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FORMACION CONTINUADA EN NEFROLOGIA

Apoptotic cell death in renal disease
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Understanding the mechanisms of physiologic cell
death (apoptotic or programmed cell death) may pro-
vide new diagnostic opportunities and, perhaps, ad-
ditional therapeutic approaches to the clinical mana-
gement of renal disease. The availability of advanced
techniques in cellular and molecular biology to study
the genes that regulate apoptosis has resulted in an
exponential growth of information, especially in the
fields of immunology, oncology, neurology and de-
velopment *.We will review the concept of apopto-
sis, the genes involved in its regulation, its role in
physiology and its possible participation in renal di-
sease based on the international literature and our
own personal experience.

Apoptotic and programmed cell death

Only a limited number of things happen to cells
resident in organ tissues. They can remain stationary
and support the structure-function relationships of
the organ, they can protiferate to reproduce themsel-
ves, they can sometimes hypertrophy, or they can
die. Complex organisms need a physiologic mode for
cell death, so as to keep constant their number of
cells and eliminate those damaged or that are no lon-
ger necessary. Although the concept of physiologic
cell death is quite old, renewed interest in the sub-
ject dates to the creation of the term apoptotic and
the description of its morphological characteristics
by Kerr and colleagues in 1972 5,

The functional concept of programmed cell death
implies an active participation of the cell in its own
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death (cell suicide) through the activation of a gene-
tic program. In general programmed cell death has
the morphologic characteristics of apoptotic, alt-
hough there are exceptions. In fact, there is functio-
nal, morphologic, and genetic evidente of heteroge-
neity in this process %', and there are unanswered
questions about the physiologic relevance of this di-
versity. Moreover, there are modes of cell death
which may share characteristics of apoptotic and ne-
crosis 2 With this caveat in mind, and given the
scarce knowledge of nonapoptotic modalities of pro-
grammed cell death, we use the term apoptosis when
the characteristic morphology and pattern of DNA
degradation have been demonstrated. However, the
pragmatist may define programmed cell death as a
process that can be modulated through interference
with cell death related genes, independently of the
morphology or pattern of DNA degradation.

Apoptotic is an active process which may be pre-
vented or delayed by the administration of growth
factors, certain drugs or by gene manipulation. Cells
committed to an apoptotic pathway may be rescued
by therapeutic maneuvers '3. Thus, apoptotic offers
the opportunity for a therapeutic intervention and
this explains the attempts to discriminate between
necrosis and apoptosis as a mode of cell death in re-
nal disease. Necrosis, as a mode of cell death, is a
passive process in which the cell swells, loses the in-
tegrity of the cell membrane, releases toxic and
proinflammatoy products, and the DNA is degraded
in random manner. Both apoptosis and necrosis,
however, can occur at the same time in the same tis-
sue '* The occurrence of either may depend on the
intensity of the precipitating events. For example, tis-
sue ischemia may Kkill cells by either necrosis or
apoptosis '* The proportion of cells dying by each
mechanisms may vary from individual to individual,
and the segment of the cell population predetermi-
ned to die by apoptosis might be rescued by interfe-
rence with the genetic program of apoptotic.
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Characteristics of apoptotic

Apoptosis and necrosis may be differentfiated by
morphologic and functional criteria (table 1) 2 From a
morphologic view, apoptotic cells display decreased
cell and nuclear size with chromatin condensation,
preservation of organelles, detachment from adjacent
cells, membrane cell blebbing, and fragmentation
with the formation of membrane bound bodies, the
so-called apoptotic bodies. Some of these features
may be appreciated by light microscopy, others are
more evident with elecfronic microscopy, or the use
of nucleic acid dyes, like propidium iodide and acri-
dine orange. There are several protocols for the iden-
fification of apoptotic cells based on changes in cell
size or the pattern of nucleic acid staining by cytfoflu-
rography >

Table |. Characteristics of apoptotic

« Physiologically active.

« Preventable and possibly reversible*.
« Typical morphology.

« Integrity of cell membrane.

« Phagocytosis by adjacent cells.

« Internucleosomal DNA degradation.

* At least as a process in a cell population.

Functionally, apoptotic differs from necrosis in se-
veral ways. In apoptosis, the integrity of cell membro-
ne is preserved, and there is no leakage of pro-in-
flammatory molecules. There is a characteristic
paftern of internucleosomal DNA degradation, cau-
sed by the activation of a calcium- and magnesium-
dependent endonuclease, which results in the forma-
tion of multiple DNA fragments with lengths that are
infeger multiples of 180-200 bp. On gel electropho-
resis these fragments are seen as a DNA ladder (figu-
re 1). Other patterns of DNA degradation may occao-
sionally be observed. Apoptotic cells also express
new cell membranéstructures, like immature gluci-
dic structures, phosphatidyl serines and glycopro-
teins, which determine the rate of recognition and
phagocytosis by adjacent cells, all in the absence of
severe inflammation. A ftissue transglutaminase isac-
fivated, which crosslinks cytoplasmic proteins.

Apoptosis is an active process, which requires
energy in the form of ATP, and the expression or sup-
pression of certain genes. The intracellular transduc-
tion pathways of apoptosis are poorly understood,
and may involve calcium and inositol-phosphates or
changes in protein phosphorylation. Oxidative stress
also appears to have a causative role ¢ The inhibi-
tion of MRNA or protein synthesis mqycause or pre-
vent apoptosis, depending on the balance between
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Figure 1 .-Internucleosomal DNA fragmentation in renal cells.
Tubular epithelial cells were cultured for 24 h in serum free
medium in the absence (left lane) or presence (right lane) of 30
ng/mL recombinant murine TNFo.. Detached cells were lysed,
DNA was isolated, separated in a 7.5% agarose gel and stained
with ethidium bromide. Note the characteristic DNA ladder,
suggestive of apoptotic, in the TNFo-treated samples.

lethal and protective factors in the cell. From this
point of view, three modes of apoptosis can be distin-
guished %

e By induction: the stimulus which induces apopto-
sis activates lethal genes, and cycloheximide, an inhi-
bitor of protein synthesis, prevents apoptosis.

o By release: the genes promoting apopftosis are
already activated, and short lived proteins antagonize
them. Macromolecular synthesis inhibitors decrease
the levels of protective factors and induce apoptosis.

o By transduction: the synthesis of new proteins is
not necessary, and the occurrence of apoptosis is not
affected by cycloheximide.

Apoptosis usually affects individual cells, its tissue
distribution is patchy and asynchronous, and once
initiated, progresses rapidly. It has been calculated
that the half-life of the apoptotic cell is a few hours,
and it may be phagocytosed in less than one hour. A
low percentage of apoptofic cells visible in a fissue
section (e.g. less than 0.8%), therefore, may be misle-
ading. It has been suggested that such a low percen-
tage may, nevertheless, result in the loss of up fo
50% of the non-required cell mass during the deve-
lopment of the central nervous system '7-18 |t has
been demonstrated that apoptosis may also attenuate
unneeded metanephric mesenchyme following in-
duction’'by the ureteric bud . The rapid disappearan-
ce of the cellular debris and the lack of serious in-
flammation may make even large scale apoptosis
histologically inconspicuous. The lack of easily de-
tectable histological changes is the origin of confro-
versy regarding ifs normal role in physiology and pa-
thophysiology.



Activation of a genetic program for cell death

The development of Caenorhabditis elegans, a ne-
matode, requires the formation of 1090 cells while
131 undergo programmed cell death. The study of
the genes involved in apoptosis in this model has ori-
ginated concepts that have been later applied to am-
niofes. Two lethal genes have been identified in C.
elegans, ced-3 and ced-4, which need to be expres-
sed for cell death to occur, and a survival gene, ced-
9, which has to be suppressed 2.

Recent studies have also identified genes that are
involved in apoptosis in amniofes (table Il).
Molecular studies in tumorshave uncovered genes,
such as bel-2 and p53 2122, whose alterations result in
excessive or defective function that promote tumor
growth by decreasing the likelihood of apoptosis.
Others have been discovered by chance, like
Fas/APO-1, first identified with a cytotoxic monoclo-
nal anfibody 224 Finally, a systematic approach,
comparing the confent of cDNA libraries or antigen
expression between apoptotic and nonapoptotic cells
has yielded a number of genes or proteins, such as
tcl-30, the function of which remains unclear 25 We
will limit our discussion to genes which have been
shown to be expressed by renal cells, drawing on so-
me data from our own experience (figure 2).

Table Il. Apopftosis-related genes

« Prevent apoptosis: bcl-2, bcl-xL.
« Promote apoptosis:
- Receptors: Fas, 55pTNFr, 75pNGFr.
- Transcription factors: p53, c-myc, c-fos, c- jun.-
- Infracellular proteins: bax, bcl-xS, IL- 1B-convertase.
« Role in apoptosis not well characterized: tcl30, clusterin, c-fes,
WT-1.

Most of the genes under discussion have been well
stfudied in neurons, lymphohemopoietic, and tumor
cells. It remains fo be demonstrated that their role in
apoptosis is similar in renal cells. There is, however,
evidence that the basic mechanisms of apoptosis are
well preserved among species, and probably among
different organs of the same individual. For instance,
the human bcl2 gene protects C. elegans cells from
apoptosis %,

Protective genes: bcl-2 and bcl-X

The activation of bcl-2 and the bcl-xL isoform of
the bel-x gene prevents or retards apoptosis.

bcl-2. bcl-2 encodes a membrane-bound protein
expressed on mitochondria and other intracellular
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Figure 2.-RT-PCR of apoptosis related genes in renal cells. cDNA
wdas made by reverse transcription of murine tubular epithelial cell
mRNA. PCR was performed employing primers derived from the
published gene sequences. The PCR products (shown in the
figure) were cloned into the PCRIl vector and sequenced to
confirm their identities. Northern analysis of RNA from renal cells
and kidney revealed the presence of adequate sized transcripts.
Lane 1, bcl-2; 2, bel-x; 3, bax; 4, p53:5 molecular weight
markers; 6, Fas; 7, tcl30; 8, clusterin.

mem branes Z°2 |t belongs to a recently identified f&-
mily of intferactive apoptosis-related proteins which
includes bcl-x, bax and MCL 1 %.bcl-2 appears to
function by blocking lipid peroxidation and/or inhibi-
ting the production of reactive oxygen species ¥ 31,
The bcl-2 gene was identified in the locus of a
t(14;18) (932;21) translocation present in 85% of hu-
man follicular lymphomas 2. This translocation results
in the unconftrolled expression of a chimeric protein
which retains the survival function of bel-2 2. Itis
thought that this protein may confer a vital advantage
to oncogenic clones, and in conjunction to other mu-
tations, could lead to lymphoma. Excessive expression
of bcl-2 has also beendescribed in epithelial neoplo-
sia 32 bel-2 overexpression confers protection against
apoptosis, and interference with bcl-2 function predis-
poses fo apopftosis in several in vitro and in vivo sys-
tems & # #% Specifically, bel-2 protects from c-myc-
induced apoptosis 33 glucocorticoid-induced apoptosis
in lymphocytes ?, Fas/TNFo induced cell death33 and
some, but notall, models of growth factor deprivation-
induced apoptosis 8 %% pck2 also protects against
death induced by oxidants ¥ and physical factors such
as heat shock and irradiation ¢. However, it offers no
protection agdinst cytotoxic T cell killing 4. The over-
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expression of bel-2 in B-lymphocytes of fransgenic mi-
ce results in the abnormal survival of autoreactive clo-
nes as well as the development of a proliferative glo-
merulonephritis 4. Interestingly, bcl-2 mRNA levels in
circulating lymphocytes have been reported fo be ele-
vated in patients with systemic lupus erythematous 4%
although this may just represent the state of activation
of those lymphocytes . bcl-2 may also play a physio-
logical role, as suggested by its elevated expression
during development “*, as well as in adult, long-lived
cells such as neurons and memory lymphocy-
tes %, bel-2 has a further potential role in renal deve-
lopment, as mice carrying a targeted mutation in bel-2
develop polycystic renal disease that progresses to re-
nal failure .

