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Summary

The renin-angiotensin system (RAS) is involved in the regulation of blood pressure

and eiectrolyte balance as weIl as in the pathogenesis of severa! diseases, including

hypertension. The RAS bas been descnoed as an endocrine system in which aIl of the

constituents are present in the circulation. Renin catalyses the cleavage of liver.derived

angiotensinogen thereby initiating the tirst and rate-limiting step in the generation of the

potent vasoactive peptide angiotensin il (Ang II) in circulation. Renin is secreted primarily

from the kidneys along with it biosynthetic precursor, prorenin. Observation ofpresence of

these constituents in tissues bas 100 the proposai of the existence oflocaI or tissue RAS. In

cardiovascular tissues, the origin ofreoin is still a controversiaI issue. Previous studies have

provided evidence in vitro for the uptake and local activity of circulating renin in such

tissues. However, direct evidence from in vivo studies is stilliacking.

We have created an in vivo model ta directly test whether circulating renin and

prorenin are taken up by tissue to contnbute ta local generation of angiotensin peptides. In

this model, transgenic mice which release human active renin and/or prorenin into the

circulation exclusively from the liver were mated to mice expressing human

angiotensinogen exclusively in the heart. The measurement of the products of the reaction,

Ang 1 and fi, in the hearts of double-transgenic mice serves as a direct measure of the

ability ofcirculating renin and prorenin to promote the activity of a local cardiac RAS. Our

results provide the tirst direct evidence that circulating renin contributes by a pressure­

independent mechanism to the production of angÏotensin peptides in the heart of intact

animais. Moreover, we provide the first direct evidence that circulating prorenin

contributes ta the production of angiotensin peptides in the tissues of intact animais

supporting a raIe for circulating prorenin.

Ta directly test whether circulating prorenin plays a physiological role in mice by

competing for the uptake and tissue action ofcirculating renin, we have created a second in

vivo mode!. In this model, transgenic miee harbor a chrome elevation of circulating mouse

prorenin. Our results fail ta support a model in which circulating prorenin could act as a
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DaturaI antagonist ofrenin binding in the vasculature and be responsible for the circulatory

modifications and pathologies associated with its chronic elevatioDS.

In conclusion, our studies permitted us to confinn. that uptake and local activity ofboth

circulating renin and prorenin take place in vivo. However, no significant blood pressure­

lowering role can be attributed to circulating prorenin in mice.
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Résumé

Le système rénine-angiotensine (SRA) est reconnu comme un facteur prépondérant

dans le maintien de la pression sanguine et de l'équilibre électrolytique ainsi que dans la

patbogénèse de diverses maladies tel que l'hypertension. Ce système est décrit comme

endocrinien et implique la rencontre de ces composantes présentent en circulation. La

rénine catalyse le clivage de l'angiotensinogène produite du foie. Cette première réaction

représente l'étape limitante menant à la génération de l'angiotensine n, un peptide vasoactii

La rénine est sécrétée principalement du rein tout comme la prorénine, son précurseur

biologique. L'observation de la présence de ces composantes dans les tissus a mené à

proposer l'existence de SRA locaux (tissulaires). L'origine de la rénine dans les tissus du

système cardiovasculaire fait encore l'état d'une controverse. Des études antérieurs tendent

à démontrer que la rénine peut être capter de la circulation par différent tissus et qu'elle

possède une activité enzymatique locale (tissulaire). Toutefois, aucune étude n'a permis de

confirmer de telle observation in vivo.

De ce fait, nous avons créé un modèle expérimental nous permettant de tester

directement l'hypothèse voulant que la rénine et que la prorénine soient captées par diverses

tissus pour contribuer à la génération locale de peptides angiotensine in vivo. Ce modèle

consiste au croisement de souris transgéniques exprimant le gène codant pour la rénine ou

la prorénine humaine dans le foie avec des souris exprimant le gène codant pour

l'angiotensinogène humain dans le coeur. Le dosage de l'angiotensine 1et II, les produits de

la réaction, dans le coeur des souris transgéniques porteur des deux gènes servira à

déterminer la capacité de la rénine et de la prorénine humaine circulante à promouvoir

l'activité d'un SRA cardiaque local. Nos résultats ont permit de fournir l'évidence directe

que la rénine en circulation contribue à la production de peptides angiotensine dans le coeur

d'animaux intacts, et ce indépendamment de la pression sanguine. De plus, nous avons

foumis l'évidence directe de la contribution de la prorénine circulante à la production de

peptides angiotensine dans les tissus d'animaux intacts ce qui appuie un rôle pour la

prorénine.
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De façon à tester directement si la prorénine en circulation joue une rôle physiologique

chez la souris, nous avons développé un second modèle expérimental in vivo. Ce modèle

consiste à des souris transgéniques surexprimant le gène codant pour la prorénine de souris.

Nos résultats ne supportent pas le modèle voulant que la prorénine circulante agit comme

un antagoniste naturel de la liaison de la rénine aux récepteurs présent dans la parois des

vaisseaux et qu'elle soit responsable des modifications et pathologies des vaisseaux

sanguins associées normalement à son taux plasmatique élevé de façon chronique.

En conclusion, nos études nous ont permis de confirmer que la rénine en circulation

était bien captée par divers tissus in vivo et qu'elle était active localement. De plus, nous

avons démontré que la prorénine en circulation avait la capacité d'être active localement lui

permettant de fournir une activité rénine au niveau tissulaire. Toutefois, il semble que celle­

ci ne joue aucune rôle physiologique important chez la souris.
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Preface

The present thesis, consisting of 5 chapters, has as a theme the functional raIe of

circulating (pro)renin in tissues. Chapter 1 is a Iiterature review covering our present

knowledge ofthe roles ofcirculating RAS and of its constituents. Emphasis is made on the

evidence for the existence and function of local RAS, especially in the heart. Subsequently,

the question of the origin of renin in tissues is presented introducing the concept of renin

uptake. Finally, hypotheses conceming prorenin function in vivo are presented as weIl as

the experimental approach used for the present studies (e.g. transgenic mouse modeI) to test

these hypotheses.

Chapter 2 to 4, inclusively, are comprised of scientific articles, in their original forro,

in accordance with the McGill University "Guidelines for Thesis Preparation" which reads

as follows:

Candidates have the option of including, as part of the thesis, the text of one or

more papers submitted or to he submitted for publication, or the clearly-duplicated

text ofone or more published papers. These texts must bound as an integral part of

the thesis.

If this option is chosen, connecting texts that provide logical bridges between the

different papers are mandatory. The thesis must he written in 80ch a way that it is

more than a mere collection of manuscripts; in other worles. results of a series of

papers must he integrated.

The thesis must conform to the other requirements of the uGuidelines for Thesis

Preparation". The thesis must include: a Table of Contents, an abstract in English

and French, an introduction which clearly states the rationale and objectives of the

study, a review of the literature, a final conclusion and summary, and a thorough

bibliography or reference list

Additional material must he provided where appropriate (e.g. in appendices) and in

sufficient detail to allow a clear and precise judgment to be made of the importance

and originality of the research reported in the thesis.
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ln the case ofmanuscripts co-authored by the candidate and others, the candidate is

required to make an explicit statement in the thesis as to who contnbuted to such

work and ta wbat extent Supervïsors must attest ta the accuracy ofsuch statements

at the doctoral oral defense. Sïnce the task ofthe examiners is made more difficult

in these cases, it is in the candidate's interest to make perfectly clear the

respoDSlbilities ofal1 the authors of the co-authored papers.

Thus, in accordance with these regulations, small connecting texts will be presented

before each of the chapters 2 to 4 descnoing the logical progression of the work and the

contribution ofeach co-authors.

Finally, chapter 5 includes a detailed discussion of the relevance of the findings in the

thesis and attempts to describe the future prospects of the studies on uptake and local

activity of circulating (pro)renin in tissues. This is followed by a claim to originality, the

Appendices in which additional studies are reported and, finally, a general bibliography

follows and includes the references for chapters 1 and 5. The references for chapters 2 to 4

inclusivelyare found at the end ofthe respective chapter.
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General introduction
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More than 100 years ago, a pressor activity was discovered in kidney extraet and the

name renin was coined in 1898 (1). Renin remained a mysterious entity until it was purified

in stable fOIm in the 1970s. During this 70-year period, the pathophysiological importance

ofrenin in renovascular hypertension was established. Identification ofrenin as an enzyme

that produces the pressor peptide angiotensin (a hybrid of angiotonin and hypertensin) laid

a foundation for the future development ofresearch on the renin-angiotensin system (RAS),

as we know it taday (2). This 100 to extensive stlldies on angiotensins and their formation

from angiatensinogen by renin and angiotensin-eonverting enzyme.

1 The circulating renin-angiotensin system

The RAS has traditionally been viewoo as a hormonal (endocrine) system. However, unlike

many other hormones, angiotensin il (Ang II), the effector component of the system, is not

released into the circulation by a group of specialized cells in one single organ, but it is

produced in the circulation and the components required for angiotensin synthesis are

derived from many different organs (Figure 1.1). The precursor protein, angiotensinogen, is

produced in the liver. It serves as the substrate for renin, an aspartyl protease originating

from the kidney to form the decapeptide angiotensin l (Ang 1). Ang l is subsequently

converted into the octapeptide angiotensin II (Ang II) by angiotensin-converting enzyme

(ACE), a membrane-bound metallopeptidase, located at the luroina) side of the vascular

endothelium. ACE also circulates in an active soluble form in blood plasma. Ang il is a

potent hormone and its synthesis and degradation are tightly controlled. Angiotensin­

degrading enzymes, so-called angiotensinases, present at the luminal surface of the

vascular endothelium and in the circulating blood, degrade Ang l and II into smaller,

mostly inactive, fragments.

Ang II is the active Mediator ofthe cardiovascular actions of the RAS. It is involved in

the regulation of blood pressure in severa! ways. Not only is Ang II a patent

vasoconstrictor, it aIso regulates blood volume and sodium balance through stimulation of

water- and sodium retention by the kidneys (Figure 1.2). The action of Ang II in renal

water and sodium. handling are mediated by the peptide's direct effect on renaI tubule cel1s

(3) and the renaI vasculature, as well as by its indirect effects on the kidney via the
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production and release of aldosterone from the adrenals (4,5). Ang n aIso acts within the

heart, the central and autonomous nervous systems to amplify its volume-retaining and

vasoconstrictive effects on peripheral vascular systems. In addition to cardiovascular

homeostasis, Ang II effects on tissue involve biological responses snch as angiogenesis

(eye), gluconeogenesis (liver), fibrosis (heart and kidney), and altered exploratory behavior

(brain) (6-16).

Liver

Blood vessel

AT-R

Figure 1.1 The classical concept of the renin-angiotensin system. Components:

angiotensinogen (AGT), angiotensin (Ang) 1and IT, and angiotensin fi receptors (AT-R).
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AlI of the biological actions of Ang II are mediated through binding to specific

membrane receptors, followed by an intracellular cascade of second messenger reactions,

leading eventually to the cellular response. For Ang TI, at least two different subtypes of

receptors, AT1 and AT2, have been identified, based upon differential binding of non­

peptide Ang II receptor antagonists (17). Bath subtypes belong to the seven transmembrane

domain receptor superfamily. Most of the known physiological responses of Ang II are

mediated by the ATI receptor. In mouse and rat two isoforms of the ATl subtype receptor

can be distinguished based on their amino acid sequences, ATla and ATlb (18-22). Because

pharmaceutical inhJ.bition of the AT1 receptor does not discriminate between these

isoforms, the relative physiological roles ofATla and ATlb and their relationship to human

AT1 receptor functions have been difficult to identify. Recent gene-targeting experiments

have clarified the relative role of the ATla and ATlb receptors in the periphery,

demonstrating a predominant role for ATla receptors in regulation ofvascular tone (23,24).

Stimulation of the ATl receptor is associated with a hypertrophie or hyperplastic growth

response in fibroblasts and myocytes (25-28), whereas stimulation of the AT2 reeeptor

seems to he anti-proliferative and pro-apoptotic (29-32).

The signal transduction events stimulated by Ang II binding to AT1 receptor learl, via

interaction with a G protein (e.g., mainly Gq a), to the activation ofphospholipase C, which

hydrolyses phosphatidylinositol 4,5-biphosphate to inositoi 1,4,5-triphosphate (IP3) and

diacylglyeerol (DAG). IP3 mobilizes Ca2+ from the endoplasmie reticulum, while DAG

activates protein kinase C (33,34). Additional signal transduction pathways reported to be

triggered by AT1 receptor stimulation include the JaKlSTAT pathway and the RasIM.AP

kinase pathways (35-39). The signal. transduction events ofthe AT2 receptor are not as weIl

defined, but they have been shawn to include inhibition of MAP kinase activation

(30,40,41). Coupling of the AT2 receptor to a G protein (e.g., Gi) has been demonstrated

(30,32,42,43). Moreover, apoptosis attributed to AT2 receptor stimulation seems to he

mediated through the second messenger ceramide (44,45).

In addition to the ATl and AT2 plasma membrane receptors, Ang II binding sites have

been deteeted in the cytosol and nucleus of cells (46-52). Sorne of these binding proteins

have ATl receptor-like characteristies (46,48,52). The fonction of these intraeellular
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receptors is presently unknown. However, a small but growing body of evidence bas

developed to indicate that intracellular receptors could have effects on the transcription

regulation of renin and angiotensinogen, on cell-to-cell communication and impulse

propagation (53-56).

Although the primary and MOst important effector product ofthe RAS is Ang fi, recent

evidence has demonstrated that sorne amino and carboxy terminal derived fragments of

Ang II possess sorne biological activity. These angiotensin metabolites include angiotensin

m(Ang Ill), angiotensin N (Ang IV), and angiotensin [1-7] (Ang [1-7]) (Figure 1.3, Table

1.1).

+Amfnopeptidase

+Amfnopeptidase

AnglV

Angiotensinogen

Renin +
Ang 1

1

+

l

AT[1-7]

Ang [1-7]

Endopeptidase

Carboxypeptidase

...

Ang III

ACE +
Ang Il,,,

1,

~
T1 ...

+--
AT

2
'",,,

~+-~

•

Figure 1.3 Generation ofangiotensin preptides (Ang) from angiotensinogen and activation

ofvarious angiotensin receptor (AT) by angjotensin II and its metabolites.
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Table 1.1 Angiotensin peptide sequences

Angiotensin
peptide

AGT

Angl

Angll

Anglll

AnglV

Ang [I-7J

AmEna acid sequence (position)
1 2 3 4 5 6 7 8 9 10 11 12 13 14

NH2-Asp-Arg-Val-Tyr-ne-His-Pro-Phe-His-Leu-Val-De-Hïs-Asn-R-COOH

NH2-Asp-Arg-Val-Tyr-ne-His-Pro-Phe-His-Leu-COOH

NH2-Asp-Arg-Val-Tyr-De-His-Pro-Phe-COOH

NHrArg-Val-Tyr-lle-His-Pro-Phe-His-Leu-COOH

NH2- Val-Tyr-lle-His-Pro-Phe-His-Leu-COOH

NH2-Asp-Arg-Val-Tyr-ne-His-Pro-COOH

* Sequence derived from human angiotensinogen. R in angiotensinogen consists of 438

amine acids. AGT, angiotensinogen. Ang, angiotensin.

Ang ID is a direct metabolite of Ang II, produced by aminopeptidases (mainly

aminepeptidase A: APA) (Figure 1.3). In the brain, Ang meffects are similar to Ang II

causing pressor and dipsogenic effects as weIl as appetite when injected into cerebral

ventricles (57). Recent evidences suggest that Ang mis the major effector peptide in the

brain, accounting for sorne physiological effects thought to be mediated by Ang II (58).

Ang III biological activity is mediated through binding AT1 and AT2 receptoIS (59,60).

Recently the existence ofa new angiotensin receptor type, AT4, bas been proposed that

preferentially binds Ang IV, a product from further metabolism of Ang II or Ang ID

peptide (61-63) (Figure 1.3). Its naturalligand may however be Leu-Val-Val-hemorphin 7

rather than Ang IV (64). This receptor is prominent in the brain (65-67). Peripheral tissues

that reveal a high content of AT4 are kidney, bladder, beart, spleen, prostate, adrenaIs, and

colon (68). The primary functions thus far associated with this Ang IV/AT4 system include

memory acquisition and retrieval, the regulation of blood flow, inhibition of renal tubular

sodium reabsorption, and cardiac hypertrophy (69). There is a preliminary indication that



•

•

•

8

this system may a1so be involved in neurite outgrowth (57,70), angiogenesis, and

stimulation of endothelial cell expression of PAI-1 (71), and repair of blood-brain barrier

(72).

Ang [1-7] is primarily a product of Ang 1 metabolism by endopeptidases (e.g.,

neprilysin, metallo- and prolyl endopeptidases) (73), a1though it may aIso be cleaved from

Ang fi by a carboxypeptidase (e.g., post-proline carboxypeptidase) (74) (Figure 1.3). Ang

[1-7] biological effects include vasodilatation, stimulating the synthesis and release of

vasopressin, prostaglandins, and nitric oxide, and potentiating the hypotensive effects of

bradykinin (75). These effects seem. to he mediated via a non-ATrlAT2 receptor subtype as

suggested by it sensitivity to non-selective angiotensin antagonist, [Sar1
_Thrs] Ang II (76).

Furthermore, a relatively high affinity-binding site (10-20 DM) for Ang [1-7] has been

described (77-79). However, characterization of these sites has not yet been completed

(75). Recent reports indicate that Ang [1-7] may bind to ACE to be further metabolized

(80-83).

2 The RAS componenu: renin, ACE and angiotensinogen

2.1 Renin

Renin belongs to the class of aspartyl proteinases which consist of two similar domains

each containing a catalytically essential aspartic acid residue with the active fonn produced

from the proenzyme by a proteolytic cleavage of the N-terminal propeptide. However,

renin differs from the others members of this class in severa! respects. It bas a pH optimum

of 5.5-7.5 instead of 2.0-3.4 (84). This neutral pH optimum is essential for it to be

functional in the plasma. R:nin also differs ta other aspartyl proteinases by having a highly

restricted substrate specificity. Unlike other aspartyl proteinases, renin activation is not

autocatalytic. Renin has no known biochemical role other than the proteolysis of renin

substrate, angiotensinogen. Renin has a very high degree of selectivity for the amino acid

sequence on either side of the unique scissile peptide bond of angiotensinogen. Human

renin cleaves the bond between the Leu10 and Valll residues in human angiotensinogen

(Table 1.1). The minimum size ofa substrate cleaved by renin is the octapeptide Pr07-Phe8
_

His9_Leul°#Valll_ne12_His13_Asn14; this reflects the size of the active site and gives clues to
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the nature of the residues involved in substrate binding. Additionally, renin from aImost an
species including human. cleaves the Leu10-Leuli bond in pig, horse and sheep

angiotensinogen. It is weil known that non-primate renins react very poody with primate

angiotensinogen, whereas human renin reacts relatively weil with non-primate

angiotensinogen. The presence ofan asparaginyl N-giycosylation site near the scissile bond

may very weil account for the selectivity. The enzyme activity of renin is determined by

measuring the rate ofproduction ofAng 1 from angiotensinogen by radioimmunoassay (85)

or enzyme immunoassay (86).

Mature native renin is a single-chain polypeptide of about 40-50 kDa, pl 5.7, which

contains two disulfide bonds and two potential N-glycosylation sites (87). Renin is encoded

by a single gene locus (Ren-l) located on chromosome 1. The reoin gene is ......12.5 kb in size

and contains 10 exons and 9 întrons. The structures ofrenins (derived from the ren-l gene)

were deduced from the nucleotide sequence of cDNA (human and rat) which revealed the

presence of preprorenin and prorenin consisting of about 400 amino acid residues (88,89).

A single-chain fonn ofrenin of42 kDa was produced by recombinant methods.

Renin is produced as prorenin with a 43 residue prosegment attached at the N-terminus

of mature renin (90-94). Prorenin is an inactive proenzyme that is activated in vitro by

trypsin, cathepsin B and other proteinases (95). Prorenin bas to be sorted to the dense core

secretory granules in the juxtaglomemlar cells to be processed into mature renin. Prorenin,

as weIl as reoin, are released and present in the circulation and prorenin accounts for

approximately 90% oftotaI reoin (prorenin + renin) in circulation.

The prosegment of prorenin is responsible for the inhibition ofrenin. Prorenin bas less

than 10% of the full activity of renin, but its activity is non proteolytically increased by

lowering the pH or temperature, or by lipids {96-99}. The first two phenomena have been

called acid-activation and cryoactivation, respectively. Recombinant prorenin has aIso been

reversibly activated. by exposure to low temperature or acidic pH (100) and a

confonnational change can be induced in the active cleft by adding nonpeptide renin

inhibitors (101).
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2.2 Angiotensin converting enzyme (ACE)

ACE is a zinc metallopeptidase which cleaves the C-terminal dipeptide from Ang 1 to

produce Ang n and inactives bradykinin by the sequential removal of two C-terminal

dipeptides (102). In addition to these two main physiological substrates, ACE hydrolyzes a

wide range of substrates including neurotensin, (Me~]-enk:ephalin-Arg6-Gly7-Leus, p­
neoendorphin, donorphins, the insuIin B chain, substance P and luteinizing hormone­

releasing hormone (LH-RH) in vitro. Clearly, ACE displays a wide substrate specificity

and is implicated in a range of physiologïcal processes unrelated to blood pressure

regulation such as immunity, reproduction and neuropeptide regulation.

ACE is an ectoenzyme anchored to the plasma membrane with the bulk of its mass

exposed at the extracellular surface of the ceU. There are two ACE isoforms: a somatic

fOIm of around 150-180 kDa round in endothelial, epithelial and neuronal cells and a

smaller isoform (mol wt 90-110 kDa) present in germinal eells. Somatie ACE is found in

the plasma ofmembrane vascular endothelial cells, particularly in the lung, and where it is

weIl placed to metabolize circulating substrates (103,104). A soluble form of ACE is

present in many biological fluids, snch as serum, seminal, amniotic and cerebrospinal fluid.

It appears ta derive from proteolysis of the membrane-bound fonn of the enzyme in

endothelial ceIls. The smaller isoenzyme of ACE (germinal ACE) is round exclusively in

the testis (105,106).

Molecular cloning of the somatic fonn of ACE demonstrated that the enzyme is

eomposed of two homologous domains, called hereafter N- and C-domains. The germinal

fOIm contains ooly one ofthe C-terminal domain. Both domains contain a putative catalytic

site characterized the zinc-binding motifHEXXH widely found in metalloproteases (107).

2.3 Angiotensinogen

Angiotensinogen is a globular glycoprotein with a moleeular mass between 55 and 65 kDa,

depending on its state of glycosylation. It contains four putative N-linked glycosylation

sites. Angiotensinogen belongs to the serpin (serine protease inhibitor) superfamily, which

includes a l-antitrypsin, al-antichymotrypsin, and antithrombin m(108,109). Based on its

structural similarity with these proteins (-20 % amino acid sequence identity),
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angiotensinogen represents one of the MOst distant members of the serpin superfamily and

has probably lost its serine protease-inhibitory activity. Angiotensinogen has no known

physiological role other than to be the precursor of angiotensin peptides. Angiotensinogen

is usually measured by an enzymatic assay for Ang 1 after its complete hydrolysis by

excess renin. However, a direct immunoassay bas also been developed (110).

3 Regulation ofcirculating RAS activity

As an endocrine system, the circulating RAS is subject ta feedback inhibition. It is

activated under conditions of reduced blood pressure, sympathetic stress, or volume

contraction and is inactivated when these conditions are normalized. The compensatory

effect of this system is generally thought to he mediated through changes in the rate of

secretion of renin from the kidney. This come from the facts that the Michaelis-Menten

constant CKm) of renin-angiotensinogen reaction (1.25 J.LM) is similar to the

angiotensinogen concentration in plasma (1 J.1M), that angiotensinogen is secreted

constitutively from liver and its half-life is quite long: 10 h (111) compared to the renin

half-life of20-30 min (112-114). Renin is stored in granules and released upon stimulation.

The plasma concentration of renin is in the nanomolar range (1000 times less than

angiotensinogen) in normal conditions.

Activation of the circulating RAS is marked by the stimulation of renin secretion from

the kidney and is accompanied primarily by an increase in renin mRNA in these cells

(115). Furthermore, under maximal stimulatory conditions, sorne of the renin secretion

stimulators also elicit a transdifferentiation mecbanism in neighboring smooth muscle cells

which are "recruited" for renin expression (116,117). Under these conditions, smooth

muscle ceUs along the entire afferent arteriole begin to synthesize renin. Different

mechanisms have been shown to control the release of renin. Adrenergic stimulation was

found ta suppress renin release, whereas high salt diet (the macula densa mechanism), high

blood pressure (the baroreceptor mechanism), and the direct action of Ang II (short-Ioop

negative feedback) were shown to regulate renin release in response ta minute-to-minute

changes in these physiological conditions to maintain blood pressure homeostasis.
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In the liver, angiotensinogen synthesis and release is stimulated by estrogens,

glucocorticoids, thyroid hormones and Ang TI (118-120).

ACE bas been detected on many cell types, but the conversion of circulating Ang 1 is

mainly mediated by endotheliaI ACE, plasma ACE being of minor importance (121).

Plasma ACE levels are partIy determined by the so-called insertionldeletion ACE gene

polymorphism (122). This mayaIso apply to tissue (i.e. endothelial) ACE (123). Moreover,

ACE expression is subject to negative feedhack by Ang il (124).

4 Measurement of circulatiDg RAS activity

In view of the fact that sorne fonns of hypertension are directly associated with RAS

activity, much interest bas been directed toward the measurements ofplasma renin levels as

an indication of RAS activity in circulation. Plasma renin activity (PRA) is the most

commonly used index for it activity and represents the rate of formation ofAng il in vivo.

PRA is estimated from the amount of Ang 1 generated from endogenous angiotensinogen

during incubation of the plasma sample with inhibitors of Ang l degradation. However, in

view of the substrate-dependence of PRA (e.g. reaction follows the classic Michaelis­

Menten kinetics), changes in renin activity are not exclusively related to changes in renin

concentration (125-127). Therefore, measurement of plasma renin concentration (PRC)

and/or the concentration of angiotensinogen is required for quantitative interpretation of

changes in plasma renin activity. PRe is measured under the identical conditions with the

exception that sufficient exogenous angiotensinogen is added to the incubation mixture to

saturate the renin present in the sample. Assuming substrate saturation, the reaction process

becomes zero-order with respect to angiotensinogen and thus the velocity is dependent

solely upon the amount ofenzyme present.

5 Pharmacological blockade ofRAS

Phannacological blockade ofRAS is an effective tool for the treatment ofhypertension and

its complications. Blockade is possible at the level ofrenin, ACE or the AT1 receptor. ACE

inhibitors, the class of RAS blockers that was developed first, have the disadvantage that

ACE is not a specific enzyme. It hydrolyses severa! substances other than Ang l, such as
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bradykinin, substance P and enkephalins (128). Sorne side effects observed with ACE

inhibitor therapy May be related to this non-specificity.

Angiotensinogen is the only known substrate for renin, and renin inhibition May

therefore be devoid of the side effects observed during ACE inhibition. The non-peptide

renin inhibitors that have been developed so far are effective blood pressure lowering

agents (129-131). However, because of their poor oral bioavailability, renin inhibitors are

not widely used in the clinic.

The most recentIy developed class of blockers of the RAS is the non-peptide AT1

receptor antagonists (132,133). Somewhat surprisingly, these drugs do not completely

eliminate the side effects of ACE inhibitors, however, they May overcome the problems

arising from the fact that long-term treabnent with ACE inhibitors does not fully suppress

the levels of Ang il, especially those at tissue sites (134). This incomplete suppression of

Ang II production May be due to enhanced Ang l formation (as a consequence of

stimulated renin release) or generation ofAng il by enzymes other than ACE.

5.1 Effect ofRAS inlubitors on circulating RAS components

Inhibition of the RAS a1ways results in the onset of feedhack processes (Table 1.2).

Remikiren (a non-peptide renin inhibitor) inhibits plasma renin activity, thereby leading to

reduced plasma Ang l and Ang II concentrations (129). As a consequence ofremoving Ang

II-mediated feedback, renin release from the kidney will increase, resulting in elevated

circulating renin levels (129,131). However, due to the presence of the renin inhibitor, this

renin is enzymatically inactive. ACE inhibitors aIso cause a rise in plasma renin, and as a

result of that, a cise in plasma Ang 1. Plasma Ang n is reduced initially, but it may rise ta

levels above normal during chronic treatment, as a result of the increased renin and Ang 1

concentrations (135). ATI-receptor antagonists will not only increase plasma renin and Ang

l, but plasma Ang II as weIl (133,136).
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Table 1.2 Effect of selective RAS inhibition on RAS component levels in blood plasma

and heart*

fmmuno-
EnzymaticaIly AnglllI

reactive AngI AngU
renin

active renin ratio

Plasma

Renin inhibition t ~ ~ ~ n.d

ACE inhibition t t t ~ ~

AT1receptor blockade t t t t ~

Hean

Renin inlnbition n.d n.d. n.d nd n.d

ACE inlnbition t t t ~ ~

AT1receptor blockade n.d n.d. t t ~

• * Data are taken from references (129,131,133,134,l36-138). t, increase. 4" decrease. ~,

no change. n.d., not determined.

5.2 Effect ofRAS inhibitors on tissue RAS components (heart)

•

At present, not much is known about changes in cardiac RAS component levels during

treatment with RAS inhibitors (Table 1.2). Renin is elevated in cardiac tissue of both

humans (137) and pigs (138) treated with ACE inhibitors, whereas cardiac angiotensinogen

is decreased under these conditions (137,138). ACE inhibition with perindoprilleads to a 2­

4 foid increase in cardiac Ang 1 (134) whereas cardiac Ang II did not change unless very

high doses of the ACE inhibitor quinalapril are applied. The AT1 receptor antagonist

losartan increases cardiac Ang 1 and II approximatively 7- and 2-fold, respectively (139).

As a consequence of these non-parallel changes in cardiac Ang 1 and II, the cardiac Ang

IIII ratio decreased both with quinalapril and losartan. The decrease in cardiac Ang WI ratio

during quinalapril treatment most likely illustrates the degree ofACE inhibition obtained in

cardiac tissue. The decrease in cardiac Ang IIII ratio during losartan treatment is more
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difficult to e>..-plain, especially since cardiac ACE activity is unchanged following losartan

treatment (139). The authors speculate that a proportion ofthe measured tissue level ofAng

II may have been receptor-bound and protected from metabolism and that the displacement

ofreceptor-bound Ang n by losartan May have accelerated local tissue metabolism of Ang

II, with a consequent decrease in the Ang ll/I ratio.

6 Local (or tissue) renin-angiotensin systems

Based upon discrepancies observed more than twenty years ago between acute changes in

circulating levels ofRAS components and the changes in blood pressure, it was proposed

that so-called local RAS exists in addition to the circulating RAS (140). Subsequent studies

showing the presence of RAS components (Le. angiotensinogen, renin, ACE, angiotensin

peptides) at tissue sites appear to confirm this theory (141). However, one has to keep in

mind that the Mere presence of RAS components in tissue cannot be taken as direct

evidence for their local production and participation in a local RAS. Only during the last

decade or so have the tools ofmolecular biology enabled us to prove beyond doubt that the

components of the RAS are in fact present locally in Many organs and tissues and that they

have the capacity to participate in a local RAS. It is now acknowledged that such local

RAS may existence in kidney, adrenal, brain, heart, blood vessel wall, ovary, testis, adipose

tissue and eyes (142-151).

There is no full agreement on how a local RAS should be defined. Sorne have defined

it as a system that functions completely independently of the circulating RAS (i.e. in situ

synthesis of all RAS components required for Ang II production), whereas others support

the idea that local Ang II generation depends, at least in part, on blood-derived components

(Le. uptake from circulation of RAS components required for local Ang n production)

(141,152). However, irrespective of this debate, the significance of local Ang II formation

is widely acknowledged. Produced in the immediate vicinity of their sites of action, local

Ang II is implicated in pathopbysiological conditions sucb as hypertension, myocardial

infarctioD, heart failure, restenosis, and atherosclerosis (153-157). Rather than restricting

the action of the RAS ta a circulating endocrine type, investigations of the tissue RASs

have expanded the role of the RAS to actions at the locallevel. Indeed, locally synthesized
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Ang II can exert autocrine, paracrine, or even intraerine effects (158), as opposed ta the

endocrine effects ofcirculating Ang II (Figure 1.4).

•

A: endocrine

B: paracrine

c: autocrine

D: intracrine

Figure 1.4 Alternative mechanisms of action of angiotensin II (Ang II) in addition ta its

traditional function as an endocrine factor.

A: Blood-bome Ang II reaches its distant target organ via the circulation, where the peptide

produces its effect.

B: Ang II is released from one cell and exerts its effeet on an adjacent cell.

e: Ang II acts on reeeptors on the same cell from which it has been released.

D: Both synthesis and action ofAng II are loeated within the cell.

7 Cardiovascular RAS

Among the various tissues in which local RAS has been postulated, the heart bas been

the focus of intensive investigations, mainly due to more convincing evidence for local

Ang II production coming from the reeently discovered beneficial effeets of the ACE

inhibitors and ATl receptor antagonists in heart failure and post-infarction remodeling,
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which are independent, at least in part, of their systemic effect on blood pressure

(132,133,136,159-164). A reduction of Ang II production locally in the heart bas been

proposed to explain the blood pressure-independent effects of ACE inhibition in cardiac

patients. Indeed, substantial evidence for the existence of a functional RAS in

cardiovascular tissues bas been provided (165-167). Evidence from in vitro studies

suggests that the Ang il produced by tissue can elicit fimctional responses in the heart. For

example, isolated, perfused hearts from rabbits pretreated with ACE inhibitor demonstrate

significant reduction in contractility on pacing (168), suggesting that locally produced Ang

il potentiates mechanical activity by altering catecholamine levels at sympathetic nerve

terminais. Further evidence for a functional vascular and cardiac RAS has been provided

by studies demonstrating that Ang II bas direct effects on cardiovascular cells (i.e.

fibroblasts, myocytes and endothelial cells), which are associated with growth (Le.

hypertrophy and/or hyperplasia) (25-28), as weIl as anti-proliferative and pro-apoptotic

responses (29-32). Moreover, Ang II aise stimulates collagen production by cardiac

fibroblasts (169). These lines ofevidence support the view that a local RAS is involved in

the development and/or progression ofcardiovascular disease.

8 Enigma of the tissue RAS (emphasis on the cardiac RAS)

Although a substantial body of evidence documenting the existence, local integration, and

physiological function of a local RAS in cardiovascular tissues has been provided,

investigators can only speculate on the precise ongin of renin in those tissues, the

functional significance of local angiotensin and of renin precursor, prorenin. This enigma

cornes from the fact that, so far, it is still difficult to clearly separate the circulating and

local RAS. Although local synthesis of RAS components has been demonstrated in

cardiovascular tissues, early investigations have pointed out the possibility that the

circulating RAS may serve to deliver renin and possibly angiotensinogen to tissue sites

(i.e., in blood vessel wall and heart), where local angiotensin production may then occur. A

better understanding of the ongin of the RAS components participating in tissue RAS, and

physiological function of prorenin may shed further light on the mechanism(s) by which

local RASs exert their (patho)physiological etIects.
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9 Origïn of renin in cardiovascular tissues: local synthesis versus uptake from

circulation

Unlike ACE and angiotensinogen, it is still debated whether local synthesis of renin

occurs in the heart. Renin has been detected in heart and other cardiovascular tissue based

on its enzyme activity and immunoreactivity (165). However, the presence of renin mRNA

is still controversial (170,171). Although the angiotensinogen and ACE genes are expressed

in considerable abundance in the heart (172-174), renin mRNA is barely detectable, even

with a quantitative polymerase chain reaction determination (175-177). The bulk of the

evidence to date goes against the local synthesis of renin in cardiovascular tissues, and in

support ofthe uptake ofrenin from circulation.

