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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.
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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
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tissues and organs whose viability and function allow the vegetative and relational life
of the individual.

These neuro-hormonal mechanisms are continuously influenced by retroactive feed-
back signals, carrying information on hemodynamics (from arterial and cardiac barore-
ceptors), on gas exchange homeostasis (from peripheral and central chemoreceptors),
as well as on muscle (from metaboreceptors) and visceral functions.

This informative flow from the “periphery” of the body, and from the cardiovascu-
lar system itself, is integrated by the medullary autonomic centers. In resting condi-
tions, autonomic nervous outflow tonically inhibits the intrinsic heart rate activity via
the predominant vagal control of sinus node pacemaker cells, and sustains via the sym-
pathetic drive a tonic constriction of resistance and capacitance vessels [3].

The quick sudden response to endogenous and exogenous stimuli of various ori-
gins (defense reaction, response to pain, emotional stress and physical activity, exter-
nal or body temperature changes, variations in body position, feeding) is achieved by
the modulation of the autonomic outflow by changes in the sympatho-vagal balance.

Neural control allows the phasic (seconds to minutes) adaptation of heart and ves-
sels to physiological stimuli, as for vagal control of heart rate and of sympathetic car-
diac contractility and vasomotor control [3].

The autocrine and paracrine function of the endothelium, with the existence of a
local balance between production of vasodilator (i.e. nitric oxide, bradykinin,
prostaglandins, C-type natriuretic peptide) and vasoconstrictor (i.e. endothelin, sero-
tonin, thromboxane) molecules, implies the possibility of the autoregulation of single-
organ vascularization and perfusion in response either to local (e.g. metabolic, shear-
stress) or systemic (e.g. temperature, neuro-hormones) stimuli [8].

The endocrine function regulates slower, plastic responses affecting the circulation
in the longer term (minutes to hours) by the control of vasomotion and circulating
blood volume. This includes the modulation of renal water/salt excretion by the adre-
nal glands via catecholamine and aldosterone secretion, by the hypothalamus-neuro-
hypophyseal gland via secretion of vasopressin (antidiuretic hormone,ADH), and by the
kidney, through renin-activated angiotensin production [1]. The thyroid, too, has a rel-
evant role, through the cardiac inotrope and vasodilator effect of thyroid hormone [4].

The cardiovascular system is modulated by neuro-hormonal agents on a circadian
basis, related to the wake/sleep cycle, whereas ultradian secretory cycles of some hor-
mones, such as growth hormone, exert effects on cardiomyocytes [1, 2].

2.3.2 Autonomic Control of Heart Rate

Heart rate is determined by the pacemaker activity of the sinoatrial node in the poste-
rior wall of the right atrium, which shows automaticity due to spontaneous changes in
calcium, potassium and sodium ion conductances. This intrinsic automaticity has a
spontaneous firing rate of about 110 beats per minute, which tends to decrease with
age. Heart rate is decreased below the intrinsic rate primarily by activation of the vagus
nerve, innervating the sinoatrial node, while it is increased above the intrinsic rate,
both by withdrawal of vagal tone and by activation of sympathetic nerves innervating
the pacemaker cells. Heart rate is also modified by circulating catecholamines acting via
beta1-adrenoceptors located on sinoatrial nodal cells, and by changes in circulating
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thyroxin (thyrotoxicosis causes tachycardia) or in body core temperature (hyperther-
mia increases heart rate) (Fig. 2.1).

The neural control of cardiovascular and respiratory systems is maintained by a
medullary anatomical and functional network, generating an efferent outflow towards
the spinal cord, and by structures permitting a reflex control of the network activity, via
inhibitory and excitatory afferents [6].

On the whole, this network is represented by the vegetative (Reil, 1857) or autonomic
nervous system (ANS), as defined by Langley and Dickinson [7], with the sympathet-
ic and parasympathetic arms (Langley, 1901) regulating all body structures not sub-
jected to voluntary control, whose function is usually kept under the level of con-
sciousness [3].

The sympathetic nervous system sustains body mobilization and activity by ade-
quate cardiovascular and respiratory adjustments, producing an increase in metabol-
ic expenditure. On the other hand, the aim of the parasympathetic system is to con-
serve energy, supporting the physiologic responses related to rest, digestion, and recov-
ery of body reserves. Parasympathetic predominance, such as in athletes, makes the
cardiovascular response to exercise less expensive in energy loss and more effective.

The ANS activity is independent of, if not completely free from, voluntary influence,
as well as from modulation by other medullary (respiratory) centers, or by other neu-
ral structures (hypothalamus, amygdala and cerebral cortex), which may modify or
abolish the reflex activity and coordinate the autonomic outflow with cognitive and
emotional functions [6].

Both autonomic branches consist of pre- and postganglionic neurons, acting most-
ly as functional antagonists (as is the case for their effect on sinoatrial and cardiac con-

Fig. 2.1. Intrinsic heart rate is modulated by the autonomic balance, i.e.the interaction between the
effect upon sinus node activity either of sympathetic or parasympathetic outflow,influenced by the
activity of autonomic medullary centers,whose intrinsic activity is beat-to-beat modulated by chemo-
and baroreflex feedback.Physical stimuli,such as body temperature,or humoral stimuli,act on heart
rate both at the sinus node and at a central level. IHR intrinsic heart rate, AP arterial pressure, CR
chemoreflex, BR baroreflex, OS orthosympathetic, PS parasympathetic, T3 tri-iodothyronine
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duction system cells), while their functions are rarely synergistic, or anatomically/func-
tionally prevailing (as for the sympathetic control of vasomotor tone) [6].

Acetylcholine is the preganglionic neurotransmitter for both autonomic arms and
the postganglionic mediator for the parasympathetic system, whereas norepinephrine is
the neurotransmitter for almost all sympathetic postganglionic cells. Epinephrine is pro-
duced and secreted directly into the bloodstream by chromaffin cells in the medullary
portion of the adrenal glands (which may be considered as postganglionic neurons of the
sympathetic system, though they act as endocrine cells), with an endocrine effect medi-
ated by the same peripheral receptors as norepinephrine, with a variable affinity [1, 2].

Sympathetic-mediated vasoconstriction is mediated by the agonism of norepi-
nephrine on the alpha-1 postsynaptic receptors, whereas alpha-2 receptors mediate the
presynaptic inhibition of norepinephrine release. Stimulation of beta-1 receptors by
both epinephrine and norepinephrine induces an increase in heart rate and contractility,
whereas epinephrine is more effective on beta-2 receptors, where it mediates vasodi-
latation, bronchodilatation and lypolysis, and on beta-3 receptors, inducing effects on
lypolysis and thermogenesis [1, 2].

The effect of acetylcholine is associated with nicotinic receptors at autonomic gan-
glia level and with muscarinic receptors at postganglionic and effector cells. The mus-
carinic receptors are subgrouped as M1 (mainly present within the central nervous sys-
tem [CNS] and in postganglionic vagal and sympathetic neurons), M2 (on smooth mus-
cle cells, cardiomyocytes and endocrine cells), M3 and M4 (on smooth muscle cells and
secretory gland cells), and M5 (in CNS cells). Other substances coexist with acetyl-
choline or norepinephrine and may act as co-transmitters, such as purines (adenosine,
ATP), enkephalins, substance P, VIP, neuropeptide Y, and other molecules, and non-
adrenergic, non-cholinergic neurons have been described [1, 2].

2.3.3 Afferent Stimuli

2.3.3.1 Baroreceptors
Two types of arterial baroreceptors have been characterized: a) carotid baroreceptors local-
ized within the adventitial layer of the vascular wall of the coronary sinus (at the junction
between each internal and external carotid artery) originating in myelinated fibers,which
through the glossopharyngeal nerve reach the nucleus of tractus solitarius (NTS),and via
the NTS the caudal ventrolateral medulla (VLM) and thereafter the rostral ventrolateral
medulla (RVLM), projecting to the preganglionic sympathetic neurons; b) aortic barore-
ceptors located within the wall of the aortic arch,of the common carotid arteries and of the
subclavian arteries, with amyelinated afferent fibers within the vagus nerve.

The role of the baroreceptors is the quick, beat-to-beat adjustment of arterial blood
pressure around a mean value, achieved by evoking reflex changes in heart rate, stroke
volume, cardiac inotropic state, systemic vascular resistance and venous capacitance.

These receptors respond, increasing their firing rate by as much as 7-fold, sensing
changes in mean arterial pressure and in pulse pressure within the range 60-180 mmHg.
Aortic baroreceptors recognize a higher threshold level of activation, being somehow
less sensitive than the carotid receptors. Thus, aortic receptors are thought to play a
more important role in the prevention of hypertension, while carotid receptors may
prevent hypotension.
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An increase in arterial pressure evokes, at every cardiac cycle, namely during the
expiratory phase, a very fast (within less than one second) increment of the vagal drive
to the heart, and an inhibition of the sympathetic discharge to vascular smooth cells [8].
On the other hand, a drop in arterial pressure is sensed and transformed by the barore-
flex into withdrawal of vagal outflow and increase in adrenergic outflow, which persist
independently of the respiratory phase, leading to increased heart rate and contractil-
ity, and arterial resistances.

The maximum carotid sinus sensitivity occurs near the normal mean arterial pres-
sure. This “set point” changes either transiently during physiological stimuli such as
exercise (due to a change in the coupling of afferent nervous input to efferent nerve
activity occurring within the central nervous system), or chronically such as during
hypertension, heart failure, and other disease states (due to a local change in receptor
response, characterized by a long-term change in mean pressure value, provoking an
adaptive variation of the range of receptor response (“baroreceptor resetting”) [9].

2.3.3.2 Venous, Cardiopulmonary and Renal Baroreceptors
Stretch receptors similar to aortic and carotid receptors are located within lung ves-
sels, at the atrial junction with vene cavae or pulmonary veins and, to a lesser extent, with-
in ventricles, coronary arteries and coronary sinus. They are able to modulate the blood
volume (acting by inhibiting cortisol,ADH, and angiotensin-aldosterone secretion, and
probably cardiac natriuretic peptide secretion) and to influence sympathetic outflow by
decreasing it in response to low values of central venous pressure, and by increasing it
in response to higher values [10].

A positive chronotropic reflex, stimulated by an increase in atrial pressure, and like-
ly evoked by atrial receptors connected to myelinated vagal fibers, was described by
Bainbridge in 1915, reproducible with rapid infusion of saline into the right atrium,
and not inducing any effect on cardiac contractility or systemic vascular resistances.
An increment in renal flow (by decreasing local vascular resistances), diuresis, with a
decrease in plasma levels of vasopressin, cortisol and renin occurs in response to this
stimulus, possibly elicited by natriuretic peptide secretion.

Atrial and ventricular receptors connected to amyelinated vagal fibers are spread
within the cardiac walls, and respond to a greater degree of distension than receptors
attached to myelinated nerves. They mediate bradycardia and a decrease in cardiac
contractility (this mechanism being the basis of the “vaso-vagal response”) [11].

Renal baroreceptors are excited by increases in renal arterial pressure, venous pres-
sure or interstitial pressure [12].

Baroreceptor impulses from the carotid-aortic sinus regions and the kidney are
important pathways involved in the neuro-endocrine control of ANP release. ANP
release in response to volume expansion is mediated by afferent baroreceptor input to
the anteroventral third ventricle region, which mediates the increased ANP release via
activation of the hypothalamic ANP neuronal system [13].

2.3.3.3 Peripheral Central and Cardiac Chemoreceptors
Peripheral chemoreceptors are located within small “bodies”, close to the carotid sinus-
es (while others are located close to the aortic arch and the pulmonary artery), con-
taining a vascular sinusoid network, contiguous to the receptors. The receptors respond
to chemical stimuli, mainly hypoxia, evoking, via the glossopharyngeal nerve (and the
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vagus nerve, respectively) an increase in respiratory rate and depth. They possibly influ-
ence heart rate, though this effect might be masked by the respiratory response. If res-
piration is stopped, it is possible to observe that stimulated carotid chemoreceptors
decrease, while aortic chemoreceptors increase heart rate [14].

The central chemoreceptors located on the ventral surface of the medulla respond
mostly to hypercapnia and acidemia.

Atrial and (mainly left) ventricular chemoreceptors with vagal afferent innervation
cause marked reflex bradycardia, vasodilatation and hypotension, in relation to the
effect of various substances (both endogenous such as prostaglandin, serotonin,
bradykinin, adenosine, and exogenous - coronary Bezold-Jarisch reflex after the admin-
istration of veratrum alkaloids). Whereas their physiological role is still unclear, they
might be activated during tachycardia or myocardial ischemia. Other ventricular
chemoreceptors or mechanoreceptors with both myelinated and unmyelinated neural
afferent fibers discharge rhythmically during the cardiac cycle and induce tachycardia
and vasoconstriction: some may be involved in cardiac pain perception.

Renal chemoreceptors are excited by renal ischemia, backflow of urine into the renal
pelvis and pelvic perfusion with solutions of KCl. Injections of bradykinin and cap-
saicin also activate these receptors [12].

It is worthwhile noting that endogenous nNOS activity in the carotid body plays an
important role in the activity of the carotid body chemoreceptors and peripheral
chemoreflex function in experimental models [15].

2.3.3.4 Respiratory Mechanoreceptors
Several mechanoreceptors are located within the bronchial tree, which are sensitive to
the cyclical tension by respiratory activity: some are responsible for the Hering-Breuer
reflex, inducing a decrement in the firing rate of cardio-inhibitory neurons within the
brainstem, thus increasing heart rate during inspiration and contributing to respira-
tory sinus arrhythmia.

2.3.3.5 Ergoreceptors
Isometric exercise and the rhythmic contraction of skeletal muscles induce an increase
in heart rate, arterial blood pressure and tidal respiratory volume, opposing the decrease
in muscle perfusion due to the mechanical compression.
This is due to a peripheral neural drive originating in the skeletal muscle that likewise
activates brainstem cardiovascular control areas during physical activity. During exer-
cise, activation of this reflex is mediated by stimulation of group III (predominantly
mechanically sensitive Aδ fibers) and IV (predominantly metabolically sensitive C
fibers) primary afferent neurons, which augment blood pressure and minute ventilation
primarily via increase in sympathetic nerve activity and reduction in parasympathet-
ic nerve activity. There is a degree of polymorphism in these afferents since some group
III fibers respond to metabolic changes and a minority of group IV fibers respond to
mechanical distortion.

These afferents project to the dorsal horn of the spinal cord, specifically to laminate
I, II,V and X and following the spinal pathway reach the brainstem in the cuneate nucle-
us, NTS and the lateral reticular nucleus. These reflexes are proportional to the muscle
mass, and initiated by muscle metabolism products, which excite muscle chemorecep-
tors and are mediated by changes in the sympathetic outflow to the vessels. These effects
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on blood pressure are not buffered by either arterial or cardiopulmonary mechanore-
ceptors, while arterial baroreceptors maintain their ability to modulate the blood pres-
sure around the increased level [16].

Chemoceptive stimuli favor the cardiorespiratory coupling with muscle metabolic
demand during dynamic exercise.

2.3.3.6 Other Reflexes
Relevant vasomotor,chronotropic,and respiration modulator reflexes are elicited by most-
ly amyelinated fibers,which reach the brainstem through the vagus,cranial pelvic,splanch-
nic and other autonomic nerves,while some fibers arising from skin and vessels are locat-
ed within somatic nerves.Their stimulus is not associated with a sensory perception; sub-
stance P and glutamate have been indicated among their neurotransmitters. Vestibular
stimuli during upright position evoke a sympatho-mediated vasoconstriction [17].

2.3.3.7 Cardiorespiratory Coupling
Respiration is supported by the automatic generation of a rhythm within the brain-
stem, probably in a region of the RVLM, the “preBoetzinger complex”, where the activ-
ity of specialized pacemaker neurons controls periodic diaphragmatic, chest and abdom-
inal respiratory muscles. These neural centers are modulated by both central inputs
and peripheral feedback and are connected with medullary autonomic centers in order
to couple respiration with cardiac and vasomotor activity.A role for NAD(P)H oxidase-
derived reactive oxygen species as mediators of angiotensin II via AT1 receptors signaling
in the modulation of sympathetic activity and arterial baroreflex function has been
claimed in experimental heart failure at the RVLM level [18].

2.3.4 Efferent Neural Connections

2.3.4.1 Cardiac Connections
The efferent cardiac innervation is mediated by mixed sympatho-vagal nerves, which
join via the aorta, pulmonary artery and vene cavae the cardiac muscle, the specific
system and the coronary arteries. The preganglionic sympathetic fibers through the
spinal cord form synapses with postganglionic neurons within the sympathetic chain,
then innervating atria, ventricles, sinoatrial and atrioventricular nodes.

Cardiac parasympathetic control is mediated by cholinergic fibers, which connect with
postganglionic neurons within cardiac ganglia innervating sinoatrial and atrioven-
tricular nodes, and, to a lesser extent, cardiomyocytes, decreasing the spontaneous
sinoatrial depolarization rate, inducing bradycardia and inhibiting the conduction rate
at the atrial and atrioventricular node level.

2.3.4.2 Connections with Peripheral Circulation
The efferent connections responsible for vasomotor tone consist of sympathetic vaso-
constrictive preganglionic fibers originating from neurons located within interme-
diolateral and medial columns of the spinal cord (through the first thoracic segment
to the second-third lumbar segment). Neurons with cardiac chronotropic and inotrop-
ic influence are located within the upper thoracic segments (T1-T4) of the spinal cord
[19]. The preganglionic fibers leave the spinal cord with the spinal nerves from the ven-
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tral roots, forming the white rami communicantes, and have synapses with postgan-
glionic neurons within the 22 pairs of sympathetic ganglia of the paravertebral chain,
and within the intermediate ganglia (stellate, middle and superior dorsal ganglia). The
axons of postganglionic neurons leave the paravertebral chain through the gray rami com-
municantes and through the peripheral nerves end at the small arterial and arteriolar
level; fewer end at the precapillary level, and there are no endings at the capillary level.
Veins and venulae have a small number of sympathetic endings, compared to precap-
illary sphincters. The vasoconstrictor fibers to the arms and limbs are located within
somatic nerves, those to the head and neck within cervical and cranial nerves.

These fibers control either the resistance or the capacitance vessels, thus varying
venous return to the heart by acting on the venulae within the superficial and deep
venous system, as well as within the splanchnic system (e.g. in response to reflex sym-
pathetic stimuli such as cold or emotion). The parasympathetic innervation may influ-
ence peripheral vascular resistances by inhibiting norepinephrine release from the
postganglionic fibers, via M1 muscarinic receptors at the presynaptic level.

2.3.4.3 Vasodilator Fibers
Cholinergic sympathetic fibers originating from the thoracic-lumbar level innervate
the skeletal muscles and are activated by the hypothalamus and motor cortex, while
parasympathetic vasodilator fibers innervate cerebral vessels, the tongue, the salivary
glands, external genitalia and rectum. The fibers are not tonically active, neither are
they controlled by baro- and chemoreflexes.

2.3.4.4 Control of Arteriolar Tone:
Interaction Between Autonomic, Endocrine and Paracrine Actions
Small arterioles are the major determinants of systemic vascular resistances. Release of
norepinephrine by sympathetic endings contributes to the resting tone, and with
increased sympathetic outflow, further increase tone. Circulating hormones such as
ANP, aldosterone, angiotensin II, and vasopressin (ADH) also act on the arterial smooth
muscle and influence their tone. Paracrine molecules secreted by the endothelial cells
(in response to shear stress, to acetylcholine released by parasympathetic nerves, which
also inhibit at the presynaptic level the release of norepinephrine by adrenergic endings),
such as endothelins, nitric oxide (NO), prostaglandins, and CNP act on the adjacent
smooth muscle to modulate its tone. The angiotensin-converting enzyme on the surface
of the endothelial cell is also able to convert circulating AI to AII.

2.3.5 Spinal Cord

The preganglionic sympathetic neurons may sometimes (e.g. after an inferior cervical
section) exhibit spontaneous activity, which, after a transient subacute period charac-
terized by vasodilatation and hypotension, permits constant pressure values to be main-
tained, independently of reflex stimuli of central nervous modulation. Thermal or noci-
ceptive skin stimuli may induce splanchnic vasoconstriction, whereas visceral stimuli
may induce significant changes in arterial pressure (skin vasoconstriction after a deep
breath or posture changes; bladder filling with endovesical pressure increase is accom-
panied in spinal patients by increase in arterial pressure, sweating and vasoconstriction).
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Axonal reflexes may take place in response to thermal or traumatic stimuli to the
skin, inducing a vasodilator response, which increases local perfusion, contributing to
defense and repair processes [20].

2.3.6 Medullary Centers

The NTS is the main site of integration of afferent impulses from peripheral baro-,
chemo- and cardiopulmonary receptors within the CNS [10]. Its importance is evident
since it is connected with various main stem regions (nucleus ambiguous and RVLM),
mainly with two respiratory neuronal groups, the dorsal one close to the NTS and the
ventral one close to the nucleus ambiguous, which innervate the spinal motor neurons
of frenicus (cervical and intercostal thoracic nerves), with the pons (in particular nuclei
for cardiorespiratory control), with spinal cord and anterior brain.

Both the nucleus ambiguous and the dorsal vagal motor nucleus are innervated by
NTS: this permits a rapid activation of vagi and simultaneously a reduction in sympa-
thetic outflow to the heart vessels and adrenal medulla. This neural network generates
a baseline activity pattern towards the spinal cord, influenced by excitatory and inhibito-
ry afferent inputs, by supramedullary influences and by medullary respiratory centers.

This activity is inherent, persisting after the elimination of all afferent neural inputs.
Supramedullary centers are fundamental in modulating medullary activity dynam-
ics, without dominating them: medullary brainstem section does not alter the arteri-
al pressure levels.

2.3.6.1 Sympathetic Centers
The modulation of intrinsic heart activity and of vasomotor tone is ensured by the
activity of the preganglionic autonomic motor neurons.

The preganglionic sympathetic neurons within the intermediate cell column are
innervated by some brainstem neuronal groups, namely neurons in the RVLM [21, 22],
raphe (which exert a serotonin-mediated inhibitory and excitatory influence), pontine
reticular formation, NTS, reticulospinal neurons, and from the medial frontal cortex.

The RVLM neurons have an intrinsic “pacemaker” activity [23], which is related to
cardiac activity and the level of arterial pressure. This medullary center is the “vasomotor
center” [23], characterized by intrinsic rhythmicities, which are also present at the hypo-
thalamic level and within the sympathetic efferent outflow, even in the absence of the
baroceptive stimulus [22].

The activity of the RVLM neurons is markedly influenced by inhibitory baroceptive
and excitatory chemoceptive inputs, increasing during inspiration (in response to pul-
monary stretch afferent inputs) and is influenced by cortical and subcortical afferents
[23]. The activity pattern of the respiratory neurons is recognizable at RVML neuron level,
and in the sympathetic and parasympathetic preganglionic neuronal activity, with a
postinspiratory depressed activity, variable during the expiratory phase, so demon-
strating the high level of integration of the cardiovascular and respiratory activity.

Furthermore, the activity of the RVLM neurons is augmented by central or periph-
eral inputs such as during pain, wakefulness, emotional stress, and physical exercise.

Pre- and postganglionic sympathetic nerve activity shows respiratory and cardiac
rhythms with a different pattern, which is related to the physiological condition. The res-



Neural Control of the Heart 17

piratory rhythm of the sympathetic efferent outflow is determined by a brainstem
source, by pulmonary stretching reflex stimuli, and by baroreflex stimuli sensing changes
in arterial pressure determined by respiration.

The vasoconstrictive efferent traffic to the muscle vascular bed is inhibited by
baroreflex stimuli and excited by chemoceptive and cutaneous nociceptive stimuli, by
systemic hypoxia and hypercapnia, recognizing a respiratory fluctuation. The vaso-
constrictive efferent traffic to the skin vascular bed is less influenced by baroreflex
stimuli, variously modulated by chemoceptive stimuli and always inhibited by cuta-
neous nociceptive stimuli.

Postganglionic sympathetic fibers innervate the whole heart, including the pace-
maker tissues and the ventricular myocardium. Their stimulation induces an increase
in heart rate (mostly by the right sympathetic nerves), cardiac contractility (mostly by
the left sympathetic nerves), and atrioventricular conduction rate. The delay in response
to the sympathetic system is longer with respect to the response to parasympathetic
one: 5 seconds, with a maximum after 30 seconds [24].

2.3.6.2 Parasympathetic Centers
The chronotropic regulation is mainly associated with vagal control [10], which affects
the intrinsic heart rate of 100-120 beats per minute, determined by spontaneous depo-
larization of the sinoatrial node pacemaker cells, resulting in lower values.

The stimulation of both vagi decreases the heart rate (though the right vagus nerve
seems more powerful) [25], with a shorter delay (400 milliseconds) [26], and slightly slow-
er recovery (5 seconds) to an extent that is proportional to the frequency of stimulation,
with a hyperbolic relationship [27].

The heart rate is beat-to-beat determined, as the result of the modulation of the
intrinsic sinus node rhythm by sympatho-vagal innervation, which is, on its own, mod-
ulated by the complex integration of peripheral and central inputs.

The preganglionic vagal innervation originates from four distinct medullary regions:
the dorsal motor nucleus, an intermediate zone, the nucleus ambiguous, and the ven-
trolateral section of the nucleus ambiguous, which receive afferent input from several
brain regions, particularly from the NTS [6], which has a fundamental role in process-
ing all kinds of reflex inputs from heart vessels and lungs [28]. Destruction of the NTS
leads acutely to hypertension and pulmonary edema, and chronically to sustained
hypertension [29]. The NTS is connected both with the lower brainstem (including the
nucleus ambiguous and RVLM), with pontine nuclei implicated in cardiorespiratory
control, and with the forebrain. Finally, the ascending NTS connections mediate barore-
ceptor and other reflexes and regulate the neuro-endocrine function [30].

The parasympathetic centers are close to the rostral RVLM where the preganglion-
ic sympathetic neurons are, so indicating the high level of interconnection between the
two branches of the ANS.

The chronotropic influence is mediated by B fiber neurons, mostly located within
the nucleus ambiguous, whose activity is a major determinant of heart rate and car-
diac output. These neurons have a firing rate synchronous with the cardiac cycle and with
the systolic increase in arterial pressure, as the result of a phasic excitatory afferent
input from arterial baroreceptors, followed by a diastolic silence.

The cervical vagal efferent activity and the vagal cardiac rami have an expiratory
(particularly postinspiratory) pattern with an aspiratory silence. This originates the
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sinus respiratory arrhythmia, which is characterized by an aspiratory increase in car-
diac output simultaneous to pulmonary distension. All stimuli enhancing inspiration
increase heart rate, whereas peripheral or central stimuli inhibiting ventilation, or pro-
longing expiration induce bradycardia.

During the expiratory phase, systemic and regional (e.g. laryngeal) baro- and chemo-
ceptive stimuli, processed at the NTS level, facilitate bradycardia mediated by vagi.

2.3.7 Supramedullary Control

2.3.7.1 Centrally Evoked Cardiorespiratory Responses
The central nervous system is able to modulate the cardiovascular and respiratory activ-
ity, supporting the behavioral response in relation to different degrees of physical activ-
ity and consciousness (from sleep to active wakefulness), and in response to emotional
stimuli, or as a part of the defense reaction (characterized by concomitant increase in heart
rate, in cardiac output and in arterial blood pressure due to a widespread - cutaneous,
renal and mesenteric - vasoconstriction, with the exception of the skeletal muscle vas-
cular bed, which is enhanced by the secretion of catecholamines from the adrenal gland).

The central nucleus of the amygdala [31] and the perifornical and paraventricular
areas of the hypothalamus play a fundamental role in the definition of the autonomic
cardiovascular and respiratory response patterns, associated with the alert reaction.

The defense reaction is associated with a central blockade of baroreceptors through a
GABAergic mechanism and a facilitation of the chemoceptive feedback at the NTS level [32].
Furthermore,the vagal cardiac efferent outflow is inhibited as a consequence of an increased
respiratory activity, because of an excitatory influence upon the inspiratory neurons.

This pattern of response may be obtained by stimulation in the experimental model
of the central nucleus of amygdala [28], which influences different areas within the brain-
stem, such as the NTS, the vagal dorsal nucleus, the nucleus ambiguous, and the rostral
RVLM. The activation of rostral hypothalamic regions has a vasodilator and vagomimet-
ic effect; moreover, it supports, together with the preoptical area, the control of body
temperature, through the modulation of vasoconstrictor fibers to the skin vasculature.

2.3.7.2 Cerebral Cortex 
The stimulation of the prefrontal and posterior preorbital motor cortex results in a
marked increase in arterial pressure associated with vasoconstriction of skin, splanch-
nic and kidney vasculature, cholinergic vasodilatation of skeletal muscles, increase in
heart rate and cardiac output, also with an influence on respiratory activity. These cen-
ters are thought to govern the pressor response to pain, anxiety, and exercise, through
the modulation of hypothalamic and brainstem areas.

2.4 The Integrated Neuro-Hormonal Response: Short- and Long-Term Response

Control of blood pressure and cardiac output is dependent on the beat-to-beat bal-
ance between the sympathetic and vagal arms of the ANS, modulated by high-pres-
sure arterial and low-pressure venous baroreceptors. This interaction maintains
the circulatory homeostasis in response to phasic stimuli, via vagal withdrawal and
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sympathetic predominance, e.g. while rising from sitting or supine to a standing
position, or during physical exercise: the net effect is an increase in heart rate and
contractility, as well as in arteriolar tone, which supports arterial pressure and car-
diac output.

Slower pressor responses are due to the renal secretion of renin, a proteolytic enzyme,
which acts on angiotensinogen, of hepatic origin, resulting in production of the pow-
erful vasoconstrictor angiotensin II, which further activates the adrenal secretion of
aldosterone. Moreover, sympathetic activation leads to vasopressin (ADH) release from
the neurohypophysis. All these vasoconstrictor molecules have a sodium/water reten-
tive effect, which tends to increase the intravascular volume.

2.5 Heart Physiology: What is New?

The heart is a regulatory organ, too: cardiomyocytes, fibroblasts and endothelial cells
of the coronary circulation are able to produce and secrete several substances with
complex regulatory auto-, para-, and endocrine biological effects, part of the neuro-
hormonal network regulating homeostasis of the cardiovascular system, as well as other
vital physiological functions.

Cardiac endocrine function, namely the secretion of cardiac natriuretic peptides, is
essential to protect the integrity of the “milieu interieur”, regulating blood volume, car-
diac and renal function, growth and repair tissue processes, neuronal activities within
the brain, and immune-inflammatory responses.
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Chapter 3

The Cardiac Natriuretic Hormone System

Aldo Clerico • Simona Vittorini

The aim of this Chapter is to summarize the most recent issues on the production,
secretion, biological activity and metabolism of CNH. The hypotheisis that natriuret-
ic peptides constitute a family sharing endocrine, paracrine and autocrine actions and
neurotransmitter and immunomodulator functions closely related to the other regulatory
systems (nervous, endocrine and immunological) in a biological hierarchical network
will be discussed with particular emphasis. Finally, such as an example to support this
hypothesis, the integrated action of CNH system during pregnancy and fetal life as well
as in the regulation of vascuar system wil be illustrated in detail.

3.1 Chemical Structure and Gene Evolution of Cardiac Natriuretic Hormones

All natriuretic peptides share a similar structural conformation, characterized by a
peptide ring with a cysteine bridge (Fig. 3.1). This ring is well preserved throughout
the phylogenetic evolution, since it constitutes the portion of the peptide hormone that
binds to its specific receptor (Fig. 3.2). Conversely, the two terminal amino acid chains
(i.e., NH2- and COOH-terminus) show a high degree of variability among the natri-
uretic peptides, in terms of both length and amino acidic composition [1].

Fig.3.1. Peptide chain of natriuretic
peptide hormones ANP, BNP, CNP
and DNP.The CNH share the same
structure characterized by a cys-
teine bridge
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Natriuretic hormone-like peptides seem to be present in the plant kingdom as well as
in the animal kingdom [1-3]; thus indicating that this hormonal system, which has been
shown to regulate solute transport in vertebrates, has evolved early in evolution [1-6].

ANP-, BNP- and CNP-like peptides have been identified in tetrapods, ranging from
amphibians to mammals [1]. Natriuretic peptides also exist in fish as a family of struc-
turally related iso-hormones, including ANP, CNP and ventricular natriuretic pep-
tide (VNP) (Fig. 3.2) [1]. A recent study has indicated that BNP is also present in some
fish [6]. In vertebrates, ANP, BNP and VNP are endocrine hormones secreted from
the heart, while CNP is principally a paracrine factor in the brain and periphery. In
elasmobranches, only CNP is present in the heart and brain, and it functions as a cir-
culating hormone as well as a paracrine factor [1]. Immunoreactive ANP-like pep-
tide has also been detected in the unicellular Paramecium and in various species of
plants [1].

CNP is the most structurally conserved member of the natriuretic peptide family
(Fig. 3.3) [1,4]. The ANP sequence is conserved in mammals; however, the identity
across different groups (e.g. between mammals and frogs) is rather low (about 50%)
(Fig. 3.4). BNP is highly variable even in mammalian species (Fig. 3.5) [1, 4].

It is noteworthy that the complete pro-hormone sequences of ANP (proANP) and CNP
(proCNP) are more conserved within mammals, but they are highly variable across dif-
ferent classes of vertebrates, except at the C-terminal mature ANP and CNP sequences.
Thus, the N-terminal part of pro-hormones ANP (NT-proANP) and CNP may not have
common biological function throughout vertebrate species [1]. The NT-proBNP is not
well conserved even in mammals, as observed for BNP as well [1].

Studies in fish,based on nucleotide and amino acid sequence similarity,suggest that the
natriuretic peptide family of iso-hormones may have evolved from a neuromodulatory
CNP-like brain peptide (Fig.3.6) [4].However,caution should be exercised in identification
and comparison of vertebrate hormones from phylogenetically distant organisms [1].

Fig.3.2. Amino acid seq-
uences of ANP, BNP, CNP
and VNP in vertebrates.
The identical amino acid
residues in the same
group are shaded. The
C-terminus of eel ANP is
amidated.The intramol-
ecular ring is connected
with a line (modified
from Takei [1])
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Fig. 3.4. Amino acid sequences of ANP precursors in selected species of mammals and in teleost
fish.The sequence of eel ventricular natriuretic peptide VNP precursor is also given.The C-terminal
mature ANP is cleaved at the position of the arrowhead.The identical amino acid residues within ANP
precursors are shadowed.The intramolecular ring is connected with a line.The N-terminal proseg-
ments are similar in three species of mammals, but several amino acid substitutions occur even
between rat and mouse, as marked with an underline. The identity of prosegments between eel
and salmon is 40.6%. No apparent homology was observed in the prosegments of teleost fish and
mammals.The accession number to each molecule is noted in the figure (modified from Takei [1])

Fig.3.3. Amino acid seq-
uences of C-type natri-
uretic peptide precursors
in selected species of
mammals and in non-
mammalian vertebrates.
The C-terminal mature
CNP is cleaved at the
arrowhead.The identical
amino acid residues
within CNP precursors
are shadowed.
The intramolecular ring
is connected with a line.
The accession number to
each molecule is noted
in the figure (modified
from Takei [1])



Chapter 3 · The Cardiac Natriuretic Hormone System24

3.2 Genes Encoding for Cardiac Natriuretic Hormones

The ANP and BNP coding genes, named NPPA and NPPB, are tightly linked on human
chromosome 1 and mouse chromosome 4 [7, 8]. Arden et al. [7] confirmed the assign-
ment to the 1 p 36 region by FISH and Southern blot analysis. Moreover, pulsed-field gel
electrophoresis placed NPPA and NPPB within 50 kb of each other.

The Gene Cards Data Base reports that NPPA maps on 1p36.2 and that it is less than
10 kb more telomeric than the BNP coding gene. NPPA spans 2,075 bp and constitutes
three exons and two introns (Fig. 3.7). The splicing produces an mRNA of 840 bp that
is translated in the ANP precursor of 153 amino acids.

NPPB is also organized in three exons and two introns that span 1,466 bp. The mRNA
is 691 bp and the relative primary product is a peptide of 134 amino acids (Fig. 3.7).

The NPPA and NPPB genes are expressed in almost all tissues but, for both, the heart
is the organ in which the expression is higher (Figs. 3.8 and 3.9).

