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PREFACE

The circulating renin-angiotensin system (RAS) is a hormonal system that regulates
blood pressure, electrolyte and fluid homeostasis. Angiotensin II (Ang II), along
with bioactive peptides such as Ang III, Ang IV and Ang (1-7) are the main effector
peptides of the RAS. These peptides are the products of the proteolytic actions
of renin, angiotensin-converting enzyme (ACE), ACE-2, and other angiotensin-
processing peptidases. Such angiotensin peptides exert their functions through their
respective angiotensin receptors, namely AT1, AT2, AT4 and AT7 receptors.

In the past decade, it has been recognized that numerous tissues and organs
express their own RAS components and peptide activities. Such intrinsic systems are
particularly suited for providing autocrine, paracrine or intracrine pathways having
local functions that are different from, complementary to and, in some situations
even counteracting, the circulating RAS. These local functions include, but are not
limited to, cell growth, anti-proliferation, apoptosis, generation of reactive oxygen
species, fibrogenesis, hormonal secretion, and vascular tone. The targets of these
actions extend beyond the established nervous and cardiovascular systems, and now
reach such diverse targets as the bone tissue, carotid body, adipose and liver tissues,
and the pancreas. Additionally, local RAS are subject to regulation by various
physiological and pathophysiological conditions. Blockade of the RAS thus has the
potential to provide extensive and novel strategies for alternative approaches in the
treatment of cardiovascular, renal, hepatic, skeletal and pancreatic diseases.

The significance and impact of the RAS in basic research and their clinical
implications are reflected by the flourishing publication of original and review
research articles; by the appearance of whole issues of journals dedicated to the
RAS; and by specialist books on the RAS. In such a rapidly evolving environment,
publications that span the spectrum from basic research to the bedside, fill a partic-
ularly valuable niche for clinicians and researchers alike. Therefore, the major
purpose of this seventh volume of Proteases in Biology and Disease series is to
provide a topical and timely forum for the critical appraisal of an area of endocrine
research that is expanding rapidly. In this book entitled “Frontiers in Research
of the Renin-Angiotensin System on Human Disease”, a collection of 13 chapters
from distinguished and world-class experts in the field has been presented on the
contemporary research of the RAS in human disease. In this respect, it is clear that
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viii PREFACE

outstanding and stellar work on the novel roles of local RAS and their potential
clinical application is being done.in laboratories and clinics across the globe.

In Chapter 1, M.C. Chappell begins with “Role of ACE, ACE2 and Neprilysin
in the Kidney”. In Chapter 2, D.J. Campbell continues with “ACE Inhibition in
Heart Failure and Ischaemic Heart Disease”. In Chapter 3, R. Pezzilli and L. Fantini
describe “Proteases of the Renin-Angiotensin System in Human Acute Pancre-
atitis”. In Chapter 4, S.H. Ko et al. report on “The Renin-Angiotensin System in
Pancreatic Stellate Cells: Implications in the Development and Progression of Type
2 Diabetes Mellitus”. In Chapter 5, G. Lastra et al. review the recent advances in
“Renin-Angiotensin System Proteases and the Cardiometabolic Syndrome: Patho-
physiological, Clinical and Therapeutic Implications”. In Chapter 6, J.S. Lubel
et al. focus on “The Role of the Renin-Angiotensin System in Hepatic Fibrosis”.
In Chapter 7, G.P. Vinson et al. discuss “The Renin-Angiotensin System in the
Breast”. In Chapter 8, M.L. Fung and P.S. Leung contribute to “Role of Local
Renin-Angiotensin System in the Carotid Body and in Diseases”. In Chapter 9,
C. Sernia et al. concentrate on “Bone Homeostasis: an Emerging Role for the
Renin-Angiotensin System”. In Chapter 10, L. Juillerat-Jeanneret discusses “The
Renin-Angiotensin System and its Inhibitors in Human Cancers”. In Chapter 11,
D.R. Woods deals with “The Skeletal Muscle RAS in Health and Disease”. In
Chapter 12, J.H.M. van Esch and A.H. Jan Danser elaborate on “Local Angiotensin
Generation and AT2 Receptor Activation”. In the last Chapter 13, A.M. Bourne
and W.G. Thomas end with “ADAMs as Mediators of Angiotensin II Actions”

Finally, I would like to take this opportunity to express my sincere gratitude to
our Series Editors, Uwe Lendeckel and Nigel M. Hooper, for inviting me to do such
a great task for Springer: it has been a privilege. I also express my appreciation
to my graduate student, Mr. Raymond K.K. Leung, for his skilled assistance on
clerical work. This volume should be of general interest to the readership of our
“Proteases in Biology and Disease” series, as well as being a comprehensive book
for basic scientists, clinicians and newcomers to this field.

Po Sing Leung
Department of Physiology, Faculty of Medicine

The Chinese University of Hong Kong, Hong Kong April 2007
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CHAPTER 1

ROLE OF ACE, ACE2 AND NEPRILYSIN
IN THE KIDNEY

MARK C. CHAPPELL
Hypertension & Vascular Disease Center, Department of Physiology and Pharmacology, Molecular
Medicine Program, Wake Forest University School of Medicine, Winston-Salem, NC 27157-1032, USA

1. INTRODUCTION

From the initial description of renin activity over a century ago, ongoing study of
the renin-angiotensin-aldosterone system (RAAS) continues to yield novel findings
that redefine the functional nature of this system, as well as reveal the complexity of
the interplay among the various RAAS components. Indeed, the recent discoveries
of angiotensin converting enzyme 2 (ACE2) (Crackower et al 2002; Donoghue et al
2000; Tipnis et al 2000); the renin receptor (Nguyen et al 2002) and the angiotensin-
(1-7) [Ang-(1-7)] receptor (Santos et al 2002) represent important examples of our
evolving concepts of the RAAS and cardiovascular regulation. Coupled with the
emerging view that the RAAS is not defined as simply an endocrine system, these
local or tissue systems may exhibit distinct functional and processing pathways
(Chappell et al 1989; Chappell et al 2004; Paul et al 2006). The kidney is clearly an
important target organ of the circulating RAAS, particularly the actions of Ang II
and aldosterone to promote sodium and water reabsorption, as well as their influence
on the progression of tissue injury and fibrosis (Harris 1999). The kidney also
exhibits a local RAAS that expresses Ang II, Ang-(1-7), and multiple Ang receptor
subtypes that mediate the distinct actions of these two peptides in both normal
and pathophysiolgocial conditions such as hypertension or diabetes (Burns 2000;
Carey & Siragy 2003; Navar et al 2000). Figure 1 illustrates one current view of
the renal RAAS network that emphasizes the distinct synthetic pathways of Ang II
and Ang-(1-7), as well as functional actions mediated by the AT1, AT2 and AT�1−7�

receptors. Although the emergence of receptor subtypes distinguishes the distinct
signaling pathways of Ang II and Ang-(1-7), the post-renin enzymes that form and
degrade these peptides must be considered in lieu of the overall regulation of the
functional RAAS within the kidney. The inclusion of Ang-(1-12) as a potential
intermediate in Ang II formation via a renin-independent pathway reflects the recent
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Figure 1. Scheme that depicts the processing pathways involved in the formation and degradation of
angiotensin II (Ang II) and Ang-(1-7) within the kidney. Ang II binds to either AT1 or AT2 receptor
(R) subtypes, while Ang-(1-7) recognizes an AT �1−7� R. ACE, angiotensin converting enzyme; EPs,
endopeptidases; NEP, neprilysin

demonstration of endogenous levels of the peptide in the kidney, circulation and
other tissues (Nagata et al 2006). In this chapter, the roles of ACE2, ACE and the
endopeptidase neprilysin in the functional expression of the intrarenal hormones of
the RAAS are reviewed.

2. ANGIOTENSIN CONVRETING ENZYME

ACE may be considered the activation step in the catalytic cascade for the formation
of Ang II from Ang I (Fig. 1). Although evidence of non-ACE pathways for
biosynthesis of Ang II is evident (Sadjadi et al 2005a; Tokuyama et al 2002), ACE
likely represents the major, if not sole enzyme responsible for Ang II formation
under normal physiological conditions in humans and other species. This is not
to imply that ACE has no other substrates than Ang I (see below), but that a
primary role for ACE is the generation of Ang II. Indeed, the identification of ACE
and the characterization of the enzymatic properties must be considered a pivotal
achievement in our understanding of the RAAS and cardiovascular disease, as well
as leading to the successful development of ACE inhibitors in the treatment for
hypertension and renal disease. ACE is a metallopeptidase composed of a single
monomeric protein. Somatic ACE contains two catalytic regions designated as the
amino (N) and carboxy (C) domains. Selective inhibitors against both catalytic
domains of somatic ACE are now available, however, the functional significance
of the two domains is presently unknown (Dive et al 1999; Georgiadis et al 2003).
The enzyme cleaves two residues from the carboxy end of various peptides and,
hence, its description as a dipeptidyl-carboxypepitdase. Within the kidney, somatic
ACE is primarily a glycosylphosphatidylinositol-anchored membrane protein and
the majority of the enzyme including both catalytic regions faces the extracellular
space. ACE is localized throughout the kidney with high concentrations in vascular
endothelial cells, proximal tubules and interstitial cells. ACE is also released from
the apical surface of epithelial cells into the proximal tubular fluid and likely
contributes to the urinary levels of the enzyme (Hattori et al 2000). Indeed, the
tubular fluid should be considered a distinct intrarenal compartment that contains
RAAS processing enzymes and the peptide products may interact with Ang receptors
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along the entire tubular area of the kidney. The release of ACE from the cell
membrane is a specific process as releasing enzymes or “sheddases” have been
identified that recognize a unique motif on the stalk region of the enzyme (Beldent
et al 1993). The conversion of membrane-bound ACE to a soluble form does not
appear to substantially alter the substrate preference or the catalytic properties of the
enzyme. Although the significance of this event is not currently understood, enzyme
shedding may underlie an endocrine process to transport ACE to more distal areas
of the nephron that are deficient in this peptidase activity for the discrete production
of Ang II. In this regard, Casarini and colleagues have presented intriguing data
that the urinary excretion of the N-terminal domain of ACE may serve as a urinary
marker in both humans and experimental hypertensive models (Marques et al 2003).

Extensive evidence suggests that intrarenal ACE participates in the direct
formation of Ang II from Ang I. The renal administration of ACE inhibitors reduces
interstitial levels of Ang II and attenuates blood pressure. Moreover, in an animal
model of tissue-depleted ACE that preserves circulating levels of the enzyme, renal
Ang II is significantly reduced (Modrall et al 2003). Interestingly, intrarenal levels
of Ang I were also markedly reduced in the tissue ACE null mouse while renal
Ang-(1-7) concentrations were maintained (Modrall et al 2003). These data serve
to emphasize that ACE participates in the metabolism of other peptide hormones
(Skidgel & Erdos 2004). In the case of Ang-(1-7), ACE efficiently metabolizes the
peptide to Ang-(1-5), a product which is presently not known to exhibit functional
activity (Chappell et al 1998; Deddish et al 1998; Rice et al 2004). We have
postulated that the formation of Ang-(1-7), particularly under prolonged activation
of the RAAS, is considered to balance or attenuate the constrictor and prolifer-
ative actions of Ang II (Chappell & Ferrario 1999; Ferrario et al 2005c). Indeed,
Ang-(1-7) exhibits vasodilatory, natriuretic and anti-proliferative actions through
the stimulation of nitric oxide and arachidonic acid metabolites (Sampaio et al
2007). Ang-(1-7) abrogates the Ang II-dependent activation of MAP kinase in
primary cultures of proximal tubule epithelial cells (Su et al 2006). Moreover,
the inhibitory actions of Ang-(1-7) were blocked by the Ang-(1-7) antagonist
[D-Ala7]-Ang-(1-7) suggesting a receptor mediated pathway distinct from either
AT1 or AT2 receptor subtypes (Su et al 2006). Similar effects of Ang-(1-7) were
originally demonstrated in non-renal cells (Tallant et al 2005a). In the circulation,
ACE inhibitors increase circulating levels of Ang-(1-7) and augment the in vivo
half life of the peptide by almost 6 fold (Iyer et al 1998; Yamada et al 1998). The
urinary excretion of Ang-(1-7) increases in both human and experimental hyper-
tensive models following acute administration of ACE inhibitors (Ferrario et al
1998; Yamada et al 1999). The increased excretion of Ang-(1-7) most likely reflects
the reduced intrarenal metabolism of the peptide and the efficient shunting of the
Ang I pathway to formation of Ang-(1-7). Our recent studies in isolated sheep
proximal tubules reveal that without prior inhibition of ACE, Ang-(1-7) derived
from either Ang I or Ang II was rapidly converted to Ang-(1-5) (Shaltout et al 2007).
Blockade of Ang-(1-7) partially reverses the beneficial actions of ACE inhibitors
on blood pressure in hypertensive rats as an Ang-(1-7) monoclonal antibody or
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the [D-Ala7]-Ang-(1-7) antagonist increase blood pressure (Iyer et al 1997; Iyer
et al 2000). Moreover, studies by Benter and colleagues find that the renoprotective
effects of exogenous Ang-(1-7) in LNAME-treated SHR were not further improved
with the ACE inhibitor captopril (Benter et al 2006a).

Apart from Ang II and Ang-(1-7), renal ACE may also participate in the
metabolism of other peptides including kinins, substance P and the hematopoietic
fragment acetyl-Ser-Asp-Lys-Pro (Ac-SDKP). Bradykinin-(1-9) is very rapidly
metabolized by ACE in a two -step process to the inactive fragments bradykinin-(1-7)
and bradykinin-(1-5). ACE inhibition is associated with increased circulating and
tissue levels of bradykinin-(1-9) and the renal content of kinin is higher in the tissue
ACE null mouse (Campbell et al 2004). In general, bradykinin is a potent vasodilator
and inhibitor of cell growth through stimulation of nitric oxide, as well as exhibiting
natriuretic actions within the kidney (Scicli & Carretero 1986). Interestingly, Santos
and colleagues have reported that the functional activity of Ang-(1-7), under certain
conditions, is dependent on the increased release of bradykinin (Fernandes et al
2001). Moreover, the kinin B2 receptor antagonist HOE140 blocked nitric oxide
release by the non-peptide Ang-(1-7) agonist AVE0991 (Wiemer et al 2002).

Similar to Ang-(1-7), circulating levels of the Ac-SDKP are markedly increased
with ACE inhibition and the enzyme cleaves the Lys-Pro bond of the tetrapeptide
(Azizi et al 1997; Raousseau et al 1995). Although current evidence does not
support a role for Ac-SDKP in the regulation of blood pressure, the peptide does
exhibit potent anti-fibrotic and anti-inflammatory actions (Peng et al 2003). Indeed,
exogenous administration of Ac-SDKP attenuates proteinuria and improves renal
function in several models of renal injury and hypertension (Omata et al 2006). Inter-
estingly, Ang-(1-7) and Ac-SDKP may be the only known endogenous substrates
that are exclusively cleaved by the N-terminal catalytic domain of human ACE
(Raousseau et al 1995; Deddish et al 1998). Moreover, prolyl (oligo)endopeptidase,
an enzyme that processes Ang I or Ang II to Ang-(1-7) in endothelial and neural
cells (Chappell et al 1990; Santos et al 1992), may also convert thymosin-�2 to
Ac-SDKP in plasma and tissue (Cavasin et al 2004). The unusual specificity of the
N-domain of ACE for Ang-(1-7) and Ac-SDKP suggests an overlap of the activities
of these two peptide systems within the kidney as well. Although elucidation of
the signaling mechanisms and receptors for Ang-(1-7) and Ac-SDKP is at an early
stage, future studies should consider whether there is a basis for the functional
similarities between these peptides.

The role of RAAS enzymes including ACE and renin has been primarily emphasized
for their catalytic properties; however, compelling evidence now reveals receptor-like
properties for these two enzymes. Indeed, a renin receptor was recently cloned by
Nyguen and colleagues with significant concentrations of the protein in the glomerulus
and vascular smooth muscle cells. (Diez-Freire et al 2006; Nguyen et al 2002).
Receptor-bound renin exhibits increase proteolyitc activity for Ang I formation, but
both pro-renin and renin also induce distinct signaling pathways following binding.
In isolated mesangial cells, exogenous renin increased TGF-� expression and other
matrix proteins including plasminogen activator inhibitor (PAI-1) and fibronectin
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that was apparently independent of Ang II synthesis (Huang et al 2006). ACE
inhibitors may also induce cell-specific signaling by inducing conformational changes
in membrane-bound ACE without alterations in Ang II or other peptides (Benzing
et al 1999). Two kinases, c-Jun kinase and MAP kinase kinase 7 associate with
the intracellular portion of ACE. Moreover, ACE inhibitors increase the phosphory-
lation and nuclear trafficking of phosphorylated cJun kinase (Kohlstedt et al 2002).
This aspect of ACE-dependent activation of various kinases has been demonstrated
in human endothelial cells and the question remains as to what extent this occurs
in other cells or tissues. In addition, ACE inhibitors or the angiotensin peptides
Ang-(1-9) and Ang-(1-7) induce the association of ACE and the bradykinin B2
receptor that prevents the rapid down-regulation of the ligand-receptor complex,
thus potentiating the actions of bradykinin (Burckle et al 2006; Chen et al 2005).

3. ANGIOTENSIN CONVERTING ENZYME 2

Almost 50 years following the discovery of ACE, a new homolog of the enzyme
termed ACE2 was identified by two separate groups (Donoghue et al 2000; Tipnis
et al 2000). ACE2 activity is not attenuated by ACE inhibitors nor does the enzyme
share the same catalytic properties. In this regard, ACE2 contains a single zinc-
dependent catalytic site that corresponds to the C-terminal domain of somatic ACE.
ACE2 exhibits carboxypeptidase activity cleaving a single amino acid residue at the
carboxyl terminus of various peptides. The original studies assessed Ang I as the
peptide substrate for ACE2, given the similar homology to ACE and the existing
evidence for ACE-independent pathways; however, ACE2 converted Ang I to the
nonapeptide Ang-(1-9) (Donoghue et al 2000). This product is currently not known
to exhibit functional activity, but may serve as a substrate for the further processing
to Ang II or Ang-(1-7) (Li et al 2004). The subsequent kinetic studies of over
120 peptides found that the conversion of Ang II to Ang-(1-7) was much preferred
over that for Ang I (Vickers et al 2002). Indeed, ACE2 exhibits an approximate
500-fold greater kcat/Km for Ang II versus Ang I and has the highest efficiency
among the known Ang-(1-7)-forming enzymes (Fig. 2). These studies also revealed
that other peptides including apelin 13 and dynorphin are cleaved by ACE2 at a
similar or slightly greater efficiency than Ang II (Vickers et al 2002). At this time,
the majority of studies have focused on the role of ACE2 in the metabolism of
angiotensins (see below), principally Ang II to Ang-(1-7), and the role of ACE2 in
the processing of apelin or other peptides has not been sufficiently addressed.

Similar to ACE, ACE2 exists in both soluble and membrane-associated forms
with high expression in the kidney, heart, brain, lung and testes (Harmer et al
2002). Although there is significant circulating ACE activity in various species,
plasma levels of ACE2 are quite low, but may vary among species (Elased et al
2006; Rice et al 2006). Recent studies in the sheep reveal appreciable ACE2 in the
plasma, albeit the activity was significantly lower than that for ACE (Fig. 3, inset)
(Shaltout et al 2007). For this assessment, we compared the enzyme activities using
the endogenous substrates for both ACE and ACE2 (Ang I and Ang II, respectively)
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Figure 3. The ACE2 inhibitor MLN-4760 (ACE2-I) increases the half life (t1/2) of Ang II in the serum
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at equimolar concentrations under identical incubation conditions. Interestingly, as
shown in Fig. 3, male sheep exhibited higher ACE2 activity than females that
likely contributes to the lower half-life (t1/2) of serum Ang II in males (Westwood
et al 2006). Addition of the specific ACE2 inhibitor abolished the conversion of
Ang II to Ang-(1-7) as measured by a HPLC-125I-detector and markedly increased
the Ang II-[t1/2] in both male (6 fold) and female (3 fold) sheep (Fig. 3). These
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ex vivo data in sheep serum demonstrate that circulating ACE2 constitutes a major
pathway in the metabolism of Ang II and support the increase in circulating Ang
II levels in the ACE2 null mouse (Crackower et al 2002). Furthermore, we did not
find that soluble ACE2 in the serum contributed to the direct conversion of Ang I to
Ang-(1-9) even in the presence of complete ACE inhibition (Shaltout et al 2007).

Within the kidney, ACE2 is primarily localized to the apical aspect of the proximal
tubule epithelium. Indeed, expression of ACE2 in the renal MDCK cell line revealed
exclusive trafficking of the enzyme to the apical side, while the distribution of
expressed ACE was different, trafficking to the basolateral and luminal aspects of
the cell (Guy et al 2005). Consistent with the apical expression of ACE2 in the renal
epithelium, we found significant urinary ACE2 activity that converted Ang II to Ang-
(1-7), but did not process Ang I to Ang-(1-9) (Shaltout et al 2007). The glycosylated
form of ACE2 is approximately 120,000 Daltons and the filtration of the enzyme into
the tubular fluid is highly unlikely (Shaltout et al 2007). In this regard, Lambert and
colleagues report that the metallopeptidase ADAM 17 may function as a secretase
to release ACE2 from extracellular side of the cell membrane (Lambert et al 2005).
Interestingly, ADAM 17 does not release ACE suggesting that the regulation for the
secretion for ACE and ACE2 is distinct. The localization of ACE2 in the proximal
tubule epithelium along with other elements of the RAS (ACE, angiotensinogen, Ang
receptors) supports a role for the enzyme in the processing of angiotensin peptides.
In the rat kidney, Burns and colleagues found no evidence that ACE2 or other pepti-
dases metabolize Ang II in proximal tubule preparations or in perfused proximal tubule
segments isolated from male Sprague Dawley rats (Li et al 2004). However, ACE2
activity was clearly evident in the rat tubules as the conversion of exogenous Ang
I to Ang-(1-9) was sensitive to the ACE2 peptide inhibitor DX-600 (Li et al 2004).
Ang-(1-9) was subsequently converted to Ang-(1-7) by ACE, a pathway similar to that
reported for Ang I metabolism in isolated cardiomyocytes (Donoghue et al 2000). In
contrast to the rat, we found that ACE2 was the predominant activity to convert Ang II
to Ang-(1-7) in sheep proximal tubules (Shaltout et al 2007). The addition of the non-
peptide ACE2 inhibitor MLN-4760 significantly attenuated the metabolism of Ang II
at early time points. However, as shown in Fig. 4, the significant ACE and neprilysin
activities required prior inhibition to protect Ang-(1-7) from rapid degradation in the
proximal tubules. We could not demonstrate that ACE2 participated in the direct
metabolism of Ang I, particularly under conditions where other enzymatic pathways
were blocked (Shaltout et al 2007). Indeed, Ang I was directly converted to Ang II and
Ang-(1-7) via ACE and neprilysin, respectively. The preferred conversion of Ang II
to Ang-(1-7) by ACE2 in the sheep kidney is entirely consistent with kinetic studies
on various peptide substrates by the human enzyme (Rice et al 2004; Vickers et al
2002), as well studies in membrane fractions of mouse kidney and rat renal cortex that
demonstrated ACE2-dependent conversion of Ang II to Ang-(1-7) ( Elased et al 2006;
Ferrario et al 2005b). An explanation for the discrepancy in the metabolism studies for
angiotensin metabolism is not readily apparent; however, if the rat exhibits different
kinetic properties for Ang I and Ang II than sheep or human, then the role of ACE2 is
likely to be quite different among species. Additionally, these studies have important
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implications on the role of ACE as well, particularly whether ACE is involved in
the formation (Li et al 2004) or degradation of Ang-(1-7) (Chappell et al 1998;
Chappell et al 2000; Yamada et al 1998). Although Campbell and colleague demon-
strate significant quantities of endogenous Ang-(1-9) in the rat kidney (Campbell
et al 1991), chronic ACE inhibition or combined ACE/AT1 blockade (Chappell,
unpublished observations) did not attenuate renal Ang-(1-7) levels in the rat. In
addition, Ang-(1-7) levels within the kidney were maintained in tissue ACE knockout
mice (Modrall et al 2003). Thus, these in vivo studies do not strongly support an ACE2-
ACE cascade leading to the formation of Ang-(1-9) and Ang-(1-7) in the kidney.

The molecular studies utilizing ACE2 knockout mice provide additional evidence
for the enzyme’s role to balance the expression of Ang II and Ang-(1-7). We
originally showed that ACE2 null mice exhibit higher circulating and tissue
levels of Ang II (Crackower et al 2002). Indeed, the increased ratio of renal
Ang II to Ang-(1-7) may contribute to the renal pathologies observed in older
ACE2 null mice (Oudit et al 2006). Furthermore, the incidence of glomeruloscle-
rosis and proteinuria in the male mice was markedly attenuated by AT1 receptor
blockade. Several hypertensive models including the spontaneously hypertensive rat
(SHR), stroke-prone SHR and Sabra salt sensitive rat exhibit lower mRNA
levels and protein expression for ACE2 in the kidney than normotensive controls
(Crackower et al 2002; Zhong et al 2004), as well as human prehypertensives
(Keidar et al 2006). Tikellis and colleagues find that renal ACE2 expression is
actually higher in the SHR than WKY normotensive controls at day one following
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birth, similar at 42 days and then dramatically declines in adult SHR by 80 days
(Tikellis et al 2006). ACE activity, however, was markedly lower in the SHR
kidney at all time points measured and declined in both strains at 80 days. Apart
from the interesting pattern of development for ACE2 in the kidney, these data
emphasize the need to at least consider alterations in both ACE and ACE2 in
characterizing the functional output of the RAAS. Moreover, parallel studies to
document the changes in renal Ang II and Ang-(1-7) during this developmental
period are critical to establish the relevance to altered ACE and ACE2. It is clear
that not all hypertensive models exhibit reduced ACE2 in the kidney. Our studies
in the male mRen2.Lewis rat, a model of tissue renin expression with increased
renal Ang II, found no difference in renal cortical ACE2 activity as compared to
the normotensive Lewis strain, although cardiac activity was indeed lower in the
hypertensive rats (Ferrario et al 2005a; Ferrario et al 2005b; Pendergrass et al
2006). Chronic blockade with either an ACE inhibitor or AT1 antagonist increased
ACE2 activity in the kidneys of both the mRen2.Lewis and Lewis rats, but enzyme
activity was significantly higher in the normotensive strain following treatment
(Jessup et al 2006). This may reflect the situation where RAAS blockade does
not completely reverse the extent of renal injury in the male mRen2.Lewis model.
In this regard, the reduced ACE2 and elevated renal Ang II in the injured kidney
of albumin-loaded rats was associated with increased NF-�B expression (Takase
et al 2005). In contrast, ACE2 and its product Ang-(1-7) increase in the kidney
of the rat during pregnancy (Brosnihan et al 2003). It is well known that the
RAAS is activated during pregnancy, yet blood pressure is not altered in normal
pregnancy, and it will be of interest to determine whether ACE2 expression within
the kidney is altered with pre-eclampsia. Diabetic nephropathy is clearly dependent
on an activated RAAS and both ACE inhibitors and AT1 receptor antagonists are
effective in attenuating the progression of injury. Indeed, the renal expression of
ACE2 is reduced in the proximal tubules of the streptozotocin-induced model of
type I diabetes (Tikellis et al 2003; Wysocki et al 2006). Moreover, the attenuation
of renal injury in this model by ACE inhibition is associated with increased ACE2
expression. A protective role for renal ACE2 is also evident from the findings
that chronic ACE2 inhibition in the diabetic db/db mice exacerbates the extent of
albuminuria almost 3-fold (Ye et al 2006). Although angiotensin content was not
measured, the db/db mice exhibited increased glomerular expression of ACE and
reduced ACE2 as compared to the control db/dm mice. Interestingly, the local-
ization studies revealed distinct patterns of staining for ACE2 and ACE within
the glomerulus – ACE2 in podocytes and ACE in the endothelial cells (Liebau
et al 2006). Ang-(1-7) or the nonpeptide agonist AVE0991 attenuates proteinuria
and improves renal vascular activity in the streptozoticin Type 1 diabetic rat, but
did not reverse the urinary excretion of lysozyme, a marker of tubulointerstitial
damage (Benter et al 2007). Moreover, the ratio of Ang-(1-7) to Ang II formed from
exogenous Ang I was lower in glomeruli isolated from the kidneys of diabetic rats,
however, the identity of the Ang-(1-7)-forming activity was not determined in this
study (Singh et al 2005). Thus, in addition to the proximal tubule epithelium, the
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glomerulus may be a second key site within the kidney where ACE2 may influence
the local expression of angiotensin peptides and renal function.

4. NEPRILYSIN

In the kidney, the endopeptidase neprilysin constitutes significant peptidase activity,
particularly within the brush border region of the proximal tubules. Similar to
ACE and ACE2, neprilysin is a zinc-dependent metallopeptidase that is anchored
to the apical or extracellular region of the membrane, but is apparently resistant to
enzymatic shedding. Although neprilysin was initially recognized for its enkephalin-
degrading activity and frequently referred to as “enkephalinase”, studies now reveal
that this enzyme contributes to the metabolism of various peptides with cardiovas-
cular actions including adrenomedullin, angiotensins, kinins, endothelins, substance
P and the natriuretic peptides (Skidgel & Erdos 2004). Indeed, the development of
neprilysin inhibitors, and more recently, dual or mixed inhibitors that target ACE
as well remain potential therapies in cardiovascular disease (Veelken & Schmieder
2002). In general, these dual inhibitors were either equally or more effective in
lowering blood pressure and reducing renal injury as compared to monotherapy with
an ACE or neprilysin inhibitor (Kubota et al 2003; Tikkanen et al 2002). However,
two large clinical trials (OCTAVE, OVERTURE) with the mixed inhibitor omapa-
trilat revealed an increased incidence of angioedema. Moreover, the drug was no
more effective than an ACE inhibitor alone (Kostis et al 2004; Packer et al 2002). A
subsequent experimental study has shown that omapatrilat inhibits amniopeptidase
P and, although less potent than its actions against ACE and neprilysin, this may
further augment the local concentrations of kinins or substance P to exacerbate
vascular permeability (Sulpizio et al 2005). In this aspect, the development of more
selective inhibitors against ACE and neprilysin may be of clinical benefit.

The rationale for neprilysin inhibition primarily resides in preserving the
“cardioprotective” peptides bradykinin and ANP or BNP. However, neprilysin
readily metabolizes Ang II to the inactive fragment Ang-(1-4) which undergoes
further hydrolysis to the dipeptides Asp-Arg and Val-Tyr. Neprilysin also cleaves
endothelin, although it is not clear to what extent reduced intrarenal levels of
endothelin are beneficial given the functional diversity of the endothelin A and B
receptor subtypes within the kidney (Schiffrin 1999). The additional ACE inhibition
would prevent the accumulation of Ang II and further contribute to the protection
of kinins, as well as possibly reduce endothelin release. One possible caveat to this
approach is that neprilysin is the major Ang-(1-7)-forming activity from Ang I or
Ang-(1-9) in the circulation (Campbell et al 1998; Yamamoto et al 1992). Indeed,
acute administration of the potent neprilysin inhibitor SCH3977 reduced circulating
levels of Ang-(1-7) and increased blood pressure in the SHR chronically treated
with the ACE inhibitor lisinoropril (Iyer et al 1997). Although plasma levels of
neprilysin are low to non-detectable, the enzyme is appropriately localized to the
ectocellular surface of endothelial and smooth muscle cells to contribute to the
formation of Ang- (1-7) within the vasculature (Llorens-Cortes et al 1992).

In the kidney, neprilysin may contribute to both the formation as well as the
degradation of the Ang-(1-7) (Allred et al 2000). Neprilysin cleaves the Pro7-Phe8
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bond of Ang I to Ang-(1-7), but the very high levels of the enzyme in the kidney
may continue to metabolize Ang-(1-7) at the Tyr5-Ile6 bond to form Ang-(1-4) and
Ang-(5-7) (Allred et al 2000; Chappell et al 2001). Indeed, the mixed inhibitor
omapatrilat augmented the urinary levels of Ang-(1-7) in both human hypertensives
and the SHR model (Ferrario et al 2002a; Ferrario et al 2002b). The clinical
study revealed a strong correlation between the reduction in blood pressure and
increased excretion of Ang-(1-7) with the dual peptidase inhibitor (Ferrario et al
2002a). Interestingly, chronic treatment of male SHR with omapatrilat (2 weeks,
30 mg/kg daily) was also associated with the increased renal expression of ACE2.
As shown in Fig. 5, immunocytochemical studies demonstrate enhanced expression

Figure 5. Increased expression of Ang-(1-7) and ACE2 in the renal cortex of SHR following treatment
with omapatrilat. Immunocytochemical staining for Ang-(1-7) in control (A) and treated (B) SHR;
ACE2 staining in control (C) and treated (D), group. ACE2 staining in renal artery of treated SHR;
arrow indicates intimal layer (E). Renal cortical ACE2 mRNA levels are significantly increased 2-fold
following omapatrilat treatment (F); inset: ACE2 and EF-1� bands in the presence of the specific RT
primers (RT+). Data are n = 7-8, mean ± SEM
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of both ACE2 and Ang-(1-7) within the renal cortex of the treated-SHR (Chappell
et al 2002). Omapatrilat treatment also revealed the renal vascular expression of
ACE2 with staining evident in the intimal, medial and adventitial regions of the
renal artery (Fig. 5E); vascular staining for the enzyme was undetectable in the
untreated SHR group (Fig. 5C). Cortical mRNA of ACE2 expressed as a ratio to
EF-1� increased 2-fold suggesting that transcriptional regulation contributes to the
enhanced expression of ACE2 within the kidney (Fig. 5F). These studies are of
interest as they reveal an additional mechanism of the vasopeptidase inhibitor that
may result in the enhanced conversion of Ang II to Ang-(1-7) by ACE2, as well as
protecting Ang-(1-7) from both neprilysin- and ACE-dependent degradation within
in the kidney. Furthermore, these data suggest an important ability of the dual
peptidase inhibitor (as well as the administration of other RAAS inhibitors alone)
to restore ACE2 levels in the hypertensive kidney which may mitigate against
the Ang II-AT1 receptor axis of the RAAS. Indeed, Raizada and colleagues show
that lenti-viral expression of ACE2 has amelioratory effects on blood pressure and
cardiac fibrosis in the SHR, although the renal effects of enhanced enzyme activity
were not ascertained (Diez-Freire et al 2006). Their data clearly demonstrate that
ACE2 can markedly alter the balance of an activated RAAS pathway towards a
normotensive phenotype. Further study is required to determine the extent that the
beneficial actions of increased ACE2 reflect the greater inhibition of Ang II or the
increased accumulation of Ang-(1-7) in the kidney or other tissue.

5. REGULATION OF THE INTRARENAL RAAS

The positive influence of ACE2 in the SHR kidney following blockade of ACE
and neprilysin emphasizes the complex regulation of RAAS components within the
kidney (see Fig. 6). We have also shown that ACE inhibition alone or AT1 receptor
antagonism increases either renal ACE2 mRNA or activity (Igase et al 2005;
Ferrario et al 2005b). Consistent with these data in the intact animal, Gallagher

Ang II

Ang-(1-7)

ACE2

ACE

AT1R

AldoAogen

AT1R

JG Renin

Stimulate
Inhibit

Figure 6. A potential regulatory scheme for the stimulatory and inhibitory pathways of the renin-
angiotensin-aldosterone system within the kidney. ACE, angiotensin converting enzymes; Aogen,
angiotensinogen; Aldo, aldosterone; AT1R, angiotensin type 1 receptor; JG, juxtaglomerular
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and colleagues demonstrate that Ang II directly down regulates ACE2 through
activation of the AT1 receptor (Gallagher et al 2006). Although Ang-(1-7) alone did
not influence the basal expression of ACE2 in these cells, the peptide attenuated
the inhibitory effects of Ang II on ACE2 via a receptor-dependent mechanism
(Gallagher et al 2006). In contrast to the negative influence on ACE2, Ang II
increases ACE expression within the kidney (Harrison-Bernard et al 2002; Sadjadi
et al 2005b). Ang II also positively influences the expression of its precursor protein
angiotensinogen (Kobori et al 2001; Zhang et al 2002), and in selective areas of
the kidney, either maintains or up regulates the AT1 receptor as well (Harrison-
Bernard et al 2002). This effect on the AT1 receptor may also lead to increased
renal levels of Ang II via receptor mediated uptake and stable sequestration of the
circulating peptide (Ingert et al 2002). In contrast, Ang-(1-7) can down regulate
the AT1 receptor through stimulation of a cylocoxygenase pathway (Clark et al
2003; Clark et al 2001). There are few studies on the regulation of the Ang-(1-7)
receptor, although chronic ACE or AT1 blockade reduced mas mRNA expression
in the renal cortex of the Ren2 Lewis congenic rat (Jessup et al 2006). Consistent
with the positive feedback concept, the current evidence suggests that aldosterone
down regulates ACE2 (Keidar et al 2005; Tallant et al 2005b) while the mineralo-
corticoid increases expression of ACE, AT1 receptor, renin and intrarenal Ang II
(Bayorh et al 2006; Klar et al 2004; Schiffrin 2006). Thus, the renal RAAS appears
to function in a positive regulatory manner on these components to promote or
maintain Ang II content. In this regard, ACE2 may serve as an important mechanism
to break or reduce the positive gain of the system for Ang II production or enhanced
signaling in the kidney. Although Ang II potently reduces juxtaglomerular (JG)-
derived release and expression of renin, renin is not suppressed but increases in
the collecting duct and distal tubules (Prieto-Carrasquero et al 2004). The negative
feedback by Ang II on JG renin may also be balanced by renin-independent
pathways that contribute to the formation of Ang I. Alternatively, Nagata and
colleagues (Nagata et al 2006) find significant concentrations of the novel peptide
Ang-(1-12) in the kidney and other tissues that may not require renin for the
peptide’s synthesis (see Fig. 1). The infusion of Ang-(1-12) produced an immediate
increase in blood pressure that was abolished by either an ACE inhibitor or an AT1

receptor antagonist (Nagata et al 2006). These data suggest that following formation
of Ang-(1-12), the peptide or its intermediate is converted to Ang II by ACE. The
elucidation of the enzyme(s) responsible for the formation of Ang-(1-12) and the
factors that influence its expression may greatly contribute to our understanding
the regulation of the intrarenal RAAS, particularly under pathophysiological
conditions.

6. CONCLUSIONS

The majority of experimental studies on the RAAS and the regulation of blood
pressure have utilized male animals. As there is overwhelming evidence for sex
differences in the extent of hypertension and cardiovascular injury, the consideration
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of gender in the regulation of the renal RAAS enzyme cascade should be carefully
considered (Bachmann et al 1991; Brosnihan et al 1999; Reckelhoff et al 2000).
For example, the presence of renal damage in the male ACE2 knockout mice was
not evident in the estrogen replete female littermates and possibly there is greater
expression of RAAS components in the males with the loss of ACE2 (Oudit et al
2006). We and others have shown that estrogen depletion is associated with altered
expression of renin, AT1 receptors, ACE and NOS isoforms, as well as exacerbates
hypertension and salt-sensitive renal injury (Bayorh et al 2001; Brosnihan et al
1997; Chappell et al 2003; Chappell et al 2006; Harrison-Bernard et al 2003;
Roesch et al 2000; Yamaleyeva et al 2007). Moreover, in lieu of the negative
outcomes for estrogen or combined hormone replacement in older women (HERS,
WHI), the influence of aging on the response of the intrarenal RAAS and other
systems may be of equal importance. Clearly, understanding the regulation and
interplay of ACE, ACE2 and neprilysin within the kidney, as well as other areas
including the heart, brain and vascular beds are critical to treating the burgeoning
problem of cardiovascular disease.
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CHAPTER 2

ACE INHIBITION IN HEART FAILURE
AND ISCHAEMIC HEART DISEASE

DUNCAN J. JOHN CAMPBELL
St. Vincent’s Institute of Medical Research and Department of Medicine, University of Melbourne,
Fitzroy, Victoria, Australia

1. INTRODUCTION

Angiotensin converting enzyme (dipeptidyl carboxypeptidase I, kininase II, EC
3.4.15.1, ACE) plays a major role in the metabolism of many different peptides,
including angiotensin (Ang) I, bradykinin, kallidin, and N-acetyl-seryl-aspartyl-
lysyl-proline (AcSDKP). ACE inhibitors are established therapy for heart failure
and ischaemic heart disease, and alterations of Ang II, bradykinin, kallidin, and
AcSDKP peptide levels are implicated in the mechanisms of this therapy. This
chapter briefly describes the renin angiotensin, kallikrein kinin, and AcSDKP
systems, and their role in cardiovascular physiology and disease. The role of ACE
inhibition in treatment and prevention of heart failure and ischaemic heart disease
is summarised, and the possible mechanisms of the therapeutic benefits of ACE
inhibitors are described. This is not an exhaustive review, but focuses on those
aspects most relevant to the clinical application of ACE inhibitors.

2. THE CARDIAC RENIN-ANGIOTENSIN SYSTEM (RAS)

2.1. Pathways of Ang Peptide Formation and Metabolism

Figure 1 shows an outline of the pathways of Ang peptide formation and metabolism.
In addition to the classical pathway involving renin and ACE, alternative pathways
have been proposed (Campbell 2006). There remain many questions concerning the
mechanisms of Ang peptide formation in discrete tissue compartments such as the
heart. Serine proteases, for example, may form Ang II by processes independent of
renin at sites of inflammation or coagulation, where kallikrein and/or cathepsin G
may be active.
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Figure 1. Pathways of Ang peptide formation and metabolism. Adapted from (Campbell 2006)

2.2. Renin and Angiotensinogen

Studies of nephrectomised animals show the main mechanism of Ang peptide
formation in the heart involves kidney-derived renin (Campbell et al 1993; Danser
et al 1994). Renin messenger RNA (mRNA) levels in the heart are very low
or undetectable (De Mello et al 2000). Cardiac renin expression may, however,
be induced by myocardial infarction and macrophages and myofibroblasts may
express renin at the site of repair (Sun et al 2001). All Ang peptides are derived
from angiotensinogen. Although angiotensinogen may be produced in low levels
in the heart (Dostal et al 1999; Paul et al 2006), plasma is the main source of
angiotensinogen for Ang peptide formation in the heart.

2.3. ACE

ACE is a membrane-bound zinc-containing metallopeptidase, some of which is
cleaved from membranes and released as soluble ACE found in plasma and other
fluids (Erdos 1990). ACE has two catalytic domains with differential substrate
specificities and susceptibility to ACE inhibitors (Wei et al 1991; Wei et al 1992;
Jaspard et al 1993). Table 1 lists the many substrates of ACE. Those ACE substrates
most related to cardiac function are Ang I, the bradykinin and kallidin peptides, and
AcSDKP. Both catalytic domains of ACE posses dipeptidyl carboxypeptidase and
endopeptidase activities and can cleave Ang I, bradykinin-(1-9), bradykinin-(1-7),
and substance P. However, the N-terminal catalytic domain cleaves of lutein-
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Table 1. Substrates of ACE

Angiotensin I and angiotensin-(1-7)
Bradykinin-(1-9), bradykinin-(1-8), and bradykinin-(1-7)
Lys0-bradykinin-(1-9) (kallidin), Lys0-bradykinin-(1-8), and Lys0-bradykinin-(1-7)
Substance P
N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP)
Chemotactic peptide
Neurotensin
Luteinising hormone-releasing hormone (LH-RH)
Enkephalins
Cholecystokinin
Gastrin

Adapted from (Ehlers et al 1990; Erdos 1990; Hooper 1991; Rieger et al 1993)

ising hormone-releasing hormone (LH-RH) and AcSDKP more efficiently than the
C-terminal domain (Jaspard et al 1993; Rousseau et al 1995).

The two catalytic domains of ACE interact differently with ACE inhibitors.
Captopril, enalapril, lisinopril, and trandolapril are all highly potent inhibitors of
both domains. Whereas trandolapril, lisinopril and enalapril show preference for the
C-terminal catalytic domain, captopril shows preference for the N-terminal catalytic
domain (Wei et al 1992).

ACE has a widespread tissue distribution, including vascular endothelium and
smooth muscle cells, the brush border of proximal tubule cells of the kidney, and
the brain (Erdos 1990). ACE is expressed by the endothelium of the coronary
vasculature, and by the endocardium and epicardium, but not by the valves in the
human heart (Dostal et al 1999). ACE is also expressed by cardiac fibroblasts, and
fibroblast expression of ACE is increased in the border zone of myocardial infarction
(Dostal et al 1999; Burrell et al 2005). Cardiac ACE expression is up-regulated in
heart failure (Hirsch et al 1991; Studer et al 1994).

2.4. Ang Receptors

Many different cell types express Ang receptors in the heart. The type 1 Ang
(AT1) receptor is expressed by coronary smooth muscle and endothelial cells,
cardiomyocytes, fibroblasts, nerves, and conduction tissue (Regitz-Zagrosek et al
1998). AT2 receptors are expressed by fibroblasts and endothelial cells (Regitz-
Zagrosek et al 1998). In heart failure, cardiomyocyte AT1 receptor expression may
be down-regulated, whereas fibroblast expression of both AT1 and AT2 receptors
is increased (Ohkubo et al 1997).

The AT1 receptor mediates most of the known actions of Ang II. There is
continuing uncertainty about the role of the AT2 receptor, which may mediate
actions of Ang II in the vasculature and heart that differ from those of the AT1

receptor (Carey et al 2001; Voros et al 2006). The AT2 receptor is described further
by Danser in chapter 3 of this volume.
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2.5. Mast Cell Chymase

Human heart chymase was initially discovered in homogenates of human heart
and proposed to be the major pathway of conversion of Ang I to Ang II in the
heart (Urata et al 1990). Given that chymase is not inhibited by ACE inhibitors, it
represented a potential pathway of continued Ang II formation in patients taking
ACE inhibitor therapy (Dell’Italia et al 2002), and thereby provided a rationale for
a possible superiority of AT1 receptor blocker (ARB) therapy over ACE inhibitor
therapy. However, studies of the effects of ACE inhibition in rats, mice, and humans,
and of ACE gene knockout in mice, show ACE is the dominant pathway of Ang II
formation in the heart (Campbell et al 1994; Campbell et al 1999; Zeitz et al 2003;
Campbell et al 2004a).

2.6. ACE-related Carboxypeptidase (ACE2)

ACE-related carboxypeptidase (ACE2), like ACE, is a membrane-associated and
secreted metalloprotease expressed predominantly on endothelium (Donoghue et al
2000; Tipnis et al 2000; Hamming et al 2004). ACE2 is expressed in all human
tissues, with relatively high levels in renal and cardiovascular tissues, and also in
the gut (Harmer et al 2002). In contrast to the dipeptidyl carboxypeptidase activity
of ACE, ACE2 cleaves Ang I to Ang-(1-9) and also cleaves ANG II to Ang-(1-7).
ACE2 is not inhibited by ACE inhibitors.

Kinetic considerations make it unlikely that ACE2 contributes to Ang I
metabolism in vivo (Jaspard et al 1993; Vickers et al 2002). ACE and ACE2 have
similar Km for Ang I (16 and 6.9 μmol/L, respectively) but the Kcat for ACE (40 s−1)
is approximately 1000-fold higher than that for ACE2 (0.034 s−1), such that the
Kcat/Km ratio is approximately 500-fold higher for ACE (2.5 x 106 L/mol per s) than
for ACE2 (4.9 x 103 L/mol per s). By contrast, the Km (2 μmol/L), Kcat (3.5 s−1),
and Kcat/Km ratio (1.8 x 106 L/mol per s) of ACE2 for Ang II (Vickers et al 2002)
make it more likely to participate in Ang II metabolism.

Initial genetic studies suggested an important role for ACE2 in Ang peptide
metabolism in the heart. The ACE2 gene knockout mouse was reported to have
a cardiomyopathic phenotype associated with increased Ang II levels in plasma,
heart, and kidney. Additionally, the cardiomyopathic phenotype was ameliorated by
concomitant ACE gene knockout, suggesting that altered Ang peptide metabolism
contributed to the phenotype (Crackower et al 2002). In subsequent studies the
ACE2 gene knockout mouse had a normal cardiac phenotype, although it had an
enhanced pressor response to Ang II administration (Gurley et al 2006).

ACE2 activity is reported to be increased in the hearts of patients with heart
failure (Zisman et al 2003). However, measurement of Ang peptides in coronary
venous blood of patients with heart failure or ischaemic heart disease does not
support an important role for ACE2 in either Ang I or Ang II metabolism in the
human heart (Campbell et al 2004b). Elucidation of the role of ACE2 in Ang II
metabolism must await the development of specific ACE2 inhibitors.
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2.7. Effects of the RAS on the Heart and Vasculature

2.7.1. Actions of Ang II

Both systemic and local actions of Ang II impact on the heart. Systemic actions
of Ang II include its vasoconstrictor action to increase blood pressure and the
stimulation of aldosterone secretion. Increased aldosterone levels may produce
hypokalaemia and contribute to cardiac fibrosis (Brilla et al 1993).

Local cardiac actions of Ang II include inotropic and hypertrophic effects,
and cardiac remodelling (Paul et al 2006). AT1 receptor stimulation induces
both myocyte hypertrophy and collagen synthesis (Regitz-Zagrosek et al 1998).
Moreover, Ang II may contribute to oxidative stress, inflammation, and throm-
bosis (Dzau 2001; Duprez 2006). AT1-mediated NADPH oxidase activation leads
to generation of reactive oxygen species, widely implicated in vascular inflam-
mation and fibrosis (Li et al 2004; Mehta et al 2007). Ang II also activates gene
transcription factors involved in vascular inflammation and remodelling (Oettgen
2006). Ang II and its metabolite Ang IV may promote thrombosis by stimulating
plasminogen activator inhibitor type 1 (PAI-1) and PAI-2 production by the vascu-
lature (Van Leeuwen et al 1994; Feener et al 1995; Kerins et al 1995). Additionally,
Ang II may promote thrombosis by activation of nuclear factor �B-dependent
proinflammatory genes and accelerating vascular expression of tissue factor
(Dielis et al 2005).

Ang II stimulates endothelin release (Kohno et al 1992; Moreau et al 1997) and
endothelin blockade prevents some of the cardiovascular actions of Ang II (Webb
et al 1992; Rajagopalan et al 1997; Herizi et al 1998).

2.7.2. Actions of Ang-(1-7)

Ang-(1-7) is a biologically active peptide (Ferrario et al 1991). The main pathway
of Ang-(1-7) formation is by cleavage of Ang I by neutral endopeptidase (NEP,
endopeptidase 24.11) (Yamamoto et al 1992; Duncan et al 1999) (Fig. 1). Ang-(1-7)
may also be formed by ACE2 cleavage of Ang II, but the significance of this
pathway remains to be established.

Many actions of Ang-(1-7) are contrary to those of Ang II, and Ang-(1-7) is
proposed to function as a counter-regulatory hormone in blood pressure control,
and in other cardiovascular actions of Ang II. Ang-(1-7) reduces blood pressure
and produces endothelium-dependent vasodilatation (Benter et al 1993; Pörsti
et al 1994; Benter et al 1995; Nakamoto et al 1995; Brosnihan et al 1996;
Le Tran et al 1997), actions that may be due in part to potentiation by Ang-
(1-7) of the hypotensive effects of kinins (Paula et al 1995; Lima et al 1997)
and/or to stimulation of vascular prostaglandin production (Benter et al 1993;
Paula et al 1995). In support of a role for kinin-mediated nitric oxide production
in its vasodilator effects, Ang-(1-7) induced vasodilatation and hypotension were
attenuated by nitric oxide synthase (NOS) inhibition (Pörsti et al 1994; Gorelik
et al 1998), by the type 2 bradykinin (B2) receptor antagonist icatibant (Pörsti
et al 1994; Abbas et al 1997; Lima et al 1997; Gorelik et al 1998), and also by
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AT2 receptor antagonism (Lima et al 1997). Moreover, Ang-(1-7) stimulation of
nitric oxide release from coronary vessels was blocked by icatibant (Brosnihan et al
1996).

High concentrations of Ang-(1-7) inhibit ACE, leading to the suggestion that
Ang-(1-7) potentiates the effects of bradykinin through ACE inhibition (Li et al
1997). However, the IC50 for Ang-(1-7) inhibition of ACE was 650 nmol/L and it
is unlikely endogenous Ang-(1-7) levels would be sufficient to produce this effect.
Ang-(1-7), like other ACE inhibitors, may potentiate the actions of a B2 receptor
agonist by an indirect mechanism that is independent of bradykinin hydrolysis
(Deddish et al 1998), possibly by sensitisation of the B2 receptor (Marcic et al
1999). This mechanism of potentiation of kinin-induced hypotension by Ang-(1-7)
is unlikely to operate in vivo, however, because micromolar concentrations of Ang-
(1-7) were required to produce this effect (Deddish et al 1998).

Plasma Ang-(1-7) levels are less than Ang II levels, except during ACE inhibition
when Ang-(1-7) levels increase several-fold, in parallel with the increase in Ang I
levels (Lawrence et al 1990; Menard et al 1997). Tissue levels of Ang-(1-7) are
very low or undetectable, even with ACE inhibition (Campbell et al 1993; 1994).
There is, therefore, uncertainty whether Ang-(1-7) levels are sufficient to play a
role in cardiovascular physiology and disease states in humans.

3. THE CARDIAC KALLIKREIN KININ SYSTEM (KKS)

3.1. Pathways of Kinin Peptide Formation and Metabolism

Figure 2 shows an outline of the pathways of kinin peptide formation. A proportion
of kininogens is hydroxylated on Pro3 of the bradykinin sequence, leading to the
formation of hydroxylated kinin peptides.

3.2. Kallikreins and Kininogens

The kininogens are the sole precursors of the kinin peptides and are coded by
a single gene. Differential splicing of the initial mRNA transcript produces two
different mRNA coding for either high or low molecular weight kininogen. Each is a
glycoprotein that contains the kinin sequence in its mid portion. Tissue kallikrein and
plasma kallikrein are both serine proteases. Whereas a single gene codes for plasma
kallikrein there is a large family of tissue kallikrein genes, although KLK1 is the only
tissue kallikrein known to generate kinin peptides (Yousef et al 2001). Kininogens
and tissue kallikrein are expressed in many different tissues. Plasma kallikrein is
predominantly expressed in liver, although recent studies suggest expression of
plasma kallikrein in the brain (Takano et al 1999).

In humans, plasma kallikrein forms bradykinin from high molecular weight
kininogen, whereas tissue kallikrein forms kallidin from high or low molecular
weight kininogens (Fig. 3). By contrast, both plasma and tissue kallikrein generate
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Figure 2. An outline of the formation of kallidin and bradykinin peptides in humans. A proportion of
high molecular weight kininogen is hydroxylated on Pro3 of the bradykinin sequence, giving rise to both
hydroxylated and non-hydroxylated peptides. Adapted from (Campbell 2003)

bradykinin in rodents (Bhoola et al 1992). Bradykinin may also be generated by
aminopeptidase-mediated cleavage of kallidin.

Alternative pathways of kinin formation involving enzymes other than kallikreins
may operate in disease states. Although low molecular weight kininogen is a poor
substrate for plasma kallikrein, it will form bradykinin in the presence of neutrophil
elastase which, by cleaving a fragment from low molecular weight kininogen,
renders it much more susceptible to cleavage by plasma kallikrein (Sato et al 1988).
Moreover, the combination of mast cell tryptase and neutrophil elastase releases
bradykinin from oxidized kininogens that are resistant to cleavage by kallikreins
(Kozik et al 1998).

Kinin production in vivo is controlled in part by endogenous inhibitors of the
kallikrein enzymes. The main inhibitors of plasma kallikrein are C1 inhibitor,
�2-macroglobulin and antithrombin III (Bhoola et al 1992). An important inhibitor
of tissue kallikrein is kallistatin, although the function of kallistatin in vivo is
uncertain (Chao et al 1996).

All components of a functional KKS are expressed in the heart (Spillmann et al
2006). The heart and vasculature express tissue kallikrein (Oza et al 1990; Xiong
et al 1990; Nolly et al 1992; Nolly et al 1994). In addition, plasma kallikrein, a
member of the contact system, generates bradykinin at the endothelial surface of
blood vessels (Campbell 2003).
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Figure 3. Dose related effects of the ACE inhibitor perindopril on Ang II, Ang I, and bradykinin levels
in the cardiac ventricles of control rats and rats with myocardial infarction. *, P < 0.05 compared to
0 mg/kg per day perindopril. Data adapted from (Campbell et al 1994; Duncan et al 1996)

3.3. Kinin Receptors

Kinins act via two types of kinin receptor, the B1 and the B2 receptors. The
B2 receptor normally predominates, whereas the B1 receptor is induced by
tissue injury. The KKS generates 8 bioactive kinin peptides: bradykinin, Hyp3-
bradykinin, kallidin, and Hyp4-kallidin act on the B2 receptor, whereas their
carboxypeptidase metabolites des-Arg9-bradykinin, des-Arg9-Hyp3-bradykinin, des-
Arg10-kallidin, and des-Arg10-Hyp4-kallidin act on the B1 receptor. Hydroxylated
kinins have similar biological activity to non-hydroxylated kinins.

Of particular interest is the recent report that the human B2 receptor is activated
by both plasma and tissue kallikrein (Hecquet et al 2000). Cathepsin G and trypsin
similarly activate the B2 receptor and activation is blocked by icatibant. Thus, the B2

receptor may belong to a new group of serine-protease-activated receptors (Hecquet
et al 2000).

3.4. Kinin Metabolism

ACE is one of many enzymes that metabolise kinin peptides (Campbell 2003) and
the efficiency of metabolism is an important determinant of their levels in blood
and tissues. Consequently, inhibition of any single enzyme that contributes to kinin
metabolism causes only a modest increase in kinin levels.
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3.5. Effects of the KKS on the Heart and Vasculature

Kinin peptides have a broad spectrum of activities and both systemic and local
cardiac actions impact on the heart (Bhoola et al 1992). Kinin peptides act
through many different second messenger systems, in particular nitric oxide and
prostaglandins (Bhoola et al 1992). The B2 receptor participates in an inhibitory
interaction with endothelial NOS (eNOS) that is reversed by bradykinin (Ju et al
1998). This interaction may recruit eNOS to the B2 receptor and allow for effective
coupling of bradykinin signalling to the nitric oxide pathway. Kinins are potent
vasodilators and promote diuresis and natriuresis. Kinins in high concentration also
participate in the cardinal features of inflammation, producing vascular permeability,
neutrophil chemotaxis and pain (Bhoola et al 1992).

Cardiac bradykinin levels are increased during the acute phase of myocardial
infarction in rats (Duncan et al 1997). By contrast, we found decreased kallidin
levels in coronary sinus blood of subjects with heart failure, suggesting down-
regulation of the cardiac KKS in heart failure (Duncan et al 2000).

There is a large body of evidence demonstrating anti-hypertrophic and cardio-
protective actions of the KKS (Griol-Charhbili et al 2005; Koch et al 2006; Park
et al 2006; Spillmann et al 2006). The cardioprotective effects of bradykinin
included the reduction of arrhythmias, reduction of lactate, lactate dehydrogenase,
and creatine kinase release, and increase in myocardial contractility and myocardial
levels of glycogen, adenosine triphosphate and creatine phosphate during post-
ischaemic reperfusion of the isolated working rat heart (Linz et al 1992). Moreover,
bradykinin suppressed endothelin release from the post-ischaemic rat heart (Brunner
et al 1996). Kinins protect against ischaemia-reperfusion injury by decreasing
endothelial adherence of leukocytes, leading to attenuation of post-ischaemic
leukocyte adherence, attenuation of disruption of the microvascular barrier and
reduced tissue injury (Shigematsu et al 1999). Many of the actions of kinins
counteract those of Ang II, by causing endothelium-dependent vasodilatation through
endothelial release of nitric oxide and prostacyclin (Pelc et al 1991; Lamontagne
et al 1992; Gallagher et al 1998). Kinins also counteract the hypertrophic actions
of Ang II and reduce collagen formation (Gallagher et al 1998; Ritchie et al 1998).

Administration of kinin receptor antagonists indicates a role for endogenous
kinins in the regulation of the coronary vasculature and in the myocardial response
to myocardial infarction. Icatibant reduced flow-dependent vasodilatation of human
coronary arteries, indicating a role for kinins in the regulation of coronary vascu-
lature (Groves et al 1995). Icatibant enhanced myocardial interstitial deposition of
collagen following myocardial infarction in the rat, indicating a role for endogenous
kinins in the modulation of collagen deposition; however, icatibant did not modify
morphological and molecular markers of cardiomyocyte hypertrophy (Wollert et al
1997). Kinins participate in the process of ischaemic preconditioning, and have
also been shown to limit reperfusion injury (Baxter et al 2002). Kinins may also
protect against thrombosis by stimulating endothelial release of nitric oxide, prosta-
cyclin, and tissue plasminogen activator (Dielis et al 2005). New properties of kinin
peptides are being discovered. For example, B1 receptors may have an important
role in angiogenesis (Emanueli et al 2002).



30 CAMPBELL

4. ACSDKP

4.1. AcSDKP Formation

AcSDKP is an inhibitor of pluripotent haemopoietic stem cell proliferation (Lenfant
et al 1989; Bonnet et al 1993), and is normally present in human plasma and
mononuclear cells (Pradelles et al 1990). AcSDKP is released from its precursor
thymosin-ß4 by prolyl oligopeptidase (Cavasin et al 2004) and it is cleaved to an
inactive form by the dipeptidyl carboxypeptidase activity of the N-terminal catalytic
domain of ACE (Rousseau et al 1995). AcSDKP has a 4.5 min half-life in the
circulation and is probably released continuously (Azizi et al 1997). The importance
of ACE in AcSDKP metabolism is shown by the 5-fold increase in AcSDKP plasma
levels that accompany ACE inhibition (Azizi et al 1997).

4.2. Functions of AcSDKP in the Heart

AcSDKP inhibits DNA and collagen synthesis by cardiac fibroblasts (Rhaleb et al
2001), and both prevents and reverses myocardial inflammation and fibrosis in
rats with heart failure after myocardial infarction (Yang et al 2004). AcSDKP and
thymosin-ß4 stimulate coronary vasculogenesis and angiogenesis (Wang et al 2004;
Smart et al 2007), and AcSDKP increases myocardial capillary density in rats with
myocardial infarction (Wang et al 2004).

5. ACE INHIBITION IN HEART FAILURE AND ISCHAEMIC
HEART DISEASE

Many clinical trials demonstrate the therapeutic benefit of ACE inhibition in heart
failure and ischaemic heart disease. It is of note, however, that the effects of ACE
inhibitors are dose related. Large clinical trials, by necessity, use only one dose of
any drug. The results of such trials are just as much a measure of the effect of the
dose as they are a measure of the effect of the drug. Use of a less than optimal
dose may fail to reveal a drug’s true therapeutic potential. This is of particular
concern in a head-to-head comparison of two active drugs, where the result may
be more due to choice of dose than to choice of drug. Clinicians should strive to
achieve drug doses that have proven to be of benefit in clinical trials. At present,
a large proportion of patients receiving ACE inhibitor therapy are receiving less
than optimal doses (Lenzen et al 2005). Measurement of plasma Ang peptide levels
is not feasible for the monitoring of ACE inhibitor therapy, but measurement of
plasma AcSDKP levels may assist in this regard (Struthers et al 1999).

5.1. ACE Inhibition in Heart Failure

Heart failure is associated with neurohormonal activation that includes increased
renin, Ang II, and aldosterone levels, and activation of the sympathetic nervous
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system (Francis et al 1993). Increased Ang II, aldosterone, noradrenaline, and
adrenaline levels predict increased mortality in heart failure patients (Swedberg
et al 1990). Therapies that counteract the effects of RAS and sympathetic nervous
system activation are the cornerstone of heart failure therapy (Hunt et al 2001;
Swedberg et al 2005).

