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Clinical progress is a complex resultant of the interaction between intelligent clinical ob-
servation, selected cohort studies, advances in the biophysiological understanding of reg-
ulatory mechanisms in health and disease, and technological innovation. In other words,
it is through the interplay of clinical, epidemiological, biological and technological re-
search that advances in disease understanding and treatment may be made.

While the above statement represents the philosophy that has inspired the Institute
of Clinical Physiology of the Italian National Research Council since its foundation,
this book, the work of Aldo Clerico and Michele Emdin, respectively chiefs of labora-
tory medicine and cardiovascular medicine at the institute, is an excellent demonstra-
tor of the validity of this approach.

The pioneer work of de Bold and a few others would never have emerged from ex-
perimental medicine without the fantastic progress in immunometric methods, which
has made it possible to move from bench to bedside.

In fact, the current and continuous progress in discovering, understanding and ap-
plying the emerging evidence on the endocrine function of the heart, not only repre-
sents a Copernican revolution in respect of the traditional mechanical conception, but
it unveils entirely new and fascinating perspectives in the treatment and possibly pre-
vention of cardiac failure.

Cardiology is increasingly obliged to enlarge its horizons to the vast regions up-
stream and downstream of the acute cardiac event. This new demand goes beyond the
classical borders of cardiology, and justifies the birth and expansion of cardiology it-
self into a veritable cardiovascular medicine approach, mastering the multiple regula-
tory mechanisms and understanding the multiorgan concert coming into play in the long
history of the cardiac patient.

Aldo Clerico comes from endocrinology and Michele Emdin from cardiology: they
started working together some years ago, and their team was immediately very pro-
ductive, both at laboratory and bedside level. It is my opinion that with this book they
have done a very good job in presenting this complex matter first of all to cardiologists
and endocrinologists.

Finally, I want to say that I am deeply convinced that, as far as its clinical relevance
is concerned, this field is only at its early dawn.

Luigi Donato
Head of Institute of Clinical Physiology
CNR - National Research Council
Pisa, Italy
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Chapter 1

Historical Background and Book Aim

Aldo Clerico • Michele Emdin

OBERON
That very time I saw, but thou couldst not,
Flying between the cold moon and the earth,
Cupid all arm’d: a certain aim he took
At a fair vestal throned by the west,
And loosed his love-shaft smartly from his bow,
As it should pierce a hundred thousand hearts…

A Midsummer Night’s Dream
William Shakespeare

1.1 Historical Background

As early as 1976, in the preface to the first edition of his popular monograph on the
physiology of the heart, Arnold M. Katz pointed out:

“…Although it remains fashionable to consider the heart as a muscular pump, this
organ is much more than a hollow viscus that provides mechanical energy to propel
blood through the vasculature. It is an intricate biological machine that contains, with-
in each cell, a complex of control and effector mechanisms…” [1].

Despite this prophetic observation, in the latter part of the past century the dynam-
ics of circulation were stressed and cardiac disease was explained on a purely hemo-
dynamic basis [2]. The discovery by de Bold [3] that the heart also has an endocrine func-
tion has made it necessary to revise completely the theoretical framework of heart func-
tion.At the dawn of the new century, we should not consider the heart simply as a pump,
but rather as a multi-functional and interactive organ, part of a complex network, and
an active component of the integrative systems of the body (including nervous, endocrine
and immune systems) [4].

The possibility that low-pressure areas of the heart may be able to sense the fullness
of the circulation has long intrigued the physiologist. However, the discovery of the
cardiac endocrine function was difficult, probably because it contrasted with the gen-
eral understanding of cardiac function. Indeed, in 1956, Kirsch and colleagues report-
ed the presence of membrane-bound granules in atrial but not ventricular myocytes of
guinea pigs [5]. In the same year, Henry and Pearce reported that balloon stretching of
the left atrium produced increased urinary flow in dogs [6]. Poche, in 1957, described
the same structure as membrane-bound granules, which he called “dichte Körper” [7].
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In 1959, Bompiani and co-workers [8] reported the presence of “corps denses” in rat
atrial cardiocytes and in the bundle of His of albino rats, while Jamieson and Palade
named these “specific atrial granules” in 1964 [9] (Fig. 1.1).

Fig. 1.1. Electron microscopic section through human atrial myocardium, showing atrial car-
diomyocytes including some storage granules (i.e., the specific atrial granules containing car-
diac natriuretic peptides)

Despite these findings, such a humoral link between atrial and renal sodium excre-
tion received support only in 1976, when Marie et al. [10] reported that atrial granules
could be modified by changes in hydro-electrolytic balance. The endocrine function
of the heart was definitively established by de Bold et al. [11] in 1981, with the publication
of findings regarding the diuretic and natriuretic properties of atrial muscle extracts using
the non-diuretic rat bioassay. Injection of such extracts produced a very powerful natri-
uresis and accompanying diuresis with minimal effect on kaliuresis. The extracts also
displayed blood pressure-lowering properties and increased hematocrit. Purification
and sequencing of a peptide with the same biological properties as crude atrial extracts
resulted in the discovery of a hormone peptide, named atrial natriuretic factor (ANF)
by this group of investigators [3, 12].

