the inclusion of diverse 
groups in significant numbers (for subgroup analysis) should 
be an intrinsic part of future clinical trials.

Diagnostic Challenges and Genetic 
Counseling

While the application of postgenomic technology in improving 
HF diagnosis and prognostication has been discussed previ-
ously, its use is of particular interest in prenatal diagnosis, and 
in preimplantation genetic diagnosis (PGD). The use of prena-
tal testing with DNA markers has been successful in identify-
ing cases of X-linked cardiomyopathy (due to dystrophin 
mutations) [77], severe neonatal long QT syndrome (HERG 
mutations) [78], specific mutations associated with HCM [79, 
80], and in Marfan syndrome (elastin mutations) [81]. It appears 
to be of a greater benefit when a specific mutation is suspected 
(due to family history), and can be directly screened. Specific 
mtDNA mutations leading to Leigh disease [82, 83], and respi-
ratory deficiencies [84, 85] have been screened prenatally, in 
some cases using chorionic villi as the source of the genetic 
material, and in other cases with amniotic fluid [85, 86]. 
Analysis of mutant loads of the nt8993 mutations in fetal and 
adult tissues confirms that there is no substantial tissue varia-
tion, and suggested that the mutant load in a prenatal sample 
will represent the mutant load in other fetal tissues; the 8993 
mutations show a strong correlation between mutant load and 
symptom severity, and between maternal blood mutant load 
and risk of a severe outcome [87].
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As an adjunct to in vitro fertilization (IVF) technology, 
the application of PGD will be increasingly available to pre-
vent the transmission of devastating diseases from affected 
parents to their children. Although this technique has not yet 
received widespread attention, the detection of mutant alleles 
of the TBX5 transcription factor resulting in Holt–Oram syn-
drome (HOS), which presents with multiple malformations, 
including congenital heart defect, has allowed the successful 
identification of fertilized eggs affected by HOS for potential 
embryo selection. Using molecular genotyping techniques, 
blastocysts containing wildtype genotypes were distinguish-
able from those containing mutant alleles, and their transfer 
to the mother resulted in the delivery of a normal child [88].

The use of transmitochondrial oocytes in human studies 
has a limited but controversial history. Ooplasmic transplan-
tation has been reported in several studies in conjunction 
with IVF [89, 90]. The addition of a small amount of injected 
ooplasm, derived from fertile donor oocytes, into develop-
mentally compromised oocytes from patients with recurrent 
preimplantation failure was reported to enhance embryo via-
bility and led to the birth of 15 children. The mtDNA from 
the donor as well as the recipient cell mtDNA were found 
to be present in the blood of the child resulting from the 
transplanted oocyte at 1 year of age. Excluding the numerous 
ethical considerations provoked by this human germ-line 
genetic modification (going somewhat beyond screening for 
the wildtype genotype), several concerns have been raised by 
these studies, including the potential for long-term harm in 
chromosomal segregation and aberrant division (predicted by 
similar studies conducted in lower organisms), and negative 
epigenetic influences of foreign cytoplasm, as have been 
demonstrated in numerous studies of cytoplasmic transfer 
in mice [91]. In fact, two of the 15 pregnancies resulted in 
chromosomal abnormalities, including Turner syndrome. 
Moreover, the long-term deleterious influence of heteroplas-
mic mtDNA has also been considered an additional problem 
of this technique [92, 93]. If we are to fully appreciate the 
potential outcomes associated with embryo manipulation, 
extensive investigations with animal models that incorporate 
genetic, biochemical, and physiological analyses are man-
dated. Also, these investigations should be accompanied by 
careful clinical monitoring to demonstrate the suitability of 
these techniques for human use.

New and Future Therapeutic Options  
in Cardiovascular Medicine;  
Postgenomic Contributions

Advances in postgenomic cardiology may possibly make a 
brighter future for new HF therapies that offer greater speci-
ficity and breadth, some of which are already coming to frui-

tion. Molecular genetic analysis has substantially improved 
our understanding of the structure and functioning of the 
heart, both in early development and in aging, and has opened 
the door to further unraveling the order of molecular/cellular 
events and the principal molecules involved in both normal 
and malformed/dysfunctional hearts. Information derived 
from transgenic models has been instrumental in defining 
numerous therapeutic targets in the signaling pathways, how 
heart and cardiovascular system respond to stresses and 
insults, the elucidation of both apoptotic and survival/prolif-
erative pathways affecting cardiomyocyte growth, oxidative 
stress, hypertrophy, aging and cell death, and in defining 
metabolic pathways essential for energy transduction, which 
is necessary for contractile function and electrical excitabil-
ity. Animal models with specific gene dysfunction have been 
highly informative in defining the roles that specific contrac-
tile and ion channel proteins play in both, the normal and 
diseased heart. Some of this information has been very 
important in the design of pharmacological strategies to 
develop novel targets in the treatment of CVDs, ranging from 
HF to stroke, MI, and acute and chronic inflammatory dis-
eases [94]. Therapies aimed at metabolic remodeling may be 
developed to effectively complement the treatment of myo-
cardial ischemia, HF, the more obvious metabolic-based 
CVDs (i.e., metabolic syndrome), as well as underlying 
therapies such as calorie restriction aimed at modulating 
overall longevity and the aging processes [95–97].

The potential of combining genetic and cell engineering has 
been demonstrated in a number of animal models and in lim-
ited clinical studies, and this may be a useful adjunct in repair-
ing the “broken” heart and damaged vessels, and in enhancing 
the heart’s regenerative potential. Later in this chapter, we briefly 
review new developments in gene therapy, cell-based therapy, 
and in tissue re-engineering, and we discuss the possible future 
applications.

Bioengineering

The use of both embryonic and adult stem cells offers an 
exciting platform for repairing the damaged, failing heart. 
Direct transplantation of isolated myoblasts or bone marrow 
mononuclear cells, and recruitment of stem cells from bone 
marrow by cytokine administration (e.g., G-CSF) have 
already been clinically performed. Nevertheless, numerous 
and important unanswered questions have been raised con-
cerning stem cell biology, including their differentiation pro-
cess, the heterogeneity within stem cell populations, what 
effects are due to recruitment and activation of endogenous 
stem cell populations as compared to circulating stem cells 
originating in bone marrow (such as recently described in car-
diac cells), what effects are due to cytokines and angiogenesis, 
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and which factors impact in their differentiation and homing 
properties.

There is a considerable interest in combining the use and 
fabrication of biopolymers as a scaffolding matrix for 
rebuilding the damaged cardiac tissue with proliferating 
cells [98]. The importance of re-engineering the cardiac 
milieu so that stem cell can effectively adhere and be better 
functionally incorporated into the injured myocardium has 
been increasingly recognized. Cardiac tissue engineering 
research has also been centered on fabricating 3-D cardiac 
grafts and biodegradable scaffolds as alternatives of extra-
cellular matrix [99]. Other alternatives include the use of 
beating myocardial tissue by layering cell sheets, which are 
harvested from cultured cells grafted with temperature-
responsive polymer [100]. The transplantation of cardio-
myocyte cell sheets in the treatment of HF, which eliminates 
the need for a donor, has reached the stage of preclinical 
testing. It is worth noting that skeletal myoblasts have been 
grown on polymer sheets in culture, and implanted into 
coronary artery-ligated rat hearts. This resulted in the repair 
of the damaged myocardium with markedly reduced fibro-
sis (compared with skeletal myoblast cell injection), and 
prevention of remodeling in association with a recruitment 
of hematopoietic stem cells through the release of stromal-
derived factor 1, and other growth factors, suggesting their 
potential use in the treatment of patients with severe HF 
[101]. In addition, it is possible that the transplant-associ-
ated dysrhythmias, occurring with skeletal myoblasts in the 
heart (likely caused by the absence of gap junctions), might 
be eliminated by the ex vivo genetic modification of the 
myoblasts containing expression of the gap junction pro-
tein connexin 43 [102]. This antidysrhythmic engineering 
(achieved thus far only in cells in culture) may increase the 
safety (and perhaps the efficacy) of myoblast transplanta-
tion in patients.

Particular interest has been centered on the reengineer-
ing of heart valves [99]. Utilizing collagen scaffolds pro-
duced by a novel process termed rapid prototyping, valve 
interstitial cells isolated from three human aortic valves 
seeded on the scaffolds and cultured for up to 4 weeks 
remained viable and proliferating; an important step in the 
tissue engineering of an aortic valve. Repopulation of a 
scaffold of a decellularized valve matrix (usually porcine) 
in vitro with stem cells, in particular mesenchymal stem 
cells, has also been an area of intensive investigation [103–
105]. While this approach has not yet been proved success-
ful in neither animal models nor human clinical testing 
[105], conditions for the optimization of cell seeding and 
repopulation using either valve interstitial cells [106] or 
mesenchymal cells have recently been optimized. Creation 
of autologous semilunar heart valves in vitro with mesen-
chymal stem cells, and a biodegradable scaffold, has been 
reported following their implantation under cardiopulmo-

nary bypass into the pulmonary valve position of the sheep. 
These valves underwent extensive remodeling in vivo, 
resembling the native heart valves, and functioned satisfac-
torily for periods of >4 months [107].

Targeting various regions of the heart associated with spe-
cific function has become another interesting approach. This 
has been focused on the possibility of grafting pacemaking 
cells, either derived from differentiating human embryonic 
stem cells, or engineered from mesenchymal stem cells into 
the myocardium [108]. Moreover, an initial proof that the use 
of gene therapy may create a biological pacemaker was pro-
vided by Miake et al. using an adenoviral gene transfer 
approach in guinea pig hearts [109]. By modifying the Kir2.1 
gene encoding the inward rectifying potassium current I

K1
 

(which pacemaker cells lack) and mutating it (i.e., obtaining a 
dominant-negative allele) to make a dysfunctional channel, a 
subset of transfected ventricular myocytes were converted to 
cells with pacemaker activity. A limitation of these studies was 
that the induced automaticity was threefold slower than nor-
mal, and genetic suppression of I

K1
 does not provide any direct 

mean to modulate the induced rhythm. In contrast, Xue et al. 
found that gene transfer of an engineered HCN1 construct to 
quiescent adult guinea pig ventricular cardiomyocytes can 
induce pacing with a normal firing rate [110]. Previous studies 
have reported that plasmids harboring the human b

2
-adrenergic 

receptor injected into the right atria of Yorkshire pig hearts 
significantly enhanced porcine cardiac chronotropy upregulat-
ing the heart rate by 50% [111]. Other studies have found that 
transient overexpression of the channel protein HCN2 in the 
left atrium or bundle-branch system (in a canine model) could 
generate an ectopic biological pacemaker [112, 113]. This 
construct employed an adenoviral vector and vagal suppres-
sion was required to observe the effect. Moreover, transplanted 
stem cells (either MSCs or hESCs) can serve as platforms for 
the delivery of these pacemaker-conferring genes [110, 114]. 
In addition, it has been reported that hESC-derived cardio-
myocytes (generated in vitro using the embryoid body differ-
entiating system), when introduced into swine hearts with 
complete AV block, stably integrated, restored myocardial 
electromechanical properties acting as a rate-responsive 
biological pacemaker [115].

