
Degradation 
of 

Bioactive 
Substances: 

Physiology and Pathophysiology 

Editor 

Jens H. Henriksen, M.D., Ph.D. 
Chief Physician 

Department of Clinical Physiology 
Hvidovre Hospital 

Hvidovre, Denmark 
and 

Associate Professor of Clinical Physiology 
University of Copenhagen 

Copenhagen, Denmark 

CRC Press 
Boca Raton AnnArbor Boston London 



Library of Congress Cataloging-in-Publication Data 

Degradation of bioactive substances : physiology and pathophysiology / 
editor, Jens H. Henriksen. 

p. cm. 
Includes bibliographical references. 
Includes index. 
ISBN 0-8493-6858-8 
1. Metabolism. 2. Bioactive Compounds—Metabolism. 

3. Biomolecules—Pathophysiology. [1. Metabolie Diseases.] 
I. Henriksen, Jens H. 

[DNLM: 1. Blood Chemical Analysis. 2. Catecholamines—metabolism. 
3. Peptides—metabolism. QY 450 D3221] 
QP171.D44 1991 
616.07'561—dc20 
DNLM/DLC 
for Library of Congress 90-2609 

This book represents information obtained from authentic and highly regarded sources. Reprinted material is 
quoted with permission, and sources are indicated. A wide variety of references is listed. Every reasonable effort has 
been made to give reliable data and information, but the author and the publisher cannot assume responsibility for 
the validity of all materials or for the consequences of their use. 

All rights reserved. This book, or any parts thereof, may not be reproduced in any form without written consent 
from the publisher. 

Direct all inquiries to CRC Press, Inc., 2000 Corporate Blvd., N.W., Boca Raton, Florida, 33431. 

CIP 

©1991 by CRC Press, Inc. 

International Standard Book Number 0-8493-6858-8 

Library of Congress Card Number 90-2609 
Printed in the United States - — 



CONTRIBUTORS 

Jens Lundbcek Andersen 
Department of Medical Physiology C 
University of Copenhagen 
Copenhagen, Denmark 

Lars Juel Andersen 
Department of Medical Physiology C 
University of Copenhagen 
Copenhagen, Denmark 

Vicente Arroyo, M.D. 
Professor of Medicine 
Liver Unit 
Hospital Clinic i Provincial 
University of Barcelona 
Barcelona, Spain 

Kirsten D. Bentsen, M.D. 
Senior Registrar 
Department of Internal Medicine, B 
Frederiksberg 
Copenhagen, Denmark 

Mauro Bernardi, M.D. 
Associate Professor 
Department of Patologia Medica I 
University of Bologna 
Bologna, Italy 

Peter Bie, M.D., Ph.D. 
Associate Professor 
Department of Medical Physiology C 
University of Copenhagen 
Copenhagen, Denmark 

Niels Juel Christensen, M.D., Ph.D. 
Director 
Department of Internal Medicine and 

Endocrinology 
Herlev University Hospital 
Herlev, Denmark 

Jan Fahrenkrug, M.D., Ph.D. 
Department Head 
Department of Clinical Chemistry 
Bispebjerg Hospital 
Copenhagen, Denmark 

J. Robert E . Fräser, M.D., F.R.C.P., 
F.R.A.C.P. 

Reader in Medicine 
University of Melbourne 
Parkville, Victoria, Australia 

Steen Gammeltoft, M.D., D.M.Sc. 
Associate Professor 
Department of Clinical Chemistry 
Bispebjerg Hospital 
Copenhagen, Denmark 

Antonio Gasbarrini, M.D. 
Research Fellow 
Department of Patologia Medica I 
University of Bologna 
Bologna, Italy 

Giovanni Gasbarrini, M.D. 
Professor of Medicine 
and 
Head 
Department of Patologia Medica I 
University of Bologna 
Bologna, Italy 

Alexander L. Gerbes, M.D. 
Assistant Professor 
Klinikum Grosshadern 
Department of Medicine II 
University of Munich 
Munich, Germany 

Jens H. Henriksen, M.D., Ph.D. 
Chief Physician 
Department of Clinical Physiology 
Hvidovre Hospital 
Hvidovre, Denmark 
and 
Associate Professor of Clinical Physiology 
University of Copenhagen 
Copenhagen, Denmark 

Linda Hilsted, M.D. 
Senior Registrar 
Department of Clinical Chemistry 
Bispebjerg Hospital 
Copenhagen, Denmark 



Jens Juul Holst, M.B., B.S., Ph.D., Sc.D. 
Professor 
Department of Medical Physiology C 
University of Copenhagen 
Denmark, Copenhagen 

N. M . Hooper, M .D., Ph.D. 
Department of Biochemistry 
University of Leeds 
Leeds, England 

A. J . Kenny, M .D., Ph.D. 
Department of Biochemistry 

and Molecular Biology 
University of Leeds 
Leeds, England 

Torvard C . Laurent, M .D. , D.M.Sc. 
Professor 
Department of Medical 

and Physiological Chemistry 
University of Uppsala 
Uppsala, Sweden 

Giorgio La Villa, M .D. 
Investigator 
Clinica Medica II 
University of Florence 
Florence, Italy 

Fred Nyberg, Ph.D. 
Professor 
Department of Pharmacology 
University of Uppsala 
Uppsala, Sweden 

Mairead M. T. O'Hare, M .D., Ph.D. 
Department of Clinical Chemistry 
Rigshospitalet 
Copenhagen, Denmark 

Jens M0ller Rasmussen, M .D. 
Registrar 
Department of Infectious Diseases 
Odense University Hospital 
Odense, Denmark 

Jens F. Rehfeld, M .D., Ph.D. 
Professor 
Department of Clinical Chemistry 
Rigshopitalet 
Copenhagen, Denmark 

Peter Schmidt, B.S. 
Research Fellow 
Department of Medical 

Physiology C 
University of Copenhagen 
Copenhagen, Denmark 

Thue W. Schwartz, D.M.Sc. 
Professor 
Department of Laboratory 

Molecular Endocrinology 
Rigshospitalet 
Copenhagen, Denmark 

Sven-Erik Svehag, D.V.M., Ph.D. 
Professor 
Department of Medical Microbiology 
Odense University 
Odense, Denmark 

B. Teisner, M.D. 
Associate Professor 
Department of Medical Microbiology 
Odense University 
Odense, Denmark 

Lars Terenius, Ph.D. 
Professor 
Department of Drug Dependence 

Research 
Karolinska Institute 
Stockholm, Sweden 

Franco Trevisani, M.D. 
Research Fellow 
Department of Patologia Medica I 
University of Bologna 
Bologna, Italy 

Angelika M . Vollmar, Ph.D. 
Institute of Pharmacology, Toxicology 

and Pharmacy 
University of Munich 
Munich, Germany 

Kjeld Winkler, M.D. 
Senior Physician 
Department of Clinical Physiology 
Hvidovre Hospital 
Copenhagen, Denmark 



TABLE OF CONTENTS 

Chapter 1 
Introduction 1 
Jens H. Henriksen 

Chapter 2 
Kinetics of Whole-Body and Organ Degradation 3 
Jens H. Henriksen 

Chapter 3 
Kinetics of Elimination from the Blood: Principles and Procedures 33 
Kjeld Winkler 

Chapter 4 
Peptidases Involved in the Metabolism of Bioactive Peptides 47 
A. J . Kenny and N. M . Hooper 

Chapter 5 
Receptor-Mediated Endocytosis and Degradation of Polypeptide Hormones, 
Growth Factors, and Neuropeptides 81 
Steen Gammeltoft 

Chapter 6 
Degradation of Circulating Renin and Angiotensin 113 
Giorgio La Villa and Vicente Arroyo 

Chapter 7 
Processing and Clearance of Atrial Natriuretic Factors (ANF) 129 
Alexander L . Gerbes and Angelika M . Vollmar 

Chapter 8 
Degradation of Gastric Peptides: Metabolism of the Gastrins 143 
Linda Hilsted and Jens F. Rehfeld 

Chapter 9 
Degradation of Circulating Intestinal Peptides: Metabolism of Substance P and 
Vasoactive Intestinal Polypeptide 155 
Peter Schmidt and Jan Fahrenkrug 

Chapter 10 
Degradation of Glucagons 167 
Jens Juul Holst 

Chapter 11 
Degradation of Pancreatic Polypeptide — A Peptide Hormone with a Globular 
Structure in Aqueous Solution 181 
Mairead M. T. O'Hare and Thue W. Schwartz 



Chapter 12 
Degradation of Neuropeptides 189 
Fred Nyberg and Lars Terenius 

Chapter 13 
Degradation of Neurohyophysial Peptides 201 
Peter Bie, Jens Lundbaek Andersen, and Lars Juel Andersen 