9.1 Local synthesis ofrenin

Renin mRNA levels in normal hearts are low or undetectable (178-181), suggesting that

under normal circumstances cardiac renin synthesis is unlikely to accU!. It is possible,

however, that during fetaI development (182) or under pathophysiological conditions (179),

renin gene expression is increased in the heart. Considering that the kidney is the ooly

tissue known to be capable of converting prorenin to active renin, local expression of the

reoin gene should lead ta generation of the inactive precursor, prorenin. Ta date, we still

have no clear evidence that prorenin is activated in non-renal tissue, either by proteolytic or

non-proteolytic process.

Based on the assumption that all Molecules produced in a tissue will be eventually

released in the interstitial space and then into circulation, studies performed on cardiac and

vascular cultured cells failed to demonstrate release and detection of renin in the cultured

medium (183,184). Accordingly, studies performed on isolated heart perfused with

physiological buffer failed to demonstrated release and detection of renin in the perfusate

indicating that renin is not synthesized locally in cardiovascular tissues (185,186).

Therefore, it appears that the renin responsible for cardiac angiotensin generation is not

synthesized locally. Renin may then reach the heart via the circulation and thus be of renal

ongm.
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9.2 Kidney as a source ofcardiac renin

The kidneys are the primary and apparently the unique source of active renin in the

circulation. At least 48 hours of bilateral nephrectomy is needed for renal renin ta

completely disappear from the circuJation. In studies in which bilateral nephrectomy was

perfonned in pig, renin was no longer detectable in cardiac tissue after 20 hours (187). In

the rat, aortic renin also disappeared after 24 to 48 hours nephrectomy, with a longer half

life than plasma renin (178,187-190) and the cardiac level of renin decreased in parallel

with the plasma level of renin to level close or below the limit ofdetection after a bilateral

nephrectomy (178,187).

These data suggest that most, if not al1, renin present in the normal heart originates

from the kidney. Thus, the heart is capable ofsequestrating renin form the circulation.

9.3 Uptake (or sequestration) ofrenin from circulation

Evidence of the uptake of renin from circulation has been provided by severa! lines of

evidences:

Measurement ofrenin in cultured cel/s, tissue orplasma samples

The renin levels in cardiac tissue in vivo are too high to be explained by simple diffusion

into the interstitial fluid, and renin is enriched in membrane fractions prepared from freshly

obtained cardiac tissue (187). Prorenin has been reported to be extracted by the vascular

wall (191), the heart (192,193) and kidney (194). Loudon et al. (191,195) injected partially

purified renin into rats and observed a steep increase in aortic renin-like activity. Swales et

al. (190) injected mause renin into rats and found by immunotluorescent studies of the

aorta and intrasplenic arterles that this exogenous renin was taken up predominantly by the

media. Skeggs (196) infused hog renin for severa! days into hypertensive rabbits and found

a transfonned fonn of renin in the aorta, the carotid arteries (both times mainly at the

regions ofthe smooth muscle cells), the heart, and in the kidney.

The amount of angiotensin release from the isolated perfused Langerdorff heart or

hindquarter (weil know models to study cardiac and vascular angiotensin production,

respectively) depends on the addition of renin to the perfusion tluid (185,186,197-199).
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The release of Ang 1 from the isolated heart during perfusion with renin is too high ta be

attributed to Ang 1 generation in either intravascular or interstitial fluid, indicating a role for

vascular surface-bound reoin (186). Interestingiy, angiotensin release continued after

discontinuation of renin perfusion, i.e., at a time when renin was no longer present in the

perfusate (198,199) suggesting that renin is retained in the vascular wall.

Renin clearance studies

Physiological data supporting the compartmentalization (i.e. sequestration) of tissue

renin have been provided by bilateraI nephrectomy studies. For example, the rate of

disappearance of vascular renin was determined to be much slower than that of circulating

renin after bilateral nephrectomy (200). When renin was injected into binephrectomized rat,

this reoin taken up subsequently in the vasculature was cleared at a much slower rate than

that of the rat endogenous plasma renin (191). The data of Skeggs et al. (201) would aIso

support this conclusion. These observations taken together support the concept that tissue

renin (regardless of its origins) may have concentrations or clearance rates different from

that of circulating renin and thereby may act locally in the tissue compartment with

enzyme-substrate concentration, kinetics, and clearance that differ from the circulating

compartment.

Identification ofrenin bindingprotein

In view of the absence of significant reoin synthesis at cardiac tissue sites, one May

speculate that the heart possesses specifie mechanisms to sequester (pro)renin from the

circulation. Several groups have reported on the existence of (pro)renin binding proteins

and/or receptors (137,202-209). An intracellular renin-binding protein (RnBP, mol wt 40

kDa) was discovered in the early eighties in humans, rats and pigs (207-209). Binding to

this RnBP reduces the Ang 1 generating activity of renin by more than 80%. RecentIy, this

RnBP was found to correspond to the enzyme N-acyl-D-glucosamine 2-epimerase (210),

and targeted inactivation of it gene revealed that it might be involved in the intracellular

processing ofrenin rather than in renin uptake and/or regulation (211).
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Subsequently, using chemical cross-linking, two vascular RnBPs (mol wt 40 and 70

kDa, respectively) were identified by Campbell and colleagues in membranes isolated from

rat mesenteric arteries or cultured rat aortic smooth muscle cells. Interestingly, binding to

these RnBPs was inhibited by a specific, active site-directed renin inhibitor, suggesting that

the active site ofthe renin molecule might be involved in the binding process (205).

More recentIy, with the use of radiolabeled (pro)renin, high aflinity renin binding

siteslreceptors CK<i l:: 1 nM) were demonstrated in human mesangial cells and in membranes

prepared from rat tissues (204,206). In the rat, these binding sites bound prorenin and renin

equally well, which suggest tbat neither the prosegment nor the active site is involved in the

binding process (204). This contrasts with Campbell's findings. In human mesangial cells,

renin binding led to the induction of DNA synthesis, most likely without Ang II playing a

raIe as an intermediary between renin binding and the hypertrophic response (206). Thus, a

renin receptor may have been identified that directly transduces an intracellular signal.

SchaIekamp et al. have aIso reported that cardiac (i.e., cultured neonatal rat

cardiomyocytes and fibroblasts) and endothelial cells (i.e. cultured human umbilical vein

endothelial cells) were capable of binding and intemalizing prorenin and renin, and of

activating prorenin after its intemalization (202,203). The process has been shown to

involve the mannose 6-phosphate receptor, known for it function in the process of

intracellular lysosomal enzyme sorting (212). Failure to detect any active renin in the cell

culture media suggests that active renin generated from prorenin is not secreted from the

cells which take it up (202,203). Whether this phenomenon represents true activation or

intermediary processing ofprorenin leading to its degradation is not known.

Clinical studies

The relative importance of circulating renin and its possible participation in a cardiac

RAS bas been highlighted by data provided by both prospective and retrospective clinical

studies of hypertensive patients. These results demonstrate a strong correlation between

elevated circulating renin levels in hypertensive patients and the risk of myocardial

infarction independent ofblood pressure (213,214).
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Taken together, these findings suggest that renin is not synthesized in cardiac and

vascular tissues but rather sequestered from circulation. Moreover, tissue-bound renin may

contribute to local angiotensin production in those tissues. However, as we may see from

these findings, direct evidence from in vivo studies is stilliacking.

10 Hypothesis conceming prorenin fonction in vivo

Various hypotheses have been put forward ta assess a raIe for prorenin and, hence, ta

justify its relative abundance in the circulation (215,216). Most ofthese hypotheses remain

within the framework of the aforementioned enigma. They are snmmarized in Table 1.3.

Sorne ofthem are quite obvious, others are highly speculative.

Table 1.3 Hypotheses conceming prorenin

Hypotheses Reference

2

3

Only the kidney processes prorenin to renin.

Prorenin is a source ofrenin, by conversion ta reoin in the circulation.

Prorenin could play a direct raie, not mediated by renin and not necessarily
related to fluid, electrolyte and blood pressure homeostasis.

(216)

(215)

(215)

4 Prorenin can mimic the function ofrcoin in vivo without cleavage of its
prosegment

(187)

5 Prorenin could be the transporter ofpotential renin activity to various target
organs, where it acts directIy.

(215)

6 Circulating prorenin is a "spill-over" from renal and (or) extrarenal sources,
where renin or prorenin functions within those tissues or organs and not in the
circulation.

(215)

(187)

(216)

(219)

Circulating renin and prorenin may bind ta tissue by specific binding sites.

The tissue renin system functions via prorenin.

8

7

9 Prorenin may displace renin from binding sites and thus decrease local renin
activity.

10 Prorenin is a by-product ofrenin synthesis and thus, possess no functions.
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What evidence do we have to prove or disprove any ofthese hypotheses?

Let us first consider observational data. Anephric subjects have very low, although not

zero (217), circulating levels of renin, Ang l and Ang fi in the presence of near-normal

levels ofprorenin and high levels of angiotensinogen (218). This indicates that prorenin is

not activated in the circulation and, hence, hypothesis 2 in Table 1.3 is unlikely. Hypothesis

1 may be restated as: circulating renin derived from the kidney.

Experimental evidence against hypothesis 2 has also been obtained from infusion

studies of prorenin and from observations in transgenic animals. Short-teIm infusion of

recombinant human prorenin in monkey did not lead ta higher renin, Ang l or Ang il

argues against hypothesis 2. Binding of prorenin to tissues or cells has been demonstrated

(202,204,206), although not necessarily to ceIls derived from kidney or liver. Activation of

prorenin to renin by extrarenal cells bas also been confirmed (202,203). The physiological

significance of renin binding was investigated in an experiment by Hu et al. (219) who

infused either reoin or Ang II in rats to extent that both regimens yielded identical plasma

levels of Ang II. If renin activity after renin binding would be important, renin infusion

would be expected to have additional hemodynamic and hormonal effects. This appeared

not to be the case. This argues against hypothesis 9. This latter hypothesis was aIso

challenged in a study by Muller et al. who infused human prorenin and renin in a rat

transgenic for human angiotensinogen (220). Infusion ofprorenin alone or in combination

with renin did not affect blood pressure or Ang II levels.

An interesting transgenic rat model has been developed by Mullins et al. (221). They

inserted the murine Ren-2 renin gene in the genome of a rat strain. Transgenic rats

developed Ang II-dependent hypertension with grossly elevated plasma prorenin levels.

The renin gene was over-expressed in adrenaIs, but not in kidney. Although the mechanism

by which hypertension is caused in these rats is still elusive, the model raises the possibility

that reoin or perhaps prorenin may cause hypertension independently of the plasma RAS.

On the other hand, transgenic rats, over-expressing rat prorenin in the liver, showed normal

blood pressure. In spite of the absence ofhypertension, however, cardiomegaly and severe

renal lesions were present (222). Plasma prorenin levels in these transgenic rats are



•

•

•

24

increased 400-fold. This suggests that circulating prorenin bas a role in the development of

cardiac and renal pathology and refutes hypothesis 10.

The picture that emerges is that prorenin is unlikely to play a role in the circulation, but

May have a role in local RASs.

Studies that appear to refute detinitively one hypothesis or the other are scarce. The

main obstacle is probably the fact that it is nearly impossible to study prorenin in animais in

the absence of renin. Any change in the level of prorenin is usually accompanied by a

change in the level of reniIL Infusion studies as mentioned above were performed with

heterologous prorenin and renin, and this leads to suppression of endogenous prorenin and

renin. Results May therefore not be extrapolated to the physiology of homologous,

endogenous prorenin. Furthermore, in humans, prorenin and renin May only be studied in

blood, whereas it may weIl be that tissue concentrations are more important.

Il The transgenic moose as a tool to study the RAS and its components

To overcome these limitations, the transgenic mouse system can be used. This powerfu1

system, tirst described by Gordon et al. (223), is amenable to the study of complex

biological alterations sueh as hypertension and oncologie transformation and this approach

entails microinjection of DNA into one of pronuclei of fertilized eggs, followed by the

transfer of the microinjected eggs into the uteri of foster mothers. This can result in the

stable integration of the foreign DNA into the genome of the offspring and sorne of these

animais will express the introduced gene (224). This approach offers the great advantage

that the foreign gene product is likely to be exposed to Many physiological influences,

sorne ofwhich may be expressed constitutively or only transiently during development.

So far, transgenic mice have heen used as a model in which the action of the RAS can

be assessed in a living hast capable to mounting a physiological response to the

development of hypertension (225). AlI human RAS components (i.e. rcnin and

angiotensinogen) have heen successfully introduced in mice (226). Most of those mice

carry the human RAS gene under the control of its endogenous (natural) promoter. Studies

have been perfonned to characterlze the mechanisms or regulation of individual RAS
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component and its relative importance in the normal and pathological and physiological

responses of the RAS. AIl individual RAS components have been investigated using the

lost-of-functïon approach (i.e. gene knockout) and/or the gain-of-function approaches

(target expression of specifie gene) (227-231), but no one has ever reported the use of the

transgenic mouse model to access either the tissue uptake of circulating (pro)renin or the

contribution ofthe latter to local RAS activity.

Il.1 RAS in mouse and it relevance to the human RAS

The RAS has been found to be a very conserved system between an species studied so far.

The mammalian RAS consists of the same constituents, regulation mechanisms and major

functions (i.e. homeostasis). However, there are minor interesting differences related

mainly to the renin gene and the Ang n receptors type 1:

Renin

Unlike man and mammals in which renin is encoded by a single gene locus, mice have

either one gene (ren-1C
) or two gene loci (ren-id

, ren-~) which are coutiguous (232). The

sequence homologies and relative chromosomal loealization of the two reoin genes

suggests that the two copies originate from a recent gene duplication. In the mice harboring

two renin genes, both copies are functional, and have the ability to compensate for one

another (233,234). Moreover, both. mouse renins harbor the same enzyme activity

characteristics (i.e. affinity to angiotensinogen). The tissue distribution of renin in mice

differs from human but reflects the presence of the second gene copy. Mouse renin is

primarily round in kidney, the adrenal and the submandibular gland (SMG).

In the mouse, plasma active renin originates from the kidney, adrenal and SMG, the

latter two tissues releasing bath Ren-l and Ren-2. Proreninlrenin plasma ratio differs: in

human and rats 90% oftotal renin is prorenin (114,235) while in mice the majority ofrenin

is the active form: prorenin aceounts for only 30-50% of total renin (236-238). The plasma

renin concentration in mice is normally extraordinarily high (>200 ng Ang I/mL per hour

when measured using homologous monse substrate) compare to human, but

angiotensinogen levels are low and limit Ang l production by mouse renin (observation
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provided by Yan et al. (238}). Thus, in mice, angiotensinogen is the rate limiting RAS

component, not reoin.

ATJ receptor subtypes

Unlike men, mice possess two receptor subtypes for AT1: ATla and ATlb. The respective

raIe is described above (refer to Section 1).

11.2 Experimental design

Our system is based on the strict species specificity of renin kinetics with respect to

angiotensinogen. It has been shawn that the action of renin on its substrate is dependent on

the species from which these substances are derived (239,240). For example, mouse renin

is capable of cleaving angiotensinogen derived from mouse, rat, rabbit, porcine, canine,

bovine, sheep and goat sources, whereas renin derived from human, rat, hamster, rabbit,

and porcine species does not have the ability to cleave mouse angiotensinogen. This

property has been exploited in the development ofa human plasma renin assay using sheep

and human substrate where zero-order kinetics is achieved.

Our system consists of two transgenic mouse lines (illustrated in Figure 2.1 and 3.1,

panel A). One transgenic mouse line, the enzyme producer, expresses either human active

renin or prorenin. The second transgenic mouse line, the substrate supplier, produces

human angiotensinogen in a specifie tissue (e.g. the heart). Crossing the two mouse lines,

mice harboring both the enzyme and substrate are produced, and used to assess the ability

of the enzyme to enter and act in tissue expressing the substrate. Immunological

identification of the enzyme in situ should prave it presence while measurement of tissue

Ang 1 should determine it local activity. Moreover, since the amino acid sequence of

human Ang 1 is identical to the mouse Ang I, this system has the great advantage that once

Ang l is released from human angiotensinogen, this peptide can be further processed to

Ang II by mouse ACE. Therefore, this approach permits to assess the local physiological

effects of increased tissue Ang n.
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12 Aim of the thesis

The uptake and local activity ofcirculating (pro)renin in tissues of intact animal has not yet

been investigated. Based on the hypothesis that circulating (pro)renin is taken up by tissues

ta participate in local RAS in vivo, we performed studies in transgenic mice with the

following aims:

1. To assess the tissue uptake of circulating renin and prorenin in heart and other tissues,

and thereby determine its respective tissue distribution and cellular localization.

2. Ta determine if plasma-derived renin and/or prorenin are enzymatically active within

tissues.

3. To investigate the role oflocally generated Ang il in the heart relative to development

ofcardiac hypertrophy and fibrosis.

4. To assess the function of circulating prorenin relative to it implication in the systemic

control ofblood pressure and development ofvascular pathophysiology.

Three transgenic mouse models have been developed in this study and each model

constitute the core of each following chapter. In chapter 2, we describes the results of the

distribution and localization of circulating renin and prorenin in tissues, and the

contribution of the latter to local generation of angiotensin peptides. Implication of

increased local synthesis of those peptides in the heart is discussed. In chapter 3, we

describe the results of the distribution and localization of plasma-derived prorenin in

tissues, and the local activity of the latter within tissues. In chapter 4, we describes the

results of the function of prorenin in circulation relative to it implication in the systemic

control of blood pressure in mice. A general discussion is presented in chapter 5 followed

by a summary and conclusion. Finally, we present in appendices results not shown or

published from each study.
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CHAPTER 2

Contribution of circulating renin to local synthesis of angiotensin

peptides in the heart

Gary Prescott, David W. Silversides, Sui Mei Linda Chiu and

Timothy L. Reudelhuber

Reproduced from Physiological Genomics 2000, 4:67-73
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Renin-angiotensin system (RAS) bas been describOO as an endocrine system in which

ail RAS constituents are present in circulation. Observation of presence of these

constituents in tissues 100 to the proposai of the existence of locaI RAS. In cardiovascular

tissues, the ongin of renin is stiIl a controversiaI issue. Previous studies have provided

evidence for the uptake and local activity of circulating renin in such tissues. Ho\vever,

direct evidence from in vivo studies is still lacking. This work presents evidence for the

uptake and local activity ofcirculating (pro)renin in the heart.

This is a multi-authored work. Dr. David W. Silversides from the Centre de

Recherche en Reproduction Animal (CRRA) at St-Hyacinthe generated all transgenic

mouse lines. Sui Mei Linda Choi, Master' s student, and Daniel Methot, Ph.D. student in

our laboratory provided the expression vectors usOO to generate the TIRhRen and

l\.fHChAgt mice lines, respectivively. Chantal Mercure, a laboratory technician, performed

the electron microscopy study presented in Figure 2.6. AlI the remaining of the work was

carried out by myselfunder the supervision ofDr. Timothy L. Reudelhuber.
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ABSTRACT

The activity of a local cardiac renin-angiotensin system has long been suspected in the

promotion of cardiac pathologies including hypertrophy, ischemia and infarction. AlI of

the components of the renin-angiotensin system cascade have been demonstrated to be

synthesized within the heart with the possible exception of the fi.rst enzyme in the cascade,

renin. In the current study, we provide direct evidence that circulating renin can contribute

ta cardiac-specific synthesis of angiotensin peptides. Furthermore, we demonstrate this

effect is independent of blood pressure and that in animais of comparable blood pressure,

elevated circulating renin significantly enhances cardiac fibrosis. These results may serve

to explain sorne ofcardiac pathologies associated with the renin-angiotensin system.
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INTRODUCTION

In mammals, the cleavage of the decapeptide angiotensin 1 (Ang 1) from the circulating

hepatic glycoprotein angiotensinogen is the rate-limiting step in the renin-angiotensin

system (RAS) and is carried out by the kidney-derived aspartyl protease renin (Figure

2.1A). Ang 1 is subsequently processed by endothelial-derived angiotensin converting

enzyme to the octapeptide angiotensin TI (Ang il) which exerts its effects on

vasoconstriction, aldosterone release and cell growthlapeptosis through its interaction with

specific reeeptors (AT(-R and AT2-R). The components of the RAS as weil as their

corresponding mRNAs have aise been reported to be expressed within eertain tissues,

leading to the suggestion that tissue RAS (tRAS) could influence long term hemodynamic

changes through local generation of Ang il which can in tom affect surrounding tissues or

eells. Ang II is capable ofstimulating the expression ofnuelear proto-oneogenes such as c-

los, c-jun,jun-B. egr-l and c-myc as weIl as growth factors such as PDGF, FGF, and TGF­

pl, and late markers ofcardiac hypertrophy such as skeletal a-actin and ANF (1-4), raising

the possibility that locally generated angiotensin peptides act as growth factors in the heart.

The resulting structural changes may be linked to decreased cardiac function.

The existence of a localized RAS in the heart bas been supported by severallines of

clinical evidenee. For example, RAS inhibitors are beneficial in the treatment of chronic

heart failure, aeute myocardial isehemia and in regression of eardiac hypertrophy (5-8).

Bath prospective and retrospective clinical studies ofhypertensive patients have shawn a

strong correlation between elevated eirculating reoin levels in hypertensive patients and

the risk of myocardial infarction independent of blood pressure (9,10). Although the

mRNA for all of the components of the RAS have been detected in the heart, the mRNA

for reoin has variously been reported as being absent or expressed at very low levels and

there is sorne debate as ta whether there is sufficient active renin generated within the

heart to catalyze an intra-cardiac RAS (11,12). Sorne studies have suggested that renin

might be taken up by vascular tissues, including the heart: For example, the enzymatic

activity of intra-cardiae and plasma renin in the whole animal parallel one another and

both virtua1ly disappear with removal of the kidneys, the primary source of circulating

active renin (13). In situ perfusion studies also support the notion that the heart and



•

•

32

vasculature can retain circulating renin (14-16) and two groups have reported the

existence of high affinity renin receptor proteins in rat membrane preparations (17,18).

Nevertheless, the physiological relevance of the renin binding seen in these in situ and in

vitro approaches is still unclear. In the current study, we have created an. in vivo model to

directly test whether circulating renin cao contribute ta local generation of angiotensin

peptides in the heart. In this model (Figure 2.1B), transgenic mice which release human

active renin into the circulation exclusively from the liver were mated to mice expressing

human angiotensinogen exclusively in the heart. The measurement of the products of the

reaction, Ang 1 and il, in the hearts of double-transgenic mice serves as a direct measure

of the ability of circulating renin ta promote the activity of a local cardiac RAS. Our

results provide the tirst direct evidence that circulating renin contributes by a pressure­

independent mechanism ta the production of angiotensin peptides in the heart of intact

animais and may point ta new avenues in the treatment ofcertain forms ofheart dïsease.
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Figure 2.1 (A) Schematic diagram ofthe renin-angiotensin system. ATI-R and AT2-R;

angiotensin II type 1 and type 2 receptors. (B) Strategy used in this study to test for the

contribution ofcirculating renin to cardiac angiotensin peptide production.
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MATERIALS AND METROnS

AlI animal protocols were approved by the institutional Animal Protection Committee of

the Clinical Research Institute ofMontreal.

Expression ofhuman ren;II and angiotells;nogell in transgell;c m;ce

- To express human renin in monse liver, a 3 kb region ofthe transthyreitin gene promoter (a

generous gift from Robert H. Costa, The University of DIinois at Chicago) was cloned

upstream ofthe human prorenin cDNA. To generate active human renin, a cleavage site for

the ubiquitous protease furin was inserted at the juncture of the prosegment and the active

renin molecule, resulting in prosegment removal by endogenous proteases in the secretory

pathway ofexpressing cells (19). Expression ofhuman angiotensinogen in the mouse heart

was achieved by cloning the cDNA downstream of a 6 kb fragment of the alpha-myosin

heavy chain gene promoter (a generous gift from Jeffrey Robbins, University of

Cincinnati).

FVBIN monse embryos were microinjected according to standard protocols (20) and

ail subsequent breeding was carried out in the FVBIN line. Tissue-specifie expression of

the human transgenes was verified by an RNAse protection assay from total tissue RNA as

previously described (21).

AIl animal tested were male at 10 weeks ofage unless otherwise stated.

Biochemical andphysiological characterization oftransgen;c m;ce

Renin and prorenin assays (Table 2.1) were performed as follows: Blood samples obtained

by orbital puncture of mice lightly anesthetized with ether were collected into ice-cold

microcentrifuge tubes containing EDTA and immediately centrifuged ta isolate plasma

Plasma was stored at -20°C until assayed. Human plasma renin concentration (pRe) was

determined by the rate of Ang l generation from an excess of human angiotensinogen ta

take advantage of the species specificity of the reaction between renin and angiotensinogen

(21). Under the assay conditions, mouse renin generated barely detectable levels of Ang l

from human angiotensinogen. Brietly, 0.25 J1L (transgenic) or 5 J.lL (non transgenic) of

plasma was incubated with 100 ng of purified human substrate (>95%; Sigma Chemical
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Co., St-Louis, Mo, USA) at 37°C for 0, 10, 20, and 30 minutes in a total volume of 150 JlL

of buffer, pH7.5. Reactions were stopped on ice and subsequent steps performed at 4°C.

The Ang 1generated was measured by radioimmunoassay (RIA). Total renin concentration

(TRC) was deterrnined after incubation with trypsin (0.3 mg/mL; Boehringer Mannheim,

Germany) at room temperature for 10 minutes in a total volume of50 J.LL ofbuffer, pHS.O.

Prorenin was calculated as the difference between total and active renin content.

Blood pressures of transgenic mice were measured by tail cuff plesmithography using

a BP-2000 system (Visitech Systems, Apex, Ne, USA) according to previously published

procedures (22). Briefly, mice were trained to the apparatus for a total of 8-9 uninterrupted

days and measurements were recorded only for the last 2 days.

The degree of cardiac hypertrophy was estimated by calculating the ratio of cardiac

ventricle wet weight by total body weight.

Ang 1 and II were measured by RIA of acid-soluble extracts of either plasma or heart

tissue with a modification of the method of van Kats et al. (23). Briefly, mice were

anesthetized by intraperitoneal injection with 3 mg sodium pentobarbital (MTC

Pharmaceuticals, Cambridge, Ontario) and 250 J.LL whole blood was collected by cardiac

puncture in presence of inhibitor solution {l f.IM remikiren, 1 J.1M captopril, and 10 mM

EDTA final concentration) and cleared immediately by centrifugation. Plasma samples

(150 ).IL) were adjusted to 2 mL by addition of acid extraction buffer (80% ethanol, 0.1 M

HCI) and again cleared by centrifugation at 13,000 X g for 30 minutes. Ethanol was

evaporated and 2 mL of 1% ortho-phosphoric acid was added to each sample. Samples

were again cleared by centrifugation, 2 mL of 1% ortho-phosphoric acid was again added.

The samples were loaded onto Sep-Pak hydrophobie c18 cartridges (Waters Corp, Milford,

MA, USA) which was subsequently washed with 2x 5 mL H20. Angiotensin peptides were

eluted with 3 ml of absolute methanol (Anachemia Canada Inc, Montreal, Quebec,

Canada). Samples were then split in two equal half for the separate measurement of Ang 1

and II. Lyophilized peptides were quantitated by RIA. The Ang 1 antibody used is specific

for Ang 1 peptide with no detectable cross reactivity with Ang fi or metabolites whereas the

Ang II antibody used (CD3) shows 100% cross reactivity with both Ang ID and IV, but

none with Ang 1 (data not shown). For measurement of Ang 1 and II contained in heart
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tissue, animals were euthanized and excised hearts were pressed. repeatedly ante blotting

paper to remove excess blood before being flash frozen in liquid nitrogen. Frozen hearts

were pulverized with a mortar and pestle, and the powder was immediately homogenized in

2 ml of the acid extraction buffer. After clearing by centrifugation, the samples were

treated as described above for the determination ofAng l and fi content.

Antihypertensive trelltment

Tbree ta four animals ofeach group (non transgenic, single-transgenic for human renin and

human angiotensinogen, and double-transgenic expressing both transgenes) received either

tap water (vehiele) or losartan (a gift from Merck; 30 mg/kglday in drinking water).

Individually housed mice were treated for 8 consecutive days in which drinking volume

was measured every day and dosage was adjusted daily for fluid intake. Blood pressure

measurements were performed as described above.

Histoclremistry

Mice were anesthetized by intraperitoneal injection with 3 mg sodium pentobarbital (MTC

Pharmaceuticals, Cambridge, Ontario). Bload was chased from major vessels by whole

body perfusion of saline solution (20 mL) through the heart, followed by in situ organ

fixation using 40 ml of either 1) Bouin's fixative solution (0.9% picric aeid, 10%

fonnaldehyde, 5% glacial acetic acid) for light microscopy, or 2) 0.5% glutaraldehydel4%

parafonnaldehyde, pH7.2 for electron microscopy. Organs were then quiekly removed and

post-fixed in respective solution for 5 and 16 hours. AlI fixed tissues were stored in 70%

ethanol at 4°C until analyzed.

For light microscopy histoehemistry, tissues were dehydrated, embedded in paraffin

blocks, eut into 5 J.Ull sections, and mounted on 3-aminopropyltriethoxysilane (APTES)­

coated slices (Sigma Chemical Co., St-Louis, Mo, USA). The sections were

deparafinized, rehydrated and washed with H20. Staining with Sirius Red was perfonned

as follow: rehydrated slides were stained with 0.5x hematoxylin (BDH, Toronto, Ontario)

for 1 min, rinsed for 5 min with H20 and counter-stained for 30 min with Sirius Red

solution (saturated. Bouin's solution containing 0.1% Sirius Red dye). Stained slides were

again rinsed in H20, dehydrated and mounted for observation. For immunohistochemistry,
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non-specifie antibody binding was blocked by incubation with 1% donkey serum in Tris­

buffered saline (TBS; 50 mM Tris-HCI, 154 mM NaCI, pH7.4) for 1 hour at 25°C. Tissue

sections were incubated with rabbit polyclonal antibody ta human renin (BR!-6, 1:600; a

generous gift from Daniel F. Catanzaro, Weill Medical College ofComell University, NY)

in ms containing 5% Carnation milk powder. The sections were then incubated with a

biotinylated donkey anti-rabbit IgG (1 :200 dilution; Amersham, Oakville, Ontario),

followed by streptavidin-horseradish peroxidase (HRP, 1:300 dilution; Amersham,

Oakville, Ontario). Positive staining was detected using 0.025% diaminobenzidine (DAB)

and 0.03% H20 2 for 8 minutes. The sections were dehydrated, mounted with Permount

(Fisher Scientific Ltd, Nepean, Ontario), and photographed using Nomarski optics. For

cell-type identification, we used M3/38, a monoclonal rat anti-mouse macrophage specifie

antigen MAe2 (ATCC, Manassas, VA), EPOS-anti-a-smooth muscle actin and EPOS­

anti-vimentin (DAKO, Mississauga, Ontario) conjugated with HRP. Antigen retrieval

treatment with 0.1% trypsinffris (pH7.6) was applied for vimentin immunostaining.

For electron microscopy immunohistochemistry, tissues were embedded in LR White

hard resin (London Resin Company Ltd, England) according ta the manufacturer's

protocol. Sections (90 nm) were mounted on copper grids and incubated by floating on

Tris-BSA buffer (20 mM Tris-HCI, 500 mM NaCI, 0.1% aSA, 0.13% NaN), 0.05% Tween

20, pH8.0) containing 2% normal goat sennn (NGS) for 15 min. The grids were then

transferred to a drop of human prorenin antibody BRI-6 diluted 1:200 in Tris-BSA

containing 2% NGS for an ovemight incubation at 4°C. After rinsing in Tris-BSA,

sections were incubated on a drop of goat anti-rabbit IgG immunogold conjugate: 15 nm

(British BioCell International, Cardiff: UK) at a dilution of 1:30 in Tris-B8A for 1 hour at

25°C. After rinsing, sections were stained using uranyl acetate and lead citrate before

examination with the electron microscope (JEOL JEM 1200 EX).
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RESULTS

Expression oftransgenes

Mice transgenic for the human renin cDNA under the control of the transthyretin promoter

revealed expression of the transgene in the liver as shawn by RNAse protection assays

(Figure 2.2A). A small amount ofexpression was also detectable in the brain in agreement

with previous studies documenting promoter activity in the choroid plexus (24).

Expression was not detected in the other organs tested, including the heart and kidneys. In

situ hybridization of sections from mouse heart and liver further confirmed that the human

renin transgene was not expressed in the heart of transgenic animaIs while being generally

expressed in hepatocytes (data not shawn). Expression of the human angiotensinogen

transgene under control of the myosin heavy chain promoter was detectable in the heart of

transgenic mice (Figure 2.2B). Sorne expression was aIso detected in the kidney and the

lungs of the founder line used in this study, but this expression should have no bearing on

generatian ofangiotensin peptides in the heart.

Phj'siological and biochemical characterization ofsingle- and double-transgenic mice

Expression of human active renin in the liver of transgenic mice (TI'RhRen-A3) leads to

release and detection of human renin in the circulation of which .....86% is active renin

(Table 2.1). These mice aIso exhibit a significant elevation of blood pressure and cardiac

hypertrophy as compared to non-transgenic Iittermates. In contrast, the human

angiotensinogen-expressing mouse lines (MHChAgt-2) showed no increase in blood

pressure or heart weight as compared to non-transgenic animaIs. The blood pressure and

degree of cardiac hypertrophy seen in the double transgenic mice was identical ta that seen

in the mice expressing only active human renin in the Iiver.
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Figure 2.2 Tissue distribution of transgene expression as measured by RNase protection

assay. (A) Expression ofhuman renin cDNA in various tissues ofTTRhRen-A3 mice. (B)

Expression of human angiotensinogen cDNA in tissues ofMHCAgt-2 mice. Asterisks (*)

denote sites ofexpression. Histone H4 mRNA is included as a normalization control.
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Table 2.1 Physiological characterization oftransgenic mice*• Mouse Une
Human protein PRC TRC

expressed (tissue) (ng AngUmLIh) (ng Ang 1/mL'h)
SBP

(mmHg)
HWIBW
(mg/gJ

non­
transgenic

TTRhRen-A3

MHChAgt-2

none

active renin (liver)

angiotensinogen
(heart)

l±l

3307:508

nd

2:1:1

3854±574

nd

126%3

163±3t

124±4

3.70±0.16

4.51:!:o.05t

3.69±O.12

•

•

TTRhRen-A3 active renin (liver)
X + angiotensinogcn nd nd 164±4t 4.70±0.06t

MHChAgt-2 (heart)

* Results represent the mean (± SD) values of single determinations on 5-12 individual

animaIs. PRC, plasma renin concentration. TRC, total reoin concentration. SBP, systolic

blood pressure. nd, not determined. t P<O.OOI as compared to non-transgenic mice by

ANGVA using Student's t-test.

