
Acta Physiologica Hungarica, Volume 87 (1), pp. 5�24 (2000)

������������	
��������	���
���������������
���

�����������������������������������������

��������������	�������������

B. Antus1,2, I. Mucsi1,3, L. Rosivall1

1Department of Pathophysiology, International Training and Research Center in Nephrology,

Faculty of Medicine, Semmelweis University, Budapest, Hungary
2Department of Nephrology, University Hospital Essen, Germany

3 1st Department of Internal Medicine, Faculty of Medicine, Semmelweis University, Budapest, Hungary

Received: December 10, 1999

Accepted: February 24, 2000

The renin-angiotensin system plays a pivotal role in the regulation of fluid, electrolyte

metabolism and blood pressure. Molecular cloning and pharmacological studies have defined

two major classes of Angiotensin II (Ang II) receptors, designated AT1 and AT2. Recently, it has

been well recognized that Ang II, beside its classical physiological actions, is a profibrogenic

peptide and displays characteristics of a growth factor. The emerging picture suggests that

angiotensin receptor subtypes exert opposing features in many aspects of their biological

function, most importantly in cellular growth and proliferation. Accordingly, the proliferative

and/or growth-promoting effects of Ang II are thought to be mediated by AT1 receptor, whereas

the AT2 receptor subtype may have growth-inhibitory properties. The novel finding that Ang II is

able to induce apoptosis by AT2 receptors in diverse cell types is of great scientific interest, as

recent studies revealed a role for apoptosis as a deliberate form of cell death in the pathogenesis

of various cardiovascular diseases such as heart failure and vascular remodeling. Furthermore

apoptotic cell death might occur during the development of progressive glomerulosclerosis. It is

tempting to speculate that autocrine-paracrine vasoactive substances such as Ang II might

regulate these apoptotic processes during pathogenic conditions.
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It has been well known for more than 40 years that Ang II, the dominant effector

of the renin-angiotensin system (RAS), regulates numerous physiological responses

including salt and water balance, aldosteron release and blood pressure. The RAS has

traditionally been considered as an endocrine system in that only the renin, the enzyme

responsible for prohormone-to-hormone conversion was believed to be secreted from

the kidney into the blood while the effector peptide Ang II was produced extrarenally

and transported by the blood to its target organs such as the adrenal cortex and the

arterial smooth muscle. Later this concept has been revised for several reasons. Firstly,

it became evident that all components of the RAS are produced within the kidney and

also a number of extrarenal tissues. Tissular expression of the RAS has been attributed

physiological function both in cardiovascular as well as in renal systems. For example,

micropuncture studies clearly demonstrated that the intrarenal RAS as a local

regulatory mechanism has a major impact on renal hemodynamics [reviewed in 1, 2].

Secondly, in the last decade it has been generally appreciated that Ang II, besides its

vasoactive actions, is a profibrogenic peptide and displays characteristics of a growth

factor. In favour of this concept, Ang II has been shown to stimulate the production of

extracellular matrix (ECM) proteins and to induce cellular hypertrophy and/or

proliferation in various cell types including vascular smooth muscle cells, cardiac

myocytes, glomerular mesangial cells and tubular epithelial cells [reviewed in 3�5].

Using nonpeptide agonists and antagonists, two major classes of Ang II receptors

have been described, which are commonly referred to as the angiotensin receptor type I

(AT1) and type II (AT2) [6�9]. Both of them have been cloned and appeared to be

members of the seven transmembrane domain receptor family. However, AT1 and AT2
receptors share only 30% sequence homology and have distinct functional and

pharmacological properties.

The molecular cloning of angiotensin receptor subtypes led to the possibility to

distinguish different receptor-mediated actions of Ang II, which appeared to be

opponing in many aspects, for example, in the regulation of vascular tone, ECM

metabolism or (probably more importantly) in the control cellular proliferation and

growth. Accordingly, recent studies provided evidence that the profibrogenic,

proliferative and/or growth-promoting effects of Ang II are mediated by the AT1
receptor subtype, whereas the AT2 receptor may have antiproliferative properties. In

addition, activation of the AT2 receptor subtype might direct cells into apoptosis

(programmed cell death) as an extreme form of inhibition of cellular growth.