We have recently demonstrated that different muri-
ne renal cells, including mesangial cells, tubular epi-
thelium, fibroblasts and metanephric stem cells, ex-
press bcl-2 mRNA and the protein product is
detectable by indirect immunofluoresence “. bel-2
MRNA is also present in blood-free adult mouse kid-
ney. As has been previously described in other or-
gans, renal cells and kidneys express bcl-2 mRNA
transcripts of several sizes (7.5, 4.1 and 2.4 kb), the
7.5 kb transcript being the most abundant.

bcl-x. Bcl-x has recently been described as a new
member of the Bcl-2 family of proteins 43 In humans
different alternatively spliced isoforms of bcl-x pro-
tect from (bcl-xL) or predispose to (bcl-xS) apoptoftic
cell death in growth factor-deprived cells. The apop-
totic promoting action of bcl-xS seems to be related
to the inhibition of bcl-2 action. We have demonstra-
ted that murine kidneys and renal cells incultures ex-
press two bel-x mRNA franscripts, detectable by nort-
hern hybridization, the smaller one having a shorter
half life. Both murine franscripts hybridize to a hu-
man bcl-xL specific probe, although their function re-
mains undefined.

Genes that promote cell death: p53, c-myc, c-fos/
c-jun,bax and IL- 1b-converting enzime

The- p53 gene is required for certain modes of
apoptosis. Excessive c-myc expression results in de-
pendence of external factors to prevent cell death. c-
fos and c-jun have a role in growth factor depriva-
tion-induced apoptosis. bax isan endogenous
antagonist of bcl-2 IL-1 B-converting enzyme is the
mammalian homologue of the death gene ced-3.

p53. p53is a nuclear phosphoprotein with characte-
ristics of a transcription factor, whose action is media-
ted by binding to DNA and other proteins 24, p53is
the most frequently mutated or deleted gene in solid
neoplasia, and is inactivated by several oncoviral pro-
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teins 22.There has been a misunderstanding of the phy-
siological role of p53 because the original functional
studies were performed with mutated p53. It is now
clear that wild-type p53 is able to induce apoptosis 7.
p53 is required for apoptosis induced by radiation and
DNA damaging drugs, but not for dexamethasone-in-
duced apoptosis in thymocytes 9 3. Moreover, apopto-
sis induced by p53 in leukemic cells, is partially bloc-
ked by growth factors such as IL-6 52 The adenovirus
El/B protein, which blocks p53 function and inhibits
p53-mediated apoptosis %3 also protected against Fas
and TNFa-mediated cell kiling % suggesting a role for
p53in receptor-initiated apoptosis. p53 is highly ex-
pressed in the developing kidney, and is also present
in most adult fissues %, Wowever, the possible role of
p53 in renal cell death is unclear. Studies in other or-
gans suggest that p53 may play a role in non-neoplas-
tic processes. p53 immunoreactivity is increased in
soft tissue and cervix inflammatory lesions %657, as well
as in relation to neuronal cell death during experimen-
tal cerebral ischemia %,

¢c-myc. c-mycis a proto-oncogene which functions
as a transcription factor ¥, c-myc activity depends on
the formation of a heterodimer by binding to another
infracellular protein, Max. Max is always found in ex-
cess relative to c-myc, and c-myc levels determine
the formation and activity of the heterodimer . c-
myc had been traditionally considered a stimulatory
factor for cellular proliferafion. In fact, c-myc transge-
nic mice develop cystic kidney disease and hyperpla-
siain glomerular and tubular epithelium €.Recent
studies have modified this concept. In fibroblasts the
unconfrolled expression of c-myc increases cellular
proliferation in the presence of growth factors, but in
cells deprived of them, it induces apoptosis ©'.
Growth factor deprivation in IL-3-dependent cells is
associated with decreased c-myc expression, anb if
c-myc is overexpressed, growth factor deprivation-in-
duced apoptosis is accelerated 2 Moreover, c-myc
antisense oligonucleotides prevent anti-CD3-media-
ted activation-induced apoptosis in T cell hybrido-
mas 3. It is quite possible that c-myc activates a com-
mon genetic program that may determine both cell
division and cell death, The presente or absence of
additional signals may determine the cell fate. This
may be related to the activity of bcl-2, which inhibits
c-myc-mediated apoptosis 3, The relationship betwe-
en c-myc-induced cell death and its capacity to acti-
vate the tfranscription of p53is not clear ¢ c-myc
may also protect from cell death under certain condi-
tions. During steroid-induced kiling of T cells, c-myc
franscripts are down-regulated, and fransient expres-
sion of c-myc protects cells from death 45,

c-fos and c-jun. fos and jun homo or heterodimeri-
ze to form the AP-| transcription factor. The expres-
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lpr/lpr mice (manuscript in preparation). The fact that
endotoxin increases the expression of a receptor co-
pable of inducing cell death may provide new in-
sights into the pathogenesis of organ dysfunction in
septic shock. Specifically, the mechanisms of renal
failure in sepsis are poorly understood. Although
TNFa has been considered a primary mediator of en-
dotfoxin-induced organ damage, mice lacking the 55
Mr TNF receptor are still susceptible to endotoxin,
but not to TNFa/IL1B-mediated death . In this re-
gard, Fas, a receptor similar fo the 55 Mr TNF recep-
tor, is an excellent candidate to explain why mice
carrying targeted mutations in the TNF receptor are
not completely protected from the deleterious effects
of LPS.

Fas has also been shown to be expressed in meta-
nephric stem cells under the regulation of TNFo (un-
published data). These data seem fto fit with the re-
cently proposed general role of macrophages,
possibly through engagement of Fas or similar recep-
tors, in tissue remodeling during organogenesis 7.

Other apoptosis related genes

tcl30. tcl30 encodes a 2.4 kb transcript discovered
during a comparison of cDNA libraries from normal
and apoptotic thymocytes %8 Apoptotic thymocytes
express high levels of tcl30, which in vivo was detfec-
ted only in the thymus. The possible role of tcl30 in
apoptosis is unknown. However, it is interesting that
it encodes a membrane protein with a vitronectin-li-
ke domain, and that the vifronectin receptor has been
implicated in the phagocytosis of apoptotic debris by
mesangial cells and macrophages 7. We have re-
cently shown by RT-PCR and northern blot that tubu-
lar epithelial cells express tcI30 mMRNA.

Clusterin (complemen t lysis inhibitory pro tein).
Clusterin is a multifunctional glycoprotein, which has
received a variety of names (table Ill) '©. Clusterin is
associated with apdptosis, although its role in this
process, if any, is unknown. Together with cmyc,
clusterin is one of the few apoptosis-related genes
which. has been extensively studied in the kidney.
Clusterin expression is increased in several models of
acute renal failure, and in chronic models, such as
subtotal nephrectomy and polycystic diseases 10106
some of which have been associated with the occu-
rrence of apoptosis. Clusterin is also found deposited
in the glomeruli in immune glomerulonephritis 107199,
and one of its best characterized functions is the inhi-
bition of the activity of the terminal complement
complex (C5 b-C9) "0 We recently observed increa-
sed levels of clusterin mMRNAIn the kidneys of mice
with anti-CBM disease and in MRL-lpr/Ipr lupus mi-
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ce, as well as in the glomeruli of LPS-treated mice ™.
Thus, clusterin deposited in the glomeruli may be of
local origin. We also demonstrated that mesangial
cells in culture express clusterin MRNA "', However,
in these cells, clusterin expression was decreased by
conditions that induced cell death compatible with
apoptosis, such as TNFo. and serum deprivation, as
well as by YIFN, which did not kill the cells. This in-
dicates that clusterin expression may be regulated in
glomeruli by cytokines, independently of apoptosis.
Other authors have raised questions about the rela-
tionship of clusterin and apoptosis in other experi-
mental systems and have proposed a possible role for
clusterin in cell differentiation "2, These authors
found abundant clusterin mMRNA in newly polarized
cells of comma and S-shaped bodies, but not in unin-
duced or non-polarized metane phais mesenchyma.
In keeping with these findings, our recently characte-
rized metanephric stem cell line MMR "8 did not ex-
press clusterin mMRNA, unlike renal fibroblasts, me-
sangial and tubular cells M

Table lll. Clusterin

Synonyms:

« SGP2; sulfated glycoprotein 2 (rat).

« TRPM: testosterone repressed protein messenger (rat).

« GP80: glycopoprotein 80 (canine MDCK cells).

« SP40,40: serum protein 40,40 (human membranous nephro-
path y).

« APO j (human).

« Glycoprotein Il (bovine).

Functions:

« Binding and inactivation of C5b-C7 complement complexes.
« Increased in relation to apoptosis in vitro and in vivo.

. Apolipoprotein.

« Neuroendocrine cell granule component.

Other genes. Reports on the gene regulation of
Opolpfosis—or frequent. Recent papers have reported
that antisense oligonucleotides complementary fo the
cfes oncogene induces apoptosis in HL6O cells 14,
Activated T24-ras and v-ab/ have also been shown to
protect from apoptosis, at least under certain condi-
tions %,

Apoptosis in pathophysiology

The apoptosis is a normal biologic process in most
embryonic and adult fissues. Together with mitosis it
regulates the number of cells in each tissue at each
stage of development (figure 3). In fact, cell prolifera-
tion and cell death seem intimately related with
examples suggestive of a common activation path-
way that may result inoneor the other 6183 depen-



sion of c-fos and c-jun is rapidly and transiently indu-
ced upon growth factor deprivation in IL-2 and IL-6-
dependent cell lines, preceding apoptosis . More-
over, antisense inhibition of either of them protected
against death %, An association between c-fos expres-
sion and apoptosis in transitory embryonic structures
has also been noted ¢. fos and jun may also be invol-
ved in apoptosis regulation through the formation of
the transcription complex NF-AT. This complex re-
quires a nuclear formation, which includes c-fos and
c-jun % and a component that has to be translocated
from the cytoplasm. Cyclosporin A, which blocks ac-
tivation-induced apoptosis in T cells %, also blocks
the translocation of the cytoplasmic component of
NF-AT, probably by inhibition of calcineurin acti-
vity 7,

bax. Bax was described in August 1993 as a mem-
ber of the Bcl-2-like family of proteins 7. Bax forms
heterodimers with Bel-2. In cells transfected with
both bcl-2 and bax, the bcl-2/bax ratio appears more
important in determining the susceptibility of the cell
to growth factor deprivation-induced apoptosis than
either of the two alone: excessive bax predisposes
cells to apoptosis under these conditions, but not in
the presence of growth factors. The original report of
this finding suggested that the murine kidney expres-
ses two bax transcripts of 1.5 and 1kb abundantly. In
our own laboratory we have found the 1 kb bax
transcript to be preferentially expressed by mesangial
cells, proximal tubular cells and metanephric stem
cells as well as by whole kidney.

