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Foreword

I never thought, until about two

months ago, I'd ever have to learn the

Krebs cycle. Now I realize I have to—James Watson
The New Anatomy of Cancer,

THE NEW YORK TIMES MAGAZINE

May 15, 2016

Like the dinosaurs from Jurassic Park, terms like metabolism, hormones, and homeostasis seem
to belong to a bygone era. In today’s world, terms like deep sequencing, gene editing, and gene-based
therapies overshadow other established concepts, such as the flow of energy and the cross talk between
the organs of the body. However, just as it is with cancer research, suddenly, cardiovascular research
remembers its roots in metabolism (see James Watson above): new insights into the function of the
heart are now emerging from an integral view interconnecting the heart with its biochemistry.

Endocrinology of the Heart in Health and Disease is a vivid example of the heart as a metabolic
organ that is in seamless communication with its environment, both as a provider and as a target of
hormonal signals. A group of world-class experts has come together to make a valiant effort and sort
through many layers of complexity. The book will be a terrific resource for students, fellows, and
investigators of all stripes. I value in particular the fact that cardiovascular research, long dominated
by hemodynamics and coronary flow, is beginning to pay attention to the dynamic nature of the heart
as a metabolic endocrine organ. Conceptually, Endocrinology of the Heart in Health and Disease fills
a big gap. And, like Jurassic Park, the book also stands a good chance to go through more editions in
years to come.

H. Taegtmeyer MD, DPhil
The University of Texas Health Science Center at Houston,
Houston, TX, United States
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Preface

According to the World Health Organization, 12 million deaths per year are attributed to cardiovascu-
lar disease (CVD). This accounts for nearly one-half of all the deaths in the United States and other
developed countries. In the United States, more than 60 million people have some form of CVD, with
2600 people dying every day from CVD. It is overall the leading cause of death worldwide. In con-
trast, the second most common cause of death, cancer, accounts for less than half as many deaths. The
heart maintains constant contractility and demonstrates remarkable plasticity in the face of persistent
hemodynamic changes. Not surprisingly, the heart is responsive to circulating endocrine factors from a
variety of organ systems in addition to the autocrine and paracrine actions of peptide hormones that are
synthesized by the heart and act both locally and throughout the vasculature.

We modeled this book loosely after the Textbook of Nephro-Endocrinology edited by Ajay K. Singh
and Gordon H. Williams (Elsevier 2009) and Endocrinology of the Heart edited by W. Kaufmann and
G. Wambach (Springer 1989). With Endocrinology of the Heart in Health and Disease in mind, we
have developed a book that covers both the traditional concepts of cardio-endocrinology, the role of
the various hormone systems both in health and disease, therapeutic implications, and other recent
advances in the various fields represented. This textbook is intended for a wide audience including
graduate students and post-doctoral fellows in a wide array of biomedical departments and PhD pro-
grams (e.g., Pathology, Physiology, Genetics, Pharmacology, Molecular Biology, Cell Biology) related
to cardiovascular sciences curricula, as well as medical residents in pathology, laboratory medicine,
internal medicine, cardiovascular surgery, and cardiology.

The endocrine function of the heart in both health and disease has to led a large body of research
focusing on the heart both as an endocrine organ and endocrine target. Two broad themes divide the
textbook: the first 5 chapters (see chapters: Cardiac Natriuretic Peptides, Adrenomedullin, Endothelin-1
as a Cardiac-Derived Autocrine, Paracrine and Intracrine Factor in Heart Health and Disease, The
Cardiokines: An Expanding Family of the Heart Secretome, Novel Small Peptide Hormones) are
devoted to the endocrine function of the heart, and the subsequent seven chapters (see chapters:
Gut-Derived Hormones—Cardiac Effects of Ghrelin and Glucagon-Like Peptide-1, Fat Hormones,
Adipokines, Neuronal Hormones and the Sympathetic/Parasympathetic Regulation of the Heart, Renin
Angiotensin Aldosterone System and Heart Function, Nuclear Receptors and the Adaptive Response of
the Heart, Adrenergic Receptors, Insulin Signaling in Cardiac Health and Disease) focus on the cardio-
vascular response to various endocrine signaling mechanisms.

THE HEART AS AN ENDOCRINE ORGAN

Chapter 1, Cardiac Natriuretic Peptides introduces the concept of the heart as an endocrine organ, a
concept initially developed in 1971 with the discovery of atrial natriuretic factor in atrial cardiomyo-
cytes. Chapter 1, Cardiac Natriuretic Peptides, Chapter 2, Adrenomedullin, Chapter 3, Endothelin-1
as a Cardiac-Derived Autocrine, Paracrine and Intracrine Factor in Heart Health and Disease, go on to
detail the subsequent identification of other hormones produced in the heart such as the natriuretic pep-
tide family (see chapter: Cardiac Natriuretic Peptides), adrenomedullin (see chapter: Adrenomedullin),
and endothelin-1 (see chapter: Endothelin-1 as a Cardiac-Derived Autocrine, Paracrine and Intracrine

XXi



XXii Preface

Factor in Heart Health and Disease), all of which mediate multiple and varied physiological and patho-
physiological cardiovascular responses. Chapter 4, The Cardiokines: An Expanding Family of the Heart
Secretome, describes the characterization and the emerging appreciation of the cardiac “secretome”
from the various cell types that make up the heart, including myofibroblasts, myocytes, endothelial
cells, adipocytes, and immune cells. Chapter 5, Novel Small Peptide Hormones, introduces the role
of nestfatin-1 and adropin as well as peptides derived from the transcriptional processing of genes
coding for G protein-coupled receptors; remarkably, these peptides control the translational/posttrans-
lational processing and function of those receptors. We indicated the associations between cardiac hor-
mone levels and cardiac pathologies throughout the text, including instances where targeting hormones
resulted in therapeutic success.

THE HEART AS AN ENDOCRINE TARGET

The heart also responds both physiologically and pathophysiologically to a plethora of circulating
hormones, reinforcing the importance of the heart as a target of a numerous endocrine systems such
as the gut, in Chapter 6, Gut-Derived Hormones—Cardiac Effects of Ghrelin and Glucagon-Like
Peptide-1; adipose, in Chapter 7, Fat Hormones, Adipokines; brain, in Chapter 8, Neuronal Hormones
and the Sympathetic/Parasympathetic Regulation of the Heart; and renal, Chapter 9, Renin Angiotensin
Aldosterone System and Heart Function. The heart also adapts to signals generated by ligands of
numerous nuclear receptors, including glucocorticoid, estrogen, and thyroid receptors in addition to the
various inputs that regulate the master and intrinsic circadian clock that affect cardiac function detailed
in Chapter 10, Nuclear Receptors and the Adaptive Response of the Heart. Chapter 11, Adrenergic
Receptors, covers one of the most common targets for treating cardiovascular diseases, the adrenergic
receptors, which play significant roles in the sympathetic control of the heart. We also present the
growing importance of insulin in maintaining energy balance throughout the body, including the heart.
Chapter 12, Insulin Signaling in Cardiac Health and Disease, describes how perturbed insulin signals
leads to cardiac dysfunction in several chronic conditions such as diabetes and ischemia.

Significant advances have come from basic, clinical, and translational research from a multiplicity
of investigators with diverse backgrounds. These advances have come at such a rapid pace that it is
difficult for textbooks on cardio-endocrinology disease to keep pace with the acceleration of molecular
biology, biochemistry, physiology, and pathology. Therefore, we intend for this book to be updated
every 3—4 years in order to keep pace with the ever-evolving field of cardiovascular medicine.

Jonathan C. Schisler
Charles H. Lang
Monte S. Willis
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CHAPTER

CARDIAC NATRIURETIC
PEPTIDES

C.J. Pemberton, C.J. Charles and A.M. Richards
University of Otago, Christchurch, New Zealand

HISTORICAL PERSPECTIVE

Since the 17th century, it has been known that the heart is capable of sensing the volume load it receives
via the great veins and responding accordingly.! However, the precise mechanisms by which the heart
could directly regulate circulation and total body fluid volume remained elusive until the latter 20th
century. Experimental evidence supporting the role of the heart in volume regulation came in the 1950s
from two separate observations: first, Henry et al.” noted that distension of the left atria in dogs resulted
in an increase in urine flow, an effect dependent on intact innervation, as a blockade of the cervical
vagi nerve conduction route with ice abolished the effect. Secondly, Kisch and Henry** independently
pointed to the localization of receptors within the atrium as being sensitive to wall stretch. Kisch
extended this finding by describing electron dense granules and a sophisticated Golgi network within
atrial myocytes, similar to those noted for secretory cells. In the 1960s and ‘70s, these findings were
extended by the work of Jamieson and Palade* who documented atrial electron dense granules as being
identical to those of neuronal and endocrine polypeptide secreting cells. Marie et al.” reported that the
density of these atrial granules was affected by experiments that altered fluid volume status in rats.

The first direct evidence for a cardiac factor directly involved in fluid regulation was provided by
the seminal 1981 publication by Adolfo J. de Bold,® who documented a rapid and potent natriuresis
and diuresis (i.e., a reduction in systemic sodium and water retention) in response to intravenous injec-
tion of atrial extracts. Rapid confirmation that atrial extracts also had repeatable vasorelaxant activ-
ity on vascular smooth muscle preparations generated intense research activity, which culminated in
the purification and biochemical identification of the factor responsible.”~'" This factor initially went
under many names (atriopeptin, cardionatrin, auriculin, atrin), but the settled and permanent name
was decided as atrial natriuretic peptide (ANP). As it was the first to be biochemically detailed, ANP
provided a template for the subsequent discovery of the other two natriuretic peptide family members,
B-type or brain natriuretic peptide (BNP) in 1988 and C-type natriuretic peptide (CNP) in 1990. Thus,
within 9 years of de Bold’s initial report, an entire family of cardiac natriuretic peptides was described,
with multifaceted, powerful actions upon cardiovascular function and integrity. In contrast with ANP
and BNP, CNP is not predominantly secreted by the heart but rather originates from the endothelium
throughout the vasculature. Nevertheless, it is considered in the first part of this chapter, as the heart is
a source of CNP which has important cardiovascular functions.

Endocrinology of the Heart in Health and Disease. DOI: http://dx.doi.org/10.1016/B978-0-12-803111-7.00001-4 3
© 2017 Elsevier Inc. All rights reserved.




4 CHAPTER 1 CARDIAC NATRIURETIC PEPTIDES

GENE STRUCTURE OF NATRIURETIC PEPTIDES
ATRIAL NATRIURETIC PEPTIDE

All the natriuretic peptides have a similar gene structure in mammals, and consequently share a common
biochemical homology across their propeptide sequences (Fig. 1.1). In humans, ANP is synthesized
as preproANP(1-151) from the natriuretic peptide precursor A (NPPA) gene located at chromosome 1,
1p36.21. NPPA (GenelD 4878) is approximately 2.2kB in length and contains 3 exons and 2 introns.
The vast bulk of preproANP is encoded from Exon 2, with Exon 1 providing the 25 amino acid sig-
nal peptide and the first 16 amino acids of proANP. Exon 3 provides only the carboxyl terminus Tyr
residue and the rest of the 3" untranslated-poly (A) region. There is good conservation of mammalian
preproANP translation from NPPA across all species studied with >90% nucleotide homology and very
high (>95%) homology in the final mature ANP peptide produced. The 5" upstream promoter region
of human NPPA contains multiple regulatory elements such as GATA-4, GATA-6, Nkx2.5, MEF2,
FOG-2, and several Tbx family recognition sites.'' Many of these have an impact on human heart
development. For example, mutations in the NPPA Nkx2.5 Response Elements at —243 and —112bp
upstream from the initiator methionine disrupt septation, conduction system development and chamber
specification, which can contribute to diseases such as persistent AV block, Ebstein’s anomaly, and
aortic stenosis.'>!?

The human NPPA gene contains a functional preproANP coding region polymorphism (rs5065,
¢.454T>C) which has the effect of altering the stop codon of preproANP to an arginine (p.Ter152Arg)
and generates two extra carboxyl terminus arginine residues. The frequency of the rs5065 single nucle-
otide polymorphism (SNP) in the general population is approximately 14-20% and the minor allele
has been associated with increased risk of stroke,'* myocardial infarction (MI),'” and increased sus-
ceptibility to acute coronary syndromes (ACS) and unfavorable prognosis in coronary artery disease

Exon1 Exon 2 Exon 3

—illl

ANP BNP CNP

| | |
prepro NP -:- .- -:_
} } }
pro NP - _ - _ - _

FIGURE 1.1

Generic scheme of NP gene structure. Each NP has 3 exons encoding, but translated preproCNP is devoid of
exon 3, as denoted by the lack of blue shading. Individual variation in synthesis and regulation is noted in text.
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(CAD).'® Interestingly, this Arg-Arg—generating SNP is also present in mouse and rat genomes; to
date, however, circulating mutant ANP with additional Arg-Arg residues at its carboxyl terminus has
not been documented in human or rodent plasma. Nevertheless, in vitro experiments have shown that
synthetic ANP-Arg-Arg mimicking rs5065 increases reactive oxygen species (ROS) accumulation and
increases atherosclerotic gene activity in human umbilical vein endothelial cells.'” A second polymor-
phism, rs5068 located in the 3’ untranslated region of NPPA (i.e., in the non-coding region), confers
upon carriers of the minor allele increased circulating levels of ANP and BNP, and a concomitant lower
risk of development of hypertension as evidenced by significantly lower systolic and diastolic blood

pI'CSSLlI'CS.18

BRAIN OR B-TYPE NATRIURETIC PEPTIDE

Human natriuretic peptide precursor B (NPPB, the gene encoding BNP, GenelD 4879) is located on
the distal short arm of chromosome 1, 1p36.2 at a location only 8 kilobases 5’ upstream from NPPA."”
This proximity of NPPA and NPPB suggests common regulatory elements control the expression and
translation of both genes simultaneously. Like NPPA, NPPB consists of 3 exons and 2 introns,” but is
only half the length of NPPA, being 0.9 kilobases.’' The adult atrium contains 2—3 times more NPPB
mRNA transcripts than the ventricle, but when chamber mass is taken into account, it is clear the bulk
of cardiac NPPB synthesis resides in the cardiac ventricle.2"?% In contrast with NPPA, human NPPB
mRNA transcripts were detected in lung, thyroid, pituitary, kidney, and aorta tissues, indicating differ-
ential expression of the two hormones.?® Like NPPA, the bulk of the parent product of human NPPB is
encoded by exon 2, with the signal peptide the main product of exon 1 and a small carboxyl terminus
portion encoded by exon 3. Unlike NPPA, across species the NPPB gene is not well conserved either
in length, nucleotide homology, or physical location relative to NPPA—in fact, no two preproBNP
peptides or mature forms are the same length and mature ANP and BNP forms within a single species
are more homologous than mature BNP forms between species.”*

Human NPPB is translated to produce preproBNP(1-134), which contains a 26-amino-acid sig-
nal peptide and the pro-peptide proBNP(1-108). Given its close proximity to NPPA, the 5’ promoter
region of NPPB is also thought to be subject to regulation by AP-1, GATA-4, Nkx2.5, and MEF2 fac-
tors.' 2527 However, there are notable differences in the stimulated behavior of NPPB versus NPPA
mRNA. First, NPPB (not NPPA) is laden with 3’ untranslated AUUUA motifs that are known to confer
cellular mRNA instability (and hence lower storage levels) and must be “over-ridden” to increase
translational product.”® Related to this are the observations that phorbol esters”” and diacylglycerol*’
increase NPPB mRNA levels, and unlike NPPA, NPPB induction does not require subsequent efficient
protein synthesis.”> Secondly, detectable increases in NPPB mRNA can occur within 1 hour of stimula-
tion,’! as opposed to the 8—12 hours required for NPPA. Such data are consistent with NPPB having
the characteristics of a primary response gene. Finally, the positioning of the GATA regulatory motifs
close to AP-1 and CACC box elements in the proximal 5’ promoter region of NPPB* is homologous
to those found in products of the erythroid gene lineage (e.g., alpha and beta-globin genes) and experi-
mental interference with these elements (e.g., deletion of the AP-1 element) reduces effective mRNA
induction fourfold.*

Multiple SNPs are present in the coding region of human NPPB. Two of these give rise to silent
mutations with no amino acid changes (rs35690395 and rs35628673) whereas others can yield coding
sequence changes to preproBNP. The variant rs5227 (c.237C>T) confers an Arg to Leu substitution
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at position 25 (p.Arg25Leu), which is the penultimate amino acid prior to signal peptide cleavage at
Ser26. There are other identified polymorphisms that result in coding variants within preproBNP(1-134)
including p.Arg47His, p.Met93Leu, and p.Val94Phe (rs5229, rs5230, and rs35640285, respectively). It
is of interest that these mutations reside in the amino terminal region of preproBNP and that no coding
mutations have been reported for the mature circulating 32 amino acid form. Interestingly, a SNP in the
promoter region of human NPPB (rs198389, c.-381T>C) has consistently been associated with higher
circulating plasma levels of BNP forms,*** but the C-allele of rs198389 is not associated with altered
cardiovascular phenotype or outcomes.*” Unsurprisingly, the above multiple polymorphisms that reside
across the closely aligned NPPA-NPPB locus contribute to inter-individual variations in circulating
ANP and BNP levels in normal health and the minor allele variants of each are associated with higher
plasma natriuretic peptide, lower blood pressures, and lower risk of hypertension.'®® In patients with
CAD it has been suggested that individual SNPs for each natriuretic peptide confers unique changes
such that SNPs for ANP affect hypertension development whereas SNPs for BNP relate more to cardiac
volumes.?” These SNPs do not appear to be related to all-cause risk of mortality in the community but
do associate with hospital readmission.