Acute ACE inhibition in heart failure patients promotes arterio- and veno-
dilatation, with reduction in both afterload and preload, and an associated increase
in cardiac output, stroke volume, and stroke work index, along with a decrease
in pulmonary capillary wedge pressure, indicating improved left ventricular (LV)
function (Gavras et al 1978; Ader et al 1980). The Cooperative North Scandi-
navian Enalapril Survival Study (CONSENSUS) demonstrated reduced mortality
and improved symptoms with enalapril therapy in patients with severe heart failure
(The CONSENSUS Trial Study Group 1987). Moreover, mortality was lower with
enalapril therapy than with hydralazine-isosorbide dinitrate therapy in the second
Veterans Administration Cooperative Vasodilator-Heart Failure Trial (V-HeFT II)
(Cohn et al 1991). The Studies of Left Ventricular Dysfunction (SOLVD) confirmed
the survival benefits of enalapril therapy in patients with reduced LV ejection
fraction and heat failure (The SOLVD Investigators 1991) and also demonstrated
the prevention of heart failure in asymptomatic subjects with reduced LV ejection
fraction (The SOLVD Investigators 1992).

ACE inhibition improves survival, symptoms, and functional capacity, and
reduces hospitalisation in patients with moderate and severe heart failure and LV
systolic dysfunction (Flather et al 2000; Abdulla et al 2004). ACE inhibition is
recommended as first-line therapy in patients with a reduced LV ejection fraction
with or without symptoms, and should be up-titrated to the doses shown to be
effective in clinical trials (Hunt et al 2001; Swedberg et al 2005).

5.2. ACE Inhibition After Myocardial Infarction

Although the patients recruited to the CONSENSUS, V-HeFT II, and SOVD studies
had reduced LV ejection fraction due most often to ischaemic heart disease, they
were enrolled several months or more after a myocardial infarction. Studies in
rats demonstrated survival advantage of ACE inhibitor therapy commenced 14
days after myocardial infarction (Pfeffer et al 1985b). Additionally, ACE inhibition
reduced arterial pressure and total peripheral resistance, attenuated LV remodelling,
prevented deterioration in cardiac output and stroke volume index, and prevented
the increase in LV volume, LV chamber stiffness and LV end diastolic pressure in
rats with myocardial infarction (Pfeffer et al 1985a).

These benefits of ACE inhibition in rats with myocardial infarction were
confirmed in patients. The Survival and Ventricular Enlargement (SAVE) trial
showed reduced mortality with ACE inhibitor therapy when commenced 3-16 days
after myocardial infarction in patients with asymptomatic LV dysfunction (Pfeffer
et al 1992). In addition, ACE inhibitor therapy reduced the incidence of both fatal
and nonfatal major cardiovascular events, including the development of severe heart
failure and recurrent myocardial infarction.
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The benefits of ACE inhibitor therapy after myocardial infarction were confirmed
in the Acute Infarction Ramipril Efficacy (AIRE) and the Trandolapril Cardiac
Evaluation (TRACE) studies (The Acute Infarction Ramipril Efficacy (AIRE) Study
Investigators 1993; Kober et al 1995). The AIRE study recruited patients 2-9 days
after myocardial infarction who had shown clinical evidence of heart failure at any
time. The TRACE study recruited patients 3-7 days after myocardial infarction who
had a LV ejection fraction ≤35%. Both the AIRE and TRACE studies showed
survival advantage with ACE inhibitor therapy and the TRACE study showed
less development of severe heart failure. Other large clinical trails confirmed the
benefits of ACE inhibition after myocardial infarction (GISSI-3 Gruppo 1994;
ISIS-4 Collaborative Group 1995).

In addition to mortality benefit and reduction of severe heart failure, ACE
inhibition after myocardial infarction attenuates LV remodelling, LV enlargement and
increase in LV mass, and improves LV ejection fraction after myocardial infarction
(Pfeffer et al 1988; Sharpe et al 1991; Sogaard et al 1993; Johnson et al 1997).

By contrast, the CONSENSUS II trial found the commencement of ACE inhibitor
therapy within 24 hours of myocardial infarction did not improve survival (Swedberg
et al 1992). The failure of ACE inhibition to improve outcomes in the CONSENSUS
II trial may have been due to its protocol. ACE inhibitor treatment was started with
intravenous infusion of 1 mg enalaprilat within 24 hours after the onset of chest pain,
followed by administration of oral enalapril. Intravascular administration of ACE
inhibitor had a negative inotropic effect in several human studies (Foult et al 1988;
Haber et al 1994; Zeitz et al 2003), although not in another (Friedrich et al 1994).
Thus, the failure of ACE inhibitor therapy to produce benefit in the CONSENSUS II
trial may have been due to the negative inotropic effect of intravenously administered
enalaprilat, in addition to its administration within 24 hours of chest pain.

Current European Society of Cardiology guidelines recommend the initiation of
ACE inhibitors after the acute phase of myocardial infarction in patients with signs
or symptoms of heart failure, even if transient, to improve survival and to reduce
re-infarctions and hospitalisations for heart failure (Swedberg et al 2005).

5.3. ACE Inhibition in Stable Vascular Disease

Two large-scale clinical trials demonstrated the benefits of ACE inhibition in
patients with stable vascular disease or at high risk of vascular disease. These were
the Heart Outcomes Prevention Evaluation (HOPE) study (The Heart Outcomes
Prevention Evaluation Study Investigators 2000) and The European Trial on
Reduction of Cardiac Events with Perindopril in Stable Coronary Artery Disease
(EUROPA) study (The European Trial on Reduction of Cardiac Events with
Perindopril in Stable Coronary Artery Disease Investigators 2003).

The HOPE study was based on emerging evidence that ACE inhibition reduced
the risk of myocardial infarction in patients with low ejection fraction (Pfeffer et al
1992; Yusuf et al 1992; Lonn et al 1994). It examined the effects of addition of 10
mg ramipril to standard therapy in patients aged at least 55 years with a history of
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coronary artery disease, stroke, peripheral vascular disease, or diabetes, plus at least
one other cardiovascular risk factor (hypertension, elevated total cholesterol level, low
high-density lipoprotein cholesterol level, cigarette smoking, or microalbuminuria).
Patients were excluded if they had heart failure, were known to have a low ejection
fraction, were taking an ACE inhibitor or vitamin E, had uncontrolled hypertension
or overt nephropathy, or had had a myocardial infarction or stroke within 4 weeks
before the study began. During a mean follow-up of 5 years ramipril reduced the
primary outcome (composite of myocardial infarction, stroke, or death from cardio-
vascular causes) from 17.8% to 14.0% (relative risk 0.78, 95% confidence interval
0.70 to 0.86; P < 0.001). Treatment with ramipril reduced the rates of death from
cardiovascularcausesandall-causemortality,myocardial infarction, revascularisation
procedures, cardiac arrest, heart failure, and complications related to diabetes.

The EUROPA study examined the effects of addition of 8 mg perindopril to standard
therapy in patients with previous myocardial infarction, angiographic evidence of
coronary heart disease, coronary revascularization, or a positive stress test. Past
history of heart failure was recorded in 1.3% of subjects, but none had clinical
signs of heart failure, with 10% in New York Heart Association class I and none
in class II or higher. During a mean follow-up of 4.2 years, perindopril reduced the
primary outcome (composite of cardiovascular death, non-fatal myocardial infarction,
cardiac arrest with successful resuscitation) from 9.9% to 8.0% (relative risk 0.80,
95% confidence interval 0.71 to 0.91; P<0.001). The main contributor to this
reduction in the primary outcome was the reduction in non-fatal myocardial infarction.
Perindopril also reduced the incidence of heart failure requiring hospitalisation.

By contrast, the Prevention of Events with Angiotensin Converting Enzyme
Inhibition (PEACE) study failed to show an effect of ACE inhibition on its primary
endpoint (The PEACE Trial Investigators 2004). The PEACE study examined the
effects of addition of 4 mg trandolapril to standard therapy on cardiovascular
events in patients with stable coronary heart disease and preserved LV function.
During a median follow-up of 4.8 years, trandolapril produced non-statistically
significant reductions in the primary endpoint (composite of cardiovascular death,
myocardial infarction, and coronary revascularization) from 22.5% to 21.9%, and
in cardiovascular death and non-fatal myocardial infarction from 8.5% to 8.3%,
although trandolapril reduced hospitalisation or death due to heart failure from 3.7%
to 2.8%. Participants in the PEACE study were at lower risk of cardiovascular
events than those in the HOPE and EUROPA studies. The baseline blood pressure
of PEACE participants was less than that of patients in the HOPE and EUROPA
studies, and was similar to the level achieved with active therapy in the HOPE
and EUROPA studies. In addition, PEACE participants received more intensive
management of risk factors than did those in the HOPE and EUROPA studies, with
70% of PEACE participants receiving lipid lowering therapy (29% in HOPE, 56%
in EUROPA), and 72% had undergone coronary revascularization before enrollment
(40% in HOPE, 54% in EUROPA). Thus, PEACE participants had an event rate
similar to that of the general population (1.6% annualised rate of death), and the
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more aggressive management of their risk factors may have negated any potential
benefit from ACE inhibitor therapy.

There has been debate about the reasons for the failure of the PEACE study
to show an effect of trandolapril on the primary endpoint (Pitt 2004; Fox et al
2006a). Although the dose and type of ACE inhibitor may be implicated, the
most likely explanation is the low event rate in its relatively low risk population
(necessitating the inclusion of revascularisation as part of the primary endpoint),
such that the study did not have sufficient statistical power to achieve its aim. The
Ischemia Management with Accupril post bypass Graft via Inhibition of angiotensin
converting enzyme (IMAGINE) study similarly showed a lack of benefit from 40
mg quinapril in optimally treated low-risk patients after coronary artery bypass
grafting (Keuper et al 2005).

Pooled analysis of the HOPE, EUROPA, and PEACE trials showed ACE
inhibition reduced all cause and cardiovascular mortality, non-fatal myocardial
infarction, stroke, heart failure, and coronary artery bypass surgery, leading to the
recommendation that ACE inhibitors be considered in all patients with atheroscle-
rosis (Dagenais et al 2006). A meta-analysis of the HOPE, EUROPA, PEACE,
and other studies came to a similar conclusion (Al-Mallah et al 2006). However,
the number needed to treat for 4.4 years to prevent either one death, one non-
fatal myocardial infarction, or one coronary revascularisation procedure was 100
(Al-Mallah et al 2006). Current European Society of Cardiology guidelines state:
“ACE inhibition is well established in the treatment of heart failure or LV
dysfunction and in the treatment of diabetic patients. Thus, it is appropriate to
consider ACE inhibitors for the treatment of patients with stable angina pectoris
and co-existing hypertension, diabetes, heart failure, asymptomatic LV dysfunction
and post-myocardial infarction. In angina patients without co-existing indications
for ACE inhibitor treatment the anticipated benefit of treatment (possible absolute
risk reduction) should be weighed against costs and risks for side-effects, and
the dose and agent used of proven efficacy for this indication” (Fox et al 2006b).

6. MECHANISMS OF THE THERAPEUTIC BENEFITS
OF ACE INHIBITION IN HEART FAILURE AND ISCHAEMIC
HEART DISEASE

ACE inhibition has many different effects, both systemic and organ-specific (Unger
et al 1990). The systemic effects include the reduction of circulating Ang II and
aldosterone levels and the increase in kinin and AcSDKP levels. Decreased Ang
II and increased kinin levels contribute to the reduction of blood pressure by ACE
inhibition.

6.1. Haemodynamic and Coronary Vascular Effects of ACE Inhibition

There is ongoing debate about the extent to which the benefits of ACE inhibition are
related to blood reduction, as opposed to intrinsic benefits of ACE inhibition (Sever
et al 2006). A major contributor to the benefits of ACE inhibition in heart failure
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and ischaemic heart disease may be the reduction in systemic blood pressure, and
consequent reduction in heart work. ACE inhibition may improve cardiac function
by reducing coronary vascular resistance in patients with heart failure, thereby
augmenting cardiac blood flow (Dietz et al 1993).

6.2. Effects of ACE Inhibition on Ang II Levels

ACE inhibition reduces circulating and tissue levels of Ang II in both animals and
humans (Campbell et al 1994; Duncan et al 1996; Campbell et al 1999; Zeitz et al
2003). ACE inhibition produced a modest reduction in Ang II levels in EUROPA
participants (Ceconi et al 2007). However, the effects of ACE inhibition on Ang II
levels can be variable, and depend on the responsiveness of renin secretion (Mooser
et al 1990). In situations where renin shows little increase in response to ACE
inhibition, the levels of Ang II and its metabolites show a marked fall, with little
change in the levels of Ang I and its metabolites. By contrast, a large increase in
renin levels in response to ACE inhibition also increases the levels of Ang I and
its metabolites. The increased Ang I levels promote Ang II formation by residual
uninhibited ACE and by serine protease pathways of Ang I conversion, thereby
buffering any fall in Ang II levels during ACE inhibition (Juillerat et al 1990).

Improved survival of heart failure patients with ACE inhibitor therapy is
associated with reduction in Ang II and aldosterone levels (Swedberg et al 1990).
The role of renin in determining the response of Ang II levels to ACE inhibition is
most evident in heart failure, where many patients continue to have elevated Ang II
levels despite ACE inhibitor therapy (Roig et al 2000; Campbell et al 2001). It is of
note that maximally recommended doses of ACE inhibitor do not completely prevent
ACE mediated formation of Ang II in heart failure (Jorde et al 2000). The beneficial
therapeutic effects of concomitant ß-blocker therapy in heart failure may be
due in part to the associated reduction in renin and Ang II levels (Campbell et al
2001).

The effects of ACE inhibitors on Ang II levels are dose dependent (Fig. 3).
Studies in rats showed tissue-specific differences in the dose-related effects of ACE
inhibition on Ang II levels (Campbell 1996). Renal Ang II levels were reduced by
lower doses of ACE inhibitor than were required to reduce Ang II levels in other
tissues such as the heart (Fig. 3).

6.3. Effects of ACE Inhibition on Ang-(1-7) Levels

ACE inhibition is accompanied by increased levels of Ang-(1-7). This is due in part
to the increase in Ang I levels, with subsequent conversion to Ang-(1-7). Another
mechanism for the increase in Ang-(1-7) levels during ACE inhibition is the inhibition
of Ang-(1-7) metabolism, given that ACE is an important pathway of Ang-(1-7)
metabolism (Chappell et al 1998; Yamada et al 1998). Studies in rats led to the
proposal that increased Ang-(1-7) levels mediate in part the hypotensive effects of
ACE inhibition (Iyer et al 1998a; Iyer et al 1998b). However, there is as yet no
evidence that these mechanisms operate in patients receiving ACE inhibitor therapy.



36 CAMPBELL

6.4. Effects of ACE Inhibition on Kinin Peptide Levels

There is ample evidence that kinin peptides contribute to the therapeutic effects of
ACE inhibitors (Linz et al 1995; Bönner 1997). ACE inhibitors increase circulating
and tissue levels of bradykinin in animals (Fig. 3) and humans (Campbell et al
1994; Duncan et al 1996; Zeitz et al 2003). The effect of ACE inhibition on kinin
peptide levels in any tissue compartment depends on the contribution of ACE,
relative to other kininases, to kinin peptide metabolism in that compartment. ACE
inhibitor therapy did not increase either bradykinin or kallidin peptide levels in
cardiac atria of patients with ischaemic heart disease, despite the reduction in Ang
II levels (Campbell et al 1999).

The maintenance of low levels of kinin peptides by their efficient metabolism is
relevant to the success of ACE inhibitor therapy. ACE inhibition has only a modest
effect on kinin peptide levels because of the many other kininases that contribute to
kinin metabolism. It is for this reason that ACE inhibitors are generally free of the
side effects, such as angioneurotic oedema, that one might expect from increased
kinin peptide levels (Nussberger et al 1998; Nussberger et al 2002).

Studies with kinin receptor antagonists indicate a role for kinins in the cardiovas-
cular actions of ACE inhibitors in animals and humans (Linz et al 1995). Studies
in humans indicate a role for the B2 receptor in flow-dependent vasodilatation in
normal volunteers (Hornig et al 1997) and in the hypotensive effects in patients
with hypertension (Gainer et al 1998; Squire et al 2000). A role for the B1 receptor
is indicated in the systemic haemodynamic effects of ACE inhibition in patients
with heart failure (Witherow et al 2001; Cruden et al 2004).

Cardioprotective effects of ACE inhibition that were attenuated by icatibant
included the reduction of arrhythmias, reduction of lactate, lactate dehydrogenase,
and creatine kinase release, and increase in myocardial contractility and myocardial
levels of glycogen, adenosine triphosphate and creatine phosphate during reper-
fusion of the ischaemic isolated working rat heart (Linz et al 1992). Icatibant atten-
uated the ACE inhibitor-induced increase in coronary flow and nitric oxide levels
in dogs with myocardial ischaemia (Kitakaze et al 2002). Icatibant also prevented
the potentiation of ischaemic preconditioning by ACE inhibition in human atria
(Morris et al 1997). The post-ischaemic anti-arrhythmic effect of ACE inhibition
may be mediated by kinin-induced suppression of endothelin release (Brunner et al
1996).

Icatibant prevented the reduction in myocardial infarct size and the reduction
in post-infarct remodelling by ACE inhibition in animal models (Linz et al 1992;
Hartman et al 1993; Stauss et al 1994; McDonald et al 1995; Hu et al 1998).
However, a subsequent study in an in vivo canine model of myocardial ischaemic
injury did not show an effect of ACE inhibition on infarct size (Black et al 1998).
Moreover, icatibant did not modify the antihypertrophic effect of ACE inhibition
in rats with myocardial infarction, although it partially reversed the reduction in
myocardial collagen deposition by ACE inhibitor therapy in one study (Wollert
et al 1997).
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Possible mechanisms by which kinin peptides mediate the therapeutic benefits
of ACE inhibition include the promotion of endothelial production of nitric oxide
and prostacylin, thereby contributing to the correction of endothelial dysfunction
and reduced oxidative stress (Linz et al 1995; Bönner 1997; Münzel et al 2001).
ACE inhibition induced endothelial NOS (eNOS) in vasculature of control rats, and
attenuated the induction of inducible NOS (iNOS) in rats administered bacterial
lipopolysaccharide (Bachetti et al 2001). Icatibant prevented the increase in nitric
oxide formation in the heart and reduction in myocardial oxygen consumption that
accompany ACE inhibition in dogs (Zhang et al 1997). Icatibant also prevented
the antiproliferative effect of ACE inhibition in neointima formation following
endothelial injury to the rat carotid artery (Linz et al 1992), and the increase
in capillary density induced by chronic ACE inhibitor treatment in stroke-prone
spontaneously hypertensive rats (Gohlke et al 1997). Part of the benefits of ACE
inhibition may be due to the enhancement of insulin-mediated muscle glucose
uptake, that is also attenuated by icatibant (Henriksen et al 1996; Henriksen et al
1999).

6.5. ACE Inhibitor Effects on the KKS Independent of Kinin Levels

ACE inhibition also affects the KKS by mechanisms separate from prevention of
kinin degradation. For example, chronic ACE inhibition in mice and rats induced
both renal and vascular B1 receptor expression without modification of B2 receptor
expression (Marin-Castano et al 2002). Moreover, enalaprilat and other ACE
inhibitors in nanomolar concentrations were shown to directly activate the human
B1 receptor, in the absence of ACE and B1 receptor ligands (Ignjatovic et al 2002).

Several studies show ACE inhibitors may potentiate the effects of bradykinin by
a mechanism independent of prevention of kinin metabolism, that involves direct
interaction between ACE and the B2 receptor (Fleming 2006) and attenuation of the
sequestration of the B2 receptor (Benzing et al 1999; Chen et al 2006). Additionally,
membrane ACE appears to have its own signalling cascade that is activated by
binding of ACE inhibitors (Fleming 2006).

6.6. Comparison of ACE Inhibitor and ARB Therapy

One approach to differentiation of the respective roles of the RAS and KKS in
mediating the therapeutic benefits of ACE inhibition is the comparison of ACE
and ARB therapy. Comparison of ACE inhibitor and ARB therapy after myocardial
infarction, or in patients with heart failure, did not show any difference in outcomes
(Pitt et al 2000; Dickstein et al 2002; Pfeffer et al 2003; McMurray et al 2006).
These studies suggest ACE inhibitor and ARB therapy act through blockade of the
RAS, but a role for bradykinin cannot be excluded because losartan was shown to
increase bradykinin levels in hypertensive humans (Campbell et al 2005).
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Maximally recommended doses of ACE inhibitors do not completely prevent
ACE mediated formation of Ang II in heart failure (Jorde et al 2000). Combi-
nation of ACE inhibitor and ARB therapy produces more complete blockade of the
RAS that is dependent on the dose regimens of the individual therapies (Menard
et al 1997; Azizi et al 2004). This combination therapy improves outcomes in
heart failure patients (Cohn et al 2001; McMurray et al 2003), but not following
myocardial infarction (Pfeffer et al 2003; McMurray et al 2006).

6.7. Effects of ACE Inhibition on AcSDKP Levels

ACE inhibition causes a several-fold increase in AcSDKP levels that may contribute
to decreased cardiac inflammation and fibrosis, and to increased myocardial
capillary density after myocardial infarction (Wang et al 2004; Yang et al 2004).
Elevated AcSDKP levels during ACE inhibitor therapy may also contribute to the
anaemia experienced by heart failure patients receiving ACE inhibitor therapy (van
der Meer et al 2005).

6.8. Effects of ACE Inhibition on Aldosterone Levels

Heart failure patients have increased plasma aldosterone levels consequent to stimu-
lation of aldosterone secretion by increased Ang II levels (Weber 2001). Evidence
that reduced aldosterone levels may contribute to the therapeutic benefits of ACE
inhibition is the reduced hypokalaemia in patients receiving ramipril therapy in
the HOPE study (Mann et al 2005). In addition to promotion of sodium retention
and oedema formation, aldosterone may promote cardiac fibrosis and deterioration
in cardiac function (Brilla et al 1993). The possible clinical importance of this
mechanism is shown by the benefits of aldosterone receptor antagonists in patients
with heart failure, and in patients with LV dysfunction after myocardial infarction
(Pitt et al 1999; Pitt et al 2003).

6.9. Effects of ACE Inhibition on Sympathetic Nervous System Activity

Many authors have suggested the reduction in sympathetic activity that may
accompany ACE inhibition is due to a reduction in the stimulation of sympathetic
activity by Ang II. However, although ACE inhibitor therapy leads to reduction in
sympathetic nervous system activity in heart failure, this is thought to be mainly
secondary to the improvement of cardiovascular haemodynamics, rather than the
specific consequence of reduced stimulation of the sympathetic nervous system by
Ang II (Esler et al 2001).

6.10. Effects of ACE Inhibition on Cardiac Remodelling

Cardiac hypertrophy is well recognised as a risk factor for death and cardiovascular
events (Levy et al 1990). ACE inhibitors reduce cardiac hypertrophy in hypertensive
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patients (Dahlof et al 1992) and also reduce progressive LV remodelling after
myocardial infarction (Ferrari 2006). Ventricular remodelling has a dominant role
in the pathogenesis of heart failure, and the prevention of remodelling is considered
to be an important mechanism of the benefit of ACE inhibitor therapy in heart
failure and after myocardial infarction (Cohn 1995; Abdulla et al 2007).

6.11. Effects of ACE Inhibition on Atherosclerosis

Reduction of myocardial infarction and other ischaemic events by ACE inhibition
raises the possibility that these drugs inhibit atherosclerosis. ACE inhibitors correct
endothelial dysfunction in patients with heart failure and ischaemic heart disease
(Drexler et al 1995; Mancini et al 1996; Ceconi et al 2007). These effects of ACE
inhibition may be due to the reduction of oxidative stress, vascular remodelling
and inflammation by reduced Ang II levels and increased kinin levels. However,
current evidence does not allow these data to be extrapolated to a reduction in
atherogenesis by ACE inhibition in humans. Despite the prevention of atheroscle-
rosis in animal models, ACE inhibitor therapy was not able to reduce atherogenesis
in patients. ACE inhibition with cilazapril did not prevent restenosis after angio-
plasty (MERCATOR), (MERCATOR Study Group 1992; Faxon 1995). Similarly,
Quinapril did not reduce restenosis after coronary stenting; in fact, late loss in
minimum lumen diameter was significantly higher in the quinapril group than in
controls (Meurice et al 2001). Additionally, ACE inhibition with enalapril failed to
reduce progression of coronary atherosclerosis, as assessed by intravascular ultra-
sound, in patients with coronary artery disease (Nissen et al 2004).

A meta-analysis of randomised controlled studies of the effect of antihypertensive
therapies in progression of carotid intima-media thickness showed only a weak,
non-significant reduction in progression of carotid intima-media thickness by ACE
inhibitor therapy, with significant heterogeneity between studies (Wang et al 2006).
Some studies showed a reduction in progression of intima-media thickness by ACE
inhibition and some did not. Of note, calcium channel blockers were significantly
more effective than ACE inhibitors in their reduction of progression of intima-media
thickness (Wang et al 2006).

6.12. Effects of ACE Inhibition on Thrombosis

Reduced rates of myocardial infarction with ACE inhibitor therapy may also be
due to an effect of this therapy on the mechanisms of thrombosis and fibri-
nolysis. ACE inhibition reduced plasma levels of PAI-1 antigen and activity in
normal subjects on low salt diet and in subjects following myocardial infarction
(Wright et al 1994; Moriyama et al 1997; Oshima et al 1997; Vaughan et al
1997; Brown et al 1998; Brown et al 1999), although this effect of ACE inhibition
was not confirmed in other studies of patients with previous myocardial infarction
(Zehetgruber et al 1996; Pedersen et al 1997). ACE inhibition also reduced PAI-
1 antigen, but not PAI-1 activity, in subjects with congestive cardiac failure
(Goodfield et al 1999).
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6.13. Effects of ACE Inhibition on Incidence of Type 2 Diabetes

Diabetes is well recognised to accelerate the processes of cardiovascular disease,
and reduction of diabetes incidence may contribute to the therapeutic benefits
of ACE inhibition. Many large clinical trials, including the HOPE, PEACE, and
SOLVD studies, showed a reduced incidence of type 2 diabetes with ACE inhibitor
therapy (Abuissa et al 2005). However, the Diabetes Reduction Assessment with
Ramipril and Rosiglitazone Medication (DREAM) study found ramipril did not
reduce diabetes incidence among persons with impaired fasting glucose levels
or impaired glucose tolerance, although it significantly increased regression to
normoglycaemia (The DREAM Trial Investigators 2006). This improvement in
insulin resistance may be due in part to the enhancement of insulin-mediated muscle
glucose uptake by ACE inhibition (Henriksen et al 1996; Henriksen et al 1999).

6.14. Effects of ACE Inhibition on Arterial Stiffness

Aortic compliance is an important determinant of coronary blood flow (O’Rourke
et al 1999). A recent meta-analysis showed ACE inhibitors decrease arterial stiffness
(Mallareddy et al 2006). ACE inhibitors, by increasing aortic compliance, may
reduce central systolic blood pressure and maintain diastolic blood pressure, thereby
reducing heart work without compromising myocardial perfusion. Decrease in
arterial stiffness by ACE inhibition may be due to reduced collagen deposition,
as suggested by studies in spontaneously hypertensive rats (Benetos et al 1997).
Reduction of aortic collagen deposition by ACE inhibition was not affected by
icatibant, suggesting that this effect of ACE inhibition was not mediated by kinins
(Benetos et al 1997).

6.15. Effects of ACE Inhibition on Atrial Fibrillation

Atrial fibrillation is an important contributor to poor prognosis in heart failure
(Wang et al 2003), and prevention of atrial fibrillation by ACE inhibition may
contribute to the therapeutic benefits of this therapy (Vermes et al 2003).

6.16. Interaction Between ACE Inhibitor and Aspirin Therapy

Given that kinin peptides mediate in part the therapeutic benefits of ACE inhibition,
and that some of the actions of kinins are mediated by prostaglandins, the question
arises whether a drug that inhibits prostaglandin synthesis may attenuate the effects
of ACE inhibition. This question was addressed in a systematic review of the
interaction between aspirin and ACE inhibitor therapy (Teo et al 2002). The SOLVD
study found aspirin prevented the reduction of death by ACE inhibition, but this
interaction between aspirin and ACE inhibitor therapy was not significant in the
other trials examined. However, both SOLVD and the other trials showed aspirin
attenuated the prevention of myocardial infarction or reinfarction by ACE inhibition.
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By contrast, there was no evidence that aspirin attenuated the prevention of stroke,
hospital admission for heart failure, or revascularisation by ACE inhibitor therapy.
When the composite of major vascular events including death, myocardial infarction
or reinfarction, hospital admission for heart failure, stroke, and revascularisation
was examined, aspirin did not significantly attenuate the benefits of ACE inhibitor
therapy. This analysis shows, therefore, that aspirin does interact with ACE inhibitor
therapy, at least in the case of myocardial infarction. However, in the absence of
clear contraindications, concomitant use of aspirin and ACE inhibitors should be
considered in all patients at high risk of major vascular events (Teo et al 2002).

7. CONCLUSIONS

ACE inhibitors have a major role in the treatment and prevention of heart failure
and ischaemic heart disease. Reduction in Ang II levels, and increase in kinin and
AcSDKP levels, are implicated in the mechanisms of the therapeutic effects of
ACE inhibitors. Much of the detail of these mechanisms, however, remains to be
discovered.
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CHAPTER 3

PROTEASES OF THE RENIN-ANGIOTENSIN
SYSTEM IN HUMAN ACUTE PANCREATITIS

R. PEZZILLI AND L. FANTINI
Department of Internal Medicine and Gastroenterology, Sant’Orsola-Malpighi Hospital, Bologna, Italy

1. INTRODUCTION

It is well-known that acute pancreatitis originates in the acinar cells and then
involves all body structures; in other words, acute pancreatitis evolves from an organ
disease to a systemic disease. Thus, it is important to understand why this happens;
the basic mechanisms of acute pancreatitis are strictly linked to the anatomy and
the physiology of the pancreatic acinar cells and their products, even if most of the
data on this process come from basic research and not from human studies. In this
chapter, we will review the advance in understanding the origin and development
of acute pancreatitis in humans with particular regard to the participation of the
renin-angiotensin system in the setting of acute pancreatic inflammation.

2. PANCREAS DEVELOPMENT

It has been suggested that there is a common pancreatic progenitor of both acinar
and islet cells (Fishman and Melton 2002); pancreatic acinar cells appear during
the third month of intrauterine life as small clusters of cells along the lateral walls
and at the distal ends of the ducts. Glycogen presence can be demonstrated at the
end of the third month; in the following month, the basophilia of the acinar cells
increases and small granules with non-specific esterase activity can be found in the
basal cytoplasm and the pancreatic acinar cells then become capable of secretion
during prenatal life (Laitio et al 1974). It is worth noting that pancreatic cells may
transdifferentiate into ductal cells during the course of acute and chronic disease,
mainly pancreatitis and pancreatic cancer (Bockman 1997). However, we have no
information as to the role of the renin-angiotensin system in the differentiation
development.
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3. PHYSIOLOGY

The exocrine part of the pancreatic gland secretes about 3 litres of fluid and a
clear secretion rich in enzymes and bicarbonates (Gullo et al 1987). The water
and bicarbonates are mainly secreted by the pancreatic ductal epithelium whereas
acinar cells synthesize, store and secrete digestive enzymes in order to catalyze
the hydrolysis of food constituents into absorbable forms. Pancreatic acinar cell
secretion contains three major categories of enzymes: amylolytic, lipolytic and
proteolytic enzymes which are able to digest carbohydrates, fats and proteins,
respectively. Synthesis of the digestive enzymes begins at the ribosomes located in
the cytosol of the acinar cell. To permit regulated exocytosis, these enzymes must
be sorted from the constitutively secreted proteins and stored in secretory granules.
The sorting and packing of these enzymes involves protein selection at the level of
the trans-Golgi network and the removal of residual lysosomal enzymes, as well as
secreted proteins during the post-Golgi maturation of secretory granules. Pancreatic
proteases are secreted as inactive precursors into the duodenum where enterokinase,
an enzyme located along the brush border of duodenal enterocytes, initiates their
activation. Acinar cell secretion is primarily induced by the ingestion of food,
which initiates multiple endocrine, neurocrine and paracrine pathways regulating
the release of appropriate amounts of acinar digestive enzymes. There are several
neurohormonal regulators released in response to the ingestion of food mainly repre-
sented by cholecystokinin, secretin, vasoactive intestinal polypeptide, acetylcholine,
or angiotensin II. Upon binding of these secretagogues to their respective receptors
on the basolateral membrane of pancreatic acinar cells, various types of signal
transduction pathways are evoked. Both cholecystokinin and acetylcholine activate
inositol triphosphate/diacyl glycerol signaling pathways which raise cytosolic Ca2+

concentration with the concurrent activation of protein kinase C and the consequent
triggering of Ca2+-dependent exocytosis. In contrast, the signaling pathway initiated
by secretin and vasoactive intestinal peptides is mediated by the increase of the
cAMP level and the subsequent activation of protein kinase A. On the other hand,
local RAS seems to play an important role in the physiology of pancreatic acinar
cells (Leung and Carlsson 2001); in fact, angiotensin II could stimulate a dose-
dependent release of digestive enzymes from the pancreatic acinar cells, probably
via the mediation of intracellular calcium.

4. ACUTE PANCREATITIS

4.1. Definition

Acute pancreatitis is an inflammatory disease characterized by pancreatic tissue
edema, acinar cell necrosis, hemorrhage and inflammation of the damaged gland.
Clinically the pancreatitis is characterized in more than 95% of the cases by
abdominal pain associated with an increase of pancreatic enzymes in serum and/or
urine. The major etiologic factors of acute pancreatitis are gallstones and alcoholism,
which are present in more than 80% of the cases whereas the remaining pancreatitis
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cases are for the most part idiopathic (Pezzilli et al 1998). From a clinical point
of view, we can distinguish the pancreatitis according to the clinical evolution of
the disease (Bradley 1993): mild acute pancreatitis characterized by an uneventful
course with mortality near 0% and severe pancreatitis which is characterized by
local and distant organ involvement with mortality varying from 30 to 50%. We
can also identify various phases in the development of severe acute pancreatitis
(Fig. 1): the initial phase characterized mainly altered intra-acinar protein traffic
and by the accumulation of trypsinogen in the interstitial space (as in the mild form
of the disease), an early-middle phase characterized by the activation of various
protease cascades which determine formation of necrosis of the pancreatic tissue,
and the late phase characterized by the infection of pancreatic necrotic tissue due
to translocation of bacteria from the gastrointestinal tract.

It is clear that the early identification of severely ill patients is helpful in ensuring
rapid appropriate treatment; in fact, endoscopic sphincterotomy has became more
widely used for the management of severe gallstone-induced acute pancreatitis
and other specific therapies are also available (e.g. antibiotic prophylaxis, enteral
nutrition, etc.).

4.2. Pathophysiology

In 1896, the concept that the cause of the pathophysiological changes in acute
pancreatitis lay in the autodigestion of the pancreas mediated by the pancreatic
enzymes was proposed for the first time (Chiari 1896). Numerous studies published
so far indicate that the activation of trypsin in acinar cells is an important early
mechanism in this disease; in animal models of acute pancreatitis, several processes
have been observed in acinar cells leading to the inhibition of secretion and subse-
quent autodigestion. These mechanisms include premature activation of trypsin
(Whitcomb 1999), colocalization of zymogens and lysosomes with the subsequent
redistribution of lysosornal enzymes (Fig. 2), a sustained rise in intracellular calcium
(Raraty et al 2000; Parekh 2000), breakdown of apical F-actin (Jungermann et al
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Figure 1. Physiopathological and clinical phases of acute pancreatitis (from Pezzilli, 2004, modified).
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Figure 2. Mechanism of acute pancreatitis. The initial event is blockage of the secretion, leading to
the accumulation of zymogen granules within the acinar cells. After this event, there is a fusion of
lysosomes and zymogens within large vacuoles and, finally, there is the activation of enzymes and acute
intracellular injury. L=lysosome; ZG=zymogens; CV=condensing vacuole; RER=rough endoplamatic
reticulum

1995; Fallon et al 1995) and the activation of the transcription of nuclear factor-kB
(NF-kB) (Steinle et al 1999).

Even if many causes have been postulated to be associated with the development
of acute pancreatitis, such as biliary tract disease, alcohol etc., the exact event
capable of initiating the intracellular activation of trypsin is under investigation.
In fact, even if the basic mechanism of the activation of trypsin is now partially
known, the factor capable of initiating these events is still unknown. After the
initiation of acute pancreatitis, other mechanisms are involved in the progression
of the disease such as the chemokine cascade, the kallikrein-kinin system, the
complement activation system, the coagulation system and the renin-angiotensin
system (RAS). All these systems act and interact simultaneously, thus explaining
the effects of acute pancreatitis in various organs distant from the pancreas.

4.3. Trypsin

Trypsinogen is activated by the hydrolysis of up to ten amino acids at the N-terminus
(Fig. 3).

The cleaved region is called trypsinogen activation peptide (TAP) and the removal
of this peptide from the pro-enzyme renders the trypsinogen active (trypsin) by
inducing conformational changes. To better understand the activation of trypsin,
we must remember that the co-localization theory postulates that trypsin activation
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Figure 3. Activation of trypsinogen: trypsinogen could be activated into active trypsin either by the
brush border enzyme enterokinase in the small intestine or by cathepsin-B, a lysosomal enzyme present
in acinar cells. Another mechanism consists of trypsinogen autoactivation. Once trypsin is activated, it
can catalyze the other digestive pro enzymes. TAP: Trypsinogen activating peptide

occurs within cytosolic vacuoles containing both digestive enzymes and lysosomal
enzymes, such as cathepsin B. Some authors (Otani et al 1998; Hofbauer 1998)
have detected immunoreactivity against TAP in vacuoles positive for lysosomal
markers and cathepsin B. Cathepsin B is capable of removing the TAP region from
the trypsinogen; thus, it seems to be able to transform trypsinogen into trypsin in
cellular compartments. However, the inhibition of trypsin activation in knockout
mice is not complete; thus, other mechanisms or premature activation by other
lysosomal proteases should be hypothesized. Another possible mechanism in the
activation of trypsinogen involves intracellular calcium; it has been demonstrated
(Kruger et al 2000) that premature trypsin activation takes place in the apical cell
in response to supramaximal cholecystokinin stimulation and that this activation
is dependent on the spatial and temporal distribution of Ca2+ release within the
same subcellular compartment. Whereas in resting acinar cells, trypsinogen is
stored within zymogen granules located in the apical part of the cells, after stimu-
lation with physiological doses of cholecystokinin, the granules are exocytosed in
a calcium-dependent manner. However, using supramaximal doses of cholecys-
tokinin, trypsin activation begins in a defined region in apical acinar cells and a
sustained rise in calcium triggers vacuole formation in response to supramaximal
cerulein stimulation. Both trypsin activation and vacuole formation can be inhibited
by the interruption of Ca2+ signals (Raraty et al 2000). Thus, these studies provide
a demonstration that a sustained rise in calcium is an important cofactor of acute
pancreatitis.

4.4. Chemokines

The destruction of the pancreatic parenchyma during acute pancreatitis quickly
induces an inflammatory reaction at the site of injury. The initial cellular response
involves the infiltration of polymorphonuclear leukocytes into the perivascular



60 PEZZILLI AND FANTINI

regions of the pancreas. Within a few hours, macrophages and lymphocytes
accumulate and phagocyte-derived oxygen radicals participate in a primary injury
to the pancreatic capillary endothelial cells. Increased microvascular permeability
facilitates margination and extravascular migration of additional neutrophils and
monocytes amplifying the inflammatory process. Following an experimental insult,
there is rapid expression of tumor necrosis factor-alpha (TNF-alpha), interleukin-l
(IL-1) and other chemokines such as interleukin-6 (IL-6) and interleukin-8 (IL-8)
by pancreatic acinar cells and/or transmigrated leukocytes (Norman 1998). IL-l
and TNF-alpha are the primary inducers of IL-6 and IL-8 production and they are
known to initiate and propagate many metabolic consequences of sepsis including
fever, hypotension, acidosis and acute respiratory distress syndrome (Lowry 1993;
Dinarello 1996a; Dinarello 1996b) (Fig. 4).

The cellular mechanisms underlying cytokine production are not entirely known.
The transcription factor NF-kB is important for the activation of many inflammatory
mediators and cytokines such as IL-l and IL-6 (Mercurio and Manning 1999).
Initially, NF-kB is sequestered in the cytoplasm bound to its inhibitory element
named IKB. On stimulation, IKB is phosphorylated and degraded by proteosomes
and the degradation of IkB releases NF-kB, allowing it to translocate into the
nucleus; in the nucleus, NF-kB binds to its consensus sequence within the promoter
region of a number of proinflammatory genes (Thanos and Maniatis 1995). Early
induction of NF-kB binding activity and decreased IkB expression were shown
in cerulein-induced pancreatitis (Tando et al 1999; Steinle et al 1999, Han and
Logsdon 2000), and NF-kB activity seems to be dependent on Ca2+ influx and
protein kinase C activation (Han and Logsdon 2000; Tando et al 1999; Ethridge et al
2002). Increased NF-kB activity seems to play an important role in the induction of
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Figure 4. Pathogenesis of acute pancreatitis according to the chemokine theory. TNF: tumor necrosis
factor. IL: interleukin; INF: Interferon; PAF: Platelet activating factor
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proinflammatory cytokines. Furthermore, in the severe forms of acute pancreatitis,
there is also a low production of anti-inflammatory cytokines, such as interleukin-10
(IL-10), capable of blocking the action of the pro-inflammatory cytokines (Pezzilli
et al 1997).

4.5. Kallikrein-kinin System

Kinins released during the course of inflammatory injury are one of the major cause
of vascular symptoms, i.e. pancreatic oedema formation and its consequences, such
as haemoconcentration, hypovolaemia and hypotension. Kinins are also involved
in the accumulation of potentially cytotoxic factors in the pancreatic tissue (Gries-
bacher 2000). While glandular prekallikrein is synthesised in the pancreas, both
kininogens and plasma prekallikrein are probably produced mainly in the liver. The
kinin system also interacts with the prostaglandins, mostly through kininogens and
kallikreins and not through bradykinin. While bradykinin is rapidly degraded by
kinases, kallikrein is inactivated by complex formation with alpha-2 macroglobulin,
with a C1 inhibitor and also with a few other inhibitors. For the most part, studies of
the kinin system in acute pancreatitis have been carried out in animals and activation
of this system has been found to be most pronounced in the peritoneal cavity. In
humans, there are very few studies; one of these (Uehara et al 1989.) demonstrated
that plasma prekallikrein decreased in acute pancreatitis and there was a negative
correlation between plasma prekallikrein and kallikrein-like activity. Finally, this
study demonstrated that both high and low molecular weight kininogens decreased
in an acutely damaged pancreas.

4.6. Complement Activation System

Complement activation has been shown to occur in patients with acute pancreatitis.
In fact, the serum complement system is capable of damaging viable unaltered cell
membranes (Balldin et al 1981.), but there are no sufficient data on the involvement
of this system in human acute pancreatitis.

4.7. Coagulation System

The importance of disseminated intravascular coagulation during the course of
acute pancreatitis is well-known. Lasson and Ohlsson (Lasson and Ohlsson 1986.)
analysed the activation of the coagulation and fibrinolytic systems in 27 attacks
of acute human pancreatitis of differing severity. Consumptive coagulopathy was
suggested by decreased platelet counts, decreased prothrombin values and the
consumption of fibrinogen during the first days of severe attacks. Factor X
was slightly decreased for the first 5 days of the attacks. Increased fibrinolysis
was suggested by decreased plasminogen values in severe attacks. Fibrinogen
degradation products were seen in the blood in 40% of patients and in the
peritoneal fluid in all patients with severe attacks. Furthermore, the plasma levels
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of antithrombin III and alpha 2-macroglobulin were low while the levels of C1-
inhibitor and alpha 2-antiplasmin were high. In conclusion, severe acute pancre-
atitis results in both consumptive coagulopathy and increased fibrinolysis. A local
antiprotease deficiency is seen in the peritoneal cavity and high levels of protease-
antiprotease complexes are also seen in the plasma. All these changes are closely
correlated to the severity of the disease and probably determine the clinical outcome
of the acute attack.

4.8. Renin-Angiotensin System

Recently, characterization of the RAS in the pancreas has been reported in laboratory
animals as well as in humans (Chappell et al 1991; Chappell et al 1992a; Ghiani
and Masini 1995; Tahmasebi et al 1999.).

In the 1990s, two studies demonstrating key components which comprise an
intrinsic RAS within the canine pancreas have been published (Chappell et al 1991;
Chappell et al 1992a). These studies documented the expression of the bioactive
peptides angiotensin II, angiotensin III, and angiotensin-(1-7), the mRNA levels
of the precursor angiotensinogen as well as the distribution of the AT2 and AT1

receptor subtypes. Subsequent studies confirmed these findings in the rat, the mouse
and, most importantly, in the human pancreas (Leung et al 1997; Leung et al 1999;
Tahmasebi et al 1999) (Fig. 5).

Indeed, in one of the few reports aimed at studying the in vivo regulation of
pancreatic angiotensin II receptors, an increase in angiotensin II binding sites in the
pancreas of normotensive rats maintained on a high-salt diet has been demonstrated
(Ghiani and Masini 1995).

Although angiotensin II receptors were distributed throughout the pancreas, the
highest density of sites comprised the AT2 receptor subtype and they are localized,
at least in the dog and the monkey, to acinar cells and the ductal epithelium
(Chappell et al 1992a, Chappell et al 1994a). The pancreas is one of the few tissues
which primarily expresses the AT2 receptor subtype and only recently has a more
complete understanding of the functional role of the AT2 receptor emerged. In
vitro receptor autoradiography of angiotensin II receptors in the primate pancreas
using the non-selective angiotensin ligand 125I-(Sar1, Thre8)-angiotensin II, named
Sarthran, revealed the distribution of sites throughout the tissue, but with the highest
density in acinar cells (Chappell et al 1994a; Chappell MC et al 1994b). The
majority of Sarthran binding (>80%) was attenuated by the AT2 selective antagonist
PD123319. High resolution emulsion autoradiography of this tissue revealed a very
high expression of Sarthran binding surrounding the islet cells and a lower density
of sites within the islet field; addition of the PD123319 compound essentially
abolished binding. These findings, demonstrating the predominant expression of
the AT2 subtype in the exocrine components of the pancreas prompted further
investigation of angiotensin II receptors and other components of the RAS in an
acinar cell model. Angiotensin II receptor binding in the AR42J acinar cell line was
characterized, and a high density of binding sites was found (Chappell et al 1995);
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Figure 5. Immunocytochemistry shows the distribution of AT1 receptors (brown stain) in beta cells of
the islets of Langerhans in the human pancreas. It is absent from reticular fibres (A). Control sections,
using antibody presaturated with peptide antigen, showed no staining (B). The distribution of renin
(brown stain) is similarly confined to beta cells of the islets (C). Control sections again showed no
immunoreactivity (D). In situ hybridisation shows that prorenin mRNA (dark stain) was transcribed in
the reticular fibres of the islets (E) and the fibroblasts and connective tissue surrounding blood vessels
(G). The negative controls, using a sense probe, showed no staining (F & H). Magnification x166
throughout. (Tahmasebi M et al, 1999)

the majority of these receptors were the AT2 subtype with a minority of sites (<15%)
for the AT1 antagonist losartan. Although the proportion of AT1 receptors expressed
in the AR42J cell line was small, application of angiotensin II to cells loaded with
fluorescent calcium dye Fura-2 resulted in an immediate and significant increase in
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intracellular calcium. The angiotensin II-dependent rise in calcium was abolished
by the AT1 antagonist, but was not modified by AT2 antagonists (Chappell et al
1995). Subsequent studies also reported AT1-dependent changes in intracellular
calcium by angiotensin II (Barnhardt et al 1999). The biochemical characterization
of the AT2 binding sites utilized cross-linking of radiolabeled Sarthran and SDS/P
AGE fractionation. These studies revealed an AT2 site with a molecular mass of
approximately 110 kDa which was substantially greater than the predicted mass of
40 kDa based on the protein sequence of the AT2 receptor. Analysis of the AT2

sequence indicated a high number of glycosylation sites which likely influences
the larger molecular mass observed in these cells (Servant et al 1994). However,
internalization of the AT2 receptor (another characteristic quite distinct from the
rapid down-regulation of the AT1 receptor subtype following agonist binding (De
Gasparo et al 2000)) has not been demonstrated until now. Regarding the functional
aspects of the AT2 receptor, a link to the activation of tyrosine phosphatase has been
reported (Takahasi et al 1994; Bottari et al 1992). In the AR42J cells, activation
of somatostatin receptors increased tyrosine phosphatase activity and inhibited cell
proliferation (Tahiri-Jouti et al 1992). Chappell et al found that, in the presence of
an AT1 blockade, angiotensin II increased vanadate-inhibitable tyrosine phosphatase
activity as measured with para-nitrophenol phosphate (Chappell et al 2001). In
the presence of both AT2 and AT1 antagonists, angiotensin II did not change
phosphatase activity. Regarding the regulation of the AT2 receptor subtype, it has
been found that treatment with the glucocorticoid agonist dexamethasone resulted in
a significant decline in PDl23319-sensitive binding within six hours and a maximal
decrease in binding within 24 hours (Chappell et al 1992b). The addition of cortisol
also substantially reduced binding, but other steroid agents including estrogen, and
aldosterone had little or no effect.

Saturation analysis of the dexamethasone-induced inhibition of the AT2 binding
reflected a decrease in the number of receptor sites and no change in the relative
affinity of the receptor to the Sarthran ligand. Consistent with the decrease in the
number of receptors, the assessment of AT2 mRNA levels by RT-PCR revealed
an almost complete inhibition of mRNA expression by dexamethasone in these
cells. In contrast, estrogen treatment had no effect on angiotensin II binding or
AT2 mRNA expression. Further studies are necessary to determine whether this
reduction in AT2 mRNA results from an attenuation in transcriptional activity or
decreased mRNA stability. In view of the contrasting actions of AT1 and AT2

receptors, glucocorticoids are known to increase AT1 binding and AT1 mRNA, as
well as ACE activity (Fishel et al 1995; Guo et al 1995). Thus, glucocorticoid-
induced hypertension may comprise a shift in the balance of effects between
the AT1 and AT2 receptors in the presence of elevated levels of angiotensin II.
Glucocorticoid down-regulation of the AT2 receptors may also be relevant to the
recent findings that endogenous glucocorticoids suppress apoptosis in an induced-
pancreatitis model (Kimura et al 1998). An up-regulation of the pancreatic RAS
including increased expression of AT2 mRNA in a chronic model of hypoxia, as
well as augmented angiotensinogen in induced pancreatitis have been demonstrated
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(Chan et al 2000; Leung et al 2000). Thus, the activation of pancreatic RAS,
particularly the AT2 receptor, may promote cellular apoptosis and influence pancre-
atitis. Furthermore, the expression of additional components of the pancreatic RAS
in AR42J cells is under investigation (Chappell et al 2001) and preliminary studies
using RT-PCR revealed that the AR42J cells express mRNA for both AT1a and
AT1b isotypes as well as those for renin, angiotensinogen and ACE. Although the
expression of these components may result from the transformed phenotype, the
AR42J cells constitute a unique cell model capable of exploring the processing of
angiotensin II and angiotensin I. Indeed, these cells may more closely model an
autocrine system in which the local production of angiotensin II or other active
metabolites acting through different receptor subtypes may influence its tissue of
origin be means of a feedback mechanism. This may be of particular relevance
in hypertensive patients as AT1 receptor blockers may supplant ACE inhibitors
and other anti-hypertensive treatments. AT1 receptor blocker treatment not only
blocks AT1 receptors, but significantly increases angiotensin II levels which may
result in greater activation of the AT2 and other receptor subtypes. Furthermore,
the acinar cell model may be of relevance to study more novel components of the
RAS such as the AT4 receptor and the biologically active ligands, angiotensin-(3-8)
and angiotensin-(3-7); these endogenous peptides exhibit high affinity for the AT4

binding site (De Gasparo et al 2000; Harding et al 1994). Although a high density
of AT4 sites are found in a number of tissues such as the heart, adrenal glands,
and the vascular endothelium, whether this site is expressed on the exocrine or
endocrine elements of the pancreas is not known at this time. In addition, numerous
studies demonstrate a functional role for angiotensin-(1-7) in the vasculature, brain
and kidneys which is mediated by a non-AT1,-AT2 receptor (Chappell et al 1998;
Chappell et al 2000). Indeed, elevated levels of angiotensin-(1-7) contribute to
the anti-hypertensive actions of ACE inhibitors and AT1 receptor antagonists (Iyer
et al 1998; Iyer et al 2000). Although Chappell et al originally measured signif-
icant angiotensin-(1-7) levels in the dog pancreas, whether this peptide influences
pancreatic function is also unknown (Chappell et al 2001). All knowledge accumu-
lated up to now has stimulated further investigation into defining the importance of
RAS in various pancreatic disease; specifically, a lot of papers have focused their
interest on acute pancreatitis. In fact, angiotensinogen and angiotensin receptors
may play an important role in the induction of inflammation and microcirculatory
regulation in the pancreas, and this, in turn, may contribute to pancreatic tissue injury
in acute pancreatitis. Indeed, pancreatic microcirculatory changes such as vasocon-
striction, capillary stasis, decreased oxygen tension and progressive ischemia have
been shown to occur early in the course of acute pancreatitis (Knoefel et al 1994).
It would be logical to ask if local RAS could control or determine the extension of
inflammatory activation in the pancreas and it may be involved in the regulation
of vascular injuries (Janiak et al 1992). Data on the effects of blocking local RAS
activation in human acute pancreatitis are lacking. Molecules in the families of
reactive oxygen metabolites and reactive nitrogen species have been shown to be
mediated by RAS in the circulatory system (Fernandez-Alfonso and Gonzalez,
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1999; Berry et al 2000). Nitric oxide is known to increase pancreatic secretion
as well as improve pancreatic perfusion (Patel et al 1995) while reactive oxygen
metabolites are important mediators in ischaemic-reperfusion injury (Granger et al
1994). Obviously, their roles in acute pancreatitis in relation to the local RAS
remain to be investigated.

Activation of plasma RAS, as shown by an elevation of plasma renin, has been
demonstrated in patients with acute pancreatitis (Greenstein et al 1987). We recently
re-assessed these data (Pezzilli et al 2006) and we studied 21 patients with acute
pancreatitis (13 males, 8 females, mean age 57.9 years, range 20-84 years) within 24
hours of pain onset. None of the patients had arterial hypertension or other known
diseases and none were taking drugs capable of modifying the RAS. According
to the Atlanta criteria, 14 patients (67%) had mild acute pancreatitis and seven
(33%) had the severe form of the disease. In all patients, plasma renin activity
(reference range: 0.2-2.8 ng/mL/h), plasma angiotensin I converting enzyme activity
(reference range: 65.8-114.4 U/L) and plasma aldosterone concentration (reference
range: 33-489 pg/mL) were determined immediately after hospital admission using
commercially available kits. Serum amylase and lipase activities were also deter-
mined. The results of our experience are reported in Fig. 6.

In brief, considering all patients with acute pancreatitis, mean±SD plasma renin
activity, angiotensin I converting enzyme activity and aldosterone concentration
were 0.73±0.84 ng/mL/h, 56.8±30.4 U/L, and 92.2±112.8 pg/mL, respectively. In
particular, the plasma renin activity was above the reference range in one patient
with severe pancreatitis (5%); the plasma angiotensin I converting enzyme activity
was above the reference range in one patient (5%) with mild acute pancreatitis and
below the reference range in 15 patients (71%) (ten with mild acute pancreatitis
and five with the severe form of the disease); plasma aldosteron concentration was
below the reference range in five patients (24%) (three with mild acute pancreatitis
and two with the severe pancreatitis). In addition, no significant relationship was
found between serum amylase or lipase activities and plasma renin activity, plasma
angiotensin I converting enzyme activity or aldosteron concentration. Furthermore,
no significant relationship was found between plasma renin activity, angiotensin
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I converting enzyme activity and aldosteron concentration and the severity of the
disease. Thus, the RAS appears to be impaired in patients with acute pancre-
atitis even if the impairment does not seem to be related to the severity of the
disease. Although circulatory hypovolaemia was thought to be the main cause of
the activation of plasma RAS, it may be hypothesized that activation of local
RAS may be related to plasma RAS, either directly or through other inflammatory
mediators.

5. THERAPEUTIC POSSIBILITIES FOR MANIPULATING
THE RENIN-ANGIOTENSIN SYSTEM

Recent studies have explored the differential effects of RAS blockers and their
potential use in the treatment of pancreatic inflammation. Prophylactic adminis-
tration of saralasin, a non-specific renin-angiotensin blocker, was shown to improve
acute pancreatitis-induced injury in the pancreas, while ramiprilat, an angiotensin-
converting enzyme inhibitor, did not (Tsang et al 2003). The protective mechanism
of saralasin may be related to the alleviation of the increased oxidative stress caused
by the upregulation of AT1 receptors during acute pancreatitis (Ip et al 2003).
In addition, prophylactic and therapeutic administration of AT1-R (losartan) and
AT2-R (PD1233 19) antagonists reveal a distinctive action against pancreatitis-
induced oxidative stress (Tsang et al 2004). This beneficial effect may be due, in
part, to inhibition of the AT1-R-mediated NADPH oxidase-dependent production
of free radicals and in part to the impaired pancreatic microcirculation seen in
acute pancreatitis. Another study has demonstrated that the angiotensin-converting
enzyme inhibitor does attenuate chronic pancreatitis-induced injury and pancreatic
fibrosis, possibly by means of the prevention of pancreatic stellate cell activation
(Kuno et al 2003). Despite the fact that these studies demonstrate the involvement
of the RAS blockade in acute pancreatitis, it should be stressed that these results are
based on an animal model of mild edematous pancreatitis and they might not mimic
the clinical situation which usually occurs in humans (Foitzik et al 2000). Moreover,
all available data support the potential value of a RAS blockade in treating pancreatic
inflammation in the future, even if few reports indicate that angiotensin-converting
enzyme inhibitor induces acute pancreatitis in some patients (Kanbay et al 2004;
Anagnostopoulos et al 2003; Cheng et al 2003). This may be due to the fact that
angiotensin-converting enzyme inhibitor prevents the breakdown of bradykinins.
Nevertheless, the accumulated data on the effects of a RAS blockade in pancreatic
inflammation and injury, the selective use of a specific renin-angiotensin blocker
and/or a combination therapy of a renin-angiotensin blocker plus angiotensin-
converting enzyme inhibitors may provide indications for synergistic action in the
treatment of pancreatic inflammation. Another possibility of modulating the RAS
in acute pancreatitis has come from the use of Rhodiola, a type of Chinese herb,
which may protect hypoxia-induced pancreatic injury in two ways. It prevents
hypoxia-induced biological changes by increasing intracellular oxygen diffusion and
efficiency of oxygen utilization; alternatively, it reduces hypoxia-induced oxidative
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damage by its antioxidant activities (Ip et al 2001) There is the need to design and
carry out clinical trials in order to investigate RAS blocker therapy in patients with
pancreatitis.

6. CONCLUSIONS

Local RAS is present in pancreatic acinar cells and it is activated during the
course of acute pancreatitis. This fact represents a new and important finding
in recent research and development, not only regarding the knowledge of the
pathophysiology of the acute pancreatic inflammation but also regarding the possible
therapeutic applications. However, the differential actions of AT1 and AT2 receptors
in mediating the acinar secretion of digestive enzymes have yet to be better defined.
Application of selective angiotensin II receptor inhibitors, such as the AT1 receptor
antagonist, could be an effective approach in inhibiting the oversecretion of digestive
enzymes and in attenuating pancreatic injury.
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1. INTRODUCTION

The number of people with type 2 diabetes mellitus (T2DM) has increased explo-
sively throughout the world (Yoon et al 2006). The World Health Organization
estimates that more than 180 million people worldwide have diabetes. This number
is likely to more than double by 2030 (WHO. http://www.who.int/mediacentre/
factsheets). Because the economic burden of diabetes and its related complications
is enormous, early diagnosis and prompt prevention of diabetes are important and a
promising health issue. Only strict glycaemic control can prevent or delay diabetic
complications. However, in practice, less than 40% of people with T2DM have a
glycaeted haemoglobin level within the target range. At present, regular physical
exercise and suitable diet therapy are considered the “gold standard” in preventing
T2DM in high-risk patients (Lindstrom et al 2006).

Recent clinical trials have shown that lifestyle modification cannot prevent
diabetes mellitus completely in high-risk patients with impaired glucose tolerance
(Lindstrom et al 2006). When these patients are clinically diagnosed with diabetes
mellitus, their beta cell function is remarkably low (Fukushima et al 2004),
indicating that beta cell function is already impaired in the glucose-intolerant state
and that early intervention may be too late to prevent the development of diabetes
mellitus. These results prompted our interest in the use of drugs such as metformin,
acarbose, troglitazone, and orlistat (Liberopoulos et al 2006) in individuals at high
risk of diabetes mellitus.
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In the recent Heart Outcomes Prevention Evaluation (HOPE) study, the
angiotensin converting enzyme inhibitor (ACEI) ramipril reduced the rates of death,
myocardial infarction, stroke, and heart failure, the risk of complications related to
diabetes, and the number of new cases of diabetes (Yusuf et al 2000; Yusuf et al
2001). Similar results have been reported by the recent Captopril Prevention Project
(CAPPP) study, the Losartan Intervention for Endpoint reduction in hypertension
study (LIFE) study (Hansson et al 1999; Lindholm et al 2002), the VALUE study
(Kjeldsen et al 2006), and the CHARM study (Yusuf et al 2005). These large-scale
clinical studies suggest that ACEIs and angiotension receptor blockers (ARBs) can
reduce the rate of diabetes onset, regardless of the mechanisms involved. In addition,
some studies have described the presence of angiotensin II (Ang II) receptors on the
surface of pancreatic islet beta cells, and the effects of the local renin–angiotensin
system (RAS) on isolated beta cells or islets (Leung et al 1999; Leung et al 2001;
Leung et al 2003). In the human pancreas, the angiotensin I receptor has been
identified in islets (Leung et al 2005), especially on beta cells and endothelial cells,
although this requires additional clarification. Thus, ACEIs may directly influence
pancreatic islets in animal models or in patients with T2DM.

In terms of the morphological changes of islets in T2DM, several common
findings have been noted, including islet hyalinization or islet amyloid polypeptide
deposition in islets (Ken et al 1979; Gept and Lecompte, 1981; Kloppel et al 1985),
islet fibrosis, decreased beta cell mass (Stefan et al 1982; Clark et al 1988; Sakuraba
et al 2002; Yoon et al 2003), and increased proportion (relative volume) of alpha
cells (Yoon et al 2003). Recent data from our laboratory and others indicate that
pancreatic stellate cells (PSCs) are involved in pancreatic islets fibrosis in an animal
model of T2DM, RAS activation, and even in the islets of patients with T2DM
(unpublished data). Understanding the role of PSCs and local RAS in islet fibrosis
and the development of T2DM would be helpful in developing alternative strategies
to prevent or treat T2DM.