Function ofc;rculat;ng ren;" in the hellrt

To test whether circulating renin can contribute to cardiac RAS activity, transgenic mice

expressing human renin in the liver (TTRhRen-A3) were mated to mice expressing human

angiotensinogen exclusively in the heart (MHChAgt-2). Double-transgenic mice were

tested for circulating and cardiac content of angiotensin peptides (Figure 2.3). The results

demonstrate that while the single-transgenic animaIs showed either low or undetectable

angiotensin peptides in the heart, double-transgenic mice exhibited a dramatic increase in

cardiac content of both Ang 1 and ll. Notably, the circu1ating levels of the angiotensin

peptides did not increase in double-transgenic mice as compared to single- and non­

transgenic controls, suggesting that enhanced production of angiotensins in the double­

transgenic mice was restricted to the heart These results were reproduced in matings

between additional founder lines oftransgenic mice (not shown) and are consistent with the

ability ofcirculating renin to act on its substrate within the heart.
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Figure 2.3 Concentration ofAng l and II in plasma and hearts ofnon-, single- and double­

transgenic animals. Number in parentheses represent the number of animais analyzed in

each group. • P<O.OO1 as compared to non-transgenic mice by ANOVA using Student's t­

test.
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Effects ofbl004pressure on car4iac activity 01circulating renin

The entry of circulating renin into the heart could be mediated by either a specific capture

mechanism (e.g., receptor/acceptor protein) or by passive diffusion. In the latter case,

diffusion might be enhanced by a pressure gradient from the circulation. Indeed, mice

expressing active human renin in the liver are hypertensive as compared to their non­

transgenic littennates (see above). To test whether renin was taken up from the circulation

by a pressure-dependent mechanism, double-transgenic animals were treatOO with an anti­

hypertensive agent for a period of 1 week to normalize their blood pressure and their

cardiac and circulating levels ofAng 1 were compared to that ofvehicle treated littermates.

Results (Table 2.2) demonstrate that even though anti-hypertensive treatment 100 to a

significant reduction in the blood pressure of the double-transgenic animais, there was no

decrease in the ratio of cardiac to circu1ating Ang 1 in the treated animais as compared to

untreated littermates. These data suggest that the contribution of circulating renin to the

cardiac RAS is not mediated by a pressure-dependent mechanism.

Table 2.2 Treatment oftransgenic mice with losartan*.

Ang 1 conc. Angfconc.

Mouse Une
Human protein

Treatment
SBP in heart in plasma

expressed (tissue) (mmHg) (ng Ang fig wet (ngAngUmL
weight) plasma)

non-transgenic none vehicle 125±9 O.045±O.O36 O.318±O.O56

7TRhRen-A3 active renin (liver)
X + angiotensinogen vehicle 153±6t 1.654±O.109t O.381±O.O12

MHChAgt-2 (heart)

TTRhRen-A3 active renin (liver)
X + angiotensinogen losartan 129±3 1.970±0.lOOt O.327±O.O82

MHChAgt-2 (heart)

* Results represent the mean (± SO) values of single determinations on 3-4 individual

animais. SBP, systolic blood pressure. t P<O.OS and t P<O.OOI as compared to non-

transgenic mice by ANOVA using Student's t-tesl
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Function ofloctzlly generated angiotensin peptides

To test for function of locally-derived angiotensin peptides, hearts of single and double­

transgenic mice were stained with the connective tissue-specifie stain, Sirius Red. Results

show a dramatic increase in perivascular and interstitial fïbrosis in the hearts of double­

transgenic mice (Figure 2.4), suggesting that locally-derived angiotensin peptides

contribute to cardiac fibrosis.

Distribution ofhuman renin captured by peripheral tissues

Immunohistochem.istry was performed on tissues of transgenic animais expressing human

renin in the liver (TIRhRen-A3) using an antibody with selectivity for human

reninlprorenin (Figure 2.5). A darle, punctate staining pattern for human renin was seen in

the hearts exclusively in transgenic animais which was restricted to cells in the periphery of

small vessels (Figure 2.SA). This staining did not co-localize with vimentin (fibroblasts

and sorne pericytes) and only partially with alpha smooth muscle actin (smooth muscle and

some pericytes) and MAC-2 (macrophages) (refer to Appendices, Figure A.1.4 and A.1.5).

Immunoelectron microscopy (Figure 2.6) reveaIed that the renin-containing cells in the

heart were elongated perivascular cells in which dense cell bodies stained for human renin.

Punctate, perivascular staining for human renin was aIso seen in the pituitary, testes, ovary,

and lungs ofhuman renin transgenic animais while human renin was not detected in any of

these tissues in non-transgenic littermates (data not shown). Taken together with the

finding that the heart does not express the human reoin transgene (see above), these results

suggest that renin captured from the circulation is stored in a discrete cell type of the heart

and other vascular tissues.



•

•

44

Figure 2.4: Sirius Red stain for connective tissue in the hearts ofnon-transgenic (A) mice,

single-transgenic mice for liver-derived human renin (B), heart-derived human

angiotensinogen (C) or double-transgenic mice (D). Note the dramatic increase of

perivascular and interstitial fibrosis in double-transgenic mice. Original magnification at

40x.
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Figure 2.5 Immunohistochemical stain for human renin in the hearts of animais expressing

human renin in the liver. Arrows show discrete cells staining for renin in transgenic

animaIs (A), but not non-transgenic mice (B). v, vessel lumen. cm, cardiomyocytes. is,

interstitial space. Original magnification at 16Ox.
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Figure 2.6 Immunoelectron microscopy of cells containing human renin within the hearts

ofanimais expressing human renin in the liver. Renin staining is observed as discrete black

dots (15 flm in diameter) corresponding ta electron dense gold particles. Note the

perivascular distribution of these cells (A; original magnification at 150Ox), their

localization in the interstitial space between muscle fibers and their content of renin­

containing cytoplasmic inclusions (arrows in B; original magnification at 10,OOOx). c,

capillary. cm, cardiomyocytes (muscle fiber). is, interstitial space. n, nuclei.
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DISCUSSION

The current study provides the first in vivo demonstration that a chronic elevation in

circulating renin leads ta an increase in local synthesis of angiotensin peptides within a

target tissue. Although human renin and angiotensinogen should have little biochemical

interaction with their mouse homologues (25), the ensuing products of their reaction (Ang

l, Ang II and metabolites) are identical in the two species. This should, in theory, allow the

study of the human transgenes without interference frOID the mouse RAS and several

studies have shawn that over-expression of the human transgenes using their natural

promoters does not lead to hypertension in transgenic mice (26-28). However, in our

study, over-expression of human active renin in the liver 100. to hypertension which was

clearly Ang II-mediated (responded to Ang II receptor antagonists, data not shown). The

most likely explanation for this finding is the cleavage of the liver-derived mouse

angiotensinogen by the human renin due ta its high local concentration. This hypertension

leads to sorne degree ofcardiac hypertrophy which is not increased when these animals are

mated to mice expressing human angiotensinogen in the heart. For this reason we were not

able in the current study ta test for the role of locally generated angiotensin peptides in the

development of pressure-independent cardiac hypertrophy. However, the current study

demonstrates that in animaIs with comparable levels of hypertension and cardiac

hypertrophy (TTRhRen-A3 and TI'RhRen-AJ X MHChAgt-2), high circulating renin leads

to an increase in intracardiac angiotensin peptides and results in an increase in cardiac

interstitial and perivascular fibrosis. Such a mechanism might explain in part why elevated

circulating renin bas been identified as a risk factor for myocardial infarction in

hypertensive patients (9,10). Like these clinical studies, our results aIso suggest that the

contribution of circulating renin to angiotensin peptide generation in the heart is

independent ofhlood pressure.

Evidence of fonction of renin in the heart is accompanied by its detection in very

discreet perivascular cells. In arder to enter the heart, circulating renin would have ta

initially bind and traverse the endothelial cell layer in the lumen of blood vessels. Our

current results suggest that this renin is subsequently transcytosed ta the interstitium and

stored in granular structures of perivascular cells. The identity of these cells is still
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uncertain, although they partially co-localize with cells stained by an antibody to

macrophages (MAC-2, refer ta Appendices). It is uncertain whether the cells which

concentrate renin in the heart are the actual site ofrenin catalytic activity: Attempts to stain

the heart of double transgenic anirnaJs with antibody against Ang l have not been

successful (data not shown) suggesting that the generated Ang l is either not stored or is

generated in a diffuse compartment (perhaps the interstitial space). Indeed, de Lannoy et

al. (29,30) have recently shown that angiotensin peptides generated in the isolated,

perfused rat heart are derived primarily from the interstitial fluid. These investigators also

noted littIe exchange of angiotensins between the interstitial and intravascular

compartments, suggesting that the action of locally generated peptide was restricted to the

interstitial space. Thus, the renin-staining cells seen in the hearts of our transgenic mice

could either he storing renin for local release or be in the process ofclearing the renin from

the cardiac interstitium after its action on locally-derived angiotensinogen.

Two groups have characterized high affinity vascular renin-binding proteins in tissue

membrane preparations from the rat (17,18). However, the properties of these proteins

varied significantly between the two studies these studies raising the possibility that more

than one type of renin-binding protein exists in the lumen of the vasculature. The

identification of such binding proteins lends support ta the existence of a tissue-restricted

RAS that would control local levels of Ang TI independently of the blood pressure

modulating activity of the circulating RAS. Development of specific inhibitors to

renin/prorenin binding proteins could, therefore, provide an effective way ta block the local

RAS and provide a new avenue for the treatment of various forms of cardiovascular

disease.
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Tissue activity of circulating prorenin
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In our previous study, we provided evidence for the uptake and local activity of

circulating (pro)renin within tissues. However, we were not able to assess the presence and

local activity of each form of renin. In this study, we specifically examined the uptake of

circulating prorenin in tissues and assess its local activity within the heart. We focused this

work on the possibility that local activation of prorenin may take place within tissue in an.

attempt to explain some ofthe pathologies associated with high circulating prorenin levels.

This is a multi-authored work in which Dr. David W. Silversides generated aIl

transgenic monse lines. Sui Mei Linda Chui and Daniel Methot provided the expression

vectors used to generate the TTRhProren and MHChAgt mice lînes. AlI the remaining of

the work was carried out by myselfunder the supervision ofDr. Timothy L. Reudelhuber.
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ABSTRACT

Both renin and its biosynthetic precursor, prorenin, are secreted into the circulation of

mammais. Although the circulating levels ofprorenin can exceed those ofrenin by as much

as IOO-foId in certain conditions, there is no evidence that prorenin contributes to the

synthesis of circulating angiotensin peptide synthesis or increased blood pressure. In the

current study, we have used a transgenic mouse model to demonstrate that circulating

prorenin can contribute to synthesis of angiotensin peptides within tissues without

increasing circulating angiotensin levels. This finding may explain sorne of the pathologies

associated with high circulating prorenin levels.
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INTRODUCTION

The rate-limiting reaction ofthe circulating renin-angiotensin system (RAS) is the cleavage

of the decapeptide angiotensin 1 (Ang 1) from circulating hepatic angiotensinogen by the

kidney-derived aspartyl protease renin (Figure 3.lA). Ang 1 is subsequently processed by

endothelial-derived angiotensin converting enzyme to the octapeptide Ang TI which exerts

its effects on vasoconstriction, aldosterone release and cell growtb/apoptosis tbrough its

interaction with specific receptors (AT1-R and AT2-R). Although the RAS is an endocrine

system, several tissues contain and/or synthesize components of the system (reviewed in

(1-3», raising the possibility that locally produced Ang II could act in an autocrine or

paracrine fashion to regulate tissue funCtiOD.

Renin is synthesized as a proenzyme precursor, prorenin. The active form of renin

present in the circulation results trom the proteolytic removal of the 43-amino acid N­

terminal prosegment of prorenin. Although circulating active renin is derived exclusively

from the kidneys, the kidneys and numerous other tissues aIso secrete prorenin into the

circulation where it is nonnally present at 5-10 times the level of renin. Circulating

prorenin has no detectable enzymatic activity as evidenced by a lack of increase in either

circulating angiotensin TI or blood pressure in animais injected with large quantities of

prorenin (4,5). Nevertheless, severallines of circumstantial evidence link high circulating

prorenin to end-organ damage: Dramatic elevations in circulating prorenin (to as much as

100 rimes the level ofrenin) are associated with renal damage in sorne diabetic patients (6­

10). Transgenic rats with similar increases in circulating prorenin aIso exhibit renal

damage and cardiac hypertrophy in the absence of an obvious increase in either circulating

angiotensin peptides or hypertension raising the possibility that prorenin is contributing to

these pathologies at a tissue level (11). Iodeed, substantial evidence bas accumulated that

both prorenin and renin can bind cell surface "acceptors" present in the vasculature and in

numerous tissues (12,13). In addition, there is evidence that prorenin can be activated in

tissues or cultured cells by mechanisms that may not require the proteolytic removaI of the

prosegment (14-16). In the current study, we have created an in vivo model to directly test

whether circulating prorenin can contribute to local generation of angiotensin peptides

within tissues. In this model (Figure 3.lB), transgenic mice which release human prorenin
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into the circulation exclusively from the liver were mated to mice expressing human

angiotensinogen exclusively in the hem. The measurem.ent of the product of the reaction,

Ang l, in the hearts of double-transgenic mice serves as a direct measure of the ability of

circulating prorenin to promote the activity of a local tissue RAS. Our resu1ts provide the

first direct evidence that circulating prorenin contributes to the production of angiotensin

peptides in the tissues of intact animaIs and supports a role for prorenin in some

cardiovascular pathologies.
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Figure 3.1 (A) Schematic diagram orthe renin-angiatensin system. ATI-R and ATI-R;

angiotensin II type 1 and type 2 receptors. (B) Strategy used in this study ta test for the

uptake ofprorenin by the heart and its capacity ta generate angiotensin peptide locally.
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MATERIALS AND MEmOnS

Animais

AIl animal protocols were approved by the institutional Animal Protection Committee of

the Clinical Research Institute ofMontreal. Transgenic mice were generated in the FVB/N

strain obtained from the Jackson Laboratory (Bar Harbor, Maine). Maintenance breeding

was carried out in the same strain.

Transgene construction, generation 01 transgenic mice, and expression ofthe

transgene.

To target the expression of human prorenin ta the manse liver, a 3 kb region of the

transthyretin gene promoter was cloned upstream of the human prorenin cDNA. FVB/N

mouse embryos were microinjected with the plasmid according to standard protocols (17)

and aU subsequent breeding was carried out in the FVBIN line. Genomic integration of the

transgene was detennined by PCR anaIysis ofDNA obtained from tail biopsies and tissue­

specifie expression of the human transgene was verified by an RNAse protection assay

from total tissue RNA as previously described (15). AlI animal tested were male at 10

weeks ofage unless otherwise statOO.

Physiological measurements

Plasma renin concentration (PRC) and total renin concentration (TRC) were measured as

follows: Blood samples obtained by orbital puncture ofmice lightly anesthetized with ether

were collected into ice-cold microcentrifuge tubes containing EDTA and immediately

centrifuged to isolate plasma Plasma was stored at -20°C until assayed. Human PRe was

determined by the rate of Ang l generation from an excess of human angiotensinogen.

Under the assay conditions, mouse renin generated insignificant levels of Ang l from

human angiotensinogen. Briefly, 0.25 JLL (transgenic) or 5 JlL (non transgenic) ofplasma

was incubated with 100 ng ofpurified human substrate (>95%; Sigma Chemical Co., St­

Louis, Mo, USA) at 37°C for 0, 20, 40, and 60 minutes in a total volume of 150 ~ of

buffer, pH7.5. Reactions were stopped on ice and subsequent steps performed at 4°C. The·

Ang l generated was measured by radioimmunoassay (RIA). Total renin concentration
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(TRC) was determined after incubation with trypsin (0.3 mg/mL; Boebringer Mannheim,

Germany) at room temperature for 10 minutes in a total volume of 50 J.LL ofbuffer, pH8.0.

Prorenin was calculated as the difference between total and active renin content.

Tail-cuff plethysmography (BP-20GO system, Visitech Systems, Apex, Ne, USA) was

performed according to previously published procedures (18). Brietly, mice were trained

to the apparatus for a total of 7 uninterrupted days and measurem.ents were recorded and

averaged for the following 3 days. The degree of cardiac hypertrophy was estimated by

calculating the cardiac mass index (the ratio of cardiac ventriele wet weight to total body

weight).

Ang l and II were measured by radioimmunoassay (RIA) of acid-soluble extracts of

either plasma or heart tissue as previously described. Mice were anesthetized by

intraperitoneal injection with 3 mg sodium pentobarbital (MTC Pharmaceuticals,

Cambridge, Ontario) and 250 JlL whole blood was collected by cardiac puncture in

presence of inhibitor solution containing 1 J.LM remikiren (a specific human renin inhibitor

received as a gift from F. Hoffmann-La Roche AG, Basel Switzerland), 1~ eaptopril,

and 10 mM EDTA (final concentration) and eleared immediately by centrifugation.

Plasma samples (150 ~) were adjusted ta 2 mL by addition ofacid extraction buffer (80%

ethanol, 0.1 M HCI) and again cleared by centrifugation at 13,000 X g for 30 minutes.

Ethanol was evaporated and 2 mL of 1% ortho-phosphoric acid was added to each sample.

Samples were again cleared by centrifugation, 2 mL of 1% ortho-phosphoric acid was

again added. The samples were loaded onto Sep-Pak hydrophobie c18 cartridges (Waters

Corp, Milford, MA, USA) which was subsequently washed with 2x 5 mL H20.

Angiotensin peptides were eluted with 3 ml of absolute methanol (Anaehemia Canada Ine,

Montreal, Quebec, Canada). Samples were then split in two equal aliquots for the separate

measurement of Ang I and II. Lyophilized peptides were quantitated by RIA. The Ang l

antibody used is specifie for Ang l peptide with no deteetable cross reactivity with Ang II

or its metabolites whereas the Ang II antibody used (CD3) shows no cross-reactivity with

Ang l (data not shown). For measurement of Ang l and II contained in heart tissue,

animaIs were euthanized and excised hearts were pressed repeatedly onto blotting paper to

remove excess blood before being flash frozen in liquid nitrogen. Frozen hearts were
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pulverized with a mortar and pestle, and the powder was immediately homogenized in 2 ml

of the acid extraction buffer. After clearing by centrifugation, the samples were treated as

described above for the determination ofAng 1and fi content.

Organ histomorphology

For histology, the livers, kidneys and hearts of anesthetised transgenic and control animaIs

were fixed in situ by organ perfusion using Bouin's fixative (0.9% picric acid, 10%

formaldehyde, 5% glacial acetic acid). Organs were then quickly removed, post-fixed in

Bouin's fixative for 5 hours, washed in 70% ethanol, and imbedded in paraffin.

Hematoxylin/eosin-stained tissue sections were examined for lesions and vascular

hypertrophy by standard protocols. In addition, the hearts of non-, single- and double­

transgenic mice were assessed for cardiomyoeyte hypertrophy, interstitial and perivascular

fibrosis by histological staining with Sirius Red.

For immunostaining of human prorenin sections (5 f.UIl thick) of Bouin's fixed and

paraffin-embedded tissues were mounted on 3-aminopropyltriethoxysilane (APTES)­

coated slides (Sigma Chemical Co., St-Louis, Mo, USA), deparafinized, rehydrated and

washed with H20. Non-specifie antibody binding was blocked by incubation with 1%

denkey serum in Tris-buffered saline (TBS; 50 mM Tris-HCI, 154 mM NaCI, pH7.4) for 1

heur at 25°C. Tissue sections were incubated with rabbit polyclonal antloody to human

renin (BRI-6, 1:600; a generous gift from Daniel F. Catanzaro, Weill Medical College of

Comell University, NY) in TBS containing 5% Carnation milk powder. The sections were

then incubated with a biotinylated donkey anti-rabbit IgG (1:200 dilution; Amersham,

Oakville, Ontario), followed by streptavidin-horseradish peroxidase (HRP, 1:300 dilution;

Amersham, Oakville, Ontario). Positive staining was detected using 0.025%

diaminobenzidine (DAB) and 0.03% H202 for 8 minutes. The sections were dehydrated,

mounted with Permount (Fisher Scientific Ltd, Nepean, Ontario), and photographed using

Nomarski optics. No staining was detected when the tirst antibody was omitted (data not

shawn).



•

•

•

63

RESULTS

Expression oftransgenes

Mice transgenic for the human prorenin cDNA under the control of the transthyretin

promoter showed expression of the transgene in the liver as shown by RNAse protection

assays (Figure 3.2). Although a small amount ofexpression was detectable in the stomach,

expression was not detected in the other organs tested, including the heart and kidneys.

Expression of the human angiotensinogen transgene was targeted to the heart using the

alpha-myosin heavy chain promoter and the transgene expression pattern in these mice

(MHChAgt-2) has been described previously (19).

Plrysiological and biochemical characterization oftransgenic mouse lines

Expression of human prorenin in the liver of transgenic mice (TTRhProren-B7) leads to

release and detection of human prorenin in the circulation of which >99% is the

enzymatically inactive prorenin fomt (Table 3.1). Mice transgenic for human prorenin

showed no elevation in blood pressure as compared to non-transgenic controllittermates

(Table 3.1). In fact, 10 week-old male mice showed a slight, but significant decrease in

their blood pressure as compared to contrais, however this difference was not apparent in

female mice ofthe same age or in oider (14 weeks) male mice (data not shown). The blood

pressure seen in the double transgenic mice was identical to that seen in the mice

expressing only the human prorenin in the liver (Table 3.1). The human angiotensinogen­

expressing mouse line (MHCbAgt-2) showed comparable blood pressure to non-transgenic

animaIs. No significant differences were observed for the cardiac mass index between all

ofthe mouse groups (Table 3.1).
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Figure 3.2 Tissue distribution of transgene expression as measured by RNase protection

assay. Expression of human prorenin cDNA in various tissues of TTRhProren-B7 mice.

Asterisks (*) denote sites ofexpression. Histone H4 mRNA is included as a nonna1i7.ation

control.



65

Table 3.1 Physiological characterization oftransgenic mice·• Mouseline
Human protein PRe TRC
~r~~ ~gA~U ~gA~U

(tissue) mL/h) mUh)

SBP
(mm Hg)

CM!
(/OOOx)

non-transgenic

TTRhProren-B7

MHChAgt-2

none

prorenin (liver)

angiotensinogen
(heart)

1.0±0.8

1.5±O.7

nd

2.3±l.O

SO.S±5.6

nd

137±5

124±9t

13S±6

3.80±0.lS

3.90±0.07

4.03±O.23

•

•

TIRhProren-B7 prorenin (liver) +
X angiotensinogen nd nd 126±5tt 3.97±O.20

MHCMgt-2 (heart)

*VaIues are mean ± SEM of single determinations on 5-12 individual animaIs. PRC =

plasma renin concentration. TRC = total renin concentration. SBP = systolic blood

pressure. CM! = cardiac mass index. nd = not determined. The level of prorenin can be

roughly calculated by TRC-PRe. t P<o.os as compared to non-transgenic mice by

ANOVA using Student's t-test. t difference not significant as compare to MHChAgt-2

mice.

Tissue uptake ofI,uman proren;n

Immunohistochemistry was performed on tissues of transgenic animaIs expressing human

prorenin in the liver (TTRhProren-B7) using an antibody with selectivity for human

(pro)renin. Punctate staining was observed in the heart of transgenic animaIs exclusively,

in ceIls bordering the lumen of small blood vessels (Figure 3.3A). Specifie staining was

aIso observed in the pituitary and lungs (refer ta Appendices, Figure Al.2). However, no

staining was detectable in sex organs (ovary, and testis).
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Figure 3.3 Distribution of circulating human prorenin taken up by the heart of transgenic

animais. Arrows show discrete cells staining for prorenin in transgenic animaIs CA), but

not non-transgenic mice (B). Immunohistochemistry was earried out using a human

prorenin specifie antibody (BRI-6, 1:600 dilution). v, vesse!. cm, cardiomyoeyte.
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Enzymatic activity ofprorenin taken up by tissues

To test whether prorenin taken up by tissues can contribute to tissue RAS activity,

transgenic mice expressing human. prorenin in the liver (TIRbProren-B7) 'were mated ta

mice expressing human angiotensinogen exclusively in the heart (MHChAgt-2). Double­

transgenic mice were tested for circulating and cardiac content of Ang 1 (Figure 3.4). The

results demonstrate that while the sing1e~transgenic animaIs showed either low or

undetectable levels of Ang 1 in the heart, double~transgenic mice exhibited a significant

increase in cardiac Ang l content. Notably, the circulating levels of the Ang 1 did not

increase in double-transgenic mice as compared ta single- and non~transgenic contrais,

suggesting that enhanced production of angiotensin in the double~transgenicmice was

restricted to the heart. Moreover, a significant decrease in plasma Ang l was observed for

the prorenin-expressing mice. These results were reproduced in matings between

additional faunder lines of transgenic mice (data not shawn) and are representative of a

total of 3 independent experiments.

Histology oftransgen;c mouse tissues

Routine histolagical staining (hematoxylin/eosin) of hearts and kidneys of non-, single-,

and double-transgenic animais revealed no apparent changes in heart physiology in double­

transgenic mice compared with single- and non~transgenic mice (data not shawn). Sirius

red staining was used to assess any changes in interstitial and perivascular connective tissue

in the heart. No differences were observed between groups of transgenic animal relative to

the distribution and density of fïbrosis (data not shown).
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Figure 3.4 Angiotensin peptide measurement in plasma and hearts of non-, single- and

double-transgenic animaIs. Three to five mice were used in each group. *P<O.OS as

compared ta non-transgenic mice by ANOVA using Student's t-test. tP<O.Ol as compared

ta MHChAgt-2 mice by ANOVA using Student's t-test.
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DISCUSSION

The present study provides the first in 'Vivo demonstration that a chromc elevation in

circulating prorenin leads to uptake ofprorenin by tissues and an increase in local synthesis

of angiotensin peptides within tbat tissue. Homan renin and angiotensinogen have little

biochemical interaction with their mouse homologues (20), although the ensuing products

of their reaction (Ang 1, Ang II and metabolites) are identical in the two species. This

allows the study of the human renin and angiotensinogen transgenes without interference

from the mause RAS and makes it possible to target the effects to a given tissue (e.g. the

heart). In our model, increased Ang 1, the direct product of renin action on

angiotensinogen, and was restricted to the heart of animais in which the substrate,

angiotensinogen, was expressed. Sînce we observed no increase in plasma Ang 1 content in

the double-transgenic animais as compared with single- and non-transgenic mice, we

confinned that the site of angiotensin peptide generation is within the heart, with no

apparent leakage ofthose peptides in circulation. Notably, we failed to see an increase Ang

II content in the heart ofdouble-transgenic animaIs. While the explanation for this result is

not known, it is possible that the levels of Ang 1 peptides generated do not permit

significant conversion to and detection ofAng II. Furthermore, we did not observe any of

the hallmarks ofhigh cardiac Ang II including cardiac hypertrophy or increased fibrosis in

the double transgenic mice demonstrating that a local increase in Ang 1 alone is not

sufficient to induce cardiac pathologies. Thus, while we failed to demonstrate a

physiological consequence of prorenin uptake and activity in the heart, it is possible that

prorenin uptake plays a significant raie in other tissues where it could encounter

endogenous angiotensinogen. Such a possibility would need to be tested using native

mouse prorenin as the human protein used in these studies does not have detectable activity

on mouse angiotensinogen.

The nature of the activation step for circulating prorenin taken up by tissues is not

known. Previous studies have demonstrated that human prorenin can be enzymatically

active without the removal of it 43-amino acids prosegment within tissues (15). Cell

culture studies (14,16) have shown that endothelial cells, cardiomyocytes and fibroblasts

can bind and internalize not only renin, but aIso prorenin whereupon prorenin can be
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activated to renin. It has been suggested that this finding explains why in the normal heart

virtually no prorenin can be detected (21,22).

Severa! groups have reported on the existence of (pro)renin binding proteins and/or

receptors (12,13,16,22-25). Nguyen et al. and Sealey et al., with the use of radiolabelled

(pro)renin, demonstrated high-affinity renin binding siteslreceptors CKcJ 1 DM) in human

mesangial cells and in membranes prepared from multiple rat tissues including the heart

and vasculature (13,23). As these sites bind prorenin and renin equally weIl, it is possible

that they could account for prorenin uptake within tissues (13). The demonstration in this

study that the prorenin being taken up can have enzymatic activity may serve to explain the

cardiovascular pathologies observed in animais with high levels ofcirculating prorenin (11)

and May point to a novel therapeutic target for their prevention in humans.
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In our previous study, we observed a hypotensive phenotype in sorne of the human

prorenin expressing mice. This observation was similar with previous studies in which a

significant decrease in blood pressure was observed upon injection or infusion of prorenin

in experimental animaIs. However, it differs from study reported using a transgenic rat

model over-expressing rat prorenin. In that model, rats are normotensive but develop sorne

vascular pathophysiology. These observations led us to assess the implication ofcirculating

prorenin in maintenance of blood pressure and on development of vascular pathologies.

The present work describes results from transgenic mice harboring a chronic elevation of

circulating prorenin. Our results fail to support a model in which circulating prorenin eould

act as a natura! antagonist of renin binding in the vasculature and be responsible for the

circulatory modifications and pathologies associated with its chronie elevations.

This is a multi-authored work in whieh Dr. David W. Silversides generated a11

transgenic mouse lines and Sandro Maschiotra, a laboratory technician, performed the

RNase protection assays on TTRmProren and ITRmProren-mut miee tissues (Figure 4.3).

Chantal Mercure, a laboratory teclmieian, performed the blood pressure measurements of

TTRmProren-mut mices. AIl the remaining of the work was carried out by myself under

the supervision ofDr. Timothy L. Reudelhuber.
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ABSTRACT

Although the physiological role of circulating prorenin (the inactive precursor of renin) is

currently unclear, high prorenin levels are often associated with conditions of

vasodilatation and/or vascular injury. 1t bas been proposed that bath renin and prorenin can

be taken up by vascular cell types and in blood vessels where they might contribute to the

activity of local renin-angiotensin systems. It bas aIso been reported that both renin and

prorenin bind to specific high-affinity acceptor sites in the vascuiar wall which might

mediate their uptake into tissues. In the current study, we tested the hypothesis that

chronically bigh circulating prorenin levels regulate blood pressure by acting as an

endogenous competitor for renin binding and uptake in tissues. Transgenic mice

overexpressing either native or active site mutated (enzymatically inactive) prorenin in the

liver were generated. Levels of circulating prorenin were increased 40-100 times above

normal in these transgenic mice whereas plasma renin concentration was either unchanged

or decreased. Blood pressure measurements revealed either no difference or an increase

(+26 mm Hg) in blood pressure for the native prorenin-expressing mice wbile the inactive

prorenin mice showed no significant differences compared with control animaIs. No

differences were detected in either heart rate or cardiac/renal histomorphology in transgenic

animais. These results fail to support a role for prorenin acting as an endogenous

competitor ofrenin binding and activity in the circulation.
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INTRODUcnON

Circulating renin, a key enzyme in the renin-angiotensin system (RAS) plays an important

raIe in the regulation of blood pressure and electrolyte homeostasis. Derived mainly from

the kidney, it catalyzes the rate-limiting step of this enzyme cascade. Prorenin, the

biosynthetic precursor of renin, is also present in the blood plasma and accounts for more

than 90% of renin circulation in bath man and rat. Prorenin is produced not only by the

kidney but aIso by other tissues such as adrenaI, testis, ovary, and placenta which

contribute ta its levels in the plasma (l-3).

Although the role of circulating renin in the regulation of blood pressure bas been

extensively documented, very few experim.ents have addressed the contribution ofprorenin

to cardiovascular regulation. Early experiments dealing with acute infusion of prorenin in

animais showed no evidence of increased blood pressure, which was explained by the

observed lack of prorenin activation in plasma (3-7). However, a transient reduction in

blood pressure was reported in monkeys infused with recombinant human prorenin (6,8),

and a prolonged reduction in blood pressure was seen in rats infused with recombinant rat

prorenin (5). Supported by the existence of (pro)renin acceptor/receptor proteins in the

heart and vasculature (9,10), the finding that prorenin as weU as renin have a longer

retention time in the circulation when infused in blood vessels (11), and that high prorenin

has been associated with regional vasodilatation (12), sorne investigators (12) have

proposed that renin activity in the circulation is enhanced by binding to the blood vessel

wail. In this model, prorenin could act as a competitive ligand for renin binding in the -­

vasculature where it might block renin activity in tissues of cardiovascular importance. To

directIy address this question, transgenic mice exhibiting chronic elevations of circulating

prorenin were generated and tested for etIects on blood pressure and tissue pathologies that

might result from local hyperperfusion. Our results fail to support a role of chronicaUy

elevated prorenin as a regulator ofcardiovascular fonction.
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MATERIALS AND MEmODS

Construction ofthe expression vectors

The expression vector for native mouse prorenin (ITRmProren) was constructed as

follows. A cDNA for mouse Ren.-1 was cloned downstream from a 3 Kb region of the

transthyretin gene promoter (a gift from Dr. Robert Costa, The University of lllinois at

Chicago) and upstream from the rabbit ~-globin 3' non-translated region. Mouse prorenin

incapable of exhibiting renin activity (TIRmProrenin-mut) was produced by converting an

aspartic acid in the renin active site (position 32) to an asparagine (DIN +32). The

substitution was carried out by site-directed mutagenesis using the overlap extension PCR

technique described by Horton et al. (13). The following oligonucleotides were used: Mut­

forward primer (S'-AAAGTCATCTITAACACGGGTT-3'), Mut-reverse primer (5'­

AACCCGTGITAAAGATGACTI1'-3'), Ext-forward primer (5'­

CCCAAGCTIAGATGGACAGAAGGAGGATGCCTCTCTGGGCACTG-3 '), and Ext­

reverse primer (5'-ATGTCGGGGAGGGTGGGCACCTG-3'). AIl expression vectors

were verified by sequencing ofdouble-stranded DNA.

Cell culture and transient transfections

The human hepatocellular carcinoma HepG2 ceIls were grown at 37°C in Dulbecco's

modified Eagle's medium supplemented with 10% fetaI calf serum in a humidified

incubator at 5% C02. Cells were plated at a density of 1 X 106 cells in 35-mm wells and

transfected 6 h later with 20 J.lg of the appropriate expression vector using the

Lipofectamine(8) Reagent method (Life Technologies, Inc).

Biosynthetic labeling ofprotems

Transiently transfected HepG2 cell were replated in 25-mm wells 48 h after transfection.

The next day, the cells were depleted ofmethionine for 1 h in methionine-free Dulbecco's

modified Eagle's medium containing 10% dialyzed fetal calf serum, labeled with 300 J.LCi

ofeSS]methionine per weIl, and incubated in complete medium for 18 h. At the end of this

period, culture supematants were then immunoprecipitated with a rabbit anti-human



•

•

•

80

prorenin (BRI-6) and protein A-Sepharose. Immunoprecipitated proteins were fractionated

by SOS-PAGE, and gels were subjected to fluorography.

Generation and maintenance oftransgenic mouse lmes

FVBIN mouse embryos were microinjected with appropriate expression vectors according

to standard protocols (14). Breeding ofall mice was carried out in the FVBIN line keeping

all transgenic animais heterozygous for the transgene. Presence of transgene was

determined by PCR analysis ofDNA obtained by tail biopsies. AIl animals studied were at

8-12 weeks of age. AlI control animals used were non-transgenic littermates. AlI animal

protocols were approved by the institutional Animal Protection Committee of the Clinical

Research Institute ofMontreal.

Determination oftransgene expression levels

Transgene expression was quantitated by an RNAse protection assay from total tissue RNA

of liver samples as previously described (15). The probe used spans the rabbit B-globin 3'

non-translated region. Intensity of the bands was estimated by scanning densitometry of

autoradiograms using an Alpha Imager 2000 Digital Imaging System (Alpha Innotech

Corp.). Transgene expression levels were compared by nonnalizing the Ïntensity of the

prorenin band to the corresponding histone H4 band intensity. Relative levels (fold

increase of expression level) were based on the ratio of individual expression level to the

lowest level measured (TIRmProren-3 mice).