It has been recognized that locally produced Ang II is the central effector in

several of the pathogenic mechanisms involved in cardiac hypertrophy, vascular

remodeling, neointima formation, progressive glomerulosclerosis and tubulointerstitial

fibrosis. Profibrogenic and hypertrophic actions of Ang II may play a centrale role

during these processes. On the contrary, the antiproliferative and apoptotic properties
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of Ang II are much less characterized. It is still uncertain whether these effects of the

hormone have pathophysiological relevance in vivo. The novel finding that Ang II is

able to induce apoptosis is of great scientific interest, as apoptosis has been implicated

in a wide variety of cardiovascular and renal diseases [reviewed in 10, 11]. The

importance of this phenomenon for organ function in humans remains to be elucidated.

However, increasing amount of evidence supports the notion that regulation of cell

death by apoptosis may be an important determinant of organ function and lesion

formation in many pathophysiological conditions of cardiovascular and renal systems.

It is intriguing to speculate that the apoptotic influence exerted by Ang II may lead to

the deletion of certain, functionally active cell populations in the heart, vessel wall or

kidneys to exert specific morphological and functional alterations in these organs. In

this article, we focus on the antiproliferative and apoptotic effects of Ang II and their

possible pathophysiological consequences in cardiovascular and renal diseases.

Antiproliferative actions of Ang II via AT2 receptor

The biological function of the AT2 receptor remains poorly understood.

Recently, several lines of evidence suggest that Ang II mediates inhibition of cell

proliferation by acting through the AT2 receptor. In fibroblasts stably expressing the

AT2 receptor, Ang II completely abolishes serum- or growth factor-induced cell

proliferation [12, 13]. Vascular smooth muscle cells are believed to express

predominantly, if not exclusively, the AT1 receptor that induces vasoconstriction and

proliferation. In contrast, AT2 receptor overexpression in these cells reduces the

proliferative response to Ang II [14]. Utilizing rat coronary endothelial cells expressing

both AT1 and AT2 receptors, Stoll et al. demonstrated that Ang II significantly

attenuated proliferation of endothelial cells when growth was stimulated either by fetal

calf serum or basic fibroblast growth factor, and that this effect was mediated by the

AT2 receptor [15, 16]. Furthermore, they suggested that the relative proportion of AT1
and AT2 receptor subtypes on a given cell type would determine whether the peptide

exerted proliferative or antiproliferative actions. Accordingly, in the presence of the

AT2 receptor antagonist PD123319, mitogenic responses to Ang II have been

demonstrated in quiescent endothelial and vascular smooth muscle cells, effects that

were reversed by additional pretreatment with an AT1 receptor antagonist [16]. AT2
receptor stimulation inhibits AT1 receptor-mediated DNA synthesis and cell growth in

myocytes and fibroblasts isolated both from neonatal rat hearts [17]. Similarly,

inhibition of DNA synthesis by AT2 receptors was reported in zona glomerulosa cells

from rat adrenal glands [18]. In rat pheochromocytoma cells (PC12W) stimulation of

AT2 receptors not only inhibits growth factor-induced cell proliferation, but promotes

neurite formation and enhances nerve growth factor-mediated neuronal differentiation

Acta Physiologica Hungarica 87, 2000



8 B. Antus et al.

[19]. The concept that the AT2 receptor function as an "antigrowth" receptor was also

supported by the finding that AT2 receptor antagonists (PD123177 or CGP42112)

augmented Ang II- or endothelin-1-induced hypertrophy of cultured rat cardiac

myocytes [20].

