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ABSTRACT

Experimental studies indicate that AngII is involved In

the process of tissue destructIon in chronic renal

diseases. This notion has been verified In a number of

small- to large-scale clinical studies using angiotensin

(ANG) I converting enzyme inhibitors (ACE1). Although

the repertoire of the pathophysiologic cascade un-

derlying the progressive destruction of renal tissue has

continued to expand over recent years, from protein-

urla and physical forces to growth factors and metal-

loproteinase dlsregulations, studIes now suggest that

Angll is involved in many, if not all, ofthese processes.

Because these expanded pathophysiologic poten-

tials of Angll are based primarily on observations in

vitro, their significance in vivo, and in humans in

particular, needs to be established. Recent studies in

animals and humans indicate that the role of AnglI in

renal tissue destruction is subjectto the modulation of

multiple environmental and genetic factors, such as

dietary habit and ACE genotype. Further delineation

of the role of Angll in this respect for specific renal

diseases and patients will enable us to design an

efficient therapeutic intervention for this otherwise

most complex problem of today’s nephrology.
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S tudies conducted in various parts of the world

have shown that anglotensin (Ang) I-converting

enzyme inhibitors (ACE!) are effective in curbing the

progressive loss of renal function that often occurs in

diabetic nephropathy ( 1 ,2). A few studies have also

Indicated that ACEi are equally effective in the treat-

ment of Immunoglobulin A (IgA) nephropathy (3,4).

Given the highly limited therapeutic options available

today for patients with renal disease who are losing
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kidney function, this bright news renewed the re-

search interest in Ang. The nature of research has

been remarkably diverse, ranging from classic physi-

ology and immunology to cell biology and molecular

genetics, using the whole-kidney clearance method to

DNA recombinant technology. Studies have shown

that, although the kidney is made up of highly heter-

ogenous cell populations, many of them possess Ang

receptors and can thus become the direct target of Ang

actions in disease.’ This article will review recent

research findings, including those that are still in

preliminary formats, and will also discuss the clinical

significance of these findings.

PROPOSED ROLE OF ANGIOTENSIN

The proposed role of Ang today in the progression of

renal diseases is illustrated in Figure 1 . It should be

noted that each of the contributory mechanisms de-

picted in the figure is not mutually exclusive, but

instead interacts with the others.

For a given factor to be considered a cause of a

certain disease or pathological condition, at least

three conditions need to be fulfilled, namely that (1)

the factor is at an abnormal level or is disregulated, (2)

elimination or normalization of the factor ameliorates

the disease, and (3) enhancement in the factor accel-

crates the disease. In this regard, experimental at-

tempts have heretofore failed to provide the first re-

quirement for Ang to be causal to the progression of

renal disease. Thus, in the remnant kidney model, the

circulating levels of renin and Angli are below normal

control levels. This paradox, as discussed by Rosen-

berg et al. ( 1 3), may be resolved when one considers

that renin content per residual nephron is elevated or

that only the local distribution of components of the

renin-angiotensin system (RAS) is altered. Consider-

ing the involvement of other, RAS-independent,

pathophysiologic mechanisms in the disease progres-

1 � the two established Ang receptors. the Ang Type 1 receptor (All) mediates

virtually all of the known functions of Ang. The renal cells or tIssues carrying All

Include: glomerular mesanglal and endothellal cells, juxtaglomerular cells,

arterIal and artenlolar smooth muscles, vasa recta, proxImal convoluted and

straight tubules, distal convoluted tubules. thick ascending limb of Henle, and

collecting ducts (5-9). These receptorlocallzallons were demonstrated In rodents

at the messenger RNA or the protein level by localization of markers on tIssue

specimens or as bands on gel electrophoresis. Admittedly, however, such vIsual

demonstratIon of mRNA or protein (or lack thereof) does not necessarIly prove

the presence (or absence) of functIonally signifIcant receptors. Indeed, the All
in peripheral vascular smooth muscle cells, where Ang II exerts its potent

constrictor actIons, Is extremely difficult to demonsfrate visually. Although Ang

Type 2 receptor (A12) appears in the fetal kidney (9, 10), and has been postulated

to play a role in the apoptotlc events occurring during ontogeny (9), It is hardly

demonstrable as a dIscrete signal in mature kidneys. However, pharmacologi-

cal InhibItion of A12 has recently been demonstrated to cause natriuresis (1 1).

Although AT2 does mediate an apoptotic event In other tissues (12), a signifIcant

role of AT2 in renal diseases has not been demonstrated.
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Figure � . Suggested role of angiotensin in the progression of
renal diseases. Currently, two major processes are consid-

ered central to renal scarring, i.e., glomerular sclerosis and

Interstitial fibrosis. Expansion of extracellular matrix (ECM)
and tissue retraction are believed to underlie both these

processes. Although the role of angiotensin In tissue retrac-

tion has heretofore been poorly defined, angiotensin has

been shown in vivo and in vitro to modulate both synthetic
and degradation processes of ECM through the modulation

of growth factors, cytokines, and other factors. Although

anglotensin can directly modulate these factors, It is also

capable of affecting two key events that are linked to

modulation of these factors, namely, hemodynamics and
the Immune system. A variety of studies have been per-

formed In recent years to establish the linkage between

these key events, as discussed in the text.

sion, the �norma1” or even �below-normal” RAS activ-

ities in chronic renal diseases may be considered

inappropriately high for the volume status and vaso-

motortone at that time. This notion is reminiscent of

the discovery of the significant roles of RAS in so-

called low-renin hypertension. In low-renin hyperten-

sion, although renin levels are low in absolute terms,

the renin activity is considered to be Inappropriately

high for the prevailing volume status and vasomotor

tone. This notion has indeed been attested to by the

demonstration that ACE! are often highly efficacious

in controlling blood pressure in this condition.

Glomerular Hemodynamics

Studies using ACE! in animal models of chronic

renal failure demonstrated that ACEi protect glomer-

uli from progressive sclerosis, often in degrees far

greater than one would expect considering their effect

on systemic blood pressure ( 14-18). Unlike capillary

beds in other organs, the glomerulus is linked in a

series with a postcapillary sphincter, i.e. , the efferent

arteriole. This allows the glomerular capillary pres-

sure to be regulated independently of the systemic

blood pressure. Moreover, ACE1, in contrast to other

vasodilators, lead to preferential dilation of this post-

capillary sphincter in some experimental settings and

cause a profound fall in glomerular pressure (14-18).

These findings led to a hypothesis that the abnormally

high glomerular pressure causes the progression of

glomerular sclerosis, and that the unique effective-

ness of ACEi to attenuate this progression is attrlb-

uted to their potent efferent arteriolar dilative action.

This hypothesis gained support from In vttro experi-

mental findings that mechanical stress on cultured

mesangium cells can increase extracellular matrix

(ECM) production. Mechanical stretch was shown to

activate the Ang cascade within the glomerular cell

(19,20). However, in several experimental settings

(2 1-27), ACEi were shown to be effective in attenuat-

ing the tissue destruction of nonrenal organ vascular

beds, which lack postcapillary sphincters. In fact, for

this very reason, ACEi are now preferred antihyper-

tensive agents for patients with hypertensive or is-

chemic cardiomyopathy. Although these observations

establish the existence of a hemodynamic-indepen-

dent salutary effect of ACEi, the possibility still re-

mains that the reduction in blood pressure, whether

systemic or local, that is achieved by ACEi may also

contribute to their structure-preserving effect (28).

Hypertension emerged as the most universal risk

factor known for a poor prognosis in many forms of

glomerulopathy, including IgA nephropathy and dia-

betic nephropathy (29,30). Conversely, among a var!-

ety of morphological entities of glomerulopathies,

glomerular sclerotic change is most frequently associ-

ated with hypertension (3 1 ). The classic debate, there-

fore, continues to be whether the systemic hyperten-

sion causes, or results from, glomerular damage (32).

Mesangial Macromolecular Processing

On the basis of the localization of exogenously in-

jected ferritin in the subendothelial space and cytoso-

lic compartment of mesangial cells, Farquhar and

Palade (33) proposed phagocytic functions by mesan-

gial cells in the removal of “filtration residue” from the

circulation. These phagocytic mesangial cells are be-

lieved to function as a local reticuloendothelial system

and to play a major role in the deposition or removal of
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immune complex. Colloidal gold particles ( 1 0 nm in

diameter) coated with fresh serum can be endocytosed

by cultured mesangial cells and delivered to their

lysosomes (34). Of particular interest, preincubation

of mesangial cells with AngIl resulted in enhanced

uptake of gold particles coated with IgG2b (35). These

findings echo previous observations In viva that AnglI

given exogenously increases mesangial uptake and

delays clearance from the mesangium of tracer mac-

romolecules in normal rats (36-38). These findings

are also reminiscent of earlier findings that AngIl

increases the phagocytic activity of macrophages (39-

4 1 ). Evidence supporting the notion that the promo-

tion of mesangial phagocytic action by AngIl may have

pathophysiologic importance exists in studies in the

animal model of puromycin aminonucleoside (PAN)-

induced nephrosis. Thus, although mesangial macro-

molecular uptake was increased in PAN rats (42), the

enhanced mesangial uptake of radiolabeled, heat-

aggregated IgG in PAN rats was nullified by an acute

infusion of saralasin (300 pg/kg per mm) (43). PAN

rats, which are characterized by glomerular morpho-

logic changes indistinguishable from human minimal

change disease in the early stage, develop mesangial

lesions typically seen in the late stages of focal glomer-

ular sclerosis (44). Moreover, administration of an

ACE! markedly attenuates the progression of glomer-

ular lesion to focal glomerular sclerosis (45), a finding

supporting the possibility that enhanced macromolec-

ular deposition and phagocytosis by mesangial cells,

under the action of AngIl, form a crucial intermediary

step leading to glomerular sclerosis (46,47).

Proteinuria

Renin or AngII administration enhances urinary

protein excretion (48-50). It is now well established

that this proteinuria involves increased passage of

protein through the glomerular capillary wall (49).

Although such an increase in macromolecular traffic

across the capillary wall is attributed primarily to

altered permeability properties of the glomerular

basement membrane with relation to macromole-

cules, other factors extrinsic to the capillary wall-

specifically, hemodynamic factors-may also contrib-

ute (51).

A recent series of animal experiments added a new

dimension to our understanding of the kinetics in-

volved in Ang-induced proteinuria, identifying the role

for endogenous Ang. In a rat model of progressive

renal failure, marked proteinuria was present, along

with an abnormally high glomerular capillary pres-

sure (52). It was evident that the proteinuria accom-

panied an increase in fractional clearances of neutral

dextrans for large dextrans (�44A). An acute infusion

of a large dose of a calcium channel blocker can

largely and promptly near-normalize these indices,

including the glomerular capillary pressure and siev-

ing defect. The glomerular sieving defect in the rat

model is primarily attributed to an abnormal increase

in the number of large nonselective pores on the

glomerular capillary wall, which in turn is caused by a

marked elevation in glomerular capillary pressure.

This notion has been supported in other animal stud-

ies (53) and in a clinical study as well (54). This

provides the attractive explanation that ACE1-induced

reductions in proteinuria in patients may, in part, be

secondary to reductions in the number of large non-

selective pores that occur concomitantly with reduc-

tions in glomerular capillary pressure.2

Because proteinurla precedes the progressive de-

struction of renal architecture in virtually all kidney

diseases, it is quite normal that proteinuria has been

alleged to be causally linked to the damage of the

kidney. In this regard, arguably one of the most

relevant findings is the one made by Gansevoort et at.

(56) that, among a nondiabetic patient population

given ACE!, a strong correlation exists between the

magnitude of suppression of proteinuria achieved

shortly after initiation of ACEI versus the degree of

attenuation of progressive loss of GFR that followed

thereafter.

Nevertheless, experimental data directly supporting

the notion that proteinuria indeed causes renal dam-

age is lacking, as the manipulation of proteinuria

alone is practically impossible in humans or animals.3

Assuming that proteinuria does indeed cause renal

damage, what type of pathophysiologic cascade would

be operating? The hypothetical mechanisms proposed

thus far are depicted in Figure 2 (reviewed in 74,75).

ACE! have been shown to reduce the plasma lipid level

in animal models (76,77). The renal protective effect of

ACE inhibition on patients with massive proteinuria

may, therefore, be mediated in part by its lipid-lower-

ing capacity (Figure 1).

Extracellular Matrix Synthesis

Accumulation of ECM in the mesangial region and

collapse of the glomerular capillary wall are the hall-

2 Improvement in size selectivity of the glomerular capillary wall after adminis-

fratlon ofACElfor a few weeks was documented In patIents with IgA nepheopathy

(55). In such a relatIvely chronic study, this improvement likely reflects both the

acute hemodynamlc.dependent changes in the wall property discussed above

and a salutary effect of ACE1 on the glomerular structure which takes place over

the period of weeks or months.

3 It has also not been resolved which specific component of protein, if any, is
responsible. In this regard, the congenItal analbuminemic rat strain of Nagase is

an InterestIng model to examine. When kidney disease was induced by adria-

mycin injectIon or subtotal nephrectomy in these rats, they showed less protein-

urla than normal control rats, as expected. However, these analbumlnemic rats

developed the same degree of sclerosis as Sprague-Dawley rats (57,58), sug-

gesting that urinary albumin alone does not play a malor role in the progressIon
of renal sclerosis. In contrast, when rats were repeatedly Infused wIth BSA, they

developed profelnurla, glomerular sclerosis, and interstitial Inflammatory

changes (59). Although circulating antIbodies to BSA were not detected in this

protein-overload model (BSA is a poor immunogen in rats), the possibility was
raised that the lesions may have resulted from an actIvation of cellular immunity

or from some nephrotoxlclty specifIc to BSA. It thus appears essential to ascertain

the effect of homologous protein loading. There are only two studies that

addressed this Issue. in one study, Injection of rat albumin resulted In no

microscopic changes in the glomerulus or the interstltium (60). in another, two

uninephrectomlzed rats were injected with rat albumin and developed focal

tubulointerstltlal nephrltls, although the disease was less severe than in those rats

whose disease was induced by BSA (59). Thus. the evidence for the pathogenic

role of albumin In the urinary protein is at best conflicting, whereas the possibility

remains that nonaibumin components of proteinurla have a greater pathogenic

signifIcance.
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marks ofglomerulosclerosis. Mesangial cells, and per-

haps epithelial cells as well, serve as the source of

mesangial matrix. Major components of the mesangial

matrix in normal kidneys include the Types IV and V

collagens, laminin, fibronectin, entactin, heparan sul-

fate proteoglycan, and chondroitin sulfate proteogly-

can (reviewed in 78,79). Under normal conditions, the

balance between the production and degradation of

these components is maintained, whereas in glomero-

sclerosis, the balance is disrupted and both the quan-

tity and quality of ECM change. Experimental animal

models for glomeruloscierosis are characterized not

only by overexpressions of the matrix components

that are normally expressed (Type IV collagen, lam!-

fin, heparan sulfate proteoglycan) but also by abnor-

mal de rtovo synthesis of matrix molecules that are not

normally expressed (Types I and III collagen) (80).