Chapter 14 
Activation and Degradation of Complement: Physiology and Pathophysiology 221 
Jens M0ller Rasmussen, B. Teisner, and Sven-Erik Svehag 

Chapter 15 
Degradation of Circulating Connective Tissue Components 241 
Kirsten D. Bentsen 

Chapter 16 
Catabolism of Hyaluronan 249 
Torvard C. Laurent and J. E. Fräser 

Chapter 17 
Degradation of Circulating Cortical Steroids 267 
Mauro Bernardi, Franco Trevisani, Antonio Gasbarrini, and Giovanni Gasbarrini 

Chapter 18 
Degradation of Endogenous Catecholamines 289 
Niels Juel Christensen and Jens H. Henriksen 

Index 307 



129 

Chapter 7 

PROCESSING AND CLEARANCE OF 
ATRIAL NATRIURETIC FACTORS (ANF) 

Alexander L . Gerbes and Angelika FVL Vollmar 

TABLE OF CONTENTS 
I. Introduction 130 

II. Processing of A N F Prohormone 130 
A. TheHeart 130 
B. Processing in Various Other Organs 132 

III. Clearance of Bioactive A N F 132 
A. Organ Clearance 132 

1. Enzymatic Degradation 134 
2. Clearance Receptors 134 

B. Pathophysiology 135 
C. Therapeutic Implications 135 

IV. Summary 136 

Acknowledgments 136 

References 136 



130 D e g r a d a t i o n of B i o a c t i v e Substances: P h y s i o l o g y a n d P a t h o p h y s i o l o g y 

I. INTRODUCTION 

Atrial natriuretic factor (ANF) is the first well-defined natriuretic hormone. The best 
characterized pharmacological and partly physiological actions of A N F are natriuresis, diu-
resis, and smooth muscle relaxation (for review, see References 1 to 12). Recently, evidence 
has been provided that A N F might be involved in various other biological actions apart from 
its role in volume homeostasis such as immune or reproductive functions. 1 3 - 1 7 

A N F is synthesized in the human heart as a 151 amino acid preprohormone and stored as 
a 126 amino acid prohormone. Upon appropriate Stimulation, such as atrial Stretch, the 
prohormone is cleaved into an N-terminal and C-terminal fragment. The latter has been 
identified as the circulating bioactive A N F 99-126. 1 8 , 1 9 A body of investigations has concen-
trated on the mechanisms of A N F release and on its biological actions (for review, see 
References 1 to 14). Thus far, there is much less information on the processing of A N F 
prohormone as well as on the clearance of bioactive A N F . However, these seem to be topics 
of considerable interest, since plasma levels and biological activity of A N F are significantly 
influenced by these processes. This review article will concentrate on the mechanisms of A N F 
prohormone processing and of degradation and clearance of bioactive A N F , including pa-
thophysiological aspects and possible therapeutic implications. The still poorly understood 
metabolism of A N F in the central nervous System will not be addressed in this chapter. 

II. PROCESSING OF ATRIAL NATRIURETIC PROHORMONE 

A. THE HEART 
It is well established that the heart atria represent the major site of synthesis for A N F (for 

review, see References 20 and 21). Atrial muscle cells possess well-developed structures 
necessary for synthesizing, packaging, and storing this peptide. Initially, a common precursor 
termed prepro-ANF, which comprises between 149 and 153 amino acids depending on the 
species (151 amino acids in human), is being synthesized (see Figure 1). This prepro A N F 
molecule contains a signal peptide sequence at its amino terminus which seems to provide the 
signal for the co-translational transport of the peptide across the endoplasmatic reticulum. 
Düring this transport, the signal sequence is removed and the resulting 126-amino acid peptide 
is stored in secretory granules. In contrast to other prohormone forms of secreted proteins 
(e.g., proinsulin, prepromelanocortin, and proenkephalin) which are being cleaved to the 
mature form during vesicular packaging,22 2 4 the A N F prohormone is stored in the atrial 
granules as the unprocessed prohormone.25 The only 28-amino acid comprising carboxytermi
nus ANF(99-126) (see Figure 2) represents the biologically active hormone and is released 
together with the N-terminal ANF(l-98) into the circulation. 1 9 , 2 6 - 3 0 The site and exact mecha-
nism of this proteolytic conversion of ANF( 1-126) to ANF(99-126) is not yet known. Two 
possible mechanisms have to be considered. First, the cleavage occurs during secretional 
processing; this concept is supported by i n v i t r o experiments showing that ANF(99-126) is 
released from isolated perfused hearts27-31 and by the fact that plasma is not capable of 
performing the cleavage.32 Secondly, data showing that isolated cultured myocytes release the 
intact pro-ANF provide evidence that the cleavage does occur extracellular of myocytes.33-34 

However, cleavage does not seem to take place in the circulation, because the release of 
ANF(99-126) from the isolated perfused rat heart seems not to be dependent on serum related 
enzymes.32 In this regard, one must be aware of the fact that processing of ANF(1-126) from 
isolated cultured cells must not necessarily correspond to the i n v i v o conditions. Taken 
together, the cleavage of pro-ANF may take place during secretion, as well as shortly after 
secretion from the myocytes. 3 5 - 3 8 

In this context, the knowledge of the enzyme responsible for selectively cleaving the 
prohormone and, moreover, of its cellular or subcellular localization would be helpful to 
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FIGURE l. Schematic Illustration of various ANF forms: synthesized 
prepro-ANF is stored as ANF( 1-126), the prohormone. Upon release 
and cleavage, ANF(99-126), the circulating C-terminal fragment, exerts 
biological activities. 

Amino acid sequence of human ANF(99-126) 

Arg 113 Gly 
A / 112 114 \ , 
Asp Ala 

111 115 \ 
/ 110 116 \ 

Arg 109 H 7 S e r 
J . 1 « 1 1 8 J . Gly Gly 

\ 107 119/ 
Gly .o^Gly 

* 106 120/ 
P h e . i o s 121 / G , y 

Cys-3-S-Cys 
Ser Asn 

Ser Leu-Arg Arg Ser 104 122 "Ser-Phe-Arg-Tyr 
99 100 101 102 103 123 124 125 126 

FIGURE 2. Amino acid sequence of the biologically active ANF(99-126). 

elucidate this question. Recently, a serylprotease has been isolated from atrial tissue which 
selectively cleaves the Arg 98-Ser 99 bond of pro-ANF, resulting in ANF(99-126) and 
ANF(l-98) . 3 9 , 4 0 The exact location of this peptide is still controversial. Several possibilities are 
being proposed: 

1. Location of a serine protease with A N F (99-126) Substrate specificity was described in 
the atrial granules containing ANF(1-126). 4 0 This finding can hardly be reconciled with 
the absence of ANF(99-126) in these granules.25 

2. The microsomal fraction,39 rather than the granule fraction of atrial cells, containing this 
enzyme activity would be in line with our understanding that pro-ANF is most likely 
cleaved during exocytotic secretion from its storage granules. Myocytes, but also 
adjacent atrial mesenchymal cells, may possess such an extragranularly located en
zyme. 3 6 

3. Aiternatively, this enzyme might be situated extracellularly;36 however, this hypothesis 
has not been backed up by experimental fmdings thus far. 
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B. PROCESSING IN VARIOUS OTHER ORGANS 
Over the years, evidence has accumulated that the heart is not the only peripheral site of 

A N F synthesis.4011 Lung, 4 1 adrenals,42 intestine,17 various lymphoid organs,1 5 , 4 3 and female re-
productive organs1 6 , 4 4 have been reported to contain A N F prohormone. So far, only the lung 
and the adrenals have been shown to be able to secrete ANF(99-126). 4 5 4 6 This suggests that 
maturation processes occur in these organs. In cultured chromaffin cells, both the prohormone 
as well as the mature form of A N F are co-secreted45 whereas the lung releases only ANF(99-
126).46 

No information about the exact mechanism of these maturation processes is available, 
however, a contribution of extraatrial A N F to the circulating A N F pool is being discussed. 4 1 4 6 

HL CLEARANCE OF BIOACTIVE ANF 

A. ORGAN CLEARANCE 
Plasma levels of bioactive A N F are determined by both release and clearance. While there 

is a rieh body of information about A N F release, the number of studies on the clearance of this 
peptide is rather limited. 4 7" 6 3 The ability of various organs to clear A N F from the circulation 
can be described by the extraction ratio or by the organ clearance. The extraction ratio is 
calculated as arterial minus venous blood concentration over arterial blood concentration (%). 
Multiplication of the extraction ratio with the organ plasma flow results in the organ clearance 
(liter/minute). Several aspects and possible pitfalls have to be taken into consideration regard-
ing studies on A N F metabolism: since the studies necessarily apply venous and even arterial 
catheterization, for ethical reasons, many investigations have been done in patients with 
hypertension or congestive heart failure rather than in healthy subjects. Some of the studies 
did not determine organ plasma flow, thus restricting their results to extraction ratios. Extrac
tion ratios as well as organ clearance have been determined both under basal conditions and 
following intravenous A N F administration. For clearance determinations of pharmacologi-
cally active A N F doses, specific attention should be paid to the rate of infusion in order to 
achieve steady-state conditions. Problems may arise by inappropriate intervals of plasma 
sampling. Furthermore, administration of A N F may decrease blood pressure,56 affect cardiac 
Output and organ blood flow, and increase glomerular filtration rate; this might result in under-
or overestimation of A N F clearance as compared to physiological conditions. 