Fig. 3.6. Proposed evo-
lutionary derivation of
the vertebrate natriuret-
ic peptide family from an
ancestral CNP-like pep-
tide (modified from
Loretz and Pollina [4])

ANCESTRAL
(C) NP

CNP

BNP

ANP

VNP

Fig. 3.5. Amino acid sequences of BNP precursors in selected species of mammals and chicken.The C-
terminal mature BNP is cleaved at the right arrowhead except in rat and mouse BNP where the cleavage
occurs at the left arrowhead.The identical amino acid residues within BNP precursors are shadowed.The
intramolecular ring is connected with a line.Compared with ANP and CNP (Figs.3.2 and 3.3),not only the
N-terminal prosegments but also the C-terminal mature BNP sequence is highly variable even in mam-
mals.The accession number to each molecule is noted in the figure (modified from Takei [1])
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Fig. 3.7. Structure of ANP and BNP genes

Fig. 3.8. Expression of ANP gene (NPPA) in different human tissues according to the data report-
ed by GeneNote (<http://genecards.weizmann.ac.il/cgi-bin/genenote/home_page.pl>http:
//genecards.weizmann.ac.il/cgi-bin/genenote/home_page.pl)

Melow colours: probe 36663_at Not melow colours: probe 73106_s_at

Expression profile of NPPA (according GeneNote)

Intensity
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On the basis of PCR-analyzed microsatellite length polymorphisms among recom-
binant inbred strains of mice, Ogawa et al. [10] found that the CNP gene is located on
mouse chromosome 1 (Fig. 3.10). Using somatic hybrid cell methodology, the human CNP
gene was assigned to chromosome 2 [10]. Extrapolating from studies of homology of
synteny, they suggested that the gene endocing CNP may lie in the 2q24-qter region.
This gene constitutes 824 bp, organized in two exons separated by an intron, and its
mRNA (of 381 bp) gives a C natriuretic peptide precursor of 126 amino acids (Fig. 3.10).

Fig. 3.10. Structure of
the human CNP gene

Fig. 3.9. Expression of BNP gene (NPPB) in different human tissues according to the data report-
ed by GeneNote (<http://genecards.weizmann.ac.il/cgi-bin/genenote/home_page.pl>http:
//genecards.weizmann.ac.il/cgi-bin/genenote/home_page.pl)

Probe 39215_at

Expression profile of NPPB (according GeneNote)

Intensity
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Fig. 3.11. Production
and secretion of ANP
from atrial cardiomy-
ocytes

The natriuretic peptide genes encode for the precursor sequences of these hormones,
named pre-pro-hormones, which are then split into pro-hormones by proteolytic cleav-
age of an N-terminal hydrophobic signal peptide. This cleavage occurs cotranslation-
ally during protein synthesis in the rough endoplasmic reticulum, before the synthesis
of the C-terminal part of the pro-hormone sequence is completed [11-13].

The pro-hormone of ANP is stored as a 126-amino acid peptide, proANP1-126 (also
called γANP), which is produced by cleavage of the signal peptide (Fig. 3.11). When
appropriate signals for hormone release are given, proANP1-126 is further split into an NH2-
terminal fragment, proANP1-98 (actually called NT-proANP) and the COOH-terminal pep-
tide ANP99-126 (ANP), which is generally considered to be the biologically active hor-
mone [11-13].

The human BNP gene encodes for a preproBNP molecule of 134 amino acid residues
with a signal peptide of 26 amino acids (Fig. 3.12). BNP is produced from a pro-hormone
molecule of 108 amino acids, the proBNP1-108, usually indicated as proBNP. Before secre-
tion, proBNP is split by proteolytic enzymes into two peptides: the proBNP1-76 (NH2-
terminal peptide fragment, usually indicated as NT-proBNP), which is biologically inac-
tive, and the proBNP77-108 (COOH-terminal peptide fragment), which is the active hor-
mone (BNP) [14].

It is important to note that the preproBNP precursor is not detectable, and its exis-
tence is only a theoretical concept, deduced from the BNP cDNA sequence of the human
(or other mammalian) gene [14]. On the other hand, intact proBNP, NT-proBNP, and BNP
can be identified in plasma by chromatography and immunoassay [14-17]. Moreover,
ANP and BNP can be produced and co-stored in the same granule in different stages of
peptide maturation [11-13].
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3.3 Regulation of Production/Secretion of ANP and BNP in Cardiac Tissue

Atrial natriuretic peptide and BNP are synthesized and secreted mainly by cardiomy-
ocytes. However, it is generally thought that ANP is preferentially produced in the atria,
while BNP is produced in the ventricles, particularly in patients with chronic cardiac dis-
eases. Synthesis and secretion of the two different peptides may be differently regulat-
ed in atrial and ventricular myocytes, and, probably, even at different stages of life
(neonatal or adult life) [12-14, 18-23]. Furthermore, there could be some differences in
regulation of expression of CNH genes among mammalian species; for example, between
rat and human in cis-acting regulatory elements responsible for BNP promoters [22].
These findings suggest some caution in the use of study results performed in experi-
mental animals to interpret specific pathophysiological conditions in humans. Unfor-
tunately, our present knowledge on regulation of CNH gene expression derives in great
part from experimental studies in rodents [18-23].

Some recent data suggest that not only cardiomyocytes, but also fibroblasts may
produce CNH in human heart [24]; however, the clinical relevance of this finding has not
been ascertained. According to studies performed in experimental animals, it has also
been proposed that the endocrine response of the heart to pressure or volume load
varies depending on whether the stimulus is acute, subacute, or chronic [12, 13, 18, 22].

Atrial cardiomyocytes store pro-hormones (proANP and proBNP) in secretory gran-
ules, and split them into ANP and BNP before secretion.ANP and BNP are produced and
stored in different stages of peptide maturation even though they are co-stored in the
same granule. It was suggested that the prevalent peptide form in the atrial granules is

Fig. 3.12. Production
and secretion of BNP
from ventricular car-
diomyocytes



Regulation of Production/Secretion of ANP and BNP in Cardiac Tissue 29

unprocessed proANP, whereas BNP is mainly stored in atrial granules as the processed
and mature form of the active peptide hormone [12, 13, 18].

Peptide hormones are secreted via several pathways including regulated secretion,
constitutive secretion and constitutive-like secretion. Regulated secretion occurs upon
stimulation by agonists whereby the hormone packaged is released from the storage
granules, thus allowing endocrine cells to secrete hormones at a rate that exceeds its
biosynthesis [13]. The constitutive-like pathway is independent from both regulated
and constitutive secretion and is insensitive to cycloheximide treatment [13]. The con-
stitutive pathway involves the passive diffusion of hormone in the absence of stimuli.
The presence of clathrin-coated vesicles in the atrial cardiocytes is indicative of the
existence of this constitutive pathway [13].

CNH (especially ANP) should be predominantly secreted throughout a regulated
pathway [12, 13, 18]. There is also the possibility that a small amount of CNH is released
via a constitutive pathway involving passive diffusion of secretory products [12, 13, 18].
Indeed, protein synthesis inhibition by cycloheximide significantly, though partially,
decreases ANP secretion; this suggests that basal ANP secretion is to a degree, depend-
ent on newly synthesized hormone [13]. However, a component of basal secretion
appears to depend upon stored hormone. Some studies have demonstrated that 60%
of the newly synthesized ANP is intended for storage, whereas the remaining 40% is
secreted under unstimulated conditions [13].

It is likely that circulating CNH (especially ANP) mostly derives from atria in healthy
subjects [12-14, 18]. An acute atrial stretch may result in an immediate, sharp increase
in the release rate of ANP at the expense of a rapidly depleting pool of newly synthesized
hormone. The BNP pool that is utilized in response to stretch remains to be determined
but in terms of peptide release, the ratio of ANP/BNP released is roughly the same as
found in tissue storage, i.e., the response is in keeping with the lesser proportion of
BNP present in mature atrial granules [18]. The response of the CNH system to stretch
may not be strictly reflected in vivo by an increase in plasma levels of ANP and BNP, prob-
ably because the amount of peptide released is masked by dilutional effects and dif-
ferent clearance rates of the two peptide hormones.

The BNP gene is expressed in both atrial and ventricular myocytes of normal and dis-
eased heart [12-14, 18]. Ventricular myocytes in the normal heart of adult mammals
do not usually show any evident secretory granules on electron microscopy [13, 14].
However, some authors have identified secretory granules, similar to the atrial ones, in
samples of ventricular myocardium collected during surgery or in endocardial biopsies
studied by electron microscopy and immunohistocytochemistry in patients with car-
diac disease [14, 25, 26]. These studies suggest that normal ventricular myocardium
may produce only a limited amount of BNP in response to an acute and appropriate
stimulation, probably via a constitutive secretory pathway, while the amount of hor-
mone produced and secreted after chronic stimulation could be greatly increased via an
upregulated secretory pathway. However, further studies are necessary in order to con-
firm the presence of secretory granules in human ventricular cardiomyocytes and in par-
ticular to evaluate their peptide content and pathophysiological relevance.

BNP mRNA levels increase predominantly by upregulated gene transcription and
to a lesser degree, by post-transcriptional mechanisms [22]. BNP transcription can
increase with the activation of numerous positive cis-acting regulating elements or the
inhibition of negative cis-acting elements on the 5’-flanking region on the BNP pro-
moter, as recently reviewed in detail [18, 22]. The type of the element depends on whether
the stimulus is a mechanical or a neuro-humoral agonist [22, 23]. Due to their ability to
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cooperate with a diverse group of transcription factors and to react to a variety of dif-
ferent stimuli, some proteins of the GATA family (especially GATA-4 and GATA-6)
emerge as crucial factors in regulating basal expression and inducible ANP and BNP pro-
moter activity [18, 23]. The transcription factors of the GATA family (from GATA-1 to
GATA-6) are zinc-finger proteins that bind to the consensus sequence (A/T)GATA(A/G)
via a DNA-binding domain containing two zinc fingers to activate target genes. GATA
proteins play important roles in cell differentiation and homeostasis in all eukaryotes
[23]. It has been suggested that endothelin-1, angiotensin II and adrenergic agonists
increase the expression of BNP mRNA in cultured isolated cardiomyocytes by activat-
ing the proximal GATA elements [22]. The muscle-CATTCCT (M-CAT) consensus ele-
ment, the shear stress responsive element (SSRE), and the thyroid hormone response ele-
ment (TRE) could be other additional cis-acting factors regulating inducible BNP expres-
sion [18, 22]. Like GATA proteins, these elements can also be selectively activated by
specific stimuli, especially by some neuro-hormones (such as b-adrenergic agonist and
thyroid hormones) and cytokines (such as interleukin-1β [IL-1β] and tumor necrosis
factor-α [TNF-α]) [22].

From a clinical point of view, it is important to note that chronic stimulation produces
a greater amount of BNP than ANP, probably because the former is produced mainly by
ventricular myocardium, which has a relatively greater mass than atria. However, ven-
tricular BNP gene expression can be selectively upregulated during the evolution of
diseases affecting the ventricles, as demonstrated in an experimental model of heart
failure (HF), i.e., the rapid ventricular pacing-induced congestive HF in dog [27]. In
fact, on average, the molar ratio of circulating BNP over ANP increases progressively with
the severity of HF from a value of about 0.5 in healthy subjects up to about 3 in patients
with NYHA functional class IV (Table 3.1, Fig. 3.13) [28].

Table 3.1. ANP and BNP values (mean and median, ng/L) in healthy subjects (age: 43.9, SD 13.6,
range 16-85 years) and patients with heart failure grouped according to NYHA functional class
(age: mean 64.4, SD 12.7, range 20-89 years). For the healthy subjects the 97.5th percentile of
distribution values was also reported for both hormones. Plasma ANP and BNP concentrations
were measured with IRMA methods. Molar ratio was calculated as the ratio between the respec-
tive mean values of BNP and ANP (BNP mean/ANP mean, expressed as pmol/L).The number (n)
of subjects/patients studied for each group are reported within brackets

ANP BNP
Mean Median 97.5th Mean Median 97.5th Molar
(SD) perc. (SD) perc. ratio

Healthy subjects
(n = 292) 17.9 (10.7) 15.8 48 10.4 (8.9) 8.0 39 0.52

NYHA I 
(n = 33) 52.3 (43.9) 36.9 62.2 (92.7) 29.9 1.06

NYHA II 
(n = 132) 100.9 (95.6) 68.6 195.5 (251.4) 130.2 1.72

NYHA III
(n = 80) 175.7 (124.5) 155.4 445.9 (377.5) 353.5 2.26

NYHA IV
(n = 31) 205.5 (156.5) 259.3 621.8 (592.2) 390.0 2.70
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ng/L

NORMALS (n = 292)

NYHA I (n = 40)

NYHA II (n = 70)

NYHA III-IV (n = 110)

ANP BNP

Fig. 3.13. Circulating levels of ANP and BNP measured in healthy subjects and in patients with
heart failure (HF), divided according to severity of disease (mild HF: patients in NYHA class I and
II; severe HF: patients in NYHA class III-IV).The number of subjects included in each group is indi-
cated in brackets.The results are expressed as boxes with five horizontal lines,displaying the 10th,
25th,50th (median),75th,and 90th percentiles of the variable.All values above the 90th percentile
and below the 10th percentile (outliers) are plotted separately (as circles). Log scale in y-axis

These data explain why the BNP assay usually shows a better diagnostic accuracy
in patients with cardiac disease than the ANP assay [28].

ANP and BNP are secreted from the heart into the circulation, thus providing for a
baseline level of the hormones in blood [13]. The response of the heart to pressure or
volume load varies in relation to whether the challenge is acute, subacute or chronic
[12, 13].

Wall stretch is the most important stimulus for synthesis and secretion of ANP at
the atrial level [12, 13, 21-23]. The increased secretion of ANP following acute mechan-
ical atrial stretch is based on a phenomenon referred to as “stretch-secretion coupling”.
This effect is dependent upon a depletable ANP pool and is characterized by a phasic,
short-term (i.e. minutes) burst of CNH secretion with no apparent effect on synthesis
[13]. The precise mechanism by which force is translated into biochemical stimulus
has not been completely elucidated. However, several studies have documented the
importance of outside-in signaling by extracellular matrix proteins (especially inte-
grin) in translating mechanical stress to changes in gene expression and the induction
of ANP and BNP in hypertrophic myocardium [22].

Any physiological condition associated with an acute increase in venous return (pre-
load), such as physical exercise, rapid change from standing to supine position, or head-
out water immersion, causes a more rapid augmentation in ANP than in BNP plasma
concentration. For instance, changes in ANP and BNP secretion have been well char-
acterized during and after the tachyarrhythmia induced in pigs by rapid atrial pacing
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(225 beats per minute). In this model, ANP plasma concentration shows a sharp initial
peak followed by a decline, but remains significantly increased throughout a 24-hour post-
pacing period, while BNP increases significantly after an 8-hour pacing, and even more
after a 24-hour pacing [29]. Even acute changes in the effective plasma circulating vol-
ume, such as during a dialysis session in patients with chronic renal failure, cause greater
variations in circulating levels of ANP than BNP [30].

Whereas chronic stimulated CNH secretion results in increased synthesis and secre-
tion in both atria and ventricles, there is an intermediate level stimulation of the
endocrine heart whereby increased synthesis and secretion of CNH is evident only in
the atria [12, 13]. This can be observed during the “mineralocorticoid escape”, a patho-
physiological condition characterized by a transient period of positive sodium balance
resulting from chronic exposure to mineralocorticoid excess, such as aldosterone or
deoxycorticosterone acetate followed by a vigorous natriuresis leading to a new steady
state of sodium balance [12, 13]. The rise in intravascular volume and central venous pres-
sure leads to increased CNH production by the atria.

Wall distension is generally considered the main mechanical stimulus for CNH
(especially BNP) production by ventricular tissue. This occurs in long-standing con-
ditions characterized by electrolyte and fluid retention, and therefore expansion of
effective plasma volume, such as primary [31] and secondary hyperaldosteronism,
including cardiac, renal and liver failure [12, 13, 18, 30]. The changes in the pattern of
gene expression are observed not only in the long-term hypertrophic process of ven-
tricular myocardium, but also at the onset of hemodynamic overload. Moreover, expres-
sion of the BNP gene takes place with many characteristics of an immediate-early
gene. Indeed, hemodynamic overload in the left ventricle has been shown to result in
an increase in the BNP gene expression within 1 h, associated with the expression of
oncogenes c-fos and c-jun [32]. A recent study suggested that the stretch-induced acti-
vation of BNP gene expression by increased left ventricular wall stress in an isolated
perfused rat heart preparation is independent of transcriptional mechanisms and
dependent on protein synthesis [32]; other studies are necessary to confirm and clar-
ify these findings.

The presence of ventricular hypertrophy and fibrosis can stimulate hormone produc-
tion [12,13,18-21,30,33-36].However,recent studies have suggested that myocardial fibro-
sis rather than hypertrophy is associated with increased production of BNP [24, 35, 36].

More recently, several studies indicated that myocardial ischemia and hypoxia per se
could also induce the synthesis/secretion of CNH by cardiomyocytes [37-44]. The stud-
ies indicating that ANP gene is responsive to hypoxia have been reviewed recently in detail
[37]. Several data indicated that hypoxia directly stimulates ANP gene expression and
its release in cardiac myocytes in vitro [37]. The effect of hypoxia on BNP produc-
tion/secretion was also studied, demonstrating that surgical reduction of blood in an area
of the anterior ventricular wall in pigs increased BNP mRNA by 3.5-fold in hypoxic
compared with normoxic ventricular myocardium [44]. Moreover, proBNP peptide
accumulated in the medium of freshly harvested ventricular myocyte cultures, but was
undetectable in ventricular myocardium, indicating rapid release of the newly synthe-
sized proBNP peptide [44]. The direct stimulating effect of hypoxia on CNH gene expres-
sion is probably due to the activation of promoter activity; however, other potential
mechanisms could modulate peptide hormone release from cardiomyocytes, includ-
ing the influx of extracellular Na+ and Na+/Ca++ exchange (due to the hypoxia-depend-
ent intracellular acidosis) as well as the activation of protein kinase C [37]. Moreover,
clinical studies reported that plasma levels of CNH (especially BNP and its related pep-
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tides) were found to be closely related to aerobic exercise capacity in patients with HF
[45-47]. In particular, plasma NT-proBNP correlates better than indices of left ventric-
ular systolic function, such as ejection fraction, with peak oxygen consumption and
exercise duration [47]. These results may explain the elevated levels of BNP found even
in patients with acute coronary syndrome (ACS), in the absence of a significant dilata-
tion of the ventricular chambers [40]. This suggests a neuro-hormonal activation sec-
ondary to both reversible myocardial ischemia and necrosis [41].

There is increasing evidence from in vivo and ex vivo studies supporting the hypoth-
esis that the production/secretion of CNH is regulated by complex interactions with
the neuro-hormonal and immune systems, especially in ventricular myocardium [12,
13, 18]. Neuro-hormones, cytokines, and growth factors that can affect the produc-
tion/secretion of CNH are summarized in Table 3.2.

Table 3.2. Summary list of some neuro-hormones, mediators of inflammation, and growth fac-
tors affecting the production/secretion of CNH

Angiotensin II

Endothelin-1

Adrenergic agents

Cytokines and other mediators of inflammation (including IL-1, IL-6,TNF,and lipopolysaccharide)

Growth and coagulation factors

Insulin

Growth hormone

Thyroid hormones

Corticosteroids

Estrogens

Endothelin and angiotensin II are considered the most powerful stimulators of pro-
duction/secretion of CNH [12, 13, 18, 22]; similarly, glucocorticoids, sex steroid hor-
mones, thyroid hormones, some growth factors and mediators of inflammation (such as
some cytokines, especially TNF-α, interleukin-1, interleukin-6, and lipopolyliposaccha-
ride, LPS) share stimulating effects on the CNH system [12, 13, 18, 22, 36, 48-57] (Table
3.2). The interesting finding that CNH production is stimulated by cytokines and growth
factors suggests a link between cardiac endocrine activity and remodelling or inflam-
matory processes in myocardial and smooth muscle cells. A large number of studies
have recently contributed to support this hypothesis [33-36, 50-53, 56-62].

More complex, and still in part unknown, is the effect of adrenergic stimulation on
CNH production. The α1-adrenergic agonist phenylephrine enhances the expression
of some transcription factors, such as Egr-1 and c-myc, regulating (usually increasing)
the natriuretic peptide gene expression in cultured neonatal rat cardiomyocytes [12,
13, 18, 63-66]. Conflicting results were obtained with β-agonists. In one study, the β-
agonist isoproterenol reduced the expression of BNP mRNA, but not that of ANP, an
effect prevented by the β1-antagonist CGP20712A in isolated adult mouse cardiomy-
ocytes [67]. In another study, isoproterenol stimulated the BNP mRNA expression in rat
ventricular myocyte-enriched cultures [68]. However, it was suggested that the stimu-
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latory effects of both α- and β-adrenergic agonists on BNP gene inducible transcription
are principally mediated by GATA elements [22, 23].

Clinical studies performed in hypertensive patients have shown that monotherapy
with a β-blocker, either β1-selective or not, is associated with an increase in the plasma
concentration of ANP and/or BNP and their related peptides [69-71]. In contrast, CNH
response can be heterogeneous during β-blocker therapy in congestive HF [28, 72],
probably due to the various additive effects of other co-administered drugs. However,
sustained treatment with β-blockers with improvement in cardiac function and exer-
cise capacity and reduction in filling pressure and cardiac volumes is usually associat-
ed with a fall in CNH levels in patients with HF [28, 73, 74].

As far as hormones more specifically acting on intermediate metabolism are con-
cerned, insulin (but not hyperglycemia) increased protein synthesis and ANP secre-
tion and gene expression in cultured rat cardiac myocytes [75]. Moreover, in a model of
genetic murine dilated cardiomyopathy, short-term RhGH treatment improved left ven-
tricular function and significantly reduced elevated mRNA expression of ANP and BNP
gene expression in left ventricular tissue [76].

In conclusion, a huge number of experimental and clinical studies demonstrated
that production and secretion of CNH (especially BNP) are not only related to hemo-
dynamic variations, but also subtly regulated by neuro-hormonal and immunological
factors. Therefore, the variation of CNH circulating levels can be considered as a sen-
sitive index of the perturbation of the homeostatic systems.

3.4 Biological Action of CNH

It is important to note that specific receptors for CNH have been found in all mam-
malian tissues, although at different concentrations, thus suggesting that CNH play an
important biological role in several tissues. Most of these biological effects of CNH may
be due to an autocrine/paracrine, rather than hormonal, action. In this section, we will
discuss in detail only the best-known effects of CNH, and in particular those more
strictly related to the endocrine function of the heart.

Cardiac natriuretic hormones have powerful physiological effects on the cardiovas-
cular system, body fluid, and electrolyte homeostasis [13, 28, 30, 77, 78]. CNH share a
direct diuretic, natriuretic and vasodilator effect and an inhibitory action on ventricu-
lar myocyte contraction [79] as well as remodeling and inflammatory processes of
myocardium and smooth muscle cells [80-83] (Fig. 3.14). Thus, CNH exert a protective
effect on endothelial function by decreasing shear stress, modulating coagulation and fib-
rinolysis pathways, and inhibiting platelet activation (Fig. 3.15). They can also inhibit
vascular remodeling process as well as coronary restenosis post-angioplasty [56, 84-89].

Furthermore, CNH share an inhibitory action on neuro-hormonal and immuno-
logical systems, and on some growth factors [13, 28, 30, 77, 78, 90-99]. In particular, the
pivotal role of CNH (especially ANP) in modulating the immune response has been
reviewed recently [98]. The first evidence for a role of CNH in the immune system was
given by the fact that peptide hormones and their receptors are expressed in various
immune organs. Furthermore, several studies indicated that the CNH system in immune
cells underlies specific regulatory mechanisms by affecting the innate as well as the
adaptive immune response [99]. In particular, ANP supports the first line of defense
by increasing phagocytotic activity and production of reactive oxygen species of phago-
cytes.ANP affects the induced innate immune response by regulating the activation of
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macrophages at various stages. It also reduces production of pro-inflammatory medi-
ators by inhibition of iNOS and COX-2 as well as TNF-α synthesis. ANP also affects
TNF-α action, i.e. it interferes with the inflammatory effects of TNF-α on the endothe-
lium. The peptide hormone counteracts TNF-α-induced endothelial permeability and
adhesion and attraction of inflammatory cells. Finally, it affects thymopoesis and T-
cell maturation by acting on dendritic cells and regulates the balance between TH1 and
TH2 responses [99].

Fig. 3.14. Main effects of CNH on the cardiovascular system
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Fig. 3.15. Protective actions of CNH on endothelial function
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The cited effects on the cardiovascular system and body fluid and electrolyte homeosta-
sis can be explained at least in part by the inhibition of control systems, including the sym-
pathetic nervous system, the renin-angiotensin-aldosterone system (RAAS), the vaso-
pressin/antidiuretic hormone system, the endothelin system, cytokines and growth factors
[90-99].The endocrine action,shared by plasma ANP and BNP,can be enhanced by natriuretic
peptides produced locally in target tissues (paracrine action). Indeed,endothelial cells syn-
thesize CNP, which in turn exerts a paracrine action on vessels [57, 84-88]. Moreover, renal
tubular cells produce urodilatin, another member of the peptide natriuretic family, which
has powerful diuretic and natriuretic properties [100].Genes for natriuretic peptides (includ-
ing ANP, BNP and CNP) are also expressed in the central nervous system, where they likely
act as neurotransmitters and/or neuromodulators [91-93, 100-102]. In particular, it was
demonstrated that intranasal ANP acts as central nervous inhibitor of the hypothalamus-
pituitary-adrenal stress system in humans [103].Finally,co-expression of CNH and of their
receptors was observed in rat thymus cells and macrophages [104,105],suggesting that CNH
may have immunomodulatory and anti-inflammatory functions in mammals [106].

A recent detailed review [107] has highlighted a possible major role for CNH in the
development of certain systems, in particular skeleton, brain, and vessels. This review
cites recent studies showing severe skeletal defects and impaired recovery after vascu-
lar and renal injury in CNH transgenic and knockout (KO) mice [108]. In addition,
CNH may have a role in the regulation of proliferation, survival, and neurite outgrowth
of cultured neuronal and/or glial cells [108].

Changes in plasma ANP are also correlated with alcohol-associated psychological vari-
ables [108].Acute administration of alcohol stimulates the release of ANP independent-
ly of volume-loading effects. Patients whose ANP levels fell markedly during abstinence
also reported more intense and frequent craving as well as more anxiety [108].

Several reports have shown that CNH stimulate the synthesis and release of testos-
terone in a dose-dependent manner in isolated and purified normal Leydig cells [109-
112]. It has been suggested that this effect on normal Leydig cell steroidogenesis does
not involve classical mechanisms of cAMP-mediated regulation of steroidogenic activ-
ity by gonadotropins [112]. The stimulated levels of testosterone production by ANP, BNP,
and gonadotropins were comparable, whereas CNP has been found to be a weak stim-
ulator of testosterone production in Leydig cells [112]. Moreover, testicular cells contain
immunoreactive ANP-like materials and a high density of natriuretic peptide recep-
tor-A (NRP-A) [112]. These findings suggest that CNH play paracrine and/or autocrine
roles in testis and testicular cells. Furthermore, the presence of ANP and its receptors
has been reported in ovarian cells, too. Increasing evidence strongly support that CNH
are present and probably locally synthesized in ovarian cells of different mammalian
species and also play an important physiological role in stimulating estradiol synthe-
sis and secretion in the female gonad [112-115]. However, further studies are necessary
in order to clarify completely the role played by CNH in the regulation of gonadal func-
tion and also to assess the inter-relationship between heart endocrine function and
gonadal function in humans.

The huge amount of data reported above strongly supports the hypothesis that CNH
are active components of the body integrative network that includes nervous, endocrine
and immune systems. According to this hypothesis, the heart can no longer be seen as
a passive automaton driven by nervous, endocrine or hemodynamic inputs, but as a
leading actor on the stage. Thus, CNH, together with other neuro-hormonal factors,
regulate cardiovascular hemodynamics and body fluid and electrolyte homeostasis,
and probably modulate inflammatory response in some districts, including the car-
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diovascular one. This hypothesis implies that there are two counteracting systems in
the body: one has sodium-retaining, vasoconstrictive, thrombophylic, pro-inflamma-
tory and hypertrophic actions, while the second one promotes natriuresis and vasodi-
latation, and inhibits thrombosis, inflammation and hypertrophy. CNH are the main
effectors of the latter system, and work in concert with NO, some prostaglandins, and
other vasodilator peptides (such as bradykinin) [116-120]. Under physiological condi-
tions, the effects of these two systems are well balanced via feedback mechanisms, and
result in a beat-to-beat regulation of cardiac output and blood pressure in response to
endogenous and exogenous stimuli. In patients with HF, the action of the first system
is predominant, as a compensatory mechanism, initially, that progressively leads to
detrimental effects.

The knowledge so far accumulated regarding CNH suggests that a continuous and
intense information exchange flows from the endocrine heart system to nervous and
immunological systems and to other organs (including kidney, endocrine glands, liver,
adipose tissue, immuno-competent cells) and vice versa (Fig. 3.16). From a pathophys-
iological point of view, the close link between the CNH system and counter-regulatory
systems could explain the increase in circulating levels of CNH in some non-cardiac-relat-
ed clinical conditions. Increased or decreased BNP levels were frequently reported in acute
and chronic respiratory diseases [121-129], some endocrine and metabolic diseases
[130-141], liver cirrhosis [142-144], renal failure [100, 144], septic shock, chronic inflam-
matory diseases [145-149], subarachnoid hemorrhage [150-153], and some paraneo-
plastic syndromes [154-156]. In addition, any myocardial damage leading to the release
of sarcoplasma constituents (including CNH) in extracellular fluid, for instance that
due to cardiotoxic agents [157-161], cardiac trauma or ischemic necrosis [162, 163],
also causes an increase in plasma concentration of CNH.

Furthermore, the inter-relationships between the CNH system and pro-inflammatory
cytokines suggest that cardiac hormones play an important role in mechanisms respon-

Fig.3.16.The neuro-endocrine network: the close relationships between the CNH system and other
organs and regulatory systems
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sible for cardiac and vascular adaptation, maladaptation and remodeling in response to
various physiological and pathological stimuli [32, 35, 62, 162].

Elevated BNP levels in extra-cardiac diseases reveal an endocrine heart response to
a “cardiovascular stress” (Fig. 3.17). Indeed, recent studies reported that plasma BNP
concentration is an independent risk factor for mortality (cardiac and/or total) in pul-
monary embolism [121, 123, 124] and hypertension [127], renal failure [28, 100, 144], sep-
tic shock [145], amyloidosis [149], and diabetes mellitus [141] (see Chapter 6 for more
details).According to this hypothesis, a BNP assay should be considered as a marker of
cardiac stress (Fig. 3.17).

In conclusion, CNH share a powerful action on the cardiovascular system, including
diuretic, natriuretic and vasodilator effects and an inhibitory action on ventricular
myocyte contraction, as well as on remodeling and inflammatory processes of myocardi-
um and smooth muscle cells. Furthermore, CNH exert a protective effect on endothelial
function by decreasing shear stress, modulating coagulation and fibrinolysis pathways,
and inhibiting platelet activation. They can also inhibit the vascular remodeling process
as well as coronary restenosis post-angioplasty. These effects can be explained, at least
in part, by the inhibition of control systems, including the sympathetic nervous system,
the RAAS, the vasopressin/antidiuretic hormone system, the endothelin system, cytokines
and growth factors. Finally, the endocrine action of ANP and BNP is potentiated at the
periphery (target tissues) by the paracrine action of other members of the peptide natri-
uretic family, such as CNP (in the vascular tissue) and urodilatin (in renal tissue).

Finally, some experimental studies performed in KO mice suggest a distinct patho-
physiological role for BNP in respect to ANP [18].While BNP KO mice are no different

Fig. 3.17. Elevated BNP levels in the absence of cardiac diseases reveal an endocrine heart
response to “stress”, not necessarily involving the cardiovascular system
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from control mice with regard to blood pressure, urine volume, and urinary electrolyte
excretion, they have more extensive ventricular fibrosis, accompanied by increased
transforming growth factor-b3 (TGF-b3) and collagen mRNA [18]. These data suggest
that BNP may function more as an autocrine/paracrine inhibitor of cell growth in the
heart; while ANP may be considered as a traditional circulating hormone with pro-
nounced diuretic, natriuretic, and antihypertensive effects.

3.5 Natriuretic Peptide Receptors and Intracellular Second Messenger Signaling

Cardiac natriuretic hormones share their biological action by means of specific recep-
tors (NPR), which are present within the cell membranes of target tissues. Three different
subtypes of NPRs have so far been identified in mammalian tissues [112, 164, 165].

3.5.1 Genes Encoding for NPRs

NPR1 is the gene coding the NPR-A receptor (natriuretic peptide receptor A/guany-
late cyclase A) and it is located on 1q21-q22 spanning 15,534 bp with 22 exons. The rel-
ative mRNA of 3,805 bp leads to a protein of 1,061 amino acids.

The NPR-B receptor (natriuretic peptide receptor B/guanylate cyclase B) is codified
by the gene NPR2. This gene of 17,303 bp is on chromosome 9 (9p21-p12) and it is
organized in 22 exons, which can give two types of mRNA. NPR2 Ia is an mRNA of
3,482 bp that has a 71 nucleotide insertion relative to isoform b, which results in a dif-
ferent, and shorter (995 aa), carboxy-terminus that may disrupt the guanylyl cyclase
activity. NPR2 Ib (3,411 bp, 1,047 aa) does not include the alternate exon found in iso-
form a, and thus isoform b contains a longer carboxy-terminus. The natriuretic peptide
receptor C gene, also named NPR3, is on 5p14-p13 and spans 74,698 bp (8 exons), giv-
ing an mRNA of 1,753 bp that is translated into a protein of 540 amino acids.

3.5.2 Biological Function of NPRs 

NPR-A and NPR-B are generally considered to mediate all known biological actions
throughout the guanylate cyclase (GC) intracellular domain, while the third member of
the natriuretic peptide receptor family, the NPR-C receptor, does not have a GC domain
(Figs. 3.18, 3.19 and 3.20).

The GC receptors for ANP/BNP (NPR-GC-A) and CNP (NPR-GC-B) belong to a fam-
ily of seven isoforms of transmembrane enzymes (from GC-A to GC-G), which all con-
vert guanosine triphosphate into the second messenger cyclic 3’,5’-guanosine monophos-
phate (cGMP) [164].

Although partly homologous to soluble GC, the receptor for NO, the membrane GCs
share a different and unique topology. The single transmembrane span domain divides
the protein structure into an extracellular ligand binding domain and an intracellular
region consisting of a protein kinase-homology domain, an amphipathic helical or hing
region, and a cyclase-homology domain [165] (Figs. 3.18, 3.19 and 3.20). The cyclase-
homology domain represents the catalytic cGMP synthesizing domain. The function
of the intracellular region consisting of a protein kinase-homology domain is incom-
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Fig. 3.19. Schematic
structure of the natri-
uretic peptide receptors.
Part A Domain structure
of NPR-A and NPR-B.
Part B Domain structure
of NPR-C
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pletely understood. Although it probably binds ATP and contains many residues con-
served in the catalytic domain of protein kinases, kinase activity has not been detect-
ed [165]. It represses the enzyme activity of the catalytic cGMP-synthesizing domain and
at the same time is necessary for its ligand-dependent activation [154]. The coiled-coil
hing region is involved in receptor dimerization, which is also essential for the activa-
tion of the catalytic domain [165].

The cGMP produced modulates the activity of specific downstream regulatory pro-
teins, such as cGMP-regulated phosphodiesterases, ion channels and cGMP-dependent

Fig. 3.18. Schematic
structure of the natri-
uretic peptide receptor
genes



NPRs and Intracellular Second Messenger Signaling 41

protein kinases type I (PKG I) and type II (PKG II) (Fig. 3.20). These proteins should be
considered to be third messengers, which are differentially expressed in different cell
types, ultimately modifying cellular functions [166, 167]. This specific action of CNH on
target tissues depends essentially on two different mechanisms.

The physiological expression of NPR-A and NPR-B differs quite significantly in
human tissues (Fig. 3.21). NPR-A is found in abundance in larger, conduit blood vessels,
whereas the NPR-B is found predominantly in the central nervous system [168]. Both
receptors have been localized in adrenal glands and kidney [168]. On the other hand,
several studies indicate that phosphorylation of the kinase homology domain is a crit-
ical event in the regulation of NPRs [169-171].

The affinity for ANP, BNP and CNP also varies greatly among the different NPRs.
ANP shows a greater affinity for NPR-A and NPR-C, and CNP for NPR-B, while BNP
shows a lower affinity for all NPRs compared to the other two peptides (Fig. 3.21).

Activation of the GC-linked NPRs is incompletely understood [172]. NPR-A and NPR-
B are homo-oligomers in the absence and presence of their respective ligands, indicat-
ing that receptor activation does not simply result from ligand-dependent dimerization
[173]. However, ANP binding does cause a conformational change of each monomer
closer together [172-176]. The stoichiometry of the ligand-receptor complex is 1:2 [177].

Initial in vitro data suggested that direct phosphorylation of NPR-A by protein kinase
C mediated its “desensitization”(i.e., the process by which an activated receptor is turned
off) [178]. However, subsequent studies conducted in live cells indicated that desensiti-
zation in response to prolonged natriuretic peptide exposure or activators of protein
kinase C results in a net loss of phosphate from NPR-A and NPR-B [171, 179-182].