Studies have shown that Angil has the capacity in

vitro (i.e. , without involvement of an alteration in

systemic milieu, whether hemodynamic or humoral)

to induce cell proliferation, hypertrophy, and expres-

sion of immediate early genes (such as c-fos) and

growth factors (including transforming growth factor f3

ITGF-/31 (Figure 3) and platelet-derived growth factor

[PDGFI) in cardiomyocytes, vascular smooth muscle

cells, glomerular mesangial cells, and renal proximal

tubule cells (81,101-107). Moreover, in vitro studies

have shown that AngIl is capable of affecting the

production and degradation of ECM ( 108). Besides,

ACE! administration leads to a downregulation of the

ECM expression in kidney disease models. Thus, in

diabetic rats, enalapril attenuates the otherwise ab-

normally upregulated mRNA for al(I), al(III), and

a 1(IV) collagen, and laminin B 1 and B2 ( 1 09). The first

unequivocal in vivo evidence that local activation of

RAS can induce ECM expansion in glomeruli was

provided by Arai et a!. ( 1 1 0). In vivo transfection of the

renin and Ang genes with liposomes induced ECM

expansion and Types I and III collagen expression in

glomeruli, whereas there was no change in the con-

tralateral kidney. This short-term study, however, did

not demonstrate development of sclerotic lesions.

Administration of a small dose of Ang Type 1 (AT 1)

receptor antagonist (a dose insufficient to affect sys-

temic blood pressure) remarkably protected the kid-

ney from nephrosclerosis in stroke-prone spontane-

ously hypertensive rats and deoxycorticosterone

acetate (DOCA)-salt hypertensive rats ( 1 1 1 , 1 1 2), al-

though the effect of an ACE! in the latter model was

unremarkable in other reports ( 1 13). The elevation of

the mRNA ofTGF-�3, Types I, III, and IV collagens, and

fibronectin (characterizing untreated controls) were

remarkably attenuated, suggesting that the enhanced

gene expression of renal TGF-�3 and ECM components

in these rats is mediated by a blood pressure-indepen-

dent action of AngIl through AT! . Several In vitro

experiments showed that AngIl can stimulate the

production of ECM component in mesangial cells.

AnglI stimulates the synthesis of mRNA and protein in

Type I collagen, fibronectin, and biglycan in mesangial

cells via the AT! receptor (81 , 104-106, 1 14). Further,

Kagami et at. showed that TGF-13 is induced before the

increase of ECM proteins in response to AngIl, and

that a neutralizing antibody to TGF-� remarkably

reduces the induction of ECM proteins by AngIl (106).

Another in vitro study has also shown that anti-TGF-f3

antibody attenuates the Angli-induced upregulation

of fibronectin synthesis by approximately 60% ( 1 14).

Therefore, the increase of ECM protein by the AngII

stimulation in some settings appears to be mediated

primarily through TGF-f3 (Figure 3). One study re-

ported that AnglI stimulates not only the production

of TGF-�3 mRNA but also the conversion of latent

TGF-/3 to an active form ( 1 14).

The intermediary role of other growth factors or the

existence of direct Angil action in the AngIl-mediated

ECM expansion remains unknown. Local overexpres-

sion of PDGF-B in the kidney can induce mild mesan-

gial expansion in addition to mesangial cell prolifera-

tion ( 1 1 5). In vascular smooth muscle cells, AnglI

induces PDGF-A ( 1 1 6). These properties suggest a

possible role of PDGF In the AngIl-induced ECM in-

crease. Indeed, prevention of the development of gb-

merular sclerosis by using ACE! in an animal model

was shown to accompany a downregubation of local

PDGF gene expression ( 1 1 7). Aug11 also induces inter-

beukin-6 (IL-6) in mesangial cells ( 1 1 8), and IL-6

transgenic mice in which IL-6 is massively overpro-

duced developed marked expansion of ECM ( 1 19).

However, because AngIl itself is a relatively weak

inducer for IL-6, it remains unknown whether Aug11

can cause ECM expansion through this mechanism to

a significant extent.

The vascular endothelial cells play a critical robe in

many forms of vascular disease. Experimentally, vas-

cular endothelial cell injury results in local upregula-

tion ofTGF-f3 and Aug11. Lee et at. have shown that, in

the rat remnant kidney, angiotensinogen mRNA, as

well as TGF-f3 1 , fibronectin and laminin B 1 tran-

scripts, are abnormally expressed in endothebial cells,

particularly in the dilated capillaries, of the gbomeru-

bus before the development of sclerosis ( 1 20). The AT!

receptor antagonist (AT1RA) inhibited these expres-

sbus. Thus, local upregubation of Aug11 in the injured

endothelium may trigger a cascade 0fTGF-/3 and ECM

protein synthesis. A recent preliminary study has

shown In vitro that a relatively subtle (i.e. , far below

that required for mesangial cells) mechanical stretch

can enhance the ACE gene expression in cultured

glomerular endothebial cells (20).

In the earliest stages of gbomerubosclerosis, an in-

jury to gbomerubar epithebiab cells can be demon-

strated. However, little is known about the effect of

Aug11 on epithebiab cebbs. It has been reported that

TGF-� acts on gbomerubar epithelial cebls and activates

the production of Type IV collagen ( 1 2 1 ), suggesting

that ECM production by epithelial cells can be mdi-

rectby activated by Aug11 via TGF-� secreted in a

paracrine mode.
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The speculated molecular mechanism of the Aug11-

TGF-�3-ECM axis is illustrated in Figure 3.

Extracellular Matrix Degradation

ECM can be accumulated not only by upregubation

of its synthesis but also by downregubation of its

degradation. The importance of this degradation

mechanism for the development of glomeruboscberosis

is attested by experimental demonstrations that,

when accumulation ofECM was markedby attenuated,

established gbomerubosclerosis can be reversed

( 1 22, 1 23). ECM proteins are degraded by a number of

protemnases. The latter are classified into three cate-

gories: serine protemnases, matrix metalboproteinases

(MMP), and cysteine proteinases. Among these, serine

protemnases and MMP play major roles. Serine protein-

ases include plasmin, leukocyte ebastase, and cathep-

sin G. MMP include (1 ) interstitial colbagenases, such

as MMP- 1 and MMP-8, (2) Type IV cobbagenases, such

as MMP-2 and MMP-9, and (3) stomelysmns. Each

member of the MMP has its own substrate specificity.

MMP are secreted in inactive forms, and the conver-

sion to active enzymes requires plasmin, which also

plays a central role in fibrinolysis. Plasmmn is gener-

ated from plasmmnogen by the action of plasmmnogen

activators (PA), which are also serine protemnases. PA

are also activated by plasmin. Thus, the PA-plasmin

Figure 2. Suggested pathophyslologic role of proteinurla. (1)

In protein overload nephrltls, deposits of complement corn-

ponent 3 (C3) and the membrane attack complex of corn-
plement (C5b-C9) are frequently observed along the lumi-
nal border of tubular epithellal cells (59), and are capable

of activating complements via the alternative pathway (61).

Thus, It Is conceivable that C3 permeates the glomerular

basement membrane (GBM) and becomes activated by
tubular cells. The activated C3, In turn, may trigger the

cascade reaction of complements, resulting In the genera-
lion of C5b-C9, which may Induce tubular cell injury. (2) In
BSA overload nephrltls, the urine was shown to contain a
macrophage chemotactic factor, which is a nonpolar lipid,
Is acid- and heat-sensitive, alkaline-resistant, and distinct

from PAF, leukotrienes, or thromboxane A2 (62). BSA Induced

the same macrophage chemotactic factor In cultured prox-
irnal tubule cells. BSA is known In vivo to bind fatly acid.
When the lipid was removed experimentally from the BSA,

the BSA no longer induced macrophage chemotactic fac-
tor(s) In tubular cells. These results suggest that fatty acid-

bearing albumin Is metabolized Into macrophage chemo-

tactic factor(s) In proximal tubules, thereby triggering

monocytes/macrophage inflifratlon. (3) Increased tubular

protein load Is thought to activate protein catabolism In

tubular cells, which results in increased ammonia produc-
fion. In fact, It has been shown that urinary ammonia pro-
duction is highly correlated with proteinuria (63). High con-
centratlon of ammonia induces amidated C3, which

promotes formation of C5b-C9 and activates release of
reactIve oxygen species from Ieukocytes. (4) Growth-
stimulatory substance(s) pass through GBM and act on
tubular cells. Bruton et ci. recently showed that serum, but

not albumin nor transferrin, applied to the apical surface of

tubular cells stimulated production of PDGF and fibronectin.

Further characterization of this factor showed that the ma-

lecular weight was 100 to 140 kd, suggesting that this factor

can be filtered In glomerular disease (64). (5) Separately, a

study on iron-deficient rats (165) led to a suggestion that Iron

dissociated from transferrin in acid tubular fluid may cab-

lyze free radical formation, which, In burn, causes tubuloin-

tersblbial injury. (6) Besides the possible direct effects on the
tubulointerstlblum discussed above, probelnuria, when it

causes hypoprotelnemia, can affect the progression of re-

nal disease In an Indirect fashion by affecting lipid mebab-

olism. The lipid abnormality In nephrotic syndrome Includes

Increased cholesterol, triglyceride, phospholipid low-density

lipoproteins (101), very-low-density Iipoprotelns, high-density

lipoprobein 3, Iipoproteln(a), apoproteins B, CII, and E, and

decreased high-density Ilpoprotein 2 (revIewed In 66). The

mechanism of hyperlipidemia In nephrotlc syndrome Is

mulbifactorial. Both an Increased rate of lipoprotein synthesis

and a defective lipoprobeln catabolism are present. Such
abnormalities In lipid metabolism can accelerate glomeru-

lar and tubulointerstitial Injury, because administration of

lipid-lowering drugs and a low lipid-contaInIng diet abtenu-

ate renal injury In experimental nephrotlc syndrome (re-

viewed in 67). The mechanism by which hyperlipidemla

accelerates renal Injury has not been fully elucidated. In

animal models of nephrotlc syndrome, lipid Is deposited

both in the mesangium and the tubulolnterstitlum (68.69).

Lipid deposition promotes mononuclear cell infiltration (70).

WI has also been shown to Increase the synthesis of ECM

proteins In cultured mesangium cells (71). In addition, oxi-

dized LDL Is cytotoxic to cultured mesanglum cells and

stimulates the production of thromboxane A2, a potent
vasoconstrictor (72,73).
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myocytes, Induction of IGF-13 by Ang II is PKC-dependent (83). Signal of PKC Is thought to be mediated by transcription factor,

I which is composed of c-fos and c-jun. (5) Ang II induces c-los and c-jun in cardiac myocytes, fibroblasts, and vascular

smooth muscle cells (reviewed in 84). It has been shown that the Ang II response element of the c-fos gene is SRE (serum

response factor) (85). PKC directly phosphorylates and activates Raf-l kinase (186). Activated Raf-1 kinase triggers MAP kinase

cascade, resulting in phosphorylation of the ternary complex factor, which associates with SRF transcription factor and

augments the transcription through SRE. c-jun is induced later than c-fos by the stimulation of Ang II (87). c-jun can be

autoinduced by AP-1 . The effect of Ang Il on another important klnase cascade, JNK(jun kinase) pathway has not been

reported. (6) The heterodimer of c-fos and c-jun can bind to AP-l site and activate transcription. In the promoter region of the

human IGF-13 gene, there are AP-l binding sites, which are responsible for the induction by several oncogenes including jun

and fos (88). It has not been confirmed whether the Ang II actually activates the TGF-f3 gene via the AP-l binding sites, however.

This simple scheme evokes a question: Do all of the factors that activate the PKC cause the same reaction if cells have the

receptor? The signal transduction system may not be so simple. In hepatocytes, a tyrosine kinase inhibitor was shown to block

the c-fos expression by Ang II (89). In addition, in myoblasts, reactive oxygen species mediate the AP-l induction by Ang II (90).

(B) Activation of ECM protein production by IGF-j3. (1) The Important receptors that are involved in the signal transduction of
TGF-f3 are Type I and Type II receptors, which are unique In that they have serine threonine protein kinase activity, unlike other

growth factors or cytokines, whose receptors have (or are coupled with) protein tyrosine kinase activity. (2) After ligand binding,

Type I and Type II receptors form a heteromeric complex, and the Type II receptor kinase (which is constitutively active) then

phosphorylates the Type I receptor, thereby activating the Type I receptor kinase (91). (3) Although some molecules associated

with the receptors have been identified (FKBP, TRIP-i) (92,93). their specific functional roles are unknown. Most studies of the

TGF-� signal transduction have focused on its effect on cell cycle regulation (reviewed in 94). The signal transduction pathway

to ECM production Is unknown. A recent report has indicated that a member of the MAPKKK family, TAK1 , may mediate this

signal (95). (C) On the other hand, in the genes for several ECM proteins (including mouse a2(l), rat al(l), human al(I), and

human cn2(I) collagens), TGF-13 responsive elements have been identified (96-99). The TGF-fJ responsive elements of these four

genes contain a CTF/NF-l (CCAAT box binding transcription factor/nuclear factor 1) binding-like motif. NF-l is a ubiquitous
nuclear protein and its amount does not change by the stimulation of TGF-13. The TGF-13 responsive element of rat cel(l) collagen

gene has a motif similar to NF-l motif, and nuclear protein, although different from NF-l protein, binds to this sequence.

Additionally, the TGF-� response elements of human cnl(l) and a2(I) collagens contain Sp-l binding motif. Sp-l is another

ubiquitous nuclear protein. So far, the precise mechanism by which TGF-13 activates these transcription factors is not known. A

recent study has shown that the TGF-p domain of CTF-l is located on the proline-rich transactivating domain, which interacts

with histone H3, suggesting that TGF-f3 may regulate transcription by modulating chromatin dynamics (100).

system forms a positive feedback loop. Because a large

amount of plasminogen is present in all tissues, pro-

duction of a small amount of PA results in a large

amount of plasmin, leading to activation of MMP

(reviewed in 124).

As a regulator of this system, PA inhibitor- 1 (PAl- 1)

plays a pivotal role. PAl- 1 deficiencies are associated

with a bleeding tendency in humans, and increased

PAl- 1 activity is associated with a thromboembolic

phenomenon. The importance of PAl- 1 in ECM gener-

ation in the kidney was shown by a study in which

administration of PAl- 1-neutralizing antibodies to
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cultured mesangium cells resulted in a several-fold

increase in the amount of ECM degradation (125).

Moreover, normal mouse kidneys contain a very low

bevel of PA!- 1 , whereas in a mouse model of lupus

nephritis, PAl- 1 is expressed in endothelial cells, pa-

rietal epithelial cells, tubular epitheliab cells, and in-

filtrating mononuclear cells in the tububointerstitium

(126).