Furthermore, some studies are based on the assumption that there is no pulmonary extrac
tion of ANF. However, there is now evidence, obtained by pulmonary wedge or pulmonary 
venous sampling, 4 7 , 4 8 that the lung is an important site for A N F extraction. 

With these reservations in mind, it seems that there is no major organ speeificity for A N F 
extraction. Lung, liver, kidney, intestine, and lower limb show similar extraction ratios within 
the respective studies. Values reported, however, differ considerably between various studies 
(Table i) 47-51,53.54,56.58-61.63 Extraction ratios were reported to be 0 to 33% for lung, 22 to 75% 
for liver and intestine, 23 to 67% for kidney, and 15 to 61 % for the lower limb. Taken together, 
it seems that there is a general arterio-venous organ extraction ratio for A N F of about 35%. 

Since there are marked differences of organ blood flow, obviously total A N F clearance 
differs considerably between various organs. Few investigations have determined organ blood 
flow together with A N F extraction under physiological or steady-state conditions. 4 7 , 4 9 , 5 1 , 5 6 

About 50% of the total body clearance of A N F seems to be furnished by the lung. 4 7 The 
renal 4 7 , 4 9 , 5 1 (around 15%) and splanchnic-hepatic47 ,49 ,56 (about 20%) vascular beds also contrib-
ute significantly to A N F clearance. 

Several mechanisms could aecount for the above-mentioned organ clearance of A N F : 
reeeptor-mediated uptake, enzymatic degradation, or organ-speeifie exeretion (urine or bile). 
However, there are only a few reports of concentrations of A N F in bile 4 7 or urine. 5 7 , 6 2 The 
following sections in this chapter will cover enzymatic degradation of A N F , as well as A N F 
clearance reeeptors. 



T A B L E 1 
Clearance of ANF by Various Organs 

ANF arterio-venous extraction ratio (%) 
Author/ Arterial Liver/ Lower 

year Species Healthy (n) sampling site Kidney intestine Lung limb Ref. 

Crozier, 1986 Man No 4—8 Pulmonary/ 50 45 <10 50 58 
aortic 

Henriksen, 1986 Man Yes 8—14 Femoral 54 28 — 40 54 
Schütten, 1987 Man ? 8—14 Pulmonary/ 54 28 0 40 53 

femoral 
Gines, 1988 Man 7 11 Pulmonary — 71 — 61 63 
Vierhapper, 1988 Man Yes 6 Femoral — 75 — — 56 
Woods, 1988 Dog Yes 5 Aortic 55 — — — 51 
Bates, 1989 Dog Yes 14 Pulmonary — — 32 — 48 
Hollister, 1989 Man No 8—39 Pulmonary/ 35 30 24 38 47 

aortic 
Dog Yes 4—7 Pulmonary/ 42 36 19 — 

aortic 
Krieter, 1989a Rat Yes 4—7 Femoral 55—61 22-44 — 43—54 49 
Kurosawa, 1989 Man No 6—56 Pulmonary/ 23 24 12 15 59 

femoral/coeliac/ 
renal 

Masuda, 1989 Dog Yes 6 Pulmonary/ 34 28 33 — 50 
renal/ 
hepatic 

Sudhir, 1989 Man Yes 6 Brachial 67 — — — 61 
Henriksen, 1990 Man Yes 6 Femoral — 53 — — 60 

a Data obtained during ANF infusion. 

N o t e : Arteriovenous extraction ratios are calculated as (arterial minus venous) over arterial ANF plasma concentrations and given in percent (%). Sites of sampling 
for arterial blood are shown in the shown in the table; ideally the arterial plasma concentrations should be determined in the respective organ-supplying 
arteries. —: not determined. 
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1. Enzymatic Degradation 
Since the kidney is a major target organ for A N F , interest has focused on this organ, not 

only as a site for receptor mediated clearance of this peptide (see Section III.A.2), but also as 
a tissue which may be able to enzymatically degrade circulating ANF(99-126). 

Peptidase degradation of A N F is considered to play an important role among possible 
clearance mechanisms64-65 (see also Chapter 4). The brush border of the renal proximal tubule 
is known to be very rieh in peptidases. These enzymes are membrane bound and their active 
sites face the lumen of the tubule.66 Incubating ANF(99-126) with these kidney microvilli 
results in a major degradation produet cleaved between cysteine and Phenylalanine (Cys 105-
Phe 106).6 4-6 5-6 7 - 6 9 Since the intact ring strueture of ANF(99-126) is essential for its biological 
activity, 7 0 , 7 1 A N F is effectively inactivated by this cleavage process. 

The properties of the A N F degrading activity have been investigated by several groups. 
The responsible substance is a glycoprotein 6 4 , 6 7 , 6 9 with a molecular weight of approximately 
94 kDa, sensitive to metalloendoprotease inhibitors such as phosphoramidon and thiorphan. 
In view of these findings, the major proteolytic enzyme responsible for the A N F cleavage 
seems to be the endoprotease EC 3.4.24.1 1.6 3 , 6 7 , 6 9 EC 3.4.24.11 has been reported also to 
possess enkephalin degrading activity. 7 2 However, there may be various forms of EC 
3.4.24.11 differing in cleavage site speeificity and tissue distribution.6 7 , 7 3 7 7 Thus, one may 
speculate that the kidney possesses a specific type of endoprotease EC 3.4.24.11. 

Apart from the major cleavage site within the loop strueture, secondary attack by amin-
opeptidases has been hypothesized.64 These enzymes are not initially responsible for degra
dation because specific inhibitors like Captopril or amastatin have no significant effect.64 After 
the major cleavage process at the Cys-Phe bond of the ring strueture, more complex degra
dation processes seem to follow, producing smaller A N F fragments.68The major sites of renal 
A N F degradation by the endopeptidase seem to be the proximal tubule and the glomerulus.78 

Prompted by these observations, efforts have been made to develop A N F analogues which 
are resistant to this enzyme, as well as specific enzyme inhibitors which could be therapeu-
tically employed (see Section III.C). 

Recent reports indicate A N F degrading activity by the vasculature79 and the adrenal 
capsule.7 3No information is available about the enzymatic degradation activity of other organs 
reported to contribute to A N F clearance (see Section III.A). 

2. Clearance Receptors 
Specific binding sites for A N F have been identified on various cells such as endothelial 

cells, vascular smooth muscle cells, inner medullary collecting duet cells, and in various 
organs such as lung, kidney, adrenal gland, liver, and intestine.8 0 - 8 2 Several observations 
demonstrate that there are at least two different types of A N F receptors with different 
molecular size and different biological properties.83-88 The development of truncated A N F 
analogues which selectively bind to one receptor type such as des[(18-22)]-rANF(4-23)-
N H 2 , 8 9 , 9 0 recently has allowed for better quantitative discrimination of both receptors. 