2. PSCS AND ISLET FIBROSIS

2.1. PSCs

PSCs were first described in the pancreas in 1982 (Watari et al 1982). Since their
isolation in 1998, PSCs have been identified as the major source of the extracel-
lular matrix proteins found in chronic pancreatitis or pancreatic fibrosis in both
experimental animals and humans (Apte et al 1999). Stellate-shaped cells comprise
about 4% of all pancreatic cells and have a periacinar distribution (Apte et al 1998).
In the quiescent state, PSCs contain numerous vitamin A-storing lipid droplets in
their cytoplasm and stain for desmin and glial fibrillary acidic protein (Fig. 1)
(Apte et al 1998; Bachem et al 1998). PSCs are activated by various cytokines
and growth factors, such as platelet-derived growth factor (PDGF), transforming
growth factor � (TGF-�), activin A, TGF-�, basic fibroblast growth factor, tumour
necrosis factor � (TNF-�), interleukin 1 (IL-1), and IL-6 (Powell et al 1999; Jaster
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Figure 1. Phase-contrast microscopy of cultured PSCs isolated from rat pancreas. (A) PSCs showing
perinuclear fat droplets three days after seeding. (B) PSCs showing fewer fat droplets and long
cytoplasmic extensions after seven days in primary culture

et al 2002; Jaster et al 2004). Of these, PDGF and TGF-� exert potent proliferative
effects on PSCs (Kruse et al 2000; Jaster et al 2002). PSCs can also synthesize
and secret cytokines, such as TNF-�, IL-1, PDGF, and TGF-�, suggesting that
PSCs have an autocrine action once activated by pancreatic inflammation (Powell
et al 1999). PSCs transform into myofibroblast cells and stain positively for alpha-
smooth muscle actin (�-SMA) (Fig. 2) (Apte et al 1999). PSCs characteristically
display prominent cytoplasmic actin filaments, and they are connected to each other

Figure 2. Immunofluorescence staining for vimentin (green colour, A), desmin (green colour, B),
�-SMA (green colour, C) in cultured PSCs isolated from rat pancreas (original magnification 400×).
Blue, nuclei of PSCs stained with DAPI
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by gap junctions. Activated PSCs show markedly increased synthesis of extracel-
lular matrix protein, such as collagen type I and type III, fibronectin, and laminin,
in response to various stimuli (Haber et al 1999; Yokota et al 2002). Many recent
reports provide evidence that activated PSCs are involved in pancreatic fibrogenesis,
including chronic pancreatitis and pancreatic fibrosis (Haber et al 1999; Yokota
et al 2002).

2.2. Pancreatic Fibrosis and Pancreatic Stellate Cells (PSCs)

PSCs play a crucial role in the pathogenesis of pancreatic fibrosis in both experi-
mental animals and humans. Pancreatic fibrosis is caused by alcohol abuse (Suda
et al 1994), pancreatic duct obstruction (Suda et al 1990), biliary disease (Suda
and Miyano 1985), and acute pancreatitis (Suda and Tsukahara 1992). Chronic
alcohol abuse is the most common cause of pancreatic fibrosis and chronic pancre-
atitis (Singh and Sinsek 1990). Fibrosis is accompanied by the appearance of cells
with anti-�-SMA immunoreactivity (Suda 2000). An increased number of �-SMA-
positive cells have been observed in cerulein-induced acute pancreatitis (Yokota
et al 2002), TNBS-induced chronic pancreatitis (Haber et al 1999), and pancreatic
sections from human alcoholic pancreatitis. In such conditions, the �-SMA-positive
cells surround the pancreatic acini, and extracellular matrix protein is then deposited.
These studies suggest that PSCs are activated in these experimental and human
pancreatic fibrosis models and that the activated PSCs are the main cellular source
of collagen in acute and chronic pancreatitis.

2.3. Islet Fibrosis and PSCs

In our previous report, the ACEI ramipril significantly attenuated islet fibrosis in
Otsuka Long Evans Tokushima fatty (OLETF) rats, an animal model of T2DM (Ko
et al 2004]. Interestingly, the proliferation of �-SMA-positive PSCs, fibrosis of
the pancreatic islets, and extracellular matrix production in the pancreas increased
significantly in OLETF rats, and this effect was attenuated by ramipril treatment
(Fig. 3). We found prominent islet fibrosis with destroyed islet architecture, which
was accompanied by �-SMA-positive cells in advanced a T2DM animal model
without evidence of pancreatitis. This differed somewhat from the results of previous
studies, which described the role of PSCs in pancreatic exocrine fibrosis.

In general, the pathological manifestation of pancreatic islets in patients with
T2DM includes reduced beta cell mass, amyloid deposition, and eventually islet
fibrosis similar to the islet fibrosis observed in OLETF rats (Yoon et al 2003; Cooper
et al 2006). OLETF rats with diabetic progression display severe islet destruction
as a result of fibrosis, which is accompanied by increased pancreatic expression
of �-SMA, a specific marker of PSCs, especially surrounding the destroyed islets
(Yoshikawa et al 2002; Ko et al 2004). These data suggest that PSCs have a role
in both pancreatic exocrine fibrosis and islet fibrosis in models of T2DM, although



THE RENIN-ANGIOTENSIN SYSTEM IN PANCREATIC STELLATE CELLS 77

Figure 3. Immunohistochemical staining with trichrome (A, D), TGF-� (B, E) and �-SMA (C, F) in
the pancreatic tissue of OLETF rats. In ramipril-treated OLETF rats (A–C), TGF-� expression (brown
colour) was relatively confined to the islets and some exocrine tissues (B). However, in OLETF controls,
more extensive TGF-� staining was detected in the whole pancreas (E) compared with the ramipril-
treated animals (B), and was accompanied by destroyed islet structure and profound islet fibrosis (D).
Expression of �-SMA showed a similar pattern. Compared with ramipril-treated OLETF rats (C), more
intense brown-coloured �-SMA immunostaining (arrow) was observed in small ring-shaped vessels
in the enlarged and disorganized pancreatic islets of the control OLETF rats (F). Reproduced with
permission from BBRC

this needs to be clarified. There are no reports on whether PSCs are involved in the
pathogenesis of T2DM in any model of pancreatic inflammation.

We have also reported that ACEIs attenuate islet destruction by fibrosis and have
some beneficial effects on extracellular matrix protein expression; these effects
are accompanied by the suppression of �-SMA expression in an animal model of
T2DM. These findings imply that islet fibrosis and PSC proliferation are related to
the renin–angiotensin system.

3. RAS AND PSCS

3.1. Expression of RAS in PSCs

Classically, the systemic RAS plays a crucial role in maintaining blood pressure
and electrolyte balance through its action on vascular smooth muscle cells and
aldosterone secretion. Ang II is a vasoactive agent that participates in haemody-
namic regulation. The RAS system works both systemically and locally; the local
RAS exists in the kidney, adrenal gland, pituitary gland, brain, adipose tissue, and
pancreas (Vinson et al 1998; McKinley et al 2003; Crandall et al 1994). Ang II also
plays an important role in tissue inflammation beyond its haemodynamic effects
(Ruiz-Ortega et al 2000; Suzuki et al 2003), and this effect is mediated mainly
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through the local RAS. Ang II receptor subtypes are present in the rodent pancreas,
predominantly in the epithelia of pancreatic ducts and vessels and in pancreatic
acinar cells (Leung et al 1999; Leung and Carlsson 2001).

Locally produced Ang II promotes the recruitment of inflammatory cells, induces
the expression and secretion of extracellular matrix proteins, and inhibits collagen
degradation (Wolf and Neilson 1993; Ruiz-Ortega and Egido 1997; Suzuki et al
2003). Ang II modulates cell growth by inducing hyperplasia or hypertrophy,
depending on the cell type (Ruiz-Ortega et al 2000) and participates in tissue repair
and fibrogenesis of extra-cardiovascular organs during inflammation (Nagashio et al
2004). Ang II also promotes pulmonary fibrosis accompanying lung injury (Marshall
et al 2004), and mediates hepatic fibrosis after chemically induced chronic liver
injury (Yoshiji et al 2001). In addition, in renal fibrosis, Ang II activates mesangial
cells, tubular cells, and interstitial fibroblasts; activation increases the expression
and synthesis of extracellular matrix proteins mediated by the release of growth
factors (Wolf and Neilson, 1990; Wolf et al 1993).

The RAS is believed to play a key role in tissue remodelling and fibrogenesis in
the kidney, heart, and liver, suggesting that Ang II plays some part in pancreatic
inflammation. Experimentally induced acute and chronic pancreatitis or chemically
induced pancreatic injury increase Ang II receptors and angiotensinogen in the
pancreas (Yoshiji et al 2001; Nagashio et al 2004), and ACEIs attenuate pancreatic
fibrosis an in vivo model (Kuno et al 2003). More recent studies have shown that
blocking the RAS attenuates pancreatic inflammation and fibrosis (Kuno et al 2003)
and liver fibrosis (Yoshiji et al 2001). Blockade of RAS activity by ACEIs or ARB
in animal models of chronic liver disease attenuates the progression of liver fibrosis.
Therefore, the RAS is believed to play a role in tissue remodelling and fibrogenesis
in the kidney, heart, and blood vessels (Campbell and Katwa 1997; Marshall et al
2004), liver (Yoshiji et al 2001), and pancreas.

We have previously observed increased expression of mRNA for components
of the tissue RAS, such as angiotensin 1a (Ang 1a), angiotensin 1b (Ang 1b),
angiotensinogen, and Ang II in PSC cultures, suggesting that the RAS is involved
in PSC proliferation or activation (Reinehr et al 2004; Ko et al 2006). Most known
actions of Ang II are mediated by angiotensin I, including vasoconstriction and
the deposition of matrix proteins (Leehey et al 2000; Bataller et al 2003). In our
study, Ang 1a receptor was upregulated significantly in response to high glucose
concentration, whereas Ang 1b and Ang 2 mRNA expression was unchanged. Ang
1a protein expression was upregulated significantly by high glucose concentration,
suggesting that the effect of Ang II on PSCs is also mediated by Ang 1a (Ko et al
2006). Combined with data obtained in our in vivo model, these data suggest that
PSCs and the RAS are, at least partially, involved in the pathogenesis of T2DM.

3.2. Effect of Glucose on the Expression of RAS in PSCs

We have shown that PSCs are activated by high glucose concentrations and
that PSC proliferation following high-glucose stimulation is accompanied by
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Ang II production. Moreover, extracellular matrix protein and TGF-� expression
increased in the culture medium containing high glucose concentration after
the increase in Ang II. In addition, high-glucose concentration-induced Ang II
production was virtually abolished by preincubation of the PSCs with an ACEI.
This decrease was greater in ramipril-treated PSCs than in candesartan-treated
PSCs (Fig. 4).

The mechanism underlying the Ang II increase in response to glucose has not
been clarified. In the proximal tubule cells of the kidney, a glucose response
element has been identified in the angiotensinogen gene promoter, and high glucose
stimulates angiotensinogen synthesis in a concentration-dependent manner (Zhang
et al 1999; Hsieh et al 2002; Giacchetti et al 2005). In mesangial cells, high
glucose concentration increases Ang II generation due to an increase in intracellular
renin activity mediated by three or more factors: the time-dependent stimulation
of (pro)renin gene transcription, reduction in prorenin enzyme secretion, and an
increased rate of conversion of prorenin to active renin, probably mediated by
cathepsin B (Vidott et al 2004). Further studies are required to clarify the exact
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mechanism responsible for the effect of high glucose concentration on Ang II
production in PSCs.

4. TYPE 2 DIABETES AND ISLET FIBROTIC DESTRUCTION
INDUCED BY PSC ACTIVATION

In contrast to acute or chronic pancreatitis, in which fibrosis involves mainly
the whole exocrine pancreatic tissue, pancreatic fibrosis in people with T2DM
is confined mainly to the endocrine pancreatic islet tissue, even though entire
pancreatic tissue is exposed to hyperglycaemia. We propose that pancreatic fibrosis

A

B

α
-S

M
A

 p
o

si
ti

ve
 c

el
ls

 (
%

 o
f 

co
n

tr
o

l)

0

1

2

3

4

5

*

*

**
**

*

*

#

Glucose (mM) 27.75.627.75.6

Insulin (IU/ml) 101000

G27.7G5.6

G27.7G5.6
Ins 10Ins 10

Figure 5. Effect of high glucose and insulin concentrations on the activation of quiescent PSCs assessed
by immunostaining (A) and western blotting (B) with anti-�-SMA antibody. Combined stimulation by
glucose (27.7 mM) and insulin (10 IU/ml) markedly increased the expression of �-SMA, a specific
marker of PSCs. * p < 0.05 vs. 5.6 mM glucose; ** p < 0.05 vs. 27.7 mM glucose; # p < 0.05 5.6 mM
glucose + 10 IU/ml insulin vs. 27.7 mM glucose + 10 IU/ml insulin (unpublished data)



THE RENIN-ANGIOTENSIN SYSTEM IN PANCREATIC STELLATE CELLS 81

is an important factor explaining the decreased pancreatic beta cell mass and
progressive loss of beta cells in patients with T2DM. One possibility is that PSCs
in the islets are exposed to both hyperglycaemia hyperinsulinaemia. Insulin or
insulin-like growth factor 1 is a well-known mitogen for fibroblasts and smooth
muscle cells, and PSCs in the islets might be predisposed to activate and proliferate
by hyperglycaemia or hyperinsulinaemia or both.

Insulin is a potent cell growth factor and is secreted continuously at a relatively
high concentration into the capillaries within the islets, although relative insulin
deficiency in the whole body occurs in T2DM. We hypothesized that local hyper-
insulinaemia in the islets might predispose toward PSC activation and proliferation
in a hyperglycaemic environment. In a recent study, we found that hyperglycaemia
alone may not be enough to activate the PSCs in the whole pancreas, and we
suggested that other factors that induce activation of PSCs might exist in the islets of
diabetic rats. We demonstrated that glucose is more potent and enhances PSC prolif-
eration gradually in a dose- and time-dependent manner. Although not as effective
as glucose, insulin also significantly influences PSC proliferation within the limited
concentration range. PSCs treated concomitantly with glucose and insulin produced
a peak concentration that was nearly six times the basal level, confirming the
additive effect of glucose and insulin (Fig. 5).

The signalling pathways activating stellate cells are not fully understood, although
several studies show that the ERK pathway (Hama et al 2004) and the p38
MAPK (mitogen-activated protein kinase) pathway (Masamune et al 2003) are
involved. In our study, glucose and insulin induced ERK 1/2 phosphorylation in a
dose-dependent manner. Moreover, connective tissue growth factor, an important
downstream mediator of TGF-� activity (Paradis et al 2001), was significantly

A B

Figure 6. Immunostaining of �-SMA in a pancreatic section from a healthy human (A) and a patient
with T2DM (B). Compared with the sample from the healthy person, the pancreatic islets of the diabetic
patient show increased expression of �-SMA (brown colour) especially in the pancreatic islets
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upregulated by high glucose and insulin concentrations and nearly completely
suppressed by the MAPK inhibitor, U0126.

The clinical implication of the activated PSCs in the pathogenesis of T2DM has
been investigated infrequently. We examined pancreatic sections from patients with
T2DM and found prominent �-SMA immunostaining compared with staining in
a sample from a healthy person (Fig. 6). The clinical significance of this finding
should be further evaluated.

In summary, it appears that hyperglycaemia and hyperinsulinaemia are the two
crucial mitogenic factors that induce the proliferation of PSCs; the presence of these
two factors at the same time probably amplifies this effect. Therefore, rigorous
control of the blood glucose concentration and improving the insulin resistance
associated with diabetes may suppress fibrosis of the pancreas. Products that inhibit
the fibrosis pathway, such as U0126, may be promising agents for treating diseases
that induce pancreatic fibrosis, including diabetes.

5. CONCLUSIONS

PSCs play an important role in the pathogenesis of pancreatic inflammation and
fibrosis. We have found that PSCs are involved in the progression of islet fibrosis
in an animal model of T2DM and, possibly, in people with T2DM. There is
much evidence that the PSC activation and proliferation are associated with Ang
II production in pancreatic fibrosis. High concentrations of glucose and insulin
contribute to PSC proliferation, although the exact mechanisms remain to be
confirmed. Both in vitro and in vivo studies indicate that ACEIs attenuate islet
destruction caused by fibrosis and that these have some beneficial effects on glucose
tolerance by suppressing of PSC activation and proliferation.

We suggest that PSCs are partially involved in the pathogenesis of islet-confined
extracellular matrix protein deposition and fibrosis in T2DM, and we propose that
ACEIs have a beneficial protective action against islet fibrosis and beta cell loss,
and in preventing fibrogenesis in various tissues.
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CHAPTER 5

RENIN-ANGIOTENSIN SYSTEM PROTEASES
AND THE CARDIOMETABOLIC SYNDROME:
PATHOPHYSIOLOGICAL, CLINICAL
AND THERAPEUTIC IMPLICATIONS
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1. INTRODUCTION

Obesity, Type 2 Diabetes Mellitus (T2DM) and Cardiovascular Disease (CVD) are
worldwide leading causes of morbidity and mortality. Once considered as separate
metabolic and hemodynamic/cardiovascular entities respectively, it has become
nowadays clear that the relationship between these conditions is not coincidental,
and has common pathophysiological features that allows considering both obesity
and T2DM as part of the cardiovascular diseases spectrum. Furthermore, from a
clinical standpoint it is also clear that cardiovascular risk factors seldom are isolated
findings, but frequently present as a clustering of different conditions, including
abnormalities in blood pressure, body weight, glucose homeostasis and albuminuria.

The tendency of CVD risk factors to cluster has been described in the medical
literature since the decade of 1920s (Avogaro et al 1967). However, the concept
of Cardiometabolic Syndrome (CMS) is still evolving, and makes reference to
a group of cardiovascular /metabolic risk factors, including hypertension (HTN),
dysglycemia, atherogenic dyslipidemia, albuminuria and obesity, which confer an
excess high risk for CVD than its individual components.

Several names have been given to the condition, including Syndrome X,
Dysmetabolic Syndrome, Insulin Resistance Syndrome, Metabolic Syndrome and
more recently Cardiometabolic Syndrome. In addition, numerous worldwide organi-
zations have described the CMS and have used different definition criteria, which
take into account the current epidemiologic, clinic and pathophysiological evidence
available about the condition. These include the National Cholesterol Education
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Program (NCEP) Adult Treatment Panel III (ATP III), the World Health Organi-
zation, the European Group for Study of Insulin Resistance (EGIR), the American
Association of Clinical Endocrinologists (AACE) and the International Diabetes
Federation (IDF) (Table 1). Nevertheless, despite existing debate about the different
criteria required for the diagnosis of CMS and their clinical relevance, all systems
do acknowledge the importance of obesity.

Obesity, largely resultant from decreased physical activity, high caloric diets
rich in saturated fats and carbohydrates, appears to account for most of the steady
increase in the incidence and prevalence of the CMS in the world (Manrique,
et al 2005). For instance, in the U.S. general population, the prevalence of the
CMS reached 22.8% in adult men and 22.6% in adult women from 1988 to 1994,
according to analysis based on the Third National Health and Nutrition Survey
(NHANES III) and the National Cholesterol Education Program (NCEP) (Park
et al 2003). The NHANES III is considered one of the most recent surveys of a
representative U.S. population. More recent analysis from the NHANES III, from
1999 to 2000, documented an increased global prevalence of 34.5% of adults.
The prevalence of the CMS increases with age, and has been estimated to be
approximately 43.5% in US adults over 50 years old. On the other hand, the
occurrence of T2DM without CMS is uncommon, as only 13% of type 2 diabetics
did not had features of CMS in a sub-analysis based on the NHANES III (Alexander
et al 2003).

Furthermore, when the newer International Diabetes Federation (IDF) criteria, in
which the presence of obesity is required, were used in adult US population, the
estimated prevalence of the CMS further augmented to 39% (Ford, 2005). Finally,
ethnicity plays also a key role in the CMS features, as is exemplified by the higher
prevalence of CMS in Mexican-Americans (Ford, 2005). The ethnicity role was
taken into account in the newer IDF definition criteria, as different anthropometric
measurements cutoffs are used in different populations (Lorenzo et al 2006).

Data from the NHANES survey also provide concerning insights into the epidemi-
ology of CMS in young populations. Prevalence of the condition appears to have
increased from 4.2% during the period 1988–1992, to 6.4% between 1999 and
2000, reaching more than 30% of overweighed adolescents, roughly more than 2
million people (Duncan et al 2004).

As previously discussed, the dramatic increase in the incidence and prevalence of
CMS appears to be largely accounted for by obesity, considered to be the epidemic
of the new millennium. Indeed, both industrialized and non-industrialized countries
have experienced an alarming increase in both overweight and obesity. American
epidemiologic data report an increase of 110% in the prevalence of obesity during
the past three decades (Stein and Colditz, 2004), while excess body weight affects
roughly 65% of the general adult population (Flegal, et al 2002). These trends are
not exclusive to the United States, but are closely followed by the rest of the World,
according to data from the World Health Organization (WHO) (James, et al 2001).

Genetic factors certainly influence excess adiposity, but environmental factors,
related to diet and exercise carry most of the responsibility in the development of
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excess body weight. Both overweight and obesity appear to be largely related to
industrialization of societies, which has produced a drastic reduction in the levels
of physical activity, while simultaneously energy intake has increased, and is based
mainly in highly caloric and fat-dense foods. On the other hand, distribution of
adiposity appears to be also of paramount importance. In addition to obesity, it has
been estimated that visceral-type adipose tissue distribution is associated with the
presence of CMS in both men and women above 70 years old, even in presence
of normal body weight (Goodpaster, et al 2005). Excess and dysfunctional visceral
adipose tissue could serve as a source of increased fatty acid (FA) delivery to
the portal circulation, leading to insulin resistance in the liver, as demonstrated by
Bergman and coworkers in experimental conditions (Bergman, et al 2001).

However, other experimental evidence only partially supports the above
mentioned hypothesis, as both subcutaneous adiposity and total fat body content
have also been related to insulin resistance (Albu, et al 2000). An alternative
“ectopic fat storage” hypothesis has been proposed, in which lipids are abnormally
deposited in tissues such as liver, skeletal muscle and pancreatic beta cells, leading
to insulin resistance and T2DM (Ravussin and Smith, 2002). Certainly, studies
have reported a strong association between triglycerides accumulation in skeletal
muscle, in particular intramyocellular triglyceride content, and insulin resistance in
vivo (Krssak, et al 1999). Abnormalities in the development of adipose tissue, as
is the case in lipodystrophic disorders, lead to ectopic lipid deposits in the liver,
skeletal muscle and, and are related to insulin resistance. In fact, it has been also
postulated that obesity is itself a disorder of ectopic lipid storage, as in addition to
increased adipose tissue, obese patients (as well as type 2 diabetics) also exhibit
excessive liver and skeletal muscle lipid deposits (Goodpaster et al 2000). As
is widely known, adipose tissue in obese individuals is dysfunctional, both from
functional and morphologic standpoints. Enlargement of adipocytes has been proven
to be strongly related to insulin resistance (Schneider, 1981, Ravussin et al 2002).
Adipocytes are derived from mesenchymal pluripotential stem cells, in a process
that involves numerous transcriptional and posttranscriptional events. Disturbances
in these differentiation and proliferation steps could lead to failure of adipose tissue
in adaptation to excess caloric intake, dysfunctional adipose tissue characterized by
enlarged adipocytes, and ectopic lipid storage, a process in which abnormalities in
lipid oxidation can also participate (Ravussin et al 2002).

2. ADIPOSE TISSUE AS AN ENDOCRINE ORGAN
AND INSULIN RESISTANCE

It is known that adipose tissue is not an inert tissue only dedicated to lipids and
energy storage. Instead, adipose tissue, which includes not only adipocytes but also
vascular structures, stromal tissue and preadipocytes, is an active endocrine organ
with multiple functions and is a key player in the modulation of energy homeostasis.
Numerous adipokines, with endocrine, autocrine and paracrine activities are origi-
nated in adipose tissue (Fig. 1).
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Figure 1. Adipose tissue production of adipokynes and their role in diverse biologic processes

As previously discussed, in obesity, as well as in CMS, adipose tissue is
dysfunctional and contributes both to the development of a chronic low-grade
inflammatory environment and to insulin resistance (Pickup, 2004).

Several substances, such as Fatty Acids (FA) are released from dysfunctional
adipocytes, and have been strongly implicated in development of insulin resistance.
In insulin resistance conditions, the antilipolytic effect of insulin is impaired, and
persistently elevated FA levels promote hepatic gluconeogenesis (by stimulation of
pyruvate carboxylase and phosphoenolpyruvate carboxykinase), interfere intracel-
lular insulin signaling, and ultimately promote oxidative stress and insulin resistance
(Bays et al 2004). In addition, adipokines such as resistin can also induce hepatic
insulin resistance, as well as impairment of skeletal muscle glucose uptake and
hepatic glucose production (Pittas et al 2004). Tumor Necrosis Factor � (TNF-�),
one of the first cytokines implicated in inflammation has been shown to induce
insulin resistance. Mainly through paracrine actions, TNF-� appears to contribute
to increased FA concentrations and reduced secretion of adiponectin, an adipokyne
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with insulin sensitizing activity. TNF-� also induces serine phosphorylation of
the first Insulin Receptor Substrate (IRS-1), hampering the tyrosine phosphory-
lation process required for normal insulin signaling, and activates the inflam-
matory Nuclear Factor �B (NF-�B) pathway, increasing the expression of adhesion
molecules in endothelial cells and in vascular smooth muscle cells (VSMC)
(Hotamisligil et al 1994).

As opposed to TNF-�, Interleukin-6 (IL-6) action is both endocrine and paracrine.
Circulating levels of IL-6 are significantly associated with body mass index (BMI),
insulin resistance and impaired glucose tolerance (Fernández-Real and Ricart, 2003).
The mechanisms explaining the influence of IL-6 on insulin sensitivity are not
fully uncovered, but appear to involve the expression of Suppressor of Cytokines 3
(SOCS-3), which secondarily impairs insulin transduction (Senn et al 2003), as well
as an antagonistic effect on Adiponectin secretion (Kristiansen and Mandrup-Poulse,
2005).

On the other hand Adiponectin, first characterized in 1995 and previously
known by multiple names including adipoQ, AcrP30 and Gelatin Ligand Protein,
appears to confer a protective effect against the metabolic abnormalities that charac-
terize the CMS (Kadowaki et al 2006). The mechanisms underlying Adiponectin
actions are still to be characterized, and include increased FA oxidation in skeletal
muscle, reduced hepatic glucose output, suppression of the expression of adhesion
molecules, and inflammatory molecules (TNF-�), reduction of intimal vascular
proliferation and stimulation of Nitric Oxide (NO) synthesis (Goldstein and Scalia,
2004, Ouchi et al 2003). Adiponectin is also able to stimulate the AMP-activated
Protein Kinase (AMPK) cascade, thus promoting lipid as well as carbohydrates
oxidation (Hardie, 2004).

3. THE RENIN-ANGIOTENSIN SYSTEM AND ITS PROTEASES:
EVOLVING CONCEPTS

The Renin-Angiotensin System (RAS) can be conceptualized as a complex network
of tightly regulated hormonal cascades that participate in the regulation of cardio-
vascular, renal and adrenal functions, which ultimately contribute to the control
of blood pressure and electrolyte sodium/potassium balance. The RAS system has
been characterized for more than 30 years (Peach, 1977) and is still an active and
exciting field of research. Over the last decade, numerous advances in cellular
and molecular biology have allowed to greatly expand our knowledge about the
RAS, including the discovery of new proteins, novel functions of already known
peptides, new receptors, interactions within the system and with other systems, and
the existence of local RAS systems.

Classically described, the system involves translation of Renin messenger RNA
(mRNA), derived in humans from a single gene, to produce Preprorenin in the
juxtaglomerular cells of the renal afferent arterioles. Further processing includes
glycosilation and removal of a signal peptide in the rough endoplasmic reticulum,
yielding to Prorenin. In turn, Prorrenin is packed in immature granules in the Golgi
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apparatus, where further cleavage leads to Renin in a process probably involving
trypsin-like enzymatic activity (Griendling, 1993). Renin, in its mature form, is an
approximately 44 KDa glycosilated carboxypeptidase. The catalytic region of Renin
contains critical aspartic acid residues, and this protease exhibits high specificity for
Angiotensinogen, its natural substrate (Blundell et al 1983). Classically, no direct
biologic actions other functions besides its catalytic activity have been attributed to
Renin, but recently a renin receptor has been cloned in mesangial cells by Nguyen
and coworkers, suggesting additional specific cellular functions for this peptide
(Nguyen et al 2002).

Angiotensinogen, a 55-65 KDa globular glycoprotein belonging to the family of
serine protease inhibitors (Serpins), is abundantly produced in the liver, but also has
been identified in multiple tissues, including adipose tissue, heart, vasculature, brain
and kidney. Angiotensinogen appears also to derive from a single gene in humans.
Angiotensinogen undergoes processing before becoming substrate for Renin, which
involves co translational removal of a signal peptide (Dickson and Sigmund, 2006).
No additional biological functions have been attributed to Angiotensinogen so far,
apart from its function as a substrate for Renin in the RAS. Activity of this enzyme
leads to formation of the decapeptide Angiotensin I (Ang I).

In turn, Angiotensin Converting Enzyme (ACE) is an approximately 180 kDa
glycoprotein with two active carboxy-terminal sites that converts biologically
inactive Ang I, through cleavage of its C-terminal dipeptide, into active Angiotensin
II (Ang II). This dipeptidyl carboxypeptidase contains a molar equivalent of
zinc-hence being included in the family of zinc metallopeptidases-which is active
in the hydrolytic step of the catalytic action on Ang I (Bunning et al 1983).

ACE consists of a hydrophobic single proteic chain. The majority of the enzyme
is membrane-bound, but there is also a significant proportion of soluble ACE.
Vascular endothelial cells, brush border of epithelial cells, neuroepithelial cells and
endothelial cells express mainly membrane-bound ACE. In addition, the enzyme
appears to be derived from a single gene (Griendling et al 1993).

As already known, ACE does not only catalyzes the activation of Ang II, but
also inactivates Kallidin and the potent vasodilator Bradykinin (1-9), transforming
it into the inactive Bradykinin (1-7). The net result of ACEI actions is thus severe
vasoconstriction, as Bradykinin’s vasoactive effect is mediated via production of NO
and vasodilating prostaglandins, such as diverse prostanoids and prostacycline. Ang
II is inactivated by specific angiotensinases, which rapidly catalyze the proteolytic
degradation of Ang II to Ang (1-7) Ang (2-8) (Ang III), and Ang (3-8) (Ang IV),
abrogating its vasoconstricting effect.

3.1. Angiotensin Converting Enzyme 2

The characterization of ACE 2 as an enzyme structurally similar to ACE in
the year 2000 indisputably opened new perspectives in our contemporary under-
standing of the RAS (Carey et al 2003). Tipnis and coworkers (Tipnis et al
2000) described human ACE 2 (initially named ACEH for Angiotensin Converting
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Enzyme Homolog and also known as ACE-related Carboxypeptidase) as a zinc
metalloproteinase with significant homology to ACE, but with predominantly
carboxypeptidase instead of dipeptidyl carboxypeptidase. This feature confers ACE
2 a different biologic activity. Indeed, ACE 2 does not contribute to the generation
of Ang II. Instead, the result of the activity of ACE 2 on Ang I is Ang (1-9), whereas
the product of Ang II cleavage is Ang (1-7), thus providing a degradation pathway
for Ang II and counterbalancing the actions of ACE. ACE 2 is encoded by a single
gene mapped to Chromosome X (Crackower, 2002), and is widely distributed in
diverse tissues, particularly in the kidneys, heart and gonads.

Actions of Ang (1-7) oppose those of Ang II, as it stimulates vasodilatation,
inhibition of VSMC growth, through NO production, Ang II inhibition, production
of vasodilatory prostaglandins, and enhancement of bradykinin activity (Paula et al
1995). Even if specific receptors for Ang (1-7) have not been yet fully characterized,
its biologic activity appears to be mediated through binding to endogenous ligands
coupled to G Proteins and interactions with Angiotensin II Receptor 1 (AT1R)
(Carey et al 2003).

3.2. Angiotensin II Receptors

Ang II was originally identified as a hormone involved in the regulation of blood
pressure, vascular tone, waster as well as electrolyte balance. However, the spectrum
of this octapeptide has considerably expanded during the last decades, and now
includes modulation of the structure of different tissues, remodeling and fibrosis
in diverse tissues, in particular cardiovascular and renal. The actions of Ang II are
mediated by interaction with specific receptors. Angiotensin II receptors AT1R and
AT2R have been identified as G Protein-coupled receptors which however do not
share the same intracellular signaling pathways and spectrum of biologic activity.
These are not the only receptors characterized, as exemplified by the description
of AT4 receptors, but classically most of known activities of Ang II are mediated
through interaction with AT1R, which has two main subtypes identified both in
rodent models and in humans: AT1a and AT1b (Konishi et al 1994). While AT1b

receptors predominate in the pituitary and adrenals and have been more implicated
in dipsogenic responses to Ang II, AT1a receptors are more widely distributed
and are involved in the regulation of the vascular tone and sodium homeostasis,
regulation of endothelial cell function and vascular proliferation.

AT1R gene has been mapped to chromosome 3, and is highly expressed in smooth
muscle cells, fibroblasts, as well as in atrial and ventricular myocytes (Allen et al
1999). The amino terminal portion and the first and third loops of the transmem-
brane domain of this glycoproteic receptor are responsible for the interaction with
Ang II (Hjorth et al 1994). Upon binding and subsequent activation, AT1R–mediated
responses involve not only direct intracellular signaling, but also cross-talk with
other signaling pathways, including AT2R, other vasoactive substances, cytokines
and growth factors (Berry et al 2001).
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Ang II-AT1R coupling induces the activation of heterotrimetric G proteins in a
process that involves exchange of GTP for GDP, which in turn leads to release of
activating G�- GTP and �� complex. The specific intracellular resultant pathway
depends upon the specific subunit activated. For instance, the activation of G�q leads
to activation of Phospholipase C (PLC) pathway, G�i and Gaolf induce adenylate
cyclase and the cyclic Adenosine Monophospate (cAMP), while G�i activation
induces cyclic GMP and Gi inhibits cAMP formation.

AT1R activation triggers a series of downstream phosphorylations that elicit
multiple vascular responses. In VSMC, proliferation and growth is mediated by
intracellular phosphorylation of tyrosine kinase-active molecules, including PLC,
Src kinases, Janus Kinases (Jak, Tyk), Focal Adhesion Kinase (FAK), Calcium-
dependent tyrosine kinases (PYK2) and Phosphatidyl Inositol 3 Kinase (PI3K). In
addition, tyrosine kinase-type growth factors receptors such as Epidermal Growth
Factor Receptor (EGFR) and Platelet Derived Growth Factor Receptor (PDGFR)
and Insulin Like Growth Factor 1 (IGF-1) are also activated by AT1R.

Interestingly, Ang II/AT1R activates the Jak-STAT pathway, which is also part
of the signaling pathway of cytokine receptors, leading to activation of growth
response genes which could contribute to cardiac tissue remodeling (Berk, 1999).
Cell migration, hypertrophy and adhesion are also stimulated through FAK induction
of autophosphorylation and association with surface integrins (Govindarajan et al
2000).

PI3K pathway is also activated through AT1R, leading to phosphorylation of
inositol lipids to produce 3-phosphoinositides, which affect cellular metabolism,
survival, growth and cytoskeletal structure in VSMC (Saward et al 1997). Other
important mediators of vascular modulation, including Mitogenic Activated Protein
Kinase (MAPK), and small GTP-binding molecules such as Ras, Rho, and Cdc42,
have been demonstrated to be up-regulated by Ang II/AT1R (Berry et al 2001).

3.3. The Angiotensin II Receptor 2

The Angiotensin II Receptor 2 (AT2R) is also a G protein–coupled protein. Upon
stimulation, AT2R-mediated responses appear to counterbalance those mediated
through AT1R, and in rodents include increased generation of bradykinin, NO, and
cGMP, which share vasodilating properties. AT2R appears to mediate water and
sodium homeostasis in the kidney, as well as pressure natriuresis (Ozono et al
1997). In addition to the aforementioned actions, hemodynamic responses mediated
by AT2R appear to involve in experimental conditions increased production of
vasodilating prostaglandins PGE2 PGF2� and PGI2, mediated by activation of
Hydroxyeicosatetrenoic acid (HETE), an arachydonic acid-derived metabolite. Also
in animal models, active AT2R promotes apoptosis through inhibition of AT1R-
mediated dephosphorylation of MAPK, in particular ERK1 and ERK 2 (Huang et al
1996), as well as inhibition of the activity of Bcl-2 through its dephosphorylation
(Horiuchi et al 1997).
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Importantly, opposing actions of AT1R and AT2R appear to be the result of a
balance in their relative tissue expression. Indeed, there is a negative cross-talk
between the two receptors subtypes, and the resulting balance contribute to the
regulation of cellular growth, as overexpression of AT2R in animal models results in
inhibition of AT1R intracellular activity (Hirochi et al 1999). In rat cardiomyocytes
AT1R-mediated hypertrophy is up-regulated by AT2R inhibition, while in renal
tissue sodium retention mediated by AT1R is counterbalanced by AT2R (Booz et al
1996, Madrid et al 1997).

In humans however, while AT1R has wide distribution and expression in adult
tissues, AT2R has high expression only in fetal tissues (Aguilera et al 1994). Also
in human adults, detectable levels of AT2R are found in the coronaries and aortic
vascular tissue, and they can be up-regulated by use of Angiotensin II receptor
blockers and in some pathologic conditions, including heart failure and myocardial
infarction (Watanabe et al 2005). Actually, it has been suggested that AT2R could
exert a bradykinin/NO- mediated vasodilating protective effect against ischemia in
vascular tissues, as shown by Tsutsumi et al (Tsutsumi et al 1999).

4. RAS, INFLAMMATION AND OXIDATIVE STRESS

Excessive RAS activity has multiple deleterious effects, including stimulation of
oxidative stress through production of Reactive Oxygen Species (ROS), as well as
induction of inflammatory, prothrombotic and fibrotic states which ultimately lead
to atherosclerosis (Fig. 2).

Inflammatory actions of Ang II appear to be mediated at least partially via AT1R,
as well as through activation of the NF-�B pathway, as been demonstrated in rodent
models of abnormally increased RAS activity (Sadoshima, 2000). When inactive,
NF-�B is a cytoplasmatic heterotrimeric cytoplasmic protein bound to the inhibitory
I�B protein, which is released during activation of this inflammatory pathway.
Active NF-�B is then translocated to the nucleus, where it binds to promoter regions
of genes involved in inflammation, including intercellular adhesion and vascular cell
adhesion molecules. Activation of RAS, through AngII/AT1R appears to activate
NF-�B in VSMC in rodent models, by stimulation of the degradation of IkB, while
promoting translocation of NF-�B to the nucleus (Ruiz-Ortega et al 2000). On the
other hand, these abnormalities are abrogated by AT1R blockade or by antioxidant
therapy.

The link between RAS activation and oxidative stress has been intensively studied
over the past several years. Ang II promotes the production of ROS in adipose
tissue, skeletal muscle, and cardiovascular tissue (Sowers, 2002). In turn, ROS
induce a shift toward proinflammatory and proatherogenic patterns, and mitogenic
actions in VSMC (Nickenig and Harrison, 2002).

In mammalian cells, NADPH oxidase, nitric oxide synthase, cytochrome p450
enzymatic complex, the mitochondrial electron transport system, and Xanthine
Oxidase systems are all capable of ROS production. However, the NADPH oxidase
is probably the most important system implicated in excessive oxidative stress
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Figure 2. Involvement of RAS activation in atherosclerosis

leading to vascular dysfunction in cardiovascular tissue (Ushio-Fukai et al 2002).
The NADPH oxidase enzymatic complex is a multisubunit enzyme composed by
cytosolic proteins (small GTPase Rac1, p47phox, p67phox), and membrane catalytic
proteins Nox 2 (gp 91) and p22phox. (Ushio-Fukai et al 2004). Recent studies also
show that Nox 2 and the P22phox are abundantly expressed in perinuclear areas of
renal cells (Habibi, et al unpublished data, 2006) (Fig. 3).

Activation of the NADPH oxidase produces assembly of cytosolic and plasma
membrane subunits to generate superoxide (O2·−) by means of electron transfer
from subunit gp 91 of NADPH to O2 molecules.

Ang II, via AT1R, stimulates intracellular pathways that result in translocation of
all subunits to the plasma membrane, a key step in NADPH oxidase activation. Zuo
et al recently demonstrated that Ang II cell stimulation promotes Rac1 association
with caveolin 1, as well as its migration into caveolin-enriched lipid rafts (Zuo L
et al 2004). It is highly likely that in those lipid rafts, Rac1 is activated via exchange
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Figure 3. Perinuclear and cytoskeletal distribution of NADPH subunits in proximal tubule OK renal
cells. Images courtesy of Dr Javad Habibi, PhD. Research Assistant Professor. University of Missouri
at Columbia, U.S.A

of GDP for GTP, and that this activation involves the trafficking of activated AT1R
into the caveolin-enriched lipid rafts (Zuo et al 2005). Oxidative stress a key player
in the development of atherosclerosis and CVD in the setting of the CMS. RAS,
through AT1R interaction and PKC activation, leads to phosphorylation of phox
subunits (p22phox) of membrane-bound NADPH oxidase, which is thus activated,
leading to generation of superoxide (O−

2). Experimental studies suggest that Ang
II–mediated NADPH activation and production of ROS involve transcriptional as
well as non-transcriptional mechanisms (Pagano et al 1998). The experimental
demonstration of the abrogation of NADPH-induced oxidative stress through AT1R
antagonist therapy in rabbit models supports the role of RAS as an important player
in ROS formation (Wang et al 1999).

ROS activity has been linked to multiple intracellular signaling pathways
regulating vascular cell growth and differentiation. AT1R–mediated activation of ROS
production can induce the inflammatory NF-kB pathway, and can lead to increased
expression of Vascular Adhesion molecule 1 (VCAM-1), as demonstrated by Pueyo
and coworkers in rat endothelial cells (Pueyo et al 2000). In addition, Ang II can
activate through a ROS-dependent mechanism different intracellular tyrosine kinase
pathways such as extracellular signal-regulated kinase 1 and 2 (ERK1 and ERK2),
thus influencing vascular cells growth and proliferation. Furthermore, ROS can also
act as second messengers in the transactivation of other growth factors receptors such
as EGFR, and in the triggering of the Jak-STAT pathway, which leads to increased
production of IL-6, thus favoring additional inflammation (Berry et al 2001).

5. IMPORTANCE OF LOCAL ADIPOSE, PANCREATIC
AND RENAL RAS IN THE CMS

The inappropriate activation of RAS in HTN has been classically described and
undoubtedly provides much of the rationale for therapy of hypertensive patients. In
addition, other components of the CMS have also been shown to be associated with
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RAS over activity. Even if obesity is considered as a state of sodium retention and
volume expansion, a relationship between body weight and increased levels of Ang
II, plasma Renin Activity, ACE and aldosterone in humans has been demonstrated
(Licata et al 1994). Conversely, weight loss appears to reduce RAS activity as well
as blood pressure in obese individuals (Tuck et al 1981).

Hyperglycemia can also induce RAS and production of Ang II in mesangial
cells in experimental conditions, in this case through up-regulation of renin activity
(Vidotti et al 2004). Furthermore, an increase in aldosterone production has been
detected in diabetic humans, along with increased Ang II, AT1R and simultaneous
down-regulation of AT2R, leading to increase oxidative stress and vascular remod-
eling (Giacchetti et al 2005).

Dyslipidemia and FA levels elevation, as previously discussed, have also been
linked to RAS activation. Blockade of RAS in Zucker Fatty rats through use of
Angiotensin Receptor Blockers (ARBs) reduces not only blood pressure, but also
diminishes FA concentrations (without affecting circulating triglycerides), improves
fatty changes in the liver, while at the same time increasing insulin sensitivity
(Ran J et al 2004).

The reasons underlying these associations include not exclusively systemic RAS
activation, but also involve local RAS systems existing in tissues such as fat,
kidneys and pancreas (Fig. 4).

Certainly, the role of adipose tissue RAS in the pathophysiology of CMS is
increasinglybeing recognized, asadipocytesposses theability to synthesizeall compo-
nents of the RAS, including angiotensinogen, ACE and Ang II receptors. These are
found both in white and brown adipose tissues. In humans angiotensinogen, renin, as
well as Non-dependent RAS enzymes required for production of Ang I and Ang II,

AT1R / AT2R

Angiotensinogen ACE Ang II Aldosterone

Insulin production Proliferation Fibrosis Blood flow

Hyperglycemia/T2DM

Beta cell Dysfunction

Pancreatic islets

Figure 4. Local adipose and pancreatic role in CMS
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including cathepsin D, cathepsin G, tonin and chymase, are expressed (Karlsson
et al 1998). Moreover, current research indicates that Angiotensinogen messenger
RNA expression is higher in abdominal fat compared to subcutaneous fat, a finding
that correlates with the differences observed in insulin resistance between the two
tissues (Aneja et al 2004). Both in rodents and in humans, the most abundant
subtype Ang II receptor is AT1R, in particular AT1AR (Burson et al 1994, Crandall
et al 1994).

From a functional standpoint, in brown rodent adipose tissue Ang II is acutely
involved in sympathetic-mediated thermogenic responses during cold acclimation,
without activation of the other components of the RAS (Cassis, 1993). In humans,
body weight is positively correlated with adipose angiotensinogen mRNA levels
(Van et al 2000).

As stated above, Ang II is a known growth factor. In human adipose tissue, Ang II
stimulation induces cell cycle phase G1, thus contributing to cellular differentiation
of preadipocytes into adipocytes (Crandall et al 1999). In addition, Ang II stimulates
production of prostacyclin, an arachidonic acid derivative and a potent autocrine
trigger for terminal differentiation of adipocytes, while FA activate angiotensinogen
gene expression in preadipocytes in a dose-dependent manner (Safonova et al 1997).
Conversely, in experimental conditions Ang II increases triglycerides in human
adipocytes as well as 3T3-L1 cells, through induction of key enzymes of lipogenesis,
including Fatty Acid Synthase and Glycerol-3-Phosphate Dehydrogenase (Jones
et al 1997).

In experimental conditions, targeted expression of angiotensinogen, through
generation of rodent models overexpressing adipose angiotensinogen or restricting
angiotensinogen expression to adipose tissue, increases fat mass. Overexpression of
adipose tissue-derived angiotensinogen can lead to hypertensive animals, postulating
an influence of this local RAS both on weight and systemic blood pressure (Massiera
et al 2001). Interestingly, adipose-derived Ang II increases plasma leptin levels
in rats, while sympathetic activation triggered by systemic RAS modulates leptin
release (Cassis et al 2004). In support of this, studies in rats and humans have shown
weight reduction with use of ACE inhibitors (Engeli et al 2000). In contrast, Ang
II infusions in Sprague-Dawley (SD) rats can induce between 18% and 26% weight
loss, in a pressor-independent regulatory mechanism (Brink et al 1996). These
effects of Ang II in SD rats appear to be dose-dependent and involve an anorexigenic
effect of Ang II, as well as alterations in plasma leptin, increased energy expenditure
and mobilization of fat (Cassis et al 1998). On the other hand, according to work by
Frederich et al adipose tissue angiotensinogen expression is up-regulated and down-
regulated by feeding or fasting, respectively, in SD rats, in a tissue-specific manner.
These variations are paralleled by systolic blood pressure changes, which follow a
similar trend (Frederich et al 1992). The authors suggest that probably adipose tissue
RAS could regulate fat blood flow and hence its FA release, thus affecting insulin
sensitivity.
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Taken together, all mentioned features suggest an active participation of adipose
RAS in the regulation of fat mass, body weight and systemic blood pressure, that
will contribute to clarifying the relationship between RAS activation and CMS
components such as obesity, dyslipidemia, HTN and dysglycemia.

On the other hand, the participation of pancreatic RAS is also gaining mounting
interest in the pathophysiology of the CMS and T2DM. The endocrine pancreas is
exposed not only to circulating components of the RAS but also to locally produced
components; and in conditions such as the CMS, obesity and T2DM, RAS activation
is up-regulated. A better understanding of the local pancreatic Renin Angiotensin
and Aldosterone System in this regard is of paramount importance, as a role of this
system in pathogenesis of T2DM-associated beta cell failure has been proposed by
numerous researchers (Tikellis et al 2006).

Evidence from animal models and human pancreas is now available. Leung et al.
recently described the existence of angiotensinogen, ACE, AT1R and AT2R in
mouse pancreatic islets. In addition, the presence of AT1R in the membrane of the
beta cell has been described, a finding that is different compared to other animal
models like the rat (Lau et al 2004, Leung et al 2001, Leung and Chappell, 2003).

In the human pancreas, AT1R has been localized in the beta cells, as well as
in endothelial cells of the pancreatic vasculature (Tahmasebi et al 1999). More
recently, Leung et al showed, using immunohistochemistry, that in human pancreas
angiotensinogen was predominantly localized in the pancreatic islets, while AT1R
protein was localized predominantly in the pancreatic ducts (Lam and Leung, 2002).

Even though not completely clear yet, the physiological role of the pancreatic
RAS in mice models seems to involve islet blood flow regulation, effect
that ultimately would affect glucose-stimulated insulin secretion and carbohy-
drates/lipids homeostasis. In mouse pancreatic islets, increasing concentrations of
Ang II inhibit in a dose-dependent manner the glucose-stimulated secretion of
insulin, mainly through a decrease in insulin synthesis, as is demonstrated by falling
Proinsulin production. AT1R blockade with Losartan seems to reverse these actions
(Carlsson et al 1998, Lau T et al 2004).

According to research by Lupi and coworkers, in isolated human islets hyper-
glycemia has been shown to increase the expression of mRNA for angiotensinogen,
ACE and AT1R. In addition, there is a significant increase in oxidative stress, while
insulin secretion is decreased. In experimental conditions the later effects were
blocked by the use of ACE inhibitors (Lupi et al 2006).

In addition, recent reports from Chu and coworkers have demonstrated a
beneficial effect of RAS blockade with ARBs on pancreatic production and secretion
of insulin (Chu et al 2006). Indeed, obesity-induced T2DM in db/db mice has been
shown to impair insulin production, likely through activation of pancreatic RAS
and upregulation of AT1R, which is expressed �-cells. The underlying mechanism
appears to involve disturbances in pancreatic regional blood flow and proinsulin
synthesis, as demonstrated also in rodents (Carlsson et al 1998). The use of ARBs
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in db/db mice significantly increased proinsulin production, as well as insulin
secretion. Furthermore, obesity-induced hyperglycemia, glucose intolerance, and
onset of T2DM were also delayed in this model, without affecting insulin sensitivity
(Chu et al 2006). These data suggest a role for pancreatic RAS in the development
of �-cell dysfunction in T2DM, and provide important insights into the mechanisms
involved in the beneficial effects of RAS blockade on glucose homeostasis. The
importance of these observations in human T2DM, and in CMS, will require further
specific testing.

On the other hand, hyperglycemia-induced RAS activation has also been involved
in the pancreatic fibrosis mediated by pancreatic stellate cells. Even though the
role of this effect in diabetes pathogenesis in not clear yet, it is an attractive
possibility if one considers that fibrosis secondary to RAS activation has been
clearly identified as a pathologic event in tissues such as the heart and kidney
(Ko et al 2006).

Finally, renal involvement in obesity, CMS and T2DM is well known. Multiples
factors converged as causatives agents, and definitively intra-renal RAS activation
has demonstrated to play a central role (Lastra et al 2006). AT1R are present in
multiple areas of the kidney, including blood vessels, podocytes, proximal tubule
and interstitial cells, thick ascending limb epithelia, distal tubules, collecting tubules
and macula densa (Navar LG, 2004). Meanwhile, AT2R has been identified in
proximal and collecting tubules (Navar, 2004).

Classic actions of the renal RAS include tubular sodium reabsorption, renal
vasoconstriction, tubuloglomerular feedback modulation, and pressure-natriuresis
(Carey and Siragy, 2003).

Upon interaction with AT1R, Ang II promotes the production of ROS by up-
regulating the activity of the NADPH oxidase enzymatic complex, as well as
intrarenal fibrosis through production of profibrotic growing factors like Trans-
forming Growth Factor �1 (TGF-�1) and Connective Tissue Growth Factor (CTGF)
(Rodriguez-Vita et al 2005). Profibrotic growth factors are implicated in mesangial
cell hypertrophy, matrix expansion and fibroblast proliferation. Also, through AT1R/
AT2R-mediated activation of NF-�B, inflammatory cells and cytokines are recruited
into the kidney (Ruiz-Ortega et al 2001, Lorenzo et al 2002).

Konoshita T et al. recently examined the tisular gene expression of RAS compo-
nents in renal biopsies from diabetic and non diabetic individuals. They reported a
significant up-regulation in the ACE gene expression in renal tissue from diabetic
patients, without significant changes on the other components of the RAS examined
(Konoshita et al 2006).

Collectively both systemic and local RAS are abnormally activated in the CMS
and have demonstrated to play key roles in the development of obesity, CMS,
T2DM – related atherosclerosis that ultimately lead to CVD. Newer research about
the exact pathophysiology as well as the impact of local and/or systemic RAS
inhibition will undoubtedly provide more effective alternatives for the prevention
of CMS-related cardiovascular and renal complications.
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6. THERAPEUTIC IMPLICATIONS FOR THE MANAGEMENT
OF THE CMS: THE ROLE OF RAS BLOCKADE
IN THE CLINICAL SETTING

As has been extensively discussed, the CMS not only predisposes to T2DM, but
also to the development and progression of CVD. From a clinical standpoint, the
implication for the management of CMS is that strategies to prevent CVD should go
beyond a glucocentric strategy centered on the management of glucose homeostasis
disturbance, and a more comprehensive and integral vascular protective strategy
should be advocated for. The possibility of pharmacologically modulate the RAS
can provide such an opportunity.

At least three different alternatives for RAS blockade are currently available and
under intensive widespread use. The Angiotensin Converting Enzyme Inhibitors
(ACEI), Angiotensin Receptor Blockers (ARB), and the antagonists of aldosterone,
such as spironolactone and eplerenone. Initial evidence provided by studies designed
to evaluate cardiovascular outcomes were enlightening regarding the role of RAS
blockade in the prevention of diabetes in population with CVD or at high cardio-
vascular risk (Table 2).

The Captopril Prevention Project (CAPP trial) was a randomized, blinded,
prospective, open trial comparing captopril against conventional therapy (diuretics,
beta blockers). 10,985 patients were studied and data was analyzed in an intention to
treat mode. The primary endpoint was a composite of fatal and non-fatal myocardial
infarction, stroke, and CVD-related death. Although no differences were noted on
the primary end point favoring ACEI, a significant difference in the prevention of
diabetes was seen favoring the group treated with captopril, showing a significant
14% lower incidence of T2DM (Hansson et al 1999).

Later, in 2000, results from the HOPE trial became available. 9,297 high risk
patients with decreased left ventricle ejection fraction or overt heart failure were
randomized to ramipril treatment (10 mg) or to matching placebo. The patients were
followed-up for 5 years and the primary end-point was a composite of myocardial
infarction, stroke, or death from cardiovascular causes. This study not only showed
positive results regarding cardiovascular outcomes, but also revealed a significantly
decreased incidence of newly diagnosed T2DM (Relative Risk 0.66, 0.51–085,
p < 0.001) (Heart Outcomes Prevention Evaluation Study Investigators, 2000).

On the other hand, similar evidence in terms of T2DM prevention is also available
with angiotensin receptor blockers (Table 2). The VALUE trial, whose results
were published in 2004, analyzed cardiac morbidity and mortality in a group on
15,245 hypertensive individuals with cardiovascular risk factors. Participants were
randomized to antihypertensive regimens with valsartan or amlopidine. Despite
the negative outcome for the angiotensin receptor blocker, probably related to a
smaller reduction in blood pressure, again a positive metabolic effect was seen: 23%
reduction in the incidence of diabetes in the group assigned to therapy with valsartan.
Even thought this is encouraging, question remains regarding the significance of
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preventing elevation in blood glucose readings versus preventing cardiovascular
outcomes (Julius et al 2004).

As part of the CHARM trial (Candesartan in Heart Failure-Assessment of
Reduction in Mortality and Morbidity Program), the incidence of newly diagnosed
diabetes was analyzed as a predefined secondary outcome. This trial was a
randomized, controlled, double-blind study with 5436 of the 7601 patients with
heart failure who did not have a diagnosis of T2DM on admission to the study.
Candesartan treatment (dose titrated up to 32 mg daily) or matching placebo was
examined. Six percent of the patient in the candesartan group developed diabetes
as compared with 7.4% in the placebo group (P = 0.020). The authors reported
that this benefit was less marked in patients that were already taking ACEI (Yusuf
et al 2005).

Looking for an answer for the questions surrounding how RAS blockade affects
T2DM incidence, as it is usual when no clear cut evidence is found in the
randomized trials, a meta-analysis was done by Abuissa et al. Twelve randomized
controlled clinical trials were examined, 7 used ACEIs and 5 used ARBs. This
meta-analysis compiled data regarding 72.333 non-diabetic patients, and showed
that ACE inhibitors or ARBs produced a significant 25% over-all reduction in the
incidence of new-onset diabetes (27% for ACEI, and 23% for the ARB) (Abuissa
et al 2005).

However many questions remain unanswered. One of the most intensively
debated points on the above mentioned trials is probably that none of them were
specifically designed with a primary end point of T2DM prevention. In an attempt to
shed light on this, the DREAM trial (Diabetes Reduction Assessment with Ramipril
and Rosiglitazone Medication) results were published earlier in 2006.

The DREAM trial was a prospective randomized trial which enrolled 5.269
people with impaired fasting plasma glucose levels (≥110 mg/dL and <126mg/dL)
or impaired glucose tolerance (plasma glucose level ≥140 mg/dL but <200mg/dL 2
hours after an oral 75 grams glucose load) but who did not have a history of diabetes,
intolerance, CVD, or history of prior therapy with either ACEI or thiazolidinediones.
This study had a 2 by 2 factorial design, and patient were randomized to ramipril
(target dose 15 mg) or matching placebo. A second arm of the study randomized
patients to rosiglitazone or placebo. Primary outcome was newly diagnosed T2DM
or death. Secondary outcomes were a composite of cardiovascular and renal events,
data which is not yet available. The patients were followed-up for a median of
3 years. By the end of this period primary outcome was reached in 18.1% of
patients in the ramipril group and in 19.5% in the placebo group (hazard ratio,
0.91; 95% confidence interval [CI], 0.81 to 1.03; P = 0.15), showing a trend but
not significant protection against development of T2DM. Results were similar for
participants with Impaired Fasting Glucose and/or with Impaired Glucose Tolerance.
The authors reported a positive effect of ramipril on glucose homeostasis, in terms
of return to normoglycemia. Accordingly, 42.5% of participants in the treatment
group compared to 38.2% in the placebo group had normal fasting plasma glucose
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levels and normal 2-hour plasma glucose levels (Hazard Ratio, 1.16; 95% CI, 1.07
to 1.27; P = 0.001) (The DREAM Trial Investigators, 2006).

How to reconcile the results of this study with the beneficial metabolic effects
of the RAAS blockade seen in previous reports? The authors of the DREAM
trial propose several possible explanations, including that probably the studied
population was younger, without overt CVD in contrast to previously mentioned
studies, the use of stringent glycemic criteria was on admission to the study, and of
course the fact that the trial was primarily designed to detect diabetes prevention.
Newer studies, more specifically targeted, as well as further analysis of the data
provided by the Dream trial investigators will surely help to clarify the impact of
RAS blockade on insulin resistance, glucose homeostasis and probably the CMS.

7. CONCLUSIONS AND PERSPECTIVES

The epidemic of obesity and CMS that affects the modern world requires intensive
and dynamic research directed towards uncovering the key players that ultimately
will lead to CVD. Proteases of the System tightly regulate processes that lead to
production of generation of active mediators involved in multiple cellular processes.
Indeed, the growing knowledge about RAS components and physiology expands
the concept of RAS beyond their role as mere modulators of blood pressure, to
encompass regulation of cell differentiation, growth, and vascular homeostasis.
Importantly mechanisms of RAS cross talk with diverse intracellular signaling
systems allow better understanding the development of CMS-mediated insulin resis-
tance, oxidative stress atherogenesis and CVD. In addition, research has uncovered
new elements of RAS, including Ang (1-7) ACE 2, and AT2R, which maintain a
balance between vascular constriction, cellular proliferation, migration and vasodi-
latation, tissue repair, growth inhibition and apoptosis. Also, the current concept
of RAS acknowledges the existence of several local systems located in tissues
such as adipose tissue and pancreas, which possess complex regulatory mechanisms
that contribute to modulate glucose and lipids homeostasis, body weight, energy
expenditure and vascular function.

Available research actively provides the foundations for current therapy of
CMS and prevention of associated CVD. Importantly, non-pharmacologic therapies,
which involve regular physical activity and healthy dietary habits, provide the
foundations for controlling weight gain, HTN, dysglycemia and atherogenic dyslipi-
demia. From a pharmacologic standpoint, the blockade of RAS through use of ACEI
and ARBs has proven to improve individual components of the CMS beyond the
effect that could be attributable to HTN control, as well as overall CVD morbidity
and mortality on the long term (Nickenig et al 2006). Of particular interest are the
results of previously mentioned trials including CAPP, HOPE, CHARM, and LIFE,
in which prevention of T2DM was achieved. As previously discussed, the DREAM
trial did not replicate these findings in terms of T2DM prevention, but did show a
positive effect of ACEI in glucose homeostasis and return to normoglycemia.
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Exciting research will shed more light on the importance of RAAS blockade in
the management and prevention of CMS and CMS-related CVD. New trials are
currently ongoing, including the Nateglinide and Valsartan in Impaired Glucose
Tolerance Outcomes research (NAVIGATOR) trial, which specifically is addressing
the role of these two medications in the prevention of both T2DM and CVD
in patients with impaired glucose tolerance. In addition, the ONTARGET trial
(ONgoing Telmisartan Alone and in Combination with Ramipril Global Endpoint
Trial) explores ACEI and ARBs as monotherapy or combined in participants at
high CVD risk. Numerous other studies are in progress, and different strategies to
inhibit the RAS are studied, such as direct renin inhibition with aliskiren. All these
and others will allow in the future a more comprehensive and effective approach
to modulation of RAS and management of the CMS, with the aim of controlling
CVD and the burden it imposes on public health.
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1. INTRODUCTION

The liver is the second largest organ of the body and has a multitude of functions
including carbohydrate and fatty acid metabolism, lipid transport, protein synthesis,
storage of fat-soluble vitamins as well as detoxification and modification of
compounds absorbed from the small intestine. It has a dual blood supply, with
approximately 75% coming from the portal vein and 25% from the hepatic artery.
The primary functional unit of the liver, the hepatic lobule, consists of a hexagonal
zone of hepatic parenchyma surrounding a central hepatic vein with a number of
portal tracts at the periphery which contain a terminal portal vein, bile ductule
and hepatic arteriole. In the normal liver, blood flows from portal venous branches
through specialised vascular channels called hepatic sinusoids, into the centrilobular
hepatic vein. Hepatic sinusoids lack a distinct basement membrane and their
endothelial cells have fenestrations which permit bidirectional free passage of
solutes between the sinusoid and a sub-sinusoidal space known as the space of Disse.
Hepatocytes, account for 70% of liver mass. These cells, which have microvilli on
their basolateral surface to facilitate the interchange of nutrients with the sinusoid,
are responsible for most of the metabolic and synthetic functions of the liver.