Although ligand-dependent internalization and degradation of NPR-A has been intense-
ly studied by several groups for many years,a consensus understanding of the importance
of this process in the regulation of NPRs has not emerged [182]. Early studies conducted

Fig. 3.20. NPR-A and NPR-B are generally considered to mediate all known biological actions,
while NPR-C is independent of guanylate cyclase (GC)
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on PC-12 pheochromocytoma cells suggested that both NPR-A and NPR-C internalize
ANP and that both receptors are recycled back to the cell surface [184]. Other studies,
using Leydig,Cos,and 293 cell lines,have reported that ANP binding to NPR-A stimulates
its internalization, which results in the majority of the receptors being degraded with a
smaller portion being recycled to the plasma membrane [184-187]. In contrast,other stud-
ies performed in cultured glomerular mesangial and renomedullary interstitial cells from
the rat or Chinese hamster ovary cells reported that NPR-A is a constitutively membrane-
resident protein that neither undergoes endocytosis nor mediates lysosomal hydrolysis
of ANP [188, 189].A more recent study using 293T cells suggested that NPR-A and NPR-
B are neither internalized nor degraded in response to receptor occupation [173]. Fur-
thermore, this study did not support the hypothesis that down-regulation is responsible for
NPR desensitization observed in response to various physiological or pathological stim-
uli [182].Further studies are necessary to clarify whether or not ANP binding to NPR-A stim-
ulates its internalization, and whether this process is tissue- and/or species-specific.

It is generally thought that the NPR-C is not linked to GC and so serves as a clearance
receptor [28,77,78].NPR-C is present in higher concentration than NPR-A or NPR-B in sev-
eral tissues (especially vascular tissue),and it is known constitutively to internalize CNH [172]
(Fig.3.22).However,recent studies have found that CNH interact with NPR-C to suppress the
cAMP concentration by inhibition of adenylyl cyclase [190, 191]. Specific binding to NPR-C
increases inositol triphosphate and diacylglycerol concentrations by activating phospholi-
pase C activity or inhibits DNA synthesis stimulated by endothelin, platelet-derived growth
factor and phorbol ester by inhibiting MAPK activity,as recently reviewed [190].The NPR-C-
mediated inhibition of adenylyl cyclase is mediated through Gi (inhibitory guanine nucleotide
regulatory) proteins.According to this hypothesis,NPR-C,which is present in large amounts,
especially on the endothelial cell wall,may mediate some paracrine effects of CNP on vascu-
lar tissue [168,190].However,further studies are necessary to elucidate the possible role of NPR-
C receptors as modulators of CNH action and/or degradation in peripheral tissues.

Fig. 3.21. Main biological and functional characteristics of natriuretic peptide receptors
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3.6 Metabolic Pathways and Circulating Levels of CNH

Atrial natriuretic peptide and BNP are secreted directly from the heart. In the circula-
tion, CNHs are metabolized via two principal mechanisms: degradation by a mem-
brane-bound endopeptidase (NEP 24.11) and receptor-mediated cellular uptake via
NPR-C [14] (Fig. 3.22). Some biological characteristics of ANP, BNP and CNP (as well
as of their precursors) are summarized in Table 3.3.

Fig. 3.22. Degradation
pathways of CNH. CNH
are degraded via two
different metabolic
pathways: (1) internal-
ization and intracellular
degradation after bind-
ing with the specific
receptor NPR-C;(2) degra-
dation by several plasma
and tissue proteases,
especially a membrane-
bound endopeptidase
(NEP 24.11)

Table 3.3. A comparison of respective biological characteristics of ANP, BNP and CNP

Precursors proANP proBNP proCNP

Main synthesis site Heart Heart Endothelial vessels

Molecules in blood ANP NT-proANP BNP NT-proBNP CNP NT-proCNP

Amino acids 28 98 32 76 CNP-22 (CNP82-103) 50
CNP-53 (CNP51-103)

Weight (Daltons) 3,078 10,615 3,462 8,457 2,199 ~ 5,000
5,802

Biological activity Yes Probably Yes Not yet Yes Not yet
yes found Yes found

Half-life in plasma (min) 2–4 40–50 15–25 60–120 1–3 Unknown
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3.6.1 ANP Metabolism

Atrial natriuretic peptides are a family of peptides derived from a common precursor,
called preproANP, which in humans contains 151 amino acids and has a signal peptide
sequence at its amino-terminal end (Fig. 3.11). The pro-hormone is stored in secretion
granules of cardiomyocytes as a 126-amino-acid peptide, proANP1-126, which is pro-
duced by cleavage of the signal peptide.When appropriate signals for hormone release
are given, proANP1-126 is further split by some proteases (especially the serine protease
corin) [192] into N-terminal fragment NT-proANP and the COOH-terminal peptide
ANP, which is generally considered to be the biologically active hormone, because it
contains the cysteine ring (Figs. 3.1 and 3.11).

Studies from the group of Vesely et al. suggested that the NT-proANP can be metab-
olized in vivo in three peptide hormones with blood pressure-lowering, natriuretic,
diuretic and/or kaliuretic properties [100]. These peptide hormones, numbered by their
amino acid sequences, beginning at the N-terminal end of the proANP pro-hormone,
include: 1) the peptide proANP1-30, also called long-acting natriuretic peptide (LANP);
2) the peptide proANP31-67 with vessel dilator properties; 3) the peptide proANP79-98

with kaliuretic properties [98]. However, these three peptides do not bind to the same
NPRs of CNHs, because they do not have the cysteine ring. Further studies are neces-
sary to confirm and elucidate the biological action of these putative peptide hormones,
as well as their in vivo metabolism.

There is some evidence that ANP is secreted according to a pulsatile pattern in
humans [193-197]. Upon secretion,ANP is rapidly distributed and degraded (the meta-
bolic clearance rate of ANP is on average about 2,000 ml/min in healthy subjects) with
a plasma half-life of about 4-6 minutes in healthy adult subjects. In humans, about 50%
of the ANP secreted into the right atrium is extracted by the peripheral tissues during
the first pass throughout the body [198-201]. Furthermore, circulating ANP represents
only a small fraction of the total body pool (no more than 1/15) in normal subjects and
plasma ANP concentration shows rapid and wide fluctuations in healthy subjects, even
at rest in the recumbent position [198-201]. The turnover data suggest that circulating
levels of ANP may not represent a close estimate of their disposal, and therefore of the
activity of the CNH system, as implicitly accepted in physiological or clinical studies in
which only the plasma concentration of the hormone is measured, without an estima-
tion of turnover rate. However, it was demonstrated that ANP clearance mechanisms are
constant in the presence of rapid and large changes in endogenous ANP plasma levels
induced by atrial and/or ventricular pacing, thus indicating that, at least for studies
lasting only a few hours, changes in ANP circulating levels may provide a reliable esti-
mate of production rate variations [201].

3.6.2 BNP Metabolism

The biological action, metabolic pathways, and turnover parameters of BNP are not
as well known as those of ANP [14]. However, it is commonly believed that the BNP
turnover is less rapid than that of ANP with a plasma half-life of about 13-20 min-
utes; indeed, circulating levels of BNP are more stable than those of ANP in adult
healthy subjects (Fig. 3.23). Bentzen et al. [197] analyzed the secretion pattern of
ANP and BNP in 12 patients with chronic HF and in 12 healthy adult subjects. ANP
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and BNP in plasma were determined by radioimmunoassay (RIA) at 2 min intervals
during a 2-h period and were subsequently analyzed for pulsatile behavior using the
method of Fourier transformation. All patients and healthy subjects had significant
rhythmic oscillations in plasma ANP levels, and 11 patients with HF and 10 healthy
subjects had significant rhythmic oscillations in plasma BNP levels [197]. The ampli-
tude of the main frequency was considerably higher in patients than in healthy sub-
jects, but the main frequency did not differ significantly between patients and healthy
subjects for either ANP or BNP. Patients with HF demonstrated pulsatile secretion of
ANP and BNP with a much higher absolute amplitude, but with the same main fre-
quency as healthy subjects [197]. Finally, rhythmic oscillations in plasma ANP lev-
els of healthy subjects showed significantly higher mean amplitude, but not fre-
quency, than those of BNP [197].

A very small amount of immunoreactive BNP has been found in urine [202, 203],
but the precise mechanism of renal excretion has not yet been fully clarified. In contrast
to BNP, the biologically active peptide, other proBNP-derived inactive fragments also cir-
culate in plasma. These fragments are commonly referred to as “N-terminal proBNP”
(NT-proBNP), but the molecular heterogeneity also includes the intact precursor, par-
ticularly in patients with HF [14, 204]. Cardiac secretion of proBNP and its N-termi-
nal fragments has been demonstrated by blood sampling from the coronary sinus [205].
Some data suggest that the major part of proBNP produced in myocardiocytes is appar-
ently processed prior to release [14]; however, intact proBNP peptide was also found
in plasma of patients with HF as well as healthy adult subjects [14, 205, 206].

A recent study, employing a new method for the total and equimolar assay of all proB-
NP-related peptides (i.e., intact proBNP precursor plus NT-proBNP concentrations),
found comparable peripheral concentrations of BNP (measured by immunoradiomet-
ric assay) and proBNP-related peptides in patients with HF [206]. Moreover, the BNP

Fig. 3.23. Variations of plasma ANP
and BNP, both measured by
immunoradiometric assay, in a nor-
mal subject (woman,aged 23 years)
throughout 45 min at rest in the
recumbent position. Supine posi-
tion at rest was attained at -15 min;
starting from time 0, blood sam-
ples (5 ml) were drawn every 2.5
min for the following 30 min. A
saline infusion was used to flush
the catheter and to replace the
same volume of fluid withdrawn
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concentration (median 125 pmol/l) was higher than that of total proBNP (103 pmol/l) in
the coronary sinus, suggesting that the cardiac secretion of these two peptides could be
different [206].Alternatively, this finding could also reflect some difference in peripheral
elimination of peptides because total proBNP concentration is significantly higher in
the pulmonary artery than the aortic root in patients with right ventricular failure [207].

While NEP enzymes are mainly involved in natriuretic peptide inactivation in vivo,
the degradation of BNP seen in vitro is most likely due to other enzymes, such as peptyl
arginine aldehyde proteases, kallikrein, and serine proteases [15]. However, the role of
these enzymes in the degradation of BNP in vivo is unclear.

A recent study reported that both the BNP and total proBNP concentrations were
increased more than 2-fold in the coronary sinus compared to the inferior caval vein
(BNP-32: median 125 pmol/l, range 21-993 vs median 52 pmol/l, range 7-705; proBNP:
median 103 pmol/l, range 16-691 vs 47 pmol/l, 8-500) [206]. These findings are in
accordance with previous studies suggesting that the cardiac gradient for BNP secre-
tion (as estimated by the difference between BNP concentration in coronary sinus
and inferior caval vein) ranges from 1.6-fold to 2.9-fold [204,208-210]. Taking these
studies as a whole, ANP and BNP share a similar peripheral extraction value (of about
30-50%). Further studies are necessary to elucidate the metabolism of BNP and in
particular the predominant form of the circulating BNP-related peptides.

3.7 CNH System in Fetal Heart and Circulation

In human fetal ventricles,ANP mRNA is considerably higher than in adult ventricles and
tends to decrease with gestational age [211, 212]. Peptide levels of ANP and BNP in fetal
ventricles have also been reported to be greater than in the adult ventricle, although
there are some differences among mammals [212]. No CNP expression has been detect-
ed in developing hearts of human embryos [213].

In general, these studies indicate that the relative contribution of ventricular ANP is
significantly greater in the embryo than in the adult, and in some species the ventricle
is the predominant site of ANP and BNP expression during fetal development [212].
During the molecular processes underlying “physiological” hypertrophy (such as phys-
ical training and pregnancy) or myocardial remodeling in patients with arterial hyper-
tension or myocardial infarction, numerous genes normally expressed during devel-
opment are reactivated, including ventricular ANP and BNP [19-23, 214, 215].

In mice, the peaks of ANP and BNP mRNA coincide with a landmark in the devel-
opment of the embryonic heart, including the start of regular beating of the primitive heart
(day 9 of gestation), septal formation (day 12), and alteration of heart axis (day 15) [212].

CNH are secreted in response to similar physiological stimuli during development as in
the adult animals [211], including volume loading [216,217],hyperosmolarity [216],hypox-
ia [218], and the stimulatory action of angiotensin II, phenylephrine, vasopressin, and
endothelin [219-221].These data suggest that CNH may play an important role in regulating
blood pressure and salt and water balance in the developing embryo in mammals [221].

Expression of BNP and CNP has been demonstrated within the decidua of the mouse
placenta [222],while the expression of ANP has been demonstrated in the human placenta,
particularly in the cytotrophoblast tissue [223, 224]. Furthermore, ANP or BNP admin-
istered into the fetal placental circulation have been shown to inhibit the effects of vaso-
constrictor agents [225-227]. These studies suggest that CNH act as a vasodilator in the
fetal-placental vasculature and may help regulate the blood supply to the fetus [221].
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CNH modulate cell growth and proliferation, including inhibition of proliferation of
vascular smooth muscle cells [228], inhibition of hypertrophy [229], and induction of
apoptosis in cultured cardiac myocytes [230]. Furthermore, CNH suppress cardiac
fibroblast growth [231]. These data suggest that natriuretic peptides may play a role in
cardiac organogenesis of the embryonal heart and cardiovascular system.

Further support for a role of CNH in regulating cardiac growth is provided by some
studies in KO mice. The phenotype of the NPR-A KO (Npr1-/-) mouse lacks the recep-
tor that mediates the biological actions of both ANP and BNP and has elevated CNH
levels and blood pressure, with marked cardiac hypertrophy and fibrosis [232-234]. Fur-
thermore, the Npr1-/- mice show enlarged hearts at birth, with Npr1-/- neonates having
heart-weight to body-weight ratios 140% greater than wild-type littermates [233], con-
firming that the ANP/BNP system is an important regulator of myocyte growth during
development [221]. On the other hand, KO mice for the ANP [234] or BNP [236] gene show
no such changes in size or structure in the hearts of neonates, thus suggesting that the
presence of only one peptide hormone can compensate for the absence of the other.

It should be noted that BNP-overexpressing mice [237] and natriuretic peptide clear-
ance receptor (NPR-C)-KO mice [238] show skeletal overgrowth, whereas CNP-KO mice
show dwarfism and bone malformation [239]. Fetal bone growth is regulated by CNP,
via stimulation of chondrocyte proliferation and cartilage matrix production [240].
Thus, the natriuretic peptides have effects on the development of other tissues besides
the heart [107]. However, further research will be needed before we fully understand all
the roles of the natriuretic peptides during embryogenesis.

It is well known that CNH increase progressively during pregnancy in the mother’s
circulation [241, 242]. Several mechanisms may play a role in activating the CNH sys-
tem during pregnancy; the most important (and well known) may be the progressive
increase in plasma volume, the direct and progressive stimulating effect of female steroid
hormones on CNH production [48, 49] and the activation of counter-regulatory sys-
tems (especially the hypophysis-adrenal axis and the RAAS) [243, 244].

Moreover, plasma CNH levels are frequently increased in women with hypertensive
pregnancy and eclampsia compared to normal pregnancy [245-250].The higher levels of CNH
(especially BNP or NT-proBNP) in pre-eclamptic women may be an indicator of high left-
ventricular filling pressure, and indicate left-ventricular diastolic dysfunction [248, 250].

These data confirm that the CNH system plays a relevant role in the regulation of
fluid and electrolyte homeostasis, as well as in cardiovascular hemodynamics, even
during pregnancy.

3.8 CNH Genes and Cardiovascular Diseases

Since CNH have a potent diuretic antihypertensive action, and the impaired action of
the peptides may cause hypertension, their genes may be candidates for cardiovascu-
lar disease, especially arterial hypertension. Furthermore, transgenic animals (espe-
cially mice), overexpressing CNH or knockout for ANP/BNP genes or their specific
receptors, have been used to evaluate the pathophysiological role of the CNH system
in cardiovascular diseases [251].

In transgenic mice with overexpression of ANP and BNP in liver, plasma ANP and
BNP levels are from 10- to 100-fold higher than in control mice, with a blood pressure
of 20-25 mmHg lower. These mice also have lighter hearts, but with the same cardiac out-
put and rate, than controls [251, 253-255]. The BNP-overexpressing mice show the same
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hemodynamic changes; on the other hand,ANP KO mice develop NaCl-sensitive hyper-
tension [251]. Transgenic mice overexpressing the NPRA gene have also been created;
these animals have a lower blood pressure than wild-type mice [251]. The correspon-
ding KO mice show an increase in blood pressure compared with controls (on average
10 mmHg in heterozygous and 30 mmHg in homozygous animals), which is not affect-
ed by NaCl intake [254, 255]. These data suggest a different pathophysiological mech-
anism for hypertension between KO mice for the ANP gene and its specific receptor; this
difference does not yet have an explanation [251]. NPRC heterozygous KO mice do not
show blood pressure variation, whereas homozygous mice show on average a decrease
in blood pressure of about 8 mmHg [251].

The function of natriuretic peptides was also studied after induction of myocardial
infarction in KO mice lacking the natriuretic peptide receptor guanylyl cyclase-A, the
receptor for ANP and BNP [89]. KO and wild-type mice were subjected to left coronary
artery ligation and then followed-up for 4 weeks. KO mice showed significantly higher
mortality because of a higher incidence of acute HF, which was associated with dimin-
ished water and sodium excretion and with higher cardiac levels of mRNAs encoding
ANP, BNP, TGF-b1, and type I collagen. By 4 weeks after infarction, left ventricular
remodeling, including myocardial hypertrophy and fibrosis, and impairment of left
ventricular systolic function were significantly more severe in KO than wild-type mice
[89]. These data confirm that the CNH system has powerful anti-remodeling properties
on ventricular cardiomyocytes.

In recent years,molecular genetic techniques have been introduced in etiological stud-
ies of polygenetic diseases, in linkage studies, in sib-pair linkage studies of various candi-
date genes, and in related studies [251, 252]. The association between some abnormalities
in genes, coding for the CNH and their receptors, and some cardiovascular (in particular
hypertension) and metabolic (such as diabetes mellitus) diseases has been tested in a large
number of clinical studies (see also Chapter 6 for more details).To date, the results obtained
are conflicting and seem to depend strictly on the ethnic population of the study.

The restriction fragment length polymorphism for the enzyme HpaII, located in
intron 2 of NPPA (polymorphism also called Sma I), was reported to be more common
in hypertensive African-Americans than in normotensive black controls [257]; these
data were then confirmed in two [258, 259], but not a third [260], Caucasian popula-
tions. Furthermore, another study found that the HpaII polymorphism was not asso-
ciated with hypertension in the Chinese population of Hong Kong [261].

Regarding other NPPA polymorphisms, Japanese studies reported that both G1837A
and T2238C polymorphisms are associated with essential hypertension [262], while
only a marginally significant association was found with an ANP polymorphism locat-
ed in the 5’-untranslated region (C664G) [263].

The possible association between mutations of the ANP gene and some complications
of diabetes mellitus and obesity will be discussed in detail in Chap. 6 (Cardiac Natriuretic
Peptides as Possible Markers of Extra-cardiac Diseases: Clinical Considerations and
Applications).

Several allelic variants have also been described for genes coding for CNH recep-
tors (see the recent revew by Nakayama [251] for a more detailed discussion of this
topic). The clearance receptor for natriuretic peptides (NPR-C) is highly expressed in
adipose tissue, and its bi-allelic (A/C) polymorphism was detected at position -55 in
the conserved promoter element named P1. This variant of the NPR-C P1 promoter is
associated with lower ANP levels and higher systolic blood pressure and mean blood pres-
sure in obese hypertensives: the C(-55) variant, in the presence of increased adiposity,
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might reduce plasma ANP through increased NPR-C-mediated ANP clearance, con-
tributing to higher blood pressure [264].

In the Japanese population an insertion/deletion (GCTGAGCC) polymorphism has
been identified in the 5’-flanking region of the NPRA gene that is associated with essen-
tial hypertension and left ventricular hypertrophy [265]. Another insertion/deletion
polymorphism is on the 3’-untranslated region of the NPRA gene, on exon 22, and it
seems to be associated with familial hypertension [266]. However, these data should be
confirmed in larger studies, including other ethnic populations.

3.9 An Integrated Neuro-Hormonal System Regulates Vascular Function

Endothelial cells release an array of vasoactive mediators that alter the tone and growth
of the underlying smooth muscle and regulate the reactivity of circulating white blood
cells, erythrocytes and platelets. These endogenous factors are usually called endothe-
lium-derived vasorelaxant mediators [267]. Moreover, it appears that alterations in the
capacity of the endothelium to release some mediators in response to pathophysiolog-
ical stimuli (the so-called endothelium dysfunction) are a major precipitating factor
in many cardiovascular diseases. Perhaps the most important of these paracrine medi-
ators are prostacyclin (PGI2) and nitric oxide (NO). More recently, a third endotheli-
um-derived vasorelaxant mediator has been described [267]. This is termed endothe-
lium-derived hyperpolarizing factor (EDHF) because it elicits a characteristic smooth-
muscle hyperpolarization and relaxation. Much attention has focused on identifying
EDHF(s), with diverse candidates, including cytochrome P450 metabolites, KC ions,
anandamide and hydrogen peroxide [267]. However, the role of each of these as EDHF
remains unsubstantiated.

There is now compelling evidence that CNH (and especially CNP) act as EDHFs in
some vascular beds [267-271]. Indeed, numerous studies have demonstrated that ANP,
BNP and CNP bind to NPR-A and NPR-B receptors on vascular smooth muscle cells
(either freshly isolated or in culture), stimulate cGMP accumulation, and cause a dose-
dependent vasodilation [268-271]. This increase in cGMP causes vasodilatation by
reducing intracellular calcium levels, as occur when cGMP accumulation is stimulated
by NO and its analogs [268].

It is theoretically conceivable that ANP and BNP act like hormones in vascular tis-
sue by reaching the smooth muscle cells from the circulation after secretion by the
heart, while CNP shows a paracrine action, being secreted by endothelial cells [57, 84,
87, 88] (Fig. 3.15). However, Casco et al. [272] demonstrated the existence of a complete
CNH system (including the production and secretion of ANP, BNP and CNP) in ather-
osclerotic human coronary vessels by means of in situ hybridization and immunocy-
tochemistry methods. In particular, the expression of mRNAs of ANP, BNP and CNP,
measured by RT PCR, tended to be increased in macroscopically diseased arteries com-
pared to normal vessels, although only the values for BNP expression were significant-
ly different [272]. This study suggests that the CNH system is involved in the pathobi-
ology of intimal plaque formation as well as in vascular remodeling in humans.

Some studies indicated that there are complex interactions even among CNH them-
selves. Nazario et al. [273] reported that ANP and BNP can stimulate CNP production
through a guanylate cyclase receptor on endothelial cells. As a result, vasodilatory, and
anti-mitogenic effects of ANP and BNP in the vasculature could occur in part through
CNP production and subsequent action if these interactions occur in vivo. In other
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words, ANP/BNP and CNP paracrine system should share a synergic action on vascu-
lar tissues.

Several studies have demonstrated complex interactions betwen CNH and the other
endothelium-derived vasorelaxant mediators [267]. Indeed, evidence from cellular, ani-
mal, and human studies suggests that all CNH are able to stimulate NO production by
endothelial NO synthase (eNOS); this effect is probably mediated by clearance recep-
tor NPR-C [270]. Stimulation of this NPR-C receptor results in decreased cAMP levels
by adenyl cyclase inhibition through an inhibitory guanine nucleotide-regulating pro-
tein [270]. Furthermore, ANP treatment increases renal and cardiac NO synthesis in
rats [274]. On the other hand, NO, released from endothelial cells, negatively modulates
ANP secretion from atrial myocytes, induced by mechanical stretch in perfused rat
heart preparation [275]. Furthermore, ANP expression is markedly upregulated in
eNOS-/- mice, and exogenous ANP restores ventricular relaxation in wild-type mice
treated with NOS inhibitors [276]. These data suggest that the CNH and NO systems
are linked by a negative feedback mechanism. Finally, CNH (and especially CNP) mimic
many of the anti-atherogenic actions of PGI2 and NO [267]. This gives rise to the pos-
sibility that CNP might compensate for the loss of these mediators in cardiovascular
pathologies to restore the vasodilator capacity of the endothelium, in addition to its
anti-adhesive and anti-aggregatory influences.

CNH also strongly interact with the effectors of counter-regulatory systems at the vas-
cular tissue level [13, 28, 30, 77, 78, 90-99]. In particular, interactions between CNH and
ET-1 also appear to be important physiologically; indeed, the vascular effects of CNH
are directly opposite to those of ET-1 [267, 269]; in particular, ET-1-induced vasocon-
striction and myocyte hypertrophy is inhibited by CNH. While CNP has little natri-
uretic and diuretic action compared to ANP or BNP, it is capable of modulating the
vascular effects of the local RAAS by opposing potent vasoconstriction to angiotensin
II [269]. CNP not only functionally antagonizes ET-1 and angiotensin II, but it also
directly modulates ET-1 [277] and angiotensin II [278] synthesis. On the other hand, ET-
1 induces an increase in the number of endothelial cells that secrete CNP [279]. There-
fore, the parallel production and activity of vasodilator CNP and vasoconstrictors such
as ET-1 and angiotensin II allows for tight local regulation of these vasoactive peptides
and thus blood flow [267, 269, 279].

Furthermore, the inter-relationships between the CNH system and pro-inflammatory
cytokines suggest that cardiac hormones play an important role in mechanisms respon-
sible for cardiac and vascular adaptation, maladaptation and remodeling in response to
various physiological and pathological stimuli [32, 35, 62, 162]. The identification of
CNP as an EDHF, combined with its expression in endothelial cells, indicates that CNP
is suited to modulate the activity of circulating cells, particularly leukocytes and platelets.
Moreover, inflammatory stimuli such as IL-1b, TNF and lipopolysaccharide [280] stim-
ulate the release of CNP from isolated endothelial cells. As a result, modulation of the
biological activity of CNP is likely to have a profound influence on the development of
an inflammatory response. Certainly, an anti-atherogenic activity of CNP fits with the
cytoprotective, anti-inflammatory actions of NO and PGI2, the other major endotheli-
um-derived vasorelaxants [267, 269-271, 280].

From a clinical point of view, it is important to note that exogenous application of CNP
in situations where endothelial NO production is compromised might be therapeutic
in disorders that are associated with endothelial dysfunction. For example, overex-
pression of CNP by adenoviral-gene delivery in veins dramatically reduces the lumi-
nal narrowing (neointimal hyperplasia) that develops when it is grafted to the carotid
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artery, thereby retaining patency of the graft [281]. CNH, including CNP, also suppress
the production of pro-inflammatory cyclooxygenase 2 metabolites in isolated cells [106,
282]. Other studies demonstrated a direct effect of CNP on immune-cell recruitment in
vivo [267, 271]. Therefore, like NO, endothelial CNP (like ANP and BNP) exerts a pro-
tective anti-inflammatory effect [104-106, 267, 271, 283]. This inhibitory effect of CNH
on leukocytes indicates that these peptides modulate the expression of adhesion mol-
ecules on either the endothelium or leukocytes.

Several data support the thesis that CNH (and especially CNP) are important, endoge-
nous, anti-atherogenic mediators. CNP is a potent inhibitor of vascular smooth muscle
migration and proliferation that is stimulated by oxidized LDL [277]. CNP also inhibits
the proliferation of vascular smooth muscle [284], and enhances endothelial cell regen-
eration in vitro and in vivo [281]. The observation that CNP alters leukocyte-endothe-
lial interactions indicates that it might also affect platelet function. In accordance with
this, thrombus formation is suppressed significantly in the presence of CNP [280], which
indicates that inhibition of coagulation might contribute to the vasoprotective proper-
ties of this peptide. Observations that CNP blocks platelet aggregation, induced by throm-
bin, confirm that endothelium-derived CNP also exerts an anti-thrombotic effect [267].

All the above-mentioned studies demonstrate that CNH (and especially CNP) exert a
protective effect on endothelial function by decreasing shear stress,modulating coagulation
and fibrinolysis pathways, and inhibiting platelet activation (Fig. 3.15). They can also
inhibit the vascular remodeling process as well as coronary restenosis post-angioplasty
[56, 84-89, 267, 281, 283]. These vasoprotective actions should be considered as a result of
complex inter-relationships between the CNH system and both the synergic (including NO,
PGI2, and other endothelium-derived vasoactive mediators) and the counter-regulatory
systems (including endothelins, RAAS, cytokines, and growth factors).

3.10 Summary and Conclusion

Natriuretic peptides (including ANP, BNP, CNP, DNP and urodilatin) constitute a fam-
ily of peptide hormones and neurotransmitters, sharing a similar peptide chain, char-
acterized by a cysteine bridge (Fig. 3.1). The physiological relevance of these peptides
is well demonstrated by their presence since the first dawning of life, from unicellular
to pluricellular organisms, including plants and all animals. Furthermore, their genes
have been repeatedly doubled during evolution, starting from an ancestral gene, thus sug-
gesting that these peptides are indispensable for life (Fig. 3.6).

CNH have powerful physiological effects on the cardiovascular system, body fluid, and
electrolyte homeostasis. These effects can be explained at least in part by the inhibition of
counter-regulatory systems, including the sympathetic nervous system, RAAS, the vaso-
pressin/antidiuretic hormone system,the endothelin system,cytokines and growth factors.

The endocrine action shared by plasma ANP and BNP can be enhanced by natri-
uretic peptides produced locally in target tissues (paracrine action). Indeed, endothe-
lial cells synthesize CNP, which exerts a paracrine action on vessels. Moreover, renal
tubular cells produce urodilatin, another member of the peptide natriuretic family,
which shows powerful diuretic and natriuretic properties. Genes for natriuretic pep-
tides (including ANP, BNP and CNP) are also expressed in the central nervous system,
where they likely act as neurotransmitters and/or neuromodulators. Finally, co-expres-
sion of CNH and their receptors was observed in immunocompetent cells, suggesting
that CNH may have immunomodulatory and anti-inflammatory functions in mam-
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mals. Furthermore, CNH are expressed in almost all the body tissues as well as their
specific receptors, including organs and tissues not discussed in this chapter, such as gut
[285], skeletal [106] and ocular [286] tissues. In all tissues, CNH could also act as a local
mediator or paracrine effector of tissue-specific functions.

These data, taken as a whole, strongly suggest that natriuretic peptides constitute a
family sharing endocrine, paracrine and autocrine actions and neurotransmitter and
immunomodulator functions. Therefore, it can be hypothesized that the CNH system
is closely related to the other regulatory systems (nervous, endocrine and immuno-
logical) in a biological hierarchical network (Fig. 3.16) [287, 288].
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Cardiac Natriuretic Hormones as Markers 
of Cardiovascular Disease: Methodological Aspects

Mauro Panteghini • Aldo Clerico

4.1 General Considerations

Cardiac natriuretic hormones (CNH) constitute a complex family of related peptides with
similar peptide chains as well as degradation pathways (see Chap. 3 for more details).
CNH derive from common precursors, pre-pro-hormones (i.e., preproANP and preproB-
NP). Pro-hormone peptides are further split into an inactive longer NT-proANP or NT-
proBNP and the biologically active hormones, ANP or BNP, which are secreted in the
blood in equimolar amounts. However,ANP and BNP have a shorter plasma half-life and
consequently lower plasma concentrations compared to NT-proANP and NT-proBNP
(Table 4.1). For these reasons, setting up an immunoassay for N-terminal peptide frag-
ments of proANP and proBNP should be easier than that for ANP and BNP, because
the requested analytical sensitivity is not too low [1]. However, immunoassays for NT-
proANP and NT-proBNP may be affected by problems related to the different assay
specificities: as shown in Table 4.1, different results are produced by different methods

Table 4.1. Characteristics of some commercial competitive (EIA) and non-competitive (IRMA,
ELISA, and ECLIA) immunoassays for cardiac natriuretic peptides

Method Detection limit Reference interval Mean value
(pmol/l) (pmol/l) of reference distribution

(pmol/l)

IRMA ANP 0.7 <0.7–16.6 5.6
IRMA BNP 0.7 <0.7–12.4 2.9
POCT BNP 1.4 <1.4–14.2 2.9
ELISA proANP 76.9 <77–1502 731
IRMA proANP 40.5 63–422 228
EIA proANP1–30 9.5 44–1289 708
EIA proANP31–67 38.4 193–3339 1422
EIA NT–proBNP8–29 13.6 64–488 247
EIA NT-proBNP32–57 4.0 <4.0–368 118
ECLIA NT-proBNP 0.6 1.7–21.1 6.1

IRMA ANP (Shionogi & Co., Ltd, Osaka, Japan); IRMA BNP (Shionogi & Co., Ltd); POCT BNP (Biosite
Triage, San Diego, USA); ELISA proANP (Biomedica Gruppe,Wien, Austria); IRMA proANP (Shiono-
gi & Co.,Ltd); EIA proANP1–30 (Biomedica Gruppe); EIA proANP31–67 (Biomedica Gruppe); EIA NT-proB-
NP8–29 (Biomedica Gruppe); EIA NT-proBNP32–57 (Biomedica Gruppe); ECLIA NT-proBNP (Elecsys
System, Roche Diagnostics, Mannheim, Germany)
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with a large bias [1-3]. The different analytical performances could have some rele-
vance in the diagnostic accuracy of different assay methods in discriminating between
subjects with or without cardiac disease [1-11].

Table 4.2 summarizes the respective advantages of the assay of biologically active
peptide hormones (ANP and BNP) compared to those of the assay of NT-proANP and
NT-proBNP. The assay of the inactive NT-propeptides better fits the definition of a dis-
ease biomarker than that measuring circulating concentrations of ANP or BNP, which,
on the other hand, may be considered a more reliable index of the activation (hor-
monal) status of the CNH system.

Table 4.2. Relative advantages of ANP/BNP and NT-proANP/NT-proBNP measurements

ANP/BNP NT-proANP/NT-proBNP

Close correlation between hormonal Higher and more stable circulating
and immunological activities concentrations

Better correlation with physiological or clinical Less in vitro degradation
conditions after acute hemodynamic changes

Taking into account the biochemical and physiological characteristics of different
peptides, it is theoretically conceivable that ANP is a better marker of acute overload
and/or rapid cardiovascular hemodynamic changes than BNP and NT-proANP or NT-
proBNP. It is well known that the circulating concentrations of ANP are more affected
by body position and more decreased by a hemodialysis session in patients with chron-
ic renal failure than those of BNP, while plasma concentrations of NT-proANP or NT-
proBNP are not significantly changed [1, 4]. Furthermore, ANP increases more than
NT-proANP during rapid ventricular pacing [12].

The first methods commercially available for ANP and BNP determination, set up
before 1990, were competitive immunoassays (i.e., radioimmunoassay [RIA] and enzyme
immunoassay [EIA] methods). These methods usually required a preliminary chro-
matographic step because of their poor sensitivity and specificity [1]; this purification
step markedly decreased assay precision and practicability. A second generation of
immunoassays for ANP- and BNP-related peptides became commercially available dur-
ing the 1990s; these methods were non-competitive immunoassays, e.g. immunoradio-
metric assays (IRMAs) [13, 14]. Compared to competitive methods, IRMAs for CNH
determination showed better sensitivity, specificity,and did not require a preliminary chro-
matographic step. However, the long turnaround time did not allow their use in the clin-
ical setting, especially in emergency situations [1-4]. More recently, a new generation of
immunoassays for CNH became commercially available, including some point-of-care
testing (POCT) methods [15]. These methods are non-competitive sandwich immunoas-
says, which use non-radioactive materials as labels for the antigen/antibody reaction [3,
4]. The availability of these methods has allowed a wider diffusion of CNH assays (main-
ly BNP and NT-proBNP assays) in clinical practice, including emergencies.

In summary, several methods for CNH determination have been proposed measur-
ing similar or identical peptides, showing, however, different analytical performance, ref-
erence values, clinical results, and, possibly, diagnostic accuracy [3,4]. In addition, there



Determination of ANP and NT-proANP 67

is no general agreement about the CNH terminology used by different researchers and
manufacturers; this may increase confusion and cause misleading interpretation. A
standardization of terminology and methods is, therefore, required in order to evalu-
ate and compare the diagnostic accuracy of the different CNH assays [4]. In this chap-
ter, the most important analytical characteristics and performances of CNH immunoas-
says are described.

4.2 Determination of ANP and NT-proANP

4.2.1 Competitive Immunoassay Methods for ANP

Before 2000, tissue or circulating concentrations of ANP were usually measured by com-
petitive immunoassay methods using radiolabeled tracers (RIA), although enzyme
immunoassay methods were also set up [16-32].As ANP determination by competitive
immunoassay methods can be affected by many analytical problems, several analytical
options were proposed [1, 2, 29, 30]. First, a suitable ANP assay should be targeted only
at the biologically active peptide. For this reason, the employed antibodies should be high-
ly specific for the “biologically active” part of the peptide, i.e., the amino acid sequence
containing the ring structure formed by the disulfide bridge.As an example, cross-reac-
tivities of four different antisera used in commercial ANP assays are reported in Table
4.3. These data indicate that all assays are more specific for the intact ANP molecule
than for the other tested ANP fragments, in which the disulfide bridge is disrupted.
However, large differences in specificities of the antisera are also present. The main
consequence of this finding is that large differences in ANP values should actually be
expected when measured by different assays (Table 4.4) [1, 2, 29, 30].

