
ADRENOMEDULLIN AND 
NATRIURETIC PEPTIDES IN 
CARDIAC HYPERTROPHY
Regulation of gene expression and interactions 
with angiotensin II

MARJA
LUODONPÄÄ

Faculty of Medicine,
Department of Pharmacology

and Toxicology,
Biocenter Oulu,

University of Oulu

OULU 2004





MARJA LUODONPÄÄ

ADRENOMEDULLIN AND 
NATRIURETIC PEPTIDES IN 
CARDIAC HYPERTROPHY
Regulation of gene expression and interactions 
with angiotensin II

Academic Dissertation to be presented with the assent of
the Faculty of Medicine, University of Oulu, for public
discussion in the Auditorium 101 A of the Faculty of
Medicine (Aapistie 5 A), on December 10th, 2004, 
at 12 noon.

OULUN YLIOPISTO, OULU 2004



Copyright © 2004
University of Oulu, 2004

Supervised by
Professor Heikki Ruskoaho

Reviewed by
Professor Risto Huupponen
Professor Mika Kähönen

ISBN 951-42-7556-X (nid.)
ISBN 951-42-7557-8 (PDF) http://herkules.oulu.fi/isbn9514275578/

ISSN 0355-3221 http://herkules.oulu.fi/issn03553221/

OULU UNIVERSITY PRESS
OULU  2004



Luodonpää, Marja, Adrenomedullin and natriuretic peptides in cardiac hypertrophy
Regulation of gene expression and interactions with angiotensin II
Faculty of Medicine, Department of Pharmacology and Toxicology, Biocenter Oulu; University of
Oulu, P.O.Box 5000, FIN-90014 University of Oulu, Finland 
2004
Oulu, Finland

Abstract
The heart responds to increased hemodynamic stress by increased cardiac myocyte size, enhanced
protein synthesis and altered gene expression. Regulation of hypertrophic adaptation involves a
number of neural and hormonal factors, which act on the cardiovascular system. The aim of the
present study was to elucidate the regulation of gene expression of natriuretic peptides and
adrenomedullin (AM) in cardiac overload in vivo. Furthermore, the interactions of AM and
angiotensin II (Ang II) in cardiac function and development of left ventricular hypertrophy were
studied both in vivo and in vitro.

The effects of cardiac hypertrophy on the regulation of natriuretic peptides (atrial natriuretic
peptide, ANP and B-type natriuretic peptide, BNP) and AM gene expression were studied during
pressure overload in the hearts of two hypertensive rat strains, angiotensinogen-renin transgenic rats
and spontaneously hypertensive rats as well as their normotensive control strains. Increased workload
resulted in rapid upregulation of both BNP and AM gene expression in all rat strains; the response of
AM was, however, augmented in hypertensive rats. Direct left ventricular wall stretch induced AM
gene expression in isolated, perfused rat hearts, whereas stretching of cultured cardiac myocytes
downregulated AM mRNA levels.

In cultured cardiac cells exposed to Ang II, endothelin-1 or the α-agonist phenylephrine, Ang II-
induced myocyte hypertrophy was selectively inhibited by AM. In vivo, AM interacted with Ang II
in circulation by attenuating the hypertensive effects of Ang II, and in the heart by augmenting the
Ang II-induced improvement in cardiac systolic function. However, AM had no direct modulatory
effects on Ang II-induced left ventricular hypertrophy. 

These results show that cardiac wall stretch is a major stimulus for the early induction of AM gene
expression in both normal and hypertrophied ventricle, and the response in hypertrophied
myocardium is augmented. Furthermore, cardiac non-muscle cells may be involved in mediating
effects of direct stretch. In vitro, AM acts as a selective inhibitor of Ang II-induced myocyte
hypertrophy, suggesting a cardioprotective role for AM to counteract the local renin-angiotensin
system and Ang II in cardiac hypertrophy and heart failure. Circulating AM appears to act mainly as
a regulator of vascular tone and cardiac function.

Keywords: catecholamines, endothelin-1, neurohumoral factors, stretch, systolic function
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 Abbreviations 

ACE   angiotensin converting enzyme 
ACTH  adrenocorticotropin 
Akt  protein kinase B 
AM   adrenomedullin 
AMBP  adrenomedullin binding protein 
AMR  adrenomedullin receptor 
Ang  angiotensin 
ANOVA  analysis of variance  
ANP  atrial natriuretic peptide 
AOGEN  angiotensinogen 
AP-1  activator protein-1 
AT  angiotensin receptor subtype 
AVP  arginine8-vasopressin 
BNP  B-type natriuretic peptide 
BW  body weight 
Caα-A  cardiac α-actin 
cAMP  cyclic adenosine monophosphate 
cGMP  cyclic guanosine monophosphate 
CGRP  calcitonin gene related peptide 
CRLR  calcitonin receptor-like receptor  
CNP  C-type natriuretic peptide 
CNS  central nervous system 
CRE  cAMP response element 
CSFM  complete serum free medium 
DAG  diacylglycerol 
DMEM  Dulbecco’s modified Eagle’s medium 
DNA  deoxyribonucleic acid 
DOCA  deoxycorticosterone acetate 
dTGR  double transgenic rat 
dCTP  deoxycytidine-5’-triphosphate 



E/A peak flow velocity of the early rapid diastolic filling wave (E) ratio to 
the late diastolic filling wave (A) 

EDTA  ethylenediamine tetra-acetic acid 
EF  ejection fraction 
ERK  extracellular regulated kinase 
ET   endothelin 
ETA  endothelin receptor A 
FBS  fetal bovine serum 
FS  fractional shortening 
GPCR  G-protein coupled receptor 
GSK  glycogen synthase kinase 
HIF  hypoxia inducible factor 
HR  heart rate 
IBMX  3-isobutyl-1-methylxanthine 
IL  interleukin 
i.p.  intraperitoneal 
IP3  phosphatidylinositol 1,4,5-trisphosphate 
ir-  immunoreactive 
IRE  interferon response element 
i.v.  intravenous 
JAK  Janus kinase 
JNK  c-Jun N-terminal kinase 
L-NAME NG-nitro-L-arginine methyl ester 
LPS  lipopolysaccharide 
LSD  least significant difference 
LV  left ventricular 
LVEDD  left ventricular end-diastolic diameter 
LVESD  left ventricular end-systolic diameter 
LVH  left ventricular hypertrophy 
LVW  left ventricular weight 
MAP  mean arterial pressure 
MAPK  mitogen-activated protein kinase  
MHC  myosin heavy chain 
MI  myocardial infarction 
NE  norepinephrine 
NEP  neutral endopeptidase 
NF-IL6  nuclear factor for interleukin-6 
NO  nitric oxide 
NOS  nitric oxide synthase 
NPR  natriuretic peptide receptor 
NT-  aminoterminal  
PAMP  proadrenomedullin N-terminal 20 peptide 
PBS  phosphate buffered saline 
PCR  polymerase chain reaction 
PHE  L-phenylephrine 
PI3K  phosphatidylinositol 3-kinase 



PKA  protein kinase A 
PKC  protein kinase C 
PLC  phospholipase C 
PLD  phospholipase D 
RAMP  receptor-activity modifying protein 
RAP  right atrial pressure 
RAS  renin-angiotensin system 
RCP  receptor component protein 
RIA  radioimmunoassay 
RNA  ribonucleic acid 
s.c.  subcutaneous 
SD  Sprague-Dawley rat 
SEM  standard error of mean 
SHR  spontaneously hypertensive rats 
Skα-A  skeletal α-actin 
SSRE  shear stress responsive element 
STAT  Signal Transducers and Activators of Transcription 
T3  3’,3’,5’-triiodo-L-thyronine 
TCA  trichloroacetic acid 
TNF  tumor necrosis factor 
VSMC  vascular smooth muscle cell 
WKY  Wistar-Kyoto rat
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1 Introduction 

Heart failure is a syndrome associated with structural changes and impaired function of 
the heart, leading to clinical manifestations, such as dyspnea and fatigue, and eventually 
to increased morbidity and mortality of the patients. The pathophysiology of this 
syndrome is complex, as virtually all cardiovascular diseases can lead to heart failure. In 
response to myocardial injury or mechanical load the heart undergoes an episode of 
“remodeling”, which involves changes in the size, shape, and function of both individual 
myocytes and the chambers of the heart (reviewed in Francis & Tang 2003). 

Regulation of circulation and the cardiovascular system involves a number of neural 
and hormonal factors. Several peptide hormones act upon blood vessels and heart either 
via systemic circulation or locally as autocrine/paracrine factors. Experimental and 
clinical evidence suggests that angiotensin II (Ang II) has an important role in cardiac 
and vascular pathology, and that under some circumstances the renin-angiotensin system 
(RAS) is a predominant factor in development of left ventricular hypertrophy (LVH) 
(Dostal & Baker 1999). Also adrenergic signaling via the sympathetic nervous system 
may play an important role in the adaptation of the heart to pressure and volume overload 
(for review, see Lorell & Carabello 2000), and LVH is often associated with an increase 
in intracardiac sympathetic nerve activity and elevated levels of plasma catecholamines 
(Akers et al. 2000).  

Natriuretic peptides, atrial natriuretic peptide (ANP) and B-type natriuretic peptide 
(BNP), which are peptide hormones secreted from the heart, exert numerous actions in 
cardiovascular homeostasis. The endocrine actions of natriuretic peptides include 
vasodilatation, diuresis and natriuresis, effects counteracting the increased workload of 
the heart. Additionally, there is a growing number of reports to suggest that natriuretic 
peptides have an important role in regulating myocytes growth, fibroblast proliferation 
and deposition of extracellular matrix, vascular smooth muscle cell (VSMC) proliferation 
and contractility, and endothelial cell function (for review, see D’Souza et al. 2004). 
These autocrine and paracrine effects may represent counterregulatory mechanisms in 
development of LVH in response to increased mechanical load of the heart. 

In the early 1990s, a group of Japanese scientists started screening for new vasoactive 
peptides with an assay system that monitored the elevating activity of platelet cAMP 
(Kitamura et al. 1992). They succeeded in identifying a new biologically active peptide, 
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named adrenomedullin (AM), from tissue extract of human pheochromocytoma and 
showed that AM not only stimulates platelet cAMP production in vitro, but also induces a 
rapid, strong and long-lasting hypotensive effect in vivo (Kitamura et al. 1993a). Only a 
couple of months later the genes encoding human AM (Kitamura et al. 1993b) and rat 
AM (Sakata et al. 1993) were sequenced. Later, several reports have suggested a role for 
AM in paracrine and/or autocrine regulation of cardiac function and myocyte growth. 
High levels of AM mRNA and 125I-AM binding sites have been identified in the heart and 
both circulating immunoreactive (ir)-AM concentrations and cardiac AM mRNA levels 
increase in heart failure suggesting a role for AM in regulating the function and structure 
of the failing myocardium (reviewed in Samson 1999). 

In the present study, the role of the renin-angiotensin system on the expression and 
release of natriuretic peptides and AM in volume and pressure overload in vivo was 
studied. Furthermore, the interactions of AM and Ang II in cardiac function and 
development of myocardial hypertrophy were elucidated in both in vivo and in vitro 
models. 

 



2 Review of the literature 

2.1  The response of cardiac myocytes to hypertrophic stimuli 

The heart responds to a variety of mechanical, hemodynamic and neurohumoral stimuli 
by cardiac hypertrophy (for review, see Lorell & Carabello 2000). Cardiac muscle mass 
increases as individual myocytes enlarge due to enhanced myofibrillar assembly and 
accumulation of total cellular protein, a response aimed to compensate for augmented 
workload by increased contractility (for review, see Swynghedauw 1999). Cardiac 
hypertrophy also involves specific qualitative changes in protein and gene expression as 
well as alterations in metabolism and electrophysiology (Swynghedauw 1999, Bers 
2000). 

The expression of immediate-early genes, including c-fos, c-jun, Egr-1 and c-myc, is 
one of the earliest detectable changes in response to hypertrophic stimuli occurring within 
minutes or hours. The expression of immediate-early genes is a rapid and transient event 
independent of de novo protein synthesis (reviewed in Yamazaki et al. 1995). In cultured 
cardiac myocytes, the activation of c-fos, c-jun, Egr-1 and c-myc proto-oncogenes 
transcription peaked between 30 minutes and 1 hour, and returned to basal, undetectable 
levels after 4 hours of stretching of the cells (Komuro et al. 1990, Sadoshima et al. 1992). 
In addition to mechanical stress, immediate-early gene expression is also activated by 
treatment of cultured cardiac cells with hypertrophic agonists, such as endothelin-1 (ET-
1), L-phenylephrine (PHE), or Ang II (Nakagawa et al. 1995, Sadoshima & Izumo 1993). 
Induction of c-fos gene expression has also been observed in vivo within an hour of 
pressure-overload produced by aortic coarctation (Izumo et al. 1988) and wall stress in 
isolated perfused rat hearts (Schunkert et al. 1991). Gene expression of BNP follows a 
time table similar to proto-oncogenes and it can be classified as an immediate-early gene 
(Magga et al. 1994, Nakagawa et al. 1995, Magga et al. 1997).  

Induction of immediate-early genes is followed by upregulation of intermediate and 
late response genes. This process is activated within hours or days, and it involves 
induction of new protein synthesis (reviewed in Komuro & Yazaki 1993, Sadoshima & 
Izumo 1997). A characteristic feature of intermediate and late response genes is the 
reactivation of fetal pattern of gene expression in adult tissue. These fetal genes include 
ANP and fetal isoforms of contractile proteins. Cardiac muscle cells express two isoforms 
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of myosin heavy chain (MHC) genes, α-and β-MHCs, α-MHC being the major isoform in 
normal adult heart and β-MHC during fetal period. Similarly, skeletal α-actin (Skα-A) is 
mainly expressed in fetal and neonatal heart, whereas in healthy myocardium the 
predominant isoform is cardiac α-actin (Caα-A). Also the expression of constitutively 
active contractile proteins, such as myosin light chain-2, is upregulated during 
hypertrophic growth of the heart (for reviews, see Komuro & Yazaki 1993, Hefti et al. 
1997).  

2.1.1  Neurohumoral and paracrine/autocrine factors 

The development of cardiac hypertrophy is initiated by a combination of mechanical 
factors and neurohumoral stimuli. Mechanical stretch stimulates expression of local 
autocrine and paracrine factors that may convert increased stress to growth response in 
cardiac myocytes. Particularly Ang II, ET-1 and catecholamines are potential mediators 
of cardiac hypertrophy. Mechanical stretch may also possibly be able to directly induce 
cardiac growth (Fig. 1). 

CARDIAC OVERLOAD

WALL
STRETCH

Growth
factors, 
cytokines

Catecholamines

AMR

Ang II ET-1
Natriuretic peptides

AM ?

ETA

ARs
NPR

AT1

Intracellular signaling pathways

Nuclear transcription factors

CARDIAC 
GENE EXPRESSION

ACTIVATION OF 
HYPERTROPHIC 

FACTORS

ACTIVATION OF ANTI-
HYPERTROPHIC 

FACTORS

 

Fig. 1. A schematic model of cardiac overload inducible factors in myocytes. AM, 
adrenomedullin; AMR, adrenomedullin receptor; Ang II, angiotensin II; ARs, 
adrenoceptors; AT1, angiotensin II receptor type; ETA, endothelin receptor A; ET-1, 
endothelin-1; NPR, natriuretic peptide receptor. 
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2.1.1.1  Angiotensin II 

RAS regulates blood pressure and fluid homeostasis as an endocrine system (reviewed in 
Kim & Iwao, 2000). The effector of RAS is Ang II, which is synthesized as 
angiotensinogen and cleaved by a protease renin to form an inactive precursor peptide 
called Ang I, which is in turn processed by angiotensin converting enzyme (ACE) to form 
the mature, biologically active octapeptide, Ang II. Aminopeptidases and neutral 
endopeptidases are responsible for degradation of Ang II into inactive heptapeptide, Ang 
III, and hexapeptide, Ang IV. The major site for production of angiotensinogen is the 
liver, whereas renin and ACE are mainly synthesized in the kidney and lung, respectively 
(reviewed in Blume et al. 1999). In addition to endocrine function, local RAS activity 
and all components of RAS have been described within several organs and cell types, 
including heart, kidney, lung, central nervous system (CNS), cardiac myocytes and 
fibroblasts, endothelial cells and VSMCs, thus expanding the role of RAS into a 
widespread autocrine/paracrine regulator of cellular functions (for review, see Dostal & 
Baker 1999). 

Two main types of Ang II receptors, AT1 and AT2 have been cloned and characterized 
as G-protein coupled receptors (GPCR) (Chiu et al. 1989, Sasaki et al. 1991, Mukoyama 
et al. 1993). Ligand binding of AT receptors results in G-protein mediated stimulation of 
phospholipase C (PLC), leading in turn to formation of diacylglycerol (DAG) and 
phosphatidylinositol 1,4,5-trisphosphate (IP3), which activate protein kinase C (PKC) and 
induce release of calcium from intracellular stores. Ang II also promotes a rapid 
activation of mitogen-activated protein kinases (MAPKs), as well as JAK (Janus) family 
kinases and STAT (Signal Transducers and Activators of Transcription) signaling 
pathway (Dostal et al. 1997).  

AT1 receptors are widely expressed in the heart, vasculature, kidneys, brain, liver and 
lungs in adult tissue, and they mediate most of the physiological effects of Ang II, such as 
vasoconstriction, positive inotropy and chronotropy, aldosterone secretion and decreased 
natriuresis and diuresis (reviewed in Kim & Iwao 2000). In rodents, there are two distinct 
subtypes of AT1 receptors, namely AT1A and AT1B (MacTaggart et al. 1997). AT2 receptors 
are found abundantly in developing fetal tissues, with a diminished expression 
postpartum. In adults, detectable levels of AT2 receptors are found in the uterus and ovary, 
brain, heart and adrenal medulla (Kim & Iwao 2000). Activation AT2 receptors have been 
shown to induce vasodilatation, stimulation of apoptotic cell death, and inhibition of 
DNA synthesis and growth in cardiac myocytes and fibroblasts (for review, see Widdop 
et al. 2003).  