C-TYPE NATRIURETIC PEPTIDE

Human natriuretic peptide precursor C (NPPC, the gene encoding CNP, GenelD 4880) is not located
near NPPA/NPPB but instead thought to reside on chromosome 2, 2q24-qter.*® Defining features of
NPPC include its extremely high conservation across all known species (greater than 90% between
humans, mice, chimpanzee, dogs, and rats) and the fact that it consists of only two coding exons and
one intron. A third exon in NPPC codes for the 3’ untranslated region only. These features have led
some to speculate NPPC is the “prototype” natriuretic peptide gene from which NPPA and NPPB are
derived.*® PreproCNP is 126 amino acids long with exon 1 coding the 23-amino acid signal peptide and
the first seven amino acids of proCNP. The remaining 96 amino acids of preproCNP are all encoded
by exon 2. The mature bioactive CNP peptide is 22 amino acids long, but unlike ANP and BNP it does
not have a carboxyl terminal tail, terminating at the second Cys, which completes the disulfide ring
structure. Mature CNP is also 100% identical in all the above species. Originally isolated from brain,*
the tissue distribution of NPPC mRNA has been shown to be much more equally distributed compared
with NPPA/NPPB, showing high concentrations in brain and the pituitary sites, with lower amounts in
kidney, bone (especially chondrocytes), blood vessels, and the heart.*’ Even though NPPC peptides are
secreted by the heart,*! these appear to originate predominantly from the general vascular endothelium
as opposed to being principally synthesized by the heart, like ANP and BNP.

Factors influencing transcriptional regulation of NPPC have not been studied as closely as those for
NPPA/NPPB, but the promoter of NPPC does possess two GC-rich regions (Sp-1 binding sites) that
can be utilized by leucine zipper protein TSC22D1 and/or STK16 (a DNA-binding serine-threonine
kinase) regulatory factors.*>* Further to this, a putative (but unverified) regulatory region contain-
ing an inverted CCAAT box, a cyclic AMP response like (CRE) box, and a TATAAA box are closely
aligned in the cis region of the NPPC promoter—this feature is not present in NPPA or NPPB.***
Another potential transcriptional factor implicated in NPPC regulation is Kruppel-like factor 2 (KLF-2).
In human endothelial cells, blockade of flow-dependent up-regulated KLF-2 activity decreased the
subsequent expression of NPPC,*® which is consistent with the known experimental effects of vascular
flow upon CNP production.*’
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Table 1.1 Tissue Expression, Forms, Secretion, and Metabolism of the NP

ANP BNP CNP
Gene sequence homology High Low, species specific Very high
Major organ of expression Heat (atria) Heart—atria and ventricle Ubiquitous (brain)
Chromosomal locus 1, 1p36.21 1, 1p36.2 2, 2q24-qter

Regulatory gene motif

Major cardiac form
Cellular secretion
Plasma forms

Cleavage enzymes
Plasma clearance

Bioactive receptor

GATA-4, 6; Nkx2.5,
MEF2, FOG-2, Tbx

proANP
Regulated

NT-proANP, ANP,
B-ANP, cleaved ANP

Corin, NEP, IDE
NEP, NPR-C
NPR-A

AP-1, GATA-4, Nkx2.5, MEF2,
AUUUA

proBNP, NT-proBNP, BNP
Constitutive

NT-proBNP, proBNP, BNP?,
cleaved BNP

Furin, Corin?, IDE, DPP-IV
NEP, NPR-C
NPR-A

STK16, TSC22D1,
KLF-2, TATAAA

NT-proCNP, CNP53
Constitutive
NT-proCNP, CNP22

IDE, Furin, NEP
NEP, NPR-C
NPR-B

Several polymorphisms are reported for NPPC within the NCBI database but the effects of these
have not been well studied. A variant (G2628A) contained within the 3’ untranslated region (i.e., coded
by exon 3) has been implicated with hypertension.*® Interestingly, the minor alleles of rs11079028
and 154796751, both of which are silent and located within the 3’ untranslated region of NPPC, asso-
ciate with increased circulating levels of CNP peptides, but also with increased levels of BNP pep-
tides,?” possibly due to competition for common clearance pathways. Finally, the T allele of rs4796751
(c.*1595T>C) associates with larger cardiac volumes, suggesting a connection with cardiac dilata-
tion.’” Table 1.1 summaries the tissue expression, forms secreted, and metabolism of the natriuretic
peptides.

TRANSLATION, PROCESSING, AND STORAGE OF
CARDIAC NATRIURETIC PEPTIDES

ATRIAL NATRIURETIC PEPTIDE

ANP storage levels are 100—1000 times higher in atrial compared with ventricular myocytes. Well
conserved across species, the preproANP polypeptide retains >80% homology between humans, chim-
panzees, dogs, mice, and rats.*” The 28-amino acid mature form of ANP in humans and rats differs by
only one amino acid at position 12, where the human peptide contains a methionine and the rat peptide
contains an isoleucine. Extra-cardiac sites of ANP production have been described but these constitute
less than 1% of the capacity of the atrium.**" During translocation into the lumen of the endoplasmic
reticulum, the 25 amino acid signal peptide is cleaved, presumably by signal peptidase (or a similar
enzyme), and the resulting proANP(1-126) peptide is transported to storage granules as the major
form.! Aggregation of proANP into atrial secretory granules occurs via a clathrin-coated membrane
system,’” and is also mediated by calcium-binding to the amino terminus of the propeptide.’*->* This
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mode of delivery is consistent with what is known for peptides that are secreted via the regulated path-
way (e.g., insulin). Upon a stretch of the atrial wall caused by increased intra-cardiac volume,’ >’ or by
the action of pressor hormones,*”*® proANP(1-126) is presented to the surface of the myocyte and then
cleaved by the transmembrane serine protease enzyme Corin®” to produce proANP(1-98, NT-proANP)
and the 28 amino acid, biologically active ANP(99-126, mature ANP) form, both of which appear in
the circulation. The importance of Corin in ANP biochemistry is demonstrated by the fact that Corin
null (Cor™'~) mice have only proANP in their circulation and exhibit mild hypertension.’ In turn, vari-
ations and mutations in the sequence of Corin itself result in hypertension and preeclampsia.®' % More
recently, the generation of active Corin has been shown to be dependent upon the action of proprotein
convertase PCSK6 and in PCSK6-null mice; both active Corin and proANP processing are absent.®

In humans there are two exceptions to this general biochemistry of proANP processing. First, fail-
ing hearts possess an antiparallel dimer of mature ANP(99-126) formed between apposing Cys bonds
(known as beta-ANP) and the levels of this dimer are increased in cardiac tissue and plasma of those
with severe heart failure.%>% Second, in the kidney an unknown enzyme is responsible for alternative,
non-Corin—based processing of proANP(1-126) to generate a 32 amino acid form of ANP. This peptide,
known as Urodilatin,®’ is produced exclusively in the kidney and contains four extra amino acids at
its amino terminus. Urodilatin is thought to be absent (or at least undetectable) in plasma and is only
observed in urine samples.®® Synthetic urodilatin (known as Ularitide) may have potential as a vascular
therapeutic agent for the treatment of acute decompensated heart failure (ADHF).%

BRAIN OR B-TYPE NATRIURETIC PEPTIDE

The initial discovery of BNP from porcine brain’’ was quickly updated with the observation that BNP
peptide levels in the cardiac atrium are 100-fold higher than in brain tissue.”' However, atrial and
ventricular levels of BNP are much lower than ANP, and the relative ratios of the two peptides also
differ between the two chambers. Thus, atrial levels of BNP are only 2-5% those of ANP, but in the
ventricle they are approximately 60% those of ANP.”>~"# Extra-cardiac sites of BNP peptide are minor,
with low detectable amounts only in the spinal cord, pituitary, and brain.”*>’> The length of the prepro
form of BNP is highly variable across species; e.g., being 134 amino acids in humans,’® 121 amino
acids in the rat,”’ and 131 amino acids in the pig.”’ In the case of human preproBNP, signal peptidase
cleavage of the 26 amino acid signal peptide forms a pro-peptide of 108 amino acids, which at some
point in the Golgi-mediated transport system is glycosylated at multiple sites (Ser36, Thr37, Thr44,
Thr48, Thr53, Ser58, and Thr71) in its amino terminus.”® Unlike proANP, a portion of proBNP(1-108)
is further cleaved within cardiac myocytes to form NT-proBNP(1-76) and mature BNP(77-108). Thus,
cardiac myocytes contain at least three forms of immunoreactive BNP peptides, as opposed to the
singular form of proANP.”” Importantly, efficient cleavage to generate amino and carboxyl terminal
BNP forms from proBNP is highly dependent upon the glycosylation status of proBNP, especially
the site of Thr71.5%8! This processing between residues 76/77 is not entirely consistent with a Corin
enzyme motif, being more suggestive of a Furin (Arg-X-X-Arg) cleavage site.”®*" Corin can process
proBNP(1-108) at a site different from Furin to generate an amino terminus truncated mature form
BNP(80-108).5° However, given that proBNP is processed within cardiac granules (a location as yet
unproven for Corin) it is likely that Furin is the major cardiac processing enzyme for proBNP, at least
for human and rat ventricular myocytes.®' Although some BNP colocalizes with ANP in human car-
diac atrial myocyte granules, the vast majority of the peptide does not,*>** further underscoring the
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differential processing, storage, and secretion pattern of the two peptides—BNP (constitutive) versus
ANP (regulated).

C-TYPE NATRIURETIC PEPTIDE

CNP is the most abundant of the natriuretic peptides in the nervous system including the pituitary and
the spinal cord.® In the heart, CNP is not primarily expressed in the myocyte. Rather, it appears to be
more prominent in cardiac fibroblasts,® which are presumably the main contributor, along with cardiac
endothelial sources, to observed cardiac secretion.*! Consistent with its role as a paracrine/autocrine
factor, NPPC peptides are expressed in similar amounts to cardiac levels in noncardiac sites such as
endothelial and vascular smooth muscle cells, endochondral bone, and reproductive organs.** NPPC
within cells produces the 126 amino acid preproCNP, which is then further cleaved to proCNP of 103
amino acids by removal of the 23 amino acid signal peptide.** proCNP(1-103) is then processed intra-
cellularly by furin to produce a 53 amino acid carboxyl terminal form (CNP53, which contains the bio-
active ring structure) and the amino terminal fragment NT-proCNP.%*#¢ Both CNP53 and NT-proCNP
do not appear to be stored in regulated pathway secretory granules and undergo constitutive secretion
in response to growth factors®’-*® and lumenal shear stress.*’

CIRCULATING CONCENTRATIONS, FORMS, AND METABOLISM
OF NATRIURETIC PEPTIDES

CIRCULATING LEVELS

All of the circulating natriuretic peptides have enriched concentrations in the cardiac coronary
sinus,*""%%% but the level of enrichment is much more pronounced for ANP and BNP compared with
CNP. For each mature peptide, average levels in the peripheral circulation in normal health approxi-
mate as follows: 20 pmol/L for ANP, 5 pmol/L for BNP, and 1 pmol/L for CNP. In comparison, NT pro
forms of the natriuretic peptide circulate at 10-20 times that of the mature forms. In patients with car-
diovascular disease (e.g., ADHF) circulating ANP and BNP forms are elevated up to 50-fold, depend-
ing on the severity of the disease.”™® This dynamic and robust profile of ANP and BNP peptides
underlies their recommendation and use in the area of acute heart failure diagnosis and prognosis.””~!*
CNP peptide levels are also elevated in human'®! and experimental'%” heart failures but only modestly.

CIRCULATING FORMS AND METABOLISM

A general scheme of circulating forms of the natriuretic peptide is given in Fig. 1.2. Thus, NPPA and
NPPB peptide products circulate as variable mixtures of mature ANP/BNP, NT-proANP/NT-proBNP,
and proANP/proBNP forms. In the case of ANP, NT-proANP is by far the most abundant on a molar
basis followed by ANP, with only a minor component of proANP. In contrast, proBNP contributes a
much higher proportion of circulating NPPB forms and is much more complex due to the glycosyla-
tion status.”® In the case of NPPC-related peptides, tissue CNP53 is further cleaved at secretion (via
an unknown mechanism) to the 22 amino acid mature CNP form, and the circulating bioactive form is
CNP22, although NT-proCNP is more abundant at a ratio of ~20:1.4-84
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FIGURE 1.2

Tissue stored, secreted, circulating, and metabolized forms of each NP. While Corin and Furin activity for
generating mature ANP and BNP, respectively, are confirmed, no such enzyme has been confirmed for CNP.
proBNP and NT-proBNP are glycosylated as indicated by blue wave structures. Target tissue bioactivity and
clearance receptors are as indicated in text.

However, circulating forms of natriuretic peptides are much more complex than this, as they are
affected not only by what is secreted, but also by enzymatic activity and clearance mechanisms resid-
ing within the cardiovascular system. The main enzyme involved in natriuretic peptide degradation is
neutral endopeptidase (also known as EC.3.4.24.11, Neprilysin, and enkephalinase A), which is highly
expressed on brush border membranes in the kidney'* but is also present in many vascular beds.'**
Neutral endopeptidase cleaves mature ANP, BNP, and CNP within the ring structure (at different sites)
to produce ring open inactive metabolites,'*~'%7 that contribute to circulating immunoreactive forms in
most assays. Cardiac coronary sinus plasma contains neutral endopeptidase cleaved mature ANP,*” and
likely cleaved mature BNP,”” indicating that inactivation by neutral endopeptidase can occur almost at
secretion, especially in patients with significant disease. Whether mature CNP suffers this same early
fate via neutral endopeptidase after secretion from the heart is unknown. In contrast, the NT-pro forms
of the natriuretic peptide are not thought to be affected by neutral endopeptidase metabolism.

Mature BNP [BNP(77-108)] can also be metabolized by the ubiquitous enzyme Dipeptidyl-
peptidase IV (DPP-IV), which removes two amino acids from the amino terminus of the sequence
(i.e., Ser-Pro) to produce BNP(79-108).'%® As well, proBNP(1-108) and NT-proBNP(1-76) also pos-
sess at their amino terminus (i.e., residues 1 and 2) the required sequence structure for DPP-IV activity
and these are also both likely metabolized.'”” Whether mature forms of ANP and CNP are substrates
for DPP-IV activity has not been reported, but this is unlikely as they do not possess the required
sequences necessary, at least in their amino terminal regions. However, it is possible that NT-proANP
or NT-proCNP may be cleaved at their amino termini as for NT-proBNP.**
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A third enzyme that can metabolize mature forms of all three natriuretic peptides is insulin degrad-
ing enzyme. This zinc metalloprotease is ubiquitously expressed and is identified with the inactiva-
tion of insulin and amyloid-B."'*!!! Under experimental conditions, an insulin-degrading enzyme first
cleaves three amino acids from the carboxyl terminus of both mature ANP and BNP,''? with subsequent
secondary cuts at the amino terminus resulting in amino and carboxyl shortened forms. Interestingly,
the cleavage of mature BNP by insulin degrading enzyme is 50—100 times slower than that of ANP.
In contrast, mature CNP is cleaved at its amino terminus followed by a secondary cleavage within the
ring structure.''” Whether insulin degrading enzyme plays a major role in NT-pro natriuretic peptide
metabolism remains to be determined.

A fourth enzyme potentially involved in mature BNP cleavage is Meprin, but the data on this is
conflicting and has yet to be adequately substantiated.”® Instead, the other major contributing factor to
circulating forms and levels of natriuretic peptides is the action of natriuretic peptide receptors, espe-
cially the clearance receptor.

NATRIURETIC PEPTIDE RECEPTORS

The bioactivity and clearance of the mature natriuretic peptides are mediated via membrane bound
receptors, two of which belong to the guanylyl cyclase (GC) family. It is not known whether the amino
terminal peptides of the natriuretic peptides (e.g., NT-proANP) activate these GC receptors, but there
is some evidence that proANP and proBNP can activate them.''*!'* The two bioactive GC recep-
tors (NPR-A and NPR-B) contain three domains: (1) an extracellular domain that recognizes the ring
structure of the mature natriuretic peptide; (2) a transmembrane region that undergoes conformational
change during natriuretic peptide binding; and (3) the intracellular region that contains the GC-element
responsible for the generation of 3’,5'-guanosine cyclic monophosphate, otherwise known as cGMP,
the second messenger transducing agent of the natriuretic peptide.'"”

In terms of bioactivity, NPR-A primarily mediates the actions of ANP and BNP, whereas NPR-B has
a higher affinity for CNP (Fig. 1.2). However, the main receptor influencing natriuretic peptide plasma
levels is NPR-C, also known as the clearance receptor. NPR-C lacks an intracellular GC-domain and is
postulated to serve primarily as a removal system, binding bioactive and metabolized natriuretic pep-
tides, internalizing them in cells, and submitting them for degradation.®* Accordingly, NPR-C, the most
widely and abundantly expressed natriuretic peptide receptor, is thought to constitute >90% of the total
natriuretic peptide binding sites in endothelial cells;''® it is highly expressed in adrenal, brain, heart,
kidney, mesentery, and vascular smooth muscle tissue.!'”"'?" The impact of NPR-C upon circulating
natriuretic peptide levels is seen in their circulating clearance. Thus, whereas the half-life of CNP'?!
and ANP'?? in human plasma is around 2—3 minutes, the half-life of BNP is 10 times longer at approxi-
mately 20 minutes,’® primarily due to the much lower affinity of BNP for NPR-C'?* and neutral endo-
peptidase activity.'”” Overall, the actions of neutral endopeptidase and NPR-C are thought to have equal
contributions to the clearance and metabolism of the circulating mature natriuretic peptide forms.'**

In contrast, because NT-pro forms of the natriuretic peptide are not thought to be substantially
degraded by neutral endopeptidase, insulin-degrading enzyme or DPP-IV, nor cleared by NPR-C,'*
their half-lives in plasma are much longer than their mature peptide counterparts. Thus, studies in
rats'*® have documented an NT-proANP half-life ~10 times longer than that of ANP (300 versus 30
seconds) whereas deconvolution analysis of endogenous NT-proBNP and BNP levels in the sheep
documented a half-life of 70 minutes for NT-proBNP versus 5 minutes for mature BNP.'?’
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CIRCULATING NATRIURETIC PEPTIDE SIGNAL PEPTIDES

Signal peptides have not been traditionally thought of as secreted or released products from cells that
can be measured in the circulation, as it was assumed that the signal peptide was degraded after cleav-
age from the prepro peptide. Rather, they are well studied and documented as key components gov-
erning cellular secretion and targeting of proteins and propeptides.'?® However, it has recently been
verified by immunoassay and tandem MS/MS analysis that fragments from the signal peptide regions
of each of ANP, BNP, and CNP are present in human circulation.’”!?%!*" The signal peptide of BNP
is elevated in the plasma of patients suffering acute MI,”’ and it is also elevated with provocative test-
ing such as dobutamine stress echocardiography.'?! Ml-induced elevations in BNP signal peptide in
humans occur very quickly, within 15 minutes.'* Likewise, the signal peptide of ANP is elevated in
patients after acute MI,'> but acute MI has very little effect on plasma CNP signal peptide concentra-
tions.'*" Instead, CNP signal peptide concentrations are acutely elevated in patients with atrial fibrilla-
tion (AF),'*? although the relevance of this finding is unclear.