The current coneept of both receptors is as follows: the 130-kDa receptor exhibits a higher 
affinity for circulating biologically active A N F , is coupled to cyclic guanylate cyclase, and 
mediates the biological effects. Thus, it has been called B- (biological) or R,-receptor. The 
other receptor type shows a molecular weight of 65 kDa, exhibits a lower affinity to biologi
cally active A N F , and binds truncated A N F analogues; it has thus been called C- (clearance) 
or R 2-receptor. 9 1 - 9 4 C-receptors might mediate suppression of adenylate cyclase activity by 
ANF. 9 5 , 9 6Interestingly, it has been shown that the C-receptor may regulate the biologic activity 
of endogenously released A N F , 9 4 and there is evidence that this receptor type indeed has a 
clearance funetion.91 

In anesthetized rats, administration of an A N F analogue selectively binding to C-receptors 
induced marked dose-dependent increases of ANF(99-126) plasma concentration and de-
creases of its volume of distribution and metabolic clearance rate. Furthermore, there is 
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evidence that a major part of A N F mertabolism is due to an internalization following the 
binding of circulating A N F to the C-receptor and subsequent intralysomal hydrolysis.91 The 
regulation of the C-receptor is poorly understood as yet. There is evidence that maneuvers 
decreasing intravascular volume decrease A N F plasma levels and, in turn, increase total A N F 
receptor density.97 9 9 Surprisingly, this increase of A N F receptor density is coupled to a 
reduced biological response to ANF. The Observation that C-receptors, but not B-receptors, 
are augmented following dehydration100 could explain this seeming contradiction and indi-
cates that regulation of C-receptor density might be involved in volume homeostasis. There 
are few data on the quantitative relationship between B- and C-receptors in various tissues. In 
the kidney, in particular on glomeruli, the majority of A N F receptors seems to be of the 
clearance type. 1 0 0 1 0 1 The same has been observed on cultured bovine aorta endothelial cells, 8 3 

on adrenal zona glomerulosa cells, 1 0 1 and on lung membranes.88 

These recent observations are compatible with the concept of a functional importance for 
the C-receptors, which are distinctly different from the B-receptors, in the clearance of A N F 
— a rather unique mechanism in the metabolism of peptides. 

B. PATHOPHYSIOLOGY 
Elevated plasma concentrations of A N F have been found in various pathophysiological 

states, such as congestive heart failure, renal failure, and in some patients with liver disease 
(see References 102 to 105). An increased release of A N F has been suggested in these 
diseases. 6 3 1 0 6 1 0 9 However, elevated plasma concentrations might also be caused by decreased 
clearance. To date, little is known about clearance in pathophysiological states. Recently, it 
has been reported that the fractional extraction of various organs is unchanged in patients with 
liver cirrhosis.54In an experimental model, it has been shown that the renal clearance of A N F 
varies considerably, depending upon glomerular filtration rate;51 thus, augmented A N F 
plasma concentrations in renal diseases might be partly due to reduced A N F elimination. The 
Proportion of B- and C-receptors for A N F in aorta, adrenal, and kidney seems unchanged in 
experimental congestive heart failure.101 In an experimental model of cirrhosis, C-receptor 
density on glomeruli was increased, whereas B-receptors tended to be decreased;1,0 however, 
these animals were not investigated for A N F clearance. Clearly, there is a need for further 
investigations on whether and how metabolic clearance and degradation of A N F is affected 
by pathophysiological states. 

C. THERAPEUTIC IMPLICATIONS 
Beneficial effects of A N F application have been reported in congestive heart failure, 

hypertension, renal failure, chronic obstructive lung disease, and liver disease. 1 1 1 - 1 1 8 Aug
mented circulating levels of A N F may be achieved by exogenous administration of A N F . Due 
to the peptide character of the substance, A N F can be administered only intravenously. The 
rapid metabolic clearance" 9 - 1 2 1 makes repeated bolus injections or continuous infusions 
necessary. Alternatively, circulating A N F concentrations might be elevated by blocking its 
clearance. This might be achieved by administering truncated analogues, binding to clearance 
receptors only and, thus, augmenting the concentration of A N F reaching the B-recep-
t o r s 91.94.122 

Furthermore, inhibitors of the A N F degrading peptidase might show the same results. 
Indeed, several investigations employing endopeptidase EC 3.4.24.11 inhibitors 1 2 2 - 1 3 2 showed 
that the circulating A N F immunoreactivity was elevated and this was accompanied by an 
augmented biological activity, such as increased urinary volume and sodium excretion. 
Interestingly, these chemicals seem to be especially useful in pathophysiological conditions. 
They have been shown to enhance the biological activities (natriuretic and depressor re-
sponses) of A N F in experimental models of hypertension 1 2 4 1 3 0 - 1 3 2 and volume expansion.128 

Further investigations will evaluate the potential of this rather elegant therapeutic approach. 
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IV. SUMMARY 

Atrial natriuretic factor, the first well-defined natriuretic hormone is synthesized in the 
human heart as 151 amino acid (AA) preprohormone and stored as 126 A A prohormone in 
atrial granules. Upon appropriate Stimulation, the prohormone is cleaved into a 98 A A N -
terminal fragment and a 28 A A C-terminal fragment, the biological active ANF(99-126), both 
circulating in plasma. The cleavage occurs most likely either during or shortly after the release 
from the myocyte granules. The respective enzyme, a serylprotease, is discussed as being 
bound to plasma membranes of myocytes or of atrial mesenchymal cells. There is increasing 
evidence for A N F synthesis and processing in peripheral organs other than the heart. 

Circulating ANF(99-126) is cleared by various organs such as lung, liver, intestine, kidney, 
and upper and lower limbs. Reported arterio-venous extraction ratios vary greatly, but do not 
differ much between organs, the average extraction ratio being bout 35%. Due to marked 
differences of organ blood flow, the contribution of various organs to total body A N F 
clearance differs considerably. 

Major mechanisms for A N F clearance are uptake by clearance receptors and degradation 
by an endoprotease EC 3.4.24.11. Clearance receptors, distinctly different from the receptors 
mediating the biological actions of A N F , have been demonstrated in various organs. Charac-
terization of the A N F degrading enzyme activity has been performed in kidney tissue. 
Whether and how pathophysiological states affect A N F clearance is still poorly understood. 
Inhibition of clearance by A N F analogues binding to clearance receptors and by inhibitors of 
degrading peptidase can increase the biological action of circulating A N F . This may prove to 
be a therapeutic approach in diseases with smooth muscle contraction or volume overload. 

ACKNOWLEDGMENTS 

Jens H . Henriksen, M.D. , Ph.D., University of Copenhagen, Denmark, and William R. 
Samson, Ph.D., University of Missouri-Columbia, are thanked for critical reading of the 
manuscript. M . Hummel is thanked for preparation of the manuscript. Alexander L. Gerbes, 
M.D. , has been supported by the Deutsche Ferschungsgemeinschaft (Ge 576). 

REFERENCES 

1. Anderson, J. V. and Bloom, S. R., Atrial natriuretic peptide: what is all the excitement about?, J . E n d o c r i n o l . . 
110, 7, 1986. 

2. Arendt, R. M . and Gerbes, A. L. , Atrialer natriuretischer Faktor. Die endokrine Funktion des Herzens, 
D t s c h . M e d . Wschr., 111, 1849, 1986. 

3. Ballermann, B. J . and Brenner, B. M. , Biologically active atrial peptides, J . C l i n . luvest., 76, 2041, 1985. 
4. Cantin, M . and Genest, J. , The heart as an endocrine gland, Sei. A m . , 254, 76, 1986. 
5. De Bold, A. J. , Atrial natriuretic factor: an overview, Fed. P r o c . , 45, 2081, 1986. 
6. Espiner, E. A. and Richards, A. M. , Atrial natriuretic peptide. An important factor in sodium and blood 

pressure regulation, L a n c e t , 707, 1989. 
7. Inagami, T., Atrial natriuretic factor, / . B i o l . C h e m . , 264, 3043, 1989. 
8. Lang, R. E., Unger, T., and Ganten, D., Atrial natriuretic peptide: a new factor in blood pressure control. 

./. H y p e r t e n s . , 5, 255, 1987. 
9. Laragh, J. H. and Atlas, S. A., Atrial natriuretic hormone: a regulator of blood pressure and volume 

homeostasis, K i d n e y I n t e r n . , 34, S64, 1988. 
10. Needleman, P. J . and Greenwald, J . E. , Atriopeptin: a cardiac hormone intimately involved in fluid, 

electrolyte, and blood-pressure homeostasis, N . E n g l . J . M e d . , 314, 828, 1986. 



137 

11. Thibault, G., Garcia, R., Gutkowska, J., Genest, J. , and Cantin, M. , Atrial natriuretic factor. A newly 
discovered hormone with significant clinical implications, D r u g s . 31, 369, 1986. 

12. Trippodo, N. C , An update on the physiology of atrial natriuretic factor, H y p e r t e n s i o n , 10 (Suppl.I), 122, 
1987. 

13. Vollmar, A. M. , Atrial natriuretic peptide in peripheral organs other than the heart, K l i n . Wochenschr., 68, 
699, 1990. 

14. Gutkowska, J. and Nemer, ML, Strueture, expression and funetion of atrial natriuretic factor in extraatrial 
tissues, E n c h c r i n e Rev., 10,519, 1989. 

15. Vollmar, A. M . and Schulz, R., Atrial natriuretic peptide is synthesized in the human thymus, 
E n d o e r i n o h g y , 126, 2277, 1990. 

