The Endocrine Heart:

Reconciling the Hemodynamic and Neurohormonal “Paradigms”
of Heart Failure Progression

This is to acknowledge that Daniel L. Dries, M.D., M.P.H., has not disclosed any financial
interests or other relationships with commercial concerns related directly or indirectly to this
program. Dr. Dries will not be discussing off-label uses in his presentation.



Daniel L. Dries, MD, MPH

Assistant Professor of Medicine

Heart Failure Research Group

Division of Cardiology

Interests: mechanisms of congestive heart failure progression, cardiorenal interaction in
heart failure, genetic epidemiology related to susceptibility to LVH and CHF.



I. Historical Background

Medical historians attribute the discovery of the endocrine heart and the cardiac hormonal
system (CHS), also referred to as the natriuretic peptide system, to 1956 when simultaneously
there was made a physiologic and pathological discovery. Bruno Kisch reported the electron
microscope appearance of atrial secretory granules and Drs. Henry and Gauer described what has

come to be known as the Henry-Gauer reflex: diuresis induced by atrial distention!. However,
supporting the contention that “there is little new under the sun”, one can argue that the first
historical description of the endocrine function of the heart was made approximately 2000 years
ago by the Roman historian Flavius. He referred to the workers that dived underwater during the
construction of the maritime harbor of Caesarea as urinatores. The diuresis caused by the
frequent changes in intrathoracic pressure forced them to urinate frequently. Our understanding of
the CHS advanced futher in the early 1980’s when Adolfo deBold, Harold Sonnenberg, and
colleagues demonstrated that the infusion of an extract obtained from rat atrial appendages
resulted in natriuresis and diuresis.

I1. Physiology of the Cardiac Hormonal System

The myocardium responds to acute increases in transmural distending pressure (“stretch™)
by releasing natriuretic peptides into the circulation?. The primary natriuretic peptides
synthesized and released by the heart are atrial natriuretic peptide (ANP) and brain natriuretic
peptide (BNP). ANP is primarily synthesized by the atria, in particular the left-atrial appendage
and stored in secretory granules for rapid release. BNP, so-called because of its initial discovery
in the porcine brain, is primarily produced by the ventricles in a constitutive manner and not
stored in granules. The natriuretic peptides ANP and BNP exert many beneficial compensatory
actions within their target tissues: vasodilation, natriuresis, and a direct suppression of the
sympathetic nervous system and the renin-angiotenin-aldosterone system. A third natriuretic
peptide, CNP, is produced by endothelial cells as the natriuretic peptide of a local endothelial
autocine/paracrine natriuretic peptide system that regulates vascular tone and exerts anti-

proliferative actions on vascular smooth muscle cells3> 4. Appreciable levels of CNP are not
found in the circulation and it binds to a specific receptor distinct from that of ANP or BNP.
Additional undiscovered natriuretic peptides may exist. For example, recently, a novel new potent

natriuretic peptide has been identified in the venom of the green mamba snake”-7.
The afferent limb of the CHS.

The basic stimulus for the release of ANP and BNP from myocardial cells into the
circulation is an increase in transmural cardiac distending pressure, not increases in atrial or

ventricular pressure per se. To illustrate this point, Burnett and colleagues 8 demonstrated that
circulating levels of ANP do not increase in a canine model of cardiac tamponade. The
explanation is that in cardiac tamponade a balanced increase in intracardiac and pericardial
pressures occurs and this does not result in increased transmural distending pressure.

The release of ANP from the secretory granules is triggered by increases in intracellular
calcium concentrations. Chronic and sustained increases in atrial stretch will deplete ANP
granules within 24 hours. Consequently, sustained increases in ANP release into the circulation
require increased transcription of the ANP gene which takes takes longer than 24 hours. In



contrast, increases in BNP gene transcription are seen as early as 4 hours after sustained increases
in ventricular loading conditions? 10

Both ANP and BNP are synthesized as precursor peptide molecules (ANP precursor is
156 amino acids and BNP is 145 amino acids ) that are subsequently processed into active
hormones. The atrial secretory granules store pro-ANP, so processing occurs subsequent to
calcium-mediated exocytosis from the storage granules. Final processing cleaves the amino-
terminal amino acid chain yielding short cytoplasmic terrminal peptide fragments that are the
biologically active forms of ANP and BNP (figure 1). The lopped structure formed by the
disulfide bond between cysteine residues is required for biological activity.

Figure 1

humsn BNP

Cre

The enzyme responsible for the processing of pro-ANP and pro-BNP has recently been

identified! I» 12 Corin is a type Il transmembrane serine protease. The active catalytic portion of
this enzyme resides on the extracellular membrane of cardiomyocytes. In vitro experiments in
cultured atrial cell lines has demonstrated that corin processes both pro-ANP and pro-BNP. The
processing of pro-peptide hormones is thought to occur during the process for acute release into
the circulation. The pro-hormones undergo active exocytosis into the extracellular space where
the catalytic region of corin cleaves the N-terminal region at a specific amino acid sequence as

the pro-hormones exit the cell 13, Some in vitro data suggests that a portion of this processing
may occur within the myocytes prior to release (Wu, personal communication). Thus, corin
conceptually can be thought of as the “cardiac hormonal converting enzyme”. It is a critical
component of the afferent limb of the endogenous CHS.

The efferent limb.