Chronic liver diseases disturb the normal structure and function of the liver
by initiating hepatic fibrosis, a process that can eventually lead to progressive
destruction of the normal hepatic architecture, loss of functioning hepatocytes and
the development of liver cirrhosis. Angiotensin II, the main effector peptide of the
renin-angiotensin system (RAS), is known to play an important role in chronic tissue
injury and fibrosis in cardiovascular disease, chronic renal disease and diabetes. Its
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role in liver disease is less well established, however, recent studies indicate that, as
in other organs, there is a renin-angiotensin-system within the liver and that locally
generated angiotensin II plays an important role in the pathogenesis of liver injury
and hepatic fibrosis. There is also evidence that in the fibrotic liver angiotensin
II contributes to portal hypertension by stimulating contraction of perisinusoidal
myofibroblasts and increasing sinusoidal resistance to portal flow. In addition to
these local effects in the liver, the systemic RAS is activated in patients with
advanced liver disease in response to mesenteric and systemic vasodilatation and
has an important homeostatic role in maintaining adequate perfusion pressure to the
kidney and other vital organs. It also contributes to renal sodium and water retention
by releasing aldosterone and by stimulating secretion of antidiuretic hormone (ADH)
from the posterior pituitary. These multiple roles of the RAS in liver disease have
lead to major interest in the potential role of RAS antagonists in the prevention of
liver fibrosis and the treatment of chronic liver disease and its complications.

2. PATHOGENESIS AND SIGNIFICANCE OF HEPATIC FIBROSIS

There are a large number of chronic liver diseases which cause hepatic fibrosis,
including chronic viral hepatitis, alcoholic liver disease, non-alcoholic fatty liver
disease, iron overload, diseases of the biliary tract and immune and metabolic
liver diseases. Cirrhosis, the end stage of hepatic fibrosis, is characterised by the
presence of extensive fibrotic septa separating and surrounding parenchymal nodules
of regenerating hepatocytes. This disturbance of the normal hepatic architecture,
in conjunction with vasoconstriction within the liver, impedes portal blood flow
causing portal hypertension; this is the cause of many of the serious complications of
cirrhosis including variceal bleeding, hepatic encephalopathy and ascites. Hepatitis
B infection is the most common cause of cirrhosis worldwide. It is also the single
most important cause of hepatocellular carcinoma, a disease responsible for nearly
one third of the world’s cancer-related deaths (Lodato et al 2006).

Currently the only proven treatment for hepatic fibrosis is to remove the respon-
sible injurious agent. Recent studies have shown that if this can be achieved, for
example by eliminating viral replication in patients with chronic hepatitis B or
C, hepatic fibrosis and even early stage cirrhosis can resolve. In patients with
end-stage cirrhosis and liver failure, therapy is limited to symptom control and
the prevention of life threatening complications such as variceal bleeding whilst
cure can only be achieved with liver transplantation. Unfortunately despite major
advances in antiviral therapy in recent years, many patients with chronic hepatitis do
not respond to therapy. There are also a number of chronic liver diseases for which
we currently do not have effective treatment. There is therefore an ongoing need to
develop anti-fibrotic therapies that can be used to prevent fibrosis progression and
the development of cirrhosis.

In the healthy liver, extracellular matrix (ECM) consists of collagens (predom-
inantly type IV), glycoproteins, proteoglycans and glycosaminoglycans which
provide a structural and functional framework for cellular migration, adhesion,
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differentiation, proliferation and fibrogenic activation (Schuppan et al 2001). The
space of Disse contains a delicate ECM with basement membrane-like composition,
which permits solute diffusion from blood within the sinusoids to the surrounding
cells. Hepatic fibrosis results in major changes to both the volume and composition
of ECM. There are increases in the interstitial fibrillar collagens types I and III as
well as non-fibrillar collagens (types IV and VI). Proteoglycan and glycosamino-
glycan content also increases with the overall composition of the ECM changing
from a low-density form to a denser more complex interstitial type. The collagenous
and non-collagenous ECM content of the liver is increased by at least 3-5 fold in
the cirrhotic liver. There is an associated loss of hepatocyte microvilli and struc-
tural changes to the sinusoidal endothelium which include loss of fenestrations,
and deposition of fibrillar collagen in the space of Disse. These changes impair the
transfer of sinusoidal nutrients to hepatocytes facilitating further hepatocyte injury
and liver dysfunction.

The pattern of liver fibrosis ultimately depends on the site and intensity of
injury. Hence, biliary obstruction results in bile ductular and periductular myofi-
broblast proliferation and initially produces periportal and then linking portal-portal
fibrosis, viral hepatitis infection leads to portal and then portal-central fibrosis
whilst disruption to hepatic venous outflow (as occurs in right ventricular failure
or Budd Chiari syndrome) causes centrolobular hepatocyte necrosis and leads to
centrolobular fibrosis (central to central septa) (Cassiman and Roskams 2002).

The cell type involved in hepatic fibrosis which has been most studied is the
hepatic stellate cell (HSC). In part, this is due to the relative ease with which this
cell can be isolated, purified and subcultured from both human and animal liver
tissue. However, it has become clear from characterisation of cellular markers and
electron microscopic studies that there is a diverse population of myofibroblasts
within the liver that may also contribute to hepatic fibrosis. These include portal and
septal myofibroblasts, cells residing in vessel walls, centrilobular myofibroblasts,
and even marrow-derived HSC and myofibroblasts (Cassiman 2002, Kallis, Alison
and Forbes 2006, Russo et al 2006). It is likely that the expression and importance of
these myofibroblast subtypes vary in different human diseases and animal models.

The HSC normally resides in the space of Disse and is responsible for the storage
of vitamin A. It is maintained in a quiescent, non-fibrogenic phenotype, in part, by
the surrounding ECM composed predominantly of collagen IV (the collagen type
present within the lamina densa of the basal lamina) and other non-collagenous
components such as laminins. Following repetitive injury, changes in composition
of the ECM in conjunction with the release of proinflammatory and profibrotic
cytokines released from damaged hepatocytes, Kuppfer cells and inflammatory
cells, leads to a cascade of events culminating in the transformation of HSCs into
activated myofibroblasts. These activated cells deposit extracellular matrix (ECM)
but in addition express contractile proteins which enable them to modulate sinusoidal
blood flow. HSCs are capable of producing a broad array of profibrotic and proin-
flammatory cytokines and chemokines including tansforming growth factor beta-1
(TGF�1), platelet derived growth factor (PDGF) and angiotensin II, all of which
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can act in both a paracrine and autocrine manner to further perpetuate fibrosis
(Friedman, Maher and Bissell 2000). As will be discussed below, recent data have
shown that angiotensin II is involved in both the recruitment of inflammatory cells
in response to liver injury (Sewnath et al 2004) and transformation of hepatic
stellate cells to their activated phenotype (Bataller et al 2003).

Hepatic fibrosis is a dynamic process and the end result reflects a balance between
pathways which lead to matrix accumulation and those which result in matrix
degradation and fibrosis resolution. Matrix metalloproteinases (MMPs) capable of
enzymatically degrading ECM are secreted from many liver cells including HSCs,
Kuppfer cells, hepatocytes and macrophages (Knittel et al 1999). Certain MMPs
(MMP-2, MMP-9 and MMP-3) may contribute to the pathogenesis of fibrosis by
facilitating liver remodelling, altering both the quantity and the composition of the
ECM. Other MMP subtypes (MMP-1, MMP-8) degrade fibrillar collagens in the
fibrotic liver and therefore drive fibrosis resolution. Counterbalancing the effects
of MMPs is a group of tissue inhibitors of metalloproteinases (TIMPs), which
promote collagen and matrix deposition by preventing ECM degradation by matrix
proteinases (Arthur 2000).

3. THE RENIN-ANGIOTENSIN SYSTEM

3.1. The Circulating Renin-Angiotensin System

Since the discovery of renin from kidney extracts by Tigerstedt and Bergman in 1898
our understanding of the intricacies of the organisation and function of the renin-
angiotensin system (RAS) has expanded considerably (Tigerstedt R 1898, Basso
and Terragno 2001). The circulating RAS is best known for its role as a regulator of
blood pressure, and fluid and electrolyte homeostasis. Angiotensin II, the principal
effector of the RAS, causes vasoconstriction directly by stimulating angiotensin
type 1 (AT1) receptors present on the surface of vascular smooth muscle cells
and indirectly by potentiating the release of norepinephrine from postganglionic
sympathetic fibres and stimulating antidiuretic hormone (ADH) release from the
posterior pituitary. Long-term, angiotensin II regulates blood pressure by modulating
sodium and water reabsorption through stimulation of AT1 receptors in the kidney,
and by stimulating the production and release of aldosterone from the adrenal glands.
In addition, angiotensin II increases thirst sensation through stimulation of the
subfornical organ within the diencephalon (Timmermans et al 1992). Other effects
that may be important in chronic organ damage include promotion of thrombosis,
cardiac hypertrophy and angiogenesis.

The classical enzymatic pathway generating angiotensin II begins with the
cleavage of the peptide bond between the leucine and valine residues on
angiotensinogen producing the biologically inactive decapeptide, angiotensin I. This
process is mediated by renin, an aspartic protease released from juxtaglomerular
cells of the kidney into the circulation. The cascade continues with Angiotensin
Converting Enzyme (ACE) found predominantly in the capillaries of the lung
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cleaving a dipeptide from the C-terminus of angiotensin I to form angiotensin II.
The actions of angiotensin II are mediated via specific seven transmembrane G
protein-coupled receptors. In humans, two angiotensin receptors (AT1 and AT2) with
differing affinities for angiotensin II have been described (Timmermans et al 1992).
Angiotensin II can further be cleaved at either its carboxy- or amino-terminus to
produce biologically active angiotensin fragments. Thus, from the amino-terminus,
Angiotensin III (2-8) can be formed following cleavage of the aspartate-arginine
bond of angiotensin II by aminopeptidase A and angiotensin IV (3-8) can be formed
following further cleavage of angiotensin III by aminopeptidase B and N (Ardaillou
1997). Angiotensin III shares many of the properties of angiotensin II with 40% of
the pressor activity and 100% of the aldosterone stimulating activity of angiotensin
II. Angiotensin IV has its own distinct receptor (AT4) and has central nervous
system effects together with some opposing actions to angiotensin II (von Bohlen
und Halbach 2003). Enzymatic cleavage of the carboxy-terminus of angiotensin II
or angiotensin I can produce the biologically active fragment angiotensin (1-7).

There has been renewed interest in the circulating RAS following the simulta-
neous discovery by two independent research groups in 2000 of an ACE homologue
called ACE2. These two enzymes share 61% protein sequence similarity but have
distinct enzymatic actions and tissue distributions (Donoghue et al 2000, Tipnis
et al 2000). Like ACE, ACE2 is a zinc metalloprotease and a type 1 integral
membrane protein expressed predominantly on the cell surface and as such acts
as an ectoenzyme (Warner et al 2005). In its membrane bound form it comprises
an extracellular N-terminal domain containing the active site and a short intracel-
lular C-terminal anchor. The highest levels of ACE2 are seen in the kidney, heart,
testis and gastrointestinal tract (particularly ileum, duodenum, jejunum, caecum and
colon) with lower levels expressed in liver and lung (Harmer et al 2002, Hamming
et al 2004, Donoghue 2000, Tipnis 2000). ACE2 can be released from the cell
surface by the action of a secretase-like enzyme and the soluble ACE2 formed can
be detected in plasma and urine (Lambert et al 2005, Lew et al 2006, Ocaranza et al
2006, Rice et al 2006). In contrast to ACE, ACE2 contains only a single catalytic
domain compared with the two active sites (N- and C-domains) of somatic ACE.
Furthermore, ACE2 is a carboxypeptidase rather than a peptidyl dipeptidase. As a
consequence of its mechanism of action, ACE2 has different substrate specificity to
that of ACE (Warner et al 2004) and also is not inhibited in-vitro by ACE inhibitors
such as captopril, lisinopril or enalaprilat (Tipnis 2000).

ACE2 has activity on a number of biologically active peptides including
angiotensin I and angiotensin II, des Arg9 bradykinin, apellin 13 and dynorphin A
(1-13) (Vickers et al 2002). The enzyme has a preference for hydrophobic or basic
residues at the carboxy-terminus as well as for propyl residues at the penultimate
position (Table 1) (Turner 2003).

The many diverse functions and interactions of ACE2 are only now being realised
(Burrell et al 2004, Thomas and Tikellis 2005). This enzyme is not only crucial in
cardiovascular and renal injury, but also has been identified as the receptor for the
SARS coronavirus (W. Li et al 2003). Of particular interest over the past 5 years
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Table 1. Peptide substrates for ACE2 showing catalytic efficiency in descending order. Note that ACE2
catalytic efficiency for angiotensin II is 400 fold that of angiotensin I (Vickers 2002)

Substrate Site of cleavage Catalytic efficiency (kcat /Km)

Dynorphin A (1-13) L-K 3.1 × 106 m−1.s−1

Apelin-13 P-F 2.1 × 106 m−1.s−1

Angiotensin II P-F 1.9 × 106 m−1.s−1

Des-Arg9-bradykinin P-F 1.3 × 105 m−1.s−1

Angiotensin I H-L 4.9 × 103 m−1.s−1

has been the role of ACE2 in the formation of the biologically active fragment
angiotensin (1-7). ACE2 can generate angiotensin (1-7) directly through enzymatic
cleavage of angiotensin II or indirectly by cleaving angiotensin I into the inactive
peptide fragment angiotensin (1-9), which is then further enzymatically cleaved
by ACE to angiotensin (1-7) (Zisman et al 2003, Zisman et al 2003). Of these
two pathways, the conversion of angiotensin II to angiotensin (1-7) by ACE2 is
kinetically favoured in-vitro (Vickers 2002, Rice et al 2004). Furthermore, in-vitro
studies show ACE2 to be 10- to 600-fold more potent in hydrolysing Angiotensin
II to Angiotensin (1-7) than propyl endopeptidase and propyl carboxypeptidase,
peptidases with similar carboxypeptidase actions (Ferrario 2003). These findings
suggest that ACE2 is a major angiotensin (1-7) generating enzyme as well as an
important enzyme for the degradation of angiotensin II.

The biological effects of angiotensin (1-7) were first described in the rat
hypothalamic-hypophysial implant in 1988 in which angiotensin (1-7) stimulated
release of vasopressin (Schiavone et al 1988). Subsequent animal experiments
have shown angiotensin (1-7) to have antihypertensive (Benter et al 1995), antiar-
rhythmic (Ferreira, Santos and Almeida 2001) and cardioprotective properties
(Ferreira, Santos and Almeida 2002). The vasodilatory effects of angiotensin (1-7)
are mediated through the release of nitric oxide (NO) (Nakamoto et al 1995, P. Li
et al 1997, Brosnihan, Li and Ferrario 1996), prostaglandins (Freeman et al 1996,
Iyer et al 2000) and the release and interaction with bradykinin (P. Li 1997, Gorelik,
Carbini and Scicli 1998, Fernandes et al 2001, Ueda et al 2001). Angiotensin (1-7)
has also been shown to have anti-trophic properties in vascular endothelial, smooth
muscle cells, cardiac myocytes, and cardiac fibroblasts (Freeman 1996, Strawn,
Ferrario and Tallant 1999, Iwata et al 2005, Tallant, Ferrario and Gallagher 2005).
In addition, anti-inflammatory, anti-fibrotic (Grobe et al 2006, Grobe et al 2006)
and anti-thrombotic properties (Kucharewicz et al 2000, Kucharewicz et al 2002)
have been attributed to angiotensin (1-7).

The putative receptor for angiotensin (1-7) is the G protein-coupled receptor
encoded by the Mas proto-oncogene (Santos et al 2003). This receptor has been
shown in-vitro to hetero-oligomerize with the AT1 receptor and act as a physi-
ological antagonist to angiotensin II as well as interact with the AT2 receptor
(Castro et al 2005, Kostenis et al 2005). Evidence is emerging that AT2 receptors
and other yet unidentified angiotensin (1-7) receptor subtypes may be important
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in the biological action of angiotensin (1-7) (Walters, Gaspari and Widdop 2005,
Silva et al 2006). Some of the actions of angiotensin (1-7) clearly oppose those
of angiotensin II and consequently it has been proposed that the RAS can be
divided on this basis into two distinct arms that are capable of producing comple-
mentary effects (Fig. 1). Thus our conceptual understanding of the RAS has
evolved from an endocrine system consisting of a linear sequence of enzymatic
reactions yielding the effector peptide angiotensin II to a complex system closely
integrated with other systems (such as the kinin-kallikrein system) with the
potential of producing effector peptides with counterbalancing effects (angiotensin
(1-7) and angiotensin II). Importantly, the RAS is not just a systemic endocrine
system but also can function autonomously as a paracrine system within certain
organs.

3.2. The Intra-hepatic RAS

Local or intra-organ renin-angiotensin systems have been described in a number of
organs including the heart, kidney, liver and pancreas (Bataller 2003, Leung and
Chappell 2003). These local systems have been shown to be responsive to various
stimuli of physiological and pathophysiological importance. Moreover, the locally
generated angiotensin peptides fragments have a plethora of actions and have been

Figure 1. The Renin-Angiotensin System. Peptides are shown in blue boxes, enzymes in yellow boxes
and target receptors in pink boxes. The system has four known biologically active peptides, angiotensin
II, III, IV and angiotensin 1-7, which act through distinct cellular receptors (AT1−4 and Mas). The two
principal arms of this system act via the AT1 and Mas receptors and have opposing actions
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implicated in cell growth, anti-proliferation, apoptosis, reactive oxygen species
generation, hormonal secretion, pro-inflammatory, and pro-fibrogenic actions.

The role of the hepatic RAS in normal and diseased liver is less well described
than that of the heart and kidney. However, it is clear that most of the key
components of the enzymatic cascade that lead to the formation of angiotensin
II in other organs are present in the liver. One common theme throughout the
literature is the observation that liver injury is associated with an up-regulation
and/or redistribution of RAS components including angiotensinogen, renin, ACE,
angiotensin II and AT1 receptors (Sakata et al 1991, Paizis et al 2002, Bataller
2003). The main source of the RAS precursor, angiotensinogen, is the hepatocyte
(Morris, Iwamoto and Reid 1979, Paizis 2002), but low levels of protein have
also been detected in Kupffer cells, and in the bile duct epithelium (Sawa 1990).
Studies in humans and rodents show plasma renin concentration and activity
and its substrate angiotensinogen are increased in cirrhotic livers compared to
controls (Morris 1979, Richoux et al 1983, Kojima et al 1998, Rincon-Sanchez
et al 2005, Rivera-Huizar et al 2006). The product of angiotensiogen cleavage
by renin, angiotensin I, has not been demonstrated in liver tissue, however, there
is evidence to suggest de novo generation of angiotensin I may occur locally in
hepatomesenteric vascular beds as well as in circulating plasma (Admiraal et al
1990). In contrast, angiotensin II is present in both plasma and liver tissue from
normal animals and increases significantly in rat models of liver disease and
in cirrhotic patients (Asbert et al 1992, Wang et al 2003, Herath et al 2006).
Other RAS components expressed in the normal liver tissue include ACE and the
AT1 receptor which are both predominantly localised to vascular endothelia, but
are also observed in hepatocytes and bile duct epithelial cells (H. S. Wei et al
2000, Ikura et al 2005). In the fibrotic liver, ACE and AT1 protein expression is
also found in fibrous septa, mesenchymal cells (hepatic stellate cells and myofi-
broblasts) and Kupffer cells (H. S. Wei 2000, Paizis 2002, Leung et al 2003,
Ikura 2005).

Although the AT1 receptor is abundant in the liver, the expression of the
AT2 receptor gene is very low or not detectable in normal or diseased liver
(Paizis 2002, Bataller 2003, Nabeshima et al 2006). The only report so far to
attribute AT2 receptor gene expression to a particular liver cell type is that
of Bataller and co-workers who detected low levels of the receptor messenger
RNA in isolated human hepatocytes and all HSC phenotypes (quiescent, culture
activated and in vivo activated) (Bataller 2003). Despite the possible existence
of AT2 receptors in the liver, and a recent study showing that ablation of
AT2 receptors augments liver injury and fibrosis (Nabeshima 2006), the vast
majority of reports support the concept that AT1 receptors mediate most of the
inflammatory, proliferative and vascular effects of angiotensin II in the liver
(Bataller 2003, Kanno, Tazuma and Chayama 2003, Yoshiji et al 2003, Bataller
et al 2005). Moreover, the gene expression of AT1 on human myofibroblasts has
been shown to correlate with the extent of fibrosis and degree of portal hypertension
(Ikura 2005).
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4. HEPATIC FIBROSIS AND THE RAS

There is increasing evidence that in the liver, angiotensin II regulates cell growth
and fibrosis and is involved in key events of inflammation and wound healing.
One cell type that is pivotal in these processes is the activated hepatic stellate cell.
Following injury, expression of AT1 receptors is increased on activated hepatic
stellate cells and these cells demonstrate increased responsiveness to angiotensin II
compared to quiescent HSC (Bataller et al 2000). Incubation of the activated HSCs
with angiotensin II results in a dose dependent increase in intracellular calcium
concentration, cell contraction and cellular proliferation through a mitogen-activated
protein kinase (MAPK) -dependent pathway and these effects are blocked by
losartan, an angiotensin II type 1 receptor antagonist (ARB), (Bataller 2000). ARBs
block other dose dependent profibrotic and proinflammatory effects of angiotensin
II on HSCs including the expression of inflammatory cytokines and growth factors
such as TGF-�1, IL-1�, CTGF, and NF-��, production of extracellular matrix
(ECM) and fibrotic markers, smooth muscle �-actin and collagen (H. S. Wei
2000, Ohishi et al 2001, Yoshiji et al 2001, Bataller 2003, Kurikawa et al 2003,
Y. Zhang et al 2003, Y. J. Zhang et al 2003). Angiotensin II is also a powerful
chemo-attractant for activated HSCs concentrating these cells at the site of hepatic
injury (Bataller et al 2003). These effects may be amplified by upregulation of key
components of a local RAS by liver injury (Paizis 2002, Bataller 2003), creating
an autocrine loop in which liver injury increases angiotensin II production and this
in turn perpetuates liver damage and fibrosis.

A recent study showed that these profibrogenic effects of angiotensin II in
human hepatic stellate cells are at least in part mediated via the generation of
reactive oxygen species (ROS) by NADPH oxidase. This proposed mechanism is
supported by the finding that hepatic fibrosis following bile duct ligation is markedly
attenuated in NADPH oxidase-deficient mice (Bataller 2003). NADPH oxidase
is expressed in other hepatic cell types including Kupffer cells and sinusoidal
endothelial cells and these cells may also contribute to fibrogenesis through the
formation of ROS (Whalen et al 1999, Kono et al 2000).

The importance of the RAS in hepatic fibrosis is supported by studies which have
shown that inflammation and fibrosis in response to both CCL4 treatment (Kanno
2003) and bile duct ligation (Yang et al 2005) are attenuated in AT1 knockout mice.
Supporting evidence has also come from in-vivo studies which have shown that
angiotensin II infusion stimulates proliferation of bile duct cells, exacerbates liver
fibrosis and increases serum transaminases and endotoxin levels in BDL rat livers
(Bataller et al 2005). Interestingly, angiotensin II infusion increases the number of
vascular thromboses of small hepatic vessels within portal tracts in both BDL and
sham operated animals, the putative mechanism being an increase in tissue factor
procoagulant activity (Bataller 2005). This prothrombotic effect of angiotensin II
may contribute to further liver injury and collagen deposition by causing local
hypoxia (Corpechot et al 2002).

In addition to its direct profibrotic effects, angiotensin II is an amplifier of the
general inflammatory response to chronic liver injury and induces acute phase
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reactants, oxidative stress, the release of inflammatory and fibrogenic cytokines (IL-
6, IL-1, TGF�1, TNF�) and ECM deposition (Bataller 2003, Miyoshi et al 2003,
Bataller 2005, Sasaki et al 2005). In addition to complex interactions with other
cell types, angiotensin II induces the secretion of monocyte chemoattractant protein
(MCP-1) and IL-8 from activated HSCs (Marra et al 1998, Kanno et al 2005). MCP-
1 is a low molecular weight secretory protein that potently stimulates leukocyte
recruitment and activation. Upregulation of MCP-1 gene expression is though to be
mediated via Rho intracellular signalling pathways following angiotensin II binding
to the AT1 receptor (Kanno 2005). Other events that occur as a result of AT1 receptor
activation include the release of a number of transcription factors; activator Protein
1 (AP-1), signal transducer and activator of Transcription (STATs) and NF�B
(Jamaluddin et al 2000, McAllister-Lucas et al 2006), which are crucial for many of
the downstream pro-inflammatory effects of angiotensin II such as the production
of cytokine, IL-6. Furthermore, activation of the transcription factor NF�B is a
fundamental positive feedback mechanism by which angiotensin II acting at AT1
receptors located on hepatocytes stimulates the transcription of angiotensinogen, the
precursor of angiotensin (Ron, Brasier and Habener 1990, Brasier, Li and Copland
1994). A number of cell types present within the liver express AT1 receptors and may
contribute to these proinflammatory effects of AngII (Leung 2003, X. Zhang et al
2004). For example, Kupffer cells, the resident hepatic macrophage, are activated
in alcoholic liver disease and are stimulated by angiotensin II to produce TNF-�
and TGF-�1 (Enomoto et al 2000). The production of these cytokines by Kuppfer
cells is significantly reduced by the angiotensin receptor antagonist (ARB), losartan
but not the ACE inhibitor captopril, confirming the role of the AT1 receptor in this
cell type (Y. H. Wei, Jun and Qiang 2004).

The hepatic RAS also appears to affect the balance between ECM deposition
and degradation which depends on the relative activity of matrix metalloproteinases
(MMPs) and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs). TIMP-
1 is a broad specificity inhibitor of MMPs which acts by forming 1:1 complexes with
MMPs. Angiotensin II upregulates TIMP-1 mRNA expression in activated HSCs
through AT1 receptor binding and subsequent protein kinase C (PKC) intracellular
signalling pathways. This has been verified in two animal models of fibrosis (pig
serum and CCL4) where down-regulation of TIMP-1 gene expression followed
administration of ACE inhibitors or ARB (Yoshiji 2003).

Paizis et al, recently demonstrated that ACE2 gene expression and protein levels
are markedly elevated in the BDL liver and cirrhotic human liver tissue, opening the
possibility that this putative counter-regulatory arm of the RAS is actively involved
in chronic liver disease (Paizis et al 2005). In addition angiotensin (1-7), ACE2
and Mas, have recently been shown to increase progressively following bile duct
ligation in rats (Herath 2006, Lubel et al 2006, Pereira et al 2006). Furthermore in
this same model, pharmacological blockade of the Mas receptor may worsen liver
fibrosis (Pereira 2006). The potential benefits of angiotensin (1-7) are of particular
clinical relevance because both ACE inhibitors and angiotensin receptor blockers
(ARBs) can result in elevations in angiotensin (1-7) raising the possibility that some
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of the beneficial effects of these drugs are mediated by this peptide (Iyer, Ferrario
and Chappell 1998, Collister and Hendel 2003).

4.1. Effects of RAS Inhibition on Hepatic Fibrosis in vivo

ACE inhibitors have been found to have multiple benefits in both cardiovas-
cular and renal disease (hypertension, prevention of myocardial infarction and
stroke, preventing heart failure, arrhythmias, renal failure, proteinuria and diabetic
nephropathy). Losartan was the first drug of an alternative class of RAS antagonists
which block the angiotensin II type 1 receptor. Subsequently a large number of
ACE inhibitors and angiotensin receptor blockers (ARBs) have been developed.
These two classes of drug collectively have been shown to reduce chronic end-
organ damage in cardiovascular and renal disease and diabetes. The benefits of
these drugs appear to be independent of their antihypertensive effects suggesting
that they have direct antifibrotic or tissue protective effects in these diseases.

4.2. Studies in Animal Models

InterventionalanimalstudiesusingRASinhibitorshaveprovidedcompellingevidence
that the RAS plays a major role in the pathogenesis of hepatic fibrosis. Most of these
studies have been performed in rodents and several established models of hepatic
fibrosis have been used (Table 2) (Ramos et al 1994, H. Wei et al 2000, Jonsson
et al 2001, Ohishi 2001, Paizis et al 2001, Yoshiji et al 2001, Croquet et al 2002,
Ramalho et al 2002, Toblli et al 2002, Yoshiji et al 2002, Kurikawa 2003, X. Li
et al 2003, Tuncer et al 2003, Yoshiji 2003, X. Li et al 2004, Y. H. Wei 2004,
Yoshiji et al 2005). Although methodologies have differed widely, there is a surprising
degree of uniformity in the results. In almost all published studies, both ACE
inhibitors and AT1 receptor blockers have been shown to have beneficial effects.
These include both the attenuation of fibrosis and down-regulation of key inflam-
matory and profibrotic cytokines known to be involved in the pathogenesis of hepatic
fibrosis. A summary of the major findings of these studies is provided in Table 2.

One of the most common and serious complications of cirrhosis is the devel-
opment of hepatocellular carcinoma. In keeping with the known proliferative and
angiogenic effects of angiotensin II, there is increasing evidence that the RAS is
involved in the development and growth of this neoplasm. Experiments in mice
have shown that the potent angiogenic factor vascular endothelial growth factor
(VEGF) is induced by angiotensin II and that the ACE inhibitor, perindopril, signif-
icantly attenuates VEGF-mediated tumour development. (Yoshiji, Kuriyama and
Fukui 2002, Yoshiji et al 2002)

4.3. Human Studies

The efficacy, ease of use and excellent safety profile of RAS blockers in the
treatment of patients with cardiovascular and renal disease makes them an attractive
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potential therapy for the treatment of human liver disease. The effects of AT1

blockade on portal hypertension have been examined in a number of studies. The
rationale for these studies is that angiotensin II increases intra hepatic resistance
to portal flow in the cirrhotic liver by mediating contraction of perisinusoidal
myofibroblasts and thus contributes to the variable component of portal hypertension
(Vlachogiannakos et al 2001). Although some studies have shown that these drugs
can lower portal pressure, their use has been associated with unacceptable drops in
systemic blood pressure and renal blood flow, particularly in patients with advanced
liver disease. This is because the systemic renin angiotensin system is activated
in such patients in response to systemic and mesenteric vasodilation (Arroyo et al
1979, Bosch et al 1980, Sakata 1991) and plays a central role in the maintenance
of renal perfusion pressure and glomerular filtration.

There have been only a small number of studies examining the effects of RAS
inhibition on fibrosis in human liver disease and there are no large randomised trials.
This may at first seem surprising considering the wealth of supportive evidence
that has come from animal and in-vitro studies. However, studies of antifibrogenic
therapies are difficult to perform in man because of the need to perform multiple
biopsies. In addition, fibrosis progresses very slowly in most common diseases such
as hepatitis C and non-alcoholic fatty liver disease making it difficult to detect
possible beneficial effects of antifibrotic therapy unless studies are conducted over
a number of years.

One small study (n=7) found that administration of the angiotensin II receptor
antagonist losartan 50mg/day for 48 weeks in patients with non-alcoholic steatohep-
atitis (NASH) reduced serum TGF-�, ferritin and aminotransferases. Five patients
showed improvement in the grade of hepatic necro-inflammation. Importantly, this
small study had no control group and was not analysed on an intention to treat basis
(Yokohama et al 2004). In a subsequent study the pre and post treatment biopsies of
seven patients with non-alcoholic steato-hepatitis treated with losartan (50mg/day
for 48 weeks) were compared with eight patients with non-alcoholic fatty liver
disease who acted as a control group. The treatment group showed a significant
improvement in necro-inflammatory grade, stage of fibrosis, significantly fewer
activated HSCs and a mild increase in quiescent HSCs (Yokohama et al 2006) at
the end of 48-weeks. However, the lack of a proper randomised control group is a
particular problem in studies of patients with NASH since the disease can improve
in response to changes in life style.

A number of studies have reported possible antifibrotic effects of RAS blockers
in patients with hepatitis C. In one study, 30 HCV infected patients with mild
fibrosis were treated with losartan 50mg/day and ursodeoxycholic acid 600mg/day
whilst controls received ursodeoxycholic acid alone. There were significant differ-
ences in serum markers of hepatic fibrosis (TGF-�1 and type IV collagen) in the
losartan and ursodeoxycholic acid group, but no significant changes in fibrosis score
(METAVIR scoring system) were observed. The full details of this study have not
been published (Rimola et al 2004). Another report published in letterform only
described outcomes in patients with hepatitis C treated with low-dose interferon
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(IFN alpha 3x106 IU 3 times a week for 12 months) in combination with the
ACE inhibitor, perindopril (4mg/day). Treatment was accompanied by significant
improvement in serum markers of fibrosis (hyaluronic acid, type IV collagen 7S
and procollagen III-N-peptide), however, histological analysis was not performed.
Unfortunately, it is impossible to determine from this study whether any of the
observed effects were due to perindopril itself as a perindopril monotherapy group
was not included (Yoshiji, Noguchi and Fukui 2005). Finally, a retrospective review
which compared liver histology in liver transplant patients with recurrent hepatitis
C who were taking RAS blocking drugs (n=27) with those who were not (n=101)
showed that the group taking RAS blockers were less likely to develop severe
hepatic fibrosis (bridging fibrosis or cirrhosis) at 1 and 10 years post transplantation
compared to the control group (15% vs. 35% at 1 year (P<0.05), and 35% vs. 70%
at 10 years (P<0.005), respectively) (Rimola 2004).

5. CONCLUSIONS

Recent studies have provided clear evidence that there is an hepatic RAS that
may be of major importance in the pathogenesis of chronic liver disease. This
system is upregulated by chronic liver injury and contributes to oxidative stress,
recruitment of inflammatory cells and the development of fibrosis. The RAS also
plays a role in the pathogenesis of portal hypertension and many of the systemic
complications of cirrhosis. There is ample evidence from in-vitro studies and work
in a number of animal models of liver disease to suggest that blockade of the RAS
can ameliorate liver injury, inhibit hepatic fibrosis and lower portal pressure. Whilst
ACE inhibitors and ARB have proven to be invaluable pharmacological tools, most
studies have employed higher doses of these drugs than are used clinically. It
remains to be determined whether RAS inhibition will prove to be an effective
therapeutic approach for the treatment and prevention of hepatic fibrosis and its
complications in human liver disease.
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1. INTRODUCTION

The relationship between the endocrine system and cancer, it can be fairly said,
was first identified in the breast, and has since been most extensively studied in
this tissue. The early demonstration that breast cancer cell growth was regulated
by oestrogen, and proof of the beneficial effects of surgical removal of the sources
of oestrogen, led to the development of anti-oestrogen drugs, exemplified by
tamoxifen, and more recently, the aromatase inhibitors, that have been remarkably
successful (Barnes et al 2004; Howell et al 2004; Jones et al 2004).

It is this success, perhaps, that has overshadowed the substantial (and long estab-
lished) evidence that regulation of breast tissue, and particularly breast epithelial
tissue growth and function, is multifactorial, and many hormones and growth factors
are involved (Haagensen 1986; Dickson et al 1992; Hansen et al 2000; Tucker 2000;
Pollard 2001; Goffin et al 2002; Singer et al 2003; Lamote et al 2004; Nicolini
et al 2006; see also Wysolmerski and van Houten, 2002). This particularly comes
to the fore when tumours that are non-responsive to tamoxifen, or do not contain
oestrogen receptors, are studied. In these, growth factors and their receptors have
been targeted for drug development, and this in turn reflects the fairly long-held
recognition that several of the proto-oncogenes have functions connected with the
growth factors, their receptors, or the intracellular signalling mechanisms that they
activate (Ross et al 2004; Bianco et al 2005; Hynes et al 2005; Pal et al 2005;
Zhang et al 2005). Yet there remain still further possibilities.

The renin-angiotensin system (RAS, Fig. 1) has received most attention in relation
to its functions in the circulation, in which the generation of the most prominent
active hormone, angiotensin II, is associated with the regulation of aldosterone
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Figure 1. The renin-angiotensin system (cf. Peach 1977; Stroth et al 1999)

secretion, salt and water metabolism and blood pressure (Mulrow 1999; Kaschina
et al 2003). In recent years, attention has also focused on the evidence for widespread
local tissue RASs (Vinson et al 1997; Mulrow 1999; Tahmasebi et al 1999; Li et al
2004), including in the breast (Tahmasebi et al 1998; Tahmasebi et al 2006), and
see below.

It was with the development of antibodies to the angiotensin II receptors that
the relevance of the RAS became apparent, because, though ligand binding assays
had previously demonstrated the widespread distribution of these receptors in many
tissues, it was immunocytochemistry that first showed that it is in secretory epithelia,
including in the breast, that they are most abundant. Reflection on the well known
functions of angiotensin II suggests several ways in which it may be crucial to
epithelial function.

These include water and electrolyte transport and secretion (Lees et al 1993;
Leung et al 1997; Mahmood et al 2002; Norris et al 1991; Quan et al 1996; Wang
et al 1996; Wong et al 1990), ciliary beat activity (Saridogan et al 1996), and, at
least by extrapolation from its actions in other tissue types, tissue modelling through
regulation of mitosis and apoptosis, not only in the heart and vasculature (Schorb
et al 1995; Linz et al 1989; Weber et al 1991; Motz et al 1992; Johnston 1992;
Booz et al 1995; Kaschina et al 2003), but also in the adrenal cortex (Natarajan
et al 1992; Quan et al 1996; Vinson et al 1998), kidney (Wolf et al 1993), and
possibly skeletal muscle and connective tissue as well (Millan et al 1989).

The relevance to dysplasia and carcinoma is immediately obvious, and here
the most important of these properties of angiotensin are those concerned with
regulation of mitosis and of apoptosis. It was quickly established that several
different types of cancer, including breast cancer, also express angiotensin receptors
(Marsigliante et al 1996; Inwang et al 1997; Kucerova et al 1998; De Paepe et al
2001; Fujimoto et al 2001; Suganuma et al 2005; Uemura et al 2005b).
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2. RECEPTORS AND SIGNALLING

Angiotensin II exerts most of its activities through two G-protein coupled receptors,
designated AT1 and AT2. This is also true of angiotensin III and angiotensin 1-7,
though it is thought that angiotensin IV (the hexapeptide, angiotensin 3-8; Fig. 1)
also interacts with a specific receptor, designated AT4 (Hall et al 1995; Jarvis et al
1992; Chai et al 2004; Haulica et al 2005). In rodents, there are also two variants
of the AT1 receptor, designated AT1a and AT1b, which have 95% homology and
share signalling pathways (Smith et al 1994; Clauser et al 1996; Martin et al 1995),
though with different promoter regions. Such AT1 subtypes do not exist in man
(de Gasparo et al 2000). Signalling pathways for the AT1 and AT2 angiotensin
receptors have been extensively studied (Figs. 2, 3). The AT1 receptor is known
to signal primarily through linkage to Gq/11, leading thus to increased intracellular
calcium, IP3 and diacylglycerol mediated cellular events, and also to tyrosine kinase
linked pathways, including ERK1 and ERK2 activation. The AT2 receptor, in
contrast, appears in general to oppose the actions of AT1 receptor activation on
phospholipase activation and downstream phosphorylation of signalling molecules
such as the ERKs, and this is associated with increased phosphatase activity (de
Gasparo et al 2000; de Gasparo 2002; Kaschina et al 2003). The key point here
in relation to cancer is, initially at least, that events mediated through the AT1

receptor promote mitosis and cell proliferation, whereas AT2 receptor activation
leads to apoptosis (Horiuchi et al 1997; Horiuchi et al 1999a; Horiuchi et al
1999b; Bedecs et al 1997; de Gasparo et al 2000; de Gasparo 2002; Dinh et al

Figure 2. Signalling pathways for the AT1 receptor (cf. Stroth et al 1999; de Gasparo et al 2000; Berry
et al 2001; Hunyady and Catt 2006)
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Figure 3. Signalling pathways for the AT2 receptor (cf. Stroth et al 1999; de Gasparo et al 2000; Berry
et al 2001)

2001; Gross et al 2004; Kaschina et al 2003; Yamada et al 1996; Hunyady and
Catt 2006). The situation is complex, AT1 and AT2 receptors are not invariably
antagonistic (D’Amore et al 2005), and more recently it appears that both receptors
can mediate apoptotic events at least in some tissues (Diep et al 2002; Suzuki
et al 2002; Li et al 2003b) though not all (Weidekamm et al 2002; Yamada et al
1998).

The possible relationship between angiotensin signalling via the AT1 receptor
and cancer becomes clearer in the light of the many studies on the cross talk
between AT1 and the tyrosine kinase receptors, including EGF receptors. Tyrosine
kinase activation by AT1 receptor interactions has been shown for several signalling
molecules, including the JAK/STAT pathway and MAPK (Booz et al 1995;
Griendling et al 1997), and in this case the AT1 receptor is known to interact
directly with JAK2, which in turn links to JAK1 (Ali et al 2000; Hunyady and
Catt 2006). This pathway is independent of AT1 mediated increases in intracel-
lular calcium (Doan et al 2001), and is thus an important intrinsic action of
the AT1 receptor. Further evidence for transactivation of EGF receptors via the
AT1 receptor has demonstrated Akt/PKB/PIP kinase activation (Greco et al 2003;
Lin et al 2003; Shah et al 2004; Chiu et al 2005; Olivares-Reyes et al 2005;
Yang et al 2005), with inhibition via the AT2 receptor (De Paolis et al 2002).
Another AT1 receptor signalling pathway is the activation of reactive oxygen
species generation (Ushio-Fukai et al 1999; Griendling et al 2000; Hunyady
and Catt 2006). In a further intriguing development, the non-genomic actions
of oestrogens in breast cancer cells, which occur whether or not the cells
express oestrogen receptors, has been found to depend on the presence of AT1R
(Lim et al 2006).
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3. ANGIOTENSIN IN CANCER

An early study suggested that long term use of angiotensin converting enzyme
(ACE) inhibitors in patients may limit the development of cancer (Lever et al 1998),
but this has been questioned (Meier et al 2000; Li et al 2003a; Gonzalez-Perez
et al 2004; Ronquist et al 2004), and no evidence was found in breast cancer
specifically for any effect of a range of antihypertensive drugs, including ACE
inhibitors and angiotensin II antagonists (Fryzek et al 2006). Indeed, despite its
possibly unwelcome actions on tumours, angiotensin II has actually been used
acutely in cancer to enable better accessibility of chemotherapeutic drugs to the
tumour, through its vasoconstrictive actions (Noguchi et al 1988; Yamaue et al
1990; Goldberg et al 1990; Anderson et al 1991).

Given the upregulation of the AT1 receptor reported in various hyperplastic and
cancer tissues (De Paepe et al 2001), (though not according to all reports (Dinh
et al 2002)), and also of MAPK (Sivaraman et al 1997) it is clear that angiotensin
should not be dismissed as merely a peripheral player in the natural history of
cancer (Deshayes et al 2005). In fact, in experimental conditions, ACE inhibitors
have been found to limit several different types of tumour cell growth, including
breast cells, in vitro (Chen et al 1991; Reddy et al 1995; Small et al 1997), and
also in animal models in vivo, though here the response is often attributed to their
anti-angiogenic effects (Volpert et al 1996; Yoshiji et al 2004). Similarly, AT1

receptor antagonists are also effective anti-cancer agents in vitro (Rivera et al 2001)
and in animal models in vivo (Fujimoto et al 2001; Fujita et al 2002). Indeed, AT1

receptor blockers have also been used in patients with prostate cancer, who showed
decreased prostate specific antigen and improved performance, though previously
refractory to endocrine therapy (Uemura et al 2005a). It is worth noting, however,
that the concentrations of the drugs used in the experimental studies are high
compared with those used for anti-hypertensive therapy. For example, candesartan
inhibited ovarian tumour growth in mice by ∼ 50% at doses of 10–100mg/kg/day
(Suganuma et al 2005), compared with the usual anti-hypertensive dose range in
adult humans of up to perhaps 0.2 mg/kg/day. Losartan inhibited glioma tumours
in vivo by 39% to 79% at a dose range of 40–80mg/kg/day (Rivera et al 2001),
whereas a more usual dose in hypertensive patients would be up to 1.5mg/kg/day.
It is perhaps not surprising that in general it has been difficult to detect any anti
cancer activity of these drugs in patients undergoing treatment for cardiovascular
indications.

Angiogenesis and neovascularisation are also important components of tumour
growth and metastasis. Angiotensin II is directly involved in stimulating this process.
This may be an additional contribution made by angiotensin II but which is distinct
from other direct actions of angiotensin II on tumour cells. Studies relating to
several other non-breast cancers have demonstrated a role for angiotensin II through
induction of vascular endothelial growth factor (VEGF). This action occurs via the
AT1 receptor. In AT1 receptor null mice implanted with S-180 murine sarcoma
cells, tumour-associated angiogenesis is reduced, along with VEGF expression
(Fujita et al 2005). It is also a feature confined to the stromal tissue, and newly
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formed endothelial cells, and may involve protein kinase C and activating protein-1
(AP-1) dependent signalling pathways. Fujita and colleagues also showed how the
AT1 receptor is involved in tumour metastasis in a lung carcinoma model (Fujita
et al 2002). Both of these studies found that the effects of angiotensin II could
be inhibited using the AT1 receptor blocker, candesartan cilexetil. Similarly, in an
in vivo model of head and neck cancer, the ACE inhibitor perindopril was found
to inhibit tumour growth, and associated neovascularisation, along with VEGF
expression, although no direct cytotoxic effects on the tumour cells was observed
(Yasumatsu et al 2004). Studies of angiotensin II in angiogenesis have thus far
been concerned with non-breast cancers, however, it may be worthwhile stating
that certain polymorphisms in either the ACE or AT1 receptor genes are associated
with a reduced risk of developing breast cancer (Koh et al 2005).

Extracellular matrix remodelling is an important process in normal development
of the mammary gland which undergoes many changes, including ductal devel-
opment, lactation and involution (see Fig. 4). This process of tissue remodelling
requires the breakdown (and subsequent resynthesis) of extracellular matrix compo-
nents, which is effected by secretion of the zinc-dependent matrix metalloproteinases
(MMPs) which act upon the basement membrane. Disruption of the matrix also
invariably occurs during mammary tumour growth and and invasion (Ambili et al
1998; Rudolph-Owen et al 1998), and MMPs have been found to be expressed
in the myoepithelial cells of both normal and hyperplastic breast tissue. It is
thought that they are regulated by cellular oncogenes and thus play a role in

Figure 4. The breast cycle: note particularly extensive duct and gland development during pregnancy and
lactaction, followed by apoptotic involution when lactation ceases. (cf. Wiseman et al 2002; Boutinaud
et al 2004; Green et al 2004). Drawing by Bronwen Vinson
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breast tumour growth and metastasis, and an increased level of active MMP2 has
been observed in invasive breast cancers. In addition, high levels of MMPs have
been found to correlate with poor outcome in breast cancer patients (Duffy et al
2000).

The basement membrane is vital for survival of epithelial cells and loss of
contact results in a specialised form of apoptosis. Collagen IV is an important
component in the basement membrane and both its expression and degradation must
be balanced during normal tissue development. Thus proteolysis, or any disparity
in its production, can lead to pathological changes in breast tissue. In many organs,
including heart (Galis et al 2002), lung (Karakiulakis et al 2006) and kidney (Gack
et al 1994), tissue remodelling is known to be controlled through the direct or
indirect actions of angiotensin II either by altering the level of collagen expression
(Ford et al 1999) or changes in MMP activity (Dzau 2001) - indeed pathological
changes occurring in these tissues, such as ventricular hypertrophy or diabetic
nephropathy, can be controlled by using either ACE inhibitors or AT1-receptor
blockers (Petrovic et al 2005; Porteri et al 2005; Reinhardt et al 2002; Sakata et al
2004; Sun et al 2006). The presence of a localised RAS in breast tissue suggests
that angiotensin II is likely to exercise a similar control here, particularly since
there is co-expression of components of the RAS and MMPs in the myoepithelial
cells lining the breast ducts and lobules (see below).

There are also seemingly reciprocal, hence complex, relationships between
angiotensin II, angiotensin receptors, oestrogens and ER. Angiotensin II treatment
reduces ER and increases PR in ductal carcinoma cells in vitro (Small et al 1997),
in turn oestrogen may upregulate angiotensinogen in rat and human tissues (Gordon
et al 1992; Klett et al 1993; Fischer et al 2002), and also the AT2 receptor in rat
ovary and human myometrium (Mancina et al 1996; Pucell et al 1987). In contrast,
the AT1 receptor is downregulated by oestrogen in some tissues (Seltzer et al 1992;
Kisley et al 1999; Fischer et al 2002), as are renin and ACE (Fischer et al 2002):
the oestrogen/progesterone ratio is inversely proportional to prorenin in bovine
follicular fluid (Mukhopadhyay et al 1991). Furthermore, overall RAS activity is
highest when circulating oestrogen is high, and angiotensin II and plasma renin
activity (PRA) are increased by oestrogen treatment in sheep (Magness et al 1993)
but are highest during the luteal phase of the menstrual cycle in women (Sealey
et al 1994; Chapman et al 1997; Chidambaram et al 2002).

From the abundance of evidence suggesting direct actions of angiotensin II on
cancer cell growth, and in addition, because of its clear interactions with the well
studied hormone and growth factor mediators, it is time to consider the possibility
that angiotensin’s role is crucial in cancer.

4. THE RENIN-ANGIOTENSIN SYSTEM IN THE BREAST

What is the source of angiotensin II available to breast or other carcinomas? In
recent years, attention has also focused on the evidence for local tissue RASs,
particularly in the adrenal (Gupta et al 1995; Mulrow 1998; Vinson et al 1998),
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gonads and reproductive tract (Hagemann et al 1994; Li et al 2004; Nielsen et al
1995; Vinson et al 1997; Ganong 1995) kidney (Phillips et al 1993; Zimmerman
et al 1997); heart (Okura et al 1992; Bader 2002; Dean et al 2006), brain, pituitary
(Vila-Porcile et al 1998; McKinley et al 2003; Dean et al 2006) and pancreas
(Tahmasebi et al 1999; Leung et al 2001; Leung et al 2005). It seems likely that
the multiple roles of angiotensin II in these various tissues are sustained by its local
generation, adjacent to its sites of action.

Early evidence showed (pro)renin gene transcription in normal and abnormal
breast tissue using in situ hybridisation (Tahmasebi et al 1998). In normal breast
ducts, transcription was seen in myoepithelial cells and in fibroblasts, but none was
found in the secretory epithelium. In cancer, overall (pro)renin transcription was
seemingly reduced with the loss of myoepithelial cells, and it also became more
sporadic in fibroblasts (Fig. 5).

Figure 5. Angiotensin II receptors, and ACE are both present in epithelial cells and in cancer cells. Sites
of (pro)renin mRNA transcription (dark shading) are shown in (i) normal breast ducts, (ii) intraductal
carcinoma in situ and (iii) invasive carcinoma. The myoepithelial source of (pro)renin transcription
is lost as cancer develops. Since in normal tissue this lies in close proximity to the epithelium, the
configuration strongly suggests that angiotensin II can be produced at its epithelial site of action. This
tightly linked system is lost in cancer, suggesting that the AT1 and AT2 receptor-containing carcinoma
eventually becomes deprived of its source of angiotensin II. From (Tahmasebi et al 1998; Tahmasebi
et al 2006). e = epithelium, m = myoepithelium, f = fibroblast, t = tumour, s = stroma. Drawing by
Bronwen Vinson
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In other studies, evidence for transcription of mRNA coding for RAS components
was sought using quantitative RT-PCR. Angiotensinogen mRNA was shown to be
present, though in low amounts compared with the liver, and (pro)renin mRNA was
present though lower than in the kidney. This is perhaps unsurprising, since liver and
kidney are usually considered to be the major sources of these components (Mulrow
1999) (Kaschina et al 2003). However, confirming the previously reported in situ
hybridisation data (Tahmasebi et al 1998), there was significantly less (pro)renin
mRNA in carcinoma than in normal tissue. Finally, the quantification of ACE
mRNA showed that expression was present in carcinoma, though again in lower
amounts than in normal tissue (Tahmasebi et al 2006).

In contrast to these data on the presence of mRNA, immunocytochemistry
revealed that, in most samples of normal breast tissue, (pro)renin was in present
in abundance in myoepithelial cells, though it was absent from connective tissues
surrounding the ducts, unlike its mRNA. Somewhat different patterns were seen
in cancer, and while the distribution seen in normal tissue was broadly reflected
in ductal and in lobular carcinoma in situ, varying staining patterns were seen in
fibroadenoma, and in infiltrating ductal carcinoma in which the antigen was weakly
and sporadically present in epithelial cells, but also more strikingly, in fibroblasts
as well. Abundance of (pro)renin also varied according to the stage of malignancy,
suggesting that its expression varied inversely with tumour grading. Thus (pro)renin
staining was still present in fibroblasts in advanced cancer, though at relatively low
intensity.

Together with previous data on the distribution of (pro)renin mRNA, which
in normal tissue was detected mostly in fibroblasts and myoepithelium, the data
suggest that (pro)renin, is formed in the fibroblasts (and myoepithelium) and is trans-
ported from these sites of synthesis, perhaps to myoepithelium (though the myoep-
ithelium is also a source), and possibly even to the epithelium, though this is rarely
visible. In cancer, though, (pro)renin mRNA and protein are both found in fibrob-
lasts. This suggests that the link between fibroblasts, myoepithelium and epithelium
are essential for any such transfer to occur. Together with the progressive loss
overall of both (pro)renin mRNA and protein, such physical disruption suggests that
the system for local angiotensin II generation is greatly impaired in cancer (Fig. 5).

The localisation of ACE is especially important to the concept of a local RAS
supplying purely local requirements for angiotensin II, and, tellingly, it was found to
be located in the ductal epithelium in normal breast tissue, and also in fibroadenoma
and carcinoma (Tahmasebi et al 2006). It supports the view that angiotensin II
in breast tissue is not necessarily derived from the circulation and may originate
from a local source. Most importantly, it suggests that angiotensin II is produced
directly in the epithelium, the site at which it acts. Clearly it may be formed from
angiotensin I provided by renin activity in the myoepithelium. This reveals a tightly
organised RAS that is geared to the production of angiotensin II in the breast duct
epithelium alone, and it is the apparently close coupling of (pro)renin and ACE
expression with the epithelial site of angiotensin II action that is so compelling.
Since angiotensin II has numerous functions in epithelial and other tissues, including
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Figure 6. Possible actions of angiotensin in cancer. Note that angiotensin II may stimulate both cell
proliferation (via the AT1 receptor) and apoptosis (via the AT2 receptor). However, signalling via the
AT1 receptor may also inhibit cell adhesion to, and migration through the extracellular matrix, processes
that are associated with metastasis. Simply blocking the AT1 receptor could thus conceivably bring
both beneficial and damaging responses, through limiting proliferation, but promoting metastasis at the
same time. Clearly, loss of angiotensin II generation in cancer (cf Fig. 5) could also bring both of these
consequences

the regulation of mitosis and tissue differentiation (Fig. 6), the observation that
(pro)renin transcription apparently fails in invasive carcinoma, crucially suggests
that here angiotensin II is not available to maintain these functions. This has
profound implications for our understanding of cancer. We conclude that the local
RAS may be important for the regulation of epithelial function in the breast. Such
regulation is lost as the renin producing fibroblasts and myoepithelium are physically
separated from the bulk of the proliferating cells. The characteristic invasiveness
of malignant cells may reflect this loss of RAS control.

5. CANCER RELATED FUNCTIONS OF ANGIOTENSIN II
IN THE BREAST

Other studies describe the actions of angiotensin II on breast cells. Primary among
these is the stimulation of cell proliferation in cancer cells via the AT1 receptor
(Muscella et al 2002). The signalling pathways involved have been explored, and
include calcium mobilisation (Greco et al 2002a), PKC activation (specifically
through subtypes zeta (atypical form) and iota) and ERK activation (Greco et al
2002b; Greco et al 2003; Muscella et al 2003; Muscella et al 2005). There is also
evidence, as in other examples of angiotensin II signalling, for cross-activation of
EGF function (Greco et al 2003). The AT1 receptor also mediates Na+/K+ ATPase
activation (Muscella et al 2002; Muscella et al 2005).
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Most intriguingly, the relationship with other cancer related functions has shown
that angiotensin II also has beneficial as well as damaging actions. Using the MCF-7
and T47D breast cancer cell lines in in-vitro assays, angiotensin II has been shown
to inhibit expression of the specific integrin subtypes �3 and �1, and also to inhibit
cancer cell adhesion to cell matrix proteins, and cell invasion. These effects too are
mediated via the AT1 receptor (Puddefoot et al 2006).

In breast cancer, in other words, angiotensin II action on the AT1 receptor
may have both damaging effects, through the stimulation of cell proliferation,
and beneficial actions, through inhibiting cell adhesion to, and migration through,
components of the extracellular matrix, processes that are associated with metastasis
(see Fig. 6). Because of this duality of action, it is clear to see that simple suppression
of angiotensin II formation, or inhibition of angiotensin II binding to AT1 receptors,
may not be wholly beneficial or appropriate therapies (cf. ref (Magy et al 2005)).
This may also contribute to the inconclusive results that have been obtained in
patients (see above), despite the clear actions of angiotensin II on tumour cells in
vitro, and in laboratory animals.

To understand the significance of these complex events, it is useful to consider the
physiology of the normal breast. In development, complexity of the ductal system
begins to appear at the time of puberty, and it reaches a stable state in the nulli-
parous adult female. However, in pregnancy, the ductal system proliferates further,
and this development continues so as to form the highly secretory gland of lactation.

When lactation ceases, the breast ducts involute, and regain the non-pregnant
condition (Wiseman et al 2002; Boutinaud et al 2004; Green et al 2004). Thus
in normal physiology breast duct cells undergo periods of proliferation, and others
of apoptotic involution (Fig. 4). The situation is complex, and it appears that the
propensity for metaplastic change varies at different stages of the cycle, leading to
the proposition that there are at least two types of stem cell, or a hierarchy of stem
cells (Villadsen 2005; Russo et al 2006). It is furthermore known that epithelial
cells in general are not fully functional in the absence of the surrounding stroma
which provides essential factors that stimulate its proper development and function,
among which growth factors and integrins are prominent (Chrenek et al 2001;
Pollard 2001; Wiseman et al 2002; Barcellos-Hoff et al 2005). On the basis of the
evidence presented here, we propose that angiotensin II is also one such factor.
Since angiotensin II has both proliferative and apoptotic actions, via AT1 and AT2

receptors, it is plausible that it is active throughout the whole breast cycle. It is
easy to see how, when invasive cancer develops, the disruption of the tightly co-
ordinated tissue RAS that we have described may have complex effects on tumour
development, and contribute to the overall threat to health.

6. CONCLUSIONS

The tissue RAS and the local generation and action of angiotensin II are key
components in the function of the normal breast epithelium. These functions may
include the homeostatic regulation of gland and duct integrity throughout the breast
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cycle during pregnancy, lactation, and post lactation, as well as regulation of normal
epithelial functions, such as electrolyte transport. Though breast cancer cells still
retain angiotensin II receptors, the partial loss of the tissue RAS as cancer develops
may contribute to the progress of the disease. It is therefore appropriate to consider
the breast tissue RAS as an appropriate target for the development of new therapies.
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1. INTRODUCTION

The carotid bodies are a pair of small organs bilaterally located at the bifurcation of
the carotid artery. The organ is highly vascularized and perfused by arterial blood
supply from the carotid artery. Peripheral chemoreceptors of the carotid body play
a major role in the sensory chemotransduction of chemical changes in the arterial
blood, which is essential to the rapid adjustment of cardiovascular and respiratory
activities via the chemoreflex pathways. Under hypoxemic conditions with a fall
of arterial oxygen tension below 50 mm Hg, this causes an exponential rise in the
activity of the carotid sinus nerve of the carotid body. The increase in chemoreceptor
afferent activities excites the neurons in the nucleus tractus solitarius, which is the
primary relaying nucleus in the medulla. Activation of the chemoreflex results in
the elevation of central drives and efferent nerve activities, which increases venti-
lation, cardiac performance and redistribution of blood flow for the physiological
compensation matching metabolic needs (Marshall 1994).

Type-I glomus cells are the major cell type in the carotid body. These cells
play a major role in sensory chemotransduction because these cells are closely
apposed to nerve endings formed in group clusters or glomeruli (Gonzalez et al
1994). These glomic clusters are encapsulated by glial-like (type-II) cells; however,
they are not as numerous as the type-I glomus cells. In addition, it is generally
believed that type-I glomus cells are the chemosensitive cells in the carotid body,
because these cells respond to various physiological stimuli such as hypoxia and
hypercapnic acidosis. Upon activation of the chemical stimulus, type-I glomus cells
depolarize causing a rise in intracellular calcium, which is essential for signaling the
vesicular secretion of catecholamines and other putative neurotransmitters such as
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acetylcholine and ATP from the chemosensitive cells (Gonzalez et al 1994; Lahiri
et al 2006). This in turn elevates the excitability of the nerve endings that cause an
increase in the activity of the carotid sinus nerve of the carotid body.

The carotid body is a highly vascularized organ with blood perfusion exceeding
the needs of local tissue metabolism. Thus, changes in arterial oxygen tension or
pH, circulating hormones and locally produced substances from the vessels and
tissues acting as autocrines or paracrines can readily diffuse to the chemosensory
components of the carotid body. In fact, mounting evidence suggests that vasoactive
peptides can regulate the excitability of the carotid chemoreceptors. For example,
studies have shown that angiotensin II modulates carotid afferent discharge of the
carotid sinus nerve in the isolated carotid body superfused in vitro, thus demon-
strating an effect directly on the carotid chemoreceptor, but not from the vascular
and hemodynamic effect of angiotensin II (Allen 1998; Leung et al 2000). In
addition, a high density of angiotensin II receptors was detected in the carotid body
with in vitro autoradiography (Allen 1998). These findings provide initial evidence
for a functional role of angiotensin II receptors in the carotid body and raise a
number of questions on: (i) the expression and regulation of angiotensin II receptors
in the carotid body under physiological or pathophysiological conditions and (ii)
the physiological or pathophysiological significance of alterations of the carotid
chemoreceptor activity by angiotensin II.

Research studies have shown the influence of the renin-angiotensin system (RAS)
on numerous tissues and organs. The RAS is mainly a blood-borne hormone system
that regulates blood pressure and fluid homeostasis (Peach 1977; Reid et al 1978).
In addition, the local RAS is primarily of autocrine or paracrine origin and caters
to specific organ and tissue needs through actions that are complementary to, or
differ from, the circulating RAS (Campbell 1987; Leung 2004). Interestingly, our
recent data have demonstrated a functional expression of RAS in the carotid body,
wherein this may play a physiological role in the regulation of autonomic responses
to changes in arterial chemical content. Hence, it has been reported that angiotensin
II as well as other vasoactive substances can directly alter the excitability of the
carotid chemoreceptor (Lahiri et al 2001; Fung 2003; Fung and Tipoe 2003; Leung
et al 2003; Tipoe et al 2006). Although these findings support a physiological role
for RAS in the carotid body, the significance and clinical implication have yet to
be clearly defined.

Moreover, chronic exposure to moderate hypoxia (chronic hypoxia) modifies
the level of gene expression in the carotid body including an upregulation of the
expression of AT1 receptors associated with increased sensitivity of the chemore-
ceptor to angiotensin II (Leung et al 2000; Fung et al 2002). In chronic hypoxia,
alterations of the carotid body are closely linked to structural remodeling including
increased vasculature, hypertrophy and hyperplasia of the glomus cells (Dhillon
et al 1984; McGregor et al 1984; Bee et al 1986), as well as functional modifi-
cations such as neurochemical synthesis and release of catecholamines (Hanbauer
et al 1981; Pequignot et al 1987; Czyzyk-Krzeska et al 1992; Millhorn et al
1993). Furthermore, carotid afferent activities are also known to play a role in the
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natriuresis and diuresis that occur during hypoxia (Honig 1989). Therefore, the
extent and the cellular and molecular mechanisms that mediate the effect of chronic
hypoxia on the RAS in the carotid body as a physiological response to hypoxia and
the significant role in salt and water homeostasis are of great interest. Hence, the
focus of research studies has been on several facets. These are: (i) the cellular and
molecular mechanisms underlying the carotid responses to angiotensin II; (ii) the
expression of essential components of the RAS in the carotid body; (iii) the physi-
ological changes upon activation of the RAS in the carotid body at both cellular
and organ levels, and (iv) alterations of the carotid chemoreceptor response to acute
hypoxia in humans or animals in chronic hypoxia (Bisgard 2000; Lahiri et al 2001;
Lahiri and Forster 2003) or in diseases associated with hypoxemia. Combining data
from the recent literature and unpublished observations from our own laboratories,
this chapter aims to summarize the findings on the expression of RAS in the carotid
body and its modulation by hypoxia. Changes of the RAS in the carotid body and
its clinical implications during hypoxia will also be discussed.