Several groups of investigators have shown that

Aug11 increases PAl- 1 mRNA in cultured vascular

smooth muscle cells, vascular endothelial cells, and

astroglial cells ( 1 27-1 30). The AnglI-stimulated PAl-i

increase occurs within 2 h and is not affected by

cycboheximide ( 1 27), suggesting that this induction

does not require new synthesis of an intermediate

protein. In one report, the PAl- 1 induction by Aug11 in

endothelial cells was mediated by both AT! and AT4

receptors ( 1 28), whereas in another report, the induc-

tion was mediated solely by the AT! receptor ( 1 29). In

vtvo infusion of Aug11 in humans resulted in an in-

crease in the circulating level of PAl- 1 ( 1 3 1 ). It was

also reported that ACE! administration to humans

lowered plasma PAl- 1 levels ( 1 32). Thus, Aug11 can

attenuate fibrinobytic activity and ECM degradation

via the PAl- 1-PA-pbasmin system.

Tubulointerstitial Changes

In chronic progressive renal diseases, structural

damage is commonly observed in the tubulointersti-

tium, which is particularly fibrous by nature. One

study ( 133) on human biopsy specimens from a vari-

ety of diseases indeed demonstrated the presence of

an impressive correlation between the histological

abnormality of tububointerstitium and the severity of

azotemia. It has been shown that ACE! administration

can ameliorate the tubulointerstitial changes in ex-

perimental models. Diamond et at. showed that an

ACE! reduced the severity of interstitial fibrosis, the

extent of tubular dilation, and the number of intratu-

bular casts in the chronic progressive phase of ami-

nonucleoside nephrosis ( 1 34). Kaneto et at. observed

that an ACE! significantly blunted the increase of

TGF-�1 mRNA in the tubules of experimentally ob-

structed rat kidneys, in which a marked interstitial

fibrosis would otherwise develop ( 1 35). In this model,

the structure of gbomeruli appears normal, suggesting

that Aug11 activates TGF-� without involvement of the

gbomerubus.

In vitro experiments by Wolf et at. using MCT, a

proximal tubular cell line, showed that Aug11 in-

creases Type IV collagen and TGF-� in these cells and

that, through the expression of TGF-�3, Aug11 acts on

MCT cells as a hypertrophic factor (107).

In tububointerstitiab nephritis, collagen fibers ap-

pear to be produced primarily by interstitial fibroblas-

tic cells. Fibroblastic cells are not uniform, and their

phenotype changes with pathologic conditions and

with the stimulation of cytokines ( 1 36). During wound

healing, fibroblastic cells exhibit several features

characteristic of smooth muscle cells, including ex-

pression of a-smooth muscle actin. These cells, cabled

myofibrobbasts, are believed to play a retractile role in

granulation tissues. a-Smooth muscle actin has been

demonstrated in tububointerstitiab lesions of various

human diseases and experimental models ( 1 37). It

has not been experimentally established whether the

myofibroblast has ECM generation capacity greater

than that of ordinary fibroblasts. Notably, interstitial

cells from kidneys with interstitial nephritis can pro-

duce a larger amount of collagen In vitro compared

with those from normal kidneys ( 138). In this context,

it is very interesting that in vivo infusion of Aug11 into

normal rats dramatically upregubates the a-smooth

muscle actin in the interstitium, suggesting that Aug11

may promote the phenotypic modulation of fibrobbasts

or expand the specific population of myofibrobbasts.

Indeed, rats chronically infused with Aug11 develop

tububointerstitiab injury with tubular atrophy and di-

lation, cast formation, interstitial monocytic lnfibtra-

tion, and interstitial fibrosis with Type IV collagen

deposition ( 1 39). The injury is associated with an

increase of PDGF-B mRNA within tubular and inter-

stitiab cells. Furthermore, osteopontmn, which has a

murine macrophage chemotactic activity in vivo, is

expressed focally in cortical renal tubules, and mono-

cytes I macrophages subsequently accumulate almost

exclusively around the highly expressed osteopontmn

( 1 40). This finding, together with the fact that Aug11

induces osteopontin in cultured vascular smooth

muscle cells ( 1 4 1 ), indicates that Aug11 induces mac-

rophage infiltration via the induction of osteopontin.

Collectively, the above In vivo and In vitro data

suggest that Aug11 is involved in tububointerstitiab

injuries by modulating expression of growth factors,

interstitial cell phenotype, and inflammatory cebi re-

sponses.

Involvement of the Immune System

Angiotensinogen is one of the acute phase proteins

whose expressions are augmented by inflammatory

cytokines. In granulomatous inflammation, such as

that seen in sarcoidosis, the serum ACE bevel is ebe-

vated, and granubomatous macrophages produce

ACE. Thus, a functional relationship may exist be-

tween the RAS and the immune system. It is believed

that a small population of resident macrophages are

present within normal gbomeruli. In many forms of

human gbomerubonephritis, there is an accumulation

of macrophages within not only the gbomerulus but

also the interstitium ( 142). The importance of macro-

phages in the initiation and the progression of renal

injury has been demonstrated in studies in which

macrophage deletion by x-irradiation or anti-mac-

rophage serum attenuated gbomerular and tububoin-

terstitial injuries (143,144).

One significant study showed that captopril de-

creases granuboma size in animal experiments (145).

As previously mentioned, Aug11 infusion induces mac-
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rophage infiltration (139). Also, in a rat model of

unilateral ureteral obstruction, administration of an

ACEI (enalapril) ameliorated interstitial monocyte I

macrophage infiltration, which is seen as early as 4 h

after ureteral ligation (146,147). The salutary effect of

ACE! on atherosclerosis is also relevant to the rela-

tionship between the RAS and the macrophage. In the

early stages of atherosclerosis , low-density lipoprotein

(LDL) accumulates in the subendothelial space of

vessel walls and is oxidized by the endothelial and

smooth muscle cells, and the macrophages are then

recruited into the arterial intima. Oxidized LDL is then

taken up by the macrophages via scavenger receptors

on the cell surface. In this regard, because of the

morphological and functional similarity existing be-

tween mesangial cells and vascular smooth muscle

cells, as well as the fact that lipid and apoprotein B

can be seen within sclerotic glomeruli, glomeruloscle-

rosis is thought to share common pathogenic mecha-

nisms with atherosclerosis (148). ACE! has been

shown to prevent atherosclerosis in various animal

models without changing the plasma lipid profile, and

even without lowering blood pressure ( 1 49, 150).

These findings collectively suggest that inhibition of

ACE can directly suppress the accumulation of mac-

rophages in injured tissues.

Three mechanisms have been proposed for this

ACEi trait. First, Angbb may directly activate macro-

phages. Macrophages have Aug11 receptors (151).

Some In vitro studies showed that Aug11 acts on mac-

rophages and increases intracellular cAMP produc-

tion, protein tyrosine phosphorylation, and tumor

necrosis factor a production, enhances their phagocy-

tot!c activity, and promotes their adhesion to endothe-

hal cells (39-41, 151, 152). However, the significance

of these events, especially during In vivo situations,

has not been established. Second, Aug11 may induce

the release of monocyte I macrophage chemotactic fac-

tor(s). Aug11 infusion leads to tububointerstitial ne-

phritis, in which osteopontin is expressed before mac-

rophage infiltration. suggesting that the effect of Aug11

on macrophage activation is mediated by osteopontin

(140; see above), although no direct evidence for this

hypothetical mechanism has been heretofore pro-

vided. One study showed that the amino- and carbox-

yl-terminal tetra peptides of Aug11 have chemotactic

activity for human mononuclear leukocytes, including

monocytes ( 1 53). Third, the kinin system may be

involved. In rats with unilateral ureteral obstruction,

enalapril markedly reduced monocyte I macrophage

infiltration. whereas an AT1RA. SC-513l6, had al-

most no effect on monocytelmacrophage infiltration

(146). It has also been demonstrated that, in choles-

terol-fed rabbits, enalapril reduced the atherosclero-

sis, whereas SC-51316 showed no significant attenu-

ation (150). Thus, the antlatherosclerotic effect of

ACEI appears to be mediated not through the sup-

pression of Aug11 but through an inhibition of kinin

degradation. ACEi increases bradykinin, and the in-

creased bradykinin can stimulate the production of

prostacyclin or nitric oxides (NO) in endothelial cells;

this in turn can reduce the monocyte adhesion or

chemotaxis. The involvement of NO in this cascade

has been shown by an experiment using NO synthase

inhibitor ( 1 54). When an NO synthase inhibitor (N#{176}-

nitro-L-arginine methyl ester EL-NAMEI) was adminis-

trated together with enalapril to rats with unilateral

ureteral obstruction, the monocytelmacrophage infil-

tration was not ameliorated.

Effects of Aug11 on other types of immune cells have

also been reported. Vance and Kelly ( 1 55) recently

showed that a murine nephritogen!c T cell clone,

53.28. 1 , which can induce interstitial nephritis in

naive syngeneic recipients after adoptive transfer, cx-

presses mRNA for both AT! and AT2 receptors, and

that Aug11 augments proliferation of this T cell clone

(under the stimulation by anti-CD3 antibody). They

also showed that ACEi and AT!RA (but not AT2

antagonists) inhibit the T cell proliferation in the

absence of exogenous Aug11. These results suggest

that Aug11 may play a role in clonal expansion of

nephritogenic T cells.

Other Potentially Important MechanIsms

The effectiveness of ACE! on atherosclerosis has

been studied in another regard, I.e. , the pathophysio-

logic role of lipid modification. Keidor et at. (156)

reported that the LDL derived from patients with

essential hypertension is more susceptible to lipid

peroxidation than that from control subjects. The

susceptibility was decreased by treatment of patients

with ACEI. These authors also showed that LDL can

bind Aug11 and that Aug11 has a stimulatory effect on

copper-mediated oxidation of LIJL, as well as on LDL

degradation by macrophages . Because gbomeruloscle-

rosis is thought to share common pathogenic mecha-

nisms with atherosclerosis ( 1 48), the oxidized lipid

may contribute to the progression of gbomerulosclero-

sis in a similar fashion.

Greene et at. and Hostetter et at. ( 157, 158) docu-

mented a significant role for aldosterone in the estab-

lishment of renal lesions in the rat remnant kidney

model. They reported that subtotally nephrectomized

rats developed hyperabdosteronism and adrenal hy-

pertrophy. which could be normalized by AT1RA ad-

ministration, and that infusion of abdosterone into

subtotally nephrectom!zed rats treated with AT1RA

caused proteinuria. Hyperaldosteronism may, there-

fore, be an important determinant for proteinuria in

this model.

Unique role of Angil in maturating kidneys. When

the kidney is in the process of maturation, Aug plays a

unique role in the development of both normal and

abnormal renal structure. Recent recombinant DNA

studies have demonstrated that selective inactivation

of the angiotensmnogen gene in mouse embryos led to

development of kidneys with marked abnormalities,

including, among others, arteriolar hypertrophy, in-

terstitial infiltration and fibrosis, and mesangial cx-
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pansion ( 159, 160). Thus, endogenous Aug is salutary

and, in fact, indispensable for normal growth of the

kidney. Similarly, in a mouse model of congenital

gbomerubosclerosis, administration of ACE inhibitors

or an AT1 receptor antagonist early in life resulted in

the acceleration of gbomerular and interstitial changes

( 1 6 1 ). In maturing animals, however, Aug has been

shown to exert an injurious effect. In experiments by

Chevalier et at. ( 1 62), whereas ureteral ligation in

newborn guinea pigs caused a marked impairment of

maturational growth of gbomeruli, simultaneous ad-

ministration ofan ACE! was shown to attenuate mark-

edly the gbomerular growth-preventive effect of ure-

teral obstruction. It was further demonstrated that

renin content was highly elevated in the ipsilateral

kidneys. Thus, in this particular setting ofrenal injury

during maturation of the kidney, Aug appears to serve

as a potent growth inhibitory factor.

GENETIC AND ENVIRONMENTAL CONTRIBUTIONS

Genotype

Genetic studies have revealed that virtually all of the

genes comprising RAS have several forms of pobymor-

phism, raising the possibility that the activity of the

RAS may vary among individuals in accordance with

each of their genetic makeups. One such polymor-

phism is the debetionlinsertion polymorphism of the

ACE gene. The ACE gene consists of 26 exons and

spans 2 1 kilobases on Chromosome 1 7. Within Intron

16, a polymorphism consisting of the presence or

absence of a 287-base pair fragment exists. Although

this deletion polymorphism is associated with ele-

vated serum and cellular ACE bevels ( 163-165), its

association with blood pressure levels or ischemic

heart disease varies among populations of different

genetic and environmental backgrounds ( 1 66-! 71).

Interestingly, recent studies indicate that gene vari-

ants of other components of RAS also affect the risk of

hypertension and several forms of cardiac disease. A

point mutation of nucleic acid in the angiotensinogen

gene (AGT) leads to an amino acid substitution of

threonine for methionine at Codon 235 (M235T). This

AGT M235T polymorphism was associated with

plasma concentration of angiotensinogen ( 1 72), hy-

pertension ( 1 72, 1 73), and coronary heart disease in-

dependent of, and synergistically with, ACE deletion!

insertion polymorphism ( 1 74, 1 75). Finally, a nucleic

acid substitution of A to C at Position 1 166 in Aug11

receptor Type 1 receptor (AT! ) gene (A! 166C) was

found. It has been reported that the Al !66C polymor-

phism Is also associated with hypertension ( 1 76), and

affected the risk of coronary heart disease synergisti-

cabby with the ACE gene polymorphism (177).

Recent findings ( 1 78, 1 79) indicate that the deletion

polymorphism in the ACE gene is associated signifi-

cantby with the progressive loss of renal function in

patients with IgA nephropathy, although the polymor-

phisms of the other genes described above were found

not to affect the progression. Also, although results

are variable ( 1 80), studies have indicated that in

patients with early insulin-dependent diabetes, the

deletion/insertion polymorphism of ACE gene is asso-

dated with the development of microabbuminuria or

proteinuria, which are considered as prodrome to

progressive renal failure ( 1 8 1 , 1 82). Moreover, more

recent studies have shown that, in insulin-dependent

( 183) and non-insulin dependent diabetes ( 184), the

ACE DD genotype has not only a significant correba-

tion with the boss of renal function, but also a high

prognostic value for the progressive nephropathy. In a

study concerning IgA nephropathy ( 1 78), ACEi was

shown to reduce protemnuria most prominently in

patients with the ACE DD genotype, suggesting that

the pathophysiobogical contribution of RAS to the

progression may vary among individuals according to

the genetic makeup of their RAS system.

Environmental Factors

Dietary protein. It is well known that protein intake

acutely elevates GFR and intragbomerular pressure,

whereas a low-protein diet is associated with low

intraglomerular pressure and GFR ( 1 85). The batter

can also be achieved by ACE!. In addition, dietary

protein restriction, bike ACEi, slows the progression of

chronic renal failure to variable degrees (186-190).

Although the mechanism of the protein-induced hy-

perfibtration is still unknown (reviewed in 1 9 1 ), it has

been shown that dietary protein modestly stimulates

the RAS (192). However, because ACEi cannot nullify

protein-induced hyperfibtration ( 193), low protein in-

take appears to modulate gbomerubar hemodynamics

independent ofAuglI. In accord with this contention, a

bow-protein diet and ACE! exert additive effects in

decreasing proteinuria both in rats and humans

( 194, 195). Au animal experiment with puromycmn

aminonucleoside nephropathy showed that concur-

rent ACEi administration and low-protein diet can

additively reverse glomerubosclerosis (122).