IL-1b-converting enzyme. CED-3 is required for
cell death to occur in C. elegans. Mammalian IL-l B-
converting enzyme is highly homologous to CED-3 72
In fact, overexpression of IL-I B-converting enzyme
has been shown to induce cell death in rat fibro-
blasts 7. This effect was prevented by mutating the
gene, by the IL-I B-convertase antagonist crmA gene,
and by bel-2. It had already been suggested that this
enzyme might have other roles besides cleaving IL-
1B, as it is expressed by cells that lack the cytokine,
and it is activated in macrophages undergoing apop-
tosis, but not in those undergoing necrosis 7 Other
ced-3 related genes such as Nedd-2, may also have a
role in apoptosis.

Receptors that induce apoptosis: Fas
and the TNF receptors family
of proteins

Fas (CD95) is a cell membrane protein, and a
member of a family of receptors that includes both
TNF receptors 7575 the low affinity NGF receptor 77,
CD40 78 0X40 7 CD27 %, and CD30 8'. This protein
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family is defined by similarities in their extracellular
domains that are absent in the intracellular portion of
the molecule. Several of these proteins modulate the
occurrence of apoptosis. Both the activation of Fas
and the 55 Mr TNF receptor induce cell death with
features of apoptosis through a relatively conserved
intracellular domain %28 However the 75 Mr NGF
receptor lacks that domain, but still induces apopto-
sis when not bound to NGF: unlike Fas and the TNF
receptor, it is NGF’s nonoccupancy of its receptor
which induces apoptosis 8

Fas was initially described by two independent
groups which developed monoclonal antibodies (APO-
| and Fas) that were cytotoxic to human cells 224 A re-
cently described anti-murine monoclonal antibody
also induces apoptosis in vitro and in vivo %, Fas is
another example, along with bcl-2, of apoptosis-rela-
ted genes whose alteration leads to an immune-me-
diated glomerulonephritis 41,86. The genetic defect of
Fas in MRL-Ipr/lpr lupus mice results in the survival
of autoreactive T cell clones and the appearance of a
generalized autoimmune disease. This defect consists
in the insertion of an endotransposon in the second
intron of the Fas gene, leading to abnormal splicing
of the gene, with nearly total absence of normal sized
transcripts and the expression of low levels of abnor-
mally sized messages in the thymus and liver %, The
abnormal transcripts contain a 168 bp endotranspo-
son fragment within the coding region of the gene.
Interestingly, the normal splicing pattern can appa-
rently be restored in the thymus of TCRB transgenic
MRL-Ipr/lpr mice 8. This lead us to hypothesize that
certain, as yet unknown stimuli, may induce the ex-
pression of normal transcript in the kidney of these
animals.

The endogenous ligand for Fas has recently been
characterized and shown to induce apoptosis °'. The
Fas ligand is thought to be encoded by the gene de-
fective in g/d lupus mice %2 Studies based on this as-
sumption suggest a role for Fasin T cell-mediated cy-
totoxicity %. Cytotoxic T cells can play a pathogenic
role in experimental and human renal diseases %, and
Fas may participate in this process. We have recently
shown that murine mesangial cells and tubular cells
express Fas mRNA under the regulation of cytokines
and endotoxin %, Cytokines thought to play a patho-
genic role in kidney damage, such as TNFa, IL1 B and
YIFN, increased levels of Fas mRNA and expression
of the Fas receptor in renal cells, and levels of Fas
mRNA, for example, are increased in anti-GBM dise-
ase %. Endotoxin is also a potent inducer of new Fas
transcripts by renal cells in culture and by the kidney,
liver and lung in vivo %. Moreover, endotoxi n resu I-
ted in expression of near normal levels of hormal si-
zed Fas message in the kidneys and liver from MRL-
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The number of cells in mature tissue depends on the
balance between mitosis and apoptosis

MITOSIS
> “ l *
CELL DEPLETION HOMEOSTASIS CELL ACCUMULATION
(PROLIFERATION)

el o

Figure 3.-The homeostasis of cell number depends on the balance
between cell division (mitosis) and cell death (apoptosis). An
excess of cell mitosis, especially if associated to a decreased rate
of cell death, may result in disease characterized by excessive cell
accumulation, such as proliferative glomerulonephritis. An
increased rate of cell death, especially if not compensated by
increased cell division, may result in cell depletion, such as
chronic renal atrophy.

ding on the insfructions of endogenous or exogenous
factors. Inhibition of apoptosis, for example, may be
viewed as cell proliferation in in vitro studies.

Table IV summarizes some of the physiological
processes in which a role for apoptosis has been sug-
gested. The rapid tissue furnover and modification
that characterizes embryonic development would not
be possible without apoptosis. The role of apoptosis
in the elimination of unwanted cells duringdevelop-
ment may be more fundamental than the previously
thought. A recent study has suggested that prevention
of apoptosis, per se, in the absence of differentiafing
factors, may be enough for differentiation fo pro-
ceed ' In some parts of the central nervous system,
for example, up to 60% of the neurons that are for-
med die by apoptosis 7.

There is limited information on apoptosis and kid-
ney development. Developing kidneys are known fo
contain apoptotic cells %6 and to express high levels
of several of the apoptosis-related genes, like bcl-2
and p53 # % %5 |n fact, mice carrying targeted muto-
tions of bcl-2 have neonatal polycystic kidney disea-
se with persistence of immature cells 4. Our own da-
ta indicate that bax and bcl-x are expressed by
embryonic kidney and metanephric stem cells in cul-
fure. The relative levels of the two murine bcl-x frans-
cripfs in the kidney change during development with
lower amounts of the larger franscript found in the
adult kidney (unpublished observation). Uninduced
mesenchyme dies by apoptosis "6 and WT-1 is re-
quired for the prevention of apoptosis even in the
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presence of adequate inducers: mice carrying targe-
ted mutations of WT-1 suffer from renal agenesis as a
result of massive apoptosis of the metanephric blaste-
ma . Growth factors such as NGF and EGF can res-
cue metanephric cells from apoptosis ' 116 and anti-
sense oligonucleotid  experiments suggest that the
75 Mr NGF recepftor participates in kidney develop-
ment '8 Embryonic human kidneys also express high
levels of the T cell and monocyte chemoattractant
RANTES (A. Krensky, personal communication).
Although ifs role during development is as yet un-
clear, this fits with the recently proposed essential ro-
le of macrophages during embryonic apopftosis.
Moreover, metanephric stem cells can be inducedin
culture by macrophage products, such as TNFa, to
express tfranscripts that encode for an apoptosis trans-
ducing receptor, Fas (unpublished observation).

Table IV. Apoptosis in physiopathology

Partial list of physiological processes characterized by the occu-
rrence of apoptosis.

« Embryonic development.

« Tissue turnover:
- Keratinocytes.
= Intestinal epithelium.

« Degeneration of hormone-dependent tissues after removal of
trophic hormones:
= Thyroid, adrenals.
= Prostate, breast, endometrium.

« Regulation of the immune response:
= Negative selection.
- Control of peripheral immune response (activation induced
apoptosis).
= CD4 and CD8 J cell cytotoxicity.

« Hematopoiesis:
= Regulation of circulating blood cell number.
= Generation de erythrocytes by normoblast apoptosis.

Alterations in the frequency of apoptosis can cause
disease characterized by insufficient or excessive
number of cells. The loss of function of genes that in-
duce apoptosis or the increased expression of genes
that prevent apoptosis can result in  autoimmunity,
excess of autoreactive cells (bcl-2, Fas), or neoplasia
(bcl-2, p53) 212 4186, A excess of apoptosis has been
implicated in the neuronal loss of Alzheimer's and
Parkinson's diseases, and in the disappearance of T
lymphocytes following HIV infection ¢ %120 Altered
regulation of apoptosis may also result in persistent
inflammation or fibrosis, if the numbers of leukocytes
and fibroblasts in a site of injury are not adequately
control led @
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Apoptotic and renal disease

Studies on apoptotic and renal disease are recent
and more abundant in abstracts presented at mee-
tings than in the published literature. Published stu-
dies have demonstrated the existence of apoptotic
morphology and the typical pattern of DNA degrada-
tion in several renal diseases, although there are nu-
merous unanswered questions regarding the factors
that induce and prevent apoptosis, ifs gene regulo-
tion, its relative conftribution to renal damage, and
the possible therapeutic value of the modulation of
apoptosis. Table V summarizes renal diseases in
which apoptosis may play arole.

Table V. Possible participation of apoptotic in renal

d iseases

¢ Metanephric development.

e Acute renal failure: toxic, ischemic, obstructive.

e Chronic renal failure: renal atrophy and interstitial fibrosis.

¢ Inflammation: loss of parenchymal cells, resolution of inflam-
mation and of cell proliferation (hyperplasia).

e Autoimmunity and transplantation: regulation of the inmune
response.

* Polycystic renal disease.

¢ Nephrotic syndrome.

¢ Diabetic nephropathy.

o Tumors.

There are four general aspects to the relatfionship of
apopftosis to renal disease:

Apoptotic as a mechanism ofdepletion ofintrinsic
renal cells

Apopftofic induced by areduced supply of growth
factors, or the presence of soluble or membrane
bound products of macrophages or T cells may play
arole in the loss of parenchymal cells observed in is-
chemic, toxic and inflammatory processes.

Apoptotic and renal failure. There is evidence for
the involvement of apoptosis in both the acute and
chronic loss of renal parenchyma " 122123 |nter-
nucleosomal DNA degradation and the presence of
apoptotic bodies have been reported to occurin both
ischemic acute renal failure and chronic ischemic
atrophy 12 In fact, after brief (<45 min) ischemia
and reperfusion, apoptotic figures were detected in
rat kidneys at 12 hours and the classic internucleoso-
mal DNA fragmentation was also evident % In chro-
nic ischemia apoptoftic figures could be observed up
to 28 days ' In these conditions there is also on-
going necrosis 4 and the relative contribution of the
two mechanism of death to cell loss may depend on
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the balance of regulatory events. For obscure reo-
sons, apoptosis seems to be specially frequent in pos-
transplant acute renal failure 14 Evidence of apopto-
sis has also been found in toxic and obstructive acute
renal failure #1222, g atrophy post-papillary
necrosis % and in the chronic renal disease caused
by subtotal nephrectomy '¥. We and others have de-
monstrated that a sensitive southern blot technique
permits the identification of internucleosomal DNA
degradation even in the normal kidney '8 However,
the short in vivo half life of the apoptotic cell makes
it a challenge to study ifs participation in disease.
Apoptotic indices below 1.5% result in the loss of
50% of the cells during central nervous system deve-
lopment 7. Moreover, in renal injury, detachment is
an early event in apoptosis, and apoptotic cells can
be shed into the tubular lumen. While the meaning
of the presence of viable tubular cells in the urine du-
ring acute renal failure is not yet fully understood %,
we have hypothesized that cells destined to undergo
apoptosis are rescued from cell death by in vitro cul-
ture in the presence of growth factors '3

Little is known about the precise contribution of
apoptosis to the damage of acute renal failure.
Apoptotic cell death may be a direct consequence of
exposure to noxious stimuli. Apoptosis may also oc-
cur in cells proliferating in a compensatory fashion
after renal injury. These cells may be specially sensi-
five to absolute or relative deficits in exposure to
growth factors. In this setting apoptosis might confri-
bute to the persistence or delayed recovery from acu-
te renal failure. Apoptosis may also be a physiologic
balance to check or even reverse an exaggerated
compensatory proliferative response. Shimizu et al
observed, after 60 minutes of ischemia, an early peak
of necrosis and apoptosis in the first 48-72 h of acute
renal failure, and a second, bigger peak of apoptosis
after 7-14 days, when the necrotic tubules had been
completely relined by hyperplastic epithelium 2.
Elevated apoptotic indexes persisted for up to 4
months '?. Apoptosis has also been proposed to par-
ficipate in the regression of renal hyperplasia induced
by lead and gentamicin 3013 An issue that has not
been addressed in the experimental setting, but that
may be relevant in clinical practice, is the effect of
repeated low level insults fo the .kidney, such as recu-
rrent episodes of hypoperfusion/hypotension, or in-
fection, on the ability of cells to withstand apoptotic
cell death. In theory, such insults may select for
apoptosis, rather than necrosis, because of the mild-
ness of the insult or its repetitive nature, which would
deprive cells of growth factors during compensatory
cell replacement.