Extrapolation of these results to in vivo circumstances seems to be more

complex, therefore it is still uncertain whether AT2 receptors exert similar

antiproliferative and/or growth-inhibitory effects in vivo. It is now well established that

autocrine-paracrine vasoactive substances such as Ang II have the capacity to induce

long-term changes in vessel structure, in addition to acute effects on vessel tone, and

are important determinants of vascular lesion formation both in animal models and in

humans. In the early �90s Janiak et al. reported the AT2 receptor might be involved in

the regulation of cellular proliferation during the neointima formation after balloon-

injury of rat carotid artery [21]. In the same model, Nakajima et al. later reported that

overexpression of the AT2 receptor (by in vivo gene transfer) significantly attenuates

neointima formation [14]. In other experiments, they suggested a direct biological

activity of AT2 receptors in the physiological decrease of DNA synthesis in fetal aortic

smooth muscle cells at the latter stages of gestation in vivo [14].

Recently, Levy et al. and Sabri et al. have challenged the concept that the AT2
receptor mediates antiproliferative responses in vasculature [22, 23]. They reported that

chronic administration of the AT2 receptor antagonist PD123319 had no influence on

either systemic hemodynamic parameters or the cardiac hypertrophy in the rat model of

Ang II-induced hypertension. PD123319 did antagonize the effect of Ang II on aortic

smooth muscle cell growth and ECM protein expression in the vascular wall. In

contrast, chronic blockade of AT1 receptors (losartan) resulted in normal arterial blood

pressure and attenuated ventricular hypertrophy, but did not affect hypertension-

induced aortic hypertrophy and vascular collagen deposition. Based on these findings,

they concluded that the vasotrophic effect of Ang II in vivo is at least partially mediated

by AT2 receptors. More recently, however, Li et al. could not reproduce these results,

showing little evidence of a role of AT2 receptors in the regulation of growth of smooth

muscle cells in arteries obtained from different sites of rat vasculature [24].

Dramatic changes in the level of expression of both angiotensin receptor

subtypes can be observed during ontogenesis. In adult kidneys, the predominant

angiotensin receptor is AT1, and majority of studies found only a very small population

of AT2 receptors in this organ in adults. However, situation is just the opposite during

renal morphogenesis. AT2 receptors are abundantly and widely expressed in the

developing fetus, particularly in mesenchymal tissues including the kidneys [25, 26].

The expression of AT2 receptors declines dramatically during the first days postpartum

and, in the adults, AT2 expression is restricted to the adrenals, uterus, ovary, heart,

kidneys and some specialized nuclei in the brain [25, 27]. Based on these findings,
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earlier reports postulated a definitive role of this receptor subtype in the control of

cellular growth and differentiation during ontogenesis. This notion has been confirmed

by studying the phenotype of AT2 receptor knock-out mice. AT2 receptor knock-out

mice display a spectrum of congenital anomalies of the kidney and urinary tract

(CAKUT) [28]. Diverse anatomic patterns of these CAKUT appear to share a common

ontogenic mechanism of delayed apoptosis of undifferentiated mesenchymal cells in

the nephrogenic tissues. The CAKUT seen in the AT2 receptor knock-out mice are very

similar to the anomalies sometimes observed in humans. The role of AT2 receptors in

renal development has been further confirmed by preliminary genetic studies that have

identified a significant correlation between human CAKUT and a nucleotide transition

in the human AT2 receptor coding gene [29].

Taken together, in vitro observations suggest a functional antagonism between

AT1 and AT2 receptors in terms of cellular growth and proliferation. Studies utilizing

mouse embryos with AT2 receptor gene null mutation strongly suggest that embryonic

activation of this receptor subtype plays a significant role in normal growth and

development of the kidney and ureter. Conversely, in vivo studies in adults have

produced controversial results. One possible explanation for the discrepancy between in

vitro and in vivo observations is that AT2 receptors may regulate cellular proliferation

and apoptosis during embryonic development, but have minor importance in adult life.