Determination ofplasma renin andprorenin concentration

Plasma samples were obtained by orbital puncture as described previously (16). Plasma

renin concentration (pRe) and total renin concentration (TRC) were determined by renin

enzymatic assays followed by radioimmunoassay (RIA) of generated Ang 1. Bath assays

were performed as described previously (16) with the following modification: 0.1 f.lL

plasma samples (diluted in water, 50 J.1L final volume) and 50 ~ semi-purified sheep

angiotensinogen (equivalent to 8000 pg Ang 1) were used for the reoin assays.
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Bloodpressure measurements

Blood pressure measurement was performed by tail-cuff plethysmography (BP-20GO

system, Visitech Systems, Apex, Ne, USA) as described previously (16). Briefly, mice

were trained to the apparatus for a total of 7 uninterrt1pted days and measurem.ents were

recorded for the following 3 days.

Angiotensin peptide measurements

Ang II was measured by RIA of acid-soluble extracts of either plasma or kidney according

to previously described methods (16). Briefly, 0.2 ml plasma extracted from blood drawn

by cardiac puncture in presence of peptidase inbibitors (l f.1M remikiren, 1~ captopril,

and 10 mM EDTA final concentration) were used for Ang II measurem.ent in plasma. Bath

kidneys were collected, washed in phosphate buffered saline (pH7.4) and tested separately

for angiotensin peptide content

Organ histomorphology

For the histological examinations, the livers, kidneys, lungs, testis and hearts of

anesthetized transgenic and control animaIs were fixed in situ by organ perfusion using

Bouin's fixative, collected and then imbedded in paraffin. Tissue sections (6-7 f.lnl) were

produced. One set of tissue sections was stained with hem.atoxylin/eosin according to

standard protocols and examined for apparent physiological abnormalities (i.e. vascular

lesions and hypertrophy). A second set of tissue sections was stained with Sirius Red as

described previously (16) to assess differences in interstitial and perivascular fibrosis.
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RESULTS

Transgene construction and characterlzation

The transgenes we have constructed place the mouse Ren-l cDNA under the control ofthe

transthyretin promoter. In mice, this promoter drives the transgene expression in the liver

as previously demonstrated (17). In order to test for the contribution of enzymatic activity

in any eventual physiological role of circulating prorenin, we made identical constructions

in which one of the aspartic acids in the active site ofrenin (aspartic acid 32) was converted

to asparagine by siteoadirected mutagenesis.

To verify the synthesis and release of the recombinant prorenins encoded by these

transgenes, cultured hepatic cells transfected with the appropriate vectors was

metabolically labeled with eSS]methionine and culture supematant were

immunoprecipitated with an antibody specifie for prorenin and renin. As shown in Figure

4.1, bands eorresponding to mouse prorenin were observed in the supematant of cells

transfected with the native and mutated mouse prorenin expression vectors. This result

indicates that the expression vectors direct the proper synthesis and release of prorenin

fram transfected cells. The eifectiveness of the DIN +32 mutation in eliminating renin

enzymatie activity was confumed by performing renin assays of culture supernatant

collected from transfected cells (data not shawn).

Generation oftransgenic mice

Out of seven founder Iines generated for the native monse prorenin, only two (e.g.

TTRmProren-3 and TIRmProren-7) were found to release significant amounts of prorenin

into the plasma (as indicated by TRC values) with no detectable increase in plasma renin

concentration (pRe) (see below). Of the three founder Iines generated for mutated monse

prorenin, only two (TTRmProren-2mut and TTRmProren-3mut) were shawn to express the

transgene in liver with. levels comparable or higher than TTRmProren monse lines (see

below). The relative level oftransgene mRNA expressed in liver oftransgenic mice varied

over a range of approximately 4-fold (Figure 4.2).
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Figure 4.1 Detection of labeled mouse prorenin in culture supernatant from cells

transfected with the native (TTRmProren) or active site-mutated mouse prorenin

(TIRmProren-mut) vectors by immunoprecipitation. Arrow indicates the expected

migration ofmouse prorenin. A human renin expressing vector (pRhRll00) was used as a

positive control.
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Figure 4.2 Transgene expression in liver of founder lines expressing native (TTRmProren­

3 and -7) or mutated mouse prorenins (TIRmProren-2mut and -3mut) as measured by

RNase protection assay. Histone H4 mRNA is included as a control for RNA loading.

Total RNA from transfected cells (Control +) and non transgenic animaIs (NT) were used

as contraIs. Expression levels (bottom) correspond to relative foid increase of individual

expression levels compared with lowest level measured (fTRmProren-3).
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Expression ofnative mouse prorenin (Ren-l) in the liver of transgenic mice leads to a

lO-foid increase in total renin concentration (active renin and prorenin) in both transgenic

mouse lines studied (Table 4.1) which corresponds ta an increase in prorenin in the order of

40-fold in the TfRmProren-3 mouse line and So-fold in the TTRmProren-7 mice. Plasma

active renin concentration measurements (PRC) revealed a significant decrease in

circulating active renin in transgenic TTRmProren-7 mice compared with non-transgenic

littermates whereas no significant differences were observed for the TfRmProren-3 mice

(Table 4.1). This latter observation suggests a downregulation of the endogenous renin in

this transgenic mouse line.

Table 4.1 Physiological characterization oftransgenic mice*

Mouse Geno- PRC TRC SBP Pulse
Une type (ng AngUmUh) (ng AngUmLIh) (mm Hg) (beats/min) n

NT 1779±899 2309±888 132±2 646±12 8
ITRmProren-3

TG 1314±567 22561±4085t 124±3 645±14 8• NT 3158:J:757 4045±1198 1300 649±17 10
TTRmProren-7

TG 1617±12St 46771±5097t 156±3t 656±17 10

NT nd (-3177)t 136±3 711±15 7
TTRmProren-2mut

TG nd {-34000)t 138:J:4 696±8 5

NT nd (-3177)t 136±3 711±15 7
TTRmProren-3mut

TG nd (-90000): 143±5 715±13 5

•

* Results represent the mean (± SEM) values of single determinatioDS. PRC, plasma renin

concentration (active renin). TRC, total renin concentration (prorenin + active renin).

SBP, systolic blood pressure. NT, non transgenic littermate mice. TG, transgenic mice.

tP<O.OOl, compared to control animals (NT) determined by ANOVA using Student's t-test.

tExpected value based on relative expression level of prorenin mRNA determined by

RNase protection.
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Sïnce the mutant mouse prorenin (TIRmProren-mut) lacks enzymatic activity,

determination ofPRC and TRC by renin assays is not possible. However, an estimation of

the plasma prorenin concentration in those animais can he made based on determination of

the relative mRNA expression level of the individual mouse fines. Assuming that plasma

level of circulating prorenin is proportional to it mRNA expression level in liver (as

suggested by the correlation seen in the animais expressing native prorenin) TIRmProren­

mut2 and -mut3 mice are expected to have plasma prorenin levels in the arder of 125x and

46x, respectively, as compared to control animais (Table 4.1).

BiochemicaI andphysiological charaeterization oftransgenic animais

Blood pressure measurements on aIl transgenic mouse lines showed either no difference

(TIRmProren-3, TTRmProren-2mut, and TTRmProren-3mut) or a moderate increase

(TfRmProren-7) in their mean systolic blood pressure as compared with control noo­

transgenic littermates. We failed ta observe any significant decrease in blood pressure in

any of the transgenic mouse lines. Heart rates of the transgenic mice were aIso unaffected

as compared to control animais (Table 4.1).

Ta assess the contribution of prorerin to the activity of the circulating RAS in the

moderately hypertensive TfRmProren-7 mouse line~ we measured Ang fi peptide

concentration in both plasma and kidney in these mice and in control non-transgenic

littermates. As shown in Figure 4.3, bath plasma and kidney Ang II concentrations were

significantly lower in the TTRmProren-7 transgenic mice as compared ta control animais.

This result suggests that chronically increased levels of circulating prorenin do not

contribute to increased circulating RAS activity. The hypertension observed in these

animais aIso does not appear to be a consequence of an increase in intrarenal Ang II

content.
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Figure 4.3 Ang II concentration in plasma (a) and whole kidney (h) in TfRmProren-7

(TG) and control animais (NT). Values are mean (± SEM) ofsingle determinations on 5-6

individual animais. *P<O.Ol, tP<O.OOl compared to control animais determined by

ANOVA using Student's t-test.
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Routine histological staining (hematoxylinleosin) performed on major organs ofnative

mouse prorenin transgenic animais and control revealed no apparent changes in tissue

morphology in transgenic mice compared with control anjmals (data not shown). No

vascular lesions were observed. Sirius staining was used to assess any changes in interstitial

and perivascular fibrosis in tissue and failed ta show any differences in transgenic mice

compared with control animais. These results reveal no pathophysiological consequences

ofchronically increased plasma prorenin in our transgenic mice.
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DISCUSSION

In this study, we report the creation ofan in vivo model to assess the raIe ofprorenin in the

regulation of blood pressure. Based on the hypothesis that prorenin in circulation May be

acting as an endogenous competitor for renin binding to the vascular wall, we predicted

that sustained increase in plasma prorenin Ievels should Iead to an hypotensive phenotype

in our model. Since we failed to observe a significant decrease in mean systolic blood

pressure in all transgenic mouse lines studied, we provide evidence refuting the latter

hypothesis. However, our in vivo model has demonstrated that, in intact animais, 1)

prorenin is not converted to active renin in the circulation as noted by the lack ofobserved

increase plasma renin concentration in transgenic animais, and that 2) prorenin has no

significant intrinsic enzymatic activity in the circulation as suggested by a lack of an

increase in plasma Ang II concentrations. These data confirm previous reports (7)

indicating that circulating prorenin does not participate, either directIy or indirectly, to

circulating RAS activity.

Somewhat surprisingly, one of our lines of transgenic mice with high levels of

circulating native prorenin (line TI'RmProren-7) was hypertensive in spite of the fact that it

exhibited no increase in circulating active renin or Ang II. Although we do not know that

exact explanation for this increase in blood pressure, our results strongly suggest that the

hypertension is a result of RAS action in one or more tissues and not in the circulation.

There is evidence for the existence of tissue RAS in many organs and tissues (18), sorne of

which participate directIy in the regulation ofblood pressure. Local activation of the RAS

in brain, kidney or adrenal can lead ta hypertension independent ofcirculating RAS activity

(19-21). Prorenin taken up by tissues would presumably have to be activated locally to

contribute to angiotensin fOIDlation and hypertension. Notably, our results do not show an

increase in renal Ang II content in the hypertensive line TTRmProren-7 line in spite of the

fact that the intrarenal RAS bas been implicated in blood pressure regulation (20,22).

Nevertheless, severa! studies have shown that prorenin taken up by either cultured cells or

by tissues in whole animaIs can be converted to active renin by either proteolytic or non­

proteolytic mechanisms (7,15,23,24). The current study suggests that this prorenin might

contribute to an increase in blood pressure.
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These results also raise the possibility that a blood pressure-Iowering effect of

circulating prorenin (by renin uptake competition) could be masked by a concurrent blood

pressure increasing action of circulating prorenin (by contribution ta a tissue R..J\S). To

mIe out this posSlbility, we generated transgenic mice with high circulating levels ofactive

site-mutated prorenin which, although still capable of binding to a renin acceptor, would

not be able to contribute to the activity of a tissue RAS. Our resu1ts show no effect of

chronically high levels of mutated prorenin, suggesting that competition for a renin uptake

protein is not a major contributor to blood pressure modulation.

Previous reports have proposed. that circulating prorenin could also have a role in

vascular pathologies independent of blood pressure. Veniant et al. (25) reported that

transgenic rats overexpressing prorenin exhibit renal vascular lesions and cardiac

hypertrophy without significant hypertension. In our transgenie mice expressing native

prorenin, we observed no apparent pathophysiology associated with chronically elevated

circulating prorenin. The difference in these results May he related to the difference in

plasma prorenin levels between the previously reported rat model (up to 400-fold increase)

and our present model Ca maximum of a IOO-foid increase). AltemativeIy, it may simply

be that prorenin doesn't play the same role in mice compared to rat relative to it effects on

cardiovascular system.

In conclusion, the present study fails to support a model in which circulating prorenin

could act as a naturaI antagonist of renin binding in the vasculature leading to a decrease in

blood pressure. Our fallure to show any consequences of increased circulating prorenin in

our mice raises the possibility that chronie eievations in circulating prorenin are not

responsible for the circulatory modifications and pathologies with which they are

commonly associated
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General discussion
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The experimental work presented in this thesis bas furthered our understanding of the

raIe of circulating RAS components relative ta its participation in circulating and tissue

RAS activity, in severa! respects: 1) our results studying the uptake of circulating

(pro)renin in tissue bas confumed the presence in vivo ofblood-bome (pro)renin in several

tissues, 2) results from in vivo renin enzymatic assay studies revealed tissue activity of

circulating prorenin which strongly suggested a role for circulating prorenin in local RAS

activity, 3) the potential physiological implication of such local activity has been

highlighted by subsequent physiological studies providing evidence for distinct raIe of

tissue RAS such as promoting cardiac fibrosis, and 4) results from studies assessing a role

for prorenin in circulation tend to refute the hypotheses that circulating prorenin contnbutes

to the system.ic control of blood pressure and ta the pathophysiology of the vasculature.

However, our results mise the possibility that local activity of prorenin might affect the

long-term maintenance ofblood pressure.

1 Our experimental models

Before discussing the results gathered from the current studies, it is essential to understand

the premise behind the design ofour experimental models.

1.1 Study ofuptake and activity ofcirculating (pro)renin in tissues

Using the gene-targeting approach, transgenic mice harboring the human (pro)renin gene in

the liver and the human angiotensinogen in the heart were produced (Figure 2.1, panel B

and Figure 3.1, panel B). On the premise that human (pro)renin is constitutively released

into the circulation, is accessible to a1l tissues, and will share enough similarity to the

mouse (pro)renin to behave like the latter, uptake of (pro)renin can be determined by

precise immunologicallocalization of human (pro)renin within tissue. Upon confirmation

of it localization within tissue, local renin activity can be determined in vivo by providing

its substrate to the tissue (i.e. the heart) (Figure 5.1). Measurement of tissue angiotensin

concentration should demonstrate if(pro)renin is active within tissue.
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Figure 5.1 Diagramatic representation of the experimental approach used to assess

(pro)renin uptake and activity in tissue. Full arrows (-+) represent actual processes.

Interrupted arrows ( ••••> ) represent processes onder investigation. RAS components:

mouse renin (mREN), human renin (hREN), human prorenin (hPRO), mause

angiotensinogen (mAGT), human angiotensinogen (hAGT), and angiotensin l (Ang 1).

1.2 Study ofthe function ofprorenin in circulation

To study the function ofprorenin in circulation, we used the same gene-targeting approach

as for the previous model to produce transgenic mice harboring the native mouse prorenin

gene (Ren-l) or an inactive mause prorenin (Ren-l with DIN +32 substitution) in the liver.

On the premise that the native and inactive mouse prorenin are constitutively released into

the circulation and its plasma levels in excess compared ta the endogenous renin, the role

ofcirculating prorenin relative to it implication in control ofblood pressure can be assessed

by precise measurement of the blood pressure of transgenic mice. Moreover, histologie

examination of major tissues of transgenic mice should allow the determination of the

possible role ofprorenin in the pathophysiology ofthe vasculature.

2 Uptake of circulating {pro)renin by tissue in vivo

The origin of reoin in cardiovascular tissues is a controversial issue. A growing body of

evidence favors the view that renin uptake is the major mechanisms used ta provide renin

ta these tissues. However, direct evidence for this process is still lacking. Described in
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Chapter 2 and 3, studies assessing the presence of circulating (pro)renin in tissue by

immunohistochemistry provided direct evidence for the uptake of circulating (pro)renin by

tissue 8uch as the heart. Moreover, detection of human renin enzymatic activity in vivo

(indieated by angiotensin peptides concentration in tissue expressing the natural substrate

ofhuman renin) provided further evidence for its presence in the heart (refer ta Section 3).

2.1 Nature of(pro)renin uptake by tissue

Uptake mechanisms

The simple fact ofobserving the presence ofhuman (pro)renin in discreet perivascular cells

within tissues indicates that circulating (pro)renin bas the ability ta enter a tissue by

cros8ing the endothelial cell layer forming the blood vessel wall. The mechanism of

(pro)renin uptake by tissue in vivo is still not known. However, based on our observations,

this mechanism may require two consecutive steps: passage of (pro)renin from the

intravascular compartment ta the tissue interstitial compartment, and then binding and/or

intemalization of (pro)renin in perivascular cells. The first step, which represents the

crossing of the blood vessel wall (i.e. endotheüal cells layer) could be a diffusion of

(pro)renin through fenestrations, fused vacuoles, cell junctions, or by vesicle transcytosis.

AIl those processes have been observed ta take place in capillaries and larger blood vessel

(241-243). Alternatively, crossing of the blood vessel wall can be achieved by a receptor­

mediated process. Binding to acceptor/receptor proteins, (pro)renin could be brought within

a given tissue by transcytosis. Present in the interstitial compartment, (pro)renin might

enter eells via a similar process (Le. receptor-mediated endocytosis). In support ofan active

process of (pro)renin uptake in tissue (and cells), cell membrane proteins specifically

binding (pro)renin have been identified and shown ta be present on endothelial and cardiac

cells (202-206). In addition, recent evidence from in vitro cell culture has shawn that

human prorenin and renin can he internalized in cardiomyocytes, fibroblasts or endothelial

cells tbrough a mannose-6 phosphate receptor mechanisms (202,203). Moreover, these

studies have demonstrated. that upon internalization, prorenin was proteolytically activated.
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In coopter 2, we provided evidence that (pro)renin uptake is independent of blood

pressure based on the resuIts:

1) Anti-hypertensive treatment did not lead ta decreased renin activity in heart of

double transgenic animais compared with vehicle treated animaIs (Table 2.2),

2) Anti-hypertensive treatment did not lead to a significant decrease in renin

immunoreactivity in the heart of transgenic animaIs compared with vehicle treated

animais (data not shawn).

These results suggest that (pro)renin uptake is not mediated by simple diffusion of

plasma constituents to the interstitial space, and bulk (non-specifie) endocytosis into

perivascular cells since variations in blood pressure have been demonstrated ta affect the

movement of bload-bome substances across the vessel wall (244). However, if circulating

(pro)renin entry in the interstitial space is mediated mainly by diffusion, binding and/or

uptake of interstitiaI (pro)renin in Perivascular cells as weil as it local enzymatic activity

have ta he specific and limited processes.

Uptake selectivity

Based on the presence of an IR.-human (pro)renin signal in TTRhProren-B7 mice, we cao

state that prorenin, the precursor form of renin can enter tissue ta be detected locally. The

precise nature of the renin faIm detected witbin tissue is still to he determined since it is

conceivable that prorenin is proteolytically processed and/or associated with proteins

within the tissue. Sïnce bath fonn of human renin are present in plasma of human active

renin-expressing mice (refer to Section 6.2) and since we were unable ta distinguish each

renin fonn by immunohistochemistry (refer to Section 2.1), the entry of human renin in

tissues could not be confirmed in the TIRhRen-A3 mice. This result raises the possibility

that the observed IR-human (pro)renin in tissue of the latter mouse line may derive strictly

from circulating prorenin, not renin. This hypothesis bas heen previously presented by

Sealey and Rubattu (216) in an attempt ta define a raIe for prorenin in circulation and

tissues. In support ofthis hypothesis, selective uptake (or extraction) ofcirculating prorenin

bas been reported for the heart (192,193) and kidney (194). However, several lines of

evidence argue against this hypothesis: renin binding proteins identified ta date bave been
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demonstrated to have comparable affinity for bath renin forms (204), and renin uptake

has been demonstrated in tissue including the heart upon infusion or injection of pure

active renin (185,186,197-199).

Taking into account the relative plasma level of human active renin and prorenin in

TfRhRen-A3 and 'ITRhProren..B7 mice (refer to Section 6.3), comparison of tissue

distribution and staining intensity ofIR..human (pro)renin between those mouse lines raises

the possibility that in vivo the uptake is selective for prorenin in heart, liver and pituitaly,

while being selective for active renin in gonads (i.e. ovary and testis) (refer to Section 1 of

Appendices). Selectivity in (pro)renin uptake could be mediated by differences in affinity

of (pro)renin binding proteins. Alternatively, if the (pro)renin uptake by tissue is not

selective for one particular renin fOIDl, the difference in tissue distribution and staining

intensity could be explained by differences in density of (pro)renin binding proteins in

various tissues.

2.2 Cell..type(s) responsible for the uptake ofhuman {pro)renin

As mentioned in chapter 2 and 3, and presented in Appendices (Section 1), the cell-type

responsible for the capture of (pro)renin in the heart and other tissue is still unknown.

However, (pro)renin uptake has been observed in Kupffer cells (liver) and proximal tubule

cells (kidney). These observations are in accordance with previous reports demonstrating

that eorresponding tissues are the main site of circulating (pro)renin accumulation in the

body (113,245..253). Those eells have been demonstrated to be responsible mainly for the

clearance of circulating (pro)renin (246,250,251). However, one study reports conversion

ofcirculating prorenin to renin by those tissues (248) raising the possibility that circulating

(pro)renin May participate in a local RAS in those tissue.

In the heart and testis ofour transgenic animaIs, IR...human {pro)renin was observed in

eells adjacent to eapillaries or small arterioles (refer to Appendices). In these particular

tissues, the morphologieal study performed by eleetron microscopy suggests that one cell..

type is responsible for the uptake of circulating (pro)renin in thase tissues and that it may

be the same cell for both tissues. However, comparison of the staining intensity between

human active renin..expressing mice (TTRhRen-A3) and human prorenin..expressing miee
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(TIRbProren-B7) MaY suggest a difference in the cell affinity for each renin fOIm in these

tissues (refer to Appendices).

Although we were unable ta identify the cell-type staining for the human (pro)renin in

the heart, our studies pennîtted us to eliminate the cardiomyocytes, endothelial cells, and

vascular smooth muscle cells as potential candidates. Hased on the morphological

characteristics of cells staining for human (pro)renin (described in Appendices, Section 1),

the following candidate cells can be considered:

1) Macrophage/monocyte cells:

Macrophage/monocyte cells are responsible for the clearance of plasma and interstitial

proteins. Those cells have been shown to be able ta infiltrate tissue to become resident

Macrophage/monocyte ceUs are important in inflammation processes in cardiovascular

tissue (254,255). Sînce we demonstrated that a small portion of the human (pro)renin

stained cells are resident macrophages (partial co-Iocalization of IR-human (pro)renin with

MAC-2), we May consider the possibility that non-resident macrophages or monocytes are

responsible for most of the (pro)renin uptake in the heart and other tissue such as the testis.

In support of a role of macrophage/monocyte cells in (pro)renin uptake and local activity,

human monocytes have been shown to contain a substantial amount of Ang l and Ang II

(256), and renin activity and immunoreactivity have been detected in resident alveolar

macrophages/monocytes (257). In an attempt ta localize these cells in the heart, antibodies

for MAC-l (CDl1b) and F4/80 were used in immunohistochemistry on cardiac tissue

sections. Using different tissue fixatives and immunohistoehemical procedures, we were

not able ta obtain a clear immunoreactive signal (data not shown). More cell markers

specifie for macrophages and monocytes are now available (Le. BM8, MP23, MOMAl,

MOMA2, M5/114, BMDMI and NLDC145 (258» and eould be used to test this

possibility.
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2) Pericytes:

Pericytes are ceUs define mainly by their strict localization 10 capillaries and post-capillary

venules. Pericytes are morphologically, biochemically and physiologically heterogeneous

(231). However, pericytes possess certain common characteristics: i) pericytes regulate

endothelial proliferation and differentiation; ii) pericytes are contractile and the contraction

May either exacerbate or stem endothelial junctional inflammatory leakage; iii) pericytes

function as a progenitor cell; iv) pericytes synthesize and secrete a wide variety of

vasaactive autoregulating agonists; v) pericytes synthesize and secrete structural

constituents of the basement membrane and extracellular matrix; vi) pericytes are involved

in specific microvascu1ar diseases. Their tissue localization and morphological

characteristics make pericytes good candidates for the cell-type responsible for (pro)renin

uptake in the heart. However, the lack of specific ceU markers for pericytes make their

identification quite difficult. Still, one histological stain specific for pericytes has been

developed by Zimmermann in 1923, and uses a silver impregnation stain for light

microscopy (259). Unfortunately, this staining is not compatible with the (pro)renin

staining and co-localization techniques used in our studies making the co-Iocalization

impossible.

3 Activity of circulating prorenin within tissue

Our experimental model has been designed to assess renin activity in vivo. By providing its

naturaI substrate to target tissue, presence ofrenin enzymatic activity can be determined by

measuring the concentration of angiotensin peptides in that particular tissue. As

demonstrated in chapter 2 and 3, both human active renin (TIRhRen-A3) and human

prorenin (TTRhProren-B7) mice have been shown to possess some human renin activity

within their heart which depends on the presence ofhuman angiotensinogen locally. From

our studies, we are the first to provide direct evidence for the local activity of circulating

prorenin within tissues (refer to Chapter 3). Previous studies where isolated or recombinant

prorenin was infused or perfused in whole body or in isolated tissue preparation failed to

observe activation of extemally provided prorenin by tissue as indicated the lack of

observed alteration ofblood pressure, increase in plasma renin concentration or activity, or

increase in tissue angiotensin peptides concentration (220,260). However, one study reports
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a possible physiological consequence of increased circulating prorenin in rat that might

suggest the possible local activity ofcirculating prorenin (222).

3.1 Local activity ofcirculating (pro)renin is independent ofblood pressure

In chapter 2, we demonstrated that local activity of circulating (pro)renin in the heart is

independent of blood pressure. This is based on results obtained from animal treated with

losartan, an AT1 receptor antagonist used to nonnaIize blood pressure. We have to be

careful in interpreting results from studies performing dmg treatment especially when the

dmg used interacts directly with components of the endocrine system studied. A previous

study bas reported the increase of both Ang 1 and Ang II (7- and 2-fold, respectively) in

heart ofrats treated with losartan when compared with vehicle treated hypertensive animals

(139). In our mouse model, treatment with losartan led to a significant increase in plasma

Ang l, but not cardiac Ang 1 in non transgenic mice (Figure A.2). This can be explained by

inhibition of negative feedback mediated by the ATl receptor on JG cells, resulting in

stimulation of renin synthesis and secretion from kidney. For the other transgenic mouse

Unes (human renin, human angiotensinogen and double transgenic mice), no increase in

plasma Ang 1 is observed, suggesting that treatment with losartan in those mice seems not

to completely release the inhibition of renin synthesis and release from kidney. These

results suggests that in those latter mouse lines, control of renin release is not limited by

circulating Ang II or blood pressure effects. We May consider treating the animaIs with

non-RAS anti-hypertensive dmg such as diuretic, natriuretic or beta-adrenergic receptor

blockers. However, the choice ofthe drug used as an anti-hypertensive is still difficult since

studies looking at effects of those dmgs on circulating and tissue RAS activity have

demonstrated that ail of them have profound effects on RAS activity, directly or indirectly.

However, since we demonstrated that uptake and local activity of circulating prorenin do

occur in the absence ofincreased blood pressure in TTRhProren-B7 mice (refer to chapter

2), we provide direct evidence that (pro)renin uptake by tissues is independent of blood

pressure.
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3.2 Nature ofprorenin activation in tissue

The nature of the activation in vivo ofprorenin taken up by tissues is still not known since

we were not able to determine the renin forms present in the heart and therefore, to provide

evidence for the nature of the activation step for circulating prorenin taken up by tissues

(refer to Section 6.1). However, activation ofprorenin could be mediated by proteolytic or

non proteolytic processes:

Non proteolytic activation

The prosegment of prorenin is responsible for the inhibition of renin. Alterations of

prorenin structure which result in displacement of the prosegment can. lead to it reversible

activation. Plasma prorenin bas less than 10% of the full activity of renin, but its activity in

vitro is increased by lowering the pH or temperature, or lipids (96-98,100,261). Since no

significant variations in temperature can. occur in vivo, the cryoactivation ofprorenin is not

likely to account in vivo. However, acidification bas been suggested for the activation of

prorenin in interstitial space or in cells (upon intemalization, in endosomes) (262).

Evidence for non proteolytic activation of prorenin has been provided recently by in vivo

renin enzymatic assays in mouse expressing both prorenin and angiotensinogen in pituitary

(262). Altematively, it has been proposed that prorenin activity in tissue could be mediated

by it close association with binding proteins (216). However, no direct evidence has been

provided for this latter hypothesis.

Proteolytic activation

The proteolytic process, characterized by the irreversible activation of prorenin, requires

the presence ofconvertases (processing enzymes) at tissue site. At present, the kidney is the

only organ that is known to convert prorenin to renin in human and mammals.

Nevertheless, sorne conversion of prorenin bas been Oreported to take place in discrete

extrarenaI tissues in rodents, such as the adrenal and submanchbular gland (263,264).

Proteolytic activation of prorenin by trypsin, plasmin, kallikrein, cathepsin B, and other

proteinases has been demonstrated in vitro (95,235,265-267). However, none of these

enzymes have been demonstrated to convert prorenin in vivo. Previous reports suggest that,

in primates, the circulating prorenin taken up by the liver and kidney is converted to renin
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without secreting renin back into the circulating (248). In addition, recent studies assessing

the uptake of renin and prorenin by cardiac cells in vitro have demonstrated that prorenin

was proteolytically activated upon intemalization (202,203). We need ta he careful in

interpreting results from those studies since they are based on tissue extracts. Prorenin is

sensitive to lysosomal proteases released during the extraction and proteolytic conversion

to active renin is likely to OCCllI'.

In conclusion, the nature of the activation of prorenin taken up by tissue is still to be

determined in vivo. To test the possibility that proteolytic removal of the prosegment of

prorenin is require for the activation of prorenin is tissue, transgenic mice harboring the

human prorenin gene with a non cleavable prasegment as used by Methot et al. (262) could

be generated and assessed for it local activity in the heart as performed in the present

studies.

3.3 Is tissue activity ofcirculating (pro)renin limited to the heart?

Our in vivo renin enzymatic assays were designed to assess the local activity of circulating

(pro)renin in the heart. However, taking advantage of the ectopie expression of the human

angiotensinogen transgene in the lung and kidney, we measured the concentration of

angiotensin peptides in different tissue of mice expressing bath human active renin and

angiotensinogen (TIRhRen-A3 x MHChAgt-2). Preliminary data are presented in Figure

A.3. While plasma and kidney Ang 1 concentrations in double transgenic animais are

similar or decreased compared with control mice, Ang 1 concentration in the lung is

increased in the mice harboring bath transgenes. Although the difference in Ang 1

concentration are not quite significant due probably ta the small sample size, these results

raise the possibility that circulating (pro)renin is a1so active within the lung. However, no

increased Ang fi concentration is observed in that tissue suggesting that if increased local

generation of Ang 1 does occur, the local concentration of Ang 1 is either too low to

contribute to local Ang il concentration or that the site of Ang 1 generation is not in close

proximity to tissue ACE. Interestingly, no increase in Ang 1 or Ang n concentration is

observed for the kidney. Sïnce the substrate for human renin is present locally, this may

indicate that human (pro)renin is not present locally within the kidney. Altematively, the

human (pro)renin may be present within the kidney but not in close proximity of the human
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angiotensinogen site of expression. The latter possibility is worth consideration since the

cell-type responsible for the human angiotensinogen expression in the kidney of the

MHChAgt-2 mouse line is not known.. Considering the facts that IR.-human (pro)renin is

readily detectable in the heart and lung, and present at much lower concentrations in the

kidney, we found a direct correlation between its presence determined by

immunohistochemistry and its presence denoted by in vivo enzymatic assays. This suggest

that its presence in tissue is directIy correlated with its local activity.

3.4 Site oflocal (pro)renin activity (i.e. Ang l generation)

Tissue angiotensin generation May occur in interstitial fluid, on the cell membrane, or

within cells (Figure 5.2).

Interstitialjluid

According to studies performed in the isolated rat heart, circulating renin and

angiotensinogen are able to reach the interstitial space (186). This raises the POssibility of

angiotensin generation within this fluid Indeed, during combined reninlangiotensinogen

perfusion of the Langendorff heart, the levels ofAng 1and Ang II in interstitial fluid were

found to be two to three times higher than the Ievels measured simultaneously in the

intravascular compartment (185,186). Data from in vivo studies in the dog aiso

demonstrated that the cardiac interstitial angiotensin levels are higher than plasma levels of

these peptides (268). Since diffusion of intact Ang l and Ang n from intravascular

compartment to the interstitial compartment is marginal (most likely because of rapid

metabolism of angiotensins in the vascular wall), the high interstitiallevels can be taken as

evidence for interstitial angiotensin generation (185,186).

Cel[ membrane

In support ofa role for membrane-bound renin in local generation, it has been observed that

that both in vivo and in vitro the amount of Ang l released by the heart via coronary

effluent was too high to be explained by the renin-angiotensinogen reaction occurring in

intravascular tluid during coronary passage (186,269,270). Moreover, in the isolated

Langendorff heart preparation perfused with renin and angiotensinogen, Ang 1 release via
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the ATJ receptor is followed by intracellular signaling.
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coronary effluent reached a steady-state level long after renin and angiotensinogen had

reached a steady state in this fluid (186), and angiotensin release continued after

discontinuation of the renin perfusion (198). These data suggest that tissue-bound renin

rather than extraeellular fluid renin is responsible for the high Ang l level in coronary

effluent. Endothelial cells, vascular smooth muscle ceUs, cardiomyocytes and cardiac

fibroblasts may aIl be involved in the binding process since acceptor/receptor for renin bas

been demonstrated ta be present on those latter cells (202-206).

Intracellular compartment

Direct evidence for intracellular angiotensin generation is not available. Renin dialysis into

cultured cardiomyocytes leads to a decrease in the conductance of the adjacent myocytes

(54). The reduction of conductance was amplified when renin was infused together with

angiotensinogen and attenuated when renin inhibitor was co-administered, suggesting that

these effects are mediated by renin-dependant Ang II formation within the cell. In support

ofan intracellular angiotensin generation, renin and prorenin have been demonstrated to be

intemalized in endothelial and cardiac cells (202,203). These stlldies report that prorenin

becomes activated upon intemalization. From these findings, Danser et al. (271) proposed

that, concurrently with (pro)r~ angiotensinogen could be taken up from the interstitial

fluid via bulk fluid endocytosis to generate angiotensin intracellularly. In addition,

evidence for intracellular generation of Ang II in the rat juxtaglomerular cells has been

provided (272). In this case, the mechanisms proposed involved the action of endogenous

renin on intemalized, exogenous angiotensinogen.

ln. our study, additional experi.ments have been performed in an attempt to localize the

site of renin activity within the heart. Heart sections from double transgenic mice for

human active renin and angiotensinogen (TTRhRen-A3 x MHChAgt-2) were stained with

an antibody recognizing Ang 1 and staining were compared with control mice. We failed to

detect any significant Ang 1 immunological signal in those mice possibly due to technical

difficulty of properly fixing angiotensin peptides in tissue. The size and amino acid

composition of angiotensin peptides (refer to Table 1.1), and their tissue location are sorne

reasons that might explain the lack of observed Ang 1 staining in our study. It is possible

that if (pro)renin activity occurs in the interstitial fluid, Ang 1 would not accumulate at the
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site of synthesis but would rather diffuse tbroughout the heart. Fixative treabnent would

wash the angiotensin away or altematively, the immunological signal would be too diffuse

and faint to be distinguishable from background signal. We have to note that

angiotensinogen-expressing mice (MHChAgt-2) harbor an increase in cardiac Ang 1 and

Ang fi content as compared with non- or single-transgenic for human active renin (refer to

Figure 2.3 and 3.4). In those mice, heart sections stained for Ang 1 give diffuse staining of

cardiomyocytes. This staining was considered as background staining for the double

transgenic mice since it was intended ta localize the site of Ang 1 generated from human

(pro)renin, not from endogenous mouse peptidases.