16. Vollmar, A. M. , Mytzka, C., Arendt, R. M. , and Schulz, R., Atrial natriuretic peptide in bovine corpus 
luteum, E n d o e r i n o h g y , 123, 762, 1988. 

17. Vollmar, A. M. , Friedrich, A., Sinowatz, F., and Schulz, R., Presence of atrial natriuretic peptide like 
material in guinea pig intestine, P e p t i d e s , 9, 965, 1988. 

17a. Nemer, M. , Chamberlend, M. , Sirois, M. , Argertin, S., Drouin, J. , Dixon, R. A., Fivin, R., and Condra, 
J. A., Gene strueture of human cardiac hormone precursor, pro-natriodilatin, N a t u r e , 392, 654, 1984. 

18. Sugiyama, M. , Fukume, H., Gammer, R. T., Misono, K. S., Yabe, Y., Morisawa, Y., and Inagami, T., 
Synthesis of atrial natriuretic peptide and studies on structural factors in tissue speeificity, B i o c h e m . B i o p h y s . 
Res. C o m m u n . , 123, 338, 1984. 

19. Schwartz, D., Geller, D. M. , Manning, P. T., Siegel, N. R., Fok, K. R., Smith, C. E. , and Needleman, P., 
Ser-Leu-Arg-Arg-atriopeptin III: the major circulating form of atrial peptide, Science, 229, 397, 1985. 

20. Cantin, M . and Genest, J. , The heart and the atrial natriuretic factor, E n d o c r i n o l . Rev., 6, 107, 1985. 
21. De Bold, A. J. , Atrial natriuretic factor: a hormone produced by the heart, Science, 230, 767, 1985. 
22. Moore, H. P. H., Walker, M . D., Lee, F., and Kelly, R. B., Expressing a human proinsulin cDNA in a mouse 

ACTH-secreting cell. Intracellular storage, proteolytic processing, and secretion on Stimulation, C e l l , 35,531, 
1983. 

23. Moore, H. P. H. and Kelly, R. B., Secretory protein targeting in a pituitary cell line: differential transport 
of foreign secretory proteins to distinet secretory pathways, J . C e l l B i o l . , 101, 1773, 1985. 

24. Comb, M. , Liston, D., Martin, M. , Rosen, H., and Herbert, E. , Expression of the human enkephalin gene 
in mouse pituitary cells: accurate and efficient mRNA produetion and proteolytic processing, E M B O . / . . 4, 
3115, 1985. 

25. Thibault, G., Garcia, R., Gutkowska, J. , Bilodeau, J. , Lazure, C , Seidah, N. G., Chretien, M. , Genest, 
J. , and Cantin, M. , The propeptide Asnl-Tyrl26 is the storage form of rat atrial natriuretic factor, B i o c h e m . 
./., 241, 265, 1987. 

26. Thibault, G., Lazure, C , Schiffrin, E. L. , Gutkowska, J. , Cartier, L. , Garcia, R., Seidah, N. G., Chretien, 
M . , Genest, J. , and Cantin, M. , Identification of a biologically active circulating form of rat atrial natriuretic 
factor, B i o c h e m . B i o p h y s . Res. C o m m u n . , 130, 981, 1987. 

27. Thibault, G., Garcia, R., Gukowska, J. , Lazure, C , Seidah, N. G., Chretien, M. , Genest, J. , and Cantin, 
M . , Identification of the released form of atrial natriuretic factor by the perfused rat heart, P r o c . Soc. E x p . B i o l . 
M e d . , 182, 137, 1986. 

28. Lang, E., Tholken, H., Ganten, D., Luft, F. C , Ruskoaho, H., and Unger, T., Atrial natriuretic factor — 
a circulating hormone stimulated by volume loading, N a t u r e ( L o n d o n ) , 314, 264, 1985. 

29. Gerbes, A. L. and Vollmar, A. M. , Water immersion increases the concentration of the immunoreactive N-
terminal fragment of proatrial natriuretic factor in human plasma, B i o c h e m . B i o p h y s . Res. C o m m u n . , 156,228, 
1988. 

30. Sundsfjord, J . A., Thibault, G., Larochelle, P., and Cantin, M. , Identification and plasma concentrations 
of the N-terminal fragment of proatrial natriuretic factor in man, J . C l i n . E n d o c r i n o l . M e t a b . , 66, 605, 1988. 

31. Trippodo, N. C , Chai, R. D., MacPhee, A. A., and Cole, F. E., Atrial natriuretic factor: atrial conversion 
of high to low molecular weight form, B i o c h e m . B i o p h y s . Res. C o m m u n . , 119, 282, 1984. 

32. Gibson, T. R., Shields, P. P., and Glembotski, C. C , The conversion of atrial natriuretic peptide (ANP)-
(1-126) to ANP-(99-126) by rat serum: contribution to ANP cleavage in isolated perfused rat hearts, 
E n d o e r i n o h g y , 120, 764, 1987. 

33. Bloch, K. D., Scott, J . A., Zisfein, J . B., Fallon, J. T., Seidman, C. E. , Matsueda, G. R., Margolis, M . N., 
Homcy, C. J. , Graham, R. M. , and Seidman, J. G., Biosynthesis and secretion of proatrial natriuretic factor 
by cultured rat cardiocytes, Science, 230, 1168, 1985. 

34. Glembotski, C. C. and Gibson, T. R., Molecular forms of immunoreactive atrial natriuretic peptide released 
from cultured rat atrial myocytes, B i o c h e m . B i o p h y s . Res. C o m m u n . , 132, 1008, 1985. 

35. Wildey, G. M. , Fischman, A. J. , Fallon, J . T., Matsueda, G. R., Zisfein, J . B., Preibisch, G., Seipke, G., 
Homcy, C. J. , and Graham, R. M. , Cellular processing of pro-atrial natriuretic factor (pro-ANF): studies 
using an antiserum that selectively binds ANF(99-126) after its cleavage from pro-ANF, E n d o e r i n o h g y , 123, 
2054, 1988. 



138 D e g r a d a t i o n of B i o a c t i v e Substances: P h y s i o l o g y a n d P a t h o p h y s i o l o g y 

36. Michener, M. L. , Gierse, J. K., Seetharam, R., Fok, K. F., Olins, P. O., Mai, M . S., and Needleman, P., 
Proteolytic processing of atriopeptin prohormone, M o l . P h a r m a c o l . , 30, 552, 1986. 

37. Ito, T., Toki, Y., Siegel, N., Gierse, J. K., and Needleman, P., Manipulation of stretch-induced atriopeptin 
prohormone release and processing in the perfused rat heart, P r o c . N a t t . A c a d . Sei. U.S.A.. 85, 8365, 1988. 

38. Thibault, G., Haile-Meskel, H., Wrobel-Konrad, E. , Ballak, M . , Garcia, R., Genest, J. , and Cantin, M. , 
Processing of the atrial natriuretic factor propeptide by atrial cardiocytes as revealed by 
immunocryoultramicrotomy, E n d o e r i n o h g y , 124, 3109, 1989. 

39. Imada, T., Takayanagi, R., and Inagami, T., Atrioactivase, a specific peptidase in bovine atria for the 
processing of proatrial natriuretic factor, J . B i o l . C h e m . , 263, 9515, 1988. 

40. Wypij, D. M . and Harris, R. B., Atrial granules contain an amino-terminal processing enzyme of atrial 
natriuretic factor, J . B i o l . C h e m . , 263, 7079, 1988. 

40a. Gardner, D. G., Deschepper, C. F., Ganong, W. F., Hane, S., Fides, J., Baxter, J . D., and Lewicki, J. , 
Extra-atrial expression of the gene for atrial natriuretic factor, P r o c . N a t l . A c a d . Sei. U.S.A., 83, 6697, 1986. 

41. Gutkowska, J., Nemer, M. , Sole, M . J., Drouin, J. , and Sirois, P., The lung is an important source of atrial 
natriuretic factor in experimental cardiomyopathy, J . C l i n . Invest., 83, 1500, 1989. 

42. Ong, H., Lazure, C , Nguyen, T. T., McNicoll, N., Seidah, N., Chretien, M. , and DeLean, A., Bovine 
adrenal chromaffin granules are a site of synthesis of atrial natriuretic factor, B i o c h e m . B i o p h y s . Res. 
C o m m u n . , 147, 957, 1987. 

43. Vollmar, A. M. , Friedrich, A., and Schulz, R., Immunoreactive atrial natriuretic peptide in the guinea pig 
spieen, Life Sei., 45, 1293, 1989. 

44. Kim, S. H., Cho, W. K., Seul, K. H., Ryn, H., and Koh, G. Y., Presence of immunoreactive atrial natriuretic 
peptide in follicular fluid, ovary and ovarian perfusates, Life Sei., 45, 1581, 1989. 