Ang II secretion (Sadoshima et al. 1993, Yamazaki et al. 1995) as well as gene 
expression of other components of RAS (Schunkert et al. 1990, Malhotra et al. 1999) is 
upregulated in cultured cardiac myocytes and isolated heart in response to mechanical 
stretch. Volume overload increases the gene expression of renin and ACE in left ventricle 
(Boer et al. 1994), and induction of angiotensinogen and AT1 receptor gene expression is 
seen in pressure overload (Wang et al. 1997). Additionally, several RAS components are 
upregulated in cardiovascular diseases, like myocardial infarction (MI) and 
cardiomyopathy (Dostal & Baker 1999).  
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Ang II may directly induce cardiovascular and renal disorders, independent of its 
hypertensive effect. Several studies have strengthened the hypothesis of Ang II as a major 
modulator of cardiac growth and hypertrophy. In vivo, infusion of Ang II results in LVH 
independently of hypertension, produces a myocyte necrosis and cardiac fibroblast 
proliferation and elevates left ventricular mRNA levels for ANP, β-MHC, Skα-A, 
fibronectin, transforming growth factor-β and types I and III collagen; furthermore, these 
changes can be inhibited by AT1 receptor antagonist (Kim & Iwao 2000). Ang II induces 
hypertrophic phenotype in neonatal and adult myocytes (Baker and Aceto 1990, Baker et 
al. 1992, Sadoshima & Izumo 1993, Wada et al. 1996, Liu et al. 1998). Treatment of 
cultured cardiac myocytes with Ang II upregulates gene expression of immediate-early 
genes (c-fos, c-jun, junB, Egr-1 and c-myc) as well as other fetal marker genes including 
ANP, β-MHC, and Skα-A (Sadoshima & Izumo 1993). Moreover, ACE inhibitors and 
AT1 receptor antagonists elicit antihypertrophic effects on cardiomyocytes both in vitro 
and in vivo, and the development of LVH in response to various cardiac diseases can be 
inhibited by blockade of Ang II (Kim & Iwao 2000) 

Several transgenic models have been generated to solve the question of whether Ang II 
is sufficient or obligatory in development of cardiac hypertrophy. A targeted disruption of 
the angiotensinogen gene in mice resulted in complete loss of plasma Ang I accompanied 
by a decrease in blood pressure (Tanimoto et al. 1994). Correspondingly, the mice 
overexpressing the angiotensinogen gene (Mazzolai et al. 2000) or AT1 receptor (Paradis 
et al. 2000) developed LVH in the absence of hypertension, suggesting a direct effect of 
Ang II on myocardial hypertrophy. However, mice lacking angiotensinogen or AT1 
receptors develop cardiac hypertrophy in response to volume or pressure overload 
indicating the existence of alternative pathways of growth induction. AT2 receptors 
appear to have a dualistic role in regulation of cardiac hypertrophy, since transgenic mice 
overexpressing AT2 receptor in cardiomyocytes showed attenuated hypertensive and 
chronotropic effects after Ang II infusion in agreement with studies using AT2 receptor 
antagonists. However, also AT2 receptor knockout mice failed to develop LVH and 
cardiac fibrosis in response to pressure overload or Ang II-infusion. Taken together, AT2 
receptors cannot induce hypertrophy on their own but the expression of AT2 receptors in 
cardiac or pericardiac tissues may be essential for the development of hypertrophy via 
AT1 receptors (reviewed by Bader 2002).  

2.1.1.2  Endothelin-1 

ET-1 is a 21-aminoacid peptide (Yanagisawa et al. 1988), member of a family of four 
closely related isopeptides (ET-1, ET-2, ET-3 and ET-4) (Inoue et al. 1989, Saida et al. 
1989). Though the production of ETs is widely distributed to various cell types and 
tissues, the expression of different isoforms is tissue-specific (Giannessi et al. 2001). The 
main isoform in cardiovascular system is ET-1, which is synthesized by endothelial cells 
ubiquitously in all vasculature (Yanagisawa et al. 1988). Also VMSCs (Lerman et al. 
1991) and cardiomyocytes (Suzuki et al. 1993) synthesize ET-1. Expression of ET-1 has 
also been detected in CNS and kidney (Giannessi et al. 2001). 
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ET receptors, named ETA and ETB, are GPCRs, which activate PLC, IP3 and DAG 
signal transduction pathways. ETA receptors are expressed mainly in VSMCs and cardiac 
myocytes, and mediate contraction as well as proliferatory and hypertrophic effects (for 
review, see Lüscher & Barton 2000). ETB receptors are abundant in endothelial cells, and 
induce nitric oxide (NO) and prostacyclin-mediated vasodilatation (for review, see 
Schiffrin 2001). 

Intravenous (i.v.) infusion of ET-1 is associated with a sustained increase in blood 
pressure due to long-lasting vasoconstriction, which masks the initial vasodilatation and 
hypotension induced via activation of ETB receptors (Yanagisawa et al. 1988). 
Endothelial dysfunction and impaired generation of NO associated with several 
cardiovascular diseases may emphasize the adverse effects of endogenous ET-1 (for 
reviews, see Harrison 1997 and Haynes & Webb 1998). In addition, ET-1 can modulate 
water and salt balance by reducing both renal plasma flow and glomerular filtration and 
producing sodium retention (for review, see Giannessi et al. 2001).  

In isolated atrial and ventricular tissue ET-1 has a positive inotropic and chronotropic 
effect (Ishikawa et al. 1988a, 1988b, Moravec 1989). ET-1 also regulates gene expression 
and release of BNP in atria of perfused rat heart (Magga et al. 1997). ET-1 is capable of 
inducing hypertrophy in cultured cardiac myocytes, seen as a change of morphology 
(Shubeita et al. 1990), induction of protein synthesis (Ito et al. 1993) and expression of 
hypertrophy-associated early genes like ANP and BNP (Shubeita et al. 1990, Harada et 
al. 1997) and contractile protein genes like Skα-A, MHC and myosin light chain-2 (Ito et 
al. 1991, Wang et al. 1992). ET-1 is not only a growth factor for cardiac myocytes per se, 
but it is also considered to mediate the effect of other hypertrophic stimuli. Ang II has 
been shown to induce the synthesis and release of ET-1 in cardiomyocytes (Ito et al. 
1993), and a paracrine release of ET-1 from cardiac fibroblast to promote the 
development of hypertrophy (Gray et al. 1998). Also mechanical stretching of myocytes 
increases the gene expression and secretion of ET-1 (Yamazaki et al. 1996), and ETA 
receptor blockade with specific antagonist BQ-123 inhibits protein synthesis in cultured 
cardiac myocytes induced by Ang II (Ito et al. 1993) and mechanical stretch (Yamazaki et 
al. 1996).  

Various cardiovascular diseases, such as hypertension, atherosclerosis, heart failure 
and MI, are associated with elevated plasma levels of ET-1 (reviewed in Levin 1995 and 
Schiffrin 2001). Both animal and human studies have reported increased levels of cardiac 
ET-1 in heart failure, and ET receptor antagonists have been shown to have beneficial 
effects on cardiac hypertrophy and symptoms of congestive heart failure (for review, see 
Spieker et al. 2001). The functional role of endothelins has also been investigated in 
genetically engineered animals. Homozygous disruption of the ET-1 or ETA gene was 
lethal in mice (Kurihara et al. 1994, Kurihara et al. 1995). Heterozygous ET-1(+/-) mice 
with low plasma and tissue ET-1 levels survived, but had elevated blood pressure 
(Kurihara et al. 1994), a finding that emphasizes the vasodilatory function of the 
endothelin system. Mice overexpressing the ET-1 gene display mostly renal 
manifestations, namely interstitial fibrosis, glomerulosclerosis and salt-sensitive 
hypertension (Hocher et al. 1997, Shindo et al. 2002). Accordingly, overexpression of 
ET-2 in rats resulted in renal failure together with renal interstitial and glomerular 
sclerosis. Additionally, these rats had reduced heart weight, and when NO synthase was 
inhibited, their blood pressure was elevated (Liefeldt et al. 1999). 
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2.1.1.3  Catecholamines 

Catecholamines epinephrine (EPI) and norepinephrine (NE) are released from adrenal 
medulla and sympathetic nerve endings in various tissues in response to activation of the 
sympathetic nervous system. Catecholamines elicit their actions via specific α- and β-
adrenoceptors, which are GPCRs activating several intracellular signaling pathways 
depending on the receptor subtype. The stimulation of α-adrenoceptors leads 
predominantly to G-protein mediated activation of PLC, IP3 and DAG, but α-
adrenoceptors can also couple to other intracellular signal transduction responses, such as 
phospholipase D (PLD) and ion currents. β-adrenoceptors stimulate adenylyl cyclase 
leading to increase in intracellular cAMP level and activation of protein kinase A (PKA) 
pathways (reviewed in detail by Brodde & Michel 1999).  

Catecholamines have positive inotropic and chronotropic effects, and extended 
stimulation of adrenoceptors leads to the development of cardiac hypertrophy (Zimmer 
1997, Brodde & Michel 1999). In vivo, chronic infusion of α-adrenoceptor agonist NE or 
β-adrenoceptor agonist isoprotenerol leads to induction of cardiac hypertrophy (Buttrick 
et al. 1988, Patel et al. 1991), and treatment with adrenoceptor antagonists can abolish 
the hypertrophic effects (Zierhut & Zimmer 1989). However, the hemodynamic causes of 
hypertrophy cannot be eliminated due to increased contractility, heart rate or blood 
pressure. Neonatal myocyte cultures and isolated adult rat cardiac myocytes have been 
used to study whether catecholamines cause hypertrophy in the absence of mechanical 
changes. Indeed, isoprotenerol and NE increased protein synthesis and cell growth in 
cultured cardiac myocytes (Simpson et al. 1982), together with upregulation of Skα-A 
and β-MHC gene expression (Simpson et al. 1989) and immediate early gene expression 
(Iwaki et al. 1992). 

 In cardiac overload and in patients with heart failure the chronic activation of 
sympathetic nervous system accompanied with elevated plasma levels and cardiac release 
of catecholamines represent one mechanism contributing to the progression of heart 
failure (for reviews, see Esler et al. 1997, Scheuer 1999). Studies in transgenic mice have 
revealed that knocking out α1B-adrenoceptors results in decreased contractility and 
pressor response to NE or EPI, while overexpression of the receptor induces cardiac 
hypertrophy, dysfunction or dilated cardiomyopathy (reviewed in Tanoue et al. 2003). In 
knockout mice lacking endogenous EPI and NE production the development of cardiac 
hypertrophy in response to pressure overload is significantly blunted (Rapacciuolo et al. 
2001).  

2.1.2  Natriuretic peptides 

The mammalian natriuretic peptide family consists of three well-known members, ANP, 
BNP and C-type natriuretic peptide (CNP) (for review, see Ruskoaho 1992). Later, two 
structurally and functionally related peptides, isolated from green mamba (Schweitz et al. 
1992) and salmon (Tervonen et al. 1998) were included in the family. 
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Discovery of the first natriuretic peptide, ANP, took place in the early 1980s, when de 
Bold and co-workers reported increased diuresis and natriuresis in rats after injections of 
atrial tissue extracts (de Bold et al. 1981). Identification and cloning of the ANP molecule 
(Flynn et al. 1983, Atlas et al. 1984) lead to the localization of the peptide into the 
secretory granules in atrial tissue described decades earlier (Kisch 1956). Soon after 
characterization of ANP, also BNP and CNP were identified (Sudoh et al. 1988, 1990). 
Although both BNP and CNP were originally isolated from brain tissue, ANP and BNP 
are mainly cardiac hormones regulating blood pressure and water and electrolyte balance 
(for review, see Nakao et al. 1992a). The atria of adult human heart are the major sites for 
ANP gene expression, and ANP mRNA can make up to 3% of all mRNA present. The 
expression level of ANP mRNA in cardiac ventricles is only one tenth of the expression 
seen in the atria (Gardner et al. 1986); however, due to profoundly larger mass of 
ventricles, they provide a significant site of production as well. Furthermore, the 
synthesis and release of ANP from ventricles is a characteristic feature of ventricular 
hypertrophy (Ruskoaho 1992). Extracardiac expression or immunoreactivity of ANP has 
been shown in the CNS, lung, adrenal, kidney and vasculature (Ruskoaho 1992). BNP is 
more evenly produced in both atria and ventricles of the heart, which are the major sites 
of expression. BNP transcript can also be found in CNS, lung, kidney, adrenals, spleen 
and muscle (Gerbes et al. 1994). Distinctively, CNP is produced primarily in CNS 
(Komatsu et al. 1991) and in vascular endothelial cells (Chen & Burnett 1998). 
Additionally, it is synthesized in the myocardium and in the gastrointestinal and 
genitourinary tract (for review, see Barr et al.1996). 

In atrial myocytes, ANP and BNP are stored in secretory granules. ANP is synthesized 
as preproANP, and cleavage of the signal peptide results in formation of 126-amino acid 
proANP, which is the major storage form of ANP (Vuolteenaho et al. 1985). During or 
following the release proANP is split further into an amino-terminal peptide (ANP1-98) 
and a biologically active 28-amino acid peptide (ANP99-129) (Ruskoaho 1992). On the 
contrary, BNP is stored as a fully cleaved mature peptide (Saito et al. 1989). All 
natriuretic peptides share a common structural motif, a 17-amino acid loop formed by 
intramolecular disulphide linkage (reviewed in Yandle 1994). Intact ring-structure is 
essential for biological activity of natriuretic peptides. The amino acid sequences of ANP 
and CNP are highly homologous between species, while the structure of BNP diverges 
markedly among species (Nakao et al. 1992a).  

All the natriuretic peptides exert their biological actions via binding to specific 
natriuretic peptide receptors- A, -B and –C (NPRA, NPRB, and NPRC) (reviewed in Nakao 
et al. 1992b, Potter & Hunter 2001). Activation of NPRA and NPRB increases intracellular 
cGMP via activation of guanylyl cyclase (Potter & Hunter 2001). ANP and BNP have 
high affinity for NPRA, whereas NPRB binds preferably CNP (Ruskoaho 1992, Yandle 
1994). NPRC is considered to act as a clearance receptor, since the receptor-ligand 
complex is internalized and degraded (Nakao et al. 1992b). 

In vivo, ANP and BNP lower blood pressure by decreasing cardiac output and reducing 
vascular resistance. They also induce natriuresis and diuresis by acting directly on tubular 
functions and on renal hemodynamics (for review, see Levin et al. 1998). Moreover, 
natriuretic peptides have cytoprotective effects in myocardial ischemia as well as growth-
restrictive and pro-apoptotic effects on cardiac and vascular cells (D’Souza et al. 2004). 
Treatment of cultured cardiac fibroblasts with ANP, BNP or CNP results in reduction of 
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proliferation (Cao & Gardner 1995), and BNP has been shown to suppress collagen 
production and to induce metalloproteinase activity in cardiac fibroblasts (Tsuruda et al. 
2002). In cultured cardiac myocytes, the blockade of ANP receptors with a specific 
antagonist leads to increased protein synthesis and expression of Skα-A, β-MHC and 
ANP, suggesting that endogenous ANP inhibits cardiac myocytes hypertrophy (Horio et 
al. 2000). Treatment with exogenous ANP inhibits NE-, Ang II- and ET-1-induced 
hypertrophy of cultured cardiomyocytes (Calderone et al. 1998, Hayashi et al. 2004). 
Transgenic mice overexpressing ANP have lower blood pressure and heart weight than 
wildtype animals (Barbee et al. 1994). Overexpression of BNP also results in lower blood 
pressure in transgenic mice than in non-transgenic littermates, and cardiac hypertrophy 
and fibrosis were significantly diminished in mice overexpressing BNP (Takahashi et al. 
2003). Conversely, ANP and NPRA knockout mice exhibit cardiac enlargement with only 
modest elevations of blood pressure in these models (John et al. 1995, Oliver et al. 1997, 
Knowles et al. 2001), and volume overload has been reported to induce exaggerated 
cardiac hypertrophy in ANP-deficient mice (Mori et al. 2004). In mice lacking BNP, 
significant interstitial fibrosis is observed in the heart, despite minimal changes in blood 
pressure (Tamura et al. 2000).  

The major determinant of ANP and BNP secretion and gene expression is myocyte 
stretch (Ruskoaho 1992, Tokola et al. 2001). Mechanical stress affects many different cell 
types in the heart, including myocytes, endothelial cells and fibroblasts. Endogenous 
paracrine/autocrine factors liberated in response to cardiac wall stretch appear to mediate 
the activation of ANP secretion in acute volume overload, as evidenced by the almost 
complete inhibitory effect of ETA/B and AT1 receptor blockers. NO may also exert a 
significant modulatory role on stretch-activated ANP secretion (reviewed in Ruskoaho et 
al. 1997). In cultured cardiac cells, AT1 and ET-1 receptor antagonists inhibit the effect of 
mechanical stretch on BNP gene expression only partially (Liang & Gardner 1998), and 
ETA/B and AT1 receptor blockers show no effect on pressure overload induced increase in 
BNP mRNA levels, suggesting that Ang II or ET-1 are not obligatory, and additional 
mechanisms are involved in mediating the effect of stretch on BNP gene expression 
(Magga et al.1997).  

Raised plasma levels of ANP and BNP are observed in disease states associated with 
increased cardiac workload, volume and pressure overload, such as chronic heart failure 
and acute MI as well as essential hypertension. Especially BNP has proved to be useful 
both as a diagnostic and prognostic marker in patients with heart failure and acute 
coronary syndromes (for reviews, see Ruskoaho 2003, McCullough & Sandberg 2003). 

2.2  Adrenomedullin 

AM is a potent vasodilatory peptide hormone originally isolated from 
pheochromocytoma (Kitamura et al. 1993a) with an assay system monitoring the 
elevating activity of platelet cAMP (Kitamura et al. 1992). Within 10 years of its 
discovery, AM has been shown to be ubiquitously expressed and synthesized in many cell 
types, and AM binding has been reported in most tissues. Numerous studies have also 
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revealed a variety of biological actions of AM on cardiovascular and renal systems, 
cellular growth, CNS and endocrine systems (reviewed in Samson et al. 1999, Hinson et 
al. 2000). 

2.2.1  Structure and synthesis 

Human AM is a 52-amino acid peptide with one intramolecular disulfide bridge and with 
an amidated tyrosine at the carboxy terminus (Kitamura et al. 1993a). Due to moderate 
sequence homology with calcitonin/calcitonin gene-related peptide (CGRP) and amylin 
and a similar six-residue ring structure, AM is classified into the CGRP/amylin peptide 
family. Compared with the human peptide, rat AM has six substitutions and two 
deletions, thus consisting of 50 amino acids (Sakata et al. 1993).  

Human AM is synthesized as a 185-amino acid precursor. The cleavage of a 21-amino 
acid signal peptide from the N-terminus of this preproadrenomedullin leads to formation 
of a 164-amino acid prohormone (Kitamura et al. 1993b). The prohormone is further 
cleaved to liberate a 20-amino acid proadrenomedullin N-terminal 20-peptide (PAMP), 
which has been found to elicit vasoregulatory actions independent of those of AM 
(Kitamura et al. 1994b). The remaining prohormone is finally cleaved between positions 
93 and 94 as well as 148 and 149, resulting in the formation of human AM (Kitamura et 
al. 1993b) (Fig. 2). 

2.2.2  Distribution and sites of adrenomedullin production  

After original identification of AM production in pheochromocytoma (Kitamura et al. 
1993a), AM has been detected in numerous tissues and cell types by radioimmunoassays, 
immunohistochemical studies and detection of AM mRNA. The adrenal gland contains 
proportionally the largest quantity of ir-AM in both man and rat, but substantial amounts 
are also found in lung, heart, kidney, blood vessels, brain, liver and intestine (Ichiki et al. 
1994, Sakata et al. 1994). Distinct expression of AM gene is observed in the same tissues 
and in agreement with the observed distribution of ir-AM, the highest levels of AM 
mRNA are found in adrenal gland, lung, heart and kidney (Kitamura et al. 1993b, Sakata 
et al. 1993, Kitamura et al. 1994c).  

Expression of AM in circulatory organs, including cardiac, vascular and renal systems, 
has been studied extensively due to the potent vasoactive character of AM. Both 
endothelial cells and VSMC synthesize and secrete AM, and the levels of AM mRNA in 
endothelial cells are even higher than in adrenal gland (Sugo et al. 1994a, Sugo et al. 
1994b). Immunohistochemical staining showed the presence of AM in atria, ventricles 
and muscular layer of the aorta in dog heart (Jougasaki et al. 1995b). In neonatal rats, 
both cardiac myocytes and non-myocytes secrete AM, the basal rate of secretion being 
higher in non-myocytes (Tomoda et al. 2001b). 
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AM mRNA and peptide are present in a large number of embryonic tissues, especially 
in the heart (Montuenga et al. 1997). This cardiac expression is developmentally 
regulated (Cormier-Regard et al. 1998), suggesting a role for AM in the control of 
embryonic proliferation and differentiation. AM is also produced in human cancers as 
well as in a variety of human tumor cell lines. AM may thus also regulate cellular growth 
(Miller et al. 1996). 
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Fig. 2. Organization of human AM gene and binding sites of transcription factors on the 
promoter, precursor molecules and structure of mature AM and PAMP (Modified from Hinson 
et al. 2000, Eto et al. 2003). The location of transcription factor binding sites at the promoter of 
AM is indicated by numbers in parentheses. AM, adrenomedullin; AP, activator protein; CRE, 
cAMP-regulated enhancer; EX, exon; HIF, hypoxia inducible factor; IRE, interferon response 
element; NF-IL6, nuclear factor for interleukin-6; PAMP, proadrenomedullin N-terminal 20-
peptide; SSRE, shear stress responsive element. 
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2.2.3  Circulating adrenomedullin 

AM circulates in the plasma at picomolar levels both in man (Kitamura et al. 1994a) and 
rat (Sakata et al. 1994). The major molecular form of AM circulating in human plasma is 
the glycine-extended intermediate form of AM (AM-gly or iAM), which is converted to 
mature AM by enzymatic amidation (Kitamura et al. 1998). Recently, it has been shown 
that circulating AM is bound to a specific adrenomedullin binding protein-1 (AMBP-1), 
identified as a complement factor H. Binding to factor H seems to augment at least some 
receptor-mediated effects of AM. However, the exact mechanism is not clear; possibly 
factor H acts as a carrier and reservoir of AM (Pío et al. 2001). 