ANP and BNP mediate their physiologic effects within target tissues by interacting with a

specific receptor called the type-A natriuretic peptide receptor (NPR-A)!4. The NPR-A
receptor is a homodimer that consists of 4 distinct domains: an extracellular ligand binding
domain, a transmembrane domain, a kinase homology domain, and a guanylate cyclase domain
that is capable of converting GTP into cGMP (figure 2). CNP binds to the type-B natruretic
peptide receptor located on fibroblasts and endothelial cells. The structure of the type B receptor
(NPR-B) is similar to NPR-A. The natriuretic peptide clearance receptor, NPR-C, has an
extracellular ligand binding similar to NPR-A, however, it lacks the intracellular guanylate
cyclase domain.
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The binding of ANP or BNP to the NPR-A receptor causes a conformational change in
the receptor that activates the particulate guanylate cyclase domain leading to the conversion of

GTP to c-GMP within the celll3, 16, The production of c-GMP is the essential second messenger
that initiates the intracellular signaling cascades that culminate in the physiologic effects of ANP
and BNP in target tissue. The guanylate cyclase domain that is part of the NPR-A receptor is
termed particulate guanylate cyclase and it is distinct from soluble guanylate cyclase that
generates cGMP in response to nitric oxide. Unlike particulate guanylate cyclase, soluble

guanylate cyclase circulates freely in the cytoplasm without association with a surface receptor.!’
Perhaps because of the localization of particulate GC close to the cell membrane, a portion of the
c¢GMP produced by the natriuretic peptides egresses from the cell. Changes in plasma or urinary

cGMP are reflective of the actions of ANP and BNP in target tissue!8 19 and are used to
indirectly measure the in vivo physiologic activity of ANP and BNP20, 21

Local control of the physiologic effects of ANP or BNP in target tissue is the result of the
balance between binding of hormone to NPR-A, clearance by binding to the natriuretic peptide
clearance receptor (NPR-C) or degradation by neutral endopeptidase (figure 3). Both the
clearance receptor and neutral endopeptidase are believed to equally contribute to cardiac

hormone degradation in heart failure22, Upon binding of ANP or BNP to the clearance receptor,
the entire complex is internalized, the peptide hormone is degraded in lysosomes, and the receptor
complex is then recycled to the cellular membrane. There is some evidence that the cytoplasmic
portion of the NPR-C receptor may have a signaling function. For example, several experiments
have suggested that the cytoplasmic portion of the NPR-C receptor can inhibit activation of

adenylate cyclase activity23. Neutral endopeptidase is a zinc-dependent enzyme abundantly
expressed in most of ANP and BNP’s target tissues. This enzyme directly degrades ANP and
BNP by cleavage of the disulfide link in ANP and BNP. There exists enthusiasm for inhibitors of
neutral endopeptidase to augment the bioactivity of ANP and BNP and several agents are being

tested in ongoing clinical trials24-20,
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The ability of the natriuretic clearance receptor (NPR-C) to modulate the local
physiologic effects of ANP and BNP was demonstrated in a murine model in which the gene for
the NPR-C receptor was disrupted27. The double NPR-C gene knockout mice (no NPR-C
receptor’s produced) demonstrated a phenotype characterized by significantly prolonged
circulating ANP half-life, hypotension, and increased natriuresis compared to wild-type mice.
Interestingly, a human polymorphism of the NPR-C gene’s promoter that increases transcription
of the NPR-C gene is associated with lower ANP levels and increased blood pressure in obese

individuals28.
cGMP-dependent protein kinase G mediates many of the actions of ANP and BNP

The cGMP produced by the NPR-A receptor upon ANP or BNP binding activates cGMP-
dependent protein kinase termed protein kinase-G (PKG).29'32. This kinase exists as a
homodimer and there are two forms: PKG-I and PKG-1133. The kinase exists within the

myocardium itself in which the predominant form is PKG-134. The kinase activity of PKG-I and
PKG-II activates a variety of molecular signaling pathways that influence ion channel

permeability, gene activation and protein-protein interactions within target tissues30; 31, 35,

Natriuresis.
The natriuretic effect of the natriuretic peptides is mediated by PKG-dependent inhibition
of sodium reabsorption in the inner medullary collecting duct. This is the result of a coordinated

inhibition of apical sodium channels and basolateral Na/K ATPase30. Both effects appear to be
PKG-dependent because the effects of the natriuretic effects are mimicked by 8-bromo-cGMP,
the membrane permeable analogue of cGMP and blocked by a specific inhibitor of PKG.

Smooth muscle relaxation.
The smooth muscle relaxation effects of the natriuretic peptides are also PKG-

dependentzga 37 In smooth muscle cells, an increase in intracellular calcium causes smooth
muscle cell contraction by activation of the calcium/calmodulin dependent myosin light chain
kinase, which phosphorylates myosin light chain and activates the contractile myosin adenosine
triphosphatase (ATPase). The net phosphorylation state of myosin light chain is determined by



the relative activity of myosin light chain phosphatase (MLCP) and a myosin light chain kinase
(MLCK). Myosin light chain phosphatases is coupled to PKG-I in smooth muscle cells. When
ANP or BNP bind to NPR-A receptors in smooth muscle, the subsequent activation of PKG
results in phosphorylation of MLCP. This decreases the phosphatase activity of MLCP and shifts
the balance between the activity of MLCP and MLCK. The result is net dephosphorylation of
myosin light chain, decreased contractile apparatus interactions and smooth muscle cell

relaxation38.

Neurohormonal suppression.
The direct suppressive actions of ANP and BNP on renin-angiotensin-aldosterone
(RAAS) activation are PKG-mediated as well. For example, overexpressed cGMP-dependent

protein kinases inhibits cAMP-dependent renin release from the kidney39. Likewise, knockout of

the NPR-A gene in mice increases the renal production of renin messenger RNA 40 In mice
with knockout of the PKG-II gene, there is increased renin synthesis, as determined by increases
in rennin messenger RNA, under stimulatory (low salt diet plus ramipril) and inhibitory

conditions (high-salt diet)*1. ANP and BNP also directly suppress endothelin and aldosterone
synthesis and release. In a cultured zona-glomerulosa cell line, activation of the NPR-A receptors

directly suppresses the production of aldosterone#2. In the porcine aorta, the inhibition of
angiotenisn-II mediated endothelin release by ANP and BNP is c-GMP dependent43.

II1. CHS in Asymptomatic Left-Ventricular Dysfunction.