In many in vitro experiment, concomitant incubation with a growth factor is necessary

to demonstrate the growth-inhibitory properties of AT2 receptors, which does not

necessarily resemble in vivo situations. An additional limitation of in vitro studies is the

possibility that receptor expression might be altered under these conditions. For

example, AT2 receptor expression in mesangial cells markedly increased after cells

reached confluency [30]. In addition, cultured mesangial cells from spontaneously

hypertensive rats (SHR) showed much lower expression of the AT2 receptor and higher

proliferative activity than those of normotensive Wistar-Kyoto rats, indicating that

pathologic situations may influence AT2 receptor expression to result in enhanced

mesangial cell proliferation and (probably) in renal damage [30].

Ang II and apoptosis: in vitro experiments

The concept of apoptosis due to activation of an energy-consuming endogenous

cell suicide mechanism has been recently developed. Apoptosis is a physiological

process by which unwanted or useless cells are eliminated during embryonic

development, normal cell turnover, hormone-dependent tissue atrophy or in almost

every functional aspect of the immune system [reviewed in 31�33]. Cells undergoing

apoptosis show characteristic morphological and biochemical features such as cell

shrinkage, membrane blabbing, formation of membrane bound vesicles (apoptotic
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bodies), chromatin condensation, DNA fragmentation, activation of intracellular

cysteine protease cascade (caspases) and alterations in membrane asymmetry. Finally,

apoptotic bodies are rapidly recognized and phagocytosed by either macrophages or

adjacent epithelial cells without eliciting any inflammatory response. Fundamental

differences exist between apoptosis and necrosis. The pathological process of necrosis

is characterized by swelling of cells and intracellular organelles, as well as loss of

membrane integrity and ultimate total cell lysis. In addition, necrotic cell death is often

associated with extensive tissue damage that provokes an intensive inflammatory

response.

Recent studies have provided convincing evidence that Ang II is capable of

inducing apoptosis in various cell types through the activation of both AT1 and AT2
receptor subtypes (Table I). The proapoptotic properties of the AT2 receptor were

reported for the first time in PC12W and fibroblast (R3T3) cell lines that express

abundant AT2, but not AT1, receptors [34]. Prolonged serum depletion elicited

apoptosis of R3T3 cells that was enhanced by Ang II treatment. Similarly, stimulation

of AT2 receptors increased the number of PC12W cells undergo apoptosis upon

depletion of nerve growth factor by a mechanism involving activation of protein

tyrosine phosphatases (PTPases) including MAP kinase phosphatase-1 (MKP-1) [34,

35]. Horiuchi et al. reported that extracellular signal regulated kinase (ERK) plays a

critical role in inhibiting apoptosis in PC12W cells by phopshorylating survival factor

bcl-2. Furthermore, and the AT2 receptor inhibits ERK activation by MKP-1, resulting

in inactivation of bcl-2. Furthermore induction of the apoptotic process [35]. Similar

results have been obtained in N1E-115 neuroblastoma cells, where stimulation of the

AT2 receptor inhibited activity of MAP kinases induced either by serum or by

epidermal growth factor and induced apoptotic cell death [36]. In vascular smooth

muscle cells stably transfected with AT2 receptor, selective stimulation of AT2
receptors enhanced serum-deprivation-induced apoptosis while AT1 receptor

stimulation inhibited this process [37]. Consistent with these results, Hayashida et al.

demonstrated that AT1 and AT2 receptors exert similar antagonistic effects on

apoptosis in cultured rat ventricular myocytes expressing both receptor subtypes [38].