2. ROLES OF CHEMOREFLEX AND RENIN-ANGIOTENSIN
SYSTEM IN HYPOXIA AND DISEASES

2.1. Physiological Responses to Hypoxia via Chemoreflex

The peripheral chemoreflex forms the feedback part of the respiratory regulator
for the ventilatory response to carbon dioxide and hypoxia. Physiologically, the
peripheral chemoreceptors are important for: (i) an exponential increase in venti-
lation during hypoxia; (ii) an increase in the sensitivity of the ventilatory response
to arterial levels of carbon dioxide when the oxygen level alters from hyperoxic
to hypoxic (Duffin 1990; Duffin and Mahamed 2003). In addition, changes in the
activity of the peripheral chemoreflex can account for the ventilatory alterations in
hypoxia reported by experimental studies and described by models of chemoreflex
behaviour during exposures to hypoxia of various durations (Duffin and Mahamed
2003). The first synapse of the afferent terminals of the carotid chemoreceptor is in
the medial aspect of the commissural nucleus tractus solitarii (Donoghue et al 1984;
Donoghue et al 1985; Mifflin 1992; Zhang and Mifflin 1993) where neurons are
activated or inhibited for the efferent control of the respiratory network (Lawson et al
1989). In addition to respiratory control, activation of the chemoreflex induces an
increase in arterial pressure, bradycardia and tachypnea in awake animals (Haibara
et al 1995). The cardiovascular responses to chemoreflex activiation are mediated
by the sympathetic activity for a pressor response. The bradycardic response is
mediated by parasympathoexcitation and is independent to the changes in arterial
pressure and ventilation (Marshall 1994).

2.2. Autonomic Control by Central RAS

Angiotensin II modulates autonomic control of the cardiovascular system via AT1

receptors that are localized in several brain regions involved in the baroreflex
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including the nucleus tractus solitarii, the dorsal motor nucleus of vagus, the rostral
and caudal ventrolateral medulla and intermediolateral cell column of the spinal
cord. In the nucleus tractus solitarii these presynaptic receptors could mediate the
known baroreflex inhibitory action of angiotensin II by blockade of neurotrans-
mitter release. Also, AT1 receptors are largely expressed in the rostral ventrolateral
medulla. Angiotensin II applied locally to the rostral ventrolateral medulla produces
sympathetically mediated pressor responses (Allen et al 1988; Allen et al 1999).
Indeed, blockade of the AT1 receptor with losartan can significantly reduce the
central and peripheral sympathetic nerve activity in neurogenic hypertension in rats
(Ye et al 2002b).

Recently, a local RAS has been described in the CNS. Hence, angiotensinogen,
renin, angiotensin-converting enzyme, and aminopeptidases are expressed in the
brain. AT1, AT2 and AT4 receptors are also localized to brain regions in addition to
the regions for baroreflex control. AT1 receptors are also found in the hypothalamic
paraventricular and supraoptic nuclei, the lamina terminalis, lateral parabrachial
nucleus, all of which are known to play roles in the central regulation of body
fluid and electrolyte balance. Interestingly, angiotensinogen is synthesised predom-
inantly in astrocytes, and angiotensin II is localized in neurons as a neurotransmitter
although the processes of local synthesis is unknown (McKinley et al 2003). AT1

receptor antagonists or angiotensinogen antisense oligonucleotides administered
centrally decrease sympathetic activity and arterial blood pressure, and disrupt water
drinking and sodium appetite, vasopressin secretion, sodium excretion, renin release
and thermoregulation under physiological or pathophysiological conditions. Hence,
the central RAS is important in the neural regulation of cardiovascular function,
osmoregulation and thermoregulation (McKinley et al 2003).

2.3. Regulation of RAS in Diseases with Hypoxia

The RAS plays important roles in the development of diseases including hyper-
tension, renal diseases, ischemic heart disease, cardiac hypertrophy and heart failure.
It has been shown that angiotensin receptor blockers have protective properties
against tissue injuries induced by ischemia/hypoxia reperfusion. For example, in
hypertensive type II diabetic rats with nephropathy, the AT1 receptor antagonist
olmesartan significantly reduces proteinuria and prevents glomerular and tubuloin-
terstitial damage related to oxidative stress, in addition to lowering blood pressure
(Izuhara et al 2005). Furthermore, hypoxia and angiotensin II are the major stimuli
of vascular endothelial growth factor (VEGF), which is a potent angiogenic cytokine
and also contributes to the atherogenic process. Patients with obstructive sleep
apnea have significantly increased levels of serum angiotensin II, VEGF and VEGF
mRNA expression in their leukocytes. Also, it was found that angiotensin II stimu-
lates VEGF expression in the peripheral blood mononuclear cell and that VEGF
mRNA and protein expression is decreased by olmesartan. Thus, activation of the
AT1 receptor pathway plays a role in the pathogenesis of obstructive sleep apnea
(Takahashi et al 2005).
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Moreover, it has been reported that angiotensin-converting enzyme and
angiotensin II have a role in the pulmonary hypertension and vascular remodeling
induced by hypoxia (Zakheim et al 1975; Morrell et al 1995; Morrell et al 1999).
In chronically hypoxic rats, olmesartan significantly decreases the pathological
development of hypoxic cor pulmonale (Nakamoto et al 2005). However, the AT1

receptor antagonist losartan (at 50 mg) did not lead to a significant improvement
in pulmonary hypertension in a double-blind study with forty patients with chronic
obstructive pulmonary disease (Morrell et al 2005). In another randomized trial, the
effect of the angiotensin receptor blocker irbesartan given over four months was
evaluated in sixty patients with chronic obstructive pulmonary disease. Although
irbesartan did not significantly change the respiratory muscle strength or spirometric
results, it did lead to a significant decrease in haematocrit in the irbesaran but not
the placebo group. This raises the possibility that angiotensin II receptor blockade
can produce beneficial effects in chronic obstructive pulmonary disease patients
with the decrease in haematocrit (Andreas et al 2006). The effect of RAS blockade
in diseases associated with hypoxia needs more clinical trial studies in future.

3. EXPRESSION AND FUNCTION OF RAS
IN THE CAROTID BODY

3.1. Expression of Angiotensin Receptors in the Carotid Body

The current understanding of the carotid chemoreceptor responses to angiotensin
II has been mainly focused on the excitatory response of the biphasic effect.
Angiotensin II induces a brief inhibition followed by a major excitation of the
afferent nerve discharge in the ex vivo carotid body when superfused by a bicar-
bonate buffer (Allen 1998; Leung et al 2000). At concentrations from physiological
to pharmacological levels, angiotensin II dose-dependently increases the baseline
activity of the carotid sinus nerve by about two folds when a threshold concentration
of 0.1 nM at the physiological level of plasma angiotensin II is reached (Allen 1998;
Leung et al 2000). Losartan abolishes both the inhibitory and excitatory effects
of angiotensin II on the carotid afferent activity, suggesting the ligand binding is
mediated by the AT1 receptors. The physiological significance of this finding is that
the circulating levels of angiotensin II can alter the basal discharging activity of the
carotid chemoreceptors, and possibly activation of the chemoreflex without signif-
icant decreases in the arterial oxygen level. In addition, systemic hypoxia increases
the plasma angiotensin II levels in chronically hypoxic animals (Zakheim et al 1976)
and this could be an alternative pathway for regulating the carotid chemoreceptor
response to hypoxia. Besides the circulating angiotensin II, the discussion in Section
3.2 will show that the presence of local RAS in the carotid body could provide
a much higher level of angiotensin II in the local tissue, which could be a major
source of angiotensin II for a more prominent effect on the carotid chemoreceptor
activity.

The fact that the carotid body is innervated by sympathetic and parasympa-
thetic efferent nerves (Gonzalez et al 1994) raises the possibility that the effect of
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angiotensin II is on the autonomic nerve endings instead of the carotid chemore-
ceptors, thereby modifying both the release of norepinephrine and the afferent
activity. However, evidence suggests that angiotensin II exerts its effect directly
on the chemosensitive cells in the carotid body. Hence, it has been shown that
angiotensin II increases intracellular calcium levels in glomus cells freshly disso-
ciated from rat carotid bodies (Fung et al 2001a). Moreover, the intracellular calcium
response can be blocked by pretreatment with losartan but not by PD-123319, an
antagonist for AT2 receptors. This suggests that the effect is mediated by AT1

receptors located in the glomus cells. In fact, AT1-immunostaining is localized in
lobules of the carotid body, strongly supporting that AT1 receptors are expressed
in the glomus cells that are clustered in glomeruli (Fung et al 2001a). Indeed,
these findings are consistent with an autoradiographic study, which shows that
neither sympathetic nor afferent denervation of the carotid body reduce the AT1

receptor-ligand bindings (Allen 1998). Thus, evidence supports that AT1 receptors
in the chemosensitive cell mediate the effects of angiotensin II on the carotid
chemoreceptor.

Intriguingly, immunohistochemical localization of AT1-immunoreactivity is
found in some but not all lobules of the parenchyma, suggesting the expression
of AT1 receptors is not uniform within the carotid body (Fung et al 2001a). The
physiological significance of this heterogeneity is not known, but this observation
is in agreement with functional studies that show only about 40% of glomus cells
are responsive to angiotensin II with an elevation of the intracellular calcium
level (Fung et al 2001a). In addition, AT1 receptors are co-localized with cells
containing the enzyme tyrosine hydroxylase, which is important for the synthesis
of catecholamines for sensory transduction in the glomus cells (Fung et al 2002).
These findings further support the idea that AT1 receptors are largely located in
the chemosensitive cells of the carotid body. Upon ligand activation of the AT1

receptors, this triggers an elevation of intracellular calcium level and a secretory
response from the glomus cell for increasing the afferent activity of the chemore-
ceptors.

The AT1 receptor has been cloned (Murphy et al 1991; Sasaki et al 1991), and
found to be a member of the seven-transmembrane-spanning, G-protein-coupled
receptor family (de Gasparo et al 2000). In adrenal glomerulosa cells, angiotensin
II binding of the AT1 receptor stimulates the phospholipase C pathway in the
plasma membrane and leads to the formation of 1,2-diacylglycerol and inositol-
1,4,5-triphosphate (IP3). This, in turn, mobilizes the endoplasmic calcium to store
and elevate intracellular calcium (Balla et al 1989; Balla et al 1991; Balla et al
1998). Studies have speculated that similar intracellular pathways can mediate
the effect of angiotensin II on the glomus cells. In this context, it is known that
endothelin-1 increases the cyclic AMP and IP3 levels in the carotid body and the
intracellular calcium in the glomus cells via the ETA receptor (Chen et al 2000;
Chen et al 2002a; Chen et al 2002b). These receptors also belong to the G-protein
coupling receptor family. The intracellular signaling components that are present
in the carotid body are likely to be activated by angiotensin II. Nevertheless, the
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details of the intracellular signaling pathways, which mediate the activation of AT1

receptors in the glomus cells, await further study.
In the rat, there are two subtypes of AT1 receptors, namely AT1a and AT1b that

play distinct roles and are transcriptionally expressed in the carotid body (Leung
et al 2000; Fung et al 2002). Studies have demonstrated that the AT1a receptor is the
major subtype involved in the effect of angiotensin II on the carotid chemoreceptors,
whereas AT1b may play a limited role especially in the early maturational stages
of the rat. In adults, chronic hypoxia enhances both AT1a and AT1b expression and
the carotid chemoreceptor responses to angiotensin II, thus allowing the receptors
to mediate the effect of angiotensin II on the carotid chemoreceptors (Leung et al
2000). However, in early maturation, the up-regulation is manifested only in the
AT1a subtype while the AT1b subtype is down regulated by hypoxia in the rat pups
in chronic hypoxia (Fung et al 2002). Apparently, this differential regulation of
AT1 receptors suggests that the AT1a receptor is the major subtype responsible for
the enhancement of the angiotensin II sensitivity (Fung et al 2002). The details
of the developmental difference and the expression regulation by hypoxia will be
further discussed in Section 4.1.

In addition to the AT1 receptor, an AT2 receptor has also been cloned as a unique
class of seven-transmembrane receptor (Mukoyama et al 1993). Even though it has
been shown that activation of the AT2 receptor has various effects on vasodilation,
apoptosis, cell differentiation and antiproliferation in a cell specific manner (Carey
2005; Steckelings et al 2005; Wolf 2005), the biological functions of the AT2

receptor have yet to be further elucidated. Interestingly, mRNA transcripts of the
AT2 receptor have also been detected in the carotid body (Leung et al 2000; Fung
et al 2002). Although evidence suggests that the AT1 receptor is responsible for the
excitatory response of the carotid chemoreceptors, it is plausible that angiotensin
II can exert its action via the mediation of AT2 receptor on other cell types such
as vascular smooth muscle cells in the carotid body. In this regards, nitric oxide
(NO) is a physiological mediator upon activation of AT2 receptors (Carey et al
2000). Endogenous NO is locally produced in the carotid body under normoxic
and hypoxic conditions, and NO plays an important role as a negative modulator
in regulating the carotid chemoceptor activity (Fung et al 2001b; Ye et al 2002a;
Campanucci et al 2006; Yamamoto et al 2006). There may be a functional link
between the AT2 receptor and NO in the carotid body but is currently unclear.
Certainly, future studies are needed to clarify the functional significance of the
expression of AT2 receptors in the carotid body.

3.2. Expression of Local RAS Components in the Carotid Body

The circulating RAS is composed of the hepatic angiotensinogen, which is
hydrolyzed by the renal renin to a decapeptide called angiotensin I. This peptide
is then split by an angiotensin-converting enzyme (ACE) in the lungs that yields
angiotensin II. The circulating RAS exerts its physiological actions primarily via
specific angiotensin II receptors (Peach and Dostal 1990; Matsusaka and Ichikawa
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1997; de Gasparo et al 2000); however, numerous tissues and organs have intrinsic
angiotensin-generating systems that cater to specific local needs through actions
that add to, or differ from, the circulating RAS. Such tissue RAS can act locally as
an autocrine or paracrine action in finely regulating target tissue functions, as seen
in various tissues and organs (Campbell 1987; Campbell 2003; Leung and Chappell
2003; Leung 2004).

Even though there is an association between the functional expression of the AT1

receptor and its regulation by chronic hypoxia as to be discussed in Section 4, limited
information is available on the presence of an intrinsic RAS in the carotid body.
In this context, the expression and localization of several key RAS components,
notably angiotensinogen, which is an obligatory element for the existence for an
intrinsic RAS, have been demonstrated in the rat carotid body (Lam and Leung
2002). Specifically, protein and mRNA of angiotensinogen are localized to the
type-I glomus cells; however, mRNA of renin is not expressed whereas mRNA
expression of ACE is present. These findings suggest that an intrinsic angiotensin-
generating system is localized in the rat carotid body, possibly functioning via a
locally renin-independent biosynthetic pathway. Thus, locally produced angiotensin
II from the glomus cell and probably other cell types in the carotid body could act
via an autocrine or paracrine manner onto the AT1 receptor located in the nearby
glomus cells.

Interestingly, recent findings have shown that ACE genotype-dependent
modulation might provide a genetic influence on respiratory drive and arterial
oxygen saturation in high altitude natives and in endurance performances among
high-altitude mountaineers (Woods and Montgomery 2001; Woods et al 2002; Patel
et al 2003; Tsianos et al 2005). Physiologically, it is plausible that the ventilatory
response to hypoxia at altitude could be modulated by the expression of local RAS
and AT1 receptors in the carotid body, contributing to different levels of increases
in pulmonary ventilation (Leung et al 2000). Thus, a locally generated angiotensin
system in the carotid body and its local regulation by chronic hypoxia could be
important for regulating the carotid chemoreceptor activity.

3.3. Physiological Functions of RAS in the Carotid Body

The circulating RAS plays a pivotal role in the endocrine control of salt and water
balance in the body (Peach 1977; Reid et al 1978; Matsusaka and Ichikawa 1997).
Physiological stimuli, such as changes in extracellular fluid volume, osmolarity,
blood volume or sodium depletion, stimulate the RAS and this results in an increase
in the plasma angiotensin II level (Matsusaka and Ichikawa 1997). Angiotensin
II, acting as a potent arteriolar constrictor, is the major circulating hormone for
stimulating aldosterone secretion by the adrenal cortex (Balla et al 1991; Matsusaka
and Ichikawa 1997). As discussed in Sections 3.1 and 3.2, the carotid body can
directly respond to angiotensin II in the circulating blood and local tissues, thus
increasing the carotid chemoreceptor activity that activates the chemoreflex for
increases in ventilation, cardiac output and changes in autonomic activities. Also, the
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activation of the chemoreflex pathway can elevate renal sympathetic activity causing
a rise in renin secretion by the juxtaglomerular cells in the kidney, which can in
turn activate the RAS to increase sodium reabsorption and water intake (Honig
1989; Marshall 1994). The change in sodium and water homeostasis could result
when there is an increase in hemoglobin concentration and oxygen capacity of the
blood, which is essential for the physiological response to hypoxia (Raff et al 1984).
A recent study has also shown that carotid glomectomy in the rat reduces daily
water consumption and increases daily consumption of NaCl solution compared
with the sham operation (Serova et al 2004). Intraperitoneal injection of angiotensin
II does not stimulate drinking motivation in the carotid glomectomized rat, whereas
it induces water and salt consumption in the sham group (Serova et al 2004). Thus,
besides the local RAS and angiotensin II-sensitive neurons in the circumventricular
organs of the brain (Simpson 1981; McKinley et al 1998; Ganong 2000), peripheral
carotid chemoreceptors can be another physiological pathway by which angiotensin
II can confer and provide feedback to regulate and adjust the autonomic output of
the central nervous system. Integrating to the central response, the peripheral signal
could be important in adjusting the sympathetic and parasympathetic activities for
an increasing cardiorespiratory activity and for regulating the salt and water balance
under normoxic and hypoxia conditions.

4. ROLES OF RAS IN THE CAROTID BODY IN DISEASES

4.1. Regulation of Carotid RAS by Chronic Hypoxia: Implications
on Chronic Obstructive Pulmonary Diseases

The carotid body enlarges in humans and animals, that inhabit high altitudes (Arias-
Stella and Valcarcel 1976). Comparable changes in the carotid body were reported
in clinical conditions associated with chronic hypoxemia (Lack 1978). Thus, the
carotid body undergoes hypertrophy and hyperplasia when there is chronic hypoxia
due to congenital heart disease, cystic fibrosis or chronic obstructive pulmonary
diseases (Lack 1977; Lack 1978; Lack et al 1985). These structural changes are
due to increased vasculature, hypertrophy and hyperplasia of the glomus cells
(Dhillon et al 1984; McGregor et al 1984; Bee et al 1986; Bee and Howard 1993;
Tipoe and Fung 2003). Functionally, chronic hypoxia modulates the ventilatory
response to acute hypoxia (Eden and Hanson 1987; Bisgard 2000; Lahiri et al 2000;
Prabhakar and Peng 2004). Therefore, the anatomical and physiological responses
of the carotid body to chronic hypoxia are of great interest to researchers because
of the functional implications regarding physiological acclimatization and also their
clinical relevance.

The proportion of glomus cells that responds to angiotensin II is about 80 % in
rats that have had prior exposure to chronic hypoxia, and this figure about double
that of the normoxic controls (Leung et al 2000; Fung et al 2001a; Fung et al
2002). The intracellular calcium response to angiotensin II is also enhanced by
about three-fold as a result of hypoxia; however, this response can be blocked by
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losartan but not by an AT2 antagonist (Leung et al 2000; Fung et al 2002). In
addition, electrophysiological studies consistently demonstrate the enhancement of
AT1 receptor-mediated excitation of carotid body chemoreceptor activity (about
two-fold in the hypoxic group, compared with that of the controls) (Leung et al 2000;
Fung et al 2002). Thus, an increase in the AT1 receptor sensitivity to angiotensin
II supports the hypothesis that it is enhanced or influenced by hypoxia. By using
double-labeling immunohistochemistry, it has been shown that there is an enhanced
immunoreactivity of AT1 receptors co-localized in lobules of glomus cells in the
carotid body of chronically hypoxic rats (Fung et al 2002). The mRNA expression
of both subtypes of the AT1 receptor as well as the AT2 receptor increased in the
carotid body of mature rats that were exposed to chronic hypoxia (Leung et al 2000).
These study results confirm that chronic hypoxia upregulates the transcriptional and
post-transcriptional expression of AT1 receptors in the carotid body, and that the
upregulation of the expression enhances AT1 receptor-mediated excitation of the
glomus cells and carotid body afferent activity.

The AT1a receptors in the carotid body of rat pups were upregulated following
postnatal exposure to chronic hypoxia, whereas the AT1b receptors were down-
regulated at the transcriptional level. This suggests a differential regulation of
the expression of AT1 receptor subtypes by postnatal hypoxia (Fung et al 2002).
Apparently, the effects of chronic hypoxia on the AT1 receptors in the carotid body
were dependent on maturation. It is also possible that subtypes of AT1 receptors
play differential functional roles and are regulated by different mechanisms in their
expression during early development. Nevertheless, chronic hypoxemia appears to
be a major factor that increases AT1a receptor expression, resulting in enhancement
of the angiotensin II sensitivity of the carotid chemoreceptor.

The major effects of chronic hypoxia on the RAS of the carotid body are:
(i) it increases the functional expression of the AT1 receptors, and (ii) enhances
the carotid afferent activity to angiotensin II stimulation. These alterations could
contribute to an elevation of cardiovascular and respiratory performance to match
metabolic needs and possibly changes to the sodium and water content of the blood
for the fluid homeostasis under hypoxic conditions (Honig 1989). The upregulation
of the AT1 receptors can increase the sensitivity of the carotid body to the salt and
water homeostasis in hypoxia. It has been shown that the plasma angiotensin II
concentration increases in the first week and then returns to a normoxic level by two
weeks in chronic hypoxia (Zakheim et al 1976). In addition, the plasma renin activity
remains unchanged during chronic hypoxia (Jain et al 1990). Thus, it is postulated
that the enhancement of the chemoreceptor sensitivity to angiotensin II provides
a chemoreflex pathway by which it recruits the carotid chemoreceptor activity
for maintenance of renal sympathetic activity. This could lead to a stimulation
of the renin-angiotensin-aldosterone system that increases the sodium reabsorption
and water intake. Such a change could compensate for the loss of sodium and
water caused by the natriuretic and diuretic effects of carotid chemoreceptor stimu-
lation during the early phase of hypoxia (Honig 1989). As a result the increased
carotid body sensitivity to angiotensin II could be important in enhancing the
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cardiorespiratory effort and the renal sympathetic tone that are crucial changes in
responding to hypoxia. Moreover, the carotid chemoreceptor can become hypoxic if
the blood flow is markedly decreased because of hypotension, as observed in severe
hemorrhage. Such hypotension has been demonstrated to increase the discharge
rate of carotid chemoreceptors (Lahiri et al 1980), and this could be due to the
mediation of upregulation of the AT1 receptor during hypoxia (Leung et al 2000;
Fung et al 2002).

Chronic hypoxia is of importance in high altitude physiology and in clinical
conditions such as congenital heart defects, chronic lung disease of pre-maturity and
chronic obstructive pulmonary diseases (Forth and Montgomery 2003; Prabhakar
and Peng 2004). Given that the presence of RAS in the carotid body and the
augmentation of angiotensin II sensitivity in the chemoreceptors, these mechanisms
may play roles in the hypertrophy and hyperplasia of the glomus cells and in
the angiogenesis of the vasculature in the carotid body. This could occur via the
well-known mitogenic effect of angiotensin II on vascular cells. In addition, the
mechanisms may modulate the chemoreceptor excitability for the adaptive changes
in the carotid body during hypoxia. Hypoxia modulates the ventilatory response
(Bisgard 2000; Lahiri et al 2000; Lahiri et al 2002) so that chemosensitivity may
be determined a balance between the excitatory and inhibitory components in
the carotid body (Bisgard 2000; Prabhakar 2001). Thus the excitatory effect of
angiotensin II on the glomus cell may increase the chemosensitivity of the carotid
body and may counteract the blunting effect of chronic hypoxia, although details
of the molecular and cellular mechanisms underlying the functional modulation
require further studies.

4.2. Regulation of Carotid RAS by Intermittent Hypoxia: Implications
on Sleep-disordered Breathing

Chronic exposure to episodic hypoxia (intermittent hypoxia) associated with
recurrent apneas is encountered more often in life and is allied with many patho-
physiological conditions such as sleep-disordered breathing, obstructive sleep apnea
and hypertension (Lesske et al 1997; Fletcher 2001). Chronic hypoxia in contrast,
as it occurs in those living at high-altitude, does not result in such adverse effects
and is eventually adapted to by the physiological systems (Prabhakar and Kumar
2004). Recently, a growing amount of evidence suggests that the carotid body
also plays a significant role in the pathogenic events associated with intermittent
hypoxia (Prabhakar et al 2001; Iturriaga et al 2005; Prabhakar et al 2005). Studies
have shown an augmentation of the hypoxic sensory response in animals exposed
to intermittent hypoxia (Peng and Prabhakar 2004; Peng et al 2004; Rey et al
2004). In addition, intermittent hypoxia causes increases in arterial blood pressure
(Fletcher et al 1992a; Fletcher et al 1992b), sympathetic activity (Greenberg et al
1999; Fletcher 2003), blood level of catecholamines (Bao et al 1997), long term
facilitation (LTF) of the respiratory motor activity (Ling et al 2001; McGuire et al
2004) and the ventilatory response to hypoxia (Katayama et al 2001; Rey et al 2004;
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Katayama et al 2005). Importantly, Fletcher et al. (1992a) reported that denervation
of the carotid body eliminates the elevated blood pressure response to intermittent
hypoxia, suggesting an important role is played by carotid chemoreceptor activity
in the pathogenic events induced by intermittent hypoxia. The long-term effects
of intermittent hypoxia on the carotid body involve the increased generation of
reactive oxygen species (ROS) because intermittent hypoxia resembles ischemia-
reperfusion. The fact that scavengers of ROS attenuate the hypoxic sensitivity and
the magnitude of LTF induced by intermittent hypoxia suggests an essential role
of ROS in the alterations in the carotid body function in intermittent hypoxia
(Prabhakar and Kumar 2004).

The plasma angiotensin II level increases during hypoxic conditions (Zakheim
et al 1976) and peripheral infusion of angiotensin II stimulates ventilation (Potter
and McCloskey 1979; Ohtake and Jennings 1993; Ohtake et al 1993). The activation
of AT1 receptors in the carotid body has a role in the hypoxic response and leads
to the activation of chemoreflex and sympathetic activity as well as functional
changes in the hypoxic sensory response during chronic hypoxia (Leung et al
2000). It has been shown that losartan attenuates the hypertension induced by
intermittent hypoxia, indicating an involvement of the RAS in the pathogenesis
during intermittent hypoxia (Fletcher et al 1999). Accordingly, ongoing studies are
to examine the hypothesis that the RAS in the carotid body plays an important role
in the functional modulation of the carotid chemoreceptor activity in intermittent
hypoxia. It has been speculated that the generation of ROS and its by-products in
the carotid body associated with intermittent hypoxia may contribute to the response
of the carotid body to intermittent hypoxia.

Our recent unpublished results from immunohistochemical studies demonstrate
that AT1 receptors are mainly observed in glomic clusters of the carotid body in
rats exposed to intermittent hypoxia (Fig. 1). The expression of the AT1 receptor
is markedly elevated in the carotid body of the rat exposed to intermittent hypoxia
for three days and the level of expression reaches a plateau on day 7 in intermittent
hypoxia, compared with a moderate level of the increase in the carotid body of
chronically hypoxic rats (Fig. 1). Also, intracellular calcium response to exogenous
angiotensin II is enhanced in the fura-2 loaded dissociated glomus cells from the
3-day group with intermittent hypoxia when compared with the normoxic controls
(Fig. 2). These data suggest that an upregulation of the expression of AT1 receptors
may play a role in the enhancement of excitability in the carotid chemoreceptor in
responding to intermittent hypoxia.

Levels of oxidative stress in the carotid body are studied with an immunohisto-
chemical method using specific antibody against nitrotyrosine and ELISA for the
detection of total 8-isoprostane in the serum. Results show that levels of nitroty-
rosine are significantly elevated in the 7-day group with intermittent hypoxia. The
expression level of nitrotyrosine returns to normoxic levels by day 14, whereas the
expression of nitrotyrosine is mild in the chronic hypoxia and normoxic controls
throughout the time course (Fig. 3). In addition, levels of 8-isoprostance are elevated
in the 7-day group with intermittent hypoxia and it returns to normoxic levels by day
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Figure 1. Immunohistochemical localization of AT1 receptors in the carotid body of rats exposed to
7-day chronic hypoxia (CH, 10% inspired oxygen 24 hour/day) or intermittent hypoxia (IH, cyclic
between air and 5% O2 per minute, 8 hour/day), comparing with that of the normoxic control. Calibration
bar is 40 μm

Figure 2. Angiotensin II increased the cytosolic calcium ([Ca2+]i) level in dissociated type-I glomus
cells from the carotid bodies of rats exposed to 3-day intermittent hypoxia. The [Ca2+]i level was
measured in fura-2-loaded glomus cells by spectrofluorimetry. The cells were perfused with HEPES-
Ringer at 0.5 ml/min at room temperature (∼ 22°C). Fluorescent signals were obtained at 340 and
380 nm excitation wavelengths and the ratio of the fluorescence intensity [R(340/380)] was used to
estimate [Ca2+]i was calculated by using the equation: [Ca2+]i = Kd[(R0-Rmin)/(Rmax-R0)]� where R0

is the fluorescence ratio, Rmin the ratio at zero Ca2+, Rmax ratio at saturated Ca2+, Kd the dissociation
constant for fura-2 (334 nM) and � the ratio of fluorescence intensity (at 380 nm) at zero Ca2+ to that
at saturated Ca2+. Concentration dependence was determined by the [Ca2+]i response to AngII at 100
nM. Acute hypoxia was inducted by NaCN (2 mM, in bolus) to confirm the chemosensitivity of the
type-I cells
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Figure 3. Immunohischemical localization of nitrotyrosine in the carotid body of rats exposed to 7-day
chronic hypoxia (CH, 10% inspired oxygen 24 hour/day) or intermittent hypoxia (IH, cyclic between
air and 5% O2 per minute, 8 hour/day), comparing with that of the normoxic control. Calibration bar is
40 μm

14. Also, the levels of 8-isoprostane are mild in the chronic hypoxia and normoxic
controls throughout the time course. These data suggest that there is a significant
level of oxidative stress in the carotid body during the first week of intermittent
hypoxia.

The aforementioned results demonstrate that (i) both the AT1 receptors and
nitrotyrosine are localized in lobules of type-I glomus cells in the rat carotid body,
along with an upregulation of their expressions during intermittent hypoxia; (ii)
angiotensin II increases intracellular calcium levels in the chemosensitive cells of the
carotid body of rats exposed to intermittent hypoxia, and (iii) both the nitrotyrosine
and 8-isoprostane levels are elevated within the first week of intermittent hypoxia,
whereas mild expression of which are observed in chronic hypoxia and normoxic
controls throughout the time course. Taken together, these preliminary findings
support the hypothesis that an upregulation of AT1 receptor expression plays a
functional role in the enhancement of the excitability of the carotid body during
intermittent hypoxia when there is a significant increase in the level of oxidative
stress during an early time course.

As in the discussion in previous Sections, activation of the AT1 receptor can
increase the excitability of the carotid chemoreceptors. In chronically hypoxic rats,
the intracellular calcium response of glomus cells to angiotensin II is enhanced by
three-fold and the response can be blocked by losartan. Also, the carotid chemore-
ceptor activity is increased by two-fold in the hypoxic group (Fung et al 2002).
These functional changes are confirmed by an increase in mRNA and protein
levels of the AT1 receptors in the carotid body during chronic hypoxia (Ganong
2000; Leung et al 2000). Thus, hypoxia is a regulatory factor that can increase
the expression of AT1 receptors, resulting in enhancement of the angiotensin II
response of the carotid chemoreceptor. Acute and chronic episodic hypoxia recur-
rently stimulate the peripheral chemoreceptors as evidenced by elimination of
the chronic elevated blood pressure response in episodic hypoxia-exposed rats
with the denervation of the carotid body (Fletcher et al 1992a). The diurnal
increase in blood pressure is also blocked by chemical peripheral sympathectomy
(Fletcher et al 1992b). It is known that adrenal gland and renal sympathetic nerves
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participates in the chronic diurnal blood pressure elevation (Bao et al 1997). The
sympathetic activity of these two organs may act in a complementary manner in
intermittent hypoxia, possibly by the potentiation of the release of epinephrine
from the adrenal gland, which binds peripheral sympathetic nervous synapses to
potentiate neurotransmission and the facilitation of the release of renin by kidney
(Prabhakar 2001). The facts that, losartan can attenuate the systemic hypertension
induced by intermittent hypoxia as well as the increased RAS in rats exposed
to intermittent hypoxia, further support the hypothesis that RAS is involved in
the pathogenic processes in intermittent hypoxia (Fletcher et al 1999). This is
further supported by our results demonstrating that AT1 receptor expression was
markedly elevated in the carotid body in intermittent hypoxia for 3, 7, 14 and
28 days. Also, intracellular calcium response to angiotensin II is enhanced in the
fura-2 loaded dissociated glomus cells from 3-day rats with intermittent hypoxia,
suggesting the AT1 receptor expression is functionally significant. Thus, these
data support the idea that an upregulation of the expression of AT1 receptors
can play a pathogenic role in the enhancement of the excitability of the carotid
chemoreceptors during intermittent hypoxia. The data also highlight the roles
played by the RAS and the carotid body in the over-activity of the sympathetic
nervous system in the pathogenesis of systemic hypertension induced by intermittent
hypoxia.

During reperfusion, the cellular generation of ROS increases. Increased ROS
may contribute to the systemic response to intermittent hypoxia since intermittent
hypoxia resembles ischemia-reperfusion (Prabhakar and Kumar 2004). Scavengers
of ROS attenuates the hypoxic sensitivity and the magnitude of LTF of the
carotid body induced by intermittent hypoxia, indicating that effects of intermittent
hypoxia on the carotid body involve the increased generation of ROS (Prabhakar
2001; Prabhakar and Kumar 2004). Mobilization of intracellular calcium stores
by the activation of the IP3 signaling pathway promotes sensitizing effects of
the carotid body to intermittent hypoxia. The IP3 signaling pathway acted on by
ROS contributes to the amplification of acute hypoxia-induced neurotransmitter
release from the chemosensitive cells by intermittent hypoxia (Prabhakar 2001;
Prabhakar and Kumar 2004; Prabhakar and Peng 2004). Indeed, elevated levels of 8-
isoprostance and nitrotyrosine indicate an increased level of oxidative stress. In fact,
our findings demonstrate that 8-isoprostance and nitrotyrosine levels are notably
elevated in the 7-day group with intermittent hypoxia, but levels of 8-isoprostance
and nitrotyrosine are mild in the chronic hypoxia and normoxic controls, suggesting
an involvement of oxidative stress in the pathogenesis.

In summary, the upregulation of the AT1 receptor expression and the intracellular
calcium response to angiotensin II suggest that the RAS in the carotid body plays
an important role in the modulation of carotid chemoreceptor activity during inter-
mittent hypoxia. Together with an increase in the generation of ROS and oxidative
stress during an early time course of intermittent hypoxia, these may play important
pathogenic roles in the altered oxygen chemosensitivity of the carotid body during
intermittent hypoxia.
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4.3. An Involvement of Carotid RAS in Heart Failure

Heart failure is strongly associated with sleep-disordered breathing with central or
obstructive sleep apnea. The deleterious effects of sleep-disordered breathing on the
failing heart have been reported and potential mechanisms by which treatment of
sleep-disordered breathing may result in improved cardiac performance and long-
term outcomes. Recent evidence also shows that cardiac dysfunction may contribute
to sleep-disordered breathing. In fact, data supports the role of cardiac function in
certain forms of central sleep apnea, although the relationship with obstructive sleep
apnea remains to be firmly established (Caples et al 2005). Sympatho-excitation
is a hallmark of the chronic heart failure (CHF) state. Recent studies suggest
that the sympatho-excitation is mediated by a reduction in sensory input from
cardiopulmonary and arterial baroreceptors, which is important in the initiation of
the sympatho-excitatory state. In addition, the sustained increase in sympathetic
nerve activity in CHF may involve angiotensin II and NO. Hence, blockade of AT1

receptors in combination with NO donation reduces sympathetic nerve activities
in animals with CHF, while NO donation alone has no effect on sympathetic
nerve activities. Also, animals with CHF exhibit a downregulation in central gene
expression for the neuronal isoform of nitric oxide synthase (nNOS). Thus, data
suggest that the sympatho-excitatory state that is typical of CHF is, in part, due to
changes in angiotensin II and NO (Zucker and Liu 2000; Zucker et al 2001; Zucker
et al 2004).

Angiotensin II plays an important role in the enhanced chemoreflex function that
occurs in CHF. Recent studies have been shown that angiotensin II enhances the
hypoxic chemosensitivity of the carotid body in CHF rabbits (Li et al 2006). In
this study, renal sympathetic nerve activity (RSNA) in response to graded hypoxia
was measured before and after intravenous administration of angiotensin II or AT1

receptor antagonist L-158809 in conscious sham and pacing-induced CHF rabbits.
Li and colleagues also investigate the effects of angiotensin II and L-158809 on
the carotid chemoreceptor activity in perfused preparations of the carotid body
from sham and CHF rabbits. Interestingly, they found that angiotensin II enhanced
hypoxia-induced RSNA increases in sham rabbits but not in CHF rabbits. However,
L-158809 attenuates hypoxia-induced responses in RSNA in CHF rabbits but not
in sham rabbits. Results also show that the mRNA and protein expression of AT1

receptor in the carotid body from CHF rabbits are greater than that in sham rabbits.
The carotid chemoreceptor afferent activities during normoxia and graded hypoxia
are increased in CHF rabbits compared with sham rabbits. In addition, angiotensin
II increases the response of carotid chemoreceptors to hypoxia in sham rabbits
but not in CHF rabbits. Also, L-158809 decreases the chemoreceptor responses to
hypoxia in CHF rabbits but not in sham rabbits. They suggest that elevation of
angiotensin II and the upregulation of AT1 receptor in the carotid body contribute to
the increased carotid chemoreceptor activity and enhanced peripheral chemoreflex
function in CHF (Li et al 2006).

In another study, Li and colleagues show that angiotensin II can exert its effect
on the potassium channels in the type-I glomus cell (Li and Schultz 2006). Specif-
ically, using the conventional whole-cell patch clamp technique, the sensitivity of
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Ca2+-independent, voltage-gated K+ (Kv) channels to hypoxia was examined in
the glomus cells from CHF rabbits. They found that Kv currents under normoxic
conditions are blunted in the glomus cells from CHF rabbits compared with sham
rabbits. Also, the inhibition of IK and the decrease of resting membrane potential
induced by hypoxia are greater in CHF versus sham glomus cells. Interestingly,
angiotensin II (0.1 nM) has no effect on Kv currents in normoxia, but at this
concentration angiotensin II increases the sensitivity of Kv currents and resting
membrane potential to hypoxia in sham glomus cells. In CHF glomus cells, L-
158809 alone has no effect on Kv currents at normoxia, but it reduces the sensitivity
of Kv currents and resting membrane potential to hypoxia. Angiotensin II (> 1 nM)
dose-dependently reduces IK under normoxic conditions in sham and CHF glomus
cells. Moreover, expression studies demonstrate a down-expression of Kv3.4 but
not Kv4.3 channels in CHF glomus cells. They concluded that (i) angiotensin II-
AT1 receptor signaling pathway increases the sensitivity of Kv channels to hypoxia
in the glomus cells from CHF rabbits; (ii) high concentrations of angiotensin II can
directly inhibit Kv currents in the glomus cells from sham and CHF rabbits; (iii)
decrease in Kv3.4 channel protein expression in the carotid body may contribute to
the suppression of Kv currents and enhanced sensitivity of Kv currents to hypoxia
in CHF (Li and Schultz 2006).

5. CONCLUSIONS

In addition to the circulating RAS and the local RAS in the brain for the endocrine
and cardiovascular control, recent results obtained from expression studies and
functional analyses suggest that the AT1 receptor regulates the excitability of the
carotid chemoreceptor. Hence, angiotensin II elevates the intracellular calcium level
of glomus cells and the carotid afferent activity that activates the chemoreflex
pathway. This could be a peripheral control important for integrating the physio-
logical response to hypoxia and the maintenance of salt and water balance.

The RAS expressed in the carotid body is regulated by hypoxia. Hence, chronic
hypoxia is associated with an enhanced sensitivity of chemoreceptor activities to
angiotensin II via an upregulation of AT1 receptor expression. In addition, postnatal
hypoxia increases AT1a receptor expression in the rat carotid body, suggesting an
involvement of AT1a subtype in the functional changes. This modulation may be
important for the adaptation of the carotid body functions in the hypoxic ventilatory
response, for the purpose of enhancing the cardiorespiratory response and adjusting
electrolyte and water homeostasis during the stress of chronic hypoxia.

Furthermore, a local expression of RAS in the carotid body and its upregulation
are relevant to the pathogenesis of diseases including sleep-disordered breathing
and heart failure. Increases in AT1 receptor expression could be significant in the
enhancement of carotid chemoreceptor response to hypoxia, leading to a sympatho-
excitation that is central to the endothelial dysfunction and heart failure during the
course of pathogenesis. Certainly, future studies toward this direction warrant a
better understanding of the physiological role of RAS in the peripheral chemore-
ceptor and its pathogenic roles in the diseases associated with hypoxemia.
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CHAPTER 9

BONE HOMEOSTASIS: AN EMERGING ROLE
FOR THE RENIN-ANGIOTENSIN SYSTEM

C. SERNIA, H. HUANG, K. NGUYUEN, Y-H. LI, S. HSU,
M. CHEN, N. YU, AND M. FORWOOD
Department of Physiology & Pharmacology, School of Biomedical Science, University of Queensland,
Brisbane, Australia

1. INTRODUCTION

Renin and angiotensin converting enzyme (ACE) are key enzymes in the generation
of Angiotensin II (AngII), the major effector hormone of the renin-angiotensin
system (RAS). While the RAS is most commonly associated with cardiovascular
and renal functions, it has appropriated significant roles (amongst others) in tissue
repair and remodelling, in cognitive and autonomic functions, in embryonic devel-
opment and in reproduction (Gard 2002; Lavoie and Sigmund 2003; Leung and
Sernia, 2003). This chapter addresses a new area of regulation by the RAS: the
regulation of bone homeostasis. Clinical reports on osteoporosis and on a variety
of osteolytic conditions suggest a negative association between ACE activity and
bone mineralization. Cell cultures of osteoblasts have been used to show that they
are targets of AngII action. New data from our laboratory on the osteoblast cell line
UMR-106 elaborate and elucidate the mechanisms whereby the RAS modulates bone
metabolism. These studies provide a new perspective of processes relevant to common
degenerative bone diseases as osteoporosis and rheumatoid arthritis. In addition, the
immediate clinical relevance of this emerging area of research will be in creating
awareness of the skeletal actions of current, widely prescribed antihypertensive
drugs that target the RAS, such losartan and enalapril (Dendorfer et al 2005).

2. THE RENIN-ANGIOTENSIN SYSTEM

The central components of RAS consist of the protein substrate angiotensinogen and
two enzymes - renin (EC 3.4.23.15) and membrane-bound angiotensin-converting
enzyme (EC 3.4.15.1; ACE). The sequential actions of these two enzyme generate
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the decapeptide angiotensin I (AngI) and the octapeptide angiotensin II (AngII),
respectively; the latter being the predominant physiologically active peptide of the
RAS. The actions of Ang II are mediated by the AT1 (found in non-primates as
AT1a and AT1b subtypes), and AT2 receptors. Both receptors are 7-transmembrane
G-protein coupled receptors sharing about 30% sequence (De Gasparo et al 2000;
Thomas and Mendelsohn, 2003). The classical actions of Ang II on hydrostatic
pressure and fluid and electrolyte balance are mediated by AT1 receptors, which are
abundant and widespread in the adult. While AT2 receptor density and distribution
is lower than AT1 in the adult, it is the most abundant AT receptor in the foetus. In
many respects the two AT receptors have complimentary functions: thus while AT1

mediates vasoconstriction, apoptosis, cellular proliferation and hypertrophy, and the
production of reactive oxygen species (ROS); AT2 is vasodilatory, anti-proliferative,
anti-hypertrophic and reduces ROS (Levy 2005).

The summary of the RAS given so far is shown in Fig. 1 and should be
considered as describing the “core” elements of the RAS. The reality is more
complex. ACE exists in a somatic and a testis-specific isoform; and a homologue,
ACE2, generates angiotensin (1-7). AngII is not the only bioactive peptide. Other
bioactive peptides such as angiotensin III (2-8), angiotensin IV (3-8) and angiotensin

Figure 1. The core elements of the Renin-angiotensin System consist of the obligatory glycoprotein
substrate Angiotensinogen (AGT), the enzymes Renin and Angiotensin Converting Enzyme (ACE), and
the hydrolytic products Angiotensin I and II. Bioactive Angiotensin II exerts its actions via two receptor
subtypes, AT1 and AT2. This enzymatic cascade occurs in the circulation as a classic hormonal system
and in numerous tissues, including bone, as paracrine systems where additional, alternative enzymatic
pathways lead to several bioactive peptides besides AngII. The interplay of blood-borne RAS with local
angiotensin-generating systems results in an exceptional range and breadth of tissue-specific functions
for the angiotensin peptides (see text for details)
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(1-7), are generated by various alternate enzymatic pathways. Similarly, there is a
considerable body of evidence dealing with putative AT3, AT4 and AT7 receptors.
These are beyond the scope of this chapter and other sources should be consulted
(Engeli et al. 2003; Leung 2004; Reaux-Le Goazigo et al. 2005; Chai et al 2005;
Guy et al. 2005; Miyazaki and Takai 2006).

In the classical view of the RAS, it is considered a blood-borne hormone system
in which hepatic angiotensinogen circulated in plasma is sequentially cleaved by
plasma renin and pulmonary membrane-bound ACE. However the widespread tissue
expression of angiotensinogen, renin, ACE and other enzymes involved in alter-
native pathways indicates the presence of tissue-specific angiotensin-generating
systems with a capacity to function in a paracrine or autocrine manner. Local
angiotensin-generating systems are numerous and varied, and have been well charac-
terized. As examples, the brain, heart, ovary, testis, adrenal, pancreas and adipose
tissue all have a local RAS (see reviews by Lavioe and Sigmund 2003; Leung and
Sernia, 2003; Leung, 2004; Kershaw and Flier 2004; Thomas and Mendelsohn,
2004; Miaykazi and Takai, 2006; and in particular, Paul et al. 2006).

3. THE ANGIOTENSIN-GENERATING SYSTEM IN BONE

Bone is a highly specialized tissue that requires continual cellular activity throughout
life. The growth and modelling of bone that occurs during childhood and puberty
gives rise to a mature skeleton that remains active via the processes of remodelling
and repair that are essential for bone homeostasis. The major cells involved in
bone deposition and resorption are the osteoblasts and osteoclasts, respectively.
The terminal differentiation of osteoblasts produces osteocytes that remain within
the bone matrix, connected by canicular channels, and bone-lining cells on the
surface. These cells are resting with respect to matrix production, but are key
elements of a signal detection and transduction system for bone metabolism. Osteo-
cytes are the major cell type in mature calcified bone. The remaining cell type
found in bone are the chondrocytes; these are responsible for epiphyseal elongation
during bone growth. Remodelling is achieved by a balance of activity between
osteoblasts and osteoclasts, collectively referred to as a basic multicellular unit
(BMU). As a consequence of their functions, the activities of osteoblasts and
osteoclasts are regulated by distinct endocrine and paracrine factors. However, a
tight communication between the two cell types is essential for homeostasis to
proceed smoothly. An important way in which the two cell types interact is via
the RANK/RANKL/OPG “triad”. This pathway consists of a receptor found on
osteoclasts- the receptor activator of nuclear factor-�B (RANK)- its ligand RANKL,
and osteoprotegerin (OPG), a decoy receptor for RANKL. Both RANKL and OPG
are expressed by osteoblasts. Activation of RANK by its ligand RANKL increases
osteoclastogenesis and osteoclast function (Yasuda et al 1998). Since OPG acts
as a decoy receptor for RANKL, activation of RANK, and consequently osteclast
activity, is related to the RANKL:OPG ratio and not only to the abundance of
RANKL (Simonet et al 1997; Theoleyre et al 2004).
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Angiotensin receptors of the AT1 subtype have been found in human osteoblastic
clonal cells and in primary cells from foetal and adult bone of uncertain cell type
(Bowler et al 1998). The same study reported AT2 subtype in the same cells,
except for human foetal bone. AT1 receptors have been found by various groups in
primary osteoblasts harvested from calvariae and from human trabecular bone explants
(Hagiwara et al 1998; Lamparter et al 1998). Figure 2 shows the expression in the rat
UMR-106 cell line of both AT1a and AT1b receptor subtype, AT2, angiotensinogen
and, at very low abundance, of renin. The presence of ACE has not been directly
tested. Its presence may however be inferred from the observation that angiotensin
I stimulates bone resorption in co-cultures of osteoclasts with osteoblastic cells, and
that this action can be inhibited by captopril, an ACE inhibitor (Hatton et al 1997).
From these various data it may be concluded that the osteoblasts are potentially targets
for both blood-borne and locally-generated AngII. Interestingly, ACE inhibitors have
no effect on the alkaline phosphatase (ALP) activity of unstimulated osteoblasts
(Nashiya and Sugimoto 2001), suggesting that it is RANKL-OPG signalling,
rather than bone-forming activity, of osteoblasts that is influenced by autocrine AngII.

The balance of the current evidence limits the presence of AT receptors to
osteoblasts, and, to our knowledge, there is no study that has directly and unequiv-
ocally shown AT receptors in osteoclasts. On the contrary, the data of Hatton et al
(1997), where osteoclastic activity in response to AngII was present only in co-culture
with osteoblasts, supports the view that osteoclasts do not express AT receptors.

From previous investigations in a variety of tissues, it is known that the AT1

receptor is usually down-regulated by its ligand AngII (Bouscarel et al. 1988; Zhang
and Sun 2006). Figure 3 shows the situation in osteoblasts to be more complex, with

Figure 2. RT-PCR products showing the expression of components of the RAS by the rat osteoblast cell
line UMR-106. From left to right: AT1a, AT1b and AT2 receptors, AGT (angiotensinogen), GAPDH,
Col-1 (collagen 1) and renin
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Figure 3. RT-PCR for AT1a mRNA in UMR-106 cells which had been incubated in serum free medium
for 24h with increasing concentrations of AngII. Data shown as mean ± s.e.m. for 4 separate experiments.
Data were analysed by Anova and group means compared with control by Dunnett’s t-test (**p < 0.01)

stimulation of AT1a occurring at lower (closer to physiological) doses, reaching a
peak at 10−6 M, followed by a reversal, conceivably due to a down-regulation, at
higher concentrations. Bimodal dose-effects of AngII are not unusual; for example,
Lamparter et al. (1998) observed a bimodal effect in the stimulation of proliferation
by AngII in human primary bone cells harvested from trabecular explants. It is
noteworthy that Lamparter et al (1998), contrary to our data, claimed that AngII
was ineffective in mature osteoblasts and cited UMR cells as being amongst this
class (no data were presented).

4. OSTEOCALCIN, ALKALINE PHOSPHATASE ACTIVITY
AND COLLAGEN EXPRESSION

The differentiation of osteoblasts from mesenchymal stem cells through a series
of progenitor stages to form mature matrix-secreting osteoblasts capable of miner-
alization is a highly regulated process (Quarles et al 1992; Robling et al. 2006).
The expression of collagen I, osteocalcin, and alkaline phosphatase (ALP) are
markers of matrix-producing osteoblast phenotypes. Hagiwara et al (1998) found
a profound decrease in osteocalcin mRNA in calvarial osteoblastc cells following
AngII (10−7M) treatment. The same group, and Lamparter et al. (1998) reported a
decrease in ALP activity in rat calvarial and human adult bone cells respectively.
Figure 4a shows the marked inhibition of ALP activity in UMR-106 osteoblasts
treated with AngII, and the reversal of this effect in the presence of the AT1 receptor



184 SERNIA ET AL.

Figure 4. (a) Marked inhibition of alkaline phosphatase activity in cell lysates from osteoblasts after
treatment with increasing concentrations of AngII. The AT1 receptor antagonist, Losartan prevented
the decrease in ALP activity. (b) Inhibition in collagen I mRNA expression following AngII treatment
for 24hours. Data shown as mean ± SEM, (N = 6). Data were analysed by Anova and group means
compared with control by Dunnett’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001)

antagonist, Losartan. Hagiwara et al (1998) observed a 45% fall in ALP activity of
calvarial cells at 10−7 M AngII; a similar observation to ours.

Collagen I is the major bone matrix protein and its expression is one of the
markers of osteoblast activity. Lamparter et al (1998) showed a 4-fold increase
in procollagen synthesis, as measured by the incorporation of tritiated proline, by
human bone cell cultures incubated with 10−7 M AngII for 48hrs. This result is in
contrast to our data in Fig. 4b, which shows a >90% inhibition of collagen I mRNA
in UMR-106 cells incubated with 10−4 M AngII for 24hrs. Differences in outcome
could result from the phenotype of the cells used, as suggested by Lamparter et al
(1998), but it is significant that the inhibition of Collagen I expression is consistent
the decrease in osteocalcin and ALP activity, which in turn is consistent with the
overall inhibitory role of AngII in osteoblast activity.

5. OSTEOBLAST PROLIFERATION AND APOPTPSIS

The effect of AngII on osteoblast proliferation have been examined by the Hiruma
et al (1997) in rat calvarial cells and Lamparter et al (1998) in rat calvarial and
human trabecular cells. DNA synthesis and cell number increased 2–5 fold and circa
65% respectively. The involvement of mitogen-activated protein kinases (MAPKs)
mediated by the AT1 receptor was shown by Hiruma et al (1997). Figure 5 shows
the results of incubating UMR-106 cells with Ang II and Ang IV. The bimodal
effect seen with AT1a receptor regulation (Fig. 2) by AngII was again found with
proliferation, with a peak effect at 10−10 M AngII. These data are in general
agreement with those of Hiruma et al (1997) and Lamparter et al (1998). When
AngIV was used instead of Ang II, no effect was found, suggesting that osteoblasts
lack AT4 receptors since Ang IV has been reported to stimulate proliferation (Siesjka
et al 2006).
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Figure 5. Proliferation of UMR-106 cells incubated for 24hrs with increasing concentration of (a) AngII
and (b) Ang IV in serum-free medium (0% FBS). Incubation in normal 10% foetal bovine serum (10%
FBS) was included as a positive control. An effect was observed only with AngII. Proliferation was
measured by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Mosmann,
1983). Data are shown as mean ± SEM, (N = 6). Data were analysed by Anova and group means
compared with control by Dunnett’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001)

AngII has been shown to induce senescence mediated by the AT1 receptor, leading
to an impairment of proliferation and eventual cell death (Imanishi et al 2004). In
the differentiation and maturation of osteoblasts, the process of rapid proliferation
eventually dissipates into a steady-state mature phenotype. The view that AngII is
involved in this maturation process is supported by Lamparter et al (1998) who
found that phenotypic mature osteoblastic were insensitive to the proliferative actions
of AngII. Our own data, showing a proliferative bimodal dose response to AngII
(Fig. 5) could be construed as the down-stream result of increasing senescence
and apoptosis with increasing AngII concentrations. Figure 6 shows the results of
testing this hypothesis in UMR-106 cells. At high concentrations of Ang II there
was an 86% increase in apoptosis over a 24h period. Senescence was not directly
tested and therefore it is possible that it is occurring at lower AngII concentrations
and impairing proliferation. It is also possible that at high AngII concentrations
there is significant activation of the AT2 receptor subtype in UMR-106 cells (see
Fig. 2) which is known to be anti-proliferative and to mediate apoptosis (Levy 2005;
Wilms et al. 2005). It is clear that further probing is required before being able to
accurately ascertain the role of AngII in the proliferation and maturation of osteoblasts.

6. OSTEOBLAST MINERALIZATION

The ultimate function of the osteoblast is the mineralization of the collagen matrix.
Hagiwara et al (1998) used calvarial cells of foetal origin to examine the effect
of AngII on the formation of mineralised nodules formed by cultured cells. They
observed a 55% reduction in the number of mineralised nodules after 14 days
incubation with 10−7 M AngII.

Osteoblast UMR-106 cells incubated in the presence of special mineralization
medium will show mineralization activity within 4 days. When incubated for a
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Figure 6. Increase in apoptosis in UMR-106 cells incubated for 24hrs with increasing concentrations
of AngII. The incidence of cell death was determined with the chromatin-binding fluorescent dye
4’ 6-diamidino-2-phenylindole (DAPI).This dye penetrates into cells with a damaged cell membrane
but is excluded by live cells. The total density of cells was determined by DAPI fluorescence after cell
lysis with detergent. The ratio of the two fluorometric readings is an index of apoptosis. Data were
normalized to the control group were expressed as mean % changes from control. Bars represent mean
± SEM, (N = 4). Data were analysed by Anova and group means compared with control by Dunnett’s
t-test (* p < 0.05, ** p < 0.01, *** p < 0.001)

further 4 days with AngII, a dose related inhibition of mineralization could be
clearly observed (Fig. 7). The effect of AngII was inhibited by the inclusion of
the AT1 receptor antagonist Losartan (data not shown), thus implicating a specific
AT1 mediated mechanism as the mode of action of AngII. These results and those
of Hagiwara et al (1998) firmly establish AngII as a potent inhibitor of osteoblast
mineralization activity.

7. OSTEOBLAST-OSTECLAST INTERACTIONS

The osteoclast is the principal bone-resorbing cell, removing both the mineral
and the organic matrix of bone. Osteoclasts are derived from a pool of non-
committed monocyte-macrophage precursors which also possess the potential to
differentiate into macrophages and dendritic cells. Osteoclast formation and function
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Figure 7. Mineralization activity of UMR-106 cells over a period of 8 days. Mineralization activity can
be induced over a period of days by supplementation of the culture medium with 10mM �-Glycerol
phosphate and 0.33mM L-Ascorbic acid 2-phosphate magnesium n-hydrate. Ang II was added after 4
days and mineralization allowed for another 4 days. Nodules of mineralized plaques are easily visualized
by staining with a 2% Alazarin Red solution and the density of nodules per mm2 counted (Uchimura
et al 2003). Bars represent mean ± SEM, (N = 4). Data were analysed by Anova and group means
compared with control by Dunnett’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001)
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are regulated by a variety of cytokines and hormones, as well as cell-cell contact with
osteoblasts (Jimi et al. 1996; Mundy and Elefteriou 2006). The receptor activator
of nuclear factor-�B ligand (RANKL), is a tumour necrosis factor superfamily
member with potent activity as a stimulator of both the formation of osteoclasts
from precursor cells and bone-resorbing activity in mature osteoclasts (Yasuda et al
1998). RANKL is critical for the terminal differentiation of osteoclast precursor
cells, as shown by the severe osteopetrosis present in RANKL-deficient mice (Blair
et al. 2006). RANKL is expressed in marrow stromal as well as osteoblastic cells
(Simonet et al 1997). Osteoblasts express three RANKL isoforms; two membrane-
bound forms and a smaller soluble form (Theoleyre et al. 2006).

Osteoprotegerin (OPG) is a tumour necrosis factor receptor superfamily member
secreted by various cell types, such as B lymphocytes, dendritic cells and vascular
smooth muscle, as well as osteoblasts. It is a potent inhibitor of osteoclast formation
by acting as a decoy receptor for RANKL, thereby decreasing RANKL avail-
ability at its receptor binding site on RANK. Mice that lack OPG show severe
osteoporosis, increased numbers of osteoclasts and arterial calcification (Bucay
et al 1998) and overexpression precipitates osteopetrosis (Simonet et al 1997) The
biologically active receptor for RANKL is RANK (receptor activator of nuclear
factor-[kappa]B), present on osteoclast precursors and mature osteoclasts. It is an
obligatory link in osteoclast formation, as no osteoclasts are detected in RANK-
deficient animals (Blair et al. 2006; Lee and Lorenzo, 2006).

It is clear from the preceding summary that central to normal osteoclastoge-
nesis and osteoclast function is the expression of RANKL isoforms and OPG by
osteoblasts.

There is indirect published evidence to support the hypothesis that AngII interacts
with OPG/RANK/RANKL. Thus, Hatton et al (1997) showed that AngII was
ineffective in stimulating bone resorption when incubated with foetal calvarial
osteoclast cells alone, but stimulated bone resorption in a mixed population of
osteoblasts and osteoclasts. These results suggest that Ang II stimulates osteoclasts
via some action in osteoblasts. A similar inference could be made from the report of
Schurman et al (2004) who found a reduced calcium uptake into calvarial bone discs
in the presence of 10−8 M AngII. Given the importance of the OPG/RANK/RANKL
system, these observations raise the possibility that AngII stimulates osteoclast
activity via an increase in RANKL or a decrease in OPG, or both. There is evidence
that AngII mildly increases OPG mRNA in vascular smooth muscle (Zhang et al.
2002). However no published data on AngII and the OPG/RANK/RANKL triad
are available. In a recent study by Dossing and Stern (2005) UMR-106 cells were
used to show regulation of RANKL expression and secretion. Figure 8 shows data
for the expression of RANKL mRNA in UMR-106 cells incubated with AngII or
the cyclic AMP analogue, dibutyryl cyclic AMP, a known stimulus for RANKL
expression. AngII was a potent stimulus for RANKL expression, reaching a 2.5
fold increase over control at 10−10 M AngII. The biphasic response typical of AngII
action was observed, in contrast to linear response to cyclic AMP. These data do not
reveal which RANKL isoform is involved in the AngII response and there is still no
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Figure 8. RT-PCR for RANKL mRNA in UMR-106 cells which had been incubated in serum free
medium for 24h with increasing concentrations of AngII or dibutyryl cyclic AMP. The RT-PCR condi-
tions were identical to those of Dossing and Stern (2005). Bars represent mean ± SEM, (N = 4). Data
were analysed by Anova and group means compared with control by Dunnett’s t-test (* p < 0.05,
** p < 0.01, *** p < 0.001)

information on any involvement of OPG. However, this is the first demonstration
that AngII has a role in the OPG/RANK/RANKL system.

7.1. Transforming Growth Factor-Beta (TGF-�)

While the formation of osteoclasts from monocytes is dependent on RANKL,
monocytes require further co-stimulatory signals, largely from osteoblasts to
undergo osteoclast differentiation. One of these signals appears to be TGF-�, a
member of the TGF/activin sub-group of the TGF superfamily with a critical role
in cellular differentiation. TGF-� is expressed by numerous cell types, including
osteoblasts and fibroblasts; it is the most abundant growth factor in bone (Kanaan &
Kanaan, 2006). Osteoblast-derived TGF-� acts directly on osteoclast precursors to
prime them for RANKL-induced osteoclast formation. Without TGF-�, osteoclast
formation will not occur and instead monocytes follow the macrophage differenti-
ation pathways (Fox and Lovibon 2005; Kanaan and Kanaan 2006).