Apoptotic of parenchymal cell in inflamma tion.
Little is known about the role of apoptosisin renal cell



death induced by inflammatory cells, However, as re-
viewed below, several cytokines and inflammatory
mediators released by macrophages induce apoptosis
in other cell types. Moreover, both CD4+ and CD8+
cytotoxic T lymphocytes may induce apoptosis in tar-
get cells 213 and donor cell death in the setting of
unfreated acute rejection in experimental liver trans-
plantation shows histologic features of apoptosis '3
A possible role for apoptotic in nephrotic syndro-
me. ltis generally accepted that idiopathic nephrotic
syndrome is the consequence of podocyte damage.
However, there is little information regarding the nao-
ture of this damage. Denudation of basement mem-
brane and podocyte detachment and death have
been reported in several forms of human nephrotic
syndrome, including minimal change disease, focal
and segmental glomerulosclerosis, glomerulonephri-
tis and diabetic nephropathy ¥ While the morpholo-
gical features were originally interpreted as those of
necrosis, it is possible that coexistent apoptosis was
missed due to the already commented difficulties in
identifying apoptosis in vivo. Further studies, apply-
ing newly developed techniques, such as in situ de-
tection of DNA fragmentation ', should be perfor-
med. In the experimental setting, the observed
cytotoxicity of adriamycin and puromycin aminonu-
cleoside on cultured glomerular epithelial cells ¥
mth be related to their ability fo induce apopto-
Alfhough it is unclear why podocytes should
be especially sensitive to their toxic effects in vivo, it
is interesting that apoptosis induced by adriamycin
depends on the activation of p53 '¥. Glomerular po-
docytes are the only renal cells that express WT-I in
the adult kidney 0 and the interaction between p53
and 1\4/\1/T-| increases the transcriptional activity of

P53

A reduced rate of apoptotic may result in abnormal
accumulations of somatic cells

Some nephropathies are defined by an abnormal
accumulation of renal cells. Examples may be me-
sangial hypercellularity in proliferative glomerulo-
nephritis, the increased number of interstitial fibro-
blasts observed in inferstitial fibrosis of advanced
renal diseases, and the epithelial hyperplasia of renal
cystic disease. An increased mitotic rate may explain
,some of the histologic alterations in these nephropat-
hies. However, the lack of a compensatory increase
in cell death may lead to the accumulation of cells.
Although this possibility has not been directly stu-
died, there are indications that it might be so.
Fibroblasts obtained from fibrofic kidneys accumula-

APOPTOSIS EN  NEFROLOGIA

te more rapidly in culture and survive longer than
those obtained from healthy kidneys %2 Similar ob-
servations have been made with mesangial cells ob-
tained from animals with proliferative glomerulo-
nephritis. Shimizu et al. have recently reported that
the resolution of the glomerular proliferation charac-
teristic of anti-Thy-I nephritis depends on apoptosis
of excessive numbers of glomerular cells 1%,

Both the occurrence of apoptotic ' and abnorma-
lities of apoptosis-related genes have been reported
in polycystic kidneys. Transgenic mice overex-
pressing c-myc suffer from polycystic kidneys ¢, and
over-expression of c-myc has been detected in the
kidneys of cpk mice ' Interestingly, bcl-2 protects
from c-myc-induced apoptosis ®. Although the me-
chanism is still unclear, the lack of functional Bel-2
results in neonatal polycystic renal disease in mice ¥.
These mice displayed renal cysts, proliferative glome-
rular and tfubulointerstitial lesions, the presence of
immature cells and mitotic and apoptofic figures,
suggesting that an increase in the rate of cell death
leads to a “compensatory” proliferation #. Alternati-
vely, premature cell death may compromise differen-
tiation "5 It is theoretically possible that over expres-
sion of bax, the endogenous antagonist of bcl-2, may
result in the development of renal cysts. However,
we have not observed abnormal levels of bax mMRNA
in kidneys or tubular cells from cpk/cpk mice (unpu-
blished observation). A decreased apopftotic rate may
also participate in the development of renal neopla-
sias, and altered p53 genes have been found in some
renal carcinomas.

Apoptotic in the regulation of renal inflamma tion

Recent data suggest that leukocytes in the inflam-
matory site are eliminated by apoptosis if there is not
an adequate microenvironment of cytokines and
cell-preservationfactors %% The clearance of in-
flammatory cells by apoptosis might be a mecha-
nisms regulating resolution of glomerular and intersti-
tial inflammation '?, and failure of this clearance may
contribute to persistence of the inflammatory process.
There is evidence in support of this hypothesis such
as the capacity of mesangial cells to engulf apoptotic
neutrophils ¥ as well as the visualization of apopto-
tic debris inside mesangial cells during recovery from
acute glomerulonephritis ', Identification of the sur-
vival signals for leukocytes may help understand the
persistence of certain renal inflammatory events.
Moreover, if the survival factors for leukocytes differ
from those of renal infrinsic cells the door would be
open to the manipulation of inflammation through
modulation of leukocyte apoptosis without damaging
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the renal parenchyma. In fact, certain cytokines may
have a dual action on the regulation of apoptosis:
TNFa, for example, prevents apoptosis in monocytes,
while kiling renal cells in vitro 48 148

It is relevant at this point to comment on the har-
bored nofion that apoptosis itself does not generate
inflammmation. Itis conceivable that apoptosis may
generafe inflammation through several mechanism. If
massive apoptosis occurs in an organ not physiologi-
cally prepared for such an event, some of the dying
cells may not be phagocytised by adjacent cells, es-
pecially if the latter are dysfunctional because they
have been exposed to the same pernicious toxins.
This may result in the disinfegration of apoptotic bo-
dies and the release of non-specific proinflammatory
factors. Cell lysis has been observed in vivo when
massive apopftosis of the liver takes place upon injec-
tion of anti-Fas antibody &. It is also theoretically pos-
sible that the genetic programs activated during
apoptosis may provide specific chemotactic substan-
ces for more phagocyte recruitment, as itdoes provi-
de new surface determinants for recognition and pha-
gocytosis. There is some, scattered evidence for this
notfion. Macrophages undergoing apoptosis process
IL-1 B(74) . We have'recently observed that peak
transcription of a luciferase construct under the con-
tfrol of the T cell and monocyte chemotactic chemo-
kine Scya 5 (RANTES) promoter is induced by TNFo
in doses that induce apoptosis @ 19152 Kidney deve-
lopment, in which widespread apoptosis of unwan-
ted cells takes place, is associated with elevated le-
veis of RANTES expression (A. Krensky, personal
communication). The monocyte chemoatiractant JE
expression is elevated as early as 4 hours after renal
ischemia, peaks at 24-48 h and remains elevated for
as long as 168 h %3, In fact, invading macrophages
were detected in the kidneys during renal cortical
atrophy, a process characterized by apoptosis in the
absence of necrosis and other tissue injury 2
Although previous studies have not made a clear
connection betweén inflammatory infilirates and
apoptosis, recent data from transgenic mice suggest
that macrophages are indispensable in eliciting cell
death by apoptosis during development 7. The exact
role of macrophages, as primary determinants of the
occurrence of apoptosis through engagement of re-
ceptors such as Fas, or as a complement to signals
derived from the apoptotic cells, as well as the means
of macrophage recruitment are poorly understood.

Apoptotic as a modulator of the immune response

There is a growing body of evidence that apoptosis
plays a fundamental role in the control of the immu-
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ne response in the thymus and the periphery (revie-
wed in 2). While the details of this involvement are
beyond the scope of this review, it should be noted
that alterations in apoptosis-related genes such as
bcl-2 and Fas result in autoimmune diseases with re-
nal damage. Moreover the mechanism of action of
drugs used for the therapy of immune-mediated dise-
ases and fransplant rejection may involve the regula-
tion of lymphocyte apoptosis & 194 1%,

Regulation of apoptotic in renal cells

There is litftle information on the factors that regu-
late apoptotic in the kidney. In general, apoptosis
may be the consequence of withdrawal of growth
factors and/or the exposure to apoptosis inducing fac-
tors. The idea that cell viability depends on a balance
of external signals has increasingly been accepted 2,
The growth factor requirement may vary with cell ty-
pe, functional status of the cell, or the additional pre-
sence of pernicious toxins. The requirement for exter-
nal survival factors has been well characterized for
some neuron and. hemopoietic cells. Much less is
known about the needs of renal cells. We and others
have shown that serum deprivation results in apopto-
sis of mesangial and tubular cells 1%, The specific
growth factors that account for the survival promo-
ting activity of serum in renal cells are unknown.
However, there is information suggesting the involve-
ment of several cytokines. Both EGF and IGF-I are
decreased during acute renal failure %1% and their
administration improves the evolution of experimen-
tal acute renal failure % 160161 and even decreases in-
ternucleosomal DNA degradation %, Both factors ha-
ve also been shown to protect against apopftosis in
other cell culture systems 162163 |n fact, there is evi-
dence that EGF prevents apoptosis in the metane-
phric kidney and in proximal tubular cells 1. PDGF is
the main element responsible for the mitogenic acti-
vity of serum ¢4 Its increased expression has been re-
lated to the accumulation of cells in proliferative glo-
merulonephritis 65, and it is temporally associated
with the recovery of a normal appearance by tubular
cells following foxic injury ¥ PDGF might also pro-
tect from cell death and account for part of the survi-
val activity in serum. In fact, PDGF prevents apop-
tosis in developing oligodendrocytes '8 A better
understanding of the survival factors in renal fissues
may have therapeutic interest in clinical practice, as
several recombinant cytokines are available, and, at
least in vitro, their addition up to 24 hours after with-
drawal may rescue cells from apoptosis that otherwi-
se were destined to die '3

Several cytokines and inflammatory mediators may



also induce apoptosis (table VI) %17, Studies in renal
cells are not abundant. It has been reported that H202
induces internucleosomal DNA degradation in tu-
bular renal cells '°. Our group had previously repor-
ted that TNFois cytotoxic for glomerular epithelial
and mesangial cells in culture '¥. Other authors have
reported that TNFoa cytotoxicity is related to the oc-
currence of apoptosis '® 7 We have recently obser-
ved that TNFa induces cell death and internucleoso-
mal DNA fragmentation in mesangial and tubular
epithel ial cel Is ® It has been suggested that the abi-
lity of TNFa to induce apoptosis may be mediated by
lipid moieties such as ceramide % or by oxygen ra-
dical species 2 There is also evidence that platelet-
activating factor (PAF) may participate in TNFa-indu-
ced cytotoxicity of renal cells ', We are not aware,
however, of reports on a possible role for PAF in cy-
tokine-induced apoptosis.