The classic symptoms of congestive heart failure, dyspnea on exertion, orthopnea
and paroxysmal nocturnal dyspnea are invariably the result of abnormal increases in left-
ventricular end-diastolic pressure. Therefore, the existence of “asymptomatic left-
ventricular dysfunction” (ALVD) necessarily implies retained ability to regulate
intravascular volume and prevent abnormal increases in intracardiac filling pressures.
This early stage of ventricular systolic dysfunction has been reproduced in animal models
using a rapid ventricular pacing. The results of these studies demonstrate that the cardiac
hormonal system (CHS) is of central importance to the maintenance of the asymptomatic
stage of left-ventricular systolic dysfunction.

For example, in a low-ANP model of acute congestive heart failure produced by
inferior vena cava constriction, characterized by decreased cardiac output without
increases in atrial pressures or ANP, marked sodium retention, vasoconstriction, and
activation of the renin—angiotenin-aldosterone (RAAS) system result. However, these
findings were not observed in a high-ANP model produced by rapid ventricular pacing,

despite similar reductions in cardiac output44. When exogenous ANP was infused into
the circulation of the vena-caval constricted dogs, sodium retention, vasoconstriction and

activation of the RAAS system was prevented44. Redfield and associates demonstrated
that in a pacing-induced canine model of ALVD there was activation of the cardiac
hormonal system as evidenced by an elevation in ANP, no activation of the RAAS, and

normal cardiorenal response to a fluid challenge 45
(Table 1).



Table 1. In response to volume
expansion (VE) caused by rapid
infusion of isotonic saline, there
Normals ALVD were no significant differences
in ALVD dogs compared to
controls with regards to

Uvol (ml/min) 0.40 5.59 0.62 5.04 increases in fractional sodium

UNa (meg/min) a4 693 34 630 excret%on, total_sodlum
excretion or urine volume.
FELi (%) 13 36 12 49

Table 1. Canine Model of ALVD

Baseline: VE :Baseline; VE

VE=volume expansion with saline bolus

There are only limited data on the pathophysiology that underlies ALVD in
humans. The only major clinical trial to examine patients with ALVD was the Studies of

Left Ventricular Dysfunction (SOLVD) Prevention Trial40 published in 1992. In the
SOLVD Prevention trial, participants were enrolled if they had no symptoms of CHF
(NYHA Class I) and a left ventricular ejection fraction < 0.35. Baseline neurohormones
were measured in a subset of the participants. Interestingly The neurohormonal profile
(Table 2) is similar to that seen in animal models of ALVD; namely, activation of the

endogenous cardiac hormonal system (CHS) precedes activation of the RAAS47 as
demonstrated by the significant increase in ANP in patients with ALVD compared to
controls, but no significant increase in plasma renin activity (PRA).

Table 2. Neurohormal Activation in
ALVD vs. CHF

Control SOLVD SOLVD
‘ Prevention  Treatment
PNE 316.5 422 507
ANP 48.3 102.8 148
PRA 0.6 0.7 1.7
AVP 1.8 2.3 3.0

Francis et al. Circulation 1890; 82: 1724.

These data suggest that early activation of the cardiac hormonal system maintains
cardiorenal homeostasis and suppresses activation of the RAAS. This is consistent with
experimental data that demonstrate a direct suppressive effect of the cardiac hormones on

renin and aldosterone synthesis and release39-41. The precise pathophysiology that
underlies the transition from ALVD to symptomatic heart failure is not known. However,
the critical event may be an “escape” of the RAAS from the suppressive actions of the
natriuretic peptides.

The SOLVD Prevention trial published in 1992 is an old clinical trial, yet it
remains the only randomized, controlled clinical trial that enrolled patients with ALVD.
In that trial, enalapril reduced the risk for the composite endpoint of death or
hospitalization for heart failure, but did not significantly reduce the risk for all-cause



mortality. Based on the SOLVD Prevention trial it is recommended that all patients with
ALVD should receive ACE-inhibition therapy. It is not known if beta-blockers reduce
progression of ALVD to heart failure. Although clearly effective in all symptomatic

stages of heart failure#8-51 there are no randomized clinical trials that have tested the
ability of beta-blocker therapy to reduce the risk for progresion of ALVD to heart failure.
Additional novel therapeutic approaches based upon an understanding of the unique
pathophysiology of ALVD and the role of the cardiac hormonal system may improve our
ability to reduce the risk for progression of ALVD to heart failure. For example, given
the role of the cardiac hormonal system in suppressing RAAS activation and maintaining
the cardiorenal response to volume challenges, an intriguing strategy would be to
augment the actions of ANP and BNP pharmacologically with the use of neutral
endopeptidase (NEP) inhibitors, either as monotherapy or combined with ACE-inhibitors

(e.g. omapatrilat)zs’ 52-57,
IV. CHS in Advanced Heart Failure.

Despite the recognized importance of the cardiac hormonal system (CHS) in
ALVD and mild heart failure, it was not clear that it continued to act as an important
compensatory system once heart failure became severe. The CHS is progressively
activated as the severity of CHF increases (figure 4). Are the increased levels of the
natriuretic peptides exerting any important function once symptoms of heart failure
develop or are the physiologic effects of ANP and BNP easily over-powered by the
adverse neurohormonal mileu that characterizes advanced CHEF?

Figure 4.
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In an effort to address these questions experimentally, Wada and

colleaguesSSCreated a canine model of severe heart failure using rapid and sustained
ventricular pacing. The neurohormonal profile mimicks that seen in advanced stages of
human heart failure. The investigators then administered HS-121 to a subset of the dogs.
HS-121 is a specific antagonist for NPR-A so it blocks the biological actions of ANP and
BNP in all target tissues expressing NPR-A. The investigators noted rapid declines in
renal function and activation of adverse neurohormonal systems upon blockade of the
biological actions of ANP and BNP by HS-121 (Table 3).



Table 3. Administration of HS-121, a

NPR-A Blockade competitive blocker of NPR-A,
resulted in rapid increases in
« Plasma cGMP: 32% decrease sympathetic and RAAS activation as
- Urinary cGMP: 37% decrease well as decreased natriuresis. The

acute decline in plasma and urinary
cGMP suggests a decline in cardiac
hormonal bioactivity in target tissues.