There are two studies that implicate TGF-� in the action of angII on bone. In
2000, Brown reported a study on the expression of ACE, TGF-�1 and interleukin 11
in osteolytic lesions of patients with Langerhans Cell Histiocytosis. The presence of
all three markers on histiocytes in proximity to osteoclasts is consistent with a stimu-
lation of osteoclastogenesis by TGF-�1 and interleukin11 released by the action
of locally generated AngII. More persuasive evidence is provided by Schurman
et al (2004), who used a bone disc bioassay to measure the uptake of calcium
into bone. They found that AngII decreased calcium uptake and that antiserum to
TGF-�1 abolished the effect of AngII. However, until there is the direct testing of
AngII action on osteoblast expression of TGF-�, this pathway of AngII-initiated
osteoclastogenesis remains hypothetical.



190 SERNIA ET AL.

Figure 9. Summary of Proposed Actions of the bone RAS on osteoblasts (OB) and osteoclasts (OC)

8. SUMMARY OF ANGII ACTIONS

The current evidence for the actions of AngII on osteoblasts and osteoclasts
is summarized in Fig. 9. The salient features are the decrease in osteoblast
function via an inhibition of osteoblast maturation; inhibition of osteocalcin, alkaline
phosphatase and collagen I, and finally, a decrease in mineralization. This decrease
in osteoblast function, leading to a decrease in bone deposition, operates in concert
with an increase in bone loss due to a stimulation of osteoclastogenesis and osteo-
clast activity mediated by RANKL and TGF-�1. Underpinning all these actions
is an increase in sensitivity to local AngII mediated by an upregulation of AT1

receptors. The details of these various actions of AngII are yet to be sorted,
especially the osteoblast-osteoclast interactions. Nevertheless, we have the basis
of a potentially powerful hormonal pathway that can deplete bone density via a
simultaneous decrease in mineralization and increase in demineralization.

9. PHYSIOLOGICAL AND CLINICAL IMPORTANCE
OF BONE RAS

The evidence required to make an assessment of the physiological importance for
the RAS in bone metabolism is presently very sparse. Nevertheless, angiotensinogen
knockout mice do have significantly lower body weight (Massiera et al 2002).
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However, the skeletal system was not examined and the lower weight was attributed
to changed metabolism and locomotion. Transgenic models of under- or over-
expression of RAS components would be valuable in elucidating RAS involvement
in bone development and homeostasis; these models should be utilized in future
studies. In both humans and animals, treatment during pregnancy with ACE
inhibitors such as captopril, or with AT1 receptor antagonists, such as losartan,
lead to skeletal pathologies (Buttar 1997; Mastrobattista 1997; Alwan et al. 2005;
Tabacova et al. 2003; Tabacova 2005; de Leeuw 2006; Quan 2006). The most
prevalent skeletal pathology is hypocalvaria, a condition where the newborn shows
calvarial bones with a normal position and shape, but of smaller size. Lower
incidence of anomalies in the long bones, vertebrae and ribs are also found. These
foetal pathologies, especially those of membranous bones such as calvaria, have
been attributed to hypoxia arising from hypotension and microvascular and renal
abnormalities as a consequence of RAS inhibition. However, the existence of an
active local bone RAS now gives rise to the possibility that skeletal abnormalities
are due directly to the disruption of the bone RAS.

In contrast to the effects of RAS inhibition in gestation, bone abnormalities have
not been observed in adult rat studies in which treatment was initiated at 12-14
weeks of age (Stimpel et al. 1995; Broulik et al. 2001). Interestingly, we have
localized AGT and AT1 receptors to chondrocytes in the epiphyseal plate of the
rat tibia (Sernia et al. 2005), which implies a capacity to generate AngII locally
and implicates local AngII in bone elongation. Based on these observations, we
suggest that future studies on the effect of RAS inhibition on bone growth should
be initiated in juveniles in the rapid growth phase.

10. THE RAS-BONE DENSITY LINK

Clinical and epidemiological studies are revealing a link between RAS and bone
density. Several studies have reported changes in bone mineral density (BMD)
in hypertensive subjects. Cappuccio et al. (1999) found the rate of bone loss
at the femoral neck increased with the severity of blood pressure hypertensive
women and Tsuda et al. (2001) reported an inverse relationship betweenan
BMD and systolic pressure. In female hypertensive patients, activation of the
RAS was correlated with an increase in 24-h urinary calcium excretion, which
in turn, was associated with a lower BMD (Grant et al. 1992). In post-
menopausal women, plasma ACE is directly associated with bone loss (Sanada
et al. 2004). An association between ACE insertion/deletion polymorphism and
BMD has been reported in hypertensive women, with the highest BMD found
in II and the lowest in DD polymorphism (Perez-Castrillon, Justo et al. 2003).
As expected, DD patients benefited most from ACE inhibitor treatment (Perez-
Castrillon, Silva et al. 2003). Most recently, case studies of postmenopausal
women on ACE inhibitors reported a 7% decrease in fractures (Rejnmark et al.
2006) and an increase in BMD, which was also observed in elderly men (Lynn
et al. 2006).
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11. CONCLUSIONS

While the renin-angiotensin system is accepted as having a major role in cardiovas-
cular disease, there is emerging evidence for its involvement in bone homeostasis.
We have presented the evidence supporting the existence of a local RAS with
marked osteoblast inhibitory actions and probable osteoclast stimulatory actions.
The physiological importance of this system in normal bone development remains
to be determined but the deleterious effects of foetal inhibition of RAS and the
presence of RAS in chondrocytes suggests a significant role in bone development.
Clinical studies have been limited to post-menopausal hypertensive women and a
greater focus on other groups, especially pubertal patients on RAS inhibitor therapy,
is needed. Nevertheless, data from aged patients on RAS inhibitors already suggests
a beneficial effect on BMD. Degenerative bone diseases such as osteoporosis and
osteoarthritis are prevalent conditions in ageing populations; frequently co-existing
with cardiovascular disease. And finally, metastases of primary tumours into bone
is a common occurrence. An understanding of the bone RAS will improve the
management and treatment of these conditions; possibly with the judicious use ACE
inhibitors and receptor antagonists.
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CHAPTER 10

THE RENIN-ANGIOTENSIN SYSTEM
AND ITS INHIBITORS IN HUMAN CANCERS

LUCIENNE JUILLERAT-JEANNERET
University Institute of Pathology, Bugnon 25, CH1011 Lausanne, Switzerland

1. INTRODUCTION

The treatment of diseases such as cancer is challenging because these pathologies
involve dysregulation of endogenous and often essential cellular processes. Human
cancers evolve from various and combined genetic and epigenetic transformations in
a multistep process over years, which is called cancer progression. As a consequence,
human cancers are heterogeneous entities made of several different cell types: the often
polyclonal cancer cells, the normal cell populations from which the disease evolved,
the vascular cells, the fibroblasts and immune cells. Cancer cells differ from their
normal counterparts by many properties, in particular they replicate faster. Therefore,
the vast majority of clinically-used therapies for cancer capitalize on these differences
in the rate of cell replication, however with only limited efficacy. The general toxicity
to the whole body of current anti-cancer chemotherapeutics produces important side-
effects such as sterility, loss of digestive capacities, loss of hair, defects in immune
functions, etc. To reduce cytotoxicity for normal cells of the whole body sub-optimal
drug concentrations must be applied, and therefore suboptimal delivery of therapeutic
agents to the desired cell targets results.

Drug resistance, the appearance of reduced or absent response of cancer cells to
applied chemotherapeutical drugs, is another serious therapeutic problem. Drug resis-
tance can be divided into intrinsic drug resistance, where the application of drugs
has no biological effect since the initiation of treatment, and acquired drug resis-
tance, where a therapeutic response is observed at the initiation of chemotherapy,
which disappears with time of treatment. Several drug resistance mechanisms may
be involved in the resistance of cancer cells to chemotherapeutic drugs, frequently
involving the simultaneous appearance of cross-resistance to a number of functionally
and structurally diverse drugs, with different mechanisms of action: (i) lowering of
the intracellular concentration of the drug either by blocking uptake or increasing
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efflux, mainly involving the ATP-dependent efflux multidrug resistance (MDR)
protein systems, such as P-glycoprotein (Pgp), (ii) accelerated rates of drug inacti-
vation by protein binding (e.g. metallothioneine and glutathione-S-transferase) and
conjugation to small molecules such as glutathione, (iii) increased rates of repair
pathways in response to drug damage. Therefore one of the main challenges in
human cancer treatment is no longer the development of efficient drugs, but the
improvement of drug selectivity and efficacy, and the overcoming of resistance
mechanisms.

When the initial primary cancer nodules have reached some progression steps
and size, further cancer progression requires the development of a tumor-associated
vascular system, either neovascularization or co-optation of existing vessels. In
many cancers tumor vasculature presents defects of vascular maturation, a loss
of contractile capacity and an inadequate number of perivascular cells, resulting
in increased permeability and intratumoral hydrostatic pressure, promoting further
tumor proliferation, vascular dysfunction, and a poor perfusion and distribution
of chemotherapeutic agents. Tumor cells are responsible for the development
of this defective tumor-associated vasculature, and anti-angiogenic therapies are
under evaluation to treat cancer. The molecular mechanisms underlying the defects
observed in the vasculature of tumors, in particular the loss of constrictor response
to vasoactive peptides resulting in poor perfusion of the tumor and increased perme-
ability, are presently only poorly understood, however, they depend, in part, of
the vascular endothelial growth factot/vascular permeability factor (VEGF/VPF)
system, which is also involved in increased vascular permeability. Recent infor-
mation has shown that anti-angiogenic treatments increase tumor cell mobility and
tissue invasion, in particular in the brain (Lamszus et al 2005), suggesting that
normalization of tumor vasculature would be more efficient than anti-angiogenic
therapies for some cancers. These experiments have also demonstrated that in human
cancers, in order to be efficient, antiangiogenic therapies must be used in combi-
nation therapies, and that distribution of the drugs to the tumor vascular tree must
be enhanced, improved or induced in order to achieve efficient treatment, therefore
pointing toward an important role for the systems regulating vascular functions,
such as the renin-angiotensin system (RAS).

The RAS has been mainly studied as an endocrine system in the context of
cardiovascular disorders, and both inhibitors for the enzymes metabolizing the
precursor protein and intermediates and agonists or antagonists of their receptors
have been developed for the treatment of these disorders. However, the RAS, in
addition to controlling the vascular tone and fluid homeostasis, may be involved
in cell growth and/or death not only in cancer, but also in fibrotic or degen-
erative diseases. The blood RAS comprises a circulating liver-derived precursor
protein, angiotensinogen (AGT), activated by two proteases, the kidney-secreted
active renin and the pulmonary endothelium-bound angiotensin converting enzyme
(ACE). This proteolytic cascade produces the system-representative active peptide
angiotensin II (Ang II) acting on two receptors angiotensin 1 (AT1) and angiotensin
2 (AT2) membrane-bound receptors on target cells and represents the “classical
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angiotensinogen 

Renin 

angiotensin I  
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu

Angiotensin Converting Enzyme (ACE)

angiotensin II  ACE2
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe angiotensin(1-7)

Asp-Arg-Val-Tyr-Ile-His-Pro 
Aminopeptidase A (APA)

angiotensin III
Arg-Val-Tyr-Ile-His-Pro-Phe

Aminopeptidases B/N

angiotensin IV
Val-Tyr-Ile-His-Pro-Phe

Figure 1. The enzymes and the peptides of the “classical” and “non-classical” RAS

RAS”, (Fig. 1) involved in the control of vascular tone and fluid homeostasis. Then
several exopeptidases, which include aminopeptidases and/or carboxypeptidases,
and endopeptidases further process the precursors and active peptides to interme-
diate peptides with various biological activities, which represents the “non-classical
RAS” (Fig. 1).

The expression of selected RAS components is either induced or decreased
in cancer, according to a cell-specific and cancer-specific pattern. RAS compo-
nents have been associated with tumor vasculature defects and/or a more direct
effect on tumor cells, supporting a favoring role for the RAS in human cancer
progression. Inhibitors for the enzymes or antagonists for the receptors of the RAS
(Fig. 2) have anti-tumor effects in human and in animal cancer models, which
have been attributed to their effects on the tumor-associated vasculature and/or
tumor cells.

angiotensinogen 

renin renin inhibitors (trials)

angiotensin I

ACE ACE-inhibitors (clinics)

antagonists (clinics) AT1 angiotensin II

Figure 2. The inhibitors and antagonists of the “classical” RAS
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Table 1. Chemical structures of representative drugs modifying the RAS which are in clinical use for
cardiovascular diseases

Name Structure Target

Enalapril

HN

O

O

O

N

HOOC

angiotensin
convertingenzyme (ACE)
inhibitor

Valsartan O

N COOH

N

N

N NH

angiotensin
receptor-1antagonist

Therefore the RAS protease inhibitors and receptor agonists/antagonists (Table 1)
developed for treating cardiovascular disorders may have wider application in cancer
than initially envisioned, which will be reviewed in this manuscript.

2. THE RENIN-ANGIOTENSIN SYSYEM IN HUMAN CANCERS

The functions of the renin-angiotensin system (RAS) are well-characterized in
vasoconstriction, the regulation of the hydric and electrolyte homeostasis, edema
and the thickening of the vascular wall. The RAS also exerts a regulatory role in
vascular cell migration, proliferation, death and/or survival functions. In cardiovas-
cular diseases, clinical use of drugs targeting the RAS improves the conditions.
These properties of the RAS make it a potential target to control the inappropriate
functions of the tumor-associated vasculature which include defective perfusion,
edema and high tumor interstitial pressure, and proliferation and recruitment of
endothelial and mural cells of the tumor-associated angiogenic vessels. However,
the involvement of other molecules, which are presently not completely defined,
has also been postulated. The human RAS (Fig. 1) is composed of a precursor
protein, angiotensinogen (AGT), from which the proteases renin (EC 3.4.23.15),
angiotensin converting enzyme (ACE, EC 3.4.15.1), and several aminopeptidases
(aminopeptidase A (APA) and aminopeptidases B/N), carboxypeptidases (prolyl-
carboxypeptidase, and endopeptidases sequentally release families of peptides, the
angiotensins (Ang) I, II, III, IV and (1-7), with subtle differences in biological
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functions, and acting on the 7-transmembrane G-protein coupled receptors (GPCR)
angiotensin type 1 and type 2 receptors AT1 et AT2, and other receptors for the
further-processed angiotensins. The RAS functions are endocrine in the blood via
AT1, and paracrine/autocrine in tissues other than the blood via AT1, AT2 and/or
other Ang peptide receptors. The production and binding of angiotensin peptides
locally formed depend on the relative expression of the proteases involved in their
metabolism and on the relative expression of their cellular receptors. The RAS is
expressed independently of the circulating RAS in non-vascular tissues (Hirasawa
et al 2002; Humpel et al 1994; Inwang et al 1997; Juillerat-Jeanneret 1993; Juillerat-
Jeanneret et al 1992, 2000, 2004; Kakinuma et al 1997, 1998; Milsted et al 1990;
Suganuma et al 2004, 2005; Tahmasebi et al 1998, 2006).

In cancer, the role of the RAS has been mainly evaluated in the context of
angiogenesis, however, some information exists suggesting a more direct role for
the RAS in cancer progression. The secretion by tumor cells of factors involved
in endothelial cell proliferation and permeability in response to the activation of
the RAS, such as vascular endothelial growth factor/vascular permeability factor
(VEGF/VPF), or involved in the proliferation and differentiation of perivascular
cells and in the subsequent destabilization of the tumor vessels, such as the angiopoi-
etins, transforming growth factor-� (TGF-�, epidermal growth factor (EGF) or
platelet-derived growth factor (PDGF), has been suggested (Nadal et al 2002; Naito
et al 1998; Otani et al 2000; Uemura et al 2003, 2005, 2006; Yamagishi et al
2003). The functions of the RAS are paracrine/autocrine in tissues other than the
blood via the binding of angiotensin peptides locally formed to the AT1 and/or
AT2 receptors (de Gasparo et al 2000; de Paepe et al 2002; Zhuo et al 1998),
depending on the relative expression of the proteases involved in the metabolism
of angiotensins and on the relative expression of their cellular receptors. These
tissue functions include the control of cell proliferation and death (Achard et al
2001; Greco et al 2003; Kucerova et al 2003; Marshall et al 2000; Miyama
et al 2002; Rivera et al 2001). Inhibitors of renin and ACE, and antagonists of
the AT1 receptor, modifying what can be named the “classical” RAS, have been
developed and are in clinical use or under clinical evaluation in the context of
cardiovascular disorders. However, a role in cancer of the “non-classical” RAS is
emerging, whereas less studied, but possibly promising as target for therapy. The
role and functions in cancer of ACE inhibitors and antagonists to AT1 receptors
of the “classical RAS” have been recently reviewed by many authrors (Molteni
et al 2006; Deshayes and Nahmias 2005; Uemura et al 2006) and are starting
to be well established thus only an overview will be provided here, whereas
the potential roles and functions in cancer of renin and its inhibitors, or of the
components of the “non-classical RAS” are just emerging. In order to question
these issues, we will first compare the expression of the components of the RAS,
either “classical” and “non-classical” in human tumors and adjacent tissue, then
review what is known about their potential functions in cancer and the models
that have been used to evaluate the functions and components of the RAS in
cancer.
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3. THE “CLASSICAL” RAS IN CANCER

The concept of a localized tissue RAS has emerged, in addition to the circulating
RAS and activation of the RAS has been demonstrated under neoplastic conditions.
The local tumor RAS may i) enhance angiogenesis and microvessel density ii)
promote tumor cell proliferation iii) participate in the remodeling of the tumor
stroma. ACE inhibitors and antagonists to angiotensin receptors may delay tumor
growth, in humans and experimental models of carcinomas, sarcomas, gliomas.
Ang II is a potent mitogen, and Ang II/AT1 can transactivate other receptors, such
as EGFR, and induce the production of bioactive factors such as TGF� or VEGF,
as well as intracellular signaling pathways, such various tyrosine kinases, such as
ERK (Molteni et al 2006; Deshayes and Nahmias 2005; Uemura et al 2006).

The RAS functions in cancer may also be mediated by interfering with the tumor
stroma. Ang II is a fibrogenic factor, therefore Ang II effects in cancer may also
be mediated by cancer-associated (myo)fibroblasts (Fujita et al 2005) or tumor-
associated macrophages which express renin (Juillerat-Jeanneret et al 2000, 2004),
AT1 (Egami et al 2003) and ACE (Juillerat-Jeanneret et al 1997).

3.1. Renin and Renin Inhibitors

In the context of the vascular system, renin (EC 3.4.23.15) is an aspartyl protease
synthesized as a proenzyme and activated in the juxtaglomerular cells of the kidney,
a modified myoepithelial cell of the wall of the afferent arteriole, and secreted
into the blood where renin acts on its only known substrate, AGT, of which
renin releases Ang I. Transcription of renin gene is regulated both in a tissue-
specific and developmental manner. In this context AGT has no other function than
being a precursor of Ang II. However, the kinetics characteristics of hydrolysis
of AGT by renin are very unfavorable for an enzyme-catalyzed reaction. In the
cklassical RAS, no function has been attributed to AGT and Ang I. In addition
to the kidney, the renin gene and protein are expressed in other tissues than the
kidney, and in particular in some cancers, and a intracellular receptor for renin has
been described, suggesting other functions for this enzyme than the release of Ang
I. In human cancers, the role of renin has been postulated to be the production
of Ang I from AGT. Renin-secreting tumors of several non-renal origins have
been described, and the expression of renin has been detected in different human
cancers, including from the breast (Tahmasebi et al 1998, 2006), brain (Ariza et al
1998; Juillerat-Jeanneret et al 2004), prostate (Uemura et al 2006), pancreas (Leung
2004; Reddy et al 1995; Lam and Leung 2002). In breast cancer, ISH showed
that the expression of renin mRNA was expressed by a band of myofibroblasts
and myoepithelial cells surrounding the ductal epithelial cells expressing AT1 in
normal tissue and lobular in situ carcinoma (Inwang et al 1997; de Paepe et al
2002). In latter stage invasive cancer, this band was disrupted and attenuated. In
the breast AGT and renin was expressed in normal, not in tumoral epithelial cells,
in tumor associated fibroblasts and normal myoepithelial cells (Tahmasebi et al
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1998, 2006). However, the effect of renin inhibition has been examined only in
glioblastoma in our group (Juillerat-Jeanneret et al 2000, 2004) using piperidine
renin inhibitors (Maerki et al 2004), to the best of my knowledge. In glioblastoma,
no evidence for renin secretion by the tumor was found. Renin inhibition directly
blocked glioblastoma cell proliferation, independently of extracellular production
of angiotensin peptides which did not directly induce human glioblastoma cell
proliferation, apoptosis and/or DNA synthesis (Juillerat-Jeanneret et al 2004), and
evidence was strong for an intracellular effects of the renin inhibitors. Therefore
the use of renin inhibitors developed to inhibit the circulating enzyme, and which
are only poorly cell-permeable, must probably be reconsidered when addressing
cancer (Juillerat-Jeanneret et al 2004). The anti-proliferative effects of renin in
human glioblastoma cells was dependent on inhibition of serum-induced ERK
phosphorylation (Juillerat-Jeanneret 2006). Therefore, a direct role of (intracellular)
renin in the proliferation and/or survival of tumor cells may be postulated, not
necessarily related to the extracellular production of angiotensin peptides.

3.2. Angiotensin Converting Enzyme (ACE) and ACE-inhibitors

Angiotensin converting enzyme (ACE, EC 3.4.15.1) is an ectopeptidase expressed
in most vascular beds, including cancer vasculature, and in the context of the cardio-
vascular system, the role of ACE is to release Ang II from Ang I and to degrade
bradykinin. However many peptidases other that renin and ACE have the potential
to hydrolyse the various angiotensin peptides, which include exopeptidases and
endopeptidases (Campbell et al 2003). ACE is a metalloprotease of wide specificity,
which has many other bioactive peptide substrates than Ang I, therefore the effects
of ACE-inhibitors, including in cancer, developed to treat cardiovascular diseases
may be dependent on the inhibition of hydrolysis of substrates other than Ang I.
Several controversial studies have been published, linking ACE expression and ACE
inhibitors or ACE I/D polymorphism to cancer development and/or progression
(Juillerat-Jeanneret et al 2000; Abali et al 2002; Frame et al 1996; Gonzalez-Zuloeta
et al 2005; Lever et al 1998; Nakagawa et al 1995; Medeiros et al 2004; Small et al
1997, 1999; Yoshii et al 2002, 2005; Reddy et al 1995; Fujita et al 2005; Prontera
et al 1999; Volpert et al 1996; Lindholm et al 2001; Friis et al 2001; Yasumatsu
et al 2004; Noguchi et al 2003; Koh et al 2005; Haiman et al 2003; Freitas-Silva
et al 2004; Röken et al 2006), and no clear picture can be obtained from these
studies.

In breast cancer, ACE was expressed by normal and tumoral epithelial cells
(Tahmasebi et al 2006). ACE inhibitors seem to have only a minor effect on
cancer risk, incidence rate and tumor prevalence, but rather affect tumor progression
and metastasis. ACE-inhibitors are not directly antiproliferative for cancer cells
(Juillerat-Jeanneret et al 2000, 2004; Yasumatsu et al 2004), but can modify tumor
apoptosis and are able to decrease angiogenesis, either alone (Small et al 1997, 1999;
Yoshii et al 2002, 2005; Fujita et al 2005; Prontera et al 1999) or associated with
interferon (IFN)-� (Noguchi et al 2003). ACE is highly expressed in the abnormal
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vessels of human glioblastoma, however, our own in vitro and in vivo studies did
not convincingly demonstrate a clear advantage to ACE inhibition (lisinopril) in
experimental glioblastoma in immunocompetent rats (Juillerat-Jeanneret et al 2000,
2004), whereas perindopril in nude mice reduced head and neck carcinoma growth
and VEGF-dependent angiogenesis (Yasumatsu et al 2004). The thiol ACE-inhibitor
captopril, but not the non-thiol ACE-inhibitor lisinopril, was able to inhibit the
proliferation of ACE-negative breast carcinoma cells, to reduce their expression
of estrogen-receptor, and to increase that of progesterone-receptor (Small et al
1997, 1999). ACE inhibitors may slow cancer progression (Lever et al 1998; Small
et al 1997, 1999; Yoshii et al 2002; Yasumatsu et al 2004; Noguchi et al 2003;
Hii et al 1998), mainly acting via their anti-angiogenic potential via AT1, since
Ang II may induce the release of VEGF expression by cancer cells (Suganuma
et al 2004) and induce angiogenesis. ACE-inhibitors may also act as more general
zinc metalloprotease inhibitors, acting as inhibitors of MMPs (Volpert et al 1996;
Prontera et al 1999; Williams et al 2005), or via the release of the anti-angiogenic
angiostatin (de Groot-Besseling et al 2004) independently of the RAS and of ACE
inhibition (Gonzalez-Zuloeta et al 2005; Reddy et al 1995; Fujita et al 2005).
Therefore, while the role of ACE inhibitors in cancer is not clear, it is related to
tumor-associated angiogenesis and VEGF pathways, and not the survival of tumor
cells themselves.

From genetic studies it was concluded that ACE polymorphism was involved in
the lymph node metastic progression of gastric cancer (Ebert et al 2005; Röcken
et al 2006), possibly associated with chymase polymorphisms (Sugimoto et al
2006). ACE polymorphism was not correlated to lung and renal cancer (Cheon
et al 2000; Usmani et al 2000), but possibly involved in enhancing smoking-cancer
association (Arima et al 2006). In prostate cancer and leukemia, ACE polymorphism
was correlated to cancer progression (Medeiros et al 2004; Hajek et al 2003). ACE
polymorphism may be associated with bladder and breast cancer risk and be an
indicator of favourable outcome (Haiman et al 2003; Koh et al 2005; Kosugi et al
2006; Yaren et al 2006; Gonzalez-Zuloeta et al 2005), which may be dependent on
the presence of anti-oxidants (Koh et al 2005; Yuan et al 2005).

3.3. Angiotensin II (Ang II) and Angiotensin Receptors (AT1 and AT2)

In the classical RAS, all the functions of the RAS are considered mediated by
Ang II and a G-protein-coupled receptor (GPCR), the Ang II type 1-receptor (AT1)
(de Gasparo et al 2000), with presently little known function for the AT2 receptor
(Nouet et al 2004) other than to antagonize AT1-mediated effects, thus functioning
as an AT1 counter-receptor. Both AT1 and AT2 receptors are GPCR proteins of
about 360 amino acids, sharing only 30% homology. Tissue-specific functions of
AT1 and/or AT2 other than the regulation of the vascular tone include the regulation
of cell growth and apoptosis, of production of reactive oxygen species, of hormone
secretion and of inflammatory and fibrogenic reactions (Leung and Chappel 2003),
all of each are mediated by Ang II and may be relevant for cancer. Ang II is a



THE RENIN-ANGIOTENSIN SYSTEM AND ITS INHIBITORS IN HUMAN CANCERS 205

potent cell mitogen and migration-inducing factor, mediated either via autocrine or
paracrine pathways. In cancer, AT1 may exert growth stimulatory effects and AT1

antagonists decrease tumor growth by inhibiting VEGF (Suganuma et al 2004).
AT1 antagonists have beneficial effects on tumor progression, vascularization and
metastasis. AT1 antagonism reduced the growth, progression and vascularization of
several experimental cancers of different types (Fujita et al 2005; Egami et al 2003;
Suganuma et al 2004; Uemura et al 2003, 2005, 2006; Miyama et al 2002; Arrieta
et al ), possibly mediated by AT1 expressed on tumor vasculature (Fujita et al 2005;
Miyama et al 2002). Long-term blockade of AT1 leaves the AT2 fully active. In
the context of the vascular system and angiogenesis (Fujiyama et al 2001; Silvestre
et al 2002), AT2 antagonizes AT1 effects, thus potentially having beneficial anti-
cancer effects. However, AT2 may also increase VEGF production (Walther et al
2003; Rizkalla et al 2003; Zhang et al 2004). Therefore the role of AT2 and its
antagonism in cancer is far from clear.

The expression, role and the AT1- and AT2-mediated signaling pathways in
human cancers and cancer cells, including astrocytoma (Ariza et al 1988; Juillerat-
Jeanneret et al 2004; Fogarty et al 2002), breast (de Paepe et al 2002; Muscella et al
2002; Greco et al 2003), ovarian (Suganuma et al 2004), skin (Takeda and Kondo
2001), cervix (Kikkawa et al 2004), prostate (Dinh et al 2001, 2002; Nassis et al
2001), pancreatic (Fujimoto et al 2001), gastric (Freitas-Silva et al 2004) has been
recently reviewd (Deshayes and Nahmias 2005). Generally AT1 expression was
inhomogeneous but increased in cancers compared to non-tumoral tissue depending
on the type and grade, and was correlated with tumor invasiveness.

AT1 pro-angiogenic and growth-promoting vascular functions in cancer are
mediated by Ang II. Consequently, AT1 antagonists inhibit tumor growth, mediated
by the blockade of Ang II-dependent tumor cells production of the pro-angiogenic
peptide VEGF (Rivera et al 2001). AT1 is expressed on tumor stromal smooth
muscle cells and Ang II stimulates the migration of pericytes via TGF-� and PDGF
receptors (Nadal et al 2002) and the expression of VEGF receptor by these cells
(Otani et al 2000; Yamagishi et al 2003). Ang II can also stimulate the migration of
stromal cells, including pericytes via TGF-� and PDGF receptors (Nadal et al 2002)
and the expression of VEGF receptor by these cells (Otani et al 2000; Yamagishi
et al 2003; Fujita et al 2005). Therefore, Ang II/AT1 seems mainly involved in
promoting angiogenesis and perivascular cell growth (Rivera et al, 2001; Miyama
et al 2002) while AT2 receptors may be growth inhibitory and pro-apoptotic (Berry
et al 2000, 2001; Miura et al 2005), possibly involving Pax-2 (Zhang et al 2004).
The proliferative effects of Ang II on tumor-associated human fibroblasts (Marshall
et al 2000) involve AT1 receptors.

AT1 is expressed in breast cancer where it may exert growth stimulatory effects
and regulate NO synthesis (Inwang et al 1997; de Paepe et al 2002; Greco et al
2003). Ang II increased the mitogenic signaling in human breast carcinoma cells,
via the Ca2+, PKC, EGF receptor and ERK pathways (de Paepe et al 2002; Greco
et al 2003) and integrin �1 expression (Berry et al 2001, 2000). In breast cancer,
ductal epithelial cells express AT1 in normal tissue and in lobular in situ carcinoma
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(Inwang et al 1997; de Paepe et al 2002). In latter stage invasive cancer, AT1 and
AT2 mRNAs were detected (Tahmasebi et al 2006). Ang II/AT1 reduces breast
cancer cells adhesion and invasion, by reducing integrin �3 and �1 expression via
PKC signaling (Puddefoot et al 2006). In estrogen receptor-negative breast cancer
cells, ER-independent oestrogen signaling may be mediated by AT1, at least in
part, to activate survival mechanisms (Lim et al 2006). In pancreatic cancer, the
role of the Ang II/AT1 has also been demonstrated in cancer cells growth and
cancer progression (Hang et al 2004) mediated by the activation of the MAPK
and NFkB pathways (Amaya et al 2004). In colon mucosa and cancer AT1 is
expressed and may exert growth stimulatory effects and regulate NO synthesis
(Inwang et al 1997; de Paepe et al 2002; Hirasawa et al 2002; Kucerova et al
2003). In prostate cancer (Uemura et al 2005, 2006; Dinh et al 2001, 2002;
Nassis et al 2001; Fabiani et al 2001), the RAS is over expressed, cancer cells
secrete Ang II, Ang II is mitogenic and AT1 antagonists inhibit the growth of
prostate cancer cells and tumors, possibly mediated by cross-talk with the stroma. In
ovarian cancers, Ang II stimulates in vitro tumor cell proliferation, invasion, VEGF
secretion (Kikkawa et al 2004; Suganuma et al 2004, 2005; Watanabe et al 2005;
Ino et al 2006) and these effects were inhibited by AT1 antagonists (Suganuma et al
2005). In human ovarian cancer patients, AT1 expression was restricted to tumor
cells, membrane and cytoplasm, but not stromal or non-tumoral epithelial cells,
correlated with a poor patient outcome and to VEGF expression and microvessel
density, but not with tumor grade and stage or tumor proliferation index (Ino et al
2006). In human glioblastoma, we have shown the selective expression of AT1 and
AT2 in human glioblastoma (Juillerat-Jeanneret et al 2004), however AT1 blockade
had no effect on glioblastoma cell growth, while AT2 blockade decreased growth.
Ang peptides did not play any direct role in glioblastoma cell growth, apoptosis
and/or DNA synthesis (Juillerat-Jeanneret et al 2003). In a C6-cells glioblastoma
rat model, losartan, an AT1 antagonist, reduced tumor growth, vascular density, cell
proliferation and mitotic index (Rivera et al 2001).

Therefore, AT1 favors cancer development by increasing tumor angiogenesis,
while the function of AT2 in is not known with certainty. AT2 receptor is mainly
expressed in development and repair, and in cancer it may be important in cell
proliferation and angiogenesis. AT2 blockade may inhibit tumor growth (Uemura
et al 2006). In tumor angiogenesis, AT1 induces the VEGF and angiopoietin/Tie-2
receptor tyrosine kinases (Otani et al 2000; Imanishi et al 2004; Fujiyama et al
2001). AT2 deficiency in mice attenuates susceptibility to lung cancer, possibly
meidiated by lung stromal fibroblasts and TGF� (Kanehira et al 2005). AT1 can
transactivate and AT2 trans-inactivate (Uemura et al 2003; Greco et al 2003; Elbaz
et al 2000) the EGF receptor in prostate and breast cancer cells activating the ERK,
STAT3, PKC or SHP-1 pathways. AT2 activates unconventional signaling pathways
not involving classical GPCR-mediated pathways. AT2 can activate cellular protein
tyrosine and serine/threonine phosphatases (Stoll et al 2001; Lehtonen et al 2004;
Moore et al 2004), blocking AT1-mediated ERK activation. AT2 trans-inactivates
EGF-, FGF- and IGF-receptors (Stoll et al 2001). Feedback activation of AT2 by
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AT1 blockade is anti-fibrotic (Okada et al 2004). However, off-target effects may
exist. AT2 antagonists may also recognize non-Ang II binding sites different form
AT2/Ang II sites, mainly on activated cells of the macrophage lineage (Egidy et al
1997). In addition, inhibition of Ang II effects potentiates the effects of anti-tumoral
molecules (Yasumaru et al 2003).

In conclusion several studies have shown a direct effect of the RAS on tumor
cells, but the effects of the components of the RAS may also be indirect, mediated
by the tumor stroma: pro-angiogenic effect on vascular cells, profibrotic effects on
tumor-associated (myo)fibroblasts and presently poorly defined on tumor-associated
macrophages.

In summary, the RAS may exert its effects in cancer at two levels:
1) by directly controlling tumor cell proliferation, resistance to cell death and/or

survival. These effects seem to involve the enzyme renin and the AT2 receptor.
However the cellular signaling pathways and mechanisms involved are not
known.

2) by controlling the proliferation and functions of the tumor-associated vascular
system. These effects seem mediated by Ang II and AT1 receptor, and to involve
the interactions between endothelial cells and pericytes, mediated by TGF-�,
VEGF and PDGF, and their associated receptors. However, the mechanisms
involved are not yet clearly established.

Therefore it can be expected that within the next years the interest of the RAS in
cancer may be shifted toward the cancer stroma. Published information demonstrates
that the RAS is involved in the survival of normal and tumor cells, as a regulator
of the functions of tumor vasculature and stroma. Ang II binding to AT1 receptors
on tumor cells will result in the production of angiogenic factors, which will induce
the proliferation/death, migration of vascular cells, vascular permeability defects
and increased intratumoral hydrostatic pressure which are associated with human
tumors. These defects in the differentiation of tumor-associated vascular cells result
in a poor intratumoral distribution of anti-cancer drugs and are associated with
resistance to treatment.

ACE inhibitors and AT1 antagonists, blocking Ang II production and action,
have beneficial effects on cancer at the steps of tumor progression, vascularization
and metastasis. AT1 is over-expressed by tumor and stromal (endothelial cells,
fibroblasts and macrophages) cells. A direct role for renin and AT2 is less clear in
the context of cancer.

4. THE “NON-CLASSICAL” RAS IN CANCER

The human “non-classical RAS” is composed of a precursor protein,
angiotensinogen (AGT), expressed in human cancer (Juillerat-Jeanneret et al 2004;
Milsted et al 1990) and having functions other than being a precursor of Ang
II, from which several aminopeptidases (aminopeptidase A (APA, EC 3.4.11.7)
(Fournié-Zaluski et al 2004; Juillerat-Jeanneret et al 2000, 2003, 2004) and
aminopeptidases B/N (Juillerat-Jeanneret et al 2003, 2004), and carboxypeptidase
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(prolyl-carboxypeptidase (EC 3.4.21.26) (Santos et al 2000) and ACE2 sequentally
release families of peptides, the angiotensins (Ang) III, IV (von Bohlen and Halbach
2003) and (1-7) (Santos et al 2000), with subtle differences in biological functions,
and acting on the 7-transmembrane G-protein coupled receptors (GPCR) AT1 et
AT2 and on other receptors.

4.1. Angiotensinogen (AGT)

AGT belongs to the superfamily of the non-inhibitory serpins (serine protease
inhibitors), which have the potential to decrease angiogenesis in several cancer
models. In human cancer AGT inhibits VEGF-induced or FGF-induced angio-
genesis (Célérier et al 2002). In glioblastoma AGT is involved in the maintenance
of the normal functions of the cerebral vasculature (Kakinuma et al 1998) and in
AGT-ko mice some angiotensin peptides have the potential to restore these functions
(Kakinuma et al 1998). We have demonstrated that human glioblastoma cell lines
express AGT mRNA, that AGT is released by tumor cells in vivo in humans, but
AGT did not modify glioblastoma cell proliferation (Juillerat-Jeanneret et al 2004).
Thus AGT is expressed and secreted by glioblastoma and is involved in vascular
functions of brain tumors.

4.2. (Pro)Renin and (Pro)Renin-Receptors

In humans, most of the renin exitst in its enzymatically inactive form, prorenin.
Many tissues can synthesize prorenin, but the juxtaglomerular cells are the exclusive
site for processing of prorenin to active renin. Thus intracellular functions of
(pro)rennin can be postulated. We have shown that the mRNAs for renin and renin-
receptor are co-expressed in human glioblastoma and glioblastoma cells (Juillerat-
Jeanneret et al 2004), as well as other cancers (Juillerat-Jeanneret et al, unpublished
results), and that renin inhibitors (Table 2) with the potential to enter cells and
inhibit human glioblastoma cell growth (Juillerat-Jeanneret et al 2004), can inhibit
serum-induced ERK phosphorylation (Juillerat-Jeanneret 2006).

The mannose-6-phosphate may be a receptor for cellular uptake of (pro)rennin
(van Kesteren et al 1997). Another cellular receptor for (pro)renin has been
described (Nguyen et al 2002), identical to CAPER (Schefe et al 2006) and whose
C-terminal is similar to V-ATPase. Prorenin/renin binding to this receptor in cells
is linked to intracellular signaling pathways, such as extracellular-regulated kinase
(ERK) phosphorylation, or TGF-� secretion and these effects may be angiotensin-
independent (Huang et al 2006). The primary location of the (pro)renin receptors is
perinuclear in human cells which allow direct interaction with a transcription factor
and gene regulation (Schefe et al 2006).

Therefore an intracellular renin-angiotensin system may be responsible for the
pathological role of the RAS. However, no information has been published formally
establishing a role for renin-receptors in cancer.



THE RENIN-ANGIOTENSIN SYSTEM AND ITS INHIBITORS IN HUMAN CANCERS 209

Table 2. Chemical structures of the renin inhibitors evaluated in human glioblastoma cells
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4.3. Aminopeptidases A (APA), Ang III and Ang III AT3 Receptor(s)

Aminopeptidases A (APA, Glu-aminopeptidase EC 3.4.11.7, and Asp-
aminopeptidase EC 3.4.11.21) release Ang III (des-Asp1-Ang II) from Ang I/II,
with subtle differences in biological functions compared to Ang II, but still able
to bind on the 7-transmembrane G-protein coupled receptors (GPCR) AT1 and
AT2. In cancer, APA can control angiogenesis and tumor growth in mice (Marchio
et al 2004; Suganuma et al 2004, 2005). In human glioblastoma, we have shown
that APA activity is upregulated in the abnormal tumor vasculature and that
Ang III is the main angiotensin peptide produced in these tumors, depending on
the secretion by tumor cells of not yet identified soluble factors which are not
dependent on tumor cell hypoxia (Juillerat-Jeanneret et al 2003). APA increase in
activated brain-derived endothelial cells is inhibited by glucocorticoid or TGF-�
exposure (Juillerat-Jeanneret et al 2000) with a concomitant induction of ACE
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(Juillerat-Jeanneret et al 2000). Thus, glioblastoma-derived factors increase APA
expression in glioblastoma vascular cells, and TGF-� decreases this expression.
We have shown that APA is not involved in the proliferation of brain-derived
endothelial cells and have postulated that it is related to increased vascular perme-
ability and tumor edema (Juillerat-Jeanneret et al 2000). A central role for Ang III
for permeability defects of tumor vasculature is in accordance with the obseravtion
that in AGT-ko mice, blood-brain barrier (BBB) function is lost and can be restored
by Ang II or Ang IV, but not Ang III (Kakinuma et al 1997, 1998). Increased APA
expression was also shown in cervical (Suganuma et al 2004; Fujimura et al 2000),
prostate (Bogenrieder et al 1997) and kidney (Nanus et al 1998) cancers and in
the blood of experimental breast cancer in rat (Carrera et al 2006). In endometrial
and uterine cancers it has been involved in tumor growth, angiogenesis and VEGF
production (Ino et al 2004). The effect of APA inhibitors has been evaluated only
for kinase regulation in thyroid cancer (Ochedalska et al 2002), and APA inhibitors
antagonize Ang II effects in prostate cancer cells (Lawnicka et al 2004).

Ang III may act on AT1 and AT2, with slightly different affinity than Ang II,
mimicking some of the functions of Ang II, but also displaying Ang III-selective
functions, such as chemokine production and cell-growth regulation (Ruiz-Ortega
et al 2000) or may act on a poorly-defined AT3 receptor (Chaki and Inagami 1992).
The role of the AT3 receptor of Ang III is not known. Therefore in cancer, APA
is most probably related to dysfunctions of cancer-associated vasculature, resulting
from defects of the TGF� pathways.

4.4. Aminopeptides B, Ang IV (Ang3-8) and AT4 Receptor(s); ACE2,
Ang(1-7) and Ang(1-7) Receptor(s)

Several peptidases, including aminopeptidases B/N (EC 3.4.11.6)/EC 3.4.11.14)
activities, prolyl-carboxypeptidase (EC 3.4.21.26) and ACE2 (Warner et al 2004)
further process angiotensin peptides to Ang IV (von Bohlen und Halbach 2003) or
Ang (1-7) (Gallagher and Tallant 2000; Santos et al 2004), respectively. Vascular
surface markers in brain cancers include aminopeptidases and we and others have
shown that these enzymes are increased in neoplasms of the central nervous system,
i.e. aminopeptidase A (Juillerat-Jeanneret et al 2000, 2003) and insulin-regulated
aminopeptidase (IRAP) (Fernando et al 2005). IRAP and aminopeptidase B activ-
ities are increased in the serum of rats with experimental breast cancer (Carrera
et al 2006). However, the expression and/or activity of these aminopeptidases has
been evaluated only in few studies in a limited number of cancers.

Ang IV or Ang (1-7) peptides are no longer able to use the cognate AT1 and AT2

receptors, but other specific receptors. Ang IV acts on the AT4 receptor, which has
been identified as the transmembrane aminopeptidase, insulin-regulated membrane
aminopeptidase IRAP. IRAP is associated with the GLUT4 vesicular glucose trans-
porter (Chai et al 2004), which may be of interest in cancer. The expression of
the AT4 receptor has been demonstrated in the glandular epithelium of normal
prostate and was decreased in cancer, similar to AT2 (Dinh et al 2001). A high
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affinity binding site for Ang(1-7) has been reported (Tallant et al 1997; Tom et al
2003), which may be anti-proliferative, anti-apoptotic, NO-generating. Ang(1-7)
has been involved in inhibiting lung cancer cell proliferation (Gallagher and Tallant
2004) but inducing cell proliferation in astrocytoma (Fogarty et al 2002). APA
and IRAP bind the peptide Ang IV (Albiston et al 2001, 2003; Chai et al 2004;
Demaeght et al 2006) which then acts as an inhibitor of their enzymatic activities
(Goto et al 2006; Lew et al 2003; Lee et al 2003). Therefore ligands for such
aminopeptidases may have a potential interest in cancer therapy. We have shown
decreased Aminopeptidase B/Aminopeptidase N activities in brain tumor vascu-
lature in human glioblastoma (Juillerat-Jeanneret et al 2000), suggesting blockade
of further processing of Ang III to Ang IV in these tumors. Therefore these enzymes
and peptides may be potentially important in cancer, however their functions are not
presently clearly established in tumor progression and the development of selective
inhibitors or receptor antagonists is just starting.

In summary, published information demonstrates that the “non-classical RAS”
is involved in cancer by mechanisms not necessarily involving the binding of
angiotensin peptides to their AT1/2 receptors. The “non-classical RAS” is a regulator
of angiogenesis mediated by AGT and of the functions of tumor vasculature
mediated by the overproduction of Ang III, resulting in vascular permeability
defects. Interestingly, the end-peptide of the cascade, Ang IV, may be important in
regulating these defects, being able to regulate its own production. These effects are
either causative, or more probably reactive, responses to secretion of tumor-derived
factors. The functions of the (pro)renin-receptor in cancer have not yet been inves-
tigated, however from the presently existing information it can be inferred that it
will be involved in the regulation of the functions of cancer cells.

5. DISCUSSION

In the last years, the selective expression of the components of the RAS in human
cancers has been demonstrated, and some information has suggested that specific
components, and the associated inhibitors, agonists and antagonists, of this system,
i.e renin, angiotensinogen, ACE, Ang II, AT1 and AT2, aminopeptidases A/B/N
may be important for cancer progression and for the development of disorders
of cancer-associated vasculature. The expression of selected RAS components is
either induced or decreased in cancer, according to a cell-specific and cancer-
specific pattern. RAS components have been associated with tumor vasculature
defects supporting a favoring role for the RAS in human cancer progression.
The components of the “classical RAS”, in particular the axis ACE-Ang II-AT1

have been involved in favoring tumor-associated angiogenesis (Fig. 3). Therefore
ACE inhibitors associated with AT1 antagonists may likely prove useful in cancer
treatment in combination with other chemotherapeutics.

The treatment of human cancers is limited by the systemic toxicity of chemo-
static or chemotoxic anti-cancer agents and by the existence of drug resistance
mechanisms. The use in this context of molecules which have shown efficiency
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Figure 3. The potential functions of the receptors of the RAS in cancer

in cancer-unrelated human disorders, and which have also shown an unexpected
efficiency in cancer cells and cancer-associated stromal cells, may be a way to
improve cancer treatment and overcome resistance mechanisms. The therapeutic
agents developed in the context of cardiovascular disorders and which target the
renin-angiotensin system (RAS) have shown such a potential and deserve evaluation
in the field of cancer. This approach offers the advantages of getting immediate
access to drugs already tested in humans, without long chemical and biological
development. However, before designing means to treat cancer by targeting the
RAS, it is necessary to better define the characteristics of the cell populations
expressing it and with the potential to respond to RAS inhibitors and antagonists,
and to understand the exact molecules of the RAS and the biological mechanisms
behind these effects. In particular the intracellular expression of these enzymes and
receptors and the intracellular distribution which may be necessary to achieve for
their associated inhibitors and antagonists, is important to consider.

The published information also suggests the involvement of other molecules of
the RAS, which are presently not defined, but may be represented by components
of the “non-classical RAS”. However, only partial information presently exists and
it will be necessary to investigate in more details these possibilities.
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CHAPTER 11

THE SKELETAL MUSCLE RAS IN HEALTH
AND DISEASE

DAVID R. WOODS
Department of Medicine, Royal Victoria Infirmary, Queen Victoria Road, Newcastle,
NE1 4LP, U.K.

1. INTRODUCTION

A local renin-angiotensin system (RAS) may be suggested by evidence of gene
expression of RAS components within the tissue as well as physiological respon-
siveness of this gene expression. This chapter will focus on the evidence supporting
the existence of the constituent elements of a physiologically functional paracrine
muscle RAS. Further, this chapter will consider the effect of local skeletal muscle
RAS in health on human exercise performance and in disease in relation to heart
failure, insulin resistance, sarcopenia and osteoporosis.

1.1. The Circulating Renin-Angiotensin System

Renin cleaves angiotensinogen to generate the non-pressor decapeptide angiotensin I.
The octapeptide angiotensin II is then derived primarily by the action of angiotensin-
converting enzyme (ACE) which may either be circulating (after release by a
carboxypeptidase) or an integral membrane protein (Beldent et al 1993; Zisman
1998). ACE also catalyses inactivation of bradykinin and thus ACE simultaneously
generates a potent vasoconstrictor (angiotensin II) and inactivates a potent vasodilator
(bradykinin).

The original concept of a circulating RAS producing angiotensin II has evolved
with our understanding about the function, receptors and existence of other effector
peptides, for example angiotensin-(1-7), angiotensin III and angiotensin IV. In
addition, the existence of a local RAS has been established in several tissues and
our understanding as to their role continues to develop. Recent data implicate a
skeletal muscle RAS with local de novo angiotensin II production and intrinsic ACE
activity that is physiologically responsive. Moreover, pharmacological manipulation
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of specific aspects of the RAS in addition to genetic studies suggest that a muscle
RAS may have significant functional implications in both health and disease.

1.2. Local Renin-Angiotensin Systems

A local RAS may be suggested by evidence of gene expression of RAS components
within the tissue as well as physiological responsiveness of this gene expression.
Local generation of angiotensin II and the demonstration of physiologically active
angiotensin II receptors within the tissue are also key features. Local RAS have
been described in the pancreas (Leung et al 2000; Sernia 2001), heart (Danser et al
1999 and reviewed in De Mello and Danser 2000), lung (Pieruzzi et al 1995) brain
(reviewed in Allen et al 1999) and in adipose tissue (Jonsson et al 1994).

As has been suggested (Danser et al 1999) local angiotensin II production may
depend either on in-situ synthesis of all RAS components or uptake of various
constituents from the circulation. Or, as in the case of the skeletal muscle RAS, a
combination of in-situ synthesis and uptake.

2. SKELETAL MUSCLE RENIN-ANGIOTENSIN SYSTEM

2.1. Skeletal Muscle ACE

The first suggestion of a relatively independent human skeletal muscle ACE arose
from vastus lateralis muscle biopsy specimens that demonstrated muscle ACE
activity did not correlate with serum ACE (Reneland et al 1994). Hind-limb skeletal
muscles from rats, dogs and guinea pigs have demonstrated not only the presence
of ACE in skeletal muscle membranes but intact paracrine kininase-II activity
(Dragovic et al 1996). Muscle tissue was differentially centrifuged to obtain the
skeletal muscle membrane fraction, incubated with bradykinin in the presence or
absence of an ACE inhibitor, and the ability to hydrolyze bradykinin assessed.
Approximately 50% of kininase activity in rat and dog skeletal muscle membrane
was found to be due to ACE (Dragovic et al 1996). Cultured skeletal muscle
myoblast cells also demonstrate ACE activity confirming that the ACE in the
membrane fraction was from muscle and not derived from homogenized blood
vessels and nerves (Dragovic et al 1996). Other workers have also demonstrated
an effect of ACE on bradykinin degradation in rabbit skeletal muscle membranes
(Ward et al 1995). Significantly, Ward et al also demonstrated functionality of
skeletal muscle ACE in the conversion of angiotensin I to angiotensin II.

More recently immunohistochemistry of human muscle biopsies has localized
ACE to the endothelial cells of capillaries in skeletal muscle (Schaufelberger et al
1998). ACE gene expression was found to be variable and, quantified by the
number of ACE-mRNA transcripts, was related to muscle fibre area with an inverse
relationship to capillary density (Schaufelberger et al 1998).

Local ACE is an important determinate of muscle function since isolated rat
muscle perfused with a solution excluding ACE, renin, and angiotensinogen, still
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demonstrate marked vasoconstriction to topical Ang I that is prevented by ACE
inhibition (Vicaut and Hou 1993). Any local variation in ACE expression might
therefore influence angiotensin II generation and bradykinin degradation.

Indeed, there is evidence that muscle ACE gene expression can be functionally
upregulated. Following two-kidney, one clip (2K1C) hypertension for 4 weeks,
incremental doses of infused angiotensin I in isolated rat hindlimbs produces a
dose-dependent increase in venous angiotensin II that is greater in 2K1C rats than
controls (Muller et al 1997). An infusion of renin also increases angiotensin II to a
greater extent in 2K1C rats compared to control. It would therefore appear that the
skeletal muscle vascular bed can upregulate ACE with a functional increase in the
conversion of exogenous and locally generated angiotensin I to angiotensin II.

2.2. Skeletal Muscle Angiotensin II Receptors

There are two angiotensin II receptors: type 1 (AT1) and type 2 (AT2). Most
of the known effects of angiotensin II, including vasoconstriction, hypertrophy,
cellular growth, catecholamine release, and aldosterone secretion, are mediated by
AT1 (Matsubara 1998; Timmermans et al 1993; Munzenmaier and Green, 1996).
The AT2 receptor appears to attenuate the effects of angiotensin II at the AT1

receptor (Nouet and Nahmias 2000). AT1 receptor stimulation causes myocyte
hypertrophy whereas AT2 inhibits proliferative processes (Matsubara 1998). The
AT2 receptor also mediates vasodilation (Munzenmaier and Green, 1996) via the
paracrine effects of bradykinin activating the endothelial bradykinin type 2 receptor–
mediated nitric oxide system (Tsutsumi et al 1999). Similarly, the AT1 receptor
stimulates catecholamine synthesis in the adrenal while AT2 reduces it (Takekoshi
et al. 2002).

Since angiotensin II binds to AT1 and AT2 with a similar affinity the cellular
response may depend on the relative expression, or responsiveness, of these
receptors within individual tissues. The AT2 receptor subtype is highly expressed in
foetal tissue but dramatically decreases after birth (Viswanathan et al 1991), being
restricted to a few tissues such as brain, adrenal, uterus heart, lung, myometrium
and ovary (Timmermans et al 1993, Horiuchi et al 1999, Matsubara 1998, Allen
et al 2000). Although AT2 receptors exist in human right atrial appendages (Goette
et al 2000), the tubules and glomeruli of human kidneys (Mifune et al, 2001) and
the colon (Hirasawa 2002) the AT1 receptor predominates.

Both AT1 and AT2 receptors exist throughout the rat skeletal muscle microcircu-
lation (Nora et al 1998) and in the skeletal muscle fibres (Linderman and Greene
2001). However, in human skeletal muscle published evidence only confirms the
presence of the AT1 receptor although both receptors may exist in foetal-stage
skeletal muscle (Malendowicz et al 2000). Administration of a specific AT2 antag-
onist in humans does not affect basal forearm blood flow (Phoon and Howes 2001)
but conversely the rat demonstrates a greater blood pressure rise with angiotensin
II infusion during coexistent AT2 antagonism compared to angiotensin II alone
(Munzenmaier and Green, 1996).



224 WOODS

2.3. Skeletal Muscle Angiotensin II

The peripheral vasculature is an important site of angiotensin I conversion in
humans (Admiraal et al 1993; Gasic et al 1990). Angiotensin II (in addition to
renin and angiotensinogen) mRNA and protein have recently been demonstrated by
reverse transcriptase polymerase chain reaction and immunohistochemistry within
the skeletal muscle microvessels of the rat (Agoudemos and Greene 2005). The
vascular endothelium accounts for much of the angiotensin II production (Ohishi
et al 1997; Phillips et al 1993) and it is conceptually reasonable to consider
skeletal muscle angiotensin II a product of the skeletal muscle vascular bed.
However, it is interesting to note that the concentration of angiotensin II in the
skeletal muscle microvessels exceeds that of plasma (Agoudemos and Greene
2005). Intracellular accumulation of angiotensin II following endocytosis of AT1

receptors with angiotensin II from the circulation (Thomas 1999) could facil-
itate a cellular mechanism whereby stored angiotensin II may be subsequently
used locally.

Further, half the angiotensin II in the venous drainage of skeletal muscle may
be secondary to local de novo angiotensin II synthesis from the conversion of
both locally produced and circulating angiotensin I (Danser et al 1992). Following
constant infusion of 125I-Ang I into the left ventricle of pigs 67% of venous
angiotensin I and 59% of venous angiotensin II across the skeletal muscle
vascular bed was found to be derived from de novo production. Angiotensin I
production in skeletal muscle may therefore contribute to the circulating pool
and a proportion of circulating angiotensin II may be derived from local sources
(Danser et al 1992a).

In healthy humans incremental doses of infused angiotensin I and angiotensin II
exert the same maximal effect in decreasing forearm blood flow (FBF), with similar
potencies (Saris et al 2000). Forearm fractional angiotensin I-to-II conversion is
only 36%, ACE inhibition reduces this to 1% and abolishes the effects of angiotensin
I, suggesting that locally generated angiotensin II is functionally important (Saris
et al 2000). Since the extraction rates for angiotensin I across vascular beds
are high, it is likely that local vascular ACE has a significant contribution to
angiotensin II reaching the peripheral arterioles (Campbell 1985; Hilgers et al
1989; Admiraal et al 1990; Admiraal et al 1993). Indeed further evidence for
the role of local muscle angiotensin II comes from the observation that although
angiotensin II is a strong vasoconstrictor when applied to the intravascular space
when it is applied to the interstitial space using microdialysis techniques it has
minimal effect on the perfusion of skeletal muscle (Boschmann et al 2003a). This
suggests that interstitial angiotensin II is less important for blood flow regulation
than intravascular angiotensin II (Boschmann et al 2003a). Angiotensin II has also
been shown to have a tissue-specific effect, again suggestive of the importance
of local RAS and local regulation. Interstitial angiotensin II stimulates lipolysis in
adipose tissue while inhibiting lipolysis and glucose uptake in muscle (Boschmann
et al 2003a), effects that were not apparently mediated by changes in regional
blood flow.
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3. SKELETAL MUSCLE RAS IN HEALTH AND PERFORMANCE

AT1 mediated angiotensin II is crucial for optimal overload-induced skeletal muscle
hypertrophy (Gordon et al 2001). In surgically-induced plantaris and/or soleus
muscle overload inhibiting endogenous angiotensin II production by ACE inhibition
markedly attenuates muscle hypertrophy which is restored by local angiotensin II
perfusion. AT1 receptor antagonism also attenuates hypertrophy but is not rescued
by angiotensin II perfusion. It is locally elevated angiotensin II that is vital since the
contralateral soleus does not recover the hypertrophic response despite angiotensin
II entering the systemic circulation, inducing cardiac hypertrophy similar to the
perfused soleus. (Gordon et al 2001). Further support for functional skeletal muscle
AT1 receptors being required for training-related increases in both muscle mass
and contractile force was reported recently. Daily AT1 blockade in rats undergoing
eccentric contraction training (24 contractions twice a week for 4 weeks) prevented
a training-induced increase in muscle mass and muscle contractile force compared
to controls (McBride 2006).

Angiotensin II may also be important in the redirection of blood flow from
type I muscle fibres to the type II fibres (Rattigan et al 1996) that are favoured
in power performance (a sprinter may have 80% fast twitch fibres, an endurance
athlete 20%). Nitric oxide (NO) opposes angiotensin II-induced increases in arterial
pressure and in skeletal muscle resistance during dynamic exercise (Symons et al
1999). Acute exercise stimulates NO release and may have a synergistic role
with prostaglandin in mediating vasodilatation and hyperaemia during muscular
contraction since their inhibition during acute exercise reduces microvascular flow
in human quadriceps (Boushel et al 2002). Recently, microdialysis in human calf
muscle has confirmed an elevation of tissue bradykinin with exercise (Langberg
et al 2002) perhaps supporting a role for bradykinin-NO induced hyperaemia. Inter-
estingly, the oxidative capacity of muscle (greatest in the type 1 fibres that correlate
with efficiency in cyclists) (Coyle et al 1992) is in direct correlation and may be
interdependent with muscle kallikrein (Shinojo et al 1987). Genetic studies support
these findings as the DD genotype of the ACE gene, associated with increased
bradykinin degradation, has also been associated with significant blunting of NO
vasodilatory responses in forearm vessels (Butler et al 1999).

Angiotensin II infused into rat hindlimbs increases the contraction-induced
oxygen uptake and the tension during tetanic stimulation (Rattigan et al 1996).
Greater local angiotensin II production may therefore facilitate muscle contraction
for maximal power, possibly at the cost of muscle efficiency. Indeed, following
angiotensin II administration in rats (Brink et al 1996) there is a reduction in
metabolic efficiency with skeletal muscle wasting secondary to enhanced protein
degradation (Brink et al 2001) caused predominantly by an anorexigenic response
(Brink et al 1996).

Other actions of angiotensin II that might influence performance in health include
the facilitation of sympathetic transmission by enhancing noradrenaline release from
peripheral sympathetic nerve terminals and the CNS (Saxena 1992, Story and Ziogas
1987). Other potential mechanisms include angiotensin II as a direct stimulator
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of cellular growth (both hypertrophic and hyperplastic) (Campbell-Boswell and
Robertson 1989, Daemen et al 1991), and the induction of various endogenous
growth factors; fibroblast growth factor, transforming growth factor-ß1, platelet
derived growth factor (Dzau 1994, Huckle and Earp 1994, Rosendorff, 1996).

A series of gene-environment interaction studies focussing on the human ACE
gene have revealed further insight into the effect of skeletal muscle RAS in
health and performance. The ACE gene contains a polymorphism consisting of
the presence (insertion, I) or absence (deletion, D) of a 287 base pair sequence
in intron 16 (Rigat et al 1990). Hence, three genotypes exist: II, ID and DD, the
distributions of which within a Caucasian population are roughly 25, 50 and 25%
respectively. Although this polymorphism occurs in an intron it is an exceptionally
strong and consistent marker for ACE activity in many different Caucasian popula-
tions (Cambien et al 1994, Busjahn et al 1997, Danser et al 1998, Agerholm-Larsen
et al 1999, Kohno et al 1999, Rossi et al 1999, Martinez et al 2000) and accounts
for up to 47% of the variance in plasma ACE (Rigat et al 1990). ACE is consistently
highest in the DD subjects, intermediate in the ID and lowest in the II subjects.
The ACE polymorphism also appears to be a determinant of ACE at a cellular level
(Costerousse et al 1993; Danser et al 1995; Davis et al 2000; Mizuiri et al 2001)
and thus may influence angiotensin II production.

The contractile responses of internal mammary arteries to angiotensin I and II and
the maximal angiotensin II-induced response suggest that angiotensin I conversion
is greatest in the presence of the D allele (Buikema et al 1996). This may be
secondary to increased tissue conversion of angiotensin I since DD subjects have
a significantly enhanced forearm vasoconstrictor response to angiotensin I infusion
that is not accompanied by differences in serum angiotensin II levels (van Dijk et al
2000). This may therefore reflect a difference in local angiotensin II production
within the peripheral muscular bed alone although other workers have found greater
plasma angiotensin II concentrations following angiotensin I infusion in DD subjects
(Brown et al 1998; Ueda et al 1995).