An interesting biochemical feature of natriuretic peptide signal peptide fragments in the human
circulation is that they are all differentially modified at their amino terminus residue. These modifica-
tions may be related to reactive species formed during oxidative stress processes in acute MI, such as
glyoxal and methylglyoxal,” resulting in adduct formation such as formyl, methyl, and carboxyethyl
groups on Leu, Ala, and Thr residues.'** The importance of these modifications, and the presence of
signal peptides in the circulation in general, remains to be determined.

ASSAYS MEASURING NATRIURETIC PEPTIDES IN THE CIRCULATION

As noted and discussed in more detail later in this chapter, measurement of the natriuretic peptides ANP
and BNP are recommended by the American and European Cardiovascular guideline committees for
the diagnosis and prognosis of acutely decompensated and chronic heart failure.””*'°° Of the natriuretic
peptides, BNP peptides are most recommended for this purpose. Multiple providers offer clinical BNP
assays for core laboratory or point of care use (e.g., Biosite, Beckmann Abbott, Siemens, Shionoria,
Ortho Clinical Diagnostics), but NT-proBNP measurement is dominated by one provider, Roche
Diagnostics. The benefits and drawbacks of current assays to measure these BNP forms have been
comprehensively reviewed.”® With regards to ANP peptide measurement, mature ANP is not recom-
mended, but NT-proANP is partially indicated by one guideline.’” An assay for mid-region NT-proANP
(MR-proANP) is available on the BRAHMS/ThermoFisher Kryptor analyzer. MR-proANP has been
shown to be noninferior to BNP and NT-proBNP for the diagnosis of acute heart failure,'*> and it may
provide prognostic information independent to that of NT-proBNP.!

BIOACTIVITY

The discovery of ANP in 1981 led to the identification of a novel hormonal system sourced from
the heart that is capable of affecting all tissues involved in sodium, volume, and pressure homeo-
stasis. Most bioactivity resides within the 17 amino-acid ring of the mature peptides, with ANP and
BNP actions mediated via the NPR-A. As ANP was discovered 7 years earlier than BNP, much of the
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work elucidating natriuretic peptide bioactivity and their physiological roles were undertaken on ANP.
Subsequent studies confirmed that BNP displays a near identical array of bioactivity and both ANP
and BNP are generally equipotent in inducing their respective biological actions.'?” Therefore, for the
most part, the following description of biological actions for ANP apply equally to BNP. The major
biological actions of ANP as reported in de Bold’s initial study® using atrial extracts included a fall in
arterial pressure and a rise in hematocrit (indicating hemoconcentration) with concomitant natriuresis
and diuresis. The ensuing decade saw multiple studies further elucidating the hemodynamic, renal,
and endocrine actions of the natriuretic peptides which are detailed below. Both ANP and BNP are
true circulating hormones secreted by the heart. In contrast, CNP is not primarily a product of cardiac
secretion and acts predominantly as a paracrine agent with a different spectrum of bioactivity and,
as such, will not be reviewed in this book although it has been reviewed more broadly in Current
Pharmaceutical Design.'*

HEMODYNAMIC

Since the first description of ANP it has been known that natriuretic peptides lower arterial pressure,
and this has been subsequently shown to have a greater effect on systolic rather than diastolic pres-
sure. Using pharmacological bolus injections of ANP in humans, it was first confirmed that the fall
in arterial pressure was also associated with peripheral vasodilation.'*” Later studies employing low-
dose infusions of ANP administered to man and sheep (24- and 48-hour infusions) at doses that raised
circulating levels of the peptide within the physiological range showed that the reduction in arterial
pressure is likely secondary to reduced filling pressures resulting in a fall in cardiac output with no
evidence of direct vasodilation.'“*~'43 Subsequent studies infusing BNP for 4 days confirmed a similar
array of hemodynamic actions in sheep.'*’ Some of these effects can be attributed to a reduced plasma
volume, as consistently evidenced by an increase in hematocrit associated with a movement of fluid
from the vascular to extravascular space mediated by enhanced microvascular permeability of the vas-
cular endothelium.'** Other actions contributing to these hemodynamic effects include natriuresis and
diuresis (further reducing circulating volume), inhibition of the renin-angiotensin-aldosterone system
(RAAS), and inhibition of the direct vasopressor actions of angiotensin II (Ang II) and endothelin.
ANP may also reduce sympathetic tone in the peripheral vasculature by a direct central inhibitory effect
on sympathetic outflow.'*> Changes in heart rate are likely baroreceptor mediated in response to a fall
in arterial pressure, although there are reports that heart rate rise is blunted for any given fall in blood
pressure compared to that observed with agents like nitrates.'*> While the hemodynamic response to
BNP in man is similar to ANP, venodilation may be more dominant than arterial vasodilation at physi-
ological levels of the hormone. '

6

RENAL

As indicated by their name, the NPs have been known since their discovery to be natriuretic and diu-
retic.% These effects are the result of complex interactions on tubular sodium handling and reabsorp-
tion, renal hemodynamics, and a number of hormonal changes affecting renal function. The relative
efficacy of natriuretic peptides as natriuretic and diuretic agents depends upon the underlying volume
status and renal perfusion pressure. Short-term administration of ANP in normovolemic states induces
prompt natriuresis and diuresis with smaller increases in divalent ions and phosphate excretion but no
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significant increase in potassium excretion.'*’ These effects are in part mediated by changes in glomeru-
lar filtration rate (GFR) with dilation of renal afferent and constriction of renal efferent arterioles. Even
in the absence of a change in GFR, lower doses of ANP still produce natriuresis by increasing the frac-
tional filtration of sodium. In addition, natriuretic peptides antagonize the antinatriuretic actions of Ang
I at the proximal tubule and tubular actions of arginine vasopressin and aldosterone.'*’ In the setting of
increased renal perfusion pressure, as occurs with volume expanded states in some forms of hyperten-
sion, the natriuretic effect of natriuretic peptides is augmented.'*® Conversely, hypotensive states exhibit
clear reductions in natriuretic response. There is a good correlation between baseline blood pressure
and natriuretic peptide-induced natriuresis in health.'*” In contrast, the renal response to ANP is blunted
in moderate-to-severe congestive heart failure (CHF).°” Despite CHF being a volume expanded state,
cardiac output and hence renal perfusion pressure may be reduced leading to this blunted natriuretic
response to ANP. Another factor that could contribute to impaired renal filtration in heart failure is an
increase in venous pressure (and hence renal venous pressure), which reduces the trans-renal pressure
gradient, a key determinant of filtration. There are reports that the natriuretic potency of BNP exceeds
that of ANP in patients with CHF but is still blunted compared with euvolemic normal man,'#%!3°

ENDOCRINE

Many of the actions of natriuretic peptides oppose those of the circulating- and tissue-based RAAS
and are covered in detail in Chapter 9, Renin Angiotensin Aldosterone System and Heart Function. In
humans, renin is inhibited by physiological increments in either plasma ANP or BNP, both by a direct
inhibitory effect and also by enhanced delivery of sodium and chloride to the macula densa.'*"!>!
Aldosterone secretion is also inhibited by NPs in both sheep and man.'*”-'5? Small physiological incre-
ments of ANP can antagonize most secretagogues of aldosterone including potassium and adrenocor-
ticotropin with the aldosterone stimulating effect of Ang II most affected. There is some evidence in
severe heart failure that ANP inhibition of renin is attenuated,'>* but this appears not to be the case for
aldosterone inhibition.'>*

INTEGRATIVE ROLE IN PHYSIOLOGY AND PATHOPHYSIOLOGY

Together, the above biological actions, along with other actions not reviewed here (including within
the central nervous system), provide strong evidence for an integrative physiological role for both ANP and
BNP working in tandem to maintain pressure and volume homeostasis as summarized in Fig. 1.3.
This notion is also supported by numerous gene over-expression and knockout studies targeting
both natriuretic peptides and their respective receptor genes.'”>'>° Given the vasodilator, natriuretic/
diuretic, and RAAS-inhibitory actions of the natriuretic peptides, they have long been considered to
have potential benefit as therapeutic agents in the treatment of a variety of cardiovascular and pressure
overload disorders.

NATRIURETIC PEPTIDE AS THERAPEUTIC AGENTS

Early studies of short-term intravenous infusions of ANP?>!160:161 and BNP'#*192 at various doses
showed beneficial hemodynamic and renal effects in patients with heart failure. However, given that
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FIGURE 1.3

Schematic diagram showing the regulation and integrated actions of atrial natriuretic peptide (ANP) and
B-type natriuretic peptide (BNP). GFR, glomerular filtration rate; FF, filtration fraction; UNaV, urinary sodium
excretion; UV, urine volume; SNA, sympathetic nerve activity; VSM, vascular smooth muscle.
Reproduced with permission from Rademaker MT, Espiner EA. The endocrine heart. In: Becker KL, editor. Principles and practice of
endocrinology and metabolism. 3rd ed. Philadelphia: Lippincott Williams & Wilkins; 2001. p. 1622-34.

the peptide nature of the natriuretic peptides necessitates intravenous infusion, this makes them only
suitable as a short-term hospital or clinic-based treatment for ADHF. Based on preclinical data, ANP
(marketed as carperitide) was licensed in Japan in 1995 for the treatment of ADHF. Both before and
after its licensing, there has been no large-scale randomized study to confirm whether carperitide
improves cardiac function, clinical symptoms, and prognosis in patients with heart failure.'®* Despite
this, carperitide has been used for more than half of all heart failure patients in Japan,'®* but not used
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outside of that country. Evidence to date for the effect of carperitide on clinical outcomes is predomi-
nantly derived from an open-label registry and a prospective observational study with an impression
that carperitide is both safe and that most patients respond, although the evidence is far from definitive,
as the data are uncontrolled.'® A recent study using a propensity score-matched analysis has reported
that carperitide is associated with increased in-hospital mortality, odds ratio 2.13, compared with no
carperitide, which is exacerbated in patients over 75 years old, odds ratio 2.93.'%* The authors suggest
that their results strongly suggest the necessity for well-designed, randomized clinical trials of clinical
safety, and efficacy of carperitide. This seems particularly relevant in light of the checkered history of
the use of BNP as a therapeutic, as detailed below.

BNP (marketed as nesiritide) was approved by the FDA in 2001 for use in ADHF. As with carperi-
tide, there were initially no large-scale clinical trials demonstrating improved mortality or demonstrat-
ing a clear advantage on outcomes such as improvements in dyspnea but rather approval was based on
hemodynamic and symptomatic improvement based on studies with only mid-size cohorts, e.g., 127
patients in the Nesiritide Study Group.'®®

A number of other mid-sized studies were published in the first few years following FDA approval
before red flags were raised by the publication of a metaanalysis, which reported that intravenous
administration of nesiritide compared with placebo might increase serum creatinine levels indicating
worsening renal function and may also increase the risk of short-term mortality.'”-'® An independent
panel convened to evaluate the issue recommended that a large clinical trial be conducted to address
whether nesiritide was effective and safe. The subsequent ASCEND-HF trial (over 7000 heart failure
patients) compared nesiritide (72 hour intravenous infusion) to standard care on rates of self-reported
dyspnea at 6 and 24 hours, rehospitalization for heart failure, all causes of death, and renal dysfunc-
tion.'®” Results showed nesiritide was not associated with either an increase or decrease in the rate of
death and rehospitalization and that they had a small nonsignificant effect on dyspnea. While it was not
associated with worsening renal function, nesiritide did increase rates of hypotension. On the basis of
these results the authors concluded that nesiritide cannot be recommended for routine use in the broad
population of patients with acute heart failure.

ENHANCING BIOACTIVITY

Due to the peptide nature of natriuretic peptides rendering I'V infusion in a hospital setting as the only
viable therapeutic option, for several decades researchers have sought alternative means of enhancing
bioactivity of the natriuretic peptides. As stated in “Circulating Forms and Metabolism” and “Natriuretic
Peptide Receptors™ sections, circulating levels of natriuretic peptides are determined not only by secre-
tion/release and excretion via the kidneys but also by two major clearance/degradation pathways. The
main enzyme involved in natriuretic peptide degradation is neutral endopeptidase or neprilysin, while
natriuretic peptides are also cleared via the abundant receptor NPR-C or clearance receptor. Overall,
the actions of neutral endopeptidase and NPR-C are thought to contribute equally to the clearance
and metabolism of the circulating mature natriuretic peptide forms both in normal physiology and in
heart failure.'”*!”” However, given that the agent used to block the NPR-C in those studies was also a
peptide (C-ANP,_,3), there has been less emphasis on NPR-C blockade as a viable therapeutic option.
Conversely, publications examining neutral endopeptidase inhibition (NEP-I) have flourished.
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NEP-I

NEP-I was studied by multiple labs using a variety of different agents with the following just exam-
ples of results obtained from studies performed in normal sheep,'’' normal humans,'>! in heart-failed
sheep,'’>!7* and in clinical heart failure.'”* Results of these and other comparable studies showed that
NEP-I consistently raised circulating levels of both ANP and BNP as well as the circulating levels of
cyclic GMP. They also induced the expected array of hemodynamic, renal, and endocrine actions that
reflect increased levels and activity of the natriuretic peptides. However, natriuretic peptides are not the
only potential substrates for neutral endopeptidase. Ang II is also a physiologically relevant substrate
for neutral endopeptidase. Low-dose stepped infusions of the Ang II administered to human volunteers
on the background of 5 days dosing with the NEP-I candoxatril increased plasma Ang II levels and
the pressor response with a reduction in the clearance of infused Ang II compared to placebo.'” These
results, along with other related studies,'’® suggested that there was likely to be a need to combine
NEP-I with antagonism of Ang II. In preclinical studies, combined treatment with angiotensin convert-
ing enzyme inhibitors (ACE-I) and NEP-I was shown to have greater beneficial effects than treatment
with either agent alone.'””

COMBINED ACE AND NEP INHIBITORS

Given the early promise of preclinical studies with NEP-I, attention turned to the development of
combined inhibitor agents that targeted both NEP-I and ACE-I in the same molecule. Subsequently,
triple inhibitors, which in addition to targeting endothelin-converting enzymes, were also developed. A
number of dual ACE-I/NEP-I agents, particularly the prototype Omapatrilat, showed early promise in
both animal models'’® and in small cohort human heart failure studies,'”’ with plasma levels of natriu-
retic peptides increased in association with reduction in capillary wedge and systolic arterial pressures
and improvements in left ventricular and renal function. However, when Omapatrilat was taken to a
large clinical trial (OVERTURE), the primary endpoint of all-cause mortality or heart failure related
hospitalization did not differ significantly from ACE-I alone; however, posthoc analysis of the primary
end point with the definition used in the SOLVD Treatment Trial (which included all hospitalization for
heart failure) showed an 11% lower risk in patients treated with Omapatrilat.'*” Omapatrilat was also
associated with significant adverse angioedema.'®" This trial in heart failure, along with the OCTAVE
trial in hypertension,'®! which also showed increased risk of angioedema, essentially halted ongoing
investigation of Omapatrilat and cast a shadow over NEP-I as a therapeutic mode, especially since NPs
are not the only vasoactive peptides that are substrates for NEP.!7>170

COMBINED ARB AND NEP INHIBITORS—NEW FRONTIER IN
HEART FAILURE THERAPY

Despite the Omapatrilat experience, the NEP-I therapeutic story did not end. During the last decade
Novartis has developed a new class of combined inhibitors based on the angiotensin type 1 recep-
tor blocker valsartan and an NEP-I sacubitril, which they dubbed an Angiotensin Receptor blocker
Neprilysin Inhibitor or ARN-I. Until recently their ARN-I was only known as LCZ696. The definitive
trial of LCZ696 was the PARADIGM-HF trial with 8442 stable heart failure patients randomized
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to receive LCZ696 or enalapril in addition to recommended therapy.'®* The trial was stopped early
because of an overwhelming benefit with LCZ696 compared with enalapril. The endpoints, including
all-cause and cardiovascular deaths, all-cause or heart failure hospitalization and the combined primary
endpoints, all showed approximately 20% reduction with LCZ696. Results from this trial first reported
at major meetings in 2014 and published in September 2014 spurred fast-track approval through the
US Food and Drug Administration (FDA). In July 2015, the FDA approved LCZ696, now known as
Entresto, for the treatment of heart failure. This new class of drugs (ARNi) are the first new class of
drugs to be approved for treatment of the general population of chronic heart failure patients in over 15
years and thus represent a “new frontier” in heart failure therapeutics.

NATRIURETIC PEPTIDES AS BIOMARKERS IN HEART FAILURE

Ideally, biomarkers reflect the pathophysiology of the condition of interest and aid clinical practice
through improvements in one or more of (1) diagnosis, (2) prognosis, (3) monitoring disease progres-
sion, (4) indicating response to treatment, and (5) guiding titration of therapy.'®? The application of
measurements of plasma natriuretic peptides, especially BNP and NT-proBNP, in the diagnosis
of ADHF is now endorsed by all major international guidelines for the diagnosis and management of
HE.*>1% BNP and NT-proBNP are also approved as strong independent prognostic indicators in HF
and are recommended as guides to titration of therapy.'”’ This section of the chapter will summarize
key evidence underpinning the biomarker status of NPs in HF.