= Norepinephrine: increase 225% controls
« Plasma renin: increase to 226% controls
+ Aldosterone: increase to 179% controls

« Rapid decrease renal sodium excretion

« Rapid decrease urine flow rate

+ MAP, PCWP, RAP: no significant change

Wada et al, Cirgulation 1994;88: 2202-2240.

These data to demonstrate that the CHS continues to exert a tonic compensatory
role in all stages of heart failure, in particular the ability of ANP and BNP to suppress
excessive activation of the RAAS and sympathetic systems and to promote renal
homeostasis. Additional support for the hypothesis that the CHS is an important
compensatory system in advanced heart failure is provided by the data demonstrating the
benefit of synthetic BNP infusions (nesiritide) in advanced heart failure. When
administered to patients with decompensated moderate to severe systolic heart failure,
nesiritide effectively reduced pulmonary capillary wedge pressure, but also significantly

reduced the circulating levels of norepinephrine, aldosterone and endothelind9-61, The
extent of neurohormonal suppression was greater than that seen with intravenous
nitroglycerin despite comparable changes in hemodynamic parameters that can drive
neurohormonal activation. Anecdotally, in our experience, the use of BNP has been
associated with enhanced diuresis without the problem of increase in serum creatinine
during aggressive diuresis.

Perhaps arguing against the importance of the cardiac hormonal system as a
stabilizing compensatory system in moderate to severe heart failure are the results of the
OVERTURE (Omapatrilat Versus Enalapril Randomized Trial of Reducing Events) heart
failure trial recently reported (unpublished data) at the ACC 51rst Scientific Session
2002. Omapatrilat is a combined ACE and NEP-inhibitor. A total of 5770 patients with
NYHA Class II-IV CHF and EF < 30% were randomized to enalapril (10 mg/day) or
omapatrilat (40 mg/d). There was no significant difference between enalapril or
omapatrilat with regards to the composite primary end point of all-cause mortality/CHF
hospitalizations. There may be several potential explanations for the negative results. One
interpretation is that the incremental increase in circulating ANP and BNP that occurs
with omapatrilat offered no advantage over enalapril because the cardiac hormones are
not critical to the pathophysiology of progression once heart failure becomes advanced.
There may be other explanations for these negative results. As we will discuss
subsequently, despite the increased levels of BNP and ANP in advanced CHF, there is a
blunting of their target tissue biological actions. On average, vasopeptidase inhibition
will raise circulating levels of ANP and BNP ~ 4-fold and this degree of increase may not
be sufficient to overcome the mechanisms that contribute to target tissue resistance to
BNP. In fact further sustained increases may contribute to further resistance over time.
With intravenous infusions with nesiritide, acute physiologic effects are seen in patients
with advanced heart failure. However, intravenous infusions of nesiriitde can increase



circulating BNP-levels ~10-fold (in the 5000 pg/ml range) and this may be sufficient to
overcome the resistance mechanisms that we will discuss later.

V. BNP as a Biomarker in Patients with Heart Failure

A great deal of attention has recently been focused on the utility of BNP as a
diagnostic and prognostic biomarker62-65_ An elevated BNP has been consistently
corrrelated with an increased risk for morbidity and mortality in heart failure66‘71, as

recently reviewed by Maisel 72 and during Dr. James de Lemos’ medical grand rounds
here at UT Southwestern. In order to understand why BNP is such a robust clinical
biomarker for adverse events, despite its known beneficial and compensatory physiologic
effects, a brief review of some of the major studies of BNP as a biomarker in heart failure
will provide the conceptual framework.

In a recent clinical cohort study under the direction of Maeda and associates /0, a
cohort of patients with decompensated moderate to severe systolic heart failure
underwent standard therapy (not protocol directed) including more aggressive diuresis
and addition of standard medications. At baseline and at 3-months after initial
randomization a neurohormonal profile was measured in each subject. By 3-months
patients had on average improved clinically (Table 4) as evidenced by improved NYHA
class, and significant decreases in norepinephrine, endothelin, interleukin-6 and ANP and
BNP (Table 4).

Table 4. BNP Guided CHF Therapy

Baseline 3-months
NYHA 3.4£0.05 2.2+£0.05
LVEF 23 £0.09 33+1.3
ANP (pg/ml) 208 £19 80+7.2
BNP (pg/ml) 917 + 96 285 + 37
PNE pg/ml) 968 * 84 431+ 32
ET-1 (pg/ml) 4.58 £0.23 2.69+0.1
IL-6 (pg/ml) 15.2%+25 500.7

The 3-month value of IL-6 and BNP were independently associated with all-
cause mortality and the composite endpoint of death or CHF hospitalization. When
stratified by the median 3-month BNP or IL-6 levels, the patients with BNP levels above
the median value of 170 pg/ml had a significant increase in mortality (figure 5).
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VI. Understanding BNP as Biomarker

What is tailored hemodynamic therapy for advanced refractory heart failure?

Tailored hemodynamic therapy 73-1Sisa general approach to advanced decompensated
heart failure that targets intracardiac filling pressures rather than cardiac output per se. In brief, a
pulmonary artery catheter is used to guide therapy after obvious volume reservoir (anasarca or
ascites) is removed. Initially a combination of intravenous vasodilators, typically nitroprusside,
and diuretics is used during the initial 24 hours and to approach as possible the following
hemodynamic goals: a mean pulmonary capillary wedge pressure < 16mmHg, mean right atrial
pressure of <8 mm Hg, systemic vascular resistance < 1200 and maintaining a systolic blood
pressure > 80 mmHg. Once obtained the next 48 hours are used to transition the patient to an oral
regimen that maintains these hemodynamics. The ultimate goal is to redesign the outpatient oral
regimen. Note that cardiac output is not the primary target, but rather normalization of ventricular
loading conditions. Obtaining these hemodynamic targets consistently improves cardiac index
secondarily by improving forward stroke-volume via a reduction in mitral regurgitation, and the
extent of improvement in cardiac index is as dramatic if not better than that obtained with

intravenous inotropic agents’9. It has been demonstrated that the improvements in
hemodynamics achieved after transition to an oral medical regimen are maintained long-term
when these patients are followed in a dedicated heart failure clinic and become familiar with the

proper use of a flexible outpatient diuretic regimen77.