Even though AM is highly expressed in the adrenal gland, adrenals are not considered 
to be the major source of circulating peptide, since no marked gradient of ir-AM was 
found in arterial and venous sampling across the adrenal gland (Nishikimi et al. 1994, 
Ehlenz et al. 1997). Also physiological stimuli regulating secretory functions in adrenals 
failed to affect plasma AM concentration (Ehlenz et al. 1997). Despite the lack of 
definitive proof, endothelial cells in different organs and vascular beds are suggested to 
represent the main source of circulating in normal physiological conditions (Samson 
1999, Hinson et al. 2000). 

The plasma half-life of infused exogenous AM is approximately 20 minutes and the 
volume of distribution is nearly 900 ml/kg (Meeran et al. 1997). The high apparent 
distribution space for AM suggests that the peptide is extensively tissue-bound (Meeran 
et al. 1997). The major site of AM clearance appears to be the lungs (Nishikimi et al. 
1994 Sabates et al. 1996, Ornan et al. 1999). Two pathways of AM clearance have been 
recognized, namely binding to clearance receptors (Dschietzig et al. 2002, Ornan et al. 
2002) and enzymatic degradation by neutral endopeptidases (reviewed in Lapointe & 
Rouleau 2002). Whether the elevated plasma AM concentrations in disease states are due 
to increased production or decreased clearance has not been thoroughly addressed. In 
congestive heart failure, there is evidence for increased production of AM (Jougasaki et 
al. 1995c), and indication for significant cardiac secretion as well (Jougasaki et al. 1996). 
Septic shock is associated with decreased clearance (Ornan et al. 1999, Ornan et al. 
2002) and down-regulation of neutral endopeptidase activity in plasma and various 
tissues (Jiang et al. 2004), which may contribute to the elevated plasma levels of AM 
seen in this state.  

2.2.4  Regulation of adrenomedullin gene expression  
and synthesis in vitro 

The gene encoding preproadrenomedullin, located at a single locus on chromosome 11, 
consists of four exons and three introns. The 5'-flanking region of the AM gene contains 
TATA, CAAT and GC boxes. There are also several binding sites for activator protein-2 
(AP-2) and cAMP-regulated enhancer (Ishimitsu et al. 1994a). Later, binding sites for 
nuclear factor for interleukin-6 (NF-IL6) and hypoxia inducible factor (HIF) were found 
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(Ishimitsu et al. 1998, Cormier-Regard et al. 1998) (Fig. 2). Additionally, potential 
pituitary-specific transcription factor binding sites, namely gonadotropic-specific element 
and steroidogenic factor-1 are found in the human and mouse AM gene (Montuenga et al. 
2000). The existence of all above-mentioned regulatory elements in the AM gene is in 
concordance with the observed pattern of expression and the stimuli regulating the 
expression of the AM gene.  

 A range of cytokines, growth factors and hormones alter AM gene expression and 
peptide synthesis in cell cultures depending on cell type. Vasoactive substances, such as 
Ang II and ET-1 have been shown to stimulate the secretion of AM from cardiac 
myocytes (Tsuruda et al. 1998, Mishima et al. 2001). The role of ET-1 appears to be more 
controversial; ET-1 has been described to have an inhibitory effect on AM mRNA 
synthesis in cardiac myocytes (Autelitano et al. 2001). Ang II and ET-1 also stimulate 
AM production in VSMCs (Sugo et al. 1995a).  

Inflammatory cytokines interleukin (IL)-1α, IL-1β, tumor necrosis factor (TNF)-α and 
TNF-β and a bacterial endotoxin, lipopolysaccharide (LPS), induce upregulation of AM 
mRNA and peptide levels in cultured rat VSMC and endothelial cells (Sugo et al. 1995b, 
Isumi et al. 1998b). However, there may be differences among species, since TNF-α was 
later reported to decrease secretion of AM in human endothelial cells, to increase 
secretion in porcine and rat endothelial cells, and to have no effect on AM secretion in 
bovine endothelial cells (Tomoda et al. 2001a). In cultured cardiac cells IL-1β, TNF-α 
and LPS did not stimulate secretion of ir-AM from the myocyte fraction, but significantly 
increased the amount of AM secreted from cardiac non-myocytes (Horio et al. 1998, 
Tomoda et al. 2001b). A minor increase of AM mRNA was seen with IL-1β in cardiac 
myocytes, whereas all the other cytokines induced a marked increase of AM gene 
expression in non-myocytes (Horio et al. 1998). In cultured fibroblasts TNF-α and IL-1β 
also increased AM secretion (Isumi et al. 1998a).  

The effects of growth factors and hormones have also been studied. Glucocorticoids 
upregulate AM gene expression in VSMCs and in endothelial cells (Imai et al. 1995, 
Minamino et al. 1995) as well as in cardiac myocytes (Nishimori et al. 1997) and in 
fibroblasts (Isumi et al. 1998a). In VSMC, thyroid hormone may also be involved in the 
regulation of AM gene expression (Minamino et al. 1995), whereas other growth factors 
and hormones, such as fibroblast growth factor, epidermal growth factor, platelet-derived 
growth factor, progesterone, estradiol or testosterone, were found to have little effect 
(Sugo et al. 1995, Imai et al. 1995, Minamino et al. 1995). 

Mechanical stretch appears to regulate AM secretion and gene expression. In human 
umbilical vein endothelial cells shear stress augmented the gene expression of AM (Chun 
et al. 1997), whereas in human aortic endothelial cells AM mRNA and peptide levels 
were downregulated in response to shear stress (Shinoki et al. 1998). In cultured cardiac 
myocytes Tsuruda and co-workers reported enhanced gene expression and production of 
AM in response to static stretch (Tsuruda et al. 2000). 

Hypoxia is a potent stimulus for AM expression and secretion in various types of 
cultured cells, including cardiac myocytes (Cormier-Regard et al. 1998, Nguyen & 
Claycomb et al. 1999, Yoshihara et al. 2002), endothelial cells from human coronary 
artery (Nakayama et al. 1999) and umbilical vein (Ogita et al. 2001), and several tumor 
cell lines such as colorectal adenocarcinoma cells (Nakayama et al. 1998), glioblastoma 
cells (Kitamuro et al. 2000) and neuroblastoma cells (Kitamuro et al. 2001). Oxidative 
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stress has also been shown to enhance AM production in rat VSMCs (Ando et al. 1998) 
and in bovine carotid artery endothelial cells (Chun et al. 2000), which may compensate 
for the vasoconstriction accompanying this state. Cardiac myocytes also secrete and 
express more AM in response to hydrogen peroxide-induced oxidative stress (Yoshihara 
et al. 2002). 

PKC and calcium-dependent signaling systems are involved in regulating AM 
production in cardiac myocytes, since PKC agonists, Ca2+ ionophore and Ca2+ channel 
agonists stimulated AM secretion and, accordingly, the inhibitors of PKC and Ca2+ 

signaling attenuated both basal and Ang II-induced AM secretion (Tsuruda et al. 2001). 
The effects of PKC are likely to be mediated via multiple AP-2 binding sites in the 
promoter of the AM gene (Ishimitsu et al. 1994a).  

2.2.5  Receptors and signal transduction 

2.2.5.1  Structure and components of adrenomedullin receptor 

In the early 1990s, a GPCR for calcitonin, the first member of the calcitonin family of 
peptides, was cloned (Lin et al. 1991) and a few years later, an orphan receptor called 
calcitonin-receptor-like receptor (CLRL) was identified (Njuki et al. 1993, Chang et 
al.1993, Flühmann et al. 1995). Other members of the calcitonin peptide family were 
obvious candidate ligands for CLRL, but when CLRL was transfected to cultured cells, 
neither AM or CGRP was able to alter the intracellular cAMP concentration suggesting 
that CLRL was not a functional AM receptor (Flühmann et al. 1995). Several studies 
indicated that a specific binding site for AM was present in various tissues (Eguchi et al. 
1994, Owji et al. 1995, Kato et al. 1995). However, the attempts to characterize a specific 
and functional receptor which would explain the observed pharmacological features of 
peptide affinity and binding for both AM and CGRP failed (Kapas et al. 1995, Hänze et 
al. 1997, Kennedy et al. 1998), until McLatchie and his co-workers in 1998 described a 
family of receptor-activity modifying proteins (RAMPs) and a new mechanism for 
regulating GPCRs (McLatchie et al. 1998).  

RAMPs are single-transmembrane-domain proteins, which control glycosylation and 
transportation of the receptor to cell surface, and expression of RAMPs together with 
CLRL is required for reconstitution of a functional receptor. The investigators also 
showed that CRLR acts either as CGRP receptor or as AM receptor, depending on the 
accessory proteins RAMP-1 or RAMP-2/3, respectively (McLatchie et al. 1998) (Fig. 3). 
This finding was confirmed soon thereafter in various human and rat cell lines and tissues 
by several groups (Bühlmann et al. 1999, Kamitani et al. 1999, Chakravarty et al. 2000). 
The specificity of CGRP and AM receptors is still somewhat ambiguous, since there are 
reports suggesting that AM can induce cellular responses via the RAMP-1/CRLR 
complex as effectively as CGRP (Kuwasako et al. 2000, Kuwasako et al. 2001, Nagoshi 
et al. 2002). Even more controversial is the finding that co-expression of calcitonin 
receptor with RAMPs results in a functional AM receptor (Kuwasako et al. 2003).  
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In addition to the regulation of cellular transport and glycosylation of the receptor, 
RAMPs have been suggested to determine ligand specificity by directly contributing to 
the structure of the ligand-binding site or by allosteric modulation of the receptor 
conformation (Hilairet et al. 2001, Kuwasako et al. 2001). The regulatory role of RAMPs 
may prove to be even more complex, since RAMP-2 and RAMP-3 were recently shown 
to produce pharmacologically distinct AM receptors (Hay et al. 2003). 
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Fig. 3. Components of the AM/CGRP receptor system and pathways involved in signal 
transduction of AM (modified from Hinson et al. 2000, Evans et al. 2000). The effects of AM 
on individual signaling cascades may be stimulatory or inhibitory, depending on cell type. 
AM, adrenomedullin; cAMP, cyclic adenosine monophosphate; CGRP, calcitonin gene-
related peptide; CLRL, calcitonin-receptor-like receptor; MAPK, mitogen-activated protein 
kinase; NOS, nitric oxide synthase; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase 
A; PKC, protein kinase C; RAMP, receptor-activity modifying protein; RCP, receptor 
component protein. 

Prior to cloning of the RAMPs, another accessory protein called the CGRP receptor 
component protein (RCP) was cloned (Luebke et al. 1996), but since co-transfection of 
CLRL and RCP into cultured cells did not yield functional GCRP receptors, the role of 
RCP remained unclear. Later it was found that diminished RCP protein expression lead to 
a reduction of both CGRP- and AM-induced cAMP production without affecting A2b 
adenosine receptor or β2-adrenoceptor mediated effects, suggesting a CRLR/RAMP-
receptor specific action of RCP (Evans et al. 2000). Further characterization showed that 
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RCP is an intracellular protein loosely attached to plasma membrane and it is co-
immunoprecipitated with CRLR, which lead to a hypothesis of RCP coupling the CRLR 
to the cellular signal transduction machinery (Fig. 3). Proposed mechanisms of this 
process include facilitation of the CRLR activation, direct coupling of the receptor to G-
proteins or spatial coordination of receptor-effector complex in the plasma membrane 
(Evans et al. 2000). 

2.2.5.2  Signal transduction pathways 

The first and best-characterized cellular event induced by AM is the elevation of 
cAMP levels, the effect that originally lead to isolation and cloning of the peptide 
(Kitamura et al. 1993a). In the AM receptor, the seven-transmembrane-domain of the 
receptor possessing the G-protein portion is CRLR, while the adjoined RAMP is a single-
transmembrane-domain protein involved in transporting CRLR to the cell surface and 
determining the ligand specificity of the receptor (McLatchie et al. 1998). In most 
systems, including cardiomyocytes, AM initiates signaling cascades via receptor linked 
Gs-subunit mediated stimulation of adenylyl cyclase, leading to accumulation of cAMP 
and activation of PKA (Chini et al. 1995, Kohno et al. 1995b, Coppock et al. 1996, Sato 
et al. 1997). cAMP and PKA regulate numerous genes through a variety of transcription 
factors either by acting directly on the target gene or indirectly through upregulation of a 
second set of transcription factors or modulators (reviewed by Taskén and Aandahl 2003). 
Recent publications suggest that AM regulates glycogen synthase kinase-3β (GSK-
3β)/protein kinase B(Akt)/phosphatidylinositol 3-kinase (PI3K) pathway downstream of 
cAMP/PKA activation in endothelial cells and cardiac myocytes (Miyashita et al. 2003b, 
Okumura et al. 2004, Yin et al. 2004). AM has also been shown to induce a rapid, 
transient expression of c-fos and increase AP-1 binding activity in cardiac myocytes and 
VSMCs (Sato & Autelitano 1995). 

The activation of additional and alternative second messenger pathways is determined 
by the type of tissue and/or cells concerned. The effects of AM on calcium signaling have 
been studied especially in vasculature, since endothelial NO has been implicated in AM-
mediated vasodilatation (Feng et al. 1994, Miura et al. 1995, Hirata et al. 1995). The 
proposed mechanism includes activation of PLC, generation of IP3 and rise in 
intracellular Ca2+ then activating NO synthase (NOS); additionally, a Ca2+-independent 
pathway for NOS activation may also exist (Shimekake et al. 1995, Hayakawa et al. 
1999). However, rather contradictory results of AM in regulating intracellular Ca2+ have 
been published. AM failed to affect intracellular calcium in bovine aortic endothelial 
cells, in Swiss 3T3 cells and in cultured rat astrocytes (Barker et al. 1996, Withers et al. 
1996, Zimmermann et al. 1996). A decrease in intracellular Ca2+ concentration after AM 
treatment was seen in porcine coronary artery strips and in isolated adult rabbit cardiac 
ventricular myocytes (Kureishi et al. 1995, Ikenouchi et al. 1997). On the other hand, 
there are studies in favor of AM increasing calcium concentration both in cultured human 
oligodendroglial cells (Uezono et al. 1998) and in bovine aortic endothelial cells 
(Shimekake et al. 1995). Furthermore, in isolated perfused rat heart AM induces Ca2+ 
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release from Ca2+ stores and activation of PKC via cAMP-independent mechanisms 
(Szokodi et al. 1998).  

Since AM has been shown to modulate growth and mitogenesis in different cell types, 
the role of AM in regulating MAPKs has been studied in detail. Again, the responses 
induced by AM are very divergent depending on cell type. In mesangial cells, AM was 
first shown to inhibit both basal and stimulated MAPK activity (Chini et al. 1995, Kusaka 
et al. 1997), while further studies have defined the inhibitory effect on extracellular 
regulated kinase (ERK2) pathway and stimulatory effect on c-Jun N-terminal kinase 
(JNK) and p38 MAPK pathways (Parameswaran et al. 1999a). In VMSCs and rat-2 
fibroblasts AM reduced platelet-derived growth factor stimulated MAPK activity (Chini 
et al. 1997, Coppock et al. 1999), but in quiescent rat VMSCs, in isolated rat adrenal 
gland and in endothelial cells, AM increases tyrosine phosphorylation and MAPK activity 
in cAMP-independent manner (Iwasaki et al. 1998, Iwasaki et al. 2001, Andreis et al. 
2000, Kim et al. 2003).  

2.2.5.3  Regulation of adrenomedullin receptor 

Knowledge of the regulation of AM expression and secretion has increased rapidly, but 
less is known about the regulation of AM receptor expression and activity. The fact that 
the functional AM receptor consists of several proteins which not only regulate the 
specificity but also the activity of the receptor has made studies rather difficult.  

Cardiac AM receptor and RAMP-2 mRNA has been shown to be upregulated in left 
ventricle during ischemic heart failure and severe hypertension in rats, indicating a role 
for RAMPs in dynamic control of AM tissue activity in pathological condition (Øie et al. 
2000, Totsune et al. 2000, Tadokoro et al. 2003). The expression levels of RAMP-2 and 
CLRL were not influenced in the kidney of heart failure rats (Totsune et al. 2000), 
whereas in nephropathic rat kidney RAMP-1 and -2 gene expressions are upregulated and 
RAMP-3 remains unchanged (Nagae et al. 2000). Chronic salt loading increases the 
expression of RAMP-1 and -2 in adrenals and RAMP-3 in kidneys (Cao et al. 2003). 
Furthermore, CLRL and RAMP-2 mRNA are downregulated, but RAMP-3 mRNA is 
upregulated during experimental sepsis in mouse lungs (Ono et al. 2000), suggesting that 
components of the AM receptor are regulated independently and differentially depending 
on the tissue and stimulus. 

Vasoactive factors and cytokines have also been shown to regulate the cardiac and 
renal expression of AM receptor components in vitro. In cultured cardiac myocytes 
RAMP-3 mRNA levels are upregulated and RAMP-2 mRNA levels downregulated in 
response to ET-1 or Ang II treatment, and ET-1 also increased the levels of CLRL. 
Additionally, these changes are accompanied by augmented AM-stimulated intracellular 
cAMP accumulation (Mishima et al. 2001, Mishima et al. 2003). In rat mesangial cells, 
platelet-derived growth factor has been shown to increase RAMP-3 mRNA and protein 
expression with a corresponding elevation in AM responses (Nowak et al. 2002).  

Desensitization of AM receptors has not been extensively studied, and the results 
published so far are contradictory. In VSMCs pre-treatment caused a loss of AM-
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stimulated cAMP increase (Iwasaki et al. 1998), whereas in SK-N-MC cells pre-
treatment with AM and CGRP desensitized the cells to a subsequent CGRP-stimulus but 
not to AM-stimulus (Drake et al. 1999). Nevertheless, following ligand exposure, the 
CLRL-RAMP complexes are co-localized in lysosomes presumably targeted to the 
degradative pathway, suggesting that internalization and recycling of the receptor may be 
regulatory events (Kuwasako et al. 2000). 

2.2.6  Biological actions of adrenomedullin 

As suggested by the wide distribution of AM mRNA and peptide, as well as AM receptor, 
AM has been shown to elicit various actions on many cell types and tissues. The major 
actions of AM on large organ systems are summarized in Table 1.  