These seminal studies paved the way for the isolation, purification and identification
of a family of natriuretic and vasodilator peptides, now more commonly known as atri-
al natriuretic peptides (ANP). Furthermore, it was demonstrated that not only atrial
but also ventricular cardiomyocytes can secrete peptides with natriuretic activity, in
particular the brain natriuretic peptide (BNP), so called because it was first isolated
from porcine brain [13].

More recently, C-type natriuretic peptide (CNP) [14], mainly produced and secret-
ed by endothelial cells and by neurons of the central nervous system, and urodilatin
[15], produced and secreted by renal cells (and present in urine, but not in plasma),
were added to this peptide family. The “C” of CNP follows the fortuitous fact that the
names of the first two natriuretic peptides use “A” and “B”, respectively. For this rea-
son,ANP is also called A-type natriuretic peptide and BNP is indicated as B-type natri-
uretic peptide. Finally, a new peptide, called DNP (dendroaspis natriuretic peptide or
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D-type natriuretic peptide) was identified in mammal plasma, but its origin and patho-
physiological importance are still unclear [16, 17].

On the other hand, several studies have indicated that natriuretic hormone-like pep-
tides are present in the plant kingdom as well as in the animal kingdom; thus suggest-
ing that this hormonal system, which has been shown to regulate solute transport in
vertebrates, has evolved early in evolution [18]. These findings also suggest that natri-
uretic hormones are necessary for life.

Reliable immunoassays for the measurement of natriuretic peptides in blood and tis-
sues of healthy subjects and patients with cardiovascular disease have been developed
[19]. These methods have allowed a more comprehensive understanding of the relevant
role played by cardiac natriuretic hormones in physiological conditions and disease [20].

The cultural impact of these studies was of paramount importance. We may con-
sider this as a true “Copernican revolution” in the field of cardiovascular pathophysi-
ology, whose effects can now be directly appreciated also in clinical practice [4, 20].
Cardiac endocrine function should be considered as closely related and integrated with
other cardiomyocyte properties, such as excitability and contractility. Moreover, it
should be evaluated and measured by means of classical methodological approaches and
laboratory techniques commonly used for studying and measuring the activity of
endocrine glands. Finally, the results of these investigations should be interpreted in
the light of classical endocrinological concepts, such as hormone production, metabo-
lism, peripheral action, and specific receptors [4, 20].

Reductionism,which has dominated biological research for over a century,has provided
a wealth of knowledge about individual cellular components and their functions. Despite
its enormous success, it is increasingly clear that a discrete biological function can only
rarely be attributed to an individual molecule. Instead, most biological characteristics
arise from complex interactions between the cell’s numerous constituents, such as proteins,
DNA, RNA and small molecules [21, 22]. Therefore, a key challenge for biology in the
twenty-first century is to understand the structure and dynamics of the complex inter-
cellular web of interactions that contribute to the structure and function of a living cell.

The behavior of most complex systems, including the biological system, emerges
from the orchestrated activity of many components that interact with each other through
pair-wise interactions [21]. The components of a biological network can be reduced to
a series of nodes that are connected to each other by links, with each link representing
the interactions between two components.According to this theory [21], cardiac natri-
uretic hormones (CNH) should represent highly connected nodes (hubs) in the com-
plex network linking all the regulatory systems of the body (including nervous, endocrine
and immune systems) [4].

1.2 Book Aim and Plan

The principal aim of this book is to demonstrate this assumption. It is important to
note that this new theory, which considers the heart as a multi-functional and interac-
tive organ that exchanges information with nervous, endocrine and immune systems,
is more similar to the popular outlook on the heart. Indeed, some ancient peoples con-
sidered the heart as the seat of the soul, and also in modern times the heart is always
related to courage, emotion and feeling in popular and artistic imagery.



Chapter 1 · Historical Background and Book Aim4

In Chapter 2 we will summarize the “classical” view of heart physiology; the other
chapters will be dedicated to biochemical characteristics and physiological actions
(Chap. 3), measurement (Chap. 4), and pathophysiological and clinical relevance, includ-
ing the cardiac (Chap. 5) and extra-cardiac (Chap. 6) diseases, of the CNH system,
respectively. In Chapter 7, we will review the therapeutic applications of natriuretic
peptides. Finally, in the last chapter (Chap. 8), we will report our conclusive remarks
and also try to take a glance at the years to come.