The ACE polymorphism also affects bradykinin degradation, this being least
in II subjects with low tissue and circulating ACE (Brown et al 1998). Reduced
bradykinin degradation may favourably alter substrate metabolism in II subjects
with improvements in the efficiency and contractile function of skeletal muscle,
beneficial effects in endurance exercise.

In addition, a reduction in ACE activity leads not only to an attenuation of
angiotensin II production and a decrease in bradykinin degradation but also to an
increase in Ang-(1–7) (as it is not converted to Ang-(1-5) by ACE) (Ferrario and
Iyer 1998). This may further favour vasodilation and potential substrate delivery.
Ang-(1-7) can be generated by several enzymes including neutral endopeptidase
24.11 (NEP), from angiotensin I, bypassing the prerequisite formation of angiotensin
II. NEP is expressed in cultured human skeletal muscle adult myoblasts and
myotubes (Vaghy et al 1995). The actions of Ang-(1-7) are most often opposite
those of angiotensin II and include an anti-proliferative effect on VSMC and a
vasodilator effect not mediated by AT1 or AT2 but via the synthesis and release of
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vasodilator prostaglandins and NO (Stroth and Unger 1997). Conversely, geneti-
cally determined high ACE expression in rats is associated with low circulating and
tissue NEP activity (Oliveri et al 2001) suggesting the existence of a modulating
effect of ACE expression on NEP activity. This could determine lower ang-(1-7)
tissue levels in addition to higher angiotensin II.

It could be expected that a reduction in ACE with a favourable effect on
angiotensin II, bradykinin and Ang-(1-7) metabolism may translate into a potential
advantage in human performance. This indeed would appear to be the case with an
excess of II subjects in elite runners with a significant linear trend of increasing I
allele frequency with distance run (Myerson et al 1999). Similarly, elite Australian
rowers exhibit an excess of the I allele and the II genotype (Gayagay et al 1998).
In addition the I allele has also been found in significantly higher frequency in the
fastest 100 South African-born finishers in the South African Ironman Triathlon
(Collins et al 2004) and in elite very-long-distance (25 km) swimmers (Tsianos
et al 2004). Interestingly rowers exhibit a preponderance of type 1 muscle fibres
similar to endurance runners. As discussed in section 4 it is a reduction in type 1
fibres that is blamed for some of the reduction in muscle efficiency in CHF that
is reversed by reducing ACE activity (akin to the effect of the I allele). Recently,
in 41 untrained healthy young volunteer subjects skeletal muscle biopsies from the
vastus lateralis demonstrated that II subjects had higher percentages of slow-twitch
type I fibres and a lower percentages of fast-twitch type IIb fibres than DD subjects
with a linear trend for decreases in type I fibres and increases in type IIb fibres
from the II through the ID to the DD genotypes (Zhang et al 2003).

Conversely the D allele has been associated with power-oriented performance,
being found in excess in short-distance swimmers (Woods et al 2001) and other
power-oriented athletes (Nazarov et al 2001). Although not all reports support these
findings the common denominator among negative studies has been the selection of
athletes from mixed sporting disciplines, cohorts that are unlikely to yield reliable
information in a population association study (Taylor et al 1999; Karjilainen et al
1999; Rankinen et al 2000).

In prospective training studies the I allele has also been associated with greater
improvement in endurance performance (Montgomery et al 1998) and the D allele
with greater strength gains in the quadriceps muscle (Folland et al 2000).

In the search for a physiological link between the ACE genotype and elite human
performance the study of central cardio-respiratory factors such as V̇O2max has
revealed no consistent effect (Hagberg et al 1998; Rankinen et al 2000; Woods
et al 2002; Sonna et al 2002). This is corroborated by a genome-wide scan for
markers linked withV̇O2max that found none on chromosome 17, the location of the
ACE gene (Bouchard et al 2000).

Greater endurance of a fairly small muscle group, the upper arm, for II subjects after
training (Montgomery et al 1998), and an increased arterio-venous oxygen difference
during maximal exercise in II postmenopausal women (Hagberg et al 1998) suggests
that the influence of ACE may instead be due to local muscle effects. Further, exami-
nation of delta efficiency (DE, the ratio of the change in work performed min−1 to
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Key points: Performance and the muscle RAS   
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The endurance enhancement associated with the I allele is not

Figure 1. Performance and the muscle RAS

the change in energy expended min−1), the most valid measure of the efficiency
of muscular contraction (Gaesser and Brooks 1975) reveals that DE rises signif-
icantly with training only in those of II genotype (Williams et al 2000). This is
supported by the greater peripheral tissue oxygenation and lesser rise in lactate,
reflecting greater muscle efficiency, that occurs in II compared to DD subjects
during exercise in patients with chronic airways disease (Kanazawa et al 2002).

Taken together the data would suggest that the D allele is associated with power-
oriented athletic performance. This may be secondary to the effect of a greater
ACE level on local angiotensin II production via the skeletal muscle RAS and
its subsequent hypertrophic effect on muscle growth and subsequently strength.
Conversely, it may be that a reduction in ACE has local muscle effects via the
skeletal muscle RAS that increase muscle efficiency and contribute to the enhanced
endurance associated with the I allele (Fig. 1).

4. SKELETAL MUSCLE RAS AND HEART FAILURE

Congestive heart failure (CHF) is a condition associated not just with altered
cardiac function and metabolism but also a generalised skeletal muscle myopathy.
Increased RAS activity with elevated plasma and tissue angiotensin II is an important
contributor to cardiac and vascular remodelling in patients with CHF (Unger et al
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2002). This has a detrimental effect on skeletal muscle perfusion and fibre type
ratio with a subsequent reduction in peak aerobic capacity (LeJemtel et al 1986;
Minotti et al 1991; Harridge et al 1996; Coats 1996). Exercise capacity does
not correlate with the degree of left ventricular (LV) dysfunction (Sullivan &
Hawthorne, 1995) but peak oxygen consumption does correlate closely with ultra-
structural changes in skeletal muscle (Munzel et al 1993). A reduction in ACE may
mediate peripheral muscle effects that contribute to the efficacy of ACE inhibition.
Recently ACE inhibition in rats post-myocardial infarction (MI) was found to prevent
MI-induced alterations in skeletal (gastrocnemius) muscle mitochondrial function
and to preserve the mRNAs concentration of mitochondrial transcriptional factors.
(Zoll et al 2006). Defects in sarcoplasmic reticulum calcium-transport in the hind-
leg skeletal muscle of rats following myocardial infarction can also be attenuated
by ACE inhibition or angiotensin receptor blocker (ARB) therapy (Shah et al 2004).

ACE inhibition also enhances peak aerobic capacity and induces improvement
in skeletal muscle perfusion in patients with CHF (Mancini et al 1987; Drexler
et al 1989) though not necessarily in healthy subjects (Predel et al 1994). Chronic
therapy with ACE inhibitors in CHF improves endothelial function, peripheral
oxygen extraction and exercise performance greater than acute improvements in
cardiac output (Drexler et al 1991).

CHF is associated with elevated circulating levels of angiotensin II and muscle
wasting, an important predictor of poor outcome (Coats 1996). Angiotensin II induced
muscle loss is associated with reduced skeletal muscle IGF-1 expression (Brink et al
1997) while circulating levels may be normal (Hambrecht et al 2002). Using skeletal
muscle–specific IGF-1–transgenic mice it has recently been demonstrated that these
changes are prevented by over expression of muscle-specific IGF-1 (Song et al 2005).
Aldosterone too, has recently been demonstrated in rats to be capable of directly
inducing myocyte apoptosis in skeletal muscle, an effect that can be reduced by
pre-treatment with the aldosterone antagonist spironolactone (Burniston et al 2005).

Maximum oxidative capacity and effective muscle mass measured by 31P
magnetic resonance spectroscopy during aerobic exercise decrease by 30% and 65%
respectively in CHF (Kemp et al 1996). This is corroborated by muscle biopsies
demonstrating reduced muscle oxidative capacity (Mettauer et al 2001; Drexler
et al 1992) and a reduction in mitochondrial density that correlates with peak VO2
(Drexler et al 1992). In addition, rat models of CHF demonstrate alterations in
skeletal muscle fibre ratio with an increased proportion of fatigue-sensitive fast
type-II fibres and a decreased proportion of slow-twitch, fatigue-resistant type 1
fibres (De Sousa et al 2000). The proportion of slow-twitch type 1 fibres also falls
in humans with CHF (Sullivan, 1990, Drexler et al 1992), perhaps contributing to
the reduced metabolic efficiency seen (Kemp et al 1996), an effect that is preserved
by ACE inhibition (Sabbah et al 1996).

Slow twitch fibres have a high oxidative capacity but the muscle of CHF
patients reveal a decrease in citrate synthase activity and a concomitant reduction in
oxidative capacity (De Sousa et al 2000). ACE inhibitors improve peak V̇O2 in CHF
specifically by reducing the limitation due to peripheral muscle factors (Jondeau et al
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Key points: Heart failure and the muscle RAS
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Figure 2. Heart failure and the muscle RAS

1997). Moreover, these effects are partly mediated via antagonism of angiotensin
II since AT1 receptor blockade activates the perfusion of exercising muscle (raised
delta V̇O2/delta work rate, a measure of aerobic work efficiency) (Guazzi et al
1999). A decreased capillary-to-fibre ratio also occurs in CHF (De Sousa et al 2000,
Drexler 1992) which may negatively impact on substrate delivery and hence muscle
efficiency and therefore performance. ACE, up-regulated in CHF, may be key to
this effect since ACE expression has an inverse relationship to capillary density
(Schaufelberger et al 1998).

It becomes apparent that part of both the clinical state of CHF, with an upregulated
RAS, and part of the mechanism of response to treatment is mediated by effects
localized to skeletal muscle with the skeletal muscle RAS as a central focus (Fig. 2).

5. SKELETAL MUSCLE RAS AND INSULIN RESISTANCE

In a retrospective sub-study of the SOLVD trial (Vermes et al 2003) of 291 non-
diabetic patients (of which 153 were on enalapril and 138 on placebo) 40 patients
developed diabetes during follow-up. There was a highly significant difference
between the groups: 9 (5.9%) of the new diabetics were in the enalapril group and
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31 (22.4%) in the placebo group. Multivariate analysis revealed ACE inhibition as
the most powerful predictor for risk reduction of developing diabetes especially in
patients with impaired fasting plasma glucose. CHF is an insulin-resistant state and
it is possible that an improvement in CHF with ACE inhibition may simply be the
mechanism.

However, a similar effect of ACE inhibition on reducing the development of
diabetes has been found in patients despite the absence of LV dysfunction.

In the HOPE trial (which demonstrated reduced mortality in patients at high risk
of ischaemic heart disease even in the absence of LV dysfunction) over a treatment
period of 4.5 years, a reduction in ACE with Ramipril reduced the incidence of
developing diabetes (relative risk reduction) by 34% (Yusuf et al 2000). This effect
persisted 2 and a half years after the trial had ended (Bosch et al 2005). ACE
inhibition in hypertensives using lisinopril in the ALLHAT study also reduced
the rates of new DM compared with amlodipine (relative risk reduction of 30%)
(ALLHAT investigators 2002). A 22% relative risk reduction in new onset diabetes
was also found with ARB therapy in CHF in the CHARM trial (Yusuf et al 2005)
and a 23% relative risk reduction in new diabetes with another ARB, valsartan,
compared to amlodipine in hypertensives (Julius et al 2004). In a similar vein the
recent DREAM trial in patients without cardiovascular disease but with impaired
glucose tolerance or impaired fasting glucose found that while ACE inhibition did
not reduce progression to diabetes it did increase regression to normoglycaemia
(Bosch et al 2006).

Overall the effect of RAS blockade improving insulin resistance and reducing
new onset of type 2 diabetes is mounting. A recent meta-analysis of 10 randomised
controlled trials with almost 70,000 hypertensives and 5727 patients with CHF
demonstrated a 22% relative risk reduction in new type 2 diabetes with ACE
inhibition or ARB treatment compared to placebo or other drugs (some admittedly
diabetogenic such as atenolol, some metabolically neutral such as amlodipine)
(Scheen 2004). The fascination now lies with the underlying mechanism (Fig. 3).

CHF is an insulin-resistant state with neurohormonal activation both increasing
peripheral insulin resistance and decreasing insulin secretion (Paolisso et al 1991).
While an improvement in CHF status with ACE inhibition may simply be the
mechanism it is also possible that an effect on skeletal muscle RAS plays a part
since a reduction in ACE enhances muscle perfusion and insulin-mediated glucose
disposal (Donnelly 1992; Kudoh et al 2000) and interstitial angiotensin II is known
to impair muscle glucose uptake (Boschmann et al 2003a).

Selective skeletal muscle ACE inhibition in humans by local retrodialysis
increases interstitial glucose and decreases the serum interstitial gradient for
glucose by facilitating transcapillary glucose transport (Muller et al 1997; Frossard
et al 2000). Similarly, acute ACE inhibition enhances insulin-stimulated glucose
transport activity in rat skeletal muscle. Chronic ACE inhibition with enalapril also
improves insulin resistance in humans (Morel et al 1995).

The male heterozygous TG(mREN2)27 rat has elevated local tissue angiotensin
II and demonstrates insulin resistance. Using this model the chronic administration
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Key points: Insulin resistance and the muscle RAS
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3. In the insulin resistant TG(mREN2)27 rat ARB treatment 
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Figure 3. Insulin resistance and muscle RAS

of the ARB irbesartan increases whole-body insulin sensitivity and insulin-mediated
glucose transport in both type IIb epitrochlearis and type I soleus muscles compared
with vehicle-treated rats with an increase in glycogen synthase activation due to
insulin in the soleus muscle (Sloniger et al 2005).

Very recently it has been found that angiotensin II markedly enhances NADPH
oxidase activity and consequent reactive oxygen species (ROS) generation in L6
myotubes (Wei et al 2006). Angiotensin II-induced generation of ROS (which
inactivate nitric oxide) contribute to the development of insulin resistance in skeletal
muscle. The effects of angiotensin II on NADPH oxidase activity and ROS gener-
ation are blocked by the ARB losartan (Wei et al 2006). Further, angiotensin II
prevents insulin-induced tyrosine phosphorylation of the insulin receptor substrate
1 (IRS1) and prevents glucose transporter-4 (GLUT4) translocation to the plasma
membrane in L6 myotubes. These effects were reversed by pre-treating myotubes with
the ARB losartan. These are potential mechanisms by which ARB and ACE inhibition,
working via a reduction in skeletal muscle angiotensin II activity, reduce the onset
of new diabetes in patients with an otherwise upregulated RAS in CHF. Similarly,
it could also explain the increased regression to normoglycaemia seen with these
agents in patients with impaired glucose tolerance and impaired fasting glycaemia.

Other workers (Zhao et al 2006) have found that increasing angiotensin II in
the rat either by infusion or by inducing unilateral renal artery stenosis (2K1C)
also increases muscle ROS and upregulates NADPH oxidase which then disrupts
the normal nitric-oxide-dependent attenuation of sympathetic vasoconstriction in
exercising muscle. Using a ROS scavenger this effect of angiotensin II in exercising
muscle was prevented. These are potentially very important effects on sympathetic
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vasoregulation in exercising skeletal muscle, especially when the RAS is upregu-
lated in CHF.

Bradykinin administration also enhances muscle glucose uptake, an effect which
can be completely abolished by pre-treatment with either a B2 bradykinin receptor
antagonist or a nitric oxide synthase inhibitor (Henriksen et al 1999), suggesting that
a B2 bradykinin receptor mediated increase in nitric oxide production in skeletal
muscle facilitates glucose uptake (Henriksen et al 1999, Shiuchi et al 2001). This
may at least in part be due to a B2 bradykinin-NO mediated increase in GLUT4
translocation (Shiuchi et al 2002, Henriksen and Jacob 2003). Bradykinin also acts
as a potent vasodilator via the release of nitric oxide (Rett et al 1989). Muscle work
increases muscle blood flow and glucose uptake in humans, an effect reproduced by
bradykinin infusion in the human forearm (Dietze et al 1996). Indeed, a concomitant
increase in bradykinin in the venous effluent from working muscle occurs. However,
if the bradykinin -generating protease in muscle tissue (kallikrein) is inhibited with
aprotinin these responses are significantly diminished (Dietze et al 1996). Agents
which inhibit both ACE and neutral endopeptidase, such as the vasopeptidase inhibitor
omapatrilat, have been found to raise tissue bradykinin levels and enhance muscle
glucose uptake in animal models via the bradykinin-nitric oxide pathway, although the
exact mechanism of increased muscle glucose uptake is not certain (Wong et al 2006).

These are important mechanisms by which ACE inhibition, working via a
reduction in skeletal muscle bradykinin degradation, could improve insulin resis-
tance and reduce the onset of new diabetes in patients with an otherwise upregulated
RAS in CHF.

Microdialysis techniques have demonstrated that angiotensin II decreases local
blood flow in a dose-dependent manner and inhibits lipolysis in human gastroc-
nemius muscle (Goossens et al 2004). They also demonstrated that local angiotensin
II stimulation appeared to cause a dose-dependent biphasic response, with an
antilipolytic effect at physiological concentrations but either no effect or a lipolytic
effect at higher concentrations. The authors comment on the fact that the effect of
angiotensin II may be dose and tissue-specific: angiotensin II has been shown to
exert a lipolytic effect in adipose tissue and an antilipolytic effect in skeletal muscle
tissue (Boschmann et al 2003b) with subtle effects of interstitial angiotensin II on
skeletal muscle perfusion and metabolism (Boschmann et al 2006). This further
supports the importance of local RAS. Although there have been apparent inconsis-
tencies in the literature regarding the apparent variable effects of angiotensin II in
different tissues this may just reflect physiological fine tuning of local tissue RAS.
In support of this, for example, is the simple observation that under hyperinsuli-
naemic euglycaemic conditions, infusion of angiotensin II has divergent effects on
regional arterial blood flow with a reduction in renal blood flow but an increase in
skeletal muscle blood flow (Fliser et al 2000).

Considering one of the potential mechanisms involving the skeletal muscle RAS
associated with a reduction in ACE seen with the I allele on human performance
and the effect of a reduction in ACE pharmacologically in CHF, namely a change
in muscle fibre type, it is interesting to note the effect this may have on insulin
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resistance. Animal studies have suggested that fibre composition of skeletal muscle
may be linked to insulin resistance. In fructose-fed insulin-resistant rats the ratio
of type 1 fibres in the soleus muscle decreases compared to controls but ACE
inhibition results in a recovery of type 1 fibres and a normalisation of the ratio
similar to controls (Ura et al 1999). As type 1 fibres are those which have the
greatest oxidative metabolism, such an effect of ACE inhibition on muscular fibre
composition may contribute to improve glucose uptake by the skeletal muscles
and thus increase insulin sensitivity. Certainly in the study by Ura et al (Ura et al
1999) the ACE inhibitor effect on fibre type was associated with an improvement
in insulin resistance (Ura et al 1999).

6. SKELETAL MUSCLE RAS, SARCOPENIA
AND OSTEOPOROSIS

As outlined in section 4 skeletal muscle RAS appears to have a role in CHF and
may be central to the effects of some therapies. Similarly, the skeletal muscle RAS
may have a role in sarcopenia and possibly osteoporosis.

A study of 641 women with hypertension (but without CHF) (Onder et al 2002)
has found that those who had taken ACE inhibitors continuously had a significantly
lower average 3-year decline in knee extensor muscle strength compared with
continuous or intermittent users of other anti-hypertensive drugs and those who had
never used anti-hypertensives. Further, average 3-year decline in walking speed in
continuous ACE inhibitor users was significantly less than in intermittent users of
ACE inhibitors and continuous or intermittent users of other anti-hypertensive drugs
and those who had never used anti-hypertensive drugs. Similarly, in 2431 elderly
patients with hypertension but without CHF treatment with an ACE inhibitor was
associated with a larger lower extremity muscle mass as assessed by DEXA scan
than with other classes of anti-hypertensives (Di Bari et al 2004).

In addition ACE inhibition may help preserve bone mineral density (BMD).
Improving strength has a positive effect on BMD (Rhodes et al 2000) and
grip strength is an independent predictor of BMD (Kroger et al 1994). An
open, prospective study of 134 patients with low-to-moderate hypertension and
stable BMD were randomized to various anti-hypertensives. ACE inhibitors had a
beneficial effect on BMD and calcium metabolism in these subjects. When analysed
by ACE I/D polymorphism DD subjects demonstrated the greatest improvement
in BMD, perhaps reflecting a greater effect on their higher baseline ACE levels
(Perez-Castrillon et al 2003a). In an earlier study (Perez-Castrillon et al 2003b) the
same authors had found hypertensive postmenopausal women with the II genotype
to have a greater spinal BMD than the ID or DD subjects.

In postmenopausal women ACE levels appear to affect the muscle and bone
response to HRT. Improvement in maximal voluntary force of the abductor pollicis
brevis muscle in those taking HRT has been found to be strongly ACE genotype-
dependent with those with the I allele associated with lower ACE levels having
the greatest response. A similar effect was found in the BMD response to HRT in
Ward’s triangle and the spine (Woods et al 2001).
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Figure 4. Important interactions exist between oestrogen and the RAS. These interactions may mediate
the apparent benefits a reduction in ACE has on muscle strength and bone mineral density

Important interactions between oestrogen and the RAS exist (Fig. 4).
Oophorectomy produces significant increases in ACE activity and angiotensin II
binding in the rat anterior pituitary, both of which return to normal after oestrogen
replacement including a decrease in anterior pituitary AT1 receptor numbers (Seltzer
et al., 1992). ACE activity is also reduced in postmenopausal monkeys treated
with HRT (Brosnihan et al., 1997a). This reduction in ACE activity after oestrogen
treatment is associated with a significant increase in plasma Ang I and renin and
a reduced formation of angiotensin II. Furthermore, oestradiol replacement therapy
decreases not only serum ACE activity in rats following oophorectomy but also
reduces ACE activity in kidney and aorta tissue extracts (Brosnihan et al., 1997b).

HRT also stimulates the synthesis of angiotensinogen (Schunkert et al., 1997)
but reduces renin (Danser et al., 1998) and serum ACE activity (Proudler et al.,
1995; Sumino et al., 1999). The overall effect in the rat, where oestrogen treatment
reduces tissue ACE mRNA, is a reduction in angiotensin II (Gallagher et al.,
1999) which is a potent stimulator of osteoclastic bone resorption (Hatton et al.,
1997). In addition oestrogen replacement in rats reduces AT1 receptor expression
(Krishnamurthi et al., 1999).

In summary oestrogen augments both tissue and circulating levels of
angiotensinogen and angiotensin I but does not increase angiotensin II secondary
to the overriding reduction in ACE activity (Brosnihan et al., 1997a). Further,
the angiotensin II/angiotensin I ratio, an in vivo index of ACE activity, is signif-
icantly reduced by oestrogen treatment. In rats treated with oestrogen following
oophorectomy the reduced tissue ACE and circulating angiotensin II is also
associated with elevated circulating levels of Ang-(1-7), a vasodilator, and puts
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the net balance of oestrogen on the RAS in favour of vasodilation (Brosnihan
et al., 1997b). HRT also increases plasma levels of bradykinin in hypertensive
postmenopausal women (Sumino et al., 1999) which, considering the bradykinin
release from working skeletal muscle (Rett et al., 1990) may have an effect on both
substrate delivery and local vasoregulation.

More recently, angiotensin I has been found to induce protein degradation in
skeletal muscle in murine myotubes with a parabolic dose-response curve (Sanders
et al., 2005). This effect was inhibited by ACE inhibition, suggesting it was mediated
by angiotensin II formation. In the same study angiotensin II induced skeletal
muscle degradation with a similar dose-response curve. In both cases this effect
was thought to be mediated via upregulation of the ubiquitin-proteasome proteolytic
pathway. Again using murine myotubes both angiotensin I and angiotensin II were
found to enhance protein degradation with a similar dose-response curve in the
activation of protein kinase C (PKC) (Russell et al 2006). Both PKC and NF-
kappaB activation appear to be required for the induction of proteasome expression
and protein degradation by angiotensin II since their inhibition by specific inhibitors
attenuates the effect of angiotensin II (Russell et al 2006). Therefore the interaction
between oestrogen and the skeletal muscle RAS could potentially explain some of
the effects seen with variations in ACE on muscle strength and hence bone density.

7. CONCLUSIONS

A physiologically functional skeletal muscle RAS exists. It is capable of de novo
angiotensin II production and interaction with the kallikrein-kinin system. A pharma-
cologicalorgenetically-mediated reduction inACEactivityappears tohavesignificant
effects via skeletal muscle RAS in reversing the decline in physical performance due to
peripheral muscle factors in those with CHF. Similar pivotal roles for skeletal muscle
RAS have been identified in relation to human performance in health, insulin resistance
and effects that may halt or slow the decline in muscle strength in ageing. A greater
understanding of the skeletal muscle RAS has implications not just for elite human
performance but also for the treatment of many disease states including CHF, insulin
resistance, diabetes and the effects of aging.
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LOCAL ANGIOTENSIN GENERATION AND AT2

RECEPTOR ACTIVATION

JOEP H.M. VAN ESCH AND A.H. JAN DANSER
Department of Pharmacology, Erasmus MC, Rotterdam, The Netherlands

1. INTRODUCTION

The renin-angiotensin system (RAS) plays an important role in the regulation of
blood pressure and body fluid homeostasis. Traditionally, the RAS has been viewed
as a circulating system (“circulating” RAS). However, it is now well-established
that angiotensin (Ang) generation also occurs at tissue sites (“tissue” RAS). The
complexity of the system has increased even further now that we know that Ang
II activates more than one receptor, that Ang II has metabolites which activate
their own receptors, and that there may even be receptors for renin and prorenin.
This review summarizes the latest insights on tissue angiotensin generation and
focuses in particular on the activation of the Ang II type 2 (AT2) receptor by locally
generated Ang II.

2. THE RENIN-ANGIOTENSIN SYSTEM

2.1. Renin, Prorenin and (Pro)Renin Receptors

Renin belongs to the family of aspartyl proteases and has only one known
substrate, angiotensinogen, the precursor of all angiotensin peptides. Structure
analysis revealed that renin consists of 2 homologous lobes which form a cleft
containing the active site. Renin has an inactive precursor, prorenin, in which the
active site is covered by the prosegment.

The renin gene was cloned in the 1980s in human, rat and mouse. Most species
have one renin gene (ren-1c), although some mouse strains have two renin genes,
ren-1d and a submandibular variant, designated as ren-2. The ren-2 gene is encoding
for a nonglycosylated prorenin, as opposed to the ren-1 gene which can be glyco-
sylated at three asparagine residues. The renin gene is located on chromosome 1 in
human and mouse, whereas it is localized on chromosome 13 in rat.
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The renin gene encodes for pre-prorenin consisting of a presegment of 23 amino
acids, a prosegment of 43 amino acids and the actual renin protein of 340 amino
acids (Morris 1992). The presegment functions as a signal peptide directing prorenin
to the secretory pathway. Recently, a splice-variant of the renin gene was discovered
which lacks the signal peptide and part of the prosegment. This truncated prorenin
displays enzymatic activity because the truncated prosegment only partially covers
the enzymatic cleft. It is thought to remain intracellular (Clausmeyer et al 2000),
although truncated prorenin has also been demonstrated extracellularly (Shinagawa
et al 1992).

Mice lacking the ren-1d gene are characterized by sexually dimorphic hypotension
(leading to a significant reduction of blood pressure in female mice), absence
of dense secretory/storage granule formation in juxta-glomerular cells, altered
morphology of the kidney, and a significant increase of plasma prorenin levels
(Clark et al 1997). Deletion of the ren-2 gene resulted in increased renin and
decreased prorenin levels (Sharp et al 1996), but no changes in blood pressure, nor
morphological changes occurred.

Transgenic mice overexpressing human renin did not develop hypertension
whereas transgenic mice expressing both human renin and human angiotensinogen
showed a significantly increased blood pressure (Fukamizu et al 1993). The plasma
concentrations of Ang I and Ang II were 3-5-fold increased in double transgenic
mice as compared to either control mice or transgenic mice overexpressing human
renin. These results demonstrate that human renin does not crossreact with mouse
angiotensinogen, thereby illustrating the unique species specifity of the RAS.

Prorenin can be activated through cleavage of the prosegment (proteolytic
activation) or via a conformational change induced by low pH or low temper-
ature (non-proteolytic activation) (Danser and Deinum 2005) (Fig. 1). Proteolytic
activation is an irreversible process in which the prosegment is cleaved, e.g., by
kallikrein, trypsin or plasmin. In vivo, proteolytic activation is probably mediated
by a proconvertase in the renin-producing cells of the juxta-glomerular apparatus of
the kidney. Non-proteolytic activation of prorenin is a reversible process in which
prorenin is converted from the ‘closed’ (inactive) to the ‘open’ (active) confor-
mation by unfolding of the prosegment from the enzymatic cleft (Suzuki et al
2003). Acid activation leads to complete activation of prorenin whereas exposure to
cold (‘cryoactivation’) only leads to partial activation (∼15%). Kinetic studies have
shown that an equilibrium exists between the closed and open conformations of
prorenin, and that under physiological conditions (pH 7.4, 37oC) <2% of prorenin
is in the open conformation (Danser and Deinum 2005).

The kidneys are the main source of circulating (pro)renin. However, following
a bilateral nephrectomy, prorenin, in contrast with renin, remains detectable. This
suggests that prorenin is also produced outside the kidney. Potential extrarenal
prorenin-producing tissues are the eye, adrenal, ovary and testis (Sealey et al 1988;
Danser et al 1989; Itskovitz et al 1992; Clausmeyer et al 2000). Normally, the
concentration of prorenin in human plasma is 10 times higher than that of renin.
The reasons for this excess are unknown, as prorenin does not seem to be activated
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Figure 1. Proteolytic and non-proteolytic activation of prorenin. Aog, angiotensinogen; Ang, angiotensin.
See text for explanation

outside the kidney (Lenz et al 1990). One possibility is that prorenin has functions
unrelated to angiotensin generation. In this regard, it is of interest to note that it
has recently been suggested that prorenin binds to a ‘(pro)renin receptor’, thereby
activating second messenger pathways in a manner that is independent of Ang II
(Nguyen et al 2002; Saris et al 2006). (Pro)renin receptors may also mediate the
uptake of renin and/or prorenin into tissues that do not synthesize renin and prorenin
themselves, like the heart and the vessel wall.

To date, two (pro)renin-binding receptors have been identified: the mannose-6-
phosphate (M6P) receptor (Saris et al 2001) and the above-mentioned (pro)renin
receptor. The M6P receptor is identical to the insulin-like growth factor II (IGFII)
receptor and binds IGFII, M6P-containing proteins such as prorenin and renin, and
retinoic acid at distinct sites (Kornfeld 1992; Kang et al 1997). Prorenin and renin
are both rapidly internalized after binding to this receptor, and internalized prorenin
is proteolytically converted to renin. However, binding to this receptor did not
result in angiotensin generation, either intra- or extracellularly. This, in combination
with the fact that intracellularly generated renin was found to be degraded within
a few hours, suggests that M6P/IGFII receptors function as clearance receptors for
(pro)renin. Alternatively, since binding of M6P-containing proteins to M6P/IGFII
receptors results in the activation of second messenger pathways involving G-proteins
(Di Bacco and Gill 2003), (pro)renin may act as an M6P/IGFII receptor agonist.

The (pro)renin receptor was cloned by Nguyen and co-workers (Nguyen et al
2002). Prorenin and renin bind equally well to this receptor, without being inter-
nalized or degraded. Interestingly, the catalytic activity of bound renin was increased
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5-fold, and receptor-bound prorenin became fully active in a non-proteolytic
manner. Thus, apparently, this receptor allows prorenin to generate angiotensins
at tissue sites. Importantly, binding of (pro)renin to the (pro)renin receptor in
human mesangial cells also induced Ang II-independent effects, such as an increase
in DNA synthesis, activation of the mitogen-activated protein kinases (MAPKs)
extracellular signal-regulated kinase (ERK)1 (p44)/ERK2 (p42), and plasminogen-
activator inhibitor-1 release. Furthermore, in cardiomyocytes, prorenin activated the
p38 MAPK/heat shock protein 27 pathway, resulting in changes of actin filament
dynamics (Saris et al 2006). These non-angiotensin-mediated effects may underlie
the blood pressure-independent cardiac hypertrophy in rats with a hepatic prorenin
overexpression (Véniant et al 1996).

Finally, Peters and co-workers demonstrated ren-2 prorenin internalization in
cardiomyocytes of transgenic rats expressing the mouse ren-2 gene in the liver
(Peters et al 2002). Since ren-2 prorenin is nonglycosylated, this phenomenon
cannot be mediated by M6P/IGFII receptors. The internalization contrasts with the
observations on the recently cloned (pro)renin receptor. Thus, there may be a third
(pro)renin receptor, the identity of which is currently unclear.

2.2. Angiotensinogen

Angiotensinogen, the precursor of all angiotensin metabolites, is the only known
substrate for renin. The angiotensinogen gene encodes for a glycoprotein of 453
amino acids with a molecular weight of ∼60 kDa. The gene is located as a
single copy on, respectively, chromosome 19 in rats, chromosome 8 in mice
and chromosome 1 in humans. In 1983, Doolittle reported a significant sequence
homology of angiotensinogen to �1-antitrypsin (23%), ovalbumin (21%) and
antithrombin III (18%) (Doolittle 1983). These proteins are members of the serine
proteinase inhibitor family and are closely associated with acute inflammation
reactions. Acute inflammation induces gene expression via acute-response which
increases the angiotensinogen concentration in plasma (Kageyama et al 1985).
The similarity between the structural organization of the angiotensinogen and �1-
antitrypsin genes suggests that both genes have evolved from a common ancestor
(Kitamura et al 1987).

Although angiotensinogen mRNA has been detected in brain, adipocytes, heart
and the reproductive system, its main source is the liver (Paul et al 2006).
Hepatocytes constitutively secrete angiotensinogen into the extracellular fluid,
without intracellular storage. Blood plasma/extracellular fluid functions as the major
reservoir for angiotensinogen. Angiotensinogen plasma concentrations (∼1 μM)
approximate the Michaelis-Menten constant of the renin reaction, which makes
RAS activity sensitive to small changes in angiotensinogen concentration. Deletion
of the angiotensinogen gene in mice leads to hypotension, low body weight gain
after birth, and an abnormal morphology of kidney and heart (Niimura et al 1995).
In turn, overexpression of angiotensinogen led to the development of hypertension
(Kimura et al 1992).
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2.3. ACE and ACE2

Two isoforms of ACE exist: somatic ACE and testis (germinal) ACE. Somatic ACE
is abundantly expressed throughout the body, whereas testis ACE is exclusively
expressed in the testis. Cloning of the ACE gene provided a better understanding of
the relationship between somatic and testis ACE. Both forms are transcribed from
the same gene by using different promoters (Hubert et al 1991). In humans the
ACE gene is located on chromosome 17. Somatic ACE has 2 homologous domains
which share 60% sequence homology. Both domains contain a catalytically active
site (Wei et al 1991a) and are situated at the N- and C-terminal side of ACE.
According to their position they are designated as N- and C-domain. The majority of
somatic ACE is membrane-bound on endothelial cells. Circulating ACE is derived
from ACE-expressing cells by proteolytic cleavage at the juxta-membrane stalk
region (Wei et al 1991b). Testis ACE possesses only one catalytic domain which
is identical to the C-domain of somatic ACE. Studies selectively blocking the C-
and N-domain of somatic ACE revealed that conversion of Ang I to Ang II by
membrane-bound ACE depends on the C-domain, whereas both domains contribute
to this conversion in soluble ACE (van Esch et al 2005). Degradation of bradykinin
at tissue sites also required both domains (Tom et al 2001). Deletion of both somatic
and testis ACE (ACE−/−) in mice led to hypotension, male infertility and changes
in kidney morphology (Esther et al 1996). Vascular expression of germinal ACE
in Ace null mice restored renal morphology but did not normalize blood pressure,
thus demonstrating that germinal ACE cannot functionally substitute for somatic
ACE (Kessler et al 2007).

Recently, a homologue of somatic ACE called ACE2 was discovered (Donoghue
et al 2000). ACE2 shares 42% homology with the C- and N-terminal domains of
somatic ACE. The gene encoding ACE2 is located on the X chromosome and ACE2
is mainly expressed in endothelial cells of heart, kidney and testis. Like somatic
ACE, ACE2 can be released into the circulation after proteolytic cleavage (Turner
and Hooper 2002). Unlike somatic ACE, ACE2 has only one catalytically active
site which can convert Ang I and Ang II to Ang (1-9) and Ang (1-7), respectively
(Donoghue et al 2000; Vickers et al 2002). These data suggest a potential role of
ACE2 in the counterregulation of high blood pressure by inactivation of Ang II.
Indeed, in a model of Ang II-dependent hypertension, blood pressures were substan-
tially higher in ACE2-deficient mice than in wildtype controls (Gurley et al 2006).
Mice lacking the ACE2 gene were originally described to develop an abnormal heart
function with severely impaired contractility (Crackower et al 2002), but this was
not confirmed in a follow-up study (Gurley et al 2006). Remarkably, ACE2 also
functions as a receptor for the virus causing severe acute respiratory syndrome, thereby
stressing the importance of ACE2 in a manner unrelated to the RAS (Li et al 2003).

2.4. Angiotensin II Receptors

Initially, it was thought that the responses to Ang II were mediated by a single
Ang II receptor. At the end of the 1980s, the discovery of specific Ang II receptor
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ligands such as losartan, PD12377, PD123319 and CGP42112 made it possible to
identify several Ang II receptor subtypes. We now know that the biological actions
of Ang II in man are mediated by at least two types of Ang II receptors: Ang II
type 1 (AT1) and AT2 receptors (Fig. 3).

2.4.1. AT1 receptor

AT1 receptors mediate virtually all the known physiological actions of Ang II,
such as vasoconstriction, inotropy, chronotropy, aldosterone release, noradrenaline
release and growth stimulation. The AT1 receptor gene encodes for a protein of
359 amino acids with a molecular weight of 41 kDa. The gene was first cloned
in 1991 from rat vascular smooth muscle cells (Murphy et al 1991) and bovine
adrenal gland (Sasaki et al 1991). Cloning and genetic analysis of the human AT1

receptor gene revealed that the human AT1 receptor gene is located on chromosome
3 and can produce two isoforms by alternative splicing. Both isoforms have similar
binding - and functional properties.

In rodents two subtypes of the AT1 receptor have been identified: AT1A and
AT1B (Elton et al 1992). The origin of these subtypes lies in a gene duplication
which occurred after the divergence of rodents from the human/artiodactyls group
about 24 million years ago. AT1A and AT1B share 94% sequence homology and
are located on chromosome 17 and 2 in rat and chromosome 13 and 3 in mice,
respectively. Not surprisingly, both subtypes have similar ligand binding affinities
and signal transduction properties but varying expression levels in different tissues.
The AT1A receptor predominates in heart, kidney, lung, liver and vascular smooth
muscle, whereas the AT1B receptor is mainly expressed in the adrenal and pituitary
gland (Burson et al 1994). To date, there are no pharmacological antagonists which
clearly discriminate AT1A and AT1B receptors.

Studies in mice using targeted gene manipulation provided more insight in
the functional role of both subtypes in vivo. Deletion of the AT1A receptor gene
significantly decreased resting blood pressure in both heterozygous AT1A

+/− and
homozygous AT1A

−/− receptor mice (Ito et al 1995). Ang II infusions resulted in
a diminished pressor response in AT1A

+/− receptor mutants whereas this response
was virtually abolished in AT1A

−/− mutants. Additionally, both the expression
levels of renin mRNA and plasma renin activity were markedly increased in AT1A

receptor knockout mice (Sugaya et al 1995). Deletion of the AT1B receptor gene
did not affect resting blood pressure, nor altered the pressure response to Ang II
(Chen et al 1997). Taken together, these findings indicate the important role of the
AT1A receptor in mediating the pressure response in mice. AT1A or AT1B receptor
deficiency is not associated with an impaired development or survival, but double
knockout mice lacking both receptors display a phenotype similar to that observed in
angiotensinogen knockout mice (Tsuchida et al 1998). These observations, together
with the fact that Ang II does cause a pressor response in AT1A knockout mice after
enalapril pretreatment (Oliverio et al 1997), suggest a compensatory role for the
AT1B receptor. Additionally, in vitro studies demonstrated that the AT1B receptor
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is the most important regulator of Ang II contractile responses in the mouse aorta
and femoral artery (Zhou et al 2003).

The AT1 receptor belongs to the seven-transmembrane G-protein-coupled
receptor superfamily, and couples to a wide variety of second messenger systems,
including the phospholipase C/inositol-1,4,5-triphosphate/diacylglycerol/protein
kinase C pathway, the phospholipase A2/arachidonic acid pathway, the phospho-
lipase D/phosphatidylcholine/phosphatidic acid pathway, and tyrosine kinases such
as the MAP kinases ERK1/2, p38 and c-jun N-terminal kinase (Mehta and
Griendling 2007).

AT1 receptor stimulation results in a rapid internalization of the Ang II-AT1

receptor complex, followed by either receptor degradation in lysosomes or receptor
recycling to the cell surface (Mehta and Griendling 2007). Internalized Ang II has
been proposed to activate cytoplasmic or nuclear receptors prior to its intracel-
lular degradation (Thomas et al 1996). Furthermore, Zou and co-workers recently
demonstrated that mechanical stretch resulted in AT1 receptor activation in a ligand-
independent manner. Interestingly, the consequences of such activation could be
prevented by an AT1 receptor blocker (Zou et al 2004).

Several reports have described crosstalk between AT1 receptor and other
receptors, e.g. the bradykinin type 2 (B2) receptor, the AT2 receptor, and the �1–
adrenoceptor. AT1 and B2 receptors form stable heterodimers with an enhanced
G-protein activation and altered receptor sequestration (AbdAlla et al 2000).
AT1 receptor-�1-adrenoceptor crosstalk enhances the response to �1-adrenoceptor
agonists (Purdy and Weber 1988). Interestingly, although the postjunctional AT1

receptor interacting with the �1–adrenoceptor is of the AT1A subtype, the prejunc-
tional AT1 receptor which facilitates noradrenaline release from sympathetic nerve
endings is of the AT1B subtype (Guimaraes and Pinheiro 2005).

2.4.2. AT2 receptor

In contrast to the well-characterized AT1 receptor, the function of the AT2 receptor
is much less understood. In general, it is assumed that AT2 receptors counteract
the responses mediated by the AT1 receptor (Hein et al 1995; Ichiki et al 1995;
AbdAlla et al 2001; Schuijt et al 2001; Batenburg et al 2004). AT2 receptors are
involved in physiological processes like development and tissue remodeling (by
inhibiting cell growth and by stimulating apoptosis), regulation of blood pressure
(vasodilatation), natriuresis and neuronal activity.

Evidence for AT2 receptor mediated vasodilatation is largely based on two
approaches: an indirect approach, showing an enhanced response to Ang II in the
presence of AT2 receptor blockade or gene disruption (Hein et al 1995; Ichiki et al
1995; Batenburg et al 2004; van Esch et al 2006), and a direct approach showing
AT2 receptor-induced responses by applying either the (partial) AT2 receptor agonist
CGP42112A or Ang II in the presence of an AT1 receptor blocker (Widdop et al
2002; Li and Widdop 2004).

The AT2 receptor gene was first cloned in 1993 (Mukoyama et al 1993). The AT2

receptor gene shares 34% sequence homology with its AT1 receptor counterpart
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and encodes for a protein of 363 amino acids with a molecular mass of 41 kDa. It
is located on the X chromosome in both humans and rodents. In fetal tissues the
AT2 receptor is the predominant subtype. This situation changes rapidly after birth,
resulting in the AT1 receptor becoming the dominant subtype in most adult tissues
(Widdop et al 2003). Yet, in adults, AT2 receptors can still be detected in a variety
of tissues, including uterus, ovary, adrenal medulla, heart, blood vessels and brain
(Bottari et al 1993). Here it is important to consider that the distribution of the AT2

receptor depends on age and species, but is also subject to changes in expression
during pregnancy and pathological conditions such as hypertension, heart failure
and vascular injury (see below) (Bottari et al 1993; de Gasparo et al 2000).

In 1995, two groups reported that deletion of the AT2 receptor in mice led
to an increased pressor response to Ang II (Hein et al 1995; Ichiki et al
1995). Additionally, Ichiki et al reported a significant increased blood pressure
in hemizygous AT−/Y

2 receptor mice whereas blood pressure was not significantly
increased in a similar model described by Hein and co-workers. Mutants lacking
the AT2 receptor gene showed a lower body temperature and impaired exploratory
behavior. Remarkably, despite its wide expression in the fetus, the AT2 receptor
does not seem to be required for embryonic development, as no morphological and
developmental differences were found between homozygous AT−/−

2 or hemizygous
AT−/y

2 receptor mice and their wildtype controls. Possibly, AT2 receptor knockout
mice display a delayed expression of calponin and h-caldesmon after birth (Yamada
et al 1999). During pregnancy, Ang II levels are elevated. Because the fetus is also
exposed to these high Ang II levels, it has been postulated that the AT2 receptor
plays a role in the regulation of Ang II responsiveness in order to prevent fetal
hypertension (Perlegas et al 2005).

Like AT1 receptors, AT2 receptors belong to the G protein-coupled receptor
superfamily. However, in contrast to the AT1 receptor, the AT2 receptor is not
internalized upon binding of Ang II (Widdop et al 2003). Two major pathways
have been described for AT2 receptor signaling (Nouet and Nahmias 2000):
(a) activation of protein phosphatases causing protein dephosphorylation and
(b) activation of the nitric oxide (NO)/guanosine cyclic 3’, 5’-monophosphate
(cGMP) pathway. Up to now, three specific phosphatases have been linked to AT2

receptor activation: MAPK phosphatase 1, SH2-domain-containing phosphatase
1 and protein phosphatase 2A. Growth factors, including Ang II via the AT1

receptor, mediate their growth promoting actions through tyrosine kinase receptors
and several kinase-driven phosphorylation steps. Activation of the AT2 receptor
counteracts these growth-promoting actions by dephosphorylation through subse-
quent activation of phosphatases. In addition to the inhibitory effect on growth,
dephosphorylation (e.g., of ERK1/2) also seems to play an important role in the
stimulation of apoptosis (Horiuchi et al 1998).

Several studies have shown that AT2 receptor-mediated vasodilation is an
endothelium-dependent phenomenon involving B2 receptors, NO and cGMP
(Wiemer et al 1993; Siragy and Carey 1997) (Fig. 2). Initially, in vitro studies using
endothelial cells showed that the stimulatory effect of Ang II on cGMP production,
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Figure 2. AT2 receptor-mediated relaxation involves either intracellular activation of kininogenase and
subsequent bradykinin type 2 (B2) receptor activation, or a direct activation of NO synthase (NOS)

a downstream signaling product of NO production, was abolished by blocking both
B2 receptors and nitric oxide synthase (NOS) (Wiemer et al 1993). Subsequent
in vivo studies confirmed that the AT2 receptor-induced rise in cGMP involves
bradykinin and NO (Siragy and Carey 1997). In vitro studies in endothelial cells
reported that intracellular acidosis, as a result of AT2 receptor activation, stimulates
bradykinin formation by activating kininogenases (Tsutsumi et al 1999). Katada
and Majima were able to show production of bradykinin after AT2 activation in
rat mesenteric arteries, suggesting that the B2 receptor mediates vasodilatation by
endogenous bradykinin released upon AT2 receptor activation (Katada and Majima
2002). In agreement with this concept, deletion of the B2 receptor enhanced the
Ang II-induced hypertensive response in vivo (Cervenka et al 2001). Additional
studies concluded that NO production following AT2 receptor stimulation may also
occur independently of B2 receptors, through direct NOS activation (Abadir et al
2003), possibly involving the calcineurin/nuclear factor of activated T cells pathway
(Ritter et al 2003).

As both AT2 and B2 receptors are co-expressed in various tissues, the hypothesis
was raised that both receptors form heterodimers which can interact through
receptor crosstalk. Recent studies in rat pheochromocytoma cells, applying fluores-
cence resonance energy transfer, confirmed this hypothesis (Abadir et al 2006).
Heterodimer formation appeared to be dependent on the receptor number that
was expressed, but also required AT2 receptor stimulation. As a consequence of
heterodimer formation, it is possible that AT2 receptor activation results in B2 receptor
activation without intermediate bradykinin synthesis (Batenburg et al 2004).

In addition to its interaction with the B2 receptor, AT2 receptors are also known to
interact with their AT1 counterpart. Transfection studies in fetal fibroblasts showed
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that AT1 and AT2 receptors form heterodimers in which the AT2 receptor functions
as a specific AT1 receptor antagonist (AbdAlla et al 2001). Possibly, AT2 receptor-
induced vasodilatation depends on simultaneous AT1 receptor activation, as no AT2

receptor-mediated responses were noted in the absence of AT1 receptors (van Esch
et al 2006).

Furthermore, it is important to consider that data obtained in absence of the
AT2 receptor are complex because AT2 receptors downregulate AT1 receptors in
a ligand-independent manner (Jin et al 2002) and AT2 receptor knockout mice
display an increased AT1 receptor expression (Tanaka et al 1999). In addition
to its interaction with AT1 receptors, the AT2 receptor also downregulates renin
biosynthesis, thereby inhibiting the formation of Ang II (Siragy et al 2005).

2.5. Angiotensin-Derived Metabolites and Their Receptors

Ang I and II are metabolized by a whole range of peptidases (‘angiotensinases’).
Although initially it was thought that all metabolites other than Ang II were inactive,
it is now clear that at least several of these metabolites have functions of their own,
which are sometimes mediated via non-AT1/AT2 receptors. The most important of
these peptides are Ang (1-7), Ang (2-8) (Ang III) and Ang (3-8) (Ang IV) (Fig. 3).

Ang (1-7) can be formed from Ang I by the action of neutral endopeptidase
or prolyl endopeptidase but also from the Ang I degradation products Ang (1-9)
and Ang II (Vickers et al 2002). Ang (1-7) is generally believed to counteract
the response of Ang II although there are reports of similar or distinct actions
from Ang II (Santos et al 2000). Ang (1-7) induces relaxation in several vascular
beds. The fact that this relaxation could be blocked by the selective Ang (1-7)
antagonist A-779 [D-Ala7-Ang (1-7)] suggested the involvement of a specific Ang
(1-7) receptor (Santos et al 2000). Indeed, in 2003 the Mas proto-oncogene, a G
protein-coupled receptor, was proposed to be the receptor for Ang (1-7) (Santos
et al 2003). Ang (1-7) potentiates bradykinin-induced responses (Tom et al 2001)
and releases NO (Brosnihan et al 1996) via Mas receptor stimulation. Mas receptor
mRNA expression has been detected in heart, testis, kidney and brain (Metzger
et al 1995). Mice deficient for the Mas-receptor lack the antidiuretic action of Ang
(1-7) after an acute water load, and their aortas no longer relax in response to Ang
(1-7) (Santos et al 2003). Mas−/− mice are also characterized by an impaired heart
function, indicating an important role of the Mas receptor in the maintenance of the
structure and function of the heart (Santos et al 2006).

Although the Mas-receptor is now held responsible for most of the responses to
Ang (1-7), there are several other pharmacological mechanisms and receptors that
are affected by Ang (1-7). As a slow substrate for ACE, Ang (1-7) may also function
as an ACE inhibitor, resulting in decreased Ang II formation and potentiation
of bradykinin-induced vasodilatation (Tom et al 2001). Furthermore, Ang (1-7)
acts as an AT1 receptor antagonist at low concentrations (Stegbauer et al 2003),
and exerts AT1 receptor agonistic effects at high concentrations (van Rodijnen
et al 2002). A link between Ang (1-7) and the AT2 receptor has recently been
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Figure 3. Schematical overview of the generation of angiotensin I and its metabolites. NEP, neutral
endopeptidase; PEP, prolyl endopeptidase; PCP, prolyl carboxypeptidase; APA, aminopeptidase A; APN,
aminopeptidase N

proposed, because infusion of Ang (1-7) during AT1 receptor blockade unmasked a
vasodepressor response in conscious SHR rats that could be attenuated by blockade
of AT2 receptors, B2 receptors and NOS (Walters et al 2005). Possibly, Mas-AT1

and/or Mas-AT2 receptor heterodimers exist (Castro et al 2005; Lemos et al 2005).
Through the action of aminopeptidase A, Ang II is converted to Ang III, which in

turn can be converted to Ang IV by aminopeptidase N (Ardaillou and Chansel 1997).
Ang III mediates some of the classical responses of Ang II (such as stimulation of
aldosterone secretion and vasoconstriction) and this most likely involves binding
to AT1 and AT2 receptors. The affinity of Ang III for these receptors is somewhat
lower than that of Ang II (Wright and Harding 1995). The responses to Ang III are
less efficacious than those of Ang II, possibly due to its accelerated metabolism in
the circulation. The latter relates to the wide distribution of aminopeptidase N that
initiates the hydrolysis of Ang III but not Ang II. It is thought that Ang III might
be the final mediator of some of the actions of Ang II. For example, the central
action of Ang II on vasopressin secretion in rats is dependent on Ang III, as this
effect was absent after specific blockade of aminopeptidase A (Zini et al 1996).
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Additionally, Ang III, and not Ang II, mediates the excretion of Na+ excretion
through AT2 receptors in the presence of AT1 receptor blockade (Padia et al 2006).

Ang IV was initially believed to have no biological activity. This was based
on two important findings: both AT1 and AT2 receptors display a poor affinity
for Ang IV, and Ang IV does not elicit the characteristic Ang II responses like
Ang III. The discovery of a specific Ang IV binding site, designated as the AT4

receptor, changed this view (Swanson et al 1992). After purification, the receptor
was identified as insulin-regulated aminopeptidase (Albiston et al 2001), a protein
which is abundantly found in vesicles containing the insulin-sensitive glucose trans-
porter (GLUT4) (Keller et al 1995). AT4 receptor expression occurs in brain, spinal
cord, heart, kidney, colon, prostate, adrenal gland, bladder and vascular smooth
muscle cells (Wright and Harding 1995; de Gasparo et al 2000). Ang IV and the
AT4 receptor appear to be involved in the facilitation of memory and learning
(Wright et al 1999). Ang IV infusions cause vasorelaxation in cerebral and renal
vascular beds, possibly by increasing NOS activity (Patel et al 1998). On the other
hand, there are also studies showing that Ang IV, because of its weak agonistic
activity towards the AT1 receptor, induces vasoconstriction (van Rodijnen et al
2002). The close association of the AT4 receptor with GLUT4 suggests that Ang
IV might modulate glucose uptake.

3. TISSUE ANGIOTENSIN GENERATION

As soon as it was realized that angiotensin production at tissue sites is of greater
importance than angiotensin generation in the circulation, many investigators started
to unravel how and where such local angiotensin production might occur. Initially,
it was thought that all components required for local Ang II production (i.e.,
renin, angiotensinogen and ACE) would be produced at tissue sites. Infusions of
radiolabeled angiotensins, allowing the quantification of uptake of blood-derived
angiotensin in tissues, confirmed that the majority of tissue Ang I and II is produced
at tissue sites, and not derived from blood (Schuijt and Danser 2002).

ACE is well-known to be abundantly expressed in virtually every tissue of the
body, its main site being the surface of endothelial cells. Thus, its local synthesis
is beyond doubt. Although angiotensinogen mRNA has been detected outside the
liver, direct proof for actual angiotensinogen synthesis at important sites of local
angiotensin production (e.g., heart and vessel wall) is lacking. For instance, the
isolated perfused heart does not release angiotensinogen (de Lannoy et al 1997).
Therefore, the majority of tissue angiotensinogen is probably of hepatic origin.
The fact that angiotensinogen is neither internalized, nor binds to membranes,
combined with the observation that angiotensinogen-synthesizing cells release
angiotensinogen to the extracellular space (Klett et al 1993), rather than storing
it intracellularly, indicates that angiotensin generation must occurs extracellularly.
Thus, tissue angiotensin generation is restricted to the interstitial space and/or the
cell surface (Fig. 4).
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Figure 4. Model of angiotensin generation at cardiac tissue sites

Following a bilateral nephrectomy, tissue renin and angiotensin levels drop to
levels at or below the detection limit (Campbell et al 1993; Danser et al 1994; Katz
et al 1997). This suggests that the majority of tissue renin is not locally produced,
but kidney-derived, and that without renin, there is no angiotensin production. The
presence of renin in cardiac membrane fractions (Danser et al 1994) suggested that
circulating renin, in addition to its diffusion into the interstitial space (Katz et al
1997; van den Eijnden et al 2002), may bind to renin-binding proteins or receptors
at tissue sites. The recent discovery of several of such receptors, as discussed above,
supports this concept. An interesting additional observation is that these receptors
also bind prorenin, and that prorenin, upon binding, becomes catalytically active.
In view of the much higher prorenin than renin levels, an attractive concept is that
prorenin rather than renin contributes to tissue angiotensin generation. Studies with
(pro)renin receptor blockers in diabetic rats confirmed this concept (Ichihara et al
2004). Unexpectedly however, these blockers did not affect tissue angiotensin levels
in control rats, although the prorenin levels of the latter rats were only ≈2-fold
lower than those of the diabetic rats. Moreover, despite the fact that prorenin is
still present in circulating blood after a nephrectomy (Danser et al 1994), tissue
angiotensin levels are close to zero. This suggests that, if prorenin contributes to
tissue angiotensin production, this involves prorenin of renal rather than extrarenal
origin. Currently, the only known difference between renal and extrarenal prorenin
relates to their degree of glycosylation.

In vitro studies using the isolated perfused rat Langendorff heart fully confirmed
the idea of renin and angiotensinogen uptake underlying tissue angiotensin
production. During buffer perfusion, no release of RAS components could be
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demonstrated in the coronary effluent or interstitial fluid (de Lannoy et al 1997).
After adding renin to the perfusion fluid, renin started to accumulate in the inter-
stitial fluid, reaching steady-state levels in this compartment that were identical to
its levels in the coronary circulation. Findings on angiotensinogen were similar.
Stopping the exposure to renin revealed a biphasic washout curve, in agreement
with the concept that renin is not only present in extracellular fluid but also binds
to receptors. Angiotensinogen washout was mono-phasic. Angiotensin synthesis
only occurred during simultaneous perfusion with renin and angiotensinogen. Inter-
estingly, in hearts of transgenic rats overexpressing angiotensinogen, angiotensin
release continued after stopping the renin perfusion, i.e., when renin was no longer
present in the coronary circulation (Müller et al 1998). This was due to the fact
that receptor-bound renin continued to generate Ang I.

At steady state, the cardiac tissue levels of Ang I were as high as expected
assuming that Ang I is restricted to the extracellular fluid (de Lannoy et al
1998; Schuijt et al 1999). In contrast, the tissue Ang II levels were much higher.
Pretreatment with an AT1 receptor antagonist greatly reduced the cardiac tissue
Ang II levels during renin + angiotensinogen perfusion. This suggests that locally
generated Ang II accumulates at tissue sites through binding to AT1 receptors.
Subsequent subcellular fractionation studies confirmed that tissue Ang II, but not
Ang I, is located intracellularly (Schuijt et al 1999; van Kats et al 2001). This is
due to the fact that AT1 receptor-bound Ang II is rapidly internalized, after which
intracellular degradation occurs. Based on these observations, it is not surprising
that the tissue Ang II content correlates directly with tissue AT1 receptor density
(van Kats et al 1997).

A wide range of in vitro studies has provided evidence for the existence of
enzymes other than renin and ACE generating Ang I and II, including cathepsin
D, kallikrein, tonin and chymase (Hackenthal et al 1978; Urata et al 1990). The
in vivo importance of these alternative pathways is questionable. The fact that
Ang I and II are virtually absent in plasma and tissue of nephrectomized animals
(including humans) argue against a role of non-renin angiotensinogen-converting
enzymes in vivo. A similar situation exists for chymase which is present in the
cardiac interstitium, mast cells and endothelial cells. In vitro studies have provided
evidence for an important role of chymase in the conversion of Ang I to Ang II
(Urata et al 1990; Tom et al 2003), but in vivo evidence for chymase-dependent Ang
II generation could not be obtained (Saris et al 2000). Moreover, angiotensinogen
and ACE knockout mice have similar phenotypes (Tanimoto et al 1994; Krege et al
1995), and ACE deletion reduced the Ang II levels in both tissue and circulation
by up to 99% (Campbell et al 2004). Thus, at least in mice, ACE is the main, if
not only Ang II-generating enzyme in vivo.

4. AT2 RECEPTORS AND PATHOPHYSIOLOGY

As discussed above, AT2 receptor expression is low or undetectable in adult tissues,
in contrast with its high expression in fetal tissues. However, AT2 receptors re-
appear under pathophysiological conditions.
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For instance, in the kidney, AT2 receptor expression increases when inflam-
mation, apoptosis, and proteinuria occur (Ruiz-Ortega et al 2003). Interestingly,
transgenic AT2 receptor-overexpressing mice displayed less glomerular injury,
proteinuria and transforming growth factor � expression in a subtotal nephrectomy
model (Hashimoto et al 2004). This suggests that the re-appearance of AT2 receptors
under pathological conditions is part of a protective mechanism, for instance related
to enhanced NO production (Hiyoshi et al 2005). However, not all studies confirm
the counterregulatory, protective actions of AT2 receptors in the kidney. Duke and
co-workers report that AT2 receptors mediate vasoconstriction in the renal medulla
of 2-kidney, 1-clip rats, as opposed to the vasodilator effects mediated by AT1

receptors in this model (Duke et al 2005).
In the heart, a wide range of animal studies revealed increased AT2 receptor

expression under pathological conditions, e.g. during pressure overload, hyper-
tension and ischemia, and post-myocardial infarction (Wiemer et al 1993; Wu
et al 1994; Schuijt et al 2001; Yayama et al 2004). Studies in failing human
hearts confirmed the animal data, and simultaneously showed a downregulation
of AT1 receptors (Asano et al 1997; Wharton et al 1998). From studies with
AT1 receptor antagonists it is widely accepted that AT1 receptors play a major
role in the post-myocardial remodeling process, mediating both fibrosis and hyper-
trophy (Schieffer et al 1994). Since the beneficial effects of AT1 receptor blockade
following myocardial infarction were diminished in AT−/Y receptor mice (Xu
et al 2002), it is reasonable to assume that the increased Ang II levels that will
occur during AT1 receptor blockade (see below) exert beneficial effects via AT2

receptor stimulation. Indeed, transgenic mice overexpressing AT2 receptors in the
heart displayed improved cardiac hemodynamics post-myocardial infarction in an
NO-dependent manner (Yang et al 2002; Bove et al 2004). Furthermore, treatment
with either an AT2 receptor antagonist or a B2 receptor antagonist reduced the
beneficial effects of AT1 receptor blockade in wildtype mice following myocardial
infarction (Liu et al 2002). Therefore, the beneficial effects of AT2 receptors in the
heart involve the B2 receptor/NO/cGMP pathway.

In contrast with these observations, a few studies have shown that AT2 receptors,
like AT1 receptors, induce cardiac hypertrophy and fibrosis (Senbonmatsu et al
2000; Ichihara et al 2001). To explain these discrepant data, it has been hypothesized
that AT2 receptor upregulation is beneficial in the early pathological phase, by
counteracting hypertrophy and fibrosis, but that chronic stimulation of the AT2

receptor (for instance by the high Ang II levels that will occur during AT1 receptor
blockade) has deleterious effects on cardiac recovery (Schneider and Lorell 2001).