However, based on the localization of circulating (pro)renin determined by eleetron

microscopy, we speculate that renin and prorenin enzymatic activity May take place

intraeellularly and/or in the interstitial fluide It is unlikely that (pro)renin generates Ang 1

bound to cell membrane since we failed to observed staining of (pro)renin on any cell

surface of cardiac and testicular tissues (refer to Appendices). In addition, unlike the model

proposed by Danser et al. (271) for the ÏDtracellular generation of angiotensin peptides in

endothelial cells and cardiomyocytes, we failed to observe the intracellular localization of

(pro)renin in those particular cells suggesting that in vivo, eirculating (pro)renin present in

interstitial fluid is not taken up by those cells to generate angiotensins intracellularly.

3.5 Cardiac fibrosis is enhanced by local (pro)renin activity

Cardiac myocytes are surrounded by a fine network of collagen fibers that are generated

primarily by cardiac fibroblasts (273). In pathologie situations involving hypertrophic

reaction ofcardiomyocytes, such as pressure overload or postmyoeardial infarction, cardiac

fibroblasts proliferate and extracellular matrix proteins accumulate disproportionately and

excessively (274). This proeess, called reactive fibrosis, leads to increased ventricular

stiffuess, and hence diastolic, and then systolic, dysfunction of the heart (275). In addition,

fibrosis may disrupt the cardiac conducting system. (276,277). Thus, cardiac fibrosis is

recognized as a key process that links pathologie eardiac hypertrophy to heart failure.
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Research increasingly shows that Ang II is involved in cardiac fibrosis. Thus,

treatment with ACE inhibitors or AT. receptor antagonists attenuates the cardiac fibrosis

that occurs in experimental myocardial infarction (164,278,279), renovascular hypertension

(280), and genetic hypertension (281). More directly, chronic infusion ofAng II in rats was

shown to induce cardiac fibrosis through the AT1 receptor (274).

Many clinical and experimental studies show that ACE inlubitors or AT. antagonists

have more beneficial effects on the heart than expected, resulting solely from their blood

pressure-Iowering effect (279,282,283). Studies aIso point to additional mechanisms, other

than increasing cardiac afterload, for Ang II-dependent cardiac fibrosis (274,284,285).

Therefore, it is believed. that Ang II has a direct local effect on cardiac tissue, independent

of its systemic hemodynamic effect. Other evidence supporting this notion cornes from in

vitro studies showing that Ang fi directly promotes DNA and protein synthesis in cardiac

fibroblasts (286-291).

ln chapter 2, we demonstrated that local increase in angiotensin peptides (Ang l and

Ang II) in the heart resulting from local human renin-angiotensinogen reaction, promote an

increase in interstitial and perivascular fibrosis in mice of comparable blood pressure.

Moreover, in chapter 3, we demonstrate that local increase in Ang l alone (in the absence of

cardiac hypertrophy and increase in carmac Ang II) does not lead to enhance cardiac

fibrosis. These findings represent the first direct evidence for a raIe of locally generated

Ang II in the heart.

Is the observed cardiac fibrosis independent of the presence of cardiac hypertrophy?

Our studies did not permit us to answer this question since the founder line used

(ITRhRen-A3) harbars a hypertensive and hypertrophie phenotype in the absence of

increased cardiac Ang il concentration (refer to Table 2.1, and Figure 2.1). However,

results from a study assessing the direct effect of local Ang II in the heart strongly suggest

that Ang II alone can induce directIy cardiac fibrosis but not hypertrophy (Sjors van Kats,

personal communication). Moreover, in some experimental models, a synergy between

cardiac hypertrophy and the effect of Ang n on cardiac fibrosis have been observed while

in others, cardiac fibrosis seems to be independent of cardiac hypertrophy (292). These
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results tend to indicate that cardiac flbrosis can be promoted by the effect of local Ang II

alone, but can be enhanced by the presence of physiological conditions such as

hypertension and/or cardiac hypertrophy. Differences observed between experimental

models can be due ta differences in mechanisms of action of Ang II, the type of cardiac

fibrosis and the nature ofthe hypertrophie phenotype.

Type ofcardiac fibrosis observed in our model

It is eommon to distinguish between two different types of fibrosis, namely, reparative

and reactive fibrosis. Reparative fibrosis oecurs as a reaction to a 10ss of myocardial

material (due to necrosis to apoptosis, after myoeardiaI ischemia or senescence), and it is

mainly interstitial. In contrast, reactive fibrosis is observed in the absence of cell loss as a

reaetion to inflammation and is primarily perivascular. Reactive fïbrosis extends further

into the neighboring interstitial spaee (293). During eardiac remodeling, reactive and

reparative fibrosis usually coexist (294).

Our model develops cardiac hypertrophy in presence ofhypertension but in absence of

an apparent increase in plasma and cardiac Ang II as indicated by ITRhRen-A3 mice (refer

to Table 2.1, and Figure 2.1). This hypertrophy is probably the consequence of increased

work 1000. In our model, the cardiac hypertrophy is associated with the observation ofscars

in the myocardium of both TfRhRen-A3 and TIRhRen-A3 x MHChAgt-2 mice (Figure

2.4, panel B and D compared with panel A and C). When Ang II is produced locally as in

TTRbRen-A3 x l\1HChAgt-2 miee (and comparable to the myocardial infaretion), enhance

perivascular and interstitial fibrosis is observed. While the increased work load leads to

hypertrophy with a modest increase in perivascular fibrosis (i.e. reactive fibrosis) as

observed in TIRhRen-A3 (Figure 2.4, panel B), local Ang fi generation in presence of the

hypertrophie phenotype leads to observation ofan inerease in reactive fïbrosis and presence

of reparative fibrosis as compared to ITRhRen-A3 mice. These observations provide direct

evidence ofa role oflocaI Ang II generation in the induction ofboth reactive and reparative

fibrosis in the heart. Our observations are in agreement with previously described

experimental model in which reparative fibrosis has been observed with endogenous

activation ofRAS, created by unilateral renal artery ischemia (295).
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Possible mechanisms ofinduction ofcardiacfibrosis by Angil

Several mechanisms are possible for the induction ofcardiac fibrosis by Ang II. Ang II can

directIy act on fibroblasts via AT. receptor to promote collagen deposition (169) or

indirectIy, by inducing the release ofET-l, TGF-J3, PDGF, bFGF or IGF-l by cardiac ceUs,

which in tom can induce procollagen synthesis and/or prevent collagen degradation by

fibroblasts (296-299). Altematively, since Ang II bas been demonstrated ta be involved in

inflammatory processes by recmiting macrophages from circulation to tissue sites, local

increase in Ang n can increase the number of macrophages present at tissue sites while

inducing release ofTGF-p from those eeUs (300). This possibility is less probable since we

failed to observe a significant increase in MAC-2 positive eeUs (resident macrophages) in

heart ofTTRhRen-A3 x MHChAgt-2 as compared with single- and non-transgenic animais

(data not shawn). However, more cell markers specific for macrophages should he used ta

fully assess this possibility.

Altematively, it bas been demonstrated that increase plasma levels of aldosterone can

induce cardiac fibrosis (301). Since we did not investigate the expression of human renin

and angiotensinogen in the adrenal in our transgenic mouse model, it is still possible that

local RAS activity in this particular tissue would lead ta increased synthesis and release of

aldosterone in plasma ofdouble transgenic mice and induce fibrosis in the heart (endocrine

effect of increase plasma aldosterone). Moreover, since there is evidence DOW that

aldosterone can aIso be synthesized and regulated in the myocardium (293), local Ang II

can indirectly promote fibrosis by inducing synthesis and release ofcardiac aldosterone.

ln conclusion, local Ang II generation can promote perivascular and interstitial

deposition ofcollagen characteristic of reactive and reparative fibrosis. The mechanisms of

induction of fibrosis by Ang II and the dependence of this process on hypertrophy are still

to be determined. Nevertheless, our studies present direct evidence for a role of circuiating

(pro)renin in the enhancement ofcardiac fibrosis that May contribute to the pathogenesis of

congestive heart failure and tissue remodeling. In support of a physiological role of

circulating renin in promotion of cardiovascular diseases, both prospective and

retrospective clinical studies of hypertensive patients have shown a strong correlation
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between elevated cireulating renin levels in hypertensive patients and the risk of

myocardial infaretion independentofblood pressure (213,214,302).

4 Function ofcircolating proreDin

Severa! hypotheses have heen formulated 10 explain the presence ofprorenin in circulation

and in several tissues. Circumstantial evidence bas pointed out the possibility that prorenin

may partieipate directly in the regulation of blood pressure by acting as an endogenous

eompetitor ta renin binding or may be associated with the development of some vascular

pathophysiology such as vascular lesions.

4.1 Role on the maintenance ofblood pressure

As described in chapter 4, the study assessing the role of circulating prorenin relative ta it

involvement in maintenance of blood pressure tends ta refute the hypothesis that prorenin

play a role as an endogenous competitor ofreoin binding ta blood vessel wall. This is based

on our fallure to observe a deerease in blood pressure in transgenic mice compared with

non-transgenic animals (refer ta table 4.1). However, since the implication of tissue binding

relative to the systemic and local renin activity is not known in mice and gÏven that we did

not provide direct evidence for the presence of inactive prorenin in plasma in our inactive

mouse prorenin mouse lines (TTRmProren-mut; refer to Section 6.6), further experiments

are needed ta confinn our findings.

4.2 Role on the vascular pathophysiology

Elevated plasma prorenin has been previously associated with the presence of vascular

pathophysiology observed in sorne type ofdiabetes (303-307) or experimental model (222).

However, it is still not known ifprorenin is directIy implicated in this pathophysiology. As

rnentioned in chapter 4, we assessed the pathophysiological effects of chronic elevation of

plasma prorenin based on histology studies looking at possible vascular lesions and cardiac

fibrosis. In all transgenic mouse lines studied, we failed to observe apparent renal vascular

lesions, cardiac fibrosis, or other vascular pathophysiology indicative of a possible

pathophysiological effect of prorenin on the vasculature of the transgenic mice. Our

findings are in disagreement with the previously described model ofVeniant et al. (222). In
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their model, transgenic rats overexpressing rat prorenin in the liver, leading to a 400-fold

increase in plasma prorenin, renal vascular lesions and cardiac hypertrophy was observed

in the absence of increased blood pressure. From these observations, they suggested that

long-term exposure to elevated plasma prorenin is vasculotoxic. However, since the blood

pressure measurements were performed under anesthesia, it is still posSIble that their model

was hypertensive and that the observed cardiac hypertrophy and severe renallesions are the

results of this hypertensive phenotype (refer to comments on condition and method of

blood pressure measurement in Section 7). We may add that one possible explanation is

that during the intlammatory process, neutrophils produce abundant enzymes that possibly

activate prorenin and thereby enhance local Ang il levels (308). The species differences

and plasma level ofprorenin (40 to 50-foids in our model compared with 400-fold in the

rat) may also account for the differences in the phenotypes observed.

In conclusion, we provide evidence that circulating prorenin does not play a raIe on the

systemic control of blood pressure and on development of vascular pathophysiology.

However, considering our previous findings, one fonction ofcirculating prorenin may be to

provide potential renin activity to various target organs as proposed by Osmond et al.

(215).

5 Comparison with previous models

5.1 Study ofuptake and activity ofcirculating (pro)renin in tissues

Prior ta our studies, the uptake and local activity of circulating (pro)renin have been

directly assessed in vivo by one group of investigators directed by Dr Friedrich C. Luft

(Gennany) using the following models:

1) In isolated perfused hearts from rats overexpressing the human angiotensinogen

(198), human renin uptake and local activity have been studied. This study shows

that the human renin can be taken up from circulation by the heart and remains

active much longer than its presence in circulation. The prolonged release ofAng II

100 to long-lasting coronary vasoconstriction.
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2) In isolated perfused hindlimbs from rats overexpressing human angiotensinogen

(199,220), human rcoin and prorenin uptake and local activity in vascular wall have

been studied. This study showed that human renin derived from the circulation

binds to the vascular wall of himdlimbs and remains active much longer than its

presence in circulation. However, this study failed ta demoDStrate prorenin uptake

and local activity. By co-infusion of renin with an excess prorenin, these

investigators demonstrate that prorenin is not an eodogenous antagonist for the

long-lasting effects ofrenin in the vascular wall. Moreover, prorenin does Dot affect

acute renin...related efIects on blood pressure.

Our findings are in agreement with these models relative ta uptake and local activity of

renin, and on the raIe ofcirculating prorenin relative to control ofblood pressure. However,

our findings differ relative ta the uptake and local activity of prorenin since they failed to

demonstrate prorenin uptake and local activity in the hindlimbs (220). Given that they did

not test for human prorenin uptake in the perfused heart model (198), it may be possible

that prorenin uptake and local activity occur selectively in cardiac tissues, but oot in

skeletal muscles. This could he attributed ta differences in tissue affinity and/or activity of

circulating prorenin. However, severa! differences between their models and ours may

account for this divergence (refer to Section 5.3).

Other similar models have been used to demonstrate renin uptake and local activity in

vivo using an isolated perfused tissue preparation (185,186,197,309) or by

injecting/infusing renin in living animaIs (190,191). Although aU those models provided

some evidence for renin uptake and activity in tissues, no assessment for the uptake and

local activity of prorenin has been reported. Thus, our model using the human prorenin­

expressing mice represent the first model developed to directly assess the uptake and local

activity ofcirculating prorenin in tissues in vivo.

5.2 Study ofthe function ofprorenin in circulation

Very few studies have heen reported to assess the function of circulating prorenin in vivo.

With the exception of the transgenic rat model overexpressing rat prorenin in the liver

(discussed in Section 4.1), aIl studies have been performed by injecting or infusing prorenin
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in intact animaIs (260,310-312). Lenz et al. (311,312) reported normal carmac and renal

functions upon bolus infusion of recombinant human prorenin into anesthetized

cynomolgus monkey. However, these investigators observed a transient faIl in blood

pressure following prorenin infusion. Similarly, Hu et al. (310) presented evidences for an

anti-hypertensive effects of circulating prorenin. In their model, rats were implanted with

chronic arteriaI and venous catheters and infused with recombinant prorenin and/or a

hypertensive dose of Ang II for 3 to 7 days. Blood pressure was monitored continuously.

The prorenin infusion had no effect on cardiac or renal functions, however, significant falls

in blood pressure were observed after two hours infusion lasting up ta three days.

Surprisingly, the prorenin infusion markedly reduced the blood pressure of Ang 11­

dependent hypertensive rats. Thus, they conc1uded that prorenin is an active vasodilatator

component ofRAS.

Our findings differ from those studies since we failed to observe an hypotensive

phenotype in our model (refer to Chapter 4 and Section 4.1). Many differences between

their models and our May account for the difference in observed phenotype. Most of these

differences are discussed below (refer ta Section 5.3). Alternatively, these differences may

come from the faet that we used mouse as a model since all studies were performed using

either monkey or rat models. Measuring blood pressure at one particular time (9-11 weeks)

in our study, the animaIs had time to physiologically adapt ta altered physiological

conditions (refer to comments on compensation mechanisms in Section 6.4) whereas in all

studies reported, recording of blood pressure was performed during and after

infusion/injection ofprorenin, limiting such adaptation.

5.3 Limitations ofprevious reported models:

Non physiological conditions ofanimaIs studied

Most if not aIl studies are based on measurements and/or instrumentations of animaIs

models under anesthesia. Observation of variation in blood pressure May depend on the

presence and type of anesthetic used, and on the method of recording variation in blood

pressure (see comment in Section 3.1). In all our models, measurements of blood pressure
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were performed on conscious but restrained animais excluding possible variation inherent

to the use ofanesthetics.

Invasive procedures (catheterization/canulation) and non-physiological conditions

(buffèred perfused animais) used to deliver (pro)renin to circulation

Surgical intervention can induce factors present locally or systemically that can influence

biological and physiological processes. Moreover, since the mechanism of uptake of

circulating (pro)renin in tissue is still not known, presence of blood constituents may be

required in vivo for observing the uptake and/or activation of circulating prorenin. In our

models, renin and prorenin are produced and delivered endogenously in circulation. This

process does not require any external interventions. Thus, in that regard, the present studies

did take place in better physiological conditions than any previous studies.

Source of(pro)renin used

Severa! previous studies used exogenous renin and prorenin of different sources. Sorne

studies used recombinant (pro)renin (260,310-312) while other used (pro)renin extracted

from tissues (185,186,190,191). Using exogenous sources of (pro)renin raise the possibility

of altering the tertiary structure of (pro)renin (folding and/or glycosylation state) due to

manipulations and storage conditions of isolated (pro)renin. These alterations May account

for the difference in uptake and local activity of(pro)renin observed.

Recent report of uptake of renin and prorenin in cardiac cells dem.onstrated that the

internalization of (pro)renin is mediated by mannose-6 phosphate receptors (202). This

finding suggested that presence of sugar composition May be require for the uptake of

(pro)renin in vivo. Moreover, the glycosylation May be implicated in modulation of

(pro)renin activity (i.e. affinity/specificity to angiotensinogen) (see comments in Section

2.1 ofChapter 1). In our models, human renin and prorenin are expected to be glycosylated

and to barbar a sugar composition comparable to the endogenous mouse (pro)renin

although it is ofa different origin.
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Acute versus chronic effects of(pro)renin.

In aIl studies in which (pro)renin was delivered by infusion/perfusion, resuIts were limited

to the acute effects of increase plasma (pro)renin. 'Ibis approach allow to observe transient

effects of (pro)renin as exemplified by Lenz et al. (311,312) studies (refer to Section 5.2)

but limit the studies to short tenn effects. In our model, (pro)renin is constitutively released

in circulation and plasma levels are chronically elevated This feature is inherent to the use

of the TIR promoter. Our approach permitted us to assess the long-term effects of

circulating (pro)renin, allowing slow biological processes to occur and sorne physiological

adaptation to develop upon sustained stimulation. This allowed us to assess the uptake and

local activity of circulating (pro)renin in the heart at steady-state, and the implication of

increased cardiac Ang II on cardiac physiology. Thus, this feature may account for some of

the differences observed for the uptake and local activity ofprorenin. If the uptake and/or

local activation of prorenin are slow or limited processes in vivo, studies based on acute

elevation ofplasma prorenin MaY not provide evidence for such phenomenon.

In conclusion, we provided the tirst true in vivo model for study ofthe uptake and local

activity of circulating (pro)renin. Our experimental models offer many grcat advantages

compared with previous reported model: our studies were conducted on intact conscious

animaIs, our studies were performed in better physiological conditions, the biologicaI

processes (i.e. uptake and activity) could be monitored in vivo at steady state, and long­

tenn as weIl as local and systemic effects ofcirculating (pro)renin could be measured

6 Limitations of our experimental models

Although our experimental models harbor sorne great advantage, they are still subject to

sorne limitations. This section discuss the major limitations encounter during our studies.

6.1 Detection ofhuman (pro)renin by immunohistochemistry

Inability ofusing the HA tag in vivo

The expression vectors for human (pro)renin transgene were designed with a protein tag

(HA) fused to the C-terminus ofhuman (pro)renin (Figure 5.3). This tag, corresponding to

a highly immunogenic epitope derived from human influenza virus hemagglutinin (313),
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would allow the specific detection of the transgenic fusion protein, avoiding the possible

cross-reaction with endogenous (pro)renin or related proteins. Although preliminary studies

performed in vitro showed expression and detection of our fusion proteins in transfected

tissue culture eells using an. antibody specifie for the HA-tag, we failed to detect our

transgene produet in vivo (i.e. immunohistochemistry on transgenic tissue sections) using

the same antibody (data not shown). In addition, in an attempt to determine the relative

abundance of each renin form present in eardiac tissue of TIRbProren-B7 and TI'RhRen­

A3 mice and thus, assess the nature of the activation of circulating prorenin in tissue, we

failed to immunoprecipitate and detect the human (pro)renin by immunohistoehemistry

frOID plasma and tissue sample of TI'RhRen-A3 mice (data not shown). It is thus possible

that in vivo, the HA-tag portion of the human (pro)renin fusion protein is proteolytically

absent or simply not accessible for detection. The former possibility is more likely to

oecurred sinee we failed, in denaturing conditions to immunoprecipitate the fusion protein

using an anti-HA tag. In these conditions an epitopes (including the HA tag) should be

accessible to the annbody.

TTR promoter Rabbit B-globin
(liyer-specifie) (3' non-transcrlbed)
'\, '\ ,
\, \'

a) --f:ar/2f:<!c:c:c:c:c:C:«c:~
" t '\(Furln deavage site)

Human prorenln

TIR promoter Rabbit B-globin
(Ilver-speciflc) (3' non-transcrlbed)
'\, '\ ,
\' \'

b) ---Pl7A2A:«c:c:<c:<c:c:«~, \, \

Human prorenln

Figure 5.3 Sehematic diagram of the expression vectors used to direct the liver-specific

expression ofhuman active renin (a) and human prorenin (b) in the mouse.
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The inability to use the HA tag limited our studies by severa! ways: For the detection

of human (pro)renin in transgenic tissue, we had to rely on a less specifie antibody (see

below) making the interpretation of the observed immunological signal more difficult

Moreover, we were unable to determine the presence and the relative abundance of each

renin form in tissues of our transgenic models, therefore ta provide evidence for the nature

ofthe activation ofcirculating prorenin within tissues (refer ta Section 3.2).

Discrimination between human and endogenous mouse {pro)renin

We have demonstrated the presence of human (pro)renin in heart and other tissues by

immunohistochemistry (Chapter 2 and 3, and Appendices) using an antibody recognizing

the human (pro)renin. The antibody used (BRI-6, from Dr Catanzaro) was specific for the

human (pro)renin, demonstrating minjmal cross reactivity with mouse renal (pro)renin

(Figure A.1.3). Staining for mouse {pro)renin was restricted the IG cells in kidney of

control mouse (Figure A.1.3, panel B) since no immunoreactive (IR-) (pro)renin signal was

observed in other tissue tested and other kidney cell-types (data not shawn). This finding

was expected since mouse and human renin should harbor very similar tertiary structure as

predicted by it respective amino acid sequence, and that JG cells of kidneys are one of the

most abundant sources of (pro)renin in mice (87,175). Thus, there is still the possibility that

sorne of the immunohistochemical signals detected in tissue sections of transgenic miee

using this antibody correspond to mouse (pro)renin and/or structurally-related proteins sueh

as eathepsin. However, results from immunohistochemical studies comparing different

antibodies specifie for human (pro)renin tend ta eonfirm that the IR-human (pro)renin

observed is the human {pro)renin (data not shown).

Discrimination between human renin and prorenin

Sïnce the antibody used to detect human (pro)renin (BRI-6) has been reported to recognize

common epitopes ta bath renin and prorenin fonns, we could not assess the relative

abundance of each renin fOIm in tissues of transgenie animais. Thus we cannat provide

direct evidence of presence of one partieular form. of reoin in tissues. However, we can

assume that bath forms of renin are present in tissue, particularly in the heart since

evidence of bath diffusion and uptake ofboth forms has been provided (review by Danser
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et al. (271». Usage of selective antibody against the prosegment ofprorenin should permit

the discrimination of each renin fonn and assessment of the relative abundance of each

form within tissue.

6.2 Presence ofhuman prorenin in human active renin-expressing mice model

The expression vector for human active renin transgene was designed from the human

prorenin transgene vector by adding a furin site at the juncture of the prosegment and the

active renin molecule (Figure 5.3, panel A). Furin being an ubiquitous protease, removal of

the prosegment ofprorenin should occur in the secretory pathway ofexpressing cells (314).

In our models, while the transgenic mouse line expressing the human prorenin

(ITRhProren-B7) barbor only prorenin (99%) in circulation (Table 3.1), the human active

renin-expressing mouse line (ITRhRen-A3) possess significant amounts of circulating

human prorenin (14% of total human renin concentration) in addition ta the active human

renin (Table 2.1). One possible explanation for this observation is the incomplete

conversion of prorenin by furin in the liver. Altematively, non processed prorenin May he

release from ectopie expression sites, contributing ta the presence of human prorenin in

plasma of transgenic animais. Regardless of the possible causes contributing to the

presence of a significant amount of human prorenin in this particular mouse model,

subsequent biochemical and physiological observations made from these mice cannot be

attributed solely ta the presence of the human active renin alone. Taking into account that

we were not able to discriminate between each renin fonn due to the antibody used and that

we were unable to use the HA tag in vivo (refer to Section 6.1), we could not provide direct

evidence for the uptake and local activity of human active renin in our present models.

However, we provided evidence for the uptake of circulating prorenin by tissues and its

local activity (refer to Chapter 3).

6.3 Method ofgeneration oftransgenic mouse lines

Inherent ta the procedure used to generate our transgenic founder lines (i.e. random

integration ofthe expression vector in the mouse genome), the site oftransgene integration

as weil as the copy number of integrated transgene varies between each individual founder

line generated. Since the locus in which the transgene is integrated potentially contain
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regulatory elements that might affect the transcriptional regulation of the inserted transgene

(i.e. repression or activation), it is common using this method to observe ectopie expression

of transgenes and variations in its expression levels between founder monse lines. These

variation between lines that is dependent on ehromosomal integration position is referred to

as "position effeet variegation" (315).

Ectopie expression ofthe integrated transgenes

Ectopic expression of our transgenes bas been observed in all mouse line tested. As

demonstrated by the tissue distribution ofthe transgenes expression, eetopic expression bas

been detected in brain ofhuman active renin mice (TTRhRen-A3; Figure 2.2, panel A), in

stomach ofhuman prorenin mice (TI'RhProren-B7; Figure 3.2), and in kidneys and lungs

of human angiotensinogen mice (MHChAgt-2; Figure 2.2, panel B). In theory, these sites

should not provide significant transgene product expression leading to its release in

circulation and/or interference with our studies. However, this provides additional

variations that can account for the observed altered mouse phenotype (refer to Section 7).

Moreover, these ectopie expression sites limited our studies on the uptake of (pro)renin

since we had to exclude those tissues (ectopie expression sites) from our studies.

Variation in transgene expression levels

Variations in the transgene expression levels have been observed between the different

transgenie mouse lines. For the mouse lines used in our studies (TIRhRen-A3 and

TTRhProren-B7), comparison of relative concentration of renin and prorenin in plasma of

bath transgenie mouse lines indicate that TTRhRen-A3 carry -65 times more human active

renin and ....9 times more human prorenin in the circulation as compared to the plasma

concentration of human prorenin in TIRbProren-B7. Thus, the interpretation of observed

difIerences between those two mouse lines was rendered more difficult. For example, to

evaluate the uptake selectivity for each renin form (refer to Section 2.2), we had to rely on

the intensity of the immunohistochemical signal which is semi-quantitative and take into

account the relatively large difference in renin and prorenin plasma concentration. If we

were to compare mice harboring similar renin and/or prorenin plasma levels, our

interpretation ofobserved difference would have been more reliable and aceurate.
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Ta overcome the lack of specificity in transgene integration, a homologous

recombination-based gene targeting procedure bas been developed (316,317). By targeting

the integration of transgenes into a specific locus, variation in the transgene copy number

and the position effects are precisely controlled. However, since the occurrence of the

homologous recombination event is quite rare, this approach is more time and labor

extensive.

6.4 Heterologous promoter used

Tissue-specifie gene targeting

Potentially the most powerful as well as the MOst limiting aspect of generating transgenic

animaIs is the promoter sequences used to regulate expression of the transgene. Production

oftransgene product in the preferred spatial pattern, at an appropriate time, and at effective

concentrations is characteristic of ideal regulatory sequences. Such ideal regulatory

sequences do not existe As previous reports demonstrated, the transthyretin (TTR) promoter

used in our study allowed specific expression of its associated transgene to the liver (318).

However, sorne low expression of the transgene should aIso occur in the brain and kidney.

These secondary sites 0 f transgene expression have the potential to interfere in our studies

as discussed previously (refer to Section 6.3).

Constitutive expression

Constitutive expression of a transgene, especially if it deleteriously affects the tissues ta

which it is targeted, often results in prenatal or postnatal death or causes a variety of

compensatory changes (319) in the overall gene expression pattern. of the tissue. These

changes could result in unexpected phenotypes that May Dot reflect the troe biological

functions of the transgene (320-323). Furthermore, the transgene behaves as a self-antigen,

inducing negative selection of reactive T cells in the thymus and causing the animais ta

become immunologically tolerant ta the transgene. Therefore, constitutive expression of a

transgene can impair it functional or physiological raie in vivo.

Ta circumvent these problems, severa! system have been developed by which the

expression of a transgene can be induced at desired time points and othe1WÏse be kept
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completely silent for an extended period of time. The use of inducible promoters, such as

heat shock, metallothionein, and murine mammary tomor virus promoters, that can be

regulated by temperature, zinc, or dexamethasone have been used (321,322,324). However,

these system are frequentIy associated with a high basallevel of expression, a less than

impressive induction of the transgene, a relative lack of specificity, and a possible toxicity

of the induction method Conditional gene expression in vivo bas been achieved using a

variety of model systems. One of them takes advantage of the cre-tox reeombination

system. by whieh a transgene can he activated and an endogenous gene deleted in a tissue­

specifie and time-dependent manner (325). However, this system requires the exogenous

delivery of the cre gene (usually by an adena- or retroviros), and the induction is

irreversible. ReeentIy severa! drug- or ligand-indueible systems have been developed in

vitro and, to some extent, in vivo (326,327). These systems involve the use of a chimeric

transcriptionai activator that reversibly activates a target gene in response to the

administration of the indueing agent (i.e. ecdysone, tetracycline). One of the systems that

uses the intrinsic properties of the Escheriehia coli tetraeycline resistance operon bas been

applied widely to the generation of eell lines with tightly regulated gene expression in

response to tetracycline (322). Thus, we might eonsider using such inducible promoter to

study the short-term effeets of circulating (pro)renin and therefore, rnjnjmize the possible

compensatory changes that might accur in the present model.

6.5 Confirmation ofpresence of inactive mouse prorenin in plasma oftransgenic animais

In the TIRmProren-mut mouse lines, we could only predict the presence and amount of

inactive mouse prorenin in circulation. Thus, there is still the possibility that mutated

mouse prorenin does not reach the circulation. It is possible that the mutation in the inactive

mouse prorenin causes an alteration in the folding of prorenin, resulting in degradation of

transgenic products in vivo before release from hepatocytes. However, since we observed

the presence of the transgenic product in the medium of éeUs transfected with the

expression vector used to produced the transgenic mouse lines (Figure 4.2), we expect the

inactive mouse prorenin ta he released from hepatocytes and be present in circulation.

However, another possibility might still be that inactive prorenin present in circulation is
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cleared more rapidly from the circulation than native mouse prorenin or that altered tertiary

structure prevents inactive mouse prorenin to bind (pro)renin binding prorenin.

To determine the presence and quantity of inactive prorenin in plasma of transgenie

animaIs, we eould take advantage of the e-Myc tag present at the C-terminus or prorenin

(Figure 5.4). We would need to develop specifie RIA, ELISA or quantitative Westem blot

for our transgene products using the c-Myc tag. Altematively, use ofdirect RIA for mouse

prorenin with TRCIPRC measurement may permit prediction of plasma levels of inactive

prorenin in those mice. Such a direct RIA for mouse prorenin has been described

previously (328).
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Figure 5.4 Sehematie diagram of the expression vectors used to direct the liver-speeific

expression of native mouse prorenin (TI'RmProren; A) and active site mutant of mouse

prorenin (ITRmProren-mut; B) ta the mouse.

7 Finding the causes ofhypertensive phenotype observed in human active renin­

expressing mice.

Human active renin-expressing mice (TTRhRen-A3) harbor a hypertensive phenotype

clearly mediated by Ang II sinee treatment with an ATt-receptor antagonist results in

normalization of blood pressure in those mice (Table 2.2). This observation suggests that
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the human (pro)renin is cross reacting directIy with the mouse angiotensinogen. Although

the species specificity ofhuman renin is weil known in vitro (Table 5.1), the precise kinetie

properties of renin in vivo are actually not known. Thus, human renin May exhibit

differenees in species specifieity in vivo compared with in vitro. Another possibility eould

be the induction of the endogenous RAS components by the human (pro)renin resulting in

increase endogenous RAS activity. The latter possibility is less likely to happen since it is

well established that renin is downregulated by an increase in plasma renin level.

Table 5.1 Values of kinetic constants of recombinant human renin (rhRN) and mouse

submandibular gland renin (mSMGRN) acting on mouse angiotensinogen in vitro·.

Km Kat KcJKm
(DM) (h-l) (nmolh-l)

rhRN 1.04 3.10 x 10.1 3.13 X 10.1

mSMGRN 2.47 7.14 2.89

• Reproduced from Fukarnjzu et al. (225).

Genetic variations?

Physiological characterization of an independent transgenic mouse line expressing human

active renin (TIRhRen-A1) has demonstrated comparable increase in blood pressure as for

ITRhRen-A3 mice (data not shown). Since each independent foonder mouse line is the

result of random genome integration of the transgene, the site of integration of the

transgene in the mouse genome can not be a cause. Identical disruption or activation of

endogenous genes is unlikely to accur in two independent foonder lines. The site of

genome integration of transgene is therefore not a possible cause for the observed

phenotypes.

The genetic background is also to be considered. Phenotypic variation resulting from

allellc segregation in an outbred or random bred population can detract from a given

transgenic mode!. It is clear that while blood pressure values are consistent with a given

inbred line ofmiee, significant variation is observed between different lines. But, since all
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our transgenic mice are inbred mice genetically identical to control DUce (with the

exception of the presence of transgene), we can exclude the possibility of variation of the

genetic background as a cause.

Increased plasma RAS activity?

Cross reactivity of human renin with mouse angiotensinogen in plasma of transgenic

animal bas heen proposed as cause of the ohserved hypertension in vivo. Measurement of

plasma Ang l and il concentration in TTRhRen-A3 mice bas demonstrated that plasma

Ang l and il level were decreased compared with control which tend to exclude this

possibility (Figure 2.3 and A.4). Moreover, these results tend to demonstrate a decrease in

circulating RAS activity. Although we railed to clearly determine the PRC of mouse renin

in transgenic animal (data not shawn), immunohistochemical staining of renin in kidney of

bath control and transgenic mice demonstrate a significant decrease in mouse renin

expression in our hypertensive mouse (Figure A.l.3). This indicates that the decrease in

circulating RAS activity in TTRhRen-A3 mice is more likely due to downregulation of

mouse ren.in expression. Thus, we provide evidence that circulating RAS activity is not the

cause ofthe hypertensive phenotype in TTRhRen-A3 mice.

Increased tissue RAS activity?

Evidence for the implication of local RAS, independent of circulating RAS, in control of

blood pressure has been previously reported. Action of Ang II in brain, adrenal, adipose

tissues and the kidney has been shawn to lead to increase blood pressure (329-331). In an

attempt to localize the potential implication of a local RAS in the Control blood pressure in

our hypertensive mice, we extracted and measured angiotensin peptides from different

tissues of TTRhRen-A3 mice and compared levels with control normotensive mice as

previously described in Chapter 2. As pointed out in Figure A.4, the heart, liver and kidney

of TrRhRen-A3 barbor a decrease in Ang l and II concentration compared to control

which suggest that no significant activation of a local RAS take place in those tissues.