Table 1. Actions of AM (modified from Samson et al. 1999, Hinson et al. 2000)  

Tissue  Action 
Vasculature vasodilatation, hypotension 

decreased ET-1 production 
inhibition of smooth muscle cell migration 
inhibition/stimulation of smooth muscle cell proliferation 
stimulation of endothelial cell proliferation 
inhibition of endothelial cell apoptosis 
angiogenesis 

Heart increased heart rate and cardiac output 
increased coronary flow 
increased/decreased contractility  
inhibition of cardiac hypertrophy 
decreased ANP gene expression and secretion 
inhibition of apoptosis 

Kidney increased renal blood flow 
diuresis, natriuresis 
increased renin secretion 
inhibition of mesangial cell proliferation, migration and 
apoptosis 

Endocrine organs decreased aldosterone secretion in adrenal gland 
decreased ACTH secretion in pituitary gland 
decreased insulin secretion in pancreatic cells 

Central nervous system decreased water drinking 
inhibition of food-intake and salt appetite 
diuresis, natriuresis 
hypertension 

ACTH, adrenocorticotropin; ANP, atrial natriuretic peptide; ET-1, endothelin-1. 
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2.2.6.1  Vascular effects 

The most characteristic property of AM is an intensive and sustained hypotension. An i.v. 
infusion of AM results in prolonged decrease in blood pressure in a dose-dependent 
manner in anesthetized and conscious normotensive rats (Kitamura et al. 1993a, Ishiyama 
et al. 1993) and in hypertensive rats (He et al. 1995, Khan et al. 1997a, Khan et al. 
1997b), humans (Lainchbury et al. 1997, Guevara et al. 1998), rabbits (Fukuhara et al. 
1995, Hjelmquist et al. 1997), cats (Hao et al. 1994, Shirai et al. 1997) and sheep (Parkes 
1995, Parkes & May 1997). 

Dilatation of resistance vessels has been observed in various tissues, such as kidneys, 
brain, lung, hind limb and mesentery (Ebara et al. 1994, Feng et al. 1994, Baskaya et al. 
1995, Gardiner et al. 1995, Champion et al. 1997, Shirai et al. 1997), and the 
vasodilatory effect is mainly mediated via generation of NO in the vasculature (Feng et 
al. 1994, Miura et al. 1995, Hirata et al. 1995). In patients with chronic heart failure these 
vascular effects are attenuated partially because of impaired production of NO 
(Nakamura et al. 1997). In hypoxic conditions, the vasodilatation appears to be induced 
by prostaglandin synthesis rather than NO production (Yang et al. 1996), and AM also 
inhibits ET-1 production in VSMCs, which may contribute to vasorelaxation (Kohno et 
al. 1995a). 

 Intimal thickening of an artery involves the migration of medial SMCs into the 
intimal layer and the proliferation of migrated cells. AM has been shown to inhibit cell 
migration in VSMCs (Horio et al. 1995, Kohno et al. 1997). The effects of AM on 
proliferation of VSMCs are controversial, since the first reports indicated an 
antiproliferatory action (Kano et al. 1996), whereas later studies suggest that AM is a 
potent mitogenic factor in cultured rat VSMCs (Iwasaki et al. 1998). Furthermore, AM 
receptor antagonist CGRP(8-37) has been shown to inhibit neointimal hyperplasia in 
carotid artery (Shimizu et al. 1999). However, CGRP(8-37) acts as non-specific receptor 
antagonist of both AM and CGRP (McLatchie et al. 1998). In contrast, the intimal 
thickening of the cuff-injured femoral artery is augmented in heterozygous AM knockout 
(AM+/-) mice compared to wild-type littermates suggesting a protective action of 
endogenous AM against the vascular response to injury (Kawai et al. 2004). Ang II-
infusion or high-salt diet also results in more marked perivascular fibrosis and intimal 
hyperplasia in coronary arteries in AM+/- -mice (Shimosawa et al. 2002). These findings 
suggest that AM may at least in some circumstances prevent pathologic vascular 
remodeling. 

In endothelial cells, AM has been reported to elicit growth-promoting actions, as it 
suppresses serum deprivation-induced apoptosis (Kato et al. 1997) and promotes 
proliferation and migration in cultured vascular endothelial cells (Miyashita et al. 2003a). 
AM also acts as a growth factor for endometrial endothelial cells (Nikitenko et al. 2000). 
AM has been shown to induce angiogenesis in various tissues, such as human uterine 
endometrium (Zhao et al. 1998), ischemic muscle in mice (Abe et al. 2003) and rabbits 
(Tokunaga et al. 2004), and implanted gel-plugs in mice (Kim et al. 2003, Miyashita et 
al. 2003b). In addition, AM is crucial for vascular morphogenesis during embryonic 
development. Targeted null mutation of AM gene is lethal in utero; the fetuses suffer 
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from severe hydrops and cardiovascular abnormalities (Caron & Smithies 2001, Shindo 
et al. 2001). 

2.2.6.2  Cardiac effects 

Systemic administration of AM results in a marked decrease of peripheral resistance 
accompanied by a fall in blood pressure. As a consequence, the heart rate, cardiac output 
and stroke volume are increased (He et al. 1995, Parkes 1995, Parkes & May 1997). AM 
may also have direct effects on the heart and coronary circulation. AM increases cardiac 
contractility and heart rate independently of hypotension in conscious sheep, since the 
effect was also observed when pressure was kept constant (Parkes 1995, Parkes & May 
1995). In isolated, perfused rat heart AM has been characterized as a potent inotropic 
substance, which increases cardiac contractility and dilates coronary arteries (Szokodi et 
al. 1996, Szokodi et al. 1998). In support of this, a positive inotropic effect has also been 
seen in rat papillary muscle preparation (Ihara et al. 2000). Conversely, in isolated rabbit 
cardiac myocytes (Ikenouchi et al. 1997) and human ventricular myocytes (Mukherjee et 
al. 2002) AM exerts a negative contractile effect. In an in vivo model of heart failure in 
dogs, AM had no inotropic actions or effects on left ventricular relaxation in either 
normal animals or in animals with cardiac failure (Lainchbury et al. 2000a). 

AM has been shown to inhibit ANP secretion from isolated atrium (Kaufman & Deng 
1998) and to decrease ANP gene expression in cultured cardiac myocytes (Sato et al. 
1997). AM also attenuates Ang II-induced hypertrophy in cardiomyocytes (Tsuruda et al. 
1998). Furthermore, AM inhibits proliferation and protein synthesis in cardiac fibroblasts 
(Tsuruda et al. 1999), possibly via inhibiting AT1 receptor expression and function in 
cardiac fibroblasts (Autelitano et al. 2003). 

Cardioprotective effects of AM have also been reported in several in vivo studies. 
Charles and co-workers reported that AM delays and attenuates the increase of blood 
pressure in sheep infused with Ang II (Charles et al. 2000), but has no effect on NE-
induced hypertension (Charles et al. 2001). In addition, this Ang II-specific action of AM 
differs from the action of another vasodilatory compound, nitroprusside (Charles et al. 
2001). Yet, in anesthetized rats, AM counteracts both Ang II- and NE-induced pressor 
effects (Minami et al. 2001). In sheep, AM also attenuates the rise in blood pressure in 
dextran-induced volume overload; furthermore an augmentation of the cardiac output is 
seen with AM (Charles et al. 2002).  

Long-term (7 wk) administration of AM in Dahl salt-sensitive rats results in 
attenuation of development of heart failure and improvement of cardiac output, even 
compared with diuretic-treated animals (Nishikimi et al. 2003b). AM gene delivery via 
adenoviral vector results in significant attenuation of left ventricular mass and 
cardiomyocyte size together with reduced fibrosis and extracellular matrix formation in 
the hearts of deoxycorticosterone acetate (DOCA)-salt hypertensive rats and in two-
kidney one-clip model of renovascular hypertension in rats (Dobrzynski et al. 2000, 
Wang et al. 2001). In heterozygous AM-null mutation (AM+/-)- vs. AM+/+ -mice there 
were no differences in body size or cardiac weight at initial stage, but Ang II-infusion and 



 

 

37

aortic constriction resulted in more severe cardiac hypertrophy in AM+/- -mice, measured 
as the heart weight-to-body weight ratio and wall thickness of the left ventricle and 
expression of hypertrophy-associated genes (e.g. c-fos, BNP and collagen type I) (Niu et 
al. 2003, Niu et al. 2004). AM has also been shown to decrease pulmonal pressure and to 
inhibit the development of right ventricular hypertrophy in monocrotaline-induced 
pulmonary hypertension in rats (Yoshihara et al. 1998). 

Continuous infusion of AM has also been shown to inhibit cardiac remodeling after 
MI as the heart weight-to-body weight ratio, myocyte size and collagen contents of non-
infarct area were reduced without any effect on the actual infarct size (Nakamura et al. 
2002). AM also has beneficial effects on ischemia/reperfusion injury. Adenovirus-
mediated AM gene delivery or AM-infusion resulted in reduction of infarct size in rats 
subjected to 30-min coronary occlusion followed by reperfusion (Kato et al. 2003, 
Okumura et al. 2004). The apoptosis in myocardial cells is also diminished, presumably 
via activation of the Akt-GSK-pathway (Okumura et al. 2004, Yin et al. 2004). 

2.2.6.3  Renal effects 

Intrarenal and i.v. infusions of AM have been shown to dose-dependently increase renal 
blood flow and induce diuresis and natriuresis in dogs (Ebara et al. 1994, Jougasaki et al. 
1995a), in rats (Elhawary et al. 1995, Hirata et al. 1995, Haynes & Cooper 1995) and in 
sheep (Charles et al. 1997). However, Lainchbury and co-workers reported that in healthy 
human volunteers AM infusion had no diuretic or natriuretic effects (Lainchbury et al. 
2000b). In physiological situations AM is mainly believed to act as a local, autocrine or 
paracrine factor, since the circulating levels of AM are below the threshold for renal 
actions (Jougasaki et al. 1995a, Lainchbury et al. 1997). 

Studies of AM-induced renal effects have also been carried out in models of heart 
failure. In rats with cardiac dysfunction due to MI, i.v. infusion of AM exerts diuresis and 
natriuresis comparable to control animals (Nagaya et al. 1999), and in ovine model of 
heart failure, AM increases Na+ excretion without an increase in urine flow (Rademaker 
et al. 2002). In acute heart failure in dogs, the response to infused AM was significantly 
attenuated in comparison to normal animals (Jougasaki et al. 2001). In patients with heart 
failure, AM failed to increase urine sodium excretion, urine volume or creatinine 
clearance (Lainchbury et al. 1999) in correspondence with findings in healthy subjects 
(Lainchbury et al. 2000b). On the other hand, McGregor and co-workers investigated the 
effect of AM in patients with chronic renal impairment and found significant induction of 
diuresis and natriuresis (McGregor et al. 2001) 

There is evidence that AM plays a protective role in renal damage resulting from 
various diseases. Both in DOCA-salt hypertensive rats and in two-kidney one-clip model 
of renovascular hypertension in rats, viral AM gene delivery attenuates the development 
of glomerular sclerosis and tubular injuries (Dobrzynski et al. 2000, Wang et al. 2001). 
Infusion of AM diminishes the morphological changes and glomerular injury in 
hypertensive Dahl salt-sensitive rats (Nishikimi et al. 2002) and in DOCA-salt 
hypertensive rat (Mori et al. 2002). AM also decreases renal glycogen accumulation and 
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tubular damage in rats with streptozotocin-induced diabetes (Dobrzynski et al. 2002). 
Studies in mice with heterozygous AM-null mutation (AM+/-) suggest a renoprotective 
effect of endogenous AM, since ischemic renal injuries (Nishimatsu et al. 2002) and renal 
damage following aortic constriction or Ang II infusion are more pronounced in AM+/- 
mice than in wild type mice (Niu et al. 2004). 

In microdissected rat nephron segments, AM increases osmotic water permeability in 
inner medullary collecting duct (Owada et al. 1997). AM also directly regulates function 
and growth of glomerular mesangial cells in culture, mostly in concordance with actions 
observed in VSMCs. Several laboratories have shown that AM inhibits proliferation of rat 
mesangial cells (Chini et al. 1995, Segawa et al. 1996, Michibata et al. 1998, 
Parameswaran et al. 1999a). Not only is basal proliferative activity decreased, but AM 
also inhibits proliferation stimulated by PDGF, epidermal growth factor and ET-1 (Chini 
et al. 1997). In addition, AM may act as an inductor of apoptosis in mesangial cells 
(Parameswaran et al. 1999a). AM significantly attenuates mesangial cell migration 
stimulated by Ang II and PDGF (Kohno et al. 1999). Furthermore, AM has been shown 
to inhibit ET-1 secretion and hyalurone acid release from mesangial cells; both factors are 
associated with proliferation and migration of glomerular cells (Kohno et al. 1996c, 
Parameswaran et al. 1999b).  

2.2.6.4  Endocrine effects 

Since it is abundantly present in adrenals, AM has been studied as a potential regulator of 
secretory activity of the adrenal gland. AM inhibits increase in plasma aldosterone 
concentration in response to sodium-depletion and bilateral nephrectomy in vivo 
(Yamaguchi et al. 1996). In vitro, AM significantly inhibits aldosterone secretion in 
response to Ang II (Mazzocchi et al. 1996b, Yamaguchi et al. 1995, Andreis et al. 1997a, 
Andreis et al. 1997b) and several other Ca2+-pathway dependent stimuli in dispersed rat 
zona glomerulosa cells, but has no effect on adrenocorticotropin (ACTH) and cAMP-
dependent increase of aldosterone secretion (Yamaguchi et al. 1995, Andreis et al. 
1997b). In other studies, using intact capsular tissue or slices of human adrenal tissue, 
AM has been shown to stimulate aldosterone secretion (Kapas & Hinson 1996, Andreis et 
al. 1997b, Kapas et al. 1998). It has been shown that AM and CGRP exert opposite 
effects on aldosterone secretion. These discrepant findings may thus be explained by the 
action of AM through either AM receptors or CGRP receptors in different preparations 
(Hinson et al. 1998, for review, see Hinson et al. 2000). Corticosterone secretion from 
isolated adrenal gland was stimulated by AM, but this appears to be an indirect effect due 
to increased blood flow (Mazzocchi et al. 1996a), since no effects were seen in either in 
vitro models of adrenal slices (Andreis et al. 1997b) or cultured adrenal cells 
(Ziolkowska et al. 2003). Apart from endocrine regulation, AM also seems to stimulate 
proliferation of zona glomerulosa cells via activation of the MAP-kinase pathway 
(Andreis et al. 2000, Semplicini et al. 2001). Inactivation of endogenous AM system with 
AM antisense oligonucleotides or receptor antagonist attenuated the proliferation and 
increased apoptotic index of cultured zona glomerulosa cells (Malendowicz et al. 2003). 
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In adrenal medullary cells, no effects on basal or stimulated catecholamine release were 
seen with administration of exogenous AM (Houchi et al. 1996, Masada et al. 1999). 

AM has been shown to inhibit the release of ACTH from cultured pituitary cells 
(Samson et al. 1995) and in vivo after systemic administration of AM in sheep (Parkes & 
May 1995). In contrast, intracerebral injections of AM increase the circulating ACTH in 
sheep (Charles et al. 1998) and in rats (Shan & Krukoff 2001). AM activates neurons in 
the hypothalamic areas regulating the anterior pituitary gland, suggesting that the central 
effects of AM are different from the direct effects on pituitary cells (for review, see Shan 
et al. 2003). AM also activates oxytocin-producing neurons in the paraventricular nucleus 
and increases plasma oxytocin levels (Serino et al. 1999).  

In the pancreas, AM inhibits both basal and stimulated insulin secretion in vitro, and 
addition of AM-antibody into the culture medium stimulated basal insulin secretion, 
indicating that endogenous AM provides a tonic inhibition (Martinez et al. 1996). 
Furthermore, AM attenuates and delays the insulin response to oral glucose challenge in 
vivo (Martinez et al. 1996). 

2.2.6.5  Effects on central nervous system 

The first biological effect of AM on CNS to be described was the inhibition of water 
drinking (Murphy & Samson 1995) after intracerebral administration of AM in rats. 
Later, inhibition of food intake (Taylor et al. 1996) and salt appetite (Samson & Murphy 
1997) were also reported. AM attenuates secretion of vasopressin induced by 
hyperosmolarity or hypovolemia presumably via paraventricular and supraoptic nuclei 
(Yokoi et al. 1996), an effect consistent with its renal actions. Recently, also 
intracerebrally administered AM has been shown to stimulate diuresis and natriuresis 
(Israel & Diaz 2000). 

The hypotensive effect of AM in the periphery is not consistent with its actions in the 
brain. When administered in the cerebral ventricles, AM exerts hypertension and 
tachycardia in anesthetized rats (Takahashi et al. 1994) as well as in conscious rats 
(Samson et al. 1998, Saita et al. 1998). Increased sympathetic nerve activity is considered 
to mediate these effects (Saita et al. 1998), and they can be blocked by peripheral 
administration of phentolamine, an α-adrenergic antagonist (Samson et al. 1998). Ang II 
is also involved in mediating the AM response since pre-treatment with saralasin, a non-
selective receptor antagonist, abolished the effects of AM (Samson et al. 1998). 

AM exerts vasodilatory effects on the vasculature of brain, as was described earlier 
(Chapter 2.2.6.1.). In hypertensive rats, infusion of AM inhibited the block in cerebral 
blood flow after middle cerebral artery occlusion (Dogan et al. 1997), in contrast to 
earlier findings of Wang and co-workers, which suggested that AM augmented the 
ischemic injury (Wang et al. 1995). Thus, the exact role of AM in regulating cerebral 
vasculature remains to be established. The growth regulating properties of AM in neural 
cells are contradictory as well, since both antimitogenic actions in normal and hybrid 
glioma cells (Zimmermann et al. 1996) and mitogenic effects on C6 glioma cell cultures 
have been described (Moody et al. 1997). 
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2.2.6.6  Effects on growth and development 

Originally, AM was purified from an adrenal tumor (Kitamura et al. 1993a). Later, the 
expression of AM was confirmed in several types of neoplastic tissues including tumors 
of pulmonary (Martinez et al. 1995) and neural origin (Satoh et al. 1995), skin tumors 
(Martinez et al. 1997) and human tumor cell lines originating from the adrenal gland, 
bone marrow, breast, cartilage, colon, lung, nervous system, ovary, and prostate (Miller et 
al. 1996). In these cell lines, anti-AM antibody inhibits cell growth (Miller et al. 1996). 
Additionally, exposure to anti-AM antibody decreases the growth of human glioblastoma 
cell line in vivo and suppresses the growth of tumor xenograft in vivo (Ouafik et al. 
2002). AM is widely expressed in human breast tumors, and a significant correlation was 
found between AM-peptide expression in tumor tissue and rate of lymph node metastasis 
(Oehler et al. 2003). Moreover, plasma levels of AM correlated with tumor size and the 
presence of lymph node metastases (Oehler et al. 2003).  

AM enhances 3H-thymidine uptake in human skin cell lines (Martinez et al. 1997) and 
increases DNA synthesis in Swiss 3T3 cells (Withers et al. 1996, Isumi et al. 1998a), in 
human oral keratinocytes (Kapas et al. 1997) and in quiescent rat VSMCs (Iwasaki et al. 
1998). However, conflicting data exist, because in mesangial cells AM inhibits 
proliferation (Chini et al. 1995, Segawa et al. 1996, Chini et al. 1997, Michibata et al. 
1998, Parameswaran et al. 1999a). Similarly, AM inhibits growth and DNA synthesis in 
neuroblastoma cells (Ando et al. 1997). Thus, there is much evidence to support the 
growth-regulatory effects of AM, but determinants of the action of AM on various cell 
types and tissues remain to be established. 