Theoretically, the major drawback results from the presence of several ANP-related
peptides in plasma samples (or tissues; i.e., all the endogenous precursors or metabo-
lites of the hormone and other cardiac or non-cardiac peptide hormones structurally

Table 4.3. Cross-reactivities (in percentages) of four commercial ANP assays against human ANP-
related peptide fragments

Peptide RIA I RIA II RIA III IRMA

α h 1–28ANP 100 100 100 100
α h 1–10ANP <0.001
α h 3–28ANP 95 90
α h 7–28ANP <0.01 127 118
α h 5–28ANP 0.16 109 110
α h 5–27ANP <0.1 <0.002
α h 13–28ANP <0.01 50 <0.2 0.01
α h 18–28ANP <0.01 <0.2 <0.001
β h ANP 94 105
γ r ANP 13

RIA I RPA 512 kit, Amersham International plc, Bucks, UK; RIA II RIK8798 kit (May 1988), Peninsula
Laboratories, Inc., Belmont, California, USA; RIA III ANP RIA kit (4/92-NIDANP-SS), Nichols Institute
Diagnostics, San Juan Capistrano, California; IRMA Shionoria ANP, Shionogi & Co., Ltd, Osaka, Japan
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related to ANP), which can interfere with a competitive immunoassay. Moreover, some
authors have suggested that platelets can interfere with a direct RIA by producing an
enhanced plasma peptide concentration due to the presence of high-affinity receptors
for cardiac natriuretic peptides on platelets [24]. As suggested, the “classical” centrifu-
gation (1000 x g for 10 min at 4°C) of blood samples could actually produce platelet-
enriched plasma with a platelet count exceeding that in the original whole-blood sam-
ple. For these reasons, preliminary extraction and chromatographic purification of
plasma (or tissue) samples is suggested with the aim of eliminating these interferences
and increasing accuracy (i.e., specificity) [24, 29, 30].As a matter of fact, RIAs with a pre-
liminary extraction/purification step gave in general more accurate results than the
same RIAs without this step [24, 29].

High sensitivity for detection of low ANP concentrations is also required for a plas-
ma ANP assay, due to low circulating concentrations of the hormone in healthy sub-
jects (about 5-50 ng/l, corresponding to about 1.6-16.2 pmol/l) (Table 4.4). Chromato-
graphic extraction of large volumes of plasma (≥3 ml) has therefore been suggested to
increase the precision of the measurement in this concentration range [24, 29, 30].

As mentioned above, a preliminary step for the extraction/purification of the pep-
tides from the plasma or tissue samples is generally requested when RIAs for ANP are
used. However, this step greatly decreases assay precision and practicability, thus gen-
erating conflicting results [30]. The main reasons are: 1) the quantitative recovery of
native hormone added to plasma samples after extraction with Sep-Pak C18 cartridges
is generally poor for all the most used procedures (~50-70%); 2) the chromatographic
pattern of 125I-radiolabeled ANP, generally used for the routine assessment of extraction
recovery, may be different from that of native hormone [2, 29, 30], so that the recovery
of tracer could not be a suitable estimate of true recovery of native ANP present in plas-

Table 4.4. Reference values for plasma ANP concentrations (in ng/l) as measured by RIA and
IRMA methods

Author (reference) Number of subjects (sex) Mean ± SD (range)

RIA (direct assay)
Marumo et al. [16] 124 (62 M, 62 F) 31.7 ± 12.0 (10–60)

RIA (with extraction/purification step)
Yandle et al. [18] 19 (7 M, 12 F) 43.1 ± 13.4 (20–90)*
Ohashi et al. [23] 19 (M) 25.0 ± 21.8 (4–37)
Richards et al. [24] 55 (33 M, 22 F) 23.3 ± 13.3 (5–65)
Rosmalen et al. [25] 25 26.0 ± 15.5
Poiesi et al. [26] 32 (20 M, 12 F) 33.0 ± 22.6 (9–70)
Clerico et al. [29] 33 (20 M, 13 F) 26.8 ± 16.4 (5–55)
Lindberg et al. [31] 19 22.7 ± 17.5*

IRMA (direct assay)
Lewis et al. [34] 10 20.3 ± 4.7 (8–55)*
Tattersall et al. [35] 11 (6 M, 5 F) 28** (17–57)*
Clerico et al. [37] 59 (25 M,34 F) 18.0 ± 10.6 (4–63)

* Values originally reported in pmol/l and converted into ng/l (1 pmol/L = 3.078 ng/L);
** Median value
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ma samples; 3) the extraction recovery was not verified for all the individual samples
assayed, but only a mean run recovery was measured in general. These factors make it
difficult to standardize a chromatographic procedure for the preliminary extrac-
tion/purification step of ANP present in plasma or tissue [1, 2, 30].

Finally, since a tracer with the highest specific activity must be used to increase the
assay sensitivity of the RIA system, the peptide is generally labeled with two atoms of
radioiodine (namely 125I) per molecule by adding these isotopes directly to the ring of
the last C-terminal amino acid (tyrosine). Unfortunately, this type of di-iodinated trac-
er is more rapidly degraded in vitro than the mono-iodinated tracer [2, 33]. Furthermore,
radiolabeled ANP, labeled with one or two 125I atoms in the tyrosine ring, is not stable
in aqueous solutions, this representing another important issue for ANP determina-
tion by RIA [33].

Because of the different analytical characteristics and performances of RIA methods,
it is not surprising that a great variability in ANP measured values was observed in an
external quality assessment of five Italian laboratories with long experience in performing
ANP assays: between-assay coefficients of variations (CV) >50% were indeed found [30].

4.2.2 Non-Competitive Immunoassay Methods for ANP

Non-competitive IRMA methods for the measurement of plasma ANP have been set up
to overcome the problems observed with competitive assays [34-37].All these methods
are “two-site” (sandwich) IRMAs, which use two specific monoclonal antibodies or anti-
sera prepared against two sterically remote epitopes of the ANP molecule. In some meth-
ods, using a solid phase as a separation system, one of the two antibodies is radiolabeled
with 125I and the other is coated onto wells of a microliter plate [34] or beads [36, 37]. Other
IRMAs use a liquid-phase system in which both the specific anti-ANP antibodies (i.e., radi-
olabeled and non-radiolabeled) are in solution and the bound fraction is separated from
the free fraction using a precipitating antiserum with centrifugation [35].

IRMAs have some advantages over RIAs. First, IRMAs do not use radiolabeled ANP as
tracer but the more stable radiolabeled antibody; consequently, these methods do not
present the tracer instability-related problems that can affect some ANP RIAs. Second,
because ANP IRMA methods are in general highly sensitive and not significantly affect-
ed by non-specific (so-called “matrix effects”) as well as specific interferences, these meth-
ods do not generally require preliminary extraction and purification of the plasma sam-
ple, which can reduce assay precision and practicability as well as increase the cost. Final-
ly, IRMAs use a lower plasma volume (generally 0.1-0.3 ml) for the assay than RIAs [37].

Figure 4.1 displays the imprecision profiles of three RIAs and an IRMA for ANP
measurement [29, 30, 37]. The IRMA method showed better precision than RIAs, espe-
cially in the low range concentrations. The detection limit of RIAs ranged between 10
and 20 ng/l (3.2-6.5 pmol/l) [29, 30], while the detection limit of IRMA was ~2 ng/l (0.65
pmol/l) [37]. The working range (arbitrarily defined as the interval of ANP values meas-
ured with an imprecision [as CV] <15%) of IRMA was greater (10-2,000 ng/l; 3.2-650
pmol/l) than that of RIA (on average 20-1,000 ng/l; 6.5-325 pmol/l) [30, 37].

It is noteworthy that IRMAs generally have reference intervals superimposable on
those obtained with the most accurate RIAs, using a preliminary extraction/purification
step (Table 4.4).
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The IRMA system, which uses two monoclonal antibodies, is more specific for the
intact ANP than RIAs, as indicated by the results reported in Table 4.3. However, it is
theoretically conceivable that the intact peptide proANP1-126, containing the biological-
ly active hormone ANP in its C-terminal 99-126 amino acid residues, may also be meas-
ured by this IRMA (as well as by all RIAs). This would be a considerable drawback if the
assayed concentrations of ANP and intact proANP1-126 are similar, which is evidently the
case when cardiac tissue extracts are assayed. Under these experimental conditions, if the
aim of the study is to measure separately both the biologically active ANP and the intact
precursor proANP1-126, IRMA methods (as well as all RIAs) require a preliminary extrac-
tion/chromatographic step to separate the two molecules accurately before the assay.

On the other hand, an intrinsic problem of the non-competitive “two-site” immuno-
metric methods is the so-called “hook” effect at high concentrations of analyte. Indeed,
this effect was found in one IRMA for ANP concentrations >250 pmol/l [35], but not in
another IRMA for ANP concentrations of up to 2,000 ng/l (650 pmol/l) [37]. The “hook”
effect can probably be avoided by using a monoclonal antibody coated onto the solid
phase showing high binding capacity [34].

The only disadvantage of commercially available IRMA compared to RIA is the
greater cost. For laboratories that have an opportunity to set up an RIA method with-
out using expensive commercial products (e.g., to prepare specific antibodies and trac-
ers directly), purchasing a commercial IRMA kit may increase the cost by approxi-
mately three times. On the other hand, for laboratories in which a commercial RIA kit
is already being used, the higher cost of an IRMA kit may be largely counterbalanced
by the increase in accuracy, precision, and, especially, practicability.

Fig.4.1. Imprecision profiles
of three RIA methods and
one IRMA method for ANP

ANP added, ng/L (log-scale)

RIA A
RIA B
RIA C
IRMA

CV%
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At the present time, no non-competitive, fully automated immunoassay system for
ANP is commercially available.

4.2.3 Determination of NT-proANP 

NT-proANP is generally measured by direct RIA methods, i.e., without a preliminary
extraction/purification step [1, 2, 20, 38-40]. NT-proANP RIAs are more practicable and
cheaper than ANP IRMAs, but they can be affected by some analytical problems. The
intact NT-proANP is a long peptide, implying that an anti-NT-proANP antiserum may
recognize only a few epitopes of the peptide [1, 2, 39]. Consequently, if low-molecular
mass fragments of NT-proANP are present within the circulation, RIA using different
antisera or monoclonal antibodies can show significantly different results [1, 2].

In their extensive studies,Vesely and coworkers have suggested that NT-proANP can
be degraded in vivo with the production of at least three different biologically active pep-
tides (i.e., NT-proANP1-30, proANP31-67, and proANP79-98) [41-46]. These peptides are
unable to bind the specific ANP/BNP receptors, but they show peculiar biological effects
(such as blood pressure lowering, diuretic, natriuretic, and/or kaliuretic properties)
and a considerably longer plasma half-life (hours versus minutes) than that of ANP
and BNP. Therefore, these peptides should be considered as distinct peptide hormones
too [46]. Further studies are, however, necessary to confirm the physiological relevance
of these peptides. Of course, to accurately incasure these NT-proANP related peptides,
specific methods for each peptide are necessary [1].

A two-site IRMA for the NT-proANP1-98, which uses a first monoclonal antibody
against the peptide NT-proANP1-25 and a second antibody against the peptide NT-
proANP43-66, has also been set up [47]. As expected, this IRMA was more sensitive, pre-
cise, and specific for the intact NT-proANP than RIA [47].

4.3 Determination of BNP and NT-proBNP

4.3.1 First-Generation (Manual) BNP Assays

The first methods set up for BNP determination were RIAs [48-55]. Because BNP shows
circulating values and peptide structure similar to those of ANP, BNP RIAs were also
characterized by the same analytical problems (i.e., low degree of precision, sensitivi-
ty, accuracy, and practicability).As a consequence, a preliminary extraction/purification
step was generally requested and a relatively large volume of plasma sample (3-10 ml)
needed for the determination of BNP by RIA [53].As for ANP, the recovery of BNP after
the extraction/purification procedure with Sep-Pack C18 cartridges (generally used in
RIA methods) was poor (~70% on average) [50, 53].

To overcome these problems, a two-site, solid-phase (sandwich) IRMA method has
been proposed for the determination of the biologically active form of BNP [13, 56, 57].
The IRMA uses two different monoclonal antibodies that recognize the C-terminal
region and the intramolecular ring structure of BNP, respectively. One of these anti-
bodies is radiolabeled with 125I and the other is coated on the beads in solid phase. The
detection limit of this IRMA was ~2 ng/l (0.6 pmol/l), with a working range (BNP val-
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ues measured with an imprecision [CV] <15%) of 7-2,000 ng/l (2-578 pmol/l). Only
0.1 ml of plasma was necessary for the assay [13, 57].

4.3.2 Second-Generation (Automated) BNP Assays

In the past few years a new generation of fully automated immunoassays for BNP has
become commercially available, including POCT methods. These assays are non-com-
petitive sandwich-type immunoassays that use non-radioactive materials as labels for
antigen/antibody reaction and two monoclonal antibodies or a combination of mon-
oclonal and polyclonal antibodies for BNP binding (Fig. 4.2) [7, 8, 15, 58-64]. Usually one
antibody binds to the ring structure and the other antibody either to the C- or N-ter-
minal end of BNP, respectively (Table 4.5).

Table 4.5. Analytical configuration of commercial fully automated BNP/NT-proBNP assays

Company/platform Calibrator material Capture antibody Detection antibody
(epitope) (epitope)

Abbott AxSYM BNP1–32 synthetic peptide Abbott Shionogi
(Abbott Architect) (Peptide Institute) (amino acids 5–13) (C-terminus)

Bayer Advia Centaur BNP1–32 synthetic peptide Scios Shionogi
(Bayer ACS:180) (Phoenix Pharmaceutical) (ring) (C-terminus)

Biosite Triage BNP1–32 recombinant Scios Biosite
(Beckman Access) peptide (Scios) (ring) (N-terminus)

Roche Elecsys NT-proBNP1–76 synthetic Roche Roche
(Dade Behring peptide* (Roche) (N-terminus) (amino acids 39–50)
Dimension, Dade
Behring Stratus CS,
Ortho Clinical
Diagnostics Vitros)

* C-terminus is amidated to improve resistance to proteolysis; methionine at position 67 is
replaced by the equivalent amino acid norleucine to reduce susceptibility to oxidation

Fig. 4.2. Epitope specificity
of antibodies employed in
commercially available BNP
assays. PolyAb polyclonal
antibody, MoAb monoclon-
al antibody, Nt NH2-termi-
nus of BNP molecule, Ct
COOH-terminus of BNP
molecule, aa amino acid

PolyAb against Nt end
aa 1-10 (Biosite)

MoAb against 
aa 5-13 (Abbott)

MoAb against ring structure
aa 14-21 (Scios)

MoAb against Ct end
aa 27-31 (Shionogi)
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4.3.3 Determination of NT-proBNP

The first assay for the measurement of NT-proBNP was reported by Hunt et al.[65,66].Later
on,other groups have developed “in-house”methods [67,68].All these methods were direct
(i.e., without extraction) competitive assays. Commercial EIA kits for NT-proBNP related
peptides are also available and their analytical performances have been evaluated [5,11,69].

A two-site sandwich immunoassay for NT-proBNP using detection by electro-
chemiluminescence (electrochemiluminescence immunoassay [ECLIA]) and fully auto-
mated instrumentation has recently been developed and its analytical performance
extensively evaluated [69-75]. Two polyclonal antibodies directed against amino acid
residues 1-21 and 39-50 of the NT-proBNP molecule are used (Table 4.5). The peptide
concentration is measured on the Elecsys systems (Roche Diagnostics). Quite recently,
methods using the same antibody combination and calibrator material have been devel-
oped by Dade Behring and Ortho Clinical Diagnostics for their automatic platforms. Sev-
eral others are under development.

As discussed below,the heterogeneity of the NT-proBNP fragments in blood has a major
influence on antibody detection and assay specificity (Fig.4.3) [1,4,76].Therefore, it is not
surprising that different NT-proBNP assays may produce different results (Table 4.6) [3].

Fig. 4.3. Epitope specificity
of antibodies employed in
NT-proBNP assays. RIA
radioimmunoassay, LIA
immunoluminometric assay,
ECLIA electrochemilumi-
nescence immunoassay,EIA
enzyme immunoassay

Table 4.6.Reference values for plasma NT-proBNP concentrations (in pmol/l) reported in the literature

Author (reference) Assay Median (range)

Hughes et al. [67] LIA 159 (120–245)

Schulz et al. [68] RIA 29 (13–75)

Mueller et al. [69] EIA 78 (38–145)

Prontera et al. [71] ECLIA 6.1 (4.1)*

* Mean (SD); values originally reported in ng/l and converted into pmol/l (1 pmol/L = 8.457 ng/L)
LIA immunoluminometric assay, RIA radioimmunoassay, EIA enzyme immunoassay, ECLIA elec-
trochemiluminescence immunoassay

Epitope 1:
Capture antibody

Epitope 2:
Signal antibody

RIA

LIA

ECLIA*

Competitive
EIAs*
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4.3.4 Specificity of BNP/NT-proBNP Assays

It is known that BNP derives from the preproBNP, which contains a signal peptide
sequence at the N-terminal end. After the signal peptide is cleaved, proBNP is further
split proteolytically into NT-proBNP and the biologically active peptide hormone, BNP.
However, the site at which proteolytic cleavage of proBNP takes place is still being debat-
ed. Most of it occurs within or on the surface of cardiomyocytes before the secretion in
blood, but small amounts of the intact proBNP are also found in the circulation, indi-
cating that some proteolysis may occur in the circulation. Thus, with the exception of
preproBNP, all the metabolically BNP-related molecules are likely to be present in plas-
ma, which is the biological sample generally used for measurements (Fig. 4.4) [76-79].
This fact was shown most clearly in the study of Hunt et al. [79], which compared the
amounts of proBNP-derived molecular forms found in cardiac tissue and in plasma.
Qualitatively, the same peaks were seen after HPLC fractionation of an atrial extract
as were seen in plasma from a patient with heart failure, documenting the presence of
proBNP, NT-proBNP, and BNP in both samples. The presence of intact proBNP in human
plasma, in addition to BNP and NT-proBNP fragments, is important because of the
potential that it may create problems regarding analytical specificity in the measurement
of these peptides in plasma.

The N-terminal region of proBNP contains a leucine zipper-like sequence motif that
may induce peptide oligomerization in plasma under physiological conditions, pro-
ducing either a trimer or tetramer of proBNP [80]. These oligomerized molecules may
expose or obscure epitopes recognized by the antibodies used in commercial assays.
However, a more recent study indicated that human synthetic NT-proBNP exists as a
monomer with an unordered random coil in neutral pH physiological salt solution [81].

Fig. 4.4. BNP-related analytes in blood. The presence in blood of the highlighted molecules has
been demonstrated in experimental studies. Splitting of proBNP into BNP and NT-proBNP pep-
tides occurring in the cardiomyocyte is not shown

preproBNP

proBNP

proBNP

Trimer/tetramer of proBNP Trimer of NT-proBNP (?)

Split products

des-SerPro-BNPBNP

NT-proBNP

signal peptide

cardiomyocyte

blood
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Experimental data also support the cleavage of BNP by plasma proteases. Proteoly-
sis of the C-terminal structure by kallikrein occurs after activation of the coagulation
contact activation system by a negatively charged surface. This can occur in vivo on the
intraluminal surface of a damaged vessel and/or in vitro on the glass wall of blood col-
lection tubes [82, 83]. Proteolytic cleavage of the two N-terminal amino acid residues,
serine and proline, may occur immediately after blood collection or still within the cir-
culation, making the N-terminal residue of BNP very sensitive to degradation [78]. It may
be critical to take these enzymatic cleavages, particularly the one at the N-terminus,
into account when choosing epitopes for antibody production and immunoassay design.
The disulfide-bond-mediated ring structure appears to be stable in blood samples.
However, this does not mean that degradation can never occur even in this site [83].

Finally,a recent study has shown that circulating NT-proBNP is heterogeneous and that
most immunoreactive NT-proBNP is significantly smaller in size than NT-proBNP1-76

because of truncation at both termini [84]. This fragmentation is more pronounced in
serum than in plasma.

In the light of all these data, the complexity of the measurement of BNP and related pep-
tides is clear.Assays with critical epitope requirements may differ in their reactivity with cir-
culating peptides, so that commercial assays, nominally measuring the same analyte, may
be differently affected by cross-reactivity problems (Table 4.7). Plasma BNP may be over-
estimated if the sandwich against BNP is formed by an antibody directed against the ring
structure of the molecule and the second antibody is directed to the C-terminal end.In this
case, plasma intact proBNP is also detected by the assay [78]. On the other hand, the com-
bination of an antibody directed against the ring structure with an antibody against the
N-terminal part of the molecule appears to be specific for the BNP,being,however,more prone
to the peptide degradation by plasma proteases which can affect the N-terminus position
[63, 77, 78]. This may result in a significant instability of the sample [70].

As regards NT-proBNP measurement, the recognized antibody epitopes are also cru-
cial for immunoassay specificity. It is likely, although frequently not reported, that the anti-
bodies used in many so-called “NT-proBNP” assays may also detect many of the circu-
lating NT-proBNP split products, in addition to measuring proBNP. Further, several clin-
ical studies reported in the literature have been performed by home-made non-com-
mercial methods,which are not available to other research groups.To obviate the NT-proB-
NP heterogeneity in plasma, Goetze et al. developed a processing-independent analysis
(PIA) for quantification of total proBNP, i.e. intact proBNP and its fragments in plasma

Table 4.7. Recovery of BNP-related peptides by commercially available BNP assays. Modified
from [63]

Peptide Beckman Access (Biosite) Bayer Advia Abbott AxSYM

BNP1–32 100% 100% 100%

BNP3–32 84% 100% 111%

BNP10–32* <1% 139% <1%

BNP1–31 106% <1% <1%

* Not found in plasma
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[85]. Calibrators were prepared from synthetic tyrosine-extended proBNP1-10 and an
antibody directed against amino acid sequence 1-10 of human proBNP was used. Before
measurement, plasma was treated with a proteinase (trypsin) that cleaved all proBNP pep-
tides present in plasma to the 1-21 fragment. In this way, intact proBNP and all biolog-
ically derived fragments in the sample are cleaved into the same analyte and assayed
together as equimolar amounts by RIA. The clinical utility of this approach remains to
be determined, but it would overcome the issue of differential detection of circulating
proBNP-derived fragments by different assays.

Different assays, theoretically measuring the same analyte, may thus produce sig-
nificantly different results, not only in terms of proportional bias, but also displaying sig-
nificant intercept values, meaning different analytical specificities [7, 8, 62, 69]. Gener-
ally speaking, it would be correct to assert that there are currently two types of com-
mercially available assays. The former group, which uses a sandwich with an antibody
against the ring portion and a second antibody against the N-terminal part of BNP
peptide, is specific for the measurement of biologically active hormone, BNP. The lat-
ter, which is more heterogeneous, comprises methods that measure proBNP and all (or
some) of its metabolic products, including BNP and NT-proBNP, with variable specificity.
Nevertheless, when using these cardiac natriuretic peptides as biomarkers of cardiac dys-
function (and not for the evaluation of a biologically active hormone and its possible
alterations), both analytical approaches can be acceptable, once their clinical useful-
ness has been proven. No two assays are, however, analytically equivalent at present.
The BNP/NT-proBNP values are significantly dependent on the type of assay used, as
a result of the specificity of the employed antibodies and of different calibration mate-
rials. As results are heavily method-dependent, it should clearly be stated that refer-
ence intervals and decision limits derived from clinical studies are only valid for the
particular assay used and must not be extrapolated to other assays (Table 4.8).

Therefore, there is a need for assay standardization that, through the selection of
appropriate reference materials and an adequate reference measurement procedure
useful for their certification, and especially through the definition of the analyte to
be measured, allows the same results to be obtained even when the measurements are
performed with different methods [86]. In the meantime, in order to employ cor-
rectly the measurement of these markers in clinical practice, it is mandatory to use
method-dependent reference limits and cut-off values without extrapolations from
one method to another [87].

Table 4.8.Reference values (in ng/l) for BNP obtained with different commercial assays [4,6,62,64]

Company/platform Mean ± SD Median value Range Upper reference limit
(97.5th percentile)

Shionogi/IRMA (manual) 10.7 ± 9.9 7.1 <2.0–66.1 40

Abbott/AxSYM 22.2 ± 29.7 13.4 <5–221 105

Bayer/Advia Centaur 13.5 ± 11.9 9.4 <3–65.9 45

Biosite/Triage 10.4 ± 7.2 7.6 <8–62.5 40

Beckman/Access 12.4 ± 10.1 8.9 0.5–51.9 35
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4.3.5 Quality Specifications for BNP/NT-proBNP Assays

With the clinical meaning of these markers of cardiac function being firmly docu-
mented, it now seems important to focus more on the biology of these peptides and
related analytical issues. Only after appropriate analytical quality specifications are
addressed, will the many issues pertaining to methodological differences that lead to non-
harmonized concentration values and clinical interpretation of natriuretic peptide con-
centrations be reconciled. The responsibility of defining and implementing these issues
should be shared among laboratories, industry, clinicians, and regulatory agencies on
an international front.

A report was recently published by the Committee on Standardization of Markers of
Cardiac Damage of the International Federation of Clinical Chemistry and Laborato-
ry Medicine (IFCC), concerning quality specifications for BNP assays [88]. The recom-
mendations proposed in this report are mainly intended for use by manufacturers of com-
mercial assays and regulatory agencies. However, several points are also relevant for
clinical trial groups and research investigators, as well as for clinical laboratories inter-
ested in measuring BNP or NT-proBNP. Both analytical and pre-analytical factors were
addressed, as shown in Table 4.9.

Table 4.9. Quality specifications for BNP and NT-proBNP assays

Analytical factors to be considered:
• Calibration characterization (e.g. type of antigen used for calibration)
• Assay specificity (including identification of epitopes recognized by the employed

antibodies and cross-reactivity characteristics to structurally related molecules present
in blood, e.g. intact proBNP1–108)

• Assay imprecision
• Interferences (e.g. by endogenous constituents, such as hemoglobin, bilirubin,

triglycerides, or by heterophilic antibodies)

Pre-analytical factors to be considered:
• Sample type (including type of biological sample – serum, plasma, whole blood –

and type of specimen collection tubes)
• Sample stability at different temperatures of storage

First, definitive information about the synthesis and catabolism of BNP-related pep-
tides is needed to determine the characteristics of the calibrator materials to be used in
standardizing clinical assays. Their composition should closely resemble that of the
molecule showing the greatest utility in a given clinical situation. For this type of def-
inition, an evidence-based international agreement is required.

Second, assay specifications including antibody specificity and cross-reactivity char-
acteristics to structurally related (e.g., metabolized and degraded) molecules need to be
clearly delineated.

Third, assay imprecision and interferences have to be entirely described. Because of
a consistently high biological variation for both BNP and NT-proBNP, very low assay
imprecision may be unnecessary (see Chapter 5, section 5.1.5, for a more detailed dis-
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cussion of this point). A desirable total imprecision (as CV) of <15% at BNP/NT-proB-
NP concentrations within the reference interval has been recommended [88]. Accept-
able imprecision was observed with different commercial automated assays, the Abbott
AxSYM method having the largest CV range (Fig. 4.5). In general, no problems have been
reported with the most important endogenous interferents (hemolysis, hyperbiliru-
binemia, hypertriglyceridemia) (Table 4.10) [8, 70, 89-92]. Grossly hemolyzed samples
might, however, be a problem in the Beckman Access BNP assay [90].

Table 4.10. Relevant endogenous interferents and corresponding tested concentrations for
some automated BNP and NT-proBNP assays

Company/ Hemoglobin Reco- Bilirubin Reco- Triglycerides Reco- Author
platform very very very (reference)

Abbott/ 1.00 g/dl 91% 20 mg/dl 101% 3000 mg/dl 103% Daghfal
AxSYM et al. [89]

Bayer/Advia 1.00 g/dl 99% 25 mg/dl 93% 800 mg/dl 96% Wu et al. [8]
Centaur

Beckman/ 1.25 g/dl 80% 20 mg/dl >90% 3000 mg/dl >90% Beyne et al.
Access [90],

Oswall et al.
[91]

Dade Behring/ 0.50 g/dl >90% 60 mg/dl >90% 3000 mg/dl >90% Wei et al.
Dimension [92]

Roche/ 2.00 g/dl 95% 60 mg/dl 94% 2,100 mg/dl 103% Yeo et al.
Elecsys [70]

Fig.4.5. Imprecision profiles
of some commercial BNP
and NT-proBNP assays.MEIA
microparticle enzyme immu-
noassay (Abbott AxSYM),
IRMA immunoradiometric
assay (Shionogi),POCT point-
of-care testing (Biosite
Triage), ECLIA electrochemi-
luminescence immunoassay
(Roche Elecsys)

Concentration, ng/L

ACCESS BNP

AXSYM BNP

IRMA BNP
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Finally, there are important issues related to the type of sample to be used for BNP/NT-
proBNP measurements and the in vitro stability of these analytes. For BNP assays, the
EDTA plasma is the only suitable specimen [93]. Conversely, it appears that for measur-
ing NT-proBNP by the ECLIA method, serum is the sample of choice [72]. With this
assay, EDTA plasma gave a consistent negative bias (8% on average) compared with
matched serum samples, although studies did not indicate the variability among samples.

Blood samples should not be collected in glass tubes when using an immunoassay
employing in the sandwich an antibody against the C-terminus for BNP measurement.
It has been demonstrated that the above antibody is highly susceptible to the effect of
kallikrein, a plasma protease activated by contact with the wall of the glass tube, that
degrades the C-terminal portion of BNP (and proBNP), making impossible the identi-
fication of the molecule by the immunoassay using the above-reported antibody in the
sandwich [82, 83, 94]. The stability of the blood sample can therefore be obtained by
the use of plastic collection tubes. The in vitro stability is not a problem for NT-proB-
NP, while BNP is more unstable as proteolytic phenomena deprive it of the two N-ter-
minal amino acids (Table 4.11). In general, BNP should be measured within 4 hours of
collection if the sample is stored at room temperature. If the testing cannot be per-
formed within 4 hours, the plasma should be separated, a kallikrein- or serine-specif-
ic protease inhibitor added, and the specimen stored refrigerated at 2-8°C for up to 24
hours or frozen at -70°C if stored for longer periods.

4.4 Determination of Other Natriuretic Peptides (CNP, DNP, and Urodilatin)

The methods set up for determination of CNP [98], DNP [99], and urodilatin [100, 101]
were all RIAs. Because these peptides show circulating values and peptide structure

Table 4.11. Sample stability at different storage temperatures for some commercial BNP/NT-
proBNP assays

Company/platform Sample type Stability Author (reference)

Abbott/AxSYM EDTA plasma 4 h at RT Daghfal et al. [95]
24 h at 2–8°C
<1 day at –20°C Mueller et al. [96]

Bayer/Advia Centaur EDTA plasma <1 day at RT Smith & Wu [93]
<1 day at 2–8°C

Biosite/Triage EDTA plasma <4 h at RT Yeo et al. [70]
<1 day at 2–8°C
<3 days at –20°C

Beckman/Access EDTA plasma 4 h at RT Prontera et al. [64]
<1 day at –4°C

Roche/Elecsys Serum, 2 days at RT Yeo et al. [70]
heparinized plasma 6 days at 2–8°C

3 months at –20°C Mueller T et al. [96]
1 year at –80°C Nowatzke & Cole [97]

RT room temperature
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similar to those of ANP and BNP, these RIAs were also characterized by the same ana-
lytical problems (i.e., low degree of precision, sensitivity, accuracy, and practicability).
As a consequence, a preliminary extraction/purification step was generally requested and
a relatively large volume of plasma sample (i.e., 1-2 ml for CNP assay) needed for the
determination [95]. The assay recovery after the extraction/purification procedure with
Sep-Pack C18 cartridges is usually not complete; for example, it is only about 80-85%
for the CNP assay [98].As expected for manual methods with a preliminary extraction
step, assay precision is relatively poor. Indeed, the total between-assay variability of the
CNP assay is 25.2% [98].

Due to their poor experimental practicability and long TAT, these immunoassay
methods are usually used only in clinical or pathophysiological studies rather than in
routine clinical practice. It is important to point out that the lack of suitable immunoas-
says could be an explanation for the relatively small amount of clinical data available for
CNP, DNP and urodilatin compared with ANP and BNP.

Some specific points should be taken into account about the measurement of CNP,
DNP an urodilatin, respectively.

DNP was first identified in venom of the green mamba snake [103], and then in
mammal plasma and tissues, but its origin, biochemical and pathophysiological char-
acteristics, and so the clinical relevance of its assay, are still unclear [102, 104].

Urodilatin is identical in structure to the circulating 28 amino acid human ANP (99-
126), with addition of four amino acids (Thr-Ala-Pro-Arg) at the NH2-terminus (Fig. 4.6).
Urodilatin is synthesized by the same gene that synthesizes ANP, but in the kidney, as
opposed to all other tissues that have been investigated, the ANP pro-hormone is processed
differently, resulting in urodilatin rather than ANP being formed [100-102]. Urodilatin
seems to be produced only in renal tissue and is not present in plasma (or at very low
concentration), but only in urine [100-102]; consequently, only urine or renal tissue sam-
ples must be used for urodilatin assay. The clinical relevance of urodilatin assay should be
limited only to renal diseases [102]. From a theoretical point of view, the set-up of a suit-
able urodilatin immunoassay presents some difficulties due to the very close structural
similarity between ANP and urodilatin (Fig. 4.6). In order to distinguish better between
these two peptides, an antibody against the first N-terminus four amino acids of urodi-
latin should be used [100]. However, immunoreactivity and biological activity may be

Fig. 4.6. Peptide chain structure of urodilatin (1–32). Urodilatin is identical in structure to the cir-
culating 28 amino acid human atrial natriuretic peptide (ANP) (99–126), with addition of four
amino acids (Thr-Ala-Pro-Arg) at the NH2-terminus

URODILATIN (1-32)
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poorly correlated if a competitive immunoassay based on this antibody is used. Indeed,
the biological acivity of CNH depends on the integrity of the cysteine bridge, so that only
the use of a non-competitive immunoassay using two antibodies (one against the N-ter-
minus and the other against the part of the peptide including the cysteine bridge) should
allow a better correlation between immunoreactivity and biological activity.

More information is available about the biochemical and pathophysiological char-
acteristics of CNP, as well as the clinical relevance of its assay in plasma or tissue
samples.

CNP is a peptide that was initially identified in the central nervous system [105].
CNP is expressed predominantly in the endothelium, but the central nervous system,
myocardium, and gastrointestinal and genitourinary tracts can also express the peptide
[106, 107]. CNP has both structural and physiological similarities to other known natri-
uretic peptides, and a shorter circulatory half-life, and is the most highly conserved
form of the natriuretic peptides between species [106-110]. Studies in fish, based on
nucleotide and amino acid sequence similarity, suggest that the natriuretic peptide
family of iso-hormones may have evolved from a neuromodulatory CNP-like brain pep-
tide (Fig. 3.6) [109, 110].

Two mature forms of the peptide exist, being derived from a 126 amino acid pre-
pro-hormone. Both contain the 17 amino acid ring common to all members of the natri-
uretic peptide family (Fig. 4.7). The peptide with higher molecular weight, CNP-53, pre-
dominates in tissues, whereas CNP-22 is found mainly in plasma and in cerebrospinal
fluid. It has been suggested that CNP-53 may function, at least in part, as a storage form
of the peptide, while CNP-22 circulates in the plasma [106, 108, 111-113].

Fig. 4.7. Molecular forms of
CNP and its related pep-
tides

proCNP (1-103)

NT-proCNP (1-50) CNP-53

CNP-22

COOH

NH2

CNP
22aa peptide
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Most data on the biological effects of the peptide relate to the 22 amino acid form and
its biological effects are currently being investigated at different sites in various species.
Moreover, the endothelial site of production of CNP peptide and the proximal location
of its receptor in vascular smooth muscle suggest that this vascular natriuretic peptide
system may play a role in concert with other local systems (nitric oxide, prostaglandins)
in the control of vascular tone, counteracting the vasoconstrictor systems (endothelin,
angiotensin II; see Chap. 3 for more details) [107, 114, 115]. Several studies demon-
strated that CNP exerts a protective effect on endothelial function by decreasing shear
stress, modulating coagulation and fibrinolysis pathways, and inhibiting platelet acti-
vation (Fig. 3.15) [114, 115]. CNP can also inhibit the vascular remodeling process as well
as coronary restenosis post-angioplasty and the adverse effects of ischemia/reperfu-
sion injury [107, 113-120].

These studies suggest that the assay of CNP and the N-terminus fragment of pro-
peptide (NT-proCNP) should have some clinical relevance in all pathophysiological
conditions characterized by endothelium dysfunction. Indeed, increased plasma lev-
els of CNP/NT-proCNP have already been identified in a number of pathological con-
ditions (such as hypoxia, sepsis, chronic liver, renal or heart failure) likely character-
ized by endothelial dysfunction [106, 114, 121-129]. However, clinical interpretation
of results of CNP assays may be difficult because this peptide has paracrine rather
than hormonal action [112-115]; as a result, variations of circulating levels of CNP
may be poorly (or even not at all) correlated to biological effects actually performed
by the peptide in vascular tissue. Furthermore, blood collection, pre-analytical purifi-
cation step and analytical assay performance may strongly affect the results of CNP/NT-
proCNP assay [98].