In these two studies, AT2 receptor-mediated apoptosis was associated with inactivation

of ERK and c-Jun N-terminal Kinase (JNK) due to the dephosphorylation on tyrosine

residues. Studies on mouse embryo fibroblasts have documented that cells from the

wild-type animals, but not from the AT2 receptor knock-out animals, undergo apoptosis

in response to Ang II treatment [39]. Finally, AT2 receptors have been associated with

apoptotic changes in rat ovarian granulosa cells indicating that this receptor subtype

might modulate the initiation and/or progression of follicle atresia involving apoptosis

[40].
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Table I

Apoptosis is mediated either by AT1 or AT2 receptors in various cell types

Cell type AT1 receptor AT2 receptor References

Vascular smooth muscle cells + 37

Neonatal ventricular myocytes + 38

Ovarian granulosa cells + 40

Embryonic fibroblasts + 39

Pheochromocytoma cell line (PC12W) + 34, 35

Fibroblast cell line (R3T3) + 34

Neonatal ventricular myocytes + 40

Adult ventricular myocytes + 42, 50, 51

Umbilical venous endothelial cells + + 44

Coronary artery endothelial cells + 43

Further complexity is added to the system if we consider that the AT1 receptor

has also been implicated in the process of apoptotic cell death (Table I). The AT1
receptor can induce apoptosis both in neonatal and in adult cardiac myocytes by a

mechanism involving PKC-mediated increase in cytosolic calcium concentration and

stimulation of calcium-dependent endonuclease, identified as DNase I [41, 42].

Similarly, AT1 receptor activation has been linked to apoptotic changes in human

coronary artery endothelial cells [43]. In addition, Dimmeler et al. demonstrated that

Ang II induced apoptosis of human umbilical venous endothelial cells was associated

with the activation of caspase-3, a central downstream effector of the caspase cascade

[44]. Apoptosis was prevented by simultaneous blockade of both AT1 and AT2
receptors whereas surprisingly each individual receptor blocker alone was ineffective.

Recently, it has been suggested that autocrine-paracrine vasoactive substances

such as NO and Ang II may act in opposition to achieve a balance between cell growth

and cell survival during vascular remodeling. Consistent with this notion, Ang II

directly antagonized NO-induced apoptosis of vascular smooth muscle cells through

activation of the AT1 receptor subtype indicating the existence of countervailing

influences of these molecules exist on the regulation of vascular apoptosis [45].

It is well established that the tumor supressor protein p53 regulates genomic

stability, can produce cell cycle arrest and facilitates apoptosis [reviewed in 46]. It has

been shown that introduction of wild-type p53 into cell lines that have lost endogenous

p53 function causes growth arrest and induces apoptosis [47]. On the other hand,

overexpression of wild-type p53 can trigger apoptosis in a wide range of cultured cell

systems [48, 49]. Recent observation indicates that overexpression of p53 in cardiac

myocytes (induced by a replication-deficient adenoviral vector) upregulates the

synthesis, release and local effects of Ang II on the AT1 surface receptor [50].
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Downstream signaling events result in the activation of the endogenous cell death

pathway leading finally to apoptosis of cardiac myocytes. Activation of the apoptotic

pathway was associated with an increase in the bax/bcl-2 protein ratio. In another set of

experiments, mechanical stretch-induced activation of p53 in myocytes was

accompanied by enhancement of local RAS and increased susceptibility of myocytes to

apoptosis [51]. The AT1 receptor blocker losartan completely abolished apoptotic

responses in stretched myocytes, raising the possibility that the AT1 effector pathway

may be critical in regulation of p53 function and cardiac cell death.

Proapoptotic and antiproliferative signaling events via AT2 receptor

Recently, many similarities have been recognized between AT1 receptor-

mediated signal transduction pathways and classic growth factor- or cytokine-

stimulated signaling events (Fig. 1). On the contrary, signaling pathways coupled to the

AT2 receptor are still largely unknown. There is increasing evidence that the AT2
receptor reduces ERK activity by activation of PTPases such as MKP-1, which seems

to be closely related to the antiproliferative and proapoptotic properties of this receptor

subtype [13, 14, 52, 53]. Very recently the third cytosolic loop domain of AT2 receptor

was shown to activate PTPases that inhibits ERK via Gi-protein coupled mechanism

[54]. However, the molecular mechanisms leading to the activation of PTPases have

not been elucidated so far.