APOPTOSIS EN NEFROLOGIA

Proposed regulation of apoptosis-related genes by the
interplay of lethal and survival factors in renal cells

Noxious stimuli e.g. TNFa D d survival fact

1 e.g. serum deprivation
Recep ! . D P Other?
lethal p P
Fas c-myc bel-2 Clusterin
p53 bel-xL tcl-30?
bax
IL-1B-convertase?
APOPTOSIS

Table VL. Factors involved in the development of apop-
tosis

Deprivation of survival factors:
- Hormones: testosterone and prostate.
- Cytokines: NGF and neurons or neutrophils.
IL-3 and hemopoietic cells.
Renal cells and serum, EGF.
Others: IGF-1, IL-2, IL-3, IL-4, IL-6, CNTF, PDGF.

- Drugs.

Factors that induce apoptosis:

- Hormones: glucocorticoids and T cells.

- Cytokines: TNFa, TGFR 1, Fas ligand.

- Othex mediators of inflammation: NO, H202 and oxygen radi-
cals, ceramide, thromboxane B2.

= CDA4+ and CD8+ cytotoxic T cells.

= Lymphocyte activation.

- Drugs: cancer chemotherapy, colchicine.

- Physical factors: heat shock, radiation.

Occurrence of apoptosis or necrosis may depend on the intensity of the sti-
mulus or on the presence of additional stimuli.

A balance and interplay of survival and lethal fac-
tors. There is evidece that cell fate may depend on
the interaction of survival factors and apoptosis-indu-
cing factors. In oligodendrocytes, ciliary neurotrophic
factor (CNTF) not only prevented growth factor depri-
vation-induced apoptosis, but also protected from
TNFoa-induced cell death 17 Several interleukins can
also rescue lymphocytes from glucocorticoid-indu-
ced cel | death 5 Our recent data from experiments
on renal cell death support the hypothesis that renal
cell faceis also determined by an interplay of survival
and lethal factors. These factors seem to modulate
the expression of apoptosis-related genes (figure 4).
Growth factor deprivation of tubular cells resulted in
predictable cell death associated with increased le-
vels of bax mRNA and decreased bcl-2/bax ratios.

Figure 4.-Proposed regulation of apoptosis-related genes by the
interplay of lethal and survival factors in renal cells. Data from our
laboratory suggest that the lethal effect of TNFo on serum-
deprived renal cells in culture may be related to its capacity to
modulate the expression of genes that regulate the occurrence of
apoptosis. TNFa increased the expression of the apoptosis-inducer
receptor fas, the franscription factors c-myc and p53, and the
infracellular antagonist of bel-2, bax. Moreover the levels of bel-2
and bel-x, which protect against the development of apoptosis,
were reduced. TNFaLalso decreased the expression of clusterin,
which binds to the terminal complement attack complex and
prevents complement-induced cell lysis.

The addition of TNFo resulted in more prominent
cell death with features of apoptosis. Cell death indu-
ced by TNFo was not as intense in the presenceof
growth factors. In our experimental system, TNFo re-
sulted in increased c-myc mRNA levels in serum-de-
prived tubular cells. Increased levels in c-myc were
the earliest of the changes in apoptosis-related genes
induced by TNFa. This may have a role in the increa-
sed susceptibility of these cells to TNFa-induced cell
death when growth factors are absent as increased c-
myc expression confers a dependability on external
growth factors to prevent cell death 5. TNFo cytoto-
xicity had previously been associated with increased
c-myc expression 74 Furthermore, TNFo. decreased
bcl-2 expression, leading to a marked diminution of
the bcl-2/bax ratio, upregulated p53 mRNA levels
and increased Fas mRNA expression, facilitating the
action of other apoptotic inducing pathways 489,
Thus, TNFa-induced cell death may be related to the
modulation of apoptosis-related genes, perhaps tilting
the balance towards the occurrence of cell death.
This might also be true for other receptors of the sa-
me family, like Fas.

In concordance with these findings in TNFa and
serum-deprivation-induced death in cultured tubular
cells, decreased bcl-2, and increased levels of c-myc,
bax, bd-x and Fas mRNA are associated with the de-
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velopment of cell death and internucleosomal DNA
fragmentation in experimental acute renal failure 49,
Itis interesting that increased renal expression of c-
myc and c-fos has been reported in the early stages of
sever%I [1117o7dels of acute renal failure, including ische-
mia c-fos has been shown to participate in
growth factor deprivation-induced cell death in vitro ¢
If c-myc confers a dependence on external growth fac-
tors in renal cells in vivo, as it does to fibroblasts in vi-
fro ¢, an inadequate supply of growth factors, perhaps
compounded by an excess of apoptosis-inducing fac-
tors, may create a cytokine microenvironment favoring
cell death in the kidney during acute renal failure, and
may increase its severity, or even delay recovery.
Evidence for such adverse microenvironment has been
suggested by several investigations. For example, renal
levels of pre-pro-EGF and IGF-1 mRNA have been re-
ported to be reduced 5158 and systemic TNFa and lo-
cal TGFP increased in models of acute renal failu-
re 13°.178 Moreover, as predicted from this work, the
exogenous administration of EGF or IGF-l can improve
the evolution of acute renal failure 125'% and decrease
internucleosomal DNA degradation'®,

Apoptotic-related genes and elevated ambient
glucose. The molecular basis for the development of
diabetic nephropathy and for the susceptibility of the
diabetic kidney to acute renal failure has not been
determined. We have recently noted that culturing
tubular cells in a high glucose medium decreases the
expression of bcl-2 mRNA and the bcl-2/bax ratio.
Decreased bcl-2 levels may predispose cells to apop-
totic cell death in the presence of an adverse micro-
environment. However, high glucose also decreased
p53. While the physiological relevance of this is un-
clear, high ambient glucose decreases the accumula-
tion of tubular cells in vitro, while increasing the ac-
cumulation of mesangial cells . The modulation of
apoptosis-related genes may underlie some of these
observations.

Summary

There is increasing evidence that apoptotic is an
integral part of the normal functioning of the kidney
and other organs. Derangements in its regulation, as
a hypothesis, may result in renal disease. The apopto-
tic rate of renal cells might be abnormally increased
in nephropathies characterized by cell death or cell
depletion such as acute tubular necrosis, acute rejec-
tion, necrotizing glomerulonephritis or renal atrophy,
and decreased whenever there is an abnormal accu-
mulation of cells, such as during proliferative glome-
rulonephritis, polycystic renal disease, renal fibrosis
and neoplastic.

402

Acknowledgements

This work was supported, in part, by grants from
the National Institutes of Health (DK-07006, DK-
46282, DK-30280, DK-41110, DK-45191). Dr. Ortiz-
Arduan was supported by grants from Fundacion
Conchita Rabago de Jiménez Diaz and FISSS
92/5277, 93/5389, and 94/0370. We thank Nieves
Martin Llonch for help in the preparation of the ma-
nuscript.

References

1. Arends MJ, and Wyllie AH: Apoptosis: mechanisms and roles
in pathology. Int Rev Exp Pathol 32:223-254, 1991.

2. Cohen JlJ, Fadok VA andSellins KS: Apoptosis and program-
med cell death in immunity. Annu Rev Immunol 10:267-293,
1992.

3. Bursch W, Oberhammer F, and Schulle HR: Cell death by
apoptosis and its protective role against disease. Trends
Pharmacol Sci 13:245-251, 1992.

4. Carson DA, and Ribeiro JM: Apoptosis and disease. Lancet
341, 1993.

5. Kerr JF, Wyllie AH, and Curie AR: Apoptosis: a basic biologi-
cal phenomenon with wide-ranging implications in tissue ki-
netics. Br J Cancer 26:239-257, 1972.

6. Vaux DL: Toward an understanding of the molecular mecha-
nisms of physiological cell death. Proc Natl Atad Sci USA
90:786-789, 1993.

7. Lane DP: A death in the life of p53. Nature 362:786-788,
1993.

8. NUfnez G, London L, Hockenberry D, Alexander M, McKearn
JP and Korsmeyer $J: Deregulated Bel-2 gene expression Se-
lectively prolongs survival of growth-factor deprived hemato-
poietic cell lines. J Immunol 144:3602-3610, 1990.

9. Nakayama K, Negishi 1, Kuvida K, Shinkai Y, Louie MC, Fields
LE, Lucas PJ, Stewart V, Ah FW, and Loh DY: Disappearance
of the lymphoid system in Bcl-2 homozygous mutant chimeric
mice. Science 261:1584-1588, 1993.

10. Cuende E, Ales-Martinez JE, Ding L, Gonzdlez-Garcia M,
Martinez A, and Nofez G: Programmed cell death by bcl-2-
dependent and independent mechanisms in B lymphoma
cells. EMBO J 12:1555-1560, 1993.

11. Schwariz LM, Smith SW, Jones ME, and Osborne BA: Do all
programmed cell deaths occur via apoptosis? Proc Natl Atad
Sci USA 90:980-984, 1993.

12. Zychlinsky A, Zheng LM, Liv C, and Young JD: Cytolytic
lymphocytes induce both apoptosis and necrosis in target
celis. J Immunol 146:393-400, 1991.

13. Edwards SN, Buckmaster AE, and Tolkowsky AM: The death
programme in cultured sympathetic neurons can be suppres-
sed at the postransiational level by nerve growth factor, cyclic
AMP and depolarization. J Neurochem 57:2140-2143, 1991.

14. Gobe GC, Axelson RA, and Searle JW: Cellular events in ex-
perimental unilateral ischaemic renal atrophy and in regenera-
tion after contralateral nephrectomy. Lab Invest 63:770-779,
1990.

15. Nicoletti | Migliorati G, Pagliacci MC, Grignani F, and
Riccardi C: A rapid a sitiple method for measuring thymocyte
apoptosis by propidium iodide staining and flow cytometry. J
Immunol Methods 139, 1991.

16 Buttke TM, and Sandstrom PA: Oxidative stress as a mediator
of apoptosis. Immunol Today 15:7-10, 1994.



17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.

37.

38

French-Constant C: A division too far? Current Biology 2:577-
579,1992.

Barres BA, Hart IK, Coles HSR, Burne JF, Voyvodic JT,
Richardson WD, and Raff MC: Cell death and control of cell
survival in the oligodendrocyte lineage. Cell 70:31-46, 1992.
Coles HSR, Burne JF, and Raff MC: Large scale normal cell de-
ath in the developing rat kidney and its reduction by epider-
mal growth factor. Development 118:777-784, 1993.

Raff MC: Social controls on cell survival and cell death.
Nature 356:397-400, 199 2.

Tsujimoto Y, and Croce CM: Analysis of the structure, trans-
cripts and protein products of bcl-2, the gene involved in hu-
man follicular lymphoma. Proc Natl Atad Sci USA 83:5214-
52 18, 1986.

Harris CC, and Hollstein M: Clinical implications of the p53
tumor-suppressor gene. New EnglJ Med 329:1318-1327,
1993.

Trauth BC, Klas C, Peters AMJ, Matzku S, Moller P, Falk W,
Debatin KM, and Krammer PH: Monoclonal antibody-media-
ted tumor regression by induction of apoptosis. Science
245:301-305, 1989.

Yonehara S, Ishi A, and Yonehara M: A cell-killing monoclo-
nal antibody (anti-Fas) to a cell surface antigen co-down regu-
lated with the receptor of TNF. J Exp Med 169:1747-1756,
1989.

Harrigan MT, Baughman G, Campbell NF, and Bourgeois S:
Isolation and characterization of glucocorticoid- and cyclic
AMP-induced genes in T lymphocytes. Mol Cell Biol 9:3438-
3446,1989.