4.5 Summary and Perspectives

The important role of CNH (especially BNP and NT-proBNP) assay in screening for
heart disease, detection of left ventricular systolic and/or diastolic dysfunction, and dif-
ferential diagnosis of dyspnea, prognostic stratification of patients with congestive heart
failure has been confirmed even more recently [4, 87, 88, 130, 131]. In particular, the
BNP/NT-proBNP assay was included in the first step of the algorithm for the diagnosis
of acute heart failure along with the electrocardiogram and chest X-ray examination,
as recently confirmed by the Task Force of the European Society of Cardiology for the diag-
nosis and treatment of chronic heart failure [132].According to these recommendations,
in order to introduce the routine measurement of BNP or NT-proBNP in clinical prac-
tice, reliable immunoassay methods should be commercially available.

CNH can be measured with competitive or non-competitive immunoassays. Non-
competitive immunoassays generally share better degree of sensitivity, precision and
specificity than the respective competitive immunoassays. In the last years a new gen-
eration of fully automated immunoassays, for BNP and NT-proBNP, including some
POCT methods, became commercially available. These assays are non-competitive sand-
wich-type immunoassays which uses non-radioactive materials as labels for antigen/anti-
body reaction and two monoclonal antibodies or a combination of monoclonal and
polyclonal antibodies for peptide binding [1, 7, 8, 15, 58-64]. In particular, for BNP assay,
usually one antibody binds to the ring structure and the other antibody either to the C-
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or N-terminal end, respectively (Tables 4, 5). Although these fully automated commer-
cial assays produce results in a short time and with excellent analytical imprecision, the
BNP/NT-proBNP values continue to significantly depend on the type of assay used, as a
result of the specificity of the employed antibodies and of different analytical stan-
dardization deriving from the different calibration materials [86-88]. The mentioned
discrepancies among the concentrations obtained with different methods are directly
reflected over reference and decisional limits, which often change according to the method
used [62, 87, 88] (Tables 4 - 8). Therefore, there is a need for standardization that, through
the selection of appropriate reference materials and adequate reference measurement
procedures useful for their certification, and especially through the definition of the
analyte to be measured, would allow to obtain comparable results, even when the meas-
urements are performed with different methods [1, 86-88].
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Chapter 5

Clinical Considerations and Applications in Cardiac Diseases

Aldo Clerico • Claudio Passino • Michele Emdin

5.1 Circulating Levels of Cardiac Natriuretic Hormones:
Physiological Considerations and Clinical Interpretation

CNH are powerful hormones with important physiological effects. Consequently, by con-
sidering their assay only as a marker for cardiac disease may result in a misinterpretation
or underestimation of their biological action and of their pathophysiological role in car-
diovascular as well as other diseases.In the first part of Chapter 5 (from section 5.1.1 to 5.1.5),
some physiological conditions in which the interpretations of increased levels of CNH
may be difficult or provoke misunderstanding will be discussed in detail. In particular,
the influence of age and sex hormones on circulating levels of CNH will be reviewed (sec-
tion 5.1.1).As far as the clinical interpretation of variations of circulating levels of CNH is
concerned, some important points will be stressed: 1) the pathophysiological and clinical
consequence of the progressive resistance to biological actions of CNH in patients with
heart failure (section 5.1.3); 2) the inter-relationship between hemodynamic mechanisms
and activity of neuro-endocrine system in determining the variation of circulating levels
of CNH (section 5.1.4); 3) the clinical relevance of variation of CNH levels (section 5.1.5).
The discussion of these points will lay the pathophysiological foundations for better under-
standing of the second part of this Chapter, which concerns the diagnostic and prognos-
tic role of CNH assay in patients with cardiovascular disease (sections from 5.2 to 5.5).

5.1.1 Influence of Age and Gender

The circulating levels of CNH are regulated or modified by several physiological factors
(such as circadian variations, age, gender, exercise, body posture, and water immersion),
eating habits (especially sodium intake), clinical conditions (Table 5.1), and drugs (includ-
ing corticosteroids, sex steroid hormones, thyroid hormones, diuretics, angiotensin-con-
verting enzyme [ACE] inhibitors, and adrenergic agonists and antagonists) [1-6].

The wide variations of circulating levels of CNH in adult healthy subjects in rela-
tion to aging and gender could have a particular clinical relevance [7-10] (Figs. 5.1 and
5.2, Table 5.2). Indeed, Vasan et al. [9] recently demonstrated that the diagnostic accu-
racy of CNH assay for community screening is gender-dependent.

In order to explain these variations, the possible influence of sex steroid hormones
on the CNH system, as well as the modification of the cardiovascular system with aging,
should be taken into account [11-14].According to these mechanisms, the higher CNH
values of women during the fertile adult period could be explained by the physiologi-
cal stimulation of female sex steroid hormones. In particular, the BNP concentration is
on average 36% higher in women than in men aged less than 50 years [7] (Figs. 5.1 and
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Fig. 5.1. Mean (SEM) BNP values
divided according to gender and
age groups.Data obtained in the
author’s laboratory with an IRMA
method [7]
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Table 5.1. Conditions characterized by altered BNP plasma concentration

Clinical condition BNP concentration

Cardiovascular diseases
Chronic heart failure Highly increased
Acute coronary syndromes Increased
Hypertension with LVH and fibrosis Slightly increased
Supraventricular tachyarrhythmias Increased

Respiratory diseases
Acute dyspnea Normal or slightly increased
Pulmonary embolism Increased
Chronic respiratory disorders Normal or slightly increased
Primitive pulmonary hypertension Increased

Endocrine-metabolic diseases
Hyperthyroidism Slightly increased
Hypothyroidism Slightly decreased
Cushing’s syndrome Increased
Hyperaldosteronism Increased
Diabetes Normal or increased

Hepatic cirrhosis with ascites Increased

Renal failure (acute or chronic) Increased

Septic shock Increased

Chronic inflammatory diseases
Amiloidosis and sarcoidosis Normal or increased

Subarachnoid hemorrhage Normal or increased

Paraneoplastic syndromes Normal or increased

Anti-neoplastic therapies Normal or increased

LVH Left ventricular hypertrophy
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5.2, Table 5.2). The increase in CNH with aging may be due to the para-physiological
decline in myocardial function and other organs (including kidney), typical of senes-
cence [15]. In this case, the CNH assay may be considered as a biochemical marker of
increased risk of cardiac morbidity in old age [16]. Moreover, the increase in CNH with
aging may be due to a decrease in their clearance rate. Indeed, an age modulation of
maximum binding capacity of clearance (C-type) receptors for CNH was reported in
platelets of elderly persons [17].

Table 5.2. Mean (± SD) circulating levels of ANP and BNP (ng/l) divided into eight groups accord-
ing to sex and age. The number of subjects studied for each group is reported within brackets.
Data obtained in the author’s laboratory with an IRMA method [7]

Men Women p-value*

ANP

Age <50 years 13.8 ± 7.0 (79) 16.1 ± 9.5 (92) 0.0001
Age ≥50 years 21.3 ± 10.3 (56) 22.1 ± 13.2 (67) 0.8529
p-value* 0.0001 0.0013

BNP

Age <50 years 6.4 ± 6.2 (95) 10.0 ± 7.5 (104) <0.0001
Age ≥50 years 9.8 ± 8.0.8 (57) 15.2 ± 11.8 (70) 0.0025
p-value* 0.0001 0.0047

*Fisher’s protected least significant difference test after ANOVA using the logarithmic transfor-
mation of original set of data

Fig. 5.2. Percentile distribution
of plasma BNP divided accord-
ing to gender and two age
groups (≥50 and <50 years).The
97.5th percentile (dotted line)
and the corresponding BNP val-
ues (arrows) are indicated. Data
obtained in the author’s labora-
tory with an IRMA method [7]
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5.1.2 Comparison between the CNH Assay and that of CNH-Related Pro-Hormone Peptides

All CNH derive from pre-pro-hormones (i.e., preproANP and preproBNP), containing
a signal peptide sequence at the amino-terminal end. The pro-hormones (i.e., proANP
and proBNP) are produced by cleavage of signal peptide, and then are further split into
inactive longer NH2-terminal fragments (i.e., NT-proANP or NT-proBNP), and a bio-
logically active shorter COOH-terminal peptide (i.e.,ANP or BNP), which are secreted
in the blood in equimolar amounts (Figs. 3.11 and 3.12). However, ANP and BNP have
a shorter plasma half-life and consequently lower plasma concentration, compared to
NT-proANP and NT-proBNP (Table 4.1) [1-7, 18].

Studies on structure-activity relationships have shown the importance for the bind-
ing to the specific receptors of the central ring structure of CNH, formed by a disul-
fide bridge between the two cysteine residues. For this reason, only ANP and BNP, which
present the disulfide bridge in the peptide chain, share the typical hormonal activity of
CNH, while the NT-proANP and NT-proBNP do not [1-7].

Theoretically, setting up an immunoassay for NT-proANP and NT-proBNP should
be easier because their plasma concentrations are higher than ANP and BNP [18].
On the other hand, NT-proANP and NT-proBNP immunoassays may be affected by sev-
eral analytical problems, mainly concerning the different assay specificities; conse-
quently, very different results are produced by different methods with a large bias [2,
5, 6, 18] (Table 4.1). The different analytical performance might affect the diagnostic
accuracy of the assays, in discriminating between subjects with or without cardiac
disease [2, 5, 6, 18-21] (see Chapter 4 for more details).

The respective advantages of measuring biologically active peptide hormones (ANP
and BNP), or inactive peptides (NT-proANP and NT-proBNP) are summarized in Table
4.2. The assay of the inactive propeptides better fits the definition of disease marker
than the assay of circulating levels of ANP or BNP, which, on the other hand, may be con-
sidered a more reliable index of the activation status of the CNH system.

Considering the biochemical and physiological characteristics of the different pep-
tides, it is conceivable that ANP is a better marker of acute overload and/or rapid car-
diovascular hemodynamic changes than BNP and, especially, than NT-proANP or
NT-proBNP [2, 5]. For example, circulating levels of ANP are known to be more affect-
ed by body position and decreased to a greater extent by a hemodialysis session in
patients with chronic renal failure than those of BNP, while plasma NT-proANP is
unchanged [22]. Furthermore, ANP increases more than NT-proANP during rapid
ventricular pacing [23].

5.1.3 Resistance to the Biological Action of CNH

Deficiencies in the activity of the CNH system could explain altered electrolyte and
fluid homeostasis occurring in chronic heart failure (HF) [24-26]. However, the hypoth-
esis proposing HF as a syndrome of CNH deficiency was challenged when the CNH
system was more carefully investigated in experimental animals and humans [24-26].
Patients with chronic HF show increased CNH plasma levels compared to normal sub-
jects (Table 3.1, Fig. 3.13). These findings have been recently defined the “endocrine
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paradox”in HF [6], i.e., extremely high circulating levels of hormones with powerful natri-
uretic activity in patients with congestive HF, who show physical signs of fluid retention
and vasoconstriction due to a relatively poor biological activity of the CNH system.

A blunted natriuretic response after pharmacological doses of ANP and BNP has
been observed in experimental models and in patients with chronic HF, suggesting a
resistance to the biological effects of CNH, principally natriuresis [24-31]. This resist-
ance syndrome was also demonstrated by in vivo turnover studies using radioactive
tracers in patients with HF [32, 33].

Resistance to the biological action of CNH could, theoretically, have three different
causes (Table 5.3). First, circulating CNH could be, at least in part, inactive. Further-
more, a great fraction of CNH could be inactivated by plasma and tissue proteases
before they bind to specific receptors. These two conditions account for all possible
mechanisms acting at the pre-receptor level. Second, down-regulation of specific recep-
tors could explain a reduced CNH activity. Finally, some mechanisms can act at post-
receptor level, counteracting the biological effects of CNH.

Mechanisms acting at pre-receptor level: Some peptides, derived in vivo or in vitro from
degradation of intact proBNP, are biologically inactive, although they can be measured
by immunoassay methods [5, 6, 18]. Since the circulating levels of intact proBNP and of
its derived peptides increase progressively with severity of HF, immunoassay methods
can greatly overestimate the true biological activity of CNH in patients with severe HF
[6]. Unfortunately, at present, it is not possible to estimate the inaccuracy of CNH
immunoassays because these methods use different, not standardized antibodies and
calibrators, leading to highly different clinical results [5, 6, 18, 34, 35].

A resistance to the biological action of CNH may be theoretically due to an increase
in degradation (turnover) of circulating biologically active peptides. CNH are degrad-
ed in vivo and in vitro by several types of proteolytic enzymes, including serin-pro-
teases, peptidyl arginine aldehyde proteases, kallikrein-like proteases, and neutral
endopeptidases (NEP) [5, 6, 18, 34-38].

Individual differences in the ability of heart tissue to mature the precursor of CNH pep-

Table 5.3. Classification of mechanisms of resistance to biological effects of CNH

Causes acting at pre-receptor level
a)  Presence of inactive peptides in plasma
b)  Changes in renal filtration
c)  Changes in degradation pathways of active peptides:

1. Upregulation of NPR-C
2. Increased activity of proteases

Causes acting at receptor level
a)  Down-regulation of NPR-A and NPR-B in target tissues
b)  Altered CNH receptor binding or desensitization

Causes acting at post-receptor level (activated counter-regulatory mechanisms)
a)  Altered intracellular signalling:

1. Decreased cGMP cellular accumulation (decreased production or increased
degradation)

2. Altered intracellular pathways beyond cGMP
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tides, or of peripheral tissues to degrade them, may help to explain why there are some dif-
ferences in the clinical presentation among patients with HF with similar clinical severity
and ventricular function [6].However,further studies are necessary to confirm this hypoth-
esis.From a clinical point of view,it is important to note that some drugs sharing an inhibito-
ry action on both NEP and ACE (so called vasopeptidase inhibitors) may have some bene-
ficial effects in patients with arterial hypertension and/or HF because the administration of
these durgs can potentiate the biological activity of CNH system by increasing the concen-
tration of biologically active peptides [39-42] (see Chapter 7, sections 7.4 and 7.5, for more
details).It is important to note that renal function can affect the biological action of CNH in
different ways [5] (see also section 6.3 for more details).CNH are small peptides freely filtrated
by renal glomerulus; the kidneys are probably responsible for about 50% of metabolic cler-
ance rate of plasma ANP and BNP and in this way renal diseases can affect the circulating lev-
els of CNH.Indeed,a decreased renal function greatly increases the plasma CNH concentration
and consequently more peptide hormones are available for other target tissues (such as
brain,vascular tissue,adrenal gland and so on) [5].However,luminal perfusion with ANP has
been shown to reduce sodium efflux from the inner medullar collecting duct, suggesting
that this hormone has also luminal sites of action [25].As a consequence,a reduction in the
filtration can potentially induce renal hypo-responsiveness to CNH. To date, however,ANP
has been detected only on tubular basolateral membranes [25]. Thus, the mechanisms of
CNH luminal action need to be elucidated before conclusions are drawn about the func-
tional significance of reduced natriuretic peptide filtrations in the renal hypo-responsive-
ness to ANP and other natriuretic peptides.Finally,a resistance to the biological action of CNH
may be theoretically also due to an increased renal filtration (clearance) of active peptides;
at this moment, however, there are no consistent data to confirm this hypothesis.

Mechanisms acting at receptor level: Some studies suggest that the resistance to biologi-
cal effects of CNH in HF may be due,in part,to variations in the relative amount of the three
different types of natriuretic peptide-specific receptors.In particular,there could be an upreg-
ulation of type C receptors (NPR-C) with a parallel down-regulation of type A and B recep-
tors (NPR-A and NPR-B) [43-47]. NPR-A and NPR-B mediate all known hormonal actions
of CNH, therefore their down-regulation should induce a deactivation of the CNH system.
The upregulation of NPR-C receptors that strongly contribute to the clearance of biologi-
cally active peptides could further increase the resistance to CNH in patients with HF [43].

These findings are well in accordance with the results of in vivo kinetic studies obtained
using radioactive tracers in patients with HF [32, 33]. Moreover, a recent study confirmed
that mRNA expression levels of ANP, BNP and the NPR-C receptor were markedly
increased in human failing hearts [46]. Reversal of cardiomyocyte hypertrophy during
left ventricular assist device support was accompanied by normalization of ANP, BNP and
NPR-C mRNA levels and a significant recovery of responsiveness to ANP [47].

However, a very recent study [48] found that neither NPR-A nor NPR-B were inter-
nalized or degraded in response to natriuretic peptide binding in 293T cultured cells.
Another well-characterized deactivation mechanism is the process by which an activated
receptor is turned off, commonly referred to as “desensitization”[48-50]. Phosphorylation
of the intracellular kinase homology domain of NRP-A and NPR-B is required for hor-
mone-dependent activation of the receptor, while dephosphorylation at this site caus-
es desensitization. Deactivation of the CNH system via desensitization of NRP-A and
NPR-B can occur in response to various pathophysiological stimuli [48-50] (see Chap-
ter 3, section 3.5.2, for more details).
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Further studies are necessary to clarify what is the most important mechanism of
deactivation of CNH system acting in vivo at receptor level in patients with heart fail-
ure: the down-regulation (of NPR-A and NPR-B), the upregulation (of NPR-C), or the
desensitization (of NPR-A and NPR-B).

A peripheral resistance to the biological effects of CNH may play an important role in
other clinical conditions,besides HF.For example,NPR-C is also present on cellular mem-
branes of adipose tissue. It was suggested that the increase in NPR-C receptors observed
in obese subjects can in turn increase the peripheral degradation of CNH and consequently
blunt the action of the CNH system [51, 52]. Indeed, recent studies have documented
decreased circulating levels of CNH (especially BNP) in obese subjects, compared to non-
obese subjects matched for age and gender [51, 54]. This reduced activity of the CNH sys-
tem may increase the risk of developing arterial hypertension and other cardiovascular
diseases due to the non-contrasted and therefore prevailing effects of the counter-regula-
tory system with sodium-retentive and vasoconstrictive properties [52-54] (see Chapter
6, section 6.9, and Chapter 7, section 7.5, for more detailed clinical information).

However, recent studies found that the NPR-C receptor could be coupled to a G-pro-
tein that inhibits cyclic AMP synthesis. These receptors, which are present in great
amount especially on the endothelial cell wall, may mediate some paracrine effects of
CNP on vascular tissue [55-57]. Therefore, further studies will be necessary to eluci-
date the possible role of NPR-C receptors as modulators of CNH action and/or degra-
dation in peripheral tissues.

Mechanisms acting at post-receptor level: A large number of studies demonstrated that
the activation of the neuro-hormonal system accelerates the left ventricular function-
al impairment in patients with HF [1-6, 58-60]. Drugs that contrast the detrimental
effects of the neuro-hormonal system activation play a key role for the current phar-
macological treatment of HF. Some of these, such as ACE inhibitors, angiotensin II
receptor blockers, β-blockers, and spironolactone decrease the circulating levels of CNH
[5, 61-65],“normalize” their kinetics, and increase their biological activity [24, 26]. Fur-
thermore, they enhance the natriuretic effect of ANP or BNP analogs administered to
patients. In other words, the treatment with this type of pharmacological agents decreas-
es the systemic resistance to the biological effects of CNH [24, 26].

Patients with HF show a progressive and parallel increase in CNH levels and in some
neuro-hormones and cytokines. This increase can be closely related to disease severi-
ty, as assessed by functional NYHA class (Table 3.1, Fig. 3.13) [60]. Plasma BNP values,
normalized by mean values found in healthy subjects, are significantly higher than
other normalized neuro-hormone and cytokine values in HF (Fig. 5.3, Table 5.4) [60];
these data well support the so-called “endocrine paradox” of HF [6]. On average, the
response of the CNH system to the increasing challenge of disease severity may not be
linear (Fig. 5.4). The curve reported in Figure 5.4 suggests that the CNH system responds
with a sharp increase in BNP plasma concentration in the early phase of HF (NYHA
class I-II patients), followed, with the clinical progression of the disease, by a blunted
increase (NYHA class III), and finally by a plateau (NYHA class IV) (Table 3.1, Fig. 5.4).

These findings are consistent with the results from in vivo kinetic studies, indicating
that ANP turnover (i.e., metabolic clearance rate and production rate) and natriuresis
are both increased in patients in the early phase of HF (NYHA class I), as compared to
patients with congestive HF [24, 26]. This suggests that resistance to the biological
action of CNH is characteristic only of the congestive stage of HF. During the asymp-
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Table 5.4.Mean (± SD) levels of CNH,neuro-hormones,thyroid hormones,and cytokines in normal sub-
jects over 50 years of age and patients with heart failure.Data obtained in the author’s laboratory

Normal subjects Patients p-value*

ANP (ng/L) 25.4 ± 15.8 184.1 ± 137.8 <0.0001
BNP (ng/L) 14.4 ± 21.0 382.0 ± 364.3 <0.0001
Adrenaline (pg/ml) 52.2 ± 20.4 55.5 ± 66.8 0.7500
NorA (pg/ml) 341.6 ± 133.9 797.9 ± 470.4 <0.0001
TNF-α (pg/ml) 6.9 ± 4.9 9.9 ± 8.4 0.0250
IL-6 (pg/ml) < 6.0 10.9 ± 18.2 0.0243
PRA (ng/ml/h) 0.5 ± 0.4 7.5 ± 10.2 <0.0001
Aldosterone (pg/ml) 96.2 ± 46.8 204.4 ± 218.7 0.0008
Cortisol (ng/ml) 167.6 ± 46.5 207.5 ± 107.7 0.0127
TSH (µUI/ml) 1.44 ± 0.91 1.78 ± 2.67 0.3875
T4 (µg/100 ml) 6.4 ± 1.6 8.6 ± 2.9 <0.0001
T3 (µg/100 ml) 100.6 ± 17.0 83.5 ± 30.3 0.0007
FT4 (pg/ml) 11.2 ± 2.1 14.2 ± 4.8 <0.0001
FT3 (pg/ml) 2.6 ± 0.4 2.3 ± 0.8 0.0115

NorA noradrenaline, TNF-α tumor necrosis factor-a, IL-6 interleukin-6, PRA plasma renin activity,
TSH thyroid-stimulating hormone, T4 thyroxine, T3 tri-iodothyronine, FT4 free thyroxine, FT3 free
tri-iodothyronine
* Unpaired t test after log-transformation of original data

Fig. 5.3. Per cent mean ratio
increment of BNP, cortisol, inter-
leukin-6 (IL-6), plasma renin
activity (PRA) and noradrenaline
(NA) values.The values were cal-
culated by dividing the mean
value of the patient’s group by
the value found in normal sub-
jects (expressed as ratio). These
data show a progressively
greater increment of BNP com-
pared with those of other bio-
logical markers in patients with
heart failure. Data obtained in
the author’s laboratory [7]
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tomatic, early phase of the disease, the CNH system is able to compensate for the over-
activity of the counter-regulatory system (Fig. 5.4).

In conclusion, several mechanisms occurring at the pre-receptorial, receptorial and
post-receptorial levels may play a role in inducing peripheral resistance to the biological
effects of CNH in HF. However, the overwhelming activation of the counter-regulatory
system should be considered the predominant pathophysiological mechanism. The data
discussed so far also suggest that monitoring the degree of systemic resistance to the bio-
logical effects of CNH could be clinically useful in the follow-up of patients with HF.

5.1.4 Diagnostic Accuracy of CNH Assay in Plasma from Patients with Cardiac Diseases 

The CNH system activation is modulated not only by hemodynamic factors, but also by
the activity of the counter-regulatory neuro-hormonal system. The response of the
CNH system to chronic pathophysiological stimuli may be log-like (Figs. 3.13 and 5.4).
Consequently, it is likely that very small changes in hemodynamics, not assessable by
echocardiographic examination, may produce significant (and measurable) variations
in plasma concentrations of CNH. Moreover, recent studies have indicated that very
small changes in some neuro-hormones and cytokines can produce wider variations in
BNP circulating levels [60] (Fig. 5.3).

Fig. 5.4. Mean (95% CI) BNP concentration measured with an IRMA method in healthy subjects
and patients with heart failure grouped according to the NYHA functional class (the number of
subjects/patients enrolled for each group is indicated within brackets). Data obtained in the
author’s laboratory.The 99th percentile of normal distribution is indicated by a dotted line
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It is well known that changes in hemodynamic parameters (such as left ventricular
ejection fraction, EF) and plasma CNH levels (expressed in a log scale) are closely relat-
ed in patients with cardiovascular diseases (Fig. 5.5) [2-5, 19, 58-65]. However, correla-
tions between plasma CNH levels and echocardiographically measured parameters,
such as left ventricular EF, myocardial mass and chamber volumes, are usually less close
in the general population (large community-based sample, including healthy subjects
with or without individuals with asymptomatic myocardial dysfunction) [8, 9, 66, 67],
as well shown dy data reported in Figure 5.6.

It should be emphasized that the recognition of HF syndrome is not equivalent to the
clinical diagnosis of cardiomyopathy or to the assessment of left ventricular dysfunc-
tion, these latter terms describing possible structural reasons for the development of HF
[68-70]. Instead, HF is a clinical syndrome that is characterized by specific symptoms
(namely dyspnea and fatigue) and signs (namely fluid retention) [68]. There is no diag-
nostic test for HF, because it is largely a clinical diagnosis based on a careful history
and physical examination [68]. Therefore, there are no objective criteria for the iden-
tification and/or clinical stratification of patients with suspected HF; several “reference
(gold) standards” [71], based on clinical, laboratory and instrumental examinations,
can be used to evaluate the diagnostic accuracy of the CNH assay [5]. For this evalua-
tion, some studies took into consideration only echocardiographic assessment of ven-
tricular dysfunction, while in others either results of echocardiography or all clinical data
have been used for the diagnosis of HF [5, 72].

Fig. 5.5. Linear regression between plasma BNP values (measured with an IRMA method) and
left ventricular ejection fraction (%), assessed by nuclear medicine imaging, in 84 patients with
primary or secondary cardiomyopathy. Data obtained in the author’s laboratory
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Unfortunately, using echocardiography as the unique reference standard may lead to
misinterpretations when evaluating the diagnostic accuracy of the CNH assay. A sys-
tematic review of clinical studies in patient populations with a prevalence of HF rang-
ing from 3.8% to 51% to determine the diagnostic accuracy of BNP assays found that
the sensitivity (ranging from 90 to 97%) was much less variable (by 4.4-fold) than the
specificity (ranging from 53 to 84%) [5]. Furthermore, in a meta-analysis [72], diag-
nostic accuracy of BNP assays greatly varied according not only to the group of patients
studied, but also to the reference standard used (left ventricular EF <40% or <55%,
diagnosis of diastolic dysfunction, diagnosis of systolic + diastolic dysfunction, or inte-
grative clinical criteria). These data indicate that the choice of a suitable and accurate
reference standard for evaluation of the diagnostic accuracy of the BNP assay in patients
with HF may be a problem that is actually underestimated in the literature. For a prop-
er definition of diagnostic accuracy, tested individuals should be grouped into those
with and without disease, by means of an independent clinical judgment, considering
both the CNH assay and echocardiographic data.

Careful echocardiographic examinations usually show slightly better or even simi-
lar diagnostic accuracy than the BNP assay in patients with cardiac diseases [73, 74]. On
the other hand, the CNH assay may have some advantages compared to echocardio-
graphic examinations alone in specific clinical settings. For example, Williams et al.
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Fig. 5.6. No correlation (R = 0.068, p >> 0.1) between the log transformation of plasma BNP con-
centration,measured with an IRMA method,and left ventricular ejection fraction values,assessed by
echocardiography,in 38 healthy adult subjects (mean age ± SD = 57.3 ± 9.4 years,range 35-78 years).
A dotted line indicates the hypothetical linear regression. Data obtained in the author’s laboratory



Chapter 5 · Clinical Considerations and Applications in Cardiac Diseases102

suggested that in patients with chronic HF, the NT-proBNP assay reflects functional
cardiac impairment and decreased exercise capacity (measured by peak exercise oxy-
gen consumption) better than the left ventricular EF [75].

Several studies indicate that BNP and NT-proBNP are powerful and independent
risk markers of cardiovascular events (especially mortality) not only in patients with HF,
but also in those with acute coronary syndrome, as reported in recent and systematic
reviews [5, 76-78]. Some studies also suggested that the cardiovascular risk increases pro-
gressively to CNH concentration [77-79]; that is, there is no threshold that actually iden-
tifies patients with null risk.

Diagnostic sensitivity of BNP/NT-proBNP assays in detecting left ventricular sys-
tolic dysfunction could be suboptimal in asymptomatic or low-risk individuals, espe-
cially in women [9]. Specificity of BNP assays in patients with HF ranged from 53 to
84% and positive predictive values from 3 to 85% in several studies [5]. These data indi-
cate that CNH assays can produce a relatively large number of false-positive results.
Consequently, many individuals, actually without HF (about 15-60% of those with pos-
itive CNH tests), might undergo expensive and/or harmful investigations to rule out
the disease, or even be inappropriately labeled as cardiac patients [5].

Several false-positive results can be observed in patients with various clinical diag-
noses, as reported in Table 5.1. In these patients, increased plasma BNP may predict,
even in the presence of a normal echocardiographic examination, an increased risk of
mortality or major cardiac events, including pulmonary embolism [80-82] and hyper-
tension [83], renal failure [84, 85], septic shock [86], some chronic inflammatory diseases
(such as amyloidosis and sarcoidosis) [87, 88], and diabetes mellitus [89].

On the other hand, false-negative results could be found in patients on treatment
with anti-adrenergic agents, diuretics and/or ACE inhibitors, all drugs that can reduce
CNH levels [5]. As shown in Figure 5.7, a large number of patients with only mild HF
(NYHA classes I and II) may have values slightly above or even under the 99th per-
centile of distribution values of BNP concentration in healthy subjects (about 50 ng/l,
measured by an IRMA method). In these patients, successful treatment and consequent
improvement in cardiac function and exercise capacity, and reduction in filling pressure
and cardiac volumes, is usually associated with a marked fall in CNH levels: thus, a larg-
er number of patients could have BNP values within the reference range values [5, 90].
However, at matched echocardiographic alterations, patients in whom BNP levels drop
in response to therapy have a reduced rate of major cardiac events or mortality, com-
pared to untreated hypertensive patients, who could have similar echocardiographic
abnormalities. This represents the rationale for using the CNH assay for therapy deci-
sion making and for monitoring HF patients [5, 61-65].

In populations with a higher prevalence of cardiac diseases, including only individ-
uals with a clinical suspicion of HF, the diagnostic sensitivity of BNP can improve up to
95%, or even more, as long as appropriate cut-off values are selected [5, 72]. In this case,
a strategy called “SnNout”, which maximizes test sensitivity, could be used to rule out
the presence of HF [91]. Furthermore, CNH assay also shows high (>95%) negative pre-
dictive values [5, 20], which can help to confirm the absence of HF. This is the ration-
ale for choosing the CNH assay as the first step for an algorithm for the diagnosis of HF
[69, 70]. Such a clinical strategy has proved successful in some recent studies evaluat-
ing the cost-effectiveness of using plasma BNP measurements for screening of cardiac
dysfunction in the general population [92-94].
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5.1.5 Biological Variation of Plasma BNP: a Problem or a Clinical Resource?

The variability of measured plasma concentrations of many substances is due to three
different sources: pre-analytical, analytical and inherent biological variation. The latter is
usually described as a random variation around a homeostatic setting point, and defined
as the intra-individual or within-subject biological variation [95]. Several physiological
parameters and endogenous substances are closely regulated by complex biological mech-
anisms in such a way as to vary little. If a random variation is assumed for an analyte,
the effect of imprecision on dispersion can be taken into consideration for setting generally
applicable quality specifications for assay performance in order to indicate an acceptable
(or desirable) degree of assay precision. Accordingly, the desirable assay imprecision
should be equal to or less than half of the intra-individual biological variation [96, 97].

In order to achieve a correct interpretation of serial test results that are collected for
follow-up or tailored treatment of HF patients, several studies [97-101] recently evalu-
ated the biological variation of BNP and its related peptides, in both healthy subjects and
cardiac patients.

Due to secretory bursts and its rapid turnover (half-life about 15-20 min) [1, 102]
(see Chapter 3, section 3.6.2 for more details), it is not surprising that intra-individual
biological variations of plasma BNP levels were found to be very large, in both healthy
subjects and patients with heart failure (ranging from 30 to 50%) [97, 99-101]. Assum-
ing a random variation around a homeostatic setting point, the calculated reference
change values at 95% confidence interval ranged from 99 to 130% for BNP in healthy sub-
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jects and patients [97, 99-101]. According to this estimated confidence interval, only a
decrease of more than 50% or a more than 2-fold increase in plasma BNP should be
assumed to be statistically significant in an individual patient.

In contrast with this assumption, a recent clinical trial [90] has suggested that a
BNP decrease inferior to this calculated reference change could be clinically relevant
in patients with heart failure. In this study, only the group of patients treated with the
β-blocker agent carvedilol, who respond on average with a decrease of only 38% in
plasma BNP, showed a clinical improvement [90]. Furthermore, several studies have
demonstrated that cardiovascular risk (mortality or major cardiovascular events)
increases continuously and progressively throughout the whole range of BNP concen-
trations in patients with cardiovascular diseases [5, 77-79].

In order to explain these conflicting findings, it should be taken into account that
BNP secretion is closely regulated by specific pathophysiological mechanisms. Thus,
changes in plasma hormone levels cannot be interpreted as random variations around
a setting point, but as strictly determined by the activation level of the counter-regula-
tory system and by changes in hemodynamics. The clinician should look at the intra-indi-
vidual variation in BNP as a mirror of variation in neuro-endocrine network activity.

According to this hypothesis, it was suggested to consider all changes in BNP con-
centration as potentially clinically relevant, even when narrower than the calculated
intra-individual biological variation [103]. In other words, BNP variations should be
interpreted and considered by physicians, as the variability of heart rhythm and blood
pressure, by taking into account clinical history and examination, comprehensive of the
response to specific treatments, as well as of laboratory and instrumental test findings.

There is another important practical consequence of this approach.According to an
intra-individual biological variation of about 30%, the estimated imprecision goal for
BNP immunoassays should be 15% (i.e., equal to half of the intra-individual variation)
[95, 96]. On the contrary, we suggest that all the measured variations of plasma BNP
greater than two to three times the analytical imprecision of assay used should be poten-
tially considered as clinically relevant. Following this approach, the assay imprecision
of BNP immunoassays should be as low as possible.

Of course, the great number of pathophysiological mechanisms affecting the CNH
system makes it sometimes difficult for clinicians to recognize the cause(s) of variations
in its activity. However, we believe that the BNP assay should be considered as an intel-
lectual spur for the search for an explanation of variations in hormone concentrations,
which should always be related to pathophysiological stimuli and/or pharmacological
interventions. In this sense, the assessment of BNP time-course concentrations is a novel,
meaningful diagnostic tool for the follow-up of patients with cardiac disease.

5.2 CNH Assay as Diagnostic and Prognostic Tool in Cardiac Diseases

In this second part of the Chapter 5, we will review the clinical relevance of CNH assay
(especially of BNP and NT-proBNP). There has been an explosion of clinical research-
es and trials concerning the routinary use of CNH (especially BNP) assay in the diag-
nosis and risk stratification of patients with cardiovascular diseases in the first years of
the new century (see Chapter 1, section 1.2, and Figs. 1.2 and 1.3). It is clearly impossi-
ble to cover all these scientific contributes. In order to reduce the number of references
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without reducing the efficacy and objectiveness, we have used systematic reviews and
meta-analyses, when available.

First, we will review the clinical relevance of CNH assay in the screening and classi-
fication of patients with cardiac dysfunction, divided according to the severity of dis-
esae and age, or associated to some particular clinical conditions (such as myocardial
infarction or treatment with cardiotoxic drugs) (sections from 5.2.2 to 5.2.6). More-
over, we will discuss the diagnostic accuracy and clinical relevance of assay in coro-
nary artery disease (section 5.2.7), where more recently BNP and NT-proBNP are increas-
ingly frequently assayed with (almost in part) unexpected results. Finally, the diagnos-
tic accuracy of CNH assay will be compared to that of other clinical tests, such as ECG,
echocardiogram and chest radiogram (section 5.3).

The last part of the Chapter is dedicated to prognostic relevance of CNH assay in
cardiac diseases and general population (sections from 5.4.1 to 5.4.3), to relevance of
measurement of CNH in tailoring the therapy (section 5.5.1), and to its cost-effective-
ness (section 5.5.2) in patients with HF.