NATRIURETIC PEPTIDES IN DIAGNOSIS OF ACUTE DECOMPENSATED
HEART FAILURE

With the discovery of ANP and development of reliable immunoassays, it was soon clear that circulat-
ing concentrations of ANP were strongly related to the presence and severity of abnormalities of cardiac
structure and function consistent with the primary role of myocardial stretch and transmural distending
pressures in determining the rate of natriuretic peptide synthesis and release.'®*!'®> Proof of principle
for plasma BNP as a diagnostic aid for discriminating ADHF from other causes of acute dyspnea was
first provided in 1994 using a locally developed and validated radioimmunoassay for BNP. In a group
of approximately 50 patients presenting to the emergency department with the primary complaint of
recent onset breathlessness, BNP proved to have both sensitivity and negative predictive power more
than 90% for ADHF.”” Three years later Cowie et al. demonstrated similar diagnostic performance
applying BNP testing in a urgent referral outpatient setting.'®® Full momentum towards adoption of
BNP as a diagnostic aid for identifying ADHF among acutely symptomatic emergency department
attendees came with the publication of the “Breathing Not Properly” trial conducted in seven centers
in the US and western Europe, which confirmed the performance foreshadowed by the earlier New
Zealand and UK studies.'®” This study recruited 1586 breathless patients (47% with ADHF) and used
a commercial point of care “triage” BNP assay from Biosite (San Diego, California). A threshold
value for BNP of 100 pg/mL was 90% sensitive, 76% specific, had a negative predictive value (NPV)
of 96% and an overall accuracy of 83% in discriminating ADHF from other causes of breathlessness.
“Breathing Not Properly” also demonstrated the ability of BNP results to reduce uncertainty (measured
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on a scale from 1 to 100) among emergency department physicians with respect to the diagnosis of
ADHF such that BNP results reduced the rates of clinically relevant uncertainty from 47% to 11%.

NT-proBNP was discovered in 1996 with proof of its presence in the human circulation and evi-
dence of its strong association with the severity of deranged cardiac structure and function.'8%!%” The
diagnostic performance of this second B type natriuretic peptide in the Emergency Department was
assessed first by Lainchbury et al. using an in-house radioimmunoassay and later by Januzzi et al. using
a two-site commercially developed chemiluminescent immunoassay from Roche Diagnostics.”®!?° The
study by Lainchbury et al. provided head-to-head comparisons of the diagnostic performance of BNP,
NT-proBNP, ANP, and NT-proANP. The B type peptides performed as well as one another, comparable
to earlier reports on BNP alone, and slightly better than the A type peptides.”® While the data from the
“PRIDE” study corroborated these findings with respect to the area under the receiver operating curve
(area under the curve (AUC)~0.90 in both studies) for discriminating the ADHF from primary lung
disease, interestingly the two studies suggested quite disparate ROC-derived optimal diagnostic thresh-
old values.”®'”" It became apparent this reflected the strong effect of age on optimal cut-point with
participants in the earlier study being older than patients in the later study. This issue was resolved by
the ICON consortium which pooled data from some 1356 patients, across a wide age range, recruited
in Christchurch (New Zealand), Boston (USA), Maastricht (Netherlands), and Barcelona (Spain).'”"
ICON established a clinically useful common “rule-out” value (300 pg/mL) and age-adjusted “rule-in”
thresholds (450 pg/mL for <50 years; >900 pg/mL for 50-75 years and >1800 pg/mL for >75 years).
These cut points had excellent sensitivity and NPV and good specificity with an overall accuracy of
85% confirming similar performance to BNP as reported in the earlier reports summarized above. '’
The more recent “BACH” study conducted in 15 centers around the globe assessed test performance
of BNP, NT-proBNP and mid region amino terminal proANP (MR-proANP).'”> BACH confirmed the
comparability of BNP and NT-proBNP and added MR-proANP as having similar diagnostic power.
Use of more than one of the three adds some additional diagnostic strength if the initial natriuretic pep-
tide assessed gives an equivocal reading. Table 1.2 gives diagnostic test performance characteristics for
BNP and NT-proBNP cut points, derived from major studies, for the detection of ADHF.

Overall diagnostic performance using the established thresholds in acutely symptomatic patients
is quite reliable. Some defined patient subgroups may require additional interpretation. Elevation of B
type natriuretic peptides is not specific for ADHF. Table 1.3 presents the differential diagnosis (pulmo-
nary embolism, AF, etc.), which should be considered when elevated test results are obtained. Common
confounders of B type natriuretic peptide test performance include age, the presence of reduced or pre-
served ejection fraction, kidney function, obesity, and AF. As for many clinical diagnostic challenges
BNP/NT-proBNP levels should not to be used in isolation to determine diagnosis alone but rather as
part of an integrated synthesis of history, examination, and corroboration by other tests.

Consideration of other confounding influences upon plasma natriuretic peptide concentrations is
necessary for appropriate interpretation of plasma B—type natriuretic peptide results. First, as the [CON
study confirmed, age is an independent determinant of natriuretic peptide levels. This does not invalidate
the rule-out values of 100 pg/mL for BP and 300 pg/mL for NT-proBNP but, for values over the rule-out
threshold consideration of age-adjusted limits does enhance accuracy. In younger patients (50 years of
age or younger) with new onset breathlessness, an NT-proBNP level over 450 pg/mL is an almost perfect
test for ADHF (AUC 0.99). Of course most HF patients are older and the AUC falls to 0.93 at 50-75
years (optimal test level 900 pg/mL) and to 0.86 for those over 75 years of age (1800pg/mL) (Fig. 1.4).
Age adjusted values are well validated for NT-proBNP but have not been established for BNP.!""



Table 1.2 Plasma B-Type Natriuretic Peptides: Diagnostic Performance in the Emergency Department

Category Positive Negative
of Heart Median Cut Point Sensitivity Specificity Predictive Predictive
Failure Marker (pg/mL) (pg/mL) (%) (%) Value (%) Value (%) References
All HF
BNP 675 100 90 73 75 90 187
N-BNP 4,639 300 99 60 79 89 192
HFREF
BNP 821 100 NR NR NR NR 187
N-BNP 6,356 300 90 89 85 93 192
HFPEF
BNP 413 100 86 NR NR 96 187
N-BNP 3,070 300 84 89 79 86 192
Non-HF
BNP 34
N-BNP 108

The tabled values refer to the performance of the tabled cut points (BNP 100 pg/mL and NT-proBNP 300pg/mL) in discriminating between (1) undifferentiated HF and
non HF cases; (2) HFREF and non HF and (3) between HFPEF and non HF. Data are derived from the “Breathing Not Properly” and “ICON” (Refs. 187 and 192) study

data sets. NR = not reported. N-BNP = NT-proBNP.




Table 1.3 Causes of Increased Plasma Cardiac
Natriuretic Peptides

Cardiac

¢ Heart failure, acute, and chronic
* Acute coronary syndromes

* Atrial fibrillation

* Valvular heart disease

» Cardiomyopathies

e Myocarditis

* Cardioversion

 Left ventricular hypertrophy

Noncardiac

° Age

* Renal impairment

* Pulmonary embolism

¢ Pneumonia (severe)

* Obstructive sleep apoea

* Critical illness

* Bacterial sepsis

* Severe burns

» Cancer chemotherapy
 Toxic and metabolic insults

)»»»»)»;;I\I\lﬁi\lm I‘“II|||||||||||||||IIIIIIIIII

Sensitivity (true positives)

0.2 /' —o— Age <50 years, AUC=0.99, p<0.00001
; / —O— Age 50-75 years, AUC=0.93, p<0.00001
018 / —O— Age >75 years, AUC =0.86, p<0.00001
i No discrimination
0

0 0.2 0.4 0.6 0.8 1
1-Specificity (false positives)

FIGURE 1.4

ROC curves for NT-proBNP-based diagnosis of acute HF across three age groups.
Reproduced with permission from Januzzi JL, van Kimmenade R, Lainchbury J, et al. NT-proBNP
testing for diagnosis and short-term prognosis in acute destabilized heart failure: an international pooled
analysis of 1256 patients The International Collaborative of NT-proBNP Study. Eur Heart J 2006;27:330-7.
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FIGURE 1.5

ROC curves for performance of NT-proBNP, BNP, and MR-proANP in the diagnosis of HF in the absence
(left) and presence (right) of AF. Without AF areas under the curve (AUC) were 0.899, 0.912, and 0.893 for
MR-proANP, BNP, and NTproBNP, respectively. In AF corresponding AUCs were 0.702, 0.754, and 0.724,
respectively.
Reproduced with permission from Richards AM, Di Somma S, Mueller C, Nowak R, Peacock F, Ponikowski P, Mockel M,
Hogan C, Wu AHB, Clopton F, Filippatos GS, Anand I, Ng I, Daniels LB, Neath S-N, Shah K, Christenson R, Hartmann O,
Anker SD, Maisel A. Atrial fibrillation impairs the diagnostic performance of cardiac natriuretic peptides in dyspneic
patients: results from the biomarkers in acute heart failure (BACH) study. J Am Coll Cardiol Heart Fail 2013;1:192-9.

Second, left ventricular phenotype (preserved (PEF) or reduced (REF) left ventricular ejection frac-
tion) influences plasma B type natriuretic peptide with levels in PEF approximately half those in REF
(Table 1.2) in both acute and chronic HF.'”*~'%° This reflects the Laplace’s law through which ventricu-
lar lumenal radius, wall thickness, and intra-ventricular pressures determine individual cardiomyocyte
stretch, the primary driver of natriuretic peptide synthesis and release. The “signal to noise” ratio in
BNP/NT-proBNP/MR-proANP testing is so high in ADHF, characterized by extreme elevations in
natriuretic peptide, their performance is only marginally reduced in PEF (Table 1.2). However, natriu-
retic peptide values often fall into the subdiagnostic range for those in incipient or treated HR and
particularly so in HFPEF."”%'7 This emphasizes the need to apply the recommended cut-point values
for acute HF in the appropriate setting; that is in patients with new onset of distressing breathlessness
in whom acute HF is plausible.

AF, present in 25-40% of populations with ADHF, elevates plasma natriuretic peptide irrespec-
tive of concurrent HE.'”*!? A report from the BACH trial indicates the discriminative power of BNP/
NT-proBNP for ADHF in newly dyspneic patients is clearly reduced by AF with AUCs falling from
about 0.9 for those in sinus rhythm to ~0.7 in AF (Fig. 1.5).>"" As natriuretic peptide levels are raised
overall by AF, sensitivity is preserved but specificity and accuracy are clearly reduced and cannot be
improved by altering the cut point value despite the suggestion form some to use a higher decision
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level of 200 pg/mL for BNP in AF. Empirically 65-85% of dyspneic patients presenting with AF and
with BNP/NT-proBNP peptide levels above 100 pg/mL and 300 pg/mL, respectively, will have HF and
should therefore be treated as such until proven otherwise.'?-2%

Body mass index is inversely related to plasma natriuretic peptide concentrations in both health and
HF. The underlying mechanisms are not understood.”’'~** However, in contrast to AF or renal impair-
ment, the overall discriminative power of natriuretic peptide for ADHF is preserved in obesity with
AUCs only moving from 0.9 to 0.88 between BMI<25 to >35kg/m?. The effect does reduce the sensi-
tivity of BNP at 100 pg/mL and a substudy analysis from the “Breathing Not Properly” recommended
reducing the BNP cut point to 50 pg/mL for BMI>30kg/m?.?"? Test performance of NT-proBNP is less
affected by obesity.”"?

Finally, renal dysfunction elevates plasma natriuretic peptides. Plasma creatinine and estimated (e)
GFR are inversely related to plasma natriuretic peptide levels.”**2% It has been recommended that the
cut point for BNP should be increased to 200 pg/mL when eGFR falls below 60 mL/min/1.73 m?.2%
No change in cut point is generally applied to NT-proBNP values and the diagnostic performance of
NT-proBNP appears less affected.”’® With kidney disease specificity and accuracy of both BNP and
NT-proBNP are reduced irrespective of chosen decision thresholds.

Combined angiotensin receptor blocker/neprilysin inhibitor therapy (“ARNi”) is a new potential
confounder. NEP inhibitors impede metabolism of the bioactive carboxy (but not amino) terminal
forms of ANP, BNP, and CNP. BNP levels are increased slightly with early dosing.'®*?°” With benefi-
cial effects upon intracardiac filling pressures and possible improved ventricular remodeling conse-
quent to ARNi therapy, synthesis, and release of endogenous NPs will fall. In this situation NT-proBNP
will reflect cardiac function better than BNP and should be the marker of choice for diagnosis of inter-
current ADHF and serial monitoring purposes when ARNI therapy is used (Fig. 1.6). This will become
an increasingly common scenario as ARNis are adopted as standard therapy.

BNP AND NT-PROBNP FOR COMMUNITY SCREENING FOR CARDIAC IMPAIRMENT

In contrast to the universally recommended application of B type NPs in the diagnosis of symptomatic
ADHEF in the ED, the use of NPs in primary care or in community screening is not established. A single
controlled trial conducted by Wright et al. provides good evidence that provision of an NT-proBNP
result together with minimal tuition in its interpretation improves the accuracy of diagnosis of incipient
HF among those less symptomatic patients who present to their family doctors with ankle swelling and/
or progressive dyspnea on effort rather than with acute dyspnea at rest.””® Reports from studies of com-
munity dwelling subjects, such as from the Olmstedt County, indicate NT-proBNP has good sensitivity
(AUC ~0.9) for detection of asymptomatic left ventricular dysfunction.””” An analysis of pooled data
from ~5000 asymptomatic or minimally symptomatic outpatient clinic attendees indicates a sensitivity
of ~90% for left ventricle ejection fraction (LVEF) <40% with thresholds markedly lower than the opti-
mal values established for use in the ED. Optimal age-adjusted values performed as follows: sensitivity,
specificity, and NPVs were: 50 years (50 pg/mL): 99.2, 57.2, and 99.7%; 5075 years (75 pg/mL): 95.9,
51.0, and 96.8%; and >75 years (250pg/mL): 87.9, 53.7, and 92.4%, respectively. Using only a single
decision value (125ng/L for all ages) gave sensitivities of 89.1, 91.9, and 94.3%; specificities of 84.0,
69.1, and 29.3% and NPVs of 97.7, 97.6, and 93.4%.'° Together these results suggest NT-proBNP levels
in the range 50-250 pg/mL can aid screening for incipient HF and/or significant LV dysfunction in the
outpatient and community settings. Although in need of further validation, initial screening of high risk
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FIGURE 1.6

Median values for (A) N-terminal pro-BNP and troponin T at entry and during single-blind run-in and double-
blind periods. Medians are shown in circles, and 25%/75% interquartile ranges are shown in bars, where
patients in the LCZ696 group are shown in white circles and white bars and patients in the enalapril group
are shown in black circles and gray bars. p values designate the significance of difference between the 2



NATRIURETIC PEPTIDES AS BIOMARKERS IN HEART FAILURE 25

groups (defined by age and cardiovascular risk and/or history) by natriuretic peptide testing progressing
to cardiac imaging for those crossing the test thresholds, may offer a cost effective strategy for detection
of clinically actionable asymptomatic LV dysfunction and incipient symptomatic HF in primary care.

B-TYPE NATRIURETIC PEPTIDES FOR PROGNOSIS IN HEART FAILURE

BNP and NT-proBNP are independently prognostic at all stages (A to D) of heart failure. In many
analyses plasma BNP or NT-proBNP is the strongest predictor of outcomes (mortality and recurrent
admission for ADHF) after multivariate analyses incorporating a comprehensive array of accepted clini-
cal, functional, and imaging predictors. This is true for analyses in cohorts with ADHF, in chronic HF
and in community-dwelling subjects with no overt heart failure. Major registry data sets (ADHERE and
Get-with-the-guidelines) confirm admission BNP levels have strong predictive power for inpatient mor-
tality in ADHF.?''I? Bettencourt et al. demonstrated a several fold rise in risk of death or readmission
at 6 months in those discharged from hospital with BNP >750 pg/mL compared with <350 pg/mL.>"?

Short- and long-term follow-up from PRIDE and ICON studies confirm the prognostic power of
admission levels of NT-proBNP.'!?! Trials of experimental therapies in chronic treated HF have pro-
vided the opportunity for biomarker substudies.'’®!°” Although half of the chronic treated HFREF
patients have BNP <100 pg/mL and 20% NT-proBNP<300 pg/mL, and median levels of NT-proBNP in
chronic HFPEF are only ~380 pg/mL (and less than 300 pg/mL in those in normal sinus rhythm rather
than AF) BNP, NT-proBNP in both HF phenotypes remain powerfully and independently prognostic
for both all-cause mortality and for HF readmission. In crude unadjusted analyses the Val-Heft trial
data indicate a median recruitment level plasma NT-proBNP level of ~900 pg/mL corresponded to a
crude annual mortality of ~10%. In HFPEF the I-PRESERVE trial data indicate a median recruitment
NT-proBNP level of ~400 pg/mL corresponded to a crude annual mortality of ~5%.