However, a slight increase in Ang 1and nconcentration in testis oftransgenic animais raise

the possibility that this particular tissue may be implication of in the control of blood

pressure. In support for this possibility, we provided evidence for significant uptake of
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human (pro)renin in tbis tissue (refer to Section 2 and Appendices). Although, to our

knowledge, no one bas reported evidence for the direct implication ofthis organ in control

of blood pressure, increased plasma testosterone has heen shown to cause a hypertensive

phenotype in rats (332). This raises the POssibility that a sustained local effect ofcirculating

human (pro)renin in TI'RhRen-AJ testis induces synthesis and release of androgen

(testosterone) in circulation which in high concentration can affect renal function leading ta

increase blood pressure. To test this possibility, blood pressure could be measurement

before and after castration in transgenic and control mice. If a local activation of tissue

RAS in the testis is responsible for the observed hypertensive phenotype, rem.oval of this

particular tissue in transgenic animaIs should barbar blood pressure comparable to controIs.

Altematively, treatment of transgenic and control animais with flutamide, an androgen­

receptor antagonist might be considered.

Another tissue susceptible to be implicated is the brain. Severallines of evidence have

been provided for the implication of the central nervous system in the regulation of blood

pressure. In our mode!, inherent to the use of TIR promoter, ectopie expression of

transgene bas been observed in that particular tissue (Figure 2.2, panel A). This makes the

brain the prime tissue candidate for an activated local RAS. As observed in Figure A4,

concentration of Ang 1 and n in the brain of bath transgenic and control mice were at the

lower limit of detection. So we are unable to rule out this possibility. Further experiments

would be needed to assess this possibility such as measuring the plasma and urine

catecolamine levels which is recognized as a good Marker for the activation of the brain

RAS.

Alternatively, the adrenal gland bas been demonstrated to influence blood pressure

through release of aldosterone. Since we did not investigate this tissue relative to the

transgene expression and angiotensin level, tbis tissue could also be implicated.

Measurement of plasma aldosterone and tissue Ang II levels in TTRhRen-A3 and

comparison with levels found in non-transgenic should rule out this POssibility. In support

of a role of the adrenaI in control of blood pressure, transgenic rats harboring the mouse

Ren 2 gene develop fulmjnant hypertension associated with high enhanced adrenal renin

activity and plasma aldosterone levels whereas plasma and kidney renin levels are low, and
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renaI renin gene expression is essentially undetectable (221). However, lack of observed

significant increase in cardiac fibrosis in TfRhRen-AJ mice as compared with non

transgenic mice tend to suggest that increase plasma level ofaldosterone is less likely to be

the cause (refer to Section 3.5). To test tbis possibility, adrenectomy or treatment with

spironolactone, an aldosterone receptor antagonist might be considered.

From our results it is still not possible to determine the cause of the hypertensive

phenotype observed in our human active renin mice. However, we provide clear evidence

that the observed rise in blood pressure is not caused by increased circulating RAS activity

or tissue RAS present in the heart, liver or kidney. Further ex:perim.ents are needed to assess

the possible implication of testis, brain and adrenaI in the regulation of blood pressure in

ourmodel.

Differences with previous transgenic models

Differences in blood pressure phenotype have been observed between previously reported

transgenic mouse models: transgenic mice harboring the human renin gene with part of it

natural promoter (333-336) and transgenic mice carrying the rat renin under control of

mouse metallothionein 1 promoter (expression mainly in the liver) (337) are normotensive

while transgenic rats carrying the mouse renin (Ren-2) develop fulminant hypertension

(338). It is important to note that MOSt, if Dot aIl, transgenic mice harboring human RAS

component express the latter at low levels due principally to the fact that its expression is

under regulation of its natural promoter (downreguJated as for the endogenous renin).

However, in the Ren-2 transgenic rats model and our human active renin model, plasma

levels ofactive renin are chronically elevated due to constitutive unregulated expression of

transgene. This lack of feedback regulation of circulating renin is probably an important

factor in the observation ofa hypertensive phenotype in our mice.

As pointed out by sorne studies, the observation ofa hypertensive phenotype in mice is

dependent directIy on methodology used to measure blood pressure in those animal. Sinn et

al. (336) observed no difference in systolic pressure in many transgenic mouse groups

using tai! cuff measurement or an. indwelling carotid catheter under ketamine anesthesia,

but when the same mice (used for the tail cuff measurement) were measured using an
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indwelling carotid catheter under conscious, unrestrained conditions, they reproducibly

observed a significant increase in blood pressure. Similarly, in an attempt to perform single

blood pressure measurements using the tail cuff method, we observed loss of the

hypertensive phenotype in our mice when measured under ketamine anesthesia (data Dot

shown). Moreover, it has been observed that blood pressure in sorne hypertensive mouse

models can be accurately measured via tail curt; while others cannot (339), suggesting that

results from blood pressure measurement can differ depending on the hypertensive mouse

models studies, the physiological condition of the mice during blood pressure recording

and the recording method used. It May be difficult to directly compare results from

different laboratories unless the methods for recording blood pressure are identical and the

nature ofthe blood pressure phenotype comparable.

8 Summary and conclusion

In summary, we have developed two transgenic mouse models which permit us to assess

the uptake and local activity ofcirculating (pro)renin and the role ofcirculating prorenin in

the control ofblood pressure and development ofpathophysiology of the vasculature. With

the fust model, we provided the first in vivo dem.onstration that a chronic elevation in

circulating renin and/or prorenin can leads to an increase in local synthesis of angiotensin

peptides with a target tissue. Moreover, we provided the tirst in vivo demonstration of

circulating prorenin uptake by tissue leading to it local activation in situ. Although the

uptake mechanisms and nature of prorenin activation are still not known, we provide

evidence for uptake ofcirculating prorenin by perivascular cells both in the heart and testis.

We have dem.onstrated that (pro)renin uptake and local activity in tissue are independent of

blood pressure. Morphological studies suggest that prorenin uptake MaY take place in

macrophages and possibly pericytes. We demonstrated that in animais with comparable

levels of hypertension and cardiac hypertrophy, high circulating (pro)renin can lead to an

increase in cardiac interstitial and perivascular fibrosis characteristic of reactive and

reparative fibrosis. Finally, witb. our second model, we provide evidence that circulating

prorenin does not play a role on the systemic control of blood pressure or in development

ofvascular pathophysiology.
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Thus, the present studies have furthered our understanding of the role of circulating

renin and prorenin relative to its participation in circulating and tissue RAS activity. In

circulation, renin participates in the systemic RAS activity. By catalyzing the first step

leading to the generation ofAng il, the main RAS effector peptides, renin is a key regulator

of the short-tenn maintenance of blood pressure. Renin in circulation is also taken up by

tissue such as the heart to potentially participate in local RAS activity. Although its

importance is questioned, local activity of renin May contribute to the pbysiological

adaptation of cardiovascular tissues providing long-term proper maintenance of blood

pressure. Prorenin, aIso present in circulation harbor no apparent mIe in circulation. Being

taken up by tissues, circulating prorenin MaY provide local renin activity within target

tissues. It high and stable concentration in circulation may provide basal tissue RAS

activity.

9 Future prospects

Future experiments can be performed in the context ofthe present studies:

1. To confinn the uptake ofcirculating (pro)renin in vivo and prove that human (pro)renin

behave as the endogenous (pro)renin in the mouse, a study could be performed, as

presented in chapter 3 using the mouse prorenin-expressing mouse lines (Chapter 4).

The benefits of sucb studies are: i) would permit the study on endogenous prorenin

instead ofheterologous prorenin (Le. tissue uptake, local activity, physiological efIects), ü)

would permit to assess the implication ofthe active site in the uptake process (i.e. use of the

inactive mouse prorenin-expressing mouse lines), fi) would permit to assess directly the

physiological implication ofan elevated circulating prorenin on tissue RAS activity without

the need to supply the substrate to target tissue (i.e. pbysiological conditions similar ta

diabetes and others diseases).

However, such a study would have sorne limitations: i) the transgene product would be

bard to discriminate from the endogenous prorenin. We would need to rely entirely on the

presence and accessibility of the c-Myc tag for immunohistochemical localization and for

quantification of transgenic product in plasma and tissues (refer to comments on the HA-
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tag detection in Section 6.1); ü) increased chance of reactivity between the transgene

product and endogenous RAS as compared to the present study.

2. Based on previous reports demonstrating the uptake of prorenin by mannose-6

phosphate in endothelial and cardiac cells in vitro (202,203), we could determine if

uptake of (pro)renin required the presence ofsugar (glycosylation). By producing mice

expressing the human prorenin with mutation in the two putative glycosylation site,

uptake and local activity could be assess as presented in chapter2.

3. To determine the cell-type responsible for taken up (pro)renin in tissue, more cell

marker should be tested on tissue section. Altematively, since staining is intracellular,

cell type could be determined by FACS analysis of isolated cardiac or testis cells of

transgenic animais. Altematively, by identifying the organelles in which renin is

present should give clues about it function and the cell type possessing this type of

organelle.

4. To define the nature ofprorenin activation in tissue, a mutant form ofprorenin in which

its prosegment is non cleavable (as described by Methot et al. (262» could be use to

test if the local tissue activity ofprorenin in vivo dependent of the proteolytic removal

ofits prosegment

5. To determine the precise cause of the hypertensive phenotype in TTRhRen-A3,

complete physiologica1 characterization of transgenic mice could be performed:

Measurement of plasma and urine electrolytes/Metabolites to evaluate renal and

cerebral function; measurement of catecolamines, aldosterone, testosterone, NO,

endothelin, ANF, and other effector Molecule known to be implicated in hypertension.

AIso, we might consider using new technology available for the measurement ofhlood

pressure such as telemetry (24 hours recording), catheterization Oocal blood pressure),

sonography/echography (vascular/cardiac physiology).
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Claims to original research

We provided the first in vivo model to assess the uptake and local activity of

circulating (pro)renin by tissues.

We are the first to provide direct evidence for i) uptake of circulating renin and

prorenin by tissues in vivo, ü) local activity ofcirculating prorenin within tissues, ili) local

Ang II generation can lead to increased flbrosis (reactive and reparative) in the heart.

Moreover, the role of prorenin in the circulation is limited to providing renin activity in

tissues.
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1 LocalizatioD ofcirculating (pro)renÏD by immunohistochemistry

In chapter 2 and 3, we reported the localization of circulating human (pro)renin in severa!

tissues ofTrRhRen-A3 and TIRbProren-B7 mice lines and briefly discuss the localization

of the immunoreactive (IR-) hmnan (pro)renin in the heart oftransgenic animals (refer to

Figure 2.5, 2.6, and 3.3). However, since mest results were not shown and thoroughly

discussed, the following sections present further analyses of the localization of circulating

human (pro)renin relative to it tissue distribution, co-Iocalization with specifie cell markers,

and subcellular localization by electron microscopy. Results from these analyses provide

clues about the precise nature of the observed (pro)renin uptake and site of enzymatic

activity. This may aIso define the possible relation between its localization and local

activity.

Tissue distribution and cellular localization ofcirculating human (pro)renin

The tissue distribution the IR-human (pro)renin is presented in Figure A.l.I ta A.1.3, and is

summarized in Table A.I.I. Cellular localization of the staining in tissue is described in

Table A.1.2.

Comparison of the tissue distribution of the IR.-human (pro)renin between human

active renin expressing mice (TIRhRen-A3) and human prorenin expressing mice

(TfRhProren-B7) revealed similarities and differences. While distribution of IR-human

(pro)renin was similar in the heart, liver and pituitary, being associated with some

capillaries or small arterioles (heart and pituitary), or hepatocytes and Kupffer ceUs (liver),

it differed in the long, ovary and kidney. In TTRhRen-A3 mice, IR-human (pro)renin is

localized in cells in close proximity of the smooth muscle cell layer boarding the

bronchioles of the lung (Figure A.I.I, panel C) while its is located in cells present in

alveolus in TTRhProren-B7 mice (Figure A.I.2, panel Cl. Unlike the former, the latter cell

distribution is comparable to distnbution of resident macrophages (MAC-2 staining) in

control mice (data not shown). As for the ovary, cell distribution was restrlcted to cells

outside the follicles in TTRhRen-A3 mice (Figure A.l.I, panel E) while some staining

could be observed in cel1s within follicles in TIRbProren mice (Figure A.I.2, panel E, dark

arrow). For the kidney, the IR-human (pro)renin signals were present in proximal tubule of
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Figure A.I.t Tissue distribution ofimmunohistochemica1 staining ofhuman (pro)renin in

heart (a), liver (h), lung (c), pituitary (d), ovary (e), and testes (f) of TTRhRen-A3

transgenic animais. No staining observed in non-transgenic animaIs. Arrows show

discrete cells staining for (pro)renin. Original magnification at 4Ox.
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Figure A.l.2 Tissue distribution of immunohistochemical staining ofhuman (pro)renin in

heart (a), liver (h), lung (c), pituitary (d), and ovary (e) of TTRhProren-B7 transgenic

anjmals. No staining observed in non-transgenic animais and in testes of transgenic

animais. Arrows show discrete cells staining for (pro)renin. Original magnification at 4Ox.



138

•

Figure A.l.3 Immunohistochemical staining of (pro)renin in kidney ofTIRhRen-A3 (a),

non-transgenic (b), and TTRhProren-B7 (c) animais. Arrows show staining of the

juxtaglomerular cells. Original magnification at 16Ox.
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Table A.I.I Distribution and relative intensity of immunoreactive human (pro)renin in

tissue ofTIRhRen-A3 and TIRbProren-B7 transgenic mice·

Tissue TTRhRen-A3 1TRhProren-B7
Compared

distribution'

Heart ++++ ++ Same

Liver +++ ++ Same

Lung +++ +/- Different

Pituitary ++ + Same

Ovary +++++ +/- Different

Testis +++++ NA

Kidney +/- Different

*Based on localization ofhuman (pro)renin by immunohistochemistry using the rabbit anti­

human (pro)renin BRI-6 (refer to Cbapter 2 and Figure A.l.! to A.1.3). Relative intensity

of IR.-human (pro)renin signal display by "+" and "-" signs. NA, not applicable. tRefer to

Table A.1.2.

Table A.1.2 Description of the locaIization of IR.-human (pro)renin staining in human

active renin-expressing mice (ITRhRen-A3) and human prorenin-expressing mice

(TTRhProren-B7).

1TRhRen-A3 1TRhProren-B7
Dm staining of perivascular cell Idem

Rean associated with sorne capillaries and small
arterloles. No staining in aorta.
Diffuse staining corresponding mainly of Idem

Liver hepatoeytes. Dark staining of Kupffer
cells.
Dark staining of cells associatcd with Faint staining of cells localized in alveolus.

Lung connective tissue adjacent ta the smooth Staining barbor similar distribution of resident
muscle cells layer smrounding the macrophage (MAC-2).
epithelium ofbmnchioles.

Pituitary Few but daIk staining of cells associated Idem
with blood vessels ofthe anterior lobe.
Dark staining ofcells associated with theca Few but dark staining of cells bath in foilicles

Ovary cells layer and connective tissue. Not (atretics) and associated with connective tissue.
staining in follicles (primordial or atretic)

Testes Dark staining in. tells associated with No staining observed.
blood vessels and adjacent ta Leydig cells.

Kidney Faint staining of the proximal tubule cells No staining other than the JO cells (mouse
(not shawn). renin staining).
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TTRhRen-A3 transgenic anjmaIs (data not shown) while, in TIRhProren-B7 mice, no

staining other then the JG cells (cross-reactivity with mouse (pro)renin) is (Figure Al.3,

panel B and C). These observations indicate differences in the cell-type responsible for the

uptake ofhuman (pro)renin and possibly in the aflinity ofthe cell to each fotm ofreDÎn.

Comparison of the relative intensity of IR-human (pro)renin signal indicated that

gonads (ovary and testis) are the tissues harboring the most IR.-human (pro)renin in an
tissue tested of TfRhRen-A3 (Figure A 1.1). However, we observe the opposite in

TIRhProren-B7 mice (Figure A 1.2). Considering the relative difference in plasma

concentration ofboth renin form between our transgenic mouse lines (refer to Chapter 5,

Section 1), these observations May indicate selective uptake of active form of renin by the

gonads as opposed to tissues such as heart, liver and pituitary which may uptake selectively

prorenin. Altematively, considering the differences in blood pressure phenotype between

those two transgenic mouse Iines, this difIerence in IR-human {pro)renin signal intensity

May represent a consequence of an increase in interstitial space (pro)renin concentration

due to an increase vascular permeability of those particular organs in hypertensive animais.

It has been demonstrated that an increase in blood pressure lead to increase in capillary

permeability to plasma constituents (i.e. proteins and Metabolites) (244). The latter

possibility is less probable since normalization ofblood pressure in the TfRhRen-A3 mice

does not lead ta significant decrease intensity ofIR-human (pro)renin in those tissue (data

not shown). Similarly, ifthe uptake mechanism is mediated by (pro)renin binding proteins,

differences in density of latter proteins between the two transgenic mice lines can account

for the difIerence in immunological staining intensity. In support of this posSlbility,

(pro)renin binding proteins have been characterized previously.

Co-Iocalization ofIR-human (pro)renin with specifie cell markers

Co-localization of the IR-human (pro)renin with markers for smooth-muscle cells (0.­

smooth muscle actin), for fibroblasts (vimentin) and macrophage (MAC-2) has been

perfonned (refer to Chapter 2). Few IR-human (pro)renin signais seems to co-localized

with markets for smooth muscle cells and macrophages (Figure A.l.4 and A 1.5,

respectively), suggesting that the majority if not an of (pro)renin containing cells are not
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smooth muscle cells or resident macrophage in the heart. However, the respective

localization of the latter cells and the human (pro)renin-containing cells indicate a close

proximity between them. As for cardiac fibroblasts, the vimentin staining, which is

cbaracterized by a diffuse extracellular distribution around fibroblasts, was not informative

due ta it faint immunoreactivity (data not shown). However, we have noted that

distribution of IR.·human (pro)renin in heart of mice carrying the human active renin and

human angiotensinogen (TTRhRen-A3 x MHChAgt-2) is closely associated with regions

of collagen accumulation (data not shown) suggesting that the (pro)renin-containing cells

may still represent fibroblasts or it precursors (myofibroblasts or possibly pericytes).
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Figure A.l.4 Co-Iocalization ofIR.-human (pro)renin (a) with a-smooth muscle actin (b)

in the heart of ITRhRen-A3 mice. Arrows show possible co-localization of human

(pro)renin with the cell marker. Original magnification at 4Ox.
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Figure A.l.S Co-loealization ofIR-human (pro)renin (a) with MAC-2 (h) in the heart of

'ITRhRen-A3 miee. Arrows show possible co-Ioealization ofhuman (pro)renin with the

eeU marker. Original magnifieation at 4Ox.
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Subcellular localization ofIR-human (pro)renin

As presented in Figure 2.6, IR.-human (pro)renin bas been localized in vesicle-like

organelles of ceUs in close proximity of capillaries in the heart. To compare the cell-type

responsible for the uptake of (pro)renin between tissue, additional studies have been

performed on testis of same animal (TIRhRen-A3 mice) using the electron microscopy.

Although the testis barbOIS tissue organization quite different then the heart, localization of

the IR-human (pro)renin in testis is identical ta the heart, being limited to vesicle-like

organelles of cells in close proximity of capillaries. However, in testis, the human

(pro)renin-eontaining cells are in proximity of steroids granules-containing ceUs

characteristic of Leydig cell. These observation suggest that mainly one cell type is

responsible for uptake of (pro)renin bath in heart and testis. All IR-human (pro)renin

stained cells observed in both tissue barbor these morphological characteristics:

• Localized in close proximity to small capillaries (heart) or slightly bigger vessel (testis),

• Cell not in direct contact with the endothelial cell of blood vessel, a thin layer of

connective fiber (basal lamina) separating them,

• CeU contains a lot of dense vesicle-like organelle, but no apparent contractile fibers

(myofibril) present in cytoplasm.

Moreover, we failed to observed staining associated with cell membrane in the

electron mieroseopy. This indieates the possibility that (pro)renin does not bind renin­

aeceptor/receptor proteins previously identified by Campbell and Valentijn (205), Nguyen

et al, (206), and Sealey et al. (204). We are careful in interpreting these observations sinee

we don't have direct evidence that human (pro)renin behave like the mouse (pro)renin in

vivo. Moreover, there is aIso the possibility that potential membrane bound (pro)renin is

washout from the interstitial space during the whole body perfusion performed. However,

this latter possibility cannot explain the absence of intracellular IR-human {pro)renin

signais observed in vascular endothelial cells or cardiomyocytes. Thus, these results

indicate that uptake of(pro)renin don't take place in those latter cell type in vivo.
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2 Effect of losartan treatment (8 d) on plasma and cardiac Ang 1 concentration in

'ITRhRen-A3 x MHChAgt-2 mice.

The mice expressing active human renin in the liver (TfRhRen-A3) are hypertensive as

compared to their non-transgenic Iittennates. To test whether renin was taken up from the

circulation by a pressure-dependent mechanism, double-transgenic animais were treated

with an anti-hypertensive agent (losartan; 30 mw'kg/day in drinking water) for a period of 1.
week ta normalize their blood pressure and their cardiac and circulating levels of Ang l

were compared to that ofvehicle treated littennates. Results (Table 2.2, Fig. ) demonstrate

that even though anti-hypertensive treatment led ta a significant reduction in the blood

pressure of the double-transgenic animais, there was no decrease in the ratio of cardiac ta

circulating Ang l in the treated animais as compared to untreated Iittermates. These data

suggest that the contribution of circulating renin ta the cardiac RAS is not mediated by a

pressure-dependent mechanism.

Figure A.l Concentration of Ang l in plasma and heart of non-, single- and double­

transgenic anjmals (TIRhRen-A3 x MHChAgt-2) after 8 days of treatment with losartan

(+) or vehicle (-) (refer ta Materiel and Methods of Chapter 2). ·P<O.OS, tp<O.OOl as

compared to non-transgenic mice by ANOVA using Student's t-test.
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3 Are there other sites of angiotensin synthesis from presence of circulating human

(pro)renÏD and local human angiotensinogen?

To investigate the possibility tbat the observed in vivo enzymatic activity of circulating

human (pro)renin is limited to the heart, we collected kidneys and loogs tissue in addition

to the heart and plasma of human active renin-expressing mice (ITRhRen-A3) crossed

with human angiotensinogen-expressing mice (MHChAgt-2). Procedure was identical to

method reported in chapter 2 with the exception that ketamine/acpromazine anesthetic

cocktail was used instead ofpentobarbital. Compared with pentobarbital anesthetic, use of

this cocktail tends to increase plasma Ang 1 (by a factor of 2) and slightly lower cardiac

Ang l concentration in all animaIs (data not shown).

Prelirninary data are presented in Figure A3. While plasma and kidney Ang 1

concentrations in double transgenic animals are similar or decreased compared with control

mice, Ang 1 concentration in the loog is increased in the mice harboring both transgenes.

Although the difference in Ang 1 concentration are not quite significant due probably to the

small sample size, these results raise the possibility that circulating (pro)renin is aIso active

within the lung. However, no increased Ang II concentration is observed in that tissue

suggesting that if increased local generation ofAng 1 does occur, the local concentration of

Ang 1 is either tao low to contn"bute ta local Ang II concentration or that the site of Ang 1

generation is not in close proximity to tissue ACE. Interestingly, no increase in Ang 1 or

Ang II concentration is observed for the kidney. Since the substrate for human renin is

present locally, this may indicate that human (pro)renin is Dot present locally within the

kidney. Altematively, the human (pro)renin may be present within the kidney but not in

close proximity of the human angiotensinogen site of expression. The latter possibility is

worth consideration since the ccll-type respoDsible for the human angiotensinogen

expression in the kidney ofthe MHChAgt-2 mouse line is Dot known. Considering the facts

that IR-human (pro)renin is readily detectable in the heart and lung, and present at much

lower concentrations in the kidney, we found a direct correlation between its presence

detennined by immunohistochemistry and its presence denoted by in vivo enzymatic

assays. This suggest that its presence in tissue is directiy correlated with its local activity.
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Figure A.3 Concentration ofAng l (a) and Ang n(b) in plasma, heart, kidney and lung of

non-, single- and double- transgenic animaIs (TIRhRen-A3 x MHChAgt-2). ·P<O.OO1 as

compared ta non-transgenic mice by ANOVA using Student's t-test
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4 Is tissue RAS ofhuman (pro)renin responsible the observed hypertensive

phenotype in TTRhRen-AJ mice?

Ta investigate the possibility that the hypertensive phenotype observed in TI'RhRen-A3

mice may be the results of an increase tissue RAS, we collected plasma and tissue (heart,

brain, liver, kidney and testis) from TTRbRen-A3 and non-transgenic mice. Angiotensin

peptides were extracted and measured as descnbe in Material and Method of Chapter 2,

using ketaminelacpromazine anesthetic cocktail instead of pentobarbital (refer ta

Appendices, Section 3).
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Figure A.4 Concentration of Ang 1 and Ang II in plasma and tissues of non-transgenic

(NT) and TTRbRen-A3 mice.
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As pointed out in Figure A4, the heart, liver and kidney of TIRhRen-A3 harbor a

decrease in Ang 1 and il concentration compared ta control which suggest that no

significant activation of a local RAS take place in those tissues. However, a slight increase

in Ang 1 and fi concentration in testis of transgenic animaIs raise the possibility that this

particular tissue may be implication of in the control ofblood pressure. In support for this

possibility, we provided evidence for significant uptake ofhuman (pro)renin in this tissue

(refer to General dicussion, Section 2 and Appendices, Section 1). Although, to our

knowledge, no one has reported evidence for the direct implication of this organ in control

of blood pressure, increased plasma testosterone has been shawn to cause a hypertensive

phenotype in rats (332). This mises the possibility that a sustained local effect ofcirculating

human (pro)renin in TrRbRen-A3 testis induces synthesis and release of androgen

(testosterone) in circulation which in high concentration can affect renal function leading ta

increase blood pressure.

From our results it is still not possible to detennine the cause of the hypertensive

phenotype observed in our human active renin mice. However, we provide clear evidence

that the observed tise in blood pressure is not caused by increased circulating RAS activity

or tissue RAS present in the heart, liver or kidney. Further experiments are needed ta assess

the possible implication of testis, brain and adrenaI in the regulation of blood pressure in

ourmodel.



•

REFERENCES



151

1. Tigentedt, R. and B.C. Bergmau. Niere and kreisiauf: Scand Arch Physiol 8: 223­

271, 1898.

2. Inagami, T. A Memorial to Robert Tiegerstedt: the centennial of renin discovery.

Hypertension 32: 953-957, 1998.

3. Schuster, V.L. Effects ofangiotensin on proximal tubular reabsorption. Fed Proc 45:

1444-1447, 1986.

4. Pratt, J.H., J.K. Rothrock, and J.H. Dominguez. Evidence that angiotensin-II and

potassium collaborate to increase cytosolic calcium and stimulate the secretion of

aldosterone. Endocrinology 125: 2463-2469, 1989.

5. Shier, D.N., E. Kusano, G.D. Stoner, R. Franco-Saenz, and P.J. Mulrow.

Production of renin, angiotensin II, and aldosterone by adrenal expIant cultures:

response to potassium and converting enzyme inhibition. Endocrinology 125: 486­

491, 1989.

6. Amaral, SoL., S.R. Lindermo, M.M. Mone, and A.S. Greene. Angiogenesis

induced by electrical stimulation is mediated by angiotensin II and VEGF.

MicrocircuIation 8: 57~67, 2001.

7. Lonchampt, M., L. Pennel, and J. Duhaolt Hyperoxia/normoxia-driven retinal

angiogenesis in mice: a raIe for angiotensin II. Invest Ophthalmol Vis Sei 42: 429-432,

2001.

8. Nada), J.A., G.M. Scicli, L.A. Carbini, J.J. Nussbaum, and A.G. Scicli.

Angiotensin fi and retinal pericytes migration. Bioehem Biophys Res Commun 266:

382-385, 1999.

9. Coimbra, C.C., M.A. Garofalo, D.R. Foscolo, A.R. Xavier, and RoH. Migliorini.

Gluconeogenesis activation after intravenous angiotensin II in freely moving rats.

Peptides 20: 823-827, 1999.

10. Andrade, S.P., c.e. Cardoso, R.D. Machado, and W.T. Beraldo. Angiotensin-II~

induced angiogenesis in sponge implants in mice. lnt J Microcirc Clin Exp 16: 302­

307, 1996.



•

152

Il. Kneer, N.M. and B.A. Lardy. Regulation of gluconeogenesis by norepinephrlne,

vasopressin, and angiotensin II: a comparative study in the absence and presence of

extracellular Ca2+l. Arch Biochem Biophys 225: 187-195, 1983.

12. Lijnen, P.J., V.V. Petrov, and R.H. Fagard. Induction of cardiac fibrosis by

angiotensin ll. Methods Find Exp Clin Pharmaco122: 709-723, 2000

13. Guo, G., J. Morrissey, R. McCracken, T. ToBey, B. Liapis, and S. KIahr.

Contributions of angiotensin II and tomor necrosis factor-alpha to the development of

renal fibrosis. Am J Physiol280: F777-F785, 200l.

14. Fitts, D.A., E.M. Starbuck, and A. Ruhf. Circumventricular organs and ANG 11­

induced salt appetite: blood pressure and connectivity. Am J Physiol 279: R2277­

R2286, 2000.

15. EI-Baddad, M.A., C.R.. Chao, S. Ma, and M.G. Ross. Nitric oxide modulates

angiotensin II-induced drinking behavior in the near-term ovine fetus. Am J Obstet

CTynecoI182:713-719,2000.

16. Walther, T., J.P. Voigt, A. Fukamizu, H. Fink, and M. Bader. Learning and

anxiety in angiotensin-deficient mice. Behav Brain Res 100: 14, 1999.

17. Regitz...Zagrosek, V., M. Neuss, J. Bolzmeister, C. Warnecke, and E. F1eck.

Molecular biology of angiotensin receptors and their role in human cardiovascular

disease. J Mol Med 74: 233-251, 1996.

18. Elton, T.S., C.C. Stephan, G.R.. Taylor, M.G. Kimball, MM. Martin, J.N.

Durand, and S. OpariL Isolation of two distinct type l angiotensin n receptor genes.

Biochem Biophys Res Commun 184: 1067-1073, 1992.

19. Iwai, N. and T. Inagami. Identification oftwo subtypes in the rat type l angiotensin II

receptor. FEBS Lett 298: 257-260, 1992.

20. Konishi, B., S. Kuroda, Y. Inada, and Y. Fujisawa. Novel subtype of human

angiotensin II type 1 receptor: cDNA cloning and expression. Biochem Biophys Res

Commun 199: 467-474, 1994.



•

153

21. Many, C.A., O. Hwang, A.Me Egloff, L.R. Wu, and F.Z. Chung. Cloning,

expression, and characterization of a gene encoding the human angiotensin n type lA

receptor. Biochem Biophys Res Commun 186: 277-284, 1992.

22. Sasamura, H., L. Hein, I.E. Krieger, RE. Pratt, B.Ka Kobilka, and V.J. Dzau.

Cloning, characterizatioD, and expression oftwo angiotensin receptor (AT-l) isofoIIDS

from the mouse genome. Biochem Biophys Res Commun 185: 253-259, 1992.

23. Chen, x., W. Li, H. Yoshida, S. Tsuchida, H. Nishimnra, F. Takemoto, S. Okubo,

A. Fogo, T. Matsusaka, and 1. IchikawL Targeting deletion of angiotensin type lB

receptor gene in the mouse. Am J Physio1272: F299-F304, 1997.

24. Ito, M., M.I. 06verio, P.J. Mannon, C.F. Best, N. Maeda, O. Smithies, and T.M.

Coffman. Regulation of blood pressure by the type lA angiotensin n receptor gene.

Proc Natl Acad Sci USA 92: 3521-3525, 1995.

25. Katz, A.Me Angiotensin II: hemodynamic regulator or growth factor? J Mol Cell

Cardial 22: 739-747, 1990.

26. Lyall, F., J.I. Morton, A.F. Lever, and E.J. Cragoe. Angiotensin II acti.vates Na+­

H+ exchange and stimulates growth in cultured vascular smooth muscle cells. J

Hypertens 6: 8438-5441, 1988.

27. Naftilan, A.J., R.E. Pratt, C.S. Eldridge, H.L. Lin, and V.J. Dzao. Angiotensin il

induces c-fos expression in smooth muscle via transcriptional control. Hypertension

13: 706-711, 1989.

28. Geisterfer, A.A., M.I. Peach, and G.K. Owens. Angiotensin II induces hypertrophy,

not hyperplasia, of cultured rat aortic smooth muscle cells. Circ Res 62: 749-756,

1988.

29. Carey, RM., Z.Q. Wang, and H.M. Siragy. Role of the angiotensin type 2 receptor

in the regulation of blood pressure and renal fonction. Hypertension 35: 155-163,

2001.



•

•

•

154

30. Nakajima, M., B.G. HutchiDson, M. Fajmaga, W. Hayashida, R. Morisbita, L.

Zbang, M. Horiucbi, R.E. Pratt, and V.J. Dzau. The angiotensin II type 2 (ATI)

receptor antagonizes the growth effects of the ATI receptor: gain-of-function study

using gene transfer. Proc Natl Acad Sd USA 92: 10663-10667, 1995.

31. Stoll, M., U.M. SteckeUngs, M. Paul, S.P. Bottari, R. Metzger, and T. Unger. The

angiotensin AT2-receptor Mediates inhibition of cell proliferation in coronary

endothelial cells. J Clin Invest 95: 651..657, 1995.

32. Yamada, T., M. Horiucbi, and V.J. Dzau. Angiotensin il type 2 receptor Mediates

programmed cell deatIL Proc Natl Acad Sei USA 93: 156-160, 1996.

33. Brock, T.A., R.W. Alexander, L.S. Ekstein, W.J. Atkinson, and MA. Gimbrone,

Jr. Angiotensin increases cytosolic free calcium in cultured vascular smooth muscle

cells. Hypertension 7: 1105-1109, 1985.

34. Griendling, K.K., P. Delafontaine, S.E. Rittenbouse, M.A. Gimbrone, Jr., and

R.W. Alexander. Correlation of receptor sequestration with sustained diacylglycerol

accumulation in angiotensin II-stimulated cultured vascular smooth muscle cells. J

Biol Chem 262: 14555-14562, 1987.

35. Dostal, D.E., RA. Hunt, C.E. Kule, G.J. Bhat, V. Karoor, C.D. McWhinney, and

K.M. Baker. Molecular mechanisms ofangiotensin n in modulating cardiac function:

intracardiac effects and signal transduction pathways. J Mol Cell Cardiol 29: 2893­

2902,1997.

36. Marrero, M.B., B. Schieffer, W.G. Paxton, L. Heerdt, B.C. Berk, P. Delafontaine,

and K.E. Bernstein. Direct stimulation of JaklSTAT pathway by the angiotensin TI

AT1 receptor. Nature 375: 247-250, 1995.

37. Marrero, M.D., W.G. Paxton, B. SchiefJer, B.N. Ling, and K.E. Bernstein.

Angiotensin II signalling events mediated by tyrosine phosphorylation. Cell Signal 8:

21-26, 1996.

38. Schieffer, B., W.G. Paxton, M.B. Marrero, and K.E. Bernstein. Importance of

tyrosine phosphorylation in angiotensin II type 1 receptor signaling. Hypertension 27:

476-480, 1996.



•

•

155

39. Schmitz, U., M. Isbida, and B.C. Derk. Angiotensin II stimulates tyrosine

phosphorylation of phospholipase C-gamma-associated proteins. Characterization of a

c-Src-dependent 97-kD protein in vascular smooth muscle cells. Circ Res 81: 550­

557,1997.

40. Horiuchi, M., W. Hayashida, T. Kambe, T. Yamada, and Vol. Dzau. Angiotensin

type 2 receptor dephosphorylates Bcl-2 by activating mitogen-activated protein kinase

phosphatase-l and induces apoptosis. J Biol Chem 272: 19022-19026, 1997.