Generation of AM knockout mice established a crucial role for AM in fetal 
development. Targeted disruption of mouse preproadrenomedullin gene was lethal, 
embryos survived only until embryonic day 14.5 (Caron & Smithies 2001, Shindo et al. 
2001). The embryos had profound generalized hydrops (Caron & Smithies 2001), 
accumulation of pericardial effusion and severe hemorrhages under the skin, in the lung 
and liver (Shindo et al. 2001). No significant differences were observed in the 
microscopic evaluation of vasculature of periphery, but in AM-/- embryos the aorta and 
carotid arteries had markedly thinner walls and were irregular in shape (Caron & 
Smithies 2001). Electron microscopy revealed that basement membrane structures in 
AM-/- embryos were abnormal, and endothelial cells were detached from the basement 
structure especially in vitelline vessels and hepatic capillaries (Shindo et al. 2001). Caron 
and Smithies also described smaller defects in cardiac development; an AM-/- heart was 
typically one-third smaller than a wild-type heart, with increased trabecular structures in 
left ventricle leading to smaller volume of the ventricle. No abnormalities were observed 
in valvular structures, septum or atria of the heart (Caron & Smithies 2001). 
Heterozygous AM+/- mice are fully viable with no observed congenital abnormalities, 
and exhibit half of wild-type AM mRNA levels (Caron & Smithies 2001, Shindo et al. 
2001). One notable phenotypic characteristic of AM+/- mice is the increased blood 
pressure compared to their wild-type littermates, presumably due to diminished NO 
synthesis in vasculature (Shindo et al. 2001). Recently a more delicate model of AM 
knockout mice was generated, when Shimosawa and co-workers engineered a target-
gene-disrupted mouse of AM peptide alone; the gene expression and secretion of PAMP, 
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another hypotensive gene product of preproadrenomedullin gene, was intact (Shimosawa 
et al. 2002). Also in this strain homozygous AM-/- mice died in utero, but only mild 
subcutaneous odema appeared without hydrops or cardiovascular abnormalities 
(Shimosawa et al. 2002). 

2.2.6.7  Other effects 

In addition to marked effects on large organ systems, AM also elicits a variety of actions 
with less-known physiological importance. In endothelial cells, AM has been shown to 
inhibit Ang II-induced expression of tissue factor and plasminogen activator inhibitor-1 
(Sugano et al. 2001) and to induce tissue factor pathway-inhibitor production and release, 
suggesting an indirect antithrombotic effect of AM (Marutsuka et al. 2003). 

AM is expressed and acts on fetal and adult osteoblasts to increase cell growth 
(Montuega et al. 1997, Cornish et al. 1997). AM also increases protein synthesis in 
isolated osteoblasts as well as bone formation in vivo (Cornish et al. 1997), suggesting 
that AM might regulate skeletal growth throughout life. 

In addition to inhibiting vascular smooth muscle contraction, AM inhibits bronchial 
constriction induced by histamine and asetylcholine (Kanazawa et al. 1994) and 
potentiates the broncoprotective effects of other bronchodilators, e.g. isoprenaline and 
theophylline (Kanazawa et al. 1996). Besides, increased circulating AM levels are seen 
during attacks of asthma (Kohno et al. 1996a) supporting a relevant role for AM in 
bronchial disease. Inhaled AM also improved exercise capacity in patients with 
pulmonary arterial hypertension (Nagaya et al. 2004).  

AM has been shown to have an anti-inflammatory role in the lung by inhibiting the 
release of neutrophil chemoattractant from alveolar macrophages (Kamoi et al. 1995). 
Moreover, AM is expressed in mucosal surfaces of the body, such as skin, lung, oral 
cavity and gut. There is also evidence that AM has antimicrobial properties against 
various bacteria isolated from skin, respiratory tract and the gut (Allaker et al. 1999). 
Exposure of human gastric epithelial cells to bacteria resulted in a significant increase in 
AM secretion (Allaker et al. 2003). Even though the concentration of AM required to 
elicit antimicrobial effects exceeds normal plasma levels, the local concentrations on 
mucosal epithelium may be sufficient due to autocrine or paracrine secretion. 

2.2.7  Adrenomedullin in physiological and pathophysiological 
conditions 

Elevated plasma levels of AM have been measured in an extensive range of disease states 
(Table 2.). It is noteworthy that high concentrations of AM have been reported 
particularly in cardiovascular disorders. Since AM elicits remarkable effects on blood 
pressure and the regulation of vascular tone, it is reasonable to assume that AM is 
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released to compensate for elevated blood pressure, more likely as a consequence rather 
than a cause of the pathology.  

Table 2. Disease states associated with elevated plasma AM (modified from Hinson et al. 
2000). 

Organ system Disease state 
Heart and vasculature Essential hypertension 
 Myocardial infarction 
 Heart failure 
 Pulmonary hypertension 
 Mitral stenosis 
 Cerebrovascular disease 
 Subarachnoid hemorrage 
 Pre-eclampsia 
Lungs and respiratory tract Acute asthma 
 Chronic obstructive pulmonary disease 
Endocrine organs Complicated diabetes 
 Primary adrenal insufficiency (Addison’s disease) 
 Primary hyperaldosteronism  
 Cushing’s syndrome 
 Thyreotoxicosis/ hyperthyreosis 
Renals Renal failure 
 Glomerulonephritis 
 IgA nephropathy 
Others  Cancerous diseases  
 Lung cancer 
 Breast cancer 
 Carcinomas of gastrointestinal tract 
 Hepatic cirrhosis 
 Sepsis 
 Wegener’s granulomatosis 
 Raynayds disease 

Ishimitsu and his co-workers were the first to report increased plasma levels of AM in 
patients with hypertension, especially when accompanied with organ damage and renal 
failure (Ishimitsu et al. 1994b). In another study, AM levels were not elevated in mild or 
moderate hypertension with normal renal function, and plasma AM levels did not 
correlate with blood pressure, left ventricle mass or ejection fraction (EF), but were 
positively correlated with serum creatinine levels (Kohno et al. 1996b). On the other 
hand, in hypertensive patients without renal dysfunction, no correlation was found 
between peptide levels and serum creatinine concentrations within normal range; instead 
there was a significant correlation between plasma AM levels and left ventricular mass 
(Sumimoto et al. 1997). Physical exercise induced an increase of plasma AM depending 
of the elevation in blood pressure in one study (Tanaka et al. 1995). There are however 
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other studies in which exercise had no effect on AM levels (Nishikimi et al. 1997b, 
Morimoto et al. 1997). 

The levels of circulating AM have also been investigated in several animal models of 
experimental hypertension. In rats, high concentrations of circulating AM are associated 
with monocrotaline-induced pulmonary hypertension (Shimokubo et al. 1995b), high-salt 
diet in Dahl salt-sensitive rats (Shimokubo et al. 1996), aortic banding (Morimoto et al. 
1999), vasopressin-induced hypertension (Romppanen et al. 2001), and malignant 
hypertension in DOCA-salt hypertensive rats (Nishikimi et al. 2001) and in stroke-prone 
spontaneously hypertensive rats (SHR) (Wang et al. 2003). However, in SHR 
(Shimokubo et al. 1995a, Nishikimi et al. 2001) or in two-kidney, one-clip model of 
renovascular hypertension (Ishiyama et al. 1997, Wolf et al. 2001) the increase in blood 
pressure was not associated with elevated levels of plasma AM.  

A number of studies have revealed an increase in circulating AM in heart failure both 
in man (Jougasaki et al. 1995c, Nishikimi et al. 1995, Kobayashi et al. 1996a, Jougasaki 
et al. 1996, Cheung & Leung 1997) and in rat (Nishikimi et al. 1997a, Morimoto et al. 
1999, Nishikimi et al. 2003a). In agreement with these findings, AM immunoreactivity 
and gene expression is augmented in the cardiac ventricles of patients and animals with 
heart failure (Jougasaki et al. 1995c, Jougasaki et al. 1997, Willenbrock et al. 1999, 
Totsune et al. 2000, Øie et al. 2000, Nishikimi et al. 2003a). Failing myocardium may 
also contribute to raised levels of circulating peptide, since an increase of plasma AM 
concentrations between the coronary sinus and aorta has been reported (Jougasaki et al. 
1996, Nishikimi et al. 1997a).  

MI is associated with increased plasma AM (Kobayashi et al. 1996b, Øie et al. 2000) 
and AM gene expression in the left ventricle (Kaiser et al. 1997), and intracardiac blood 
vessels may be a major source of cardiac AM in this state (Øie et al. 2000). Also in other 
tissues, ischemia provides a stimulus for AM upregulation since in the rat model of 
stroke, the occlusion of the middle cerebral artery leads to induced expression of AM 
mRNA and peptide in the neurocortex (Wang et al. 1995). Equally, in rats exposed either 
to hypoxia, excess of inhaled CO or cobalt chloride, a generalized ischemia resulted in 
the increase of AM gene expression in all organs examined, including heart, lung and 
kidney (Hofbauer et al. 2000).   

Renal impairment is associated with increased plasma AM concentration in end-stage 
renal failure (Cheung & Leung 1997, Meeran et al. 1997), in IgA nephropathy (Kubo et 
al. 1998a), in chronic glomerulonephritis (Kubo et al. 1998b) and in diabetic nephropathy 
(García-Unzueta et al. 1998, Nakamura et al. 1998), and the plasma levels correlated 
positively with serum creatinine levels (Meeran et al. 1997, Kubo et al. 1998a, García-
Unzueta et al. 1998, Nakamura et al. 1998) and degree of proteinuria (Kubo et al. 1998b, 
Nakamura et al. 1998). 

The effects of various endocrine disorders on plasma AM levels have also been 
investigated. High levels of circulating AM have been reported in hyperthyreosis both in 
human and rat (Taniyama et al. 1996, Murakami et al. 1998). Increased pulmonal levels 
of AM mRNA were also detected in hyperthyreotic rats (Murakami et al. 1998). High 
plasma AM levels are found in Addison’s disease, i.e. primary adrenal insufficiency with 
impaired excretion of gluco- and mineralocorticoids, and replacement therapy with 
glucocorticoids resulted in normalization of plasma AM (Letizia et al. 1998). In 
adrenalectomized rats, treatment with dexamethasone was required to restore the 
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upregulation of plasma AM seen with LPS-infusion in sham-operated rats (Hattori et al. 
1998). Also overexpression of ACTH and/or cortisol in Cushing’s syndrome due to 
pituitary adenoma is associated with increased levels of circulating AM (Letizia et al. 
2000). However, an infusion of ACTH had no effect in normal subjects (Kita et al. 1998). 
The data concerning the role of corticosteroids are thus so far inconsistent.  

Concentrations of circulating AM have been shown to increase in normal pregnancy 
both in rat (Jerat and Kaufmann 1998) and human studies (reviewed in Di Iorio et al. 
2003). Reports of changes in maternal plasma AM, amniotic fluid AM or expression of 
AM in fetoplacental tissues during complicated pregnancies, such as preeclampsia or 
intrauterine growth retardation are conflicting, since either increased, decreased or 
unchanged concentrations or expression levels have been reported (Di Iorio et al. 2003). 
Thus, the role and significance of AM in regulating systemic and placental blood flow in 
gravidity remains to be established. 

The most powerful stimulus to increase plasma AM identified so far is septic shock, in 
which AM can be classified as a circulating hormone since the measured plasma levels 
are high enough to activate AM receptors (Hirata et al. 1996, Ehlenz et al. 1997). In 
hypotensive shock seen in patients with severe sepsis the circulating AM may be directly 
responsible for the decrease of vascular tone (Nishio et al. 1997). The role of AM in 
septic shock has also been confirmed with animal models, as the infusion of endotoxin 
elevates plasma concentration of AM in rats (Shoji et al. 1995). The role of AM and 
AMBP-1 in the septic response has recently been thoroughly reviewed (Fowler et al. 
2003). 



3 Aims of the research 

The aim of this study was to compare the expression of natriuretic peptides and AM in 
response to pressure overload in hypertrophied myocardium, to elucidate the mechanisms 
regulating expression of AM in ventricular myocytes, and to evaluate the actions of AM 
on the development of LVH and cardiac function. 

Specifically the aims were: 

1. to examine the effects of high local renin-angiotensin system on ANP and BNP 
synthesis and secretion in the heart of hypertensive, double transgenic rats (dTGR) in 
which the human angiotensinogen (hAOGEN) and renin (hREN) genes are crossed, 
and in their normotensive SD-controls. 

2. to characterize factors regulating the induction of cardiac AM gene expression in 
response to acute pressure overload in two different hypertensive rat strains, SHR and 
dTGRs (hAOGEN-hREN); and to analyze the effect of direct stretch on AM gene 
expression by using an isolated, perfused rat heart preparation and cultured cardiac 
myocytes.  

3. to investigate the effects of AM on myocyte hypertrophy and induction of natriuretic 
peptide gene expression in response to Ang II, ET-1 or PHE in vitro. 

4. to evaluate whether AM modulates the hypertension, development of hypertrophy, and 
changes in cardiac function induced by Ang II or α-adrenergic agonist NE in vivo. 



4 Materials and methods 

4.1  Animals 

Double transgenic rats (7- to 8-week-old males) harboring both the complete human 
angiotensinogen and renin genes [TGR(hAOGEN-hREN), referred to here as dTGR] and 
age-matched Sprague-Dawley (SD) rats were used (I, II). The dTGR-strain was generated 
by Bohlender and colleagues (Bohlender et al. 1997), and both dTGR and SD strains 
were obtained from Mollegaard Breeding Centre Deutschland Gmbh (Schönwalde, 
Germany). Male SHRs of the Okamoto-Aoki strain and age-matched Wistar-Kyoto 
(WKY) rats from the colony of the Laboratory Animal Centre, University of Oulu, were 
used at the age of 10 to 12 weeks (II). The SHR strain was originally obtained from 
Møllegaards Avslaboratorium, Skensved, Denmark. Newborn (2- to 4-day-old) SD rats of 
both genders (II, III), and male, 10- to 12-week-old SD rats (II, IV) from the colony of 
the Laboratory Animal Centre, University of Oulu, were also used. A summary of 
experimental protocols is presented in Table 3.  

 All rats were kept in individual plastic cages with free access to tap water and normal 
rat chow in a room with controlled humidity and temperature. A 12 h light and 12 h dark 
environmental light cycle was maintained. Experimental designs were approved by the 
Animal Care and Use Committee of the University of Oulu. The investigation conforms 
to the Guide for the Care and Use of Laboratory Animals published by the US National 
Institute of Health. 
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Table 3. Summary of the experimental protocols 

Study Rats Experimental model Duration Methods 
I SD/ dTGR(hAOGEN-

REN) 
Chronic cannulation 

-acute volume overload 
-acute pressure overload (AVP) 

 
up to 1 min 
2 h 

Hemodynamic measurements 
RIA (ANP, BNP) 
Northern blot (ANP, BNP) 
 

II SD/ dTGR(hAOGEN-
hREN 
WKY/ SHR 

Chronic cannulation 
-acute pressure overload (AVP) 

 
0.5-4 h 

Hemodynamic measurements 
Northern blot (AM, BNP) 
 

 SD 
 

Isolated perfused rat heart 
-stretch 

 
2 h 

Northern blot (AM, BNP) 
 

 SD (newborn) Cell culture  
-stretch 
-hypoxia  

 
24 h 
24 h 

Northern blot (AM, BNP) 
RIA (AM) 
 

III SD (newborn) Cell culture 
 -treatment with AM, 
 Ang II, ET-1 and PHE 

 
24-48 h 

RIA (ANP, BNP) 
Northern blot (AM, ANP, 
BNP) 
Protein synthesis assay 
Immunostaining 

IV SD Telemetry 
Osmotic minipumps 

 -pressure overload (Ang II, NE)
 -AM 

 
 
1 week 

Hemodynamic measurements 
RIA (AM, NT-proANP, BNP) 
Northern blot (ANP, BNP, 
cardiac contractile proteins) 
Echocardiography 

AM, adrenomedullin; Ang II, angiotensin II; ANP, atrial natriuretic peptide; AVP, arginine8-vasopressin; BNP, 
B-type natriuretic peptide, dTGR, double transgenic rat; ET-1, endothelin-1; hAOGEN, human angiotensinogen; 
NE, norepinephrine; NT-proANP, N-terminal proANP; hREN, human renin; PHE, L-phenylephrine; RIA, 
radioimmunoassay; SD, Sprague-Dawley rat; SHR, spontaneously hypertensive rat; WKY, Wistar-Kyoto rat. 

4.2  Chronic cannulation and measurement of  
hemodynamic variables (I, II) 

The rats were anesthetized with 0.26 mg/kg fentanyl citrate-8.25 mg/kg fluanisone 
(Hypnorm, Janssen-Cilag), and 4.1 mg/kg midazolam (Dormicum, Roche) 
intraperitoneally (i.p.). A PE-60 catheter was inserted into the abdominal aorta through 
the right femoral artery for the measurement of hemodynamics, and for collection of 
blood samples as previously described (Ruskoaho et al. 1989). PE-50 catheters were 
placed into the right atrium through the jugular vein to measure right atrial pressure 
(RAP) and into the left femoral vein for administration of drugs. All catheters were 
exteriorized behind the neck, filled with heparinized (150 IU/ml) saline, and plugged with 
a stainless pin.  
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The rats were housed individually in experimental cages after the operation and had 
free access to food and water. The day after the operation, the arterial and right atrial 
catheters were attached to pressure transducers (model MP-15, Micron Instruments) and a 
Grass polygraph (model 7DA, Grass Instruments) for recording mean arterial pressure 
(MAP), heart rate (HR) and RAP. The venous catheter was connected to a syringe or an 
infusion pump (B-Braun Perfusor ED, Braun Melsungen AG) for infusions. During the 
infusion and measurement the animals were conscious and freely moving. The 
experiment was preceded by 30 minutes’ acclimatization.  

After the experiment, the rats were decapitated, the thoracic cavity was opened, and 
the heart was removed. Ventricles were divided into a right ventricular free wall portion 
and a left ventricular septal portion containing both right and left septa. All the cardiac 
tissue samples were blotted dry, weighed, immersed in liquid nitrogen, and stored at –70°
C until extraction. 

4.2.1  Acute volume overload (I) 

The measurement of hemodynamics was started 30 minutes before 1.0 ml of blood was 
withdrawn from the arterial catheter for plasma peptide determination. The baseline MAP 
and HR measurements were done 5 minutes later. Acute volume overload was induced by 
administration of a bolus injection of 0.9% NaCl during a period of 1 minute. The 
increase in the RAP (≥ 3 mmHg) determined the volume of the injection. For the control 
group no saline bolus was given. Arterial blood samples were taken 1 and 5 minutes after 
volume expansion. All blood samples were replaced by an equal volume of blood from a 
donor rat in which this volume was replaced by saline. Blood samples were collected into 
pre-cooled tubes containing ethylenediamine tetra-acetic acid (EDTA, 1.5 mg/1ml blood) 
on ice, and centrifuged (2000 x g, 10 min, at +4°C). Plasma samples were stored at -20°C 
until assayed by RIA.  

4.2.2  Acute pressure overload (I, II)  

Hemodynamic measurements were performed as described above. Arginine8-vasopressin 
0.05 µg/kg/min (AVP, Peninsula Laboratories) or vehicle (0.9 % NaCl) was administered 
i.v. via an infusion pump for 0.5 to 4 hours. The infusion rate was 37.5 µl/min. Blood 
samples were obtained before the infusion started and 1 and 2 hours after the start of 
administration of vehicle or drug. The blood samples were collected and handled as 
described above. 
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4.3  Telemetric monitoring and chronic hemodynamic overload (IV) 

The rats were anesthetized with 0.26 mg/kg fentanyl citrate-8.25 mg/kg fluanisone and 
4.1 mg/kg midazolame i.p. The aorta was cannulated cranial to the bifurcation through a 
midline abdominal incision, and a telemetry device (TA11PA-C40, Data Sciences 
International) was implanted. Buprenorphine (Temgesic, Schering-Plough) 0.3 mg/kg 
subcutaneously (s.c.) was used during the first day after operation for postsurgical 
analgesia. MAP and HR were continuously measured through the recovery period. One 
week after implant operation, administration of vehicle (0.9% NaCl), AM 1.5 µg/kg/h 
(Phoenix Pharmaceuticals Inc.), Ang II 33.3 µg/kg/h (Sigma Chemicals) or NE 50, 300 or 
500 µg/kg/h (Sigma Chemicals) or a combination of AM plus Ang II or AM plus NE was 
started with osmotic minipumps (Alzet model 2001, Alza Pharmaceuticals) placed s.c. 
during inhalation anesthesia with isoflurane (Baxter). Hemodynamics were recorded 
every 10 minutes and averaged for every hour throughout the experiment. Results were 
calculated from one-hour average values at 0600 hours every day. After the experiment, 
cardiac tissue samples were obtained as described above.  