Importantly, shifts in plasma levels of B type NPs carry prognostic information. This is true in
both acute and chronic settings. Bayes-Genis et al. reported higher postdischarge mortality in ADHF
patients failing to reduce or increasing their NT-proBNP levels from admission to discharge compared
with those in whom NT-proBNP fell by at least 30%.>'> In chronic HF the ValHeFT trial biomarker
substudies demonstrated shifts in BNP between recruitment and 4 months clearly corresponding to
outcomes at 23 months. Those entering the trial with BNP<100 pg/mL with similarly low levels at 4
months incurred 7.9% mortality at 23 months. Those with entry BNP >100 pg/mL which remained high

4 FIGURE 1.6

treatment groups. Troponin T was not measured at the end of the enalapril phase of the run-in period.
(B) Median values for B-type natriuretic peptide and urinary cyclic GMP at entry and during single-blind
run-in and double-blind periods. Medians are shown in circles, and 25%/75% interquartile ranges are shown
in bars, where patients in the LCZ696 group are shown in white circles, and white bars and patients in the
enalapril group are shown in black circles and gray bars. p values designate the significance of the difference
between the two treatment groups. Urinary cyclic GMP was not measured at the end of the enalapril phase
of the run-in period. BNP indicates B-type natriuretic peptide; ENL, end of the enalapril phase of the run-in
period; and LCZ, end of the LCZ696 phase of the run-in period.
Reproduced with permission from Packer M, McMurray JJ, Desai AS, Gong J, et al. The PARADIGM-HF
investigators and coordinators. Angiotensin receptor neprilysin inhibition compared with enalapril on the risk of

clinical progression in surviving patients with heart failure. Circulation 2015;131:54-61.
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incurred 25.4% mortality and those that changed categories reduced (12.8%) or worsened (22.7%) their
risk of mortality in parallel with the shift.”'® Shifts in NT-proBNP in ValHeFT were similarly prognos-
tic.”!” The close and consistent relationship between both baseline levels and changes in plasma B type
natriuretic peptide with prognosis, together with the observed reduction in plasma concentrations of
B type natriuretic peptides in parallel to a beneficial response to multiple anti-HF drug therapy and to
successful device therapy, underpin the hypothesis that titration of therapy directed at lowering plasma
B type natriuretic peptide levels may improve clinical outcomes.>'®

MARKER GUIDED THERAPY IN HEART FAILURE

Controlled trials of marker-guided management of chronic heart failure have been conducted in several
countries since the year 2000 when the original pilot study from Troughton et al. was reported.”'” In
total, more than 2000 patients have participated in trials comparing rates of key clinical outcomes with
and without guidance of treatment titration by serial measurement of either BNP or NT-proBNP.??"-2?
There are major variations between studies. Trial sample sizes have varied markedly with recruitment
varying from under 100 to 500 participants. The average age of participants has varied from about 60
to nearly 80 years. The setting of trials has varied from specialist clinic to primary care. Target peptide
levels along with the treatment algorithm used to respond to above-target BNP/NT-proBNP levels has
also varied between trials. In spite of this heterogeneity, and variable neutral or positive outcomes from
the individual small-to-moderate—sized trials, serial metaanalyses of summary data have consistently
reported an overall benefit from the marker-guided strategy, which has reduced all-cause mortality
and hospital admissions for heart failure.?**>*> This has been confirmed by a recent individual patient
data metaanalysis from Troughton et al.”** The effect of marker guidance on all-cause mortality was
tested by Cox proportional hazards regression model with adjustment for study of origin, age (<75 or
>75 years) and LVEF. Secondary endpoints included readmission for decompensated heart failure. For
the endpoint of all-cause mortality, individual data from 2000 patients were available with 994 rand-
omized to clinically guided care and 1006 to marker-guided care. Mortality was significantly reduced
by guided treatment [hazard ratio = 0.62 (0.45-0.86) p = 0.004] with no heterogeneity between stud-
ies (Fig. 1.7). The survival benefit from guided therapy was observed over 2 years in younger (<75
years) patients [0.62 (0.45-0.85); p = 0.004] but not older (>75 years) patients [0.98 (0.75-1.27); p =
0.96]. Hospital admissions for ADHF [0.80 (0.67-0.94); p = 0.009] or any cardiovascular cause [0.82
(0.67-0.99); p = 0.048] were reduced in the marker-guided group with no heterogeneity between stud-
ies and no interaction with age.?**

The outcome from a larger and hopefully definitive trial, “GUIDE-IT,” is awaited. This trial, imple-
mented by Duke University, is an NHLBI collaboration (NCT01685840) planned to recruit 1100 patients
with a history of clinical HF, a reduced ejection fraction (LVEF <40%) and elevated NT-proBNP to
>2000 pg/mL within the 30 days prior to recruitment. Launched in December 2012, GUIDE-IT is
at 70% recruitment and trial completion is anticipated by December 2017. The challenge faced by
GUIDE-IT is ensuring adherence by multiple participating investigators to the principle of augmenting
therapy if at all possible when peptide targets are not met even if conventional clinical assessment sug-
gests “stability.” The uniformity of response by clinicians to this cue will be all the more uncertain in
the absence of a defined drug escalation algorithm within GUIDE-IT. The uniformity and commitment
of clinical responses to persistent elevation of NT-proBNP will be critical to the trial outcome.
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FIGURE 1.7

Kaplan—Meier survival curves for the primary endpoint, overall mortality: (A) total group, (B) below age 75
years, (C) 75 years and above.
Reproduced with permission from Troughton RW, Frampton CM, Brunner-La Rocca H-F, Pfisterer M, Eurlings LWM,
Erntell H, Persson H, O’Connor CM, Moert! D, Karlstro F, Dahlstrom U, Gaggin HK, Januzzi JL, Berger R,
Richards AM, Pinto YM, Nicholls MG. Effect of B-type natriuretic peptide-guided treatment of chronic heart
failure on total mortality and hospitalization: an individual patient metaanalysis. Eur Heart J 2014,35:1559-67.
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Should GUIDE-IT prove positive, guidelines would likely be amended to strengthen recommenda-
tions for guided treatment in HFREF. However, the role, if any, of markers in management of HFPEF
will remain unclear. The only report currently available is from a substudy of 123 patients with HFPEF
participating in the TIME CHEF trial. In contrast to HFREF patients, no benefit from the guided strategy
was observed in HFPEF cases in whom mortality and ADHF admissions were numerically higher with
guided management. ***

In the interim, current guidelines recommend use of serial marker measurements to facilitate titra-
tion of anti-HF medications to guideline mandated doses while conservatively stating whether or not
such a strategy improves key clinical outcomes is yet to be confirmed.'"’

In summary, as biomarkers, the B type cardiac natriuretic peptides are established as diagnostic
aids for acute heart failure and offer powerful independent prognostic information in all grades of HF.
Use of serial measurements of BNP/NT-proBNP to monitor status and titrate therapy has a consider-
able body of supporting evidence and is cautiously recommended in some authoritative guidelines.'®>
Although not yet common practice, promising epidemiological data support a role for natriuretic pep-
tides in community screening for incipient heart failure or asymptomatic LV dysfunction.
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CHAPTER

ADRENOMEDULLIN

T. Nishikimi'-2, K. Kuwahara', Y. Nakagawa', K. Kangawa® and K. Nakao'
Kyoto University Graduate School of Medicine, Kyoto, Japan *Wakakusa-Tatsuma Rehabilitation Hospital, Osaka,
Japan 3National Cerebral and Cardiovascular Center Research Institute, Suita, Osaka, Japan

INTRODUCTION

Adrenomedullin (AM) was discovered in 1993 by Kitamura et al., who were monitoring cAMP activ-
ity in rat platelets from the acid extract of human pheochromocytoma tissue.! Human AM consists of
52 amino acids and one intramolecular disulfide bond (Fig. 2.1).! In addition to the adrenal gland, AM
mRNA and protein are abundantly expressed in the cardiovascular system, including the ventricles,
atria, lungs, kidneys, and aorta (Fig. 2.2),% all of which secrete AM into veins.>* Adrenomedullin was
initially shown to be a potent vasodilator and subsequent studies revealed that AM has diverse biologi-
cal actions,’ including the regulation other components of the cardiovascular system,® with the heart
being both a source and a target of AM.

In this chapter, we describe the molecular forms, structures, and structure-activity relationships of
AM and its receptors as well as the cardiac actions of AM, its pathophysiological function in cardiac
disease, and its clinical application for the treatment of cardiac disease.

MOLECULAR FORMS, STRUCTURE, AND STRUCTURE-ACTIVITY
RELATIONSHIPS OF ADRENOMEDULLIN

Adrenomedullin is produced enzymatically from a precursor molecule in two steps (Fig. 2.3). First, a
signal peptide (residues 1-21) is removed from preproAM (residues 1-185) to produce proAM residues
(22-185), which is subsequently cleaved by a processing enzyme into three peptides: glycine-extended
AM (AM-Gly), glycine-extended proadrenomedullin N-terminal 20 peptide (also known as “PAMP”,
residues 22—41), and mid-regional AM (residues 45-92). Glycine-extended AM is a 53-amino-acid
inactive intermediate and is converted through enzymatic amidation to active mature AM (AM-m), a
52-amino acid peptide with a C-terminal amide structure (Fig. 2.3).>° Both AM-Gly and AM-m circu-
late in human plasma, with AM-Gly being the major molecular form; together, AM-Gly and AM-m are
referred to as total AM.*’ Recently, mid-regional AM was identified and shown to be secreted along
with total AM at equimolar levels.*” However, mid-regional AM is poorly metabolized resulting in
higher plasma concentrations of mid-regional AM compared to total AM. Notably, several recent stud-
ies showed that plasma levels of mid-regional AM is an important prognostic marker for heart failure,
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Amino acid sequence of AM, AM 2/Intermedin, GGRP, and Amylin

1 10 20 30 40 50

Adrenomedullin YRQSMNNFQGLRSFGCRFGTCTVQKLAHQIYQF TDKDKDNV-APRSKISPQGY -CONH

Adrenomedullin-2/Intermedin TQAQLLRVGCVLGTCQVQNLSHRLWQLMGPAGRQDSAPVDPSSPHSY-CONH

* * % * k * *k k * * * % * % *

CGRP ACDTATCVTHRLAGLLSRSGGVVKNNF-VPTNVGSKA-F-CONH
* * % * % * % * *

Amylin KCNTATCATQRLANFLVHSSNNFGALL-SSTNVGSNT-Y-CONH
* * % * k% *

FIGURE 2.1

Comparison of the human amino acid sequences of adrenomedullin, adrenomedullin2/intermedin, calcitonin
gene-related peptide (CGRP) and amylin.>® Asterisk (*) indicates sequence identity with adrenomedullin.

AM mRNA analysis and tissue AM concentrations

\0(\6
O () \Q \&
RO R
& A @

06’0

O O & & ) .
Organ O e ¢ & W ¢

AM mRNA - - .

fmol/mg wet weight 0.12 1.96 0.23 0.30 0.28 6.50 0.40 4.60 0.35 0.12

FIGURE 2.2

Adrenomedullin mRNA levels and AM concentrations determined using northern Blot analysis and
radioimmunoassays, respectively, from rat tissue.”

myocardial infarction, atrial fibrillation, along with brain natriuretic peptide and the N-terminal frag-
ment of brain natriuretic peptide (for further reading on natriuretic peptides, see chapter: Cardiac
Natriuretic Peptides).'*!?

The carboxy-terminal amino acid of AM is an amidated tyrosine (Fig. 2.1). The amidation of the
peptide not only strengthens the resistance of AM to carboxypeptidase degradation, the amidation
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Adrenomedullin (AM), PAMP, and mid-regional AM
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Schematic diagram of the biosynthesis of adrenomedullin (AM).'* Adrenomedullin and proadrenomedullin
N-terminal 20 peptide (PAMP) are cleaved from the same AM precursor (prepro AM). Prepro AM (185
amino acids) is first converted to proAM after the signal peptide is removed. ProAM is then converted to
immature glycine-extended AM (AM-Gly), glycine-extended PAMP, and mid-regional AM. Finally, AM-glycine
and glycine-extended PAMP are converted to active mature AM (AM-m) and PAMP with a C-terminal amide
through enzymatic amidation.®1* AM-T = (AM-m) + (AM-Gly).

also confers biological activity to the peptide.'” The sequence similarity of AM with human calcitonin
gene-related peptide (CGRP) and amylin is not high (30%); however, this group of peptides share a
carboxy-terminal amide structure and a six-residue ring structure formed by an intramolecular disulfide
linkage (Fig. 2.1). Because of these structural similarities and similar pharmacological actions, AM
is classified as a member of the calcitonin/CGRP family. In 2002, a new member of the AM family,
adrenomedullin 2 (AM2)/intermedin, was identified separately by two groups (Fig. 2.1).'%!7 Although
the sequence similarity between AM2/intermedin and AM is low (30%), the pharmacological activities
of AM and AM?2 are similar.

In an early study, the structure-related activities of AM were investigated using various synthetic
human AM analogues. The N-terminal-truncated derivative AM-(13-52)-NH,, which retains a cyclic
structure and amidated C-terminus, exhibited a Ki and cAMP-generating activity comparable to that
of intact AM-(1-52)-NH,. By contrast, the N-terminal fragment AM-(1-10)-OH had no effect on



44 CHAPTER 2 ADRENOMEDULLIN

cAMP-generating activity or receptor-binding activity, suggesting the N-terminal residues (1-12) of
the AM molecule are not essential for interaction with the AM receptor.'8 In addition, removal
of the C-terminal Tyr52 residue (AM-(1-51)-OH) markedly decreased the peptide’s receptor bind-
ing and the cAMP response. Amidation of the C-terminal Gly51 residue (AM-(1-51)-NH,) partially
restored the receptor-binding activity and cAMP response, indicating that C-terminal amidation but
not the amidated Tyr52 residue per se, is essential. Cleavage of the disulfide bond between the Cys16
and Cys21 residues (Cys(CAM)16,21 AM-NH,) through carbamoylmethylation resulted in very weak
receptor-binding activity and complete loss of the cAMP response.'® Thus both C-terminal residue
amidation and the six-residue ring structure are required for receptor binding and the cAMP response.

THE ADRENOMEDULLIN RECEPTOR

Prior to the cloning and identification of the AM receptor, binding studies identified the presence of
specific AM receptors in the lung and heart as well as CGRP receptors with relatively high affinity for
AM." These findings suggest that AM exerts its biological effects through specific AM and/or CGRP
receptors. Given the wide variety of cells and tissues with both specific CGRP and AM binding activi-
ties, it was difficult to distinguish between these two and to identify a distinct AM receptor.?’

One component of the AM receptor complex, calcitonin receptor-like receptor (CLR), was
cloned from rat hypothalamus based on homology among type B family G protein coupled receptors
(GPCRs).”! In transfection studies using several mammalian cell lines, CLR had no affinity to any
known member of the calcitonin supergene family,”” making the CLR an orphan GPCR. However,
Aiyar et al. showed that when stably transfected into a cell line derived from human embryonic kid-
ney cells (HEK-293), human CLR exhibits the pharmacology of the CGRP1 receptor,”® suggesting
HEK cells express an endogenous factor essential for the functional expression of CLR. Eventually
McLatchie et al.>* identified a cDNA encoding 148 amino-acid residues with a single transmembrane
domain, which they named receptor activity modified protein 1 (RAMP1). They further showed that
cotransfection of CLR and RAMP1 into COS-7 cells produced a functional CGRP1 receptor, whereas
transfection of either gene alone failed to produced a functional receptor.”* Two additional members
of the RAMP family were subsequently identified through database searches and named RAMP2 and
RAMP3.?* Although the sequence similarity among the three RAMP isoforms is less than 30% within
the same species, all three isoforms share conserved cysteine residues in their extracellular domain
and flanking the transmembrane domain.”* Cotransfection of CLR and RAMP2 or RAMP3 produce a
functional AM receptor with high affinity for AM, but not CGRP.

Later studies confirmed that the RAMP1/CLR complex forms the CGRP receptor (Fig. 2.4, left),
which is potently activated by CGRP. Adrenomedullin can also bind to this receptor, but with near
10-fold lower affinity than CGRP. The RAMP2/CLR complex forms an AM receptor (Fig. 2.4, mid-
dle), while the RAMP3/CLR complex forms an AM?2 receptor (Fig. 2.4, right). Both the AM and AM2
receptors are potently activated by AM, whereas CGRP binds to the AM2 receptor with about 50-fold
lower affinity than AM and has even less affinity for the AM receptor.”” It is therefore now recognized
that the complex of CLR with RAMP1, RAMP2, or RAMP3 produces the CGRP1, AM, or AM2 recep-
tor, respectively (Fig. 2.4).%° Disruption of genes encoding AM or RAMP2 is embryonically lethal in
mice due to vascular defects.’”?® On the other hand, mice with a targeted deletion of the RAMP3 gene
showed no obvious vasculature changes and appear normal until old age, at which point the RAMP3
knockout mice had lower body weights than wild-type mice.”’
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FIGURE 2.4

Adrenomedullin receptor and downstream signaling cascades. Calcitonin receptor-like receptor (CLR) and
receptor activity modifying proteins (RAMPs) determine ligand selectivity for AM and calcitonin gene-related
peptides (CGRP). Extracellular RAMP domains are key determinants of ligand specificity.!4?®

CARDIAC ACTIONS OF ADRENOMEDULLIN
EFFECT OF ADRENOMEDULLIN ON CARDIAC CONTRACTILITY

In addition to its hypotensive action, AM exerts an array of cardiac effects.”® Intravenous adminis-
tration of AM to animals significantly increases cardiac output,’” though it is difficult to determine
whether this is a direct action or is secondary to a reduction in afterload. The first report of a direct
cardiac action of AM was from Perret et al.,>! who used a perfused rat heart model to show that AM
exerts a direct negative inotropic effect. Another study showed that AM dose-dependently reduces both
contractility and cytoplasmic Ca?* levels in isolated rabbit cardiac myocytes via the nitric oxide/cGMP
pathway.*” Furthermore, in the presence of cytokine stimulation AM augments nitric oxide synthesis
in the heart through a cAMP-dependent pathway.** Together, these results suggest that AM acts in the
heart via a nitric oxide/cGMP pathway to suppress myocardial contractility by decreasing the avail-
ability of cytoplasmic Ca’*
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By contrast, other studies demonstrated the direct inotropic effects of AM in vivo and in vitro.**%

Parkes and May** examined whether AM-induced increases in cardiac output and contractility were
direct or mediated by autonomic reflexes. They examined the cardiovascular actions of AM in con-
scious, chronically instrumented sheep with either sympathetic, parasympathetic or autonomic ganglion
blockade, to determine the role of the autonomic nervous system in mediating cardiovascular changes
(for further reading on the autonomic nervous system, see chapter: Neuronal Hormones and the
Sympathetic/Parasympathetic Regulation of the Heart). The vasodilator effects of AM on the periphery
and its ability to increase cardiac output and cardiac contractility were not mediated by the autonomic
nervous system but were the result of direct actions of AM on the heart and vasculature.** Szokodi et al.*
reported AM-enhanced cardiac contractility via cAMP-independent mechanisms, including Ca* release
from intracellular ryanodine- and thapsigargin-sensitive Ca’>" stores, activation of protein kinase C,
and Ca’* influx through L-type Ca’* channels, suggesting AM is an endogenous inotropic peptide
in the heart. Thereafter, the same group investigated if AM modulates blood pressure and changes
in systolic and diastolic function induced by long-term administration of angiotensin II (see chapter:
Renin Angiotensin Aldosterone System and Heart Function) or norepinephrine (see chapter Adrenergic
Receptors) to rats.’® They found that AM selectively inhibited the increase in blood pressure while
enhancing the improvement of systolic function induced by angiotensin II. These results suggest that
circulating AM primarily acts as a regulator of vascular tone and cardiac function.*® Consistent with that
idea, intravenous administration of AM enhanced left ventricular myocardial contraction and improved
left ventricular relaxation without increasing myocardial oxygen consumption in patients with old myo-
cardial infarctions and left ventricular dysfunction.?’ The discrepancies among the studies summarized
above is not apparent, though they may reflect differences in the species, experimental conditions, dis-
ease models and/or age of the animals. Overall, results of in vivo animal studies are consistent with the
hypothesis that AM is an endogenous inotropic peptide. This inotropic action is especially noteworthy
in humans, as it may lead to the clinical application of AM in the treatment of acute heart failure.'*

EFFECT OF ADRENOMEDULLIN ON CARDIAC STRUCTURE

It is now evident that AM affects cardiac structure. An early study demonstrated that AM dose-depend-
ently increased intracellular cAMP levels in both cardiomyocytes and cardiofibroblasts.*” In addition,
AM significantly reduced angiotensin II- and fetal bovine serum—stimulated '*C-phenylalanine incor-
poration (e.g., increased protein synthesis) into cardiomyocytes, an effect that was abolished by the AM
receptor antagonist CGRP(8-37).* Adrenomedullin also significantly and dose-dependently reduced
angiotensin II- and endothelin-1-stimulated *H-thymidine and *H-phenylalanine incorporation by
cardiofibroblasts; these effects were likewise attenuated by CGRP(8-37).*! Furthermore, AM dose-
dependently suppressed DNA synthesis and collagen production in cardiofibroblasts either under basal
or angiotensin II-stimulated conditions.*” DNA and collagen synthesis by cardiofibroblasts were also
suppressed by 8-bromo cAMP or the adenylate cyclase agonist forskolin and by inhibition of cAMP-
specific phosphodiesterase.*> Conversely, an AM-antisense oligo increased *H-proline incorporation
and levels of collagen I and III mRNA in interleukin-1p-treated cardiofibroblasts.*’ Taken together,
these results indicate that AM is an important modulator of cardiofibroblast growth that acts in an auto-
crine or paracrine manner, in part via cAMP signaling.