5.2.1 Use of CNH Assay in the Screening and Classification 
of Patients with Cardiac Dysfunction

The diagnosis of HF can often be difficult, mainly in primary care settings, where
patients may present with non-specific symptoms and signs, such as dyspnea, fatigue,
and ankle swelling [68-70]. In several population-based studies, fewer than 40% of
patients with a suspected diagnosis of HF in primary care had this diagnosis confirmed
by more specific and accurate clinical investigations, which are often expensive, time-
consuming and demanding for the patient [68-70, 104, 105].As a result, a relatively sim-
ple and inexpensive biochemical test (such as the CNH assay) may be very useful to
confirm the clinical suspicion of HF in this clinical setting [5, 34, 35].

The aim of the following paragraphs will be to discuss the diagnostic accuracy of
CNH assays (especially BNP/NT-proBNP assays) following the principal recommen-
dations of evidence-based laboratory medicine principles [71, 106, 107].

5.2.2 Diagnostic Accuracy of CNH Assay in Asymptomatic,
Mild Ventricular Systolic Dysfunction

Patients with asymptomatic left ventricular systolic dysfunction are likely to have lower
plasma BNP than those with overt HF [2-5, 34, 35, 62-66, 72], as shown in Fig. 3.13.

Two large studies [9, 66] evaluated the diagnostic accuracy of the CNH assay as a
screening method in a general population. The first study analyzed the Framingham
Heart Study cohort (3,177 individuals) using BNP and NT-proANP in the evaluation of
left ventricular hypertrophy and systolic dysfunction in a community population [9].
The presence of the disease was evaluated by using echocardiographic findings (the
prevalence of left ventricular systolic dysfunction was 9.3% in the 1,470 men and 2.5%
in the 1,707 women tested, respectively). The area under the curve (AUC) of receiver
operating characteristic (ROC) analysis for CNH assay for identifying both left ventric-
ular hypertrophy and systolic dysfunction was on average about 0.75, with a good speci-
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ficity (assumed 95% both for men and women) and negative predictive value (NPV, on
average ranging from 92% to 97% in men, and from 91% to 98% in women), but a poor
sensitivity (i.e., ranging from 27% to 28% in men, and from 13% to 40% in women) and
positive predictive value (PPV, from 22% to 38% in men, and from 5% to 40% in women),
using gender-related BNP cut-off values [9].

The aim of the second study was to examine the validity of plasma BNP measurement
(with the same IRMA method as the other study) for detection of various cardiac abnor-
malities in a rural Japanese population (1,098 subjects, 693 men and 405 women), with
a low prevalence of coronary heart disease and left ventricular systolic dysfunction
(i.e., only 37 participants, corresponding to 3.0%, showed an EF <30%) [66]. The diag-
nosis was carried out by two independent cardiologists based on a medical question-
naire, chest radiogram, electrocardiogram (ECG), and echocardiographic report. The opti-
mal threshold for identification of disease was a BNP concentration of 50 ng/l (14.4
pmol/l), with an area under the ROC curve of 0.970, a sensitivity of 89.7%, a specifici-
ty of 95.7%, PPV of 44.3%, and NPV of 99.6%, respectively.

The conclusions of these two studies, though similar in aim, as well as in clinical and
experimental protocols, were strongly conflicting. The Japanese study suggested that the
BNP assay is a very efficient and cost-effective mass screening technique for identifying
patients with various cardiac abnormalities regardless of etiology and degree of left ventricular
systolic dysfunction [66],while the Framingham study suggested only limited usefulness of
the CNH assay as a mass screening tool for this clinical condition,especially in women [9].

This discrepancy may be due to the different gold standard used for the diagnosis of
heart failure adopted in the two studies, as discussed in a previous paragraph (section
5.1.5, “Diagnostic accuracy of CNH assay in plasma from patients with cardiac dis-
eases”). However, these two studies, taken as a whole, indicate that the CNH assay may
have only a limited usefulness as a screening method for HF in a general population,
owing to the poor sensitivity and PPV. However, both studies also found good specificity
and NPV, thus suggesting that the CNH assay may be used to rule out HF in an asymp-
tomatic (or pauci-symptomatic) individual.

5.2.3 Diagnostic Accuracy of CNH Assay in Patients with Suspected HF 

Many studies [92, 108-128] have suggested that the CNH assay could be useful as a
screening method and/or for the differential diagnosis in patients suspected of HF in
different clinical settings: a) randomly selected high-risk community populations; b) pri-
mary-care patients with a new diagnosis of HF; c) patients with acute dyspnea in the
emergency department; d) consecutive unselected hospital inpatients; e) patients admit-
ted to the intensive care unit.

The studies concerning the diagnostic accuracy of the CNH assay in patients with HF
have also been analyzed by two recent systematic reviews [5, 72]; unfortunately, these
studies showed quite heterogeneous data, thus introducing some bias in the statistical
analysis. In particular, even some high-quality studies were not designed with the pri-
mary goal of evaluating the diagnostic accuracy of the CNH assay. Indeed, this aim was
considered only at a post-hoc analysis and retrospectively assessed in blood samples col-
lected for different original purposes, some years before the actual evaluation of diag-
nostic accuracy. This may introduce a significant bias, although its true clinical rele-
vance is difficult to assess [5].
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The second most important cause of heterogeneous data is the different reference
(gold) standard used to evaluate the diagnostic accuracy of the CNH assay. In some
studies, the patients studied were stratified and grouped according to clinical severity,
as described by functional classification (usually NYHA classification). In other stud-
ies, only echocardiographic measurements were used as “gold standard” for the accu-
racy of the CNH assay for the diagnosis of left ventricular dysfunction (and not for the
clinical diagnosis of HF) [5, 72].

Furthermore, comparison of studies concerning the diagnostic accuracy of CNH
assay is also difficult because different populations were enrolled and different immunoas-
says were used. Indeed, diagnostic accuracy (especially predictive values) is strictly
dependent on disease prevalence (pre-test probability), which greatly varies according
to the clinical setting considered (i.e., screening for general population, out-patients
seen by a general practitioner, or in primary care, emergency department, coronary
care unit, and so on). In particular, the prevalence of HF in the populations studied var-
ied from less than 5% (in studies of screening of asymptomatic population) to more
than 50% (in studies including patients referred to hospital with suspicion of HF) [5].
Another factor, often underestimated, is that the “gold standard” (which is not an objec-
tive rule, but a clinical synthesis or another diagnostic test) could vary with the disease
prevalence, sometimes in a different manner than the CNH assay.

Finally, recent data reported in the literature suggested that diagnostic accuracy may
vary significantly in relation with the specific cardiac peptide measured and/or
immunoassay used [5, 19, 21, 72, 129-131]. At the present time, the different BNP
immunoassays also show greatly different imprecision [132]. Consequently, it is not
clear whether the observed significant variation in diagnostic accuracy is due to a dif-
ference in pathophysiological behavior of measured peptides and/or in assay per-
formance [5]. Unfortunately, some studies do not clearly indicate the type of immunoas-
say used to measure CNH, while the majority do not report the assay performance (and
often even the reference values) evaluated in their own laboratory.

Taking all studies as a whole, a recent meta-analysis showed that the odds ratio for
diagnostic accuracy of BNP assay in different groups of patients with suspected HF is
highly significant [72]. In particular, the pooled diagnostic odds ratio, when clinical
criteria were used as gold standard for HF, was 30.9 (95% confidence interval 27.0-35.4),
while it fell to 11.9 (8.4-16.1) when a value ≤40% of left ventricular EF, estimated by
echocardiography, was used as reference standard [72].

Diastolic dyfunction can play a major role in determining signs and symptoms in
patients with congestive HF [65, 120, 121].Although Doppler echocardiography is cur-
rently used to examine the left ventricular diastolic filling dynamics, the limitations of
this technique suggest the need for other objective measures [122]. Despite these lim-
itations, several studies indicated that the CNH assay, in particular the BNP assay, may
be useful for the diagnosis of left ventricular diastolic dysfunction [123, 125, 126]. How-
ever, some conflicting results have been reported, probably due to the different cause of
and/or mechanisms responsible for cardiac dysfunction [127, 128]. In a recent meta-
analysis, including data of three studies comparing the diagnostic accuracy of BNP
assay in patients with diastolic dysfunction, the pooled odds ratio was 28.3 (95% con-
fidence interval 2.66-300.5) [72]. However, a bias may affect these studies, as suggested
by the significant test of heterogeneity (c2 = 128.4, p < 0.001) [72].

Finally,Wright et al. [133] evaluated the effect of NT-proBNP assay on the clinical diag-
nostic accuracy of HF in primary care by means of a prospective, randomized con-



Chapter 5 · Clinical Considerations and Applications in Cardiac Diseases108

trolled trial in 305 patients. Each patient was randomized in two groups, one in which
the general practioner had at their disposal the NT-proBNP assay results (NT-proBNP
assay group), while the other did not (control group). The diagnostic accuracy improved
by 21% in the NT-proBNP assay group and by 8% in the control group (p = 0.002). This
study indicates that NT-proBNP measurement significantly improves the clinical diag-
nostic accuracy of HF in general practice [133].

5.2.4 Diagnostic Accuracy of CNH Assay in Patients with Acute Myocardial Infarction

Circulating levels of CNH increase after acute myocardial infarction (AMI); the extent
of the increase is related to the size of the infarct [134-137]. Patients with smaller infarcts
tend to have a monophasic increase in plasma BNP, peaking at 20 hours after the onset
of symptoms; on the other hand, those with larger infarcts, lower EF, and clinical signs
of HF may present a further peak at 5 days after admission [135]. Other studies are less
convincing regarding the ability of the CNH assay to identify patients with significant
myocardial dysfunction after AMI [138, 139]. These conflicting results could be due to
the differences in sample collection time, type of CNH (ANP, BNP, or NT-proBNP) meas-
ured, type of assay (competitive vs non-competitive), and inclusion criteria adopted. How-
ever, persisting elevation of CNH levels at 1 or 2 months after AMI usually suggests a high
risk of adverse remodeling and subsequent HF [5], although this finding should be con-
firmed by further specifically addressed studies.

The diagnostic accuracy of the BNP assay in patients with myocardial infarction
was evaluated in a recent meta-analysis [72] taking into account only two studies
[140,141], fitting the inclusion criteria of this analysis; the pooled odds ratio was 9.4
(95% confidence interval 4.5-19.4).

5.2.5 Diagnostic Accuracy of CNH Assay in Elderly People

Heart failure is primarily a disease of old age; chronic HF increases in prevalence with
aging from <1% in people aged <65 years to >5% in those >65 years of age, and this
clinical condition is the first cause of morbidity and mortality in older people [68-70,
142].A recent study demonstrated that elderly patients present with more advanced HF,
as evidenced by their higher morbidity and mortality rate along with greater neuro-
hormonal activation [142]. According to these findings, elderly people should be con-
sidered to be a population with high risk for developing HF and so the BNP/NT-proB-
NP assay may be useful as a screening test for HF in older age. Indeed, several studies
reported that the BNP/NT-proBNP assay could be clinically useful in elderly people
suspected to have HF [16, 142-147].

Two studies compared the diagnostic accuracy of the BNP assay and that of ECG in
elderly people screened for HF. A prospective cohort study specifically evaluated the
diagnostic accuracy for HF of BNP assay in 299 consecutive patients (mean age 79 years,
65% women) attending day-hospital over a period of 13 months [143]. This study sug-
gested that both BNP assay and ECG were sensitive in detecting left ventricular systolic
dysfunction, but lacked specificity (but the combination of the two tests improved diag-
nostic accuracy) [143]. The other study reported that both the ECG and the plasma con-
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centration of BNP were highly efficient in excluding left ventricular systolic dysfunc-
tion in 407 75-year-old subjects [144]. However, compared with the BNP, the ECG yields
a lower number of false-positive cases. Therefore, this study suggested that in screen-
ing for left ventricular systolic dysfunction in elderly people, the BNP assay has a diag-
nostic value in addition to the ECG, but only in individuals with abnormal ECG [144].

Another study indicated that the BNP assay may be particularly useful in ederly
patients, especially in differentiating cardiogenic pulmonary edema from respiratory
causes of dyspnea [146]. Screening of populations with more than 1% prevalence of
HF (such as people with age more than 60 years) with BNP followed by echocardiography
should provide a health benefit at a cost that is comparable to or less than other accept-
ed health interventions [145]. Finally, the NT-proBNP assay was demonstrated to be
useful for detecting HF among people living in elderly nursing homes [147].

5.2.6 Detection of Drug Cardiotoxicity by means of BNP Assay

Another example of the clinical relevance of BNP assay is the possibility of identifying
HF caused by drug cardiotoxicity [148-153]. Cardiotoxicity is a potential side-effect of
some chemotherapeutic agents [154]. The anthracycline class of cytotoxic antibiotics are
the most famous, but other chemotherapeutic agents can also cause serious cardiotox-
icity and are not so well recognized (including cyclophosphamide, ifosfamide, mito-
mycin and fluorouracil) [154]. In a large retrospective study of more than 4,000 patients,
an incidence of clinical chronic HF of 2.2% was found [155]. However, a more recent study
suggests that about 20% of patients treated with anthracycline show a decrease in ven-
tricular function below the normal limits, if followed with serial measurements of left
ventricular EF, assessed by an accurate radionuclide method [156]. This supports the rec-
ommendations of monitoring cardiac function in anthracycline-treated patients with
accurate and suitable methods.

Experimental studies in rats indicated that plasma BNP and serum cardiac troponin
T (cTnT) significantly increased from 6 to 12 weeks after adriamycin administration with
deterioration of cardiac function, as assessed by echocardiography [157]. However, in
this study the increase in cTnT was antecedent to the increase in BNP and the deterio-
ration of cardiac function [157].

Several studies demonstrated that the release pattern of cardiac-specific troponin I
(cTnI) after high-dose chemotherapy is a sensitive and reliable marker of acute minor
myocardial damage and is able to identify patients at different risks of cardiac events
3 years later [158-160]. On the other hand, several studies demonstrated that the BNP
assay may also be a marker of chemotherapy cardiotoxicity [148-152]. In particular,
two recent studies [161, 162] also suggested that BNP/NT-proBNP assay is a predictive
marker of cardiac dysfunction in patients affected by aggressive malignancies and treat-
ed with high-dose chemotherapy. The acute release of circulating levels of troponin
should be only a mirror of the death of myocardiocytes, while the persistent increase in
BNP, after several days or weeks from the administration of cardiotoxic drug, should be
specifically related to ventricular remodeling and myocardial dysfunction. Further stud-
ies are necessary to confirm these data, and to evaluate the respective diagnostic accu-
racy and clinical relevance of troponin and BNP assays in the follow-up of patients
treated with potentially cardiotoxic drugs.



Chapter 5 · Clinical Considerations and Applications in Cardiac Diseases110

5.2.7 Diagnostic Accuracy of CNH Assay in Coronary Artery Disease 

Two very recent studies suggested that the BNP assay could be a reliable marker of
ischemia in patients with coronary artery disease [163, 164]. Exercise electrocardiography
is the most widely used non-invasive method to detect the presence of coronary artery
disease; however, its usefulness is limited by relatively modest sensitivity and speci-
ficity [165-167]. Other more accurate non-invasive tests, such as exercise echocardiog-
raphy and exercise testing with radionuclide imaging, are less widely available and con-
siderably more expensive.

It could be hypothesized that exercise-induced ischemia results in increased wall
stress and triggers release of CNH from myocardiocytes.According to this hypothesis,
Foote et al. [163] measured NT-proBNP and BNP in blood samples from a group of
normal volunteers, and two groups of patients, one with and the other without coronary
artery disease, before and after maximal exercise. Post-exercise increases in NT-proB-
NP and BNP were approximately 4-fold higher in the ischemic group than in the non-
ischemic group; while in volunteers, the increase was almost identical to that of the
non-ischemic patient group. At equal specificity to the ECG (58.8%), the sensitivities
of the BNP/NT-proBNP assay in detecting ischemia were 90 and 80%, respectively; in
contrast, the sensitivity of the exercise ECG was only 37.5%.

In the study by Sabatine et al. [164], transient myocardial ischemia was associated with
an immediate rise in circulating BNP levels,and the magnitude of the rise was proportional
to the severity of ischemia. These findings demonstrate an important link between the
severity of an acute ischemic insult and the circulating levels of BNP. However, further
studies are necessary to evaluate the relevance of the BNP/NT-proBNP assay.

5.3 Comparison between the Diagnostic Accuracy 
of CNH Assay and that of Other Tests and Clinical Investigations 

Signs and symptoms correlate poorly with the presence of HF, for this reason diagno-
sis relies on clinical judgment based on a combination of history, physical examination
and appropriate investigation [65, 69, 70, 168].

Davie et al. [169] found that left ventricular systolic dysfunction was virtually never pres-
ent if the ECG was normal (sensitivity 94%, NPV 98%), and a screening ECG reduced the
need for echocardiograms by 50%. However, several studies demonstrate that CNH assay
can improve the diagnostic accuracy of history, ECG, and chest radiography [167-174].

Cowie et al. [110] reported that ROC curves for BNP (AUC = 0.96), ANP (0.93), and
NT-proANP (0.89) were better than that for cardiothoracic ratio on chest radiogram
(0.79) in screening for patients likely to have HF and requiring further clinical assess-
ment. Nielsen et al. [92] found that BNP assay showed a diagnostic accuracy better than
ECG in a random sample of 1,257 community subjects.Another study suggested that BNP
assay together with the presence of major ECG abnormalities and history reduced by
a factor of six (in comparison to consideration of BNP assay in isolation) the number
of subjects requiring echocardiography to detect one case of myocardial dysfunction in
a large population screening (1,360 patients tested) [171].

Several studies have compared the diagnostic accuracy of BNP assay and ECG in
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the elderly population. In 75-year-old subjects both the ECG and the plasma concentration
of BNP are highly efficient in excluding left ventricular systolic dysfunction, as recent-
ly suggested [173]. In another study, several types of structural heart disease, in particular
valvular heart disease, could be identified exclusively by BNP testing, suggesting that BNP
measurement can make a significant contribution to screening for CHF precursors
when used in combination with ECG in elderly populations (856 subjects enrolled, with
age ≥65 years) [174]. However, compared with the BNP assay, the ECG yielded a lower
number of false-positive cases in another study [172]. In screening for left ventricular
systolic dysfunction, the BNP has a diagnostic value in addition to the ECG, but only in
individuals with abnormal ECG [172].

NT-proBNP alone was a better predictor of left ventricular dysfunction than any
other single or combination of factors, while the ECG had a poor predictive value for left
ventricular systolic dysfunction in identifying patients with left ventricular systolic
dysfunction in a high-risk population (243 patients, 129 men, median age 73 years,
range 20-94) [173].

Another study [170] compared the diagnostic accuracy of BNP assay, ECG, chest
radiography and echocardiography; the results of this study confirmed that sensitivi-
ty, specificity and accuracy of BNP assay and echocardiography were significantly bet-
ter than those of ECG and chest radiography [170].

A huge number of studies have compared the diagnostic accuracy of BNP assay and
echocardiography in patients with acute or chronic HF [5, 62-65, 72, 175].According to
the guidelines for the diagnosis of heart failure proposed by the Task Force on Heart Fail-
ure of the European Society of Cardiology [69], echocardiography is recommended as
the most practical tool to demonstrate cardiac dysfunction. However, a recent epi-
demiological study [176] suggested that the diagnosis of HF might be better defined
in terms of symptoms, elevated neuro-hormones and impaired cardiac workload.

In more than 50% of the clinical studies, the echocardiographic investigation has
been considered as the gold standard (more exactly the reference standard method)
for the evaluation of diagnostic accuracy of CNH assay in patients with heart failure
[5, 72].When we use the echocardiography investigation as reference method, we assume
that BNP assay cannot theoretically have a better diagnostic accuracy than it. Indeed,
conflicting results were found when different clinical settings (patient’s selection) and/or
gold standard were used [5, 72]. Choy et al. [177] showed that in post-AMI patients
plasma BNP is superior to all clinical indices of left ventricular systolic dysfunction
(EF <40%), including signs and symptoms and a clinical score (Peel Index). Dokainish
et al. [178] found that BNP assay and comprehensive Doppler echocardiography have
similar diagnostic accuracy for congestive HF, although echo-Doppler trended toward
higher specificity than BNP for congestive HF. Moreover, serial BNP measurements
during the treatment of acute HF provide incremental prognostic information over
clinical presentation and repetitive echocardiographic examination [179]. Mak et al.
[180] suggested that both BNP assay and a complete echocardiographic examination do
not have adequate discriminatory power to be used in isolation in the evaluation of left
ventricular diastolic function. Therefore, all available information, including systolic
function, chamber dimensions and all Doppler variables must be considered in the
analysis of individual patients [180]. Steg et al. [181] recently assessed the diagnostic per-
formance of BNP testing and echocardiographic assessment of left ventricular systolic
function, separately and combined, for the identification of congestive HF in 1,586
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patients presenting to the emergency department with acute dyspnea. The proportions
of patients who were correctly classified were 67% for BNP alone, 55% for EF alone,
82% for the two variables together, and 97.3% when clinical, ECG, and chest radiograph
data were added. This study suggested that BNP measurement was superior to two-
dimensional echocardiographic determination of left ventricular EF in identifying con-
gestive HF, regardless of the threshold value. The two methods combined have marked
additive diagnostic value [181].

Some recent studies indicated that BNP/NT-proBNP levels do not accurately pre-
dict serial hemodynamic changes and consequently do not obviate the need for pul-
monary artery catheterization in patients requiring invasive hemodynamic monitoring
[182-184].

In conclusion, BNP assay shows significantly higher predictive characteristics than
ECG and chest radiography, and a cost-benefit value significantly greater than that of
echocardiography [92, 170]. BNP measurement may exclude normal heart with high
probability owing to its high degree of sensitivity and NPV when used in screening
high-risk populations, therefore reducing the echocardiographic diagnostic burden;
this is the rationale for considering the BNP assay in the first step of an algorithm for
the differential diagnosis of heart failure [37, 65, 69, 70, 168, 175].

5.4 Use of CNH Assay as Prognostic Marker in Cardiovascular Diseases

Several well-designed and conducted studies suggested that the CNH assay may be use-
ful as a prognostic marker mainly in two clinical conditions: HF and acute coronary
artery syndromes (ACS), as also demonstrated by systematic reviews [5, 76, 184, 185].

5.4.1 Prognosis in HF

The prognostic role of CNH assay (especially NT-proANP, BNP and NT-proBNP) in
patients with HF is well demonstrated by a huge number of studies [16, 147, 186-199].
In all these studies, CNH concentrations were always found to be independent risk
markers for morbidity (increased future major cardiovascular events and/or hospital-
ization) and/or mortality in patients with acute or chronic HF [5]. In some studies CNH
levels were stronger predictors of mortality and/or major cardiovascular events than left
ventricular EF, NYHA class, and/or presence of diabetes or hypertension, as well as sex
and age in patients with chronic HF [188, 189, 192, 194-196, 198, 199]. In some recent stud-
ies [197, 199], NT-proANP was shown to be a more powerful predictor than BNP and
NT-proBNP, but these differences may be due to the analytical performance of methods
used rather than a true specific characteristic of peptide measured in the study. Further
studies are necessary to clarify whether there is a true difference among the NT-proANP,
BNP and NT-proBNP as predictor markers in patients with HF.

A continuous relationship was generally found between BNP levels and mortality
[194], thus suggesting that it is not possible to observe a threshold for the risk. On aver-
age, a systematic analysis of the most important studies suggested an odds ratio of
about 2 for the risk of mortality in patients with BNP values above the cut-off [5].

Further evaluation needs the clinical relevance of combined use of CNH assay with
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other functional parameters (such as peak oxygen consumption) [90, 201, 202], neuro-
hormones [203-206], and markers of fibrinolysis [207] or cardiac necrosis [208, 209].
Some studies suggest that the combination of BNP assay with the assessment of peak
oxygen consumption [202] or with specific markers of cardiac necrosis [209] improves
risk stratification of patients with HF.

Sereral studies reported that some neuro-effectors, hormones (including peptide,
thyroid and steroid hormones), and cytokines are increased in patients with HF, as
recently reviewed [2, 5, 210-220] (see also Chapter 3, section 3.5, for a more complete dis-
cussion on this field). In general, BNP assay was found to be the most powerful indicator
for poor outcome compared to other neuro-effectors and hormones, at least in the
largest studies [5, 204, 206]. However, more data on the clinical relevance of combina-
tion of two or more neuro-hormones in risk stratification of HF are necessary.

5.4.2 Prognosis in ACS

Acute coronary artery syndrome encompasses a continuum of cardiac ischemic events,
ranging from unstable angina pectoris, with no biochemical evidence of myocardial
necrosis, to ST-elevation AMI [221, 222]. The prognosis of patients with ACS varies
widely, and several clinical, electrocardiographic, and biochemical markers have been
used to identify high-risk individuals in need of aggressive intervention [222].

Several studies reported that CNH assay (in particular BNP and NT-proBNP) pro-
vides valuable prognostic information in patients with ACS [117, 138, 223-231].A recent
meta-analysis confirmed the powerful prognostic value of BNP/NT-proBNP in patients
with ACS for death both in the short term (<50 days, mean odds ratio 3.38, CI 95% 2.44-
4.68) and long term (>10 months, mean odds ratio 4.31, 3.77-4.94) [76].

As for the prognostic role of BNP assay in patients with HF, more data on the clinical
relevance of combination with other markers in risk stratification of HF are necessary.
However, some studies suggest that BNP levels improve a simple risk score in patients with
unstable angina and non-ST-elevation myocardial infarction [239] as well as the risk-
assessment performance obtained with the cTnI and hs-CRP assays in patients with ST-
segment elevation myocardial infarction [234]. These data suggest the utility of a “mul-
timarker strategy” or biomarker profile to characterize patients with ACS [78].

A recent study [240] reported that there may be clear differences among the pro-
files of individual natriuretic peptide levels in the 2 years after AMI. Similar profiles
were found with BNP and NT-proBNP plasma concetrations, while those of NT-proANP
and CNP differed significantly in a cohort of 236 patients with AMI complicated by
clinical, radiologic or echocardiographic evidence of left ventricular dysfunction. More-
over, a single measurement of plasma natriuretic peptide levels during the hospital
admission provides limited prognostic information, while NT-proBNP measured by an
ELISA method in the 30 days after AMI identifies a cohort of patients at increased risk
of adverse outcome thereafter [240].

Two recent studies reported that in patients with clinically stable, angiographically
documented coronary artery disease, plasma BNP [241] or NT-proBNP [242] levels are
independently related to long-term survival in a multivariate model. These studies sug-
gested that BNP and NT-proBNP are markers of long-term mortality even in patients
with stable coronary disease and add prognostic information above and beyond that pro-
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vided by conventional cardiovascular risk factors and the degree of left ventricular sys-
tolic dysfunction [241, 242].

In order to explain these clinical findings, it is important to note that experimental
studies in animals reported that myocardial ischemia or even hypoxia per se could
induce the synthesis/secretion of CNH (in particular BNP) from the intact heart in vivo
as well as ventricular cells in culture [243-244]. Furthermore, these experimental data
are also in accordance with recent clinical studies indicating that transient myocardial
ischemia in patients with stable coronary artery disease is associated with an immedi-
ate rise in circulating BNP levels, and that the magnitude of rise is proportional to the
severity of ischemia [163, 164, 246].

5.4.3 Prognostic Relevance of CNH Assay in the General Population 

While measurement of plasma BNP concentration has been shown to be useful in the
diagnosis of HF (especially acute HF), its role as a screening test for detection of pre-
clinical ventricular remodeling or dysfunction in the general population has not been
established [5, 246, 247]. However, some studies evaluated the prognostic relevance of
CNH assay in the general population, especially in high-risk populations, such as eld-
erly people [16, 187, 224, 244-248]. These studies demonstrated that CNH (and espe-
cially BNP/NT-proBNP) levels are a sensitive and accurate biochemical marker of an
increased risk of cardiac morbidity and total mortality in very elderly persons [16, 147,
188, 227, 248, 249]. However, in a community-based study (mean age 56 years) there
were no significant trends of increasing incidence of hypertension across BNP cate-
gories in men or women, while higher plasma BNP levels were associated with increased
risk of BP progression in men but not women [250]. The differences between the results
of this study [250] and those of others [16, 185, 227, 248, 249] may be due to the differ-
ent age and gender of subjects studied. Probably, the prognostic power of BNP assay
increases progressively with age and may be gender-dependent.
Additional investigations are warranted to confirm the powerful prognostic value of
BNP assay in elderly people and to elucidate the basis for these gender-related dif-
ferences [246, 247].

5.5 CNH Assay in Management of Patients with HF

5.5.1 Clinical Relevance of CNH Assay in Tailoring the Therapy of HF

Medical therapy for HF is based on improving the symptoms and signs of fluid reten-
tion (change in dyspnea, edemas, and body weight are the usual markers of response to
treatment) and titrating the dosage of drugs (such as diuretics,ACE inhibitors, β-block-
ers, and spironolactone) following the evidence from randomized clinical trials [65,
68-70]. Currently, there is no specific surrogate end-point for treating patients with HF
that can be used to fine-tune therapy [65, 68-70].

Many authors have suggested that the results of CNH assay (especially BNP/NT-
proBNP assay) may be useful in monitoring and tailoring the medical therapy in HF
patients, and in providing a practical objective indicator of optimal therapy [61-65, 68-
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70, 85, 90, 168, 252-265], including patients subjected to cardiac transplantation [266].
CNH usually respond to effective treatment with drugs [5, 61-65] or left ventricular
assist device [267, 268] with a prompt reduction of their circulating levels. Indeed,ACE
inhibitors, valsartan, diuretics, nitrates, and endothelin receptor antagonists have been
shown to reduce plasma CNH levels in parallel with hemodynamic and clinical improve-
ment [62, 63, 252, 258, 271-277].

More variable effects on plasma CNH levels have been reported after therapy with
β-blockers [90, 278-292]. Some authors suggested that these variable effects may be at
least in part attributable to different specificities or to ancillary properties of β-block-
ers [62]. Ohta et al. [293] reported that both high and low doses of carvedilol have the
effect of increasing plasma ANP and BNP levels in rats. This effect was closely related
to the upregulation of ANP and BNP mRNA expression, and the down-regulation of
NPR-C mRNA expression in the heart [293]. According to these data, we could assume
that an acute administration of β-blockers causes an early rise in plasma CNH, while sus-
tained treatment, significantly improving cardiac function and clinical conditions,
induces a significant fall in hormone levels [90, 284, 287, 289, 290].

Despite this huge number of studies suggesting the clinical relevance of monitor-
ing patients with HF by means of CNH assay, at present only two studies [252, 253] have
been designed specifically to evaluate the clinical use of CNH assay in monitoring and
tailoring the medical therapy in patients with HF.

Murdoch et al. [252] studied 20 patients with mild to moderate chronic HF and
receiving stable conventional therapy, who were randomly assigned to titration of ACE-
inhibitor dosage, according to serial measurement of plasma BNP or to optimal empir-
ical ACE-inhibitor therapy for 8 weeks. Only the BNP-driven approach was associated
with a significant reduction in plasma BNP concentration throughout the duration of
the study and a significantly greater suppression when compared with empiric thera-
py after 4 weeks (mean reduction in BNP group -42.1%, 95% CI -58.2, -19.7; mean reduc-
tion in empiric therapy group -12.0%, 95% CI CI -31.8, 13.8; P= 0.03) [252].

Troughton et al. [253] studied 69 patients with impaired systolic function (EF <40%)
and symptomatic HF (NYHA class II-IV), who were randomized to receive treatment
guided by either plasma NT-proBNP concentration or standardized clinical assessment.
During the follow-up (minimum 6 months, median 9.5 months), there were fewer total
cardiovascular events (death, hospital admission, or HF decompensation) in the NT-
proBNP-guided group than in the clinical group (19 vs 54, p = 0.02). At 6 months, 27%
of patients in the NT-proBNP-guided group and 53% in the clinical group had experi-
enced a first cardiovascular event (p = 0.034). Changes in left ventricular function, qual-
ity of life, renal function, and adverse events were similar in both groups [253].

Morimoto et al. [263] conducted a cost-effectiveness analysis of regular BNP meas-
urement in the outpatient setting. The target population was symptomatic CHF patients
aged 35-85 years, recently discharged from the hospital. Intervention was BNP meas-
urement once every 3 months (BNP group) or no BNP measurement (clinical group).
The baseline analysis during the 9-month period after hospitalization suggested that the
introduction of BNP measurement in heart failure management is not only cost-effec-
tive by reducing hospitalization, but also improves the outcome of patients, as assessed
by (quality-adjusted life year) analysis [263].

A recent randomized clinical trial compared the titration of β-blocker therapy with biso-
prolol according to plasma levels of BNP wih empiric clinical therapy based on signs and
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symptoms [294]. Forty-one patients with heart failure were randomized into a clinical
trial.The clinical group had β-blocker dosage increased according to standard care,where-
as the BNP group had β-blocker dosage up-titrated according to plasma BNP levels plus
standard care. The primary outcome was mean β-blocker dose achieved after 3 months.
BNP-guided up-titration of β-blocker in ambulatory patients with heart failure did not result
significantly different doses of β-blocker at the end of 3 months. However, 45% of patients
in the clinical group were on the maximum dose of β-blocker vs. only 19% of patients in
the BNP group, although left ventricular ejection fraction was significantly improved in
both groups by 7.3%. The slightly lower doses in the BNP group were possibly better tol-
erated than the doses achieved in the clinical group. Furthermore, a trend toward better
quality of life was seen in the BNP group [294].

Accurate diagnosis of clinical deterioration in heart failure can be difficult [68, 69]. To
prevent development into overt congestion, which often requires hospitalization, early
diagnosis is of paramount importance. There is a need for objective measurements to aid
early diagnosis in a setting where symptoms may be non-specific and abnormalities on
physical examination often subtle and minor [295]. Heart failure guidelines recommend
the use of weight gain monitoring to help in this task, with the added advantage that
patient self-care is encouraged [68, 69]. It is advised that an increase of 2 Kg over stable
body weight over a period of 48-72 h should initiate contact with medical or nursing
personnel [68, 69, 295]. However, Lewin et al. recently suggested that neither weight gain
nor increase in BNP are adequately sensitive as a screen for clinical deterioration in
patients with established heart failure (34 clinically stable and other 43 with clinical
deterioration of heart failure status) [295]. In particular, weight gain is very insensitive,
though an increase of 2 Kg demonstrates high specificity for clinical deterioration. On
the other hand, BNP change appears to provide better sensitivity than weight change, but
it has poor specificity in an established heart failure population [295].

In conclusion, all the clinical trials reported above have several limitations, such as
the relatively low number of patients enrolled (usually less than 100), the limitation
due to the fact that the study was performed in a single center, and/or the non-com-
plete group randomization. Therefore, further larger randomized, multicenter clinical
trias are necessary to definitevely demonstrate the usefulness of CNH assay in monitoring
and tailoring the medical therapy in patients with heart failure, as also indicated in a
recent conseunsus conference [296]. Indeed, at the time of writing this review, some
multicenter randomized clinical trials were in progress. Preliminary results of one of these
clinical trials [297] were recently presented an international meeting. This study sug-
gested that the use of BNP plasma levels to guide medical therapy reduced the death and
hospital admission for heart failure as well as the delayed time to first event compared
with clinically guided treatment [297].

5.5.2 Cost-Effectiveness of CNH Assay in Management of Patients with Acute or Chronic HF

Several studies suggested that BNP assay may reduce the need for cardiac investiga-
tions [65, 69, 145, 147, 175]. Indeed, ruling out suspicion of HF by CNH test would make
it unnecessary to carry out other investigations, which are often time-consuming, expen-
sive, invasive, and sometimes potentially harmful for the patient [65, 69]. Some studies
have been designed to test this possibility [92-94, 147, 263-265].
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Nielsen et al. [92] sought to assess the cost-effectiveness of using plasma BNP as a pre-
echocardiographic screening test for left ventricular systolic dysfunction in the gener-
al population. Screening high-risk subjects by BNP before echocardiography could
reduce the cost per detected case of left ventricular systolic dysfunction by 26% for the
cost ratio of 1/20 (BNP/echocardiogram). Greater reduced costs (up to 50%) can be
predicted for the group of low-risk subjects [92]. Other studies reported similar results
[93,145], including a study on old people living in nursing homes [147].

Mueller et al. [265] conducted a prospective, randomized, controlled study of 452
patients who presented to the emergency department with acute dyspnea: 225 patients
were randomly assigned to a diagnostic strategy involving the measurement of BNP,
and 227 were assessed in a standard manner.This study indicated that BNP assay improved
the evaluation and treatment of patients with acute dyspnea and thereby reduced the
time to discharge and the total cost of treatment in the emergency department [265].
Other studies suggested that BNP testing can also reduce the cost for hospitalization in
patients with heart failure [263, 264], including old people living in nursing homes [147].

However, the cost-effectiveness analysis strongly depends on the relative cost of the
BNP test compared to that of echocardiograms and/or hospitalization, as well as on
the prevalence of HF in the population screened. Unfortunately, these parameters can
vary considerably among departments, countries, and health-care systems; so that each
laboratory/clinical department should analyze the cost-effectiveness in its own eco-
nomical framework. Furthermore, cost-effectiveness analysis is also dependent on the
sensitivity of BNP assay for detecting HF. Cost-effectiveness will improve if more spe-
cific assays are used: this would decrease the number of subjects with false-positive
results, and consequently the number of further useless investigations. However, further
larger and randomized clinical trials are necessary to confirm the clinical relevance
and cost-effectiveness of BNP assay in the follow-up of patients with HF.