41. Tsuzuld, S., T. Matoba, S. Eguchi, and T. Inagami. Angiotensin II type 2 receptor

inhibits cell proliferation and activates tyrosine phosphatase. Hypertension 28: 916­

918, 1996.

42. Huang, X.C., E.M. Richards, and C. Sumnen. Mitogen-activated protein kinases in

rat brain neuronal cultures are activated by angiotensin n type 1 receptors and

inhibited by angiotensin II type 2 receptors. J Biol Chem 271: 15635-15641, 1996.

43. Kang, J., P. Posner, and C. Sumners. Angiotensin TI type 2 receptor stimulation of

neuronal K+ currents involves an inhibitory GTP binding protein. Am J Physiol 267:

C1389-97, 1994.

44. Tamura, M., Y. Wanaka, E.J. Landon, and T. Inagami. Intracellular sodium

modulates the expression of angiotensin II subtype 2 receptor in PC12W cells.

Hypertension 33: 626-632, 1999.

45. Lehtonen, J.Y., M. Horiuchi, and V. Dzau. Ceramide as a second messenger for

angiotensin il type 2 receptor mediated apoptosis. Circulation 96: 1-554,

1997.(Abstract).

46. HaDer, H., C. Lindscbau, B. Erdmann, P. Quass, and F.C. Loft. Effects of

intracellular angiotensin II in vascular smooth muscle cells. Circ Res 79: 765-772,

1996.

47. Re, R. and S.E. Bryan. Functional intracellular renin-angiotensin systems may exist

in multiple tissues. Clin Exp Hypertens 6: 1739-1742, 1984.



156

48. Eggena, P., JB. Zhu, S. Sereevinyayut, M. Giordani, K. C1egg, P.C. Andenen, P.

Hyun, and J.D. Barrett. Hepatic angiotensin n nuclear receptors and transcription of

growth-related factors. J Hypertens 14: 961-968, 1996.

49. Jimenez, E., G.P. ViDson, and M. MontieL Angiotensin II (All)-binding sites in

nuclei from rat liver: partial characterization ofthe mechanism ofAlI accumulation in

nuelei. J Endocrinoll43: 449-453, 1994.

50. Re, R.N., D.L. Vizard, J. Brown, and S.E. Bryan. Angiotensin il receptors in

chromatin fragments generated by micrococcal nuclease. Biochem Biophys Res

Commun 119: 220-227, 1984.

51. Sen, 1., H.G. BuD, and R.L. Soffer. Isolation of an angiotensin II-binding protein

from liver. Proc Natl Acad Sei USA 81: 1679-1683, 1984.

52. Tang, S.S., H. Rogg, R. Schumacber, and V.J. Dzau. Characterization of nuclear

angiotensin-~-binding sites in rat liver and comparison with plasma membrane

receptors. Endocrinology 131: 374-380, 1992.

53. De MeUo, W.C. Is an intraeellular renin-angiotensin system involved in control ofcell

communication in heart? J Cardiovasc Pharmacol 23: 640-646, 1994.

54. De MeUo, W.C. The cardiac renin-angiotensin system: its possible role in cell

communication and impulse propagation. Cardiovasc Res 29: 730-736, 1995.

55. De Mello, W.C. and A.H. Danser. Angiotensin II and the heart : on the intraerine

renin-angiotensin system. Hypertension 35: 1183-1188,2000.

56. Re, R.N. On the biological actions of intracellular angiotensin. Hypertension 35:

1189-1190,2000.

57. Wright, J.W. and J.W. Harding. Important role for angiotensin m and IV in the

brain renin- angiotensin system. Brain Res Brain Res Rev 25: 96-124, 1997.

58. Reaux, A., X. lturrioz, G. Voeux, M. Foumie-Zaluski, C. David, B.P. Roques, P.

Corvol, and C. Llorens-Cortes. Aminopeptidase A, which generates one of the main

effector peptides of the brain renin-angiotensin system, angiotensin ID, bas a key role

in central control ofarteriaI blood pressure. Biochem Soc Trans 28: 435-440, 2001.



•

157

59. Ganong, W.F. Blood, pituitary, and brain renin-angiotensin systems and regulation of

secretion ofanterior pituitaIy gland. Front Neuroendocrinol 14: 233-249, 1993.

60. Saavedra, J.M. Brain and pituitary angiotensin. Endocr Rev 13: 329-380, 1992.

61. Hanesworth, J.M., M.F. Sardinia, L.T. Krebs, K.L. HaU, and J.W. Harding.

Elucidation of a specific binding site for angiotensin IT(3-8), angiotensin IV, in

mammalianheartmembranes. J Pharmacol Exp 17Jer266: 1036-1042, 1993.

62. Harding, J.W., V.I. Cook, A.V. Miller-Wing, J.M. Hanesworth, M.F. Sardinia,

K.L. HaU, J.W. Stobb, G.N. Swanson, J.K. Coleman, and J.W. Wright.

Identification ofan AIT(3-8) [AIV] binding site in guinea pig hippocampus. Brain Res

583: 340-343, 1992.

63. SwansoD, G.N., I.M. Haneswortb, M.F. Sardinia, J.K. Coleman, J.W. Wright,

K.L. Hall, AV. Miller-Wing, J.W. Stobb, V.I. Cook, and E.C. Harding. Discovery

of a distinct binding site for angiotensin IT (3-8), a putative angiotensin N receptor.

Regul Pept 40: 409-419, 1992.

64. MoeUer, 1., RA. Lew, FA Mendelsohn, AI. Smith, M.E. Brennan, T.J. Tetaz,

and S.Y. Chai. The globin fragment LVV-hemorphîn-7 is an endogenous ligand for

the AT4 receptor in the brain. J Neurochem 68: 2530-2537, 1997.

65. Roberts, K.A., L.T. Krebs, E.A. Kramar, M.J. Shaffer, J.W. Harding, and J.W.

Wright. Autoradiographie identification of brain angiotensin IV binding sites and

differential c-Fos expression following intracerebroventricular injection of angiotensin

II and IV in rats. Brain Res 682: 13-··21, 1995.

66. Miller-Wing, AV., J.M. Hanesworth, M.F. Sardinia, K.L. HaU, J.W. Wright,

R.C. Spetb, K.L. Grove, and J.W. Harding. Central angiotensin IV binding sites:

distribution and specificity in guinea pig brain. J Pharmacol Exp Ther 266: 1718­

1726,1993.

67. MoeUer, 1., G. Paxinos, FIA. Mendelsohn, G.P. Aldred, D. Casley, and S.Y. Chai.

Distribution of AT4 receptors in the Macaca fascicularis brain. Brain Res 712: 307­

324, 1996.



•

158

68. Zhang, J.H., J.M. Haneswortb, M.F. Sardinia, JA. AIt, J.W. Wright, and J.W.

Harding. Structural analysis of angiotensin IV receptor (AT4) from selected bovine

tissues. J Pharmacol Exp Ther 289: 1075-1083, 1999.

69. de GasparD, M., K.J. Catt, T. Ioagami, J.W. Wright, and T. Unger. International

union ofpharmacology. XXIII. The angiotensin fi receptors. Pharmaeol Rev 52: 415­

472,2000.

70. MoeUer, 1., D.H. Small, G. Reed, J.W. Harding, F.A. Mendelsobn, and S.Y. Chai.

Angiotensin IV inhibits neurite outgrowth in cultured embryonic chicken sympathetic

neurones. Brain Res 725: 61·66, 1996.

71. Kerins, D.M., Q. Rao, and D.E. Vaugban. Angiotensin induction of PAl-l

expression in endothelial cells is Mediated by the hexapeptide angiotensin IV. J Clin

Invest 96: 2515-2520, 1995.

72. Kakinoma, Y., H. Hama, F. Sugiyama, K. Yagami, K. Goto, K. Murakami, and

A. Fukamizu. Impaired blood-brain barrier function in angiotensinogen-deficient

mice. Nat Med 4: 1078-1080, 1998.

73. Welches, W.R., K.B. Brosnihan, and C.M. Ferrario. A comparison ofthe properties

and enzymatic activities of three angiotensin processing enzymes: angiotensin

converting enzyme, prolyl endopeptidase and neutral endopeptidase 24.11. Lifé Sei

52: 1461-1480, 1993.

74. Tan, F., P.W. Morris, R.A. Skidgel, and E.G. Erdos. Sequencing and cloning of

human prolylcarboxypeptidase (angiotensinase C). Similarity to both serine

carboxypeptidase and prolylendopeptidase familles. J Biol Chem 268: 16631-16638,

1993.

75. Ferrario, C.M. and S.N. Iyer. Angiotensin-(I-7): a bioactive fragment of the renin­

angiotensin system. Regul Pept 78: 13-18, 1998.

76. Iyer, S.N., M.C. ChappeD, D.B. Averill, D.I. Diz, and C.M. Ferrario.

Vasodepressor actions ofangiotensin-(I-7) unmasked during combined treatment with

lisinopril and losartan. Hypertension 31: 699-705, 1998.



•

•

•

159

77. Ferrario, C.M., M.C. Chappell, E.A. TaUant, K.B. Brosnihan, and D.I. Diz.

Counterregulatory actions ofangiotensin-(I-7). Hypertension 30: 535-541, 1997.

78. Nickenig, G., G. Geisen, H. Vetter, and A. Sachinidis. Characterlzation of

angiotensin receptors on human skin fibroblasts. J Mol Med 75: 217-222, 1997.

79. Tallant, E.A., X. Lu, B.B. Weiss, M.C. Chappell, and C.M. Ferrano. Bovine aortic

endothelial cells contain an angiotensin-(I-7) receptor. Hypertension 29: 388-393,

1997.

80. ChappeU, M.C., N.T. Pirro, A. Sykes, and C.M. Ferrario. Metabolism of

angiotensin-(1-7) by angiotensin-converting enzyme. Hypertension 31: 362-367 t

1998.

81. Li, P., M.C. ChappeD, C.Me Ferrario, and K.B. Brosnihan. Angiotensin-(1-7)

augments bradykinin-induced vasodilation by competing with ACE and releasing

nitric oxide. Hypertension 29: 394-400, 1997.

82. Yamada, K., S.N. Iyer, M.C. ChappeD, D. Ganten, and C.M. Ferrario. Converting

enzyme determines plasma clearance ofangiotensin-(1-7). Hypertension 32: 496-502,

1998.

83. Deddish, P.A., B. Marcie, H.L. Jackman, H.Z. Wang, R.A. Skidgel, and E.G.

Erdos. N-domain-specific substrate and C-domain inhibitors of angiotensin­

converting enzyme: angiotensin-(I-7) and keto-ACE. Hypertension 31: 912-917,

1998.

84. Pickens, P.T., F.M. Bumpus, A.M. Lloyd, R.R. Smeby, and I.B. Page.

Measurement ofrenin activity in human plasma. Circ Res 17: 438-448, 1965.

85. Haber, E., T. Koerner, L.B. Page, B. Kliman, and A. Purnode. Application of a

radioimmunoassay for angiotensin l to the physiologic measurements ofplasma renin

activity in normal human subjects. Je/in Endocrinol Metab 29: 1349-1355, 1969.

86. Scharpe, S., R. Verkerk, E. Sasmito, and M. Theeuws. Enzyme immunoassay of

angiotensin l and renin. Clin Chem 33: 1774-1777, 1987.



•

•

160

87. Inagami, T. Structure and function ofrenin. J Hypertens Suppl 7: 83-881989.

88. Birose, S., S. Kim, H. Miyazaki, Y.S. Park, and K. Murakami. In vitro

biosynthesis ofhuman renin and identification ofplasma inactive renin as an activation

intermediate. J Biol Chem 260: 16400-16405, 1985.

89. Pratt, R.E., A.S. OueUette, and V..J. Dzau. Biosynthesis of renin: multiplicity of

active and intermediate forms. Proc Natl AcadSei USA 80: 6809-6813, 1983.

90. Panthier, J.S., S. Foote, D. Chambraud, A.D. Strosberg, P. Corvol, and F.

Rougeon. Complete amino acid sequence and maturation of the mouse submaxillary

gland renin precursor. Nature 298: 90-92, 1982.

91. Corvol, P., J.J. Pantbier, S. Foote, and F. Rougeon. Structure of the mouse

submaxillary gland renin precursor and a model for renin processing. Arthur C.

Corcoran Memorial Lecture. Hypertension 5: 13-19, 1983.

92. Imai, T., H. Miyazaki, S. Hirose, H. Hori, T. Rayashi, R. Kageyama, H. Ohkubo,

S. Nakanishi, and K. Murakami. Cloning and sequence analysis ofcDNA for human

renin precursor. Proc Nall AcadSei USA 80: 7405-7409, 1983.

93. 8umbam, C.E., C.L. Hawelu-Johnson, D.M. Frank, and K.R. Lynch. Molecular

c10ning of rat renin cDNA and its gene. Proc Natl Acad Sei USA 84: 5605-5609,

1987.

94. Higasbimori, K., K. Mizuno, S. Nakajo, F.R. Boehm, P.A. Marcotte, D.A. Egan,

W.H. RoUeman, C. Heusser, A.M. Poisner, and T. Inagami. Pure human inactive

reoin. Evidence that native inactive renin is prorenin. J Biol Chem 264: 14662-14667,

1989.

9S. Dubin, D., R.E. Pratt, K..Y. Hui, and V..J. Dzau. Characterization of prorenin

activation using a synthetic peptide substrate. J Hypertens 9: 483-486, 1991.

96. Sealey, J.E. and J.H. Laragh. ''Prorenin'' in human plasma? Circ Res 36: 10-16,

1975.

97. Derla, F.R., J.M. von Gool, G.J. Wenting, R.P. Verhoeven, A.J. Man in 't Veld,

and M.A. Schalekamp. Inactive renin inhumanplasma. Lancet 1: 496-499, 1976.



•

161

98. Leckie, B.J. and N.K. McGhee. Reversible activation-inactivation of renin in human

plasma. Nature 288: 702-705, 1980.

99. Hsueh, W.A. and E.J. CarlsoD. Characterization studies of inactive renin ftom

human kidney and from several plasma sources. Clin Exp Hypertens A 4: 2027-2038,

1982.

100.Pitarresi, T.M., S. Rubattu, R. Heinrikson, and J.E. Sealey. Reversible

cryoactivation ofrecombinant human prorenin. J Biol Chem 267: 11753-11759, 1992.

lOl.DerlŒ, F.H., J. DeiDum, M. Lipovski, M. Verhaar, W. Fischli, and M.A.

Schalekamp. Nonproteolytic "activation" of prorenin by active site-directed renin

inhibitors as demonstrated by renin-specific monoclonal antibody. J Biol Chem 267:

22837-22842, 1992.

102.Yang, R.Y., E.G. Erdos, and Y. Levin. A dipeptidyl carboxypeptidase that converts

angiotensin land inactivates bradykinin. Biochim Biophys Acta 214: 374-376, 1970.

103.0paril, S. and E. Haber. The renin-angiotensin system (first oftwo parts). N Engl J

Med 291: 389-401, 1974.

104.0paril, S. and E. Haber. The renin-angiotensin system. (second oftwo parts). N Engl

JMed291: 446-457,1974.

10S.EI-Dorry, B.A., B.G. BuD, K. Iwata, N.A. Thomberry, E.H. Cordes, and RL.

Soffer. Molecular and catalytic properties of rabbit testicular dipeptidyl

carboxypeptidase. J Biol Chem 257: 14128-14133, 1982.

106.Velletri, P.A. Testicular angiotensin l-eonverting enzyme (B.C. 3.4.15.1). Lift Sci 36:

1597-1608, 1985.

107.Va1Iee, B.L. and D.S. Auld. Active-site zinc ligands and activated H20 of zinc

enzymes. Proc Hatl Acad Sei USA 87: 220-224, 1990.

IDS.Tanaka, T., H. Ohkubo, and S. Nakanishi. Common structural organization of the

angiotensinogen and the alpha l-antitrypsin genes. J Biol Chem 259: 8063-8065,

1984.



•

162

l09.DooUttle, R.F. Angiotensinogen is related to the antitrypsin-antithrombin-ovalbumin

family. Science 222: 417-419, 1983.

110.Geaain, C., J. Bouhaik, D. Tewksbury, P. Corvol, and J. Menard. Characterlzation

of plasma and cerebrospinal fluid human angiotensinogen and des-angiotensin 1­

angiotensinogen by direct radioimmunoassay. J Clin Endocrinol Metab 59: 478-484,

1984.

111.Yayama, K., M. Yoshiya, K. Takahashi, T. Matsui, M. Takano, and H. Okamoto.

Role of the kidney in the plasma clearance of angiotensinogen in the rat: plasma

clearance and tissue distribution of 1251- angiotensinogen. Life Sei 57: 1791-1801,

1995.

112.Derkx, F.R., G.J. Wenting, AJ. Man in ft Veld, R.P. Verhoeven, and MA

Schalekamp. Control of enzymatically inactive renin in man under various

pathological conditions: impücations for the interpretation of renin measurements in

peripheral and renal venous plasma. Clin Sei Mol Med 54: 529-538, 1978.

113.Kïm, S., H. Iwao, N. Nakamura, F. Ikemoto, and K. Yamamoto. Fate of circulating

renin in conscious rats. Am J Physiol252: EI36-EI46, 1987.

114.Campbell, W.G., Jr., F. Gahnem, D.F. Catanzaro, G.D. James, MJ. Camargo,

J.H. Laragh, and J.E. SeaIey. Plasma and renal proreninlrenin, renin mRNA, and

blood pressure in Dahl salt-sensitive and salt-resistant rats. Hypertension 27: 1121­

1133, 1996.

llS.Hader, M. and D. Ganten. Regulation ofrenin: new evidence from cultured cells and

genetically modified mice. J Mol Med 78: 130-139, 2000.

116.Gomez, R.A, R.L. ChevaUer, AD. Everett, J.P. Elwood, M.J. Peach, K.R. Lynch,

and R.M. Carey. Recruitment ofrenin gene-expressing cells in adult rat kidneys. Am

J Physiol 259: F660-F665, 1990.

117.HackenthaI, E., M. Paul, D. Ganten, and R. Yauper. Morphology, physiology, and

molecular biology ofrenin secretion. Physiol Rev 70: 1067-1116, 1990.

l18.Corvol, P. and X. Jeunemaitre. Molecular genetics of human hypertension: role of

angiotensinogen. Endocr Rev 18: 662-677, 1997.



•

•

163

119.Klett, C., W. HeUmann, E. HackenthaI, and D. GanteD. Modulation of tissue

angiotensinogen gene expression by glucocorticoids, estrogens, and androgens in SHR

and WKY rats. Clin Exp Hypertens 15: 683-708, 1993.

120.Lynch, K.R. and MJ. Peacb. Moiecular biology of angiotensinogen. Hypertension

17: 263-269, 1991.

121.Danser, A.H., MM. Koning, P.J. Admiraal, F.R. Derla, P.O. Verdouw, and MA

Schalekamp. Metabolism ofangiotensin l by different tissues in the intact animal. Am

J Physiol263: H418-H428, 1992.

122.Rigat, B., C. Hubert, F. Alhenc-Gelas, F. Cambien, P. Corvol, and F. Soubrier.

An insertionldeletion polymorphism in the angiotensin 1- converting enzyme gene

accounting for halfthe variance ofsemm enzyme levels. J Clin Invest 86: 1343-1346,

1990.

123.Danser, A.H., M.A. Schalekamp, W.A. Bax, A.M. van den Brink, P.R. Saxena,

G.A. Riegger, and H. Scbunkert. Angiotensin-converting enzyme in the human

heart. Effeet of the deletionlinsertion polymorphisme Circulation 92: 1387-1388,

1995.

124.Schunkert, H., J.R. IngelfiDger, A.T. Hirsch, Y. Pinto, W.J. Remme, H. Jacob,

and V.J. Dzau. Feedback regulation of angiotensin converting enzyme activity and

mRNA levels byangiotensinll. Circ Res 72: 312-318, 1993.

125.Poulsen, K. No evidence of active renin-inhibitors in plasma. The kinetics of the

reaction between renin and substrate in non-pre-treated plasma. Scand J Clin Lab

Invest 27: 37-46, 1971.

126.Reid, I.A., WB. Tu, K. Otsuka, TA. Assaykeen, and W.F. Ganong. Studies

concerning the regulation and importance ofplasma angiotensinogen concentration in

the doge Endocrinology 93: 107-114, 1973.

127.Skeggs, L.T., K.E. Lena, AeB. Gould, H. Hochstrasser, and J.R. Kahn.

Biochemistry and kinetics ofthe renin-angiotensin system. Fed Proc 26: 42-47, 1967.

128.Erdos, E.G. Angiotensin 1 converting enzyme and the changes in our concepts

through the years. Lewis K.. Dah1 memoriallecture. Hypertension 16: 363-370, 1990.



•

•

164

129.Cameozind, E., J. Nussberger, L. Juillerat, A Munafo, W. Fischli, P. Coassolo, P.

van Brummelen, C.R. KIeinbloesem, B. Waeber, and H.R. Brunner. Effeet of the

renin response during renin inhibition: oral Ro 42- 5892 in normal humans. J

Cardiovasc Pharmacol18: 299-307, 1991.

130.Ryan, M.J., G.W. Hicks, B.L. Ratley, S.T. Rapundalo, W.C. Patt, D.G. Taylor,

and J.A. Keiser. Effect ofan orally active renin inhIbitor CI-992 on blood pressure in

··normotensive and hypertensive monkeys. J Pharmacol Exp Ther 268: 372-379, 1994.

131.van den Meiracker, AH., P.J. Admiraal, A.J. Man in ft Veld, F.R. Derla, R.J.

Ritsema van Eck, P. Mulder, P. van Brummelen, and MA Scbalekamp.

Prolonged blood pressure reduction by orally active renin inhibitor RO 42-5892 in

essential hypertension. BMJ301: 205-210, 1990.

132.Goa, K.L. and AJ. Wagstaff. Losartan potassium: a review of its pharmacology,

clinical efficacy and tolerability in the management of hypertension. Drugs 51: 820­

845, 1996.

133.van den Meiracker, A.H., P.J. Admiraal, J.A Janssen, .l.M. Kroodsma, W.A de

Ronde, F. Boomsma, J. Sissmann, P.J. Blankestijn, P.G. Molder, and A.J. Man in

ft Veld. Hemodynamic and biochemical effects of the ATI reeeptor antagonist

irbesartan in hypertension. Hypertension 25: 22-29, 1995.

134.Campbell, D.J., A. K1adis, and AM. Duncan. Effects of converting enzyme

inhibitors on angiotensin and bradykininpeptides. Hypertension 23: 439-449, 1994.

135.Mooser, V., J. Nussberger, L. Juillerat, M. Rumier, B. Waeber, J. Bidiville, N.

Pauly, and R.R. Bnmner. Reactive hyperreninemia is a major determinant ofplasma

angiotensin n during ACE inhibition. J Cardiovasc Pharmacol15: 276-282, 1990.

136.Azizï, M., G. Chatellier, T.T. Guyene, D. Murieta-Geoffroy, and J. Menard.

Additive effects of combined angiotensinooConverting enzyme inhibition and

angiotensin II antagonism on blood pressure and renin release in sodium-depleted

normotensives. Circulation 92: 825-834, 1995.



•

165

137.Danser, AB., CA van Kesteren, W.A Bu, M. Tavenier, F.R. DerkI, P.R.

Saxena, and M.A. Scbalekamp. Prorenin, renin, angiotensinogen, and angiotensin­

converting enzyme in normal and failing human hearts. Evidence for renin binding.

Circulation 96: 220-226, 1997.

138.vao Kats, I.P., A.H. Duser, 1eR. van Meegen, LM. Sasseo, P.O. Venlouw, and

M.A. Schalekamp.. Angiotensin production by the heart: a quantitative study in pigs

with the use ofradiolaheled angiotensin infusions. Circulation 98: 73-81, 1998.

139.CampbeU, D.l.., A. Kiadis, and A.J. Valeotijn.. EfIects oflosartan on angiotensin and

bradykinin peptides and angiotensin-converting enzyme. J Cardiovasc Pharmacol26:

233-240, 1995.

140.Skeggs, L.T., F.E.. Dorer, I.R. Kabo, K..E. Lentz, and M. levine.. The biological

production of angiotensin. In: Angiotensin., edited by LH. Page and F.M. Bumpus.

Springer Verlag, 1974.

141.Danser, AH. Local renin-angiotensin systems. Mol Cell Biochem 157: 211-216,

1996.

142.Eogeli, S., R.. Negrel, ud A.M. Sbanoa. Physiology and pathophysiology of the

adipose tissue renin- angiotensin system. Hypertension 35: 1270-1277,2000.

143.CampbeU, D.J.., AC. Lawrence, A. Towrie, A. Kladis, and A.J.. Valentijn.

Differentiai regulation of angiotensin peptide levels in plasma and kidney of the rat.

Hypertension 18: 763-773, 1991.

144.Deinum, J., F..R. Derla, A.H. Doser, and M.A. Scbalekamp.. Identification and

quantification ofreoin and prorenin in the bovine eye. Endocrinology 126: 1673-1682,

1990.

145.Kim, S., M. Tokuyama, M. Hosoi, and K. Yamamoto.. AdrenaI and circulating

renin-angiotensin system in stroke-prone hypertensive rats. Hypertension 20: 280-291,

1992.



166

146.Lightman, A., B.C. Tarlatzis, P.J. Rzasa, M-D. CuBer, V.J. Caride, A.F. Negro­

VUar, D. LeDDard, A.H. DeChemey, and F. NaftoliD. The ovarian renin-angiotensin

system: renin-like activity and angiotensin llIIII immunoreactivity in gonadotropin­

stimuIated and unstimulated human foUicular fluide Am J Obstet Gynecol 156: 808­

816, 1987.

147.Lindpaintner, K., Ml. Wilhelm, M. Jin, T. Uager, R.E. Lang, B.A. Schoelkens,

and D. GanteD. Tissue renin-angiotensin systems: focus on the heart. J Hypertens

Suppl 5: S33-8, 1987.

148.Lindpaintner, K. and D. GanteD. The cardiac renin-angiotensin System. An

appraisal ofpresent experimental and clinical evidence. Circ Res 68: 905-921, 1991.

149.Phillips, M.I. Functions of angiotensin in the central nervous system. Annu Rev

Physio149: 413-435, 1987.

150.Wagner, J., AeR. Jan Danser, F.R. Derla, T.V. de Jong, M. Paul, Jol. Mullins,

M.A. Schalekamp, and D. Ganten. Demonstration of renin mRNA, angiotensinogen

mRNA, and angiotensin converting enzyme mRNA expression in the human eye:

evidence for an intraocular renin..angiotensin system. Br J Ophtha/mol 80: 159-163,

1996.

151.Zimmennan, B.G. and E.W. Dunham. Tissue renin-angiotensin system: a site of

dmg action? Annu Rev Pharmacol Toxico137: 53-69, 1997.

152.Stock, P., L. Liefeldt, M. Paul, and D. Ganten. Local renin..angiotensin systems in

cardiovascular tissues: Iocalization and functional mIe. Cardi%gy 86: 2-8, 1995.

153.Dzau, V.J. Vascular renin-angiotensin system and vascular protection. J Cardiovasc

Pharmaco122: 81-9, 1993.

154.Gibbons, G.B. The pathophysiology ofhypertension: the importance ofangiotensin n
in cardiovascular remodeling. Am J Hypertens Il: 1778-181S, 1998.

155.Fleming, S. Malignant hypertension - the mIe of the paracrine renin- angiotensin

system. J Patholl92: 135-139,2000.



•

167

156.MaIik, F.S., Col. Lavie, M.R. Mehra, R.V. MiIaDi, and R.N. Re. Renin-angiotensin

system: genes to bedside. Am Heart J 134: 514-526, 1997.

157.NichoUs, M.G., A.M. Richards, and M. AgarwaL The importance of the renin­

angiotensin system in cardiovascular disease. J Hum Hypertens 12: 295-299, 1998.

158.Re, R.N. The cellular biology of angiotensin: paracrine, autocrine and intracrine

actions in cardiovascular tissues. J Mol CelI Cardial 21 : 63...69, 1989.

159.Dahlo~ B. Regression of left ventricular hypertrophy-are there differences between

antihypertensive agents? CardioIogy 81: 307-315, 1992.

160.Latini, Ro, A.P. Maggioni, M. Flather, P. Sieight, and G. Tognoni. ACE inhibitor

use in patients with myocardial infarction. Summary of evidence from clinical trials.

Circulation 92: 3132-3137, 1995.

161.Linz, W., J. Schaper, G. Wiemer, U. Albus, and B.A. Scholkens. Ramipril prevents

left ventricular hypertrophy with myocardial fibrosis without blood pressure reduction:

a one year study in rats. BrJ PharmacaII07: 970-975, 1992.

162.PfefJer, M.A., E. Braunwald, L.A. Moye, L. Basta, E.J.J. Brown, T.E. Cuddy,

B.R. Davis, E.M. Geltman, S. Goldman, and G.e. F1aker. EfIect of captopril on

mortality and morbidity in patients with left ventricular dysfunction after myocardial

infarction. Results of the survival and ventricular enIargement trial. The SAVE

Investigators. NEngIJMed327: 669...677,1992.

163.AnonymousEffect of enalapril on mortality and the development of heart failure in

asymptomatic patients with reduced Ieft ventricular ejection fractions. The SOLVD

Investigattors. N Engl J Med 327: 685.a691, 1992.

164.Schieffer, B., A. Wtrger, M. Meybrunn, S. Seitz, J. Holtz, U.N. Riede, and H.

Drexler. Comparative effects ofchronic angiotensin-converting enzyme inhibition and

angiotensin II type 1 receptor blockade on cardiac remodeling after myocardial

infarction in the rat Circulation 89: 2273-2282, 1994.

165.Dostal, D.E. and K.M. Baker. The cardiac renin-angiotensin system: conceptual, or a

regulator ofcardiac function? Circ Res 85: 643-650, 1999.



•

•

168

166.Hayoz, D., J. Nussberger, B. Waeber, and H.R. Brunner. The renin-angiotensin

system and arterial wall behavior. J Cardiovasc Pharmacol 22 (Suppl 5):S48-52,

1993.

167.Levy, B.I. The potential role of angiotensin il in the vascuIature. J Hum Hypertens

12: 283-287, 1998.

168.Xiang, J.z., W. Linz, H. Becker, D. Ganten, R.E. Lang, B. Scholkens, and T.

Unger. Effects of converting enzyme inhibitors: ramipril and enalapril on peptide

action and sympathetic neurotransrnission in the isolated heart. Eur J Pharmacol113:

215-223, 1985.

169.Brilla, C.G., G. Zhou, L. Matsubara, and K.T. Weber. Collagen metabolism in

cultured aduIt rat cardiac fibroblasts: response to angiotensin II and aldosterone. J Mol

CeU Cardiol26: 809-820, 1994.

170.Dzau, V.J. and Re Re. Tissue angiotensin system in cardiovascuIar Medicine. A

paradigm shift? Circulation 89: 493498, 1994.

171.VOD Lutterotti, N., D.F. Catanzaro, J.E. Sealey, and J.H. Laragb. Renin is not

synthesized by cardiac and extrarenal vascular tissues. A review of experimental

evidence. Circulation 89: 458-470, 1994.

172.Lindpsintner, K., W. La, N. Neidermajer, B. Schieffer, H. Jast, D. Ganten, and

H. Dreuer. Selective activation of cardiac angiotensinogen gene expression in post­

infarction ventricular remodeling in the rat J Mol CeII Cardiol25: 133-143, 1993.

173.Sawa, B., F. Tokuchi, N. Mochizuki, Y. Endo, Y. Furuta, T. Shinobara, A.

Takads, B. Kawaguchi, H. Yasuda, and K. Nagashima. Expression of the

angiotensinogen gene and localization of its protein in the human heart. Circulation

86: 138-146, 1992.

174.Schunkert, B., V.J. Dzaa, S.S. Tang, A.T. Hinch, C.S. Apstein, and B.B. LoreU.

Increased rat cardiac angiotensin converting enzyme activity and mRNA expression in

pressure overload left ventricular hypertrophy. EfIects on coronary resistance,

contractility, and relaxation. J Clin Invest 86: 1913-1920, 1990.



•

•

169

175.Ekker, M., D. Tronik, and F. Rougeon. Extra-renal transcription of the renin genes

in multiple tissues ofmice and rats. Proc Natl AcadSei USA 86: 5155-5158, 1989.

176.Iwai, N. and T. Inagami. Quantitative analysis ofrenin gene expression in extrarenal

tissues by polymerase chain reaction Methode J Hypertens 10: 717-724, 1992.

177.Lou, Y.K., D.T. Liu, J.A. Whitworth, and R.J. Morris. Renin mRNA, quantified by

polymerase chain reaction, in renal hypertensive rat tissues. Hypertension 26: 656­

664, 1995.

178.Katz, S.A., J.A. Opsahl, M.M. Lunzer, L.M. Forbis, and A.T. Kirsch. Effect of

bilateral nephrectomy on active renin, angiotensinogen, and renin glycoforms in

plasma and myocardium. Hypertension 30: 259-266, 1997.

I79.Passier, R.e., J.F. 8mits, MS. Verluyten, and M.J. Daemen. Expression and

localization ofrenin and angiotensinogen in rat heart after myocardial infarction. Am J

Physio/271: HI040-1048, 1996.

I80.Boer, P.H., M. Razicka, W. Lear, E. Harmsen, J. Rosenthal, and F.R. LeeneD•

Stretch-mediated activation of cardiac renin gene. Am J Physiol 267: HI630-1636,

1994.

181.Dzau, V.J., K.E. Ellison, T. Brody, J. IngeUiDger, and R.E. Pratt. A comparative

study of the distributions of renin and angiotensinogen messenger ribonucleic acids in

rat and mouse tissues. Endocrin%gy 120: 2334-2338, 1987.

182.Dostal, D.E., K.N. Rothblum, M.I. Chemin, G.R. Cooper, and K.M. Baker.

Intracardiac detection of angiotensinogen and renin: a localized renin- angiotensin

system in neonatal rat heart. Am J Physio/263: C838-850, 1992.

183.van Kesteren, C.A., J.J. Saris, D.H. Dekkers, J.M. Lamen, P.R. Suena, M.A.

Schalekamp, and A.H. Danser. Cultured neonatal rat cardiac myocytes and

fibroblasts do not synthesize renin or angiotensinogen: evidence for stretch-induced

cardiomyocyte hypertrophy independent of angiotensin II. Cardiovasc Res 43: 148­

156,1999.



•

•

170

184.Yamazaki, T., 1. Komuro, S. Kudoh, Y. Zou, L Shiojima, T. Mizuno, H. Takano,

Y. Hiroi, K. Ueki, and K. Tobe. Angiotensin II partIy Mediates mechanical. stress­

induced cardiac hypertrophy. Circ Res 77: 258-265, 1995.

18S.de LanDoy, L.M., A.H. Danser, A.M. Bouhuizen, PA Suena, and M.A.

Schalekamp. Localization and production ofangiotensin II in the isolated perfused rat

heart. Hypertension 31: 1111-1117, 1998.

186.de Lannoy, L.M., A.H. Doser, J.P. van Kats, R.G. Schoemaker, P.R. SaxeDa,

and M.A. Schalekamp. Renin..angiotensin system components in the interstitial fluid

of the isolated perfused rat heart. Local production ofangiotensin 1. Hypertension 29:

1240-1251, 1997.

187.Danser, A.H., J.P. van Kats, P.J. Admiraal, F.R. Derkx, J.M. Lamen, P.D.

Verdouw, P.R. Saxena, and MA. Schalekamp. Cardïac renin and angiotensins.

Uptake from plasma versus in situ synthesis. Hypertension 24: 3748, 1994.