4.4  Echocardiography (IV) 

Transthoracic echocardiograms were performed using the Acuson Ultrasound System 
(SequoiaTM 512) and a 15-MHz linear transducer (15L8) (Acuson). Rats were sedated 
with ketamine hydrochloride 50 mg/kg i.p. (Ketalar, Pfizer) and xylazine 10 mg/kg i.p. 
(Domitor, Orion Pharma). A two-dimensional short axis view of the left ventricle was 
obtained at the level of the papillary muscle. Left ventricle end-systolic (LVESD) and 
end-diastolic (LVEDD) dimensions as well as interventricular septum and posterior wall 
thicknesses were measured from the M-mode tracings. Left ventricular (LV) fractional 
shortening (FS) and EF were calculated from the following equations: FS (%) = 
{(LVEDD-LVESD) / LVEDD} x 100 and EF (%) = {(LVEDD) 3 – (LVESD)3/ LVEDD3} 
x 100. Mitral flow was recorded from an apical four-chamber view. Measurements of 
peak flow velocity of the early rapid diastolic filling wave (E) and the late diastolic filling 
wave (A) were made (E/A ratio). All calculations were made from at least three 
consecutive cardiac cycles. 

4.5  Isolated perfused rat heart preparation (II) 

Male SD rats, weighing 250 to 300 g, from the Laboratory Animal Centre, University of 
Oulu were used. The rats were decapitated and hearts were quickly removed and arranged 
for retrograde perfusion by the Langendorff technique as described previously (Hautala et 
al. 2002). The hearts were perfused with a modified Krebs-Henseleit bicarbonate buffer, 
pH 7.40, equilibrated with 95% O2 –5% CO2 at 37°C. The composition of the buffer was 
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(in mmol/L): NaCl 113.8, NaHCO3 22.0, KCl 4.7, KH2PO4 1.2, MgSO4 1.1, CaCl2 2.5, 
and glucose 11.0. The hearts were perfused at a constant flow rate of 15 ml/min with a 
peristaltic pump (Minipuls 3, model 312, Gilson) to produce perfusion pressure about 80 
mm Hg. HR was increased 15-20% above the spontaneous beating frequency by using a 
Grass stimulator (11 V, 0.5 ms; model S88, Grass Instruments). Perfusion pressure 
reflecting coronary vascular resistance was measured by a pressure transducer (Isotec, 
Hugo Sachs Elektronik) situated on a side arm of the aortic cannula. Left ventricular 
pressure was measured using a fluid-filled balloon, which was placed in the left 
ventricular chamber and connected to a pressure transducer (Isotec, Hugo Sachs 
Elektronik). The balloon was sufficiently large for negligible pressure to result, when the 
balloon alone was filled up to the maximum volume used. Analog signals were digitized 
at a sampling frequency of 1000 Hz. All the data were recorded and analyzed using 
Ponemah data acquisition software (Could Instrument System Inc.).  

The beating hearts were subjected to an acute elevation of wall stretch by distension of 
a fluid-filled balloon in the left ventricular chamber. Initially, the hearts were unloaded by 
opening the valve of the cannula of the intraventricular balloon against the air, so the 
balloon was inflated just enough to obtain a pressure signal to monitor preparation 
stability. After a 50-min stabilization period, the hearts were either perfused further under 
unloaded conditions (valve open) or exposed within 5 minutes to a peak left ventricular 
pressure between 130 and 150 mm Hg by closing the valve and inflating the balloon for 2 
hours. At the end of the experiments, the left ventricles were frozen in liquid nitrogen, 
and stored at –70°C for further analyzes. 

4.6  Cell cultures (II, III) 

Primary cultures of neonatal rat ventricular myocytes were prepared from 2- to 4-day-old 
SD-rats (Tokola et al. 1994). The rats were decapitated, the thoracic cavity was opened 
and the heart was perfused with collagenase solution (collagenase 1 g/l, 25 µM CaCl2) to 
diminish the amount of blood cells in cell culture. Then the heart was cut out and the 
ventricles were excised and minced. Cells were dissociated by repeated incubations in 
collagenase solution (collagenase 2 g/l, 50 µM CaCl2), the suspension was filtrated and 
centrifuged (1000 rpm, 5 min). The supernatant was removed, and to wash out remnants 
of collagenase the cells were re-suspended in culture medium (DMEM/F-12 
supplemented with 10% fetal bovine serum (FBS, Gibco Europe), 2.56 mM L-glutamine 
and penicillin-streptomycin at 100 IU/ml) and centrifugation and re-suspension were 
repeated. To reduce the number of contaminating non-myocytes, the cells were plated 
into large plates for 30-60 minutes at 37°C in humidified air with 5% CO2. Cells not 
attached to the plates were plated into Falcon Multiwell cell culture plates with 15 to 
60 mm wells, at a density of 2000 cells/mm2 in serum-containing medium for 24 hours. 
Thereafter the medium was replaced with a complete serum-free medium (CSFM), which 
was 1:1 mixture of DMEM/F-12 medium supplemented with 2.5 mg/ml BSA, 1.0 µM 
insulin, 5.64 µg/ml transferrin, 32 nM selenium, 2.8 mM Na-pyruvate, 1 nM T3, 2.56 mM 
L-glutamine and 100 IU/ml penicillin-streptomycin (all reagents from Sigma Chemicals). 
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The cells formed a spontaneously beating syncytium within 24 hours of plating and 
continued beating after serum withdrawal throughout the experiment to the sixth day of 
the culture. 

After 48 hours incubation in CSFM, the wells were divided into test groups, and the 
medium was replaced with CSFM, or CSFM supplemented with different doses (10-300 
nM) of AM with or without 100 nM Ang II (Sigma Chemicals), 100 nM ET-1 (Peninsula 
Laboratories) or 10 µM PHE (Peninsula Laboratories) for 48 hours. Samples of the 
media were taken for assays of immunoreactive natriuretic peptides. Following treatment, 
the cells were washed twice with PBS and quickly frozen at -70°C for RNA isolation.  

For stretching experiments, cells were plated at a density of 2000 cells/mm2 on 
flexible-bottomed collagen I-coated elastomere plates (Bioflex, Flexercell Int. Corp.) and 
cultured overnight with DMEM/F12-10 % FBS-medium. Next day, after attachment of 
cells on culture plates, medium was replaced with CSFM. Stretch and/or hypoxia 
experiments were started on 4th day in culture. Ventricular myocytes were exposed to 
cyclic mechanical stretch, in which the frequency of stretching was 0.5 Hz with pulsation 
of 10-30% elongation of cells for 12-24 hours. Stretch was introduced to cells grown on 
flexible-bottomed plates by applying a cyclic vacuum suction under the plates by 
computer-controlled equipment (FX-3000, Flexercell Int. Corp.). To expose ventricular 
myocytes to hypoxia, an excess of N2 (94-95%) was injected to cell culture chamber to 
replace O2 (<1%), while the amount of CO2 was kept constant (5%). The amount of O2 in 
cell culture chamber during hypoxia was continuously monitored with Datex Multicap 
gas monitor (Datex-Ohmeda, Instrumentarium). To induce chemical hypoxia, cultured 
cells were treated with 100 µM CoCl2, which is known to mimic hypoxic conditions. 

4.7  Protein synthesis (III) 

The rate of de novo protein synthesis was assessed by measuring the incorporation of 
3H-leucine into the cells. The cultured cardiac myocytes were grown for 48 hours in 
CSFM, treated with hypertrophic agonists (Ang II, ET-1 or PE) with or without 300 nM 
AM in the presence 5 µCi/ml 3H-leucine for another 8 hours. The cells were washed three 
times with cold PBS and once with 10% trichloroacetic acid (TCA), and incubated with 
10% TCA at + 4°C for 30 min to precipitate the protein. Following the incubation, cell 
residues were rinsed twice with 95% ethanol and the dried materials were solubilized in 
0.1 N NaOH for two hours. A liquid scintillation counter (1251 Rackbeta, LKB Wallac) 
was used to measure the radioactivity in the solubilized samples. 

4.8  Immunostaining (III) 

Cells were plated at a lower density (500 cells/mm2) on glass cover slips. Following 48 h 
treatment with AM, Ang II or AM+Ang II the cover slips were washed twice with Hanks' 
solution and the cells were fixed in 4% p-formaldehyde in cytoskeleton-stabilizing buffer 
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(100 mM PIPES, 5 mM EGTA, 2 mM MgCl2, pH 6.8) containing 0.2% Triton-X-100. 
After fixation, cells were washed several times with PBS and postfixed with absolute 
ethanol at -20°C. Non-specific protein binding sites were blocked with 10% FBS in PBS-
glycine (0.2 mM). Myocyte sarcomeres (F-actin) were labeled with rhodamine-
conjugated Alexa Fluor 568 Phalloidin (Molecular Probes Europe BC). The cover slips 
were washed with PBS and water and mounted on microscopic slides. Myofilament 
organization was visualized on a fluorescence microscope (Zeiss Axiovert 405M, Carl 
Zeiss). 

4.9  Isolation and analysis of cytoplasmic RNA 

RNA was isolated from tissue samples by ultracentrifugation through a cesium chloride-
cushion. For Northern blot analyses, 20-30 µg samples of total RNA were transferred to 
nylon membranes. The cDNA probes for rat Skα-A (234 bp), rat Caα-A (158 bp), rat β-
MHC (149 bp), rat α-MHC (91 bp), rat BNP (433 bp), rat ribosomal 18S RNA (482 bp) 
and a full-length rat ANP cDNA probe Car-55 were labeled with [32P]-dCTP by random 
prime labeling. The membranes were hybridized and washed as previously described 
(Magga et al. 1997) and exposed to PhosphorImager-screens. The screens were scanned 
with Molecular Imager FX (Bio-Rad Laboratories). The hybridization signals were 
normalized to signals of 18S RNA in each sample. 

For quantitative PCR, probes were made for 18S, ACE, AT1, AM receptor and RAMP-
2. The forward and reverse primers for probes are shown in Table 4. The cDNA first 
strand was synthesized from 0.5 µg of RNA and the reactions were performed with an 
ABI 7700 Sequence Detection System (Applied Biosystems) using TaqMan chemistry. 
The results were normalized to 18S RNA quantified from the same samples. 

Table 4. The forward and reverse primers for quantitative PCR 

Probe Sense Primer and  
Antisense Primer 

Fluorogenic Probe 

18S TGGTTGCAAAGCTGAAACTTAAAG 
AGTCAAATTAAGCCGCAGGC 

CCTGGTGGTGCCCTTCCGTCA 

AMR GGAGAACGTCCTGGTGATATGTG 
AAFTTCAGCATCCCCACCC 

CAACTGCCGCCGCTCAGGC 

RAMP-2 ACCTGCGGTATTGCTTGGAG 
TGCCAAGGGATTTGGGAAG 

ACGAGGCAGAACAAGTTTGGCCTGG 

ACE GCACATTGGCAGGAACGTG 
GCCCCTCCAGTGCCTAGATCC 

AAGGTGACTTTGAACCCAGGGTCCAAGTT 

AT1 GTGGCCAAAGTCACCTGCA 
GTGGATGACAGCTGGCAAACT 

CATCTGGCTGATGGCTGGCTTGG 

ACE, angiotensin converting enzyme; AMR, adrenomedullin receptor; AT1, angiotensin receptor; RAMP, 
receptor-activity modifying protein. 
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4.10  Radioimmunoassay of AM, ANP and BNP 

The ir-AM, ir-ANP, ir-BNP and ir-amino-terminal proANP (ir-NT-proANP) levels from 
cell culture media, plasma or tissue samples were measured by radioimmunoassay (RIA) 
(Vuolteenaho et al. 1985, Ruskoaho et al. 1989, Vuolteenaho et al. 1992). The cell culture 
media samples were measured either directly or from a sample diluted 1:25-50 with RIA 
buffer. The plasma samples for ir-BNP and ir-NT-proANP were extracted with SepPak 
C18 cartridges before measurement. The cardiac tissue peptide levels of ir-BNP were 
measured from aliquots of the guanidine thiocyanate extracts prepared for mRNA 
determination (see Chapter 4.9). Ir-ANP was measured directly from the extracts diluted 
with RIA buffer. The extraction buffer did not interfere with assay at the volumes used. 
For tissue ir-AM and ir-BNP determination the guanidine thiocyanate supernatants were 
extracted with SepPak C18 cartridges. 125I-ANP, 125I-BNP, 125I-NT-proANP tracers were 
prepared by chloramine-T iodination of synthetic rat ANP99-126, BNP51-95 and human 
[tyr78]-proANP79-98 followed by desalting and final purification in a reverse phase high-
pressure liquid chromatography. Synthetic rat ANP99-126 from 0 to 500 pg, rat BNP51-95 
from 0 to 125 fmol/tube, and human proANP79-98 from 0 to 75 fmol/tube were incubated 
as standards. The standards and samples were incubated in duplicates of 100 µl (ANP and 
BNP RIAs) or 25 µl (NT-proANP RIA) at +4°C for 24-48 hours with specific rabbit ANP 
antiserum (100 µl, final dilution 1:30000) (Vuolteenaho et al. 1985), BNP antiserum (100 
µl, final dilution 1:50000) (Ogawa et al. 1991) and NT-proANP antiserum (200 µl, final 
dilution 1:35000) (Vuolteenaho et al. 1992). 100 µl of 125I-ANP or 125I-BNP, or 200 µl of 
125I-NT-proANP was added and the incubation was continued for 24 hours at +4°C. 
Immunocomplexes were precipitated with sheep antiserum against rabbit gammaglobulin 
in the presence of 8% polyethylene glycol followed by 20 min centrifugation at 3000 g. 
The sensitivities of the ANP, BNP and NT-proANP were 2 pg/tube, 0,5 fmol/tube and 
0.75 fmol/tube, respectively. The intra- and interassay variations in all the assays were 
<10% and <15%, respectively. Serial dilutions of the samples showed parallelism with 
the standards. The ANP antiserum recognized ANP and proANP with equal avidity and 
no cross-reactivity (<0.1%) with any other peptide (BNP, CNP, Ang II, ET-1, AVP or AM) 
was observed. The BNP antiserum and did not cross-react with ANP, CNP, Ang II, ET-1, 
AVP or AM (<0.1%). The NT-proANP did not recognize ANP, BNP, CNP, Ang II, ET-1, 
AVP or AM (<0.1%). 

Rat ir-AM was determined from extracted plasma or guanidine thiocyanate 
supernatant samples with a commercial kit from Phoenix Pharmaceuticals as described 
earlier (Romppanen et al. 1997). The synthetic rat AM1-50 standards and the samples were 
incubated for 24 hours at +4°C with rabbit AM antiserum. 125I-AM was added to samples 
and standards and incubated for another 24 hours. The free and bound fractions were 
separated by antibody precipitation. The rat AM antiserum did not cross-react with rat 
AM1-20, or human AM. The sensitivity of the assay was 1 fmol/tube and the intra- and 
interassay variations were <10% and <15%, respectively.  
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4.11  Radioimmunoassay of cAMP and cGMP 

The measurement of intracellular cAMP and cGMP levels was made with commercial 
RIA kits (Amersham Biosciences). The cells were incubated with 3-isobutyl-1-
methylxanthine (IBMX, Sigma Chemicals) or with CSFM supplemented with 300 nM 
AM and 0.3 mM IBMX for 10 minutes. Following treatment the medium was removed 
and the cells were washed with ice-cold PBS. The cells were scraped into 500 µl of 65% 
ethanol added to each well and the suspension was transferred to microcentrifuge tubes. 
The samples were centrifuged at 2000 g for 15 min at +4°C. The extracts were 
evaporated under a stream of nitrogen at +60°C water bath and the dried samples were 
dissolved in 700 µl of assay buffer. cAMP and cGMP from 2 to 128 fmol/tube were used 
as standards. The samples and standards were acetylated according to manufacturer’s 
protocol prior to the assay by adding acetic anhydride-triethylamine (1 vol/2 vol) to each 
tube. Antiserums for cAMP or cGMP as well as 125I-cAMP or 125I-cGMP, respectively, 
were added to sample and standard tubes. After an overnight incubation, the Amerlex-M 
second antibody was added and the antibody-bound fraction was separated by using 
magnetic separation. 

4.12  Statistical analysis 

Results are expressed as the mean ± standard error of mean (SEM). Statistical analyses 
were performed with SPSS for Windows (versions 9.0 and 11.5) software (SPSS Inc.). 
Hemodynamic variables were analyzed with repeated measures analysis of variance 
(ANOVA). One-way ANOVA followed by Bonferroni’s (I), Student-Newman-Keuls’s (II, 
IV) or least significant difference (LSD) (IV) post-hoc test was used to determine the 
significance of differences in multiple comparisons. For the comparison of statistical 
significance between two groups, Student’s t-test for unpaired data was used. P<0.05 was 
considered statistically significant. 



5  Results 

5.1  Synthesis and secretion of natriuretic peptides  
in transgenic rats (I) 

dTGRs harboring both human angiotensinogen and renin genes and the normotensive 
SD-rats were chronically cannulated to measure hemodynamics and induce volume and 
pressure overload. Baseline hemodynamic values, MAP and RAP, were significantly 
higher in the dTGRs than in SD rats, whereas HR did not differ between strains. Left 
ventricular weight (LVW) and LVW/body weight (BW) ratios were higher in dTGRs, 
indicating existence of cardiac hypertrophy (Table 5.). Also plasma ir-ANP (114±10 vs. 
61±6 pmol/l, p<0,001) and ir-BNP (34±3 vs. 19±1 pmol/l, p<0,001) levels were increased 
in dTGRs as markers of persistent cardiac overload. 

Table 5. Body and ventricular weight and baseline hemodynamic variables in SD rats 
and dTGRs 

Variable SD                     dTGR 
BW (g)                         315±8 224±6** 
MAP (mmHg)                         122±3 197±9** 
Heart rate (bpm) 436±12                        449±9 
RAP (mmHg)   0.01±0.33     0.45±0.23** 
LV weight (mg)                         664±32 766±20* 
LV weight/BW (mg/g)  2.1±0.1    3.5±0.1** 
BW, body weight; MAP, mean arterial pressure; RAP, right atrial pressure; LV, left ventricular. Results are 
expressed as mean ±SEM, n=27-30. *P<0.01; ** P <0.001 dTGR vs. SD rats (Student’s t-test). 

5.1.1  Acute volume overload 

In response to acute volume load, RAP increased similarly in both strains with no 
observed changes in other hemodynamic parameters. In conscious normotensive rats, 
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volume overload resulted in a 3.0-fold increase (P<0.001) in circulating ir-ANP 
concentrations, while ir-BNP levels in plasma remained constant. The proportional 
increase in ir-ANP values was similar in dTGRs (2.2-fold, P<0.01), while the absolute 
concentrations of ir-ANP were significantly higher in dTGRs. The levels of plasma BNP 
did not change in dTGRs. When the increase in plasma ANP concentrations was 
correlated to changes RAP, e.g to the degree of atrial stretch, the increase of 3 mmHg 
resulted in markedly augmented increase in dTGRs vs. SD rats (98 pmol/l vs. 57 pmol/l, 
respectively).  