In general, many of our patients with advanced heart failure have elevated cardiac filling
pressures despite any symptoms of congestion and despite no evidence of edema or crackles on
auscultation of the lungs. Drazner and colleagues reported that one of the most sensitive
indicators of elevated left-sided filling pressures in patients with advanced heart failure is right
atrial pressure (figure 6) as demonstrated by the tight correlation between left-sided and right-
sided cardiac pressures in 000 patients with advanced heart failure’8. In the population of
patients with advanced heart failure, the most common “mistake” is not to recognize volume-
overload. This is because the usual clinical signs are absent. Although quite specific when
present, rales and peripheral edema are evident in less than 25% of patients with abnormally high
left-sided pressures. The most sensitive signs of increased left-sided filling pressures is elevation
of the jugular venous pressure (~80% sensitivity). A “square wave” response upon performing the

Valsalva maneuver is also a reliable sign of increased left-sided filling pressures79.
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In our experience using this approach on the CHF service, many of our patients are
rendered asymptomatic in terms of symptoms of congestion (a dry cough being one of the
frequent symptoms of elevated pressures) when their baseline PCWP, not infrequently as high as
30-35 mmHg, is reduced below a threshold value of 25 mmHg. Tailored therapy, therefore,
targets filling pressures-below the usual threshold for development of symptoms of congestion.
There is debate Is there any Cab normalization of cardiac filing pressures beyond relief of
symptoms of congestion important to reduce the rate of heart failure progression?

Post-therapy intracardiac filling pressures correlate with prognosis in advanced CHF.

Supporters of the neurohormonal paradigm of heart failure advocate that hemodynamics
are not important in the neurohormonal paradigm of heart failure other than their relation to
symptoms of‘congestion. This continues to be a lively debate in the heart failure community.
Opponents of the aggressive approach of tailored hemodynamic therapy point to numerous
studies that found no association of hemodynamics with prognosis in heart failure. However, as

pointed out by Stevenson 73-75 these studies used baseline hemodynamics in their analyses and
in general baseline hemodynamics for patients with decompensated heart failure are similar and
do not provide the ability to risk-stratify patients over time.

Post-therapy hemodynamics are associated with prognosis73’ 75,80 For example,
Fonarow and associates at UCLA demonstrated that when patients with refractory end-stage
heart failure underwent tailored therapy, the patients could be risk-stratified when divided into
subsets based on the ability to achieve a normal pulmonary-capillary wedge pressure (PCWP <
16 mmHg). The all-cause mortality was significantly greater for the patients unable to lower
PCWP to a value < 16 mmHg. The two sub-groups based on post-therapy PCWP were
indistinguishable when baseline hemodynamics were compared.

Figure 7 . Early Response of PCW but not Cl Predicts
Subsequent Mortality in Advanced Heart Failure
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Final hemodynamic measurement in 456 advanced HF patients after
tailored vasodilator therapy. Fonarow Circulation 1994;90:1-488

These data suggest that when using an aggressive treatment strategy such as tailored
hemodynamic therapy (to be discussed subsequently) the ability to approximate hemodynamic
goals or near-normal filling pressure provides an ability to risk-stratify patients. They do not



suggest that a further reduction in cardiac filling pressures beyond relief of symptoms of
congestion may be beneficial in reducing heart failure progression. The approach termed “tailored
therapy” has never prospectively been demonstrated to improve mortality in advanced heart
failure. This approach is undergoing prospective evaluation in the NIH-sponsored ESCAPE trial.
In this study, patients with refractory NYHA IIIB or IV heart failure are being randomized to
management using clinical assessment alone, aimed at normalizing filling pressures based on
clinical exam findings (e.g. JVP less than 8 cm) or treatment guided by a PA-catheter.

Recently, Maisel and colleagues demonstrated a tight correlation between changes in
PCWP and BNP during treatment of decompensated CHF (figure 8).

Figure 8. Correlation of Change in
PCWP with BNP

33 1300

31 N =15 (responders) PCWP 11200
D 29 - BNP w
o 1100 2
E 27 o
E 25 1000 5
o 23 900 §
g o tsoo =
a 19

17 700

15 . & G 600

baseline 4 8 12 16 20 24

Maisel, A. et al. J Cardiac Failure, Vol. 7, No. 1, 2001

Integrating these data, one intriguing potential explanation based on these data fro BNP’s
prognostic import in CHF is its correlation with post-therapy ventricular loading conditions. In
other words, patients with increased post-therapy BNP levels are at increases risk for heart failure
progression because they have persistently increased cardiac filling pressures. This can be the
case despite symptomatic improvement. For example, based om Maisel’s data, it is likely that on
average, the patients in Fonarow’s study (figure 7) with a PCWP > 16mmHg had higher levels of
BNP than those with the ability to obtain a PCWP < 16 mmHg. Of course, the acceptance of this
hypothesis implies that hemodynamics, specifically ventricular loading conditions, contribute to
progression of heart failure. Are there data to support this concept?

Ventricular loading conditions may cause heart failure progression.

Ventricular loading conditions may directly influence progression and prognosis in heart
failure. For example, chronically increased filling pressures increase ventricular wall stress and

promote myocyte slippage and the process of progressive ventricular dilatation81. This is
consistent with the notion that “dilatation begets dilatation”. Decreasing ventricular end-diastolic
pressure in theory will reduce wall tension for a given ventricular diameter and may reduce the
rate of dilatation. Left-ventricular size, specifically the end-diastolic dimension, is independently

associated with increased mortality in advanced heart failure82.