Vaux DL, Weissman IL, and Kim SK: Prevention of program-
med cell death in C. Elegans by human bcl-2. Science
258:1955-1959, 1992.

Hockenbery D, Nuiiez G, Milliman C, Schreiber RD, and
Korsmeyer SJ: Bel-2 is an inner mitochondrial membrane pro-
tein that blocks programmed cell death. Nature 348:334-336,
1990.

Jacobson MD, Burne JF, King MP, Miyashita T, Reed JC, and
Raff MC: Bel-2 blocks apoptosis in cells lacking mitochondrial
DNA. Nature 361:365-369, 1993.

Williams GT, and Smith CA: Molecular mechanisms of apop-
tosis: genetic controls on cell death. Cell 74:777,779, 1993.
Hockenbery DM, Oltvai ZN, Yin XM, Milliman CL, and
Korsmeyer SJ: Bel-2 functions in an antioxidant pathway to
prevent apoptosis. Cell 75:241-251, 1993.

Kane DJ, Sarafian TA, Anton R, Hahn H, Gralla EB, Valentine
JS, Ord T, and Bredesen DE: Bcl-2 inhibition of neural death:
decreased generation of reactive oxygen species. Science 262:
1274-1 277, 1993.

Pezzella F, Turley H, Kuzu |, Tungekar MF, Dunnill MS,
Pierce CB, Harris A, Gatter KC, and Mason KY: bcl-2 protein
in non-small-cell lung carcinoma. N Engl J Med 329:690-694,
1993.

Bissonnette R, Echeverri F, Mahboudi A, and Green D:
Apoptotic cell death induced by c-myc is inhibited by bcl-2.
Nature 359:552-554, 1992.

Vanhaesebroeck B, Reed JC, De Vaick 0, Grooten J,
Miyashita T, Taneka S, Beyaert R, Van Roy F, and Fiers W:
Effect of bcl-2 protooncogene expression on cellular sensiti-
vity to tumor necrosis factor mediated cytotoxicity. Oncogene
8: 1075-1081 ,1993.

Itoh N, Tsujimoto Y, and Nagata S: Effect of bcl-2 on Fas anti-
gen-mediated cell death. J Immunol 15 1: 621 -627, 1993.

Vaux D, Cory S, and Adams J: Bcl-2 gene promotes hemo-
poietic cell survival. Nature 335:440-442, 1988.

Allsopp TE, Wyatt S, Paterson HF, and Davies AM: The proto-
encogen bcl-2 can selectively rescue neurotrophic factor-de-
pendent neurons from apoptosis. Cell 73:295-307, 1993.

. Garcia I, Martinou I, Tsujimoto Y, and Martinou JC:

39.

40.

41.

42,

43.

44,

45,

46.

APOPTOSIS EN NEFROLOGIA

Prevention of programmed cell death of sympathetic neurons
by the bcl-2 proto-oncogene. Science 258:302-304, 1992.
Borzillo GV, Endo K, and Tsujimoto Y: Bcl-2 confers growth
and survival advantage to interleukin-7-dependent early pre-B
cells which become factor independent by a multistep process
in culture. Oncogene 7:869-876, 1992.

Vaux DL, Aguila HL, and Weissman IL: Bcl-2 prevents death
of factor-deprived cells but fails to prevent apoptosis in tar-
gets of cell mediated killing. Int Immunol 84:821-824,
1992,

Strasser A, WS, Vaux DL, Bath ML, Adams JM, Cory S and
Harris AW: Enforced bcl-2 expression in B-lymphoid cells
prolongs antibody responses and elicits autoimmune disease.
Proc Natl Acad Sci USA 88:8661-8665, 1991.

Graninger WB: Transcriptional overexpression of the proto-
encogen bcl-2 in patients with systemic lupus erythematous.
Wien Klin Wochenscher 104:205-207, 1992.

Boise LH, Gonzaez-Garcia M, Postema CE, Ding L, Lindsten
T, Turka LA, Mao X, Nuiez G, and Thompson CB: bcl-x, a
bcl-2-related gene that functions as a dominant regulator of
cell death. Cell 74:597-608, 1993.

Lebrun DP, Warncke RA, and Cleary ML: Expression of bcl-2
in fetal tissues suggests a role in morphogenesis. Am J Pathol
142:743-753, 1993.

Lu QL, Poulsom R, Wong L, and Hanby AM: Bcl-2 expression

in adult and embryonic nonhematopietic tissues. J Pathol
169:431-437, 1993.
Hockenbery DM, Zutter M, Hickey W, Nahm M, and
Korsmeyer SJ: Bcl-2 protein is topographically restricted in tis-
sues characterized by apoptotic cell death. Proc Nat/ Acad Sci
USA 88:6961-6965,1991.

47. Veis DJ, Sorenson CM, Shutter JR, and Korsmeyer SJ: Bcl-2-de-

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

ficient mice demonstrate fulminant lymphoid apoptosis,
polycystic kidneys, and hypopigmented hair. Cell 75 :229-240,
1993,

Ortiz A, Karp SL, Danoff TM, and Neilson EG: Expression of
survival promoting bcl-2 oncogene by renal cells and whole
kidney. J Am Soc Nephrol 4:742,1993.

Perry ME, and Levine AJ: Tumor-suppressor p53 and the cell
cycle. Current Opinion in Genetics and Development 3:50-
54, 1993.

Lowe SW, Schmitt EA, Smith SW, Osborne BA, and Jacks T:
p53is required for radiation-induced apoptosis in mouse thy-
mocytes. Nature 362:847-849, 1993.

Clarke AR, Purdie CA, Harrison DJ, Morris RG, Bird CC,
Hooper ML, and Wyllie AH: Thymocyte apoptosis induced by
p53-dependent and independent pathways. Nature 362:849-
852,1993.

Yonish RE, Resnitzky 0, Lotem J, Sachs L, Kimchi A, and Oren
M: Wild-type p53 induces apoptosis of myeloid leukemic
cells that is inhibited by interleukin-6. Nature 353:345-347,
1991.

Debbas M, and White E: Wild-type p53 mediates apoptosis by
E1A, which is inhibited by E1B Genes Dev 7:546-554, 1993.
Hashimoto S, Ishii A, and Yonehara S: The E1B oncogene of
adenovirus confers cellular resistance to cytotoxicity of tumor
necrosis factor and monoclonal, anti-Fas antibody. Int
Immunol 3: 343-351, 1991.

Rogel A, Popliker M, Webb CG, and Oren M: p53 cellular tu-
mor antigen: analysis of mRNA levels in normal adult tissues,
embryos, and tumors. Molec Cell Biol 5:2851-2855, 1985.
Dei Tos AP, Doglioni C, Laurino L, Barba.reschi M, and
Fletcher CD: p53 protein expression in non-neoplastic lesions
and benign and malignant neoplasma of soft tissue.
Histopathology 22:45-50, 1993.

Bosari S, Roncalli M, Viale G, Bossi P, and Coggi G: p53 im-
munoreactivity in inflammatory and neoplastic diseases of the
uterine cervix. J Pathol 169:425-430, 1993.

403



A.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

77.

78.

404

ORTIZ-ARDUAN Y E. G. NEILSON.

Chopp M, Li Y, Zhang ZG, and Freytag SO: p53 expression in
brain after middle cerebral artery occlusion in the rat.
Biochem Biophys Res Commun 182:1201-1207, 1992.

Evan GlI, and Littlewood TD: The role of c-myc in cell growth.
Current Opinion in Genetics and Development 3 :44-49,1993.
Trudel M, D’Agati V, and Constantini F: c-myc as an inducer
of polycystic kidney disease in transgenic mice. Kidney Int
39:665-671, 1991.

Evan Gl, Wyllie AH, Gilbert C, Littlewood T, Land H, Brooks
M, Waters C, Penn L, and Hancock D: Induction of apoptosis
in fibroblasts by c-myc. Cell 69:119-128, 1992.

Askew DS, Ashmun RA, Simmons BC, and Cleveland JL:
Constitutive c-myc expression in an IL-3-dependent myeloid
cell line suppresses cell cycle arrest and accelerates apoptosis.
Oncogene 6:1915- 1922, 1991.

Shi Y, Glynn J, Guilbert L, Colter T, Bissonnette R, and Green
D: Role for c-myc in activation-induced apoptotic cell death
in T cell hybridomas. Science 257:212-214, 1992.

Reisman D, Elkind NB, Roy B, Beamon J, and Rotter V: c-myc
trans-activates the p53 promoter through a required down-
stream CACGTG motif. Cell Growth Differ 4:57-65, 1993.
Thompson EB, Nazabeth LV, Thulasi R, Ashraf J, Harbour D,
and Johnson BH: Glucocorticoids in malignant lymphoid
cells: gene regulation and the minimal required fragment for
lysis. J Steroid Biochem Molec Biol 41:273-283, 1992.
Collatta F, Polentarutti N, Siboni N, and Mantovani A:
Expression and involvement of c-fos and c-jun protooncoge-
nes in programmed cell death induced by growth factor depri-
vation in Jymphoid cell Jines. J Biol Chem 267:18278-18283,
1992,

Smeyne RJ, Vendrell M, Hayward M, Baker SJ, Miao GG,
Schilling K, Robertson LM, Curran T, and Morgan Ji:
Continuous c-fos expression precedes programmed cell death
in vivo. Nature 363:166-169, 1993.

Jain J, McCaffrey PG, Valge-Archer RE, and Rao A: Nuclear
factor of activated T cells contains Fos and Jun. Nature
356:801-804, 1992.

Shi Y, Sahai BM, and Green DR: Cyclosporin A inhibits acti-
vation-induced cell death in T-cell hybridomas and thymocy-
tes. Nature 3391625-626, 1989.

Flanagan WM, Corthsy B, Bram RJ, and Crabtree GR: Nuclear
association of a T-cell transcription factor blocked by FK506
and cyclosporin A. Nature 352:803-807, 1991.

Oltvai ZN, Milliman CL, and Korsmeyer SJ: Bcl-2 heterodime-
rizes in vivo with a conserved homolog, Bax, that accelerates
programed cell death. Cell 74:609-619, 1993.

Yuan J, Shaham S, Ledoux S, Ellis HM, and Horvitz HR: The
C. elegans cell death gene ced-3 encodes a protein similar to
mammalian interleukin-IB-converting enzyma. Cell 75:641-
652, 1993.

Miura M, Zhu H, Rotello R, Hartwieg EA, and Yuan
Induction of apoptosis infibroblasts by IL-B-converting enzy-
me, a mammalian homolog of the C. elegans cell death gene
ced-3. Cell 75:653-660, 1993.

Hogquist KA, Nett MA, Unanue ER, and Chaplin DD:
Interleukin 1 is processed and released during apoptosis. Proc
Natl Acad Sci USA88:8485-8489, 1991.

Schall TJ, Lewis M, Koller KJ, Lee A, Rice GC, Wong GHW,
Gatanaga T, Granger GA, Lentz R, Raab H, Kohr WJ, and
Goeddel DV: Molecular cloning and expression of a receptor
for human tumor necrosis factor. Cell 61:361-370, 1990. ,
Smith CA, Davis T, and Anderson D: A receptor for tumor ne-
crosis factor defines an unusual family of cellular and viral
proteins. Science 248: 1019-1023, 1990.