5.6 Summary and Conclusion

Several recent experimental and clinical studies strongly suggest that the circulating
CNH should be better considered as an index of activation of the neuro-endocrine sys-
tem, rather than a marker of myocardial dysfunction, as recently reviewed [298]. The acti-
vation or deactivation of the CNH system is almost always the resultant of one or more
physiological or pathological changes. For this reason, the results of CNH assays must
be interpreted by taking into account clinical history and examination, as well as all
laboratory and instrumental tests. Of course, the great number of pathophysiological
mechanisms that can affect the CNH system render sometimes difficult for clinicians
to recognize the cause(s) of variations in its activity. CNH assays should be considered
as an intellectual spur for the search of pathophysiological mechanisms that can satis-
factorily explain the measured variations in hormone concentrations. On the other
hand, CNH measurements add a complementary information to other instrumental
and investigative tests [296].

The clinical relevance of CNH measurement (especially BNP and NT-proBNP assay)
as diagnostic and prognostic marker in patients with cardiac disease have been recent-
ly confirmed [5, 72, 76, 186, 296, 299, 300]. In populations with higher prevalence of car-
diac diseases, including only individuals with clinical suspicion of HF, the diagnostic sen-
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sitivity and negative prediective value of BNP/NT-proBNP assay are both 95%, or even
more, as long as appropriate cut-off values are selected [5, 72, 296]. This is the ration-
ale for choosing the BNP/NT-proBNP assay as the first step for an algorithm for the
diagnosis of HF together with ECG and/or chest radiography [69, 70, 296, 299, 300].
Such a clinical strategy has been proved successful in some recent studies evaluating the
cost-effectiveness of using plasma BNP measurements for screening of cardiac dys-
function in the general population [92-94].

The prognostic value of CNH assay for cardiac and non-cardiac death or major car-
diovascular events is now well demonstrated in patients with acute or chronic HF [5, 72,
76, 186, 296, 299, 300], as well as with stable artery coronary disease or ACS [5, 76, 117,
138, 223-242].An increasing number of studies indicate that BNP/NT-proBNP concen-
tration is also an independent risk factor for mortality (cardiac and/or total) in non-car-
diac disease, including pulmonary embolism and hypertension, renal failure, septic
shock, amyloidosis, sarcoidosis and diabetes mellitus (see also Chapter 7 for more
details), as recently reviewed [298]. Increased CNH levels in these non-cardiac diseases
are a useful indication for the clinician that the heart is “under stress”.

Despite this huge number of studies suggesting the clinical relevance of monitor-
ing patients with HF by means of CNH assay [5], at present, only two studies [252, 253]
were designed to specifically evaluate the clinical use of CNH assay in monitoring and
tailoring the medical therapy in patients with HF. We hope that the results of larger
randomized, multicenter clinical trias, now in progress, are able to confirm the useful-
ness of CNH assay in monitoring and tailoring the medical therapy in patients with
heart failure [296]. Indeed, preliminary results of a multicenter, randomized clinical
trial [297] have recently suggested that the use of BNP plasma levels to guide medical
therapy reduced the death and hospital admission for heart failure as well as the delayed
time to first event compared with clinically guided treatment.
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Chapter 6

Clinical Applications in Extra-Cardiac Diseases

Aldo Clerico • Claudio Passino • Michele Emdin

6.1 Introduction

The CNH assay may be clinically useful in many other conditions besides cardiovascular
diseases [1, 2]. The list of clinical conditions with altered (increased or decreased com-
pared to normal range) circulating levels of CNH must be continuously updated because
of the huge amount of data accumulating in this field every day (see Table 5.1).

In this chapter, some extra-cardiac diseases that are characterized by an altered CNH
system will be discussed in detail. In these diseases, activation of the CNH system indi-
cates that the heart is under “stress”; this observation holds great clinical relevance [1-
12] (Fig. 6.1). Indeed, several studies have demonstrated that the increase in circulating
levels of CNH is an independent and strong risk factor for future major cardiovascular
complications and/or death, even in extra-cardiac diseases [1-12]. In particular, we will
discuss in detail the pathophysiological mechanisms that are thought to activate the

Fig. 6.1. Schematic representation of association between increased plasma BNP and cardio-
vascular risk. All the extra-cardiac clinical conditions able to activate the counter-regulatory sys-
tem (including the adrenergic system, renin-angiotensin-aldosterone system, endothelins,
cytokines, and some growth factors) also activate the CNH system and in turn an increase in
plasma BNP.The activation of counter-regulatory systems,especially if longstanding and powerful,
increases the risk of major cardiovascular events and death.As a result,plasma BNP should be con-
sidered as a biological marker of cardiovascular risk

DISEASE
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CNH system for each specific disease (or group of diseases). Theoretically speaking,
these mechanisms should work in many clinical conditions; this explains the increas-
ing number of diseases in which the CNH system was found to be altered. Furthermore,
clinicians should be on the look-out for an unexplained increase in CNH levels in extra-
cardiac diseases. It is important to note that CNH levels can be altered in very common
diseases (such as pulmonary, renal, hepatic and inflammatory diseases).

Due to the great number of clinical conditions in which the circulating levels of CNH
can be altered (see Table 5.1), we will discuss in detail only the more frequent diseases
or those with more (and consistent) data available in the literature. In other words, the
aim of this chapter is not only to focus on the inter-relationships between the CNH sys-
tem and the other synergic or counter-regulatory systems, but also to discuss more
generally the complex relationships between the heart and the other organs.

6.2 Pulmonary Diseases

Several studies have evaluated the diagnostic and prognostic relevance of CNH in acute
and/or chronic pulmonary diseases [4-6, 13-25]. The rationale for this clinical evalua-
tion is that circulating levels of CNH could increase in these clinical conditions with
the degree of hypoxia [26] and right heart overload [4, 18, 27-30] (see also Chapter 3,
section 3.3, for a more detailed discussion of this topic).

On average, plasma BNP is greatly increased in hypoxemic chronic obstructive pul-
monary disease (COPD) compared to healthy subjects [14]. BNP levels are higher among
patients with cor pulmonale when compared to patients with only chronic respiratory
disease (pulmonary fibrosis or COPD); furthermore, patients with chronic respiratory
failure complicated by cor pulmonale show higher BNP levels than those without cor
pulmonale [16]. In patients with chronic respiratory disease, plasma BNP was higher in
those with pulmonary hypertension than in those without [17]. Several studies evalu-
ated the diagnostic accuracy of BNP assay in the differential diagnosis of dyspnea in the
emergency department [20,31-36]. In particular, the study by Morrison et al. [34] was
specifically designed to determine if a point-of-care testing assay of BNP could accurately
differentiate heart failure from dyspnea of pulmonary etiology in 321 patients pre-
senting to the emergency department. Patients with right heart failure from cor pul-
monale had BNP levels (n = 134, 758.5 ± 798 ng/l) significantly higher than the group
of patients with a final diagnosis of pulmonary disease (n = 85, 61 ± 10 ng/l). A break-
down of patients with pulmonary disease revealed: COPD 54 ± 71 ng/l (n = 42); asth-
ma 27 ± 40 ng/l (n = 11); acute bronchitis 44 ± 112 ng/l (n = 14); pneumonia 55 ± 76 ng/l
(n = 8); tuberculosis 93 ± 54 ng/l (n = 2); lung cancer 120 ± 120 ng/l (n = 4); and acute
pulmonary embolism 207 ± 272 ng/l (n = 3). The AUC of ROC analysis was 0.97 (0.96-
0.99), and sensitivity and specificity values were 86 and 98% (accuracy 91%), respectively,
according to a cut-off value of 94 ng/l in separating cardiac from pulmonary diseases
[34, 37]. These data have been confirmed by the results found in larger clinical trials
reported by the Breathing Not Properly Multinational Study Group [13, 20, 31, 32, 36] (Fig.
6.2). In particular, the proportions of patients presenting to the emergency department
with acute dyspnea, who were correctly classified, were 67% for BNP test alone, 55%
for left ventricular ejection fraction alone, 82% for the two variables together, and 97.3%
when clinical, ECG, and chest radiograph data were added [13]. This study suggested that
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BNP measurement was superior to two-dimensional echocardiographic determination
of left ventricular ejection fraction in identifying congestive heart failure, regardless
of the threshold value. The two methods combined have marked additive diagnostic
value [13]. However, some recent studies indicated that BNP/NT-proBNP levels do not
accurately predict serial hemodynamic changes and consequently do not obviate the need
for pulmonary artery catheterization in patients requiring invasive hemodynamic mon-
itoring [38-40], including critically ill patients with respiratory failure [41].

These studies, taken as a whole, strongly indicate that the BNP assay in the emer-
gency department should help to differentiate pulmonary from cardiac etiologies of
dyspnea, but also that it is not useful to differentiate among pulmonary etiologies [20,
31, 32, 36, 37]. However, BNP levels are usually greatly increased in patients with right
ventricular pressure overload caused by primary pulmonary hypertension or pulmonary
embolism [4, 27, 37], thus suggesting that BNP assay should be useful in these clinical
conditions [29, 30].

Several studies reported that BNP assay shows a relevant prognostic value in pul-
monary diseases [4-6, 14, 15, 17]. During a follow-up period of more than 12 months,
plasma BNP was found to be an independent predictor of end-stage chronic respirato-

Fig. 6.2. Diagnostic accuracy of a point-of-care testing method for the BNP assay in 1,586 patients
who came to the emergency department with acute dyspnea (Breathing Not Properly Multina-
tional Study).Values for sensitivity and specificity calculated by means of ROC curve analysis are
reported. Patients with BNP values below 50 pg/ml (corresponding to 50 ng/l) should be ruled
out for the diagnosis of heart failure, while patients with values above 500 pg/ml (500 ng/l) have
a very high probability of having heart failure (modified from Maisel et al. [31])

Recommended cut-off
100 pg/ml
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ry disease death in 31 consecutive patients with chronic respiratory disease [20]. Nagaya
et al. [6] reported that baseline plasma BNP was an independent predictor of mortali-
ty in 60 patients with primary pulmonary hypertension at diagnostic catheterization.
Survival was strikingly worse for patients with a supramedian value of follow-up BNP
(≥180 ng/l) than for those with an inframedian value; in addition, ROC analysis indicated
that its prognostic power was comparable or even superior to hemodynamic evaluation
[6]. Finally, BNP assay was demonstrated to be an independent and powerful predictor
of fatal events in patients with pulmonary embolism [3-5].

6.3 Kidney Diseases

It is well known that cardiovascular events are the major prognostic determinants in
patients with end-stage renal disease (ESRD). Cardiovascular deaths represent more
than 50% of total mortality. In these patients, creatinine levels are associated with
increased risk of mortality, cardiovascular disease, and chronic heart failure [42, 43].
Circulating levels of CNH are greatly increased in renal failure: several studies test-
ed their diagnostic accuracy and prognostic risk for cardiovascular events in ESRD
patients [44-55].

In particular, Ishii et al. [49] prospectively compared the predictive value of myocar-
dial necrosis markers (cTnT and cTnI) and CNH (ANP and BNP, both measured by
IRMA methods) in 100 consecutive outpatients on chronic dialysis without acute coro-
nary artery syndrome. In a stepwise multivariate Cox regression analysis, only cTnT
and a history of heart failure requiring hospitalization were independent predictors of
both all-cause and cardiac mortality after a 2-year follow-up [49]. Cataliotti et al. [50]
examined the relationship of CNH assay to cardiac mortality in 112 dialysis patients
without clinical evidence of congestive heart failure. BNP levels were significantly asso-
ciated with greater risk of cardiovascular death in Cox regression analysis, as were ANP
levels. Goto et al. [51] investigated whether increased plasma levels of ANP or BNP pre-
dict future cardiac events in 53 patients undergoing chronic hemodialysis without clin-
ical symptoms suggestive of cardiac disorders and followed for 11.3 ± 0.2 months. Using
the Kaplan-Meier method, the incidence of cardiac events was significantly greater in
patients with higher levels of ANP or BNP. Naganuma et al. [52] evaluated the risk of car-
diac mortality for 36 months in 164 hemodialysis patients and 14 healthy volunteers
by stepwise multivariate Cox proportional hazards analysis. BNP, left ventricular mass
index, and C-reactive protein (CRP) were found to be independent predictors of cardiac
death, compared to other biochemical and clinical parameters. Apple et al. [54] con-
firmed that plasma NT-proBNP, CRP, cTnT, and cTnI were all independently predictive
of subsequent death in ESRD patients.

Further studies are necessary to confirm the clinical relevance of CNH assay in the
stratification risk for cardiac or total mortality in ESRD patients, as suggested by the con-
flicting results reported above [44-54]. However, the most recent and largest studies all
confirmed the prognostic value of BNP/NT-proBNP assay in ESRD patients for future
cardiovascular events [44-54]. Moreover, the predictive power of BNP assay is inde-
pendent from that of other biomarkers of inflammation or endothelial dysfunction
(such as CRP and asymmetric dimethyl arginine) [56].

The usefulness of the CNH assay as a diagnostic marker of cardiac function in
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patients with end-stage renal disease is also doubtful, especially when taking into account
the different behavior of CNH and their N-terminal pro-peptides, and when compar-
ing the assay with other biomarkers and/or hemodynamic parameters [1, 2, 57]. While
only a few data are available on the NT-proBNP assay, the BNP assay seems to show
better diagnostic accuracy and clinical performance as a prognostic marker of cardiac
involvement and mortality than the ANP assay.

These conflicting results reported on diagnostic accuracy and prognostic cardiac
morbidity and mortality of CNH assay in ESRD patients could be due to the relatively
small number of patients studied, when compared to the larger number of patients in
studies concerning heart failure or acute coronary artery syndrome. Moreover, only
studies with long follow-up periods in a large population allow an accurate determination
of a sound number of clinically significant events [58, 59]. Furthermore, renal failure can
be considered to be the end-stage of all renal diseases, so that patients with chronic
renal failure studied by different groups could have very different clinical history and
characteristics, pharmacological treatment, and cardiovascular risk background.Where-
as glomerulonephritis was the leading cause of chronic renal failure in the past, dia-
betic and hypertensive nephropathy are now more frequent [60]. Patients with diabetes
mellitus and systemic arterial hypertension are also at high risk for major cardiovascular
events: consequently, the prevalence of hypertension and/or diabetes can greatly influ-
ence the evaluation of the diagnostic accuracy and the risk power for a CNH assay in
patients with renal failure.

Differences in degradation pathways may also affect the clinical results, especially when
biologically active peptides (i.e.,ANP and BNP) are compared to inactive ones (such as
NT-proANP and NT-proBNP). Biologically active peptides are degraded by both recep-
tor-mediated and enzymatic processes, while the inactive peptides are degraded only
by an enzymatic process. Furthermore, it is possible that enzymes responsible for the
degradation of different peptides are also different. However, the per cent extraction
by the human kidney of BNP and NT-proBNP is very similar (about 20%), while that of
ANP is much higher (about 70%), as suggested by data reported in Table 6.1. These data
indicate that renal impairment may affect circulating levels of ANP more than those of
BNP and NT-proBNP.

Table 6.1. Extraction of BNP and NT-proBNP by kidney. The concentration of ANP, BNP and NT-
proBNP were measured in 10 subjects submitted to catheterization of renal vessels by means of
accurate, non-competitive sandwich immunoassay methods. All these subjects showed a normal
renal function. Data obtained in the authors’ laboratory

Peptide Renal artery Renal vein Per cent 
(assay method) concentration concentration extraction

(ng/l) (ng/l) (%)

ANP (IRMA) 128.2 ± 59.5 40.4 ± 23.5 69.7 ± 4.4

BNP 107.7 ± 81.9 84.7 ± 59.8 19.8 ± 4.8
(MEIA, AxSYM system)

NT-proBNP 480.0 ± 617.1 363.5 ± 446.6 20.4 ± 11.6
(ECLIA, Elecsys system)
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6.4 Acute and Chronic Inflammatory Diseases

Increased levels of CNH were frequently reported in severe sepsis, including septic
shock [9, 61-66], as well as in some chronic inflammatory diseases, such as amyloido-
sis [10, 67] and sarcoidosis [11].

Myocardial depression is well recognized as an early feature of human septic shock,
causing absence of appropriate oxygen supply to peripheral tissues and subsequent
death. Early systolic dysfunction has been identified in these patients and seems to be
related to mortality [9]. A significant increase in CNH (including ANP, BNP and CNP)
was found in patients with septic shock or severe sepsis [9, 61-66]; in particular, BNP val-
ues reflected left ventricular dysfunction, while ANP values were related to IL-6 pro-
duction, rather than to cardiovascular dysfunction [65]. These studies suggest the
hypothesis that BNP/NT-proBNP assay is a marker for mortality in septic shock-asso-
ciated myocardial dysfunction [9] or severe sepsis [64, 66]. If, in the future, a body of evi-
dence emerges to support this hypothesis, utilization of BNP as a marker for mortali-
ty in septic shock would have major clinical and public health implications.

Amyloidoses are disorders of protein conformation and metabolism that result in tis-
sue deposition of insoluble fibrils, organ dysfunction, and death. Half of patients pres-
ent with various degrees of cardiac amyloidosis at diagnosis, but virtually all eventually
die of cardiac-related death [10]. Expression of ANP and BNP and their genes was aug-
mented in the ventricular myocytes of patients with cardiac amyloidosis [68]. Fur-
thermore, BNP/NT-proBNP was found to be the most sensitive index of myocardial
dysfunction and the most powerful prognostic determinant of death in primary systemic
amyloidosis [10, 67] (Fig. 6.3). The multivariate model including NT-proBNP could dis-
criminate prognostic groups better than the models including increased interventric-
ular septum thickness, or clinical judgment of heart involvement, or even a score account-
ing for relevant echocardiographic and clinical evidence of heart involvement [10]. The
BNP/NT-proBNP assay can add prognostic information for newly diagnosed patients
more effectively than echocardiography, and can be useful in designing therapeutic
strategies and monitoring response [10, 67].

It is interesting to note that the CNH increase in many patients with systemic amy-
loidosis before treatment may actually reflect the cardiotoxicity of the amyloidogenic
light chains [10]. These patients may have severe myocardial infiltration but minimal
heart failure; thus indicating that the increased secretion of CNH by cardiomyocytes may
be dependent, at least in the early phase of the disease, on local inflammatory process-
es rather than on hemodynamic changes (including an increase in the wall stress) [10,
67]. This may explain the greater sensitivity of the BNP/NT-proBNP assay compared to
echocardiography in patients with cardiac amyloidosis [10, 67]. In conclusion, BNP lev-
els (and those of its related peptides) seem to be elevated in cardiac amyloidosis, regard-
less of the presence or absence of clinical evidence of heart failure [67].

Sarcoidosis is a systemic granulomatous disease of unknown etiology, which com-
monly affects the lungs, eyes, or skin, with a favorable prognosis [69]. However, once
the heart is involved, unfavorable cardiac complications occur in many patients [70].
These complications include high-degree atrioventricular block, ventricular tach-
yarrhythmias, and congestive heart failure, which often result in sudden death.Accord-
ingly, earlier detection of cardiac involvement is essential to reduce such cardiac com-
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plications because the disease is treatable with corticosteroids and other immunosup-
pressive agents [11, 70]. Holter monitoring, two-dimensional echocardiography, and
radionuclide myocardial imaging are generally used to detect cardiac involvement, but
the cardiac lesions are still often overlooked because of their subclinical disease pro-
gression [11, 70]. Yasutake et al. [11] recently suggested that both ANP and BNP are
useful markers for identifying patients with sarcoidosis and cardiac complication(s)
and that they are also useful predictors for cardiac events in patients with cardiac sar-
coidosis.

6.5 CNH Assay in Cerebrovascular Disease

Hyponatremia, commonly associated with diuresis and natriuresis, is frequent in patients
with subarachnoid hemorrhage (SAH). Several authors have investigated whether CNH
are related to such hyponatremia in SAH. Indeed, CNH (including ANP, BNP and CNP)
levels were frequently found to be increased in patients with SAH [71-84]. In a recent
study, increasing serum BNP levels were independently associated with hyponatremia,

Fig. 6.3. Survival of 334 patients with AL amyloidosis divided into two groups according to NT-
proBNP cut-off value (152 pmol/l, corresponding to 1,285 ng/l) at diagnosis. The death rate for
patients with NT-proBNP values above the cut-off was about 10-fold higher than that for patients
with values below the calculated cut-off value.The best cut-off value (152 pmol/l) was calculat-
ed by ROC curve analysis for the detection for heart involvement corresponding to a sensitivity
of 93%, a specificity of 90% and an accuracy of 92%. (Data kindly supplied by Giampaolo Merli-
ni, MD, Department of Biochemistry, University Hospital “IRCCS Policlinico S. Matteo”, University
of Pavia, modified from [10])
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and they significantly increased during the first 24 hours after onset of delayed ischemic
neurological deficits and showed a predictive power similar to the 2-week Glasgow
Coma Scale score [81].

As the increase in CNH (especially BNP) is well documented in patients with SAH
[71-84], its pathophysiological role in this clinical condition is not clear. Some studies
reported that the increase in plasma hormones is unrelated to severity, stress hormone
activation, or markers of cardiac injury [78, 79]. On the other hand, other authors have
suggested that BNP secretion in SAH patients is closely related to the bleeding intensi-
ty and vasospasm severity, as well as to development of delayed ischemic neurological
deficits [83]. According to this hypothesis, BNP might play a role in the pathophysiol-
ogy of cerebral vasospasm, through its systemic effects on blood pressure and plasma
volume [83], or of focal edema [80, 82].

Furthermore, the origin of CNH found in plasma of SAH patients is not clear. In the
absence of evidence for activation of natriuretic peptides within the brain, some authors
suggested that the prompt and consistent increase in both ANP and BNP supports the
view that the heart is the source of increased natriuretic peptide secretion after acute
SAH [75, 76, 79], even if the mechanism relating the brain (especially hypothalamic)
insult to the secretion of CNH by the heart is not known [83].

Since CNH do not cross the blood-brain barrier [85], the release of CNH from the heart
into the peripheral circulatory system does not explain the higher cerebrospinal fluid
concentrations of CNH found in patients with SAH [71]. Consequently, these data sug-
gest that an increased CNH production takes place also in the hypothalamus in patients
with SAH. Two possible mechanisms should be considered: the release secondary to
humoral and/or paracrine signals and the response to hypoxia due to vasospasm [83].
Since ANP, BNP and CNP are produced in the brain (in particular in the hypothala-
mus) and their production is mediated and induced by triggers such as catecholamines
[86], endothelin [87] and arginine vasopressin [88], a paracrine loop should be con-
sidered as a possible mechanism by which CNH is produced extensively in SAH with-
in the hypothalamus [83]. On the other hand, BNP could be released from hypoxic tis-
sue and produced in the brain in response to ischemia secondary to cerebral vasospasm
[75, 86].According to this hypothesis, the enhanced CNH secretion takes part in a count-
er-mechanism, which protects the brain against ischemic insult caused by vasospasm
[72, 83].

A recent study [89] reported that elevated values of plasma NT-proANP and NT-
proBNP in the acute phase of stroke indicate an increased risk of future mortality. High
plasma levels of peptides predicted mortality after stroke better than any other risk
variable, with the risk of death being 4-fold among the patients with high peptide val-
ues. Another recent study [90] reported that NT-proBNP and renin, but not CRP, are
independent predictors of risk of developing myocardial infarction after stroke or tran-
sient ischemic attack, providing information additional to that provided by classic risk
factors, and may enable more effective targeting of prevention strategies for myocardial
infarction.

In conclusion, circulating levels of CNH are often elevated in patients with acute
cerebrovascular disorders. The pathophysiological mechanism(s) and tissue(s) respon-
sible for the increase in production/secretion of CNH are not well known. However,
recent studies suggest that CNH levels may be independent predictors of death or non-
fatal cardiac events in patients with stroke or transient ischemic attack.
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6.6 Liver Diseases

It is well known that cardiac dysfunction may be present in patients with liver cirrho-
sis. Many experimental [91, 92] and clinical studies [93-108] have documented the
increase in CNH circulating levels in patients with liver cirrhosis. In particular, a recent
study reported that plasma BNP levels are significantly increased even in non-alcoholic
cirrhotic patients with left ventricular ejection fraction in the normal range and also cor-
related with the Child-Pugh score, a clinical classification that strongly predicts sur-
vival in liver cirrhosis [108]. These data suggest that an insidious cardiac dysfunction
may be present in cirrhotic patients [108].

Elevated circulating levels of CNH in patients with cirrhosis most likely reflect increased
cardiac ventricular secretion of these peptides. Elevation of circulating levels of ANP
with cirrhosis was associated with increased ventricular steady-state ANP messenger
RNA concentrations in rats [109]. Some authors suggested that the increased ANP gene
expression in cirrhosis may involve a novel mechanism not related to myocardial stretch
because neither increased ventricular pressure nor dilatation was present [109].

To clarify the involvement in the pathogenesis and also to evaluate the potential thera-
peutic effects of CNH in liver cirrhosis, several authors infused CNH (especially ANP and
BNP) or their synthetic analogs [110-124]. A blunted natriuretic response to CNH infu-
sion was usually found in patients [113-115,120-124],as well as in experimental animals with
liver cirrhosis [92,125]. It is conceivable that the overactivity of the counter-regulatory sys-
tem was of major importance in determining the blunted renal response to CNH in patients
with liver cirrhosis [122], in a similar manner as demonstrated in patients with heart fail-
ure without liver cirrhosis. However, other mechanisms acting at the pre-receptor and
receptor level may also play a role in inducing the resistance to natriuretic effects of CNH,
as also suggested by other authors [106] (see Chapter 5, section 5.1.5, for more details).

6.7 Thyroid Diseases

The heart is highly sensitive to the effects of thyroid hormones. Thyroid hormone is
an important regulator of cardiac function and cardiovascular hemodynamics. Tri-
iodothyronine (T3), the physiologically active form of thyroid hormone, binds to nuclear
receptor proteins and mediates the expression of several important cardiac genes, induc-
ing transcription of the positively regulated genes, including α-myosin heavy chain
(MHC) and the sarcoplasmic reticulum calcium ATPase [126]. Negatively regulated
genes include β-MHC and phospholamban, which are down-regulated in the presence
of normal serum levels of thyroid hormone. T3-mediated effects on the systemic vas-
culature include relaxation of vascular smooth muscle, resulting in decreased arterial
resistance and diastolic blood pressure. Moreover, T3 increases heart rate, cardiac con-
tractility, and cardiac output by means of both direct (on cardiomyocytes) and indi-
rect effects (via hemodynamic changes) [126] (Fig. 6.4, Table 6.2).

Pathological states associated with either hypo- or hyperthyroidism display abnor-
malities in cardiac function that frequently contribute to the morbidity and mortality
associated with these disorders [126]. T3 has also been shown to activate growth in
cardiac myocytes in vitro [127-129] and in vivo [130, 131], through a combination of direct
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and indirect effects, leading to increased cell size, protein synthesis, and changes in
gene expression.

Furthermore, thyroid hormones regulate a number of genes in the heart, including
those encoding ANP and BNP, and in this way increase the secretion and genetic expres-
sion of CNH in vivo and in vitro [132-135]. T3-dependent effects appear to be unique from
those associated with so-called pathological hypertrophy (e.g. that due to hemodynamic
overload in vivo) in that T3 treatment of the pathologically hypertrophied myocardi-
um produces a shift in the gene expression profile away from that which is typically
identified with pathological hypertrophy alone [136] and toward a profile more closely
resembling the physiological hypertrophy associated with exercise training [129].

Several experimental [137] and clinical studies [138-147] indicated that the CNH sys-
tem is affected in thyroid disease. In particular,CNH (especially ANP) circulating levels are
altered in the hyperthyroid state (reaching the circulating levels usually found in mild
heart failure) and return within the normal range after appropriate treatment, which
restores euthyroidism [139-141].On the other hand,conflicting results have been found in
hypothyroid patients, although most studies have found decreased levels of CNH [138,
144-146].These experimental and clinical studies, taken as a whole,demonstrate that pro-
duction/secretion and circulating levels of CNH are strongly influenced by thyroid func-
tion.Furthermore, treatment of the dysthyroid state resulted in a significant increase in cir-
culating levels of CNH in hypothyroid patients and a decrease in hyperthyroid patients.

Dysthyroidism greatly affects cardiac function. Hyperthyroid patients (especially the
youngest and those with only mild disease) have raised pulse rate, increased cardiac out-
put and ejection fraction associated with reduced total peripheral resistance, and hypothy-
roid patients have the reverse [126, 148-150] (Table 6.2). Furthermore, isovolumetric
relaxation time, an index of diastolic function, is usually increased in hypothyroid patients
and decreased in hyperthyroid patients [126, 150]. From a theoretical point of view, tak-
ing into account only the cardiac functional parameters, we would expect increased CNH

Fig. 6.4. Schematic representation of biological actions of tri-iodothyronine (T3) on heart and car-
diovascular system
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levels in hypothyroid patients (who usually have a depressed cardiac function), but not
in hyperthyroid patients (who on average have normal or even increased left ventricu-
lar ejection fraction, cardiac output and isovolumetric relaxation time values); that is
the complete reverse of the condition actually observed (i.e., increased levels in hyper-
thyroidism and decreased levels in hypothyroidism).As a result, changes in cardiac func-
tion parameters cannot alone explain all changes in circulating CNH associated with
thyroid disease. However, blood volume as well as the preload can be increased in hyper-
thyroidism and decreased in hypothyroidism (Table 6.2, Fig. 6.4) [126, 150]; these find-
ings can in part explain the altered circulating CNH levels (especially for plasma ANP).

On the other hand, several experimental studies [132-135] indicate that thyroid hor-
mones per se exert a direct, positive stimulation on CNH expression and secretion. This
direct stimulatory effect may be considered an important mechanism in explaining the
variations of CNH in dysthyroid states. Another factor that might contribute to varia-
tion of CNH levels in some hyperthyroid patients is the increase in circulating products
formed by the precursor peptide degradation, due to increased activation of aminopep-
tidases (such as BNP and NT-proBNP peptides produced from the intact proBNP) [144].

The inter-relationships between thyroid and heart are complex and in part not well
known: not only thyroid disease can affect cardiac function, but also thyroid function
can be altered in severe heart disease [126]. Indeed, a typical pattern of altered thyroid
hormone metabolism characterized by low T3 circulating levels has been described in
patients with acute or chronic heart disease (such as acute myocardial infarction and
severe heart failure) [126, 150-153] and after cardiothoracic surgery [154-156]. Indeed,
low thyroid hormone concentrations, in particular low serum T3 concentrations (the so-
called low-T3 syndrome), are common in patients with non-thyroidal illnesses, including
cardiac disorders [126, 157-159]. From a clinical point of view, it is important to note that
HF patients with low-T3 syndrome have greatly increased CNH levels, while in hypothy-
roid patients without myocardial dysfunction the circulating levels of CNH are in the
normal range or even slightly increased (see Table 5.4).

The principal pathophysiological mechanism underlying low circulating T3 is the
reduced enzyme activity of 5-monodeiodinase responsible for converting thyroxine into
T3 in peripheral tissues [157, 158]. This low-T3 syndrome has commonly been interpret-
ed by the medical community as a euthyroid sick syndrome,an adaptive compensatory and
thus beneficial response that decreases energy consumption in diseased states [157, 158].
This interpretation, however, has recently been questioned because some studies docu-
mented the benefit gained from treating patients with synthetic thyroid hormones [126,
160-166]. Indeed, low-T3 syndrome is a strong and independent predictor of mortality in
cardiac patients,especially those with heart failure [167,168].However, further studies are
mandatory in order to confirm the beneficial effects of treatment with thyroid hormones
in heart failure and especially to establish and standardize the therapeutic protocols.

6.8 Diabetes Mellitus

Cardiovascular disease is the leading cause of morbidity and mortality in diabetic sub-
jects [169, 170]. The commonest cardiovascular complications are ischemic cardiomy-
opathy and left ventricular dysfunction. Some studies have demonstrated that diabetes
mellitus is associated with increased left ventricular wall thickness and mass, inde-
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pendently of blood pressure levels and body mass index [171]. Diabetes mellitus is also
associated with heart failure, mainly through its association with hypertension and
coronary artery disease [169, 170]. In addition, the existence of a primary myocardial
disease, “diabetic cardiomyopathy”, has been proposed as evidence has accumulated
for the presence of myocardial dysfunction in diabetic patients in the absence of ischemic,
valvular or hypertensive heart disease [169]. Thus, diabetes mellitus, independently of
the mechanism, is associated with an increased risk of left ventricular hypertrophy, left
ventricular dysfunction and coronary artery disease [169-171]. Taking these issues into
account, several studies have evaluated a possible pathophysiological role of the CNH
system in diabetes mellitus.

In experimental animals (rats and pigs) with streptozotocin-induced diabetes [172-
176] and in Zucker diabetic fatty rats [177], mRNA expression and content of ANP
and/or BNP are usually increased in cardiac [172-177] and renal [178-180] tissue. Fur-
thermore, increased circulating levels of CNH (especially ANP) have usually been found
in diabetic experimental aminals [173, 178, 180-183] and in plasma of rat fetuses with
diabetic mothers [184].

Increased circulating levels of CNH have been reported frequently in patients with
both type 1 [185, 186] and type 2 [187-191] diabetes mellitus, especially in patients with
microalbuminuria or cardiovascular complications [12, 191]. Furthermore, BNP was
demonstrated to be a reliable predictor of future cardiac and all-cause mortality in
patients with diabetes mellitus [12]. However, BNP and NT-proBNP levels were also
found to be elevated in some type 2 diabetes mellitus patients without overt cardio-
vascular disease and macroalbuminuria [189, 191]. These data suggest that diabetes
per se could be affecting the CNH system. Indeed, a recent study demonstrated that
insulin significantly increased protein synthesis and stimulated ANP secretion and gene
expression in primary culture of neonatal rat cardiac myocytes, while exposure to high
glucose had no effect [192]. These findings are in accordance with other studies demon-
strating that insulin has mitogenic and metabolic effects in most cell types, including
cardiac tissue [193, 194]. Furthermore, a clinical study reported that acute hyperinsu-
linemia (induced by glucose clamp or glucose challenge test) can increase ANP (but
not BNP) concentration in patients with type 2 diabetes mellitus [195]. However, a
recent study reported that BNP levels in 223 type 2 diabetes mellitus patients increased
only by the progression of cardiovascular diseases, such as coronary artery disease, but
not by the current diabetic control [191].

Assay of BNP may be an alternative way of identifying subjects who have a high total
cardiovascular risk score. Dawson et al. [196] compared the BNP level with Framingham
10-year risk scores for coronary heart disease and stroke and New Zealand cardiovas-
cular risk scores in 231 patients who had type 2 diabetes and no pre-existing coronary
heart disease or stroke. There was a significant correlation between log BNP and 10-
year risk for coronary heart disease and stroke, and there were significantly higher BNP
levels in those who had high cardiovascular risk as assessed by the New Zealand risk
score. This study suggested that BNP may be a useful way of measuring total cardio-
vascular risk, thus having the potential to target the most aggressive primary preven-
tive therapies toward the most needy [196].

Diabetic nephropathy results from the interaction of genetic factors with chronic
hyperglycemia [197]. ANP may affect the course of diabetic nephropathy by inducing
afferent arteriolar dilatation and efferent constriction within the glomerulus [179,
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198, 199]. In subjects with type 1 diabetes mellitus, high glomerular filtration rate
and ANP concentration correlated with each other [200], and ANP infusion increased
glomerular filtration rate, filtration fraction, and albuminuria [201]. Moreover, ANP
favors diabetic hyperfiltration [181, 198, 199]. Thus, the ANP gene (PND) is a candi-
date gene for diabetic nephropathy, but investigations [197, 202-206] on this topic
have been controversial.

The first study [202] investigated ANP gene polymorphisms (C708 versus T708 and
ScaI) and type 1 diabetic nephropathy from 454 patients with type 1 diabetes mellitus
from an Italian population. This study suggested a significant association of C708T
polymorphism with microalbuminuria in long-term diabetes and with both lower plas-
ma ANP levels and widespread albumin leakage, and also a strong association between
ScaI polymorphism and both diabetic nephropathy and plasma ANP concentrations.
These results were confirmed by another study concerning the general population of Mex-
ico City; both polymorphisms of ANP were associated with albuminuria independ-
ently of hypertension, and were suggested to play a role in protecting subjects against
development of albuminuria [203]. Another polymorphism, named Hpa II, does not
seem to play a major role in the development of diabetic nephropathy in either type 1
or type 2 diabetes mellitus [202, 205].