Knowledge on the effects of AT2 receptors in the human heart comes from
polymorphism studies, although the data are often contradictory. AT2 receptor
gene variants have been linked to both cardiac hypertrophy and coronary ischemia
(Schmieder et al 2001; Herrmann et al 2002; Alfakih et al 2005), without knowing
however whether this is based on inceased or decreased AT2 receptor density. AT2

receptor-mediated vasodilation in isolated human coronary microarteries increases
with age (Batenburg et al 2004). Since endothelial function decreases with age,
this could point to increased AT2 receptor expression in the face of decreased
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endothelial function, again in agreement with the concept that AT2 receptor density
increases under pathological conditions. AT2 receptor expression also increased in
peripheral resistance arteries of hypertensive diabetic patients during treatment with
an AT1 receptor blocker, and this resulted in enhanced Ang II-induced vasodilation
(Savoia et al 2007).

Recent studies have shown that AT2 receptors are also expressed in various
carcinomas (Deshayes and Nahmias 2005). Assuming that AT1 receptors contribute
to tumor growth and vascularization (Fujita et al 2002), one may predict that, here
too, AT2 receptors will counteract the effects of the AT1 receptor stimulation, thus
inhibiting growth and vascularization (Silvestre et al 2002). However, proangiogenic
effects of AT2 receptors have also been described, occurring in conjunction with
AT1 receptor activation (Walther et al 2003).

5. RAS BLOCKADE AND AT2 RECEPTOR STIMULATION

Blocking the RAS is possible at three levels: renin, ACE and the AT receptors.
Beta-adrenoceptor blockers, by antagonizing the renin-releasing �1-adrenoceptors
in the juxta-glomerular cells, were the first drugs to suppress the RAS. These drugs
will lower renin (Campbell et al 2001), Ang I and Ang II, thereby reducing the
degree of AT1 and AT2 receptor stimulation (Table 1).

Subsequently, the ACE inhibitors were introduced. These drugs will lower
Ang II. Given the wide variety of available angiotensinases, this will not lead
to substantial Ang I accumulation, but rather result in metabolism of Ang I
through different (compensatory) pathways, e.g. by neutral endopeptidase. As a
consequence, Ang-(1-7) levels will rise during ACE inhibition, thereby allowing
Ang-(1-7) to contribute to the beneficial effects of ACE inhibitors (Tom et al
2001). Simultaneously, due to the interference with Ang II generation, the negative
feedback loop system regulating renin release is affected, and thus, the kidneys will
release more renin. Therefore, depending on the degree of ACE inhibition, Ang II
levels may rise again, sometimes to levels above baseline (Campbell et al 1993;
van Kats et al 2000). For instance, at 90% ACE inhibition, a 10-fold rise in renin
is sufficient to fully restore Ang II levels, whereas a 20-fold rise in renin would
increase Ang II twofold above its baseline levels. In addition, prolonged ACE
inhibition is known to upregulate ACE. Given these compensatory mechanisms, it

Table 1. Effects of various RAS blockers on renin, angiotensins and AT receptor stimulation

Renin Ang formation Receptor stimulation

[Protein] Activity [Ang I] [Ang II] AT1 AT2

� blocker ↓ ↓ ↓ ↓ ↓ ↓
Renin inhibitor ↑ ↓ ↓ ↓ ↓ ↓
ACE inhibitor ↑ ↑ ↑ ↓= ↓ ↓
AT1 receptor blocker ↑ ↑ ↑ ↑ ↓ ↑
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is not surprising that it has proven difficult to show that blood plasma and tissue
Ang II levels remain suppressed during continuous ACE inhibition (van Kats et al
2000).

Indeed, in pigs treated with captopril for 3 weeks post-myocardial infarction,
cardiac Ang II levels were increased as compared to untreated control pigs (Fig. 5).
Although this Ang II may theoretically stimulate AT1 and AT2 receptors, it must be
kept in mind that such receptor stimulation may occur less efficiently than normal.
Without ACE inhibitor treatment, ACE generates Ang II in a highly efficient
manner, in close proximity of AT receptors. During chronic ACE inhibition, the
increase in Ang I generation will still allow Ang II generation, either by non-
inhibited ACE or by non-ACE converting enzymes like chymase (van Kats et al
2005). However, this type of Ang II generation is less efficient, because it does
not result in a high level of regional AT receptor stimulation. In particular, Ang II
generated by chymase (which is localized in the adventitia) will be subject to rapid
metabolism in the interstitial space on its way to AT receptors (Schuijt et al 1999;
de Lannoy et al 2001) and thus is less likely to result in a high regional AT receptor
occupancy. Therefore, a low overall AT receptor occupancy will occur, below the
minimum per cell required to induce an effect.

AT1 receptor blockers, available since the early 1990s, will also cause a rise in
renin. Ang I and II in blood and tissues (as well as their metabolites) will increase
in parallel with renin, and although this will not result in AT1 receptor stimulation,
non-AT1 receptors (including AT2 receptors and Mas) may now be stimulated
excessively. As discussed above, it is feasible that, at least part of the beneficial
effect of AT1 receptor blockers is due to such AT2 receptor stimulation (Widdop
et al 2002).

Finally, renin inhibitors will soon be clinically available. These drugs lower
both Ang I and II, and evidence for this, at least in blood plasma, is already
available (Nussberger et al 2002; Azizi et al 2004). Whether renin inhibitors also
decrease tissue Ang I and II levels is not yet known. This relates to the fact

Figure 5. Plasma and cardiac tissue angiotensin levels in pigs that were either untreated or treated with
the ACE inhibitor captopril or the AT1 receptor antagonist eprosartan for 3 weeks after a myocardial
infarction. *P<0.05 vs. untreated. Data are derived from (van Kats et al 2000)
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that renin inhibitors primarily block human renin, and not (or to a much lesser
degree) rat, mouse or porcine renin. Thus, renin inhibitors cannot be tested easily
in well-established animal models. Theoretically, the decreased Ang I and II levels
during renin inhibition will prevent AT1 and AT2 receptor stimulation, as well as
the stimulation of any other receptor by angiotensin metabolites. Although renin
will rise during renin inhibitor treatment (like it does during any RAS blocker
treatment), this renin cannot be enzymatically active due to the presence of the
renin inhibitor. Thus, renin inhibitors may offer a more complete suppression of
the RAS, although this also implies that the putative beneficial effects mediated by
AT2 or Mas receptors will now no longer occur. So far, this does not appear to
diminish the effects of renin inhibitors, at least on blood pressure (Gradman et al
2005).

6. CONCLUSIONS

Ang II generated at tissue sites stimulates both AT1 and AT2 receptors. This local
generation depends largely on angiotensinogen and renin and/or prorenin taken up
from blood, the latter uptake possibly involving the recently discovered (pro)renin
receptor. ACE is generated locally, and appears to be the main, if not the only,
Ang II-generating enzyme. Ang II has a whole range of metabolites, the most
important of which are Ang (1-7), Ang III and Ang IV. The enzymes generating
these metabolites, including ACE2, have recently been characterized, as well as
their putative (non-AT1/AT2) receptors, like the Mas and AT4 receptor. Stimulation
of AT2 receptors most likely contributes to the beneficial effect of RAS blockers, in
particular during AT1 receptor antagonism. These receptors are upregulated under
pathophysiological conditions, and are generally believed to counteract the effects
of AT1 receptor stimulation. However, not all studies agree on this aspect, and thus
it remains to be seen how the effect of drugs that completely suppress the RAS,
i.e., renin inhibitors, compare to those that allow/require AT2 receptor stimulation,
like ACE inhibitors and AT1 receptor antagonists.
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1. INTRODUCTION

Other chapters in this book focus on the role that proteolytic processing plays in
the generation and degradation of angiotensin peptides. Such events are crucial
to the initiation, modulation and/or termination of angiotensin actions at the
type 1 angiotensin receptor (AT1) and other atypical angiotensin receptors. In
addition, there is increasing awareness that following AT1 receptor activation
specific, cell surface proteases are stimulated and that the cleavage products
of these proteases make a fundamental contribution to downstream receptor
actions. Thus, AT1 receptors can promote a set of classical signals attributed
to their cognate heterotrimeric guanine nucleotide-binding (G) proteins whilst
simultaneously activating alternative signals based on the proteolytic shedding
of extracellular ligands for other receptors. The most compelling – although
still relatively poorly understood – example of such activity is the capacity of
G protein-coupled receptors (GPCRs), such as the AT1 receptor, to promote
the shedding of epidermal growth factor (EGF) ligands which subsequently
activate EGF receptors (EGFR) in a process termed EGFR transactivation. In
this chapter, we focus on a major class of cell surface proteases called ADAMs
(a disintegrin and metalloprotease) that have been strongly implicated in the
shedding of growth factor ligands, and review the evidence that these important
enzymes form a critical component of AT1 receptor activity and contribute to
disease.
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2. AT1 RECEPTOR SIGNALLING

2.1. Classic GPCR Signalling

Activation of G proteins is the primary mechanism by which GPCRs, such the AT1

receptor, induce intracellular signalling pathways. In the case of the AT1 receptor,
binding of AngII induces conformational changes in the receptor that enable it
to interact with, and activate, the G protein Gq/11 (De Gasparo et al 2000). Gq/11

activation stimulates phospholipase C-�1 (PLC�-1), which generates the second
messengers inositol trisphosphate (IP3) and diacylglycerol (DAG). These second
messengers in turn promote intracellular release of calcium and protein kinase C
(PKC) activation, which leads to a variety of cellular responses. Although most
of the important cardiovascular, endocrine and metabolic actions of AngII can be
explained by AT1/Gq/11-mediated signals, AT1 receptors have also been reported
to couple to other G proteins, such as Gi, Go, G12/13, and Gs and their downstream
effectors, in various tissues and cell models.

2.2. Alternative Receptor Signalling

In addition to the signalling mediated by classical G protein-dependent pathways,
GPCRs also activate pathways that require the activity of receptor and non-receptor
tyrosine kinases (Waters et al 2004). For the AT1 receptor, these tyrosine kinase-
related pathways appear to be important players in AngII-mediated growth (hyper-
trophy and/or proliferation) of cardiac, vascular and renal cells (Shah and Catt
2004; Shah et al 2004; Ohtsu et al 2006a; Shah and Catt 2006) and are especially
important to the pathological actions of AngII in cardiovascular dysfunction. The
exact molecular mechanisms that permit GPCRs to activate tyrosine kinases remain
ill defined, but there is much experimental support for the idea that significant
cross-talk exists between different families of cell surface receptors. There is little
doubt that GPCRs can activate tyrosine kinase receptors and, conversely, that
tyrosine kinase receptors modulate the activity of GPCRs. As an example, there
is considerable evidence from multiple laboratories that stimulation of the AT1

receptor leads to co-incident tyrosine phosphorylation and activation of the EGFR
(see section 3.1). Conversely, activation of the EGFR also leads to phosphorylation
of the AT1 receptor (Olivares-Reyes et al 2005) and its decreased expression (Ullian
et al 2004) (processes normally associated with AT1 receptor desensitisation).

3. EGFR ACTIVATION

The EGFR family consists of four main members (EGFR or HER1, HER2, HER3
and HER4; also known as ErbB1-4). These multi-domain receptors consist of an
extracellular ligand-binding site, a single transmembrane spanning region and a
cytoplasmic tyrosine kinase domain, and are implicated in controlling a number
of cellular processes including cellular proliferation, cell cycle progression, cell
metabolism, migration, apoptosis and differentiation (Burgess et al 2003). EGF
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receptors are activated by ligands including EGF, heparin-binding EGF (HB-EGF),
transforming growth factor � (TGF�), the neuregulins, betacellulin, amphiregulin,
epiregulin, and epigen (Harris et al 2003). Alternatively, EGFRs can also be
activated by mutations, which occur in many types of cancers. Upon ligand-binding
(or mutation), a conformational change in the receptor is induced that exposes a
peptide loop (the dimersation arm) that enables the ligand-bound EGFR to bind to
another EGFR in the same conformation to form back-to back dimers (Ferguson
2004). In the dimerised state, the cytoplasmic tyrosine kinase domains are brought
into close proximity, allowing auto- and trans-phosphorylation of the respective
carboxyl-termini. These phosphorylated residues then become docking/activation
sites for downstream signalling molecules that promote growth and proliferation
signalling cascades, such as the Ras/Raf/MAPK pathway (Schlessinger 2000). With
the exception of HER2, which doesn’t bind ligands with high affinity but instead
acts as a preferred binding and signalling partner for other activated EGFR subtypes,
and HER3, which lacks kinase activity and can not form an active homo-dimer,
EGF receptors, in general, bind multiple ligands and form both homo- and hetero-
dimers, which flavour the response to various stimuli (Garrett et al 2002; Cho et al
2003; Citri et al 2003).

3.1. EGFR Transactivation

The first evidence that seven transmembrane-spanning, GPCRs can transactivate
EGFRs was reported in 1996, when Ullrich and colleagues reported that thrombin,
endothelin-1 and lysophosphatidic acid (LPA) (ligands that bind and activate
GPCRs) could stimulate rapid tyrosine phosphorylation of both EGFR and HER2 in
Rat-1 fibroblasts (Daub et al 1996). These GPCR ligands stimulated cellular growth
(activated MAPK signalling pathways and DNA synthesis), which was blocked
by a small molecule inhibitor of EGFR, AG1478, as well as a dominant/negative
version of the EGFR, indicating that these processes were dependent upon activation
of the EGFR. The transactivation of the EGFR was so rapid (tyrosine phospho-
rylation of the EGFR occurred within minutes of GPCR ligand activation) that
the authors doubted at the time whether EGF ligands could be involved. Ensuing
studies indicated that the AT1 receptor also displayed a facility to tyrosine phospho-
rylate and transactivate the EGFR via cytoplasmic signals and/or second messengers
emanating from the activated AT1 receptor (such as increased cytoplasmic Ca2+,
protein kinase C (PKC) and the soluble tyrosine kinases, Src and Pyk) rather than
the shedding of EGF ligands from the cell surface (Li et al 1998; Murasawa et al
1998b; Eguchi et al 1999; Moriguchi et al 1999). In particular, studies in vascular
smooth muscle cells (VSMCs) and cardiac fibroblasts have shown a requirement
for such molecules (Eguchi et al 1998; Murasawa et al 1998a).

However, in a landmark paper in 1999, Ullrich and colleagues reported a new
paradigm for GPCR-mediated transactivation, which involved a metalloprotease-
dependent cleavage of an EGF ligand (pro-HB-EGF) and its subsequent binding
and activation of the EGFR (Prenzel et al 1999). Three main observations were
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used to support this model: 1) stimulation by GPCR ligands lead to the tyrosine
phosphorylation of a chimeric receptor, consisting of the extracellular ligand binding
domain of the EGFR fused to the cytoplasmic domain of the platelet-derived growth
factor receptor (PDGFR) – importantly, the wild type PDGFR was not activated
by the GPCR ligands. This indicated that the extracellular ligand-binding domain
of the EGFR was crucial for transactivation (presumably by binding shed ligands);
2) EGFR transactivation was observed in co-cultures of cells expressing separately
the activating GPCR or the EGFR, suggesting the release of a paracrine factor
in response to GPCR activation; 3) GPCR ligands led to the proteolytic cleavage
of the HB-EGF ligand precursor (pro-HB-EGF), which was prevented using a
metalloproteinase inhibitor. In addition to the above evidence, they also showed that
GPCR-induced EGFR transactivation was blocked by a metalloproteinase inhibitor
or by specifically inhibiting the activity of released HB-EGF. Rather than dispelling
the notion that EGFR transactivation can result exclusively from the intracellular
actions of the GPCR, these data indicate that transactivation likely occurs via
both metalloprotease-dependent (i.e. shedding) or independent mechanisms (Waters
et al 2004).

This entire process of GPCR activation resulting in metalloprotease-mediated
cleavage of an EGFR ligand and subsequent activation of the EGFR growth pathway
is now known as the ‘triple membrane passing signalling’ (TMPS) paradigm
(Prenzel et al 1999) (Fig. 1). Since its discovery, TMPS has been identified in
a number of different cellular contexts and a number of GPCRs are now known
to activate it. To date, GPCR-mediated EGFR transactivation has been identified
in a number of cell types including rat-1 fibroblasts (Daub et al 1996), COS-7

Figure 1. AT1R-mediated EGFR transactivation (TMPS). Interaction of AngII with the AT1R activates
its cognate G protein (Gq/11); the activated (GTP-bound) alpha subunits stimulate phospholipase C
(PLC�-1) to generate the second messengers, inositol trisphosphate (IP3) and diacylglyerol (DAG),
which increase intracellular calcium and activate protein kinase C (PKC,) respectively. In the current
model of TMPS, the activated AT1R, via unresolved intracellular mechanisms, induces ADAM-mediated
EGFR ligand shedding on the extracellular side of the cell membrane. The released ligand activates the
EGFR, leading to dimerisation, phosphorylation, and recruitment of signalling complexes that stimulate
growth-associated pathways
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cells (Yan et al 2002), VSMCs (Eguchi et al 1999), liver epithelial cells (Li et al
1998), primary mouse astrocytes (Daub et al 1997), HaCaT keratinocytes (Daub
et al 1997), rat pheochromocytoma cell line PC-12 cells (Zwick et al 1997), cardiac
fibroblasts (Murasawa et al 1998a), cardiac endothelial cells (Fujiyama et al 2001)
and cardiomyocytes (Asakura et al 2002; Kodama et al 2002; Thomas et al 2002).
The prevalence of EGFR transactivation by the AT1 receptor in different cell types
(Bokemeyer et al 2000; Eguchi et al 2001; Fujiyama et al 2001; Uchiyama-Tanaka
et al 2001; Ushio-Fukai et al 2001a; Asakura et al 2002; Kodama et al 2002; Saito
et al 2002; Thomas et al 2002; Greco et al 2003; Lin and Freeman 2003; Suarez
et al 2003; Shah et al 2004; Chiu et al 2005; Laurette et al 2005; Mifune et al 2005;
Yang et al 2005; Flannery and Spurney 2006; Yahata et al 2006) likely indicates
a conserved, key mechanism for usurping tyrosine kinase pathways, although the
prevailing molecular mechanism seems to vary in different cellular contexts.

Recent evidence supports the emerging role for ADAMs as the key metal-
loproteinases involved in EGF ligand shedding and EGFR transactivation given
their ability to shed EGF-like ligands from the cell surface and their involvement
in cardiac development/growth (Blobel 2005). The following sections review the
structure and function of ADAMs as well as potential mechanisms of activation by
the AT1 receptor.

4. ADAMS

ADAMs are a family of zinc-dependent metalloproteases with high sequence
homology to snake venom disintegrins (Blobel et al 1992; Weskamp and Blobel
1994; Wolfsberg et al 1995; Stone et al 1999). To date, about 40 ADAM family
members have been identified (an up-to-date list of ADAMs in different species
is maintained by Dr. Judith White.1 Expression studies in mammals have shown
that many of the ADAMs are expressed predominantly, or solely, in the testis and
other reproductive structures and are thus thought to function mostly in fertilisation
and spermatogenesis (Zhu et al 1999), whereas other family members have a more
widespread somatic distribution (Seals and Courtneidge 2003).

As well as being involved in shedding membrane-bound proteins (such as EGFR
ligands, receptors, cytokines, adhesion molecules), ADAMs are also involved in
cleavage of extracellular matrix (ECM) proteins, amlyoid precursor protein and
Notch, and thereby affect ECM communication, cell migration, cell proliferation
and development (Blobel 2005). In addition to having important roles in various
cellular processes, the activity of ADAMs is also associated with a number of human
diseases including cancer, Alzheimer’s disease, and asthma (Seals and Courtneidge
2003), as well as renal diseases (such as chronic kidney disease) (Laurette et al
2005; Shah and Catt 2006) and polycystic kidney disease (Dell et al 2001) and
cardiovascular diseases (such as left ventricular hypertrophy and vascular remod-
elling) (Shah and Catt 2004).

1 http://www.people.virginia.edu/%7Ejw7g/Table_of_the_ADAMs.html
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5. ADAM STRUCTURE-FUNCTION

ADAMs are multi-domain proteins that contain an N-terminal signal sequence,
prodomain, disintegrin domain, metalloprotease domain, cysteine-rich domain and
an EGF-like domain (Fig. 2). ADAMs that are expressed at the cell surface also
possess a transmembrane domain (that localises them to the plasma membrane) and
a cytoplasmic domain (Blobel and White 1992; Wolfsberg et al 1995; Schlondorff
and Blobel 1999). Each of these conserved domains plays an important role in the
localisation, synthesis and function of the ADAMs (Wolfsberg and White 1996;
Blobel 1997; Black and White 1998).

5.1. The Metalloprotease Domain

ADAMs contain a metalloprotease domain that is believed to be the site of prote-
olytic activity. Within this domain, half of the known ADAMs have the histidine-
rich metalloprotease consensus sequence (HEXXH) in which the histidine residue
binds zinc and the glutamic acid is the catalytic residue (Stocker et al 1995;
Wolfsberg et al 1995; Jia et al 1996). In addition, the upstream Met-turn methionine

Figure 2. ADAM structure and potential regulation. ADAMs contain multiple functional domains,
including: a prodomain, metalloprotease domain, disintegrin domain, cysteine-rich domain, EGF-like
domain and can contain transmembrane and cytoplasmic domains when localised in the cell membrane as
illustrated. Via these domains, ADAMs potentially mediate proteolysis, signalling, fusion and adhesion.
GPCR-mediated transactivation (TMPS) presumably involve intracellular mechanisms that result in the
activation of extracellular proteolysis by membrane-bound ADAMs. This is likely to involve interaction
between the downstream signalling molecules of GPCRs and the cytoplasmic tail of ADAMs, which is
thought to have important roles in signalling given the presence of putative proline-rich, SH3 binding
sites and phosphorylation sites. Some putative modulators are shown
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residue is thought to be involved in stabilising zinc binding (Bode et al 1993;
Maskos et al 1998). ADAMs that contain this motif (including ADAMs 1, 8-10,
12, 13, 15, 16, 17, 19-21, 24-26, 28, 30, 33-401) are therefore presumed to have
the ability to cleave substrates (White 2003); although this has not yet been shown
experimentally for all of the above (Howard et al 1996; Black et al 1997; Moss
et al 1997; Loechel et al 1998; Chesneau et al 2003).

Catalytically-active ADAMs cleave membrane-bound proteins from the cell
surface by cutting the protein near the plasma membrane (Pandiella et al 1992).
Although studies have failed to find a consensus sequence, or a specific distance
from the plasma membrane at which target proteins are cleaved by ADAMs (White
2003), substrate recognition may instead be via secondary and tertiary structure
(Moss and Lambert 2002).

5.2. The Disintegrin Domain

ADAMs also contain a disintegrin domain (named so because of its high sequence
homology with snake-venom disintegrin) that is thought to have roles in cell
adhesion and migration. Many proteins contain disintegrin domains and the
conserved RGD motif that binds to integrins, such as �v�3 and �5�1 (Blobel
and White 1992; Niewiarowski et al 1994; Maskos et al 1998). However, despite
displaying the ability to bind to integrins, only human ADAM15 contains the RGD
motif (Kratzschmar et al 1996; Nath et al 1999). Other ADAMs are thought to
interact with integrins that recognise the sequence RX6DLPEF (Eto et al 2002).
For example, the disintegrin and cysteine rich domains of ADAM12 interact with
integrin �7�1 (Zhao et al 2004).

5.3. Cysteine-Rich and EGF-Like Domains

These domains are presumably involved in membrane fusion given that they contain
motifs similar to those found in virus fusion peptides (Blobel and White 1992;
Black and White 1998). Some ADAMs (including ADAMs 1, 3 and 12) have been
shown to be involved in cell fusion reactions, (Seals and Courtneidge 2003). For
example the cysteine-rich domain of ADAM12 is known to mediate myoblast and
fibroblast adhesion (Yagami-Hiromasa et al 1995). In addition, these two domains
may also be involved in increasing substrate binding efficiency by complementing
that activity of the disintegrin domain (Stone et al 1999).

5.4. ADAM Regulation and Trafficking- Key Roles for the Prodomain
and Cytoplamic Carboxyl-Terminus

Given the key role of ADAMs in a number of signalling pathways including
transactivation, it would seem likely that ADAMs are tightly regulated to ensure they
are not over-active. Indeed, there is evidence to suggest that ADAM activity occurs
(at least for ADAM17) at a basal level in unstimulated cells that is increased upon
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stimulation with a variety of pharmacological and physiological stimuli (Doedens
et al 2003). However, details of how ADAMs are trafficked to the cell membrane
and the regulation of their trafficking and/or activity is poorly understood at present.

In this regard, the trafficking and activation of ADAM17 has been studied more
widely than other ADAMs, yet many questions still remain. Much of the research
has focused on the potential role of the prodomain in controlling ADAM function
by maintaining the ADAM in an inactive state either at the cell surface or prior
to trafficking to the cell surface. The prodomain is thought to aid correct folding
and localisation by acting as a chaperone (Milla et al 1999) and targeting ADAMs
through the secretory pathway. Furin cleavage of the prodomain (presumably in
the trans-Golgi network (Schafer et al 1995; Wouters et al 1998) has also been
reported for several ADAMs and evidence suggests that prodomain removal is
likely to be needed for metalloprotease activity (Lum et al 1998; Roghani et al
1999; Hougaard et al 2000; Howard et al 2000; Srour et al 2003) although the
nature of the molecular switches involved in stimulating prodomain cleavage are
unclear. Indeed, ADAM10 prodomain removal processing by furin and PC7 results
in increased ADAM10 activity (Anders et al 2001).

The prodomain is postulated to keep the ADAM proteins inactive via a cysteine-
switch mechanism that is later reversed when the prodomain is cleaved (Vanwart
and Birkedalhansen 1990; Grams et al 1993). In this mechanism, it is thought that
an unpaired cysteine residue within the prodomain blocks the active site by inter-
acting with the zinc binding residues via a thiol link (Milla et al 1999). In line
with this, other evidence to support the potentially important role of the prodomain
have pointed to the cysteine-switch mechanism as being key, with modification
of the cysteine-switch being suggested as a trigger for the cessation of ADAM
activity inhibition. For example, there is evidence that sulphydral modifications induce
shedding of cell surface proteins (Bennett et al 2000). In addition, since ADAM17
activity is able to be induced by nitric oxide and reactive oxygen (ROS), the inactivity
of ADAM17 may be maintained by the cysteine-switch that is modified by these
molecules to allow it to become active (Zhang et al 2000; Zhang et al 2001). There
is also evidence to suggest that ADAM17 may be activated by alkylation, which
may interrupt the cysteine switch and thus stop prodomain inhibition (Milla et al 1999).

A second possible mechanism for ADAM regulation that has been proposed is
that ADAM activation may be controlled by the location/position of the sheddase
and the substrate within the cell, particularly within the lipid rafts where ADAM
activity has been reported (Wakatsuki et al 2004). Evidence has shown that basal
shedding (at least) may be regulated by ADAM localisation within the plasma
membrane given that depletion of cholesterol promotes the shedding of �-Amyloid
precursor protein and L1 adhesion molecule (Kojro et al 2001; Mechtersheimer et al
2001). This is particularly relevant for the AT1 receptor mediated transactivation
pathway as both AT1 receptor and EGFR activity has been reported to occur with
lipid rafts/calveolin (Ushio-Fukai et al 2001b). Indeed, an important role of these
micro-domains in transactivation in VSMCs has become evident with research
showing that AT1 receptor targeting into Caveolin1-enriched lipid rafts is necessary
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for the proper organisation of AT1 receptor and EGFR during ROS-dependent Ang
II signalling and VSMC hypertrophy (Zuo et al 2005).

There is also evidence that the ability of ADAMs to cleave substrates may be
limited by substrate conformation. It has been proposed that intracellular signals
may stimulate ADAM-mediated shedding by impinging on the ectodomain of the
substrate, thus promoting a conformation in the substrate more favourable for
shedding. As an example, a number of ectodomain shedding events are induced
by sulfhydryl-modifying reagents that may cause not only ADAM activation, but
may also induce such conformational changes in ADAM substrates (Zhang and
Aggarwal 1994).

In addition to possible activation/inhibition by the prodomain, or sheddase/
substrate interactions, the cytoplasmic tails of ADAMs have been proposed to
act as regulators of metalloprotease activity. In transactivation, GPCRs activate
the metalloprotease activity of ADAMs via a mechanism that might logically
involve an intracellular signal emanating from the GPCR that impinges upon
the cytoplasmic carboxyl-terminus of the ADAM (see Figs. 1 and 2). Given the
membrane orientation of GPCRs and ADAMs, this intracellular mechanism most
likely involves direct or indirect interaction between the cytoplasmic tail of ADAMs
and signalling molecules that are activated by GPCRs (or the GPCRs themselves).
Such direct or indirect interactions of signalling molecules and the cytoplasmic
domain of ADAMs may induce proteolytic cleavage, affect disintegrin domain
activity, or influence subcellular location/processing. Indeed, a variety of ADAM-
protein interactions have been documented which may modulate ADAM function.

Accordingly, despite low sequence homology between ADAM family members,
the cytoplasmic tail of many ADAMs is replete in potential serine-threonine
and/or tyrosine kinase phosphorylation sites and protein:protein interaction motifs
(e.g. PDZ, SH2 and SH3 binding domains that may be involved in signal trans-
duction via the activation of SH3 domain containing proteins, such as Abl or
Src (Weskamp and Blobel 1994; Wolfsberg and White 1996). Although the exact
mechanism is yet to be determined, it seems possible that phosphorylation and/or
binding of proteins to these sites in the ADAM tail may be the means by which
GPCRs are able to either directly or indirectly intracellularly activate ADAMs and
induce ADAM metalloprotease activity. Indeed, many well known, and several
novel proteins, have been shown to bind to ADAM9 (Howard et al 1999; Nelson
et al 1999), ADAM15 (Howard et al 1999), ADAM17 (Nelson et al 1999) and
ADAM19 (Huang et al 2002) cytoplasmic domains in vitro and in vivo. For example
ADAM12 has been found to interact with a number of SH3 domain containing
proteins including p85� (Kang et al 2001), Src (Kang et al 2000) and Grb2
(Suzuki et al 2000) (although binding of these molecules has not been shown to
induce substrate cleavage). In addition, proteins such as Eve-1 have been found
to bind to the cytoplasmic tail of ADAM9, 10, 12, and 17 and induce HB-EGF
shedding in response to AngII and phorbol ester (TPA) stimulation, as well as the
shedding of amphiregulin, TGF�, and epiregulin in response to TPA (Tanaka et al
2004). Cytoplasmic binding of PACSIN3 to ADAM12 has also been shown to
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modulate metalloprotease activity since knockdown of endogenous PACSIN3 with
small interfering RNA (siRNA) reduces the amount of TPA and AngII induced
HB-EGF shedding (Mori et al 2003). As well as such protein:protein interactions,
kinases have been shown to phosphorylate ADAMs including ADAM9 (Izumi
et al 1998), ADAM12 (Suzuki et al 2000), ADAM15 (Poghosyan et al 2002)
and ADAM17 (Diaz-Rodriguez et al 2000). In some cases, such phosphorylation
events have been shown to regulate shedding under different conditions, which
also might be important in stimulating/modulating ADAM enzymatic function. For
example, PKC� interaction with ADAM9 has been shown to regulate HB-EGF
cleavage (Izumi et al 1998). Finally, a recent paper by Zhang et al. (Zhang et al
2006) reported that EGFR transactivation by the gastrin-releasing peptide receptor
involved Src- and PI3-kinase-mediated activation of phosphoinositide-dependent
kinase 1 (PDK1), which directly phosphorylated ADAM17 within this cytoplasmic
domain and activated the shedding of the EGF ligand, amphiregulin. Whether such
a mechanism is more widespread in GPCR transactivation, and for other ADAMs,
awaits examination.

Despite a large amount of evidence for the cytoplasmic domain having a role in
ADAM activation, there is also evidence that points to the contrary. For example,
ADAM17 lacking the cytoplasmic domain was able to reconstitute phorbol ester
(PMA)-induced shedding in ADAM17 deficient fibroblasts (Reddy et al 2000).
Similar research using a peptide cleavage assay has also shown that the cytoplasmic
domain of ADAM17 is not absolutely required for PMA induced shedding of p75-
TNFR (Doedens et al 2003). Such evidence indicates that the ADAM cytoplasmic
domain may not be the exclusive site of ADAM activation and points to extracellular
protein:protein interactions and cell:cell contacts as possible alternatives.

6. AT1 RECEPTOR-MEDIATED EGFR TRANSACTIVATION

At present, most evidence points to an ADAM17/HB-EGF-driven EGFR transacti-
vation for the activated AT1R, although this more likely reflects the availability of
experimental tools rather than representing the spectrum of actual TMPS scenarios
in the various AngII target organs. Just as important as identifying in which cell can
a particular GPCR couple to which ADAM and shed which EGF ligand to activate
which EGFR isoform (discussed in more depth in later sections) is the need to
understand the various molecular paths from AT1R activation to ADAM shedding.

As mentioned above, the interaction of mediators such Eve-1, PACSIN3 with
ADAMs and/or PDK1 phosphorylation are exciting possibilities that require further
study and confirmation. In addition, other signalling molecules have been hypoth-
esised to control GPCR-mediated ADAM stimulation, including Ca2+, Pyk2, ROS,
and even Gq itself (Smith et al 2004). While this may be the case for certain
cell types, research in cardiomyocytes indicates AngII-mediated transactivation is
independent of calcium and PKC since pharmacological inhibition (BAPTA-AM
and BIM respectively) does not reduce AngII-induced MAPK stimulation and/or
cardiomyocyte hypertrophy in vitro (Thomas et al 2002).
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In considering possible mechanisms for AT1R coupling to ADAM activation and
EGFR transactivation, a significant publication appeared in 2003 from Sadoshima
and co-workers (Seta and Sadoshima 2003). These authors reported that the AngII-
stimulated AT1R was tyrosine phosphorylated within its proximal carboxyl-terminus
at tyrosine319 and that this modification of the receptor allowed it to form a higher-
order complex with the EGFR, which initiated EGFR signalling, ERK1/2 activation
and cell growth. Mutation of Y319 in the AT1R abolished AngII-induced EGFR
transactivation. In a follow-up study, these authors demonstrated that the cardiac-
specific overexpression of a Y319F AT1R mutant in transgenic mice prevented EGFR
transactivation and AngII-mediated cardiac hypertrophy (Zhai et al 2006). Despite
the fact that others have also reported the physical interaction between AT1R and
EGFR (Olivares-Reyes et al 2005; Ushio-Fukai et al 2005), unfortunately, the
contribution of Y319 to AT1R-mediated EGFR transactivation has not been repli-
cated (Shah et al 2004; Mifune et al 2005). Eguchi and colleagues (Mifune et al
2005) demonstrated in both COS-7 and CHO-K1 cells that neither truncation of the
AT1R carboxyl-terminus after lysine318 (thereby removing Y319) nor point mutation
at Y319 affected HB-EGF shedding or EGFR phosphorylation and transactivation.
Instead, their data strongly supported a G protein-mediated activation of ADAM17,
the shedding of HB-EGF and subsequent EGFR activation. Similarly, Catt and
colleagues reported no difference between Y319F AT1R and the wild type receptor
in their capacity to activate ERK1/2 via AngII-mediated metalloprotease-dependent
EGFR transactivation. Hence, in different laboratories under distinct conditions, there
is no substantiation of the Y319 model of EGFR transactivation (Shah et al 2004).

7. A ROLE FOR EGFR TRANSACTIVATION IN AT1

RECEPTOR-MEDIATED DISEASE

There is overwhelming experimental and clinical evidence that selective antagonism
of the renin-angiotensin system, either by inhibiting angiotensin converting enzyme
or via AT1 receptor blockers, can lower blood pressure and reduce the morbidity
and mortality associated with dysfunction and disease related to the inappropriate
actions of AngII. Importantly, AngII (via the AT1 receptor) contributes strongly
to the growth of renal, vascular and cardiac cells and the remodelling and fibrosis
associated with heart failure, atherosclerosis and chronic renal disease. The capacity
to promote such growth and remodelling is closely aligned to tyrosine kinase
signalling pathways activated by the AT1 receptor and some recent cell-based and
in vivo studies suggest that EGFR transactivation is the central conduit for this
tyrosine kinase signalling.

7.1. Renal Disease

A variety of studies have now reported that AngII can transactivate the EGFR
and promote growth in kidney cells (Bokemeyer et al 2000; Uchiyama-Tanaka
et al 2001; Laurette et al 2005; Chen et al 2006; Yahata et al 2006). As reported
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by Lautrette et al. (2005) damage to the kidney (i.e., lesions, glomerulosclerosis,
tubular atrophy, fibrosis, mononuclear cell infiltration and proteinuria) in response to
chronic AngII infusion is significantly blunted in mice over-expressing a dominant-
negative version of the EGFR (Lautrette et al 2005). The dominant-negative EGFR
(CD533) is a truncated receptor lacking most of the cytoplasmic tail, suggesting
that the inhibition resulted from sequestration of shed EGF-like ligands. Indeed,
AngII stimulation promoted EGFR phosphorylation and the shedding of the EGF-
like ligand transforming growth factor � (TGF�) and AngII-mediated ERK1/2
activation was inhibited by AG1478 (the EGFR antagonist) and TAPI-1 (an inhibitor
with some selectivity towards ADAM17). Chronic AngII infusion resulted in up-
regulated ADAM17 and TGF�, whereas AngII-induced renal damage was prevented
in mice lacking TGF� or in which endogenous ADAM17 was inhibited. Together,
these data strongly indicate that AngII-mediated kidney deterioration is closely
associated with the activation of an ADAM (ADAM17) and the shedding of TGF�,
and suggest that renal-specific antagonism of EGFR transactivation might be a
useful therapeutic approach.

7.2. Vascular Growth and Remodelling

Substantial evidence support a crucial role for AngII-mediated EGFR transactivation
in vascular growth and dysfunction, much of which has been recently comprehen-
sively reviewed (Nakashima et al 2006; Ohtsu et al 2006a; Mehta and Griendling
2007). Although a number of studies have directly observed EGFR phosphory-
lation as well as EGFR- and metalloprotease-dependent signals following AngII
stimulation in various vascular cell models, the identity of the shed EGF ligand
has variously been reported as betacellulin (Mifune et al 2004), HB-EGF (Yang
et al 2005; Ohtsu et al 2006b), Epiregulin (Taylor et al 1999) or TGF� (Lemarie
et al 2006). Little evidence exists as to the specific ADAM(s) involved, although
Eguchi and colleagues favour ADAM17 based on reduced EGFR phosphorylation
and HB-EGF shedding in vascular cells transduced with dominant-negative versions
of ADAM17 (Ohtsu et al 2006b). An ADAM17-mediating shedding event would
also correlate with the recent report that TGF� is an important player in mechanical
stretch- and AngII-induced EGFR transactivation, NF�B signalling, vascular cell
proliferation and wall thickening (Lemarie et al 2006). In their study, Lemarie
(2006) reported that increased intraluminal pressure (from 80 mmHg to 150 mmHg)
in isolated vessels resulted in an NAPDH oxidase-mediated generation of ROS
and the subsequent activation of EGFR and the NF�B transcription factor. NF�B
was not activated in vessels from mice bearing non-functional EGFRs or in mice
lacking TGF�. In mice lacking TGF�, AngII induced vascular remodelling and
NF�B were significantly reduced, indicating a key role for this EGF ligand in both
AngII and strain-induced effects. Interestingly, whilst strain also activated ERK1/2
in an EGFR-dependent manner, this was not affected by the absence of TGF�
suggesting that different effectors downstream of the EGFR are driven by distinct
EGF ligands. It might well be that such selective EGFR transactivating systems are
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only evoked in the disease state where and when required. Indeed, AngII-mediated
vasoreactivity appears to only become EGFR-dependent in a streptozotocin-model
of diabetes, but not in non-diabetic controls (Benter et al 2005).

7.3. Cardiac Hypertrophy and Failure

Cardiac hypertrophy is an important physiological mechanism that enables the heart
to grow during post-natal development and to adapt to increases in workload and
stress caused by tissue injury and cardiovascular diseases including hypertension,
myocardial infarction and valvular diseases (Olson and Molkentin 1999). While
initially a beneficial response, prolonged hypertrophy is maladaptive, and can lead to
heart failure (Levy et al 1990). As for the renal and vascular systems, accumulating
evidence also indicates that the AngII/AT1 receptor axis, EGFRs, their ligands and
ADAMs are major players in cardiac development and maintenance as well as the
compensatory processes (hypertrophy and remodelling) that accompany stress or
injury to the heart (Shah and Catt 2004; Smith et al 2004).

Studies from several groups, including our own, have implicated EGFR transacti-
vation in AngII-mediated cardiac hypertrophy (Asakura et al 2002; Kagiyama et al
2002; Thomas et al 2002). We reported that AngII could promote EGFR phospho-
rylation in cultured cardiomyocytes and demonstrated that hypertrophy (and hyper-
trophic signalling) of these cells in response to AngII was blocked by AG1478
and by metalloprotease inhibitors (Thomas et al 2002). Kagiyama and colleagues
reported that an EGFR antisense approach effectively blocked the development of left
ventricular hypertrophy in an AngII-infusion model (Kagiyama et al 2002). Asakura
and colleagues provided evidence that GPCR-mediated cardiomyocyte hypertrophy
in vitro and in vivo results from an ADAM12-mediated HB-EGF shedding event
(Asakura et al 2002), an idea that correlates well with the important role that HB-
EGF plays in cardiac development (Iwamoto et al 2003). However, the ADAMs
and EGF ligands (and EGFRs) involved in cardiac growth and development have
not been systemically evaluated and, as outlined below, ADAMs in addition to
ADAM 12 (including ADAMs 9, 10, 15, 17 and 19), either singly or in combi-
nation, are potential candidates. Indeed, in a recent study, Fedak and colleagues
reported the differential expression and regulation of ADAMs 10, 12, 15 and 17 and
their endogenous tissue inhibitor (TIMP-3) in human myocardium during various
cardiac pathologies (Fedak et al 2006). Their data indicate complex interplay between
multiple ADAMs, TIMPs and integrins in the heart. Moreover, the identity of the exact
EGFR responsible for transactivation and the EGF-like ligand involved remains to be
determined and indicates yet another gap in our current understanding of this process.

8. ADAM CANDIDATES FOR EGFR TRANSACTIVATION
IN HEART

While the exact ADAM(s) that mediate cardiac hypertrophy remain unknown,
there is evidence to suggest the potential involvement of multiple ADAM family
members.
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ADAM 9 – shedding studies have implicated ADAM9 in the transactivation of
EGFR since over-expressing ADAM9 leads to an increase in HB-EGF shedding
(Izumi et al 1998). However, given that ADAM9 -/- mice are fertile, have no
abnormalities and have stimulated and unstimulated HB-EGF shedding levels
equal to that of wild type mice, ADAM9 is clearly not the sole ADAM responsible
for HB-EGF release, although it may mediate HB-EGF-independent transacti-
vation (Weskamp et al 2002).
ADAM10 (Kuzbanian) – ADAM10 is a potential key mediator of cardiac hyper-
trophy given its importance as an EGFR ligand sheddase, and its clear requirement
for heart development. The ADAM10 homologue, Kuzbanian, was first identified
in Drosophila as a protease of the Notch cell surface receptor required for neuronal
development (Rooke et al 1996; Sotillos et al 1997). In mammals, ADAM10, is
involved in proHB-EGF shedding in epithelial cells since LPA induced EGFR
phosphorylation is inhibited by blocking ADAMs/MMPs with GM6001, or by
blocking HB-EGF with it’s inhibitor CRM197 (Lemjabbar and Basbaum 2002).
It has also been implicated as a mediator of bombesin-induced proHB-EGF
shedding in COS-7 cells (Yan et al 2002). ADAM10 also appears to be the main
sheddase of betacellulin and EGF in mouse embryonic fibroblasts (Sahin et al
2004) and in mouse stomach epithelial mouse dermal fibroblast (Sanderson et al
2005). In addition to being an important sheddase in many cell types, ADAM10
may be involved in GPCR-induced cardiac hypertrophy given that ADAM10
is crucial for proper heart development in Drosophila Melanogaster (Albrecht
et al 2006) and mice, since mice with a disrupted ADAM10 gene die early in
embryogenesis due to neural and cardiovascular defects (Hartmann et al 2002).
ADAM12 (meltrin �) – ADAM12 was first studied in relation to its disintegrin
domain that has a role in promoting C2C12 myoblast fusion into myotubes
(Yagami-Hiromasa et al 1995). ADAM12 has been implicated in mediating
AT1 receptor activated transactivation given that it is known to shed important
EGF ligands such as HB-EGF in a regulated manner (Mori et al 2003; Tanaka
et al 2004). In addition, it has been implicated in cardiac hypertrophy primarily
through the study of Asakura and colleagues. (Asakura et al 2002) (see section
10 for details).
ADAM15 – ADAM15 is expressed in the human myocardium and shows increased
expression following dilated cardiomyopathy (Fedak et al 2006). This may
be important in the progression of cardiac dysfunction as it may play a role
in reducing cell-matrix interactions via cleavage of integrins, such as integrin �1D.
ADAM17 – ADAM17 (also known as TACE) is another strong candidate for
mediating cardiac hypertrophy given its crucial role in cleaving EGFR ligands
and in heart development. ADAM17 was first identified as the protease that
cleaves the inflammatory cytokine TNF� from the plasma membrane (Black
et al 1997; Moss et al 1997). Since then, ADAM17 has been shown to release
EGFR ligands: TGF-�, amphiregulin, epiregulin, and HB-EGF in a variety of
cells including mouse embryonic fibroblasts, squamous cell carcinoma cells and
primary keratinocytes (Sunnarborg et al 2002; Gschwind et al 2003; Sahin et al
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2004). In addition knockout studies also indicate that ADAM17 may play a major
role in controlling cardiac development and hypertrophy. For example, ADAM17
has been implicated in fetal murine cardiac development and remodelling (Shi
et al 2003) and ADAM17-/- mice are largely embryonic lethal, while those that
survived have major epithelial developmental defects including open eyelids and
thickened and misshapen hearts (Peschon et al 1998; Jackson et al 2003). This
extreme cardiac phenotype is also seen in mice that lack EGFR-/- and/or HB-
EGF-/- (or have an un-cleavable form of HB-EGF), indicating that ADAM17
may be involved in HB-EGF shedding and EGFR transactivation that is required
for normal heart development (Miettinen et al 1995; Sibilia and Wagner 1995;
Threadgill et al 1995; Iwamoto et al 2003; Yamazaki et al 2003). In addition,
triple knockout studies have shown that deletion of ADAM17 alone results in
malformed hearts, whereas ADAM9/12/15 triple knockout mice develop normal
hearts (Sahin et al 2004) further supporting the potential role for ADAM17 in
cardiac hypertrophy. On top of this, in the human heart, ADAM17 expression
is increased during dilated cardiomyopathy and hypertrophy, further implicating
ADAM17 in cardiac growth (Fedak et al 2006).
ADAM19 – Knockout studies have also indicated that ADAM19 may be involved
in cardiac hypertrophy given that ADAM19 is essential for cardiovascular
morphogenesis and development. ADAM19-/- mice have similar heart defects to
ADAM17-/- mice(Kurohara et al 2004; Zhou et al 2004). However, ADAM19
is not likely to be involved in HB-EGF-mediated transactivation, as HB-EGF
shedding is unaffected in ADAM19-/- mouse embryonic fibroblasts (Zhou et al
2004). Instead, like ADAM9, it may be involved mediating HB-EGF-independent
transactivation by releasing other EGFR-ligands from the cell surface.

9. ROLE OF EGFR SUBTYPES AND LIGANDS
IN CARDIAC HYPERTROPHY

Any of the four EGFR subtypes (HER1-4) could theoretically be involved in EGFR
transactivation and cardiac hypertrophy. Expression studies have revealed that the
presence of all four family members is required for normal heart development,
although the exact role of each receptor in cardiac hypertrophy is still under inves-
tigation (Chan et al 2006). Of the four subtypes, there is mounting evidence that
transactivation could involve homo- or hetero-dimers of HER1, HER2 and HER4.

HER2 is a major candidate for mediating AngII-induced cardiac hypertrophy
given that HER2 is activated by GPCR induced transactivation (Daub et al 1996;
Lin and Freeman 2003). HER2 has also been implicated in heart development
(Lee et al 1995) and HER2 conditional knockout mice have severe heart defects
(Ozcelik et al 2002). Other evidence for the role of this receptor have come from
anti-cancer clinical trials, where it was found that inhibiting HER2 with the anti-
cancer drug Herceptin (that specifically inhibits HER2 activity) is associated with
cardiomyopathy and heart failure (Crone et al 2002), indicating a key role for this
receptor in the maintenance of cardiac integrity.
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Like HER2, HER4 is another candidate for the key mediator of GPCR induced
EGFR transactivation given that HER4 stimulation can result in hypertrophy in both
adult and neonatal rat cardiomyocytes (Zhao et al 1998). HER4 is also activated
by ligands that have been linked to transactivation (notably HB-EGF and the
neuregulins) (Reise and Stern 1998; Zhao et al 1998). Knockout studies have also
implicated this receptor as playing a major role in heart growth and development
since HER4 knockout mice fail to develop myocardial trabeculae (Gassmann et al
1995).

Likewise HER1 could also be involved in transactivation in the heart given that
inhibition of this receptor in cardiac fibroblasts with the HER1 specific antagonist
AG1478 or with dominant-negative mutant versions of the receptor inhibit AngII-
mediated transactivation (Murasawa et al 1998a). HER1 knockout studies also
suggest a prominent role for this receptor subtype in heart growth and development
given that HER1 knockout mice exhibit sever epithelial and vascular abnormalities
(Miettinen et al 1995; Sibilia and Wagner 1995; Threadgill et al 1995). HER3
however is not likely to mediate hypertrophy in adult cardiomyocytes as expression
levels drop to a very low level in the heart after embryogenesis (Zhao et al 1998).
At present, the identification of the EGFR family member(s) that mediated cardiac
hypertrophy under normal and pathological conditions remains to be determined.

Moreover, the specific EGFR ligand(s) that mediate transactivation in cardiomy-
ocytes also remains unknown. As mentioned earlier, all EGFRs except HER2 are
activated by ligands from the epidermal growth factor (EGF)/Neuregulin family,
including EGF, HB-EGF, TGF-�, betacellulin, amphiregulin, epiregulin and epigen
(Reise and Stern 1998). All EGFR ligands are synthesised as type I trans-membrane
integral membrane-bound precursors that are able to be shed from the cell surface.
However while shedding occurs, it may not be required for biological activity
(Harris et al 2003). For example in vitro studies have shown that membrane bound
precursors are able to have activity at the cell surface in a juxtacrine manner (Wong
et al 1989). In most other instances, including those in Drosophila and mammals, it
has been shown that the ligands require proteolytic cleavage from the membrane to
form mature soluble proteins consisting mainly of the EGF-like domain (Freeman
1994; Dong et al 1999).

Most transactivation research has focused on HB-EGF as the ligand involved in
GPCR mediated EGFR transactivation, as it was the first ligand identified in associ-
ation with this phenomenon (Prenzel et al 1999). Evidence to support an important
role for HB-EGF in transactivation in the heart comes from knockout studies, where
HB-EGF-/- mice have cardiac defects similar to mice that lack EGFR (Iwamoto
et al 2003). In cardiomyocyte hypertrophy, HB-EGF has also been implicated
since blocking HB-EGF release via neutralising antibodies or catalytically inactive
ADAM12 mutants blocks EGFR activation and hypertrophy of cardiomyocytes
(Asakura et al 2002).

However, while HB-EGF may be involved in mediating transactivation in the
heart, it may not be the sole ligand involved. Research has also shown that neureg-
ulins have roles in heart growth and development (Garratt 2006). For example,
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neuregulin-1, knockout mice die of heart failure during mid-embryogenesis (Zhao
et al 1998). In addition, neuregulin-1 has been implicated in cardiac hypertrophy
(Baliga et al 1999), possibly via release from endothelial cells to activate HER4
and HER2 on cardiomyocytes (Lemmens et al 2006) to promote survival especially
in situations where cardiac function is compromised (Liu et al 2006; Timolati
et al 2006). The investigation of the role of these and other ligands is still being
carried out.

10. APPROACHES TO STUDY ADAMS IN THE EGFR
TRANSACTIVATION PATHWAY

Traditionally, the involvement of a particular ADAM in a specific cellular process
has been examined using over-expressed wild type ADAMs, catalytically-inactive
“dominant-negatives” and/or pharmacological inhibitors of sometimes limited (or
unknown) selectivity. The common approach for generating a dominant-negative
ADAM is to introduce a point mutation in the catalytic motif of the metalloprotease
domain that changes the key glutamate residue (responsible for binding the zinc ion
needed for catalytic activity) to an alanine residue so that the ADAM is no longer
able to bind zinc and thus no longer able to cleave ligands. While such E/A mutants
have found some utility, results published from such studies should be viewed with
some caution.

For example, ADAM17 was recently identified as the key ADAM involved in
mediating transactivation in VSMCs. Ohtsu and colleagues showed that dominant-
negative E/A ADAM17 was able to inhibit AngII mediated transactivation and
growth in VSMCs, whereas ADAM10 dominant-negative wasn’t able to inhibit
AngII induced ERK1/2 activation (Ohtsu et al 2006b). While this indicates a
potential role for ADAM17 in mediating this process, it is worth noting that the
use of catalytically inactive mutants alone is questionable as these mutants may
not act as true dominant-negatives, and may have other, unaccounted for, effects.
Indeed, heterozygous �Zn+ mutants have a wild type phenotype, indicating that
the protease inactive mutants do not act as dominant negative proteins, but rather
act as loss of function mutants (Sunnarborg et al 2002). In addition, there has been
concern raised about how such mutants may effect ligand expression. Dempsey
has suggested that over-expression of protease-inactive ADAMs may perturb the
processing and trafficking of EGF ligands and inhibit their cleavage and release,
meaning that any inhibition seen in the presence of these mutants may reflect
ligand, rather than ADAM, inhibition (Dempsey 2002). A final concern is that such
mutations in the catalytic domain may alter ADAM structure and in fact may be
insufficient to knock out ADAM metalloprotease activity. Indeed, there is evidence
to suggest that the cysteine-rich domain in vivo regulates metalloprotease activity
(Smith et al 2002) and thus complete metalloprotease inhibition via such mutants
may not be achieved.

Pharmacological inhibition studies should likewise be viewed with some reser-
vation. For example, ADAM12 was identified as being the key ADAM in mediating



290 BOURNE AND THOMAS

AngII-induced cardiac hypertrophy in cardiomyocyte cultures (Asakura et al
2002). Using a reportedly ADAM12 specific inhibitor (KB-R7785), Asakura and
colleagues demonstrated that blocking ADAM12 inhibited HB-EGF release, EGFR
activation and cardiomyocyte hypertrophy. This led to the claim that ADAM12
was the primary ADAM involved in mediating GPCR agonist induced cardiac
hypertrophy. However, doubts about the specificity of KB-R7785 for ADAM12
compared to other ADAMs were soon raised (Liao 2002), and indeed, since then it
has been found that at concentrations of 10μM, KB-R7785 is able to inhibit both
ADAM12 and ADAM17 (Ichikawa et al 2004).

Another interesting approach to understanding ADAM activity has relied on
over-expressing the cytoplasmic domain of ADAMs alone to act as decoys. For
example, over-expressing the cytoplasmic tail of ADAM12 is sufficient to act as a
decoy to block myoblast fusion presumably by sequestering proteins that normally
associate with the tail of ADAMs (Galliano et al 2000). There is also evidence that
over-expressing the cytoplasmic tail of ADAM9 reduces TPA-induced HB-EGF
shedding (Izumi et al 1998). Such a prominent role for the cytoplasmic domain
blockers has yet to be shown for GPCR-mediated EFGR transactivation, but it
worth considering.

Other attempts to elucidate the role of ADAMs in particular cellular functions
have used RNA interference technology to reduce ADAM mRNA and therefore
protein levels (Fischer et al 2006). While this approach is more likely to specifically
inhibit a given ADAM, such studies are yet to be carried out for cardiomyocytes
and have not yet been performed in vivo. More recently, the use of knockout mice
for specific ADAMs, crossing between lines and derived cell lines from single
or multiple ADAM knockouts has provided more compelling evidence for the
involvement of a given ADAM in a specific shedding event (Sahin et al 2004). An
obvious use of such tools will be to ascertain the involvement of particular ADAMs
in GPCR-mediated transactivation.

Clearly, elucidating the contribution of particular ADAM family members to
AngII-induced transactivation and their role in diseases, such as cardiac hypertrophy
and remodelling, will require a multifaceted approach as well as the use of more
specific ADAM inhibition/activation methods in a cell- and tissue-specific manner.
For example, as an extension of the siRNA approach, microRNAs (which are more
potent than siRNA sequences and can be driven by cell-specific promoters) could be
used to reduce the expression of specific ADAMs in culture and in vivo to determine
the effect of their inhibition on GPCR-mediated transactivation and cardiovascular
disease.

11. FUTURE DIRECTIONS FOR THE ROLE OF ADAMS
AS MEDIATORS OF ANG II ACTIONS

Studies over the last decade have provided an explosion of interest in the idea that
EGFR transactivation plays a significant role in the selective actions of GPCRs, like
the AT1 receptor. In particular, there has been much research into the deleterious
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effects of angiotensin on the growth and remodelling of cardiovascular tissues. For
technical reasons, as well as the shear size, complexity and potential redundancy
of the ADAM family, we still have many gaps in our knowledge about the role of
ADAMs in AngII-induced transactivation that warrant investigation. Similarly, the
presence of multiple EGFRs (that can homo- and hetero-dimerise) and numerous
EGF-like ligands means correlating a specific ADAM with the shedding of a defined
EGF ligand to activate a distinct EGFR complex in a particular cell type in vivo
and perhaps relating that to a disease state is a significant challenge.

In addition, much remains to be done in delineating the mechanism(s) by which
stimulated GPCRs lead to ADAM activation. Most current paradigms focus on
the role of the ADAM carboxyl-terminus in this process and the next few years
should see more examples of protein:protein interactions and regulatory events that
mediate GPCR-ADAM linkages. In this regard, the view that the TMPS process
of GPCR/ADAM/ligand/EGFR occurs in cis (i.e., the ADAM cleaves ligands and
activates receptors located on the same cell as shown in Fig. 1) is probably too
narrow and needs revision. Specifically, Lackmann and colleagues have recently
shown that ADAM10 is able to cleave the ephrin ligand in trans (i.e. the ADAM
cleaves ligands located on different cells) (Janes et al 2005). Does EGFR trans-
activation proceed in the same manner with AT1 receptors and ADAM on one
cell and the putative EGF ligand on another? This might make some sense in a
situation like cardiac hypertrophy where cardiomyocytes, fibroblasts and endothelial
cells all contribute to the remodelling phenotype. For example, Lemmens and
colleagues have recently reported that the source of neuregulin 1 that appears to
mediate cardiomyocyte survival pathways is from endothelial cells and that they
activate HER2/HER4 heterotrimers on the cardiomyocyte cell to affect their function
(Lemmens et al 2006). Whether GPCRs that induce hypertrophy (like the AT1

receptor) and specific ADAMs are able to promote neuregulin release/shedding
from endothelial cells is unknown, but is worthy of some consideration, as is the
possible separate, cellular localisation of the various components of TMPS in heart.

12. CONCLUSIONS

The renin-angiotensin system is an important biological system that contributes
to human health and disease. While many of the effects of the AngII via the
AT1 receptor can be explained by current theories of Gq/11 activation and classical
signalling in various target tissues, it is now clear that many of the growth and
remodelling effects associated with AngII-mediated disease involve the transacti-
vation of EGFRs. As protagonists of EGF ligand shedding, ADAMs are central
players in EGFR transactivation. Although the EGF receptor subtype, ligand and
ADAM(s) involved in this complex pathway are yet to be fully determined, further
understanding the mechanism through which this transactivation pathway occurs
will support efforts to develop new and alternative therapeutics to treat/manage
cardiovascular diseases and will provide insight into the mechanisms that allow
cross-talk between GPCRs and receptor tyrosine kinases.
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cancer, 203
carotid body, 159
heart, 21, 30
inhibitors, 116, 207
kidney, 2
skeletal muscle, 222

Angiotensin-converting enzyme-2, 5–10
Apoptosis

angiotensin II, 204, 253
cancer, 203
pancreatitis, 64, 65
skeletal muscle, 229

Apnea, 158, 165, 170
Atherosclerosis

ACE inhibition, 39
RAS activation, 96–98

Blood pressure
ACE inhibition, 34
Ang-(1-7), 25
AT1 receptor, 164–165
AT2 receptor, 373

cardiometabolic syndrome, 133
hypoxia, 169

Bradykinin, 4, 5, 36–37, 222–223, 233, 255–256
Breast cycle, 145

Cardiometabolic syndrome
diagnosis, 88

Carotid body, 155–157, 160–171
Cell proliferation, 30, 137, 144, 145, 201–203,

206–208, 211, 277, 284
Chemoreceptor, 155–157, 159–168, 169–171
Chymase

Ang II generation, 260
mast cell, 24

Cirrhosis, 113, 114, 123, 127

Diabetes
ACE inhibition, 40
clinical trials on RAS blockade, 103, 106,

159, 231
pancreatic stellate cell activation, 67
type 2 diabetes mellitus, 73, 87

Dysfunctional adipose tissue, 90

EGFR, see Epidermal growth factor receptor
Epidermal growth factor receptor, 95

Fibrosis
cardiac, 12, 25, 38
hepatic, 113–127
islet, 74, 76

Heart failure
ACE inhibition, 30–31
carotid RAS, 170–171
role of EGFR, 287–289
skeletal muscle RAS, 228–230

Human cancer
role of RAS, 200–201
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Hyperglycemia, 99, 101, 102
Hypoxia

chronic, 156, 157, 161, 162, 163–165, 166,
167, 168

intermittent, 165–169

Insulin resistance
adipose tissue, 90–92
role of skeletal muscle RAS, 230–234

Ischaemic heart disease, 21–41

Kallidin
formation, 26–27

Kidney
renin-angiotensin-aldosterone system, 1, 164

Liver
characteristics, 143
studies on human liver diseases, 123

Losartan, 37, 63, 67, 74, 101, 121, 122, 123, 126,
139, 158, 159, 160, 164, 166, 168, 169, 179,
184, 191, 206, 252

Metastasis, 139, 140, 141, 145, 203, 205, 207
Mineralization

osteoblast mineralization, 185–186

N-acetyl-seryl-aspartyl-lysyl -proline, 21
Neprilysin, 10–12

Osteolysis, 179, 189
Oxidative stress

in carotid body, 166
RAS activation, 96

Pancreatitis
activated pancreatic stellate cells, 76
acute, 56–67
pathophysiology, 57–58

Performance
role of skeletal muscle RAS, 225–228

Portal hypertension, 114, 120, 126

Prorenin
activation, 248
receptor, 208–209, 247
source, 248

Proximal tubule
distribution of NADPH subunits, 98
localization of ACE, 7
localization of ACE2, 7

RANKL, 188
RAS, see Renin-angiotensin system
Receptor antagonist

AT1, 9, 13, 65, 68, 139, 158, 159, 159, 170,
186, 191, 256, 260, 261

kinin B2, 4
type 2 bradykinin, 25

Renin
cardiac renin, 21
characteristics, 202
ren-1/ren-2 gene, 247, 248, 250

Renin-angiotensin system
breast RAS, 135–145
cardiac RAS, 34
circulating RAS, 116, 117, 156, 161, 162, 201,

221, 247
in hypoxia, 157–159
local RAS, 222
regulation, 158–159
skeletal muscle RAS, 221–236

Skeletal muscle
ACE, 222
angiotensin II, 223, 224
angiotensin II receptor, 223

Stellate cell
hepatic, 115, 116, 120, 121
pancreatic, 76

Therapeutics
RAS blockade, 103–106

Transactivation
of EGFR, 286, 291

Triple membrane passing signaling, 276

UMR-106 cell, 182, 184, 185, 188
apoptosis, 185
AT1 receptor regulation, 184
mineralization activity, 185
proliferation, 184–185