ERK cascade activation has been demonstrated by a number of studies [55�58]

not only to be a key event in the signaling cascades employed by the AT1 receptor, but

also responsible for the hypertrophic and proliferative responses of Ang II [59].

Suppression of ERK activity via the AT2 receptor suggests that opposing regulation of

certain MAP kinases via different receptors for the same ligand exists. However, beside

ERK cascade activation, the Jak/STAT pathway may also contribute to the

hypertrophic and proliferative effects of Ang II [60, 61].

Two other MAP kinases (such as JNK and p38 kinase) have been generally

proposed to be critical for antiproliferative and apoptotic responses induced by various

stimuli [62]. However, there is no evidence to date whether JNK or p38 kinase activity

is modulated upon AT2 receptor stimulation. Interestingly, AT1 receptor also activates

these kinases in different cell types [63, 64].

The growth-promoting and profibrogenic effects of Ang II exerted via the AT1
receptor are closely associated with an increase in transitional activity of immediate-

early response genes such as c-fos, c-jun and c-myc [65�68]. Proteins encoded by these

genes act as transcription factors for various target genes that are involved in the

development of cellular hypertrophy, mitogenesis, ECM protein metabolism and even

in apoptosis. One may speculate that the antiproliferative effects of AT2 receptor are
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linked to repression of immediate-early gene expression, as shown for other

antiproliferative agents. However, repression of immediate-early gene expression

including c-fos or c-jun could not be detected as a part of the AT2 receptor coupled

signaling process either in rat phaerochromocytoma cells [69] or in CHO cells

(unpublished observation from our laboratory).

Fig. 1. A schematic model for signal transduction of AT1 and AT2 receptor mediated pro- and anti-

proliferative and apoptotic effects of Ang II

Does Ang II regulate apoptosis in vivo?

Apoptosis has been extensively studied for its involvement in immune responses,

regulation of tumor cell growth and neurodegenerative disorders. In the last few years,

an increasing number of studies have directed attention to its role in cardiovascular

disease. It has been demonstrated that cardiac myocyte apoptosis occurs in patients

undergoing cardiac transplantation for end-stage heart failure [72, 74]. This finding was

interpreted as a contributing factor in the progressive loss of myocytes and in the

evolution of the disease to terminal failure. Apoptotic changes have been shown

experimentally in cardiomyocytes in response to a variety of insults which include

mechanical stretch [51], pressure overload [71] or ischemia/reperfusion injury [76].
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Similarly, increased apoptosis has been demonstrated recently in left ventricular

hypertrophy [71] and in smooth muscle cells during vascular remodeling [75]. Hamet

et al. revealed for the first time a higher level of apoptosis in the heart, kidneys and

cultured cells from genetically hypertensive rats [70]. This finding suggests that the

hypertensive state not only involves abnormal cell proliferation, but also an altered

control of cell death by apoptosis.

At the present time, the pathophysiological meaning of increased cardiomyocyte

apoptosis is obscure. Increased apoptosis might be a permissive phenomenon for

subsequent development of a disease, as it has been suggested in cardiac hypertrophy

[70, 75]. Alternatively, failure of apoptosis might result in an imbalance between cell

proliferation and apoptosis ultimately leading to a decrease in the number of

functionally active cells. Hence, the progressive deterioration of left ventricular

function in heart failure is likely to be mediated, in part, by ongoing loss of

cardiomyocytes due to apoptosis. Finally, it is also conceivable that enhanced apoptosis

is a secondary compensatory mechanism counteracting increased cellular proliferation

and/or hypertrophy.