Vessel Engineering

It is well recognized that therapeutic angiogenesis/vasculo-
genesis can be achieved by supplementation of a variety of 
growth factors, or transplantation of vascular progenitor 
cells. This approach fosters the formation of arterial collater-
als and promotes the regeneration of damaged tissues and 
therefore may be useful in treating ischemia [116, 117]. 
While angiogenic factors can be delivered in the form of 
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recombinant proteins or by gene transfer using viral vectors, 
novel nonviral methods including liposomes, naked plasmid 
vectors, or cell-mediated gene transfer are promising alterna-
tives with a safer profile [118–120]. Although growth factors 
offer distinct advantages in terms of efficacy, a number of 
approaches featuring the combination of several growth fac-
tors with cell transplantation are currently being explored 
both to initiate growth and stabilize vessels. Some angio-
genic factors not only stimulate the growth of arterioles and 
capillaries, but also inhibit vascular destabilization triggered 
by metabolic and oxidative stress. Endothelial progenitor 
cells (EPCs) for the treatment of peripheral or myocardial 
ischemia can be transplanted either without any preliminary 
conditioning or after ex vivo genetic manipulation [121, 
122]. Also, delivery of genetically modified autologous pro-
genitor cells eliminates the drawback of immune response 
against viral vectors.

The formation of a microvascular network can be achieved 
by promoting vasculogenesis in situ, employing seeding vas-
cular endothelial cells within a biopolymeric scaffolding 
construct; the inclusion of human smooth muscle cells seeded 
with EPC-derived endothelial cells can form capillary-like 
microvessel structures throughout the scaffold [123].

Genetic Engineering

A detailed discussion on gene therapy has been presented in 
Chap. 21. At this time, it is suffice to say that genetic engi-
neering techniques besides its success in the development of 
new experimental mice models useful for research have 
begun to find some successes in diverse applications includ-
ing the production of synthetic human insulin and erythro-
poietin in hamster ovary cells. In cardiovascular medicine, 
modification and introduction of specific genes could be suc-
cessfully used to correct a number of specific myocardial 
defects resulting in cardiac dysfunction. Still, the limiting 
factor in clinical cardiology application of gene therapy is 
the timely development of safe and effective vectors/carriers 
for the transgene and their clinical testing.

Bioinformatics/Computational Biology in HF

To be useful, it is clear that the extensive amount of information 
coming from genomics, proteomics, and other molecular 
research technologies need to be integrated and standardized. 
This information will allow new interpretations and theories to 
be experimentally and clinically tested. The application of 
information technology, or Bioinformatics, to the field of 

molecular cardiovascular biology will allow the creation and 
maintenance of database storing information coming from 
transcriptomics, miRNA, and protein level and sequences that 
will allow the profiling and identification of causal genes, and 
protein expression in HF. The actual process of analyzing and 
interpreting data is referred to as computational biology. 
Development of this type of database involved not only design 
issues, but the development of complex interfaces whereby 
researchers could both access the existing data as well as sub-
mit new or revised data. Bioinformatics has evolved in such a 
way that the most pressing task now involves the analysis and 
interpretation of various types of data, including nucleotide 
and amino acid sequences, protein domains, and protein 
structures.

What sets bioinformatics apart from other approaches 
is its focus on developing and applying computationally 
intensive techniques (e.g., data mining and machine learn-
ing algorithms). Major research in this field is being focused 
on sequence alignment, gene finding, genome assembly, 
protein structure alignment, protein structure prediction, 
prediction of gene expression and protein–protein interac-
tions, and the modeling of evolution. It is evident that in 
order to understand how cardiomyocytes structure, func-
tion, and proliferation are altered in HF, the collected bio-
logical data must be combined to form a comprehensive 
picture. By doing so, new insights into the etiology, diag-
nostic and prognostication of HF, as well as new therapies 
for HF might be attained.

Conclusion

With the completion of the Human Genome Project, the 
likely identification of novel genes involved in HF will serve 
as an important foundation for our understanding of how 
specific gene defects generate the different HF phenotypes. 
Bioinformatic methods can be employed to search existing 
databases with the routine use of reverse genetics techniques, 
allowing subsequent cloning of novel genes/cDNAs of interest 
followed by the characterization of spatial-temporal patterns 
of specific gene expression. Moreover, both transcriptomic 
and proteomic methodologies can be used to further delineate 
the functions of the gene products, defining their precise role 
in pathogenesis, elucidating their interaction with other pro-
teins in the subcellular pathways and potentially enabling their 
application as clinical markers of HF.

A critical area of research is the identification of molecular 
regulators that control cardiomyocyte proliferation in the 
human heart. Understanding the molecular basis of cardio-
myocyte proliferation could greatly impact on our clinical 
attempts to repair the failing heart. Mechanism of cell growth 
regulation is being investigated by careful comparison of 
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comprehensive gene expression profiles of adult, embryonic 
and post-natal myocytes, as well as by the generation of myo-
cyte cell culture lines with the capacity to respond to prolifera-
tive inducers. Cellular transplantation is an alternative 
mechanism to augment myocyte number in the diseased, dam-
aged heart. However, further research efforts will be necessary 
to define the optimal conditions necessary for cardiomyocyte 
differentiation and proliferation, and for the fully functional 
integration of stem cells in the myocardium, as well as to 
investigate the ability of transplanted stem cells to repair 
defects in the failing heart. It is of paramount significance to 
learn whether HF secondary to myocardial ischemia or DCM, 
myocardial infarct in adults, or children with Kawasaki dis-
ease and myocardial damage or with ARVD, can be treated 
with stem cell transplantation.

Research focusing on the basic science of stem cells, 
including isolation of factors involved in the acceleration of 
specific cell type differentiation, migration, homing and pro-
liferation, in vitro as well as in vivo, and their responses to 
oxidative stress, apoptosis and injury may accelerate their 
potential use in clinical transplantation, and also as a new 
treatment modality of HF and other cardiovascular patholo-
gies. Nonetheless, many of the methodologies discussed in 
this volume, such as gene profiling, proteomics, genetic anal-
ysis, development of relevant animal and cellular models,  
proteomics and pharmacogenomics, while promising at this 
times they all are relatively new approaches and still there is 
a good deal to be learned. This increasing armamentarium 
could contribute greatly to further understanding the role of 
basic cellular processes and their capacity for adaptation, 
including improving the understanding of organelle biology, 
metabolic modulation, DNA and protein damage and apop-
tosis, and their role as markers and causative factors in HF. 
In addition, findings from these basic studies and the use of 
integrative system biology methods will increase our knowl-
edge of the critical interactions between multiple organ sys-
tems and their cross talk through hormonal and inflammatory/
immune signaling, which have only recently been found to 
play a significant role in cardiovascular diseases. Furthermore, 
pharmacogenetics and pharmacogenomics may provide the 
necessary tools to realize the development of a more effec-
tive and individualized cardiovascular medicine.

Insights into the cardiovascular consequences of abnormal 
gene function and expression should ultimately impact on the 
development of targeted therapeutic strategies and disease 
management, and it will likely replace the less effective treat-
ment modalities directed solely at rectifying structural cardiac 
defects and temporal improvement of function. With further 
progress in cell engineering, we will hopefully see the end of 
the complex HF syndrome, and other cardiovascular patholo-
gies that so dramatically weaken human life and bankrupt the 
health care system all over the world. Finally, we are witness-
ing the transition from the Cardiology of the past to the study 

of systems biology, the constructive cycle of computational 
model building, and experimental verification capable to provide 
the necessary input to achieve new and exciting discoveries 
and also finding a renewing hope.

Summary

Cardiac biomarkers widely used for diagnosis of MI •	
include troponin I and T, CK-MB, and myoglobin. 
Combined use of biomarkers (i.e., multimarkers) increases 
the probability of correct diagnosis.
While other markers appear to be better suited for detect-•	
ing early myocardial ischemia and infarction, including 
unbound free fatty acids and ischemia-modified albumin, 
these are not widely tested or employed.
Biomarkers of inflammation (e.g., CRP, cytokines, MCP) •	
and hemodynamic function (BNP, N-T proBNP) are 
important prognostic indicators of future cardiovascular 
risk in both healthy individuals and in patients with acute 
coronary syndrome (ACS). BNP is also an excellent diag-
nostic marker of HF.
Proteomic and gene profiling techniques are critical tech-•	
niques that can be used in the identification of novel biomark-
ers. Also proteomic techniques such as mass spectroscopy 
and protein microarrays offer improved methods for rapid 
and highly accurate screening of multiple markers.
Mitochondrial-based defects have been identified in a •	
variety of CVDs because of the primary role of mitochon-
dria in generating metabolic energy, as well as its role in 
oxidative stress signaling and ROS generation, and in the 
early events of apoptotic cell death.
Mitochondria also play a pivotal role in myocardial isch-•	
emia, the development of cardioprotective responses, and 
cardiac aging.
At present, therapies for mitochondrial-based diseases •	
are limited, and they involve primarily metabolic 
bypasses of specific defects and antioxidant treatment 
(i.e., coenzyme Q

10
).

Direct genetic modulation of mitochondria involves novel •	
gene therapeutic approaches since those previously used 
for nuclear gene therapy have not been successful.
A variety of lipophilic carriers for bringing molecules •	
into the mitochondria (modified nucleic acids, proteins, 
drugs, inhibitors and antioxidants) are being developed. 
Targeting mitochondria apoptotic function will likely 
involve new pharmacological development.
Noninvasive diagnostic methods to detect mitochondrial •	
defects in the cardiovascular system are presently being 
developed including magnetic resonance spectroscopy.
Genetic screening has been employed to clinically detect •	
prenatal defects in patients with congenital heart disease, 
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cardiac dysrhythmias, HCM, and Marfan syndrome. 
Similar tests will likely be used in preimplantation genetic 
diagnosis in association with IVF procedures.
The use of gene therapy to target specific genetic defects •	
or supplement deficiencies has an enormous potential 
with many possible useful applications; however, we are 
still awaiting the development of safe, effective, and easily 
testable vector systems.
Cardiac targeted therapies may involve the direct modula-•	
tion of myocardial cells with transfected genes or injected 
gene products, or the transplantation of cells or groups of 
cells (cell sheets).
Cell-based therapies will likely play a critical role in the •	
future since a number of cell types have shown the ability 
to be recruited into damaged myocardium with potentially 
beneficial results. These cells include several types of 
stem cells (either embryonic or adult), neonatal cardio-
myocytes, and skeletal myocytes.
Both stem cell biology and the cardiac milieu optimal for •	
their homing, integration, and long-term survival need to be 
better characterized. In addition to cardiac transplantation, 
both stem cells and a combination of angiogenic factors 
can be utilized in therapeutic angiogenesis with its poten-
tial application in myocardial ischemia.
A variety of biomaterials have been employed to simulate the •	
cardiac environment, and they have been useful in tissue 
re-engineering of valves (e.g., aortic) and vessel remodeling.
The application of information technology, or •	
Bioinformatics, to the field of molecular cardiovascular 
biology will allow the creation and maintenance of data-
base storing information coming from transcriptomics, 
miRNA and protein level and sequences that will allow 
the profiling and identification of causal genes, and pro-
tein expression in HF.
What sets bioinformatics apart from other approaches is •	
its focus on developing and applying computationally 
intensive techniques (e.g., data mining and machine learning 
algorithms).
We are witnessing the transition from conventional cardi-•	
ology practice to the study of systems biology, computa-
tional model building, and experimental verification 
capable to provide the necessary input to achieve new and 
exciting discoveries.
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AC Adenylyl cyclase, a membrane-bound enzyme, 
which catalyzes the synthesis of the second messenger 
cyclic AMP from ATP in conjunction with specific signaling 
ligands (e.g., adrenergic), receptors, and G-proteins.