188.Fordis, C.M., J.S. MegordeD, T.G. Ropchak, and H.R. Keiser. Absence of renin­

like activity in rat aorta and microvessels. Hypertension S: 635-641, 1983.

189.Thurston, H., J.D. Swales, R.F. BiBg, B.C. Hunt, od E.S. Marks. Vascular renin­

like activity and blood pressure maintenance in the rat. Studies of the effect ofchanges

in sodium balance, hypertension and nephrectomy. Hypertension 1: 643-649, 1979.

190.Swales, J.D., A. Abramovici, F. Beek, R.F. Bing, M. Loudon, and H. ThorstOD.

Arterial wall reoin. J Hypertens 1: 17-22, 1983.

191.LoudoD, M., R.F. Bing, H. Thunton, and J.D. Swales. Arterial wall uptake ofrenal

renin and blood pressure control. Hypertension 5: 629-634, 1983.

192.Skïnner, S.L., R.L. Thatcher, J.A. Whitworth, and J.D. Horowitz. Extraction of

plasma prorenin by human heart. Lancet 1: 995-997, 1986.

193.Thatcher, R.L., J.S. Butty, lA. Whitworth, V.D. RUDt, P.F. Shaw, S.L. Skinner,

and J.D. Horowitz. Potential fonctions of plasma prorenin; regional activation and

tissue extraction. Clin Exp Hypertens 9: 1415-1434, 1987.



171

194.McKenzie, I.M., E. Reisin, and J.K. McKenzie. Uptake of inactive renin by human

ischaemic kidney. Clin Sei 65: 27-32, 1983.

195.Loudon, M., R.F. Ding, J.D. Swales, and H. Thurston. Vascular renin as a

determinant of the circulatory response to renin. Clin Exp Hypertens A 4: 2049-2061,

1982.

196.Skeggs, L.T., Jr. On the role of renin in one-kidney, one-clip hypertension. Am J

Hypertens 4: 5788-5838, 1991.

197.HiIgers, K.F. and J.F. Mann. Tissue renin: focus on vascular angiotensin formation.

Armeimittelforschung 43: 198-201, 1993.

198.MuDer, D.N., W. Fiscbli, J.P. ClozeI, K.F. Hllgen, J. Rohlender, J. Menard, A.

Busjahn, D. Ganten, and F.C. Luft. Local angiotensin II generation in the rat heart:

role ofrenin uptake. Circ Res 82: 13-20, 1998.

199.MuDer, D.N., K.F. Bilgers, J. Rohlender, A. Lippoldt, J. Wagner, W. Fiscbli, D.

Ganten, J.F. Mann, and F.C. Loft. Effects ofhuman renin in the vasculature of rats

transgenic for human angiotensinogen. Hypertension 26: 272-278, 1995.

200.Aguilera, G., A. Schirar, A. Baukal, and K.J. Catt. Circulating angiotensin II and

adrenaI receptors afternephrectomy. Nature 289: 507-509, 1981.

201.Skeggs, L.T., Jr., F.E. Dorer, K.E. Lentz, J.R. Kahn, and S.N. Emaneipator. A

new mechanism in one-kidney, one clip hypertension. Hypertension 7: 72-80, 1985.

202.van Kesteren, C.A., AH. Danser, F.R. Derkx, DB. Dekken, J.M. Lamen, P.R.

Saxena, and MA. Schalekamp. Mannose 6-phosphate receptor-mediated

intemalization and activation of prorenin by cardiac cells. Hypertension 30: 1389­

1396, 1997.

203.Admiraal, P.J., CA van Kesteren, A.H. Danser, F.H. Derla, W. Sluiter, and

M.A. Schalekamp. Uptake and proteolytic activation of prorenin by cultured human

endothelial cells. J Hypertens 17: 621-629, 1999.



•

172

204.Sealey, J.E., D.F. Catanzaro, T.N. Lavin, F. Gahnem, T. Pitarresi, L.F. Ro, and

J.H. Laragh. Specific proreninlrenin binding (ProBP). Identification and

characterization ofa novel membrane site. A J Hypertens 9; 491-502, 1996.

205.CampbeD, D.J. and A.J. Valentijn. Identification of vascular renin-binding proteÎDS.

by chemical cross-linking: inhibition of binding of renin by renin înhibitors. J

Hypertens 12: 879-890, 1994.

206.Nguyen, G., F. Delarue, J. Berrou, E. Rondeau, and J.O. Sraer. Specifie receptor

binding of renin on human mesangial cells in culture increases plasminogen activator

inhibitor-l antigen. Kidney [nt 50: 1897-1903, 1996.

207.Takabashi, S., T. Ohsawa, R. Miora, and Y. Miyake. Purification and

characterization of renin binding protein (RnBP) from porcine kidney. J Biochem

(Tokyo) 93: 1583-1594, 1983.

208.Takabashi, S., H. loQue, and Y. Miyake. The human gene for renin-binding protein.

J Biol Chem 267: 13007-13013, 1992.

209.Tada, M, S. Takabashi, M. Miyano, and Y. Miyake. Tissue-specific regulation of

renin-binding protein gene expression in rats. J Biochem (Tokyo) 112: 175-182, 1992.

210.Maru, 1., Y. Ohta, K. Murata, and Y. Tsukada. Molecular cloning and

identification of N-acyl-D-glucosamine 2- epimerase from porcine kidney as a renin­

binding protein. J Biol Chem 271: 16294-16299, 1996.

211.Schmitz, C., M. Gotthardt, S. HiDderlich, JR. Leheste, V. Gross, H. Vorum, E.I.

Christensen, F.C. Luit, S. Takahashi, and T.E. WiUnow. Normal blood pressure

and plasma renin activity in mice lacking the renin-binding protein, a cellular renin

inhibitor. J Biol Chem 275: 15357-15362,2000.

212.Dahms, N.M., P. Lobel, and S. KornfelcL Mannose 6-phosphate receptors and

lysosomal enzyme targeting. J Biol Chem 264: 12115-12118, 1989.

213.Alderman, M.H., W.L. Ooi, H. Cohen, S. Madhavan, J.E. Sealey, and J.H.

Laragh. Plasma renin activity: a risk factor for myocardial infarction in hypertensive

patients. Am J Hypertens 10: 1-8, 1997.



•

•

173

214.Brunner, H.R., J.H. Laragh, L. Baer, M.A. Newton, FlOT. Goodwin, L.R. Krakoff,

R.H. Bard, and F.R. Buhler. Essential hypertension: renin and aldosterone, heart

attack and stroke. N Engl J Med 286: 441-449, 1972.

215.0smond, O.K., J.E. Sealey, and J.K. McKeozie. Activation and fonction of

prorenin: different viewpoints. Con J Physiol Pharmacol69: 1308-1314, 1991.

216.Sealey, J.E. and S. Rabattu. Prorenin and renin as separate mediators of tissue and

circulating systems. A J Hypertens 2: 358-366, 1989.

217.CampbeD, D.J., A. K1adis, S.L. Skinner, and JA Whitworth. Characterization of

angiotensin peptides in plasma ofanephric man. J Hypertens 9: 265-274, 1991.

218.Sealey, J.E., R.P. White, J.H. Laragb, and A.L. Rubin. Plasma prorenin and renin

in anephric patients. Circ Res 41: 17-21, 1977.

219.Hu, L., D.FlO Catanzaro, T.M. Pitarresi, J.H. Laragh, and J.E. Sealey. Identical

hemodynamic and hormonal responses to 14-day infusions ofrenin or angiotensin il in

conscious rats. J Hypertens 16: 1285-1298, 1998.

220.Muller, D.N., K.F. Hilgen, S. Mathews, V. Breu, W. Fischli, R. Uhlmann, and

FlOC. Loft. EtTects of human prorenin in rats transgenic for human angiotensinogen.

Hypertension 33: 312-317, 1999.

221.Mullins, J.1., J. Peters, and D. Ganten. Fulminant hypertension in transgenic rats

harbouring the mouse Ren-2 gene. Nature 344: 541-544, 1990.

222.Veniant, M., J. Menard, P. Bruneval, S. Morley, M.F. Gonzales, and J. Mullins.

Vascular damage without hypertension in transgenic rats expressing prorenin

exclusively in the liver. J Clin [fIlIest 98: 1966-1970, 1996.

223.Gordon, J.W., G.A. Scangos, D.J. PlotkiD, J.A. Barbosa, and FlOU. Ruddle. Genetic

transformation ofmouse embryos by microinjection ofpurified DNA. Proc Natl Acad

Sci USA 77: 7380-7384, 1980.

224.Palmiter, R.D. and R.L. Brinster. Germ-line transformation of mice. Annu Rev

Genet 20: 465-499, 1986.



•

•

•

174

225.Fukamizu, A., E. Takbnoto, K. Sugimura, T. Ratae, M.S. Seo, S. Takahashi, F.

Sugiyama, N. Kajiwara, K. Yagami, and K. Murakami. Dependence of angiotensin

production in transgenic mice carrying either the human renin or human

angiotensinogen genes on species-specific kinetics of the renin-angiotensin system.

Arzneimittelforschung 43: 222-225, 1993.

226.Cvetkovic, B. and C.D. Sigmund. Understanding hypertension through genetic

manipulation in mice. Kidney [nt 57: 863-874, 2000.

227.Murakami, K. and A. Fukamizu. Transgenic and knockout models in renin­

angiotensin system. Immunopharmacology 44: 1-7, 1999.

228.Lake-Bruse, K.D. and C.D. Sigmund. Transgenic and knockout mice to study the

renin-angiotensin system and other interacting vasoactive pathways. CUrT Hypertens

Rep 2: 211-216, 2000.

229.Cvetkovic, B. and C.D. Sigmund. Understanding hypertension through. genetic

manipulation in mice. Kidney [nt 57: 863-874, 2000.

230.Le, T.H. and T.M. Coffman. Genetic manipulation of the renin-angiotensin system.

CU" Opin Nephrol Hypertens 8: 397-403, 1999.

231.Shepro, D. and N.M. MoreL Pericytephysiology. FA8EB J7: 1031-1038, 1993.

232.Mullins, J.J., D.W. Burt, J.D. Windass, P. McTurk, R. George, and W.J.

Brammar. Molecular cloning of two distinct renin genes from the DBN2 mouse.

EMBOJl: 1461-1466, 1982.

233.Sharp, M.G., D. Fettes, G. Brooker, A.F. Clark, J. Peters, S. Fleming, and J.J.

MuDins. Targeted inactivation of the Ren-2 gene in miee. Hypertension 28: 1126­

1131, 1996.

234.Bertaux, F., W.B. CoDedge, S.E. Smith, M. Evans, N.J. Samani, and C.C. Miller.

Normotensive blood pressure in miee with a dismpted renin Ren-Id gene. Transgenic

Res 6: 191-196, 1997.

23S.Sealey, J.E., S.A. Adas, and J.H. Laragh. Prorenin and other large molecular weight

fonns ofrenin. Endocr Rev 1: 365-391, 1980.



•

•

•

175

236.Iwao, H., C.S. LiB, and AM. Michelakis. Effeet of adrenergic agonists on big and

small renin. Am J Physiol 238: E416-E4201980.

237.Nielsen, AH. and K. PoulseD. Quantitative activation and determination of inactive

renin by bigh performance liquid chromatography. J Hypertens 5: 25·29, 1987.

238.Yan, Y., L. Hu, R. Chen, J.E. Sealey, J.H. Laragh, and D.F. Catanzaro.

Appropriate regulation ofhuman renin gene expression and secretion in 45-kb human

renin transgenic mice. Hypertension 32: 205-214, 1998.

239.Burton, J. and T. Quinn. The amino-acid residues on the C-terminal side of the

cleavage site of angiotensinogen influence the species specificity of reaction with

renin. Biochim Biophys Acta 952: 8-12, 1988.

240.Oliver, W.J. and F. Gross. Unique specificity of mouse angiotensinogen to

homologous reoin. Proc Soc Exp Biol Meil 122: 923-926, 1966.

241.Michel, C.C. Transport ofMacromolecules tbrough microvascular walls. Cardiovasc

Res 32: 644-653, 1996.

242.Michel, c.e. and C.R. NeaL Openings through endothelial cells associated with

increased microvascular permeability. Microcirculation 6: 45-54, 1999.

243.0gawa, K. and K. Taniguchi. Transport pathways for macromolecules in the aortic

endothelium. ll. The distribution analysis of plasmalemmal vesicles reconstructed by

serial sections. Anat Rec 237: 358-364, 1993.

244.Ratajska, A., S.E. CampbeD, J.P. Cleutjens, and K.T. Weber. Angiotensin II and

structural remodeling ofcoronaryvessels in rats. J Lab Clin Med 124: 408-415, 1994.

245.Iwao, H., N. Nakamura, F. Ikemoto, and K. Yamamoto. Subcellular localization of

exogenously adrninistered renin in mouse kidney. Jpn Circ J 47: 1198-1202, 1983.

246.Kim, S., H. Iwao, N. Nakamura, F. Ikemoto, K. Yamamoto, V. Mizuhira, and J.

Yokofujita. Metabolism ofcirculating renin by liver and kidney ofrats. J Cardiovasc

Phannacol 10: S94-95, 1987.



•

•

176

247.Kim, S., H. Iwao, N. Nakamura, F. Ikemoto, K. Yamamoto, V. Mizuhira, and J.

Yokofujita. Cellular and subcellular distribution of exogenously adrninistered renal

renin in rat Iiver and kidney. Am J Physio1253: E621-628, 1987.

248.Kïm, S., M. Hosoi, F. Ikemoto, K. Murakami, Y. Ishizuka, and K. Yamamoto.

Conversion to renin ofexogenously administered recombinant human prorenin in Iiver

and kidney ofmonkeys. Am J Physiol258: E451-45S, 1990.

249.Hiruma, M., S. Kim, F. Ikemoto, K. Murakami, and K. Yamamoto. Fate of

recombinant human renin administered exogenously to anesthetized monkeys.

Hypertension 12: 317-323, 1988.

250.Horky, K., J.M. Rojo-Ortega, J. Rodripez, and J. Genest. Renin uptake and

excretion by liver in the rat Am J Physiol219: 387-390, 1970.

251.Marks, D.L., L.J. Kost, S.M. Kuntz, J.e. Romero, and N.F. LaRusso. Hepatic

processing ofrecombinant human renin: mechanisms ofuptake and degradation. Am J

Physiol261: G349-358, 1991.

252.Siegel, S.R. and T. ParkhilL Distnoution and disappearance of exogenous [125!] big

renin in the newbompuppy. Pediatr Res 17: 376-380, 1983.

253.Yoshida, H., J. MeDzie, and A.M. Michelakis. Distribution and disappearance rate of

submaxillary renin. hoc Soc Exp Biol Med 150: 451-456, 1975.

254.Azzawi, M., P.S. Hasleton, S.W. Kan, V.F. Hillier, A. Quigley, and 1.V.

HutchinsOD. Distribution of myocardial macrophages in the normal human heart. J

Anat 191: 417-423, 1997.

255.Abumiya, T., J. Masuda, J. Kawai, T. Suzukï, and J. Ogata. Heterogeneity in the

appearance and distribution of macrophage subsets and their possible involvement in

hypertensive vascular lesions in rats. Lab Invest 75: 125-136, 1996.

256.Kitazono, T., R.e. Padgett, M.L. Armstrong, P.K. Tompkins, and D.D. Heistad.

Evidence that angiotensin II is present in human monocytes. Circulation 91: 1129­

1134, 1995.



•

•

177

257.Dezso, B., AH. Nielsen, and K.. Poulsen. Identification of renin in resident alveolar

macrophages and monocytes: HPLC and immunohistochemical study. J Cell Sci 91:

155-159, 1988.

258.Itob, M., D.G. De Rooij, A. Jansen, and H.A. Dremage. Phenotypical heterogeneity

of testicular macrophagesldendritic cells m nonnal adult mice: an

immunobistochemical study. J Reprod Immunol 28: 217-232, 1995.

. 259.Zimmermann, K. Die feinere bau der blutcapillaren. Z Anat EntwickI 68: 29-109,

1923.

260.Hosoi, M., S. Kim, T. Takada, F. Suzukï, K. Murakami, and K. Yamamoto.

Effects of prorenin on blood pressure and plasma renin concentrations in stroke-prone

spontaneously hypertensive rats. Am J Physiol 262: E234-9, 1992.

261.Hsueb, W.A, E.J. Carlson, and M. Israel-Hagman. Mechanism. of acid-activation

ofrenin: role ofkallikrein in renin activation. Hypertension 3: 122-129, 1981.

262.Metbot, D., D.W. Silversides, and T.L. Reudelhuber. In vivo enzymatic assay

reveals catalytic activity of the human renin precursor in tissues. Circ Res 84: 1067­

1072, 1999.

263.Inagami, T., K. Mizuno, M. Naruse, M. Nakamaru, K. Naruse, L.H. HoOinan,

and J.C. McKenzie. Active and inactive renin in the adrenal. Am J Hypertens 2: 311­

319, 1989.

264.Catanzaro, D.F., J.J. Mullins, and B.J. Morris. The biosynthetic pathway ofrenin in

mouse submandibular gland. J Biol Chem 258: 7364-7368, 1983.

265.Jutras,l. and T.L. Reudelhuber. Prorenin processing by cathepsin B in vitro and in

transfected cells. FEBS Lett 443: 48-52, 1999.

266.Inagami, T., H. Okamoto, K. Ohtsoki, K. Shimamoto, J. Chao, and R.S.

Margolias. Human plasma inactive renin: purification and activation by proteases. J

Clin Endocrinol Metab 55: 619-627, 1982.

267.Hsueh, W.A and J.D. Buter. Human prorenin. Hypertension 17: 469-477, 1991.



•

•

178

268.Den'Italia, L..J., Q.C. Meng, E. Balc:ells, C.C. Wei, R. Palmer, G.R. Hagemao, J .

Durand, G.B. Hankes, and S. Oparil. Compartmentalization of angiotensin fi

generation in the dog heart. Evidence for independent mechanisms in intravascular and

interstitial spaces. J Clin Invest 100: 253-258, 1997.

269.Danser, AH., MM. Koning, P.J. Admiraal, L.M. Sassen, F.R. Derkx, P.D.

Verdouw, and MA. Sc:halekamp. Production ofangiotensins 1and n at tissue sites in

intact pigs. Am J Physiol263: H429-437, 1992.

270.Neri, S.G., M. Boddi, M. Coppo, T. Chechi, N. Zarone, M. Moira, L. Poggesi, M.

Margheri, and 1. Sïmonetti. Evidence for the existence ofa functional cardiac renin­

angiotensin system in humans. Circulation 94: 1886-1893, 1996.

271.Danser, AeH., J.J. Saris, M.P. Sc:huijt, and J.P. van Kats. Is there a local renin­

angiotensin system in the heart? Cardiovasc Res 44: 252-265, 1999.

272.Merc:ure, C., D. Ramla, R. Garcia, G. Thibault, C.F. Desc:hepper, and T.L.

Reudelhuber. Evidence for intracellular generation of angiotensin II in rat

juxtag10merular cells. FEBS Lett 422: 395-399, 1998.

273.Caulfield, J.B. and T.K. Borg. The collagen network of the heart. Lab Invest 40:

364-372, 1979.

274.Weber, K.T. and C.G. Brilla. Pathological hypertrophy and cardiac interstitium.

Fibrosis and renin-angiotensin-aldosterone system. Circulation 83: 1849-1865, 1991.

275.Jalil, J.E., C.W. Doering, J.S. Janicki, R. Pic:k, S.G. Shroff, and KT. Weber.

Fibrillar collagen and myocardial stiffhess in the intact hypertrophied rat left ventricle.

Circ Res 64: 1041-1050, 1989.

276.Baktb, S., J. Arena, W. Lee, R. Torres, B. Raider, B.C. Patel, M.M. Lyons, and

T.J. Regan. Anhythmia susceptibility and myocardial composition in diabetes.

Influence ofphysical conditioning. J Clin Invest 77: 382-395, 1986.

277.Merx, W., M.S. YOOD, and J. Han. The role of local disparity in conduction and

recovery time on ventricular vuInerability to fibrillation. Am Heart J 94: 603-610,

1977.



•

•

•

179

278.Michel, J.B., A.L. LattioD, J.L. Salzmaan, M.L. Cerol, M. Philippe, J.P•

Camilleri, and P. CorvoL Hormonal and cardiac effects of converting enzyme

inhibition in rat myocardial infarction. Circ Res 62: 641-650, 1988.

279.van KrimpeD, C., J.F. Smits, J.P. Cleutjens, J.J. Debets, R.G. Schoemaker, B.B.

Struyker, F.T. Bosman, and MI. DaemeD. DNA synthesis in the non-infarcted

cardiac interstitium after left coronary artery ligation in the rat: effects of captopril. J

Mol Cell Cardiol23: 1245-1253, 1991.

280.JatiI, J.E., J.S. Janicki, R. Pick, and K.T. Weber. Coronary vascular remodeling and

myocardial. fibrosis in the rat with renovascular hypertension. Response to captopril.

AmJHypertens 4: 51-55, 1991.

281.Brooks, W.W., O.H. Ding, C.B. Conrad, L. O'Neill, M.T. Crow, E.G. Lakatta,

D.E. Dostal, K.M. Baker, and M.O. Boluyt. Captopril modifies gene expression in

hypertrophied and failing hearts of aged spontaneously hypertensive rats.

Hypertension 30: 1362-1368, 1997.

282.Pfeffer, J.M., T.A. Fischer, and MA Pfetler. Angiotensin-converting enzyme

inhibition and ventricular remodeling after myocardial. infarction. Annu Rev Physiol

57: 805-826, 1995.

283.0paril, S. Cardiovascular health at the crossroads: outlook for the 21st century.

Presented at the 67th Scientific Sessions of the American Heart Association Novem.ber

4, 1994 Dallas, Texas. Circulation 91: 1304-1310, 1995.

284.Crawford, D.C., A.V. Chobanian, and P. Brecher. Angiotensin II induces

tibronectin expression associated with cardiac tibrosis in the rat. Circ Res 74: 727­

739, 1994.

285.Kim, S., K. Ohta, A. Hamaguchi, T. Yukimura, K. Miura, and H. Iwao.

Angiotensin II induces cardiac phenotypic modulation and remodeling in vivo in rats.

Hypertension 25: 1252-1259, 1995.

286.Villarreal, F.J., N.N. Kim, G.D. Ungab, M.P. Prinu., and W.B. Dillmann.

Identification of functional angiotensin II receptors on rat cardiac fibroblasts.

Circulation 88: 2849-2861, 1993.



•

•

•

180

287.Matsubara, H., M. Kanasaki, S. Murasawa, Y. Tsukaguchi, Y. Nio, and M. Inada.

Differential gene expression and regulation of angiotensin II receptor subtypes in rat

cardiac fibroblasts and cardiomyocytes in culture. J Clin Invest 93: 1592-1601, 1994.

288.Crabos, M, M. Roth, A.W. Hahn, and P. Eme. Characterization of angiotensin II

receptors in cultured adult rat cardiac fibroblasts. Coupling ta signaling systems and

gene expression. J Clin Invest 93: 2372-2378, 1994.

289.Schorb, W., G.W. Booz, D.E. Dostal, K.M. Conrad, K.C. Chang, and K.M. Baker.

Angiotensin II is mitogenic in neonatal rat cardiac fibroblasts. Circ Res 72: 1245­

1254, 1993.

290.Sadoshima, J. and S. Izumo. Molecular characterization of angiotensin II-induced

hypertrophy ofcardiac myocytes and hyperplasia ofcardiac fibroblasts. Critical role of

the ATI receptor subtype. Circ Res 73: 413-423, 1993.

291.Fisher, S.A. and M. Absher. Norepinephrine and ANG II stimulate secretion ofTGF­

beta by neonatal rat cardiac fibroblasts in vitro. Am J Physiol268: C910-C917, 1995.

292.Weber, K.T., Y. Sun, S.C. Tyagi, and J.P. Cleutjens. Collagen network of the

myocardium: function, structural remodeling and regulatory mechanisms. J Mol Cell

Cardial 26: 279-292, 1994.

293.Sllvestre, J.S., V. Robert, C. Heymes, B. Aupetit-Faisant, C. Mouas, J.M. Moalic,

B. Swynghedauw, and C. Delcayre. Myocardial production of aldosterone and

corticosterone in the rat Physiological regulation. J Biol Chetft 273: 4883-4891, 1998.

294.Swynghedauw, B. Molecular mechanisms ofmyocardial remodeling. Physiol Rev 79:

215-262, 1999.

295.Kremer, D., G. Lindop, W.C. Brown, J.J. Morton, and J.I. Robertson.

Angiotensin-induced myocardial necrosis and renal failure in the rabbit: distribution of

lesions and severity in relation to plasma angiotensin II concentration and arteria!

pressure. Cardiovasc Res 15: 43-46, 1981.



181

296.Eghbali, M., R. Tomek, V.P. Sukhatme, C. Woods, and B. Bhambi. Differentia!

effects of transforming growth factor-beta 1 and phorbol myristate acetate on cardiac

fibroblasts. Regulation of fibrillar collagen mRNAs and expression of early

transcription factOIS. Circ Res 69: 483-490, 1991.

297.Butt, R.P., G.J. Laurent, and J.E. Bishop. Collagen production and replication by

cardiac fibroblasts is enhanced in response to diverse classes of growth factOIS. EUT J

Cell Biol 68: 330-335, 1995.

298.Guarda, E., L.C. Katwa, P.R. Myen, S.C. Tyagi, and K.T. Weber. Effects of

endothelins on collagen turnover in cardiac fibroblasts. Cardiovasc Res 27: 2130­

2134, 1993.

299.Rizvi, M.A., L. Katwa, D.P. Spadone, and P.R. Myen. The effects of endothelin-l

on collagen type 1 and type msynthesis in cultured porcine coronary artery vascular

smooth muscle cells. J Mol Cell Cardiol28: 243-252, 1996.

300.Weber, K.T., S.K. 8wamynathan, R.V. Guntaka, and Y. SUD. Angiotensin II and

extracellular matrix homeostasis. Int J Biochem Cell Biol 31: 395-403, 1999.

301.8uo, Y., F.J. Ramires, and KT. Weber. Fibrosis of atria and great vessels in

response to angiotensin n or aldosterone infusion. Cardiovasc Res 35: 138-147, 1997.

302.Alderman, M.R., S. Madhavan, WL. Ooi, H. Cohen, J.E. Sealey, and J.O.

Laragh. Association of the renin-sodium profile with the risk of myocardial infarction

in patients with hypertension. N Eng/ J Med 324: 1098-1104, 1991.

303.Davies, L., G.R. Fulcher, A. Atkins, K Frumar, J. Monaghan, G. Stokes, P.

Curton-B6gh, A. McElduff, B. Robinson, J. Stiel, S. Twigg, and E. Wilmsburst

The relationship of prorenin values to microvascular complications in patients with

insulin-dependent diabetes mellitus. J Diabetes Complications 13: 45-51, 1999.

304.Deinum, J., B. RODD, E. Mathieseo, F.R. Derkx, w.c. Hop, and M.A.

Schalekamp. Increase in serum prorenin precedes onset of microalbuminuria in

patients with insulin-dependent diabetes mellitus. Diabetologia 42: 1006-1010, 1999.



•

182

30S.Franken, A.A., F.R. Derla, P.J. Blankestijn, J.A. Janssen, C.K. Mannesse, W.

Bop, F. Boomsma, R. Weber, E. Peperkamp, and P.T. de Jong. Plasma prorenin as

an early marker of microvascular disease in patients with diabetes mellitus. Diabete

Metab 18: 137-143, 1992.

306.Franken, A.A., F.B. Derkx, MA. Sebalekamp, tA. Man in, W.C. Hop, E.B. van

Rens, and P.T. de Jong. Association of bigh plasma prorenin with diabetic

retinopathy. J Hypertens 6: 8461-463, 1988.

307.Franken, A.A., F.H. Derkx, A.J. Man in't Veld, W.C. Hop, G.B. van Rens, E.

Peperkamp, P.T. de Jong, and M.A. Sebalekamp. High plasma prorenin in diabetes

mellitus and its correlation with some complications. J Clin Endocrïnol Metab 71:

lOOS-lOIS, 1990.

30S.Dzau, V.J., D. Gonzalez, C. KaelDpfer, D. Dubin, and B.U. Wintroub. Human

neutrophils release serine proteases capable of activating prorenin. Circ Res 60: 595­

601, 1987.

309.Lindpaintner, K., M.W. Jin, N. Niedermaier, M.J. Wilhelm, and D. Ganten.

Cardiac angiotensinogen and its local activation in the isolated perfused beating heart.

Circ Res 67: 564-573, 1990.

310.&u, L., D. Catanzaro, T. Pitarresi, F. Gahnem, J.H. Laragb, and J.E. Sealey.

Antihypertensive effect of prorenin in conscious angiotensin fi-infused hypertensive

rats [Abstract]. Hypertension 28: 516, 1996.

311.Lenz, T., J.E. Sealey, T. Maaek, G.D. James, HL. Heinrikson, D. Marion, and

J.H. Laragh. Half-life, hemodynamic, renal, and hormonal effects of prorenin in

cynomolgus monkeys. Am J Physio1260: R804-810, 1991.

312.Lenz, T., J.E. Sealey, R.W. Lappe, C. Carilli, G.T. Oshiro, J.D. Buter, and J.H.

Laragh. Infusion of recombinant human prorenin into rhesus monkeys. Effects on

hemodynamics, renin-angiotensin-aldosterone axis and plasma testosterone. Am J

Hypertens 3: 257-261, 1990.



•

•

183

313.Jarvik, J.W. and C.A. Telmer. Epitope tagging. Annu Rev Genet 32: 601-618, 1998.

314.Brecbler, V., W.N. Chu, J.D. Buter, G. Tbibault, and T.L. Reudelhuber. A

protease processing site is essential for prorenin sorting to the regulated secretory

pathway. J Biol Chem 271: 20636-20640, 1996.

315.Porcu, S., M. Kitamura, E. Witkowska, Z. Zhang, A. Mutero, C. Lin, J. Chang,

and K.M. Gaensler. The human beta globin locus introduced by YAC transfer

exluèits a specific and reproducible pattern of developmental regulation in transgenic

mice. Blood 90: 4602-4609, 1997.

316.Thomas, K.R. aod M.R. CapecchL 8ite-directed mutagenesis by gene targeting in

mouse embryo-derived stem cells. Cell 51: 503-512, 1987.

317.Capecchi, M.R. The new mouse genetics: altering the genome by gene targeting.

Trends Genet 5: 70-76, 1989.

318.Yao, C., RoH. Costa, J.E. Damell, Jr., J.D. Chen, and T.A. Van Dyke. Distinct

positive and negative elements control the limited hepatocyte and choroid plexus

expression oftransthyretin in transgenie miee. EMBO J9: 869-878, 1990.

319.Kranias, E.G. Commentary on the special topic section on the use of transgenic

models. Annu Rev Physiol62: 965-969, 2000.

320.Sigmund, C.D. Viewpoint: are studies in genetieally altered mice out of control?

Arterioscler Thromb Vase Biol 20: 1425-1429,2000.

321.Jamieson, B.D. and J.A. Zack. Murine models for mv disease. A/DS 13 (Suppl A):

85-11, 1999.

322.Gossen, M., S. Freuodlieb, G. Beoder, G. MuDer, W. Hillen, and H. Bujard.

Transcriptional activation by tetracyclines in mammaJian cells. Science 268: 1766­

1769,1995.

323.Heooighausen, L., RJ. Wall, U. Tillmann, M. Li, and PA Furth. Conditional

gene expression in secretory tissues and skin of transgenic mice using the Ml\ITV­

LTR and the tetracycline responsive system. J Ce/[ Biochem 59: 463-472, 1995.



•

•

184

324.Agha-Mohammadi, S. and M.T. Lotze. Regulatable systems: applications in gene

therapyandreplicatingviruses. JClinlnvest 105: 1177-1183,2000.

325.Sauer, D. Inducible gene targeting in mice using the Crellox system. Methods 14:

381-392, 1998.

326.Furtb, P.A., L. St Onge, H. Doger, P. Gross, M. Gossen, A. Kistner, H. Bujard,

and L. Hennighausen. Temporal control of gene expression in transgenic mice by a

tetracycline-responsive promoter. Proc Hatl AcadSci USA 91: 9302-9306, 1994.

327.No, D., T.P. Yao, and R.M. Evans. Ecdysone-inducible gene expression in

mammalian cells and transgenic mice. Proc Natl Acad Sei USA 93: 3346-3351, 1996.

328.Bohlender, J., A. Fukamizu, A. Lippoldt, T. Nomura, R. DieU, J. Menard, K.

Murakami, F.C. Loft, and D. Ganten. High human renin hypertension in transgenic

rats. Hypertension 29: 428-434, 1997.

329.Davisson, R.L., G. Yang, T.G. Heltz, MeD. Cassell, A.K. Johnson, and C.D.

Sigmund. The brain renin-angiotensin system contributes to the hypertension in mice

containing bath the human renin and human angiotensinogen transgenes. Circ Res 83:

1047-1058, 1998.

330.Davisson, R.L., Y. Ding, D.E. Stec, J.F. Catterall, and C.D. Sigmund. Novel

mechanism of hypertension revealed by cell-specific targeting of human

angiotensinogen in transgenic mice. Physiol Genomics 1: 3-9, 1999.

331.Wagner, J., F. Thiele, and O. Ganten. The renin-angiotensin system in transgenic

rats. Pediatr Nephroll0: 108-112, 1996.

332.Seacbrist, D., G. Dunphy, H. Daneshvar, A. Caplea, A. Milsted, and D. Ely.

Testosterone increases blood pressure and cardiovascular and renal pathology in

spontaneously hypertensive rats. Blood Press 9: 227-238, 2000.

333.Catanzaro, D.F., R. Chen, Y. Yan, L. Hu, J.E. Sealey, and J.H. Laragh.

Appropriate regulation of renin and blood pressure in 45-kb human reninlhuman

angiotensinogen transgenic mice. Hypertension 33: 318-322, 1999.



•

185

334.Merrill, D.C., M.W. Thompson, C.L. Camey, B.P. Granwehr, G. Sehlager, J.E.

Robillard, and C.D. Sigmund. Chronie hypertension and altered baroreflex responses

in transgenic mice containing the human renin and human angiotensinogen genes. J

Clin Invest 97: 1047-1055, 1996.

335.Fukamizu, A., K.. Sugimur&, E. Takimoto, F. Sugiyama, M.S. Seo, S. Takahashi,

T. Hatae, N. Kajiwara, K. Yagami, and K. Murakami. Cbimeric renin-angiotensin

system demonstrates sust:.ined increase in blood pressure oftransgenic mice carrying

both human renin and human angiotensinogen genes. J Biol Chem 268: 11617-11621,

1993.

336.SÎDn, P.L., D.R. Davis, and C.D. Sigmund. Highly regulated cell type-restricted

expression of human renin in mice containing 140- or 160-kilobase pair Pl phage

artificial chromosome transgenes. J Biol Chem 274: 35785-35793, 1999.

337.0hkubo, H., H. Kawakami, Y. Kakehi, T. Takumi, H. Arai, Y. Yokota, M. Iwai,

Y. Tanabe, M. Masu, and J. Rata. Generation of transgenic mice with elevated

blood pressure by introduction of the rat renin and angiotensinogen genes. Proc NatI

Acad Sci USA 87: 5153-5157, 1990.

338.Mullins, Jol. and D. GanteR. Transgenic animais: new approaches to hypertension

research. J Hyperten Suppl 8: 835-837, 1990.

339.Rapp, J.P., S.M. Wang, and H. Dene. A genetic polymorphism in the renin gene of

Dahl rats cosegregates with blood pressure. Science 243: 542·544, 1989.