Johnson D, Lanahan A, Buck CR, Sehgaal A, Morgan C,
Mercer E, Bothwell M, and Chao M: Expression and structure
of the human NGF receptor. Cell 47:545-554, 1986.
Stamenkovic |, Clark EA, and Seed B: A B-lymphocyte activa-

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

tion molecule related to nerve growth factor receptor and indu-
ced by cytokines in carcinomas. EMBO J 8:1403-1 410, 1989.
Mallett S, Fossum S, and Barclay AN: Characterization of the
MRC OX40 antigen of activated CD4 positive T lymphocytes-
a molecule related to nerve growth factor receptor. EMBO J 9:
1063-1068, 1990.

Camerini D, Walz G, Loenen WAM, Borst J, and Seed B: The
T cell activation antigen CD27 is a member of the NGF/TNF
receptor gene family. Immunol 147:3165-3169, 1991.
Durkop H, Latza U, Hummel M, Eitelbach F, Seed B, and
Stein H: Molecular cloning and expression of a new member
of the nerve growth factor receptor family which is characte-
ristic for Hodgkin’s disease. Cell 68:421-427, 1992.

Itoh N, and Nagata S: A novel domain required for apoptosis.
Mutational analysis of human Fas antigen. J Biol Chem
268:10932-10937, 1993.

Tartaglia LA, Ayres TM, Wong GHW, and Goedel DV: A no-
vel domain within the 55kd TNF receptor signals cell death.
Cell 74:845-853, 1993.

Rabizadeh S, Oh J, Zhong L, Yang J, Bitler CM, Butcher LL,
and Bredesen DE: Induction of apoptosis by the low-affinity
NGF receptor. Science 201:345-348, 1993.

Ogasawara J, Watanabe-Fukunaga R, Adachi M, Matsuzawa
A, Kasugal T, Kitamura Y, ltoh N, Suda T, and Nagata S:
Lethal effect of the anti-Fas antibody in mice. Nature 364:806-
809,1993.

Watanabe-Fukunaga R, Brannan C, Copeland NG, Jenkins
NA, and Nagata S: Lymphoproliferative disorder in mice ex-
plained by defects in Fas antigen that mediates apoptosis.
Nature 356:314-317, 1992.

Kobayashi S, Hirano T, Kakinuma M, and Uede T:
Transcriptional repression and differential splicing of Fas
mRNA by early transposon (ETn) insertion in autoimmune LPR
mice. Biochem Biophys Res Commun 191:617-624, 1993.
Adachi M, Watanabe-Fukunaga R, and Nagata S: Aberrant
transcription caused by the insertion of an early transposable
element in an intron of the fas antigen in Ipr mice. Proc Natl
Acad Sci USA 90:1756-1760, 1993.

Wu J, Zhow T, HeJ, and Mounty JD: Autoimmune disease in
mice due to integration of an endogenous retrovirus in an
apoptosis gene. J Exp Med 178:461-468, 1993.

Chu JL, Drappa J, Parnassa A, and Elkon KB: The defect in Fas
mRNA expression in MRL/Ipr mice is associated with insertion
of the retrotransposon, ETn.J Exp Med 178:723-730, 1993.
Suda T, Takahashi T, Golstein P, and Nagata S: Molecular clo-
ning and expression of the Fas ligand, a novel member of the
tumor necrosis factor family. Cell 75:1169-1178, 1993.

Allen RD, Marshall JD, Roths JB, and Sidman CL: Differences
defined by bone marrow transplantation suggest that Ipr and
gld are mutations of genes encoding an interacting pair of mo-
lecules. JExp Med 172:1367-1375, 1990.

Rouvier E, Luciani MF, and Golstein P: Fas involvement in
Ca2+-independent T cellmediated cytotoxicity. J Exp Med
177:195-200, 1993.

Kelly CJ, Roth DA, and Meyers CM: Immune recognition and
response to the renal interstitium. Kidney Int 31:518-530,
1991.

Ortiz A, and Neilson EG: Apoptosis-related Fas RNA is expres-
sed by renal cells and increased in renal damage. J Am Soc
Nephrol 4:496, 1993.

Rothe J, Lesslauer W, Lotscher H, Lang Y, Koebel P, Kontgen
F, Althage A, Zinkernagel R, Stelmetz M, and Bluethmann H:
Mice lacking the tumor necrosis factor receptor 1 are resistant
to TNF-mediated toxicity but highly susceptible to infection by
Listeria monocytogenes. Nature 364:798-802, 1993.

Lang RA, and Bishop JM: Macrophages are required for cell
death and tissue remodelling in the developing mouse eye.
Cell 74:453-462, 1993.



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

Baughman G, Lesley J, Trotter J, Hyman R, and Bourgeois S:
Tci-30, a new T cell-specific gene expressed in immature
glucocorticoid-sensitive thymocytes. JIimmunol 149: 1488
1496,1992.

Hughes J, and Savifi JS: Mesangiai ceii vitronectin receptor
integrin participates in phagocytosis of neutrophils under-
going apoptosis. J Am Soc Nephrol 3:633, 1992.

Jenne DE, and Tschopp J: Ciusterin: the intriguing guises of a
widely expressed giycoprotein. Trends Biochem Sci 17:154-
159,1992.

Schiegel PN, Matthews GdJ, and-Cichon Z: Ciusterin produc-
tion in the obstructed rabbit kidney: correlations with loss of
renal function. J Am Soc Nephrol 3:1163-1171, 1992.
Sawczuk IS, Hoke G, and Oisson CA: Gene expression in
response to acute unilateral ureteral obstruction. Kidney Int
35:1315-1319, 1989.

Correa R, Hostetter TH, Nath KA, and Rosemberg ME:
Interaction of compiement and clusterin in renal injury. J Am
Soc Nephrol 3:1172-1179, 1992.

Correa-Rotter R, Hostetter TH, Manivei JC, Eddy AA, and
Rosenberg ME: Intrarenal distribution of clusterin following
reduction of renal mass. Kidney Int 41:938-950, 1992.

Manivei JC, Correa-Rotter R, and Rosenberg ME: Expression of

clusterin in human renal disease. J Am Soc Nephrol 3:658,

1992,

Harding MA, Chadwick LJ, Gattone Il VH, and Calvet JP: The
SGP-2 gene is developmentaily regulated in the mouse kid-
ney and abnormally expressed in conecting duct cysts in
polycystic kidney disease. Dev Biol 146:483-490, 1991.
Murphy BF, Kirszbaum L, Waiker ID, and D’Apice AJF: SP-
40,40, a newly identified normal human serum protein
found in the SC59 complex of complement and in the im-
mune deposits in glomerulonephritis. J Clin Invest 81:1858-
1864,1988.

French LE, Tschopp J, and Schifferli JA: Ciusterin in renal
tissue: preferential localization with the terminal comple-
ment complex and immunoglobulin deposits in
giomeruli. Clin Exp Immunol 88:389-393, 1988.

Eddy AA, and Fritz IB: Localization of ciusterin in the epi-
membranous deposits of passive Heymann nephritis. Kidney
Int 39:247-252, 1991.

Tschopp J, Chonn A, Hertig S, and French LE: Ciusterin, the
human apolipoprotein and complement inhibitor, binds to
compiement C7, CSB and the B domain of C9. J Immunol
151:2159-2165, 1993.

Ortiz A, Karp SL, and Neilson EG: Ciusterin (SGP2) mRNA
expression by mesangial cells and its regulation by cytoki-
nes. J Am Soc Nephrol 4:626, 1993.

French LE, Chonn A, Ducrest D, Baumann B, Belin D,
Wohlwend A, Kiss JZ, Sappino AP, Tscopp J, and Schifferli JA:
Murine clusterin: molecular cloning and mRNA localization
of a gene associated with epithelial differentiation processes
during embryogenesis. J Cell Biol 122:1119-1130, 1993.
Karp SL, Ortiz A, Li S, and Neilson EG: Metanephric me-
senchymal ceils will differentiate in cuiture after stimulation
with- hepatocyte growth factor or embryonic spinai cord.
Proc Natl Acad Sci (USA) (in press), 1994.

Manfredini R, Grande A, Tagliafico E, Barbieri D, Zucchini
P, Citro G, Zupi G, Franceschi C, Torelli U, and Ferrari S:
fnhibition of c-fes expression by an antisense oligomer cau-
ses apoptosis of HL-60 cells induced to granulocytic differen-
tiation. J Exp Med 178:381-389, 1993.

Fairbairn LJ, Cowling GJ, Reipert BM, and Dexter TM:
Suppression of apoptosis allows differentiation and develop-
ment of a multipotent hemopoietic cell line in the absence of
added growth factors. Cell 74:823-832, 1993.

Koseki C, HerzJinger D, and Al-Awgqati Q: Apoptosis in me-
tanephric development. J Cell Biol 119: 1327-1333, 1992.

117.

118.

119.

120.

121.

122,

123.

124.

125.

APOPTOSIS EN NEFROLOGIA

Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier J,
Housman D, and Jaenisch R: WT-1 is required for early kid-
ney development. Cell 74:679-691, 1993.

Sariola H, Saarma M, Sainio K, Arumae U, Palgi J,
Vaahtokari A, Thelseff I, and Karavanov A: Dependence of
kidney morphogenesis on the expression of nerve growth
factor receptor. Science 254:571 -573, 1991.

Loo DT, Copani A, Pike CJ, Whittemore ER, Walencewicz
AJ, and Cotman CW: Apoptosis is induced by beta-amyloid
in cultured central nervous system neurons. Proc Natl Acad
Sci USA 90:7951-7955, 1993.

Meyaard L, Otto SA, Jonker RR, Mijnster MJ, Keet RP, and
Miedema F: Programmed ceii death of T cells in HIV-l infec-
tion. Science 257:217-219, 1992.

Savill J: Apoptosis: a mechanism for regulation of the cell com-
plement of inflamed giomerull. Kidney Int 41:607-612, 1992.
Gobe GC, and Axeisen RA: Genesis of renal tubular atrophy

in experimental hydronephrosis in the rat. Lab Invest 56:273-
281, 1987.

Schumer M, Colombel MC, Sawczuk IS, Gobe G, Connor J,
Otoole KM, Olsson CA, Wise GJ, and Buttyan R:
Morphologic, biochemical and molecular evidence of apop-
tosis during the reperfusion phase after brief periods of renal
ischemia. Am J Pathol 140:831-838, 1992.

Olsen S, Burdick JF, Keown PA, Wallace AC, Racussen LC,
and Solez K: Primary acute renal failure (“acute tubular ne-
crosis”) in the transplanted kidney: morphology and pathoge-
nesis. Medicine 68:173-187, 1989.

Kennedy WA, Buttyan R, and Sawczuk IS: Epidermal growth
factor suppresses renal tubular apoptosis following ureteral
obstruction. J Am Soc Nephrol 4:738, 1993.

126. Gobe GC, and Axelsen RA: The role of apoptosis in the de-

127.

velopment of renal cortical tubular atrophy associated with
healed experimental renal papillary necrosis. Pathology 23:
213-223, 1991.

Sugiyama H, Kashibara N, Yamasaki Y, Sekikawa T, Ogura
T, Hirakawa S, Makino H, and Ota Z: Ley is a marker predic-
tive of apoptosis and its increased expression is associated
with progression of glomerulosclerosis. J Am Soc Nephrol
4:783, 1993.

128. Facchinetti A, Tessarollo L, Mazzocchi M, Kingston R, Collavo

129.

130.

131.

132

133.

134.

135.