ACC Acetyl-CoA carboxylase, an enzyme that synthesizes 
malonyl-CoA from cytoplasmic and peroxisomal acetyl-CoA.

ACE Angiotensin converting enzyme, a central element of 
the renin–angiotensin system, converts the decapeptide 
angiotensin I to the potent pressor octapeptide angiotensin II 
(Ang II), mediating peripheral vascular tone, as well as 
glomerular filtration in the kidney.

Acetyl-CoA Small water-soluble molecule that carries acetyl 
groups linked to coenzyme A (CoA) by a thioester bond.

ACH Acetylcholine.

ACS cells Adult cardiac stem cells.

ADAM A disintegrin and metalloprotease; family of mem-
brane-anchored metallo proteases.

ADE Adverse drug effect.

Adenovirus Common vector for gene transfer with high 
efficiency of transfection in vivo, but limited by transient 
transgene expression and host immunogenic response.

ADHERE Acute decompensated HF national registry.

ADHF Acute decompensated HF.

ADP Adenosine diphosphate.

Adrenoceptors Members of the G-protein-coupled recep-
tor superfamily, linking adrenergic signaling from the sym-
pathetic nervous system and the cardiovascular system, with 
integral roles in the rapid regulation of myocardial function.

AHFS Acute HF syndromes.

AIF Apoptosis-inducing factor. Released from mitochondrial 
intermembrane space in early apoptosis and subsequently 
involved in nuclear DNA fragmentation.

AKAP Specific PKA anchoring proteins; regulators of PKA 
function and signaling by directing and concentrating PKA 
at specific subcellular sites.

AKI Acute kidney injury.

Akt Protein kinase B (PKB). Myocardial Akt phosphorylates 
a number of downstream targets, including cardioprotective 
factors involved in glucose and mitochondrial metabolism, 
apoptosis and regulators of protein synthesis.

ALCAR Acetyl-l-carnitine, supplementation with lipoic 
acid (LA) appears to improve myocardial bioenergetics and 
decrease oxidative stress associated with aging.

Allele One of several alternate forms of a single gene occu-
pying a given locus on a chromosome or mtDNA.

AMI Acute myocardial infarction.

AMP Adenosine monophosphate.

AMPK AMP-activated protein kinase.

ANG II Angiotensin II.

ANP Atrial natriuretic peptide.

ANT Adenine nucleotide translocator. A mitochondrial 
inner membrane carrier protein of ADP and ATP and part of 
the PT pore.

Apoptosis A form of programmed cell death.

Apoptosome Cytosolic complex involved in the activation 
of apoptotic caspases.

ARB Angiotensin receptor blocker.

ARIC Atherosclerosis risk in communities.

ARVD Arrhythmogenic right ventricular dysplasia; the 
most common symptoms are ventricular dysrhythmias, heart 
palpitations, fainting or loss of consciousness (syncope), and 
sudden death.

ASC Adult stem cell.

Glossary
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ATP Adenosine triphosphate.

ATPase Adenosine triphosphatase.

Bad Bcl-2/Bcl-X
L
-associated death promotor. A death 

agonist.

b-AR Beta-adrenergic receptor, G-protein coupled receptors 
containing a seven transmembrane domain involved in signal-
ing pathways of diverse cardiovascular functions including 
blood pressure control and cardiac contractility.

b-ARK Beta-adrenergic receptor kinase, a GRK, which 
mediates the desensitization of the b-adrenergic receptor by 
phosphorylation of agonist-occupied receptors.

Barth syndrome An X-linked recessive cardioskeletal 
myopathy with neutropenia and DCM with childhood onset 
caused by mutations in TAZ/G4.5 gene encoding the tafazzin 
protein.

Bcl-2 Family of apoptosis-related proteins. Also death 
antagonist.

BH domains Features of proapoptotic proteins, (BH1-4) 
are essential for homo- and heterocomplex formation, as 
well as to induce cell death. Proapoptotic homologues can be 
subdivided into 2 major subtypes, the multidomain Bax 
subfamily (e.g., Bax and Bak), which possesses BH1-3 
domains, and the BH3-only subfamily (e.g., Bad and Bid).

Bid A proapoptotic Bcl-2 related protein, which links the 
extrinsic and intrinsic apoptotic pathways.

BMDC Bone-marrow-derived cells.

BMP Bone morphogenetic protein, a class of ligands, 
which bind specific membrane-bound receptors involved in 
signaling events in early cardiomyocyte differentiation.

BNP Brain natriuretic peptide, hemodynamic marker of 
neurohumoral and vascular stress.

BRDU Bromodeoxyuridine, a DNA synthesis inhibitor.

CAD Coronary artery disease.

Calcineurin Intracellular Ca2+-regulated phosphatase 
implicated as a mediator of cardiac hypertrophy.

Calpains Calcium-dependent proteolytic enzymes expressed 
ubiquitously is regulated by the concentration of calcium ions.

Calsequestrin Major binding calcium protein present in the 
sarcoplasmic reticulum.

CaM Calmodulin, an intracellular Ca2+ sensor that selectively 
activates downstream signaling pathways in response to local 
changes in Ca2+.

CaMK Ca2+/CaM dependent protein kinase.

cAMP Cyclic AMP; second messenger used extensively in 
cell signaling. Product of adenylyl cyclase (AC).

Cardiac hypertrophy Growth of the heart in response to 
increased workload by enlarging myocyte size, rather than 
increasing myocyte number.

Cardiolipin Anionic phospholipid located primarily in the 
mitochondrial inner membrane.

Cardiomyocyte A single cell of a heart muscle.

Carnitine Carrier molecule involved in the transport of 
long-chain fatty acids into the mitochondria for b-FAO.

Caspases Intracellular cysteine proteases activated during 
apoptosis that cleave substrates at their aspartic acid residues.

Caveolae Flask-shaped specialized subdomains of the plasma 
membrane particularly abundant in cardiovascular cells that 
function both in protein trafficking and signal transduction.

Cell cycle The period between the release of a cell as one of 
the progeny of a division and its own subsequent division by 
mitosis into two daughter cells.

CETP Cholesteryl ester transfer protein plays role in reverse 
cholesterol transport with transfer of cholesteryl ester-rich 
HDL to triglyceride-rich lipoproteins (VLDL).

CHD Congenital heart defect.

Chromatin The complex of DNA and histone and nonhistone 
proteins found in the nucleus of a eukaryotic cell that constitutes 
the chromosomes.

Chromosome A very long, continuous piece of DNA, which 
hold together many genes, regulatory elements, and other inter-
vening nucleotide sequences.

CHS Cardiovascular health study.

CI Confidence interval.

CIBIS Cardiac insufficiency bisoprolol study.

CK Creatine kinase. Both mitochondrial and cytosolic iso-
forms of this enzyme that catalyzes the reversible phospho-
rylation of creatine by ATP to form the high-energy compound 
phosphocreatine.

CL Cardiolipin, anionic phospholipid present in mitochon-
drial membranes. Deficiency in Barth syndrome. Involved in 
stabilization of ETC complexes and in apoptosis.

CNS Central nervous system.

Complex I NADH-ubiquinone oxidoreductase.

Complex II Succinate CoQ oxidoreductase.

Complex III CoQ-cytochrome c oxidoreductase.
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Complex IV Cytochrome c oxidase.

Complex V Oligomycin-sensitive ATP synthase. Also 
termed F

0
–F

1
 ATPase.

COPD Chronic obstructive pulmonary disease.

CoQ Coenzyme Q (also ubiquinone). Electron carrier and 
antioxidant.

CPB Cardiopulmonary bypass.

CPT Carnitine palmitoyltransferase.

CPT-I Carnitine palmitoyltransferase I.

CPT-II Carnitine palmitoyltransferase II.

CR Caloric restriction, a restricted dietary regimen, which has 
been shown to increase lifespan in a number of organisms includ-
ing mammals and may have anti-aging effects in the heart.

Cre-LoxP system A tool for tissue-specific deletion of genes 
that cannot be investigated in differentiated tissues because of 
their early embryonic lethality in mice with conventional knock-
outs. Conventional transgenic mice expressing Cre recombinase 
are mated to a strain with a gene flanked by LoxP sites (“a floxed 
gene”). The floxed gene is excised by recombination, and is thus 
inactivated, in whichever tissues Cre recombinase is expressed.

CR Chest roentgenogram.

CRP C-reactive protein; a significant marker of inflamma-
tion and atherosclerotic progression. Serum CRP levels are 
predictive of future cardiovascular events.

CRS Cardiorenal syndrome.

CRT Cardiac resynchronization therapy.

CRT-D CRT with or without implantable defibrillator.

cTnT Cardiac troponin T, widely used marker of myocardial 
ischemia and necrosis.

CTX Cholera toxin.

CVD Cardiovascular disease.

CPVT Catecholaminergic polymorphic ventricular tach-
ycardia

CyP-D Cyclophilin D. CsA-binding mitochondrial matrix 
protein component of the PT pore.

Cytochrome A family of proteins that contain heme as a 
prosthetic group involved in electron transfer and identifiable 
by their absorption spectra.

Cytochrome c A mitochondrial protein involved in ETC at 
complex IV. Its release from the mitochondrial into the cytosol is 
a trigger of caspase activation and early myocardial apoptosis.

DAG Diacylglycerol.

DCM Dilated cardiomyopathy.

DHF 2¢,7¢-dichlorofluorescin, membrane-permeable fluo-
rometric indicator of ROS levels (particularly in mitochon-
drial matrix).

Dicer An endonuclease that cleaves double-stranded RNA 
and that is required for microRNA biogenesis.

Differential display Technique used to identify genes that 
are differentially expressed; RNA from the samples being 
compared is reverse transcribed, and the cDNA is further 
amplified using random primers. Genes that are differen-
tially expressed in the chosen samples can be identified by 
electrophoresis.

DIG Digitalis investigation group.

Double helix A molecular model of DNA made of two 
complementary strands of the bases guanine, adenine, thy-
mine, and cytosine, covalently linked through phosphodi-
ester bonds. Each strand forms a helix, and the two helices 
are held together through hydrogen bonds, ionic forces, 
hydrophobic interactions, and van der Waals forces.

Doxorubicin Also called adriamycin. Used to treat leu-
kemia but also causes extensive mitochondrial defects, 
myocardial apoptosis and induces cardiomyopathy.

Dysrhythmia Any change in the regular rhythmic beating 
of the heart.

EB Embryoid bodies, aggregations of embryonic stem 
cells, which can differentiate spontaneously in vitro to a 
variety of cell types including cardiomyocytes.

ECLS Extracorporeal life support.

ECM Extracellular matrix.

ECMO Extracorporeal membrane oxygenation.

EF Ejection fraction.

EGF Epidermal growth factor.

EKG Electrocardiogram.

EMB Endomyocardial biopsy.

EPC Endothelial progenitor cell.

Epigenetic Acquired and reversible modification of genetic 
material (e.g., methyla tion).

Enhancer element A DNA sequence that, when bound by 
a specific transcription factor, can enhance the expression 
level of a nearby gene.

ER Endoplasmic reticulum. A membrane-bound cytosolic 
compartment where lipids and membrane-bound proteins are 
synthesized.
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ErbB proteins Family of receptor tyrosine kinases, which 
mediate cell proliferation, migration, differentiation, adhe-
sion, and apoptosis in numerous cell types, bind to a wide 
variety of ligands (e.g., EGF, neuregulins, TGF, and HB-EGF) 
and contribute to regulation of endocardial cushion remodeling 
and valve formation.