A recent study demonstrated that BNP elevation was independently associated with the

risk for sudden cardiac death in moderate to severe CHF83. If BNP is related to cardiac filling
pressures, how are ventricular filling pressures in turn related to arrhythmic risk? It is known that
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increased ventricular loading conditions can lead to changes in repolarization84. Loading
conditions are often heterogenous in the ventricle so these changes in repolarization can cause

heterogeneity in refractoriness and promote re-entry arrhythmiasgs. In addition, increased
myocyte stretch and increased ventricular loading conditions can increase calcium overload,

predispose to early after-depolarizations and triggered automaticity leading to arrhythmia586.

It is also increasingly apparent that loading conditions in the ventricle alter myocardial

gene expression87-89_ This has been confirmed in patients supported with left-ventricular assist
devices (LVAD?’s). If working properly, LVAD’s normalize left-ventricular loading conditions.
Several investigators have demonstrated that after LVAD implantation, myocardial expression of

pro-inflammatory cytokines and the cardiac hormones ANP and BNP are reduced90, 91,
Increased ventricular loading conditions enhance activation and gene-expression of the
metalloproteinases that degrade collagen, fibronectin and other components of the extracellular

matrix92. Therefore, metalloproteinase activation plays a critical role in the adverse ventricular
remode4ling that occurs as heart failure progresses. In addition, persistent cytokine activation is
induced by increased ventricular loading conditions. Cytokine activation is independently

associated with heart failure mortality70 and cytokine activation, such as TNF-alpha, contributes

to further activation of the metalloproteinase proteolytic family93. Thus, the gene expression
profile activated by increased ventricular loading conditions might contribute directly to the
adverse remodeling process that defines progression of heart failure.

In addition, Johnson and colleagues recently reported the hemodynamic and

neurohormonal responses to tailored hemodynamic therapy94. Neurohormonal measurements
were made before the initiation of nitroprusside, with each patient maintaining his or her oral
medical regimen until the morning of the catheterization, after optimal hemodynamics were
approximated on intravenous medication (time point A) but patients were holding all oral
medications, including ACE-inhibitors, and after conversion to an oral regimen (time point C)
[Table 5A]. Oral medications were withheld from the morning of catheterization to time point A.
Therefore, the neurohormonal changes reflect the consequences of lowered intracardiac filling
pressures in the absence of oral medications such as ACE-inhibitors. On average, hemodynamics
improved substantially (Table 5B).

Table 5A. Neurohormonal Response to Table 5B. He.modynamlc
Tailored Therapy response to tailored therapy
N=34 pts Baseline A B ::34 Pl B:’z‘:';‘e g 21
ANP (pg/ml) 201 30 96 £ 14 7412 PCWP -_— 15 &4
BNP (pg/ml) 175 £ 22 126 + 20 82+13 ¢l 1.70 + 0.08 2.58 +0.09
PNE (pg/ml) 858 + 96 817 £ 97 608 f:7 SVR 1780 + 94 1109 + 50
Renin (ng/ml/hr)  15.4+2.2 304 %1.8 32014 SBP 84 42 7742
Aldo (ng/dl) 16.5+ 3.4 28859 16.3+3.2 .
Endothelin 77406 5.5+0.5 52403 A=mean 1.4 days; IV nitroprusside (ACE, orals held)
(pg/ml) ' ’ ) : ’ ’ B=mean 3.4 days; after transition to oral regimen
A=mean 14 days; |v nitroprusside (a" Ora's held) Jehnson and colleagues; J Am Coll Cardicl 2002; 39:1823-9.

B=mean 3.4 days; after transition to roal regimen

Johnson and colleagues; J Am Coll Cardiol 2002; 39:1623-9.

15



These data demonstrate that cardiac hemodynamics and neurohormonal activation, including
activation of the CHS, are closely related. Note that the decline in ANP and BNP precedes the
decline in plasma norepinephrine. It is also correlated with activation of the RAAS system as
evidenced by increases in renin and aldosterone. Might this reflect a release from the suppressive
actions of ANP and BNP on the RAAS? In some ways the changes in renin and aldosterone are
similar to the changes seen when Wada and associated gave HS-121 to dogs with severe heart
failure (Table 3), except that when the NPR-A receptor antagonist was administered plasma
norepinephrine rose sharply. The slow decline in norepinephrine in the case of tailored therapy
may reflect the balance between two opposing mechanisms: 1. ) tendency for norepinephrine
(PNE) to increase as ANP and BNP fall and 2.) endency for PNE to fall as cardiac output
improves and the increased stroke volume decreases central sympathetic outflow via

baroreflexes??. As we shall see later, the indisputable link that Johnson and colleague’s data
demonstrates between hemodynamics, neurohormones and the cardiac hormonal system provides
a conceptual framework within which to better understand the complex cardiorenal interactions
that likely underlie the phenomenon of aggravated renal dysfunction during intensive therapy for
decompensated heart failure.

Attenuation of the physiologic effects of the cardiac hormones in advanced CHF.,

A less recognized fact in understanding BNP’s role in heart failure is the recognition that
as heart failure progresses, the physiologic effects of the cardiac hormones are markedly

attenuated?!. Tsutomota and colleagues examined the physiology of the cardiac hormonal system
across the pulmonary vascular bed in patients with various degrees of heart failure severity
ranging from NYHA Class 11-1V96. All patients underwent a right heart catheterization to
position a pulmonary-artery catheter. Samples were drawn from the pulmonary artery and
pulmonary capillary wedge region to determine levels of ANP, BNP and cGMP. The patients
were divided into two groups. Group I consisted of patients defined as mild heart failure
O(NYHA Class II) and group 2 was defined as severe heart failure (NYHA Class [I/IV). The
values of ANP, BNP and cGMP were plotted for the each individual in each group. These data
are shown below.