D, and Biasi G: An improved method for the detection of DNA
fragmentation. JImmunol Methods 136:125-131, 1991.
Shimizu A, Masuda Y, Sugisaki Y, and Yamanaka N:
Apoptosis and living cell desquamation in repair process of
ischemic tubular necrosis. J Am Soc Nephrol 3:715, 1992.
Ledda-Columbano GM, Columbano A, Coni P, Faa G, and
Pani P: Cell deletion by apoptosis during regression of renal
hyperplasia. Am J Pathol 135:657-662, 1989.

Nouwen EJ, Buyssens N, and DeBroe ME: Apoptosis as a me-
chanism to reduce cell number in hyperplastic proximal tu-
bules after regeneration from gentamycin toxicity in the rat. J
Am Soc Nephrol 4:904, 1993.

Shi L, Kam C, Powers JC, Aebersold R, and Greenberg AH:
Purification of three cytotoxic lymphocyte granule serine
proteases that induce apoptosis through distinct Substrate
and target interactions. J Exp Med 176:1521-1 529, 1992.
Rahelu M, Williams GT, Kumararatne DS, Eaton GC, and
Gaston JSH: Human CD4+ cytolytic T cells kill antigen-pul-
sed target T cells by induction of apoptosis. J Immunol
150:4856-4866, 1993.

Searie J, Kerr JFR, Battersby C, Egerton WS, Balderson G, and
Burnett W: An electron microscopic study of the mode of do-
nor cell death in unmodified rejection of pig liver aliografts.
Aust J Exp Biol Med Sci 55:401-406, 1977.

Cohen AH, Mampaso F, and Zamboni L: Glomerular po-
docyte degeneration in human renal disease. Lab Invest
37:30-42, 1977.

405



A. ORTIZ-ARDUAN Y E. G. NEILSON.

136.

137.

138.

139.

140.

141.

142,

143

144,

145,

146.

147.

148.

149.

150.

151.

152,

153.

154.

406

Gold R, Schmed M, Rothe G, Zischler H, Breitschopf H,
Wekerle H, and Lassmann H: Detection of DNA ft-agmenta-
tion in apoptosis: application of in situ nick translation to cell
culture systems and tissue sections. J Histochem Cytochem
41 :1023-1030, 1993.

Gomez-Chiarri M, Ortiz A, Lerma JL, Mampaso F, Gonzalez
E, and Egido J: Involvement of TNF and PAFin the pathoge-
nesis of experimental nephrotic syndrome. Lab Invest (in
press), 1994.

Davidoff AN, and Mendelow BV: Unexpected cytokinetic ef-
fects induced by puromycin include a G2-arrest, a metapha-
se-mitotic-arrest, and apoptosis. Leukemia Res 16:1077-
1085,1992.

Lowe SW, Ruley HE, Jacks T, and Housman DE: p53-depen-
dent apoptosis modulates the cytotoxicity of anticancer
drugs. Cell 74:957-967, 1993.

Rauscher FJlll: The WT1 Wilms tumor gene product a develop-
mentally regulated transcription factor in the kidney that func-
tions as a transcription suppressor. FASEBJ 7:896-903, 1993.
Maheswaran S, Park S, Bernard A, Morris JF, Rauscher FJ,
Hill DE, and Haber DA: Physical and functional interaction
between WT-I and p53 proteins. Proc Natl Acad Sci USA
90:5100-5104, 1993.

Rodemann HP, and Muller GA: Abnormal growth, clonal
proliferation and 35S-methionine polypeptide pattern of fi-
broblasts derived from kidneys with interstitial fibrosis. Proc
Soc Exp Biol Med 195:57-63, 1990.

Shimizu A, Kitamura H, Masuda Y, Ishizaki M, Sugisaki Y,
and Yamanaka N: Apoptosis in repair process of experimen-
tal mesangioproliferative glomerulonephritis. J AmSoc
Nephrol 4:633, 1993.

Woo DL: Loss of renal function in polycystic kidney diseases
is a result of apoptosis. J Am Soc Nephrol 4:268, 1993.
Harding MA, Gattone VH, Grantham JJ, and Calvet JP:
Localization of overexpressed c-myc mRNA in polycystic
kidneys of the cpk mouse. Kidney Int 41:317-325, 1992.
Whyte MKB, Meagher LC, NacDermott J, and Haslett C:
Impairment of function in aging neutrophils is associated
with apoptosis. J Immunol 150: 5 124-5 134, 1993.

Mangan DF, and Wahl SM: Differential regulation of human
monocyte programmed cell death (apoptosis) by chemotactic
factors and pro-inflammatory cytokines. J Immunol
147:3408-3412, 1991.

Mangan DF, Welch GR, and Wahl SM: Lipopolysaccharide,
tumor necrosis factor alpha and IL-l beta prevent program-
med cell death (apoptosis) in human peripheral blood
lymphocytes. J Immunol 146:1541-1546, 1991.

Savill J, Smith J, Sarraf C, Ren Y, Abbott F, and Rees A:
Glomerular mesangial cells and inflammatory macrophages
ingest neutrophils undergoing apoptosis. Kidney Int 42:924-
936, 1992.

Harrison DJ: Cell death in the diseased glomerulus.
Histopathology 12:679-683, 1988.

Danoff TM, Chiang MY, Ortiz A, and Neilson EG:
Transcriptional regulation of murine RANTES in proximal tu-
bular cells. J Am Soc Nephrol 4:599, 1993.

Danoff TM, Lalley PA, Chang YS, Heeger PS, and Neilson
EG: Cloning, genomic organization, and chromosomal loca-
lization of the Scya5 gene encoding the murine chemokine
RANTES. JImmunol 152:1182-1189, 1994.

Safirstein R, Megyesi J, Saggi SJ,Price PM, Poon M, Rollins
SJ, and Taubman MB: -Expression of cytokine-like genes JE
and KC is increased during renal ischemia. Am J Physiol
261 :F1095-F1101, 1991.

Shi YF, Bissonnette RP, Parfrey N, Szalay M, Kubo RT, and
Green DR: In vivo administration of monoclonal antibodies to
the CD3 T cell receptor complex induces cell death (apoptosis)
in immature lymphocytes. J Immunol 146:3340-3346, 1991.

155.

156.

157.

158.

159,

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172,

173.

174

Zubiaga AM, Muiioz E, and Huber BT: IL-4 and IL-2 selecti-
vely rescue Th cell subsets from glucocorticoid induced
apoptosis. J Immunol 149:107-112, 1992.

Baker AJ, Hughes J, andSavill J:Mesangial cells deprived of
growth factors undergo apoptosis: potential mechanism for
glomerular remodelling. J Am Soc Nephrol 3:593, 1993.
Safirstein R, Zelent AZ, and Price PM: Reduced renal pre-
pro-epidermal growth factor mRNA and decreased EGF ex-
cretion in ARF. Kidney Int 36:810-815, 1989.

Verstrepen WA, Nouwen EJ, Yue XS, and De Broe ME:
Altered growth factor expression during proximal tubular ne-
crosis and regeneration. Kidney Int 43:1267-1279, 1993.
Walton GR, Buttyan R, Garcia Montes E, Olsson CA, Hensle
TG, and Sawczuk IS: Renal growth factor expression during
the early phase of experimental hydronephrosis. J Urol 148:
510-514,1992.

Humes HD, Cieslinski DA, Coimbra TM, Messana JM, and
Galvao C: Epidermal growth factor enhances tubule cell re-
generation and repair and accelerates the recovery of renal
function in postishemic acute renal failure. J Clin Invest
84:1757-1761, 1989.

Miller SB, Martin DR, Kissane J, and Hammerman MR:
Insulin-like growth factor | accelerates recovery from ische-
mic acute tubular necrosis in the rat. Proc Natl Acad Sci USA
89:11876-11880, 1992.

Rawson CL, Loo DT, Duimstra JR, Hedstrom OR, Schmidt
EE, and Barnes DW: Death of serum-free mouse embryo
cells caused by epidermal growth factor deprivation. J Cell
Biol 113:1991.

Rodriguez TG, Collins MK, Garcia I, and Lopez RA: Insulin-
like growth factor 1 inhibits apoptosis in IL-3-dependent he-
mopoietic cells. J Immunol 149:535-540, 1992.

Ross R, Glomsetd, Kariya B, and Harker L: A platelet-derived
serum factor that stimulates the proliferation of arterial
smooth muscle cells in vitro. Proc Natl Acad Sci USA 71:
1207-1210, 1974.

Johnson RJ, Floege J, Couser WG, and Alpers CE: Role of pla-
telet-derived growth factor in glomerular disease. J Am Soc
Nephrol 4:119-128, 1993.

Albina JE, Cui S, Mateo RB, and Reichner JS: Nitric oxide-
mediated apoptosis in murine peritoneal macrophages. J Im-
munol 150:5080-5085, 1993.

Oberhammer FA, Pavelka M, and Sharma S: Induction of
apoptosis in cultured hepatocytes and in regressing liver by
TGFbeta. Proc Natl Acad Sci USA 89:5408-5412, 1992.
Robaye B, Mosselmans R, Fiers W, Dumont JE, and Galand
P: Tumor necrosis factor induces apoptosis in normal endo-
thelial cells. Am J Pathol 138:447-453, 1991.

Obeid LM, Linardic CM, Karolak LA, and Hannun YA:
Programmed cell death induced by ceramide. Science 259:
1769-1771, 1993.

Ueda N, and Shah SV: Endonuclease-induced DNA damage
and cell death in oxidant injury to renal tubular epithelial
cells. J Clin Invest 90:2593-2597, 1992.

Wright SC, Kumar P, Tam AW, Shen N, Varma M, and
Larrick JW: Apoptosis and DNA fragmentation precede TNF-
induced cytolysis in U937 cells. J Cell Biochem 48:344-355,
1992,

Richter C: Progxidants and mitochondrial Ca++: their rela-
tionship to apoptosis and oncogenesis. FEBS letters 325:104-
107,1993.

Louis JC, Magal E, Takayama S, and Varon S: CNTF protec-
tion of oligodendrocytes against natural and tumor necrosis
factor-induced death. Science 259:689-692, 1993.
Manchester KM, Donner DB.: Tumor necrosis factor-induced
cytotoxicity is accompanied by intracellular mitogenic sig-
nals in ME-180 cervical carcinoma cells. Biochem J 290:
185-190, 9992.



175. Cowley BD, Chadwick LJ, Grantham JJ, and Calvet JP:
Sequential protooncogene expression in regenerating kidney
following acute renal injury. J Biol Chem 264:8389-8393,
1989.

176. Guan Y, Li G, and Wang H: Sequential protooncogen ex-

pression in post-ischemic rat kidney. J Am Soc Nephrol 4:73,

1993.
177. Ouellette AJ, Malt RA, Sukhatme VP, and Bonventre JV:
Expression of two “immediate early” genes, Egr-l and c-fos,

APOPTOSIS EN NEFROLOGIA

in response to renal ischaemia and during compensatory hy-
pertrophy in mice. J Clin Invest 85:766-771, 1990.

178. Shulman LM, Yuhas Y, Frolkis |, Gavendo S, Knecht A, and
Eliahou HE: Glycerol induced ARF in rats is mediated by tu-
mor necrosis factor alpha. Kidney Int 43:1397-1401, 1993.

179. Zidayeh FN, Snipes ER, Watanabe M, Alvarez RJ, Goldfarb S,
and Haverty TP: High glucose induces cell hypertrophy and
stimulates collagen gene transcription in proximal tubule.
Am J Physiol 259:F704-F714, 1990

407



	Menú