5.1.2  Acute pressure overload  

Acute AVP-induced pressure overload resulted in increased MAP within minutes; the 
maximum increase (from 134±8 to 184±10 mmHg, P<0.001 in SD rats and from 
225±12 to 273±16 mmHg, P<0.01 in dTGRs) was observed at 10 min in both strains and 
the pressure remained elevated the first hour of the infusion. HR decreased significantly 
in both strains and remained constantly decreased during the experiment.  

In both strains, AVP infusion resulted in an early activation of BNP gene expression in 
left atria and left ventricles. In SD rats, administration of AVP resulted in a 1.8-fold 
increase in left atrial BNP mRNA levels, whereas the increase in dTGRs was 3.4 fold. 
Thus, the increase in BNP mRNA levels in left atria was significantly (P<0.05) 
augmented in dTGRs. However, the ventricular levels of BNP mRNA increased similarly 
in both dTGRs and SD rats. It is noteworthy that in dTGRs the marked activation of BNP 
gene expression was associated with concomitant decrease in ir-BNP concentration of the 
left atrial (-28%, P<0.05) but not left ventricular tissue (Fig. 4). In agreement with earlier 
studies (Marttila et al. 1996), ANP mRNA levels remained unchanged both in atria and 
ventricles under these experimental conditions (data not shown). 
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Fig. 4.  The effects of AVP administration on BNP mRNA and ir-BNP levels in left atria and 
ventricles of SD rats and dTGRs. BNP mRNA levels are expressed as the ratio of BNP mRNA 
to GAPDH mRNA. Open bars indicate the vehicle-treated animals; black bars, after 2 hours 
AVP (1.5 g/kg/min) administration. Results are expressed as mean ± SEM. * P<0.05; ** 
P<0.01 (Student’s t-test). 

Pressure overload also produced a significant increase in plasma ir-BNP concentrations in 
both strains, a 1.9-fold increase in dTGRs (P<0.05) and a 1.6-fold increase in SD rats 
(P<0.01) (Fig. 5). When correlated with MAP, the increase of 45 mmHg resulted in 27 
pmol/l increase of plasma ir-BNP in dTGRs and in 11 pmol/l increase in normotensive 
SD rats. Similarly, AVP infusion resulted in higher absolute increase of plasma ir-ANP 
concentration in dTGRs than in SD rats (from 106±13 to 286±63 pmol/l and from 78±18 
to 197±44 pmol/l, respectively) (Fig. 5). Corresponding to the increase of 45 mmHg in 
MAP, the increase of plasma ir-ANP was 169 pmol/l in dTGRs and 123 pmol in SD rats.  
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Fig. 5. Effects of AVP infusion on plasma ir-BNP and ir-ANP concentrations in normotensive 
SD rats and in hypertensive dTGRs. Open bars indicate before vehicle or AVP (0,5 
µg/kg/min) administration; hatched bars, 1 hour, and grey bars, 2 hours after the start of 
infusions. Results are expressed as mean ± SEM, n= 6-13. * P<0.05; ** P<0.01; *** P<0.001 
vs. before AVP infusions (One-way ANOVA followed by Bonferroni’s post-hoc test). 

5.2  Regulation of adrenomedullin gene expression (II) 

5.2.1  Pressure overload 

The regulatory mechanisms of cardiac AM gene expression were studied in two 
hypertensive rat strains, dTGRs and SHRs, and in their normotensive counterparts, SD 
and WKY rats, respectively. Infusion of AVP produced a rapid increase in MAP, maximal 
values being observed within 15 minutes, associated with a decrease in HR rate in all rat 
strains used. Pressure overload caused a rapid upregulation of AM gene expression in the 
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left ventricle. In SHRs the increase in AM mRNA was observed at 30 min (1.4-fold vs. 
control, P<0.01) and at 4 hours (1.8-fold vs. control, P<0.001). In the corresponding 
normotensive WKY rats, the increase of AM gene expression in the left ventricle was 
smaller and delayed, being 1.2-fold after 4 hours (P<0.05). Similarly, in dTGRs 2 hours 
infusion of AVP resulted in a 1.8-fold increase in left ventricular AM gene expression, 
while in normotensive SD rats the increase was only 1.3-fold (P<0.05) (Fig. 6). No 
difference in basal levels of AM mRNA was observed between strains.  

BNP gene expression was studied as a marker of cardiac overload. In SHRs left 
ventricular BNP mRNA levels were upregulated within 30 min and the increase was 
greatest at 4 hours, while in WKY rats the induction was seen only after 4 hours. In SD 
rats and dTGRs BNP mRNA levels increased similarly after 2 hours’ infusion of AVP 
(Fig. 6).  
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Fig. 6.  Effect of intravenous administration of AVP on left ventricular AM and BNP mRNA 
levels in WKY and SHR rats or in SD and dTGR rats. Results are expressed as mean ± SEM, 
n=8-12 in each group. Open bars, vehicle; black bars, AVP; * P<0.05; ** P<0.01; *** P<0.001 
AVP vs. vehicle; # # # P <0.001 SHR vs. WKY at 4 h or dTGR vs. SD (one-way ANOVA 
followed by LSD). 
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5.2.2  Effects of stretch on adrenomedullin gene expression  

Direct left ventricular stretch was produced in perfused rat heart by inflating a left 
ventricular balloon to achieve a left ventricular systolic pressure of 130-150 mmHg for 2 
hours. The increase in systolic load resulted in a 1.5-fold (P<0.05) increase in the left 
ventricular AM mRNA levels. A comparable increase of BNP gene expression also 
occurred as a marker of valid experimental protocol (Fig. 7). 

Cyclic stretch introduced to cultured neonatal cardiac myocytes resulted in 
upregulation of BNP gene expression (2.6-fold, P<0.05), but AM mRNA levels were 
decreased (0.6-fold, P<0.05) (Fig. 7). The cells were also exposed to mechanical stretch 
under hypoxic conditions. Hypoxia (O2<1 %) or hypoxia-mimicking reagent CoCl2 
increased the production of ir-AM 1.7-fold (P<0.001) and 1.8-fold (P<0.001), 
respectively, in agreement with previous studies (Cormier-Regard et at. 1998, Ngueyn et 
at. 1999). Mechanical stretch of myocytes abolished the increase of AM release (-86 %, 
P<0.001) and gene expression induced by hypoxia. 
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Fig. 7. Effect of stretch on AM and BNP mRNA levels in isolated perfused rat heart or in 
cultured cardiac myocytes. Results are expressed as a ratio of AM or BNP mRNA to 18S 
mRNA, data are mean ± SEM, n=8 in each group. Open bars, control; black bars, stretch; * 
P<0.05; ** P<0.01; *** P<0.001 stretch vs. control (Student’s t-test). 
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5.3  Effects of adrenomedullin on myocyte hypertrophy in vitro (III) 

5.3.1  Natriuretic peptide gene expression and secretion 

Exposing cultured cardiac myocytes to exogenous AM (100-300 nM) resulted in a small 
decrease of basal ANP and BNP secretion and gene expression. BNP gene expression 
appeared to be more sensitive to the effects of AM, since 300 nM AM decreased BNP 
mRNA levels by 33% (P<0.05) (Fig. 8A). Myocyte hypertrophy was induced by treating 
the cells with Ang II, ET-1 or α-adrenergic agonist PHE. All treatments resulted in 
significant upregulation of ANP and BNP secretion and gene expression (Fig. 8B-D). AM 
inhibited both Ang II and ET-1 induced peptide secretion, but completely blocked only 
Ang II induced increase of ANP and BNP gene expression (Fig. 8B-D).   
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Fig. 8. A: Effect of AM on basal ANP and BNP gene expression. Open bars: vehicle, gray 
bars: AM 30 nM, hatched bars: AM 100 nM, crosshatched bars: AM 300 nM. B: Effect of 
AM on Ang II induced ANP and BNP gene expression. C: Effect of AM on ET-1 induced 
ANP and BNP gene expression. D: Effect of AM on PHE induced ANP and BNP gene 
expression. Open bars: vehicle, black bars: Ang II 100 nM (B); ET-1 100 nM (C); PHE 10 µM 
(D), crosshatched bars: Ang II, ET-1 or PHE with AM 300 nM. The values represent mean±
SEM of one culture after a 48-hour treatment (n=3). Similar results were obtained in at least 
3 independent cultures. *P<0.05, **P<0.01, ***P<0.001 vs. control. , ###P<0.001 Ang II, ET-1 
or PHE with AM 300 nM vs. Ang II, ET-1 or PHE alone (Student’s t-test). 
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5.3.2   Protein synthesis and myocyte sarcomere organization 

Treatment of cultured cardiac cells with Ang II, ET-1 and PHE increased the rate of 3H-
leucine incorporation in cultured cardiac myocytes (1.6-, 2.9- and 2.8-fold, respectively, 
P<0.001 vs. control in all) and AM significantly decreased (-70%, P<0.05) the Ang II-
induced protein synthesis, with no effect on ET-1 or PE-stimulated protein synthesis. Tthe 
Ang II-induced assembly of sarcomeric structures was also inhibited by AM-treatment 
(Fig. 9). 
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Fig. 9. The effect of Ang II, AM and their combination on sarcomeric protein organization of 
cardiomyocytes. Cardiac myocytes were treated with Ang II and AM for 48 hours. Panel (a) 
vehicle, (b) AM 300 nM, (c) Ang II 100 nM and (d) Ang II 100 nM with AM 300 nM. 

5.3.3  The effect of AM on cAMP and cGMP levels in cardiac myocytes 

To evaluate the role of NO-cGMP pathway in mediating the effects of AM, the cultured 
cardiac myocytes were treated with NG-nitro-L-arginine methyl ester (L-NAME, Sigma 
Chemicals), a potent inhibitor of NO synthase activity. A 10 min treatment with AM 
resulted in 10.7-fold increase of intracellular cAMP levels (P<0.001), whereas cGMP 
levels were not affected. L-NAME did not change either cAMP or cGMP levels, or the 
effect of AM on natriuretic peptide secretion  (data not shown). 
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5.3.4  Effect of Ang II, ET-1 and PHE on AM gene expression 

Addition of Ang II into the cell culture medium significantly increased AM gene 
expression in cultured neonatal ventricular myocytes (2.9-fold, P<0.001). ET-1-treatment 
tended to upregulate AM mRNA levels (1.9-fold), but this change was not statistically 
significant. PHE had no effect on AM mRNA expression. 

5.4  Adrenomedullin and experimental hypertension (IV) 

5.4.1  Mean arterial pressure and heart rate 

The interaction of AM and Ang II or NE in vivo was studied by administrating AM alone 
or together with Ang II or NE to SD rats via s.c. placed osmotic minipumps. To minimize 
the activation of compensatory and neurohumoral mechanisms AM was used at 
subdepressor dose (1.5 µg/kg/h), which had no effect on MAP or HR when administered 
alone (repeated measures ANOVA, P=0.811)(Fig. 10). Ang II (33.3 µg/kg/h) induced a 
marked hypertension. MAP increased within the first day and remained elevated 
throughout the one-week experiment, the maximal increase being 64±7 mmHg (P<0.001) 
on day 7. The increase in MAP was associated with a decrease in HR during the first two 
days. Thereafter, the HR returned to basal level and was increased from day 6 of the 
administration onwards. Simultaneous treatment with AM inhibited the Ang II-induced 
hypertension from day 3 of administration, the reduction of blood pressure being 67% 
(P<0.001) at the end of the treatment on day 7(Fig. 10). 

At a dose of 300 µg/kg/h NE induced a small and transient increase in blood pressure, 
MAP peaked at 24 hours and the maximal increase was 24±5 mmHg (P<0.01). AM did 
not affect this NE-induced hypertension (Fig. 10). Since NE (300 µg/kg/h) raised blood 
pressure less than Ang II, the effect of a higher dose of NE (500 µg/kg/h) was studied. 
Administration of a higher dose of NE resulted in 34±4 mmHg increase in MAP 
(P<0.001) at 24 hours, yet AM had no inhibitory effects on NE-induced hypertension 
(NE 148±3 vs. 114±2 mmHg, P<0.001; NE+AM 148±8 vs. 113±4 mmHg, P<0.001). 
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Fig. 10.  Hemodynamic variables in rats treated with AM (1.5 µg/kg/h) and Ang II (33.3 
µg/kg/h) or NE (300 µg/kg/h) alone or in combination with AM. Open square, vehicle; black 
square, AM; open circle, Ang II; black circle, Ang II + AM; open triangle, NE; black triangle, 
NE + AM. Results are expressed as mean ± SEM, n=6-7 in each group. * P<0.05; ** P<0.01; 
*** P<0.001 vs. vehicle; # P<0.01; ## P<0.001 vs. Ang II (One-way ANOVA followed by LSD).  

5.4.2  Systolic and diastolic function 

Both Ang II and NE improved the systolic function of the heart. Administration of Ang II 
increased LVEF by 8% (P<0.05) and AM further enhanced the effect of Ang II in LVEF 
by 9% (P<0.01) and in LVFS by 19% (P<0.05). NE alone induced an even more 
profound increase in LVEF (+23%, P<0.001) and LVFS (+57%, P<0.001). These effects 
were not augmented with AM. To study whether smaller increases in LVEF and LVFS 
might be enhanced by AM, NE was used at a lower concentration (50 µg/kg/h). At this 
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dose NE increased LVEF by 12% (P<0.05) and LVFS by 27% (P<0.05), an induction 
comparable to that seen with Ang II. Again, AM failed to induce any effects on NE-
induced changes in systolic function (Fig. 11). Both Ang II- and NE-treatment resulted in 
lower E/A ratios compared to vehicle-treatment (1.7±0.2 vs. 2.3±0.1, P<0.05 and 1.2±0.1 
vs. 2.3±0.1, P<0.01, respectively), suggesting changes in diastolic function. AM did not 
modulate the E/A ratio either alone or in combination with Ang II or NE.  
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Fig. 11. Effect of AM, Ang II and NE on systolic function. Results are expressed as the mean±
SEM, n=6 in each group.  * P<0.05; *** P<0.001 vs. Vehicle; # P<0.05, ## P<0.01 vs. Ang II. 
(One-way ANOVA followed by LSD). LVEF, left ventricular ejection fraction; LVFS, left 
ventricular fractional shortening. AM 1.5 µg/kg/h, Ang II 33 µg/kg/h, NE 50 µg/kg/h or 
300µg/kg/h.   

5.4.3  Left ventricular hypertrophy 

The LVW- toBW ratio increased in response to Ang II- and NE-treatments by 36% 
(P<0.001) and by 14% (P<0.05), respectively. Accordingly, echocardiographic 
measurements of the thickness of chamber walls increased. AM did not modulate Ang II- 
or NE-induced changes in cardiac mass or thickness of the cardiac walls (Fig. 12).  

The expression of hypertrophy-associated genes also changed when animals were 
treated with Ang II and NE. Ang II upregulated cardiac contractile genes β-MHC and 
Skα-A, whereas α-MHC and Caα-A mRNA levels remained unchanged; thus the β-MHC 
to α-MHC ratio increased 2.6-fold (P<0.001) and Skα-A to Caα-A 2.8-fold (P<0.001). 
NE decreased α-MHC expression causing a significant increase in β-MHC to α-MHC 
ratio. AM did not alter these changes in expression of contractile proteins. Both Ang II 
and NE induced the expression of ANP in left ventricle, while BNP gene expression was 
upregulated in response to Ang II, but not NE. AM had no effects on either stimulated or 
basal ANP or BNP gene expression (Fig. 12). 
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Fig. 12. LVW-to-BW ratios, wall thicknesses and the expression of cardiac contractile protein 
and natriuretic peptide mRNAs in left ventricle. AM 1.5 µg/kg/h, Ang II 33 µg/kg/h, NE 300 
µg/kg/h. Results are expressed as the mean±SEM, n=6-7 in each group.  * P<0.05; ** P<0.01, 
*** P<0.001 vs. Vehicle (One-way ANOVA followed by LSD). LVW, left ventricular weight; 
BW, body weight; LVPW, thickness of left ventricular posterior wall; MHC, myosin heavy 
chain; Skα-A, skeletal muscle α-actin; Caα-A, cardiac α-actin; ANP, atrial natriuretic 
peptide; BNP, B-type natriuretic peptide. 
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5.4.4  Plasma and tissue concentrations of natriuretic peptides and AM 

Ang II increased plasma ir-BNP concentration (40±7 pmol/l vs. 19±1 pmol/l, P<0.01), 
and AM abolished this induction (23±3 pmol/l vs. 40±7 pmol/l, P<0.01). The 
concentrations of ir-ANP and ir-BNP were increased in left ventricles of Ang II- and NE-
treated animals and remained unchanged by AM. Plasma and left ventricular 
concentrations of AM were similar in vehicle- and AM-treated groups and did not change 
in response to Ang II or NE. 



6 Discussion 

6.1  Natriuretic peptide and adrenomedullin gene expression  
in the heart 

In this study, the regulation of AM and BNP gene expression in response to acute 
pressure overload was compared in two distinct models of experimental hypertension in 
rats. Both dTGR and SHR represent models for genetic hypertension. SHR is the most 
commonly used animal model of cardiovascular disease, due to the polygenic background 
of elevated blood pressure and resemblance to human hypertensive disease (reviewed in 
Doggrell & Brown 1998). On the other hand, in dTGRs carrying human angiotensinogen 
and renin genes the effects of single hypertensive factor, Ang II, can be studied in a more 
isolated manner (Bohlender et al. 1997). 

In agreement with earlier studies, acute pressure overload induced a rapid activation of 
BNP gene expression in cardiac ventricles of both normal and hypertensive rats (Magga 
et al. 1994), mimicking the induction of proto-oncogenes in response to hemodynamic 
stress (for review, see Yamazaki et al. 1995). The gene expression of AM has also been 
shown to follow the time course of BNP and proto-oncogene gene expression in cardiac 
overload in healthy myocardium in some studies (Morimoto et al. 1999, Romppanen et 
al. 2001), whereas in others no acute AM response was observed (Kaiser et al. 1998, Wolf 
et al. 2001). The key finding of the present study was the observation that in hypertensive 
rat strains, dTGRs and SHRs, the upregulation of AM mRNA levels was more prominent 
than in their respective normotensive control rats, suggesting an augmented response in 
hypertrophied myocardium. In agreement with this, post-infarction heart failure has also 
been associated with increased ventricular levels of AM mRNA (Kaiser et al. 1998). 

The signaling pathways that mediate the differential regulation of AM in 
hypertrophied vs. normal ventricles remain to be established. Possible mediators include   
neurohormonal factors such as Ang II, ET-1, and α-adrenergic agents, which are 
suggested to participate in transduction of mechanical stretch into myocyte hypertrophy 
(Ito et al. 1994, Kaddoura et al. 1996, Dostal & Baker 1999, Sugden 1999). In studies 
using cultured neonatal rat heart cells, it has been reported that mechanical stretch is 
coupled with cellular release of Ang II and ET-1 (Sadoshima et al. 1993, Yamazaki et al. 
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1996). Thus, Ang II acting through the AT1 receptor, and endogenous cardiac production 
of ET-1, may play a functional role in mechanical load-induced cardiac gene expression, 
and might also mediate the rapid induction of AM and BNP gene expression. Consistent 
with this, pressure overload produced by administration of Ang II for 12 hours 
(Romppanen et al. 2001) in conscious rats increases left ventricular mass and AM mRNA 
levels, and administration of ET-1 can induce the gene expression of AM in cardiac 
ventricles within 2 hours in perfused rat heart preparation (Magga et al. 1998).  

dTGRs expressing both human angiotensinogen and renin genes provide a model for 
studying the role of local RAS and Ang II effects, since elevated levels of Ang II have 
been detected in the hearts of dTGRs. Human angiotensinogen mRNA is present in 
cardiac tissue at high levels, while gene expression of human renin is not detected in the 
heart. Thus, the cardiac angiotensinogen appears to be cleaved by renin taken up from the 
plasma by the heart, leading to formation of Ang II in cardiac tissue (Bohlender et al. 
1997, Muller et al. 1998). dTGRs develop severe hypertension at early age and die of 
end-organ damage, e.g. heart failure and renal dysfunction by week 8 (Bohlender et al. 
1997). This study was made with 7-8-week-old rats, which had MAP levels around 200 
mmHg and severe LVH with about 65% increase in left ventricular mass. Induction of 
ANP gene expression in the left ventricle was also significantly higher (21- to 23-fold) 
than observed in many other rat models of cardiac overload (Ruskoaho 1992).  