Dietary salt. A high-salt diet decreases systemic

renin levels. In the DOCA-sabt hypertension model,

systemic renin-Augli levels are suppressed; therefore,

Aug11 blockage in this setting cannot decrease blood

pressure. Nevertheless, Aug11 blockage was shown to

attenuate progressive renal injury in this model ( 1 ! 2).

If this is really the case, then, even in this so cabled

“low renin model,” local Aug11 with significant activity

prevails in the kidney, and this “unmeasurabbe” Aug11

plays an important robe in causing renal injury.

Stress. Renin release is controlled in part by n-ad-

renergic catechobamine, and various stresses activate

the RAS. The chronic exposure of rats to cold temper-

atures induces hypertension and cardiac hypertrophy

( 196). Plasma renin activity and responsiveness to

exogenous Aug11 increases after cold exposure, and

bosartan prevents the hypertension, suggesting that

the RAS plays an important robe in this setting ( 196).

Immobilization stress was also shown to increase

renin levels ( 1 97). The effect of such stress on the

progression of renal disease has not been well studied.



Angiotensin in Progressive Renal Diseases

2034 Volume 7 . Number 10 . 1996

Exercise. Exercise is known to increase plasma

Aug11 bevels. Proteinuria after exercise is common even

in healthy subjects, and is known as post-exercise

proteinuria. The effect of ACE! on post-exercise pro-

teinuria is controversial. Some authors have reported

that ACE! decreased postexercise proteinuria

( 1 98, 1 99), whereas others reported no effect

(200.20 1 ). Interestingly, some human studies found

that the increase in plasma Aug11 bevels can be inhib-

ited by nafamostat (a serine protein inhibitor), but not

by ACE! (20 1 ,202), indicating an involvement of an

alternative ACE-independent pathway for Aug11 syn-

thesis after exercise (202).

The effect of chronic exercise on the course of renal

diseases appears to depend on the nature of renal

injury. Au animal study reported that exercise wors-

ened immune complex-mediated gbomerulonephritis

in rabbits as assessed by proteinuria (203). In con-

trast, in another animal experiment of subtotal ne-

phrectomy, daily training ameliorated gbomeruboscle-

rosis (204). The role of Aug11 in these modulatory

processes is not known.

Inflammation. Augiotensinogen is one of the acute

phase proteins, and its production is accelerated by

inflammatory cytokines. Renin is not the only rate-

limiting step for Aug11 production, but Aug11 produc-

tion is also influenced by the availability of anglo-

tensinogen. Therefore, in inflammatory conditions

such as infection and injury, Aug11 increases and may

exaggerate renal injury.

PHARMACOLOGICAL INTERVENTION IN HUMANS

The ACE! have been well established in clinical

studies as organ-protecting agents in two forms of

cardiac tissue injuries; namely, congestive heart fail-

ure (CHF) and ischemic heart disease.4 By inspecting

the literature on their pathophysiobogy and the phar-

macobogy of ACE! in these settings, one must be

impressed by the analogy between these progressive

cardiac diseases and the progressive renal failure.

Thus, in these cardiac injuries also, growth factors

4 Maladaptatlon of the RAS Is believed to be involved in the pathogeneses of

congestive heart failure (CHF), as the RAS is not suppressed despite the salt

retention that uniformly characterizes CHF. The mortality rate ranges from 50%
over 5 yr to a 64% 1-yr mortality rate in patients with Class IV CHF. Traditional

treatment with diuretics and inotropic agents have failed to improve long-term

survival. By contrast, ACEI have been demonstrated to reduce mortality in this

disease. Enalaprli reduced 6 and 12.month mortality in patients with advanced

CHF who were already under treatment with diuretics. digitalis, and vasodilators

(205). Patients with CHF and ejection fractions � 0.35 experienced a 16%

reduction In mortality with enaiaprli, compared with placebo (206). Progression

from asymptomatlc left ventricular dysfunction to clinically evident CHF was

reduced by enalapril (207). Enalapril reduced mortality at two years from 25% to

18% when compared with the combination of isosorbide dinitrate and hydral-

azine (208). ACEI has also been shown to be of benefIt in preventing expansion

of scar formation and remodeling after myocardial infarctlons, which predis-

pose to left ventricular dysfunction, aneurysm formation, and arthythmias. When

ACEI are introduced in the fIrst 2 days after myocardial Infarction (Ml) in patients

with CHF or asymptomatic left venfricular dysfunction, survival is improved

(209-21 1). ACE originating from endothelial cells has been demonstrated In the

marginal zone of tissue repair in Ml. Its induction is related to the production of

collagen In the repair process (212). The beneficial effect of ACEI is most marked

in patients with ejection fractions of under 40% (213). BenefIcial effects were seen

after short- and long-term treatment after Ml. (214) Zofenoprll reduced mortality

and evidence of CHF 6 wk after Infarction. Trandoloprll was shown to reduce

overall mortality, sudden death and severe CHF in post-MI patients with left

ventricular dysfunction treated for 24 to 50 months (215).

and cytokines are involved in the process of cell

proliferation, hypertrophy, and tissue scarring, and

ACEi are found to be advantageous over other antihy-

pertensive agents because of their blood pressure-

independent actions. Compared with these heart tis-

sue injuries, however, studies on the progression of

renal diseases are few and small in scale, presumably

because the incidence of the latter is less common,

and the parameters to be followed are less quantita-

tive or more cumbersome to obtain than the former.

Nevertheless, convincing clinical evidence has been

accumulated to indicate that, at least in some set-

tings, ACE! are uniquely effective over other antihy-

pertensive agents in attenuating the progressive dete-

rioration of kidney diseases.

Responsiveness

Disease entities. The kidney disease in which ACE!

was first shown to be beneficial for the maintenance of

renal function was scleroderma renal crisis (216).

Although there were no controlled clinical trials, ACEi

strikingly improved the survival rate of both of the

study’s patients per se and their kidneys, whereas,

before the era of ACEi, no patient survived beyond a

few months.

Besides this somewhat special condition, in which

small renal arteries are primarily affected and renin

Aug is systematically upregulated, other more corn-

mon forms of kidney injury also gain benefit from

ACE!. The renal protective effect of ACE! was most

convincingly shown in insulin-dependent diabetes

melbitus (IDDM). In a randomized, large scale, long-

term, double-blind, controlled trial comparing capto-

pril with placebo, it was shown that the ACE! reduced

the risk of a doubling of serum creatinine levels over 3

yr by 50% ( 1 ). The long-term advantage of ACE! over

conventional antihypertensive drugs in renal protec-

tion also has been shown in a middle-scale, prospec-

tive study in non-insulin-dependent diabetes rnellitus

with overt nephropathy (2 1 7). A report by Cattran et

at. , although not a randomized controlled study,

showed that ACE! also has a beneficial effect on severe

IgA nephropathy independent of its blood pressure-

controlling effect (3).

Considering the possible mechanisms of the renal

protective effect of ACE!, it appears that the renal

protective effect of ACE! is predominantly seen in

slowly progressive diseases with gbornerubosclerosis

and/or interstitial fibrosis. Included in this category

are obstructive nephropathy, reflux nephropathy, lu-

pus nephropathy, transplant rejection, tububointer-

stitiab disease, and renal mass reduction. Because of

the relatively low incidence of these renal diseases,

however, a barge-scale, long-term, controlled study

has not been done. For these kidney diseases, there

are only several short-term, small-scale, or mixed-

disease studies. In this regard, an interesting cross-

over study was reported by Praga et at. comparing

captopril and other drugs (2 1 8). These authors fol-
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bowed up 46 nondiabetic patients with nephrot!c pro-

teinuria for a minimum of 1 2 months before captopril

treatment and for, on average, 2 yr after captopril

treatment. Patients whose proteinuria decreased by

greater than 45% exhibited a remarkable stabilization

of renal function, whereas those whose proteinuria

decreased by bess than 45% showed continuous dete-

riorat!on of renal function. As mentioned earlier, Gan-

sevoort et at. have shown the existence of a correlation

between the antiproteinuric effect of ACE! and the

attenuation of reduction in renal function (56). Nota-

bly, in the study of Praga et at. , patients with renal

mass reduction, inactive idiopathic crescentic gbomer-

ubonephritis, nephroangiosclerosis, and reflux ne-

phropathy showed striking antiproteinuric response,

whereas those with membranous gbomerubonephrit!s

and idiopathic focal gbomerubosclerosis showed poor

antiproteinuric response, and those with IgA nephrop-

athy showed intermediate response. Nephropathy

with active ongoing immunological process may,

therefore, benefit little from ACEi treatment.

There is no convincing evidence for a superiority of

ACE! over calcium channel blockers for renal protec-

tion in human disease (2 1 9-22 1 , reviewed in 222).

Some experimental studies have shown that calcium

channel blockers decrease afferent vascular resis-

tance and do not decrease intragbomerubar pressure

(223). Parallel to this phenomenon, ACE!, but not

calcium channel blockers, attenuated the progression

of glomeruloscleros!s in animals. A long-term pro-

spective study in humans showed no difference be-

tween ACEi and calcium channel blockers in their

capacities to attenuate the progression of renal insuf-

ficiency, although some clinical trials showed a

greater antiproteinuric effect of ACE! over calcium

channel blockers (219). Animal experiments sug-

gested that calcium channel blockers, although un-

able to reduce intraglomerular pressure, have a

greater antigbomerular hypertrophic effect than ACE!,

resulting in a comparable effect of ACE! and calcium

channel blockers in reducing glomerular injury (224),

although some animal studies indicated that calcium

channel blockers are less renoprotective (225) or can

even augment renal injury (226).

Disease stages. In animal experiments, Ikoma et at.

showed that, in a given remnant kidney, ACE! therapy

attenuates progression most remarkably in nonscle-

rotic or early sclerotic gbomeruli, whereas ACE! exerts

no effect on gbomerul! with advanced sclerosis (123).

In a human study ofIDDM with overt nephropathy (1),

a remarkable renal protective effect of ACE! was dem-

onstrated in patients with significant renal insuff!-

ciency. Thus, in a large prospective study of IDDM,

when the patients are categorized into three groups on

the basis of their baseline serum creatinine bevels-

1 .0, 1 .5, or 2.0 mg/dL-the reduction in risk of a

doubling of the serum creatinine level achieved by

ACEi in each group was 17, 55, and 76%, respectively.

However, the results also pointed to the importance of

early treatment, because the group with low baseline

creatinine concentrations did not show deterioration

of serum creatinine levels during the follow-up period.

The demonstrated efficacy of ACE! in patients with

renal insufficiency is reminiscent of the notion that

chronic renal diseases are characterized by the pres-

ence of nephrons at diverse stages of injury, from very

early to bate, whereas the renoprotective effect of ACE!

may be accomplished primarily through its effective-

ness on gbomerul! in the early stages of injury. The

unequivocal evidence for the efficiency of ACE! ther-

apy in patients with increased serum creatinine levels

in this study offers bright prospects for ACE! treat-

ment in other diseases as well, because in some

diseases (particularly in diabetes meblitus), gbomeru-

boscberosis is fairly advanced even with normal serum

creatinine bevels (227). In some diseases, patients with

advanced renal insufficiency can also benefit from

ACE! treatment (218).

Individual patients. The activity of the RAS is influ-

enced by various individual patient-dependent fac-

tors, including genotype, age, race, and sex. As dis-

cussed earlier, the ACE DD, Atg M235T, and AT!

Al 1 66C genotypes are related to high bevels of activity

of the RAS. African Americans and elderly individuals

have a high incidence of low-renin hypertension,

which is resistant to ACE! therapy (reviewed in 228).

The renoprotective effect of ACE! treatment may be

different in these groups of populations as webb. A

study with IgA nephropathy has shown that patients

with the DD genotype of the ACE gene achieved the

most prominent reduction in protemnuria with ACE!

treatment when compared with those with other ge-

notypes. The robe of other individual-dependent fac-

tors on the renoprotective effect of ACE! has not been

evaluated.

Dosage of ACEi agents. As discussed earlier, stud-

!es in animal models demonstrated that ACEi attenu-

ate progressive deterioration of kidney structure inde-

pendentby of their effect on systemic blood pressure

( 1 1 1 , 1 1 2, 1 46). Some studies also indicated that when

ACEi is given to animals far in excess of the dose

required for blood pressure control, it can reverse

established sclerosis in some gbomerul! ( 1 23). These

findings are consistent with the In vitro demonstration

that Aug modulates the metabolism of colbagens in

cultured renal cells. Similarly, a few clinical studies

have observed that ACE! is protective in the kidney,

independent of blood pressure, and even in patients

without hypertension ( 1 ). Notably, the dose recom-

mended for each of the ACE! available in the market

today is based on the results of clinical trials assess-

ing their potency of reducing blood pressure. Given

that the renoprotect!ve effect ofACE! is independent of

blood pressure, it is therefore conceivable that the

dose-response curve for renoprotection may be quite

different from that for blood pressure. In humans,

however, no study has been systematically performed

to determine the optimal dose of ACE! for renoprotec-

tive purpose in normotensive patients or to examine if

dosages higher than that required for controlling
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blood pressure impart additional renoprotection in

hypertensive patients. Because the dose-response

curve of ACE! in inhibiting aldosterone secretion and

causing hyperkalemia may likewise be different from

that of their antihypertensive effect in humans, din!-

cab tests of these types would require close and careful

monitoring of serum potassium bevels.

Different Pharmacological Agents

Various ACEi agents. After the development of cap-

toprib and enalapr!l, a number of ACE! have been

developed. Each has a different chemical structure,

and therefore has different pharmacokinetics. Be-

cause ACE molecule is made up of two catalytic

domains that are structurally similar, yet functionally

heterogenous, as suggested by a recent study (244),

and because the relative affinity to these two separate

domains appears different among ACE! (245), biobog-

icab activity may vary among different ACE!. However,

no qualitative difference between these agents has

been reported for human use. Some ACE! have add!-

t!onal pharmacological actions, such as f3-bbocker ad-

tivities (229) and neutral endopeptidase (ANP degra-

dation enzyme) inhibitory activities (230). The value of

such a dual-inhibitor in renal protection has not been

evaluated, but inh!b!t!on ofneural endopeptidase may

be beneficial because an inhibition of neutral endo-

peptidase results in increase of ANP, thereby facil!tat-

ing sodium excretion.

Captopril and zofenoprib have a subphydryl group in

their molecular structures. This structural arrange-

ment is thought to be responsible for some of their

side effects, such as taste disturbance and skin rash.

On the other hand, they exert free-radical scavenger

activities. The idea that clinical doses of captopril have

a significant antioxidant activity is controversial, al-

though a report showed that captoprib, but not enala-

prib, reduced breath pentane, a product of lipid per-

oxidation, in patients with chronic heart failure (231).