As each chapter is an independent and self-sufficient unit, we have added a brief
introduction at the start and a conclusion at the end of each chapter. For the same rea-
son, the references have been listed at the end of each chapter.

The selection of references was a very serious problem.At the time of writing this man-
uscript (September 2005), a search for the key words “natriuretic peptides” gave more
than 14,000 items, while “atrial natriuretic peptide” more than 13,600 and “B-type natri-
uretic peptide” more than 3,200 items on the website of the National Library of Medi-
cine (Pub Med, http://www.ncbi.nlm.nih.gov/) (Figs. 1.2 and 1.3). It is interesting to note
that the time-course seems to be different for articles concerning ANP- or BNP-related
peptides. The publications including “atrial natriuretic peptide” seem to have a peak
in the 1990s, while the number of articles on BNP and related peptides is still increas-
ing (Fig. 1.3). This effect is clearly due to an explosion of clinical articles and trials con-
cerning the routine use of BNP assays in the diagnosis and risk stratification of patients
with cardiovascular diseases in the first years of the new century (see Chap. 5).

It is clearly impossible to cover all articles concerning the CNH; however, taking the
reference sections of all the chapters as a whole, we have reported more than 800 ref-
erences. In order to reduce the number of references, without missing the contribution
of some important articles, we usually suggest some authoritative or systematic reviews
to readers interested in examining particular topics more closely or in detail. More-
over, for each particular field, we have made every effort to report and discuss the con-
tribution of all the most important scientific groups. We apologize in advance if we
have not succeeded in some particular cases.

As demonstrated in Figures 1.2 and 1.3, the studies concerning the CNH (especial-
ly BNP) are still growing and expanding. The observations reported in this book are
based on the scientific evidence published, judged as the most significant by consensus
experts (when available), and should reflect the present knowledge in a topic that is
enriched daily by novel methodological, pathophysiological, and clinical progress. This
clearly implies a future re-evaluation of some (or even most) of the scientific data.

However, the findings reported in the literature are often conflicting, and conse-
quently there is not a consensus. This is in part expected as a result of species-specific
differences (especially between rodents and humans) or of different methods or exper-
imental protocols used.As far as the clinical studies and trials are concerned, the diag-
nostic accuracy of the CNH assay depends not only on the type of peptide measured
(ANP, NT-proANP, BNP or NT-proBNP) and on the respective assaying methods used
[19, 20], but also on:
1. The gold (reference) standard used to classify the assay answers (positive/negative,

true/false).
2. The clinical condition in which the diagnostic accuracy is tested.
3. The illness prevalence in the examined context.
4. The gravity and severity of the patient’s pathology.
5. The type of statistical analysis or mathematical model used [20, 23].
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Fig. 1.2. Cumulative number
of articles published and cov-
ered in the Pub Med website
for the words “natriuretic pep-
tides” from 1980 to 20 Sep-
tember 2005. The total num-
ber of items was 14,159

Fig. 1.3. Number of articles
published and covered in the
Pub Med website for the
words “atrial natriuretic pep-
tide” and “B-type natriuretic
peptide” from 1980 to 27
September 2005.The articles
are grouped in 5-year peri-
ods; i.e., each value indicates
the total number of articles
covered in the 5-year inter-
val.The total number of items
was 13,674 for “atrial natri-
uretic peptide”and 3,220 for
“B-type natriuretic peptide”,
respectively

In the case of conflicting results, we have made every effort to report and discuss all
scientific contributions. Of course, some subjective discretional power is possible in
describing the scientific data and, especially, in their discussion and interpretation.We
would be glad if the reader could point out to us possible omissions, mistakes or mis-
leading sentences, so that we may improve our work in the future.

This work would not be possible without our Institute: set up in 1968 by Luigi Dona-
to, it is still a unique multidisciplinary environment where clinical care of the patient,
at the highest quality level, is accompanied by nearby research facilities. Finally, we
would like to thank our co-workers, who in either the clinical setting or the laborato-
ries allow us daily to look for the answer to our curiosity concerning the physiology
and pathophysiology of the circulation and cardiovascular diseases.
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Chapter 2

The Heart Complexity 
The Intrinsic Function (Intrinsic Regulation of Heart Rate and Mechanics)

Michele Emdin • Claudio Passino • Fabio Recchia

Knowledge is proud that it has learned so much,
wisdom is humble that it knows no more.