ERK Extracellular regulated kinase.

ES Embryonic stem cell.

ET Endothelin, signaling peptides (ET-1, ET-2, and ET-3) 
modulate contractile function and growth stimulation of 
cardiomyocytes by binding specific G-protein coupled 
receptors and triggering downstream signaling (e.g., DAG, 
IP3).

ETC Electron transport chain. A series of complexes in the 
mitochondrial inner membrane to conduct electrons from the 
oxidation of NADH and succinate to oxygen.

Expression vector A vector that contains elements neces-
sary for high-level and accurate transcription and translation 
of an inserted cDNA in a particular host or tissue.

FA Friedreich ataxia. An autosomal-dominant neuromuscu-
lar disorder with frequent HCM.

FABP Fatty acid binding translocase.

FACS Fluorescence activated cell sorting, which can evalu-
ate and isolate specific cell-types and cell-cycle stages.

FAD Flavin adenine dinucleotide. Common coenzyme of 
dehydrogenases. In the ETC, FAD is covalently linked to SDH.

FADD Fas-associated via death domain, adaptor protein 
recruiting procaspase into the apoptotic-promoting complex 
DISC.

FADH2 Flavin adenine dinucleotide (reduced form).

FAO Fatty acid oxidation.

FasL Fas ligand, death ligand in extrinsic apoptotic pathway.

FAT Fatty acid translocase.

FCHL Familial combined hyperlipidemia, characterized 
by elevated levels of plasma triglycerides, LDL and VLDL-
cholesterol or both is the most common discrete hyperlipi-
demia and a common cause of premature atherosclerosis.

FDA Fluorescein diacetate, a fluorochrome used to discrimi-
nate between necrosis and apoptosis in intact cardiomyocytes.

FGF Fibroblast growth factor.

FH Familial hypercholesterolemia is an autosomal domi-
nant disorder characterized by elevated cholesterol, and 
premature CAD, is the result of mutations that affect the 
LDL receptor (LDLR).

FMN Flavin mononucleotide. A cofactor of complex I.

FoxO Forkhead box 0 transcription factors.

FRDA Friedreich’s ataxia. An autosomal-dominant neuro-
muscular disorder with frequent HCM caused by mutations 
in gene for frataxin, a mitochondrial-localized protein.

Functional genomics A branch of molecular biology that 
makes use of the enormous amount of data produced by 
genome sequencing to delineate genome function.

GATA Family of zinc finger-containing transcription factors, 
which contribute to the activation of the cardiac-specific gene 
program involved in cardiac cell differentiation.

GC Guanylyl cyclase.

Gene product The protein, tRNA, or rRNA encoded by a 
gene.

Gene transfection Introduction of DNA into eukaryotic 
cells.

Genetic code Correspondence between nucleotide triplets 
(codon) and specific amino acids in proteins.

Genome Total genetic information carried by a cell or an 
organism.

Genomic library Collection of DNA fragments (each 
inserted into a vector molecule) representative of the entire 
genome.

Genotype Genetic constitution of a cell or an organism.

GFP Green fluorescent protein. Useful marker for imaging 
localized proteins.

GFR Glomerular filtration rate.

GH Growth hormone.

GIK Glucose, insulin, and potassium. Applied as a meta-
bolic “cocktail” to provide beneficial preconditioning effects 
to injured myocardium.

GK rat Goto-Kakizaki rat, experimental model of type 2 
diabetes.

GLP-1 Glucagon-like peptide 1, cardioprotective agent.

GLUT Glucose transporter.

Glycolysis Cytosolic-located metabolic pathway present in 
all cells catalyzing the anaerobic conversion of glucose to 
pyruvate.

Glycosylation An enzyme-directed site-specific process, 
resulting in the addition of carbohydrate residues to proteins 
and lipids.

GPCR G-protein coupled receptors.
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G-protein A heterotrimeric membrane-associated GTP-
binding protein involved in cell-signaling pathways; acti-
vated by specific hormone or ligand binding to a 7-helix 
transmembrane receptor protein.

GPx Glutathione peroxidase. An antioxidant enzyme with 
both mitochondrial and cytosolic isoforms.

GSH Glutathione.

GTP Guanosine triphosphate.

HA Hyaluronic acid, a glycosaminoglycan composed of 
alternating glucuronic acid and N-acetylglucosamine resi-
dues, present in the ECM, to expand the extracellular space, 
regulate ligand availability and direct remodeling events in 
the cardiac jelly.

HCM Hypertrophic cardiomyopathy.

HDL High-density lipoprotein.

Helicase Enzymes that separate the strands of DNA.

Heterochromatin Condensed regions of chromosomes 
containing less active genes.

Heteroplasmy Presence of more than 1 genotype in a cell.

H-FABP Heart-type fatty acid-binding protein, an intracel-
lular binding protein, with potential clinical utility as an indi-
cator of cardiac ischemia and necrosis.

5-HD 5-hydroxydecanoic acid, selective mitoK
ATP

 channel 
blocker.

HF Heart failure.

HGP Human Genome Project.

HIF Hypoxia-inducible factor.

Histones Chief proteins of chromatin acting as spools 
around which DNA winds. They play a role in regulation of 
gene expression.

HLHS Hypoplastic left heart syndrome.

HNE 4-hydroxynonenal. A major product of endogenous lipid 
peroxidation.

H2O2 Hydrogen peroxide; a form of ROS and marker of oxi-
dative stress.

HO-1 Heme oxygenase, antioxidant enzyme with cardiopro-
tective function.

Homocysteine A reactive amino acid intermediate in methio-
nine metabolism whose adverse effects include endothelial dys-
function with associated platelet activation and thrombus 
formation and accumulation of vascular atherosclerotic lesions.

Hop Homeodomain-only protein.

HPA Hypothalamic–pituitary–adrenal.

HR Hazard ratio.

HREs Hormone response elements.

HRT Hormone replacement therapy.

HSC Hematopoietic stem cells.

HSP Heat-shock protein. A family of chaperones involved 
in protein folding.

Hybridization Binding of nucleic acid sequences 
through complementary base pairing. The hybridization 
rate is influenced by temperature, G-C composition, extent of 
homology, and length of the sequences involved.

Hydrophobic Lipophilic. Insoluble in water.

ICA Ipsilateral carotid artery.

ICD Implantable cardioverter-defibrillator.

IFM Interfibrillar mitochondria.

IGF-1 Insulin-like growth factor, stimulates proliferative 
cardiomyocyte pathways and cell growth.

IMA Ischemia-modified albumin, indicator of early myo-
cardial ischemia and acute coronary syndrome.

IMAC Anion channel of the inner mitochondrial membrane.

IMAGE Invasive monitoring attenuation through gene 
expression.

IML Intermediolateral cell column.

Infective endocarditis Microbial infection of the endocar-
dial surface of the heart, which commonly involves the heart 
valves.

In situ hybridization Technique using DNA probes to 
localize specific transcripts within the cell in conjunction 
with microscopy.

Integrins Class of transmembrane, cell-surface receptor 
molecules that constitute part of the link between the extracel-
lular matrix and the cardiomyocyte cytoskeleton and which act 
as signaling molecules and transducers of mechanical force.

Intermembrane space Space between inner and outer 
membranes.

Intron A segment of a nuclear gene that is transcribed into 
the primary RNA transcript but is excised during RNA splic-
ing and not present in the mature transcript.

Ion channels Multisubunit transmembrane protein com-
plexes that perform the task of mediating selective flow of 
millions of ions per second across cell membranes, and are 
the fundamental functional units of biological excitability.
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Ionophore Small hydrophobic molecule that promotes the 
transfer of specific ions through the membrane bilayer.

IP3 Inositol trisphosphate, second messenger produced by 
phospholipase C.

IPC Ischemic preconditioning.

I/R Ischemia/reperfusion.

IRAK1 Interleukin-1 receptor-associated kinase 1.

Ischemic heart disease Also called coronary artery disease 
(CAD) and coronary heart disease (CHD), this condition is 
caused by narrowing of the coronary arteries, thereby causing 
decreased blood supply to the heart.

ISDN Isosorbide dinitrate.

ISHLT International Society for Heart & Lung Transplan-
tation.

Isoforms Related forms of the same protein generated by 
alternative splicing, transcriptional starts or encoded by 
entirely different genes.

JC-1 Fluorometric dye used for measuring/imaging mito-
chondrial membrane potential.

Karyotype A snap-shot of the number of chromosomes in 
the normal diploid cell, as well as their size distribution.

KCOs Potassium channel openers (e.g., nicorandil, diazoxide, 
and pinacidil); can mediate cardioprotection.

KIR Potassium inward rectifier.

KLOTHO A single-pass transmembrane protein that func-
tions in signaling pathways that suppress aging and which 
has b-glucuronidase activity.

Knock-out mutation A null mutation in a gene, abolishing 
its function (usually in transgenic mouse); allows evaluation 
of its phenotypic role.

Krebs cycle Central metabolic pathway of aerobic respira-
tion occurring in the mitochondrial matrix; involves oxida-
tion of acetyl groups derived from pyruvate to CO

2
, NADH, 

and H
2
O. The NADH from this cycle is a central substrate in 

the OXPHOS pathway. Also termed as TCA or citric acid 
cycle.

KSS Kearns–Sayre syndrome.

LA Lipoic acid, a potent thiol antioxidant and mitochon-
drial metabolite, appears to increase low molecular weight 
antioxidants, decreasing age-associated oxidative damage.

LAD Left anterior descending.

LBBB Left bundle branch block.

LBD Ligand binding domain.

LCAD Long-chain acyl-CoA dehydrogenase involved in 
FAO.

LCFA Long-chain fatty acid.

LCHAD Long-chain 3-hydroxylacyl-CoA dehydrogenase.

LDL Low-density lipoprotein, a cholesteryl ester-rich  
particle (containing only apoB100) whose plasma levels are 
elevated in several monogenic disorders of lipoprotein 
metabolism and lead to atherosclerosis.

LDLR Low-density lipoprotein receptor, cell-surface recep-
tor in liver or peripheral tissues responsible for LDL removal 
from blood; defective LDLR results in FH.

Liddle’s syndrome An autosomal dominant monogenic 
form of hypertension with both hypokalemia and increased 
sodium reabsorption due to specific defects in either the b or 
g subunit of the epithelial sodium channel (ENaC) causing 
gain-of-function of channel activation.

Ligand Any molecule that binds to a specific site on a pro-
tein or a receptor molecule.

Ligase Enzyme that join together two molecules in an 
energy dependent process; involved in DNA replication and 
repair. Extensively used in manipulation with recombinant 
DNA.

Liposomes Lipid spheres with a fraction of aqueous fluid in 
the center used as vectors for gene transfection with plasmid 
DNA or oligonucleotides.

LQT Long QT syndrome; prolongation of the QT interval 
is a significant cause of syncope and SCD in children; 
delayed or prolonged repolarization of the cardiac myocyte 
can be acquired (e.g., drugs) or congenital (e.g., mutations in 
specific ion channels).

LTA Lymphotoxin-α, an inflammation-mediating cytokine 
implicated in coronary artery plaque formation; polymorphic 
gene variants associated with MI.

L-type Ca2+ channels Channels responsible for the activa-
tion of sarcoplasmic reticulum calcium release channels 
(RyR2). They are controllers of the force of muscle contrac-
tion generation in heart.

Luciferase ATP-dependent photoprotein luciferase used to 
fluorometrically assess the specific organelle ATP levels.

LV Left ventricle.