Figure 2. Comparison between plasma atrial natruretic peplide

Figure 1. Correlation between plasma atnsl natnureue peptide (ANP)and cyche guanosine monophosphate (¢GMP) concentrations
{ANP} and cyche guanosine menophosphate (cGMP) concentrations i the main pulmonary artery w group I tfunctional class Hor V).
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It is demonstrated that in the group with mild CHF, there existed a positive linear
correlation between the level of ANP and cGMP. The same was seen for the BNP versus cGMP
relationships in the two groups (data not shown). In the group with advanced heart failure,
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however, there was no correlation between the pulmonary-artery region concentration of ANP
and cGMP. In fact, the average cGMP value was similar to that of the group with mild heart
failure, despite a nearly five-fold elevation in ANP values, and appeared to plateau. The
investigators also measured the molar extraction of ANP across the pulmonary vascular bed
relative to pulmonary vascular production of cGMP. This was accomplished by measuring these
values in the pulmonary artery and the pulmonary vein. As demonstrated below, patients with
advanced heart failure demonstrated uncoupling of cardiac hormone extraction from cGMP
production across the pulmonary vascular circuit as shown below.
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The prognostic impact of desensitization of the cardiac hormonal system’s efferent limb.
prog D )

There is only one study that indirectly addressed the question as to the prognostic impact
of the degree of blunting of the physiologic actions of ANP or BNP in heart failure (attenuation

of the efferent limb of the CHS). Maeda and colleagues97 followed a cohort of patients with
moderate systolic heart failure over an average of 2 years. At baseline each patient had a
measurement of plasma BNP and cGMP. The investigators compared the slopes of the BNP
versus cGMP relationships in survivors compared to non-survivors. A reduced slope would
indicate attenuated physiologic activity for the cohort because for any level of BNP the
corresponding level of cGMP on average was lower. The results demonstrated a reduced slope in
these relationships in non-survivors (figure 9). This suggests that patients with more severe
attenuation of the efferent limb of the CHS are at increased risk for mortality. It may be the case
that in an individual patient, the degree to which the physiologic effects of BNP are blunted may
continue independent prognostic information. For example, in two otherwise similar CHF
patients with identical BNP values, these data would suggest the patient with lower cGMP levels
in the plasma, an indirect measure of the target tissue actions of BNP, would have a higher

mortality risk.
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Causes of blunted target tissue bioactivity of cardiac hormones in advanced CHF.

There are several mechanisms leading to the reduced physiologic effects of the cardiac
hormones in advanced heart failure. The degradation of the natriuretic peptides is increased in

advanced heart failure due to upregulation of the clearance receptor (NPR-C) 98and increased

neutral endopeptidase activity 99 This decreases the amount of ANP or BNP available to bind to
the NPR-A receptor at the target tissue level thereby reducing the effects of the peptide hormones
in target tissue. Clearly, these two mechanisms alone would explain the data from Tsutomota and

colleagues 96 that demonstrated that ANP and BNP were “cleared” across the vascular bed
despite no corresponding increase in cGMP production in the patients with more advanced heart
failure. In addition, there is evidence for upregulation of the phosphodiesterase isoforms that

degrade cGMP in patients with more advanced heart failure 100-102,

In addition, the phenomenon of homologous desensitization of the NPR-A receptor
explains a substantial proportion of the reduced bioactivity of ANP and BNP in advanced heart

failure!4> 103, persistent stimulation of the NPR-A receptor results in a loss of guanylate cyclase
activity. The mechanisms for this receptor desensitization process are complex. Although the

cardiac peptide hormones can suppress transcription of the NPR-A receptor, 104, receptor down-
regulation does not appear to be the primary mechanism for receptor desensitization. The primary
mechanism is dephosphorylation of the kinase homology domain (figure 2). Phosphorylation of

the serine and threonine residues in the kinase homology domain permits ligand binding to exert a

conformational change across the receptor that is activates the guanylate cyclase domain 105-107,
The conformational change that ANP and BNP cause by binding to the receptor to activate the
guanylate cyclase region and convert GTP to cGMP also “exposes™ the kinase homology
domain’s serine and threonine residues to an unidentified phosphatase, possibly protein
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phosphatase 5 108, This results in dephosphorylation of this domain and receptor desensitization
(figure 10). Interestingly, site-directed mutagenesis studies in which glutamate was substituted for
the 6 phosphorylation sites of NPR-A’s kinase homology domain produced a “constitutively
phosphorylated,” receptor with a 10-fold increase in cGMP production upon ANP stimulation and

resistance to homologous desensitization103. The process of de-phosphorylation as the
mechanism of receptor desensitization is unique to the guanylate cyclase receptor family and the
exact opposite of that seen for G-protein coupled receptors, such as the beta-adrenergic receptor.

Figure 10. ACTIVATION DESENSITIZATION
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Integrating the hemodynamic and neurohormonal paradigms of CHF progression.

Chronic elevations in cardiac filling pressure may contribute to homologous
desensitization and in doing so contribute to heart failure progression. . For example, chronic
elevations in ventricular loading conditions lead to chronic increases in circulating ANP and BNP
in patients with heart failure. The resultant chronic exposure of the NPR-A receptor to the levels
of ANP and BNP that characterize advanced heart failure would be expected to result in
homologous desensitization of the receptor. If we could prevent sustained elevations in ANP and
BNP in CHF by a strategy aimed at targeting near-normal filling pressures perhaps we could
reverse or prevent homologous desensitization. This is speculative at the present time, but the
ongoing ESCAPE trial will provide an opportunity to evaluate the effect of reductions in cardiac
filling pressure on the efferent limb of the cardiac hormonal system.

“Cycle of Congestion”
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Aggravated renal dysfunction during treatment of decompensated CHF.

It is known that the treatment of decompensated heart failure can result in rapid and
dramatic declines in ANP and BNP. It is intriguing to speculate that sustained reductions in
cardiac filling pressure over time may reduce circulating ANP and BNP levels and “reverse” the
desensitization of the CHS. This might impact in a beneficial way the ability to maintain fluid
homeostasis. However, the abrupt declines in ANP and BNP that occur during reductions in
chronically elevated cardiac filling pressures may lead to a transient period of cardiorenal
instability.