In the present study no differences were observed in baseline cardiac AM mRNA 
levels between dTGRs with increased local production of Ang II in the heart (Bohlender 
et al. 1997) and control SD rats. Accordingly, selective AT1 receptor antagonist losartan, 
the mixed ETA /ETB receptor antagonist bosentan, or their combination had no effect on 
pressure overload-induced early activation of cardiac AM gene expression (Romppanen 
et al. 2001), thus arguing an elementary role for Ang II or ET-1 in the induction of 
cardiac AM gene expression. Moreover, one-week administration of Ang II failed to 
upregulate AM mRNA levels in the present study. Furthermore, in another model of high 
renin hypertension, transgenic rats carrying one extra renin gene [TGR(mREN2)27], 
which develop fulminant hypertension and cardiac hypertrophy due to increased local 
RAS activity (Bohm et al. 1995, Ohta et al.  1996), both natriuretic peptide and AM 
responses to pressure overload were attenuated, not augmented, when compared to 
normotensive controls (Marttila et al. 1996, Romppanen et al. 1997).  

 Interestingly, the acute pressure overload resulted in augmented induction of BNP 
gene expression in the atria, but not in the ventricles of dTGRs. This suggests that 
regulation of BNP gene expression in response to mechanical load differs in atrial and 
ventricular myocytes. High levels of BNP mRNA were also associated with depletion of 
BNP peptide stores in the left atria, suggesting that atrial synthesis of BNP contributes to 
the concentrations of BNP observed in plasma. This finding is contradictory to previous 
studies where the cardiac ventricles were suggested to be the major source of the elevated 
plasma levels of BNP (Nakao et al. 1992a, de Bold et al. 1996). In humans, cardiac 
ventricles have been shown to secrete BNP into to the plasma more than the atria in 
congestive heart failure (Mukoyama et al. 1991). Indeed, as the plasma concentrations of 
BNP were measured after acute pressure overload, dTGRs secreted more ir-BNP than SD 
rats when the change in ir-BNP was correlated with the change in MAP. Similarly, in 
dTGRs the levels of circulating ir-ANP were increased more in response to both acute 
volume overload and pressure overload. These results differ from earlier studies since in 
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TGR(mREN2)27, both ANP and BNP secretion in response to acute volume and pressure 
overload, respectively, were attenuated in comparison to normotensive controls (Marttila 
et al. 1996), and in SHRs the relative increase of ANP was similar to that observed in 
normotensive WKY rats (Ruskoaho et al. 1989, Kinnunen et al. 1993). 

To further characterize the role of hypertension and cardiac hypertrophy in regulating 
AM gene expression, another hypertensive rat strain, SHR, was used in this study. SHRs 
are the descendants of an outbred Wistar rat with spontaneous hypertension, established 
to a genetically uniform inbred strain by brother-sister mating for several generations. For 
the first 6-8 weeks of their lives, SHRs are pre-hypertensive with systolic blood pressures 
around 100-120 mmHg, developing marked hypertension over the next 12-14 weeks (for 
a review, see Doggrell & Brown 1998). SHRs are commonly used as a model for human 
hypertension, since the pre-hypertensive, developing and sustained hypertensive phases 
resemble the progression of human hypertension. The specific genes responsible for 
developing hypertension in SHRs have not been identified. Despite the fact that several 
quantitative trait loci for hypertension and diabetes have been reported, the identity of the 
genes and pathophysiological basis for the observed linkages remains to be studied 
(Doggrell & Brown 1998).  

Introduction of acute pressure overload with AVP infusion resulted in rapid induction 
of both AM and BNP gene expression in SHRs as well as WKY rats. Also in this model, 
the upregulation of AM mRNA levels was augmented in hypertensive rats in comparison 
to normotensive controls, accompanied with greater fold-induction of BNP gene 
expression in SHRs than in WKY rats. Several studies implicate a role for RAS in 
pathophysiology of heart failure in SHRs, since pharmacologic treatment with ACE 
inhibitors and AT1 blockers effectively prevents hypertension and development of 
myocardial dysfunction (reviewed in Bing et al. 2002). Previous studies suggest that 
intracardiac expression of renin is upregulated in 3-month-old SHRs, whereas 
angiotensinogen and ACE mRNA levels did not differ among normotensive and 
hypertensive rats (Jurkovicova et al. 2001). Furthermore, left ventricular Ang II 
concentration was higher in SHRs only in late hypertensive stage from 15 weeks onwards 
(Dang et al. 1999). Thus, the augmented induction of AM mRNA levels in response to 
pressure overload seen in both SHR and dTGR rats after AVP infusion is not likely to 
arise exclusively from the increased cardiac Ang II contents, but involves more 
complicated regulatory elements.  

These results show that regulation of gene expression of auto/paracrine factors, such 
as AM and BNP, may differ in specific models, in spite of a common pattern of regulation 
in principle. Further studies are needed to establish whether this differential regulation of 
AM and BNP in hypertrophied myocardium is of physiological or pathophysiological 
relevance. Furthermore, transgenic models are a growing method in evaluating the role of 
specific genes and their function in whole animals and/or in complex organ systems such 
as the cardiovascular system. However, as comparison between the dTGR used in this 
study and the TGR(mREN2)27 (Marttila et al. 1996, Romppanen et al. 1997) strains 
shows, different genetic background may result in completely different regulation of 
some genes despite of a relatively similar phenotype of animals. Thus, the generalization 
of the results of one transgenic model to normal physiological conditions or to human 
pathophysiology should be with caution.  
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6.2  The role of mechanical load  

Left ventricular AM gene expression was upregulated in response to pressure overload 
very rapidly after the onset of pressure overload, mimicking the rapid induction of proto-
oncogenes in response to hemodynamic stress (Sadoshima & Izumo 1997). The present 
results are consistent with the hypothesis that increased expression of AM may play a 
compensatory role during increased cardiac workload, similarly to ANP and BNP 
(Ruskoaho 1992, Nakao et al. 1992a). Earlier, infusion of ET-1 has been reported to 
upregulate AM and BNP mRNA levels in the left ventricle concomitantly with increased 
contractile force in isolated perfused rat heart (Piuhola et al. 2001). However, increased 
coronary perfusion, which leads to increased aortic perfusion pressure, but not to greater 
cardiac workload or intraventricular pressure, has been shown to inhibit AM gene 
expression in Langendorff heart whereas BNP mRNA levels were increased (Magga et al. 
1998). In the present study, direct wall stress increased left ventricular AM and BNP gene 
expression in an isolated perfused heart preparation suggesting that cardiac wall stretch is 
a positive stimulus for both AM and BNP gene expression. 

Interestingly, stretching of cultured myocytes resulted in marked downregulation of 
AM mRNA levels while BNP gene expression was upregulated. Exposing the cardiac 
myocytes to hypoxia increased AM secretion and gene expression in agreement with 
previous studies (Cormier-Regard et al. 1998, Nguyen et al. 1999). Furthermore, this 
hypoxia-induced AM gene expression was inhibited by exposing the cells to stretch 
supporting the inhibitory effect of myocyte stretch on AM gene expression. It is 
noteworth that a previous report suggests enhanced secretion and gene expression of AM 
in stretched cardiac myocytes, partially through AT1 receptors (Tsuruda et al. 2000). A 
possible reason for these opposite results is methodological difference, since Tsuruda and 
his co-workers exposed the cells to static stretch rather than cyclic stretch, which was 
used in the present study.  

The heart consists not only of contracting muscle cells, i.e. myocytes, but also of 
cardiac non-myocytes, which include fibroblasts, endothelial cells, VSMCs and 
macrophages. Cardiac fibroblasts have been shown to synthesize and secrete AM, and 
endogenous AM modulates the growth of cardiac fibroblasts (Tsuruda et al. 1999). 
Moreover, fibroblasts as the main cell-type of cardiac non-myocytes may account for the 
majority of cardiac AM production (Tomoda et al. 2001b). Taken together, the results of 
the present study suggest that the upregulation of AM gene expression in the heart during 
pressure overload in vivo may involve paracrine signaling of cardiac myocytes and non-
myocytes. Additionally, the increased AM mRNA levels in the heart may be due to 
increased gene expression of AM in cardiac non-myocytes after left ventricular wall 
stress. Furthermore, the increased proportion of cardiac fibroblasts in hypertrophied 
myocardium may contribute to the augmented induction of AM gene expression in vivo.  
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6.3  Adrenomedullin and cardiovascular function 

6.3.1  Effects of adrenomedullin on hypertension 

Typically, i.v. infusion of AM results in dose-dependent hypotension (for review, see 
Hinson et al. 2000). The decrease of blood pressure is also seen in hypertensive rats (He 
et al. 1995, Khan et al. 1997a, Khan et al. 1997b), and previous studies have evaluated 
the acute interaction of AM administered with Ang II and NE. In anesthetized rats, a 
bolus injection of AM has been shown to inhibit the acute pressor effects induced by both 
Ang II and NE (Minami et al. 2001). Additionally, infusion of AM up to 2 hours 
attenuated the vasopressor actions of Ang II, but not NE in conscious sheep, and AM 
induced a different spectrum of hemodynamic, renal and endocrine actions compared to 
another vasodilator, nitroprusside (Charles et al. 2000, Charles et al. 2001). In the present 
study, administration of a low, non-hypotensive dose of AM up to 7 days attenuated the 
pressor responsiveness to Ang II, whereas no interaction was seen with NE. The effect of 
AM was not seen until after two days of treatment, likely due to small dosage of AM. The 
plasma concentration of ir-BNP increased in response to hypertension induced by Ang II 
and administration of AM with Ang II resulted in normalization of BNP plasma levels, 
although MAP remained above control levels, suggesting that AM may also regulate the 
secretion of BNP independently of blood pressure. 

Ang II and NE induce different changes in blood pressure. Administration of Ang II 
resulted in rapid-onset and progressive rise of blood pressure, whereas the NE-induced 
increase in blood pressure peaked at 24 h and declined thereafter to a slightly increased 
level. Thus, the inhibitory effect of AM on Ang II-induced hypertension may reflect an 
Ang II-specific action of AM; however, the influence of the divergent types of 
hypertension cannot be ruled out.  

6.3.2  Modulation of systolic function 

Earlier studies have established that AM increases cardiac output in both rat and sheep 
(Nagaya et al. 1999, Charles et al. 2002). Increased cardiac output may be due to AM-
induced vasodilatation and thereby decreased afterload, but may also arise from direct 
cardiac effects of AM, as suggested by AM-induced cardiac contractility in isolated 
perfused rat heart (Szokodi et al. 1996, Szokodi et al. 1997) and in isolated rat papillary 
muscle preparations (Ihara et al. 2000). However, there are studies in which AM showed 
negative inotropic effects in vitro (Ikenouchi et al. 1997, Mukherjee et al. 2002) or no 
effects at all (Lainchbury et al. 2000a). In the present study, AM augmented the Ang II-
induced improvement in systolic function, measured by left ventricular FS and EF, 
whereas no significant potentiation of NE-induced changes in cardiac systolic function 
was seen. Since measured indices of diastolic function remained unaffected, AM appears 
to act on the mechanisms regulating the contraction rather than relaxation of the cardiac 
muscle cell.  
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Taken together, AM elicits opposite effects on Ang II-induced changes in vasculature 
and in the heart. The differential role of AM in hypertension and cardiac function may 
arise from activation of distinct signaling cascades in vascular and cardiac tissues. In 
cardiac muscle cells AM has been shown to induce mobilization of Ca2+ from 
intracellular stores and activation of PKC and L-type Ca2+channels (Szokodi et al. 1998). 
The activation of these signaling pathways by AM is congruent with the Ang II-induced 
intracellular responses (Dostal et al. 1997, Aiello & Cingolani 2001). Thus, the 
augmented effect on systolic function may reflect a synergetic action of these peptides in 
the heart. In vasculature, AM stimulates formation of cAMP (Ishizaka et al. 1994), which 
leads to relaxation of VSMCs (reviewed in Taskén & Aandahl 2003). Increasing cAMP 
has also been shown to antagonize the growth response of VSMCs to Ang II (Takahashi 
et al. 1996). Thus, AM may attenuate the Ang II-induced hypertension by reducing 
VSMC hypertrophy and/or contraction. However, since NE-activated signaling cascades 
are rather similar to those activated by Ang II (Kurz et al. 1999), the precise mechanism 
for the selective interaction of AM with Ang II remains to be studied. 

6.4  The regulatory role of adrenomedullin in cardiac hypertrophy   

6.4.1  In vitro model of myocyte hypertrophy 

AM has been shown to regulate growth and proliferation of several cell types in vitro, 
acting either as an antiproliferative and growth-suppressing agent or as a growth-
promoting factor, depending on cell type (reviewed in Hinson et al. 2000). First reports of 
cultured cardiac myocytes indicated a growth-promoting effect for AM, since c-fos gene 
expression and AP-1 DNA binding activity were increased in response to AM treatment 
(Sato & Autelitano 1995). Later, AM was shown to increase cAMP concentration and to 
inhibit ANP gene expression and synthesis in cardiomyocytes (Sato et al. 1997). This 
finding was confirmed in the present study. Additionally, the basal secretion and gene 
expression of BNP were shown to be more sensitive to the inhibitory effect of AM than 
ANP secretion and gene expression. 

Treatment of cultured cardiac cells with Ang II, ET-1 and PHE resulted in 
hypertrophic responses, manifested by an increased ANP gene expression and secretion, 
and protein synthesis in ventricular myocytes, as reported previously (Chien et al. 1991, 
Sadoshima & Izumo 1993, Shubeita et al. 1990). AM was a potent inhibitor of natriuretic 
peptide gene expression and secretion stimulated by Ang II, whereas it did not appear to 
affect ET-1-induced natriuretic peptide gene expression or PHE-induced gene expression 
and secretion of ANP or BNP. Furthermore, AM inhibited Ang II-induced assembly of 
sarcomeric structures and increase of protein synthesis. These findings are in agreement 
with previous results of Tsuruda and his co-workers, who reported that AM attenuates 
Ang II- and serum-stimulated protein synthesis in cardiac myocytes (Tsuruda et al. 1998). 
Hence, the present study suggests a role for AM as an Ang II-selective inhibitor of 
myocyte hypertrophy in vitro. 
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6.4.2  Cardiac hypertrophy in vivo 

Infusion of Ang II results in dose-dependent increase in blood pressure, together with 
development of LVH, cardiac fibrosis and upregulation of left ventricular mRNA levels 
for ANP, β-MHC, Skα-A, transforming growth factor-β and collagen isoforms (reviewed 
in Kim & Iwao 2000). AM has been suggested to attenuate the growth-promoting effects 
of Ang II in vitro, as shown by inhibition of Ang II- and serum-stimulated protein 
synthesis (Tsuruda et al. 1998), and downregulation of natriuretic peptide secretion and 
gene expression as well as morphological changes in cultured cardiac myocytes in the 
present study. AM has also been shown to inhibit Ang II-induced protein synthesis as 
well as Ang II- and ET-1-induced proliferation of cardiac fibroblasts (Tsuruda et al. 
1999).  

In this study co-administration of AM together with Ang II in vivo attenuated the 
pressor responses, but showed no inhibitory effect of AM on Ang II-induced cardiac 
hypertrophy measured by the LVW/BW index, echocardiography or expression of 
hypertrophy-associated genes. Furthermore, neither NE-induced hypertension nor LVH 
was affected by AM. There are earlier studies both favoring and arguing against Ang II-
specific actions of AM, since Charles and his co-workers have reported that AM 
attenuates Ang II- but not NE-induced hypertension in sheep (Charles et al. 2000, Charles 
et al. 2001) whereas in rats AM inhibited pressor effects of both Ang II and NE (Minami 
et al. 2001). These studies only evaluated the effects of AM on hemodynamic variables, 
but other studies have also suggested a cardioprotective role for AM, since long-term 
administration or adenoviral AM gene delivery resulted in attenuation of development of 
heart failure or LVH in DOCA-salt hypertensive rats (Dobrzynski et al. 2000), in two-
kidney one-clip model of renovascular hypertension (Wang et al. 2001) and in 
hypertensive Dahl salt-sensitive rats (Nishikimi et al. 2003b). Infusion of AM for 4 
weeks after MI was shown to reduce heart weight, myocyte size and collagen volume 
fraction in left ventricle without affecting blood pressure or infarct size (Nakamura et al. 
2002).  

To minimize the activation of compensatory and neurohumoral mechanisms in this 
study, AM was used at a dose which alone had no hemodynamic or cardiac effects. The 
low dose of AM used in this study may be the reason for discrepant findings concerning 
the inhibition of LVH. The amount of AM released from s.c. placed osmotic minipumps 
into circulation may be sufficient to elicit vascular actions even though intracardiac 
concentrations remain below those required for anti-hypertrophic effects. Thus, the 
present study suggests that an orally active AM agonist or a specific inhibitor of AM 
degradation might provide a useful antihypertensive drug, but a more targeted stimulation 
of myocardial AM activity may be needed to inhibit the development of LVH and cardiac 
failure. 



7 Summary and conclusions 

The aims of this study were to compare the gene expression of natriuretic peptides and 
AM in pressure overload in hypertrophied myocardium, to elucidate the role of  
mechanical stress in regulating the expression of AM in ventricular myocytes, and to 
evaluate the actions of AM on the development of myocyte hypertrophy and on 
modulation of cardiovascular functions. 

1. In dTGRs, the induction of BNP gene expression in response to acute pressure 
overload was augmented in the atria, but not in the ventricles when compared to 
normotensive SD rats, suggesting that Ang II and local RAS may regulate cardiac 
gene expression differentially in atrial and ventricular myocytes in this model of 
hypertension and cardiac hypertrophy. 

2. Cardiac wall stretch appeared to be a major stimulus for the early induction of AM 
gene expression in both normal and hypertrophied ventricle, and the hypertrophied 
myocardium showed augmented response. However, increased cardiac Ang II appears 
not to be solely responsible for the upregulation of AM gene expression. Furthermore, 
the effect of direct stretch in induction of AM gene expression may be mediated via 
cardiac non-muscle cells rather than myocytes per se (Fig. 13).  

3. In vitro AM selectively inhibited Ang II-induced myocyte hypertrophy measured by 
induction of ANP and BNP gene expression, protein synthesis and sarcomere 
organization. Thus, increased cardiac AM may act as an endogenous paracrine factor 
in cardiac hypertrophy and heart failure, representing a cardioprotective mechanism to 
counteract induction of local RAS and Ang II effects (Fig. 13). 

4. AM interacted with Ang II in the circulation by attenuating the hypertensive effects of 
Ang II, and in the heart by augmenting the Ang II-induced improvement in cardiac 
systolic function (Fig. 13). However, AM had no direct modulatory effects on Ang II- 
or NE-induced LVH or gene expression suggesting that in pressure overload 
circulating AM acts mainly as regulator of vascular tone and cardiac function.  
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Fig. 13.  A hypothetical model of mechanisms regulating AM gene expression and 
auto/paracrine effects of AM in the heart. 
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