45. Nguyen, T. T., Ong, H., and DeLean, A., Secretion and biosynthesis of atrial natriuretic factor from altered 
chromaffin cells, F E B S L e u . , 231, 393, 1988. 

46. Gutkowska, J., Cantin, M. , Genest, J., and Sirois, P., Release of immunoreactive atrial natriuretic factor 
from the isolated rat lung, F E B S L e t t . , 214, 17, 1987. 

47. Hollister, A. S., Rodeheffer, R. J., White, F. J., Potts, J. R., Imada, T., and Inagami, T., Clearance of atrial 
natriuretic factor by lung, liver and kidney in human subjects and the dog, J . C l i n . Invest.. 83, 623, 1989. 

48. Bates, E. R., McGillem, M . J. , Mancini, J. , and Grekin, R. J. , Pulmonary extraction of immunoreactive 
atrial natriuretic factor in dogs, A m . J . C a r d i o ! . , 63, 372, 1989. 

49. Krieter, P. A. and Trapani, A. J. , Metabolism of atrial natriuretic peptide. Extraction by organs in the rat, 
D r u g M e t a h . D i s p o s . , 17, 14. 1989. 

50. Masuda, T., Shichiri, M. , and Marumo, F., Degradation of atrial natriuretic peptide in dogs, A c t a 
E n d o c r i n o l . , 120, 170, 1989. 

51. Woods, R. L. , Contribution of the kidney to metabolic clearance of atrial natriuretic peptide, A m . J . P h y s i o l . , 
255, E934, 1988. 

52. Yukimura, T., Ito, K., Miura, K., and Yamamoto, K M Plasma disappearance and urinary exeretion of alpha
human atrial natriuretic Polypeptide in anaesthetized dogs,./. H y p e r t e n s . , 4 (Suppl. 6), S532, 1986. 

53. Schütten, H. J., Henriksen, J . H., and Warberg, J., Organ extraction of atrial natriuretic peptide (ANP) in 
man. Significance of sampling site, C l i n . P h y s i o l . , 7, 125, 1987. 

54. Henriksen, J. H., Schütten, H. J., Bendtsen, F., and Warberg, J. , Circulating atrial natriuretic peptide 
(ANP) and central blood volume (CBV) in cirrhosis, L i v e r , 6, 361, 1986. 

55. Tang, J. , Webber, R. J. , Chang, D., Chang, J . K., Kiang, J. , and Wei, E. T., Depressor and natriuretic 
activities of several atrial peptides, Regul. Pept., 9, 53, 1984. 

56. Vierhapper, H., Gasic, S., Nowotny, P., and Waldhäusl, W., Splanchnic disposal of atrial natriuretic 
peptide in humans, M e t a b o l i s m , 37, 973, 1988. 

57. Marumo, F., Sakamoto, H., Ando, K., Ishigami, T., and Kawakami, M. , A highly sensitive radioimmu-
noassay of atrial natriuretic peptide (ANP) in human plasma and urine, B i o c h e m . B i o p h y s . Res. C o m m u n . , 137. 
231, 1986. 

58. Crozier, I. G., Nicholls, M . G., Ikram, H., Espiner, E. A., Yandle, T. G., and Jans, S., Atrial natriuretic 
peptide in humans. Production and clearance by various tissues, H y p e r t e n s i o n , 8 (Suppl. II), 11, 1986. 

59. Kurosawa, T., Hiramatsu, S., Katoh, Y., Kikawada, R., and Marumo, F., No specific organ removes atrial 
natriuretic peptide from the human plasma, J p n . C i r c . J . , 53, 779, 1989. 

60. Henriksen, J. H., Bendtsen, F., and Gerbes, A. L. , Splanchnic removal of human alpha atrial natriuretic 
peptide (human ANF 99-126) in man: enhancement after food intake, M e t a b o l i s m , 38, 553, 1990. 

61. Sudhir, K., Friberg, P., Meredith, I. T., Woods, R. L. , Esler, M . D., and Jennings, G. L. , Cardiac secretion 
and renal clearance of atrial natriuretic peptide in normal man: effect of salt restriction, C l i n . Sei.. 1 1 , 605. 
1989. 

62. Ando, K., Umetani, N., Kurosawa, T., Takeda, S., Katoh, Y., and Marumo, F., Atrial natriuretic peptide in 
human urine, K l i n . Wochenschr., 66, 768, 1988. 



139 

63. Gines, P., Jimenez, W., Arroyo, V., Navasa, M. , Lopez, C , Tito, L. , Serra, A., Bosch, J., Sanz, G., Rivera, 
F., and Rodes, J., Atrial natriuretic factor in cirrhosis with ascites: plasma levels, cardiac release and 
splanchnic extraction, H e p a t o h g y . 8, 636, 1988. 

64. Stephenson, S. L. and Kenny, A. J. , The hydrolysis of a-human atrial natriuretic peptide by pig kidney 
microvillar membranes is initiated by endopeptidase 24.11, B i o c h e m . J . , 243, 183, 1987. 

65. Olins, G. M. , Spear, K. L. , Siegel, N. R., Reinhard, E. J. , and Zurcher-Neel), H. A., Atrial peptide 
inactivation by rabbit-kidney brush-border membranes, E u r . J . B i o c h e m . . 170, 431, 1987. 

66. Kenny, A. J. and Maroux, S., Topology of microvillar membrane hydrolases of kidney and intestine, 
P h y s i o l . Rev.. 62, 91, 1982. 

67. Bertrand, P. and Doble, A., Degradation of atrial natriuretic peptides by an enzyme in rat kidney resembling 
neutral endopeptidase 24.11, B i o c h e m . P h a r m a c o l . , 37, 3817, 1988. 

68. Koehn, J . A., Norman, B. N., Jones, L. , LeSueur, L. , Sakane, Y., and Ghai, R. D., Degradation of atrial 
natriuretic factor by kidney cortex membranes. Isolation and characteristics of the primary proteolytic 
products, J . B i o l . C h e m . , 262, 11623, 1987. 

69. Sonnenberg, J . L., Sakane, Y., Jeng, A. Y., Koehn, J . A., Ansell, J . A., Wennogle, L . P., and Ghai, R. 
D., Identification of protease 3.4.24.11 as the major atrial natriuretic factor degrading enzyme in the rat 
kidney, P e p t i d e s , 9, 173, 1988. 

70. Misono, K. S., Fukumi, H., Grammer, R. T., and Inagami, T., Rat atrial natriuretic factor: complete amino 
acid sequence and disulfide linkage essential for biological activity, B i o c h e m . B i o p h y s . Res. C o m m u n . , 119, 
524, 1984. 

71. Chartier, L., Schiffrin, E., and Thibault, G., Effect of atrial natriuretic factor (ANF)-related peptides on 
aldosterone secretion by adrenal glomerulosa cells: critical role of the intramolecular disulphide bond, 
B i o c h e m . B i o p h y s . Res. C o m m u n . , 122, 171, 1984. 

72. Fulcher, I. S., Matsas, R., Turner, J. , and Kenny, A. J., Kidney neutral endopeptidase and the hydrolysis 
of enkephaline by synaptic membranes show similar sensitivity to inhibitors, B i o c h e m . / . , 203, 519, 1982. 

73. Schiebinger, R. J., Pratt, J. H., and Kern, D. C., The adrenal capsule alters the response of zona glomerulosa 
cells to atrial natriuretic peptide, E n d o e r i n o h g y , 123, 492, 1988. 

74. Lieorens, C. and Schwartz, J . C., Enkephalinase activity in rat peripheral organs, E u r . J . P h a r m a c o l . , 69, 
113, 1981. 

75. Matsas, R., Fulcher, I. S., Kenny, A. J. , and Turner, A. J., Substance P and [leu]enkephalin are hydrolysed 
by an enzyme in pig caudate synaptic membranes that is identical with the endopeptidase of kidney microvilli, 
P r o c . N a t l . A c a d . Sei. U.S.A.. 80, 3111, 1983. 

76. Matsas, R., Kenny, A. J. , and Turner, A. J. , The metabolism of neuropeptides, B i o c h e m . J . , 223,433, 1984. 
77. Matsas, R., Turner, A. J. , and Kenny, A. J., Endopeptidase 24.11 and aminopeptidase activity in brain 

synaptic membranes are jointly responsible for the hydrolysis of cholecystokinin octapeptide (CCK-8), F E B S 
L e u . , 175, 124, 1984. 

78. Shima, M. , Seino, Y., Torikai, S., and Imai, M. , Intrarenal localization of degradation of atrial natriuretic 
peptide in isolated glomeruli and cortical nephron segments, Life Sei., 43, 357, 1988. 