LVAD Left-ventricular assist devices.

LVEF Left ventricle ejection fraction.

LVH Left ventricular hypertrophy.

MAP Mean arterial pressure.
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MAPCs Multipotent adult precursor cells.

MAPK Mitogen-activated protein kinases. A family of 
conserved serine/threonine protein kinases activated as a 
result of a wide range of signals involved in cell proliferation 
and differentiation; includes JNK and ERK.

Matrix Space surrounded by the mitochondrial inner 
membrane.

MBs Molecular beacons. Hairpin-forming oligonucleotides 
labeled at one end with a quencher, and at the other end with 
a fluorescent reporter dye.

MC Mineralocorticoid.

MCAD Medium-chain acyl-CoA dehydrogenase, FAO 
enzyme.

MCD Malonyl-CoA decarboxylase, an enzyme involved in 
regulation of malonyl-CoA turnover.

MCM Mitochondrial cardiomyopathy.

MCS Mechanical circulatory support.

MEF2 Myocyte enhancer factor-2.

MELAS Mitochondrial encephalomyopathy, lactic acidosis 
and stroke-like episodes.

Membrane potential Combination of proton and ion gradi-
ents across the mitochondrial inner membrane making the 
inside negative relative to the outside.

MERRF Mitochondrial cytopathy including myotonus, 
epilepsy, and ragged-red fibers.

MetSyn Metabolic syndrome.

MHC Myosin heavy chain.

MI Myocardial infarction.

Microarray A range of oligonucleotides immobilized onto 
a surface (chip) that can be hybridized to determine quantita-
tive transcript expression or mutation detection.

MicroRNA Class of single-stranded RNA molecules of 
approximately 21–23 nucleotides in length that regulate gene 
expression post-transcrip tionally.

Mineralocorticoid A monogenic autosomal dominant form of 
an early-onset hypertension, induced hypertension markedly 
exacerbated during pregnancy due to mutations in the MR 
hormone-binding domain.

Minisatellites Repetitive and variable DNA sequences, gen-
erally GC-rich, ranging in length from 10 to over 100 bp.

miRISC miRNA-induced silencing complexes.

Missense mutation Mutation that causes substitution of 
one amino acid for another.

MitoKATP channel ATP-sensitive K+ channel in inner 
membrane of mitochondria. Activation of mitoKATP channel 
has been implicated as a central signaling event (both as 
trigger and end effector) in IPC and other cardioprotection 
pathways.

MitoQ Synthetic ubiquinone analog, which can be  
selectively targeted to mitochondria to provide antioxidant 
cardioprotection.

MLA Monophosphoryl lipid A, a nontoxic derivative of the 
endotoxin pharmacophore lipid A, cardioprotective agent.

MLC Myosin light chain.

MLP Muscle LIM protein, localized in the cardiomyocyte 
cytoskeleton, a positive regulator of myogenic differentiation.

MMPs Metalloproteinases, enzymes involved in extracellular 
matrix remodeling.

Mobile carrier Small molecule shuttling electrons between 
complexes in the ETC.

Modifier gene A gene that modifies a trait encoded by 
another gene.

MOMP Mitochondrial outer-membrane permeabilization, 
an apoptotic event in part mediated by binding of proapoptotic 
proteins (e.g., Bad, Bax, Bid) to mitochondria.

Motif homology searching Search for patterns between pro-
teins, which can prove highly informative about the structural and 
functional properties of the encoded protein.

MPG N-2-mercaptopropionylglycine, a free radical scavenger.

MPI Myocardial performance index.

MPO Myeloperoxidase, indicator of pathological inflam-
mation and for risk of ACS.

MR Mineralocorticoid receptor.

mRNA Messenger RNA. Specifies the amino acid sequence 
of a protein; translated into protein on ribosomes. Transcript 
of RNA polymerase II.

MSC Mesenchymal stem cells.

MT Metallothionein. An inducible antioxidant metal-binding 
protein with cardioprotective properties.

mtDNA Mitochondrial DNA.

mtTFA Mitochondrial transcription factor A (also called 
TFAM).
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mTOR Mammalian target of rapamycin.

MTP Mitochondrial trifunctional protein, part of mitochon-
drial FAO.

Mutation Change occurring in the genetic material (usually 
DNA or RNA).

MVO2 Myocardial oxygen consumption.

MVR Mitral valve regurgitation.

Na+/Ca2+ exchanger The major plasma membrane trans-
porting protein that can cause calcium to exit from the cardiac 
myocyte.

NADH Nicotinamide adenine dinucleotide (reduced form).

NEP Neutral endopeptidase.

NFAT Nuclear factor of activated T cells, a family of 
transcription factors controlled by the Ca2+-regulated  
phosphatase, calcineurin.

NFATc A member of the NFAT family, exclusively expressed 
on the endocardium, which plays a prominent role in the 
morphogenesis of the semilunar valves and septa.

NF-kB Nuclear factor-kB. Family of transcription factors 
involved in the control of a number of normal cellular and 
organismal processes, including immune and inflammatory 
responses, developmental processes, cellular growth, and 
apoptosis.

NGF Nerve growth factor.

NHLBI National health lung and blood institute.

NHNES-1 National health and nutrition examination 
survey-1.

NO Nitric oxide; vasodilator.

Northern blot Molecular technique by which RNA sepa-
rated by electrophoresis is transferred and immobilized for 
the detection of specific transcripts by hybridization with a 
labeled probe.

NOS Nitric oxide synthase.

NRF-1 and NRF-2 Nuclear respiratory factors.

Nt Nucleotide, the basic unit of DNA composed of a purine 
or pyrimidine base, a sugar (deoxyribose), and a phosphate 
group.

NTG Nitroglycerin.

NT-proBNP N-terminal pro-brain natriuretic peptide, 
indicator of hemodynamic stress and for risk of congestive 
HF.

Nucleases Enzymes that catalyze the degradation of DNA 
(DNAse) or RNA (RNAse); specific nucleases have been 

identified that target either the 5¢ or 3¢ ends of DNA (exonu-
clease) or that can digest nucleic acids from internal sites 
(endonucleases).

Null mutation Ablation or knock-out of a gene.

NYHA New York heart association.

OPTIMIZED-HF Organized program to initiate life-saving 
treatment in hospitalized patients with HF.

OS Oxidative stress.

OxLDL Oxidized LDL, a primary substrate for macrophage 
activation and involved in atherosclerosis progression.

OXPHOS Oxidative phosphorylation. A process in mito-
chondria in which ATP formation is driven by electron 
transfer from NADH and FADH

2
 to molecular oxygen and 

by the generation of a pH gradient and chemiosmotic 
coupling.

PAI-1 Plasminogen activator inhibitor-1, a principal regulator 
of fibrinolysis.

PCMR Pediatric cardiomyopathy registry.

PCR Polymerase chain reaction. An amplification of DNA 
fragments using a thermostable DNA polymerase and paired 
oligonucleotide primers subjected to repeated reactions with 
thermal cycling.

PDGF Platelet-derived growth factor.

PDH Pyruvate dehydrogenase (also PDC).

PDK-1 Phosphoinositide dependent kinase 1, enzyme 
downstream of PIP3 production in the PI3K pathway, which 
becomes activated in part by its translocation to the plasma 
membrane, and proximity to its substrates which include Akt 
(PKB).

PEO Progressive external ophthalmoplegia.

Peroxisome Small organelle that uses oxygen to oxidize 
organic molecules, including fatty acids and contains enzymes 
that generate and degrade hydrogen peroxide (H

2
O

2
) (e.g., 

catalase).

PGC-1a Peroxisome proliferator-activated receptor gamma 
co-activator. Transcriptional regulator of mitochondrial bio-
energetic and biogenesis operative during physiological 
transitions.

Pharmacogenetics Study of the role of inheritance in inter-
individual variation in drug response.

Phenotype Observable physical characteristics of a cell 
or organism resulting from the interaction of its genetic 
constitution (genotype) with its environment.

PI3K Phosphatidylinositol 3-kinase.
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PIP3 Phosphatidylinositol 3,4,5-triphosphate, product of 
PI3K activity.

PKA Protein kinase A. Activated by cAMP.

PKB Protein kinase B; also called Akt.

PKC Protein kinase C.

Plasmid DNA capable of autonomous existence in an 
organism; can replicate and maintain itself without integrat-
ing into the genome; used as a vector.

PLC Phospholipase C, a potent effector enzyme catalyzing 
the hydrolysis of inositol phospholipids and production of 
second messengers such as IP3 and DAG in responce to activa-
tion by agonists (e.g., acetycholine) binding to membrane 
bound receptors in concert with G-proteins. This signaling 
promotes a downstream increase in intracellular Ca2+ levels, 
and PKC activation, which modulate myocardial contraction.

PLC1 Phospholipase C1.

PLE Protein-losing enteropathy.

Polycistronic A single RNA transcript encoding two or 
more gene products.

Porin Pore-forming protein in the outer mitochondrial mem-
brane (see VDAC).

Posttranslational Postsynthetic modification of proteins 
by glycosylation, phosphory lation, etc.

Modification Proteolytic cleavage, or other covalent changes 
involving side chains or termini.

PPARs Peroxisome proliferator-activated receptors.

Primer Short nucleotide sequence that is paired with 1 
strand of DNA and provides a free 3¢ OH end at which a 
DNA polymerase starts the synthesis of a nascent chain.

Protein kinase Enzyme that transfers the terminal phosphate 
group of ATP to a specific amino acid of a target protein.

Proteome Entire complement of proteins contained within 
the eukaryotic cell.

PSF Preserved systolic function.

PRA Plasma renin activity.

PTLD Posttransplant lymphoproliferative disorder.

PT pore Permeability transition pore. A non-specific mega-
channel in the mitochondrial inner membrane.

PTPs Phosphoprotein tyrosine phosphatases.

PTX Pertussis toxin.

PUFA Polyunsaturated fatty acids.

PVN Paraventricular nucleus.

RA Retinoic acid; plays role in cardiomyocyte differentiation.

RAAS Renin–angiotensin–aldosterone system.

RACKs Receptors for activated C kinase.

Ras A small G protein (see small G proteins).

RCT Randomized controlled trial.

Real-time PCR Quantitative PCR technique employs 
simultaneous DNA amplification and quantification often 
using fluorescent dyes that intercalate with double-strand 
DNA, and modified DNA oligonucleotide probes which flu-
oresce when hybridized with a complementary DNA.

Recombinant DNA An artificial DNA sequence resulting 
from the combination of two DNA sequences in a plasmid.

Redox reactions Oxidation-reduction reactions in which 
there is a transfer of electrons from an electron donor (the 
reducing agent) to an electron acceptor (oxidizing agent).

Remote conditioning Preconditioning, which is not con-
fined to one organ, but also limits infarct size in remote, non-
preconditioned organs.

Reporter gene A gene that is attached to another gene or 
regulatory element to be identified in cell culture, animals, or 
plants.

Restenosis The re-closing or re-narrowing of an artery after 
an interventional procedure such as angioplasty or stent 
placement.

Restriction endonucleases Endonucleases that recognize a 
specific sequence in a DNA molecule (usually palindromic) 
and cleaves the DNA at or near that site.

RFLP Restriction fragment-length polymorphism. A vari-
ation in the length of restriction fragments due to presence 
or absence of a restriction site.

RGS proteins Regulators of G-protein signaling pro-
teins, a family of proteins that accelerate intrinsic GTP 
hydrolysis on a subunits of trimeric G proteins and play 
crucial roles in the physiological regulation of G-protein-
mediated cell signaling.