The therapeutic significance of the antioxidant activity

of captopril was shown in some experimental models,

including ischemia-reperfusion injury of the heart

and viral myocarditis (232,233). However, the clinical

importance of this possible antioxidant activity has

not been recognized.

ACEi versus AT1RA. A new class of nonpeptide Aug

inhibitor, AT1RA, has recently become available as an

oral ant!hypertensive agent. The mode of action of

these agents is distinctively different from those of

ACE!, as the former acts as an AT1RA. Because of this

difference, the effectiveness of AT1RA on the progres-

sion of renal diseases may also be different. ACE! also

acts on the k!nin system, and accumulation of brady-

k!nin is thought to cause some of the side effects of

ACE!, such as cough and angineurotic edema. In-

creased bevels of bradykinin have been shown experi-

mentally to dilate efferent arterioles profoundly, re-

duce proteinur!a markedly (234), and prevent

macrophage infiltration by increasing NO synthesis

( 154). It has recently been demonstrated that, in

humans but not in rodents, Aug11 is produced by

nonrenin alternative serine kinase (235). Therefore,

ACE! cannot completely block the action of Aug11,

whereas AT1RA can completely block the AT1-depen-

dent action of Aug11. Notably, it is now known that

AT1RA also exerts nonspecific actions. Thus, it has

been demonstrated in rat gbomerul! and human mes-

angial cells that the binding sites for bosartan or

EXP-985, both AT1RA, have a substantially greater

(not smaller, as one may pred!ct from its inability to

bind to non-AT! receptors) density than Aug11 binding

sites, suggesting that bosartan does recognize more

than just AT1 receptors (236,237). Moreover, the

binding of these two bigands to rat glomerubi does not

exhibit the same sensitivity to GTP and d!thiothreitol

(238). Furthermore, bosartan In vitro at high concen-

trations causes intrinsic effects on gbomeruli and mes-

angial cells, including gbomerular and mesangial cell

contractility, stimulation of cytosolic calcium, and

disorganization of the a-actin filament bundles in

mesangial cells (239).

Another difference between ACE! and AT!RA is that

AT1RA increases renin and Aug11 bevels, leading to

activation of non-AT! receptors. However, the signifi-

cance of non-AT! receptors in human disease has not

been established. It should be noted that there have

been no clinical data to indicate that AT1RA has a

renoprotective effect as ACE! does. Recent studies in

animal models of progressive renal failure have re-

vealed that, at certain dosages, these agents are com-

parable in their protection of the kidney from struc-

tural derangement ( 1 1 7, 1 46). Nevertheless, readers of

this article are reminded of the recent and somewhat

disappointing experience that the effect of ACE! in

humans was found not to be as dramatically renopro-

tective as one may have hoped from the impressive

effect ofACEi demonstrated in many rodent models. A

more detailed discussion of this issue is available

elsewhere (240). In that study, two schools of thought

are presented on the basis of the available animal and

human data that suggest that AT!RA, in contrast to

ACE!, has less marked gbomerular hemodynamic ef-

fects (241-243). Thus, because of the lesser gbomeru-

lar pressure-lowering effect of AT1RA, (1 ) AT! RA may

be less renoprotect!ve than ACE! through a dampen-

ing of the potentially injurious effect of high gbomeru-

bar pressure; or (2) AT!RA may not el!cit the unwanted

initial fall of GFR that is often followed by ACE1

administration, and may therefore maintain a rela-

tively high GFR, postponing the requirement of dialy-

sis longer than that achievable with ACE!.

ACKNOWLEDGMENTS

Our scientific endeavors are supported by the Center of Excellence in

Pediatric Nephrology and Urology, and funded by National Institutes

of Health Grant DK 44747. Some of the studies cited in this article

were also supported In part by NIH Grant DK 37868. Dr. Matsusaka

is the recipient of a fellowship from the National Kidney Foundation.

Dr. lchlkawa has a patent under the title of “Treatment of chronic

kidney disease with angiotensin I converting inhibitor” (Ichikawa I, et



Matsusaka et al

Journal of the American Society of Nephrology 2037

cii., U.S. Patent No. 5,071,861), and also has a patent application

pending under the title of “Method and compositions for maintaining

glomerular filtration rate while inhibiting extracellular matrix accu-

mulatIon� (Kon V. et aL. filed on July 25. 1994).

REFERENCES

1 . Lewis E1J, Hunsicker LG, Bain RP, RoMe 1W: The effect
of angiotensin-converting enzyme inhibition on diabetic
nephropathy. N Engb J Med !993;329:1456-!462.

2. Bjorck 8, Mulec H, Johnsen SA, Norden G, Aurell M:

Renal protective effect of enalaprib in diabetic nephrop-
athy. Br Med J 1992;3O4:339.-343.

3. Cattran DC, Greenwood C, Ritchie S: Long-term bene-
fits of angiotensin-converting enzyme Inhibitor therapy

in patients with severe immunogbobulmn A nephropathy:
A comparison to patients receiving treatment with other
antihypertensive agents and to patients receiving no
therapy. Am J Kidney D!s 1994;23:247-254.

4. Rekoba S, Bergstrand A, Bucht H: Deterioration rate in
hypertensive IgA nephropathy: Comparison of a con-
verting enzyme inhibitor and beta-blocking agents.
Nephron 1991;59:57-60.

5. Terada Y, Tomita K, Nonoguchi H, Marumo F: PCR
localization of angiotensmn II receptor and angiotensmno-

gen mRNA in rat kidney. Kidney mt 1993:43: 125 1-
1259.

6. Kakinuma Y, Fogo A, Inagami T, Ichikawa I: Intrarenab
localization of angiotensmn II type 1 receptor mRNA in

the rat. Kidney Int 1993;43:1229-1235.

7. Tufro-McReddie A, Harrison JK, Everett AD, Gomez
RA: Ontogeny of type 1 angiotensin II receptor gene

expression in the rat. J Clmn invest !993;91 :530-537.
8. Gasc J, Shanmugam S, Sibony M, Corvob P: Tissue-

specific expression of type ! angiotensmn II receptor
subtypes. An in situ hybridization study. Hypertension
(Dallas) 1994;24:531-537.

9. Kakuchi J, Ichiki T, Kiyama S. et at.: Developmental

expression of renal anglotensmn II receptor genes in the
mouse. Kidney Int 1995;47: 140-147.

10. Ciuffo GM, Viswanathan M, Seltzer AM, Tsutsumi K,

Saavedra JM: Gbomerubar angiotensmn II receptor sub-
types during development of the kidney. Am J Physiob
1993;265:F264-F27 1.

1 1 . Lo M, Liu KL, Lantelme P. Sassard J: Subtype 2 of
angiotensin II receptors controls pressure-natriuresis
in rats. J Cbin Invest 1995;95:1394-1397.

12. Nakajizna M, Mukoyama M, Pratt RE. Horiuchi M, Dzau
VJ: Cloning of cDNA and analysis of the gene for mouse
angiotensmn II type 2 receptor. Biochem Biophys Res
Commun 1993; 197:393-399.

13. Rosenberg ME, Smith U, Correa-Rotter R, Hostetter
TH: The paradox of the renmn-angiotensin system In

chronic renal disease. Kidney Int 1994;45:403-410.
14. Anderson S, Rennke HG, Brenner BM: Therapeutic

advantage of converting enzyme inhibitors in arresting
progressive renal disease associated with systemic hy-
pertension in the rat. J Clin Invest 1986;77: 1993-2000.

15. Zatz R, Dunn BR, Meyer TW, Anderson S, Rennke HG.
Brenner BM: Prevention of diabetic gbomerubopathy by

pharmacological amelioration of glomerular capillary
hypertension. J Clin Invest 1986;77: 1925-1930.

16. Anderson S, DiamondjR, KarnovskyMJ, BrennerBM:
Mechanisms underlying transition from acute glomer-
ular injury to late gbomerular sclerosis in a rat model of
nephrotic syndrome. J Clin Invest 1988;82: 1757-1768.

17. Yoshida Y, Kawamura T, Ikoma M, Fogo A, Ichikawa I:
Effects of antihypertensive drugs on gbomerubar mor-

phobogy. Kidney mt 1989;36:626-635.
18. Anderson S, Rennke HG, Garcia DL, Brenner BM:

Short and long term effects of antihypertensive therapy
in the diabetic rat. Kidney mt 1989;36:526-536.

19. Yasuda T, Becker B, Kondo S, Vaikunth S, Homma T,
Harris RC: Mechanical stretch/relaxation increases

type 1 angiotensmn II receptor expression and anglo-

tensmnogen mRNA in cultured rat mesangial cells lAb-
stracti. J Am Soc Nephrol 1994;5:554.

20. Miyazaki Y, Kawamura T, Yoshida H, et at.: Static

stretch enhances anglotensinogen and angiotensin
converting enzyme gene expressions in glomerular en-
dotheliab cells lAbstracti. J Am Soc Nephrol 1995;6:
802A.

2 1 . Owens GK: Influence of blood pressure on development
of aortic medIal smooth muscle hypertrophy in sponta-
neousby hypertensive rats. Hypertension (Dallas) 1987;
9:178-187.

22. Linz W, SchOlkens BA, Ganten D: Converting enzyme

inhibition specifically prevents the development and
Induces regression of cardiac hypertrophy in rats. Ciin
Exp Hypertens 1989;11:1325-1350.

23. Cbozel JP, Kuhn H, Hefti F: Effects of chronic ACE
inhibition on cardiac hypertrophy and coronary vascu-
lar reserve in spontaneously hypertensive rats with
developed hypertension. J Hypertens 1989;7:267-275.

24. Akahoshi M, Carretero OA: Body fluid volume and

anglotensmn II in maintenance of one-kidney, one clip
hypertension. Hypertension (Dallas) 1989; 14:269-273.

25. Powebl JS, Cbozel JP, Muller RKM, et at: Inhibitions of

angiotensin-converting enzyme prevent myointimal
proliferation after vascular injury. Science (Washington
DC) 1989;245:186-188.

26. Wang DH, Prewitt RL: Captopril reduces aortic and

microvascular growth in hypertensive and normoten-
sive rats. Hypertension (Dallas) 1990; 15:68-77.

27. Kakinuma Y, Kawamura T, Bilbs T, Yoshioka T,
Ichikawa I, Fogo A: Blood pressure-independent effect

of anglotensmn inhibition on glomerular and non-
gbomerubar vascular lesions of chronic renal failure.
Ridney mt 1992;42:46-55.

28. Hebert LA, Bain RP, Venue D, et a!.: Remission of
nephrotic range proteinurla in type I diabetes. Kidney
mt 1994:46:1688-1693.

29. Ritz E, Fuser D, Siebels M. Diabetic nephropathy. In:
Massry 5G. Glassock RJ Jr. Eds. Textbook of Nephrol-

ogy. 3rd Ed. Baltimore: Williams & Wilkins; 1995:894-
912.

30. Julian B, van den Wail Bake AWL. IgA nephropathy. In:
Massry SG, Glassock RJ Jr. Eds. Textbook of Nephroi-
ogy. 3rd Ed. Baltimore: Williams & Wilkins; 1995:752-
764.

3 1 . Guidi E, Magni M, dl Belgiojoso GB, Minetti L, Blanch!

G: Blood pressure in patients with four different psi-
mary gbomerubopathies. Clin Exp Hypertens Part A
Theory Pract 1984;6:1357-1366.

32. Kurokawa K, Brenner BM (presenters): Satellite Sym-

posium of the 13th International Congress of Nephrob-
ogy, Barcelona, July 7-8, 1995. In: Kurokawa K, Rod!-
do JL, Brenner BM. Hypertension: Causes and

Consequences of Renal Injury. Kidney mt 1996; 49
tSuppi 551: 51-5186.

33. Farquhar MG, Palade GE: Functional evidence for the

existence of a third cell type in the renal gbomerulus:
Phagocytosis of filtration residues by a distinctive
‘third” cell. J Cell Blob 1962; 13:55.

34. Singhal PC, Ding GH, DeCandido S, Frank! N, Hays
RM, Schiondorif D: Endocytosis by cultured mesangial
cells and associated changes in prostaglandin E2 syn-
thesis. Am J Physiol 1987;252:F627-F634.

35. Singhab PC, Santigo A, Striano J, Hays RM, Shbondorff
D: Effects of vasoactive agents on uptake of immuno-

globulin G complexes by mesangial cells. Am J Physiol
1990;258:F589-F596.

36. Sterzel RB, Lovett DH, Stein HD, Kashgarian M: The
mesangium and giomerubonephrltis. Kiln Wochenschr
1982;60: 1077-1094.

37. Stein 1W, Feddergreen W, Kashgarian M, Sterzeb RB:
Robe of angiotensin Il-induced renal functional changes
in mesangial deposition of exogenous ferritmn in rats.
Lab Invest 1983:49:270-280.

38. Raij L, Keane WF: Gbomerular mesangium: Its function

and relationship to angiotensmn II. Am J Med 1985;
79ISuppl 3C1:24-30.

39. Dezs#{246}B, F#{243}risG: Effect of angiotensmn II on the Fc
receptor activity of rat macrophages. Immunology
1981:42:277-283.

40. F#{243}risG, Dezs#{246} B, Medgyesi GA, F#{252}stG: Effect of



Angiotensin in Progressive Renal Diseases

2038 Volume 7 . Number 10 . 1996

angiotensin II on macrophage functions. Immunology
1 983;48:529-535.

4 1 . Weinstock JV, Kassab JT: Angiotensin II stimulation of

granuloma macrophage phagocytosis and actin poly-
merization in murine schistosomiasis mansoni. Cell

Immunol 1984;89:46-54.

42. Mauer SM, Fish AJ, Bbau EB, Michael AF: The glomer-
ular mesangium. I. Kinetic studies of macromolecular
uptake in normal and nephrotic rats. J Clin Invest

1972;51:1092-1 101.

43. Keane WF, Raij L: Relationship among altered gbomer-
ular barrier permselectivity, angiotensin II and mesan-

gial uptake of macromolecules. Lab Invest 1985;52:

599-604.

44. Diamond JR. Karnovsky MJ: Focal and segmental gb-

merulosclerosis following a single intravenous dose of

puromycin aminonucleoside. Am J Pathol 1986; 122:

481-487.

45. Fogo A, Yoshida Y, Glick AD, Homma T, Ichikawa I:

Serial micropuncture analysis ofgbomerular function in
two rat models of glomerular sclerosis. J Clin Invest
1 988;82:322-330.

46. Grond J, Koudstaal J, Elema JD: Mesangial function

and glomerular sclerosis in rats with aminonucleoside
nephrosis. Kidney bnt 1 985;27:405-4 10.

47. Klahr 5, Schreiner G, Ichikawa I: The progression of
renal disease. N Engl J Med 1988;3 18:1657-1666.

48. Bbantz RC, Konnen KS, Tucker BJ: Angiotensin II

effects upon the gbomerubar microcirculation and ultra-

filtration coefficient of the rat. J Cbin Invest 1976;57:

4 19-434.

49. Eisenback GM, Van Liew JB, Boylan JW, et at.: Effect of

angiotensin on the fIltration of protein in the rat kidney: A

micropuncture study. Kidney mt 1975;8:80-87.