A. Cournand

2.1 Preamble

In classical physiology, the function of the heart is described as the target of autonomic
nervous system modulation superimposed on a mechanistic regulation. The aim of this
chapter is to remind us of the basic knowledge in this field, as a bridge to the thorough
description of the physiological and clinical relevance of the discovery of cardiac endocrine
function.An extensive review of the current physiological view of cardiovascular function
is beyond the scope of this book and can be found in several excellent textbooks [1, 2].

2.2 Heart Physiology: the Classical View

The heart pumps blood into the pulmonary circulation for the exchange of oxygen and
carbon dioxide, and into the systemic circulation to supply tissues with oxygen and
nutritive substances, and to convey hormones and other regulatory molecules. The sys-
temic blood flow also contributes to regulation of body temperature.

Respiratory activity is modulated in harmony with cardiovascular function to main-
tain blood oxygen, carbon dioxide and hydrogen ion concentration within a narrow
physiological range.

A healthy heart pumps 3.5 liters of blood per square meter of body surface at rest,
at a rate of between 60 and 100 beats per minute. Untrained subjects can increase blood
flow up to 12 liters and athletes up to 20 liters during exercise, with the heart rate increas-
ing up to 160 and 190 beats per minute. This shows the great adaptability of cardiac
function in response to physiological stimuli.

Cardiac preload corresponds to the volume of blood in the ventricle in the end dias-
tole: in the normal heart an increase in preload enhances the strength of ventricular
contraction (Frank-Starling mechanism, or heterometric autoregulation, according to
Sarnoff ’s definition). Cardiac afterload is the resistance against which the ventricle
pumps, determined by the combination of aortic impedance and total vascular resist-
ance: normal hearts are able to increase ejected blood volume despite augmented resist-
ance (homeometric autoregulation or Anrep phenomenon). In the presence of a given
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preload or afterload, augmented cardiac contractility increases the amount of blood
ejected with each beat of the heart (stroke volume).

The cardiac output (equal for the right and left ventricle) and the vascular resist-
ance to blood flow are the main determinant factors in regulating tissue perfusion. The
vascular resistances are distributed throughout the vascular bed, occurring mainly at
the arterial sites (large arteries 19%, small arteries and arterioles 47%, versus capillar-
ies 27% and veins 7%) and are influenced by the diameter of the precapillary arteri-
oles. Most of the blood volume (64%) resides in the veins (lungs 9%, small arteries and
arterioles 9%, large arteries 7%, heart in diastole 7%, capillaries 5%). The systemic cir-
culation is arranged in a parallel fashion and is in series with the pulmonary circulation.

Cardiac rate and contractility, filling volume/pressure and vascular resistances are all
influenced by neural control and hormonal agents, acting directly on the heart and ves-
sels and by the regulation of circulating blood volume.

Nevertheless, the heart is not merely a target of a remote control, nor a simple
mechanical pump modulated by hydrostatic forces, but because of its anatomy and his-
tology, it holds an intrinsic capability to govern its function by itself. Therefore, the
pacemaker cells of the sinoatrial node are able, even when denervated, to maintain the
periodical spontaneous depolarization by the inward current of Na+ ions during phase
4 of the action potential, which is spread through the conduction system and atrial and
ventricular cardiomyocytes, forming the basis for electrical and mechanical systole and
for the physiological repeat of cardiac cycles.

Moreover, two hearts (right and left) in one serve the two parallel vascular circuits,
permitting the coupling of ventilation, blood supply and subsequent gas exchange with-
in the lung, and distribution of oxygenated blood to the periphery of the body. The
interventricular septum, simultaneously contributing to the contraction of both ventricles,
is the key to this synchronism; its absence independently contributes to the development
of heart dysfunction and failure.

The heart has many sensors to provide information about what is going on either with-
in its chambers,concerning intracavitary pressure,or within its wall,with widespread chemo-
and mechanoreceptors, evoking local as well as centrally mediated adaptive responses, or
providing a painful sensation alerting the individual of pathological events,such as ischemia.

The heart is nourished through the coronary circulation: coronary blood flow varies
with aortic pressure, and is influenced by the systolic mechanical compression of
intramyocardial vessels, and by metabolic factors released by the myocytes. To adapt to
increased metabolic needs, various stimuli, such as hypoxia, increased concentration of
hydrogen ions, lactic acid, nitric oxide, carbon dioxide, and particularly adenosine may
elicit vasodilatation and an increase in myocardial blood flow.

2.3 Neural Control of the Heart: Cardiac Receptors,
Afferent/Efferent Neural Pathways, Baro- and Chemoreceptive Feedback

2.3.1 Premises on the Neuro-Humoral Control of the Cardiovascular System

Circulation is regulated by neural and humoral mechanisms, which, on a beat-to-beat
basis, adapt heart rate and contractility, vascular pressures and cardiac output in order
to provide an adequate perfusion of brain, myocardium, kidney, lungs and all the other