Although it is likely that at least a subset of the mediators of this process is

conserved among cell types, mediators of cardiac cell apoptosis are largely unknown at

present. Ang II might belong to the large family of regulatory molecules such as

growth factors and cytokines that modulate cell survival and cell death by apoptosis. It

is well established that hemodynamic overload activates the local RAS in the heart [77,

78]. Furthermore, the paracrine secretion of Ang II is involved in the hypertrophic

response of cardiac myocytes to mechanical stretch [79]. Ang II might modulate

cardiomyocyte cell death by apoptosis as well. Consistent with this notion,

cardiomyocyte apoptosis was related to exaggerated local angiotensin-converting

enzyme (ACE) activity in hypertrophic cardiac tissues of adult SHR [80].

Chronic administration of the ACE inhibitor, enalapril, has been reported to

attenuate cardiomyocyte apoptosis in SHR and in dogs with chronic heart failure [73,

80]. Fortuno et al. demonstrated that SHR exhibited increased cardiac apoptosis that

was associated with bax protein overexpression and with a decrease in the bcl-2/bax

ratio, which were then normalized together with the rate of apoptotis after treatment

with the AT1 receptor antagonist losartan [81].

In contrast to these studies, Sharifi et al. observed not decreased, but enhanced

apoptosis of aortic smooth muscle cells in SHR after ACE inhibitor (enalapril) or

calcium antagonist (amlodipine) treatment [82]. This phenomenon occurred in

association with regression of vascular wall hypertrophy and hyperplasia in treated

animals. Based on these findings, the authors concluded that the beneficial effects of

these drugs on hypertensive vasculopathy are, at least in part, mediated by apoptosis.

However, the mechanism for the enhanced apoptosis has been not elucidated. It is
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conceivable that it was a simple hemodynamic-dependent phenomenon. Alternatively,

similar to growth factor withdrawal, depriving vascular smooth muscle cells of Ang II

might have initiated apoptotic signals. Very recently, in the pulmonary system,

captopril was reported to prevent apoptosis of human lung epithelial cells induced

by agonistic anti-Fas receptor antibodies [83]. Later the same authors demonstrated

the expression of both AT1 and AT2 receptors on the surface of these cells and

they suggested a functional Ang II-dependent pathway for apoptosis of lung epithelial

cells [84].

Apoptosis in glomerulosclerosis

Progressive glomerulosclerosis is characterized by a progressive loss of intact

glomerular cells and their replacement by an amorphous, hyalinous and fibrous

material leading finally to end-stage kidney disease. The pathogenetic process appears

to be relatively independent of the initial insult. Progressive deletion of functionally

active glomerular cells is one of the fundamental lesions of the disease. Whereas the

mechanism of ECM accumulation has been studied extensively in recent years, the

mechanism of cell loss during the development of glomerular scarring has been given

minimal attention until now. Recent experimental findings indicate that apoptosis might

be relevant in glomerular and/or tubular cell deletion during scar formation.

Harrison was the first to report light and electron microscopic evidence of renal

cell apoptosis in proliferative types of human glomerulonephritis [85], proposing that

apoptosis serves as a homeostatic mechanism allowing hypercellular glomeruli to

return to normal. A few years later, Baker et al. confirmed this hypothesis by showing

that apoptosis is the mechanism by which mesangial cells are cleaved from glomeruli

during resolution of mesangial proliferative nephritis induced by Thy1.1 antibodies in

rats [86].

An increased rate of apoptosis has been observed in sclerotic glomeruli in rats

after subtotal (5/6) nephrectomy [87�89]. Thomas et al. concluded that apoptotic and

proliferative changes take place simultaneously in the glomeruli and the

tubulointerstitium, but after a time the former clearly exceeds the later leading to

progressive scarring of the remnant kidney [88]. Apoptotic changes have been

observed both in glomerular endothelial cells and in podocytes [89, 103]. Parallel

increases in glomerular cell proliferation and apoptosis were reported in SHR after

uninephrectomy [90]. Apoptosis was upregulated in human glomerulopathies including