50. Brandt JL, Gruhn JG: Effect of renin on proteinuria and

PAH clearance at bow plasma bevels. Am J Physiol
1948; 153:458-464.

5 1 . Bohrer MP, Deen WM, Robertson CR, Brenner BM:

Mechanism of angiotensin Il-induced proteinuria in the

rat. Am J Physiol 1977;233:F13-F2 1.

52. Pebayo JC, Quan AR, Shanbey PF: Angiotensin II control

of the renal microcirculation in rats with reduced renal
mass. Am J Physiology 1990;258:F414-F422.

53. Yoshioka T, Rennke HG, Sabant DJ, Deen WM,
Ichikawa I: Robe of abnormally high transmural pres-
sure in the permselectivity defect of gbomerular capil-

lacy wall: A study in early passive Heymann nephritis.

Circ Res 1987:61:531-538.

54. Shemesh 0, Deen WM, Brenner BM, McNeely E, Myers
BD: Effect of colloid volume expansion on gbomerubar

barrier size-selectivity in humans. Kidney Int 1986:29:
9 16-923.

55. Remuzzi A, Perticucci E, Ruggenenti P, Mosconi L,

Limonta M, Remuzzi G: Angiotensin converting enzyme

inhibition improves glomerubar size-selectivity in IgA
nephropathy. Kidney Int 1991;39: 1267-1273.

56. Gansevoort R, de Zeeuw D, de Jong PE: Long-term

benefits of the antiproteinuric effect of angiotensin-

converting enzyme inhibition in nondiabetic renal dis-

ease. Am J Kidney Dis 1993;22:202-206.

57. Lemley K, K.riz W: Gbomerular injury in analbuminemic

rats after subtotal nephrectomy. Nephron 199159:

104-109.

58. Okuda 5, Oochi N, Wakisaka M, et at.: Albuminemia is

not an aggravating factor in experimental focal gbomer-

ulosclerosis and hyabinosis. J Lab Clin Med 1992; 119:

245-253.

59. Eddy AA, McCulboch L, Adams J, Liu E: Interstitial

nephritis induced by protein overload proteinuria. Am J

Pathol 1989:135:719-733.

60. Schwartz MM, Bidani AK, Lewis EJ: Gbomerular epi-

theliab cell structure and function in chronic protein-

uria induced by homologous protein-load. Lab Invest

1 986;55:673-679.

6 1 . Williams JD, Czop JK. Abramhamson DR. Davies M,

Austen KF: Activation of the alternative complement
pathway by isolated human glomerular basement
membrane. J Immunol 1984; 133:394 -399.

62. Kees-Folts D, Sadow JL, Schreiner GF: Tubular catab-
olism of albumin is associated with the release of an

inflammatory lipid. Kidney Int 1994:45:1697-1709.

63. Rustom R, Jackson MJ, Critchley M, Bone JM: Tubu-
bar metabolism of aprotonin 99 mTc and urinary am-

monia: Effects of proteinuria. Miner Electrolyte Metab

1992;18:108-1 12.

64. Bruton CJ, Walls J, Hams KPG: Characterization of

the serum factor that stimulates human cortical epithe-

hal cells to produce fibronectin and PDGF lAbstractl. J

Am Soc Nephrol 1 995:6: 1 O!OA.

65. Alfrey AC, Froment DH, Hammond WS: Robe of iron in
the tubulo-interstitiab injury in nephrotoxic serum ne-

phritis. Kidney Int 1989:36:753-759.

66. Wheeler DC, Bernard DB: Lipid abnormalities in the

nephrotic syndrome: Causes, consequences and treat-

ment. Am J Kidney Dis 1994:23:331-346.

67. Grone EF, Wall! AK, Grone H-J, Miller B, Seidel D: The

role of lipids in nephroscberosis and gbomeruboscberosis.

Atherosclerosis 1994; 107:1-13.

68. Grond J, Van Goor H, Erkelens DW, Elema JD: Gb-
merubar sclerotic lesions in the rat: Histochemical anal-

ysis of their macromolecular and cellular composition.

Virchows Arch 1986:51:521-534.

69. Van Goor H, Van Der Horst MLC, Atmosoerodjo J,

Jobes JA, van Tol J, Grond J: Renal apolipoproteins in

nephrotic rats. Am J Pathol 1993; 142:1804-1812.

70. Magil AR, Cohen AR: Monocytes and focal gbomerulo-
sclerosis. Lab Invest 1989:61:404-409.

7 1 . Rovin BH, Tan LC: LDL stimulates mesangiab fibronec-
tin production and chemoattractant expression. Kidney

Int 1993:43:218-225.

72. Bank N, Aynedjian HS: Robe of thromboxane in im-
paired renal vasodibation response to acetylchobine in

hypercholesterobemic rats. J Clin Invest 1992:89:1636-

1642.

73. Kaplan R, Aynedjian HS, SchbondorffD, Bank N: Renal
vasoconstriction caused by short-term cholesterol feed-

ing is corrected by thromboxane antagonist or probu-

cob. J Clin Invest 1990;86:1707-1714.
74. Williams JD, Coles GA: Proteinuria: A direct cause of

renab morbidity? Kidney mt 1994:45:443-450.

75. D’Amico G, Ferrario F, Rastaldi MP: Tububointerstitiab

damage in gbomerular diseases: Its robe in the progres-

sion of renal damage. Am J Kidney Dis 1995:26:124-

132.
76. Davies RW, Staprans I, Hutchison FN, Kaysen GA:

Proteinurla, not altered albumin metabolism, affects

hyperbipidemia in the nephrotic rat. J Cbin Invest 1990;

86:600-605.

77. Keilani T, Schlueter WA, Levin ML: Improvement of

lipid abnormalities associated with proteinuria using

fosinopril, an angiotensin-converting enzyme inhibitor.

Ann Intern Med 1993;118:246-254.

78. Rosenbbum NB: The mesangial matrix in the normal

and sclerotic gbomerubus. Kidney mt 1 994;45lSuppl

45J:S73-S77.

79. Couch.man JR. Beavan LA, McCarthy K: Gbomerular
matrix: Synthesis, turnover and robe in mesangial ex-

pansion. Kidney Int 1 994:45:328 -335.

80. Ebihara I, Suzuki 5, Nakamura T, et at.: Extracellubar

matrix component mRNA expression in gbomerubi in

experimental focal gbomerulosclerosis. J Am Soc Neph-

rob 1993;3:1387-1397.

8 1 . Ray PE, Bruggeman LA, Horikoshi 5, Aguilera G,

Kiotman P: Angiotensin II stimulates human fetal mes-

angial cell proliferation and fibronectin biosynthesis by

binding to AT1 receptors. Kidney mt 1994:45:177-184.

82. Sadoshima J, Qiu Z, Morgan JP, Izumo 5: Angiotensin
II and other hypertrophic stimuli mediated by G pro-

tein-coupled receptors activate tyrosine kinase, mito-
gen-activated protein kinase, and 90-kD 56 kinase in
cardiac myocytes: The critical robe of Ca(2+)-dependent

signaling. Circ Res 1995;76: 1-15.

83. Gibbons GH, Pratt RE, Dzau VJ: Vascular smooth
muscle cell hypertrophy vs. hyperplasia. J Cbin Invest

1992;90:456-461.

84. Schelling P, Fischer H, Ganten D: Angiotensin and cell



Matsusaka et al

Journal of the American Society of Nephrology 2039

growth: A link to cardiovascular hypertrophy? J Hyper-
tens 199 1:9:3-15.

85. Sadoshima J, Izumo 5: Signal transduction pathways

of angiotensin Il-induced c-fos gene expression in car-
diac myocytes in vitro: Roles of phosphobipid-derived
second messengers. Circ Res 1993:73:424-438.

86. Kolch W, Heidecker G, Kochs G, et at.: Protein kinase
C alpha activates RAF- 1 by direct phosphorybation.
Nature 1 993:364:249 -252.

87. Treisman R: Ternary complex factors: Growth factor

regulated transcriptional activators. Curr Opin Genet
Dcv 1994:4:96-101.

88. Kim SI, Romeo D, Yoo YD, Park K: Transforming

growth factor-13: Expression in normal and pathological

conditions. Horm Res (Basel) 1994:42:5-8.

89. Gonzalez-Espinosa C, Garcia-Sainz JA: Protein kinase
and phosphatases modulate c-fos expression in rat

hepatocytes: Effects of angiotensin II and phorbob my-

ristate acetate. Life Sci 1995:56:723-728.

90. Purl PL, Avantaggiati ML, Burgio VL, et at.: Reactive
oxygen intermediates mediate angiotensin Il-induced
c-Jun.c-Fos heterodimer DNA binding activity and pro-

liferative hypertrophic responses in myogenic cells.

J Blob Chem 1995:270:22129-22134.

9 1 . Wrana J, Attisano L, Wieser R, Ventura F, Massague J:

Mechanism of activation of the TGF-beta receptor. Na-

ture (Lond) 1994:370:341-347.

92. Wang T. Donahoe PK, Zervos AS: Specific interaction of
type I receptors of the TGF-(3 family with the immu-

nophilin FKBP- 12. Science (Washington DC) 1994:265:
674-676.

93. Chen R, Miettinen PJ, Maruoka EM, Choy L, Derynck
R: A WD-domein protein that is associated with and

phosphorybated by the type II TGF-(3 receptor. Nature
(Lond) 1995;377:548-552.

94. Alexandrow MG, Moses HL: Transforming growth fac-
tor j3 and cell cycle regulation. Cancer Res 1995:55:
1452-1457.

95. Yamaguchi K, Shirakabe K, Shibuya H, et at.: Identifi-

cation of a member of the MAPKKK family as a potential
mediator ofTGF-fJ Signal transduction. Science (Wash-
ington DC) 1995:270:2008-2011.

96. Rossi P, Karsenty G, Roberts AB, et at.: A nuclear

factor 1 binding site mediates the transcriptional acti-

vation of a type I collagen promoter by transforming

growth factor-u. Cell 1988:52:408-414.

97. Ritzenthaier JD, Goldstein RH, Fine A, Smith BD:

Regulation of the al(I) collagen promoter via a trans-

forming growth factor-a activation element. J Blob
Chem 1993:268:13625-13631.

98. Inagakl Y, Truter 5, Ramirez F: Transforming growth

factor-a stimulates a2(b) cobbagen gene expression
through a dis-acting element that contains an Sp 1 -

binding site. J Biol Chem 1994:269:14828-14834.

99. Jimenez SA, Varga J, Olsen A, et at.: Functional anal-

ysis of human al(I) procolbagen gene promoter. Differ-

ential activity in collagen-producing and nonproducing

cells and response to transforming growth factor 131.

J Blob Chem 1994:269:12684-12691.

100. Abevizopoulos A, Dusserre Y, Tsai-Pflugfebder M, von
der Weid T, Wahli W, Mermod N: A probine-rich TGF-13-
responsive transcriptional activator interacts with his-
tone H3. Genes Dev 1995:9:3051-3066.

101 . Paquet JL, Baudouin-Legros M, Brunelle G, Meyer P:

Angiotensin Il-induced proliferation of aortic myocytes

in spontaneously hypertensive rats. J Hypertens 1990:

8:565-572.
102. Dzau V. Gibbons GH, Pratt RE: Molecular mechanisms

of vascular renin-angiotensin system in myointimal

hyperplasla. Hypertension (Dallas) 1 99 1 : 1 8lSuppl
21:100-105.

103, Berk BC, Vekshtein V, Gordon HM, Tsuda T: Angioten-

sin IL-stimulated protein synthesis in cultured vascular
smooth muscle cells. Hypertension (Dabbas) 1989; 13:
305-314.

104. Homma T, Hoover RI, Ichikawa I, Harris RC: Angioten-
sin H induces hypertrophy and stimulates collagen

production in cultured rat gbomerular mesangial cell

lAbstracti. Clin Res 1990;38:A358.

105. Wolf G, Haberstroh U, Neilson EG: Angiotensin II
stimulates the proliferation and biosynthesis of type I

collagen in cultured murine mesangial cells. Am J

Pathob 1992; 140:95-107.

106. Kagami S. Border WA, Miller DE, Noble NA: Angioten-
sin II stimulates extracellular matrix protein synthesis

through Induction of transforming growth factor-13 ex-

pression in rat gbomerubar mesangial cells. J Clin Invest

1994:93:2431-2437.
107. Wolf G, Mueller E, Stahl RA, Ziyadeh FN: Angiotensin

Il-induced hypertrophy of cultured murine proximal

tubular cells is mediated by endogenous transforming
growth factor-13. J CIin Invest 1993:92:1366-1372.

108. Riser BL, Cones P, Zhao X, Bernstein J, Dumber F,
Narins RG: Intragbomerular pressure and mesangial
stretching stimulate extraceblubar matrix formation in

the rat. J Cbin Invest 1992:90:1932-1943.

109. Nakamura T, Takahashi T, Mitsumine F, et at.: Enala-

pril attenuates increased gene expression of extracel-

lular matrix components in diabetic rats. J Am Soc

Nephrol 1995:5:1492-1497.

1 10. Aral M, Wada A, Isaka Y, et al.: In vivo transfection of

genes for renin and angiotensinogen into the glomeru-
rar cells induced phenotypic change of the mesangiab
cells and gbomerular sclerosis. Biochem Biophys Res

Commun 1995:206:525-532.
1 1 1 . Kim 5, Ohta K, Hamaguchi A, et at.: Contribution of

renal angiotensin II type I receptor to gene expressions
in hypertension-induced renal injury. Kidney Int 1994:
46:1346-1358.

1 1 2. Kim 5, Ohta K, Hamaguchi A, et a!: Role of angiotensin
II in renal injury of deoxycorticosterone acetate-salt
hypertensive rats. Hypertension (Dallas) 1994:24:195-

204.
1 13. Dworkin LD, Levin RI, Benstein JA, et at.: Effects of

nifedipine and enalapril on gbomerular Injury in rats
with deoxycorticosterone-salt hypertension. Am J

Physiob 1 990;259:F598-F604.

1 14. Ruiz-Ortega M, Gomez-Garre D, Abcazar R, et at.:

Involvement of angiotensin II and endothelin in matrix
protein production and renal sclerosis. J Hypertens

1994; l2lSuppb 41:S51-S58.
1 15. Isaka Y, Fujiwara Y, Ueda N, Kaneda T, Kamada T, Imai

E: Gbomerubosclerosis induced by in vivo transfection of

transforming growth factor-13 or platelet-derived growth

factor gene into the rat kidney. J Clin Invest 1993:92:

2597-2601.

1 16. Naftilan AJ, Pratt RE, Dzau VJ: Induction of platelet-

derived growth factor A-chain and c-myc gene expres-
sions by angiotensin II in cultured rat vascular smooth

muscle cells. J Clin Invest 1989;83:1419-1424.

1 1 7. Tanaka R, Sugiura K, Tatematsu A, Fogo A: Inter-

nephron heterogeneity ofgrowth factors and sclerosis-
modulation of platelet-derived growth factor by anglo-
tensin II. Kidney Int 1995:47:131-139.