The effects of AM on cardiac hypertrophy have been studied in vivo using a rat model of pres-
sure overload induced left ventricular hypertrophy (LVH) and heart failure using abdominal aortic
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banding.** Administration of either AM or hydralazine at the time of banding over 7 days reduced
blood pressure by 10% compared to untreated rats, but only AM-treated rats showed a reduction of the
left ventricular weight/body weight ratio. Left ventricular AM concentrations were 22% higher in
the AM infusion group than in the untreated group, and plasma AM levels were about fivefold higher
in the AM infused group. These results suggest cardiac AM exerts antifibrotic, antihypertrophic, and
positive inotropic effects in the hypertrophied or failing heart.

PATHOPHYSIOLOGICAL FUNCTION OF ADRENOMEDULLIN IN
CARDIAC DISEASE

CARDIAC HYPERTROPHY AND HEART FAILURE

Several clinical studies report that plasma AM levels increase in heart failure proportionally with dis-
ease severity*> ™’ and that AM immunoreactivity increased in the failing heart.*® Additionally, left ven-
tricular AM immunoreactivity and gene expression were found to be higher in rats with heart failure
compared to control rats.** Adrenomedullin immunoreactivity also increased in trans aortic banding—
induced cardiac hypertrophy, with a strong positive correlation between levels of AM immunoreactiv-
ity and left ventricular mass.*” Thus, cardiac AM levels are upregulated in hypertrophied and failing
hearts and associated with an increase in ventricular weight and/or fetal cardiac gene expression. In
human heart failure, plasma AM levels in the coronary sinus were higher than those in the aorta, sug-
gesting cardiac AM production and secretion are increased in the failing heart.*’

In another study, left ventricular gene expression of AM, CLR, RAMP2, and RAMP3 were increased
in hypertrophied and failing hearts compared to control hearts,’” as were cardiac levels of AM-m and
AM-Gly. Moreover, the AM-m/AM-total ratio (AM-total = AM-m+ AM-Gly) was higher in the ven-
tricles compared to plasma, and correlated with the left ventricular weight/body weight ratio.”” These
results suggest that the activity of the AM amidating enzyme as well as the AM ligand-receptor system
are upregulated in hypertrophied and failing hearts (Fig. 2.5).

Whether the increased plasma and tissue levels of AM seen in hypertrophied and failing hearts have
cardioprotective effects was tested using adenovirus-mediated AM gene delivery and chronic adminis-
tration of AM.'*> Somatic gene delivery to severely hypertensive rats using an adenovirus expressing
the cDNA for human AM under the control of the cytomegalovirus promoter/enhancer reduced left
ventricular weight and cardiomyocyte diameter as well as decreased interstitial fibrosis and extracel-
lular matrix formation, and a decrease in blood pressure.’’ These findings suggest that elevating AM
protects against hypertension-induced cardiac remodeling.

To investigate the role of endogenous AM in the transition from LVH to heart failure, the effects
of long-term AM infusion were studied in a rat model of heart failure.’” Long-term human AM infu-
sion decreased left ventricular end-diastolic pressure, right ventricular systolic pressure, right atrial
pressure, and the left ventricular weight/body weight ratio without altering mean arterial pressure
(MAP). Notably, infusion of human AM reduced endogenous plasma AM levels as well as plasma
levels of renin, aldosterone, and atrial natriuretic peptide and prolonged survival.’> A protective effect
of endogenous AM against stress-induced cardiac hypertrophy was also demonstrated using heterozy-
gous AM-null (+/—) mice.’* Trans aortic banding led to increased heart weight/body weight ratios,
left ventricular wall thickness, and perivascular fibrosis as well as the upregulation of genes encoding
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Cardiac and circulating adrenomedullin system
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A working hypothesis for the function of the myocardial and circulating AM system during transition from
hypertension to left ventricular hypertrophy (LVH) to heart failure.>°° AM-total (AM-T) = AM-mature (AM-m) +
glycine-extended AM (AM-Gly).

angiotensinogen, angiotensin converting enzyme, transforming growth factor-f, collagen type I, brain
natriuretic peptide, and c-fos. Across all the parameters measured, the effects were more pronounced
in AM(+/—) than wild-type mice.”® The cardioprotective effects of AM were also observed in mice
overexpressing renin, a mouse model with high blood pressure, proteinuria, and cardiac hypertrophy
with high levels of prorenin and active renin (see chapter: Renin Angiotensin Aldosterone System and
Heart Function).>* Interestingly, male, but not female, AM(+/—) mice with the renin transgene devel-
oped greater cardiac hypertrophy and renal damage than gender matched wild-type mice.’* Shimosawa
et al.” also showed that angiotensin II administration on a high-salt diet for 12 days caused marked
perivascular fibrosis and intimal hyperplasia in coronary arteries in AM(4/—) mice with increased uri-
nary excretion of 8-hydroxydeoxyguanosine and isoprostane, markers of oxidative stress. These results
suggest that AM possesses a protective action against cardiovascular damage, possibly through the
inhibition of oxidative stress production.’

Up-regulated cardiac expression of AM and its receptor appear to be an adaptive and protective
response in stress-induced conditions such as cardiac hypertrophy and heart failure. This hypothesis
is strongly supported by the results of recent studies using AM gene delivery, long-term AM infusion,
and AM knockout mice, as described. The beneficial effects of increased AM may be associated with
inhibition of the renin-angiotensin-aldosterone system (see chapter: Renin Angiotensin Aldosterone
System and Heart Function) and oxidative stress, among other factors.’' >

Adrenomedullin and RAMP?2 are highly expressed in the heart from the embryo stage through adult-
hood, and the genetic knockout of AM caused extreme hydrops fetalis and cardiovascular abnormalities,
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including overdeveloped ventricular trabeculae and underdeveloped arterial walls.?’ In addition, mice
with increased AM due to a genetic modification that stabilized AM mRNA showed enlarged hearts
resulting from cardiac hyperplasia during development.’® One recent study also showed that inducible
cardiac myocyte-specific RAMP2(—/—) mice exhibited cardiomyopathy-like heart failure with cardiac
dilatation and myofibril disruption.”” These studies using genetic approaches also demonstrated that
AM is a powerful regulator of cardiac growth during embryogenesis, AM expression is enhanced by
myocardial injury, and that AM plays a key role in the regulation of cardiac function and in the patho-
physiology of heart failure.?’->%>7

ACUTE MYOCARDIAL INFARCTION

A clinical study reported that plasma AM levels increased in patients during the early phase of acute
myocardial infarction®® In a rat model of acute myocardial infarction, expression of both AM mRNA
and the peptide markedly increased in infarcted and noninfarcted regions of left ventricles.” Treatment
with an angiotensin converting enzyme inhibitor suppressed the overproduction of AM in association
with improved hemodynamics.

As described above, AM acts as an autocrine and/or paracrine factor to exert protective effects sup-
pressing cardiac remodeling and preserving function. Consistent with that idea, Nakamura et al.®” dem-
onstrated that continuous administration of AM had beneficial effects on hemodynamics in a rat model
of acute myocardial infarction. They also showed that AM infusion improved survival and ameliorated
progression of left ventricular remodeling and heart failure with a reduction of urinary isoprostane and
left ventricular mRNA levels of angiotensin converting enzyme and p22-phox, an essential component
of NADPH-oxidase.’” These results suggest that the beneficial effects of administering AM during
acute myocardial infarction is due to the ability of AM to reduce left ventricular remodeling, in part by
inhibiting oxidative stress and angiotensin converting enzyme expression, leading to the improvement
of heart failure and reduced mortality.

To investigate whether cardiac synthesis of the mature forms of AM is accelerated in patients with
acute myocardial infarction, Yasu et al.®' used specific immunoradiometric assays to measure AM-m
and AM-Gly in the aorta and coronary sinus. They found that plasma AM-m and AM-Gly levels in
the aorta and coronary sinus were higher in patients with acute myocardial infarction than in normal
controls. In addition, the coronary sinus-aortic step-up of AM-m, which is an index of myocardial
AM-m production, was greater in patients with acute myocardial infarction than in the controls. On
the other hand, there was no difference in coronary sinus-aortic step-up of AM-Gly. Patients with left
ventricular dysfunction had a higher coronary sinus-aortic AM-m step-up than those without left ven-
tricular dysfunction, and AM-m levels in the aorta and coronary sinus correlated negatively with the
left ventricular ejection fraction. These results suggest that myocardial synthesis of AM-m is enhanced
in patients with acute myocardial infarction, especially in patients with critical left ventricular dysfunc-
tion.®! Thus, increased myocardial synthesis of active AM may protect against cardiac dysfunction,
myocardial remodeling, or both after the onset of acute myocardial infarction in humans.

ISCHEMIA/REPERFUSION

In a rat coronary ligation ischemia/reperfusion model, AM infusion attenuated myocardial ischemia/
reperfusion injury,®” at least in part by reducing infarct size, left ventricular end-diastolic pressure, and
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myocardial apoptotic cell death. These beneficial effects were nearly completely abolished by pretreat-
ment with the phosphatidylinositol 3-kinase inhibitor wortmannin, suggesting the cardioprotective
effects of AM are mediated via a phosphatidylinositol 3-kinase/Akt-dependent pathway. Consistent with
that idea, local AM gene transfer to the heart increased phosphorylation of Akt and glycogen synthase
kinase-3p but reduced the cardiac activities of glycogen synthase kinase-33 and caspase-3. The effects of
AM on glycogen synthase kinase-3f and caspase-3 activities were blocked by CGRP (residues 8-37) or
by an adenovirus expressing a dominant-negative Akt.% Thus, AM may protect against ischemia/reperfu-
sion-induced cardiomyocyte apoptosis via an Akt-glycogen synthase kinase-caspase signaling pathway.

The cardioprotective effect of AM against ischemia/reperfusion-induced apoptosis was confirmed
using AM(+/—) mice.** Following 30 minutes of regional myocardial ischemia, infarct size was greater
in AM(+/—-) mice than in wild-type controls. Treatment with exogenous recombinant AM prior to
coronary occlusion rescued the ischemia/reperfusion intolerant phenotype in AM(+/—) mice and was
associated with augmented phosphorylation of Akt and endothelial nitric oxide synthase. Similarly,
Nishida et al.®® showed that treatment with AM for 10 minutes before ischemia reduced infarct size
after ischemia/reperfusion. This infarct size—limiting effect of AM was abolished by a mitochondrial
Ca*-activated K* channel blocker or by a PKA inhibitor. By contrast, AM treatment for the first 10
minutes of reperfusion reduced infarct size, and this cardioprotective effect was unchanged by the mito-
chondrial Ca**—activated K* channel blocker, but was abolished by a phosphatidylinositol 3-kinase
inhibitor.®> Thus, the cardioprotective effects of AM administered pre- and postischemia appear to be
mediated by different signaling pathways.

In addition, AM reportedly induces angiogenesis and inhibits apoptosis. Three days of AM infu-
sion plus transplantation of bone marrow—derived mononuclear cells reduced infarct size and improved
cardiac function in a rat acute myocardial infarction model to a greater extent than AM alone.*
Adrenomedullin infusion plus bone marrow—derived mononuclear cell transplantation also produced a
greater increase in capillary density than AM or bone marrow—derived mononuclear cells alone, and AM
markedly decreased the number of apoptotic cells among the transplanted bone marrow—derived mono-
nuclear cells. Thus, the beneficial effects of AM infusion may reflect in part the angiogenic properties
of AM itself as well as it ability to suppress apoptosis among bone marrow—derived mononuclear cells.

More recently, evidence of the mechanism by which AM exerts its beneficial effects in ischemia/
reperfusion models was reported.®” It was observed that AM stimulated nitric oxide synthesis, as indi-
cated by increased NO,- efflux in coronary effluent throughout reperfusion. In addition, the ability of
AM to limit infarct size was associated with a 2.45-fold increase in myocardial cGMP levels 10 min-
utes after reperfusion, and the soluble guanylate cyclase inhibitor ODQ abolished the infarct-limiting
effect of AM. Adrenomedullin appears to increase nitric oxide bioavailability in the intact myocardium,
and the cytoprotective action of AM against ischemia/reperfusion injury is likely mediated via a nitric
oxide/soluble guanylyl cyclase/cGMP pathway.

CLINICAL APPLICATIONS OF ADRENOMEDULLIN TO CARDIAC DISEASE
EFFECT OF ADRENOMEDULLIN ADMINISTRATION IN PATIENTS WITH HEART FAILURE

The beneficial effects of AM on experimental heart failure in animals suggest that AM administra-
tion could be effective in the treatment of human heart failure.”>%*~7" The acute effects of intravenous
AM infusion (0.05 mg/kg/min) for 30 minutes on hemodynamic, renal, and hormonal responses were
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studied in patients with heart failure and healthy controls.”' Adrenomedullin infusion increased the car-
diac index (CI) while decreasing pulmonary capillary wedge pressure in both heart failure patients and
healthy subjects. Adrenomedullin also decreased the mean pulmonary arterial pressure in heart failure
patients and increased urine volume and urinary sodium excretion in both groups. Plasma aldosterone
fell only during and after AM infusion in these patients with heart failure. These findings indicate
that acute intravenous infusion of AM has beneficial hemodynamic, renal, and endocrine effects in
patients with heart failure.”' The effects of AM infusion in human heart failure were also studied by the
Christchurch group,’”> who found that AM decreased MAP and left ventricular end-systolic volume and
increased cardiac output. Despite the large drop in mean blood pressure, urine volume, urinary sodium
excretion, and creatinine clearance were unchanged. Thus, short-term AM infusion appears to improve
the condition of heart failure patients.

It was also tested whether long-term administration of AM (0.02 mg/kg/min) in the presence human
atrial natriuretic peptide (0.05 mg/kg/min) could be an effective therapy in patients with acute decom-
pensated heart failure in a clinical setting.”® Seven acute decompensated heart failure patients with
dyspnea and pulmonary congestion were studied. AM and recombinant human atrial natriuretic peptide
were infused for 12 hours, after which human atrial natriuretic peptide was infused alone for an addi-
tional 12 hours. During the infusions hemodynamic, renal, hormonal, and oxidative stress responses
were evaluated. AM plus human atrial natriuretic peptide reduced mean blood pressure, pulmonary
arterial pressure, and systemic and pulmonary vascular resistance without changing heart rate, and
increased cardiac output above baseline at most time-points (Fig. 2.6). In addition, AM plus human
atrial natriuretic peptide reduced aldosterone, brain natriuretic peptide, and reactive oxygen species
as compared to baseline measures, and increased urine volume and urinary sodium excretion. After
switching to human atrial natriuretic peptide monotherapy, mean blood pressure and systemic vascular
resistance increased while the CI decreased; however, urine volume or urinary excretion of sodium did
not change.”® Although this was a small pilot trial, it appears AM plus human atrial natriuretic peptide
therapy is beneficial given the hemodynamic and hormonal effects in patients with acute decompensated
heart failure. That said, these data are preliminary and require confirmation in a larger clinical study.

CLINICAL APPLICATION OF ADRENOMEDULLIN IN ACUTE MYOCARDIAL INFARCTION

As described above, AM appears able to reduce infarct size, inhibit myocyte apoptosis, and suppress
production of reactive oxygen species, suggesting AM could potentially be useful in the treatment
of acute myocardial infarction. In the first clinical pilot study of intravenous AM administration to
patients with acute myocardial infarction, AM was infused at 0.0125-0.025 pg/kg/min for 12 hours.’*
During the infusion, hemodynamics remained stable in eight of the 10 patients. At 3 months postacute
myocardial infarction, the wall motion index in the infarcted area was improved compared to baseline,
and infarct size evaluated using cardiac magnetic resonance was decreased. These findings suggest that
intravenous administration of AM could serve as an adjunct to percutaneous coronary intervention.
However, these data are preliminary and require confirmation in future studies.