Rhod-2AM Fluorescent calcium indicator used to assess 
Ca2+ uptake, localization and levels in cardiomyocytes.

Rhodamine 123 A fluorescent dye used to stain mitochon-
dria in living cells.

Ribosome A factory-like organelle that builds proteins from a 
set of genetic instructions. Composed of rRNA and ribosomal 
proteins, it translates mRNA into a polypeptide chain.

Ribozyme RNA molecule with endonucleolytic activity, 
which can be used to selectively target specific gene 
expression.
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RNAi RNA interference, use of a specific double-stranded 
RNA (dsRNA) construct to posttranscriptionally silence 
specific gene expression.

RNA polymerase Enzyme responsible for transcribing 
DNA as template into RNA.

RNP Ribonucleic protein.

RNS Reactive nitrogen species.

ROC Receiver-operator curves.

ROS Reactive oxygen species, including superoxide, 
hydroxyl radicals, and hydrogen peroxide.

Rotenone Specific inhibitor of complex I activity.

RPF Renal plasma flow.

RRF Ragged red fiber.

rRNA Ribosomal RNA. A central component of the 
ribosome.

RSNA Renal sympathetic nerve activity.

RTK Receptor tyrosine kinase; this large family of proteins 
includes receptors for many growth factors and insulin; ligand 
binding results in dimerization and phosphorylation of down-
stream signaling targets as well as autophosphorylation.

RT-PCR Reverse transcription (RT) of RNA to DNA with 
the enzyme reverse transcriptase; can be combined with tra-
ditional PCR to allow the amplification and determination of 
the abundance of specific RNA.

RV Right ventricle.

RVLM Rostral ventrolateral medulla.

RXR Retinoid X receptor. On binding 9-cis retinoic acid, 
RXR acts as a heterodimer and as a repressor or activator of 
specific gene transcription, playing a key role in cardiac 
development and physiological gene expression.

Ryanodine receptor Major SR Ca2+ release channel in 
cardiac muscle; mutations in the cardiac isoform encoded 
by RyR2 result in ARVD and CVPT.

RyR2 A human gene that encodes a ryanodine receptor found 
in cardiac muscle sarcoplasmic reticulum. This ryanodine 
receptor is one of the components of a calcium channel.

SAGE Serial analysis of gene expression. Quantitative 
analysis of RNA transcripts by using short sequence tags to 
generate a characteristic expression profile.

SAH S-adenosylhomocysteine.

SCAD Short-chain acyl-CoA dehydrogenase involved in 
FAO.

SCD Sudden cardiac death.

SD Sudden death.

SDH Succinate dehydrogenase. A TCA cycle enzyme associ-
ated with complex II.

SERCA Sarcoplasmic reticulum Ca2+-ATPase. There are 3 
major isoforms, which are variably expressed in different 
muscle types.

SHR Spontaneously hypertensive rats.

Signalosome Multifunctional protein complex involved in 
many regulatory processes, including development and prob-
ably regulation of protein degradation.

siRISC siRNA-programmed RISC.

siRNA Small interfering RNA. Sometimes known as short 
interfering RNA. They are a class of 20–25 nucleotide-long 
RNA molecules that interfere with the expression of genes.

Small G proteins Superfamily of guanine nucleotide-bind-
ing proteins including Ras, Rho, Rab, Ran, and ADP ribosyla-
tion factor(s), which act as molecular switches to regulate 
cardiac myocyte hypertrophy and survival associated with cell 
growth and division, cytoskeletal events, vesicular transport, 
and myofibrillar apparatus. As with heterotrimeric G proteins, 
they are activated by exchange of GDP to GTP, and inactivated 
by return to a GDP-bound state but not mediated by agonist-
occupied receptors rather primarily mediated by activation of 
guanine nucleotide exchange factors (GEFs).

SMC Smooth muscle cell.

SNGFR Single nephron filtration rate.

SNP Single nucleotide polymorphism.

SOD Superoxide dismutase. An antioxidant ROS-
scavenging enzyme with both mitochondrial and cytosolic 
isoforms.

Southern blot Detection of separated DNA restriction 
fragments after size separation on agarose gels, transfer to 
membranes, and hybridization with labeled gene probes.

SPECT Single-photon emission computed tomography 
used to assess myocardial metabolism and screen for CAD.

SPI Serine protease inhibitors, termed as serpins are key regula-
tors of numerous cardiovascular pathways that initiate inflam-
mation, coagulation, angiogenesis, apoptosis, extracellular 
matrix composition and complement activation responses.

SR Sarcoplasmic reticulum. A network of internal membranes 
in muscle-cell cytosol that contain high Ca2+ concentration, 
which is released on excitation.

SRE Serum response element.

Statins HMG-CoA reductase inhibitors used to treat patients 
with elevated plasma LDL.



457Glossary

SUMO Small ubiquitin-like modifier.

SV Single ventricle.

SVR Systemic vascular resistance.

T3 Triiodothyronine.

TCA cycle Tricarboxylic acid cycle (see Krebs cycle).

TD Tangier disease, a rare monogenic autosomal co-dominant 
atherosclerotic disease characterized by the absence of HDL 
and very low plasma levels of apoA. It is caused by mutations in 
the ATP binding cassette transporter gene (ABCA1).

Telomerase An enzyme that recognizes the G-rich strand, 
and elongates it using an RNA template that is a component 
of the enzyme itself.

Telomere Special structure containing tandem repeats of a 
short G-rich sequence present at the end of a chromosome.

TERC Telomerase RNA component.

TERT Telomerase reverse transcriptase catalytic subunit.

TF Tissue factor.

TGF Transforming growth factor.

TH Thyroid hormone (also thyroxin), a stimulus of cardiac 
hypertrophic growth and myocardial mitochondrial biogenesis.

Thrombospondins Family of extracellular matrix glyco-
proteins with a role in platelet adhesion, modulation of vas-
cular injury, coagulation, angiogenesis and MI.

TIM Protein complex in mitochondrial inner membrane 
required for protein import.

Titin Large polypeptide, anchored in the Z-disc spanning 
the sarcomere; contributes to sarcomere organization, myo-
fibrillar elasticity, and myofibrillar cell signaling.

TLR Toll-like receptors involved in the innate-immunity 
signaling response of the macrophage, including pattern-
recognition of pathogens and oxidized LDL, leukocyte 
recruitment and production of local inflammation and down-
stream signaling in atherosclerotic progression.

TNF-a Tumor necrosis factor a.

TOM Protein complex in mitochondrial outer membrane 
required for protein import.

Topoisomerases Enzymes that change the supercoiling of 
DNA.

tPA Tissue-type plasminogen activator, a primary regulator 
of fibrinolysis.

TR Thyroid hormone receptor, mediates both nuclear 
genomic effects of TH (largely as a transcription factor) as 
well as non-genomic effects of TH.

Transcript Specific RNA product of DNA transcription.

Transcription factor Protein required for the initiation of 
transcription by RNA polymerase at specific sites and func-
tioning as a regulatory factor in gene expression.

Transcriptome Comprehensive transcript analysis for 
expression profiling.

Transgenesis Introduction an exogenous gene – called a 
transgene –into a living organism so that the organism will 
exhibit a new property, and transmit that property to its 
offspring.

Transgenic animal Animal that has stably incorporated 
one or more genes from another cell or organism.

Translation Synthesis of protein from the mRNA template 
at the ribosome.

Transposons Sequences of DNA that can move/transpose 
around to different locations within the genome of a cell.

TRF2 Telomere repeat-binding factor, telomere-associated 
protein critical for the control of telomere structure and 
function.

Triplet Repeat Syndromes Inherited neuromuscular disor-
ders caused by expanded  repeats of trinucleotide sequences  
within specific genes including Friedreich ataxia (FA) and 
myotonic muscular dystrophy (MMD).

tRNA Transfer RNA. A small RNA molecule used in protein 
synthesis as an adaptor between mRNA and amino acids.

Troponin C Part of a troponin complex that together 
with tropomyosin affects the interaction between actin 
and myosin leading to the development of myocardial 
contraction.

TTP Thrombotic thrombocytopenic purpura, an auto-
somal recessive relapsing form of severe thrombotic 
microangiopathy characterized by marked thrombocytope-
nia, systemic platelet aggregation, erythrocyte fragmenta-
tion, and organ ischemia and caused by mutations in the 
ADAMTS13 gene.

TUNEL Terminal deoxynucleotidyl transferase dUTP nick 
end labeling.

Ubiquitylation Modification of a protein by the covalent 
attachment of one or more ubiquitin monomers.

UCP Uncoupling protein.

Uncoupler Protein or other molecule capable of uncoupling 
electron transport from oxidative phosphorylation.

UNOS United Network for Organ Sharing.

uPA Urokinase-type plasminogen activator.
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UTR 3' untranslated region A section of mRNA follow-
ing the coding region that contains several types of regula-
tory sequences that affect mRNA stability and translation, 
including microRNA-target sites.

Vasculogenesis The de novo formation of the first primi-
tive vascular plexus and post-natal vascularization.

VCAM-1 Vascular cell adhesion molecule.

VDAC Voltage-dependent anion channel in mitochondrial 
outer membrane (see porin).

VDR Vitamin D receptor, involved in signaling cardiac 
morphogenesis.

VEGF Vascular endothelial growth factor.

Versican An ECM-localized chondroitin sulfate proteo-
glycan, which binds HA, is expressed in the pathways of 
neural crest cell migration and in prechondrogenic regions 
and has been associated with valvulogenesis in the develop-
ing heart.

VGCC Voltage-gated calcium channels.

VLCAD Very long-chain acyl-CoA dehydrogenase; 
enzyme involved in mitochondrial b-oxidation of fatty 
acids.

VLDL Very low density lipoprotein, a triglyceride-rich 
lipoprotein containing apoB100, which progressively 
becomes enriched in cholesteryl ester (CE) as a result of CE 

transfer from HDL and is converted by lipolysis to LDL and/
or taken up as VLDL remnants by the liver.

von Willebrand disease Most common human congenital 
bleeding disorder, in which both quantitative and qualitative 
abnormalities of the vWF glycoprotein have been implicated.

VSD Ventricular septal defect.

vWF von Willebrand factor.

Western blot Immunochemical detection of proteins immo-
bilized on a filter after size separation by PAGE.

Wild-type The common genotype or phenotype of a given 
organism occurring in nature.

WPW Wolff–Parkinson–White syndrome presents with 
hypertrophic cardiomyopathy, ventricular preexcitation, 
conduction defects, and accumulation of cardiac glycogen.

X-linked inheritance The presence of the gene of interest 
on the X-chromosome.

XO Xanthine oxidase, cytosolic enzyme involved in purine 
metabolism, involved in myocardial ROS production (e.g., 
superoxide radicals) particularly after I/R injury.