Several ANP gene polymorphisms (G663A, C708T, T2238C, G2311T, and T2332C)
were evaluated in a more recent cross-sectional study with a 6-year follow-up [197].
In this study [197], none of the genotypes or haplotypes was significantly associated
with the disease in the case-control study. In the follow-up, C708T and T2238C showed
a weak association with disease progression, but T2238C was strongly associated with
progression in poorly controlled subjects. The raw effect of the 2238C allele (hazard
risk ratio 1.93, 95% CI 1.15-3.24; p = 0.012) was further confirmed by the haplotype
analysis, suggesting that the 2238C allele of PND may affect the course of nephropa-
thy in inadequately controlled type 1 diabetic patients [197]. Moreover, another study
[204] found no association between ANP T2238C polymorphism and ANP levels in
Japanese subjects. Finally, the functional effect of ANP T2238C polymorphism was
evaluated three times after low-salt, normal, and high-salt diets in 105 Polish sub-
jects. Following all three diets, plasma ANP levels were strongly associated with T2238C
polymorphism and were lowest in TT subjects [197]. The reasons for these discrep-
ancies are unclear. Survival bias and population stratification cannot be ruled out in
case-control studies; differences in study design were probably a major cause of the
differences in the results obtained. Therefore, functional significance and clinical rel-
evance of this polymorphism, as well as of all the other PND (ANP gene) polymor-
phisms, remain to be determined.

In conclusion, CNH levels can be above the reference limits in patients with dia-
betes mellitus, and increase further if renal and/or cardiovascular complications are
present. The CNH assay can be useful for cardiovascular risk stratification in patients
with diabetes mellitus [12]; however, screening approaches, including BNP assay, do
not appear to be sufficiently sensitive to identify subclinical dysfunction in patients
with diabetes mellitus, which requires sophisticated echocardiographic analysis
[207]. Further studies are necessary to evaluate whether CNH assay may also be use-
ful in the early detection of myocardial dysfunction, as well as to demonstrate the func-
tional and clinical relevance of polymorphisms of some CNH genes in patients with
diabetes mellitus.
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6.9 Obesity

Obesity is a major risk factor for hypertension and hypertension-related disorders such
as left ventricular hypertrophy [208, 209]. The mechanisms linking obesity to the devel-
opment of hypertension have not been established, although it has been suggested that
renal sodium and water retention [210] and increased activation of the sympathetic and
rennin-angiotensin systems [211] may contribute. Because the natriuretic peptide sys-
tem plays a key role in the regulation of these processes, it has been speculated that obese
individuals have an impaired natriuretic peptide response, and the phrase “natriuretic
handicap” has been used to describe this phenomenon [212]. The existence of such a
handicap has not been proven, although limited experimental data suggest that ANP
levels fail to rise appropriately in obese subjects after a saline load [213]. Furthermore,
some recent studies reported that CNH levels (BNP and NT-proANP) are inversely relat-
ed to body mass index (BMI) in patients with heart failure [214, 215], as well as in the gen-
eral population [216], thus supporting the concept of a natriuretic handicap.

Obesity is associated with salt retention and increased cardiac output [217], which
would be expected to produce elevated natriuretic peptide levels. That obesity seems to
have the opposite effect is counterintuitive and presumably attributable to non-hemo-
dynamic factors. Natriuretic peptide clearance receptors (NPR-C) are abundant in adi-
pose tissue, suggesting that adipocytes participate in the removal of natriuretic peptides
from the circulation [218, 219]. In experimental animals, caloric deprivation through fast-
ing results in dramatic decreases in NPR-C gene expression and increased circulating
ANP levels [220]. Elevated NPR-C gene expression has been documented in the adi-
pose tissue of humans with obesity and hypertension [213] and allelic variants of this
gene have been associated with lower plasma natriuretic peptide levels [221].

However, another study [222] found that in normotensive and hypertensive obese sub-
jects, the relationships of ANP and BNP levels follow the same trend as in lean hyper-
tensives, with ANP mainly influenced by diastolic dysfunction and BNP influenced by
both left ventricular hypertrophy and diastolic dysfunction. Moreover, NT-proBNP,
which does not bind to the NPR-C, also shows an inverse relationship with BMI in
healthy subjects [223] and patients with acute dyspnea [224]. In a very recent study,
low BNP and NT-proBNP levels are more closely (and inversely) related to lean mass
rather than fat mass, as assessed by direct dual-energy X-ray absorptiometry in a prob-
ability-based random large sample of Dallas County residents (2,971 subjects aged 30-
65 years) [224]. These data suggest that subjects with increased BMI probably have a
decreased production/secretion of CNH rather than a reduced clearance. Therefore,
further studies are necessary to clarify the pathophysiological mechanism(s) that play(s)
a role in decreasing the CNH levels in patients with higher BMI values.

On the other hand, there is recent evidence that the CNH system promotes adipose
tissue lipolysis in primates [225]. This effect is mediated by the interaction of CNH with
its active receptors through guanylyl cyclase activation and cGMP production.

In conclusion, several data suggest that there is a close inter-relationship between
the CNH system and fat cells. However, the pathophysiological mechanisms relating
the CNH system to the adipose tissue are complex and not well known at present. There-
fore, further studies are needed to clarify the role of the CNH system and its patho-
physiological revelance in obesity and hypertension-related disorders.



Adrenal Gland Diseases 147

6.10 Adrenal Gland Diseases

The interactions between the CNH system and adrenal gland are very close and com-
plex. In this context, some specific considerations should be taken into account:
1. The biological actions of CNH (including vasorelaxation, diuresis and natriuresis, sup-

pression of aldosterone, vasopressin release, and thirst) are the opposite of those of
the renin-angiotensin-aldosterone system (RAAS), so that the effectors of these two
systems should be considered as endogenous antagonists [226]. This close relation-
ship is further strengthened by the complementary localization of the specific recep-
tors of these two systems in several organs (including brain, adrenal gland, vascula-
ture, heart, and kidney). These two opposing systems allow fine-tuning of volume and
pressure by the body [226, 227].

2. Several studies have demonstrated that angiotensin II and some steroid hormones
(especially corticosteroids and estrogens) can stimulate the production/secretion
of CNH [227-239] as well as that of their NPR-A and NPR-B receptors [240, 241] in
many mammalian organs and tissues (see Chap. 3 for more details). On the other
hand, CNH inhibit steroidogenesis (including cortisol and aldosterone genesis) as well
as renin and angiotensin production in mammalian adrenal gland [242-248] and
other tissues (especially cardiac and vasal tissues) [249, 250]. As a result, CNH and
RAAS systems are linked by means of a negative feedback mechanism.

3. Adrenal normal and tumor cells synthesize CNH (ANP, BNP and CNP), both in fas-
ciculata and medullary cells [251-255]. These findings indicate that CNH can regu-
late steroidogenesis in both a paracrine and endocrine manner.

4. Adrenal cells of the “zona glomerulosa”,“zona fasciculata” and medulla share a high
quantity of NPR-A,NPR-B and NPR-C receptors [256-262].However,in rats,the three sub-
types were expressed most abundantly in the zona glomerulosa [261, 262], and NPR-A
was expressed more than NPR-B and NPR-C [262]. These findings suggest that, in rats,
ANP and BNP should have a more powerful action than CNP on adrenal gland tissue.
According to points 1-4 mentioned above, it is not surprising that adrenal gland dis-

ease can affect the CNH system. Indeed, all clinical conditions characterized by an
increased secretion of corticosteroid and/or mineralcorticoid hormones [263-268] or
catecholamines [269] also show increased circulating levels of CNH. Besides the direct
stimulation of steroid hormones on CNH production/secretion, the hypersecretion of
steroid hormones with sodium-retention activity produces an increase in cardiac load
and volume retention, which in turn stimulates the production/secretion of CNH [264,
268]. A recent study [268] indicated that ANP and BNP are suitable markers of cardiac
load and volume retention in patients with primary aldosteronism. In particular, this
study confirmed that ANP and BNP are elevated in patients with primary aldostero-
nism compared to normotensive controls, and also that these levels are reduced after ade-
noma resection [268]. Patients affected by Cushing’s disease with increased levels of
ANP also share a blunted in vivo response of the second-messenger cGMP to exoge-
nous infusion of ANP [266]. This finding indicates that in Cushing’s disease there is a
resistance to the biological effects of CNH, although it is not possible to specify whether
the resistance is at the receptor or post-receptor level [270].

Patients affected by Addison’s disease usually share plasma ANP values in the lower
part of the normal range; however, ANP levels may be increased in some patients with
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clinical conditions characterized by hypofunction of the adrenal gland [271, 272]. This
effect may be due to the lack of adrenal control on ANP synthesis/secretion [271] or
more frequently (and probably) to the mineralcorticoid replacement [272]. Indeed,
plasma ANP was demonstrated to be a more sensitive index of mineralcorticoid over-
replacement than plasma renin concentration in patients with Addison’s disease [272].
As a result, increased levels of plasma ANP in patients with Addison’s disease undergoing
mineralcorticoid replacement strongly suggest an over-replacement.

6.11 Summary and Conclusion

Many studies have demonstrated that CNH assay may be clinically useful in many other
clinical conditions besides cardiovascular diseases. The more common extra-cardiac
clinical conditions with altered (increased or decreased compared to normal range)
circulating levels of CNH include pulmonary diseases, renal and liver failure, acute cere-
brovascular disorders, acute and chronic inflammatory diseases, and some metabolic and
endocrinological diseases. In these conditions, activation of the CNH system indicates
that the heart is under “stress”; this observation holds great clinical relevance (Fig. 6.1).
Indeed, several studies have demonstrated that the increase in circulating levels of CNH
is an independent and strong risk factor for future major cardiovascular complications
and/or death, even in extra-cardiac diseases [1-12].

We have discussed in detail the pathophysiological mechanisms that are thought to
activate the CNH system for each specific disease (or group of diseases). Theoretically
speaking, these mechanisms should work in many clinical conditions; this explains the
progressive number of diseases in which the CNH system was found to be altered. On
the other hand, from a clinical point of view, clinicians should be on the look-out for an
unexplained increase in CNH levels in extra-cardiac diseases.
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Cardiac Natriuretic Hormone System 
as Target for Cardiovascular Therapy
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7. 1 Background

Heart failure is a life-threatening cardiovascular disease that is increasing in prevalence
in North America and Europe [1-3]. It is a common cause of death and is accompanied
by high direct and indirect costs for treatment. The current situation faced by patients
and the medical community with regard to this problem is one of high mortality, repeat-
ed hospitalizations, and combination therapies. The different classes of pharmacolog-
ical agents that are currently used for patients suffering from heart failure include
angiotensin-converting enzyme (ACE) inhibitors, angiotensin-receptor blockers, aldos-
terone antagonists, β-blockers, digitalis, diuretics, inotropic agents, nitrates, and vasodila-
tors [1-3]. While these agents are all important therapeutic tools, the prognosis for
patients with heart failure remains poor [1-3].

In this chapter we will review all the therapeutic implications of the CNH system. From
a theoretical point of view, there are three ways in which the CNH system could be con-
sidered a possible target for therapeutic strategies in patients with cardiovascular dis-
eases. At the present time, the standard pharmacological treatment for heart failure is
based on drugs that counteract the neuro-endocrine system [1-3]. These drugs indi-
rectly enhance the action of the CNH system by decreasing the counteracting system [4-
8] and also by reducing the resistance to biological effects of endogenously produced
natriuretic peptides [9, 10]. The second, more direct way is to administer biologically
active peptides of the CNH family (especially synthetically produced BNP) to patients.
The third approach is to enhance the activity of the CNH system by inhibiting their
enzymatic degradation and therefore increasing their circulating levels. In the follow-
ing sections, we will consider these aspects and discuss in detail the pathophysiologi-
cal and clinical implications of these different therapeutic approaches.

7. 2 Effects of Antagonists of Neuro-Hormonal Activation on CNH System

Drugs that counteract the detrimental effects of activation of the neuro-hormonal system
have a key role in the current pharmacological treatment of heart failure, inducing ame-
lioration of quality of life and life expectancy [1-3]. Some of these, such as ACE inhibitors,
angiotensin II blockers, β-blockers, and spironolactone decrease the circulating levels of
CNH [4-8],“normalize” their kinetics, and increase their biological activity [9], probably
decreasing the systemic resistance to the biological effects of CNH [10].

After treatment with either enalapril or candesartan,the decrease in plasma levels of NT-
proANP and NT-proBNP matches indices of reverse ventricular remodeling,such as reduc-
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tion in ventricular volumes,and with clinical and prognostic improvement [11].Valsartan,
another angiotensin-receptor blocker,and perindopril,an ACE inhibitor, improve left ven-
tricular function and 123I-MIBG scintigraphic parameters in patients with heart failure,
reducing plasma BNP concentration, too, after 6 months of treatment [12, 13].

As concerns the effect of β-blockers in congestive heart failure on the BNP plasma
level, it has been claimed as heterogeneous, namely after metoprolol or carvedilol treat-
ment [14]. Actually, carvedilol therapy is associated with a sustained decline in both
CNH levels and left ventricular ejection fraction after 12 months of treatment [15, 16],
with a dose-effect relationship [17]. If the effect on natriuretic peptide concentration is
sustained, the same is not true for plasma renin activity [18-20]. Moreover, the best
effect of carvedilol is predicted by higher levels of NT-proBNP [20].As a matter of fact,
whereas data on bisoprolol treatment in heart failure patients are lacking, its chronic
administration in hypertensive patients increases the levels of natriuretic peptides [21-
23]. The same seems true for carvedilol, which enhances the hypotensive action of ANP
by increasing plasma ANP levels and enhancing the vascular response to ANP; these
effects may be related to the down-regulation of the NPR-C receptor [24].

These observations may indicate that the overall effect of β-blockade depends on
various factors, including the clinical model studied and the different pharmacological
characteristics of drugs [5]. The paradoxical opposite behavior in heart failure and
hypertensive patients, or in patients with cardiac insufficiency with different degrees of
clinical severity, may be explained by a) the different level of overactivity of the count-
er-regulatory system (especially the adrenergic system), the main target of therapy,
whose abolition tends to decrease plasma level of natriuretic peptides, and b) a stimu-
latory effect on plasma natriuretic peptide production/secretion or an inhibitory action
on their clearance (or both). An important corollary of this interpretation is that the
pathophysiological interpretation of this plasma concentration derives from the back-
ground level of activity of the counter-regulatory neuro-hormonal systems. It is theo-
retically conceivable that the effective balance between the activities of the two count-
er-regulatory systems is the most important pathophysiological mechanism responsi-
ble for disease progression. This balance can be only approximately estimated by cir-
culating levels of neuro-hormones because autocrine and paracrine effects (better esti-
mated by local tissue levels rather than circulating ones) have predominant effects. Evi-
dently, further studies are necessary to clarify this important point.

Spironolactone improves vascular function (endothelial function, vascular ACE activ-
ity) and other markers of prognosis (BNP, collagen markers, and QT interval length) in
patients with mild heart failure when added to optimal treatment including β-blockade
[25]. Spironolactone administration in patients with severe chronic heart failure has
opposite effects on circulating levels of natriuretic peptides (which decrease) and aldos-
terone and angiotensin II (which increase) [26, 27].

Levosimendan, an inotropic/vasodilator drug, without stimulating effects on adren-
ergic and dopaminergic systems, has been introduced recently for the treatment of
acute heart failure [28, 29]. This drug shows a favorable hemodynamic and prognostic
profile with a rapid clinical improvement in responding patients, similar to that obtained
with inotropic drugs [28, 29]. The beneficial pharmacological effects could be related to
decrease in BNP as well as in cytokine secretion [28, 29].

From a clinical point of view, it is important to note that the beneficial effects of dif-
ferent types of drugs as well as of non-pharmacological treatments (such as physical
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training, and mechanical assist or resynchronization therapies) are additive on CNH lev-
els, as suggested by the case report illustrated in Figure 7.1.

In conclusion, the increased natriuresis and the other beneficial effects induced by
drugs inhibiting the action of counter-regulatory systems in patients with heart fail-
ure suggest that the overwhelming activation of these systems should be considered as
the predominant pathophysiological mechanism of disease progression. This implies a
resistance to the biological action of CNH systems in patients with heart failure, prob-
ably at post-receptorial level [10] (see also Sect. 5.1.3 for more details). Unfortunately,
the effects of the counter-regulatory system on down-regulation and/or desensitiza-
tion of natriuretic peptide receptors are presently not well understood [10].

Fig. 7.1. Case report of a 51-year-old male with a presentation of class IV dyspnea associated
with dilative cardiomyopathy. Over a 1-year period, optimization of pharmacological treatment
and aerobic exercise training was able only partially to ameliorate systolic dysfunction. On the
other hand, symptoms disappeared and plasma assay of NT-proBNP progressively ameliorated
toward normal values. LVEF = left ventricular ejection fraction

7. 3 Treatments Targeting the Increase of Circulating Levels of CNH

More recently, research has focused on the enhancement of the activity of the CNH sys-
tem itself as an alternative target for improving the therapeutic approach in heart fail-
ure patients. In other words, if the heart’s natural response to myocardial dysfunction is
increased CNH production in order to increase vasodilatation, natriuresis, and diure-
sis, to decrease neuro-hormonal concentration, and also to improve diastolic function and
ventriculoarterial coupling (as recently demonstrated [30]), therapeutic administration
of CNH should theoretically mirror these beneficial effects. From a clinical point of view,
this specific approach should present a safer profile as concerns arrhythmia occurrence,
than the usual inotropic approach to decompensated heart failure patients [1].
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This goal has been attempted by administering exogenous natriuretic peptides, either
ANP [31], urodilatin [32] or BNP [33]. The latter, used in the USA with the trade name
Natrecor (Scios), is a 32 amino acid peptide synthetic product and has been demon-
strated to be chemically and structurally identical to endogenous human BNP [34, 35].
Alternatively, the scope of increasing ANP and BNP concentration has been attained
by blocking the degradation pathways of the drug, e.g. using some neutral endopepti-
dase inhibitors [36, 37]. However, only preliminary pathophysiological studies have
investigated the use of CNH both in healthy subjects and in heart failure patients with
a favorable effect on endothelial function [38].

7.3.1 Natriuretic Peptides: Pharmacological Actions

The reported hemodynamic and renal effects of CNH in man differ largely between stud-
ies,because of differences in design and doses of peptide administered.Both ANP and BNP
should theoretically show a favorable pharmacological profile in heart failure [40, 41].

Unlike other vasodilator agents, administration of ANP does not lead to reflex tachy-
cardia and may be associated with bradycardia, indicating that ANP inhibits sympa-
thetic nerve activity [42].ANP has been found to exert a sympatho-inhibitory action in
heart failure: this was most evident in response to reductions in atrial pressure that do
not affect systemic blood pressure [43]. However, studies of ANP infusionin patients with
congestive heart failure have demonstrated variable but largely attenuated hemody-
namic and renal excretory effects, particularly in patients with advanced heart failure
[44-46]. Moreover, trials with ANP did not confirm the expected efficacy [32]; indeed,
its short half-life, the possible presence of a peripheral resistance, and the development
of pharmacological tolerance may affect its favorable pharmacological profile.

In the pharmacological range, BNP has clear blood pressure and afterload lowering
effects, and the kidney blood flow and filtration is increased with concomitant natriuresis
and diuresis [39]. In the physiological range, BNP does not affect blood pressure and
reduces preload only, and induces natriuresis/diuresis without changes in renal blood
flow and filtration. There is increasing evidence from vascular studies that BNP pref-
erentially acts on the venous system, resulting in preload reduction, in contrast to ANP,
which acts preferentially on the arterial system to reduce afterload [39].

The direct vascular action of CNH is probably mediated by activation of the guany-
lyl cyclase-coupled natriuretic peptide receptor-A (NPR-A) on the membrane surface of
vascular smooth muscle cells [39, 42, 45, 46] (see Sects. 3.4 and 3.5 for more details).
Decreased cardiac filling pressures also may be partly attributable to other known
actions of natriuretic peptides, i.e. inhibition of activation of the rennin-angiotensin
system, inhibition of sympathetic neurotransmission, reduction in intravascular vol-
ume through natriuresis and diuresis, and reduction in intravascular volume secondary
to changes in capillary permeability [39, 40, 42].

7.3.2 Use of Synthetic Natriuretic Peptides: Clinical Trials

At the present time, nesiritide is the most used synthetic analog of BNP. This peptide
drug has been recommended to be administered as a fixed-dose infusion at a dose
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of 0.015 micrograms per kilogram per minute, without a loading bolus [34]. However,
the doses of nesiritide administered were 0.003, 0.01, 0.03, and 0.1 µg/kg/min in the
preliminary studies [34]. At the lowest dose tested, minimal or no effect on various
hemodynamic parameters was observed. As the dose of nesiritide was increased,
dose- and concentration-related effects on hemodynamics were seen [34]. These
included [34]:
1. Reductions in preload, as measured by reductions in pulmonary capillary wedge

pressure, and mean right atrial pressure.
2. Reductions in afterload, as characterized by decrease in systemic vascular resist-

ance, and dose-related increases in cardiac index were seen.
3. These were accompanied by modest dose-related reductions in blood pressure; no

effect on heart rate was seen at any but the highest dose.
At the highest dose, very potent hemodynamic effects were observed, character-

ized by the frequent development of symptomatic hypotension. In conclusion, nesir-
itide administration results in dose-related hemodynamic effects, and doses in the
range of 0.01-0.03 µg/kg/min are considered the likely optimal dose range for patients
with heart failure [34].

When compared with standard therapy consisting primarily of dobutamine [51, 52]
or milrinone [52], nesiritide was found to result in similar improvements in global clin-
ical status, in the symptoms and prognosis of decompensated congestive heart failure.
From the retrospective analysis of 65,180 patient episodes of acute heart failure from the
Acute Decompensated Heart Failure National Registry (ADHERE) [52], a multicenter
registry designed prospectively to collect data on each episode of hospitalization for
acute decompensated heart failure and its clinical outcomes, therapy with either a natri-
uretic peptide or vasodilator was associated with significantly lower in-hospital mor-
tality than positive inotropic therapy in patients hospitalized with acute decompen-
sated heart failure. The risk of in-hospital mortality was similar for nesiritide and nitro-
glycerin [52]. Furosemide associated with BNP has more profound diuretic and natri-
uretic responses than furosemide alone and also increases glomerular filtration rate
without activationof aldosterone [53].A summary of prominent therapeutic trials to date
is reported in Table 7.1 [33, 51, 54-56].

Alternative use of BNP includes subcutaneous and oral administration. One study
has suggested that subcutaneous delivery of hBNP may be a viable therapeutic alter-
native to intravenous modes of delivery [57]. Another study has recently reported for
the first time thata novel conjugated oral preparation of BNP (CONJ-hBNP, Fig. 7.2) acti-
vates cGMP and significantly reduces MAP in dogs, thus implying an efficacious cou-
pling of CONJ-hBNP to the natriuretic receptor-A [58]. However, BNP has a very short
half-life in circulation (about 15-20 min in humans), which limits its application to
acute heart failure and requires continuous i.v. infusion. In order to provide superior
pharmacological benefits of endogenous peptide hormone to other stages of chronic
congestive heart failure and to eliminate problems associated with drug delivery via con-
tinuous i.v. infusion, a long-acting form of BNP (AlbuBNP) was designed by recombinant
fusion to human serum albumin [59]. The elimination half-life in mice was dramati-
cally increased from 3 minutes for BNP to 12-19 hours for AlbuBNP [59]. This drug was
suggested for use in chronic congestive heart failure, post-acute follow-up, and post-
myocardial infarction [59].
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Table 7.1. Prominent heart failure clinical trials conducted with nesiritide

Study No. of Subjects Study design hBNP Dosing

FUSION22 210

VMAC 24 489

PROACTION23 250

Multi-center, randomized,
open-label, 12-week, 3 arm-
parallel group (1:1:1 ratio),
pilot study comparing
patients receiving standard
care plus nesiritide (inotropes
excluded; 2 arms), or
standard care only (1 arm),
which may include inotropes

Low-dose nesiritide Week 
1: 0.5 µg/kg bolus with
0.0025 µg/kg/min 4-h
infusion
Weeks 2–12: one half to 
2 times week 1 dose
High-dose nesiritide: Week 
1: 1.0 µg/kg bolus with 0.005
µg/kg/min 4-h infusion
Weeks 2–12: one half to 
2 times week 1 dose

PMulti-center, randomized,
double-blind, placebo-
controlled pilot study in
emergency departments

2 µg/kg IV bolus, followed 
by a fixed-dose infusion 
of 0.01 µg/kg/min for 
a minimum of 12 h,
in addition to standard care

Randomized, double-blind,
placebo- and nitroglycerin-
controlled, parallel design 
for first 3 hours, then
crossover of placebo patients
for double-blind active-
control period

2 µg/kg IV bolus, followed 
by a fixed-dose infusion 
of 0.01 µg/kg/min. An
adjustable dose treatment
arm permitted dose 
increases every 3 h 
up to a maximum infusion
dose of 0.03 µg/kg/min

PRECEDENT17 246 Randomized, open-label,
parallel, active controlled
(dobutamine) study

0.015 or 0.030 µg/kg/min 
as a fixed-dose IV infusion
(not preceded by a bolus)

Comparative
trial 3

305 Randomized, open-label,
active controlled, parallel
design

0.015 or 0.03 µg/kg/min 
as a fixed-dose IV infusion
(preceded by a small bolus)
for up to 7 days

Efficacy
trial 3

127 Randomized, double-blind,
placebo-controlled, parallel
design for first 6 hours, then
active controlled, open-label
study thereafter

0.015 or 0.03 µg/kg/min 
as a fixed-dose IV infusion
(preceded by a small bolus)
for up to 5 days
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Nevertheless, evidence of resistance to the natriuretic effects of BNP was shown in
half the subjects studied by Abraham et al. [60], and very recently its increasing and
widespread use in the USA (600,000 patients treated), after the Food and Drug Admin-
istration approval in 2001, has been challenged [61]. Compared with non-inotropic-
based control therapy, nesiritide has been associated with an increased risk of death
after treatment for acutely decompensated heart failure [62]. The possibility of an
increased risk of death should be investigated in a large-scale, adequately powered,
controlled trial before routine use of nesiritide for acutely decompensated heart failure
[61]. Moreover, according to Topol’s definition, the benefit of nesiritide infusion should
actually be considered “not verified” [61].

Recently, ularitide, a synthetic version of the renal natriuretic peptide urodilatin,
was also found to be hemodynamically active, producing beneficial clinical effects in
patients with acute heart failure. It is well tolerated at doses up to 30 ng/kg/min, accord-
ing to a phase IIb clinical study. In SIRIUS II trial, ularitide was reported to have no
effect on renal function, nor did it increase mortality during the 30 days after admin-
istration.

7. 4 Pharmacological Blockade of Degradation and Receptor Antagonism

The short half-life of natriuretic peptides and lack of an oral formulation limit the
option of an exogenous application of the peptide as a long-term therapeutic strategy.
Therefore, pharmacological inhibition of the enzymatic degradation of CNH has been
considered as an attractive alternative therapeutic target.

The two main mechanisms for CNH inactivation and removal are the specific recep-
tor-mediated clearance and the degradation by some enzymes, such as the zinc metal-
lopeptidase neutral endopeptidase (NEP) (Fig. 7.3). NEP is an endothelial, membrane-
bound metallopeptidase with zinc at its active site, which cleaves endogenous peptides
at the amino side of hydrophilic residues [63]. The membrane-bound metallopeptidase
has a similar catalytic unit to ACE. NEP is widely distributed in endothelial cells, vas-

Fig. 7.2. Structure of CONJ-hBNP-021.The structure of CONJ-hBNP includes the human peptide
chain of BNP covalently linked to a short amphiphilic oligomer. Proprietary technology (Nobex)
has been developed in which short, amphiphilic oligomers are covalently attached to peptides,
such as BNP. In contrast to standard PEGylation technology,this technique uses comparatively small,
amphiphilic oligomers that are monodispersed and comprise both a hydrophobic (alkyl) moiety
and a hydrophilic polyethylene glycol (PEG) moiety.The oligomers are intended to improve the
pharmacokinetic and pharmacodynamic profiles of the peptide and potentially to enable oral
administration

h BNP
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cular smooth muscle cells, cardiac myocytes, renal epithelial cells, and fibroblasts [64-
66]. NEP is also found within the lung, gut, adrenal glands, brain, and heart. It catalyzes
the degradation of a number of endogenous vasodilator peptides, including ANP, BNP,
CNP, substance P, and bradykinin, as well as vasoconstrictor peptides, including endothe-
lin-1 (ET-1) and angiotensin II [65, 69].

Selective NEP inhibitors prevent the degradation of natriuretic peptides, both in
vitro and in vivo, and thus increase their biological activity. In addition to degrading
vasoactive peptides to inactive breakdown products, NEP is also involved in the enzy-
matic conversion of big ET-1 to its active form, the vasoconstrictor peptide ET-1. How-
ever, ET-1 is also activated by the endothelin-converting enzyme-1 (ECE-1) [70]; hence,
the balance of effects of NEP inhibition on vascular tone will depend on the extent of
NEP involvement in the processing of big ET-1 [71]. In the human forearm circulation,
certain NEP inhibitors cause vasoconstriction rather than vasodilatation, indicating
that under physiological conditions, vasoconstrictor peptides, such as angiotensin II
and endothelins, can be important substrates for vascular NEP [72]. This explains why
NEP inhibitors such as candoxatril, thiorphan and phosphoramidon increase circulat-

Fig. 7.3. Alternative degradation pathways of CNH.Two main mechanisms for CNH inactivation
and removal are known: the specific receptor-mediated clearance and the degradation by some
plasma and tissue enzymes, such as the zinc metallopeptidase neutral endopeptidase (NEP)

ing ANP concentrations in humans and induce natriuresis, but do not lower [73-79] or
even increase blood pressure in normotensive subjects [80]. In patients with essential
hypertension, certain NEP inhibitors lower blood pressure [81-83]; whereas others
increase it [84]. Chronic treatment with NEP inhibitors augments the effects of ANP
and lowers blood pressure in patients with hypertension, but these effects may be blunt-
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ed by an increased activity of the renin-angiotensin-aldosterone and sympathetic nerv-
ous system or by down-regulation of ANP receptors.

The blood pressure response to endopeptidase inhibition in hypertensive patients
depends on the relative effects on vasodilator (including ANP) and vasoconstrictor
(including the renin-angiotensin-aldosterone and sympathetic systems) [85]. NEP
antagonists induce ANP level increase and natriuresis with little change in potassium
excretion in heart failure patients, but have shown little efficacy in the experimental
setting [63].

Accordingly, in patients with congestive heart failure, NEP inhibitors do not reduce
afterload although they decrease pulmonary capillary wedge pressure, presumably due
to their natriuretic effect [86-88]. In patients with moderate to severe heart failure, NEP
inhibitors given acutely induce a dose-dependent diuresis [88], while chronic treatment
does not provide this clinical benefit. Other possible explanations for the limited ben-
eficial effect of NEP inhibitors in heart failure are tolerance to ANP, most likely due to
down-regulation of ANP receptors and/or activation of the renin-angiotensin-aldos-
terone system (Fig. 7.4).

Fig. 7.4. Action sites of NEP. NEP catalyses the degradation of a number of endogenous vasodila-
tor peptides, including ANP, BNP, CNP, and bradykinin, as well as vasoconstrictor hormones, includ-
ing endothelin-1 (ET-1) and angiotensin II

7. 5 Combined ACE and NEP Inhibition

The renin-angiotensin-aldosterone system, endothelin system, kallikrein-kinin system
and the natriuretic peptides are important modulators of cardiovascular homeostasis.
These systems are altered in conditions such as hypertension and chronic heart fail-

Angiotensin I

Big ET-I ET-I

Kininogen

Bradykinin

KallikreinACE

Angiotensin II

Inactive peptides

Inactive hormones

Neutral
Endopeptidase

Inhibition

Cardiac Natriuretic Hormones

Inactive peptides



Chapter 7 · Cardiac Natriuretic Hormone System as Target for Cardiovascular Therapy170

ure, leading to the rationale of simultaneously blocking these systems (regulated through
similar endothelial, membrane-bound enzymes, the ACE and NEP).Actually, the com-
bination of an ACE with a NEP inhibitor (vasopeptidase inhibitors) has been shown to
result in a more potent natriuretic effect than NEP antagonist alone, in experimental mod-
els, because of the effect on both angiotensin II and bradykinin degradation [36]. These
drugs exert some beneficial effects in patients with arterial hypertension, heart failure
and/or angina pectoris (Fig. 7.5) [76, 89-92].

Though natriuresis and decrease in renin response to the NEP/ACE inhibitor oma-
patrilat are superior to ACE inhibition alone [93], its prognostic value, as concerns the
reduction of the risk of death and hospitalization in chronic heart failure, is not greater
than ACE inhibition alone, as shown by a large clinical trial that compared the effects
of omapatrilat to enalapril [93].

These results are not encouraging for these new pharmaceutical agents. Not only is
there no additive benefit in NEP inhibition on top of ACE inhibition in hypertension or
chronic heart failure, these agents also have an increase in the potentially life-threatening
side-effect of angioedema. It remains to be seen whether this is specific to omapatrilat
or common to all vasopeptidase inhibitors. Perhaps the combination of an angiotensin
receptor antagonist with a NEP inhibitor may potentially enable inhibition of both
these neuro-humoral systems without the unwanted bradykinin side-effects.

Fig. 7.5. Chemical structure of drugs with vasopeptidase activity

7. 6 Conclusive Remarks

The positive hemodynamic and prognostic effect of neuro-hormonal antagonists is
accompanied by a decrease in natriuretic hormone plasma concentration, likely reflect-
ing a re-balancing of the counter-regulatory systems, modulating vasomotion and salt-
water homeostasis. This finding points out the potential of the follow-up of the BNP/NT-
proBNP value as an index of the effectiveness of conventional treatment.

On the other hand, up-to-date evidence on the pharmacological agonism of the car-
diac natriuretic system is contradictory: a pathophysiological basis for the lack of supe-
rior efficacy and prognostic value of drugs acting on plasma concentrations of cardiac
natriuretic hormones lies in the phenomenon of peripheral resistance [10], still not
well understood or clinically characterizable in individual patients.
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From a clinical point of view, it is important to underline that the marked resistance
to CNH action may also explain the fact that administration of CNH analogs (such as
nesiritide) may be no more effective than conventional treatment in patients with
decompensated congestive heart failure [61]. Indeed, according to the hypothesis of
CNH resistance [10], an increase in circulating levels of biologically active hormones
(obtained by the inhibition of NEP or by nesiritide infusion) can be useful only if there
is a significant decrease in the activation of the counter-regulatory system induced by
the concomitant administration of drugs inhibiting this system (such as ACE inhibitors,
angiotensin II receptor antagonists, and β-blocker agents). Future research should
address this topic to go a step further in the comprehension of the actual relevance of
BNP overexpression in heart failure, and possibly to define novel therapeutic targets, at
the receptor and post-receptor processing of hormone signaling.
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Chapter 8

“Inconclusive” Remarks:
Past, Present and Future of Natriuretic Peptides

“Deep in my heart” something different from contractile proteins and equally funda-
mental for the biology of human beings has been described.

Heart has a brain: it senses the changes in its “milieu interieur” and this kind of per-
ception has an efferent arm, i.e. the synthesis and secretion of “brain peptides”, the B-
type natriuretic hormones.

Though the actual origin of this definition comes from the tissue where the pep-
tides were originally identified, we might say that these agents act as heart’s brain trans-
mitters, able to re-establish the lost homeostasis of salt–water equilibrium or to posi-
tively influence vasomotion and vital tissue perfusion.

These molecules are probably as old as life on our planet, present in vegetal and ani-
mal beings. Prokaryotes and eukaryotes share them and complex organisms present
with slightly different peptides secreted with different biological activities by different
tissues and organs. The cardiovascular, immune, renal, reproductive, and nervous sys-
tems all recognize a role for one or more “natriuretic” peptides. They are not only natri-
uretic, but show multiple physiological actions, regulating arterial pressure, plasma vol-
ume in response to physical activity posture changes, and so on.

And they might be considered not only as an index of the physiological heart’s
response to stress, but also as the “tears” of a “broken heart”.When the disease hits the
myocardium, this is its signal for the whole body, and for the doctor, too.

Physicians now have a unique opportunity to add this new powerful humoral sign,
which will help to clarify the diagnosis when it is doubtful in the emergency setting. It
will help to follow-up the effect of treatment and to quantify clinical improvement. It will
tell “more”truth than the usual markers about the patient’s outcome. It will discover undi-
agnosed silent disease, when symptoms are not present or are underestimated, even by
the patient himself.

It will push the physician to think in a “physiological” fashion, which is the best way
to care for the patient. This heart is “lonely” no more, even when it suffers: these pep-
tides act as a golden shield against other molecules, such as catecholamines, angiotensin,
aldosterone, and endothelins, which, after a brief transient compensatory effect, act in
a detrimental way on the clinical course and outcome.

The natriuretic peptides augment the blood supply in diseased patients, reduce fluid
overload,and are effective in blunting the process of vascular/myocardial fibrosis hypertrophy.

Twenty years after their discovery by de Bold, these musketeers are still very young,
and much remains to be understood of their individual differential profiles and their
extra-cardiovascular actions.

We feel that the chapters of this book update us, but only temporarily. This saga is con-
tinuing and we hope to add what will follow in the future.
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