CLINICAL TRIALS WITH ADRENOMEDULLIN

Based on these basic and clinical results, several clinical trials were performed. Biomarkers in acute
heart failure trial (http://ClinicalTrials.gov Identifier: NCT00537628) was a prospective, 15-center,
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Effects of AM on hemodynamics in HF
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Effects of long-term AM administration on hemodynamics in patients with decompensated heart failure are
shown. Effects of AM+ hANP (0-12h) and hANP monotherapy (12-24h) on mean arterial pressure (MAP; A),
systemic vascular resistance (SVR; B), cardiac index (Cl; C), mean pulmonary arterial pressure (mPAP; D),
pulmonary arterial resistance (PAR; E), and pulmonary capillary wedge pressure (PCWP; F) in patients with
decompensated heart failure.”® * p<0.05 versus time 0.

international study of 1641 patients presenting to the emergency department with dyspnea. A superior-
ity test of mid-regional proAM versus brain natriuretic peptide for 90-day survival and a noninferiority
test of mid-regional-pro-atrial natriuretic peptide versus brain natriuretic peptide for diagnosis of acute
heart failure were conducted.'’’> Using cut-off values from receiver-operating characteristic analysis,
the accuracy to predict 90-day survival of heart failure patients was 73% for mid-regional proAM and
62% for brain natriuretic peptide (difference p<0.001). In adjusted multivariable Cox regression, mid-
regional proAM, but not brain natriuretic peptide, carried independent prognostic value (p<0.001). In
addition, compared with brain natriuretic peptide or troponin, mid-regional proAM was superior for pre-
dicting 90-day all-cause mortality in patients presenting with acute dyspnea (p<0.0001). Furthermore,
mid-regional proAM added significantly to all clinical variables (all adjusted hazard ratios: >3.28),
and it was also superior to all other biomarkers. From these results, it was concluded that mid-regional
proAM identified patients with high, 90-day mortality suggesting that brain natriuretic peptides have
prognostic value in patients presenting with acute shortness of breath.
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The clinical trial titled “The Role of AM on the Outcome of Severe Heart Failure: A Clinical
Randomized Study” was initiated in 2010 (http://ClinicalTrials.gov Identifier: NCT01154504).7° The
study hypothesis was that the decrease of plasma AM concentration by ultrafiltration and isovolumetric
hemofiltration in patients with acute III and IV class functional heart failure is more pronounced than a
standard diuretic treatment and is related to clinical improvement. The primary outcome measure was
plasma AM levels in different treatments: clinical, ultrafiltration, and isovolumetric hemofiltration in
90 days after randomization and at discharge. However, this study was suspended, and the reason for
suspension was not provided.

Currently, only one agent is approved in nuclear medicine to study lung circulation: macroaggregates
of albumin labeled with technetium (°™Tc). Macroaggregates of albumin labeled with *™Tc is used
almost exclusively to detect large pulmonary perfusion defects caused by embolism. Since this agent
is larger than small pulmonary vessels, it becomes physically trapped, enabling external detection. The
potential limitations of macroaggregates of albumin labeled with **™Tc include the inability to image the
small pulmonary circulation beyond the point of obstruction. The AM receptor is abundantly expressed
in human alveolar capillaries and mostly distributed at the surface of the endothelium. Therefore, the
lungs contain AM binding sites at a density higher than that for any other organ studied. PulmoBind is
a AM derivative labeled with ®™Tc for molecular imaging of the pulmonary circulation. The phase I
study (http://ClinicalTrials.gov Identifier: NCT01539889) evaluated the safety, efficacy, and dosing of
PulmoBind for molecular imaging of pulmonary circulation. Healthy humans were included into esca-
lating groups of 5 mCi, 10 mCi, or 15 mCi PulmoBind.”’ There were no safety concerns at the three dos-
ages studied. PulmoBind was well tolerated, with no clinically significant adverse event related to the
study drug. The highest dose of 15 mCi provided a favorable dosimetric profile and excellent imaging.
PulmoBind is safe and provides good quality lung perfusion imaging. It is concluded that the safety/effi-
cacy of this agent can be tested in disorders of pulmonary circulation such as pulmonary arterial hyper-
tension.’® Phase-II Study of the “Use of PulmoBind for Molecular Imaging of Pulmonary Hypertension
(PB-02)” was recently completed (http://Clinical Trials.gov Identifier:NCT02216279).”’ The aim of this
Phase II study is to evaluate the safety of PulmoBind in participants with pulmonary hypertension and
its potential to detect abnormal pulmonary circulation associated within pulmonary hypertension.

In addition, the study of “AM and Outcome in Severe Sepsis and Septic Shock”™ (http://ClinicalTrials.
gov Identifier: NCT02393781) is currently recruiting participants.®’ The aim of this prospective study is
to assess the prognostic value of bioactive plasma AM in 600 patients with severe sepsis or septic shock
in an international multicenter study and to validate the findings concerning the association of AM con-
centration and the use of vasopressor therapy, organ failure, and outcome. Sepsis involves an overactive
inflammatory response to severe bacterial infection that can compromise vascular integrity and cause
tissue edema, organ dysfunction, and death. Adrenomedullin has attracted the interest of researchers
because of its powerful physiological functions. An anti-AM antibody reduced the norepinephrine
infusion rates required to achieve hemodynamic targets, increased urine flow, and improved creatinine
clearance, which ultimately resulted in attenuated systemic inflammation and tissue apoptosis during
resuscitated cecal ligation and puncture-induced septic shock in mice. In humans, plasma AM has been
determined only in a small number of sepsis patients, and—except for one study—the assays used did
not selectively measure the bioactive AM form and have been considered not reliable.8'-%3 Therefore,
the potential value of determining plasma AM in such patients cannot yet be ascertained, and the opti-
mal cut off needs to be validated in future studies. Besides these studies, there are several studies that
are partly associated with AM.%*
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Effect of AM therapy in cardiovascular disease
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FIGURE 2.7

A working hypothesis of the mechanism of effect of AM therapy in cardiovascular disease.

CONCLUSION

Over the two decades since AM was discovered, it is now known that the heart is both an important
source and target of AM, with AM receptors abundantly expressed on cardiomyocytes, cardiofibro-
blasts, endothelial cells, and vascular smooth muscle cells. Under pathological conditions (e.g., cardiac
hypertrophy, heart failure, acute myocardial infarction and ischemia/reperfusion), increased levels of
AM, AM receptor, and activity of its amidating enzyme are increased. Thus, with upregulation of the
cardiac AM system in common cardiac diseases, AM plays a crucial cardioprotective role, suggesting
the possibility that AM may serve as an effective therapeutic agent for the treatment of various cardio-
vascular diseases. Consistent with this concept of AM-mediated cardioprotection, several pilot studies
demonstrated the beneficial effects of AM in patients with heart failure, acute myocardial infarction,
pulmonary hypertension, and ulcerative colitis.”*’+58¢ Furthermore, clinical trials demonstrated that
plasma AM levels are useful as a biomarker for heart failure, and that AM derivatives labeled with
9mTe are safe and provide quality lung perfusion imaging. A working hypothesis of the mechanism of
the possible clinical use of AM in cardiovascular disease is shown in Fig. 2.7.
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CHAPTER

ENDOTHELIN-1 AS A CARDIAC-
DERIVED AUTOCRINE,
PARACRINE AND INTRACRINE
FACTOR IN HEART HEALTH
AND DISEASE

M. Karmazyn
University of Western Ontario, London, ON, Canada

INTRODUCTION

Endothelin-1 (ET-1) is a 21-amino-acid peptide initially identified by Yanagisawa and coworkers as an
endothelium-derived vasoconstrictor. By virtue of its ability to exert potent vasoconstrictor effects,
ET-1 has attracted attention as a potential therapeutic target for the treatment of a number of cardiovas-
cular diseases particularly with the use of endothelin receptor antagonists.>* It can thus be said that the
discovery of ET-1 heralded a new era in cardiovascular research. A search through PubMed using the
key word “endothelin” reveals a staggering number: there have been more than 28,000 publications on
this subject since 1988, the year in which ET-1 was first identified. This interest in endothelin appears
to continue, with approximately 1700 publications in 2014 alone. ET-1 is actually a member of a fam-
ily of endothelins, ET-1, ET-2, and ET-3, with each ET representing a distinct gene product.* All ETs
demonstrate some degree of homogeneity in that each contains 21 amino acids as well as two disulfide
bonds. Yet they demonstrate different pharmacological profiles particularly in terms of potency, which
likely reflect amino acid substitutions. In fact, however, these ETs are distinguished from each other
by only a few amino acid substitutions, namely two between ET-1 and ET-2, although a more substan-
tial six amino substitutions serve to differentiate ET-3 from ET-1 (Fig. 3.1). This review will discuss
primarily ET-1, as this represents not only the most abundant and potent member of the ET family, but
represents the primary target for cardiovascular therapeutics.’ Nonetheless, a potential role of ET-2 in
the cardiovascular system may indeed exist although definitive evidence for this is still lacking.®

It is now well known that ET-1 is produced not only in the vascular endothelium but also in numer-
ous other tissues including the heart, as will be discussed in the following section. Irrespective of its site
of production, ET-1 is synthesized by the enzymatic cleavage of an amino acid precursor prepropeptide
first by an endopeptidase followed by a carboxypeptidase which results in the production of the 38
amino acid pro-ET-1, also referred to as big ET-1.”® The latter is then subjected to further enzymatic
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Endothelin-1

Endothelin-2

Endothelin-3

FIGURE 3.1

Amino sequences for ET-1, ET-2, and ET-3. Differences from ET-1 are shown in color. Identical disulfide
bridges (Cys1-Cys15;Cys 3-Cys11) are shown for each ET.

cleavage by the phosphoramidon-sensitive endothelin converting enzyme (ECE), which results in the
generation of the 21 amino acid final product (Fig. 3.2). Interestingly, ECE inhibition has been con-
sidered as a potential target for therapeutic intervention, as this would diminish the generation of ET-1
from big ET-1.” Thus, from a therapeutic perspective, management of ET-1-related pathologies could
be potentially directed at inhibition of synthesis, i.e., ECE inhibition or targeting ET-1 receptors that
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Prepro-ET-1 mRNA

\ 4
Prepro-ET-1

Furin-like protease

ETAR ETgR

FIGURE 3.2

General scheme identifying the principal pathway of ET-1 synthesis involving the conversion of big ET-1 to
ET-1 via endothelin converting enzyme-1 (ECE-1). ET-1 can exert its effect via either ETA receptor (ETAR) or
ETB receptor (ETgR) activation.

mediate the biological effects of the peptide. However, there is evidence that big ET-1 exhibits identical
vasoconstricting potencies in terms of increasing blood pressure and reducing coronary flow rate fol-
lowing infusion to humans,'” which would question the validity of ECE inhibition at least with respect
to attenuating vasoconstricting responses. It should be noted that there is also an alternate pathway for
ET-1 synthesis from big ET-1 via the serine protease chymase,'' although the relevance of this system
to cardiac biology is uncertain.

CARDIAC PRODUCTION OF ET-1

As mentioned above, the initial site of identification of ET-1 was in the vascular endothelium and the
primary effect of the peptide identified was as a potent vasoconstrictor. However, ET-1 is produced by
many cell types including the cardiomyocyte, and there is now extensive and strong evidence that ET-1
functions as a paracrine, autocrine, and intracrine regulator of cardiac performance with a potential
contribution to cardiac pathology. This finding should not be considered as particularly surprising, as
the heart is now well known to function as an endocrine organ by virtue of its ability to produce a large
number of factors particularly those acting in a paracrine or autocrine matter, as discussed throughout
this volume. In the case of ET-1 there are a large number of reports documenting the ability of the heart
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to synthesize ET-1 as well as the ability to modulate ET-1 production under pathological conditions,
in most cases by increasing ET-1 production. Indeed, these reports emerged relatively rapidly follow-
ing the initial discovery of ET-1. It should be noted that the heart consists not only of cardiomyocytes
but also noncardiomyocyte components such as endothelium, nerve endings, and fibroblasts, which
contribute to the cardiac pathological process.'? Thus, cardiac-derived ET-1 can originate from any
of these sources. The major question that arises, and which is yet to be resolved, is what is the role
of endogenously synthesized ET-1 in cardiac function or dysfunction especially under pathological
conditions. As will be evident, this question is relatively difficult to address with precision since ET-1
exerts a myriad of cardiac effects which are not necessarily interrelated and in some cases diametrically
opposite. Even with respect to cardiac pathology the contribution of ET-1 is not completely clear as
both deleterious and beneficial effects of the peptide have been documented (see below). Nonetheless,
most cardiac pathologies are associated with increased plasma levels of ET-1 although to what degree
this is a reflection of increased cardiac-derived ET-1 production is not known with certainty.

Among the first demonstration that ET-1 can be produced by the cardiomyocyte was presented by
Suzuki et al., who showed that cultured neonatal rat ventricular myocytes secrete ET-1 and express
the enzymatic pathways for its production.'?> Moreover, the ability of myocytes to produce ET-1 was
enhanced under hypoxic conditions'* as well as mitochondrial dysfunction produced by rotenone, a
mitochondrial complex 1 inhibitor,'” thus potentially linking mitochondrial dysfunction to increased
cardiac ET-1 synthesis. There appears also to be a strong stimulation to increase ET-1 synthesis and
release especially during the postischemic reperfusion phase of the myocardium, a phenomenon
potentially contributing to reperfusion-induced arrhythmias'® as well as myocardial injury.'” Thus,
both ischemia and subsequent reperfusion are likely major factors dictating upregulation of ET-1 in
the heart.

How cardiac ET-1 is regulated at the molecular levels is not completely understood although most
studies reveal a de novo increased synthesis of the peptide under pathological conditions. There is
substantial evidence from a variety of experimental models that increased ET-1 is mediated at the
transcriptional level by upregulation of hypoxia-inducible factor 1.'%-2° Other factors and pathologies
appear also to regulate ET-1 expression in the myocardium such as the angiotensin I AT, receptor since
its blockade depresses cardiac ET-1 expression.’' Diseases not directly associated with the heart such
as sepsis,”” pulmonary artery hypertension,”® as well as obesity’* can also increase myocardial ET-1
levels. With respect to the latter, the effect appears to be mediated by the 16kDa satiety factor leptin
(see chapter: Fat Hormones, Adipokines) whose plasma levels are increased in relation to adiposity.”
While originally identified as a protein produced by white adipocytes, one of the so-called adipokines
(see chapter: Fat Hormones, Adipokines), it is interesting that leptin is also produced by the heart
including by the cardiomyocyte’®?’ thus suggesting that it could be an endogenous regulator of ET-1
synthesis at the cardiac level. In this regard it has been reported that leptin may be an important positive
regulator of myocardial ET-1 expression in rats subjected to heart failure by coronary artery ligation.”®
Indeed, in that study the complete myocardial ET-1 system, including receptors, ECE, and ET-1 was
upregulated in heart failure, an effect associated with abnormal expression of sarcoplasmic reticulum
(SR) calcium regulatory proteins.”®

In addition to cardiomyocytes, ET-1 is also expressed in cardiac fibroblasts where it has been
proposed to contribute to fibroblast proliferation in both an autocrine and paracrine manner.”’ In
addition, endocardial endothelium-derived ET-1, which may be under the control of neuropeptide
Y receptors,” can also contribute to cardiac fibrosis and therefore play an important role in car-
diac pathology.’' Moreover, ET-1 can be produced by sympathetic neurons innervating the heart
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(see chapter: Adrenergic Receptors) therefore representing an additional source of cardiac-derived
ET-1.°? Interestingly, neuronally derived ET-1 is likely an important stimulator of norepinephrine
release from nerve endings via ET, receptor activation, which can contribute to pathological effects,
including arrhythmogenesis and ventricular dysfunction seen with either ET-1 administration or as
a consequence of endogenously released peptide.’’ > Thus, when taken together, it is evident that
cardiac-derived ET-1 can originate from multiple sources, including the cardiomyocyte, vascular
endothelium, fibroblasts, and sympathetic neurons which can then influence the response to patho-
logical stimuli (Fig. 3.3).

Cardiac response

FIGURE 3.3

Interrelationship between ET-1 derived from various cellular sources within the heart. The illustration shows
four different cell types capable of producing ET-1 including the cardiomyocyte (CM), vascular endothelial
cell (VEC), endocardial endothelial cell (EEC) as well as the sympathetic nerve terminal (SNT). Modulation of
CM function and the resultant cardiac response can be attained by ET-1 acting in an autocrine, paracrine,

or intracrine manner, numbered 1, 2, and 3, respectively. For example, VEC-derived ET-1 can act directly on
smooth muscle cells (SMC) to produce either vasoconstriction or vasodilatation, which is thought to occur via
ET, receptor (ETAR) or ETg receptor (ETgR) activation, respectively. Paracrine roles of ET-1 (2), particularly
those acting on the CM, can occur from ET-1 derived from VEC, SNT, FB, and EEC, which can directly affect
the CM by activating both ET receptor subtypes expressed by CM, as discussed in the text. ET-1 produced by
most of these cell types can also modulate cell behavior via an autocrine process (1). Lastly, ET-1 synthesized
within the CM can also affect CM function by acting intracellularly via intracrine mechanisms (3) and thought
to occur via targeting of nuclei primarily through ETgR activation. See text for further discussion.
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CARDIAC ET-1 PRODUCTION IN HEART DISEASE

As noted above, hypoxia and mitochondrial dysfunction result in increased cardiac production of ET-1,
and the general concept of upregulation of the myocardial ET system can be applied to many cardiac
disease states such as heart failure.’® These increases in cardiac ET-1 production may be due to a
number of processes and stimuli discussed in the previous section. Both animal and clinical studies
show that that numerous cardiac pathologies are associated with increased circulating plasma levels of
ET-1 that may originate from cardiac as well as other sources. Importantly however, increased cardiac
production of ET-1 is of potential clinical relevance, as this locally produced ET-1 could represent
an important autocrine, paracrine, or indeed intracrine component of cardiac regulation by this pep-
tide. Indeed, in a rat model of renovascular hypertension, the upregulation of the cardiac ET-1 system
has been implicated as an important contributor to cardiac remodeling.”” From a clinical perspective,
elevated plasma ET-1 levels have been shown to be a good indicator of poor prognosis following myo-
cardial infarction.*®*! ET-1 plasma levels are also elevated in patients with heart failure with plasma
concentrations corresponding to heart failure severity and increasing concentrations acting as a pre-
dictor of poor outcome.*>** Moreover, elevated levels of ET-1 in heart failure may also contribute to
increase severity of inflammation seen in these patients, thus further contributing to poor clinical out-
comes.** As noted above, whether the heart represents a significant source of ET-1 production in heart
failure is uncertain, and it is likely that numerous sources contribute to increased plasma concentrations
of the peptide including the pulmonary circulation.*> Enhanced myocardial ET-1 release has also been
documented in patients with coronary heart disease undergoing angioplasty.*®

EXPRESSION OF CARDIAC ET RECEPTORS

ET-1, and indeed all ET isoforms exert their effects via distinct membrane receptors that are linked to
signaling processes through G-protein—dependent mechanisms. Three ET receptors have been identi-
fied, namely ET,, ETg, and ET although it is the ET, and ETg subtypes that mediate most of the
biological actions of endothelins in general and ET-1 in particular. ET receptors have been identi-
fied in noncardiac tissue and are selectively activated by ET-3. ET receptors are generally referred to
as Class A (also referred to as Class 1 or rhodopsin-like) receptors and are the most abundant of the
G-protein coupled receptor (GPCR) types. Understanding the structure of ET receptors has been a criti-
cal factor for the design and development of ET receptor antagonists for cardiovascular therapeutics.’
Activation of ET receptors initiates numerous cell signaling processes that produce diverse biological
responses depending on tissue type, with responses generally prolonged, as the ligand dissociates very
slowly from the ET, receptor. The well-known vasoconstricting effect of ET-1 is an ET,-dependent
process, which results in elevations in intracellular Ca®* concentrations involving both increased Ca**
influx through voltage-gated Ca** channels as well as mobilization of Ca** from intracellular stores
(reviewed in Ref. 47).