Z-discs Cardiomyocyte components positioned at the junc-
tion between the cytoskeleton and the myofilaments, provid-
ing a physical connection between the sarcomere, nucleus, 
membrane and sarcoplasmic reticulum (SR) with role in car-
diac contraction and signaling.
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A
AAV. See Adeno-associated virus
AC. See Adenylyl cyclase
Acetyl-CoA carboxylase (ACC), 282
Acetyl-L-carnitine (ALCAR), 344–345
ACS. See Acute coronary syndrome; Adult cardiac stem cells
Acute coronary syndrome (ACS), 318, 432, 433
Acute heart failure syndrome (AHFS)

categories, 10
classification, 10
definition, 10, 11

Adenine nucleotide translocator (ANT), 281
Adeno-associated virus (AAV), 393, 397
Adenomonophosphate activated protein kinase  

(AMPK), 282
Adenylyl cyclase (AC), 319
b-Adrenergic receptor kinase (b−ARK), 399
Adrenergic receptors (ARs), 177
a-Adrenergic receptor signaling

changes, myocardial hypertrophy and failure, 166
functional differences, 166

Adult cardiac stem (ACS) cells
advantages and limitations, 417
ex vivo gene modification, 418

Advanced glycation endproduct (AGE), 317
Adverse drug events (ADE), 345
AF. See Atrial fibrillation
Aging, cardiomyopathy and HF

autophagy process
coupled mitochondrial and lysosomal defects, 324
macromolecules and organelles degradation, 325
steps, 324

biomarkers
BNP and NT-proBNP, 359, 360
BNP level, 343
definition, 359
interleukin-6 (IL-6), 343–344
natriuretic peptide testing, 359, 360

classification, 354
clinical evaluation, patient

CR and EKG, 356
HIV screening, 357
sensitivity and specificity, 355, 357

clinical presentation and diagnostic challenges
cardinal symptoms, 342
cognitive impairment, 343

CRT
clinical and echocardiographic response, 346
effects, elder vs. younger patients, 345–346
survival rate, heart transplantation, 346–347
usage, 345

DCM
lamin A/C intracellular functions, 332–333
LGMD, 332
mutation, gene varieties, 330–332
NICM and ICM specimens, 330
subclasses detection, 329

definition, 353
description, 341, 353
diagnostic tests, 359
disease management programs, 345
echocardiography role

preserved systolic function, 358–359
systolic dysfunction, 357
valvular regurgitation, 358

etiologies, 354
etiologies and precipitating factors, 342
evaluation, 353
HCM

causing gene, 328–329
mutations, 328

inflammatory signaling
adrenergic and muscarinic receptors, 318–319
cellular damage/cell loss, 322
CRP level data, 318
GH and IGF-I, 321–322
GPCR, 319–320
IL-6 and IL-1b markers, 318
SERCA and thyroid hormone, 320–321

myocardial remodeling
CPC and p66(Shc) longevity gene, 327
DHF and SHF, 328
fibroblasts activation, 327–328
muscle mass loss, 325–326
telomere length, 326

pathophysiology
cardiomyocytes loss, 341
cellular organelles interaction, 342
mitochondrial stress response, 341

pharmacological therapy
ADE, 345
atypical clinical feature, frail elderly, 344–345
HF-PEF, 344
outcome trials, 344

RCM
causes, 333
hereditary hemochromatosis, 333
HFE mutations, 333–334
TTR mutation, 333

RHF
causes, 355
diagnosis, 355, 356

Index
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ROS
FVB myocytes, 318
generation and antioxidant enzymes, 316
iNOS, 318
mitochondrial OXPHOS, 317
NADPH oxidase, 317
role, 315
somatic mtDNA damage, 316, 317

telomeres
and cell proliferation, 322, 323
EPC, 323
estrogen, 323
in human and animal CVD, 324, 326
length, 322
mitochondrial dysfunction, 324, 325

types, 354
AHFS. See Acute heart failure syndrome
Akt. See Protein kinase B (PKB)
ALCAR. See Acetyl-L-carnitine
AMP-dependent kinase A anchoring proteins (AKAPs)

PKA function, 174
targeting, 174

AMPK. See Adenomonophosphate activated protein kinase
Anemia

definition, 263
rHuEPO, 263

Animal models
clinical phenotype, 110
compensated cardiac hypertrophy, transition models

cardiac remodeling and dysfunction, 113–114
cardiomyopathic hamster, 112
coronary artery ligation and  

microembolization, 112–113
Dahl salt-sensitive rats, 111
fluid retention and edema, 115
neurohormonal and cytokine activation, 115–117
pacing induced cardiomyopathy, 113
SHR, 111–112

mitochondria
clinical studies, 94
cytosolic proteins, defects, 93–94
DNA integrity, transgenic mice, 89–91
enzyme dysfunction, 82–87
nuclear communication, 87–89
PGC-1, 91–92
PPARs, 92–93
transcription, 89
transgenic mice, 9

pressure and volume overload
aortic regurgitation, 109–110
chronic mitral regurgitation, 111
hypertrophy, 111
Na+/Ca2+-exchanger, 110

rat myocardium, 109
transgenic

antioxidants and ROS, 121
genetic, 121–122
metabolic defects, 120–121
mutations, sarcomeric and intermediate filament  

proteins, 117–118
signal transduction pathways, 118–120

ANP. See Atrial natriuretic peptide
ANT. See Adenine nucleotide translocator
Anteroventral third ventricle (AV3V), 237–238
Antioxidants therapy

ACE inhibitors

and carvedilol anti-oxidative properties, 205
treatment, 205

oxygen radical, 204
ARs. See Adrenergic receptors
Atrial fibrillation (AF)

description, 265
development, 265–266
prediction, 365, 366
rate control vs. rhythm control, 266
risk, 265–266
treatment, 266–267
trial design, 266

Atrial natriuretic peptide (ANP), 359

B
Berlin Heart EXCOR device, 298–299
Best Pharmaceuticals for Children Act, 273
Bioenergetics and metabolic changes, failing heart

abnormal fatty acid and glucose metabolism
high-energy phosphates, 55
LCFA transporters, 55

animal and cellular models
cardiac phenotypes, 57
glucose utilization, 58
isolated cardiomyocyte, 55
lactate production, 58
LCM, 58–59
lipotoxicity, 59
mRNA down-regulation, 56
null mutations, 59
PGC-1a overexpression, 58
PPAR-a, 56–57
RXR-a embryos, 59

cardiomyocyte
fatty acid transport, 48–49
glucose transport, 49–51

cellular location, FAO and glucose oxidation
glycolytic enzymes, 51
peroxisomal enzymes, 51
PPAR regulation, 51
transcriptional control mechanisms, 52

diagnostics and metabolic therapies
acylcarnitine analysis, 60
b-blocker treatment, 59–60
carnitine level determination, 60
free fatty acids, 61
polyunsaturated fatty acids, 61
PPAR subtypes, 60
ranolazine, 61

down-regulation, 45
fatty acid and glucose oxidation

acetyl-CoA, 46
AMPK, 48
glycogen turnover, 47–48
mitochondrial pathways, intersection, 46
b-oxidation, 45–46
PDC complex, 47
phosphorylation, 47

mitochondrial fatty acid b-oxidation
cardiac remodeling and apoptosis, 53–54
metabolism defects, 52–53

molecular players and events
CPT-II and MTP, 54
MCAD and VLCAD, 54
PGC-1, 55, 56
PPAR, 45, 53–54
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tissue-specific changes
energy metabolism, alterations, 60
skeletal muscle, 59

BMC. See Bone marrow cell
BNP. See Brain natriuretic peptide; B-type natriuretic peptide
Bone marrow cell (BMC) transplantation

advantages, 415
limitations/concerns, 415–416

Brain natriuretic peptide (BNP), 24, 25, 162, 274, 353, 359, 360, 365, 
432, 433

B-type natriuretic peptide (BNP), 226, 247, 260, 267, 343, 353, 436

C
CABG. See Coronary artery bypass grafting
CAD. See Coronary artery disease
Calcium cycling, cardiac function

changes, 16
entry, plasma membrane

cardiac myocytes, 16
L-type Ca2+ channels, 15–16
reduced expression, 16–17

release, sarcoplasmic reticulum
excitation–contraction coupling, 17
ryanodine receptors, 17

removal
phospholamban, 18
protein phosphorylation, 18
SERCA2a, 18–19

sarcoplasmic reticulum storage, 18
sensitivity

myocardial contraction, 17
phosphorylation, 18
troponin C, 17–18

transients, 19
Calcium signaling

Ca2+-mediated
calcineurin/calmodulin, 173–174
sarcolemmal/stress-dependent pathways, 172–173
transport and metabolism changes, 171–172

effectors
adenylyl cyclase, 185
caveolae/caveolins, 186
phospholipase C, 185

extracellular signals and matrix, 188
GPCRs

b-ARK1, 176
desensitization mechanism, 176
GRKs pathophysiological role, 176

MAP kinases, 176–177
metabolic signals, 187–188
PKA

compartmentalization, 174
leucine zipper motifs, 174
structural organization, 174

PKC
anchoring proteins, 175
cardiac phenotype, 174–175

PKG
cGMP, 175
dependent pathways, 176
intracellular mechanisms, 175–176

receptors
ARs, 177
G-proteins, 183–184
growth transcription factors, 179–178
mAChR, 177

neurohumoral, 177–179
nuclear transcription factors, 184–185
protease activated, 181
TLR, 180–181
tyrosine kinases, 181–183

stress signals, 187
transcription factors

NF-kB, 186
PPAR-a and cofactors, 187

Caloric restriction (CR)
animal models, 140
SIR2 activation, 140–141

Cardiac biomarkers, HF
Kaplan–Meier analysis, 432
multimarkers analysis, 433
pathological process, 432

Cardiac contractility modulation (CCM), 436
Cardiac progenitor cells (CPCs), 327
Cardiac remodeling

definition, 213
ECM

and cardiomyocyte cytoskeleton, 221–222
metalloproteinases, 222–223
perspectives, 222

electrical, secondary and ventricular dysrhythmias
T-wave memory, 223
vs. ventricular tachycardia (VT), 223–224

myocardial metabolism and neurohormonal signaling
cell death and renewal, 219–221
cellular hypertrophy, 218–219
contractile elements, 218
neurohormonal changes and cytokines, 217–218
transgenic models, 216–217

progression and transition, overt HF
diacylglycerol, 214–215
factors, 214
mitochondrial UCP-2 gene expression, 215–216
myocardial energy metabolism, 215
neurohormonal/cytokine activation, 214
pressure and volume, 215

reversing
LVADs, patients, 224–225
remodeling and CRT, 225
therapy approaches, 225–226

Cardiac resynchronization therapy (CRT)
QRS duration, 382, 384
REVERSE study, 384–385
unplanned hospitalization, 383
use, HF patients, 225
ventricular dyssynchrony, 384

Cardiac stem cells (CSCs)
ACS cells, 416–417
description, 416

Cardiomyocytes
fatty acid transport

carnitine, 48–49
import and oxidation, mitochondrial, 49
metabolic utilization, 48
metabolite malonyl CoA, 49

glucose transport
cardiac hypertrophy, 50–51
diabetic cardiomyopathy, 50
Goto-Kakizaki (GK) rat, 50
insulin, 50
metabolic flexibility, 51
transmembrane glucose gradient, 49
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Cardiorenal syndrome (CRS)
classification, 245–246
definition, 246
type 1, 246
type 3, 247

Cardiovascular diseases (CVDs), 432, 442
Cardiovascular profile score (CVPS), 278
Catalase (CA), 316
CCM. See Cardiac contractility modulation
Cell death and renewal

apoptotic process, 219
extrinsic and intrinsic pathways, 219–220
homeostatic mechanism, 221
protooncogenes expression, 220–221