1 18. Moriyama T, Fujibayashi M, Fujiwara Y, et al.: Angio-
tensin II stimulates interleukin-6 release from cultured
mouse mesangiab cells. J Am Soc Nephrol 1995:6:95-

101.
1 19. Suematsu 5, Matsusaka T, Matsuda T, et at.: Genera-

tion of plasmacytomas with the chromosomal transbo-

cation t( 1 2; 1 5) in interleukin 6 transgenic mice. Proc
NatI Acad Sc! USA 1992:89:232-235.

1 20. Lee LK, Meyer TW, Pollock AS, Lovett DH: Endothelial
cell injury initiates gbomerular sclerosis in the rat rem-
nant kidney. J Clin Invest 1995;96:953-964.

1 2 1 . Nakamura T, Miller D, Ruosbahti E, Border WA: Pro-

duction of extraceblubar matrix by glomerular epithelial

cells is regulated by transforming growth factor-f31.

Kidney Int 1992:41:1213-1221.
1 22. Marinides GN, Groggel GC, Cohen AR, Border WA:

Enabapril and bow protein reverse chronic puromycin

aminonucleoside nephropathy. Kidney Int 1990:37:
749-757.

123. Ikoma M, Kawamura T, Kakinuma Y, Fogo A, Ichikawa

I: Cause of variable therapeutic efficiency of angioten-



Angiotensin in Progressive Renal Diseases

2040 Volume 7 . Number 10 . 1996

sin converting enzyme inhibitor on gbomerular lesions.

Kidney mt 1991:40:195-202.

124. Mignatti P: Extracellubar matrix remodeling by metal-
loproteinases and plasminogen activators. Kidney mt
1995;47LSuppl 49l:S12-S14.

1 25. Baricos WH, Cortez SL, El-Dahr 55, Schnaper HW:
ECM degradation by cultured human mesangial cells is
mediated by a PA/plasmin/MMP-2 cascade. Kidney mt
1995:47:1039-1047.

126. Keeton M, Ahn C, Eguchi Y, Burbingaine R, Loskutoff
DJ: Expression of type 1 plasminogen activator in renal

tissue in murine lupus nephritis. Kidney Int 1995;47:

148-157.

1 27. van Leeuwen RT, Kob A, Andreotti F, Kiuft C, Maser! A,

Sperti G: Angiotensin II increases pbasminogen activa-

tor inhibitor type I and tissue-type plasminogen activa-
tor messenger RNA in cultured rat aortic smooth mus-
cle cells. Circulation 1994:90:362-368.

128. Vaughan DE, Lazos SA, Tong K: Angiotensin II regu-

lates the expression of plasminogen activator inhibi-

tor- 1 in cultured endotheliab cells. A potent link be-

tween the renin-angiotensin system and thrombosis.
J Clin Invest 1995:95:995-1001.

1 29. Feener EP, Northup JM, Aielbo LP, King GL: Angioten-
sin lb induces plasminogen activator inhibitor- 1 and -2

expression in vascular endothebiab and smooth muscle

cells. J Clin Invest 1995:95:1353-1362.

130. Zelezna B, Rydezewski B, Lu D, et at.: Angiotensin-Im
induction of plasminogen activator inhibitor- 1 gene

expression in astroglial cells of normotensive and spon-

taneously hypertensive rat brain. Mob Endocrinol 1992;
6:2009-2017.

1 3 1 . Ridker PM, Gaboury CL, Conlin PR, Seely GH, Wiblams

GH, Vaughan DE: Stimulation of pbasminogen activator
inhibitor (PA!- 1 ) in vivo by infusion of angiotensin II.

Circulation 1993:87:1969-1973.

132. Wright RA, Flapan AD, Alberti KGMM, Ludlam CA, Fox
KAA: Effects of captoprib therapy on endogenous flbri-

nobysis in men with recent, uncomplicated myocardial

infarction. J Am Coll Cardiol 1994:24:67-73.

133. Schainnuck LI, Striker GE, Cutler RE, Benditt EP:
Structural-functional correlations in renal disease.

Part II: The correlations. Hum Pathol 1970:1:631-641.
134. Diamond JR, Anderson 5: Irreversible tububointersti-

tial damage associated with chronic aminonucbeoside

nephrosis. Am J Pathol 1990; 137:1323-1332.
135. Kaneto H, Morrissey J. Klahr 5: Increased expression

of TGF-131 mRNA in the obstructed kidney of rats with
unilateral ureteral ligation. Kidney Int 1993:44:313-

321.
1 36. Sappino AP, Schurch W, Gabbiani G: Biology of Dis-

ease. Differentiation repertoire of fibrobbastic cells: Ex-
pression of cytoskeletal proteins as marker of pheno-
typic modulations. Lab Invest 1990:63:144-161.

137. Alpers CE, Hudkins KL, Fboege J. Johnson RJ: Hu-

man renal cortical Interstitial cells with some features
of smooth muscle cells participate in tububointerstitial

and crescentic gbomerubar injury. J Am Soc Nephrob
1994:5:201-210.

138. Rodemann HP, Muller GA: Characterization of human
renal fibroblasts in health and disease: II. In vitro
growth. differentiation, and collagen synthesis of fibro-
blasts from kidneys with interstitial fibrosis. Am J
Kidney Dis 1991:17:684-686.

139. Johnson RJ, Alpers CE, Yoshimura A, et aL: Renal
injury from angiotensin II mediated hypertension. Hy-

pertension (Dallas) 1 992; 19:464-474.
140. Giachelli CM, Pichber R, Lombard! D, et at.: Osteopon-

tin expression in angiotensin Il-induced tubulointersti-

tial nephritis. Kidney Int 1994:45:515-524.

14 1 . Gadeau AP, Campan M, Millet D, Candresse T, Des-
granges C: Osteopontin overexpression is associated

with arterial smooth muscle cell proliferation in vitro.

Arterioscber Thromb 1993:13:120-125.

142. Nikolic-Paterson IX!, Lan HY, Hill PA, Atkins RC:
Macrophages in renal injury. Kidney Int 1994;45tSuppl

451:S79-582.

143. Schreiner GF, Cotran RS, Pardo V. Unanue ER: A

mononuclear cell component to experimental immuno-

logical gbomerubonephritis. J Exp Med 1978; 147:369-

384.
144. Holdsworth SR, Neale TJ, Wilson CB: Abrogation of

macrophage-dependent injury in experimental gbomer-
ubonephritis in the rabbit. J Clin Invest 1981:68:686-

698.
145. Weinstock JV, Boros DL, Gee JB, Ehrinpreis MN: The

effect of SQ 14225, an inhibitor of angiotensin I con-
verting enzyme, on the granubomatous response to

Schistosoma mansoni eggs in mice. J Clin Invest 1982;
67:931-936.

146. Isbidoya 5, Morrissey J. McCracken R, Reyes A, Klahr
5: Angiotensin II receptor antagonist ameliorates renal
tububointerstitiab fibrosis caused by unilateral ureterab

obstruction. Kidney Int 1995:47:1285-1294.
147. Shreiner GF, Harris KP, Purkerson ML, Kiar 5: Immu-

nobogic aspects of acute ureterab obstruction: Immune
cell infibtrate in the kidney. Kidney Int 1988:34:487-
493.

148. Diamond JR, Karnovsky MJ: Focal and segmental
gbomeruboscberosis: Analogies to atherosclerosis. Kid-
ney mt 1988:33:917-924.

149. Kowala MC, Grove RI, Aberg G: Inhibitors of angioten-

sin converting enzyme decrease early atherosclerosis in

hyperlipidemic hamsters: Fosinoprib reduces plasma
cholesterol and captopril inhibits macrophage-foam
cell accumulation independently of blood pressure and
plasma lipids. Atherosclerosis 1994; 108:61-72.

150. Schuh JR, Blehm DJ, Frierdich GE, McMahon EG,
Blame EH: Differential effects of renin-angiotensin sys-

tern blockade on atherogenesis in cholesterol-fed rab-
bits. J Clin Invest 1993;91:1453-1458.

15 1 . Weinstock JV, Kassab JT: Functional angiotensin II
receptors on macrophages from isolated liver granubo-
mas ofmurine Schistosoma mansoni. J Imrnunol 1984;
132:2598-2602.

152. Hahn AWA. Jonas U, Buhler FR, Resink TJ: Activation
of human peripheral monccytes by angiotensin II.
FEBS (Fed Eur Biol Soc) Lett 1994:347:178-180.

153. Goetzl EJ, Klickstein LB. Watt KWK, Wintroub BU:
The preferential human mononuclear leukocyte che-
motactic activity of the substituent tetrapeptides of
angiotensin II. Biochem Biophys Res Commun 1980;
97:1097-1102.

154. Morrissey J. Ishidoya 5, Klahr 5: Inhibition of NOS
modulates the effects of enabaprib on tububointerstitial
fibrosis lAbstracti. J Am Soc Nephrol 1994;5:587A.

155. Vance BA, Kelly CJ: A nephritogenic T cell clone ex-
presses components of the renin-angiotensin system

and is responsive to anglotensin II (Abstracti. J Am Soc
Nephrol 1994;5:772A.

156. Keidar 5, Kaplan M, Shapira C, Brook JG, Aviram M:

Low density bipoprotein isolated from patients with
essential hypertension exhibits increased propensity
for oxidation and enhanced uptake by macrophages: A
possible role for angiotensin II. Atherosclerosis 1994;
107:71-84.

157. Greene E, Kren 5, Hostetter T: Robe of aldosterone In
the remnant kidney LAbstracti. J Am Soc Nephrol 1994;
5:541A.

158. Hostetter TH, Rosenberg ME, Kren 5, Greene E: Aldo-
sterone induces glomerular sclerosis in the remnant
kidney [Abstract). J Am Soc Nephrol 1995:6: 1016A.

159. Nilmura F, Labosky PA, Kakuchi J, et at.: Gene target-
ing in mice reveals a requirement for angiotensin in the
development and maintenance of kidney morphology
and growth regulation. J Clin Invest 1995:96:2947-
2954.

160. Kim HS, Krege JH, Kluckman KD, et at.: 1995. Genetic

control of blood pressure and the angiotensinogen bo-
cus. Proc Natl Acad Sd USA 1995:92:2735-2739.

16 1 . Peten EP, Striker U, Fogo A, Ichikawa I, Patel A,
Striker GE: The molecular basis of increased gbomeru-

boscberosis after blockade of the renin angiotensin sys-
tern in growth hormone transgenic mice. Mob Med
1994:1:104-115.

1 62. ChevalIer RL, Sturgilb BC, Jones CE, Kaiser DL: Mor-



Matsusaka et al

Journal of the American Society of Nephrology 2041

phobogic correlates of renal growth arrest in neonatal

partial ureteral obstruction. Pedlatr Res 1987:21:338-
346.

163. Rigat B, Hubert C, Abhenc-Gelas F, Cambien F, Corvob

P, Soubrier F: An insertion/deletion polymorphism in

the angiotensin I-converting enzyme gene accounting

for half the variance of serum enzyme bevels. J Chin

Invest 1990:86:1343-1346.

164. Tiret L, Rigat B, Visvikis 5, et at.: Evidence, from

combined segregation and linkage analysis, that a van-

ant of the angiotensin I-converting enzyme (ACE) gene

controls plasma bevels. Am J Hum Genet 1992:51:197-

205.

165. Costerousse 0, Allegrinl J, Lopez M, Aihenc-Gebas F:
Angiotensin 1 -converting enzyme in human circulating

mononuclear cells: Genetic polymorphism of expres-

sion in T-byrnphocytes. Biochem J 1993;290(Pt 11:33-

40.

166. Cambien F, Poiner 0, Lecerf L, et at.: Deletion poby-

morphism in the gene for angiotensin-converting en-
zyme is a potent risk factor for myocardial infarction.

Nature (Lend) 1992:359:641-644.

167. Higashimori K, Zhao Y, Higaki J, et at: Association

analysis of a polymorphism of the angiotensin convert-

ing enzyme gene with essential hypertension in the

Japanese popubatlon. Biochem Biophys Res Commun
1993; 191:399-404.

168. Zee RY, Lou YK, Griffiths LR, Morris BJ: Association of

a polymorphism of the anglotensin I-converting enzyme
gene with essential hypertension. Biochem Biophys
Res Commun 1992:184:9-15.

169. Bohn M, Berge KE, Bakken A, Erikssen J, Berg K:
Insertion/deletion polymorphism at the locus for an-

giotensin 1 -converting enzyme and parental history of

myocardiab infarction. Chin Genet 1993:44:298-301.

170. Schunkert H, Hense HW, Holmer SR, et at.: Associa-

tion between a deletion polymorphism of the angioten-
sin-converting-enzyme gene and left ventricular 7hyper-

trophy. N Engl J Med 1994:330:1634-1638.

1 7 1 . Kupari M, Peroba M, Koskinen P. Virolainen J, Kar-
hunen PJ: Left ventricular size, mass, amd function in
relation to angiotensin-converting enzyme gene poby-

morphism in human. Am J Physioh 1994:267:H1 107-

Hull.

1 72. Jeunemaitre X, Soubrier F, Kotelevsev YV, et at.:
Molecubar basis of human hypertension: Role of anglo-

tensinogen. Cell 1992:71:169-180.

1 73. Hata A, Namikawa C, Sasaki M et at.: Angiotensin as a
risk factor for essential hypertension in Japan. J Clin

Invest l994;93: 1285-1287.

1 74. Katsuya T, Koike G, Yee TW, et at: Association of

angiotensinogen gene T235 variant with increased risk

of coronary heart disease. Lancet 1995:345:1600-

1603.

175. Kamitani A, Rakuji H, Higaki J, et al.: Enhanced
predictability of myocardlab infarction in Japanese by

combined genotype analysis. Hypertension 1995:25:
950-953.

176. Bonnardeaux A, Davies E, Jeunemaltre X, et aL: An-

giotensin II type 1 receptor gene polymorphism in

human essential hypertension. Hypertension 1994:24:

63-69.

1 77. Tiret L, Bonnardeaux A, Poirier 0, et aL: Synergic

effects of angiotensin-converting enzyme and angloten-
sin-lI type 1 receptor gene pobymorphisms on risk of

myocrdiab infarction. Lancet 1994:344:910-913.

178. Yoshida H, Mitaral T, Kawamura T, Ct at.: Role of the
deletion polymorphism of the anglotensin converting
enzyme gene in the progression and therapeutic re-
sponsiveness of IgA nephropathy. J Clin Invest 1995;

96:2162-2169.

1 79. Hunbey TE, Julian BA, Phillips JA ifi. et aL: Angioten-
sin converting enzyme gene polymorphism: Potential

silencer motif and impact on progression in IgA ne-
phropathy. Kidney Int 1996:49:571-577.

180. Schmidt 5, Schone N, Ritz E, and the Diabetic Ne-

phropathy Study Group: Association of ACE gene poly-

morphism and diabetic nephropathy? Kidney Int 1995;

47:1176-1181.