The heart expresses both the ET, and ETy receptor subtypes that have been identified both in the
myocardium as well as other cell types with different receptors expressed in specific regions of the
heart including vasculature and myocardium, thus demonstrating substantial heterogeneity.*~" As pre-
viously reviewed, both ET, and ETy receptors have been identified in the human heart, which indeed
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expresses the full complement of the ET system, including the ability to synthesize and release ET-1
thereby implicating both an autocrine and paracrine function.” While ET receptors appear to be het-
erogeneously distributed throughout the human heart, including the muscle and conduction systems,’
there is evidence that the ETy cell surface receptor may be more predominantly expressed in conduc-
tion fibers at least in the human heart.*” Although the biological relevance of this is as yet unknown it
may be related to a potential antiarrhythmic influence of ETy receptor activation through diminished
sympathetic nervous system stimulation especially during the early postinfarction period.”'>> Although
the issue has not been extensively explored, based on animal studies it appears that the cardiac expres-
sion levels or relative distribution of ET receptors may be determined by age with a decrease in the ET
receptor subtype found in aged animals.”?

INTRACELLULAR ET RECEPTORS: EVIDENCE FOR AN INTRACRINE ROLE OF ET-1
IN THE CARDIAC CELL

Although ET GPCRs are generally considered to represent cell surface receptors that initiate a cascade
of intracellular signaling events, recent evidence suggests that cardiomyocyte nuclei express ET recep-
tors that are linked to signaling pathway activation, thus providing evidence that ET-1, in addition to its
role in autocrine and paracrine regulator of cardiac function, also functions as an initiator of intracrine
cell signaling. As recently reviewed, these receptors expressed in nuclei could play a major role in
cardiovascular regulation and contribute to cardiac pathology.’* Interestingly, both ET, and ETj recep-
tors appear to be expressed in nuclei from cardiac tissue. However, work from different laboratories
suggest that the primary receptor responding to intracellular-derived ET-1 is the ETg receptor, which
mediates ET-1 induced elevations in intranuclear Ca>* levels.’>® Thus, ET, and ETj receptors appear
to play distinct roles in the heart via their extracellular and intracellular actions, respectively. When
taken together the studies offer a potentially novel concept regarding cardiac-derived ET-1 synthesis,
that includes a role for intracellularly-derived ET-1 as a regulator of cardiac function through intracrine
mechanisms that have direct actions on nuclei. At present it is unknown whether other intracellular
organelles express ET receptors, but this could be a possibility as various intracellular components,
such as mitochondria, also express receptors for a number of biologically active ligands.

CARDIAC EFFECTS OF ET-1

ET-1 exerts a plethora of cardiac effects that can be classified as either physiological or pathophysi-
ological. Much of what we currently know about the cardiac actions of ET-1 stems from studies in
which the peptide has been added to cardiac preparations under in vitro conditions or administered
in vivo. Results using the latter approach are more difficult to interpret since the cardiac response
under in vivo conditions reflects direct effects of the peptide as well as secondary effects due to reflex
responses, which are expected to occur following the administration of a vasopressor agent. Moreover,
the cardiac effects of ET-1 will also be greatly influenced by its coronary-constricting effect even when
using in vitro cardiac preparations such as perfused hearts, which are dependent on coronary artery
perfusion. Indeed, a number of studies on the use of nonperfused cardiac tissues such as superfused
atrial preparations, isolated myocytes, or perfused hearts have shown a positive inotropic effect of
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ETs in general and ET-1 in particular.’"-°" However, these findings are not uniform, as ET-1 has also
been shown to exert a direct negative inotropic effect on cardiomyocytes. The reasons for such diverse
responses to ET-1 are not well understood but are unlikely to be reflective of species differences, as the
negative inotropic effect of ET-1 has been documented in hearts or cardiomyocytes from different ani-
mal species.®'~? It has been suggested that ET-1 exerts different effects on inotropic state in immature
(negative inotropism) versus adult (positive inotropism) cardiomyocytes®' although this needs to be
investigated further. At the cellular level such differences in inotropic responses likely reflect the nature
of Ca®* responses following ET-1 administration, as discussed below.

MECHANISMS UNDERLYING INOTROPIC RESPONSES

A number of mechanisms have been proposed for the positive inotropic effect of ET-1 seen in most
cardiac preparations, although as would be expected virtually all of these involve modulation of intra-
cellular Ca®* homeostasis. Among the most extensively studied is the ability of ET-1 to activate the
primary Na®™-H* exchanger isoform (NHE-1) expressed in the heart. NHE-1 is the principal regulator
of intracellular pH in the cardiac cell and its activation results in proton extrusion and therefore intra-
cellular alkalinisation.®* In addition, the concomitant influx of Na* results in elevations in intracellular
Ca?* either by reducing Ca®* efflux via the 3Na*-2Ca?* exchanger (NCX) or producing active influx
of Ca®* through the reverse-mode activity of the exchanger.®® Thus, conceptually, activation of NHE-1
could produce a positive inotropic effect either via intracellular alkalinisation thereby increasing myo-
filament sensitivity to Ca>* or by actively increasing intracellular Ca>* concentrations. It has indeed
been recognized for many years that ET-1 sensitizes myofilaments to Ca®*% and the ability of ET-1 to
stimulate NHE-1 activity thus offers a logical basis for the peptide’s positive inotropic effect.” As will
be discussed later, the ability of ET-1 to activate NHE-1 also likely implicates the peptide in autocrine-
paracrine regulation of contractile function as well as in cardiac pathological processes via NHE-1—
dependent mechanisms. Thus, NHE-1 appears to play dual roles in response to its activation by ET-1,
mediating the inotropic response as well as contributing to cardiomyocyte hypertrophy.

As noted above, in addition to increased myofilament sensitivity to Ca**, NHE-1-dependent ele-
vations in intracellular Ca®>* concentrations likely also contribute to the positive inotropic effect of
ET-1 as a result of increasing intracellular Ca>* concentrations due to a Na*-dependent modulation of
Na*-Ca?* exchange activity, i.e., reducing efflux (normal mode) or producing influx (reverse mode)
both of which result in an elevation in intracellular Ca2* concentrations. With respect to ET-1, reverse
mode Na*-Ca’" exchange activity may be the primary mechanism.®® A number of studies have also
shown that ET-1 can elevate intracellular Ca>* through the L-type Ca?* channel. This effect is thought
to occur secondarily to the generation of reactive oxygen species (ROSs) including the superoxide
anion derived from mitochondria and likely other intracellular sources.®*® A potential role for pro-
tein kinase C epsilon activation has been proposed since the ability of ET-1 to increase intracellular
Ca* concentrations was absent in cardiomyocytes expressing an inactive dominant negative form of
the enzyme.m Moreover, the ET-1 induced increased intracellular Ca** concentrations and resultant
arrhythmogenesis and positive inotropic effect was abolished in atria of inositol trisphosphate recep-
tor type 2—deficient mice (IP;R2, the predominant IP;R isoform in atrial myocytes), suggesting that
a potential mechanism for ET-1 induced inotropy and arrhythmogenesis, at least in atria, may reflect
Ca?* release from SR due to IP;R2 activation.’! This finding may be of importance in identifying novel
strategies for the treatment of atrial fibrillation. While ET-1 also increases expression of L-type Ca**
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channels,’>”? this response occurs following chronic exposure to ET-1 and is likely of more relevance

to the pathological role of ET-1 such as the development of cardiac hypertrophy. In terms of the nega-
tive inotropic effect of ET-1, this effect has been attributed to reduced myofilament sensitivity to Ca>*
as well as a reduced Ca’* transient possibly reflecting enhanced Ca**-extrusion from the myocyte via
enhanced by NCX activity.®!:%3

PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL ROLES
OF CARDIAC-DERIVED ET-1: GENERAL CONCEPTS

While the vast majority of studies have focused on ET-1 as a factor contributing to cardiac pathology, a
number of reports have also implicated this peptide as an endogenous mediator of cardiac homeostasis.
Thus, the ability to identify locally produced ET-1 within the heart suggests that the peptide is likely
of importance in terms of regulation of cardiac function in both health and disease. For example, endo-
cardial endothelial-derived ET-1 may play an important role determining force-frequency relationships
in the intact functioning myocardium.”* Endogenous ET-1 production has also been related to other
aspects of cardiac homeostasis including adaptation to exercise,’> mediating the positive inotropic
responses to circulating hormones including angiotensin I1’° as well as the prevention of arrhythmias
during cardiac development.”’

ET-1 AND THE AGING HEART

ET-1 may also regulate the cardiac response to aging although in this regard it is not completely clear
whether it exerts a salutary or deleterious effect. It has been reported that ET-1 expression is elevated in
the aged rat heart, which suggests that the peptide may play a role in the complex mechanisms underly-
ing dysfunction of the aging heart.”® However, a further increase in myocardial ET-1 expression was
also found in these animals after exercise, suggesting a potential role in physiological adaptation.”®
Studies aimed at addressing the question of the nature of ET-1 involvement in the aging heart have
been discordant. For example, in one study it was reported that mice with cardiac-specific deletion
of ET-1 show an increase in cardiac susceptibility to aging particularly in terms of a deteriorating
left ventricular function, increased incidence of apoptosis, and greatly reduced survival, thus impli-
cating endogenously produced ET-1 as critical for cardiomyocyte survival during aging.”’ Therefore,
this study suggests an important role for cardiac-derived ET-1 in terms of maintaining homeostasis.
Conversely, it has also been proposed that cardiac ET-1 may contribute to cardiac pathology associated
with aging. This was based on a comprehensive study showing that cardiac-specific deletion of the
ET, receptor attenuates aging-related hypertrophy and dysfunction possibly by favorably regulating
autophagy.®” In that study, hearts from aged mice (26-28 months) exhibited extensive myocardial dys-
function associated with hypertrophy as well as increased ROS generation, protein damage, endoplas-
mic reticulum stress, upregulation of a number of transcriptional factors, and downregulation of Ca>*
regulatory proteins as well as other changes, which were all attenuated either by ET , receptor ablation
or pharmacological antagonism whereas an ETy receptor blocker was without effect.®’ Although the
two studies involved deletion of different factors (i.e., ET-1 vs the ET, receptor) one would assume
that relatively identical phenotypes should have been evident. Moreover, evidence from another report
using in vitro approaches (cultured fibroblasts), animal models, and one human subject, showed that
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ET-1 is upregulated in aged fibroblasts and that this is associated with increased expression of pro-
fibrosis signals.®! In view of the importance of fibrosis to the myocardial remodeling process a potential
role of ET-1 seems evident.

ASSOCIATION OF ET-1 WITH CARDIAC DISEASES

There is a large body of evidence implicating endogenous ET-1 in various cardiac pathologies that
stem from studies demonstrating an upregulation of the myocardial ET system in disease states as well
as direct evidence that ET-1 administration can produce deleterious effects on the heart. For example,
elevated left atrial ET-1 levels are associated with increased arrhythmias and a host of other conditions
in patients with structural heart disease suggesting that the peptide contributes to the genesis and main-
tenance of atrial fibrillation.®” This finding agrees with an animal study referred to above demonstrating
a pro-arrhythmogenic influence of ET-1 on atria, which was dependent on the presence of the IP;R2
receptor.’! Together, these studies suggest that targeting the ET-1 system either by preventing ET-1
synthesis or blocking ET receptors may be an effective approach in the treatment of atrial fibrillation.
Other potentially deleterious roles of endogenous ET-1 have also been demonstrated, including activa-
tion of afferent sympathetic nerve fibers during myocardial ischemia®® and contribution to infarct size
expansion in a rat model of obstructive sleep apnea.'® Moreover, based primarily on pharmacological
studies utilizing either selective or nonselective ET receptor antagonists, endogenously-synthesized
ET-1 has been implicated in a host of cardiac pathologies including cardiac injury as a consequence
of ischemia, reperfusion, and infarction'”**%5 possibly due to reactive oxygen stress activation.®®
Interestingly, though, the nature of the contribution of endogenous ET-1 to cardiac dysfunction under
ischemic and reperfusion injury may be determined by receptor subtype as ETy receptor antagonism
appears to worsen cardiac function under these conditions.®” Endogenous ET-1 has also been pro-
posed as a potential contributor to cardiac dysfunction in diabetes®® and indeed it has been shown
that ET-1 expression in cardiomyocytes is upregulated under hyperglycemic conditions.® Additionally,
ET receptor blockade prevents the cardiotoxic properties of the antineoplastic agent doxorubicin thus
potentially implicating ET-1 as a mediator of the cardiotoxicity produced by this agent.” It would be
of interest and potential importance to determine if inhibition of the cardiac ET system can reduce the
cardiotoxicity of doxorubicin while maintaining its antineoplastic properties.

ET-1 IN CARDIAC HYPERTROPHY AND HEART FAILURE

Among the most widely studied aspects of ET-1 involvement in cardiovascular disease is its potential
role in the development of cardiac hypertrophy and subsequent evolution to heart failure. The hyper-
trophic process is complex and involves an interplay between a large number of intracellular signaling
factors.”! It should also be noted that endogenous factors contributing to the hypertrophic process do
not need to originate solely from the cardiomyocyte, as nonmyocytes such as endothelial cells and
fibroblasts also represent a major source of diffusible factors that can contribute to hypertrophy.'?
As such, endogenously derived ET-1 meets the criteria as a potential contributor to the hypertrophic
process. Furthermore, from a general perspective the ability of ET-1 to activate NHE-1 and potentially
contribute to dysregulation of intracellular ion homeostasis, particularly with respect to elevations in
intracellular Ca®* concentrations, strongly supports this concept. Indeed, a number of studies docu-
menting a hypertrophic effect of exogenously administered or endogenously synthesized ET-1 have
implicated NHE-1 in this process.®*>~** Interestingly, the mechanisms underlying NHE-1 involvement
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in hypertrophy parallels the above-mentioned mechanisms underlying the role of NHE-1 in inotropy.
Essentially, the elevations in intracellular Ca*>* concentrations occurring via NHE-1 activation stimu-
lates a number of prohypertrophic pathways. Among these is the phosphatase calcineurin whose activa-
tion and the subsequent hypertrophic response appear to be a direct consequence of NHE-1 activation.”
Calcineurin contributes to the hypertrophic response primarily by dephosphorylating the transcrip-
tional factor nuclear factor of activated T-cells (NFAT) thus permitting its translocation into nuclei.”®
Of relevance to the hypertrophic response particularly with respect to load-induced hypertrophy and
cardiac pathology, cardiomyocyte stretch has been shown to upregulate ET-1 expression which can
then produce hypertrophy on its own as well as increase levels of other prohypertrophic factors such
as the cytokine interleukin-18.°7"® Moreover, it has been proposed that elevations in intracellular Na*
and Ca”* concentrations following stretch of cardiomyocytes is dependent on NHE-1 activation, which,
in turn, is dependent on the upregulation of ET-1 following stretch induction, which may be important
both in terms of pathology as well as understanding the basis for the initial positive inotropic effect
immediately following induction of stretch.””

Early activation of the cardiac ET system has been demonstrated in a canine model of tachycardia-
induced heart failure,'”” and increased ET-1 production has been demonstrated in patients with chronic
heart failure.'! While the former study suggests an early activation of ET system in heart failure,
this may be dependent on the experimental model. For example, in Dahl salt-sensitive hypertensive
rats, ET-1 upregulation occurred during decompensated heart failure with no change during the initial
compensatory period.'?” Interestingly, in that study angiotensin II upregulation occurred early during
compensatory hypertrophy and preceded the increase in ET-1 synthesis. Additional evidence for ET-1
involvement in cardiac hypertrophy and heart failure originates from other studies as well from exten-
sive evidence for a direct hypertrophic effect of the peptide, as already alluded to above with respect to
NHE-1 involvement in this process. In addition to a direct hypertrophic effect of ET-1, there is substan-
tial evidence that endogenous ET-1 mediates the hypertrophic response produced by other factors such
as leptin,'% norepinephrine,'** and mechanical stress.'?’

In terms of mechanisms underlying the hypertrophic effect of ET-1, the potential role of NHE-1 has
already been discussed. However, in addition to NHE-1 a large number of other mechanisms have been
advanced as potential mediators of the direct hypertrophic effect of ET-1. These include calcineurin
signaling,'% cyclooxygenase-2 (COX-2) activation,'” the MAPK kinase pathway,'*® inositol trisphos-
phate-induced Ca?* release resulting in elevations in nuclear Ca** concentrations,'”” as well as the Ras
homolog gene family, member A/Rho-associated, coiled-coil containing protein kinase (RhoA/ROCK
pathway).''” In this regard, it has been suggested that MAP kinase signaling, especially that involving
ERK activation, predominates over RhoA/ROCK in terms of early increases in hypertrophy-associated
gene expression upregulation following ET-1 administration.''' The COX-2—dependent hypertrophic
effect of ET-1 is of particular interest as these authors provided evidence that upregulation of COX-2
expression was dependent on NFAT translocation to nuclei, a calcineurin-dependent process.'’” Thus,
the study suggests an ET-1-calcineurin-COX-2 axis in mediating the hypertrophic effect of ET-1.
Moreover, it is possible that activation of this axis is NHE-1-dependent based on the conceptual frame-
work discussed above implicating NHE-1 as a critical initiator of the hypertrophic process. Therefore,
it is likely that many of these pathways are interrelated and act in concert to produce a hypertrophic
response. Also, despite the identification of multiple pathways mediating the prohypertrophic effect of
ET-1, it is possible that some pathways predominate over others as noted above for ERK activation over
RhoA/ROCK signaling.''! Nonetheless, prevention of RhoA activation abolishes the prohypertrophic
effect of ET-1 implicating an important role for this pathway.''>!'? Irrespective of the exact pathway