79. Tamburini, P. P., Koehn, J. A., Gilligan, J. P., Charles, D., Palmesino, R. A., Sharif, R., McMartin, C , 
Erion, M . D., and Miller, M . J. S., Rat vascular tissue contains a neutral endopeptidase capable of degrading 
atrial natriuretic peptide,./. P h a r m . E x p . T h e r . , 251, 956, 1989. 

80. Mantyh, C. R., Kruger, L. , Brecha, N. C , and Mantyh, P. W., Localization of specific binding sites for 
atrial natriuretic factor in peripheral tissues of the guinea pig, rat, and human, H y p e r t e n s i o n , 8, 712, 1986. 

81. Bianchi, C , Gutkowska, J. , Thibault, G., Garcia, R., Genest, J., and Cantin, M. , Radioautographic 
localization of ,25I-atrial natriuretic factor (ANF) in rat tissues, H i s t o c h e m i s t r y , 82, 441, 1985. 

82. Stewart, R. E. , Swithers, S. E. , Plunkett, L. M. , and McCarthy, R., ANF receptors: distribution and 
regulation in central and peripheral tissues, N e u r o s c i . B i o b e h a v . Rev., 12, 151, 1988. 

83. Leitman, D. C , Andresen, J . W., Kuno, T., Kamisaki, Y., Chang, J . K., and Murad, F., Identification 
of multiple binding sites for atrial natriuretic factor by affinity cross-linking in cultured endothelial cells, J . 
B i o l . C h e m . , 261, 11650, 1986. 

84. Koseki, C , Hayashi, Y., Ohnuma, N., and Imai, M. , Difference in molecular size of receptors for a-atrial 
natriuretic Polypeptide among the kidney, aorta and adrenal gland as identified by direct UV-photoaffinity 
labeling, B i o c h e m . B i o p h y s . Res. C o m m u n . , 136, 200, 1986. 

85. Pandey, K. and Inagami, T., Kidney tubulär epithelium cells and vascular smooth muscle cells contain 
different types of atrial natriuretic factor receptors, J . H y p e r t e n s . , 6 (Suppl. 4), S292, 1988. 

86. Fethiere, J., Meloche, S., Nguyen, T. T., Ong, H., and De Lean, A., Distinct properties of atrial natriuretic 
factor receptor subpopulations in epithelial and fibroblast cell lines, M o l . P h a r m a c o l . , 35, 584, 1989. 

87. Takayanagi, R., Snajdar, R. M., Imada, T., Tamura, M., Pandey, M. , Misono, K. S., and Inagami, T., 
Purification and characterization of two types of atrial natriuretic factor receptors from bovine adrenal cortex: 
guanylate cyclase-linked and cyclase-free receptors, B i o c h e m . B i o p h y s . Res. C o m m u n . , 144, 244, 1987. 



140 D e g r a d a t i o n of B i o a c t i v e Substances: P h y s i o l o g y a n d P a t h o p h y s i o l o g y 

88. Porter, J. G., Wang, Y., Schwartz, K., Arfsten, A., Loffredo, A., Spratt, K., Schenk, D. B., Füller, F., 
Scarborough, R. M. , and Lewicki, J. A., Characterization of the atrial natriuretic peptide clearance receptor 
using a vaccinia virus expression vector, J . B i o l . C h e m . . 263. 18827, 1988. 

89. Scarborough, R. M. , Schenk, D. B., McEnroe, G. A., Arfsten, A., Kang, L. L. , Schwartz, K., and 
Lewicki, J. A., Truncated atrial natriuretic peptide analogs, J . B i o l . C h e m . , 261, 12960, 1986. 

90. Olins, G. M., Patton, D. R., Bovy, P. R., and Mehta, P. P., A linear analog of atrial natriuretic peptide (ANP) 
discriminates guanylate cyclase-coupled ANP receptors from non-coupled receptors, J . B i o l . C h e m . , 263, 
10989, 1988. 

91. Almeida, F. A., Suzuki, M. , Scarborough, R. M. , Lewicki, J . A., and Maack, T., Clearance function of 
type C receptors of atrial natriuretic factor in rats, A m . J . P h y s i o l . , 256, R469, 1989. 

92. Chinkers, M. , Garbers, D. L. , Chang, M. S., Lowe, D. G., Chin, H., Goeddel, D. V., and Schulz, S., A 
. membrane form of guanylate cyclase is an atrial natriuretic peptide receptor, N a t u r e ( L o n d o n ) , 338, 78, 1989. 

93. De Lean, A., Vinay, P., and Cantin, M. , Distribution of atrial natriuretic factor receptors in dog kidney 
fractions, F E B S L e u . , 193, 239, 1985. 

94. Maack, T., Suzuki, M. , Almeida, F. A., Nussenzveig, D., Scarborough, R. M. , McEnroe, G. A., and 
Lewicky, J. A., Physiological role of silent receptors of atrial natriuretic factor, Science, 238, 675, 1987. 

C*5. Anand-Srivastava, M. B., Srivastava, A. K., and Cantin, M. , Pertussis toxin attenuates atrial natriuretic 
factor-mediated inhibition of adenylate cyclase, J . B i o l . C h e m . . 262, 4931, 1987. 

96. Anand-Srivastava, M . B., Gutkowska, J., and Cantin, M. , Atrial natriuretic factor receptors of ANF-R2 
type are coupled to adenylate cyclase S y s t e m in rat platelets, J . B i o l . C h e m . , 265, 8566, 1990. 

97. Ballermann, B. J., Hoover, R. L., Karnovsky, M . J., and Brenner, B. M., Physiologie regulation of atrial 
natriuretic peptide receptors in rat renal glomeruli, J . C l i n . Invest., 76, 2049, 1985. 

98. Cachofeiro, V., Schiffrin, E. L. , Cantin, M. , and Garcia, R., Glomerular and vascular atrial natriuretic 
factor receptors in adrenal-ectomized rats, A m . J . P h y s i o l . , 256, R1250, 1989. 

99. Hinko, A., Thibonnier, M. , and Rapp, J. P., Binding characteristics of atrial natriuretic factor and the 
produetion of cyclic GMP in kidneys of DAHL salt-sensitive and salt-resistant rats, B i o c h e m . B i o p h y s . Res. 
C o m m u n . , 144, 1076, 1987. 

100. Kollenda, M . C , Vollmar, A. M., McEnroe, G. A., and Gerbes, A. L. , Dehydration increases the density 
of C-receptors for ANF on rat glomerular membranes, A m . J . P h y s i o l . , 258, R1084, 1990. 

101. Bianchi, C , Thibault, G., Wrobel-Konrad, E., De Lean, A., Genest, J., and Cantin, M. , Atrial natriuretic 
factor binding sites in experimental congestive heart failure, A m . J . P h y s i o l . , 257, F515, 1989. 

102. Gerbes, A. L. , Arendt, R. M. , and Paumgartner, G., Atrial natriuretic factor — possible implications in 
liver disease,./. H e p a t o l . , 5, 123, 1987. 

103. Arendt, R. M. , Gerbes, A. L. , Ritter, D., Stangl, E. , Bach, P., and Zähringer, J. , Atrial natriuretic factor 
in plasma of patients with arterial hypertension, heart failure or cirrhosis of the liver,./. H y p e r t e n s . , 4 (Suppl. 
2), SI31, 1986. 

104. Predel, H. G. Bäcker, A., Kipnowski, J., Düsing, R., and Krämer, H. J. , Relationship of plasma 
concentrations of human atrial natriuretic peptide to renal function and blood pressure in patients with 
progressive chronic renal failure, K l i n . Wochenschr.. 65 (Suppl. 8), 127, 1987. 

105. Raine, A. E. G., Erne, P., Bürgisser, E. , Müller, F. B., Bolli, P., Burkart, F., and Bühler, F. R., Atrial 
natriuretic peptide and atrial pressure in patients with congestive heart failure, N . E n g l . J . M e d . , 315, 533, 
1986. 

106. Cantin, M., Thibault, G., Ding, J. , Gutkowska, J. , Garcia, R., Jasmin, G., Harnet, P., and Genest, J. , 
ANF in experimental congestive heart failure, A m . J . P a t h o l . , 130, 552, 1988. 

107. Hasegawa, K., Matsushita, Y., Inoue, T., Morii, H., Ishibashi, M. , and Yamaji, T., Plasma levels of atrial 
natriuretic peptide in patients with chronic renal failure, J . C l i n . E n d o c r i n o l . M e t a h . , 63, 819, 1986. 