IgA nephropathy or lupus nephritis [87] and also in age-dependent glomerulosclerosis

in rats [91]. Endothelin-1 transgenic mice are characterized by development of renal

cysts and interstitial fibrosis leading to end-stage kidney disease [92]. Development of

glomerulosclerosis was associated with an increased rate of apoptosis of glomerular,
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tubular and interstitial cells in transgenic animals [93]. Interstitial fibrosis due to

cyclosporine A nephrotoxicity [94, 95] or chronic rejection of the transplanted kidney

[96] has been also associated with an increase in apoptosis of tubular and interstitial

cells. Furthermore, apoptosis has been implicated in the progressive renal atrophy that

follows experimental ureteric obstruction [97].

Whether apoptotic phenomena plays a causal role in the pathogenesis and in the

progression of diabetic nephropathy is not clear yet. Exposing proximal tubular cells in

culture to high glucose was associated with increased rate of apoptosis [99, 100].

However, controversial results have been obtained in experimental diabetic

nephropathy in vivo. Zhang et al. observed significant areas of apoptosis in diabetic rat

kidney [98], whereas others failed to detect significant differences in the number of

apoptotic cells between diabetic and normal murine kidney [102].

It has been widely accepted that cell-matrix interactions play a crucial role in the

regulation of cellular growth, proliferation, differentiation and cytoskeletal structure.

Recent findings indicate a potential role for interstitial matrix components in

modulating cell death during fibrogenesis and scarring. Arg-Gly-Asp (RGD) sequence-

containing peptides, present in fibronectin and vitronectin, respectively, have been

demonstrated to stimulate mesangial cell apoptosis possibly through the binding of

integrins such as α5β1 and αβ3 [98].
Based on the vast amount of data accumulated during the recent years, it is clear

that Ang II exerts many hemodynamic and nonhemodynamic effects that contribute to

renal injury and to the progression of renal parenchymal destruction. It is tempting to

speculate that apoptotic cell loss induced by Ang II might occur during the course of

progressive glomerulosclerosis, as well. AT2 receptor null mutant mice show enhanced

collagen deposition, but less apoptotic cells in renal interstitium compared to the wild-

type animals after ureteral obstruction [104]. This finding suggests that Ang II may

influence apoptotic changes directly in glomeruli. In addition, very recently,

transforming growth factor-β (TGF-β) was suggested to modulate bcl-2/bax expression

ratio and probably apoptosis in mesangial cells [105]. As Ang II stimulates the

expression of TGF-β in various cell types within the kidney [106, 107], this may

represent an indirect pathway to impact on renal apoptotic processes. Furthermore, an

increased rate of mesangial cell apoptosis has been also observed with the use of an in

vitro model of glomerular hypertension [108]. Although this finding has not been

confirmed in vivo, it is possible that Ang II-regulated hemodynamic changes during

glomerular hypertension are associated with the initiation of an endogenous suicide

mechanism in glomerular cells.
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Conclusions

Apoptosis is a tightly regulated form of cell death and is an essential counterpart

of cellular growth and/or proliferation. An imbalance between cellular proliferation and

apoptosis seems to represent an important determinant of tissue architecture and

remodeling. Increased apoptosis may contribute to end-organ damage such as heart

failure or development of progressive glomerulosclerosis. Ang II might be one of those

many autocrine-paracrine substances that regulate these apoptotic changes in various

cell types. Inhibition of the RAS with ACE inhibitors and AT1 receptor antagonists

negatively influenced apoptosis in experimental studies that might be an additional

factor to the wide range of the beneficial effects of these drugs.

Currently, very little is known concerning the duration of any apoptotic process

in vivo and therefore, the relative importance of this phenomenon is still a matter of

debate. Similarly, further studies are necessary to define the effect of modulating

apoptosis directly on the development on these diseases. In the near future, molecular

insight into renal apoptotic pathways will help to better understand the progressive

nature of chronic cardiovascular and renal diseases and may provide a new basis for

therapeutic strategies.
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