1 8 1 . Marre M, Bernadet P. Galbois Y, et aL: Relationships

between angiotensin I-converting enzyme gene poly-
morphism, plasma bevels, and diabetic retinal and re-

nab complications. Diabetes 1994:43:384-388.

182. Doria A, Warram JH, Krolewski AS: Genetic predispo-

sition to diabetic nephropathy: Evidence for a role of the

angiotensin 1 -converting enzyme gene. Diabetes 1994:

43:690-695.
183. Jacobson P, Tarnow L, Rossing P. et at.: The inser-

tion/debetion polymorphism in the angiotensin-I-

converting enzyme gene predicts the progression of

diabetic nephropathy during ACE inhibition in insulin
dependent diabetic patients IAbstractl. J Am Soc Neph-
rol 1995:6:450.

184. Yoshida H, Kuriyama 5, Atsuml Y, et at.: Angiotensin-I

converting enzyme gene polymorphism in non-insulin

dependent diabetes mellitus. Kidney Int, 1995:50:657-
664.

185. Hostetter TH, Olson JL, Rennke HG, Venkatachalam

MA, Brenner BM: Hyperfiltration in remnant nephrons:

A potentially adverse response to renal ablation. Am J

Physiol 1 98 1 :24 1 :F85-F93.

186. Acchiardo SR, Moore LW, Cockrebl 5: Does bow protein

diet halt the progression of renal insufficiency? Clin

Nephrol 1986:25:289-294.

187. Ihie BU, Becker GJ, Whitworth JA, Charlwood RA,
Kincald-Smith PS: The effect of protein restriction on

the progression of renal insufficiency. N Engl J Med

1989:321:1773-1777.

188. Zebber K, Whittaker E, Sullivan L, Raskin P, Jacobson

HR: Effect of restricting dietary protein on the progres-

slon of renal failure in patients with insulin-dependent

diabetes mebhitus. N Engl J Med 1991:324:78-84.
189. Locatelli F, Alberti D, Graziani G, Buccianti G, Re-

daelhi B, Giangrande A: Prospective, randomised, mub-
ticentre trial of effect of protein restriction on progres-
sion of chronic renal insufficiency. Northern Italian

Cooperative Study Group. Lancet 1991:337:1299-

1304.

1 90. Klahr 5, Levey AS, Beck GJ, et aL: The effects of

dietary protein restriction and blood-pressure control

on the progression of chronic renal disease: Modifica-

tion of diet in renal disease study group. N Engl J Med
1994:330:877-884.

191. KIng AJ, Levey AS: Dietary protein and renal function.

J Am Soc Nephrob 1993:3:1723-1737.
192. Paller MS. Hostetter TH: Dietary protein increase

plasma renin and reduces pressor reactivity to anglo-

tensin II. Am J Physiob 1986:25l:F34-F39.
193. Krishna GO, Kapoor SC: Preservation of renal reserve in

chronic renal disease. Am J Kidney Dis 1991; 17:18-24.

194. Hutchison FN, Martin VI, Jones H Jr, Kaysen G:

Differing actions of dietary protein and enabapril on
renal function and proteinuria. Am J Physiol 1990:258:
F126-Fl32.

195. Ruiope LM, Casai MC, Praga M, et at.: Additive anti-

proteinuric effect of converting enzyme inhibition and a
low protein intake. J Am Soc Nephrob 1992:3:1307-

1311.

196. Fregly MJ, Rossi F, Van Bergen P, Brummermann M,
Cade JR: Effect of chronic treatment with losartan
potassium (DuP 753) on the elevation ofbbood pressure

during chronic exposure of rats to cold. Pharmacology

1993:46:198-205.
197. Aguilera G, KiSS A, Sunar-Akbasak B: Hyperreninemic

hypoaldosteronism after chronic stress in the rat.

J Clin Invest 1995:96:1512-1519.
198. Esnault VL, Potiron-Josse M, Tetra A, Ginet JD, Le

Carver D, Guenel J: Captopril but not acebutobol, pra-
zosin or indomethacin decreases postexercise protein-

usia. Nephron 1991:58:437-442.

199. Cosenzi A, Carraro M, Sacerdote A, et al.: Involvement
of the renin angiotensin system in the pathogenesis of

postexercise proteinuria. Scand J Urol Nephrol 1993;
27:301-304.

200. Mittleman KD, Za.mbraski LI: Exercise-induced pro-



Angiotensin in Progressive Renal Diseases

2042 Volume 7 . Number 10 . 1996

teinuria is attenuated by indomethacin. Med Sci

Sports Exerc 1992;24:1069-1074.

20 1 . Miura 5, Ideishi M, Sakai T, et at.: Angiotensin II
formation by an alternative pathway during exercise in

humans. J Hypertens 1994:12:1177-1181.

202. Aldigier JC. Huang H, Dalmay F, et at.: Angiotensin-

converting enzyme inhibition dose not suppress

plasma angiotensin II increase during exercise in hu-

mans. J Cardiovasc Pharmacoh 1993:21:289-295.

203. CornacoffJB, Hebert LA, Sharma HM, Bay WH, Young
DC: Adverse effect of exercise on immune complex-

mediated glomerubonephritis. Nephron 1985:40:292-

296.
204. Heifets M, Davis TA, Tegtmeyer E, Klahr 5: Exercise

training ameliorates progressive renal disease in rats

with subtotab nephrectomy. Kidney Int 1987:32:815-

820.

205. The CONSCENSUS Trial Study Group: Effects of ena-
lapril on mortality in severe congestive heart failure.

Results of the Cooperative North Scandinavian Enala-

prib Survival Study. N Engl J Med 1987:316:1429-

1435.

206. The SOLVD Investigators: Effect of enabapril on sur-
vival in patients with reduced left ventricular ejection

fractions and congestive heart failure. N Engl J Med

1991:325:293-302.

207. The SOLVD Investigators: Effect of captopril on mor-
tabity and the development of heart failure in asymp-

tomatic patients with reduced heft ventricular ejection

fractions. N Engb J Med 1992:327:685-691.

208. The SAVE Investigators: Effect ofcaptopril on mortality
and morbidity in patients with left ventricular dysfunc-
tion after myocardial infarction. Results of the Survival

and Ventricular Enlargement Trial. N Engl J Med 1992;
327:669-677.

209. Pfeffer MA, Lamas GA, Vaughan DE, et aL: Effect of

captopril on progressive ventricular dilatation after an-
terior myocardial infarction. N Engb J Med 1988:319:

80-86.

210. Sharpe N, Smith H, Murphy J, Greaves 5, Hart H,
Gamble G: Early prevention ofleft ventricular dysfunc-

tlon after myocardial infarction with angiotensin-

converting enzyme inhibition. Lancet 1991:337:872-
876.

2 1 1 . St. John Sutton M, Pfeffer MA, Plappert T, et at.:

Quantitative two dimensional echocardiographic mea-

surements are major predictors of adverse cardiovas-

cular events after acute myocardial infarction: The

protective effects of captoprib. Circulation 1994:89:68-

75.

212. Falkenhahn M, Franke F, Boh!e RM, et at.: Cellular

distribution of angiotensin converting enzyme after

myocardial infarction. Hypertension (Dabbas) 1995:25:

219-226.
213. Pfeffer MA: ACE inhibition in acute myocardial infarc-

tion. N Engl J Med 1995:332:118-119.

2 14. Ambrosloni E, Borghi C, Magnani B: The effect of the
angiotensin-converting enzyme inhibitor zofenopril on

mortality and morbidity after anterior myocardial in-

farction. The Survival of Myocardial Infarction Long-

Term Evaluation (SMILE) Study Investigators. N Engl

J Med 1995;332:80-85.
2 15. Kober L, Torp-Pedersen C, Carlsen JE, et at.: A clinical

triab of the angiotensin-converting enzyme inhibitor

trandolapril in patients with left ventricular dysfunc-

tion after myocardlab infarction. Trandobapril Cardiac

Evaluation (TRACE) Study Group. N Engl J Med 1995;

333:1670-1676.

2 16. Lopes-Ovejero JA, Saab SDF, D’Angebo WA, Cheigh JS,

Stengel KR, Laragh JH: Reversal of vascular and renal

crisis of scleroderma by oral angiotensin-converting

enzyme blockade. N Engl J Med 1979:300:1417-1419.
217. Liou H, Huang T, Cainpese VM: Effect of bong-term

therapy with captopril on proteinuria and renal func-

tion in patients with non-insulin-dependent diabetes

and with non-diabetic renal diseases. Nephron 1995:
69:41-48.

218. Praga M, Hernandez E, Montoyo C. Andres A, Ruiope

LM, Rodicio JL: Long-term beneficial effect of angioten-

sin-converting enzyme inhibition in patient with ne-

phrotic proteinuria. Am J Kidney Dis 1992:20:240-

248.

2 19. Zucchelhi P, Zuccala A, Borghi M, et at.: Long-term

comparison between captopril and nifedipine in the

progression of renal insufficiency. Kidney Int 1992:42:

452-458.

220. Chan JCN, Cockram CS, Nicholls MG, Cheung CK,
Swaminathan R: Comparison of enabapril and nifedi-

pine in treating non-insulin dependent diabetes asso-

ciated with hypertension: One year analysis. Br Med J

1992:24:981-985.
22 1 . Slataper R, Vicknair N, Sadler R, Bakris GL: Compar-

ative effects of different antthypertensive treatments on
progression of diabetic renal disease. Arch Intern Med

1993; 153:973-980.

222. Mimran A, Ribstein J: Angiotensin-converting enzyme

inhibitors versus calcium antagonists in the progres-
sion of renal diseases. Am J Hypertens 1994:7:735-

815.

223. Navar LG, Champion WJ, Thomas CE: Effects of cab-
cium channel blockade on renal vascular resistance

responses to changes in perfusion pressure and anglo-
tensin-converting enzyme inhibition in dogs. Circ Res

1986:58:874-881.

224. Dworkin LD, Benstein JA, Parker M, Tolbert E, Feiner
1W: Calcium antagonists and converting enzyme inhib-

itors reduce renal injury by different mechanisms.

Kidney Int 1993:43:808-814.
225. TolIns JP, Raij L: Comparison of converting enzyme

inhibitor and calcium channel blocker in hypertensive

gbomerular injury. Hypertension (Dallas) 1990; 16:452-
461.

226. Brunner FP, Bock HA, Hermle M, Thiel G, Mihatsch
MJ: Control of hypertension by verapamil enhances

renal damage in a rat remnant kidney model. Nephrob
Dial Transplant 199 1:6:420-427.

227. Fogo A, Sakai T, Berliner KTN, Ichikawa I: Insidious
nature of diabetic nephropathy: Gbomerular sclerosis

can develop with normal serum creatinine lAbstractl.
Lab Invest l991;64:A97.

228. Weir MR: Impact of age, race, and obesity on hyperten-
sive mechanisms and thrapy. Am J Med 1991:90:35-
145.

229. Allan G, Cambrige D. Hardy GW, Follentant MJ, Ford
A, Oliver PL: BW A575C: A novel antthypertensive drug
with ACE inhibition and beta blocking properties. J Hy-

pertens 1986;4lSuppl 61:13 1-133.

230. Fournle-Zaluski MC, Gonzalez W, Turcaud 5, Pham I,
Roques BP, Michel JB: Dual inhibition of angiotensin-

converting enzyme and neutral endopeptidase by the

orally active inhibitor mixanpril: A potential therapeu-

tic approach in hypertension. Proc Natb Acad Sd USA

1994:91:4072-4076.

23 1 . Sobotka PA, Brottman MD, Weitz Z, Birnbaum AJ,
Skosey JL, Zarling EJ: Elevated breath pentane in
heart failure reduced by free radical scavenger. Free
Radical Biob Med 1993:14:643-647.

232. van Gilst WH, de Graeff PA, Wessehing H, de Langen
CD: Reduction of reperfusion arrhythmias in the isch-
emic isolated rat heart by angiotensin converting en-
zyme inhibitors: A comparison of captopril, enalapnib

and HOE 498. J Cardlovasc Pharmacol 1986:8:722-
728.

233. Suzuki H, Matsumori A, Matoba Y, et at.: Enhanced
expression of superoxide dimutase messenger RNA in

viral myocarditis: An SH-dependent reduction of its

expression and myocardial injury. J Clin Invest 1993:
91:2727-2733.

234. Tanaka R, Kon V. Yoshioka T, Ichikawa I, Fogo A:
Angiotensin converting enzyme inhibitor modulates
glomerubar function and structure by distinct mecha-

nisms. Kidney Int 1994:45:537-543.

235. Urata H, Strobeb F, Ganten D: Widespread tissue dis-

tribution of human chymase. J Hypertens 1994:

!2LSuppl 91:517-522.
236. Chansel D, Bizet T, Vandermeersch 5, Pham P, Levy B,



Matsusaka et al

Journal of the American Society of Nephrology 2043

Ardaillou R: Differential regulation of angiotensin II
and bosartan binding sites in gbomerubi and mesangial
cells. Am J Physiol 1994;266:F384-F393.

237. Chiu AT, McCall DE. Roscoe WA: I !2511EXP985: A
highly potent and specific nonpeptide radioligand an-

tagonist for the AT! angiotensin receptor. Biochem

Blophys Res Commun 1992; 188:1030-1039.

238. Chanseb D, Vandermeersch 5, Pham P, Ardaillou R:

Characterization of l3Hlbosartan receptors in isolated

rat gbomerubi. Eur J Pharmacol Mob Pharmacob 1993:

247:193-198.
239. Chansel D, Badre L, Czekalski 5, et at.: Intrinsic

properties of the nonpeptide angiotensin II antagonist

bosartan in gbomerubi and mesangial cells at high con-

centrations. J Pharmacol Exp Ther l993:265� 1534-

1543.

240. Ichikawa I: Will anglotensin II receptor antagonists be
renoprotective in humans? Kidney Int, 1996:50:684-
692.

241. Kon V, Fogo A, Ichikawa I: Bradykinin causes selective

efferent arteriolar dilation during angiotensin I convert-
ing enzyme inhibition. Kidney Int 1993:44:545-500.

242. Toto R: Losartan is an effective well-tolerated and sage
antthypertensive in patients with chronic renal insuffi-
ciency lAbstractl. Satellite Symposium of the Internal

Congress of Nephrobogy: A New Class for the Treatment

of Hypertension, Madrid, July 7, 1995.

243. Gansevoort RT, de Zeeuw D, Shahinfar 5, Redfield A,
de Jong PE: Effects of the angiotensin II antagonist
losartan in hypertensive patients with renal disease.

J Hypertens 1994; 1 2lSuppll:S37-S42.
244. Rousseau A, Michaud A, Chauvet M-T, Lenfant M,

Corvob P: The hemoregulatory peptide N-Acetyl-Ser-

Asp-Lys-Pro is a natural and specific substrate of the

N-terminal active site of human angiotensin-coverting

enzyme. J Blob Chem 1995:270:3656-366 1.
245. Wei L, Clauser E, Abhenc-Gelas F, Corvol P: The two

homologous domains of human angiotensin I-convert-

ing enzyme interact differently with competitive inhib-

itors. J Biol Chem 1992:267:13398-13405.