108. Lang, R. E. , Dietz, R., Merkel, A., Unger, T., Ruskooaho, H., and Ganten, D., Plasma atrial natriuretic 
peptide values in cardiac disease, J . H y p e r t e n s . . 4 (Suppl. 2), Sl 19, 1986. 

109. Drexler, H., Hänze, J. , Finckh, M. , Lu, W., Just, H., and Lang, R. E., Atrial natriuretic peptide in a rat 
model of cardiac failure, C i r c u l a t i o n , 79, 620, 1989. 

110. Gerbes, A. L. , Kollenda, M . C , Vollmar, A. M. , Reichen, J., Vakil, N., and Scarborough, R. M. , Density 
of glomerular binding sites for atrial natriuretic factor (ANF) is altered in rats with cirrhosis and ascites, 
H e p a t o h g y , 10, 588, 1989. 

111. Schafferhans, K., Heidbreder, E. , Sperber, S., Dämmrich, J. , and Heidland, A., Atrial natriuretic peptide 
in gentafnicin-induced acute renal failure, K i d n e y I n t e r n . , 34 (Suppl. 25), S101, 1988. 

112. Gerbes, A. L. , Arendt, R. M . Stangl, E., Gülberg, V., Sauerbruch, T., Jüngst, D., and Paumgartner, G., 
Characterization of the ANF system in patients with cirrhosis of the liver, in F u n c t i o n a l M o r p h o l o g y of t h e 
E n d o c r i n e H e a r t , Forssmann, W. G., Scheuermann, D. W., and Alt, J., Eds., Steinkopff, Darmstadt, 1988,229. 

113. Laffi, G., Pinzani, M. , Meacci, E. , La Villa, G., Renzi, D., Baldi, E., Cominelli, F., Marra, F., and 
Gentilini, P., Renal hemodynamic and natriuretic effects of human atrial natriuretic factor infusion in 
cirrhosis with ascites, G a s t r o e n t e r o h g y , 96, 167, 1989. 



141 

114. Adnot, S., Andrivet, P., Chabrier, P. E. , Piquet, J. , Pias, P., Braquet, P., Roudot-Thoraval, F., and Brun-
Buisson, C , Atrial natriuretic factor in chronic obstructive lung disease with pulmonary hypertension,./. C l i n . 
Invest., 83, 986, 1989. 

115. Richards, A. M., Nicholls, M . G., Espiner, E. A., Ikram, H., Yandle, T. G., Joyce, S. L. , and Gullens, 
M . M. , Effects of a-human atrial natriuretic peptide in essential hypertension, H y p e r t e n s i o n , 7, 812, 1985. 

116. Cody, R. J. , Atlas, S. A., Laragh, J . H., Kubo, S. H., Covit, A. B., Ryman, K. S., Shaknovich, A., 
Pondolfino, K., Clark, M. , Camargo, M . J. F., and Scarborough, R. M., Atrial natriuretic factor in normal 
subjects and heart failure patients, J . C l i n , luvest., 78, 1362, 1986. 

117. Saito, Y., Nakao, K., Nishimura, K., Sugawara, A., Pkumura, K., Obata, K., Sonoda, R., Ban, T., Yasue, 
H., and Imura, H., Clinical application of atrial natriuretic Polypeptide in patients with congestive heart 
failure: beneficial effects on left ventricular function, C i r c u l a t i o n , 76, 115, 1987. 

118. Riegger, G. A. J., Kromer, E. P., and Kochsiek, K., Human atrial natriuretic peptide: plasma levels, 
hemodynamic, hormonal, and renal effects in patients with severe congestive heart failure, / . C a r d i o v a s c . 
P h a r m a c o l . , 8, 1107, 1986. 

119. Nakao, K., Sugawara, A., Morii, N., Sakamoto, M. , Yamada, T., Itoh, H., Shiono, S., Saita, Y., 
Nishimura, K., Ban, T., Kangawa, K., Matsuo, H., and Imura, H., The pharmacokinetics of a-human atrial 
natriuretic Polypeptide in healthy subjects, E i t r . J . C l i n . P h a r m a c o l . , 31, 101, 1986. 

120. Luft, F. C , Lang, R. E. , Aronoff, G. R., Ruskoaho, H., Toth, M. , Ganten, D., Sterzel, R. B., and Unger, 
T., Atriopeptin III kinetics and pharmacodynamics in normal and anephric rats, J . P h a r m a c o l . E x p . T h e r . , 236, 
416, 1986. 

121. Murthy, K. K., Thibault, G., Schiffrin, E. L. , Garcia, R., Chartier, L, Gutklowska, J. , Genest, J. , and 
Cantin, M. , Disappearance of atrial natriuretic factor from circulation in the rat, P e p t i d e s , 7, 241, 198 

122. Koepke, J . P., Tyller, L . D., Trapani, A. J., Bovy, P. R., Spear, K. L., Olins, G. M. , and Blaine, E . H., 
Interaction of non-guanylate cyclase linked atriopeptin receptor ligand and endopeptidase inhibitor in con-
scious rats,/. P h a r m a c o l . E x p . T h e r . , 249, 172, 1989. 

123. Olins, G. M. , Krieter, P. A., Trapani, A. J. , Spear, K. L. , and Bovy, P. R., Specific inhibitors of 
endopeptidase 24.11 inhibit the metabolism of atrial natriuretic peptides i n v i t r o and i n v i v o , M o l . C e l l . 
E n d o c r i n o l . , 61, 201, 1988. 

124. Sybertz, E. J. , Chiu, P. J . S., Vemulapalli, S., Pitts, B., Foster, J., Watkins, R. W., Barnett, A., and 
Haslanger, M . F., SCH 39370, a neutral metallo-endopeptidase inhibitor, potentiates biological responses to 
atrial natriuretic factor and lowers blood pressure in desoxycorticosterone acetate-sodium hypertensive rats, 
J . P h a r m a c o l . E x p . T h e r . , 250, 624, 1989. 

125. Gros, C , Souque, A., Schwartz, J . C , Duchier, J. , Cournot, A., Baumer, P., and Lecomte, J . M. , 
Protection of atrial natriuretic factor against degradation: diuretic and natriuretic responses after i n v i v o 
inhibition of enkephalinase (EC 3.4.24.11) by acetorphan, P r o c . N a t l . A c a d . Sei. U.S.A., 86, 7580, 1989. 

126. Schwartz, J. C , Gres, C , Lecomte, J. M. , and Bralet, J. , Enkephalinase (ec 3.4.24.11) inhibitors: protection 
of endogenous ANF against inactivation and potential therapeutic applications, Life Sei., 47, 1279, 1990. 

127. Northridge, D. B., Alabaster, C. T., Connell, J. M . C , Dilly, S. G., Lever, A. F., Jardine, A. G., Barclay, 
P. L. , Dargie, H. J. , Findlay, I. N., and Samuels, G. M . R., Effects of VK 69578: a novel atriopeptidase 
inhibitor, L a u t e t , ii, 591, 1989. 

128. Lafferty, H. M. , Gunnin, G. M. , Silva, P., Zimmermann, M . B., Brenner, B. ML, and Anderson, S., 
Enkephalinase inhibition increases plasma atrial natriuretic peptide levels, glomerular filtration rate and 
urinary sodium exeretion in rats with reduced renal mass, C h e . Res., 65, 640, 1989. 

129. Trapani, A. J. , Smits, G. J., McGraw, D. E., Spear, K. L., Koepke, J . P., Olins, G. M. , and Blaine, E . 
H. , Thiorphan, an inhibitor of endopeptidase 24.11, potentiates the natriuretic activity of atrial natriuretic 
peptide,/. C a r d i o v a s c . P h a r m a c o l . , 14, 419, 1989. 

130. Webb, R. L. , Yasay, G. D., McMartin, C , McNeal, R. B., and Zimmermann, M . B., Degradation of atrial 
natriuretic peptide: pharmacologic effects of portease EC 24.11 inhibition, / . C a r d i o v a s c . P h a r m a c o l . , 14, 
285, 1989. 

131. Seymour, A. A., Swerdel, J . N., Fennell, S. A., Druckman, S. P., Neubeck, R., and Delaney, N. G., 
Potentiation of the depressor responses to atrial natriuretic peptides in conscious SHR by an inhibitor of 
neutral endopeptidase,/. C a r d i o v a s c . P h a r m a c o l . , 14, 194, 1989. 

132. Sybertz, E. J. , Chiu, P. J. S., Vemulapalli, S., Watkins, R., and Haslanger, M . F., Atrial natriuretic factor-
potentiating and antihypertensive activity of SCH-3426. An orally active neutral metalloendopeptidase 
inhibition, H y p e r t e n s i o n , 15, 152, 1990. 