The phenomenon of aggravated renal dysfunction (ARD) during the acute treatment
phase of decompensated heart failure, defined as a 25% or greater increase in serum creatinine
during the treatment of decompensated heart failure, may occur in 20-25% of patients. It

significantly prolongs hospital length-of-stay and increases costs109. The clinical response to
ARD, often based on incomplete knowledge of the underlying pathophysiology, may not be
appropriate. For example, ARD is often attributed to “overdiuresis”, and the clinical response
often is to decrease or hold diuretics or even administer fluid. Another explanation is “over-
vasodilation” and this may limit attempts to uptitrate ACE-inhibitors to target doses.

Recent data suggests that ARD is not explained by “overdiuresis” or abnormal

hemodynamics. For example, Weinfeld and colleagues 110 examined the renal responses to
tailored hemodynamic therapy in 30 patients with decompensated heart failure admitted to the
cardiomyopathy service at Brigham and Women’s hospital. Patients were stratified into those that
did (N=5) and did not (N=25) develop ARD, defined as a 25% or greater increase in creatinine
during treatment for decompensated heart failure. The patients that experienced ARD had
improvements in cardiac output, SVR, and filling left and right-sided cardiac filling pressures that
were indistinguishable from those that maintained renal function (Table 6). Multivariate logisitic
regression analysis identified age, pre-treatment GFR and atrial fibrillation to be independently
associated with the risk for ARD.

Table 6. Aggravated Renal Dysfunction

ARD (N=5) No ARD (N=25)

Baseline Post Baseline Post

CVP 113 10+6 135 9+4
PCWP 24 + 4 20t 4 2817 22+6
co 42+05 42+5 39+10 45+1.0
SVR 1480 + 1180 1400 + 1080 +

290 230 520 240
RPP 66 + 8 64+10 64%11 61+10

Several lines of evidence support the hypothesis that abrupt changes in natriuretic peptide
levels might directly and indirectly contribute to the development of ARD. Johnson and
associates data Table 5A) as well as Maisel’s data (figure 8) clearly demonstrate that tailored
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hemodynamic therapy results in rapid declines in ANP and BNP within 24 hours and that the
decline in ANP and BNP precedes the decline in norepinephrine and is associated with activation

of the RAASY4. Interstingly, the increase in renin activity despite no adverse changes in
hemodynamic parameters is similar to the increase in renin that occurred when Wada and
associated administered HS-121, the NPR-A antagonist, to dogs with severe pacing-induced heart

failure>8. The final piece of supportive evidence comes from a report from the surgical

literature ! 11 In this study, the investigators evaluated a total of 61 patients undergoing cardiac
surgery for valvular or coronary artery disease or both to test the hypothesis that the magnitude of
reduction in chronically elevated left atrial pressure would be related to the decrease in post-
operative renal sodium excretion. They found that the immediate post-operative decline in left-
atrial pressure (from 16.7 £1.0 to 9.4 + 0.4 mmHg) was inversely correlated with post-operative
urine output (r=0.69; p<0.001) and sodium excretion (r=0.51; p<0.005). Moreover, a significant
postoperative decline in ANP (from 150 £22 to 65 + 14 pg/ml; p<0.01) and increase in renin
activity (from 2.5 = 0.6 to 8.7 + 3.2; P<0.05) occurred in those patients with a 7 mmHg or greater
decline in left-atrial pressure.

Other potential mechanisms explaining BNP’s prognostic import in CHF.

The association of increases with BNP with adverse prognosis in heart failure might also
relate to the correlation of BNP gene transcription with activation of other pathways that
influence disease progression. For example, cytokine activation, in particular interleukin-6 and

TNF-alpha, can directly activate BNP gene transcription] 12-114 Cytokines have been
independently associated with mortality in patients with heart failure70, 115-118,

A highly speculative hypothesis is that BNP is associated with prognosis in heart failure
as a marker for calcineurin activation. As demonstrated first by Molkentin, Olson and

colleagues! 19, selective overexpression of calcineurin signaling pathway is sufficient to cause
cardiac hypertrophy and increase transcription of the BNP gene. There exists controversy as to

whether or not calcineurin activity is markedly increased in advanced systolic heart failure 120,
Some investigators have suggested that calcineurin activity is increased and potentially harmful
by contributing to abnormal function of the sarcoplasmic endoplasmic reticulumm ATPase, a

critical regulator of intracellular calcium ha11dling121. Phospholamban interacts and controls the
activity of SERCA. When phospholamban is dehosphorylated it decreases the activity of SERCA

contributing to diastolic calcium overload and diminished calcium release during systolelzz.
Calcineurin when activated is a phosphatase that might contribute to dephosphorylation of
phospholamban. BNP might be correlated with calcineurin activation in CHF. This remains an
area of active research.

Summary: Potential explanations for the prognostic import of elevated BNP in CHF:
1. association with intracardiac filling pressures

association with degree of attenuation of efferent bioactivity

association with degree of calcineurin activation?

marker for persistent cytokine activation?

combination of above or other factors?

SUESECR
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VII. Future Research Directions

The UT Southwestern heart failure research group in cooperation with the McDermott
Center’s Program for Genomic Applications (PGA) and the Reynolds Cardiovascular Research
Center remains very interested in a better understanding of the causes for the apparent increased
risk for mortality, largely accounted for by an increased risk for CHF progression, in African-

Americans with CHF, despite adjustment for a variety of potential confounders!23. There was
some speculation that this might reflect differences in the response to therapy. Recent data for

beta-blockers 124and a recent report from the SOLVD database exploring racial response to
ACE-inhibitors suggest that this is not the case. It is apparent from the demographics of patients
enrolled in the major heart failure clinical trials that the epidemiology of heart failure is quite
different in African-Americans compared to Caucasians and that these differences might account

for differences in the natural history of the disease in African-Americans with heart failure 125-

128 Our laboratory is focusing on the cardiac hormonal system and other compensatory systems
to identify allelic variants within these genes that might increase susceptibility to left-ventricular
hypertrophy, the transition from LVH to systolic heart failure, and progression of established
systolic heart failure.
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