Central and autonomic nervous system
cytokine-CNS connection

immune activation, 239
PGE2, 239

humoral heart–brain signaling
AV3V, 237–238
blood–borne neuroactive peptides, 236
metabolic activity, 236–237
mineralcorticoid receptors, 238–239
renin–angiotensin–aldosterone system (RAAS), 238

imbalance, 236
CHD. See Congenital heart defects; Coronary heart disease
Chemokine fractalkine (CX3CL1), 366
Chest roentgenogram (CR), 356
CHF. See Congestive HF
Chronic HF treatment

algorithm, 388, 389
CRT

QRS duration, 382, 384
REVERSE study, 384–385
unplanned hospitalization, 383
ventricular dyssynchrony, 384

heart transplantation
bicaval technique, 388
MCS, 387

ICD therapy
ACC/AHA/HRS 2008 Guidelines, 386
amiodarone, 385
dysrhythmias, 385
Stage D disease, 387
trials, 386

measures
dietary instruction, 379
exercise training programs, 380–381
quality of life, 380

pharmacologic therapy
ACE inhibitors, 381–382
b-blockers, 381

prognostic model, 379
Chronic obstructive airway disease (COPD)

b-blockers, 261
diagnosis, 260–261

CK. See Creatine kinase
CK-MB. See Creatine kinase isoenzyme MB
Cognitive dysfunction, elderly

delirium, 264–265
depression, 264
prevalence, 264
screening instruments, 265

Comorbidities
AF (See Atrial fibrillation)
anemia, 263

cognitive dysfunction, elderly
delirium, 264–265
depression, 264
prevalence, 264
screening instruments, 265

definition, 257
diabetes mellitus

cardiomyopathy, 259
patient management, 259–260
prevalence, 258–259

dysrhythmias, 265
prevalence

data, 257–258
risk, 258

pulmonary disorders, 260–261
renal dysfunction

mechanism, 261
patient management, 262–263
risk, 262

Congenital heart defects (CHD), 273, 297
Congestive HF (CHF), 273–274
Coronary artery bypass grafting (CABG), 366
Coronary artery disease (CAD), 353
Coronary heart disease (CHD), 342
CPCs. See Cardiac progenitor cells
CR. See Caloric restriction; Chest roentgenogram
C-reactive protein (CRP), 318
Creatine kinase isoenzyme MB (CK-MB), 368
CRP. See C-reactive protein
CRS. See Cardiorenal syndrome
CRT. See Cardiac resynchronization therapy
CSCs. See Cardiac stem cells
CVDs. See Cardiovascular diseases
CVPS. See Cardiovascular profile score
CX3CL1. See Chemokine fractalkine
Cyclic nucleotides signaling

a-adrenergic receptor
functional differences, 166
myocardial hypertrophy and failure, 166

AMP and b-adrenergic receptors
cardiac myocytes, 164
cyclic AMP effectors, 165
myocardial hypertrophy and failure, 165–166
norepinephrine effect, 165

and contractile function, 161
GMP

AMP level, 163
degradation, 163
effectors, 163
production, guanylyl cyclase activation, 162–163

myocardial hypertrophy and failure
changes, GMP, 164
GMPand natriuretic peptide levels, 163–164
hypertrophy and HF, cyclic GMP, 164
nitric oxide effects, 164

Cytomegalovirus (CMV), 308

D
DCD. See Donation after cardiac death
DCM. See Dilated cardiomyopathy
Defibrillator in acute myocardial infarction trial (DYNAMIT), 386
DHF. See Diastolic heart failure
Diabetes mellitus

cardiomyopathy, 259
patient management

toxic effect mycardium, 259–260
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treatment, 259
prevalence, 258–259

Diastolic heart failure (DHF), 328
Dicer expression, 29
Dilated cardiomyopathy (DCM)

Dicer expression, 29
estimated freedom, 275
gene mutations, 37
idiopathic, 24
lamin A/C intracellular functions, 332–333
LGMD, 332
mutation, gene varieties, 330–332
NICM and ICM specimens, 330
subclasses detection, 329

Donation after cardiac death (DCD), 300, 302

E
ECM. See Extracellular matrix
ECMO. See Extracorporeal membrane oxygenation
EDMD. See Emery–Dreifuss muscular dystrophy
Effectors signaling

adenylyl cyclase, 185
caveolae/caveolins, 186
phospholipase C, 185

Ejection fraction (EF), 354, 357, 358
Electrical remodeling secondary

cardiac myocytes, 223
ventricular dysrrhythmias vs. VT, 222–223

Electron transport chain (ETC), 52, 74, 143, 144, 201, 317, 396, 411
EMB. See Endomyocardial biopsy
Embryonic stem (ES) cell

differentiation, 409–410
nitric oxide (NO) generation, 410
signaling pathways, 410–411
transplantation

advantages, 411
limitations and concerns, 412–413

Emery–Dreifuss muscular dystrophy (EDMD), 332
Endomyocardial biopsy (EMB), 303
Endothelial progenitor cells (EPCs), 323
Enzyme dysfunction, mitochondria

activities, 83
cardiac metabolism, 82
lipid peroxidation, 83
myocardial apoptosis and oxidative stress levels, 83
paced canine hearts, 82
peptide levels, 84
PKD phosphorylates, 87
ROS, 82–83
selected enzymes, mongrel dogs, 85, 86
sub-populations, 84–85
targeted therapies, 86
thioredoxin, 87
transcription, 84
western immunoblot analysis, 83–84

EPCs. See Endothelial progenitor cells
ES cell. See Embryonic stem (ES) cell
Excitation contraction coupling (ECC), 17, 19, 96, 109, 172, 218, 398
Extracellular matrix (ECM)

cardiac remodeling, 431
and cardiomyocyte cytoskeleton, 221–222
metalloproteinases, 222–223
perspectives, 222
production, 328

Extracorporeal membrane oxygenation (ECMO)
Berlin Heart EXCOR device, 298–299

cardiopulmonary resuscitation, 298
mechanical circulatory support, 297–298
MEDOS-HIA VAD device, 299
MicroMed DeBakey VAD® device, 299
usage, 298

F
FAO. See Fatty acid oxidation
Fatty acid metabolism defects

Barth syndrome, 52–53
carnitine deficiency, 53
and glucose, 53–54
inherited, 52

Fatty acid oxidation (FAO)
b-oxidation, 46
cellular location, 51–52
down-regulation, 45, 56
gene transcription, 59
inhibition, 61
lamb heart increase, 282
PPAR, 55
ranolazine treatment, 61
regulation, 45

Fetal heart failure
arterial Doppler, 280
combined cardiac ventricular output  

distribution, 277
course, 277
etiology, 277
foramen ovale, 278
heart size, 279–280
hydrops, 279
MHC profile, 278
serum albumin level, 278
treatment, 280
umbilical venous Doppler, 279

Fibroblast growth factor (FGF), 395
Fontan procedure. See Single ventricle (SV) physiology

G
Gene profiling, failing heart

DNA modification-methylation
cardiac troponin gene, 34
CpG methylation, 33
epigenetic role model, 34
hyperhomocysteinemia, 34
hypomethylation, 35

energy metabolism profiling
LVAD treatment, 36
metabolic switch, 35
PPAR family, 35–36

epigenetics
chromatin remodeling regulators, 33
heterochromatin assembly regulation, 33
histone acetylation/chromatin remodeling, 32–33
histone/chromatin modifications, 32

expression
molecular signature analysis, 24
oligonucleotide microarrays, 24
patient subgroups, 24
post-translational and translational processes, 25
transcriptomic biomarkers, 24–25

global and specific analysis
polymorphic variants, 26
remodeling, 25
susceptibility/modifier genes/RNAi, 25–27
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Gene profiling, failing heart (Con't)
human

cardiac hypertrophy program, 37
fetal gene activation, 37
modifier genes, 38
mutations, 37–38
Ser49Gly polymorphism, 38

intracellular calcium cycling profiling
muscle contraction, 36
phospholamban, 36
protein dephosphorylation, 36–37

microRNAs
Alu transcription, 27
biogenesis pathway, 28
bioinformatic-prediction algorithms, 30
cardiac, 29
cardiomyocytes apoptosis, 30
decipher gene expression regulation, 29
definition, 27
Dicer mutant muscles, 29
dysregulated expression, 32
guide molecules, 27
mouse cardiovascular system, 29
selective silencing, 28
thyroid hormone nuclear receptor, 31
transcription factor, 30
validated heart/muscle-specific, 31

myocardial function, 23
transcriptional coactivator p300

abnormal function, 35
acetyltransferase activity, 35

Gene therapy, HF
angiogenesis, 396
antisense oligonucleotides, 400–402
b-ARK, 399
cardiac dysrhythmias, 398
clinical studies, 399–400
coronary artery restenosis, 395
hypertension, 396–397
myocardial protection, 398
myocarditis, 398
ribozymes, 400
RNA interference, 402–403
SERCA2, 398–399
SGCD, 393
vectors and targets

AAV, 394
approaches, 400
cardiomyocyte and endothelial cell, 395, 396
comparison, gene transfer and expression, 393, 394
delivery methods, 393
targeted gene expression, 394, 395
transgene expression, 394

Genetic and molecular changes, HF
bioengineering

biological pacemaker, 440
scaffolds, 440
stem cell biology, 440

bioinformatics/computational biology, 441
bionic role, 435–436
diagnostic challenges and counseling, 438–439
integrative approach

cardiac biomarkers, 432–433
cardiac remodeling, 431
microarray and biomarkers, 434
myocyte loss, 431–432

proteomics, 433–434
mitochondria role

biolistic transformation, 434
mitoQ, 435
PNA-oligonucleotides, 434
therapeutic strategies, 435

modeling systems approaches, 436–437
therapeutic options

animal models, 439
transgenic models, 439

translational findings
b-blockers, 438
CVD, 437
patient subgroup analysis, 438

vessel and genetic engineering, 440–441
GFP. See Green fuorescent protein
GH-releasing hormone (GHRH), 321
Glomerular filtration rate (GFR)

diuretics, 287
filtration fraction, 241
hemodynamics, 242
humoral mechanisms, 243
microcirculatory, 244
type 1 cardiorenal syndrome, 247

Glomerular hemodynamics
adjustment, 242
changes, 241–242

Glutathione peroxidase (GPx), 316
G-protein-coupled receptors (GPCRs). See also Calcium signaling

ARs, 177
calcium signaling, 171
cardiomyocyte growth, 152
cell growth and proliferation, 132
hormones and neurotransmitters exertion, 183
inflammatory mechanisms/signaling, 319–320
phospholipase C (PLC) activation, 172–173
signaling cascade activation, 132

G-protein regulated kinases (GRKs)
b-ARK1, 176
desensitization mechanism, 176

Green fuorescent protein (GFP), 418, 419

H
Half-width duration (HWD), 317
HCM. See Hypertrophic cardiomyopathy
Heart failure (HF)

clinical phenotypes
acute, 10
systolic vs. diastolic, 9–10

definition, 3
economic burden, 6
gender, age and ethnicity

ADHF, 8
age-adjusted incidence rate, 8
elderly patients, 7
men, 7
multivariable analyses, 9
racial differences, multiracial Singapore, 8–9
women, 6–7

mortality and morbidity
discharges, 6
etiologic factors, 5
hospital admission, 5–6
NHANES I, 5

prevalence and incidence
age groups, 3
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definition, 11
diastolic and systolic dysfunction, 4
Framingham heart study, 4
incident hospitalizations, 4
LVEF, 3–4

risk factors
diabetes, 5
valvular heart diseases, 4

Heart fatty-acid-binding protein (H-FABP), 368
Heart transplantation, pediatrics

acute rejection
definition, 302
late, 302
noninvasive surveillance, 304

description, 299–300
donor organ availability, 301–302
ECMO

Berlin Heart EXCOR device, 298–299
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